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Abstract
Enhancers are cis-regulatory elements which contribute to the activation of
gene expression. The spatio-temporal control of gene expression is
particularly important during embryonic development, when the expression of
developmental regulators is tightly controlled. Sonic hedgehog (Shh) is an
important signalling protein which is vital for the patterning of the embryo.
Shh is expressed throughout the developing central nervous system, gut and
the posterior limb bud. This complex pattern of expression is regulated by the
activity of multiple tissue-specific enhancers which are spread through a 1
Mb genomic desert. Many of these enhancers activate Shh expression over
large genomic distances, with some enhancers being located within the
intron of neighbouring genes.

The textbook model for enhancer-mediated gene activation suggests that an
enhancer moves within close proximity to its target promoter, recruiting
transcription factors and RNA polymerase II to the gene and promoting
transcription. However, recent studies have brought this model into question.
Understanding the dynamics of enhancers and promoters during
transcriptional activation is vital for comprehending how gene expression is
regulated by enhancers. Advances in techniques enabling the labelling and
tracking of non-repetitive loci in live cells have allowed this to start to be
addressed.

To study how Shh expression is regulated by its enhancers in live cells, firstly
I needed to develop a system where Shh expression could be activated in
cultured cells. It was known that Shh expression could be activated in mouse
embryonic stem cells (mESCs) through retinoic acid treatment; however, the
enhancer responsible for activating Shh expression and the cell type the
mESCs differentiate into were previously unknown. I investigated changes in
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chromatin accessibility and modifications to show that Shh expression is
activated from endodermal enhancers when mESCs are differentiated with
retinoic acid. RNA-seq confirmed that the resulting cells express several
markers of early endoderm and mesoderm lineages.

The identification of enhancers which activate Shh expression in this mESC
differentiation system allowed the tagging and tracking of these loci using a
CRISPR-based live cell DNA imaging system. I developed a system that is
versatile, simple and stable, with a view to decrease the number of guide
RNAs required in order to visualise non-repetitive loci. The dynamics of the
Shh promoter and were determined in cells where Shh was transcriptionally
silent or active. I found that the dynamics of these cis-regulatory elements
were sub-diffusive despite gene activity. Overall, through quantitative
CRISPR-imaging, I found direct measurements for chromatin mobility of cisregulatory elements in living cells under different states of activity.
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Lay Summary
The DNA in a person’s heart cells contains the same genes as the DNA in
their brain or liver cells. However, these cells have different identities
because different genes are active in heart, brain or liver cells. DNA
sequences called enhancers can turn a gene on or off, controlling which
identity a cell adopts. The process of assuming cell identity is particularly
important during the development of an embryo from a single fertilized egg.
The expression of developmentally critical genes is tightly regulated, making
them of high scientific interest. One of these developmentally critical genes is
called Sonic Hedgehog (Shh). The protein produced from this gene, simply
called SHH, must be produced in the developing embryo at different times, in
different tissues. Enhancers are the switches that turn genes on and
enhancers that control the Shh gene determine when in embryonic
development and where in the embryo SHH is produced. If these enhancers
do not function correctly, SHH can be produced in the wrong tissues leading
to developmental defects.

Shh is of particular interest because of this orchestrated pattern of control.
Even more interestingly, many of the enhancers that turn on the Shh gene
are found very far away along the DNA, these are called long-range
enhancers. We still do not fully understand how these enhancers turn on a
gene if they are located so far away from the genes they regulate. One
unanswered part of this is what does it look like when a gene is turned on in
a living cell?

The Hill lab uses Shh as a model system to study enhancer controlled gene
activation, we are particularly interested in long-range enhancers. To study
the activation of SHH production by its enhancers, I used mouse embryonic
stem cells (mESCs). These cells resemble the very early embryo and
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critically, can be differentiated into new cell types, such as brain or gut cells,
mimicking the process of embryonic development.

Previous work in our lab had revealed that addition of a biologically active
form of vitamin A (retinoic acid) causes mESCs to change into a different cell
type, which produce SHH. However, the enhancer responsible for turning on
the gene and the cell type that the mESCs differentiate into were unknown.
Firstly, I identified potential enhancers responsible for turning on the Shh
gene in this mESC system. I found that Shh is activated by enhancers which
normally function to turn Shh on in the gut and lungs of the developing
embryo.

Secondly, to investigate how these regions regulate gene activation, I
developed a system that enabled the observation of the movement of both
the enhancer and Shh gene between directly in the living cell. To do this I
used a system to fluorescently label the enhancer region and the Shh gene. I
tracked the movement of the DNA in mESCs, when the Shh gene is inactive
and after cell differentiation, when it is active. These measurements provide
new insights into how DNA movement changes when a gene is expressed,
which will contribute to an increased understanding of how genes are
switched on in a living cell.
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Chapter 1
Introduction

1 Introduction
1.1 Mechanism of Enhancers
Enhancers are defined as cis-regulatory elements which activate gene
expression in an orientation-independent manner in response to intrinsic or
extrinsic signals. The first identified enhancer sequence was derived from a
72-bp repeat in the simian virus 40 (SV40) genome. This sequence
enhanced the expression of b-globin remarkably, regardless of orientation
(Banerji et al., 1981). Later, similarly acting enhancers were found
endogenously in the genomes of mammalian cells (Banerji et al., 1983;
Gillies et al., 1983).

Enhancers contain a high density of motifs to which transcription factors (TF)
bind, the binding of transcription factors to the enhancer and promoter
mediates communication between these two regulatory elements across long
genomic distances and even across chromosomes (Tsai et al., 2018).
Enhancers lie in the 98% of non-coding DNA which make up the human
genome, they also vastly outnumber protein coding genes, with hundreds of
thousands of putative enhancers now mapped to mouse and human cell
types (Shen et al., 2012; Consortium, 2012). In many cases, enhancers are
located far away from target genes which they control and their activity can
bypass more closely located genes to activate these targets (Sanyal et al.,
2012; Schoenfelder et al., 2015; Mifsud et al., 2015; Lettice et al., 2003).
Despite advances in methods to identify and validate enhancers, the exact
mechanism by which enhancers find and activate genes in nuclear space,
without aberrantly activating other genes, is unknown.

Even more confusingly, enhancers for some genes can be found within a
neighbouring gene, most of the time in its own introns (Carvajal et al., 2001;
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Marinić et al., 2013; Zuniga et al., 2004; Lettice et al., 2003), but in rarer
cases they can overlap with exons (Birnbaum et al., 2012). Some enhancers
can be found even further away, beyond one or several genes away from
their cognate promoter (Montavon et al., 2011; Uslu et al., 2014). Therefore,
a given enhancer may not always control the expression of the nearest
located gene. This raises questions about how enhancer-promoter specificity
is conferred, how can an enhancer know to bypass the nearest promoter,
instead activating a promoter which may lie hundreds or thousands of
kilobases away? Various models of enhancer-promoter communication have
been proposed including tracking, linking, looping and mobilisation to
transcription factories.
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1.1.1 Enhancer – promoter communication
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Figure 1.1 Models of Enhancer Activation
A) Tracking model proposes that RNA polymerase II and transcriptional co-activator
complex binds to the enhancer and tracks along the DNA until it finds its cognate
promoter. B) The linking model suggests the co-activator complex links the
enhancer its cognate promoter together across the linear distance. C) The looping
model suggests that the co-activator complex forms a bridge which pulls the
enhancer and its cognate promoter into close proximity, while the intervening DNA
forms a loop.

The tracking model proposed that RNA polymerase II (RNAPII), bound
upstream of regulatory elements could move along the DNA, pulling the
enhancer with it until the promoter was contacted. Early evidence comes
from findings suggesting enhancers are transcribed at the b-globin locus
(Kong et al., 1997). Further studies have suggested that tracking is the
primary step in enhancer-promoter communication and speculate a stable
enhancer-promoter loop is formed after tracking has occurred (Benabdallah
and Bickmore, 2015). Tracking is, however, unlikely to occur for enhancers
that are located megabases away from their promoters. Additionally, placing
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a transcription termination signal between an enhancer and the promoter it
controls, does not disrupt transcriptional activation of the gene.

The linking model proposes that the enhancer and promoter are bound by
proteins which physically bridge the DNA together. In Drosophila the Chip
protein has been proposed to oligomerise from enhancer to the promoter
(Morcillo et al., 1997). A more recent study with the vertebrate orthologue,
Lbd1, suggests it may actually form targeted loops when bound at enhancers
(Deng et al., 2012).

Currently a popular hypothesis of enhancer-promoter communication is the
looping model. The looping model suggests that factors bound to two distinct
sites would interact, while the intervening DNA loops out (Tolhuis et al.,
2002). In this model the intervening DNA is passive, as opposed to the
tracking model, where the DNA could play an active role. The mechanism of
this looping is not fully understood although the zinc finger protein CCCTCbinding factor (CTCF) and the cohesin complex are thought to play a role
(Degner et al., 2011). Insulated neighbourhoods formed between two
inverted CTCF binding sites that are co-bound with cohesin, are proposed to
be the structural units for gene expression control. These neighbourhoods
act by insulating enhancer-promoter interactions for the correct gene,
contributing to enhancer specificity (Dowen et al., 2014; Ji et al., 2016; Hnisz
et al., 2016). Thousands of insulated neighbourhoods have been mapped to
human and mouse genomes, these are enriched surrounding lineagespecifying genes and super-enhancers (Dowen et al., 2014).

However, ablation of cohesin-mediated loop domains has only minor effects
on global gene expression (Rao et al., 2017). Interestingly, after recovery of
cohesin expression, loop domains encompassing super enhancers were the
first to recover. Similarly, near complete loss of CTCF, exposed promoters to
new enhancers yet only had a mild effect on transcription (Nora et al., 2017).
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This was proposed to be due to the short time that gene expression was
monitored after CTCF depletion, with the effects of enhancer hijacking
suggested to take days rather than hours.

A study investigating longer term effects of conditional CTCF knockout in the
limb bud found modest changes in gene expression which dramatically
affected limb phenotypes in mutant embryos (Soshnikova et al., 2010). CTCF
conditional knockout in the limb bud resulted in dramatic truncation of the
forelimbs, which was detectable from E11.5 onward. The largest group of
downregulated genes were composed of nuclear genes encoding
mitochondrial proteins.

Effects of depletion of CTCF or cohesin are highly gene dependent. What
determines the susceptibility or resistance of genes to changes in expression
upon CTCF or cohesin depletion is still being investigated. Thus, on a global
level, CTCF and cohesin seem to have a more structural role in genome
organisation, rather than facilitation of enhancer-promoter interactions.
However, when the cohesin loading factor Nipbl was depleted, although only
modest changes were detected in transcription, a widespread upregulation of
exogenic transcription was detected at poised promoters and enhancers
(Schwarzer et al., 2017). Thus, in the absence of TADs and loops, enhancer
activity may be redirected to alternate targets.

Another zinc finger protein, ying yang 1 (YY1), is being studied as a
candidate to mediate enhancer-promoter interactions. Like CTCF, this
protein is essential for cell viability, is ubiquitously expressed and has the
ability to form homodimers (Weintraub et al., 2017). More importantly, YY1
was found to occupy enhancers in various human and mouse cell types and
YY1 occupancy over enhancers is cell type specific. Weintraub et al. (2017)
showed in vitro that purified YY1, which had DNA binding capacity, increased
the rate of DNA circularisation which depended on the presence of DNA
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binding motifs. Further, deletion of YY1 binding sites at the promoters of two
genes, resulted in reduced YY1 binding, reduced contact frequency between
promoters and their cognate enhancers and for one of the genes, decreased
expression. These findings implicates YY1 in mediating promoter-enhancer
interactions, however more work is needed to dissect its specific role in
enhancer activity.

Nonetheless, looping clearly plays an important role in directing enhancer
activity to its cognate promoter. Many studies have observed enhancerpromoter interactions which are observed concomitantly with gene
expression. However, as most measurements concerning enhancerpromoter communication are done in fixed cells, it is difficult to unpick
whether enhancer-promoter contacts are the cause or consequence of gene
expression. A landmark study demonstrated that forced chromatin looping
between the endogenous mouse b- globin (Hbb) promoter and its locus
control region led to strong transcriptional activation of Hbb, even in the
absence of GATA1, which was thought to be essential for b-globin
transcription (Deng et al., 2012). This was the first direct evidence that
enhancer-promoter contacts are sufficient to induce transcription at an
endogenous locus. A light-inducible CRISPR-mediated technique of forced
chromatin looping has since been used to redirect a super-enhancer away
from its endogenous Klf4 target to the Zfp462 promoter, further validating
these findings (Kim et al., 2019).

Recent innovations in live cell DNA and RNA imaging techniques are further
enhancing our understanding of how enhancers communicate with their
cognate promoters. It was found that the dynamics of the Fgf5 promoter and
enhancer increase during mESC differentiation into epiblast-like cells, where
Fgf5 is expressed during differentiation (Gu et al., 2018). Moreover, cells in
which the enhancer explored the largest range of space produced higher
levels of Fgf5 transcripts. The authors proposed a ‘stirring model’ whereby
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the decondensed active chromatin is more dynamic in the nucleus,
facilitating more enhancer-promoter encounters, rather than the enhancer
and promoter contacts being mediated by stable loop formation. Another
study used live cell DNA and RNA imaging to dissect the dynamics of
enhancer-promoter interactions and transcription, at the eve locus in
Drosophila embryos (Chen et al., 2018). The authors observed a 2 fold
decrease in enhancer-promoter proximity immediately before transcription,
suggesting that enhancer-promoter contact is the cause and not a by-product
of transcription.

Contrastingly, other studies have reported that transcription can occur in the
absence of promoter and enhancer proximity. SBE6, a brain-specific
enhancer which controls sonic hedgehog (Shh) expression, moves away
from the promoter when active (Benabdallah et al., 2017). Additionally a live
imaging study has reported that Sox2 transcription can occur in the absence
of distal enhancer and promoter proximity (Alexander et al., 2018). In cases
where juxtaposition of cis-regulatory elements was not observed, large
Mediator clusters, which form in nucleated droplets, were proposed to
transmit activation signals from the enhancer to the promoter (Cho et al.,
2018).

1.1.2 Developmental Enhancers
Pioneering studies of gene regulation focused on transcriptional units of
ubiquitous protein-coding genes or genes expressed in differentiated cell
types. For these examples, regulatory elements are usually low in complexity
and located several kilobases away from the genes they regulate (Montavon
and Duboule, 2012).

The study of genes which regulate development has revealed a different
mechanism of gene regulation. Firstly, developmental enhancers can be
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located at huge genomic distances from their cognate promoters. Examples
of enhancers working over long distances, of 250 to 500 kb, can even be
found in the relatively compact Drosophila genome (Ghavi-Helm et al., 2014).

However, examples of enhancers working at very long distances are
primarily features of vertebrate genomes. Their discovery has also been
associated with genes which display complex spatiotemporal expression
patterns in embryonic development (Grosveld et al., 1987; Lettice et al.,
2003; Spitz et al., 2003). Tissue and time specific expression of
developmental genes in the developing embryo is generally controlled by the
activity of multiple regulatory elements. Enhancer clusters allow the
integration of strict regulatory inputs from multiple signalling pathways for
developmental gene expression (Spitz and Furlong, 2012). The co-ordinated
use of several enhancers at a time allows redundancy in function, reducing
the risk of haploinsufficiency. There are, however, examples where loss of a
single enhancer sequence mimics loss of a particular gene, in the context of
a particular tissue (Lettice et al., 2003). Therefore, it is not surprising that an
increasing number of genetically inherited conditions are being associated
with disruption of enhancer-promoter communication at developmental
genes. This can be through point mutations within enhancer sequences
(Weedon et al., 2014; Lettice et al., 2003; Gordon et al., 2014) or even
genomic inversions or deletions which affect the topological structure of
chromatin (Lupiáñez et al., 2015; Ushiki et al., 2021).

In the case of genes encoding transcription factors (Navratilova et al., 2009)
or developmentally relevant signalling molecules, regulation frequently
occurs by landscapes of regulatory elements which can span thousands of
kilobases or even megabases (Spitz et al., 2003; Kikuta et al., 2007; Zuniga
et al., 2004; Jeong et al., 2006). In vertebrate genomes, these regulatory
landscapes are often positioned adjacent to gene poor regions, called gene
deserts (Visel et al., 2009; Shen et al., 2012). The absence of neighbouring
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genes could confer specificity in enhancer-promoter communications. These
deserts are commonly maintained throughout evolution and tend to contain
conserved DNA sequences which are potentially required for long range
gene regulation (Ovcharenko et al., 2005); regions surrounding
developmental genes can be defined by syntenic relations with other species
and the presence of arrays of other conserved regions (Kurukuti et al., 2006).
As such, scanning gene deserts has been used as a mechanism to discover
novel enhancers (Nobrega et al., 2003).

Many questions remain about how enhancers activate transcription at genes.
We do not understand if all enhancers require proximity to their promoter to
activate transcription, and if they do not require proximity, what factors are
mediating communication between the enhancer and its promoter.
Developmental enhancers provide an archetypal system for answering these
questions. As many regulatory landscapes of developmental genes are
similar it is possible that they are regulated by similar mechanisms.
Therefore, carefully analysing how enhancers function within these
landscapes provides a broader picture of how enhancers function across the
genome.

The study of developmental enhancers is also helping to unpick the
importance of sequence constraints to the activity of an enhancer. A high
throughput mutational screen of the 69 bp orthodenticle homebox (Otx)
enhancer was conducted in Ciona (Farley et al., 2015). The Otx enhancer
contains sub-optimal binding sites for ETS and GATA transcription factors.
When these TF binding sites were changed to optimal binding sites, ectopic
expression of the reporter was observed, suggesting that suboptimisation of
TF binding sites may be necessary to restrict the activity of some enhancers
to their cognate tissues. The spacing of these binding sites was also found to
be important. Expression of Otx was increased 3 fold by insertion of a 3 bp
sequence between GATA and ETS sites. Conversely, a 3 bp deletion of the
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intervening sequence between TF binding sites resulted in a reduction of
expression. In the wildtype enhancer, suboptimisation is balanced. The
highest affinity binding sites exhibit suboptimal spacing, whereas the lowest
affinity binding sites have optimal spacing. Thus, developmental enhancers
may not be the strongest possible gene activators, rather activation strength
is balanced with the necessity to drive constrained expression of a gene.

Gene

Enhancer 1

Enhancer 2

Enhancer 3
Neighbouring Gene

Figure 1.2 Developmental enhancer landscapes
The genetic landscapes for developmental genes which are expressed in a tissuespecific manner are often complex. Enhancers may be found scattered throughout
gene deserts or in the introns of neighbouring genes. This complexity may
contribute to the specific expression of the developmental gene in different tissues
throughout development.
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1.1.3 Shadow enhancers
The term shadow enhancer (also called secondary enhancers) was coined in
2008 by Hong and colleagues (Hong et al., 2008). They observed two cases
of secondary enhancer sequences controlling the expression of the genes,
brinker (brk) and sog, in Drosophila. These secondary enhancers were
located a significant distance away from their promoters, considering the
compact genome of Drosophila, with the brk shadow enhancer located within
an intron of the neighbouring gene Atg5, 13 kb away from the brk
transcription start site (TSS). For sog the shadow enhancer is located 20 kb
5’ to the sog TSS, downstream of a neighbouring gene. Phylogenetic
analysis suggested that the brk and sog shadow enhancers are rapidly
evolving, diverging nearly twice as fast as the primary enhancers mapping
within or near the two genes.

Shadow enhancers were proposed to support reproducible patterns of
development in the embryo. If the primary enhancer is perturbed, the shadow
enhancer can support the expression of the gene, rescuing any phenotypic
changes caused by loss of enhancer activity. Additionally, shadow enhancers
seem to act redundantly in normal conditions, with overlapping activity
patterns to primary enhancers, however under stress conditions shadow
enhancers alone can rescue gene expression such that no aberrant
phenotype is observed (Frankel et al., 2010; Perry et al., 2010).

In Drosophila shadow enhancers seem to be pervasive features of
developmental gene regulatory networks (Cannavò et al., 2016). However,
shadow enhancers in mammals have also been found at the Hox (Nolte et
al., 2013) and Pax6 (Antosova et al., 2016) loci for example. In mouse limb
development, enhancer deletion mutants of ten genes critical for limb
development in humans, did not result in any abnormalities in bone number,
shape, length, position or mineralisation (Osterwalder et al., 2018). This lack
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of phenotype was due to the activity of multiple redundant enhancers,
reminiscent of the shadow enhancers found in other vertebrate species.

At the sonic hedgehog locus, a shadow enhancer for the limb specific
enhancer, the ZRS was found in medaka. When the ZRS enhancer was
deleted by CRISPR-Cas9 gene editing in medaka, Shh expression was still
detectable at 3 days post-fertilisation, albeit at a reduced amount. Further
analysis identified a shadow ZRS sequence (sZRS), located in the same
gene intron as the ZRS.

Importantly, in human disease, the impact of pathogenic mutations in
enhancers can be predicted by analysing how many redundant enhancers a
gene has (Wang and Goldstein, 2020). These redundant enhancers act as a
buffer against deleterious regulatory mutations.

1.1.4 Super-enhancers
A super-enhancer (SE) was first described at the genomic segment called h3
in baculoviral genomes (Chen et al., 2004). This regulatory domain was
found to stimulate expression of a luciferase reporter from the ie-1 promoter
in various cell lines by up to 7000 fold. Later super-enhancers were found in
mammalian genomes, in mouse embryonic stem cells (mESCs). Chromatin
immunoprecipitation sequencing (ChIP-seq) identified a few domains in the
mESC genome which contained clusters of enhancers that spanned up to 50
kb. These enhancer clusters were strongly associated with high levels of
Mediator occupancy and were later associated with binding of key mESC
transcription factors Oct4, Sox2, Nanog, Klf4 and Esrrb (Whyte et al., 2013;
Hnisz et al., 2013).

Super enhancers are not just found in mESCs and it is likely that super
enhancers participate in tissue specific gene expression patterns as they are
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highly cell specific. To more broadly define SEs are enhancer-like elements,
bound by master regulators, densely bound by the Mediator complex and
bearing active enhancer marks such as H3K27ac. In T cell leukaemia cells
even a small (2-12 bp) mono-allelic insertion had the potential to create a
region defined as a super enhancer (Mansour et al., 2014). By creating a
binding site for the master transcription factor MYB, the SE was nucleated,
as multiple TFs bound to adjacent sites to the insertion creating an assembly
of host factors which spanned over an 8kb domain whose features were
typical of a super enhancer. However, this reliance on occupancy of critical
factors involved in transcription means that SEs are highly sensitive to cofactor perturbation. For example, super enhancers are sensitive to drugs
which block the binding of BRD4, a factor that binds to SEs at acetylated
chromatin (Chapuy et al., 2013; Lovén et al., 2013).

The existence of SEs as a separate phenomenon to normal enhancers has
come under controversy (reviewed in: Pott and Lieb, 2015). Do SEs
represent a novel mechanism of transcriptional control, or are they simply
typical enhancers which are bound by a higher density of activating factors,
thus having the same defining features of a typical enhancer? Interestingly
enhancer clustering is neither necessary nor sufficient to drive the formation
of super enhancers. In mESCs of 1,335 clusters of multiple enhancers, only
15% of those are defined as super enhancers based on Med1 enrichment.
Additionally, outside of the context of the SE, the constituent enhancers by
themselves possess stronger activating properties than normal enhancers, in
luciferase reporter assays (Whyte et al., 2013; Lovén et al., 2013). This is
probably due to occupancy of additional TFs to normal enhancers, for
example in mESCs typical enhancers and SEs are bound by Sox2, Nanog
and Oct4 but SEs are highly enriched with Klf4 and Esrrb binding motifs
(Whyte et al., 2013; Hnisz et al., 2013). However, a variety of TF binding
sites is a feature of typical enhancers, not just SEs. As SEs pinpoint some
developmentally relevant enhancer clusters, it is useful to define super
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enhancers when studying developmental gene expression. In mouse
erythroid cells for example, genetic dissection of super-enhancers identified
important regulators of development (Hay et al., 2016).

1.1.5 Phase separation at enhancers
Eukaryotic cells contain several types of membraneless organelles, which
compartmentalise biological reactions for example the nucleolus, and nuclear
speckles in the nucleus and stress granules and processing bodies in the
cytoplasm. These membraneless organelles, called cellular bodies, are
formed by liquid-liquid phase separation. In cellular subcompartments it is
thought that phase separation occurs through weak interactions between
disordered protein domains which form concentrated droplets within the
cytoplasm (Boeynaems et al., 2018).

Phase separation is an emerging concept in transcriptional control. Many
components of the eukaryotic transcription machinery have been found to
contain intrinsically disordered, low complexity domains, which mediate
phase separation. It was shown that TF low complexity domains form phase
separated droplets in the nucleus of cells (Chong et al., 2018). At the same
time, phase separation of the low-complexity domains of the co-activators
BRD4 and Mediator can form phase separated droplets, which concentrate
transcriptional apparatus from nuclear extracts (Sabari et al., 2018).
Concurrently, in another study, condensates of RNAPII and Mediator were
shown to form in the nucleus (Cho et al., 2018).

The extent to which phase separation is involved in transcription remains to
be determined. Chong et al. (2018) found that at physiological
concentrations, TF low complexity domains self-assemble transiently, in the
order of seconds. However, Sabari et al.(2018) and Cho et al.(2018) use live
cell imaging to show that droplets can fuse together consistent with phase
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separation and that the Mediator and RNAPII droplets are stable for over 150
s. Thus, while TFs may dynamically associate and dissociate from droplets,
Mediator and RNAPII may form more stable condensates which support
transcription over sustained periods.

It was proposed that only super-enhancers are located in these
transcriptional condensates and not genes controlled by regular enhancers
(Hnisz et al., 2017). Contact maps of chromatin interactions show that the
clusters of enhancers contained within a super-enhancer have high
interaction frequencies with themselves and the promoters they control (Ji et
al., 2016). Recent evidence has suggested that in cells super-enhancers
form phase separated condensate, mediated by proteins such as BRD1,
Mediator and PolII, which form clusters associated with SEs in cells (Sabari
et al., 2018; Cho et al., 2018). However, this does not explain why some loci
are relocated outside of their chromosome territories when active or how
some genes are activated in the absence of enhancer-promoter
colocalisation.

The phenomenon of phase separation of components of the transcriptional
machinery provides an explanation for unanswered questions in gene
activation; for example, how one enhancer can regulate the expression of
multiple proximal genes simultaneously (Fukaya et al., 2016) and how
transcription can occur in the absence of promoter-enhancer proximity
(Alexander et al., 2018; Benabdallah et al., 2019). The recruitment of the
transcriptional apparatus to phase separated condensates increases the
concentration of the machinery in a compartmentalised droplet, which could
simultaneously regulate the expression of multiple genes and negates the
need for enhancer-promoter colocalization (Cho et al., 2018).

More research is needed to unpick the remaining questions about the
relationship between transcription and phase separation. However, super
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resolution live cell imaging strategies are making it possible to define
condensates of proteins within the nucleus. When combined with live cell
DNA and RNA imaging technologies, these create a powerful tool to
determine how transcription is regulated in real time.

Figure 1.3 Phase separation at super enhancers
Intrinsically disordered regions in the protein constituents of transcriptional coactivation complexed may play a role in forming phase separated droplets between
enhancers and their cognate promoters.

1.2 Locating enhancers in the genome
1.2.1 Identifying putative enhancers
Since their discovery, finding enhancers in the genomes of organisms has
been of great interest to scientists. Initially, comparative genomics was used
to locate enhancers in genomic regions which are highly conserved between
vertebrates. This approach, coupled to transgenic reporter assays revealed
novel enhancers, many of which are active during early development
(Pennacchio et al., 2006; Visel et al., 2008). However, when the conservation
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of vertebrate genomes was studied, it was found that the number of potential
regulatory elements vastly outnumbered the number of genes (Pennacchio et
al., 2006; Chinwalla et al., 2002; Dermitzakis et al., 2002). This raised issues
of separating the functional enhancers from other types of regulatory
sequences, thus more precise techniques of enhancer identification were
needed to dissect enhancer sequences from other sequences with
accessible chromatin.

For an enhancer to signal regulatory functions at the right place and right
time, enhancer chromatin needs to be accessible for transcription factors to
bind. Enhancers and promoters have to interact in a coordinated manner
which requires higher order chromatin structure to be remodelled, enabling
these communications. These features of active enhancers can be exploited
enabling the identification of new enhancer sequences within the genome
(Excellently reviewed Gasperini et al., 2020; Field and Adelman, 2020).

Enhancers are depleted of nucleosomes, making them more susceptible to
DNase I digestion. This feature was exploited to analyse the b-globin gene
domain, which located 4 hypersensitive sites containing motifs for critical
transcription factors, such as GATA1, binding (Tuan et al., 1985). The
evolutionary conservation of this locus in other species, such as mouse
(Moon and Ley, 1990), rabbit (Margot et al., 1989), goat (Li et al., 1991) and
chicken (Reitman and Felsenfeld, 1990), critically helped its functional
dissection. Using a conservation first approach, a 1 Mb region of
orthologous DNA in mouse and human was compared to identify regulatory
elements (Volpi et al., 2000). Not only did this lead to the identification of
non-coding regions regulating several interleukin genes, but, the global
application of this strategy was a key motivator to sequence the mouse
genome (Hardison et al., 1997).
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The advent of chromatin immunoprecipitation (ChIP) revolutionised the
search for functional enhancer sequences. The ability to isolate sequences
bound by specific DNA binding proteins or modified histones enables more
targeted isolation of DNA sequences which are likely to be enhancers by the
factors that are bound to them. This technique involves chemically
crosslinking protein-DNA interactions in the cell using formaldehyde.
Chromosomes can then be extracted and fragmented, by physical sheering
or enzymatic digestion. Using an antibody against a specific protein, such as
a transcription factor or modified histone, the DNA sequence bound to this
protein can be pulled down from the rest of the genomic DNA fragments.
Purified DNA fragments were first analysed by low-throughput techniques
such as southern blot and PCR. However, combining ChIP with microarray or
whole genome sequencing (ChIP-seq) allows all DNA sequences associated
with a specific protein to be analysed.

Using ChIP, hundreds or thousands of enhancers can be identified which are
bound by a specific transcription factor. A caveat is that a reliable antibody
needs to be available for the transcription factor of interest. Chromatin
modifications on nucleosomes surrounding enhancer DNA sequences can be
exploited to identify enhancers where a transcription factor is unknown or
there is no antibody available. Active enhancers are marked with the histone
modifications H3K27ac and H3K4me1, whereas silent enhancers are marked
by H3K27me3 (Ernst and Kellis, 2010; Tee and Reinberg, 2014). The
acetylation of H3K27 loads local chromatin with positive charges, causing
histones to repel each other, thus opening up the chromatin structure.
Enhancers enriched for both H3K27me3 and H3K4me1 are denoted poised
enhancers. Poised enhancers usually control developmental gene
expression, in undifferentiated progenitor cells these enhancers are prepared
for activation upon differentiation (Bernstein et al., 2006; Rada-Iglesias et al.,
2011).
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With the development of ChIP combined with whole genome sequencing, the
potential to identify enhancers at the genome wide scale was realised. A pilot
study for the large Encyclopaedia of DNA Elements (ENCODE) created a
functional map of 1% of the genome of several human cell lines, selected for
their importance to genome research (Consortium et al., 2007). One
interesting finding of this pilot was that less than 50% of the DNA elements
identified were not conserved in mammals, highlighting a limitation of
conservation first approaches of enhancer identification. It also found that
enhancers are often located in the introns of genes or in genomic desserts,
or regions of hundreds of kilobases devoid of gene coding sequences, and
many enhancers evolved rapidly. This was then performed on the entire
human genome and the number of cell lines being studied was expanded
(Consortium, 2012). The approach involved measuring chromatin
accessibility by DNase I hypersensitivity, DNA methylation analysed by
bisulphite sequencing, and genome wide histone modifications and clustering
of transcription factor binding was analysed by ChIP. While this technique
was revolutionary in identifying putative enhancers at the genome-wide level,
the same question remained as to which of these putative enhancers have a
real biological function.
The ENCODE project found that the accessible genome comprises ~2-3% of
the total DNA sequence, but this correlates to 90% of the regions bound by
TFs (Thurman et al., 2012). Therefore, profiling chromatin accessibility is a
good preliminary step in identifying putative enhancers. Other global
methods for annotation of chromatin signatures commonly found at
enhancers include micrococcal nuclease digestion combined with
sequencing (MNase-seq), assay for transposase-accessible chromatin
(ATAC-seq) and the recently innovated cleavage under targets and release
using nuclease (CUT & RUN).
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MNase-seq involves digestion of chromatin with micrococcal nuclease, which
digests inter-nucleosomal DNA and DNA which is not protected by protein.
This allows fragments of DNA which are protein-bound to be isolated (Allan
et al., 2012; Lorzadeh et al., 2016; Chung et al., 2010). Thus, as the
concentration of nuclease added to the reaction increases, the
representation of a DNA sequence which is located in a region of accessible
chromatin (nucleosome depleted) decreases (Mieczkowski et al., 2016).
These regions are predicted to be highly enriched for H3K27ac and correlate
well with DNase hypersensitivity sites at transcription start sites, enhancers
and promoters but not within gene bodies.

ATAC-seq involves digestion of chromatin with a hyperactive Tn5
transposase, which simultaneously fragments chromatin and integrates
Illumina sequencing adapters allowing whole genome sequencing of these
transposase accessible regions (Buenrostro et al., 2013; Corces et al.,
2017). The high efficiency of the transposase enzyme allows the generation
of sequencing libraries from as little material as single nuclei (Lareau et al.,
2019). This has contributed to the popularity of ATAC-seq, as it is a
straightforward technique, which can be performed on limited samples.
ATAC-seq allows the simultaneous recovery of many different chromatin
structures including mono-, di- and polynucleosomes and allows nucleosome
packing and TF occupancy to be analysed simultaneously.

Likewise, the advent of CUT & RUN is allowing the genome wide profiling of
protein-DNA interactions in as few as 100 cells (Skene and Henikoff, 2017).
This overcomes the high background and requirements of a large number of
cells for ChIP analysis. The technique involves the immobilisation of cells on
magnetic beads which are then permeabilised and incubated with a rabbit
primary antibody raised against a DNA binding protein of choice. Next the
cells are incubated with a protein A –MNase fusion, which is activated by the
addition of calcium ions. The digested DNA is then allowed to diffuse out of
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the cell and the supernatant is collected and analysed by sequencing. One of
the main advantages of CUT & RUN is that the whole experiment is
performed in situ. However, the protocol is extremely sensitive to cell
number, with too many cells creating a high background.

Enhancers can also be located in the genome using chromatin conformation
capture (3C). Enhancers predictably interact with their cognate promoters
through a looping interaction. Recently, 3C analysis and its subsequent
techniques have been used to identify chromatin interactions, either across a
specific locus of interest or across the whole genome (Dekker et al., 2002;
Lieberman-Aiden et al., 2009). These methods have also been combined
with other biochemical assays to enrich for functional interactions. For
example chromatin interaction analysis using paired-end tag sequencing
(ChIA-PET), which introduces a linker sequence between two DNA
fragments during nuclear proximity ligation, to connect fragments that are
held in close nuclear proximity because they are tethered by the same
protein factor(s) (Fullwood and Ruan, 2009). These fragments are then
isolated and analysed by paired-end tag sequencing, in an unbiased manner,
as the strategy does not depend on analysing pre-chosen loci such as in 3C
or 4C.

However, analysing chromatin interactions to identify enhancer sequences
assumes that enhancer sequences must contact their cognate promoter to
active transcription. While this is true for some enhancers (Chen et al., 2018),
at some loci this model is being disputed (Benabdallah et al., 2016;
Alexander et al., 2019). Additionally, some enhancers stay within close
proximity to their promoter after transcriptional activation has occurred
(Ghavi-Helm et al., 2014; Williamson et al., 2016).
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1.2.2 Validating enhancer sequences
The biochemical methods described in the section above, identify putative
enhancer sequences within the genome. Any suspected enhancer must be
verified in vivo as genome wide assays for accessible chromatin and specific
histone marks are features that are not unique to enhancers. There is no
standard assay to validate enhancer sequences, however the gold standard
remains to be the enhancer reporter assay (Visel et al., 2009; Heintzman et
al., 2007; Rada-Iglesias et al., 2011). This involves creating a reporter
construct typically consisting of a reporter gene, such as b-galactosidase,
luciferase or GFP, driven by a minimal promoter, which is insufficient to drive
expression of the reporter alone. A putative enhancer sequence is then
inserted into this construct, and its effect on expression of the reporter is
measured either in cultured cell lines or in developing embryos. Reporter
assays when performed in the developing embryo are particularly useful, as
the tissue-specific pattern and temporal activity of the enhancer can be
studied (Visel et al., 2007). One caveat is that in most cases the reporter
assay requires the construction of a transgenic animal which is low
throughput and can be time consuming. Additionally, as this is an artificial
construct, it is possible that sequences that activate transcription of the
reporter may not do so in an in vivo context. Conversely, some biological
enhancers may not be able to activate reporter expression from the minimal
promoter (Visel et al., 2007).

Enhancer trap assays involve insertion of a reporter construct, consisting of a
minimal promoter and reporter sequence, into the genome commonly using a
P-element transposon system. The expression of the reporter gene is
assayed in the context of the embryo at key developmental stages, thus the
expression pattern which is driven by the enhancer is also identified. The
region of the insertion is then mapped to the genome to identify
developmentally regulated genomic regions. This technique revealed that
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enhancer activity is non-uniform in the same insulated neighbourhood
(Kokubu et al., 2009; Ruf et al., 2011). Though these assays cannot directly
identify an enhancer, only informing that expression of a construct is driven
by the activity of an enhancer located somewhere in the vicinity, they
emphasise the importance of studying enhancers in their genomic context.

Massively parallel reporter assays (MPRA) have increased the throughput of
the traditional reporter assay, allowing thousands of regulatory sequences to
be analysed in a single experiment. Originally developed to identify promoter
sequences (Patwardhan et al., 2009), it has been adapted to study enhancer
sequences and the effect of mutagenesis on enhancer activity (reviewed in
Inoue and Ahituv, 2015). Each enhancer sequence to be analysed is cloned
to drive expression of a barcoded reporter sequence from a minimal
promoter. The expression level of the barcoded reporter can be analysed by
RNA sequencing analysis, with RNA counts normalised to the DNA barcode
amounts, such that transfection copy number is considered during the
analysis. The technique, however, is limited by length constraints, cost and
complexity of synthesising large oligonucleotide libraries. It also assumes,
like reporter assays, that any enhancer can drive any promoter, (Zabidi et al.,
2015). Additionally, the reporter is normally expressed episomally thus the
genomic context of the enhancer is not considered.

CRISPR screens also offer the potential to study enhancers in a highthroughput manner. In the first of such experiments, a library of sgRNA
containing lentiviruses was created, targeting every possible Cas9 digestion
site in the human BCL11A enhancer, composed of three DNase I
hypersensitive sites (Canver et al., 2015). These sgRNA lentiviruses were
used to transduce cells at low multiplicity of infection, such that only 1 sgRNA
was incorporated in each cell. This generated small indels on the level of
saturating mutagenesis. Transduced cells were analysed for a BCL11Adependent foetal haemoglobin switch, which revealed a primate-specific
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GATA1 motif critical for the enhancers function. This identification relies on a
PAM site located in a vital transcription factor binding motif for CRISPRmediated disruption of the transcription factor binding sequence, which may
not be possible to find in other enhancers. Introduction of larger deletions
overcome this problem, however they reduce the nucleotide level resolution
of indel creation (Aparicio-Prat et al., 2015; Diao et al., 2017; Gasperini et al.,
2017). These studies deliver pairs of sgRNAs into cells, resulting in the
deletion of the entire intervening sequences. However, as these studies
require two cuts to be made in a single cell, the likelihood of the correct
deletion event occurring decreases.

1.3 Three-dimensional genome organisation
1.3.1 Chromosome Territories
By assessing the damage inflicted by UV irradiation of chromosomes, Zorn et
al. (1979) showed that interphase chromatin had a different pattern of
damage to what would be expected if chromosomes were diffuse through the
nucleus. This study provided indirect evidence for the existence of
chromosome territories.

Direct visualisation of chromosome territories was made possible through the
development of in situ hybridisation techniques. The achievement of sorting
fluorescently labelled chromosomes by flow cytometry (Cremer et al., 1984;
Fawcett et al., 1994) enabled the generation of chromosome specific painting
probes. Further advances in cloning DNA into bacterial vectors and novel
methods to supress endogenous repetitive sequences by Cot-I DNA (Cremer
et al., 1988; Lichter et al., 1988) or by depletion of repetitive sequences from
DNA probes (Bolzer et al., 1999), made it possible to visualise specific
chromosomes in metaphase spreads and their territories in interphase cells.
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More recently, elaborate methods to study chromosome territories by 3DFISH have been devised (Cremer et al., 2008), making it possible to study
the spatial arrangement of chromosome territories.

The non-random arrangement of chromosome territories in cells was first
demonstrated by studying the positions of the gene rich human chromosome
19 and the gene poor human chromosome 18 (Croft et al., 1999). Despite
being similar in length, chromosome 18 was consistently located more
peripherally in the nuclei of human lymphocytes than chromosome 19. These
gene density correlated observations of chromosome nuclear position were
found to apply to all of the human chromosomes (Boyle et al., 2001; Bolzer et
al., 2005). Within each territory an additional layer of organisation has been
found, with gene rich regions, with transcriptional potential, are sometimes
located towards the edges of the chromosome territory (Boyle et al., 2011;
Shah et al., 2018; Osborne et al., 2004). However, this is not a rule and
uniform distributions of gene rich regions throughout the chromosome
territory were also observed in some cases (Mahy et al., 2002; Küpper et al.,
2007).

Chromosome territories do not represent absolute confinement of
chromosomes to one area of the nucleus. Chromosome painting of different
human cell types has shown that chromosome territories intermingle in the
nucleus (Branco and Pombo, 2006). These intermingling regions of
chromatin are not more decondensed, and therefore being actively
transcribed, than the chromatin in the rest of the chromosome territory. The
authors also found that the actively transcribed MHC class II gene cluster
could be found in the territories of neighbouring chromosomes on activation
with IFN-g. The “looping out” of active genes from their chromosome
territories has also been observed in other cases (Williams et al., 2002; Volpi
et al., 2000; Morey et al., 2007). Regions which loop out of their chromosome
territory when active tend to be either regions of constitutively high
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transcriptional activity, or, loci which are co-ordinately transcribed in
development (Heard and Bickmore, 2007).

An example of this is at Hoxb and Hoxd loci. In mESCs and along the
anterio-posterior axis of the developing embryo there is reorganisation of the
chromosome territory on Hox expression (Chambeyron and Bickmore, 2004;
Chambeyron et al., 2005; Morey et al., 2007). In mouse embryonic stem
cells, during differentiation, the additional looping out of these loci from the
chromosome territory has been observed. However, this was not observed in
limb tissue. It was found that while neighbouring genes are also reorganised
outside the chromosome territory, their expression is not affected, confirming
that looping out of the chromosome territory is not sufficient to induce
transcription (Morey et al., 2009). The authors also found, using immunoDNA-FISH with an antibody against the Ser2 phosphorylated (elongating)
form of RNAPII, in differentiated mES cells it was found that 35% of Hoxb1
alleles co-localise with elongating RNAPII foci, compared with no
colocalization in undifferentiated cells. This suggests that when relocated
outside of their chromosome territory, transcriptionally active genes localise
to foci of RNAPII clusters, also called ‘transcription factories’. The ability to
associate with transcription factories may reflect the fact that active
chromatin is decompacted and thereby more dynamic. Thus, active loci are
more likely to engage in a transcription factory and be observed outside of
their chromosome territory.

1.3.2 A/B Compartments
Chromatin in cells is largely subdivided into two compartments, named A and
B compartments (Lieberman-Aiden et al., 2009). The A compartment was
found to contain “open” or active chromatin, while the B compartment
contains tightly packed and transcriptionally repressed heterochromatin.
Early electron microscopy analysis suggested the appearance of densely
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stained chromatin near the nuclear periphery (Davies, 1967). These regions
overlap with the inactive B compartment, revealed by Hi-C analysis of
chromatin. Repressive chromatin marks that define heterochromatin have
also been found at genomic regions that associate with the nucleolus
(Németh et al., 2010). In subsequent Hi-C studies the A and B compartments
have received little attention. However, it has been shown that 36% of the
genome changes compartment over mammalian development and that the
changes in compartmentalisation are associated with changes in gene
expression (Dixon et al., 2015).

There is a correspondence between A and B compartmentalisation and
replication timing (Ryba et al., 2010). The A compartment is generally
replicated in S phase, whereas the B compartment is late replicating. The
compartments have also been shown to be spatially polarised within each
chromosome by DNA FISH (Wang et al., 2016). This polarisation is present
across different chromosomes and cell types, suggesting that the A and B
compartments represent stable physical structures.

Computational analysis has suggested that euchromatin, and thereby the A
compartment can self- associate (Brackley et al., 2016). More recently, it has
been proposed that the A and B compartments form by phase separation
(Nuebler et al., 2018). In support of this hypothesis heterochromatin protein 1
(HP1) has been shown to phase separate (Larson et al., 2017). Thus,
interactions between proteins capable of phase separation and selfassociation of euchromatin or heterochromatin could contribute to the
formation of A and B compartments. Segregation of A and B compartments
is largely lost in mitotic chromosomes, which are transcriptionally silent
(Naumova et al., 2013). Therefore, promotion of euchromatin self-association
could also be linked to the transcriptional apparatus, which is enriched in the
A compartment, or the RNA molecules it produces. However, in mouse
sperm, which is largely transcriptionally silent, a clear distinction of A and B
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compartments is observed (Jung et al., 2017). Moreover, a-amanitin
treatment of mouse cells, which inhibits RNA Pol II activity, does not disrupt
A and B compartmentalisation (Palstra et al., 2008).

It should also be noted that heterochromatic regions are not strictly
transcriptionally silenced, and transcription can occur throughout the nucleus,
including at the nuclear lamina (Kumaran and Spector, 2008). Therefore, the
A and B compartments may not be absolutely separate domains in the
nucleus but appear as domains containing preferential contacts in 3C data.
Contacts can be found between A and B compartments in Hi-C data (Dixon
et al., 2012), these are found even more robustly using techniques which do
not rely on weak chemical fixation of chromatin, such as genome architecture
mapping (GAM) (Beagrie et al., 2017).

1.3.3 Topologically Associating Domains
More recent, high throughput molecular techniques have shown that the A
and B compartments in eukaryotic genomes are further partitioned into
topologically associating domains (TADs). The advent of Hi-C, which allows
simultaneous profiling of chromatin interactions at all loci, revealed insulated
domains or TADs exist within the nucleus. TADs are contiguous chromatin
domains which are separated by regions of low interactions which are
considered boundaries (Nora et al., 2012). The organisation of loci into
domains facilitates an increased frequency of interactions for loci located in
the same TAD, compared to interactions between TADs (Dixon et al., 2012).
TADs have been found to be conserved across different cell types (Dixon et
al., 2012; Rao et al., 2014; Vietri Rudan et al., 2015). Human and mouse
genomes contain more then 2000 TADs, which have a median size of 1 Mb
and cover 90% of the genome (Ea et al., 2015). TAD structures have also
been observed in the Drosophila melanogaster genome, which is around 30
times smaller than mammalian genomes (Sexton et al., 2012; Hou et al.,
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2012). However, yeast genomes seem to lack TAD organisation as shown by
Hi-C experiments in Saccharomyces cerevisiae (Duan et al., 2010) and
Schizosaccharomyces pombe (Tanizawa et al., 2010).

TADs are considered as functional domains of chromatin organisation within
the nucleus. It has been estimated that 70% of DNA looping events which
regulate gene regulation occur within a TAD (Sanyal et al., 2012). Thus,
TADs are thought to serve as insulated domains within which enhancer and
promoter contacts are contained, therefore preventing enhancer interactions
with ectopic promoters. In support of this notion, although TADs themselves
are largely invariant between cell types, contained within TADs are smaller
structures, called sub-TADs. Sub-TADs do vary between cell types, these
variances may underlie the tissue specific expression of some genes. High
resolution contact maps are required to visualise sub-TADs in data sets.
Sub-TADs were identified first in mouse embryonic stem cells using highresolution 5C data to analyse 1 to 2 Mb regions surrounding developmentally
important genes (Oct4, Nanog, Nestin, Sox2, Klf4, Olig1-Olig2) (PhillipsCremins et al., 2013). The authors discovered previously unidentified subTAD regions which change during the differentiation of mouse embryonic
stem cells into neural progenitor cells.

At the HoxA locus, different sub-TADs containing enhancer and gene
sequences can interact to control gene regulation in a tissue specific manner
(Berlivet et al., 2013). However, sub-TADs exhibit a weaker insulation
strength, as evidenced by their lower capacity to weaken long range contacts
between domains (Norton et al., 2018). Sub-TAD boundaries were therefore
proposed to play a distinct role compared with boundaries of TADs (Beagan
and Phillips-Cremins, 2020).

Insulator elements are located at the boundaries of TADs to prevent
interactions between loci located in different TADs. The first insulator
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described in vertebrates, cHS4, was located near the 5’ end of the chicken bglobin locus (Chung et al., 1993). Another insulator called CTCF (CCCTCbinding factor) was found at the 3’ end of the locus which shared many of the
properties of cHS4 (Splinter et al., 2006). At the H19 imprinting locus it was
found that CTCF binding can affect higher-order chromatin conformation
(Kurukuti et al., 2006). Further, in mouse and humans when a CTCF binding
site was placed between an enhancer and promoter element, enhancer
activity is blocked by the CTCF protein (Bell and Felsenfeld, 2000; Hark et
al., 2000). Even before the advent of Hi-C it was clear that CTCF had an
important role in functional genome organisation. However using Hi-C it was
found that CTCF, as well as other insulator proteins, such as the structural
maintenance of chromosomes (SMC) cohesin complex, and constitutively
active genes were enriched at TAD boundaries (Dixon et al., 2012; Rao et
al., 2014; Phillips-Cremins et al., 2013; Vietri Rudan et al., 2015).

This has led to the proposal of the loop extrusion model for the formation of
TADs, where the cohesin ring extrudes chromatin until the complex is
unloaded or it encounters CTCF proteins in a convergent orientation at TAD
boundaries. The cohesin ring facilitates the communication between
enhancers and promoters during this extrusion process, bringing them in
close enough proximity for transcriptional activation. Indeed, ChIP-seq data
supports this theory, as cohesin bound peaks tend to be just interior to CTCF
bound sites at TAD boundaries (Sanborn et al., 2015; Fudenberg et al.,
2016).

Cohesin and CTCF are required for the formation of loop domains (Gassler
et al., 2017; Rao et al., 2017; Nora et al., 2017), providing support for the
loop extrusion model. However, the actions of CTCF and cohesin do not
completely account for the 3D organisational principles of the genome
observed in Hi-C data. For example, segregation of the chromatin into A and
B compartments has been found to be entirely independent of CTCF and
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cohesin and in the case of cohesin removal, chromosome segregation has
been found to become even more pronounced (Gassler et al., 2017;
Haarhuis et al., 2017; Nora et al., 2017; Rao et al., 2017; Schwarzer et al.,
2017). Therefore, while CTCF and cohesin may play a role in chromatin
organisation across smaller scales, they clearly do not account for large
scale chromosome organisation in the nucleus.

The appearance of TADs in Hi-C data relies on interactions to be captured at
high resolution and the averaging of chromosomal contacts from millions of
cells. This bulk averaging approach lacks the ability to capture subpopulations of chromosome conformations within a heterogenous sample.
The advent of single cell Hi-C (scHi-C) and super resolution imaging
techniques are answering these questions. scHi-C studies have revealed a
generally conserved level of TAD organisation at the single cell level
(Nagano et al., 2013), however subsequently it has been shown that TADs
display heterogeneity from cell to cell (Flyamer et al., 2017; Stevens et al.,
2017; Tan et al., 2018). This might result from variations in gene expression
in different cells as it has been shown that gene expression occurs in bursts
(Larsson et al., 2019), it is feasible that one cell might have a TAD
conformation that supports transcriptional bursting, while another cell does
not. In support of this, transcription of Tsix alleles was found to be related to
TAD structure fluctuations (Giorgetti et al., 2014).

Likewise, new super resolution imaging techniques are making it possible to
visualise TAD structures in individual cells. Bintu et al.(2018) imaged across
multiple 1.2 Mb to 2.5 Mb domains on chromosome 21. To do this each
domain was split into 30 kb segments which were labelled sequentially with a
pool of oligonucleotide probes, adding a dye which binds to these probes
allows stochastic optical reconstruction microscopy (STORM). In IMR90
fibroblast cells imaging of a 1.2 Mb region on chromosome 21 was carried
out, to compare with Hi-C, the population averaged domains from 250
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chromosomes were combined. The contact frequencies observed by imaging
were comparable to Hi-C, interesting TAD and sub-TAD like structures were
observed in the ensemble averaged contact matrices from the imaging data,
although the boundary positions of these domains varied from cell to cell.
However, the boundary positions were preferably located at CTCF and
cohesin binding sites as indicated by ChIP-seq.

These data suggest that TAD-like structures do represent physical chromatin
structures that are present at the single cell level. The boundary positions of
the domains show substantial cell to cell variation. Therefore, it is not the
averaging of TADs but the averaging of boundary positions that creates
potential artefacts in population averaged Hi-C data as the positions of
boundaries is biased towards preferential positioning at CTCF and cohesin
occupied sites. Notably, when cohesin was depleted using an auxinmediated degron system, the TAD-like structures remained at a single cell
level, however at a population level these structures disappeared (Bintu et
al., 2018). Interestingly, the preferential positioning of CTCF at the domain
structures in single cells was also lost upon cohesin depletion, suggesting a
dependence on a CTCF-cohesin interaction, possibly loop extrusion. This
may also explain the loss of TAD structures at a population level on cohesin
depletion.
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Figure 1.4 Levels of 3D chromatin organisation
Chromosomes are organised into chromosome territories which have a particular
organisation within the nucleus. Within each chromosome territory, regions are
organised into topologically associating domains (TADs). Interactions occur
preferentially between loci in the same TAD compared with loci in different TADs.
TAD boundaries insulate these chromatin interactions between neighbouring TADs.

1.3.4 TADs, loops and gene regulation
As discussed, TADs are thought to create an insulated regulated
environment to facilitate enhancer-promoter interactions. Evidence for this
comes from studies using deletions or inversions of TAD boundaries. For
example at the Epha4 containing TAD, a genomic inversion overlapping the
TAD boundary leads to limb defects due to new enhancer-promoter
interactions between the Epha4 enhancers and the Wnt6 gene (Lupiáñez et
al., 2015). Other studies have also found that TAD boundaries restrict
enhancer function (Dowen et al., 2014; Flavahan et al., 2016; Guo et al.,
2015) and spreading of the epigenetic marks which mark active and
repressed chromatin regions (Narendra et al., 2015). TAD boundaries have
also been found to overlap with replication domains (Pope et al., 2014), and
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genes which have a highly correlated expression pattern are more likely to
be found in the same TAD (Nora et al., 2012; Dixon et al., 2016).

Enhancers can drive the expression of a reporter gene when its located in
the same TAD (Symmons et al., 2014); however, when the enhancer is
positioned outside the TAD boundary enhancer activity is diverted away from
its cognate promoter, instead driving expression of the gene located in its
new TAD (Symmons et al., 2016). Similarly, deletions or duplications of TAD
boundaries cause the re-wiring of enhancer-promoter interactions and have
been attributed to a number of congenital malformations in a process called
enhancer adoption (Lettice et al., 2011; Spielmann and Mundlos, 2013).
Intriguingly, a study has shown that forced chromatin looping between a
promoter and an enhancer is sufficient to increase transcriptional burst
frequency (Bartman et al., 2016); however, burst size which is encoded by
promoter function remained unchanged (Larsson et al., 2019).

Conversely, some enhancers seem surprisingly robust to changes in 3D
chromatin organisation. For example at the mouse HoxD locus, increasingly
larger deletions encompassing a TAD boundary did not have a significant
effect on limb bud development (Rodríguez-Carballo et al., 2017). Likewise,
deletion of the boundary between the Sox9 and Kcnj2 TADs resulted in no
phenotypic consequences, despite a moderate increase in contacts between
the two TADs (Despang et al., 2019). Similarly at the sonic hedgehog locus,
deletion of individual CTCF sites across the regulatory locus was shown to
affect TAD boundaries and enhancer-promoter colocalization frequencies.
However, no phenotypic consequences were observed in CTCF deletion
mutant mice, Shh expression pattern appeared normal and mRNA levels
were largely unchanged indicating the Shh promoter could still communicate
with its enhancers normally (Williamson et al., 2019).
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This is in line with studies in which depletion of CTCF or cohesin proteins,
leads to a very dramatic reduction in TAD insulation but only a moderate
effect on genome wide gene expression (Nora et al., 2017; Rao et al., 2017;
Schwarzer et al., 2017). A recent study has provided some explanations to
these observations. Studying ESC differentiation into neural progenitor cells
(NPCs) in the presence and absence of CTCF, Kubo et al. (2021) found that
gene promoters with proximal CTCF binding sites were downregulated when
CTCF was depleted. Artificial tethering of CTCF to a gene promoter which
was downregulated in CTCF depleted NPCs partially restored expression of
this gene and restored intra-TAD contacts to a distal promoter. Thus, CTCF
may not contribute to the majority of enhancer-promoter interactions,
however CTCF binding at a subset of promoter proximal regions seems to be
important for promoting enhancer-promoter contacts.

As new technologies emerge which increase the resolution of the Ctechniques new insights are being made into the relationship between TADs
and gene expression. Micro-C is a new technique based on Hi-C which
measures chromatin contacts between pairs of crosslinked nucleosomes,
thus overcoming the resolution limit of Hi-C, allowing resolution of ~200 bp to
be achieved in contact maps. When applied in mouse embryonic stem cells,
the contact maps at the scale of >20 kb were near identical between micro-C
and Hi-C (Hsieh et al., 2020). However, at the scale of 100 bp – 20 kb, microC revealed far more ‘fine-scale’ boundaries which encompassed enhancerpromoter interactions. These boundaries were associated marks of active
transcription such as active histone marks, Mediator, chromatin accessibility
and transcription factors. The authors proposed that ‘sticky PolII’ may drag
enhancers and promoters together, forming these fine-scale domains, until it
clashes with a large protein structure such as the transcriptional preinitiation
complex or cohesin. More analysis is needed, at higher resolution, to truly
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dissect the role of CTCF and cohesin in both TAD formation and the role of
TADs in confining enhancer-promoter interactions.

1.4 3D Analysis of Enhancer-Promoter Interactions
1.4.1 Fluorescent in situ hybridisation
Two techniques have mainly contributed to our knowledge of 3D
chromosome arrangement inside the nucleus: fluorescent in-situ
hybridisation (FISH), and the 3C-techniques.

In FISH the relative position of genomic loci can be visualised by the
hybridisation of fluorescently labelled oligonucleotide probes to fixed nuclei.
The size of the fluorescent probe and its target regions are directionally
proportional, thus using a range of cosmids, fosmids and artificial
chromosomes, target loci ranging from a few hundred kilobases to the whole
chromosome.

FISH has generally been a low-throughput method, with only a few loci being
imaged at a time. Additionally, loci generally need to be >100 kb apart to be
able to resolve them as two spots corresponding to probes. As FISH requires
base-pairing of multiple labelled probes with the genomic locus, a treatment
of harsh heat denaturation is needed to allow the oligonucleotide to access
the single strand DNA. Heat denaturation can induce changes in the finescale structure of chromatin as shown by electron microscopy (Solovei et al.,
2002). Paraformaldehyde fixation followed by 3D DNA-FISH resulted in the
height of nuclei decreasing to about 80% of that in a living cell. Additionally,
aggregates of condensed chromatin which were observed in formaldehyde
fixed nuclei studied by electron microscopy almost completely disappeared
upon heat denaturation of the fixed nuclei. However, it is unknown how much
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these changes influence findings by FISH and changes to chromatin
structure on heat denaturation are likely to be cell type specific. Therefore, it
is important to optimise denaturation conditions carefully depending on which
cell type is being used. To overcome potential changes in chromatin
structure upon heat denaturation Brown et al.,(2018) developed the
technique RASER (resolution after single-strand exonuclease resection)FISH. In this technique harsh heat denaturation is replaced with UV-induced
generation of nicks followed by exonuclease digestion of DNA. The
hybridisation efficiency of RASER-FISH was reported to be similar to DNA
FISH at the a-globin locus (>90%).

1.4.2 Chromosome Conformation Capture
Chromosome conformation capture (3C) has been used to study interactions
between loci (Dekker et al., 2002; Lieberman-Aiden et al., 2009). The 3C and
other related C-techniques (4C, 5C and Hi-C for example) involve the
digestion of cross-linked chromatin fragments, followed by identification of
the ligated chromatin fragments. The originally published 3C technique relies
on real-time PCR to identify interacting fragments and thus can only be used
to study a previously identified region of interest. To study previously
unknown chromatin interactions at a locus of interest, 4C was developed
(Zhao et al., 2006). This technique is similar to 3C, however the DNA is
treated with a second frequently cutting restriction enzyme, which creates
sticky ends that can circularise. These DNA circles contain the DNA of
interest and its interacting DNA. The DNA is amplified using PCR primers for
the known DNA, which amplify the unknown DNA around the circle. This
library of fragments is characterised by microarray or genome sequencing.

In parallel to 4C, 5C was developed to advance analysis of the 3C library. As
in 3C, interactions are only analysed by low-throughput PCR, the high
complexity and much of the information contained within a 3C library is lost.
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5C utilises ligation mediated amplification to first copy and then amplify target
sequences using primers that anneal next to each other on the DNA. The
forward and reverse 5C primers can only be ligated when they are annealed
to a specific 3C library product, creating a carbon copy 5C library. This library
is then amplified using universal PCR primers and analysed by sequencing
or microarray.

The advent of Hi-C, which uses massively parallel sequencing to identify
interacting fragments, has massively increased the scale of 3C to genomewide. As Hi-C uses proximity ligation followed by digestion and whole
genome sequencing, interest in a specific locus and prior identification of
interacting partners is not required to perform the technique. This whole
genome analysis allowed Lieberman-Aiden et al. (2009) to analyse
interactions in whole chromosomes.

While the C-techniques record whether two loci are in close proximity in a
population of cells, they cannot determine where in the nucleus this contact
occurred. It is also important to note that the C-techniques cannot determine
absolute interaction frequencies (Miele and Dekker, 2008), but interaction
frequencies can be estimated using polymer modelling techniques.

In studies in which C-techniques are used, FISH is often normally performed
as a complementary technique to validate findings at a subset of loci. This
requires a careful comparison of data, as the resolution of FISH is limited by
the type of microscope used, although resolution is markedly improved by
super resolution microscopy (Williamson et al., 2016; van de Corput et al.,
2012; Ni et al., 2017; Bintu et al., 2018). Most studies take an interprobe
distance of 500 nm (sometimes more) as validation of 3C-data, which do not
seem compatible with interactions at the molecular scale (Williamson et al.,
2014). It has also been demonstrated that results of FISH and C-techniques
are not always in agreement (Lieberman-Aiden et al., 2009; Dostie and
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Bickmore, 2012). For example (Williamson et al., 2014) demonstrated that for
the HoxD locus in mouse embryonic stem cells (mESC), in undifferentiated
cells 5C and FISH data were in agreement; however, upon gene activation
during mESC differentiation elevated crosslinking frequencies as observed
by 5C conflicted with the chromatin decompaction of the same regions seen
by FISH. There have been several suggested explanations for this
discrepancy including that FISH is a more disruptive technique or that
formaldehyde cross-linking in 3C techniques may favour more flexible
regions of chromatin and thus, not represent spatial distances between loci.
These differences in DNA fixation techniques could account for conflicting
observations, therefore using the same fixation agent such as
paraformaldehyde in both experiments may make the data more consistent
between FISH and the C techniques (Giorgetti and Heard, 2016).

1.5 Live cell DNA Imaging
1.5.1 Live cell DNA Imaging: Initial Techniques
Three-dimensional genome regulation is a dynamic process and the nuclear
location of specific DNA loci is constantly changing (as reviwed in Lanctôt et
al., 2007). Methods such as the C-techniques and FISH do not capture the
dynamic movement of chromatin as they can only be performed in fixed cells.
Recently, live-cell imaging techniques are starting to reveal more information
about how specific loci move and interact in the nuclei of living cells. The
development of live-cell DNA imaging techniques has largely relied on the
availability of sequence-specific DNA binding proteins.

Initially Lac operator (LacO) and Tet operator (TetO) systems were utilised to
enable live cell imaging of DNA (Roukos et al., 2013; Lucas et al., 2014;
Robinett et al., 1996). These systems consist of an array of repetitive DNA
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sequence which is genetically engineered into the cell line of interest. The
arrays are bound by multiple LacO/TetO proteins fused to a fluorescent
protein for visualisation, thus amplifying the fluorescent signal. While this
method allows long term tracking of a single locus in cells, the insertion of
long repeats of DNA into the genome can be labour intensive and may
perturb natural chromatin dynamics.

Transcription activator-like effectors (TALEs) and zinc finger proteins (ZFPs)
fused to fluorescent proteins have also been used to image specific DNA
sequences. TALEs and ZFPs are modular proteins, which can be engineered
to bind to specific DNA sequences. ZFPs were successfully used to image
both plant and mouse cell line DNA sequences (Lindhout et al., 2007).
TALEs are composed of tandemly arranged 33-35 amino acid repeats, with
each repeat recognising one nucleotide. The preference of each repeat for
the nucleotide is determined by amino acids 12 and 13 (Chen, Guan, et al.,
2016). This simple binding rule allows the synthesis of TALEs which
specifically recognise any DNA sequence. TALEs have been used to label
endogenous repetitive sequences in cultured cells and in whole organisms
(Miyanari et al., 2013; Ma et al., 2013). However, the challenge to construct
functional ZFPs and their expense to synthesise has limited the technology.

TALE live cell DNA imaging
Fluorescent protein
DNA binding domain

Locus of interest
Figure 1.5 Schematic of TALE Live cell DNA imaging system
TALEs are modular DNA binding proteins which can be engineered to bind to any
DNA sequence of interest. When fused to a fluorescent protein, TALEs allow
imaging of a repetitive DNA sequence of interest.
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Devising methods to label non-repetitive regions of DNA is technically more
challenging. It is impossible to visualise a single fluorescent protein in the
nucleus therefore, multiple DNA binding protein-fluorescent protein fusions
need to be densely localised to specific loci in order to visualise the
fluorescent signal. Only one study to date has been published using TALEs
to image non-repetitive regions of DNA (Ma et al., 2017). This may be due to
the technical difficulty to engineer TALE-encoding vectors for the expression
of different modules. The delivery of multiple TALE encoding plasmids into a
cell of interest presents another problem and the number of TALEs that are
needed in order to label a non-repetitive locus is yet to be determined.
Traditional TALE-EGFP fusions, when directed to telomeric repeats in a
variety of human cell lines, have been found to produce large bright foci
which poorly correlate with telomere DNA FISH signals (Ren et al., 2017).
Although, the formation of these off-target foci could be overcome by using
the TALE to the redox protein thioredoxin (TTALE). The aggregation of
conventional TALEs in mouse cells has not been reported (Thanisch et al.,
2014; Miyanari et al., 2013), but based on these results the TTALE system
should be used in human cell lines to minimise aggregation of the protein.

1.5.2 Live Cell DNA Imaging: CRISPR-Cas9 System
The CRISPR-Cas9 system provides the flexibility to simply target a DNA
binding protein to any area of the genome, using a single guide RNA. In the
type II CRISPR system DNA recognition and cleavage are performed by
three components: a CRISPR RNA (crRNA), a trans-activating RNA
(tracrRNA) and the Cas9 DNA nuclease (Jinek et al., 2012). The crRNA and
tracrRNA form an RNA duplex which recruits the Cas9 protein, forming a
ribonucleoprotein complex. This complex binds to the DNA at a protospacer
adjacent motif (PAM) (Marraffini and Sontheimer, 2010), leading to local DNA
unwinding. The unwinding of the DNA makes the rest of the specific locus
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available for complementary base pairing. Cas9 then catalyses cleavage of
the DNA. The CRISPR-Cas9 system has been adapted to serve as a DNA
editing strategy with two components, by combining the functional features of
the crRNA and tracrRNA to form a single guide RNA (sgRNA) (Jinek et al.,
2012). The Cas9 protein from Streptococcus pyogenes (SpCas9) is most
widely used as it recognises the simple PAM site of “NGG” which is
commonly found in eukaryotic genomes.

Two mutations can be made to the Cas9 protein, which render it nucleasedead (dCas9), while retaining specific DNA binding capability (Qi et al.,
2013). This has opened the possibility to use dCas9 for site-specific gene
activation and repression and, for live-cell DNA imaging. Chen et al. (2013)
were the first group to use dCas9 to image genomic loci of living cells. The
authors used a nuclear localised fusion protein of dCas9 and enhanced
green fluorescent protein (EGFP) to image telomeric DNA (Figure 1.6). As
telomeres are repetitive, the authors designed one sgRNA which would
recruit multiple dCas9-EGFP to telomeric repeats in the nucleus. In the case
of imaging non-repetitive DNA in an intron of the MUC4 gene, it was noted
that between 26 and 36 sgRNAs were required to see a signal in the
nucleus. While this confirmed that CRISPR-imaging was a powerful tool to
monitor DNA loci in living cells, the large requirement of sgRNAs necessary
to visualise non-repetitive loci introduced the technical problem associated
with sgRNA delivery to cells.

Since this study, several authors have used dCas9-EGFP fusions to label
repetitive and non-repetitive loci. Gu et al. (2018) used dCas9-EGFP along
with 36 sgRNAs to label the non-repetitive regions in promoter and enhancer
of the Fgf5 gene. Despite these advances, unbound dCas9-EGFP has a
tendency to localise to the nucleolus and a lack of effective methods to
package the high amounts of sgRNAs needed to image non-repetitive loci
have restricted use of the technique.
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EGFP

dCas9

sgRNA

Figure 1.6 CRISPR imaging by dCas9-EGFP
The dCas9 is guided to a specific DNA loci by a sgRNA. To enable binding to the
locus the dCas9 unwinds the local DNA double helix. When dCas9 is fused to a
fluorescent protein such as EGFP, specific genomic loci can be visualised in live
cells.

Another limitation to CRISPR imaging has been low signal to noise ratio.
Freely diffusing dCas9-EGFP molecules which are unbound to the target loci
in the nucleus create background fluorescent signal. This signal needs to be
overcome by the locus-specific signal in order to visualise a specific DNA
locus by microscopy. By targeting repetitive loci or using multiple sgRNAs the
signal is usually amplified significantly above background to visualise a locus.
When dCas9 binding at a target site is saturated increased expression above
this level causes higher background signal. Therefore, inducible expression
systems have been used in order to reduce the background (Chen et al.,
2013). However, due to differences in transfection efficiency across a cell
population and leaky expression from inducible systems this is not a perfect
solution.

To overcome problems with signal-to-noise ratio in imaging studies, a
mechanism of amplification of the fluorescent signal for imaging techniques
was devised (Tanenbaum et al., 2014). The SUperNova tag (SunTag)
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consists of multiple copies of general control non-inducible 4 (GCN4) in a
peptide scaffold containing 24 repeating units, fused to the protein of interest.
A single chain variable fragment (scFV) antibody, in which epitope binding
regions of light and heavy chain antibodies are fused together, is then fused
to a fluorescent protein of choice. The scFV fragments bind robustly to the
GCN4 peptide, allowing up to 24 molecules of fluorescent protein to be
localised to a single dCas9. A dCas9-SunTag along with a scFv-super folder
GFP (sfGFP) fusion was used to image a nonrepetitive region of the MUC4
gene using just 20 sgRNAs (Shao et al., 2018).

1.5.3 Alternative CRISPR Imaging Techniques
As an alternative to dCas9-fluorescent protein fusions, researchers have
demonstrated that sgRNAs modified to recruit specific RNA binding proteins,
can be used for live-cell DNA imaging. This technique involves the
generation of sgRNA scaffolds with a RNA stem loop motifs such as MS2 or
PP7, such that the stem loops protrude out of the sgRNA-Cas9 complex (Fu
et al., 2016). These stem loops are available for binding their cognate RNA
binding protein, MS2 coat protein (MCP) or PP7 coat protein (PCP) which
can be fused to a fluorescent protein of choice. As MCP and PCP dimerise,
the two RNA stem loops can recruit up to four fluorescent proteins to the
locus of interest. This method has been used to track repetitive and nonrepetitive loci (Wang, Su, Zhang, et al., 2016; Shao et al., 2016). Additionally
this method allows multiplex labelling of DNA sequences in a CRISPRainbow
of up to six colours (Ma et al., 2016). By using an additional RNA stem-loop
and RNA binding protein pair, the boxB stem loop/ l N22 pep peptide, three
primary colours (MS2, PP7 and boxB labelled) can be used to tag three
different genomic loci. By alternating the stem loops on a labelled sgRNA,
such that it is labelled with MS2 and PP7, secondary colours can be created,
further expanding the CRISPR rainbow pallet. The number of colours
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available is limited by the separate colours which can be detected on a
microscope filter.

The application of labelling sgRNA aptamer approaches such as the MS2
and PP7 systems led to the desire to expand the aptamer toolkit used to
label sgRNAs. The Casilio system, based on the PUF-binding sequence and
the Pumilio RNA binding protein was used to image repetitive centromeric
and telomeric DNA. Another study used molecular beacons to label specific
sgRNAs (Wu et al., 2018). When unbound a fluorophore and a quencher at
opposite ends of the oligonucleotide are bought together by the formation of
a stem loop in the oligonucleotide probe. Upon hybridisation to the target
sequence the fluorophore-quencher interaction is disrupted, allowing the
fluorophore to release its fluorescent signal. As the signal of the probe is
quenched when unbound, this strategy highly reduces background
fluorescent signal. However, molecular beacons are expensive to synthesise
and to date they have also been used to image repetitive DNA sequences.

Hong et al. (2018) compared the SunTag labelling system, Casilo,
24xMBSV5 (24 tandem MS2 binding sites version 5) and 2xMS2 (two MS2
hairpins) systems for labelling of telomeres in HEK293T, B16, U20S and
HeLa cells (Figure 1.7). Labelling specificity was determined using mCherryTRF1, a telomere specific binding protein and checking for co-localisation
with CRISPR-imaging signals. In all the cell lines tested, incorporation of
RNA stem loops into the sgRNA caused nonspecific binding of dCas9 to the
DNA. Additionally, fluorescent signal was observed in the absence of dCas9
for the sgRNAs containing modified stem loops. The techniques were also
used to label a repetitive region of the MUC4 gene, containing 90 sgRNAtargeting repeats. The SunTag robustly labelled one or two loci in the
majority of cells imaged. The 2xMS2 system also labelled 2 loci in the
majority of cells, however in some cells more than six loci were visualised,
especially in the absence of dCas9. In the Casilo and 24xMBVSV5 systems
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more than seven loci were illuminated in the majority of cells in the presence
or absence of dCas9. This study raises concerns about off target binding and
non-specific signals, a problem which seems to be proportional to the
number of RNA stem loops incorporated into the sgRNA scaffold. The study
also highlights the necessity of verifying fluorescent signal from live-cell DNA
imaging experiments. It is also vital these validations are performed on the
same sample as the live cell imaging is recorded.
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Figure 1.7 dCas9 based imaging systems
A) The SunTag dCas9 imaging system consists of a dCas9 fused to the SunTag, a
repeating array of 24 GCN4 peptised. These GCN4 peptides act as epitopes for scFV
antibody fragments, which are fused to a fluorescent protein of choice. Thus up to 24
copies of fluorescent protein can be localised to a single dCAs9 molecule. B) The
24xMBSV system consists of a sgRNA modified to contain 24 MS2 stem loops. These
stem loops can be bound by their cognate RNA binding protein MCP. The MCP
protein is expressed fused to a fluorescent protein, thus allowing 24 fluorescent
proteins to be recruited to a single dCas9. C) The Casilio dCas9 DNA imaging system
consists of a modified sgRNA containing a PBS binding site, which is bound by a
Casilio module. The Casilio module consists of a PUF domain, a modular RNA
binding domain which can be engineered to bind any RNA sequence. The PUF
domain can be fused to a fluorescent protein of choice. D) The 2xMS2 system
consists of a sgRNA modified with 2xMS2 stem loops. These are bound by an MCP
protein fused to a fluorescent protein, recruiting 2 fluorescent proteins to a single
dCas9 module.
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1.5.4 Multi-colour CRISPR imaging
For a more comprehensive understanding of chromatin interactions in living
cells it is crucial to simultaneously visualise multiple genomic loci and study
how these interact. This can be achieved using a variety of methods of livecell DNA imaging.

Firstly, researchers used Cas9 proteins from a variety of bacteria. Three
dCas9 orthologues; Streptococcus pyogenes (Sp), Neisseria meningtidis
(Nm) and Streptococcus thermophilus (St1) were fused to 3 GFP, BFP or
RFP molecules in tandem and used to visualise telomeric DNA. As each
Cas9 has a specific PAM requirement, this technique requires specific
sgRNAs containing different PAMs to be expressed in cells. SpdCas9 and
StdCas9 were used in a single cell to simultaneously visualise telomeres, in
two colours, as well as pericentromeric and subtelomeric DNA repeats (Ma et
al., 2016). The dCas9 toolkit was further expanded with the use of
Staphylococcus aureus dCas9 for DNA imaging (Chen et al., 2016).
However, using orthologous dCas9 proteins from different species is limited
by the frequency of different PAM sequences across a locus of interest. Cas9
proteins from different species are less commonly used due to their more
complex PAM requirements.

Contrastingly, labelling of sgRNAs with aptamer sequences lends itself more
to multicolour imaging. The two most commonly used stem loop
modifications PP7 and MS2 can easily be used to label two loci by labelling
their cognate RNA binding proteins with a different fluorophore (Fu et al.,
2016; Shao et al., 2016). A CRISPRainbow was also created by combining a
third aptamer, BoxB, to PP7 and MS2, as explained above (Ma et al., 2016).
Up to six genomic loci were tracked in live cells simultaneously, the highest
number of loci observed at one time so far. Molecular beacons have also
been used to track two loci in living cells, by modification of the sgRNA
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scaffold (Wu et al., 2018). However, CRISPRainbow and molecular beacon
techniques have only been used for the labelling of repetitive loci thus far.

The Casilio system of has been used to study multiple non-repetitive loci in
different colours (Clow et al., 2020). However, the authors fail to validate the
correct tagging on genomic loci in this paper. Additionally, extensive
accumulation of unbound dCas9 can be seen in the nuclei of the U2OS cells
that were used for imaging both as small spots and larger aggregates in the
nucleolus. This confirms the observations of Hong et al. (2018), that the
Casilio system is not a robust strategy for live cell DNA imaging.

1.5.5 Current Challenges in live cell DNA imaging
Despite advances in the field of live cell DNA imaging it remains technically
challenging. Of particular concern is the specificity of the SpCas9 binding to
target sequences. Off-target binding has been widely reported in the field of
genome editing (Fu et al., 2013; Cho et al., 2014; Zhang et al., 2015).
Another major challenge is increasing the signal above background
fluorescence. Numerous efforts have been made to combat this challenge,
as highlighted above. It has also been reported that the generation of stable
cell lines may allow for more control over background fluorescence, as the
lowest fluorophore expressing cells can be sorted from the population.

Imaging of non-repetitive sequences has been hampered by the necessity to
express large numbers of sgRNAs targeting one locus, in order to increase
the signal above background. Advances in cloning techniques to incorporate
multiple sgRNAs into a single plasmid are improving sgRNA delivery options.
However, DNA cloning is well known to be a challenging and time-consuming
process. It is also possible that the expression of multiple sgRNAs at the
same level may result in competition for dCas9 binding. With continued
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development of these cloning strategies, the possibility to study nonrepetitive loci in living cells will become more widely adopted.

1.6 Sonic Hedgehog
1.6.1 Sonic hedgehog function
Shh is broadly expressed throughout the developing embryo. The signalling
molecule is expressed in the node, notochord (Choi et al., 2012) and the
floorplate (Yamada et al., 1991) during early embryogenesis to control the
left-right and dorso-ventral axes of the embryo (Watanabe and Nakamura,
2000; Schilling et al., 1999; Pourquié et al., 1993). Shh expression in the
distal posterior of the developing limb bud polarises it, creating an anterior
posterior axis (Riddle et al., 1993). Later in development, Shh is involved in
the patterning of the gastrointestinal tract and oral cavity (Chuong et al.,
2000).

Deletion of Shh is embryonic lethal, early effects include lack of
establishment and maintenance of midline structures such as the notochord
and floorplate (Chiang et al., 1996). Later onset events include the absence
of the ventral cells of the neural tube and the spinal cord, as well as defects
in the distal limb, gut and lung structures (Chiang et al., 1996; Litingtung et
al., 1998; Pepicelli et al., 1998).

1.6.2 The Sonic Hedgehog regulatory locus
The sonic hedgehog locus provides an archetypal system for studying
enhancer function, particularly that of long-range enhancers. Few
mammalian genes have been investigated to the extent of Shh and while

50

many enhancers controlling its expression have been located, new
enhancers or new functions for identified enhancers are being constantly
discovered. In the region 5’ to the Shh gene, a genomic desert can be found
which contains many enhancers which control Shh expression (Jeong et al.,
2006; Sagai et al., 2009). This regulatory landscape spans around 850 kb in
mice, to the neighbouring gene Lmbr1 (Lettice et al., 2003).

Shh brain enhancer 1 (SBE1) and Shh floor plate enhancer 2 (SFPE2) are
unique as they are the only currently discovered Shh enhancers which lie in
the introns of the gene itself. In a b-gal transgenic reporter assay Epstein et
al. (1999) discovered these intronic enhancers as well as Shh floor plate
enhancer 1 (SFPE1), which was found to lie within a fragment approximately
8.8 kb upstream of the Shh transcription start site (TSS). SFPE1 and SFPE2
were later found to function redundantly, both driving expression of Shh in
the floor plate of the hindbrain and spinal cord, however the enhancers are
probably regulated through the binding of different transcription factors
(Jeong et al., 2006). While SBE1 is the sole regulator of Shh expression in
the ventral midbrain and caudal diencephalon (Jeong et al., 2006).

A cluster of Shh forebrain enhancers (SBE2, 3 and 4) are located in the
middle of the gene desert between Shh and its directly neighbouring gene
Rnf32 were discovered using an enhancer trap assay (Jeong et al., 2006).
SBE2 has the highest sequence conservation of this enhancer cluster
between other vertebrates and is the sole enhancer that drives Shh
expression in the rostral-ventral diencephalon (Jeong et al., 2006). While
SBE4 drives Shh expression in the vz of the ventral telencephalon. SBE3
also directs reporter activity to the telencephalon, however to the svz region.
More recently new Shh brain enhancers have been discovered including
SBE5 (Yao et al., 2016), SBE6 (Benabdallah et al., 2016) and SBE7 which
includes early prechordal plate expression (Sagai et al., 2019).
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Even further upstream than the brain enhancers are a cluster of enhancers
that mediate Shh expression in the gut and epithelial linings. MACS1 lies
inside intron 8 of the neighbouring Rnf32 gene and directs Shh expression in
the gut, stomach and lungs (Sagai et al., 2009). A non-conserved, secondary
enhancer SLGE, located 100 kb 5’ of the Shh promoter, drives overlapping
expression with MACS1 in every tissue apart from the laryngotracheal tube
(Tsukiji et al., 2014). Neighbouring MACS1, MRCS1 and MRCS4 were found
to drive the nonoverlapping expression of Shh in the epithelial linings of the
oral cavity (Sagai et al., 2009). Interestingly enhancer activity overlapping
SLGE was mapped to drive forebrain expression of sonic hedgehog in mice
and zebrafish (Benabdallah et al., 2016).

The most distally located Shh enhancer is located in intron 5 of the Lmbr1
gene, 850 kb away from its target promoter in mice (Lettice et al., 2003). This
enhancer, called the ZRS (also known as MFSC1) controls Shh expression
solely in the posterior margin of the developing limb bud, called the zone of
polarising activity. Deletion of this single enhancer phenocopies a loss of
function mutation in Shh resulting in a severe limb phenotype (Sagai et al.,
2005). Expression of Shh from this distal enhancer is vital for specifying digit
identity across the posterior to anterior axis. In support of this, several point
mutations within the ZRS have been identified in different species, which
drive the ectopic expression of Shh in the anterior limb bud, resulting in the
development of additional digits or polydactyly (Sharpe et al., 1999; Lettice et
al., 2008; Anderson et al., 2012).
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Figure 1.8 Sonic Hedgehog Regulation and Expression
A) Schematic of the sonic hedgehog regulatory locus. Tissue specific enhancers are
located in the region spanning between Shh and Lmbr1. Neural enhancers, blue.
Gastrointestinal enhancers, purple. Limb bud enhancer, green. Known genes, grey
B) Schematic of the regulation of Shh expression active by the brain enhancers in
the mouse embryo. Di, diencephalon; MB, midbrain; NT, neural tube; Te
telencephalon; Zli, zona limitans intrathalamica. C) Schematic of Shh expression
through the rest of the developing mouse embryo driven by the action of tissue
specific enhancers.
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1.7 Project Aims
The sonic hedgehog locus has been extremely well characterised, with over
10 enhancers of the gene having been identified; many of these are long
range enhancers which mediate communication to the Shh promoter over
vast genomic distances. Understanding the dynamics of these cis-regulatory
elements in different transcriptional states is vital to our comprehension of
transcriptional control. This project aimed to investigate the changes in
dynamics of Shh cis-regulatory elements in live cells upon transcriptional
activation of the gene.

To achieve this aim, firstly, the technical limitations of imaging specific loci in
live cells needed to be overcome. A simple, stable and versatile live cell DNA
imaging system was created which provides sufficient signal:noise for the
tracking of non-repetitive loci in cells. To do this a mouse embryonic stem
cell line was created stably expressing components of a dCas9-SunTag DNA
imaging system.

This system was utilised to study dynamics of Shh cis-regulatory elements in
Shh expressing and non-expressing cells with the aim to answer several
questions:
•

What are the dynamics of different regions of the Shh locus in
mESCs?

•

Do these dynamics change with transcriptional activation of Shh
expression?

•

How do the dynamics of the cis-regulatory elements relate to Shh
transcriptional output?

•

How do the dynamics compare with other genes which are
transcriptionally activated or silenced.
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To address these questions a system to induce Shh expression in mESCs
was needed. While mESCs do not express Shh, they can be differentiated
into different lineages which do express Shh. One method of activating Shh
expression in mESCs which has previously been used in the lab is to treat
the cells with retinoic acid and remove leukaemia inhibitory factor (LIF) from
the culture media. Retinoic acid treatment induces Shh expression after 48
hours of treatment, however the mechanisms of this induction and the
enhancer responsible for driving Shh expression in this differentiation system
were unknown.

Therefore, the mechanism of Shh induction in mESCs was to be
investigated. In particular, ATAC-sequencing needed to be carried out to
identify putative enhancer regions which may be activating Shh expression in
this differentiation system. Using both retinoic acid differentiated and wild
type mESCs the following questions can be answered:
•

Which enhancer is responsible for activating Shh upon retinoic acidinduced differentiation of mESCs?

•

How does the proximity of the enhancer and Shh promoter change
upon Shh expression in fixed cells?

•

How many cells are transcriptional bursting at one time upon Shh
expression?

The characterisation of the induction of Shh expression in mESCs
differentiated with retinoic acid provides candidates for tracking active and
inactive cis-regulatory elements using the live cell DNA imaging system.
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Chapter 2
Materials and Methods

2 Materials and Methods
2.1 General Molecular Biology Reagents
Reagent

Supplier

Catalogue Number

Agarose

BioGene

300-300

Bovine Serum Albumin

Merck

A3294

Merk

25666

Dextran Sulphate

Fisher Scientific

42867

Diethyl pyrocarbonate

Merck

D5758

Dimethyl sulfoxide

Merck

D2650

Ethanol

Fisher Scientific

E/0650DF/17

Formamide

Merck

F7503

Gelatin

Merck

G1890

Glycerol

Fisher Scientific

G/0600/08

IPEGAL CA-360

Merck

I8896

Isopropanol

Fisher Scientific

326961000

Paraformaldehyde

Merck

16005

Phenol-Chloroform

Merck

77617

Polyethyleneimine

Polysciences

23966

Proteinase K

Merck

P8044

Sodium acetate

Merck

S2889

Triton X-100

Merck

T8787

Tween 20

Merck

P1379

(BSA)
Chloroform -isoamyl
alchoholmixture

(PFA)

Linear, MW 25.000
(PEI)
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Table 2.1 Table of general molecular biology reagents

2.2 General Laboratory Procedures
2.2.1 DNA Spectrophotometry
DNA concentrations were approximated using a Nanodrop 1000 by
measuring absorbance at 260/280 nm.

2.2.2 Agarose Gel Electrophoresis
An appropriate weight of agarose powder was dissolved in 1 x Tris-BorateEDTA (TBE) buffer by heating in a microwave. The mixture was allowed to
cool slightly and was added, the mixture was swirled gently to mix before
being poured into a gel mould containing a comb. DNA samples to be
analysed were mixed with 6 x gel loading buffer and loaded into the wells.
Into one well, a molecular weight marker was loaded. The gel was placed
into a tank containing TBE buffer, then an electrical voltage of 100-150 mV
was applied to the gel for an appropriate amount of time. The DNA bands
were visualised under UV light.

2.2.3 Phenol Chloroform Extraction
Isolation of DNA was performed using phenol/chloroform extractions and
ethanol precipitation. Briefly, an equal volume of phenol/chloroform/isoamyl
alcohol (25:24:1) was added to each solution containing DNA to be isolated
in a 1.5 mL tube. This mixture was shaken vigorously, then spun down at
12,500 rpm for 1 minute. The solution separates into two layers, an upper
aqueous layer, which was removed and kept in a clean 1.5 mL tube and a
lower organic phase which was discarded. To the upper aqueous layer an
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equal volume of chloroform was added. The tubes were shaken vigorously
and centrifuged at 12,500 rpm for 1 minute. Again, the solution separates
into 2 layers of which the upper layer was removed and reserved while the
bottom layer was discarded.

2.2.4 Ethanol Precipitation of DNA
The aqueous phase (from 2.2.3) was used to perform ethanol precipitation of
DNA. To each tube 600 µL ethanol and 20 µL 3M Sodium acetate (pH 5.2)
were added to the solution. This solution was thoroughly mixed and
incubated at -80°c for 1 hour or -20°c overnight. After incubation, the solution
was centrifuged at 13,500 rpm for 15 minutes. The supernatant was carefully
removed and discarded, leaving a DNA pellet. The pellet was washed with
600 µL 70% ethanol and centrifuged at 13,500 rpm for 15 minutes. The
supernatant was again removed and discarded, and the pellet was left to air
dry. After drying the pellet was resuspended in an appropriate volume of
ultraclean water or TE.

2.2.5 Restriction Enzyme Digestion
Typically, 2-3 µg vector and insert were digested in separate reactions using
restriction enzymes (New England biolabs). The digests were performed in
50 µL reaction volumes using 2 units of each restriction enzyme per reaction.
Restriction buffers were chosen as per the manufacturers instructions. If
restriction enzyme buffers were incompatible, the DNA was first cut with one
restriction enzyme, the linearization of the vector was confirmed by agarose
gel electrophoresis. Before the reaction buffer was removed by phenol
chloroform extraction and ethanol precipitation. The resulting DNA was then
cut with the second restriction enzyme in the corresponding buffer, resulting
DNA fragments were analysed before a second round of phenol chloroform
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extraction and ethanol precipitation. Digests were incubated for 3 hours at
37°c

2.2.6 Dephosphorylation of vectors
Following restriction digestion, cut vectors were dephosphorylated to prevent
relegation go the vector. To the 50 µL restriction digest reaction, 1 unit of
Antarctic phosphatase per µg cut vector (New England Biolabs, #M0289S)
and 5µL Antarctic Phosphatase Reaction Buffer were added to each
reaction. As per the manufacturer’s instructions, reactions were incubated at
37°c for 30 minutes. Before DNA purification, 5 µL aliquots of each digest
were taken and run on a 1 or 1.5% agarose gel. The rest of the reaction was
retained for phenol chloroform extraction (2.1.3) and ethanol precipitation
(2.1.4).

2.2.7 Ligations
Ligations were performed using the Quick Ligation Kit (New England Biolabs,
#M2200S), according to the manufacturer’s instructions.

2.2.8 Transformations
Transformations were performed using library efficiency DH5a
(ThermoFisher Scientific, #18263012) or NEB Stable competent E.coli cells
(New England Biolabs, #C3040I), according to the manufacturers
instructions.
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2.2.9 Colony PCR
Bacterial colonies which had grown on plates containing the corresponding
antibiotic to the plasmid were randomly screened by colony PCR. A 1 x PCR
Master mix was prepared containing per reaction: 2 µL 10 x PCR reaction
buffer, 0.6 µL 50 mM MgCl2, 0.4 µL 10 mM dNTP mix, 1 µL 10 mM Forwards
primer, 1 µL 10 mM Reverse primer, 0.1 µL Taq DNA polymerase
(recombinant, ThermoFisher Scientific, #10342053), 14 µL PCR grade water.
20 µL of master mix was dispensed into each well of a 96 well plate.
Colonies were scraped using a P200 pipette tip, the tip was brushed against
a master plate of LB-agar containing the corresponding antibiotic before
being deposited into the 96 well plate. This process was repeated for all
colonies to be screened, before the master plate was incubated overnight at
37°c. The pipette tips were taken out of the 96 well plate and discarded,
before the 96 well plate was sealed and placed into a thermocycler under the
following cycling conditions:
Temperature (°c)

Time

No. cycles

95

10 minutes

1

95

10 seconds

Primer dependent

10 seconds

72

30 seconds

10

Forever

30

-

Table 2.2 Colony PCR Amplification Conditions

2.2.10

Small-Scale Plasmid Purification

Positive E.coli colonies were streaked into 5 mL LB media containing the
corresponding antibiotic and grown overnight at 37°c while shaking. Plasmid
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DNA was isolated using the QIAprep Spin Miniprep Kit (Qiagen, #27106)
according to the manufacturers instructions.

2.2.11

Large-Scale Plasmid Purification

Large scale plasmid purification was performed using the Qiagen Plasmid
Maxiprep Kit (Qiagen, #12163) according to the manufacturers instructions.

2.2.12

RNA Extraction

RNA extraction was performed using TRIzol reagent (Thermo Fisher
Scientific, #15596026) according to the manufacturer’s instructions. Cells for
RNA extraction were washed three times in PBS. Next 500 µL TRIzol
reagent was added directly to each culture dish. Cells were lysed by pipetting
up and down, before the mixture was transferred into a 1.5 mL tube.
Samples could be stored here at -20°c for RNA extraction later or the
protocol was continued.
Samples were incubated at room temperature for 5 minutes, then 100 µL
chloroform was added to each tube. The tubes were incubated for 3 minutes
at room temperature, before centrifugation at 12,000 g for 15 minutes at 4°c.
The solution separates into 3 layers, an upper aqueous phase, an interphase
and a lower red phenol-chloroform phase. The upper aqueous phase was
carefully removed and deposited in a clean 1.5 mL tube, while the other
phases were discarded. Next 250 µL isopropanol was added to the upper
aqueous phase. The mixture was incubated for 10 minutes at room
temperature before being centrifuged at 12,000g for 10 minutes at 4°c. The
supernatant was removed and discarded, then the RNA pellet was washed in
500 µL 75% ethanol. The tubes were briefly vortexed, then centrifuged at
7,500 g for 5 minutes at 4°c. The supernatant was removed and discarded,
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leaving the RNA pellet which was air dried. The RNA was suspended in an
appropriate amount of RNase free water.

The resulting RNA was used immediately or stored at -80°c.

2.2.13

cDNA synthesis

cDNA was synthesised using the Superscript III (ThermoFisher Scientific,
#18080044). Firstly 1.5 µg total RNA was used in each reaction, this was
combined with 1 µL 250µg/mL Random Primers (Promega, #C1181) and 1
µL 10 mM dNTPs (ThermoFisher, #10297018). Each reaction was made up
to 13 µL with distilled water. Reactions were next incubated at 65°c for 5
minutes before being placed on ice. A master mix was made for the
appropriate number of samples:

Component

Amount per reaction

5x First Strand Buffer

4 µL

0.1 M DTT

1 µL

SuperScript III Reverse

1 µL

transcriptase (200 units/µL)
1 µL

dH2O
Table 2.3 Reverse transcription Reaction Components

To each sample which had incubated on ice for at least 1 minute, 7 µL of this
master mix was added. The reactions were mixed by gently pipetting up and
down. The reactions were placed in a thermocycler with the following
programme:

25°c

5 minutes

50°c

60 minutes

70°c

15 minutes

Table 2.4 Reverse transcription reaction conditions
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The resulting cDNA was stored at -20°c until use or used immediately.

2.2.14

Quantitative Real Time PCR (qPCR)

Quantitative real time PCR (qPCR) was conducted using the Lightcycler 480
SYBR Green I Master (Roche, #4887352001), mix. A master mix was made
for the appropriate number of samples for each primer pair used in the
qPCR:

Component

Volume

LightCycler 480 SYBR Green I

10 µL

Master Mix
Forward primer 10 µM

1 µL

Reverse primer 10 µM

1 µL

RNase Free Water

7 µL

Table 2.5 qPCR master mix composition

19 µL of this master mix was dispensed into the appropriate positions in a
multiwell plate, followed by 1 µL of the corresponding cDNA. cDNA samples
were analysed in triplicate for each primer pair. The completed plate was
briefly centrifuged at 2,000 rpm to collect the reaction mixture at the bottom
of the well. Amplification of cDNA was conducted using a LightCycler 480
Instrument (Roche) using the following programme:
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Stage

Process

Temperature

Time

Number of
cycles

1

Pre-

95°c

5 mins

95°c

10 secs

Primer

30 secs

1

Incubation
2

Amplification

45

dependent

3

Melting

72°c

30 secs

95°c

5 secs

65°c

1 mins

97°c

Continuous

40°c

10 secs

1

Curve

4

Cooling

1

Table 2.6 qPCR amplification conditions

2.3 CARGO Cloning
2.3.1 Hybrid sgRNA minicircle assembly
The constant region was digested out of the plasmid using BsmBI (NEB,
#R0739) at 55°c overnight. The resulting DNA fragments were separated on
a 1.5% agarose gel made with fresh TAE buffer, the fragment at 385 bp
corresponding to the constant region was purified from the gel using
Zymoclean Gel DNA recovery kit (Zymo Research, #D4001) according to the
manufacturers instructions. The concentration of the resulting DNA was
quantified by nanodrop, concentration was adjusted to 240 ng/ µL and DNA
was stored at -20°c until use.

Meanwhile hybrid sgRNAs were prepared. The hybrid sgRNA
oligonucleotides were ordered with 5’ phosphate groups (Merck) were
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ordered as single strands. The corresponding forwards and reverse strands
were annealed by combining: 1 µL Sense oligonucleotide (100 µM), 1 µL
Antisense oligonucleotide (100 µM), Cutsmart® restriction enzyme buffer
(New England Biolabs, #B7204) 1 µL, PCR grade water 7 µL.

The reaction was incubated at 95°c for 5 minutes before allowing to cool to
room temperature slowly, in the PCR machine. Annealed oligonucleotides
were then diluted in 490 µL distilled water.

To combine the constant region and the annealed hybrid oligonucleotides a
ligation reaction was set up: 3.2 µL T4 or T7 DNA Ligase buffer, 1 µL
Constant region fragment (240 ng/ µL), 8.32 µL Annealed oligo (diluted 1:50
in distilled water), 0.11 µL T4 or T7 DNA Ligase (8 Weiss Units) (New
England Biolabs, #M0202 or #M0318), 19.37 µL PCR grade water. Reactions
were incubated at room temperature overnight.

To remove any linear DNA which had failed to ligate, the ligation reactions
were subjected to exonuclease V digestion: 4 µL Buffer 4, 4 µL ATP (1mM),
Exonuclease V (New England Biolabs, #M0345), 27 µL minicircle ligation
reaction, 4 µL PCR grade water. Reactions were incubated at 37°c for 30
minutes then 70°c for 30 minutes.

The exonuclease digested minicircles were column- purified using Monarch®
PCR and DNA Cleanup kit (New England Biolabs, #T1030) according to the
manufacturers instructions. The exonuclease reaction was monitored by
agarose gel electrophoresis.

2.3.2 Golden Gate Assembly Reaction
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A golden gate assembly reaction was set up to combine the destination
vector, which had been digested with AvrII and XhoI (As detailed in Chpater
2.2.5) and dephosphorylated (As detailed in chapter 2.2.6).

The assembly reaction took place using a 3:1 molar ratio of hybrid minicircles
to destination plasmid: 2.9 ng each hybrid minicircle, 12.5 ng destination
plasmid, 1 µL DTT (10 mM), 1 µL ATP (6.25 mM), 1 µL 10x Tango buffer
(ThermoFisher, #BY5), 0.5 µL BpiI (10 units), 1 µL T7 DNA Ligase (diluted
1:4), PCR grade water to 20 µL. Reactions were incubated in a thermocycler
under the following conditions:

Temperature

Time

37°c

5 minutes

20°c

5 minutes

4°

Forever

Cycles
50 cycles
-

Table 2.7 Golden Gate Assembly Reaction Conditions

The resulting assembly reaction was checked by agarose gel electrophoresis
and transformed into competent E.coli (as detailed in chapter 2.1.8).

2.4 STAgR Cloning
2.4.1 STAgR PCR
For STAgR cloning fragments were amplified from pK_Constant a plasmid
containing the sgRNA hairpin (sgRNA scaffold), U6 terminator (poly-T) and
U6 promoter sequences. The PCR primers contain the unique sgRNA
targeting sequences and a region of homology for amplification from
pK_Constant. The sense sgRNA sequence for the last sgRNA and the antisense sgRNA sequence for the first sgRNA are added to PCR primers for
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amplification of the STAgR vector backbone pGEM_STAgR_destination
(Table 2.8).

Forwards primer

Reverse primer

Template

sgRNA 1F

sgRNA 2R

pK_Constant

sgRNA 2F

sgRNA 3R

pK_Constant

sgRNA 3F

sgRNA 4R

pK_Constant

sgRNA 4F

sgRNA 5R

pK_Constant

sgRNA 5F

sgRNA 6R

pK_Constant

sgRNA 6F

sgRNA 1R

pGEM_STAgR_destination

Table 2.8 Combination of primers and template for STAgR PCR Amplification

Fragments were amplified using Q5 hot start polymerase (New England
Biolabs, #M0493S) according to the manufacturers instructions for a 50 µL
PCR reaction. Reactions for amplification of pK_Constant contained: 10 µL
5x Q5 reaction buffer, 1 µL 10 mM dNTPs, 2.5 µL 10 µM forwards primer, 2.5
µL 10 µM reverse primer, 500 ng template DNA (1 µL), 32.5 µL PCR grade
water, 0.5 µL Q5 hot start polymerase. For the amplification of the
pGEM_STAgR_destination vector 5 µL 5x high GC enhancer was included in
each reaction and 27.5 µL PCR grade water was used. Reactions were
amplified in a thermocycler as follows.

For pK_Constant template reactions:

Temperature

Time

Cycles

98°c

30 secs

1

98°c

10 secs

58°c

15 secs

72°c

20 secs

25

68

72°c

5 mins

4°c

¥

1

Table 2.9 PCR Amplification cycles for amplification from pK_Constant

For pGEM_STAgR_destination template reactions:

Temperature

Time

Cycles

98°c

30 secs

1

98°c

10 secs

58°c

15 secs

72°c

2 mins

72°c

5 mins

4°c

¥

19

1

Table 2.10 PCR Amplification cycles for amplification for the STAgR
Destination vector

2.4.2 Gibson Assembly
Gibson assembly reactions were carried out using the Gibson Assembly
Master Mix (New England Biolabs, #E2611S) according to the manufacturers
instructions. The vector was combined with insert fragments in a 1:5 ratio.
Around 50 ng of vector was added to each reaction mixture. The total
amount of fragments in each reaction was less than 1 pmol DNA. Reactions
were assembled on ice consisting of 10 µL master mix, DNA fragments and
PCR grade H2O to 20 µL. Samples were incubated in a thermocycler at 50°c
for 1 hour then placed immediately on ice, 2 µL of each reaction was
transformed directly into competent E.coli cells (New England Biolabs,
#C3040I).
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2.5 Cell Culture Techniques
2.5.1 HEK 293T Cell Culture
A stock of HEK293T cells were provided by Silvia Peluso. Cells were plated
in DMEM (Life Technologies, #41965039) with 10% foetal calf serum and
4mM L-glutamine. Cells were incubated at 37°c, 5% CO2 and passaged
when they reached 85-95% confluence.

To passage the cells the media was first aspirated from the flasks and cells
were washed with PBS. After removal of PBS, 1 mL Trypsin-Versene (0.2
g/L) solution was added to the flasks, which were returned to the incubator
for 5 minutes to allow cells to dissociate. Cell flasks were tapped to
encourage cell detachment from the flask and 9 mL complete DMEM was
added to each flask to neutralise the trypsin. Cells were centrifuged at 1200
rpm for 5 minutes to pellet the cells. Cell culture media was aspirated and an
appropriate volume of cells was added to flasks containing 10 mL complete
DMEM.

2.5.2 14Fp cell culture
The 14Fp cell line, as described by Peluso et al. (Peluso et al., 2017), was
derived from the posterior third of forelimb buds from an Immortomouse.
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Cells are plated in DMEM (Life Technologies, #41965039), with 10% Foetal
Calf Serum, Penicillin/Streptomycin and 20 ng/mL Interferon-Gamma
(Peprotech, #315-05). Cells are grown at 33°c, the permissive temperature
for the temperature-sensitive T antigen. All cells used for transfections were
passaged no later than passage 18.

To split the cells the media was first aspirated from the flasks and cells were
washed with PBS. After removal of PBS, 1 mL Trypsin-Versene (0.2 g/L)
solution was added to the flasks, which were returned to the incubator for 5
minutes to allow cells to dissociate. Cell flasks were tapped to encourage cell
detachment from the flask and 9 mL complete DMEM was added to each
flask to neutralise the trypsin. Cells were centrifuged at 1200 rpm for 5
minutes to pellet the cells. Cell culture media was aspirated and an
appropriate volume of cells was added to flasks containing 9 mL complete
DMEM with interferon-gamma.

2.5.3 Mouse Embryonic Stem Cell Culture
The ES cells were grown on gelatinised plates. Plates were coated in 0.1%
gelatin solution and incubated at room temperature for at least 20 minutes
before plating cells. The 0.1% gelatin solution was aspirated prior to seeding
of the cells. Cells were maintained at 37°c and 5% CO2 incubator.

Cells are grown in GMEM BHK-21 (Life Technologies, #21710025) with 10%
foetal calf serum, 0.1 mM Non-Essential Amino Acids (Sigma, #S8636), 1
mM Sodium Pyruvate (Sigma, #M7145), 0.1 mM 2-mercaptoethanol (Sigma,
#M7522), 2mM L-Glutamine (Gibco, #25030-024), 1000 units/mL LIF (Made
in house, by Fiona Kilanowski). To split the cells the media was first
aspirated from the flasks and cells were washed with PBS. After removal of
PBS, 1 mL TrypLE express (Thermo Fisher Scientific, #12604013) was
added to flasks, which were incubated for 5 minutes at 37°c. Cell flasks were
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tapped gently to encourage dissociation of cells from the flask. Complete ES
cell maintenance media was then added to the flask 10x volume of TrypLE.
The resulting solution was centrifuged at 1000 rpm for 5 minutes to pellet the
cells. Cell culture media was aspirated and cells were resuspended in 10 mL
maintenance media. An appropriate volume of cells was added to
subsequent flasks.

2.5.4 Retinoic Acid treatment of mouse ES cells
For retinoic acid induced differentiation of mouse ES cells, healthy mESCs
from a ~80% confluent T75 were harvested by trypsinisation as described in
2.3.3. The cells were resuspended in ES cell culture media and cell counting
was performed using a hemocytometer. The cells were centrifuged at 1000
rpm for 5 minutes to collect cells at the bottom of the falcon tube. Next the
cells were washed by resuspension in 10 mL PBS and collected by
centrifugation at 1000 rpm for 5 minutes.

Cells were resuspended in media containing retinoic acid: GMEM BHK-21
with 10% foetal calf serum, 0.1 mM Sodium Pyruvate, 1 mM Sodium
Pyruvate, 0.1 mM 2-mercaptoethanol, 2mM L-Glutamine and 1 µM retinoic
acid (dissolved in DMSO). An appropriate number of cells were plated in
retinoic acid containing media to allow for ES cell culture over the
differentiation period. The media was changed every 24 hours for fresh
media containing retinoic acid.

2.5.5 Cryopreservation of cells
For cells cultured in flasks, a 1x freezing mixture was prepared (normal
culture media containing 10% DMSO. Cells were trypsinised and
resuspended in 10 mL of appropriate culture media. Cells were then pelleted

72

at 1000 rpm for 5 minutes. The culture media was aspirated and cells were
resuspended in 1 mL 1 x freezing media. The cell suspension was added to
a 2 mL cryotube and placed in a polystyrene tube holder at -80°c overnight.
Cells were the transferred to liquid nitrogen for long term storage.

For freezing of cells in 96 well plates, a 2 x freezing mixture was prepared
(80% FCS, 20% DMSO). Cells in a confluent 96 well plate were first washed
in 200 µL PBS. The PBS was aspirated and 50 µL TrypLE express was
added to the cells, cell were then incubated at 37°c for 5 minutes to allow
cells to detach from the plate. Next 50 µL 2 x freezing mix was added to each
well, cells were pipetted up and down to create a single cell suspension. The
96 well plates were wrapped in tissue and placed in a polystyrene box at 80°c for short term storage.

2.5.6 DNA Extraction from mouse ES cells
Each clonal cell line was expanded to confluency in a 96 well plate. The
growth media was aspirated, and cells were washed with 200 µL PBS. Cells
were lysed in direct PCR (Cell) (Viagen Biotech, #301-C) containing 0.2
mg/mL fresh Proteinase K, 80 µL of this mixture was added to each well of
the 96 well plate directly onto the cell monolayer. The 96 well plate was
incubated at 55°c overnight with rocking. To inactivate the proteinase K prior
to PCR genotyping, the plates were incubated at 80°c for 1 hour and 30
minutes.

2.5.7 Mouse ES cell transfection
Mouse ES cells were transfected with Lipofectamine 2000 (Thermo Fisher
Scientific, #11668019) or Fugene HD (Promega, #E2311) transfection
reagents according to the manufacturer’s instructions.
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2.5.8 Production of Lentivirus
Lentivirus was produced using HEK293T cells. On day 1 cells from a healthy
HEK293T cell culture were trypsinised and resuspended in 4-6 mL culture
media. Cell counting was performed and 3.8 x106 cells were plated in a 100
mm dish resulting in 90-95% confluence after 24 hours.

On day 2 in the afternoon the HEK293T cells were transfected with lentiviral
construction plasmids. The lentiviral vector mix containing: 500 µL culture
media (antibiotic free), 7.5 µg PAX2 helper vector, 2.5 µg VSVG expression
vector (pCMV-VSVG), 10 µg corresponding lentiviral vector was prepared in
a sterile 1.5 mL tube. A PEI transfection mix was prepared containing 425 µL
culture media (antibiotic free) and 75 µL PEI (1 mg/mL) transfection reagent
was prepared in a second 1.5 mL tube. The mixtures were vortexed briefly
before being incubated at room temperature for 10 minutes. Next the PEI mix
was added to the vector DNA mixture, the reaction was vortexed briefly and
incubated at room temperature for 10 minutes. The transfection reagent-DNA
mixture was added dropwise to HEK293T cells and the cells were returned to
a 37°c, 5% CO2 incubator overnight.

On day 3 the HEK293T media was changed to remove the transfection
mixture. The cells were incubated overnight in normal culture media.

On day 4 15 mL falcon tubes were prepared containing 3 mL Lenti-X
concentrator reagent (Takara, #631231). The media of the HEK293T cells
was removed using a 10 mL syringe, the media containing the lentivirus was
strained through a 0.45 µM cellulose syringe filter into a 15 mL flacon tubes
containing Lenti-X concentration. Each falcon tube was incubated at 4°c for
at least 4 hours before being centrifuged in a 4°c centrifuge at 1500 g for 45
minutes to pellet the virus. The virus pellet was resuspended in an
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appropriate volume of PBS before individual 30 µL aliquots were transferred
to a sterile 1.5 mL tube and snap frozen on dry ice. Lentivirus aliquots were
stored at -80°c until use.

2.5.9 Lentiviral transduction of cells
Lentiviral transduction of cells was carried out using a revers transduction
method. Briefly, a 200,000 cells/mL suspension of the cell line to be
transduced was made. To the appropriate number of wells of a 6 well plate 2
mL of cell culture media containing 10 µg/mL polybrene (Insight
Biotechnology, #sc-134220) was added. An aliquot of lentivirus in PBS was
added to the 6 well plate, immediately after this 1 mL cell suspension
(200,000 cells) was added to the same well of the 6 well plate. The cells
were incubated overnight with the lentivirus and the next day the lentivirus
was removed by changing the cell culture media. Cell culture was continued
as normal.

2.5.10

Fluorescence activated cell sorting (FACs)

For fluorescence activated cell sorting (FACs) cells were trypsinised and
resuspended in normal culture media to deactivate trypsin and placed in a
15 mL falcon tube. The cells were centrifuged at 1000 rpm for 5 minutes to
collect cells in the bottom of the tube. Cells were washed twice in PBS before
being resuspended in FACs sorting buffer (PBS containing 10% foetal calf
serum).

Cell sorting was performed by Elizabeth Freyer, Robbie Pineda or Stacey
Thomson (IGC Technical Services) on a FACs Aria II instrument. Positive
cells were collected in 15 mL Falcon tubes containing normal culture media.
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2.6 Fixed cell microscopy
2.6.1 Cell culture
Firstly, autoclaved SuperFrost plus adhesion slides (Fisher Scientific,
#10149970) were placed into a quadriPerm cell culture dish (Sarstedt Ltd,
#94.6077.307). For culture of wild-type ES cells, slides were coated for at
least 1 hour in 0.1% gelatin. In the case of retinoic acid differentiated cells,
slides were coated in 15 µg/mL fibronectin (Merck, #F0895) for 1 hour. Prior
to the introduction of cells, coating solution was aspirated and slides were
washed briefly in PBS.

A healthy ES cell culture from a T75 flask were washed in 10 mL PBS and
trypsinised at 37ºc for 5 minutes. Cells were re-suspended in 10 mL culture
media and cell counting was performed using a hemocytometer. Cells were
pelleted at 1000 rpm for 5 minutes at room temperature. Meanwhile slides
were prepared by aspirating the gelatin and adding 5 mL corresponding cell
culture media. In the case of retinoic acid differentiated ES cells, the cell
pellet was washed in PBS before being resuspended in retinoic acid
containing media, 750,000 cells were seeded on each slide. Otherwise the
cell pellet was directly resuspended in cell culture media and 500,000 cells
were seeded on each slide. Cells were grown on slides at least overnight or
for the duration of retinoic acid differentiation indicated.

2.6.2 Immunofluorescence
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For immunofluorescence, slides were washed in PBS briefly. Slides were
then fixed in 4% PFA for 10 minutes at room temperature. The slides were
then washed 3 x 3 mins in PBS. Cells were permeabilised in 0.5% Triton X100 (dissolved in PBS) for 10 minutes at room temperature. Next the slides
were washed 3 x 3 mins in PBS. Slides were then blocked in blocking buffer
(1% BSA/PBS) for 30 mins at room temperature in a humidified chamber.
Sldies were incubated with anti-TRF2 primary antibody (1:500) (Novus,
#4A794.15). dissolved in blocking buffer at 37°c in a humidified chamber.
Slides were then washed 3 x 3 mins in PBS. The slides were then incubated
with secondary antibody (goat anti-mouse Alexa647, Invitrogen, #A32728,
1:500 in blocking buffer) in a humidified chamber at room temperature in the
dark. Slides were washed 3 x 3 mins in PBS, keeping them in the dark.
Slides were mounted in vectashield and sealed with coverslips, then stored
at 4°c until imaging.

2.6.3 Immunofluorescence imaging
Images were acquired on a Nikon Confocal A1R or A1 confocal microscope
using a 100x objective. The microscope comprises of a Nikon Eclipse TiE
inverted microscope with Perfect Focus System and is equipped with 405nm
diode, 457/488/514nm Multiline Argon, 561nm DPSS and 638nm diode
lasers. Detection is via four Photomultiplier tubes (2x standard
Photomultiplier tubes and 2x GaAsP PMTs). Data were acquired using NIS
Elements AR software (Nikon Instruments Europe, Netherlands).

For colocalization analysis, images were analysed using Imaris software
(version 9.2). Spots were detected using TRF2 immunofluorescence or
dCas9-SunTag-mNeonGreen signal, segmentation was performed using the
Imaris spots feature, the region of interest (ROI) was defined by the DAPI
stained region, any spots detected outside this region were deleted from
further analysis. Colocalisation was performed using a Imaris.
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2.6.4 Fixation and permeabilization for RNA FISH
The slides with cultured cells on were washed 3 x in DEPC-treated PBS
before being fixed in 4% PFA for 10 minutes at room temperature. Slides
were washed 3 x in DEPC-PBS before permeabilisation.

For stellaris RNA FISH permeabilisation was carried out in one of two ways.
Either slides were incubated in 70% ethanol for 2 days before processing
with FISH, or for the imaging line cells to preserve signal from dCas9SunTag spots, cells were permeabilised in 0.5% Triton X-100 for 10 minutes
at room temperature in the dark, before being washed 3 x in DEPC-treated
PBS.

2.6.5 Stellaris RNA FISH
Custom Stellaris RNA FISH probes designed by Lauren Kane or Katy
Graham (Hill group) were used. These probes were designed to hybridise to
nascent Shh or intron 1 Lmbr1 and were labelled with Quasar 570 or Quasar
670.

RNA FISH was carried out using a modified version of the Stellaris RNA
FISH protocol for adherent cells. Permeabilised slides were incubated in
wash buffer A (2 x SSC, 10% deionised formamide in water) for 5 minutes at
room temperature. Meanwhile, 100 µL hybridisation buffer was prepared per
slide, containing 90 µL hybridisation buffer (Biosearch Technologies, #SMFHB1-10) 10 µL formamide and 1 µL of each probe to be used. This
hybridisation buffer was dispensed onto a 22x50 mm coverslip, excess wash
buffer was removed from slides and the slide was placed cell slide down on
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the coverslip. The coverslip was sealed using Fixogum rubber cement and
slides were incubated in a humidified chamber at 37°c overnight.

The next day slides were placed in wash buffer A and incubated at 37°c for
30 minutes with gentle rocking. Next slides were incubated in fresh wash
buffer A containing 700 ng/ µL DAPI at 37°c with gentle rocking. Slides were
then removed from the DAPI and washed 3 x 5 minutes in wash buffer B (2 x
SSC). Excess wash solution was removed from slides and they were
mounted in vectashield (Vector Laboratories, #H-1000-10). Slides were kept
at 4°c before imaging.

2.6.6 DNA FISH: Fixation and permabilisation
Slides were washed three times in PBS before being fixed in 4% PFA for 10
minutes at room temperature. Slides were then washed three times in PBS
before permeabilization in 0.5% Triton X-100 for 10 minutes at room
temperature. Following permeabilisaiton slides were washed three times in
PBS, slides were then stored overnight in PBS at 4°c, DNA FISH was directly
carried out or slides were air dried completely before freezing at -80°c for
long term storage.

2.6.7 Fosmid Probe Preparation
Fosmids were ordered from BacPac Genomics as agar stabs. The E.coli
were streaked onto agar plates containing chloramphenicol (12.5 ng/µL) and
incubated overnight at 37°c. Individual colonies were picked and incubated
overnight at 37°c with shaking at 225 rpm in a 5 mL L-broth containing
chloramphenicol. A glycerol stock was made for each fosmid by adding 170
µL glycerol to 830 µL fosmid culture.
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2.6.8 DNA FISH: Purification of fosmid DNA
Overnight cultures for each fosmid were set up from a glycerol stock. Each
culture consisted of 5 mL L-broth containing 12.5 ng/µL chloramphenicol
stock, cultures were grown overnight at 37°c while shaking at 225 rpm. The
next day, the culture was pelleted at 2,000 rpm for 5 minutes at 4°c. The
supernatant was removed and discarded, while the pellet was resuspended
in 200 µL GTE (50 mM glucose, 25 mM Tris pH 8, 10 mM EDTA) containing
lysozyme and 1 µL RNase A (20 mg/mL, Invitrogen #12091021) and
transferred to a 1.5 mL Eppendorf. The reaction was incubated for 5 minutes
at room temperature. Next, 400 µL lysis buffer (0.2M NaOH, 1% SDS) was
added to the solution and mixed by inversion. The now clear solution was
incubated on ice for 5 minutes. Then 300 µL acetate buffer (3 M potassium
acetate, 11.5% (v/v) glacial acetic acid) was added, tubes were vortexed
briefly and incubated on ice for 5 minutes. Tubes were then centrifuged at
13,500 rpm for 5 minutes at 4°c.

The supernatant was removed and transferred to a clean 1.5 mL Eppendorf
and an equal volume of phenol-chloroform was added. The mixture was
vigorously shaken to mix prior to centrifugation at 13,500 rpm for 4 mins at
4°c. The mixture separated into two layers, the top layer was transferred to a
clean 1.5 mL Eppendorf while the bottom layer was discarded. An equal
volume of chloroform was added and the solution was mixed by inversion
before centrifugation at 13,500 rpm for 4 minutes at 4°c. The top layer of
solution was transferred to a clean 1.5 mL Eppendorf and an equal volume of
isopropanol was added. The mixture was incubated at -20°c for at least 1
hour. The mixture was then centrifuged at 13,500 rpm for 15 minutes at 4°c.
The supernatant was removed without disturbing the DNA pellet. The pellet
was washed with 500 µL 70% ethanol before centrifuging at 13,500 rpm for 5
minutes at 4°c. The supernatant was removed and the pellet was air dried
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briefly, before being resuspended in 25 µL TE. Concentration of the DNA
was measured by Qubit assay (ThermoFisher, #Q32851) according to the
manufacturers instructions and stored at -20°c.

2.6.9 DNA FISH: Nick Translation
Fosmid DNA was labelled in a nick translation reaction. For directly labelled
probes reactions consisted of 2.5 µL dATP, dCTP and dGTP (0.5 mM,
ThermoFisher, #10297018), 2 µL 10x nick translation salts (0.5M Tris pH 7.5,
0.1 M MgSO4, 1 mM DTT, 0.5 mg/mL BSA fraction V (Merck,
#10735086001)), 1 µL DNase I (diluted 1:5 in ice cold water, Merck,
#471628001), 1 µL DNA polymerase I (ThermoFisher, #18010017) and 2.5
µL either Green496-dUTP (Enzo, #ENZ-42831) or Chromatide Alexa Fluor
594-5-dUTP (ThermoFisher, #C11400) . For digoxygenin labelled probes,
1.5 µL digoxigenin-11-dUTP (Merck, # 3359247910) and 1 µL dUTP (0.5
mM) were added instead of the directly labelled dTTP. The reaction was
made up to 20 µL with distilled water.

Reactions were mixed and briefly centrifuged to collect the liquid at the
bottom of the Eppendorf. Reactions were then incubated at 16°c for 90
minutes. To stop the nick translation reaction, 2 µL 20% SDS and 3 µL 0.5 M
EDTA was added. The reaction was made up to 90 µL before labelled
fosmids were purified using a Quick Spin column (Merck, #11814397001)
according to the manufacturers instructions.

2.6.10

3D DNA FISH: Hybridisation and washes

Fixed slides were removed from -80°c and put briefly into PBS. The slides
were then transferred into 2 x SSC containing 100 µg/mL RNase A and left at
37°c for 1 hour. Slides were then dehydrated by sequential incubations in
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70%, 90% and 100% ethanol solutions for 2 minutes each. Slides were then
left to air dry. The dry slides were incubated at 70°c for 5 minutes prior to
denaturation in denaturing solution (70% formamide/ 2 x SSC, pH 7.5) at
80°c for 35 minutes. The slides were then transferred to ice cold 70% ethanol
for 2 minutes, then dehydrated in 90% and 100% ethanol solutions for 2
minutes each at room temperature before being air dried.

To prepare the probes, 100 ng of each labelled fosmid was combined with 18
µg CotI DNA, 5 µg sonicated salmon sperm DNA and 2 volumes of 100%
ethanol in a 1.5 mL Eppendorf for each individual slide. The DNA mixture
was then dried completely in a heated spin vacuum centrifuge. Meanwhile a
hybridisation mixture was made containing 50% deionised formamide, 2 x
SSC, 10% dextran sulphate, 1% Tween 20 dissolved in distilled water. The
dry DNA mixture was resuspended in 30 µL of this hybridisation mixture,
vortexed and incubated at room temperature for 1 hour to dissolve. When
ready to use, the probe was denatured at 80°c for 5 minutes before being
transferred to a 37°c waterbath to pre-anneal. Slides and coverslips were
placed on a heated plate at 37°c, 30 µL of the pre-annealed probe solution
was dispensed onto each coverslip. The slides were placed on top of this
coverslip cell side down. Coverslips were sealed onto slides with rubber
solution before being incubated overnight at 37°c in the dark.

The following day the slides were washed in a series of stringency washes.
Firstly, slides were washed four times in 2 x SSC at 45°c for 3 minutes each
wash. Next, slides were washed four times in 0.1 x SSC at 60°c for 3 minutes
ach wash. Finally, slides were transferred to 4 x SSC, 0.1% Tween 20 at
room temperature briefly. For detection of the digoxigenin labelled probe,
slides were blocked in 50 µL blocking buffer (4 x SSC, 5% marvel milk
power) for 5 minutes at room temperature. Excess blocking buffer was
removed from the slides and anti-digitonin, fab fragments (Roche, 1:10
diluted in blocking buffer) was added, slides were then incubated in a
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humidified chamber at 37°c for 30 minutes. Next, slides were washed three
times in 4xSSC, 0.1% Tween20 for 3 minutes at 37°c. Slides were then
incubated with donkey anti-sheep 647 secondary antibody (ThermoFisher,
1:10 diluted in blocking buffer) for 30 minutes in a humidified chamber at
37°c. As before, slides were washed three times for 3 minutes at 37°c in
4xSSC, 0.1% Tween20. DAPI was added to the final wash to a final
concentration of 50 ng/mL. Slides were mounted in vectashield (Vector
Laboratories, #H-1000-10) and stored at 4°c prior to imaging.

2.6.11

DNA and RNA FISH Image acquisition and

deconvolution
Epifluorescent images were acquired using a Photometrics Coolsnap HQ2
CCD camera and a Zeiss AxioImager A1 fluorescence microscope with a
Plan Apochromat 100x 1.4NA objective, a Nikon Intensilight Mercury based
light source (Nikon UK Ltd, Kingston-onThames, UK) and Chroma #89000ET
(4 colour) single excitation and emission filters (Chroma Technology Corp.,
Rockingham, VT) with the excitation and emission filters installed in Sutter
motorised filter wheels (Sutter Instrument, Novato, CA). A piezoelectrically
driven objective mount (PIFOC model P-721, Physik Instruments GmbH &
Co, Karlsruhe) was used to control movement in the z dimension. Step size
for z stacks was set to 0.2 µm. Hardware control, image capture and analysis
were performed using Nikon Nis-Elements software (Nikon UK Ltd, Kingstonon-Thames, UK). Images were deconvolved using a calculated point spread
function with the constrained iterative algorithm of Volocity (PerkinElmer).
Image analysis was carried out using the Quantitation module of Volocity.

2.6.12

RNA FISH Signal Quantitation
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RNA FISH signal quantitation was carried out using the quantitation module
of Volocity. Expressing cells were calculated by segmenting the hybridisation
signals and scoring each nuclei as containing 0, 1 or 2 RNA signals.
Approximately 100 nuclei (>50) were measured for each condition.

2.7 CRISPR editing of ES cells
2.7.1 Single Stranded DNA (ssDNA) repair template synthesis
To synthesise ssDNA repair template for CRISPR editing the Guide-it™ Long
ssDNA Production System (Takara, #632666) was used. PCR primers were
designed to amplify the repair template from plasmids pHalo-Rbp1-RT and
pHalo-Med19-RT (kind gifts from Professor Ibrahim Cisse, Massachusetts
Institute of Technology, Cho et al., 2018). Either the forwards or reverse
primer in each reaction contained a 5’ phosphate group, whichever primer
set which resulted in the highest DNA yield was used. PCR reactions were
set up as follows:

Component

Amount (µL)

PrimerSTAR Max Premix (2x)

50

Template DNA (10 ng)

1

F primer (40 µM)

1

R primer (40 µM)

1

DMSO

2

PCR grade water

45

Table 2.11 Reaction Composition for single stranded repair template
synthesis
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Reactions were incubated in a thermocycler under the following conditions:

Temperature

Time

98°c

10 secs

60°c

5 secs

72°

10 secs

4°c

Forever

Cycles

30

-

Table 2.12 Cycling conditions for single stranded repair template PCR
amplification

Purity of PCR products by analysing 5µL PCR reaction on a 1% agarose gel.
Next DNA was purified using the NucleoSpin Gel and PCR Clean-Up kit
(Macherey-Nagel, #740609.50).

To prepare ssDNA each reaction was subjected to two short strandase
digestions, which specifically digest the phosphorylated DNA strand,
according to the manufacturers instructions.
Next 10 µL ssDNA product was checked on a gel for purity and ssDNA was
purified again using the NucleoSpin Gel and PCR Clean-Up kit. ssDNA repair
template was stored at -20°c until use for CRISPR editing.

2.7.2 Transfection of ES cells with Cas9 ribonucleoprotein
(RNP) complexes
The day before transfection, 25,000 cells per well of a 24 well plate were
seeded in normal maintenance media.

The crispr RNA (crRNA) and trans-activating crispr RNA (tracrRNA)
(Integrated DNA technologies, custom made crRNA and tracrRNA
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#1072532) were resuspended to 100 µM in duplex buffer (Integrated DNA
technologies, #11-04-02-01). For annealing of the RNAs, 1 µL crRNA was
mixed with 1 µL tracrRNA and 98 µL duplex buffer, the mixture was
incubated at 95°c for 5 minutes and allowed to cool to room temperature
slowly in the thermocycler machine. This created a 1 µM crRNA:tracrRNA
complex.
A 1 µM working stock of Alt-R S.p. Cas9 nuclease (Integrated DNA
technologies, #1081058) was made by diluting 1 µL Cas9 nuclease in 62 µL
OptiMEM (Thermo Fisher Scientific, #31985062). The Cas9 RNP complex
was made by mixing 25 µL OptiMeM, 5 µL crRNA:tracRNA complex (1 µM),
5 µL Cas9 nuclease (1µM) and 3 µL Cas9 PLUS reagent (Thermo Fisher
Scientific, #CMAX00003) in a 1.5 µL Eppendorf. The mixture was incubated
5 minutes at room temperature before the addition of 500ng ssDNA repair
template. Meanwhile, in another clean 1.5 µL Eppendorf the lipofectamine
mixture was prepared by diluting 1.5 µL Lipofectamine CRISPR max
(Thermo Fisher Scientific, #CMAX00003) in 25 µL OptiMEM. Immediately the
Cas9 RNP complex mixture was added to the lipofectamine mixture and the
reaction was incubated at room temperature for 10 minutes.
Meanwhile, the cells were prepared by replacing the growth media for 450 µL
fresh culture media. The lipofectamine CRISPR complex mixture was then
added to the cells dropwise. Cells were incubated for 48 hours before the
media was changed for fresh culture media.

2.7.3 Fluorescence activated cell sorting for HaloTag
fluorescence
For FACs sorting, cells were labelled with Janelia® Fluor 646 HaloTag®
ligand (Promega, #GA1120). On arrival a 200 µM stock of HaloTag ligand

86

was made by dissolving the HaloTag ligand in DMSO, this stock was stored
in single use aliquots at -20°c.

For cells cultured in a 6 well plate with 2 mL culture media per well, a 10 x
working stock (1 µM) of HaloTag ligand was made by diluting the 200 µM
1:200 in warm cell culture media. To label cells, 200 µL of the cell culture
media was replaced by this 1 µM working stock of HaloTag ligand. Cells
were incubated for 20 minutes in the presence of HaloTag ligand, before
cells were trypsinised and prepared for FACs sorting (detailed in 2.5.10)

2.8 Assay for Transposase-Accessible Chromatin Sequencing (ATAC-seq)
2.8.1 Cell Preparation
For the preparation of cultured cells, ES cells that had been treated with 1
µM retinoic acid or control cells grown in the presence of LIF were washed in
PBS and trypsinised using TrypLE Express. Cells were pelleted at 1000 rpm
for 5 minutes and resuspended in 1 mL PBS. Cells were counted using a
hemocytometer and 30,000 cells were used for the ATAC assay. Cells were
then washed once in PBS and pelleted at 500 g for 5 minutes at 4°c.

2.8.2 ATAC sequencing sample preparation
2.8.2.1 Lysis and Transposition Reaction
Cells were resuspended in 50 µL cold lysis buffer (10 mM Tris-HCl, 10 mM
NaCl, 3 mM MgCl2 and 0.1% IGEPAL CA-360) and pelleted at 500g for 10
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minutes at 4°c. The supernatant was discarded and cell pellets were placed
on ice.
Cells were gently resuspended in 50 µL transposition reaction mix as follows:
25 µL 2 x Tagment DNA buffer (Illumina, #15027866), 2.5 µL 20 x Tagment
DNA enzyme (Illumina, #15027865) and 22.5 µL nuclease free water.
Samples were incubated at 37°c for 30 minutes. The resulting DNA from the
transposition reaction was purified using the MinElute PCR purification kit
(Qiagen, #28204) according to the manufacturer’s instructions, a final elution
volume of 10 µL was used. Purified DNA samples were stored at -20°c until
sequencing library preparation.

2.8.2.2 ATAC sequencing library amplification
Transposed DNA samples were amplified in a 50 µL PCR reaction as
follows: 10 µL transposed DNA, 9.7 µL nuclease free water, 2.5 µL 25 µM
customised Nextera PCR primer 1, 2.5 µL 25 µM customised Nextera PCR
primer 2-8 (reaction dependent, Table 2.13), 0.3 µL 100 x SYBR Green I
(Invitrogen, #S-7563) and 25 µL 2 x NEBNext® high-fidelity PCR master mix
(New England Biolabs, #M0541S). PCR amplification was performed on a
thermocycler set to the following conditions:

Temperature

Time

Cycles

72°c

5 mins

1

98°c

30 secs

1

98°c

10 secs

63°c

30 secs

72°c

1 mins

4°c

Forever

4

-

Table 2.13 ATAC-seq library PCR amplification conditions
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To reduce G/C bias and avoid overamplification go the libraries during
amplification, the reaction was monitored by qPCR to stop amplification
before saturation. A 15 µL qPCR “side reaction” was set up as follows: 5 µL 5
cycles amplified PCR reaction, 4.44 µL nuclease free water, 0.25 µL 25 µM
customised Nextera PCR primer 1, 0.25 µL 25 µM customised Nextera PCR
primer 2-8 (reaction dependent, table 2.14), 0.06 µL100 x SYBR Green I and
5 µL 2x NEBNext® high-fidelity PCR master mix. qPCR was performed on a
LightCycler 480 machine, according to the following protocol:

Temperature

Time

Cycles

98°c

30 secs

1

98°c

10 secs

63°c

30 secs

72°c

1 mins

4°

Forever

19

-

Table 2.14 ATAC-seq qPCR side reaction amplification conditions

The additional number of cycles required for each individual sample was
calculated by plotting a linear run against number of cycles. The number of
cycles that correspond to ¼ maximum fluorescent intensity were calculated
for each sample. The remaining 45 µL 5 cycles PCR reaction was run as
before (Table 2.13, omitting the initial 72°c initial step) the total number of
cycles was adjusted to the calculated amount. PCR Amplified samples were
stored at -20°c.
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Primer

Primer sequence

name
Nextetera

CAAGCAGAAGACGGCATACGAGATTCGC

PCR primer

CTTAGTCTCGTGGGCTCGGAGATGT

1
Nextetera

CAAGCAGAAGACGGCATACGAGATTCGC

PCR primer

CTTAGTCTCGTGGGCTCGGAGATGT

2, barcode 1
Nextetera

CAAGCAGAAGACGGCATACGAGATCTAG

PCR primer

TACGGTCTCGTGGGCTCGGAGATGT

2, barcode 2
Nextetera

CAAGCAGAAGACGGCATACGAGATTTC

PCR primer

TGCCTGTCTCGTGGGCTCGGAGATGT

2, barcode 3
Nextetera

CAAGCAGAAGACGGCATACGAGATGCT

PCR primer

CAGGAGTCTCGTGGGCTCGGAGATGT

2, barcode 4
Nextetera

CAAGCAGAAGACGGCATACGAGATAGGA

PCR primer

GTCCGTCTCGTGGGCTCGGAGATGT

2, barcode 5
Nextetera

CAAGCAGAAGACGGCATACGAGATCATGC

PCR primer

CTAGTCTCGTGGGCTCGGAGATGT

2, barcode 6
Nextetera

CAAGCAGAAGACGGCATACGAGATGTAGA

PCR primer

GAGGTCTCGTGGGCTCGGAGATGT

2, barcode 7
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Nextetera

CAAGCAGAAGACGGCATACGAGATCCTCTC

PCR primer

TGGTCTCGTGGGCTCGGAGATGT

2, barcode 8
Table 2.15 Nextera PCR Primers used for ATAC-seq library amplifcaion

2.8.2.3 ATAC sequencing library purification

PCR amplified DNA samples were subjected to double size selection to
remove DNA fragments which were <150 base pairs (bp) and > 1000 bp
which would hinder sequencing reactions. Samples were made up to 90 µL
in nuclease free water and purified using SPRIselect beads (Beckman
Coulter, #B23317) according to the manufacturers instructions. For the
removal of large fragments a ratio of beads to mixture of 0.55 was used,
aand for the removal of small fragments a ratio of 1.8 was used. Purified
DNA samples were eluted in 20 µL TE buffer and stored at -20°c.

2.8.2.4 ATAC sequencing quality control and sequencing

DNA samples were quantified using the Qubit dsDNA high sensitivity assay
(ThermoFisher Scientific, #Q32854) with a Qubit 4 fluorometer instrument.
The quality of the DNA samples was analysed using a high sensitivity DNA
kit (Aligent, #5067-4626) with a Bioanalyzer instrument by the IGC technical
services. Samples with the nucleosomal fragment distribution profile
expected for ATAC-seq libraries (mono-, di- and trisomal fragments) were
sent for sequencing. Pooled ATAC-seq libraries were subjected to 50 bp
paired end sequencing using the HiSeq 4000 platform at the BGI in Hong
Kong.
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2.9 Live cell microscopy
2.9.1 Cell culture
For live cell microscopy cells were seeded either in 35 mm dishes (Ibidi,
#81158) or 2 well chamber slides (Ibidi, #80286). The surface of the coverslip
was coated either in 0.1% Gelatin for cells grown without retinoic acid or
15 µg/mL Fibronectin (Sigma, #F0895) for 1 hour. The coating medium was
aspirated and the coverslips were washed in PBS before cells were seeded
on the surface in maintenance media with either LIF (1000 units/mL) or 1 µM
retinoic acid.

Cells were cultured for 48 hours on the coverslips. Before imaging,
mNeonGreen expression was induced by treating cells with doxycycline (500
ng/mL) for 4 hours. Prior to imaging, cells were washed in PBS and
maintenance media was replaced with live cell imaging media, Fluorobrite
DMEM (Thermo Fisher, #A1896701) supplemented with 10% FCS, 0.1 mM
Non-Essential Amino Acids, 1 mM Sodium Pyruvate, 0.1 mM 2mercaptoethanol, 2 mM L-Glutamine and either LIF (1000 units/mL) or 1 µM
retinoic acid.

2.9.2 Live cell microscopy
Images were acquired using a 100x lens on the multimodal Imaging Platform
Dragonfly (Andor technologies, Belfast UK) equipped with 405, 445, 488,
514, 561, 640 and 680nm lasers built on a Nikon Eclipse Ti-E inverted
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microscope body with Perfect focus system (Nikon Instruments, Japan). Data
were collected in Spinning Disk 40 µm pinhole mode on the iXon 888
EMCCD camera using a bin of 1 and frame averaging of 1 using Andor
Fusion acquisition software. Environmental control of the cultured cells was
maintained during imaging with a Okolab bold line stage top incubation
chamber incorporating temperature (37°c) and humidified CO2 (5%) control
(Okolab S.R.L, Ottaviano, NA, Italy).
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Chapter 3
Establishing a cell line for live
cell imaging of non-repetitive
genomic loci
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3 Establishing a cell line for live cell imaging of
non-repetitive genomic loci
3.1 Introduction
Over the past few decades of research, it has become increasingly clear that
gene expression, of developmentally important genes, is orchestrated by
changes in 3D chromatin organisation, localisation and dynamics of a given
gene and its enhancer (Misteli, 2007; Heard and Bickmore, 2007). However,
much of our understanding of these dynamic processes has been based on
techniques which are carried out in fixed cells, such as DNA FISH and
chromosome conformation capture. While DNA FISH has provided high
spatial information, only limited temporal information can be uncovered using
this technique. Chromatin conformation capture provides only a snapshot of
averaged chromatin interactions across a population of cells, therefore rare
conformations in subpopulations of cells, which may coincide with
transcriptional bursts, cannot be distinguished using this technique.
Understanding the dynamics of regulatory elements in relation to
transcriptional and cellular states is important for understanding gene
expression control.

The sonic hedgehog (Shh) locus offers an archetypal system for the study of
long-range enhancer mediated transcriptional activation. The enhancers that
control Shh expression span a 850 kb region in the mouse which is
contained within a single TAD structure (Anderson et al., 2014). Previous
studies have elucidated that conformational changes occur across the Shh
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regulatory locus upon transcriptional activation (Benabdallah et al., 2019;
Williamson et al., 2016; Amano et al., 2009). These conformational changes
are dependent on which enhancer is activating Shh transcription.

Until recently, tools which allow the visualisation and tracking of nonrepetitive DNA loci in live cells have been limited. The CRISPR based
imaging system offers researchers a non-invasive tool to image genomic loci
in live cells. This technique has been used extensively to image repetitive loci
in live cells, however there are many challenges to overcome for imaging of
non-repetitive loci (as described in section 1.4.6). One of the biggest
challenges of CRISPR imaging for non-repetitive loci is increasing the signal
such that single copy loci can be visualised, without increasing the
background signal which originates from unbound fluorescent protein.

The use of systems to amplify fluorescent signal at the single copy locus of
interest is one way to overcome the issue of low signal to noise ratio. One
such system of increasing fluorescent signal is the SunTag. The SunTag
allows recruitment of up to 24 molecules of a fluorescent protein to a single
dCas9 molecule, through fusion of the fluorescent protein to a single
fragment antibody (scFv) which target the repeating GCN4 peptides of the
SunTag. Analysis of dCas9-SunTag-GFP tagged telomeres found that the
SunTag increased signal 20 fold, compared to dCas9-GFP, consistent with
the number of fluorescent proteins recruited to the SunTag (Tanenbaum et
al., 2014). Additionally, the dCas9-SunTag system has been used to
visualise non-repetitive loci using just 20 sgRNAs with sfGFP (Shao et al.,
2018). In another comparison, when combined with mNeonGreen a bright
fluorescent protein, the SunTag system was found to have greater signal to
noise ratio than sfGFP-SunTag when visualising telomere loci (Ye et al.,
2017).
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The dCas9-SunTag-mNeonGreen system was, therefore, chosen as a
method of versatile imaging of single copy DNA loci across the Shh locus.
The system was sought to be established in two different mouse cell lines,
14Fp cells and mESCs. The 14Fp cell line is derived from the distal posterior
limb bud at E11.5; induction of Shh expression in this cell line is driven by a
single distal enhancer, the ZRS (Peluso et al., 2017). The use of mESCs in
parallel as 14Fp cells allows the dynamics of different regulatory elements to
be studied. The advantage of using an mESC-based system is that the cells
can be differentiated into theoretically any lineage, including those that
express Shh. Thus, the dynamics of different active cis-regulatory elements
across the Shh locus can be determined in different transcriptional states, by
using these two cell lines.

3.1.1 Designing a dCas9-SunTag based live cell DNA imaging
system
There are many considerations when designing a simple, stable and versatile
live cell DNA imaging system for the imaging of non-repetitive loci. Firstly,
there is the problem of background signal to address. By using mNeonGreen
in the system, while the signal is higher at dCas9-SunTag labelled loci, the
background from unbound mNeonGreen is also increased due to the brighter
fluorescent signal compared to GFP. To this end we sought to use the TetON system, for inducible gene expression in eukaryotic cells (Das et al.,
2016). By using this system, it is possible to control the induction of
mNeonGreen expression using doxycycline (DOX) in a concentration
dependent manner.

For stable expression of the components of the imaging system the piggyBac
transposase system was utilised. This system allows transposition of the
plasmid construct randomly into TTAA sites in the genome, facilitated by the
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piggyBac transposase. Additionally, the integration rate of the construct into
the cell genome can be controlled through titration of the ratio of transposon
to transposase. Thus, here the system could be modified to optimise the
labelling efficiency of the dCas9 imaging system.

It has been noted in other CRISPR imaging systems that labelling efficiency
of gene loci is dependent on sgRNA concentration (Chen et al., 2013; Gu et
al., 2018). Lentiviral methods of sgRNA expression are advantageous over
transient transfection as the construct is integrated into the cell genome,
allowing long-term expression of the sgRNA. Additionally, a reporter gene
can be included in the lentivirus, for the convenient identification of
expressing cells. Thus, a lentiviral method of transfection was used here, to
create stable cell lines for the imaging of the different loci of interest, thereby
avoiding variation between imaging experiments as noted by Gu et al.
(2018).

To generate the stable cell line for live cell DNA imaging, 14Fp and E14
mESCs underwent a series of transfections (outlined in Figure 3.1) using the
PiggyBac transposase system. The resulting transfected cells underwent a
selection process at each stage, allowing for successfully transfected cells to
be identified and maintained. This base cell line, lacking a sgRNA expression
construct, can be used to target and image, theoretically, any genomic loci
within the mouse genome which is accessible for Cas9 binding, through
simple introduction of an sgRNA expression construct into the cells.

98

mNeonGreen-ScFv
Tet
Operator

Core
Insulator

Promoter

Tet-ON

dCas9-SunTag
P2A

2

Neomycin resistance

FACS
1 Puromycin
selection

3 Neomycin
selection

Figure 3.1 Transfection Schematic
Transfection schematic for creating a CRISPR imaging line without sgRNA
expression. Firstly, the piggyBac Tet-ON plasmid was transfected into cells,
positive cells were sorted for puromycin resistance. Second the mNeonGreen
plasmid was transfected into cells, positive cells were selected by FACs
sorting. Third, a piggyBac plasmid was transfected containing the dCas9SunTag gene and a neomycin resistance gene separated by a P2A cleavage
site. Cells were selected for resistance to neomycin.
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3.2 Construction of CRISPR imaging plasmids
3.2.1 PiggyBac mNeonGreen plasmid construction
The piggyBac plasmid PB503A was chosen for this study. The plasmid
features 5’ and 3’ core insulator elements which stabilise expression from the
integrated piggyBac construct. The MfeI and EcoRI restriction sites were
chosen for the insertion of the mNeonGreen expression construct. Restriction
digest at these sites removed EF1 promoter in PB503A, allowing its
replacement with the doxycyline inducible Tet operator sequence.

To subclone the mNeonGreen-scFv expression construct, PCR primers were
designed to amplify the region from the Tet operator sequence to the
mNeonGreen-scFV transcription termination signal (Figure 3.2.A). These
PCR primers contained a 5’ MfeI and 3’ EcoRI restriction site. The correct
length of the PCR amplified region was verified on an agarose gel before
restriction digestion with the appropriate enzymes (Figure 3.2.B). Ligation of
the PCR fragment to the linearised PB530A plasmid (Figure 3.2.C), resulted
in the plasmid PB_NeonGreen. Colonies were screened by colony PCR and
the resultant DNA was sent for sequencing using primers which annealed
across the entire mNeonGreen-scFV insert to verify the sequence. Purified
plasmid DNA with the intact mNeonGreen sequence, was prepared in a large
scale purification.
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A)

Forwards PCR
primer
MfeI

Nuclear
localisation
signal
EcoRI

4 kb
3 kb
2 kb
1.5 kb

PB530A
MfeI + EcoRI

C)

Reverse PCR
primer

PB530A uncut

B)

mNeonGreen-scFV

mNeonGreen
PCR product

Tet Operator

15 kb
4 kb
3 kb
500 bp
400 bp

Figure 3.2 Cloning of mNeonGreen into piggyBac plasmid
A) Schematic of the PCR to amplify the Tet-operator, mNeonGreen-scFV and
nuclear localisation signal from the original mNeonGreen plasmid. PCR
primers contained a MfeI and EcoRI site to incorporate these restriction sites
into the PCR product for sub cloning into the PB530A plasmid. B) Agarose
gel of mNeonGreen PCR product showed a band corresponding the
expected size of the mNeonGreen PCR amplified fragment, 2.2 kb. C)
Agarose gel of uncut PB530A and PB530A after restriction digestion with
MfeI and EcoRI. Restriction digestion excised a 450 bp fragment, the gel
shows complete digestion of the PB530A plasmid.
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3.2.2 PiggyBac dCas9-SunTag cloning
It was desired to create stable transgenic cell lines expressing the dCas9SunTag construct constitutively. To this end, the piggyBac system was used
again. A CAG promoter was cloned into this piggyBac vector, to drive the
strong and constitutive expression of dCas9-SunTag.

For subcloning the CAG promoter and dCas9-SunTag fragment into PB530A
I used a polylinker (Figure 3.3.A) to introduce the required restriction digest
sites and DNA sequences needed. To excise the CAG promoter-dCas9SunTag-P2A-BFP SpeI and PacI restriction sites were chosen. The SpeI
digestion resulted in loss of the 5’ 14 bp of the CAG promoter, therefore this
sequence was included in the polylinker. At the 3’ end, PacI digestion
resulted in loss of the stop codon, this was also included in the polylinker
sequence. The polylinker contained SpeI, NotI, PacI and HindIII restriction
sites, flanked by MfeI and SalI restriction sites for cloning into the PB530A
plasmid.

I digested the PB530A plasmid using MfeI and SalI restriction enzymes, this
excised the EF1a promoter, multiple cloning site, IRES and puromycin
selection sequences from the piggyBac plasmid which were not required.
The polylinker was subcloned into the plasmid making the plasmid
PB530A_modified (Figure 3.3.B). Correct cloning of PB530A_modified was
confirmed by colony PCR and DNA sequencing across the polylinker
insertion site.

The dCas9-SunTag containing plasmid and PB530A_modified were then
digested with SpeI and PacI and the resulting DNA fragments were ligated
together (Figure 3.3.C). Colony PCR and plasmid sequencing were used to
confirm the correct insertion of the dCas9-SunTag fragment into the
piggyBac plasmid producing PB-dCas9-SunTag. Finally, the BFP selectable
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marker was exchanged for the neomycin resistance gene, to limit the number
of different fluorescent proteins being expressed in the cells.

C)

SalI

SunTag SpeI + PacI

NotI

SunTag uncut

SpeI

Stop
PacI codon HindIII

PB530A_modified
SpeI + PacI

PB530A Uncut

B)

Ligation Product
(PB530A modified)

MfeI

5’ excised bases
CAG

PB530A MfeI +SalI

A)

15 kb
4 kb

3 kb
2 kb

1.5 kb

15 kb
4 kb
3 kb
2 kb

Figure 3.3 Cloning of dCas9-SunTag into piggyBac plasmid
A) Schematic of polylinker inserted into the piggyBac plasmid PB530A, the
polylinker contained MfeI, the excised sequence at the 5’ of the CAG
promoter contained in the dCas9-SunTAg plasmid, SpeI, NotI, PacI, Stop
codon, HindIII and SalI restriction sites. B) Agarose gel of DNA fragments for
the cloning of the polylinker into the PB530A_ plasmid. The plasmid was cut
with MfeI and SalI restriction enzymes resulting in the DNA fragments shown.
The linearised plasmid backbone was then ligated to the polylinker as shown
by the ligated product. C) Agarose gel showing subcloning of the SunTag
expression construct into PB530A_modified. PB530A_modified and the
SunTag plasmid were restriction digested by SpeI and PacI. The resulting
DNA fragments were ligated together.
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3.3 Producing stable CRISPR imaging 14Fp and
mESC cell lines
3.3.1 PiggyBac Tet-ON Transfection
I first transfected wildtype low passage E14 mESCs or 14Fp cells with a
PiggyBac plasmid containing the expression construct for the Tet-ON protein
for the control of DOX inducible expression, made by Silvia Peluso. This
plasmid features a puromycin resistance gene, allowing transfected cells to
be selected for puromycin resistance. I co-transfected the mESCs and 14Fp
cells with the PiggyBac-Tet-ON plasmid and piggyBac transposase plasmid. I
cultured the cells in normal media containing puromycin from 24 hours after
transfection. The cells remained in puromycin selection media for 10 days,
with media being changed daily removing dead cells and retaining the cells
which had been successfully transfected.

3.3.2 piggyBac mNeonGreen transfection
The resulting E14 mESC cells and 14Fp cells, selected for positive Tet-ON
transfection were next co-transfected with the PiggyBac-mNeonGreen
plasmid and piggyBac transposase. Transfected cells were selected by
fluorescence activated cell sorting (FACs) after incubation with 1 µg/mL DOX
for 4 hours in the case of mESCs and for 24 hours in the case of 14Fp cells
before sorting.

To confirm the correct expression of the mNeonGreen and Tet-On constructs
in 14Fp cells which had been expanded for a couple of weeks, the cells were
examined under a fluorescent microscope following treatment with different
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concentrations of doxycycline for 24 hours (Figure 3.4). In the majority of
cells no mNeonGreen signal could be detected, after treatment with either
1 µg/mL or 3 µg/mL DOX. This suggested that either the mNeonGreen
construct had not been successfully integrated into the 14Fp cell genome, or
that the construct in some cells integrated into environments that were not
permissive for gene expression, for example heterochromatin, or the
construct is being silenced through epigenetic changes such as methylation.
We do not know the efficiency of piggyBac mediated transgene integration in
14Fp cells and due to time constraints were unable to investigate this.

The higher concentration of DOX seemed to induce higher levels of
mNeonGreen expression in the same number of cells, rather than inducing
expression in a higher number of cells, with approximately 5% of cells
expressing mNeonGreen in each condition. It was decided to continue with
the dCas9-SunTag transfection of the 14Fp cells as the cells could be FACs
sorted again at a later date.

14Fp mNeonGreen + DOX

0 g/mL

1 g/mL

3 g/mL

Figure 3.4 14Fp cells expressing mNeonGreen
14Fp cells following transfection with piggyBac TetOn and mNeonGreen
plasmids. Cells were treated with the indicated concentration of doxycycline
for 24 hours prior to imaging.
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In order to characterise the responsiveness of the stable mNeonGreen
expressing mESC line to DOX induction, a time course analysis was
performed and cells were assayed for mNeonGreen expression by
microscopy (Figure 3.4). The subset of the cell population that strongly
expressed mNeonGreen was calculated by Laura Murphy. Due to the low
contrast of the cells in the brightfireld channel, individual cell fluorescence
could not be calculated. Therefore, a segmentation algorithm was used to
calculate the percentage of the cell area which had high fluorescent intensity.

This time course revealed that strong mNeonGreen fluorescence could be
detected after just one hour of DOX exposure in 0.4% of the cell population
(Figure 3.5). Between 2 and 4 hours of DOX induction the fraction of cells
with high mNeonGreen fluorescent intensity increased from 0.9% to 5.7%,
although low fluorescent signal can be seen by eye in most cells after 4
hours of DOX treatment. Between 4 and 24 hours, the percentage of cells
with strong fluorescent signal increased dramatically from 5.7% to 51.4%.
Therefore, the optimal timepoint to perform live cell DNA imaging was
predicted to be after 4 hours of DOX induction, when the levels of
mNeonGreen expression was variable between cells, allowing the cells with
the best signal to noise ratio to be selected for imaging.
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Figure 3.5 Cell area exhibiting high mNeonGreen fluorescent intensity with
extended exposure of cells to doxycycline
A graph showing the percentage of mESCs with high mNeonGreen
fluorescence intensity in response to doxycycline treatment over 24 hours.
Percentage fluorescent area was calculated by segmenting the cell area
using a pixel classifier and calculating the high fluorescent intensity within the
cell area.

The mESC line more robustly expresses the mNeonGreen construct in a
higher population of cells than the 14Fp cell line. The mESCs are also far
more responsive to doxycycline treatment, with mNeonGreen signal
observed as early as 1 hour after the addition of DOX (Figure 3.6). It should
be noted that the cell populations are not clonal, therefore considerable cell
to cell variability in mNeonGreen expression is to be expected. As the
PiggyBac transposase system can integrate multiple times into the cell
genome, it was expected that cells would have varying expression levels of
the mNeonGreen construct. The advantage with this variation, is that it
allows selection of cells which have the best signal to noise ratio in the same
dish during live cell imaging, saving time consuming clonal expansion of the
cell line.
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Figure 3.6 Timecourse of mNeonGreen fluorescence in mESCs
mESCs were induced with 500 ng/mL doxycycline for the indicated amount of
time. mNeonGreen fluorescence, induced in the presence of doxycycline was
monitored over a 24 hour period.

3.3.3 PiggyBac dCas9-SunTag transfection
The 14Fp and mES cells expressing Tet-ON and mNeonGreen constructs
were co-transfected with piggyBac dCas9-SunTag and piggyBac
transposase plasmids. The cells were treated with G418, an analog of
neomycin, from 24 hours after transfection for a 10 day period to select for
cells which were expressing the dCas9-SunTag-P2A-NeomycinR construct.

I transfected the 14Fp cells using either lipofectamine or electroporation of
the piggyBac dCas9-SunTag and piggyBac transposase plasmids. A nontransfected control was included in each condition to verify that G418
treatment could kill non-expressing cells. While some of these nontransfected cells died upon G418 treatment, the majority of the population
survived, even when the concentration of G418 was increased from 500
µg/mL to 1000 µg/mL, which is the highest concentration typically used for
mammalian cell selection. Therefore, the 14Fp cell line is not suitable for
G418 mediated selection of transfected cells.

In mESCs the G418 selection successfully killed the non-transfected control
cells, while a portion of the dCas9-SunTag transfected cells survived. To
verify that these cells were expressing the dCas9-SunTag construct RT-PCR
was performed on extracted RNA. RNA from the transfected 14Fp cells was
also assayed for cells expressing the dCas9-SunTag construct despite their
resistance to G418-based selection. It was found by RT-PCR that the 14Fp
cells transfected either by lipofectamine or electroporation did not express
detectable levels of the dCas9-SunTag construct (Figure 3.7) whereas both
of the mESC lines expressed the dCas9-SunTag construct.
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I decided that the selection gene on the dCas9-SunTag plasmid should be
changed to hygromycin, which successfully kills control 14Fp cells. However,
when the antibiotic resistance gene was changed and the cells were
transfected again with the new construct, all the 14Fp cells died during the
selection process. This may be due to the large size of the piggyBac plasmid,
which made transfection into the 14Fp cell line difficult or low expression of
the construct which was bellow detection level by RT-PCR.

14Fp 1 14Fp 2 mESC 1 mESC 2

+

-

+

- +

-

+

-

400 bp
300 bp
200 bp
100 bp

Gapdh
14Fp 1 14Fp 2 mESC 1 mESC 2

400 bp
300 bp
200 bp
100 bp

RT

+

-

+
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dCas9-SunTag

Figure 3.7 RT-PCR of ES cell line cDNA for dCas9-SunTag expression
RT-PCR was carried out on two 14Fp or mESC cell lines which has been
individually transfected with the PB-dCas9-SunTag plasmid. 14Fp 1
transfected with lipofectamine Ltx, 14Fp 2 transfected by electroporation.
mESC 1 transfected with lipofectamine, mESC 2 transfected with FuGene.
PCR primers were used to amplify GAPDH as a positive control and dCas9SunTag. Reverse transcriptase negative samples were included as a
negative control (marked as -).

Due to the problems transfecting the 14Fp cells with the dCas9-SunTag
expression construct and the low number of cells that were expressing
mNeonGreen further work with the 14Fp cell line was abandoned and I
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focused on using the successfully created mESC cell line in the further live
cell DNA imaging experiments.

3.3.4 dCas9-SunTag targeting is sgRNA dependent
To validate that the CRISPR imaging system was functioning correctly in the
mESCs, firstly repetitive DNA sequences were targeted. Telomeres are
highly repetitive chromatin structures, which are composed of 20 kb to 150
kb of (T2AG3)n repeats in the mouse (Kipling and Cooke, 1990). Such repeats
allow the recruitment of multiple dCas9-SunTag-mNeonGreen complexes to
the same locus using a single sgRNA; thus, amplifying the fluorescent signal.

To examine the localisation of dCas9-SunTag, the mESC-imaging cell line
was transduced with lentivirus for the expression of a telomere targeting
sgRNA (sgTelo). An sgRNA which has no target in the mouse genome,
sgGAL4 was also transduced into the cells, as a negative control. Cells were
FACs sorted for mCherry a fluorescent reporter contained within the sgRNA
lentivirus plasmid (Figure 3.8.A and B). The cells containing sgRNA
expression constructs were then induced with doxycycline for the expression
of mNeonGreen and examined on a fluorescence microscope.
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Figure 3.8 dCas9 targeting of genomic loci is sgRNA-dependent
Fluorescent activated cell sorting (FACs) of cells transduced with lentivirus
containing expression constructs for A) sgTelo or B) sgGAL4. FACs was
carried out for mCherry fluorescence, a fluorescent marker contained within
the lentiviral plasmid. C) Representative images of cells expressing no
sgRNA, sgGAL4 or sgTelo induced with doxycycline for the expression of
mNeonGreen. Scale bars = 10 µM.

In the presence of no sgRNA, dCas9-SunTag-mNeonGreen complexes are
mostly diffusely localised through the nucleus, however some accumulation
of dCas9 can be seen in subnuclear structures (Figure 3.8.C). In the
presence of sgTelo, bright fluorescent puncta could be seen, above the
background mNeonGreen expression, resembling telomeric labelling.
Accumulation of dCas9-fluorescent protein fusions in subnuclear structures
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has been noted in previous CRISPR imaging studies in human cells (Chen et
al., 2013). Additionally, non-specific signal from dCas9 accumulation in
subnuclear structures was not seen in the sgTelo expressing cells. In the
presence of the non-targeting sgGAL4, the dCas9-SunTag-mNeonGreen
complexes accumulate in subnuclear structures, possibly the nucleolus.
Such signal is not visible in the cells expressing sgTelo, possibly due to the
concentration of dCas9-SunTag-mNeonGreen complexes at telomeric loci.

3.3.5 CRISPR imaging telomere validation
To validate the correct labelling of telomeres by the CRISPR imaging system,
immunofluorescence was performed for telomeric repeat-binding factor 2
(TRF2). TRF2 is a component of the shelterin complex which binds to
telomeric repeats (Griffith et al., 1999); therefore, co-localisation of the
dCas9-SunTag labelled telomeric DNA and TRF2 immunofluorescence was
expected.
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Figure 3.9 dCas9-telomere and TRF2 immunofluorescence colocalization
analysis.
A) Percentage of co-localised dCas9-Telo and TRF2 spots in the nuclei of
cells. B) The number of co-localised dCas9-Telo and TRF2 spots seen in the
nucleus of cells. C) and D) Representative image of dCas9-Telo (Green) and
TRF2 immunofluorescence (Red) in the nucleus (stained with DAPI, blue).
Scale bars 10µm.

There was a significant co-localisation between dCas9-SunTagmNeonGreen puncta and TRF2 immunofluorescence, with on average
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84.7% of the CRISPR labelled loci in each nuclei demonstrating colocalisation to TRF2 signal (Figure 3.9.A). Most of the nuclei however,
contained less than expected number of 80 co-localised telomere spots, with
70% of cells containing between 20-40 co-localised telomere spots (Figure
3.9.B). This may be due to the arrangement of telomeres in the cells, if two
telomeres are located in close proximity, they may only be labelled as 1 spot
of fluorescence. Shortened telomeres may also inhibit detection by dCas9SunTag or immunofluorescence, especially as the TRF2
immunofluorescence had a high background.

While the expected number of individual telomeres was not observed, the
TRF2 immunofluorescence confirmed that the majority of dCas9-SunTag
labelled loci were telomeres (Figure 3.9.C and D). These observations verify
that the dCas9-SunTag-mNeonGreen imaging system created here in
mESCs is functional for the imaging of repetitive loci in both live and fixed
cells.

3.4 Construction of multiple sgRNA expression
plasmids
The application of dCas9 systems for imaging non-repetitive genomic loci
has largely been limited by the requirement of a large number of sgRNAs to
be expressed simultaneously in cells. Strategically, packaging as many
sgRNAs into a single plasmid as possible facilitates the delivery to cells. To
achieve uniform expression of sgRNAs, it is important that each sgRNA has
its own sgRNA scaffold and terminator sequence or that sgRNAs are
expressed as a polycistronic transcript which is post-transcriptionally
processed. Many methods for the multiplex packaging of sgRNAs have been
developed to date.
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An early technique relied on a protocol based on the golden gate cloning
technique, similar to that which is used for the construction of TALEs. VadNielsen et al. (2016) devised a method of packaging up to 30 sgRNAs into a
single plasmid. However, as this technique relies on the assembly of
intermediate plasmids at every step, the protocol is time consuming, taking
up to 20 days to produce one complete 30 sgRNA plasmid. A more recent
strategy utilises three rounds of golden gate assembly to produce a plasmid
containing up to 20 sgRNAs (Shao et al., 2018). This approach is much
faster than the previous approach, taking 4-5 days to complete plasmid
assembly. Even quicker strategies, which offer slightly lower multiplexing
have since been developed (Gu et al., 2018; Breunig et al., 2018).

For the current study, I aimed to visualise non-repetitive cis-regulatory loci
using a dCas9-SunTag-mNeonGreen based method. In order to minimise the
chances of disruption to the cis-regulatory elements activity, it is important to
recruit as few dCas9-SunTag complexes to the locus as is possible, while
maintaining visible signal above the background. Previously, using a dCas9SunTag-mNeonGreen based system, it was shown that it is possible to
visualise a region of just 15 repeats (Ye et al., 2017). While Gu et al. (2018)
used 36 sgRNAs expressed from three plasmids to visualise non-repetitive
loci with a dCas9-GFP fusion. The transfection and selection of cells
expressing all three of these plasmids would be challenging and cloning a
high number of sgRNAs into a single plasmid would also be difficult.

I aimed to use only one plasmid for sgRNA expression, with a selectable
marker so that expressing cells could easily be identified. To simplify the
cloning of this multiplex sgRNA plasmid, I aimed to use a lower number of
sgRNAs to visualise non-repetitive loci than had been used previously. I
hypothesised that the recruitment of six dCas9-SunTag complexes and thus
up to 144 mNeonGreen molecules to a 1kb region of DNA should be
sufficient to resolve and track the locus in live cells. Therefore, six sgRNAs
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targeting a 1 kb region of interest were designed. These sgRNAs anneal to a
region at least 150 bp away from the end of the cis-regulatory element of
interest, with at least 150 bp between the sgRNAs to prevent hinderance of
neighbouring dCas9 binding.

Thus, I aimed to construct a plasmid for the simultaneous expression of six
sgRNAs with the expression of each sgRNA regulated by independent U6
promoter and terminator elements.

3.4.1 Chimeric Array of gRNA oligonucleotides (CARGO)
A golden-gate assembly based technique to clone up to 18 sgRNAs into a
single plasmid, with each guide RNA having its own U6 promoter and
terminator was reported by Gu et al.(2018). In chimeric array of gRNA
oligonucleotides (CARGO) “hybrid oligonucleotides” consisting of the second
half of the nth sgRNA targeting sequence and the first half of the n+1th
sgRNA targeting sequence, separated by two inverted BpiI restriction sites
are used for cloning (Figure 3.10). These oligonucleotides harbour
complementary overhangs at the 5’ and 3’ ends to ligate them to a “constant
region”. The constant region provides the invariant sequences for each
sgRNA, a U6 promoter, sgRNA scaffold and U6 terminator sequence. The
ligation of the hybrid oligonucleotides to the constant region, results in the
formation of “minicircles” of DNA. These minicircles are assembled into a
destination vector by golden gate assembly, with simultaneous digestion by
BpiI and ligation of neighbouring sgRNA fragments in the correct order, by
the resulting sticky ends from BpiI digest.
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Figure 3.10 Overview of CARGO cloning
The unique targeting sequence of each sgRNA is split into halves, with the
second half of the nth sgRNA and the first half of the n+1th sgRNA are
separated by two inverted BpiI sites. These hybrid oligonucleotides are
ligated to a constant region, consisting of the sgRNA scaffold, U6 terminator
and U6 promoter sequences, resulting in the formation of minicircles of DNA.
These minicircles are assembled into a destination vector by golden gate
assembly using BpiI to cut between sgRNAs, such that the sgRNAs are
ligated in the correct order due to their complementary sticky ends.
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As the constructs used in the original CARGO publication were unavailable
publicly, I sought to design my own constant region. The constant region for
CARGO cloning was cloned into pK18 a standard cloning vector for
amplification of the sequence. It comprised a sgRNA scaffold, U6 termination
sequence and U6 promoter sequence flanked by two BsmBI restriction sites.
The gRNA scaffold used was the same as that used by Chen et al. (2013),
who found that an A-U flip and a hairpin extension added onto the
conventional S.pyogenes sgRNA scaffold eliminated protein aggregation in
the nucleolus while increasing bright foci number. A minimal human U6
promoter sequence was chosen to drive expression of the sgRNAs as this
promoter functions efficiently in multiple mammalian cell types including
mouse and human cells (Roelz et al., 2010). The length of the promoter was
reduced to maintain activity while reducing the size of plasmid to be
transfected.

As the CARGO destination vector, a modified pGEM-5Zf(+) vector was used
with AvrII and XhoI sites incorporated into the original vector through a
polylinker. Digestion of the CARGO destination vector with AvrII and XhoI
provided complementary sticky ends for the ligation of the fully assembled
CARGO insert.

For CARGO cloning, the constant region was purified from the pK18 plasmid,
using BsmBI digestion and gel purification (Figure 3.11.A), resulting in a
single fragment of 331 bp. The hybrid 50 bp oligonucleotides were
synthesised as complementary single strands of DNA, which were annealed,
resulting in the sticky ends for ligation to the complementary BsmBI
generated sticky ends of the constant region. Ligation of the hybrid
oligonucleotides and constant region resulted in the formation of minicircles
of 381 bp (Figure 3.11.B). The initial ligation reaction was treated with
exonuclease V, which specifically digests linear DNA, to remove the
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remaining non-ligated fragments which might interfere with the downstream
golden gate assembly reaction (Figure 3.11.B).

A)

Before exonuclease
treatment

B)
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1000 bp
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After exonuclease
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Figure 3.11 CARGO cloning stages
Agarose gel electrophoresis, showing A) Constant region, prior to gel
purification, digested with BsmBI. B) Ligated hybrid oligonucleotides and
constant region, to form minicircles, before and after exonuclease V
treatment, which removes linear DNA. C) Golden gate assembly reaction
showing ligation of the 6 minicircles of DNA. D) Analysis of resulting plasmid
DNA of competent cells transformed with the golden gate assembly reaction.
Resulting plasmid DNA was digested with ApaI and NotI.

The minicircles were assembled in a golden gate assembly reaction, along
with the linearised and dephosphorylated CARGO destination vector using
BpiI. The reaction mixture was analysed by agarose gel electrophoresis to
verify that the assembly of minicircles was occurring (Figure 3.11.C). DNA
fragments, increasing in size by around 350 bp could be seen on the agarose
gel until the expected ~2100 bp fragment corresponding to the full CARGO
insert. However, a larger fragment of around 5500 bp corresponding to the
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fully assembled CARGO insert and destination vector, was not detected by
gel electrophoresis.

The golden gate assembly reaction was transformed into competent E.coli
cells and resulting colonies were analysed by colony PCR, which showed no
positive bands on an agarose gel. Plasmid DNA from 6 of the colonies
analysed by colony PCR was extracted and digested with ApaI and NotI to
troubleshoot problems with the Gibson assembly reaction. Digestion with
these enzymes was expected to result in a fragment of 2.2 kb corresponding
to the full CARGO insert and a fragment of 3 kb corresponding to empty
destination vector. The resulting DNA was analysed on an agarose gel,
which revealed that all the colonies contained empty destination vector,
which had either re-ligated or not been digested fully by AvrII and XhoI
(Figure 3.11.D).

It is therefore likely that the CARGO insert was failing to ligate to the
destination vector. The design of the experiment was checked to verify the
design of the sticky ends, which appeared correct. In the interest of time, it
was decided to use an alternative cloning method for the construction of the
plasmid for the expression of multiple sgRNAs.

3.4.2 String Assembly gRNA cloning (STAgR)
String assembly gRNA cloning (STAgR) cloning is a Gibson assembly-based
cloning technique for the packaging of multiple sgRNAs into a single plasmid.
The technique involves the PCR amplification of each sgRNA as an
overhang from a “String” template, which is similar to the constant region in
CARGO cloning. Each PCR-amplified fragment contains the sense sequence
from nth sgRNA and the antisense sequence from sgRNA n+1 (Figure 3.12).
These fragments are then assembled in a Gibson assembly reaction.
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In Gibson assembly, a T5 exonuclease digests the 5’ ends of double
stranded DNA, revealing a 3’ overhang. DNA fragments bearing
complementary overhangs anneal to each other and any gaps in the DNA
sequence are filled in by a high fidelity Taq polymerase. Finally, a ligase joins
the annealed complementary ends of DNA, creating a continuous DNA
fragment.

F1
F2

R2
F3

R3

F4

R4

F5

R5
R6

F6
R1

Figure 3.12 Overview of STAgR cloning
A schematic of STAgR cloning. Firstly, DNA fragments are amplified from the
“String” containing the sgRNA scaffold, U6 terminator and U6 promoter
sequences. The forwards primer for the nth sgRNA and the reverse primer for
the n+1th sgRNA are used, providing regions of homology for later assembly.
The destination plasmid is also PCR amplified using the forward primer for
the final sgRNA and the reverse primer for the first sgRNA. The resultant
fragments and destination plasmid are assembled in a Gibson assembly
reaction.
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The originally designed STAgR constructs were utilised for gene activation
and gene editing. I decided to redesign the constructs used in STAgR cloning
for a CRISPR imaging strategy in order to incorporate my previously
designed constant region (Section 3.1.1). For the STAgR destination
plasmid, a lentiviral plasmid was sought to be used. However, due to the
large size of the lentiviral plasmid (8.5 kb), PCR amplification would be
challenging and likely lead to PCR errors. To overcome this the added step
of subcloning the STAgR fragment into a pGEM-5Zf(+)-based plasmid, then
excising this fragment out and cloning it into the lentivirus destination plasmid
was used.

The STAgR destination plasmid was created by cloning the constant region,
also used for CARGO cloning, into pGEM-5Zf(+). This plasmid was used as
template for PCR amplification using the forward primer for the last sgRNA
and the reverse primer for the first sgRNA, creating a destination plasmid
with correct homology arms for Gibson assembly (Figure 3.13.A). For the
amplification of the other sgRNA fragments, a different template was used.
To prevent contamination of the Gibson assembly transformation with the
template plasmid, a plasmid conferring kanamycin resistance, called
pKConstant, was used as the template in the PCR reaction. PCR reactions
were also treated with DpnI, which digested and removed the methylated
template plasmid DNA.

The resulting PCR fragments were combined in a Gibson assembly reaction,
which assembled the five sgRNA fragments (389 bp each) and the
destination plasmid (3374 bp). Resulting bacterial colonies were screened by
colony PCR, using a forward primer which annealed within the 5th sgRNA
and a reverse primer which annealed to the destination plasmid outside the
expected STAgR insertion site (Figure 3.14 B and C). Positive colonies were
randomly selected and plasmid DNA was extracted by small scale plasmid
purification. The plasmid DNA was cut with AvrII and NotI to excise the
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expected STAgR fragment of 2204 bp, leaving the linearised empty plasmid
2978 bp (Figure 3.13.D). Plasmids which gave the correct size fragments
when digested with these enzymes were sent for DNA sequencing, using
primers which flanked the STAgR insertion site.
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Figure 3.13 Typical STAgR Cloning Experimental Steps
An overview of a typical STAgR cloning process, A) Agarose gel
electrophoresis of STAgR fragments for Gibson assembly showing the
individual sgRNA fragments, expected size 389 bp and the destination
plasmid, expected size 3374 bp. B) Schematic showing the annealing of the
PCR primers used for colony PCR and AvrII and NotI restriction digestion
sites within the STAgR plasmid. C) Typical colony PCR using colony PCR
primers indicated in B), amplification only takes place if the insert has
successfully ligated to the plasmid, expected size 596 bp. D) Typical result of
plasmid digestion with AvrII and NotI, producing fragments of expected sizes
2204 bp for the STAgR insert and 2978 bp for the empty destination plasmid.
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The plasmid with the correct sequence was digested with AvrII, NotI and
PvuI. AvrII and NotI provided sticky ends for ligation to the lentiviral STAgR
destination plasmid, while PvuI cuts the plasmid backbone twice decreasing
the chance of re-ligation. This was then ligated to the lentiviral destination
plasmid. The resultant colonies were screened by colony PCR and plasmid
digestion as before. Plasmid DNA from the resulting colony that contained
the correct lentiviral plasmid was grown up in a large scale plasmid
purification.

3.5 Labelling the Shh promoter in live ES cells
To investigate whether six sgRNAs would be sufficient to visualise nonrepetitive loci using the dCas9-SunTag-mNeonGreen system, the Shh
promoter was chosen as a pilot region. STAgR cloning was used to generate
a lentiviral plasmid containing six sgRNAs which target a 1 kb region, located
around 500 bp away from the Shh transcription start site (TSS) (Figure 3.14).
The sgRNAs were spaced at least 150 bp apart from each other, to allow
space for each dCas9-SunTag complex to bind.

Shh promoter
sgRNAs

Figure 3.14 Genome browser tracks showing promoter sgRNA location
Shh promoter sgRNAs (green box) visualised in UCSC genome browser
(mm9), other tracks showing the Shh coding region (solid black boxes and
arrows), H3K4me1, H3K4me3 and CTCF from embryonic limb tissue at
E14.5.
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Lentivirus containing this STAgR plasmid was made, and the stable mESC
imaging line was transduced with this lentivirus for promoter sgRNA
expression. ES cells which had been successfully transduced with the
promoter STAgR lentivirus were FACs sorted for mCherry fluorescence, a
reporter gene which is included in the lentiviral STAgR plasmid.

3.5.1 Six sgRNAs is sufficient for the visualisation of
nonrepetitive loci
The FACs sorted Shh promoter imaging mESC cell line were treated with
500 ng/mL doxycycline for 3 hours to induce the expression of mNeonGreen,
before being examined under a fluorescence microscope. Two bright spots
were observed in a minority of the cells examined (Figure 3.15).

Figure 3.15 Shh promoter labelled with dCas9-SunTag-mNeonGreen
Images showing dCas9-SunTag-mNeonGreen (Green) labelled Shh
promoter in live mESCs, indicated by white arrows. Cells were induced with
500 ng/mL doxycycline for 3 hours prior to imaging, Scale bar = 5 µm.

The background fluorescence is low, confirming that the expression of
mNeonGreen is tightly regulated by DOX induction. I further optimised these
imaging conditions and found that removal of the DOX from the culture
media prior to imaging the cells increased the signal to background ratio.
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3.5.2 Shh promoter labelling validation
In order to validate that the spots visible in the mESCs corresponded to the
Shh promoter RNA FISH was used. This technique is mild enough to preserve
the endogenous dCas9-SunTag-mNeonGreen signal. As Shh is not expressed
in mESCs, RNA FISH probes which anneal to the 5’ introns of the neighbouring
gene Lmbr1 were used. These probes label only the nascent Lmbr1 transcript,
located at the active transcription site. The promoter dCas9-SunTag imaging
cell line were induced with DOX prior to fixation for RNA FISH. Hybridisation
of the 5’ Lmbr1 probes confirmed the correct labelling of the Shh promoter.
The 5’ Lmbr1 RNA FISH signal was found to be close to the dCas9-SunTagmNeonGreen spots, with an average distance between spots of 578.6 nm
(N=20) (Figure 3.16).
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Figure 3.16 Correlative RNA FISH and dCas9-SunTag labelling of Lmbr1 and
Shh promoter
A) Violin plot showing the distribution of measurements between 5’ Lmbr1
RNA FISH and dCas9-SunTag-mNeonGreen Shh promoter signal (N=20). B)
Representative images showing dCas9-SunTag-mNeonGreen labelled Shh
promoter (green) and 5’ Lmbr1 RNA FISH (red), nuclei are counterstained
with DAPI (blue).

The distance between the 5’ Lmbr1 nascent RNA FISH and dCas9-SunTagmNeonGreen labelled Shh promoter is consistent with observed distances
using DNA FISH probes for Shh and Lmbr1 in mESCs (Benabdallah et al.,
2019; Williamson et al., 2019). Thereby this analysis indicates the correct
tagging of the Shh promoter in mESCs using a dCas9-SunTag-mNeonGreen
imaging system.
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3.6 Discussion
3.6.1 Construction of stable cell lines for live cell DNA
imaging
The results in this chapter describe the construction of stable cell lines
expressing the components of a dCas9-SunTag-mNeonGreen based live cell
DNA imaging system. PiggyBac plasmids for the expression of
mNeonGreen-scFv and dCas9-SunTag were successfully cloned. These
plasmids were then used in a series of transfections into 14Fp cells and
mESCs. Unfortunately, the difficulties of transfecting the 14Fp cells with the
dCas9-SunTag plasmid, when using either electroporation or lipofectamine
based methods, could not be overcome. Other members of the lab also
experienced problems transfecting these cells previously, particularly with
plasmids for the expression of Cas9. This suggests that the cells either
cannot be transfected with such large plasmids or there are fundamental
problems with expression of Cas9 in these cells. RT-PCR analysis showed
that the 14Fp cells were not expressing detectable levels of dCas9-SunTag,
compared with mESCs where expression could be detected. Therefore, it
was decided to continue the project with mESCs alone.

An mESC line expressing all the components of the dCas9-SunTagmNeonGreen system was constructed. Microscopy analysis showed that the
cells expressed mNeonGreen in a doxycycline-dependent manner, with
expression seen from 1 hour post DOX treatment. However, the optimal DOX
treatment time for live cell image was predicted to be around 4 hours to
prevent the background of unbound mNeonGreen becoming preventatively
high for tracking of loci.
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This base mESC line is a powerful tool for studying chromatin dynamics in
live cells. The flexible nature of the dCas9-SunTag system means that this
cell line can potentially be used to examine any locus of interest which can
be bound by Cas9. This is extremely advantageous, as mESCs can be
differentiated into different lineages, which express Shh from different active
enhancers. Thus, using just one cell line, the changes in dynamics of
different cis-regulatory elements can potentially be determined in different
states of transcriptional activity.

3.6.2 dCas9-SunTag allows visualisation of repetitive loci in
live mESCs
To validate the dCas9-SunTag-mNeonGreen mESC line for live cell DNA
imaging it was first sought to image repetitive loci. Telomeric loci were
visualised by transfecting the mESC imaging cell line with a telomere
targeting sgRNA, sgTelo. Analysis of these cells in the presence of
doxycycline, revealed that distinct puncta could be visualised in the nuclei of
the mESCs. These loci were later found to co-localise with TRF2
immunofluorescence, thus confirming the correct labelling of telomeric DNA
using the dCas9-SunTag-mNeonGeen system.

Thus, the mESC imaging cell line created here can be utilised for the tagging
of repetitive DNA sequences. In contrast to observations by Ye et al. (2017),
I observed a far lower number of labelled telomeres than expected using the
dCas9-SunTag-mNeonGreen system. However, this could be explained by
differences in the cell lines and species used in the two studies, with Ye et. al
(2017) using human HEK293T cells, which may have a different telomere
arrangement than mESCs. Nonetheless, this analysis has confirmed the
successful creation of an imaging system for the tracking of genomic loci in
live mESCs.
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3.6.3 dCas9-SunTag system is capable of imaging nonrepetitive loci with 6 sgRNAs
For the imaging of non-repetitive loci, multiple sgRNAs are required to
amplify fluorescent signal at the locus of interest. In this chapter, a cloning
technique which allows construction of a plasmid for multiple sgRNA
expression was optimised. In this construct, each sgRNA has an
independent U6 promoter and terminator element, which will presumably
ensure uniform expression of each sgRNA. STAgR cloning was used to
create a plasmid for the expression of 6 sgRNAs which target the Shh
promoter initially. A lentiviral method of transfection of this multiple sgRNA
expression construct was utilised, with positive cells being selected through
an mCherry reporter gene.

Imaging of these Shh promoter sgRNA expressing cells revealed two bright
spots could be seen in the nucleus of cells. Nascent RNA FISH for 5’ Lmbr1
transcripts showed colocalization with the Shh promoter sgRNA indicating
visualization of a nonrepetitive locus near the promoter. The visualisation of
non-repetitive loci with just six sgRNAs, using the dCas9-SunTag system,
represents an improvement over previous CRISPR imaging studies which
have used a large number of sgRNAs and dCas9-GFP fusions for live cell
DNA imaging (Chen and Huang, 2014; Gu et al., 2018). These previous
studies have required the simultaneous expression of at least 30 sgRNAs in
each cell to visualise single copy loci.

While the dCas9-SunTag approach reduces the number of sgRNAs which
need to be expressed in a cell simultaneously, the technique does have
caveats. Importantly, it requires a large protein complex to be bound to a
locus in order for the fluorescent signal to be visualised. Each dCas9-Suntag
complex is approximately 0.3 mega Daltons (MDa) in size, with up to 24
molecules of mNeonGreen bound this size increases to 1.08 MDa. Thus,
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using 6 sgRNAs to image a locus results in a total protein complex of around
6.5 MDa being recruited to a regulatory locus. While this is similar to the 7
MDa complex of 36 dCas9-GFP fusions used by Gu et al. (2018) to track
Fgf5 regulatory elements, careful analysis of the effects of loading such a
complex in proximity of regulatory loci is needed, particularly as dCas9 has
been shown to have a long residence time on chromatin (Qin et al., 2017).
By designing the sgRNAs to bind to the region surrounding these regulatory
regions, hopefully potential disruption to their function has been reduced.

Since STAgR cloning is an extremely flexible technique, the number of
sgRNAs incorporated into a plasmid could be lowered. If time had permitted,
optimisation of the imaging for lower numbers of sgRNAs and therefore,
lowering the protein load would have been performed. The foci seen using
the current six sgRNAs are easily distinguishable against the background,
suggesting that this number of sgRNAs could potentially be lowered. This
would reduce the chances of disrupting the expression of genes by loading a
large protein complex for imaging in proximity of their regulatory elements.

In summary, this chapter presents a versatile, and time-efficient method for
imaging single copy genomic loci in live cells. The STAgR cloning system
can be used to generate sgRNAs targeting, theoretically, any genomic loci.
Teamed with the stable mESC imaging cell line, this presents a reliable
method for tracking genomic loci in live cells.
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Chapter 4
Retinoic acid induces sonic
hedgehog expression in
mESCs
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4 Retinoic acid induces sonic hedgehog
expression in mESCs
4.1 Introduction
In the current study, the use of a mESC line for live cell imaging allows the
study of the Shh locus in an inactive state. To study cells expressing Shh,
this mESC line can be differentiated into different lineages. One method of
activating Shh expression used previously in the lab is to treat the mESCs
with retinoic acid (RA) (Figure 4.1.). Retinoic acid (RA), a biologically active
derivative of vitamin A, exerts vital functions in vertebrate development
(Niederreither and Dollé, 2008). RA is also a known stimulator of embryonic
stem cell (ESC) differentiation (Zhang et al., 2015). RA inhibits the signalling
of leukaemia inhibitory factor (LIF) (Tighe and Gudas, 2004), which normally
supresses ESC differentiation and is commonly used to maintain ESCs in a
pluripotent state during their in vitro culture (Smith, 1991; Burdon et al.,
2002).
RA is a ligand for several nuclear receptor proteins, termed RA receptors
(RAR), which are transcriptional regulators belonging to the nuclear receptor
superfamily. There are three RARs (RARa, RARb and RARg) that are
conserved throughout vertebrate species and bind all-trans retinoic acid
primarily. Genetic disruption studies showed that these RARs act in vivo as
heterodimers with retinoid X receptors (RXRs) (Kastner et al., 1997). These
RAR/RXR heterodimers act as ligand dependent transcription factors
(Chambon, 1996).

In the nucleus RAR/RXR heterodimers bind to DNA motifs known as retinoic
acid response elements (RAREs) (Balmer and Blomhoff, 2002). RARE
binding recruits either nuclear coactivator or nuclear corepressor complexes
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to loci, thus directly influencing transcriptional activity. Analysis of the mouse
genome has revealed between 13,000-15,000 potential RARE sequences,
however not all of these genes are involved in developmental pathways
(Moutier et al., 2012).

In mESCs RA stimulation causes a large increase in the number of
RAR/RXR bound loci within 2 hrs of RA addition (Chatagnon et al., 2015).
RNA-seq experiments have identified early RA-regulated genes, which
include patterning genes such as Hoxa1, Hoxa3, Hoxa5 and other genes
encoding homeobox proteins such as Meis2, Cdx1, Gbx2 and HNF1b
(Simandi et al., 2010; Mahony et al., 2011). Many of these genes possess
several occupied RAREs, as shown by ChIP-seq experiments after the
addition of RA (Moutier et al., 2012). In the case of Hoxa1, which is coated
with polycomb group proteins in F9 embryonal carcinoma cells, addition of
RA causes rapid dissociation of this protein complex, leading to
transcriptional activation (Gillespie and Gudas, 2007). Polycomb repressive
complexes normally bind to important lineage specifying genes, maintaining
pluripotency of ESCs (Simon and Kingston, 2013). Shh is also held in a
repressed conformation, mediated by the action of polycomb complexes in
mESCs (Boyle et al., 2020).

Extended RA-induced mESC differentiation activates lineage specific gene
expression. In J1 murine ES cells, during a 24 hour treatment with 1 µM RA,
differential gene expression was analysed by microarray (Zhang et al., 2015).
Expression of Hoxb1, Hoxb2 and Hoxb3 was found to be elevated after 24
hours of RA-induced differentiation. Expression levels of several ectodermal
markers also increased upon RA treatment, including Nestin, Pax6 and
Gbx2. However, some mesodermal and endodermal markers were also
upregulated, including Tgfb2, Twist1, Sox17, Sox7 and Gata6. Contrastingly,
AB1 murine ES cells differentiate towards cells resembling the
extraembryonic endoderm, when differentiated with 1 µM RA (Chen and
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Gudas, 1996). These disparities may be due to the different mESC lines
used in each study, different culture techniques or due to heterogeneity in the
resulting differentiated cell population.

4.2 Retinoic acid induces mESC differentiation
4.2.1 Differentiation of E14 mESCs with retinoic acid
Previously in the Hill lab, RA-induced differentiation has been performed on
E14 mESCs (Figure 4.1.). Treatment of mESCs with 1 µM RA, cultured in the
absence of LIF, induced Shh expression after 48 hours of RA treatment. The
induction of Shh expression was accompanied by a decrease in the
expression of the pluripotency gene Oct4. By 96 hours of RA-treatment, the
expression of Oct4 and Shh was barely detectable by RT-PCR.

Figure 4.1 Expression of Shh in mESCs is induced by retinoic acid treatment
RT-PCR analysis, showing expression of b-actin, Shh and Oct4 in mESCs
treated with 1 µM retinoic acid for 24, 48 or 96 hours, untreated mESC
control samples can be seen next to the corresponding retinoic acid treated
timepoint. b-actin expression is shown to be consistent between all samples
analysed. Shh expression is shown to be induced in mESCs treated with
retinoic acid for 48 hours, with some expression being detected at 96 hours.
Oct4 expression slowly decreases over the 96 hour time period. Figure taken
from Eve Anderson, thesis.
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I aimed to characterise this differentiation process and gain an understanding
of how Shh expression is activated by RA-treatment of mESCs. Firstly, to
assess morphological changes during differentiation, I treated cells with 1 µM
RA for 48 or 72 hours and examined the cells under a brightfield microscope.
For comparison I also assessed cells cultured in the presence of LIF and the
absence of retinoic acid.

0 hours

48 hours

72 hours

Figure 4.2 Differentiation of E14 ES cells with retinoic acid
E14 mES cells cultured in the presence of LIF, -RA with LIF (0 hours) and in
the absence of LIF with 1 µM retinoic acid at 48 and 72 hours after addition
of RA. Cells were examined under a light microscope.

Naïve mESCs, cultured in the presence of LIF, grow in characteristic
colonies and appear mostly spherical (Figure 4.2.). After 48 hours of RA
addition, I no longer observed the formation of large colonies in the cultured
cells and the cells became more elongated. At 72 hours post retinoic acid
addition, this elongated morphology becomes more pronounced. Therefore,
in response to LIF withdrawal and RA addition to the media the mESCs
rapidly differentiate and change morphology.
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4.3 Sonic Hedgehog expression is induced by
retinoic acid-stimulated mESC differentiation
4.3.1 Induction of Shh Expression in mESCS by RA-treatment
To assess the dynamics of the induction of Shh expression in mESCs, cells
were treated with 1 µM RA with samples being taken for qPCR analysis at 24
hour intervals until 72 hours post-addition.

A)

B)

Figure 4.3 Oct4 and Shh Expression over 72 hours of RA-treatment in mESCs
Expression of the pluripotency marker Oct4 (A) and Shh (B) in mESCs
treated with RA at 24 hour intervals over 72 hours. Bar plots show the mean
fold change as calculated using the DLCt method, error bars show standard
deviation from the mean (n=2).

Expression the pluripotency marker Oct4 decreased dramatically after 24
hours of RA-treatment and LIF withdrawal compared to expression in mESCs
cultured without RA and with LIF (Figure 4.3A). Between 24 and 72 hours the
expression of Oct4 steadily decreases. Whereas Shh expression is weakly
induced in mESCs 24 hours after RA-addition and LIF withdrawal, between
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24 and 48 hours a large induction of Shh expression was observed (Figure
4.3B). Between 48 and 72 hours of RA-treatment Shh expression started to
decrease again. These data suggest that while the mESCs start to
differentiate at 24 hours response to LIF withdraw and RA treatment, as
shown by Oct4 expression, the induction of Shh expression happens mainly
between 24 and 48 hours.

4.3.2 Dynamics of Shh expression
To examine how many cells were expressing Shh at a single time, I
performed RNA FISH using probes that hybridise to nascent RNA transcripts
(introns) (designed by Lauren Kane, Hill lab). As a control, I used probes
designed to hybridise to intron 1 of Lmbr1 which is located in the Shh TAD
(designed by Katy Graham, Hill lab). I used Lmbr1 as a control as it is
expressed broadly and the expression of Lmbr1 was not expected to change
because of RA-treatment of the mESCs. The RNA FISH signal was expected
to appear as 1 or 2 foci in the nucleus, indicating expression from either 1 or
2 alleles.
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Figure 4.4 RNA FISH Analysis Untreated and RA-differentiated mESCs
Representative images of A) Control mESC (-RA) and B) RA-differentiated
mESCs RNA FISH for Shh (white) and Lmbr1 (red). C) Percentage of cells
expressing Lmbr1 and Shh in untreated mESCs (n=58) and ESCs cultured in
RA (n=78).

As expected, I observed Lmbr1 expression in approximately 45% of mESCs
cultured in the presence or absence of RA (Figure 4.4). Expression of Lmbr1
was seen from one or two chromosomes in a single mESC cultured with or
without retinoic acid, whereas Shh expression was observed in 15% of cells
after 48hrs of RA treatment compared with 2% of cells in the absence of RA.
The expression of Shh was observed mainly from one allele, with 8% of all
alleles exhibiting transcriptional bursting in the RA treated mESCs. As this
analysis was only carried out for one biological replicate, I could not perform
statistical analysis.

The frequency of Shh expression was lower than observations of Shh
expression in vivo in neural tissue where 49% of all alleles were shown to be
expressing Shh (Benabdallah et al., 2019). However, the result is consistent
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with a previous study in a limb bud derived cell line (Peluso et al., 2017).
RNA FISH data from our lab also shows around 50% of cells express Shh in
the gut and limb tissue (Katy Graham, Hill group).

4.4 Retinoic acid-induced differentiation of mESCs
causes developmental gene expression
4.4.1 RNA-seq quality control and sample correlation
In order to identify which developmental trajectory the mESCs follow during
retinoic acid treatment, I aimed to analyse the lineage-specific induction of
gene expression in the RA-treatment mESCs. In collaboration with Silvia
Peluso (Hill group) I performed RNA-seq to establish global changes in gene
expression caused by RA. I cultured mESCs in media containing 1 µM RA for
48 hours, as controls cells were cultured for 48 hours in normal culture media
containing LIF. Samples were collected for three biological replications for
each condition. Silvia Peluso performed RNA extraction and prepared RNAseq libraries for each sample.
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Figure 4.5 RNA-Seq quality control
A) Principle component analysis showing untreated mESC samples (pink)
and mESC + RA samples (blue), B) Sample correlation analysis for each
sample, samples cluster into two groups, minus retinoic acid (green) and
plus retinoic acid (orange). Figures made by Silvia Peluso.

For comparisons to be made between the two culture conditions, biological
replicate correlation analysis was performed, to ensure that replicates
resemble each other closely. To inspect sample correlation, Silvia Peluso
performed principle component analysis (PCA). PCA revealed that the
biological replicates for the control mESCs and RA-differentiated mESCs
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displayed high correlation and similarity to the samples originating from the
same culture conditions (Figure 4.5A and B)). Therefore, the majority of
variance between control mESCs and RA-differentiated mESCs is caused by
removal of LIF and RA-treatment of the cells. The RA-differentiated mESC
replicates were more similar than the control mESC replicates, suggesting
there is slight heterogeneity in the naïve mESCs. This may be due to varying
levels of pluripotency in the mESC culture, which has been previously
reported for cells maintained in serum and LIF (Toyooka et al., 2008). The
analysis revealed that 88% of variance between the two mESC groups is due
to the addition of RA and removal of LIF from the media.

4.4.1.1 Pre-Processing Analysis

Integrated differential expression and pathway (iDep) analysis was carried
out by Silvia Peluso (Ge et al., 2018). A bar plot of the read counts per RNA
sequencing library revealed little variation in library sizes between samples
(Figure 4.6A). The distribution of regularised log (rlog) transformed
expression levels also revealed little variation between samples (Figure 4.6B
and C). A scatterplot of one replicate from each of the treatment groups
shows almost linear correlation of transformed expression levels as was
expected (Figure 4.6D).
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A)

B)

C)

D)
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Figure 4.6 Pre-processing RNA-seq Analysis
RNA-seq library analysis showing A) number of read counts in millions for
each sample, B) Density plot of rlog transformed expression levels for each
sample, C) Distribution of rlog transformed expression levels, D)
Transformed expression levels of mESC – RA replicate vs mESC + RA
replicate. Figures made by Silvia Peluso.

4.4.2 Genome-wide differential expression analysis
Once quality control and pre-processing analysis confirmed the high quality
and similarity replicated for each group of samples, gene expression
changes in RA-differentiated mESCs could be addressed. In the mESCs
treated with RA for 48 hours a large number of genes were found to be
differentially expressed.
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Figure 4.7 Genome wide differential gene expression in RA-differentiated
mESCs
A) Graph showing the number of up and down regulated genes expressed in
RA-differentiated mESCs compared to naïve mESCs. B) Volcano plot
showing differential gene expression as log2 fold change vs -log10 p value for
each gene. Genes of interest are highlighted. Figures made by Silvia Peluso.

A volcano plot from the differentially expressed gene data was plotted, to
visualise the expression strength and significance of differentially expressed
genes. The volcano plot shows the Log2 fold change of gene expression over
log10 p value for genes differentially expressed in the RA-differentiated
mESCs compared to naïve mESCs (Figure 4.7).

Among the significantly upregulated genes in RA-differentiated mESCs was
Hoxa1, a known RA-responsive gene. At 48 hrs of RA-treatment, in the RA
treated mESCs the only retinoic acid receptor which had significantly higher
expression in the RA-treated mESCs compared to untreated mESCs was
Rarb (RARb) which has a RARE located in its promoter (de The et al., 1990)
(Figure 4.7 and Table 4.1). Furthermore, Rarg (RARg) expression was
significantly downregulated in the RA-differentiated mESCs compared to
untreated mESCs. Expression of Rara (RARa) was unchanged in response
to RA treatment. Shh was among the top upregulated genes in the RAdifferentiated mESCs after 48 hours of RA treatment.

Gene

Log2 Fold Change

P value

Rara

0.35

0.19

Rarb

8.42

1.08E-70

Rarg

-1.97

1.27E-26

Table 4.1 Differential expression of retinoic acid receptors in RA-differentiated
mESCs compared to untreated mESCs.

As expected, among the top genes which were downregulated in the RAdifferentiated mESCs compared to naïve mESCs were genes involved in the
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maintenance of pluripotency such as Oct4 (Pou5f1), Fgf4 (Figure 4.7). In
Table 4.2 I present the log2 fold change and p-value of commonly used
pluripotency markers including Nanog, Oct4, Sox2, Essrb, Tcl1 and Fgf4.
These marker genes all show highly significant downregulation in the
differentiated cells, confirming RA is a strong inducer of mESC differentiation
after just 48 hours of treatment.

Gene

Log2 Fold Change

p value

Nanog

-4.72

1.92E-185

Oct4 (Pou5f1)

-5.40

6.3E-218

Sox2

-2.87

2.2E-47

Esrrb

-5.45

2.32E-229

Tcl1

-7.23

8.31E-131

Fgf4

-5.981

3.02E-102

Table 4.2 RA-induced differentiation is associated with a loss of pluripotency.
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4.4.3 RA-induced differentiation stimulates loss of
pluripotency and cellular differentiation
4.4.3.1 Analysis of gene expression programmes through RA-induced
differentiation of mESCs

To assess which biological processes were increasing or decreasing through
RA-induced differentiation of mESCs, Silvia Peluso performed gene ontology
(GO) and pathway enrichment analysis using iDEP. As many GO terms are
related to expression changes in the same genes and are thus related, the
GO terms were arranged in a clustering tree based on the percentage of
overlapping genes for different GO terms. This hierarchal clustering analysis
revealed three clusters of GO terms which describe the processes
differentially regulated in the RA-treated mESCs compared to naïve mESCs.
Cluster A corresponds to related GO terms for processes which are
significantly downregulated in the RA-differentiated mESCs compared to
naïve mESCs. This cluster includes 695 genes which are significantly
downregulated in the differentiated cells compared to undifferentiated cells
(Figure 4.8).

The GO terms in this cluster relate to the response to cytokine stimulus/LIF,
decreasing RNA synthesis and protein translation. As LIF was removed from
the mESC prior to cellular differentiation, a reduced response to cytokine
signalling and LIF was expected. Another related tree of GO terms in cluster
A encompass processes associated with decreased RNA and protein
synthesis. mESCs grown in serum grow more quickly than mESCs grown in
serum-free conditions in resemblance of post-implantation epiblast cells
(Kolodziejczyk et al., 2015). Therefore, mESCs are rapidly proliferating and
exhibit hyperactive transcription and high levels of ribosome biosynthesis and
protein translation to support pluripotency (Percharde et al., 2017). During
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differentiation it is possible that this rapid self-renewal no longer needs to be
sustained, therefore a downregulation of RNA and protein synthesis is
observed.
Heatmap of differentiation gene expression
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Figure 4.8 Comparative pathway enrichment and cluster analysis
A heatmap showing differential gene expression and associated GO term
analysis. The GO terms are linked by percentage of overlapping genes.
Cluster A relates to genes which are upregulated in the naïve mESCs
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compared to RA-treated mESCs. Cluster B and Cluster C relate to genes
upregulated in the RA-treatment of mESCs compared to naïve mESCs.

Enrichment analysis of significantly upregulated GO processes in RAdifferentiated mESCs revealed two clusters of processes. Cluster B is related
to GO processes corresponding to cellular differentiation and developmental
processes, tissue development and organ morphogenesis. This cluster is
associated with 990 genes which are upregulated in the RA-treated mESCs.
The first branches of this tree relate to cellular locomotion and adhesion. In
line with this, the RA-differentiated cells no longer grow in the colonies and
morphologically change in appearance over the differentiation time course.

A third cluster of GO processes, cluster C is associated with 315 genes
which are highly upregulated during RA-induced differentiation of mESCs.
These processes are involved specifically in embryonic developmental
processes and embryonic organogenesis. The GO processes in cluster C are
highly significant, especially those that relate to tube development and
animal organ morphogenesis. These gene expression changes relate to
general developmental processes, suggesting that the RA-differentiated cells
are not programmed to generate a specific lineage of cells; or that the cell
type is too early in embryonic development to display organ-specific gene
expression programmes.

Overall, this analysis suggests that the removal of LIF and addition of RA to
the mESC culture media for 48 hours triggers co-ordinated transcriptional
changes. These changes relate to developmentally relevant gene expression
programmes involved in organogenesis and embryonic development.
Therefore RA-induced differentiation of mESCs can be used as a model to
study the early steps underlying embryonic developmental programmes
involved in tissue and organ development.
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4.4.3.2 RA-induced differentiation of mESCs stimulates germ layer
associated gene expression

To further address which cellular differentiation programmes are activated in
response to mESC differentiation by retinoic acid, I was interested in the
induction of germ layer marker gene expression. As mESCs are pluripotent,
they can be differentiated to acquire fates of any of the three germ cell
layers, ectoderm (Ying et al., 2003), mesoderm (Torres et al., 2012) and
endoderm (Borowiak et al., 2009). Interestingly, in these protocols RA is
used in the differentiation of mESCs to mesoderm and endoderm cells;
however, RA has also been used in protocols to enhance ectodermal
differentiation of mESCs (Engberg et al., 2010).

Silvia Peluso segregated genes associated with the extraembryonic
trophectoderm along with the three germ layers, expression changes in these
groups of genes were plotted in a heatmap for each replicate of untreated
mESCs and RA-treated mESCs (Figure 4.9). This analysis revealed that
expression of mesoderm and endoderm associated marker genes are highly
upregulated in the RA-differentiated mESCs compared to the naïve mESCs,
whereas expression of trophectoderm and endoderm markers is largely
consistent between the naïve and RA-treated mESCs.

In summary, here I show that removal of LIF and treatment of E14 mESCs
with 1 µM retinoic acid stimulates transcriptional changes associated with
endoderm and mesoderm germ layer cells. Now that lineage specific gene
expression programmes had been determined, I next aimed to investigate
how Shh expression is activated in these differentiating stem cells.
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Figure 4.9 Heatmap showing comparative expression of lineage specific
genes
A heatmap showing the expression levels of trophectoderm, mesoderm,
ectoderm and mixed genes in each replicate for untreated mESCs (-RA) and
RA-differentiated genes by RNA-seq. Figure made by Silvia Peluso.
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4.5 Identification of putative enhancers driving Shh
expression in mESC retinoic acid differentiation
4.5.1 Preparation of mESCs for ATAC-seq
ATAC-seq is widely used to identify regions of accessible chromatin, which
are depleted of nucleosomes often due to transcription factor binding, such
as promoters and enhancers (Buenrostro et al., 2013). As the enhancer
responsible for driving Shh expression in mESCs treated with RA was
unknown, I sought to use ATAC-seq to identify putative enhancers, which
change in accessibility upon RA-induced differentiation of mESCs.
I cultured mESCs in media containing 1 µM RA for 48 or 72 hours, in the
absence of LIF. As controls, I cultured mESCs, over 72 hrs, in normal
culture media containing LIF. I collected 30,000 cells for three biological
replicates for the control and 48 hour timepoints and two biological replicates
for the 72 hour timepoint. From the remaining cells, RNA was extracted for
qPCR analysis to verify the induction of Shh expression and cellular
differentiation of the cell populations that were to be used for the ATAC-seq
experiment (Chapter 4.5.1.1). The DNA from these cells was treated with
Tn5 transposase, which simultaneously fragments accessible chromatin and
‘tags’ the resulting DNA ends with sequencing adapters. The resulting DNA
libraries were subjected to double size selection to remove DNA fragments
that were less than 150 bp in length and more than 1000 bp in length which
would hinder sequencing reactions. The quality of the libraries was analysed
by Bioanalyser assay.

The samples had the expected distribution of fragment sizes for ATAC-seq,
with mono-, di- and trisomal fragments seen in each library (Figure 4.10).
Overall, the ATAC libraries were of sufficient quality and quantity to be
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sequenced, therefore the DNA was sent for sequencing on a HighSeq 4000

mESC + RA
72 hrs

mESC + RA
48 hrs

mESC - RA
control

platform.

Figure 4.10 Library preparation of transposed DNA samples for ATAC-seq
DNA profiles for samples sent for ATAC-seq analysis of, 1-3 mESCs cultured
in the presence of LIF, 4-6 mESCs cultured in the presence of RA and
without LIF for 48 hours, 7-8 mESCs cultured in the presence of RA and
without LIF for 72 hours. Peaks are shown for mon-, di- and trisomal
fragments.

4.5.1.1 Verification of cell differentiation and Shh expression

To verify the differentiation of mESCs used for ATAC-seq, when cells were
pelleted for ATAC library preparation, an aliquot of cells was reserved for
RNA extraction. This RNA was used in a cDNA synthesis reaction and
subsequent qPCR analysis. To check for mESC differentiation in the RAtreated samples expression of the pluripotency gene Oct4 was analysed.
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Figure 4.11 qPCR of samples used in ATAC-seq
qPCR analysis of Oct4 and Shh expression of mESCs to be used in ATACseq. Gene expression was analysed at 0, 48 and 72 hours of retinoic acid
treatment. Gene expression was normalised to Gapdh expression and data is
presented as fold change, as calculated using the DDCt method.

As expected, I observed a decrease in the expression of the pluripotency
marker, Oct4 by 48 hrs (Figure 4.11). A further slight reduction of Oct4
expression could be observed at 72 hours of retinoic acid treatment,
consistent with the mESCs further differentiating between 48 and 72 hours
(Figure 4.2). Contrastingly, Shh expression increased dramatically between 0
and 48 hours of mESC differentiation, with an average fold change of 809.
Between 48 and 72 hours, Shh expression decreased again, as expected
from previous experiments.

These results confirm that the samples used for ATAC-sequencing were as
expected, with mESC differentiation being observed and an induction of Shh
expression which peaked at 48 hours in response to LIF removal and
addition of RA to the culture media.
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4.5.2 ATAC-sequencing identifies putative enhancer regions
driving Shh expression in response to retinoic acid
Silvia Peluso performed narrow and broad peak calling analysis on merged
ATAC-seq samples using model- based analysis of ChIP-seq (MACS2)
(https://macs3-project.github.io/MACS/). MACS2 identifies true protein-DNA
binding sites by taking advantage of the bimodal enrichment of read density
on the positive and negative strand. MACS2 builds a model by scanning the
dataset for highly significantly enriched regions to identify 1000 high quality
peaks. The distance ‘d’ between positive and negative strand peaks is
measured. In the peak detection phase, MACS2 extends the reads in the 3’
direction by the value obtained by the modelling. Candidate peaks are
identified by scanning the genome using a window size equal to twice the
fragment length, identified by the modelling. MACS1 then calculates a pvalue for each of these peaks based on a Poisson distribution. Overlapping
significant peaks are merged and extended by ‘d’ bases, resulting in a
summit which is predicted to be the precise binding location.

4.5.2.1 ATAC-sequencing profile across the Shh regulatory landscape

Firstly, I examined the ATAC-sequencing profiles of the merged replicates for
the mESC samples cultured in the presence or absence of retinoic acid
(Figure 4.12). Looking across the entire Shh regulatory locus revealed a
largely similar pattern of accessible chromatin in the mESCs and the cells
differentiated over 48 or 72 hours with RA. The most prominent ATAC signal
was observed at the promoter of Lmbr1, which is expressed widely in
different cell types. The gene body of Shh is largely accessible in both the
non-expressing and expressing cells, however, I observed an increase in
Shh promoter accessibility at 48hrs RA treatment compared to 72hrs RA
treatment and the mESC control cells. In line with the induction of Shh
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expression in the RA-treated mESCs, chromatin accessibility at promoters
has been shown to correlate with increased gene expression (Starks et al.,
2019).

It is difficult to distinguish if SBE1 and SFPE2 are accessible, as these
enhancers are located within the Shh gene body which is accessible in nonexpressing and expressing cells. Through the gene desert most of the known
Shh enhancers have low accessibility in the mESCs cultured in the presence
or absence of RA, apart from SBE7, which has moderate accessibility both in
the Shh expressing and non-expressing cells. As no change in accessibility
of SBE7 was observed upon treatment with RA, it is unlikely to be the
enhancer responsible for activating Shh expression in this system.
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Figure 4.12 Chromatin accessibility across Shh regulatory region.
Genome browser view of Shh regulatory landscape (mm9 chr5: 28,745,50029,738,500) showing the location of known Shh enhancers (top, pink) and
genes (black/ navy blue). Tracks show, ATAC-seq profile from mESCs
(green), mESCs cultured in the presence of 1µM RA for 48 hrs (light blue) or
72 hours (dark blue), mammalian conservation scores (from UCSC),
ENCODE CTCF ChIP in ES cells and annotated CTCF sites (red).
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Figure 4.13 ATAC-seq peaks corresponding to known and putative enhancers
at the Shh locus
(A-C) Genome browser views of ATAC-seq signal within the Shh regulatory
region from A) PE1 (chr5: 29,268,700- 29,277,150) B) Upstream MRCS1
(chr5: 29,407,900-29,414,800) and C) MACS1 (chr5: 29,534,40029,543,800) showing the location of known Shh enhancers (top, pink) and
genes (black/ navy blue). Tracks show, ATAC-seq profile from mESCs
(green), mESCs cultured in the presence of 1µM RA for 48 hrs (light blue) or
72 hours (dark blue), mammalian conservation scores (from UCSC),
ENCODE CTCF-ChIP performed in naïve mESCs(bottom track).

161

I scanned the Shh regulatory region to identify changes in chromatin
accessibility unique to the mESCs cultured in the presence of RA and
absence of LIF. I also used the mammalian conservation track, to identify
regions which are highly conserved, but may not have previously been
identified as Shh enhancers.

Firstly, I found two novel peaks of chromatin accessibility approximately 40
kb away from the neural enhancer SBE7 (black arrows, Figure 4.13A). These
peaks are completely absent in the mESCs cultured in LIF and is strongest in
the 48 hour RA-differentiated cells, which express Shh at the highest level.
The signal is also present, to a lesser extent in the mESCs cultured with RA
for 72 hours. This region is not recognised as a Shh enhancer, however one
of the regions correlating to the ATAC-seq signal is highly conserved in
vertebrate species from human to reptiles (Figure 4.14). I will refer to this
region as putative enhancer 1 (PE1). The other peak of increased chromatin
accessibility has low conservation, I will refer to this region as PE2.

mESC-RA
mESC+RA
48hrs
Mammalian
Conservation

Figure 4.14 Mammalian conservation PE1 region
Genome browser view of mm9 chr5:29,262,100- 29,271,600 on UCSC.
Tracks show: ATAC seq signal for untreated mESCs (green), mESCs + RA
48 hrs (blue), mammalian conservation scores (dark blue/red) and individual
species conservation tracks (dark green) from UCSC.
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I observed another strong peak of chromatin accessibility, present in the RAdifferentiated samples but not in untreated mESCs, in the region upstream of
the endodermal enhancer MRCS1 (black arrows, Figure 4.13B). While this
peak is strong, it does not correlate with a region of high mammalian
conservation, however it could be a species-specific enhancer. It could
alternatively correspond to the binding site for a protein which helps stabilise
the Shh TAD structure in a permissive conformation for Shh expression.

The only peak of increased chromatin accessibility I observed in a known
Shh enhancer, was a peak in the endodermal enhancer MACS1 (black
arrows, Figure 4.13C). The increase in accessibility of MACS1 is only
present in the RA-treated cells, the signal is highest when Shh expression
peaks at 48 hours of RA-treatment. There is also a significant peak of
chromatin accessibility over MACS1 at 72 hours of RA-treatment. MACS1
has low accessibility in naïve cells, suggesting that the increase in chromatin
accessibility is unique to the RA-differentiated mESCs.

4.5.2.2 ATAC-seq profiles of known retinoic acid responsive elements

Changes in chromatin accessibility across the Shh locus seemed to result
from RA-treatment of mESCs. I decided to look at the chromatin accessibility
profiles of known RA-responsive genes to see if changes in accessibility also
occur at regulatory sequences of these genes. The expression of the early
homeobox (Hox) genes, from the Hoxa and HoxB clusters are known to be
induced by RA both in vivo and in vitro (LaRosa and Gudas, 1988; Simeone
et al., 1990; Bel-Vialar et al., 2002). Several functional RAREs have been
identified adjacent to Hox genes including Hoxa1 (Langston and Gudas,
1992), Hoxb1 (Langston et al., 1997), Hoxa4 (Packer et al., 1998), Hoxb4
(Gould et al., 1998) and Hoxb5 (Sharpe et al., 1998).
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A previously identified RARE located approximately 4.5 kb 3’ of the Hoxa1, is
crucial for the induction of Hoxa1 expression in response to RA in F9 and
F19 teratocarcinoma cells (Langston and Gudas, 1992). This enhancer,
called RAIDR5 had increased chromatin accessibility at 48 and 72 hours RAtreatment compared to in untreated mESCs where it has low chromatin
accessibility (black arrow, Figure 4.15A). Another site of increased chromatin
accessibility in the RA-treated samples was found around 2 kb away from the
end of Hoxa1 (black arrow, Figure 4.15A). This site is a binding site for the
transcription factor Nanog, located near another RARE (De Kumar et al.,
2017).

The regions surrounding the Hoxa1 and Hoxa4 promoters also exhibit a large
increase in chromatin accessibility with RA-treatment, however this
accessibility is not spread through the entire gene body as I observed with
Shh.
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Figure 4.15 ATAC-seq profile of known and putative enhancers at the Hoxa
and Hoxb loci
(A-C) Genome browser views of ATAC-seq signal within A) 5’ Hoxa region,
(mm9)chr5: 52,070,000-52,145,000 B) 3’ Hoxa region chr5: 52,140,00052,185,000 C) 3’ Hoxb region chr11: 96,140,00-96,290,000. Tracks show,
ATAC-seq profile from mESCs (green), mESCs cultured in the presence of
1µM RA for 48 hrs (light blue) or 72 hours (dark blue), mammalian
conservation scores (from UCSC) and mESC CTCF-ChIP (ENCODE). Black
arrows indicate known enhancers, orange asterixis indicate putative or
shadow enhancers.
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For Hoxa2 the entire gene body and region upstream of the promoter gains
chromatin accessibility at 48 hrs of RA-treatment, the ATAC signal lowers at
72 hrs (Figure 4.15A). This is likely due to the enhancer elements being
located in the Hoxa2 gene body (Tümpel et al., 2008). There are several
regions within the Hoxa3 gene body and between Hoxa7 and Hoxa9 which
increase in chromatin accessibility following 48 hrs of RA -treatment, these
regions are putative enhancers (orange asterix, Figure 4.15B). The
promoters of the 5’ Hoxa genes Hoxa9 and Hoxa10 increase in accessibility
to a lesser extent than the 3’ Hox genes upon RA-treatment of the mESCs.
This was expected as the Hoxa genes are expressed in a colinear manner in
response to retinoic acid, with the 3’ Hoxa genes induced more rapidly than
the 5’ Hoxa genes (Langston and Gudas, 1994).

The Hoxb genes are similarly induced by retinoic acid. There are several
RAREs which have been identified in the region surrounding Hoxb1
including; a DR2-type RARE located approximately 1.5kb 3’ of the Hoxb1
coding region which mediates neuronal expression (Marshall et al., 1994), a
DR5-type RARE located approximately 6.5 kb 3’ Hox1b which drives
endoderm expression (Langston et al., 1997) and a 5’ RARE approximately
1kb upstream of the Hoxb1 promoter which also drives neuronal expression
of Hoxb1 (Studer et al., 1994). I observed the most dramatic increase in
chromatin accessibility at the endoderm associated 3’ DR5-type enhancer
(RAIDR5) (Figure 4.15C), consistent with previous findings (Langston et al.,
1997). There is also no notable change in accessibility of the 5’ enhancer in
mESCs responding to RA-treatment (Figure 4.15C). Several further shadow
enhancers have been identified in the region 3’ of Hoxb1, I also observed
peaks of increased chromatin accessibility with RA-treatment in this region,
which could correspond to these shadow enhancers (orange asterix, Figure
4.15C).
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I also find ATAC-signal induced by RA-treatment of the mESCs at many of
the promoters of the Hoxb genes, including Hoxb1, Hoxb2, Hoxb4, Hoxb5
and Hoxb6. There are also peaks of increased chromatin accessibility after
48 hrs of RA-induced differentiation in the region between Hoxb3 and Hoxb5
where functional RAREs have been mapped (Gould et al., 1998; Sharpe et
al., 1998; Oosterveen et al., 2003) (black arrows, Figure 4.15C).

4.5.3 Preparation of samples for CUT&RUN
As ATAC-seq only identified regions with changes chromatin accessibility, I
wanted to use a more specific technique to analyse changes in chromatin
marks which are commonly enriched at enhancers. CUT&RUN is a recently
developed alternative to ChIP-seq, with the advantages of using a lower
number of cells and lower background than traditional ChIP. To understand
which regulatory element was becoming activated during the activation of
Shh expression in mESCs treated with RA, I decided to examine changes in
histone marks associated with enhancer activation. Enhancers are enriched
with H3K4me1 (Ong and Corces, 2011), which marks poised enhancers and
H3K27ac (Rada-Iglesias et al., 2011) which marks active enhancers. In
collaboration with Silvia Peluso (Hill group) we performed CUT&Run for
H3K4me1 and H3K27ac on mESCs cultured with LIF and without RA
(mESC) or mESCs cultured without LIF and with RA for 48 hrs. We decided
to focus on the 48 hr timepoint as the ATAC-seq data revealed that peaks of
chromatin accessibility at the Shh locus are highest at this timepoint.
I cultured mESCs in media containing either LIF or 1 µM RA for 48 hrs, for 3
biological replicates for each condition. Cells used for H3K27ac CUT&RUN
were from the same flask as the cells used for RNA-seq. Cells used for
H3K4me1 were from an independent experiment, qPCR analysis for Oct4
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and Shh expression was performed on these cells to validate the
differentiation and induction of Shh expression in the RA-treated cells.

4.5.3.1 Relating changes in chromatin accessibility with histone
regulation at the Shh regulatory locus

I aimed to determine which putative enhancer region, identified by ATACseq, is responsible for activating Shh expression. To achieve this, I
compared the regions of increased chromatin accessibility in the RAdifferentiated mESCs to H3K4me1 and H3K27ac CUT&RUN signal.
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Figure 4.16 H3K4me1 and H3K27ac CUT&RUN at putative Shh enhancers
(A-C) Genome browser views of ATAC-seq and CUT&RUN tracks within the
Shh regulatory region from A) PE1 (chr5: 29,268,700- 29,277),150 B)
Upstream MRCS1 (chr5: 29,407,900-29,414,800) and C) MACS1 (chr5:
29,534,400-29,543,800) showing the location of known Shh enhancers (top,
pink) and genes (black/ navy blue). Tracks show, ATAC-seq, H3K4me1 and
H3K27ac profiles from mESCs (green) or mESCs cultured in the presence of
1µM RA for 48 hrs (light blue) mammalian conservation scores (from UCSC)
and ENCODE CTCF ChIP performed in naïve mESCs (from UCSC, bottom
track).
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At the novel peak of chromatin accessibility, I found by ATAC-seq, called
PE1, there is a slight increase in H3K4me1 and H3K27ac in the RAdifferentiated cells compared to in the untreated mESCs (Figure 4.16A).
However, the model-based analysis of ChIP-seq peak calling analysis did not
identify this as a “called peak”, therefore it is not statistically significant. This
could indicate that the region is only modified with these active histone marks
in a subset of the cell population analysed and thus the significance is lost
using a population-based approach.

The model-based analysis of ChIP-Seq peak calling methodology initially
identifies a set of high-confidence peaks which have a 20-100 fold
enrichment in reads. These highconfidence peaks are then used to model
the average

A second significant increase in chromatin accessibility was observed 5 kb
downstream of the PE1 peak, this region called PE2 is less conserved than
PE1. Interestingly, a statistically significant peak from the CUT&RUN
datasets was called at PE1 region for both H3K4me1 and H3K27ac in the
RA-treated mESCs which is absent in naïve mESCs. Confusingly, the ATACseq signal in this region in response to RA was lower than the PE1 peak.

At the region upstream of MRCS1 which increases in chromatin accessibility
in the RA-treated mESCs an increase in H3K4m1 and H3K27ac is also seen
(Figure 4.16B). However, as with PE1 this was not called as a peak by the
peak calling analysis. The most dramatic peak of H3K27ac and H3K4me1
found in the RA-differentiated mESCs at the Shh regulatory locus is seen at
the Shh endodermal enhancer MACS1 (Figure 4.16C, black arrows). These
chromatin modifications are absent from the DNA of naive mESCs and
overlap with the region of increased chromatin accessibility which I identified
by ATAC-seq. Interestingly, there is peak approximately 1.7 kb away from
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MACS1 which dramatically increases in H3K4me1 and H3K27ac in the RAtreated cells (Figure 4.16C, black asterix).

Thus, MACS1 and PE2 are the only regions at the Shh regulatory region,
which acquire active chromatin modifications and significantly increase in
chromatin accessibility in response to RA treatment of mESCs. Due to the
significantly higher peaks seen at MACS1 compared to PE2 in their datasets,
it is likely that MACS1 becomes activated in a large portion of the mESC
population treated with RA. As there are less dramatic changes in chromatin
state and modifications at PE1 and PE2, it is possible that these regions are
only active in a subpopulation of the RA-treated mESCs analysed. This is
plausible, considering the heterogenic cell populations suggested by the
RNA-seq data.

4.5.3.2 Analysis of histone modifications and chromatin accessibility at
known retinoic acid responsive genes

To examine the correlation between active histone modifications and RAresponsive genes I decided to compare the CUT&RUN signal at the Hoxa
and Hoxb clusters to the ATAC-seq signal. At the Hoxa1 RAIDR5 and Nanog
binding sites (Figure 4.15A), there is an increase of H3K4me1 and H3K27ac
in the RA-treated mESCs at 48 hrs as expected (Figure 4.17A). At the
putative enhancer I located in Hoxa3 there is an increase in H3K27ac but not
H3K4me1 (Figure 4.17A). In the region between Hoxa4 and Hoxa7, I
previously identified two putative RA-responsive enhancers which lie in intron
2 of Hoxa3. These regions indeed correlate to RAR/RXR binding sites, which
act in an antagonistic manner with CTCF to regulate co-linear expression of
Hox genes (Figure 4.17B) (Oh et al., 2018). A third site, RE3, is bound by
CTCF in the untreated mESCs and hence the chromatin appears open by
ATAC-seq in both naïve and RA-treated mESCs. However, upon treatment
with RA H3K27ac at RE3 increases dramatically, probably due to
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displacement of CTCF through competition with RAR/RXR heterodimers.
CTCF overexpression was found to prevent activation of these RAresponsive elements, due to the regions remaining bound by CTCF.
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Figure 4.17 CUT&RUN analysis of enhancers at the Hoxa and Hoxb loci
(A-C) Genome browser views of ATAC-seq and CUT&RUN tracks within the
A) 5’ Hoxa locus B) 3’ Hoxa locus C) Hoxb locus showing the location of
known genes (black/ navy blue). Tracks show, ATAC-seq, H3K4me1 and
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H3K27ac profiles from mESCs (green) or mESCs cultured in the presence of
1µM RA for 48 hrs (light blue) mammalian conservation scores (from UCSC)
and ENCODE CTCF ChIP performed in naïve mESCs (from UCSC, bottom
track).

At the Hoxb locus I observed H3K4me1 and H3K27ac in the RAdifferentiated mESCS at the DR5 endoderm RARE and to a lesser extent at
the neural DR2 RARE adjacent to Hoxb1 (Figure 5.17C) (Marshall et al.,
1994; Langston et al., 1997). The neural RARE is marked with H3K4me1 and
H3K27ac in the uninduced mESCs (Studer et al., 1994), however the
presence of these histone marks increases in the RA-treated mESCs (Figure
5.17C). The presence of these active enhancer marks at multiple lineage
specific enhancers suggests heterogeneity in the RA-differentiated mESC
population, with different cells perhaps expressing Hoxb1 directed by
different RAREs. Further 3’ of Hoxb1 is an array of shadow enhancers
responsible for directing expression in the cardiac mesoderm and endoderm.
In this region I observed several ATAC-seq peaks marked with H3K4me1
and H3K27ac (Figure 4.17C). Interestingly, two of these peaks correspond to
CTCF-binding sites, a similar method of competition between CTCF and
RAR/RXR heterodimers to the mechanism observed at the Hoxa locus could
play a role in regulating the expression of Hoxb genes. These putative
shadow enhancers are marked with H3K4me1 in the untreated mESCs,
however H3K27ac is absent thus the enhancers are poised in naïve mESCs.
The priming of these enhancers in naïve mESCs may underlie the fast
induction of Hox gene expression in response to RA-treatment. At the Hoxb3
and Hoxb4 enhancers I similarly observed increased H3K4me1 and
H3K27ac marks in the RA-treated mESCs. However, the Hoxb4 enhancer
also corresponds to a CTCF bound site, which is marked with these
chromatin modifications in the naïve mESCs.
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4.5.4 Motif analysis in RA-differentiated mESCs
To understand the transcriptional regulatory processes that are occurring in
the RA-differentiated mESCs compared with the naïve mESCs I decided to
investigate the motifs enriched in the accessible and active regions of
chromatin of RA treated mESCs. Silvia Peluso first investigated common and
unique peaks in the ATAC-seq, H3K4me1 and H3K27ac CUT&RUN. A Venn
diagram showing the common and unique peaks in H3K4me1 and ATAC-seq
datasets is shown in Figure 4.18. Subsequent motif analysis was performed
on the peaks found uniquely in the RA-treated mESCs that were common
among ATAC-seq, H3K4me1 and H3K27ac CUT&RUN datasets for the cells
cultured in this condition.
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Figure 4.18 Venn diagram of common and unique ATAC-seq and H3K4me1
peaks
Venn diagram showing the number of unique and common peaks from
ATAC-seq and H3K4me1 data for naïve mESCs (ctr) and RA-differentiated
mESCs (48h RA). Figure made by Silvia Peluso.

4.5.4.1 Genome-wide motif analysis

Genes activated in response to RA-treatment of cells follow two mechanisms
of activation. There are the genes which are directly activated by RAR-RXR
heterodimers and are thus rapidly induced upon RA-treatment of cells, which
include developmentally relevant TFs (Mendoza-Parra et al., 2011).
Secondly, these developmentally relevant TFs activate a second wave of
cell-type specifying factors, which are expressed at later timepoints after RAaddition. To further understand the regulatory processes occurring
downstream of RA-treatment in this mESC differentiation system I was
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interested in which TF motifs are enriched in the RA-differentiated mESCs
after 48 hrs. Silvia Peluso performed HOMER analysis
(http://homer.ucsd.edu/homer/) (Heinz et al., 2010) to search for TF binding
motifs in the peaks common to ATAC-seq, H3K4me1 and H3K27ac
CUT&RUN for RA-differentiated mESCs.

Among the top hits were members of the TEA domain (TEAD) family of TFs,
including TEAD, TEAD4 and TEAD2. The TEAD TFs are part of the Hippo
signalling pathway, a kinase cascade which controls cell proliferation,
differentiation and survival (Figure 4.19) (Mo et al., 2014). In P19 embryonic
carcinoma cells TEAD2 was shown to act upstream of Pax3 induction in
response to RA-treatment (Milewski et al., 2004). It is worth noting that the
TEAD family bind to the same core motif; therefore, HOMER may not have
been able to differentiate which protein is bound. The RNA-seq data shows
Tead3 and Tead2 significantly upregulated in the RA-differentiated mESCs,
whereas Tead1 expression is not significantly induced and Tead4 expression
is weakly upregulated.
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Figure 4.19 Transcription factor binding motifs in RA-differentiated mESCs
Top 10 transcription factor binding motifs found in the unique ATAC-seq,
CUT&RUN peaks after 48 hours of RA-induced differentiation of mESCs.
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Among the most common accessible binding motifs found in the RAdifferentiated cells, many are for known RA-induced TFs. Pancreatic and
duodenal homeobox 1 (Pdx1) is a transcription factor involved in pancreatic
development and b cell maturation, the expression of which is directly
induced by RA receptor RARb (Pérez et al., 2013). The binding motifs for
known RA-responsive genes Hoxb4 and Hoxa2 are also enriched in the RAdifferentiated mESCs. Fra-1, a member of the Fos family, has also been
identified as a direct RA-responsive gene (Kaiser et al., 1999). Basic leucine
zipper transcription factor, ATF-like (BATF) binding motifs are also highly
enriched in response to RA, while this TF has not been identified as a direct
RA-responsive gene, T cell knockouts of this gene fail to become activated
and differentiate in response to RA (Wang et al., 2013). Another highly
enriched binding motif found in the RA-treated cells, activating transcription
factor 3 (Atf3) is induced by RA-treatment of mouse F9 embryonal carcinoma
cells (Futaki et al., 2004).

Activating protein 1 (AP-1) is a dimeric TF consisting of members of the Jun,
Fos, ATF and MAF families of proteins. AP-1 has been shown to co-occupy
binding sites with TEAD4 leading to transcriptional activation of targets
(Zanconato et al., 2015). Activating transcription factor 3 (Atf3) binds to the
AP-1 family, and depending on its binding partner can exhibit activating or
repressive functions on target promoters (Hsu et al., 1992). Interestingly, the
RA receptors were not among the highest bound TFs, however their binding
was previously shown to decrease at 48 hrs compared to earlier timepoints in
RA-induced F9 cell differentiation (Mendoza-Parra et al., 2011).
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4.5.4.2 Motif analysis at Shh locus reveals putative transcription
factors involved in Shh activation

I was interested in determining which transcription factors were responsible
for binding to the Shh enhancer regions which become activated in the RAdifferentiated mESCs. Using comparative genomics, I aimed to identify
putative TF binding sites in MACS1. I used Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) to align the DNA sequences of
MACS1 (Sagai et al., 2009) from mouse, human, chick and xenopus. I then
searched for putative TF binding sites in regions of high conservation using
CisBP (http://cisbp.ccbr.utoronto.ca/). Alongside this, I also used rVista to
analyse the mouse and human MACS1 sequences to identify further TF
binding sites and confirm the findings of the CisBP analysis.
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Figure 4.20 Putative transcription factor binding sites in MACS1
Multiple species sequence alignment of MACS1 from human (hg19_dna
range=chr7:156459384-156460049, mouse (mm9 chr5:2953863129539277), chick (galGal3_dna range=chr2:8370257-8370909) and xenopus
(xenTro9_dna range=chr6:9535614-9536245) showing conserved
transcription factor binding sites.
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MACS1 has two stretches of high sequence conservation in mouse and
human, block-p which is essential for gut expression and block-m which is
essential for larynx and lung expression (Sagai et al., 2017). I identified
several transcription factor binding sites within MACS1 including the
previously described forkhead, retinoic acid receptor, Etv5 and Nkx2.1
binding sites (Figure 4.20) (Sagai et al., 2017; Rankin et al., 2021; Herriges
et al., 2015). It should be noted that Shh is not immediately expressed upon
RA-treatment, therefore other TFs may act with the RARs in MACS1.
Furthermore, Etv5 which is important in modulating Shh expression in the
developing lung is highly down-regulated in the RA-treated mESCs
compared to naïve mESCs, suggesting that it is not involved in activation of
MACS1 here.

I identified a novel putative TF binding site for Tcf 7-like 2 (Tcf7l2). This is
particularly interesting as RA has been shown to stimulate Wnt-Tcf-Lef
signalling pathways in the mESC response to RA. (Wang et al., 2019; Liu et
al., 2002). This signalling plays an important role in modulating the
mesoderm/endoderm fate of RA-differentiated mESCs. MACS1 also contains
several putative binding sites for homeodomain family TFs across block-p
and block-m. At one of these sites, rVista analysis identified a binding site for
Hoxa3, which is upregulated in response to RA. Interestingly rVista analysis
identified a binding site for YY1 in the m-block of MACS1, though this site is
weakly conserved between mouse and chick. YY1 has been proposed to
play a role in mediating communication between long-range enhancers and
promoters, by binding to active cis-regulatory elements and forming
homodimers which bring the enhancer and promoter in close physical
proximity (Weintraub et al., 2017). I also identified putative TF binding sites
for a TEA family TF and AP-1 in block-m of MACS1, the binding motifs for
these TFs were identified in the genome wide analysis as being highly
accessible in the RA-treated mESCs.
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4.6 Discussion
In this chapter I have presented analysis of the induction of Shh expression
in mESCs by removing LIF and treating the cells with 1 µM retinoic acid.
While RA treatment in the presence of LIF results in a downregulation of the
self-renewal promoting protein Stat3 in mESCs, it does not completely block
the LIF-stimulated activation of Stat3 (Tighe and Gudas, 2004). Furthermore,
LIF removal preferentially stimulates differentiation towards mesoderm and
endoderm lineages in RA-induced mESC differentiation (Tagliaferri et al.,
2016). Therefore, I decided to remove LIF from the media at the same time
as retinoic acid addition.

I used RNA-FISH to quantify the dynamics of Shh expression in single
mESCs in response to LIF removal and RA addition. I then used RNA-seq to
study global differential gene expression in the RA-differentiated mESCs
compared to naive mESCs. I showed that the resulting RA-differentiated cells
had upregulated expression of endoderm and mesoderm lineage markers. I
next used ATAC-seq, H3K4me1 and H3K27ac CUT&RUN to identify putative
enhancers which may be responsible for RA-mediated induction of Shh
expression in mESCs. A conservation-based analysis of MACS1sequences
from human to Xenopus revealed novel putative TF binding sites in MACS1
which may mediate the activation of this enhancer in response to RA
treatment.

4.6.1 RA-treatment of mESCs stimulates differentiation into
cells expressing endoderm and mesoderm markers
Retinoic acid-induced differentiation has been extensively performed on
mESCs. However, due to a lack of specific growth factors to guide
differentiation down a particular pathway, the resulting cell population is likely
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heterogeneous. Single cell RNA sequencing (scRNA-seq) of E14 ES cells,
differentiated with 0.25 µM RA in neurobasal medium over 96 hours, indeed
found heterogeneity in the differentiated cell population (Semrau et al.,
2017). Analysis revealed two distinct cell populations, one ectoderm-type
and one extraembryonic endoderm-like. The authors noted the ability of
mESCs to differentiate into the extraembryonic endoderm-like cells, was lost
when E14s were cultured in the presence of serum and LIF prior to addition
of retinoic acid. Previous studies in which differentiation to extraembryonic
endoderm-like cells was observed, did not use such serum free conditions
(Chen and Gudas.,1996) but a 4-fold higher concentration of RA was used.

These confounding reports made it difficult to predict what germ layer
differentiation programmes mESCs will adopt or traverse differentiate down
in the presence of RA. This could be explained by differences in culture
media used prior to differentiation, such as serum concentration or the use of
2i versus serum/LIF, which have been shown to subtly affect the pluripotency
state of mESCs (Ghimire et al., 2018). Genetic variation in mESCs derived
from different cell lines has also been shown affect pluripotency state (Skelly
et al., 2019). Additionally, there is a large variety of RA concentrations used
in these differentiation studies, lower concentrations have been suggested to
result in epithelial and fibroblast-like cells while higher concentrations result
in fibroblasts or parietal endoderm (Faherty et al., 2005). These variations
make if difficult to compare gene expression changes from one RA-induced
mESC differentiation study to another.

Here I show by RNA-seq that the gene expression profile changes
dramatically in the RA conditions used and that lineage specifying
transcription factors are induced by RA-treatment of mESCs over 48 hrs.
Over this period, there is also a significant loss of expression of pluripotency
marker genes. As expected, RA-treatment induced the expression of known
RA-responsive genes such as Hoxa1 (Dupe et al., 1997) and Rarb (Clagett-
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Dame et al., 1993). GO analysis revealed 3 clusters of processes that were
associated with the RA-induced differentiation of mESCs.

Heatmap analysis further confirmed the heterogenous identity of the cells
following 48 hours of RA treatment, as both mesoderm and endoderm
lineage markers were expressed in the differentiated cells. The expression of
both mesoderm and endoderm marker genes in RA-differentiated mESCs
could result from two possibilities; that the cell population is a heterogenous
mixture of endoderm and mesoderm-like cells, or that the resulting cells
resemble the primitive streak (mesendoderm). To distinguish between these
possibilities, immunofluorescence for known mesoderm or endoderm
markers should be used. If the cells were of mesendoderm identity it would
be expected that mesoderm and endoderm marker expression could be seen
in the same cell. Whereas, in the case of a heterogenous cell population,
expression of the different lineage markers would be seen in distinct cells or
groups of cells.

I speculate that the RA-treated mESCs are a mixture of mesoderm and
endoderm-like cells rather than resembling cells of the primitive streak. The
bulk RNA-seq data reveals that the RA-treated cells do not significantly
express markers of mesendoderm, including goosecoid (gsc), brachyury (T)
or E-cadherin (Ecd) compared to mESCs (Tada et al., 2005).

4.6.2 RA-treatment of mESCs induces Shh expression
through an endodermal enhancer programme
I sought to determine which enhancer was responsible for activating Shh
expression during mESC differentiation stimulated by removal of LIF and
addition of 1 µM RA. I performed ATAC-seq to compare the chromatin
accessibility profile of RA-differentiated mESCs at 48 and 72 hours to that of
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naive mESCs. This analysis revealed several regions of increased chromatin
accessibility in the differentiated cells. To further examine which of these
regions was truly being activated, I investigated changes in the histone
modifications H3K4me1 and H3K27ac, which are marks of poised and active
enhancers, respectively.

This analysis revealed that the endodermal enhancer for Shh, MACS1 is the
most likely region responsible for activating Shh expression. The enhancer
has low levels of accessibility in naïve mESCs and increases dramatically in
chromatin accessibility upon RA-induced differentiation of the cells. MACS1
also gains hallmark chromatin modifications of an active enhancer H3K4me1
and H3K27ac in this RA-induced mESC differentiation system. A lacZreporter mouse has previously been used to characterise MACS1 activity
during embryonic development. MACS1 drives Shh expression in the mouse
from E9.0 through to E12.5 through the epithelia of the gut, laryngotracheal
tube and lung, tissues which are derived from the primitive gut endoderm
(Sagai et al., 2009). It should be noted that the authors did not mention
whether they investigated MACS1 activity earlier than E9.0.

Another non-conserved enhancer, SLGE, which is solely found in the mouse
appears to also regulate Shh expression in the development of endodermderived tissues (Tsukiji et al., 2014). MACS1 homozygous knockout mice are
viable until shortly after birth when they die of respiratory defects. Analysis of
this MACS1 knockout mouse line revealed that MACS1 is the sole enhancer
responsible for driving Shh expression in the larynx (Sagai et al., 2017).
However, MACS1 has also been identified as an active Shh enhancer in the
cardiac mesoderm (Rankin et al., 2021) and the lung (Herriges et al., 2015),
suggesting that MACS1 knockout does not phenotypically affect all the
organs which MACS1 is active in. This is likely due to compensation from
another enhancer, possibly MACS1 or the novel enhancers I identified here.
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PE1 was also identified by Sagai et al.(2019) in a screen for putative
enhancers using ENCODE ChIP-seq data for E14.5 mouse embryonic brain
tissue. The authors developed a lacZ reporter mouse line for PE1 (called e4),
interestingly at E10.5 PE1 activity is observed in the epithelial linings of the
upper stomach, lung and oesophagus. Thus, activity of this enhancer may
overlap MACS1 activity, or the two enhancers work in parallel in adjacent
tissues. While SLGE is also active in these tissues in mice I saw no evidence
that SLGE became activated in the response of mESC to RA treatment here.

Homozygous knockout of PE1 resulted in viable mice with no outward signs
of morphological defects (Sagai et al., 2019). It is, however, possible that the
activity of MACS1 or SLGE could compensate for loss of PE1 activity in this
knockout. Despite the increase of chromatin accessibility at PE1 in RAdifferentiated mESCs, there was a slight but non-significant increase in
H3K4me1 and H3K27ac. At a region approximately 5 kb away from the PE1
peak an ATAC signal was found, called PE2, which gains significant peaks of
H3K4me1 and H3K27ac as analysed by model based analysis of ChIP-seq,
but this region has a lower ATAC signal than PE1.

It is possible that the different enhancers I identified here are activating Shh
expression in different cells in response to RA-treatment, with MACS1 being
the enhancer which is most active across the cell population. One of the
limitations of this population-based chromatin analysis, is that cell typespecific differences in gene regulation cannot be uncovered. Technologies
using single cell sequencing would be useful here to dissect changes in
chromatin states at a single cell level. It would also be interesting to perform
chromatin conformation capture to analyse interactions between the Shh
promoter and the enhancers which I identified here. This would allow the
identification of the enhancer which is being utilised to drive Shh expression
at a population level.
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While activation of MACS1 through RAR/RXR binding has been proposed
(Rankin et al., 2021), the RAREs identified in MACS1 are not in a permissive
arrangement for direct activation. Binding of nuclear receptors is dependent
on direct repeats of the core binding sequence 5’-RGKTCA-3’ termed a half
site (Claessens and Gewirth, 2004). Half sites can have a variable spacer
length between 0- 5 bp, depending on the nuclear receptor (Cotnoir-White et
al., 2011; Weikum et al., 2018). As the half sites located in MACS1 are
approximately 600 bp away from each other, binding of a RAR/RXR
heterodimer seems implausible. RARs function as obligate heterodimers with
RXRs, RA-binding induces structural changes which alter the transcriptional
activity of the heterodimer (Petkovich and Kitainda, 2021; Martino and Welch,
2019). It should be noted however that RXR can form heterodimers with
other members of the nuclear receptor family and that a minority of this
family, including HNF4a, can activate transcription as monomers (Glass,
1994; Rastinejad et al., 2013).

Using a comparative genomics approach, I identified putative TFs which may
bind to MACS1, mediating the activation of Shh in response to RA. These
include a novel putative binding site for Hoxb3, a known RA-induced gene,
which plays an important role in early endoderm development (Chojnowski et
al., 2016). There were several other putative binding sites for other members
of the homeodomain TF family which I identified in MACS1. Also identified
were two putative GATA family binding sites, which act as pioneer factors in
endoderm development. Of significance here, GATA4 and GATA6 are
important endodermal regulators whose expression is regulated by RA
(Fisher et al., 2017; Meng et al., 2018; Arceci et al., 1993). The TFs which I
identified here are candidates, which may activate MACS1, and hence Shh
expression, in endodermal and/or mesodermal progenitor cells derived from
mESCs.
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Chapter 5
Live cell DNA imaging of
sonic hedgehog cisregulatory elements
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5 Live cell DNA imaging of sonic hedgehog
cis-regulatory elements
5.1 Introduction
A longstanding question in the field of enhancer biology has been how
enhancers communicate with their cognate promoter. Of particular interest is
how distal enhancers, which can be located hundreds of thousands to
millions of base pairs away from their target promoter, can activate
transcription (Sanyal et al., 2012; Schoenfelder et al., 2015; Lettice et al.,
2003). Most of the studies performed to understand this process have been
conducted in fixed cells, thus we still do not understand the dynamics of this
process. Advances in live cell chromatin imaging techniques have provided
us with new tools to analyse the dynamics of specific DNA loci in living cells.
However, these techniques remain challenging, thus analysis of enhancer
and promoter movement during gene activation remains relatively unstudied.

An early study postulated a role for increased chromatin mobility in
transcriptional activation. When the viral transactivator protein VP16 was
tethered to a transgene array in mammalian cells, a directional movement of
the locus away from the nuclear periphery was observed (Chuang et al.,
2006). Consistently, in yeast targeting of VP16 to telomeres also drove loci
away from the nuclear periphery and targeting of VP16 to the middle of a
chromosomal arm increased local chromatin dynamics (Neumann et al.,
2012). The same authors contrastingly found that targeting of another
transcriptional activator, Gal4, to the same locus did not increase chromatin
dynamics despite transcriptional activation of the genes.
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Similarly in mammalian cells, when studying endogenous enhancer-promoter
mediated transcriptional activation, conflicting observations have been made.
In live Drosophila embryos, enhancer driven gene activation was associated
with decreased chromatin dynamics (Chen et al., 2018). In agreement ,
imaging of the Nanog gene in mESCs revealed reduced motion of the
transcribed gene (Ochiai et al., 2015). Similarly, hormone-induced
transcription of the Cyclin D1 gene rapidly confines the motion of the gene
promoter. Conversely, in mESCs, increased chromatin dynamics were
observed upon activation of Fgf5 transcription (Gu et al., 2018).

These observations have relied on fluorescently labelling specific
chromosome loci, measuring their displacement over time, and calculating
their mean-square displacement (MSD) (Meister et al., 2010). The MSD
curve represents the 3D space a given locus explored in the nucleus, at a
sampling rate Dt, and its shape reveals the nature of diffusion of the locus.
When a particle freely diffuses or moves completely randomly, it has a linear
MSD curve and its motion is described as “Brownian”. In living cells,
however, DNA movement is often restricted due to obstacles in the crowded
nucleus or some tethering force, motion is therefore slower than classic
Brownian and is thus described as subdiffusive (Barkai et al., 2012).
The scaling exponent a is extracted from the slope of the MSD curve. When
a = 1, it reflects Brownian motion, at a >1 the trajectory of movement is
normally smoother and motion is described as superdiffusive (Figure 5.1).
Superdiffusion suggests an active process is pulling the tracked particle in a
particular direction. At a <1 the motion is described as anomalous
subdiffusive. For anomalous subdiffusion, the locus is not traditionally
confined, therefore the locus can explore different nuclear space over long
time periods and thus reach further away targets. When a chromosome locus
only explores a confined space inside the nucleus, the motion is described as
confined subdiffusion (Marshall et al., 1997). Therefore, as a approaches 0,
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the locus explores the same nuclear environment over a long time whereas a
larger a indicates the locus is frequently able to explore new environments
(Miné-Hattab et al., 2017). Generally, for chromatin loci a was expected to be
in the region of 0.3-0.5 (Amitai et al., 2017). However, this depends on the
polymer modelling of chromatin dynamics used (Zhang and Dudko, 2016).

Figure 5.1 Different types of particle diffusion derived from mean-square
displacement analysis
Mean-squared displacement analysis results in a linear graph when plotted in
log-log scale, the slope a. The scaling exponent a describes the type of
diffusion, normal diffusion vs anomalous diffusion.

I sought to use the live cell DNA imaging system (established in Chapter 4)
to follow the movement of the Shh promoter and its active enhancer regions
(described in Chapter 4) in expressing and non-expressing mESCs. Tracking
the movement of these loci in live cells would allow me to determine the MSD
for each locus investigated. I aimed to quantify any changes in the mobility of
the transcriptionally active cis-regulatory elements compared to their inactive
state. Identifying changes in the motion of enhancers and promoters, upon
transcriptional activation will provide insight into the mechanisms of gene
regulation in living cells.
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5.2 Investigating changes in chromatin conformation
upon MACS1 activation of Shh expression in
fixed cells
Initially I was interested in investigating changes in chromatin conformation,
mediated by changes in chromatin dynamics, which occur upon RA-induced
expression of Shh in fixed cells. The chromatin conformation of the
interaction between MACS1, which lies over 750 kb away, and Shh has not
previously been investigated (Figure 1.8). DNA FISH at the Shh locus has
suggested that chromatin dynamics play an important role in mediating
induction of Shh expression. The neural enhancer, SBE6 moves away from
the Shh coding region in actively expressing tissue (Benabdallah et al.,
2019). Contrastingly, the most distal Shh enhancer discovered to date, the
ZRS colocalises with the Shh coding region specifically in Shh expressing
tissue (Williamson et al., 2016). The ZRS and Shh also loop out of the
chromosome territory in some Shh expressing limb cells, suggesting a large
increase in chromatin dynamics upon activation of Shh expression (Amano et
al., 2009).

In mESCs the Shh locus is held in a compact conformation, with average
distances between Shh and ZRS just 400 nm (Williamson et al., 2019). This
is presumably due to compaction of chromatin due to repressive
modifications, including H3K27me3 and polycomb, being deposited at Shh in
mESCs (Boyle et al., 2020). To investigate changes in the distance between
Shh and MACS1 (Rnf32) I performed DNA FISH on naïve and RA-treated
mESCs.
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Figure 5.2 Rnf32 (MACS1)-Shh DNA FISH in Shh expressing and nonexpressing mESCs.
(A-D) Representative images of Rnf32 and Shh DNA FISH performed on
mESCs cultured in (A&B)+ LIF -RA and (C&D) -LIF +RA. E) Violin plot of
interprobe distances between Shh and Rnf32 in mESCs cultured with or
without RA (n=~100) (F&G) Histogram showing distribution of interprobe
distances in the nuclei of F) -RA and G) +RA mESCs.
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I found an average interprobe distance between Rnf32 (MACS1) and Shh of
426 nm in naïve mESCs, in the RA-treated mESCs this average distance
decreased slightly to 408 nm, however this decrease was not found to be
significant by Mann-Whitney U test (Figure 5.2). I decided to examine the
distribution of the data, as the RA-treated mESC population is
heterogeneous and only 15% of the cells express Shh after 48 hours of RAtreatment (Chapter 5), different chromatin conformations could be
established in different cells. I inspected the distribution of interprobe
distances found in each culture condition by plotting a violin plot and a
histogram. The violin plot revealed that in the RA-differentiated cells, there is
a subpopulation with increased distance between Rnf32 (MACS1) and Shh,
but overall, the interprobe distance between Rnf32 and Shh decreases in the
RA-treated cells. The histogram confirmed there is an increase in the number
of cells with an interprobe distance of 400-600 nm, corresponding to
approximately 10% of the cells analysed (n= ~100). Additionally, there is an
increase in the percentage of cells with an interprobe distance of less than
200 nm by approximately 5%.

5.3 Labelling regions across the Shh locus using a
CRISPR-based imaging system
ATAC-seq combined with CUT&RUN allowed the identification of putative
enhancers, which are responsible for activating Shh expression in the
induction of mESC differentiation by RA treatment. The endodermal
enhancer, MACS1, was found to be a likely candidate for activating Shh
expression in this system. As described in Chapter 4 the enhancer increases
in chromatin accessibility and gains the marks of an active enhancer
H3K4me1 and H3K27ac in the RA-differentiated mESCs (Figure 5.3.A).
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I was also interested in two novel regions PE1/PE2, which also increase in
chromatin accessibility in the Shh expressing cells: however, the signal was
lower than MACS1 ATAC signal (Chapter 4.5.2.1). As these regions lie 5 kb
away from each other I designed sgRNAs covering the region between the
two ATAC-seq peaks. To track changes in their mobility during transcriptional
activation, I designed 6 sgRNAs, spanning a 1kb region, located at least 500
bp away from the cis-regulatory elements, defined by their known coordinates (Sagai et al., 2009) or signal of increased chromatin accessibility
found by ATAC-seq (Figure 5.3.B). As a control within the Shh regulatory
locus, I decided to target SLGE (Tsukiji et al., 2014), a Shh enhancer which
does not significantly change chromatin state in response to RA, and thus is
not activated (Figure 5.3.C).

Once sgRNAs had been designed, I cloned these sgRNA sequences into a
single plasmid, made lentivirus containing this plasmid and transduced the
mESC dCas9-SunTag-mNeonGreen stable cell line (lacking sgRNAs)
with this lentivirus, as done previously for the Shh promoter labelling
(Chapter 4). FACs sorting of these cells, for the mCherry reporter contained
within the sgRNA plasmid, allowed the isolation of a population of cells
containing the sgRNA expression construct.
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Figure 5.3 sgRNAs targeting Shh enhancer regions
sgRNAs targeting regions downstream of known or putative Shh enhancers
as shown in genome browser. UCSC tracks show the sgRNA sequences
(green), known genes (blue) known enhancers (pink) for A) MACS1, B) PE1,
C) SLGE
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5.3.1.1 Labelling other genes which display RA-mediated changes of
transcriptional status in mESCs

Examining changes in loci dynamics at other genes which change in
transcriptional status upon RA-treatment of mESCs is a further important
control. I chose a gene which is upregulated and a gene that is down
regulated during 48hrs of RA treatment of mESCs, to compare dynamics of
the promoters of these regions with the dynamics observed at the Shh locus.
Sox17 expression is highly upregulated in the RA-differentiated mESCs after
48 hours, whereas the expression of undifferentiated embryonic cell
transcription factor1 (Utf1) is downregulated. I designed sgRNAs targeting
the promoters of these genes and using my imaging optimised STAgR
cloning method constructed a plasmid for expression of these sgRNAs
(Figure 5.4.A).

It should be noted that the analysed ATAC-seq data was not available when I
designed the Sox17 sgRNAs. Upon inspection I realised that the sgRNAs
covered a region correlating to ATAC signal, therefore the sgRNAs would
need to be redesigned to cover the region just outside of this ATAC signal
(Figure 5.4.B). The flexibility of STAgR cloning allows such changes to be
made in just a few days.
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Figure 5.4 Control region sgRNAs
(A-B) Genome browser views of ATAC-seq signal within the Shh regulatory
region from A) Utf1 (mm9 chr7:147,127,400-147,135,200) B) Sox17 (mm9
chr1:4,471,750-4,502,775). Tracks show, ATAC-seq profile from mESCs
(green), mESCs cultured in the presence of 1µM RA for 48 hrs (light blue),
mammalian conservation scores (from UCSC, bottom track), region covered
by sgRNAs is marked in dark green.
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5.4 Tracking chromatin dynamics at the Shh locus in
response to gene activation
5.4.1 Investigating the effect of dCas9 binding on induction
of Shh expression
Prior to tracking the Shh promoter in living cells I needed to validate the
induction of Shh expression by RA-treatment in the dCas9-Shh promoter
imaging cell line. To this end, I extracted RNA from the dCas9-Shh promoter
cells cultured with RA and without RA. As a control I compared the induction
of Shh expression to that in mESCs lacking any of the imaging system
components.

Figure 5.5 Induction of Oct4 and Shh expression in dCas9-SunTag-Shh
promoter labelled cells treated with RA
Graphs showing induction of A) Oct4 and B) Shh expression in mESCs
cultured and dCas9-SunTag-Shh promoter labelled cells in the presence or
absence of RA. Bars show mean (n=2).
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I investigated changes in the expression of the pluripotency gene Oct4 to
validate the differentiation of the cells upon RA-treatment. As expected the
mESCs and Shh promoter imaging cell line showed a dramatic decrease in
Oct4 expression during RA-treatment for 48 hours (Figure 5.5A), confirming
the differentiation of the cells. Next, I examined the ability of the Shh
promoter imaging cell line to induce Shh expression. I found in the dCas9SunTag Shh promoter line Shh expression by 484-fold (+ 6.5) by RA
treatment, compared by a fold change of 702 (+ 94) in ESCs lacking the
imaging components (Figure 5.5.B). As these numbers are similar, the
binding of 6 dCas9-SunTag-mNeonGreen complexes in the region proximal
to the Shh promoter is unlikely to interfere with the RA-induced expression of
Shh in mESCs.

5.4.2 Tracking Shh promoter dynamics across different
transcriptional states
As a preliminary study to optimise imaging and data analysis I decided to
track the movements of the Shh promoter in non-expressing naïve mESCs
and expressing RA-differentiated mESCs after 48 hrs of RA treatment. I
seeded the Shh promoter live cell imaging mESCs onto coverslips and
cultured cells in the presence or absence of RA for 48 hrs prior to the live cell
imaging experiment. On the day of the experiment, I induced mNeonGreen
expression with doxycycline (500ng/mL) for 3 hours before imaging. Prior to
imaging I changed the culture media to a phenol-red free live cell imaging
media and removed the doxycycline to prevent over-expression of
mNeonGreen, which would decrease the signal-to-noise.

I performed live cell imaging of the dCas9-mNeonGreen Shh promoter spots,
acquiring data for 90 seconds for each nucleus with one or two visible
dCas9-mNeonGreen spots. To reduce photobleaching and increase the time-
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resolution of the captured data, I decided not to capture a z-stack of the
nucleus, instead capturing just one z position. Therefore, data was captured
achieving a time resolution of 8.5 frames/sec (0.12 sec).
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Figure 5.6 Live cell imaging of Shh promoter in different transcriptional states
Representative images of the dCas9-mNeonGreen labelled Shh promoter
locus in naïve mESCs or RA-differentiated mESCs for 6 different nuclei. The
recorded trajectory of the Shh promoter locus movement over 90 seconds
(770 frames). Scale bars = 2 µM.

Initially I visually inspected the distance the Shh promoter moved over 90
seconds in the mESCs cultured in the presence of absence of RA (Figure
5.6.). It was apparent that the Shh promoter explores a confined nuclear
space over the 90 seconds, in both the RA-treated and nontreated mESCs.
Additionally, the confinement of the locus and the movement itself appeared
to be highly heterogenous in different nuclei for tracks in the same
transcriptional state. In the transcriptionally silent, mESCs, the Shh promoter
seems to explore a small radius; however, in some cells the locus seems to
explore a larger nuclear area. The same response was found for the mESCs
induced with RA.

It was also noted that some nuclear drifting and distortion occurs over the
duration of the acquisition for a minority of the imaged nuclei. This was likely
due to the drift of the cells rather than focus drifting of the microscope as it
was not an issue in all the captured acquisitions for different cells. Images
with visible cell drift were excluded from further analysis.

5.4.2.1 Live cell imaging of Shh promoter reveals transcription-induced
confinement

To characterise this movement quantitatively, I collaborated with Mattia
Marenda (Gilbert Lab) to perform MSD analysis on the trajectories of the
tracked loci. The images were deionised by subtraction of gaussian blurs and
the images were cropped around the dCas9-mNeonGreen labelled locus.
Next, the trajectory was tracked and the MSD was obtained using the trackpy
python package (http://soft-matter.github.io/trackpy/v0.5.0/). Trackpy firstly
locates Gaussian-like blobs of an approximate size in the image, only peaks
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of a given brightness are taken forwards for further analysis. Tracking is
performed at sub-pixel accuracy by least squares fitting to Gaussians.

Average MSD curves for cells cultured in the same conditions for each
experiment were constructed, and the MSD for each fitted curve was
calculated in the first 10 seconds using the equation: !"# = %& ! , using the fit
function in gnuplot (http://gnuplot.sourceforge.net/docs_4.2/node82.html).

A)

B)

Figure 5.7 MSD analysis of Shh promoter in RA-treated and nontreated cells
Graphs showing A) Averaged MSD curves for the movement of the Shh
promoter in mESCs cultured in the presence or absence of retinoic acid over
10 secs. B) Scaling exponent, a. Tracking was performed for ESC -RA n=78
and ESC + RA n = 36 individual loci.

204

From the MSD curves (Figure 5.7A) the scaling exponent, a, was obtained
from the slope of the curve. The scaling exponent obtained from three
independent imaging experiments can be seen in Figure 5.7B. The average
scaling exponents extracted from the MSD curves, a=0.68 + 0.07 in mESCs
and a=0.62 + 0.15 in RA-treated mESCs, show the anomalous subdiffusive
behaviour of the Shh promoter regardless of transcriptional activity. These
values are in the same order as observations of chromatin dynamics at the
Fgf5 promoter and enhancer (Gu et al., 2018). On average, the dynamics of
the Shh promoter tend to become more confined, as demonstrated by the
reduction in the average a, in Shh expressing cells compared to the nonrepressing cells. However, this reduction in the average a was not found to
be statistically significant.

A further parameter, the diffusion co-efficient (C) can be extracted from the
MSD curve, which is an indicator or how quickly a tracked particle is moving.
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Figure 5.8 Diffusion co-efficient of Shh promoter in expressing and nonexpressing cells
The Diffusion co-efficient (C) in MSD = Cta calculated from average tracks of
the Shh promoter from 4 different experiments in mESCs which do not
express Shh and RA-treated mESCs which express Shh. Tracking was
performed for ESC -RA n=78 and ESC + RA n = 36 individual loci.

The Shh promoter, on average was found to move slower in the RA-treated
mESCs compared to the untreated mESCs. However, this difference was not
found to be statistically significant.

5.4.2.2 Challenges of Live cell DNA imaging – Cell Drift correction

While I was performing the imaging and analysis of chromatin loci in living
cells, I encountered the challenge of cell (focus) drift. As I mentioned,
acquisitions that showed visible cell drift were discarded from further
analysis. However, this led to the removal of potential meaningful data from
my analysis.
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Frame 1

Frame 770

Figure 5.9 Example of cell drifting and distortion during acquisition
Images showing nucleus of cell taken at the first and last frame of a 90
second acquisition. The track shows the cell drift captured by trackmate.
Visible distortion of the nucleus can be seen between the two image.

Due to a mixture of the images being quite noisy and some photobleaching, it
was difficult to correct for this cellular movement over the time of the
acquisition (Figure 5.9). Methods of correction for this type of drifting,
especially for objects with weak fluorescent intensity have been described
but are challenging (Ji and Danuser, 2005).

5.4.3 Tracking MACS1 dynamics in different activation states
After developing a workflow to track the dynamics of the Shh promoter in
expressing and non-expressing cells, I was interested in how the dynamics of
its active enhancer changes in response to RA-induced expression of Shh in
mESCs. I previously identified MACS1 as likely responsible for activating
Shh expression in most cells in response to RA-treatment of mESCs. Using
the same experimental workflow as with the Shh promoter (5.4.1), I tracked
MACS1 in mESCs cultured with or without RA. Initially, I visually inspected
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the distance that MACS1 moved over 90 seconds in the mESCs were treated
and nontreated with RA.

Time
0

90 secs

mESC+RA

mESC-RA

frames

dCas9-mNeonGreen
MACS1
Figure 5.10 Live cell imaging of MACS1 in different transcriptional states
Representative images of the dCas9-mNeonGreen labelled Shh enhancer,
MACS1 in mESCs cultured in the presence of absence of RA for 3 different
nuclei. The recorded trajectory of the MACS1 movement over 90 seconds
(770 frames). Scale bar = 2 µM.

Upon visual inspection the radius explored by MACS1 is constrained (Figure
5.10), resembling that of the Shh promoter, suggesting the same subdiffusive
behaviour. To quantify the diffusive behaviour of the locus in mESCs cultured
in the presence or absence of RA, single particle tracking analysis was
performed as outlined for the Shh promoter (Chapter 5.2.1). This analysis
was performed on only 1 experiment; therefore, the experiment would need
to be repeated at least twice more to account for technical reproducibility.
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5.5 Investigating interactions between cis-regulatory
elements and transcriptional activators
The textbook model of enhancer-mediated gene activation proposes that
enhancers are bound by transcription factors, which in turn recruit other coactivators including the Mediator complex and the basal transcription
machinery (Maston et al., 2006; Malik and Roeder, 2010). Therefore, it is not
only important to determine the dynamics of cis-regulatory elements, but also
the dynamics of their association with transcriptional co-activators in order to
comprehend the control of gene expression. Thus far the role of Mediator in
transcriptional activation has been investigated mainly in the context of
super-enhancers, which are marked with particularly high levels of Mediator
(Hnisz et al., 2013). However, Mediator has been shown to bind to
enhancers genome-wide, suggesting that it plays a role in the activation of
different types of enhancers (Quevedo et al., 2019).

Mediator and RNAPII have been shown to form stable clusters in the nuclei
of naïve mESCs (Cho et al., 2018). These clusters decrease in size and
number over the course of differentiation of mESCs into epliblast-like cells.
Mediator forms large clusters at the Essrb super-enhancer, possibly
providing a scaffold for recruitment of RNAPII. Further, a “dynamic kissing
model” has been proposed, whereby distal super-enhancers bound by
Mediator, transiently interact with their target promoter establishing gene
activation which is independent of enhancer-promoter colocalisation.
Mediator clusters were also shown to exhibit subdiffusive behaviour, with a
scaling exponent (a) similar to the values seen for tracked chromatin loci.

Investigating these mechanisms at genes which are controlled by typical
enhancers, in contrast to super-enhancers is critical for understanding if
these regulatory mechanisms are generally applicable to enhancer driven
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activation of transcription. To this end, I aimed to develop tools to observe
Mediator and active genomic loci using the flexible dCas9-SunTag imaging
system which I established here.

5.5.1 Labelling Mediator with a HaloTag I guess we use the
designation of the commercial product using a
ribonucleoprotein approach
To create a system for tracking Mediator and cis-regulatory elements in living
cells, I aimed to endogenously tag the mediator subunit Med19 with a
HaloTag using CRISPR gene editing. As my live cell DNA imaging mESC
line were already expressing a dCas9 protein, a conventional plasmid-based
CRISPR editing approach was not an option, as the active Cas9 would
compete with dCas9 for sgRNA binding. To overcome this problem, I sought
to use a ribonucleoprotein approach (RNP) method. In this approach, a
recombinant Cas9 protein is delivered to cells in complex with an in-vitro
transcribed sgRNA, forming a RNP. The RNPs are short lived, being cleared
by cells within 24 and 48 hrs (Kim et al., 2014; Cameron et al., 2017),
reducing the chances of off target cleavage and interference with the live cell
CRISPR imaging components. It was shown that co-transfecting a RNP and
a single-stranded repair template enabled epitope-tagging of proteins in a
variety of cell types, including mESCs (Dewari et al., 2018). Therefore, this
method was chosen for CRISPR editing of the mESC live cell DNA imaging
cell line lacking sgRNA expression construct.

Plasmids containing the repair template were gifts from the Cissé lab (Cho et
al., 2018). I generated ssDNA repair template from these plasmids by PCR
amplification and subsequent digestion of either the sense or antisense
strand of DNA.
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Based on the sgRNA designs used by Cho et al., (2018), I constructed a
sgRNA targeting the region 100 bp away from the start codon of Med19. The
sgRNA was used to make a RNP with a recombinant Cas9 protein. The
Med19 RNP and ssDNA repair template were co-transfected into the mESC
imaging line. The cells were FACs sorted in the presence of JF646 Halo
ligand to isolate fluorescent cells. The isolated fluorescent cells were
expanded as clonal cell lines, DNA was extracted for each clone for
genotyping and sequencing to confirm correct and in frame C-terminal
tagging of Med19.

5.5.1.1 Imaging of Halo-tagged RNA polymerase II and Mediator

I examined the Med19-Halo in the clonal mESC live cell DNA imaging cell
line (with sgRNAs) after incubation with JF646 Halo ligand.
Med19-Halo
(JF646)

Med19-Halo
(JF646)

Figure 5.11 Imaging of Med19-Halo tag live cell DNA imaging cell line
Representative images showing nuclear localisation of Med19-Halo tag in
two different clonal cell lines of the CRISPR-edited mESC live cell DNA
imaging cell line. White arrows show clusters of Med19. Scale bars = 10 µM.
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Examination of the Med19-Halo cells revealed the expected localisation of
the fluorescent protein in the nucleus (Figure 5.11). In some nuclei, clusters
of Med19 were visible, in line with observations by Cho et al., (2018), thus
confirming the correct tagging and localisation of endogenous Med19.

5.6 Discussion
5.6.1 Development of important tools for visualising
transcriptional dynamics in living cells
In this chapter I describe the development of tools to track transcriptional
dynamics in living cells. I demonstrate the dCas9-SunTag-mNeonGreen
system is capable of tracking non-repetitive loci in live mESCs, including the
Shh promoter and its enhancer MACS1. This confirms the flexibility of the
optimised live cell DNA tagging system I have developed during my PhD. I
also show that the system provides sufficient signal-to-noise ratio to enable
tracking chromatin dynamics with a resolution of 0.12 s, an improvement to
the CARGO dCas9 method which achieved 0.2 s resolution (Gu et al., 2018).
I also made tools to analyse control regions of DNA, which are either upregulated or down-regulated in response to RA-treatment of mESCs.

Unfortunately, the imaging and computational analysis of the live cell DNA
tracking is low throughput and time intensive. Therefore, I did not get to use
all the tools I made during my PhD. In future, these studies require strong
multidisciplinary collaborations to be made between molecular biologists and
biophysicists. The single particle tracking analysis is computationally
intensive and complex to perform (Lee et al., 2017). As I demonstrated there
are many considerations that need to be made including the problem of
correcting for cell drift, what type of single particle tracking analysis to
perform and what parameters can be extracted from the tracking data. Better
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polymer models which describe chromatin folding and dynamics are vital for
developing a unified single particle tracking tool (Shukron et al., 2019).
Additionally, using a standard tagging technique to image DNA loci in living
cells will allow better comparisons to be made for the dynamics of different
loci in different cells.

5.6.2 Shh and MACS1 do not co-localise upon transcriptional
activation
Unexpectantly, I found no significant increase in Shh and Rnf32 (MACS1)
colocalization in the mESCs treated with RA, which are expressing Shh. This
may have been due to the limitation of the mESC-differentiation system to
study induction of Shh expression, as only 15% of cells were found to be
actively expressing Shh at one time by RNA FISH (Chapter 5.3.2). Though it
is expected that the majority of the RA-treated mESC population have the
capacity to express Shh driven by MACS1 due to the large ATAC, H3K4me1
and H3K27ac signal found from bulk sequencing data (Chapter 5). To
confirm the active DNA conformation for transcriptional activation of Shh by
MACS1, combined RNA-DNA FISH could be performed, using the Shh RNA
probes for nascent transcripts. However, this is beyond the scope of this PhD
project and attempts to combine these two techniques in our lab have so far
been unsuccessful.

Others have shown that another distal intronic enhancer of Shh, the ZRS
shows increased co-localisation with the Shh promoter in expressing limb
tissue (Williamson et al., 2016). Contrastingly, the more proximal neural Shh
enhancer SBE6 activates Shh transcription in the absence of enhancerpromoter co-localisation (Benabdallah et al., 2019). Thus, seemingly different
Shh enhancers rely on different methods of enhancer-promoter
communication. The ZRS seemingly relies on a chromatin looping
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interaction, whereas SBE6 may rely on a phase-separation mediated method
of Shh activation (Chapter 1.1.5). In the case of SBE6, which activates Shh
expression during mESC-differentiation to neural progenitor cells (NPCs),
there is a general chromatin decompaction across the Shh locus
(Benabdallah et al., 2017). Importantly, the interprobe distance between Shh
and ZRS did not change significantly over the course of differentiation. Thus,
it would be interesting to perform DNA FISH for different Shh enhancers in
the RA-treated mESCs compared to untreated mESCs, to see if
decompaction occurs more widely across the Shh locus in response to RA.

Alongside DNA FISH analysis, to assay changes in chromatin topology
across the Shh locus, 4C, 5C or HiC could be performed to investigate
changes in chromatin interaction frequency across the Shh locus in RAtreated mESCs compared to naïve mESCs. The Shh TAD is composed of
two sub-TADs with overlapping boundaries located in the region between
Shh brain enhancers (SBE2/3/7 region) and Rnf32 (Paliou et al., 2019;
Williamson et al., 2019). This structure is invariant among different cell lines
and tissues analysed. It would be particularly interesting to examine changes
within or between the two sub-TADs upon activation of Shh expression by
MACS1, which could be mediated by a gain or loss of CTCF binding. The
deletion of internal CTCF sites from the Shh TAD has been demonstrated to
cause a decrease in enhancer-promoter proximity at the ZRS and SBE2
(Williamson et al., 2019).

The advantage of using a mESC differentiation system to study MACS1 is
that the system can be easily manipulated. To confirm that MACS1 is
responsible for activating Shh expression during RA-treatment, the enhancer
could be deleted by CRISPR editing and the ability of the resulting mESCs to
express Shh could be assayed. If this is substantiated, I would delve further
into MACS1 enhancer activity. For example, I am interested in the role that
YY1 binding has on the ability of MACS1 to activate Shh expression. I
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identified a YY1 binding site in the MACS1 sequences of mice and humans
(Chapter 5.5.4.2), which could be deleted or mutated in mESCs using
CRISPR. If the resultant MACS1 YY1 mutant mESCs lose the ability to
activate Shh expression in response to RA-treatment, it can be inferred that
YY1 plays a crucial role in MACS1-mediated Shh activation.

5.6.3 Live cell imaging of Shh promoter reveals subtle
changes in dynamics upon transcription activation
5.6.3.1 Shh promoter dynamics are subdiffusive

Using a dCas9-SunTag-mNeonGreen imaging system, I investigated
changes in dynamics of the Shh promoter between non-expressing and
expressing cells. I found that in both active and inactive states the Shh
promoter exhibits subdiffusive behaviour. Similar subdiffussive behaviour of
chromatin loci has previously been described at telomeres, centromeres and
for individual gene loci (Bronstein et al., 2009; Gu et al., 2018; Chaudhary et
al., 2020).

Interestingly these previous studies have found vastly different values for the
scaling exponent a, even at the same locus. For example, at telomeres using
a TRF2-mCherry tracking system Bronstein et al. (2009) found a=0.32 over
short time sampling. While, when using a dCas9-SunTag-sfGFP approach,
the subdiffusive behaviour of telomeres was found to be a=0.75 by
Chaudhary et al. (2020). Interestingly, both of these studies found that at
longer timescales a was greater than 1 for telomeres, suggesting that
actively driven motions ultimately control long term movement of chromatin.
The differences in the diffusion constant at shorter timescales may be due to
differences in cell types used. Additionally, the temporal resolution of the
studies differs greatly, with Bronstein et al. (2009) achieving a resolution of
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10 ms and Chaudhary et al. (2020) achieving a time resolution of 6 s. These
differences could contribute to the different values established for a.

5.6.3.2 Shh promoter shows a tendency for transcription activation
confinement

In the RA-treated mESCs, I found a tendencyfor the Shh promoter to be
more confined, as demonstrated by the decrease in the average a in Shh
expressing cells compared to non-expressing cells. Diffussion of the Shh
promoter also tended to be slower in the expressing cells compare to nonexpressing cells. Further imaging and analysis is needed to uncover whether
these observations are truly significant, however this is an interesting
preliminary finding.

Transcription-associated confinement has been described for other genes. In
Drosophila at the even-skipped locus, the size of confinement of the
enhancer-promoter pair is smaller at actively expressing locus than it is in the
inactive locus (Chen et al., 2018). Additionally, in human breast cancer cells,
the hormone induced expression of Cyclin D was found to increase nuclear
confinement of the locus (Germier et al., 2017). Through use of different RNA
polymerase inhibitors, the authors suggest that transcriptional initiation rather
than transcriptional elongation, results in confinement of the locus.

These observations are supported by studies imaging chromatin-associated
protein dynamics in live cells. Using a H2B-HaloTag approach to track
chromatin mobility, treatment of cells with actinomycin D which stalls RNAPlI
leading to its accumulation on DNA, was found to decrease local chromatin
mobility (Nagashima et al., 2019). Further, auxin-induced degradation of
RNAPII increased local chromatin motion, suggesting that active transcription
plays a role in constraining local and global chromatin dynamics.
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In contrast to these findings cis-regulatory elements at the Fgf5 locus, were
found to increase in response to transcriptional activation (Gu et al., 2018).
However, the authors find no significant differences in a values obtained for
the Fgf5 enhancer or promoter in expressing and non-expressing cells,
consistent with my findings. Thus, it seems that the ability of a cis-regulatory
element to explore new areas of the nucleus is not a requirement for
transcriptional activation. However, the authors did find by smRNA FISH that
in cells where the Fgf5 enhancer is free to explore a larger area, the output of
Fgf5 transcripts is higher.

5.6.4 Investigating the role of Mediator in transcriptional
activation

As discussed previously, the role of chromatin dynamics in gene activation
raises some important questions about transcriptional control. One of these
questions is how do transcriptional-coactivator proteins interact with cisregulatory elements to coordinate transcriptional control? To determine the
role that Mediator has in transcriptional activation driven by general
enhancers, I tagged the Mediator subunit Med19 with a HaloTag in my
mESC live cell imaging cell line. This provides an important tool for imaging
transcriptional dynamics and Med19 in living mESCs. Super-resolution live
cell imaging would be needed to fully investigate the interaction between
labelled cis-regulatory elements and Mediator, this was beyond the scope of
my PhD project.

There is a direct interaction between Mediator and RNAPII in yeast (Julie et
al., 2011). Further RNAPII and Mediator clusters co-localise in mouse
embryonic stem cells (Cho et al., 2018). Based on these observations, and
the observed decrease in chromatin mobility in response to RNAPII binding, I
would predict that Mediator binding to loci would also result in confinement of
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DNA movement. This would support the notion that transcriptional
condensates form around enhancers, mediated by liquid-liquid phase
separation, which concentrate cis-regulatory elements, transcriptional coactivators and RNAPII (Hnisz et al., 2017; Guo et al., 2021). This model also
provides an attractive explanation as to why some loci, as seen here,
demonstrate a transcription-associated decrease in chromatin mobility.
Perhaps being recruited to a phase-separated condensate increases the
viscosity of the nucleoplasm due to the high concentration of transcriptional
proteins, which confines dynamics of a locus. Techniques to track and image
transcription-associated proteins, DNA and RNA in living cells will start to
uncover the mechanisms of transcription regulation.
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Chapter 6
Discussion and future work
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6 Discussion and Future work
6.1 New insights into the regulation of Shh
expression
6.1.1 Interplay between Shh and retinoic acid signalling in
endoderm and mesoderm development
Cellular differentiation is a complex multi-step process which orchestrates
early embryonic development. Mouse embryonic stem cells are derived from
the inner cell mass (ICM) of the developing blastocyst (Martin, 1981). During
the process of gastrulation, ICM cells differentiate into the three germ layers
endoderm, ectoderm and mesoderm. RA is synthesised in the mesoderm
and acts in a gradient from the posterior embryo (Niederreither and Dollé,
2008). This gradient provides an instructive signal for organ development
through modulation of complex gene regulatory networks, which result in
cellular differentiation (Duester, 2008). Thus, the in vitro differentiation of
mESCs to these germ layer lineages offers a system to study parameters
influencing early lineage commitment.

During my PhD I have found that culturing mESCs in the absence of LIF and
presence of 1 µM retinoic acid, stimulates mESC differentiation to mesoderm
and endoderm lineages. A recent scRNA-seq study describes the interplay
between SHH signalling and retinoic acid in the developing mouse endoderm
and mesoderm between E8.5 and E9.5 (Han et al., 2020). In this model, RA
from the surrounding splanchnic mesoderm (SM) induces regionally
restricted expression of Shh in the definitive endoderm, which subsequently
signals back to the SM, directing the morphology of the pharynx, gut tube
and liver domains. Interplay between mesoderm generated RA-signalling and
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endoderm produced Shh has also been implicated in lung and cardiac
development (Rankin et al., 2021; Rankin et al., 2016). Thus, the RAinduced mESC differentiation protocol I described here may model, at least
in part, endoderm response to RA signalling from the mesoderm during early
organogenesis. Therefore, the relationship between the activity of putative
enhancers I identified here, and RA-signalling must be further investigated
both in vitro and in vivo. This will provide insights into the exact mechanism
of Shh regulation in response to RA signalling during development.

Figure 6.1 Model of interplay between mesoderm and endoderm derived
morphogens during development
Schematic model of interplay between mesoderm-derived retinoic acid
signalling, mediating activation of Shh expression possibly via MACS1
activity in the endoderm. Subsequently Shh signals back to the mesoderm
stimulating progression of organogenesis and developmental programmes.
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6.2 Differing mechanisms of transcriptional activation
by different types of enhancers
I used a live cell DNA imaging system to study the change in chromatin
dynamics at the Shh promoter which is activated by RA-treatment of mESCs,
through its distal enhancer MACS1. The average scaling exponent, a, for the
Shh promoter in uninduced mESCs was 0.68 compared to 0.62 in RA-treated
mESCs. However, this difference was not found to be statistically significant
using a t-test (p=0.23) due to heterogeneity in chromatin dynamics tracked in
different nuclei. This is in line with DNA FISH data, in which I found no link
between enhancer-promoter contacts and Shh transcription. A limitation of
the live cell imaging data for the Shh promoter was the number of cells I
analysed. Gu et al. (2018) used tracking data from over 100 nuclei to draw
conclusions about the dynamics of the Fgf5 enhancer and promoter in
expressing and non-expressing cells. Despite this the authors found
considerable variability in the scaling exponent between experiments.
However, due to the large number of trajectories the group was able to
identify two populations of diffusion in Fgf5 expressing cells, one fast
population (69% cells) and one slow population (31% cells). Therefore, more
data is needed for the Shh promoter to establish if there are two populations
of different dynamics, as was the case for Fgf5.

Another caveat of this study was that live cell imaging of MACS1 was only
performed for a single experiment, therefore no conclusions could be made
from this. Thus, more live cell imaging data is needed for both Shh promoter
and MACS1 in order to draw conclusions from the data. However, there was
a trend of decreased dynamics observed at the Shh promoter upon
transcriptional activation, though more data is needed to determine if this
trend is significant. This contrasts with observations at the Fgf5 locus, where
the promoter and enhancer showed a transcription-associated increase in
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chromatin dynamics (Gu et al., 2018). The authors proposed a stirring model,
in which the activity of RNA polymerase and ATP-dependent chromatin
remodelers modulate changes in chromatin dynamics. The increase in
dynamics, without changes in the radius of the explored area may increase
the chances of enhancer-promoter contact. In support of this model the ATPbound state of chromatin remodelers was found to increase local chromatin
dynamics (Kim et al., 2021), suggesting that chromatin remodelers contribute
to enhanced diffusivity of cis-regulatory elements during their transcriptional
activation.

Recently polymer modelling, which used experimental data to inform
simulations, of chromatin dynamics at the Pax6 locus have suggested that
transcription-associated changes in chromatin dynamics may differ across a
regulatory locus (Forte et al., 2021). The simulations revealed that the Pax6
locus rapidly “samples” every possible conformation within minutes
regardless of transcriptional activity. Gene activation leads to chromatin
decompaction and hence increased mobility at some regions, whereas due
to bridging or looping interactions mediated by protein binding, other regions
decrease in mobility. These simulations suggest a complex relationship
between chromatin contacts, dynamics and transcriptional activation.

It is possible that different enhancers could have different regulatory
mechanisms or that the genomic context of an enhancer and promoter play a
role in how transcription is activated. Here, I studied changes in chromatin
dynamics at Shh promoter upon transcriptional activation mediated by a
distal enhancer, MACS1, which is located over 700 kb away from the Shh
promoter; whereas, the Fgf5 promoter is regulated by a proximal enhancer
less than 25 kb away from the promoter (Buecker et al., 2014). The notion
that the distance between an enhancer and its target promoter influence the
gene activation mechanisms was recently reported. Using the auxin-inducible
degron method to remove cohesin, Kane et al. (2021) showed that cohesin is
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vital for the action of distal Shh enhancers such as SBE2 and ZRS but is
dispensable for the activity of the more proximal enhancer SBE6 (Kane et al.,
2021). A similar approach could be used to determine whether MACS1
activation of Shh is also reliant on cohesin-mediated mechanisms during the
RA-treatment of mESCs.

Thus, further analysis of MACS1 activation is required for understanding
enhancer-promoter communication. Perhaps the proposed stirring model is
only valid for proximal enhancers, which rely on increased dynamics to
contact the promoter. Distal enhancers, in contrast require cohesin-mediated
loop extrusion resulting in confinement of the dynamics of the enhancer and
promoter upon gene activation.

Live cell imaging of changes in chromatin dynamics during transcriptional
activation at different genes, which are located in various regulatory and
topological environments are vital for understanding different mechanisms of
transcriptional control. For example, live cell tracking of the Shh promoter
driven by different enhancers would enable the analysis and further
comparison of proximal and distal enhancer. mESCs can be differentiated
into neural progenitor cells to study the expression of Shh mediated by SBE6
(Benabdallah et al., 2019). This proximal enhancer appears to have the
ability to activate Shh expression in the absence of enhancer-promoter
colocalization, suggesting that different chromatin dynamics may be
visualised upon tracking of this enhancer. A method of making limb bud
organoids from mESCs has recently been developed (Mori et al., 2019).
These organoids express Shh, presumably driven by the ZRS, although this
would need to be confirmed prior to imaging. The tools I present in this thesis
provide a powerful method of potentially tracking any genomic locus in living
cells. These tools along with those developed in the future will contribute to
the further dissection of different mechanisms of enhancer-promoter
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communication, by investigating changes in cis-regulatory element dynamics
on a case-by-case basis.

6.3 Imaging Transcriptional Dynamics in Real Time
The ultimate goal in live cell imaging of transcription is to create a system
which integrates live cell DNA and RNA imaging technologies, allowing direct
visualisation of promoter-gene interactions at the same time as active
transcriptional bursting (Tunnacliffe and Chubb, 2020). The MS2-based RNA
imaging system has been widely utilised to study the dynamics of
transcriptional bursting in living cells. MS2-based RNA imaging involves
tagging the desired gene to be visualised with multiple MS2 loops which are
usually integrated in the transcripts 5’ or 3’ untranslated region (UTR)
(Bertrand et al., 1998; Grünwald and Singer, 2010; Hoppe and Ashe, 2021).
Expression of the MS2 binding protein MCP fused to a fluorescent protein in
these edited cells allows visualisation of the mRNA transcript as it is being
produced in the nucleus.

In a further study, I would combine the MS2 live cell RNA imaging technique
with the live cell DNA imaging system established here. I have shown that
despite expressing a dCas9 protein, the cells can be genome edited using a
RNP approach, therefore this technique could be used to tag the 5’ or 3’ Shh
UTR with MS2 loops in the dCas9-SunTag-mNeonGreen mESC cell line I
created here. A construct for expression of MCP fused to a protein such as
mCherry, could be transfected into the cell line, allowing direct visualisation
of the MS2-Shh transcript. Using two STAgR arrays it is also likely that it
would be possible to visualise MACS1 and Shh promoter in the same cell
using just the dCas9-SunTag-mNeonGreen system, due to the genomic
distance between the enhancer and promoter. This would create a powerful
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system for monitoring enhancer-promoter proximity and transcriptional
bursting in real time, at single cell resolution.

Analysis at the Sox2 locus in mESCs (Alexander et al., 2018) has taken this
type of an approach. Since Sox2 is endogenously expressed in mESCs, the
investigation did not reveal information about events important for
transcriptional initiation. Sox2 transcription was observed to occur in the
absence of enhancer-promoter contact, however, others have speculated
that an initial proximity of the enhancer and promoter is required to initiate
transcriptional activation (Panigrahi and O’Malley, 2021). Contrastingly, live
cell imaging of the even-skipped gene in Drosophila, argues against a “hit
and run” model suggesting that sustained enhancer-promoter proximity
drives transcription (Chen et al., 2018). In studies disrupting transcriptional
activation through RNAPII or BET protein inhibition, minimal changes in
enhancer-promoter interaction frequency occur, suggesting enhancerpromoter interaction and transcription are separable events (Palstra et al.,
2008; Crump et al., 2021).

Performing live cell imaging of transcriptional bursting and enhancerpromoter dynamics in the presence of different inhibitors of transcriptional
activation complexes is vital to helping piece together the steps of
transcriptional initiation in living cells. This analysis would be particularly
interesting at the Shh locus, where seemingly different mechanisms of
enhancer-promoter communication occur during transcriptional activation by
different enhancers (Williamson et al., 2016; Benabdallah et al., 2019).
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6.4 Tracking single copy genomic loci in live cells:
Perspectives
The work presented here demonstrates the challenges limiting the
widespread application of technologies for tracking non-repetitive loci in living
cells. Here I have presented a stable and versatile system for live cell
imaging of DNA loci using a dCas9-SunTag approach and a multiplex sgRNA
expression system. I have demonstrated this system has the capability to
visualise different non-repetitive loci using just six sgRNAs, representing an
improvement on previous techniques which used higher numbers of sgRNAs
(Gu et al., 2018). While this system improves logistical challenges of
expressing large numbers of sgRNAs inside a single cell simultaneously, the
system could be further improved, taking advantage of new discoveries.

Firstly, there have been long withstanding concerns as to the effects of
placing a large protein complex in close proximity to gene regulatory
elements, on the expression of tagged genes and their dynamics. It was
reported that tethering dCas9 to a genomic locus causes a decrease in
transcription of Muc1 and Muc4 (Chen et al., 2013), however it has since
been shown that the genes are not expressed in the cell type used for these
studies (Athmane et al., 2021). Nonetheless, protein load remains a concern
when performing live cell tracking of non-repetitive loci. For reducing protein
load a miniature Cas9, CasMINI will likely be useful in future live cell imaging
studies (Xu et al., 2021). The catalytically dead version of this enzyme
(dCasMINI) when fused to a VPR domain activates expression of
endogenous genes. At just over 500 amino acids in length CasMINI is less
than half the size of the SpCas9 used in this study. While CasMINI is most
useful for those who use direct Cas-fluorescent protein fusions for live cell
imaging, it could be combined with the SunTag system used here. It is likely
the current system could be further optimised to use fewer than the 6
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sgRNAs used here, especially if doxycline induction of mNeonGreen
expression was lowered. More work is needed to optimise a system for
imaging non-repetitive genomic loci in living cells with a lower protein load.

However, as demonstrated in this work, there are still many technical
limitations with the microscopy and analysis of live cell DNA tracking of this
kind. Therefore, these limitations need to be overcome, as well as working
towards reducing protein load needed to visualise a non-repetitive genomic
locus. Altogether, here I show a complex view of enhancer driven
transcriptional activation and highlight further experiments which are required
to deepen our understanding of this complex process.
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