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Abstract 

 

Enhancers are cis-regulatory DNA elements that bind transcription factors and drive 

expression of target genes in a spatio-temporal manner. Despite their collective importance 

in cell fate specification, up to now enhancers have often been studied in assays that ignore 

the chromosomal context required for their function in vivo. In my DPhil, I aim to probe a 

single enhancer sequence in situ, using the strongest enhancer at the mouse α-globin locus 

as a model. The project addresses four main issues. Firstly, I test the sufficiency of a single 

element (R2) to activate gene expression when removed from its super-enhancer context. 

Impaired activation of the α-globin genes in this model highlights the importance of 

sequence context in enhancer function. Secondly, I describe the characterisation of an in 

vitro erythroid differentiation system to enable the analysis of novel genetic mutants of the 

α-globin locus. Thirdly, I present in vitro data from a number of informative enhancer 

combinations of the α-globin super-enhancer. Results support findings from the in vivo 

single-enhancer model and highlight a potential role for seemingly inactive elements in 

super-enhancer function. Finally, I zoom in from the level of a complete gene locus to that 

of a single 238 bp transcription factor binding platform at the core of the R2 enhancer, to 

determine the rules governing enhancer function at the sequence level. Ultimately, I aim to 

determine which of the models of transcription factor binding and element co-operation are 

most fitting at this locus and probe the principles of transcriptional activation. 
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Chapter 1 – Introduction 

 

1.1 The composition of the eukaryotic genome 

 

An organism’s genome can be thought of as its blueprint, containing the necessary 

instructions to build and maintain an entire organism from a single cell. The primary 

functional output of any genome comes from the expression of protein-coding genes. In 

prokaryotes, the number of genes generally dictates the resulting genome size in number of 

base pairs (Gregory, 2005). This is to be expected in a system in which gene expression is 

largely coordinated at the level of gene promoters. In eukaryotes, on the other hand, gene 

number is not predictive of genome size; in general, the number of genes plateaus for large 

genomes. The primary reason for this distinction is the abundance of non-coding DNA in 

complex organisms: non-coding sequences make up 11% of the genome in type strain E. 

coli (Meier-Kolthoff et al., 2014) but over 98% in human (Mouse ENCODE Consortium, 

2012).  

 

The importance of non-coding DNA is highlighted by the relationship between gene number 

and organism complexity. Given that the number of genes of an organism dictates the range 

of possible molecular functions, one might predict that, across evolution, gene number 

would scale with complexity. Yet, the human genome consists of only ~20,000 protein-

coding genes; the same number as the nematode worm C. elegans (Hillier et al., 2005; 

International Human Genome Sequencing Consortium, 2004). This suggests that 

complexity is more likely driven by the spatio-temporal regulation of a modest number of 

genes than by absolute gene number. However, the abundance of non-coding DNA in itself 
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is not a direct indicator of organism complexity, either. The genome of the pufferfish F. 

rubripes, for example, contains the required coding content to produce a complex vertebrate 

with a genome that is an order of magnitude smaller than the human genome (Aparicio et 

al., 2002). A major challenge of post-genomics biology is to distinguish useful non-coding 

DNA from “junk”. As an ambitious target for this work, Human Genome Project-Write aims 

to produce a minimal complete genome sequence, in which any non-functional or redundant 

sequences are removed (Boeke et al., 2016). With this model it will be possible to test the 

true required ratio for non-coding vs coding sequence content in mammalian development. 

 

Functions of the non-coding genome 

 

Non-coding regions of the genome include sequences required at all levels of genetic 

regulation, from the production of transcripts and downstream processing steps to chromatin 

folding and replication. Fundamentally, the primary non-coding units involved in gene 

regulation can be broadly divided into three categories: gene promoters, enhancers and 

boundary elements. As for many concepts in biology, the distinctions between these 

categories are not absolute, and many units of the genome demonstrate characteristics 

associated with more than one, or indeed all of these categories (Andersson et al., 2015; 

Shen et al., 2012). Work in this thesis focuses on the role of well-defined enhancers as cis-

regulatory elements of the mammalian genome, using the mouse as an experimental model.  
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1.2 Enhancers as regulatory elements 

 

The role of enhancers in gene regulation 

 

Since the coining of the term in 1981 (Banerji et al., 1981), the generalised model for the 

function of enhancers has become one of local activation, whereby sequence elements 

become accessible in relevant cell types and activate spatiotemporally-appropriate gene 

transcription in cis. The tissue-specific accessibility of enhancer elements near to 

upregulated genes is well-documented (Heinz et al., 2015; Long et al., 2016), but the pattern 

of their activity is not intuitive, due to the fact that enhancers can function independently of 

orientation and over large genomic distances (Shlyueva et al., 2014). Furthermore, 

enhancers can “skip” the most proximal promoters in a manner that is not fully understood, 

but may involve sequence compatibility or chromatin environment (Guo et al., 2012a; 

Haberle et al., 2019; Xi and Beer, 2018; Zabidi et al., 2015). Together, these features make 

the functions of enhancers extremely versatile and difficult to predict. 

 

Mechanisms of enhancer function 

 

Enhancers are thought to exert their activating potential on target genes through the direct 

binding of transcription factors (TFs) to the enhancer DNA sequences. Such binding events 

drive the recruitment of cofactors such as Mediator (Kagey et al., 2010), exemplified by the 

direct interaction of the Gata1 TF with the Mediator Med1 subunit in mouse erythroid cells 

(Stumpf et al., 2006). Mechanistically, the molecular consequences of TF/cofactor binding 

thought to be involved in gene activation can include nucleosome repositioning and/or 

polycomb eviction (Meers et al., 2019); the recruitment of PolII to enhancer and promoter 
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regions (Koch et al., 2011; Vernimmen et al., 2007); PolII pause release (Henriques et al., 

2018); promoted transcriptional elongation (Cramer, 2019; Heinz et al., 2015; Vernimmen 

et al., 2011); eRNA transcription (Lam et al., 2014; Natoli and Andrau, 2012); domain 

formation via cohesin loading (Kagey et al., 2010; Zuin et al., 2014) and nuclear 

repositioning (Osborne et al., 2004; Ragoczy et al., 2006). The difficulty in probing just a 

single potential function at a time means that an understanding of the causal relationships 

between these mechanisms is still lacking. 
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1.3 How to identify enhancers 

 

Fundamentally, there are four characteristics that can be used to classify regions of the 

genome as bona fide enhancers. First and second are descriptive features (chromatin 

environment and evolutionary conservation) that can be used to predict putative enhancer 

regions. Third and fourth are assessments of sequence function: predicted elements can be 

tested for the potential to enhance gene transcription using reporter assays and for function 

in their native chromosomal context using genetic models.  

 

Predicting enhancers by molecular signature 

 

By chromatin environment, efforts to catalogue the repertoire of cis-regulatory elements 

across a wide range of tissues in human and mouse have identified a total of 2.9 million and 

1.5 million DNase I hypersensitive sites, respectively (DHSs; ENCODE Project 

Consortium, 2012; Thurman et al., 2012; Yue et al., 2014). This amounts to ~1% of the 

genome being accessible in any one cell type. Chromatin features such as histone 

modifications H3K27ac and H3K4me1 (Creyghton et al., 2010; Heintzman et al., 2007) and 

binding of co-activating proteins such as p300 and Mediator (Kagey et al., 2010; Visel et 

al., 2009) added to DNase-seq profiles hone in on likely active enhancers. By this analysis, 

there are a predicted ~300,000-400,000 enhancers in both mouse and human genomes (Shen 

et al., 2012; Yue et al., 2014; Zhu et al., 2013), though only a fraction will be active in any 

one cell type. This figure is similar to the total number of regions bound by tissue-specific 

TFs in mouse (Yue et al., 2014).  
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Alternative molecular signatures can also be used to predict the locations of active enhancer 

sequences. For example, the generation of transcripts from enhancers (eRNAs; De Santa et 

al., 2010; Kim et al., 2010) can be used in element prediction, although this captures a far 

smaller number of regions than protein binding analyses in the human genome (~45,000 

total enhancers by the presence of bidirectional, capped eRNAs; Andersson et al., 2014). 

The binding of tissue-specific TFs and the resulting generation of DNase I footprints serve 

as further indicators of potential enhancers (Heinz et al., 2015; Stergachis et al., 2014). 

However, all of these biochemical attributes are neither a guarantee of function for an 

enhancer, nor a guide to the associated gene (Xi and Beer, 2018).  

 

Predicting enhancers by sequence conservation 

 

Sequence conservation of non-coding regions provides a predictive tool to identify putative 

enhancers (Pennacchio et al., 2006; Woolfe et al., 2004). Due to the importance of enhancer 

function in gene regulation, these sequences are evolutionarily constrained in terms of 

mutations when compared to the rest of the human genome (di Iulio et al., 2018). Of 

predicted enhancers in the mouse genome (as defined by the chromatin environment), 80% 

have identifiable homologues in the human genome (Yue et al., 2014). This represents a 

level of element conservation in line with that of gene promoter regions (80% by the same 

analysis; Yue et al., 2014). On the other hand, it should be noted that element conservation 

rapidly falls off with evolutionary distance; only 10% of mouse enhancers have homologues 

in zebrafish (Plessy et al., 2005). In line with this observation, it is thought that sequence 

conservation may be stronger for gene regulatory networks than for specific enhancer 

sequences (Stergachis et al., 2014; Yue et al., 2014). Therefore, while the presence of 
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sequence conservation can be associated with active elements, it is not a consistent indicator 

of enhancer function.  

 

Testing enhancer function in reporter assays and in situ 

 

For an element to be defined as an enhancer, it must be able to upregulate gene expression. 

Methods to test the sufficiency of putative enhancers in a high-throughput, unbiased manner 

typically rely on their juxtaposition with a reporter gene fused with a minimal promoter 

sequence. In vitro, sequences can be tested in a single cell type by transient transfection of 

reporter plasmids in highly scalable experiments termed massively parallel reporter assays 

(MPRAs; Levo and Segal, 2014). However, the function of sequences in reporter assays is 

not always instructive of activity within a native chromosomal context in which elements 

are bound by rules of DNA folding, chromatin environment and effects of element 

positioning (Splinter and de Laat, 2011). To test sequence function in a chromatinised 

context, therefore, sequences must be integrated randomly or directedly into the genome. 

Such lower scale experiments can be performed in vitro or can additionally be used to 

determine tissue-specificity in vivo by scoring whole embryos for visible expression of the 

lacZ gene product (Pennacchio et al., 2006) or by fluorescence in situ hybridisation (Kvon 

et al., 2014). Finally, while reporter assays are able to test the potential for a sequence to 

activate gene expression in a certain tissue, the essentiality of enhancers can be determined 

only through genetic manipulation of native regulatory domains.  
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1.4 Enhancers in clusters 

 

Enhancers that act together to upregulate expression of a gene or genes can be found in 

clusters throughout the genome. The combinatorial use of differentially active enhancers at 

the same locus means that a single gene can be upregulated to different extents across a 

range of tissue types and/or in tightly regulated populations of cells (Maeda and Karch, 

2011; Osterwalder et al., 2018). Alternatively, clusters of active elements can work together 

to increase the activity or robustness of gene expression (Long et al., 2016; Spitz and 

Furlong, 2012). The spatial relationships between enhancer elements can be highly 

conserved over even hundreds of kb, providing additional support for their role in activating 

a specific target gene in cis (Nobrega et al., 2003; Philipsen and Hardison, 2018). For regions 

containing multiple elements, a greater number of conserved sites and greater extent of 

sequence conservation through evolution are both associated with a higher level of target 

gene expression (Berthelot et al., 2018). 

 

The finding that enhancers can act in clusters is not a recent observation; the well-

characterised enhancer region of the β-globin locus containing 5 closely spaced enhancer 

elements, for example, was first described over 30 years ago (Grosveld et al., 1987). The 

classification of clusters or extended regions of enhancer activity has previously been 

attempted by multiple alternative criteria including the ability to negate effects of position 

variegation (locus control regions (LCRs), Grosveld et al., 1987); active sequence length 

(stretch enhancers, Parker et al., 2013); or the juxtaposition of multiple elements (composite 

enhancers, Bauer et al., 2013). 
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Recently, many enhancer clusters have instead been described as “super-enhancers”, based 

on the enrichment of active marks such as Med1 and H3K27ac (Whyte et al., 2013). Because 

the definition of a super-enhancer refers to the abundance of binding by ChIP-seq, rather 

than on the density of DHSs, super-enhancers can constitute anything from a single 

accessible element (15% of super-enhancers in mouse embryonic stem cells (mESCs); Pott 

and Lieb, 2015) to an active stretch of 50 kb. Super-enhancers are proposed to be important 

for the definition of cell identity, due to their proximity to genes used in lineage 

specification. They are also found to be enriched for sequence variants associated with 

human disease (Hnisz et al., 2013). However, many super-enhancers are active across a wide 

range of cell types, indicating that they may act more generally to promote gene expression 

at robust or high levels (Ryu et al., 2019). 

 

In the original description of the super-enhancer concept, it was proposed that such 

structures could confer a level of activity that exceeds the sum of its constituent parts 

(individual elements separated pairwise by no more than 12.5 kb), due to the enhanced 

binding of active markers at these regions (Whyte et al., 2013). However, as the comparison 

was made against so-called “typical enhancers” with different sequence characteristics from 

elements of super-enhancers, it remains possible that super-enhancers can, instead, represent 

clusters of independently strong enhancers. Thus, controversy has arisen over whether 

super-enhancers truly act in a synergistic manner or, rather, are additive collections of strong 

enhancers. Pairwise between elements, a large range of functional relationships are possible, 

making dissection of the super-enhancer logic a challenging task (Figure 1.1). 
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Figure 1.1: A range of possible functional relationships between active enhancer 
pairs. 
Figure adapted from Long et al., 2016. 

 

Genetic dissection of super-enhancers 

 

A number of enhancer clusters labelled as super-enhancers have been genetically dissected 

to test for the level of synergy between constituent parts (Pott and Lieb, 2015). Expression 

data from single- and double-enhancer deletions at the mouse α-globin locus in the Higgs 

group best reflected an additive model of super-enhancer function (Hay et al., 2016). Other 

examples for additive-like enhancer relationships include the mouse Dppa5a gene locus 
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(Moorthy et al., 2017), β-globin LCR (Bender et al., 2012) and Bcl11a composite enhancer 

(Canver et al., 2015). On the other hand, results from the dissection of other endogenous 

loci have suggested a more hierarchical relationship between elements, in which deletion of 

a strong element appears to abrogate function of the others. Examples of this model include 

mouse loci for the miRNA290-295, Prdm14 and Sik1 genes (Hnisz et al., 2015) and the 

human Bcl11a composite enhancer (Canver et al., 2015). A similar pattern was seen at the 

super-enhancer for the mouse Slc25a37 gene but, in this case, the enhancer deletion with the 

strongest effect simultaneously deleted two prominent binding sites for the boundary protein 

CCCTC-binding factor (CTCF); thus, the experiment is confounded by the effect of domain 

structure (Huang et al., 2016). The effects of TF motif mutations at the mouse Wap gene 

locus also suggested a more hierarchical interaction between elements, though this was still 

insufficient to disprove a linear model for enhancer co-operation (Dukler et al., 2016; Shin 

et al., 2016). Genome-wide, it has been suggested that any contribution of enhancer 

hierarchy within a cluster can be predicted from interaction frequencies with the target gene 

promoter and is associated with the binding of CTCF to critical elements and thus with wider 

locus organisation (Huang et al., 2018).  

 

Instead of implicating element synergy, results from other loci in Drosophila and mouse 

show evidence of enhancer redundancy, in which so-called “shadow” or “secondary” 

elements can appear non-functional until gene expression is tested in conditions of stress 

(Frankel et al., 2010; Montavon et al., 2011; Perry et al., 2010). Redundancy between 

elements may also create an environment for the development of new enhancer functions 

while retaining robust gene expression (Long et al., 2016).  
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The super-enhancer description provides a classification for the most strongly bound 

enhancer elements or clusters of elements in a single tissue type. By design, these regions 

are likely to be enriched for TF binding and, thus, perform biologically important functions. 

Therefore, I will refer to active clusters of enhancers with this terminology through this 

thesis. 
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1.5 Enhancers in 3D space 

 

For enhancers or clusters of enhancers to exert their activity on distal gene promoters, there 

must be a physical proximity between these regions of the DNA molecule. In many cases, 

the manner in which this proximity is set up has consequences for enhancer-promoter 

specificity. Furthermore, potential functional coupling between the structure and activity of 

a regulatory landscape has implications for our understanding of what constitutes an 

enhancer element: traditional definitions dictate that enhancers upregulate gene expression 

directly but, within the context of a regulatory landscape, it is possible that some elements 

may exert their activity primarily in the coordination of large-scale DNA interactions. To 

understand the significance of 3D interactions in the potential roles of an enhancer, we must 

consider the interactions of an actively transcribing gene locus as a whole and review the 

mechanisms by which these interactions come about. A graphical summary of the discussed 

mechanisms is shown in Figure 1.2. 

 

Point-to-point contact 

 

Conceptually, the simplest model to rationalise how enhancers might exert their activity on 

long-distance promoters is through direct physical contact via DNA looping. Specific 

enhancer-promoter loops could be maintained by protein-protein interactions between TFs 

bound at each site. A number of trans-acting factors such as CTCF and Ldb1 have been 

proposed as potential mediators of such direct contacts through the formation of protein 

dimers (Deng et al., 2012; Rubio et al., 2008). However, both in terms of the mechanisms 

of setting up such interactions and through experimental observations of interaction 

frequencies across active gene loci, it is unlikely that the specific interaction of two points 
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in this way should occur without contribution from the surrounding sequence. Results from 

imaging and chromosome conformation capture (3C) methods suggest that spatial proximity 

of elements within a domain appears to be dynamic and diffuse, rather than fixed and 

punctate (imaging examples include Alexander et al., 2019; Benabdallah et al., 2019; Brown 

et al., 2018; Finn et al., 2019; Mateo et al., 2019; 3C examples include Davies et al., 2016; 

Dostie et al., 2006; van de Werken et al., 2012). This suggests that specific enhancer-

promoter looping is not the primary driver of domain formation and maintenance. Examples 

in which point-to-point looping may be beneficially stabilised by direct protein-protein 

interactions include situations involving promoter skipping such as at the human 

Protocadherin locus (Guo et al., 2012a) and Antennapedia gene complex in Drosophila 

(Calhoun et al., 2002).  

 

Self-interacting active domains 

 

Genome-wide, interaction frequencies typically extend across large regions encompassing 

multiple active elements and are delimited by frequently interacting boundary regions, 

enriched for proteins such as CTCF (Ghirlando and Felsenfeld, 2016; Vietri-Rudan and 

Hadjur, 2015). This conformation is suggestive of the formation of self-interacting loops, 

which can be established prior to the onset of gene expression and in the absence of normal 

transcription activity (Benabdallah et al., 2019; Brown et al., 2018; Ghavi-Helm et al., 2014; 

Hay et al., 2016; Oudelaar et al., 2019). The proposed loop extrusion model provides a likely 

mechanism for the formation of self-interacting domains (Fudenberg et al., 2016). Evidence 

in support of the loop extrusion model is extensive from in vivo patterns of genome 

organisation (Fudenberg et al., 2016; Sanborn et al., 2015), perturbations of the involved 

machinery (Nuebler et al., 2018) and genetic disruption of flanking CTCF sites (examples 
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include Guo et al., 2015; Hanssen et al., 2017; Lupiáñez et al., 2015; Rodriguez-Carballo et 

al., 2017). The observed enrichment of extruding factors at active sequence elements and 

the tissue-specific nature of domain loops suggests that enhancers may be implicated in the 

formation of tissue-specific loops (Kagey et al., 2010; Schwarzer et al., 2017; Zuin et al., 

2014). 

 

A loop extrusion model for active domain formation allows for multiple elements within a 

linear sequence region to interact simultaneously. However, it does not account for the 

observation that interactions within a domain are not uniform: instead, contact frequencies 

are enriched between enhancer and promoter elements and are able to skip particular genes. 

In a transcription hub model, functional interactions between enhancers and promoters are 

stabilised by the favourable clustering of active factors bound at each sequence. This is 

supported by results from imaging and 3C methods capable of capturing multiway 

interactions, in which the interaction of multiple active elements together within a domain 

is seen to be enriched in active tissues (Allahyar et al., 2018; Oudelaar et al., 2018).  

 

As TFs and associated cofactors tend to contain regions of high structural disorder, it has 

recently been proposed that clustering may involve extensive multivalent like-with-like 

interactions, reminiscent of phase separated condensates (Banani et al., 2017; Hnisz et al., 

2017). This is corroborated by imaging studies in which proteins such as Oct4, Med1 and 

PolII can be seen to cluster at actively transcribing genes (Boija et al., 2018; Cho et al., 

2018). It has long been recognised that regions of heterochromatin often cluster in 3D space 

by similar mechanisms (Pirrotta and Li, 2012; Strom et al., 2017). Indeed, interactions with 

active, inactive or Polycomb-repressed environments can be driven by the forced binding of 

factors such as an acidic peptide, a disordered peptide or TF (Nanog, YY1); a histone 
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methyltransferase (SUV39H1); or a component of the Polycomb Repressive Complex 2 

(EZH2), respectively (Chong et al., 2018; Therizols et al., 2014; Weintraub et al., 2017; 

Wijchers et al., 2016). Several features such as high local TF concentrations and diffusion 

rates make phase condensation an appealing molecular model for transcription hub 

formation, but the difficulty in probing the condensate definition without large-scale 

disruption of the system leave it unclear as to what the driving mechanisms are in hub 

formation and function. 

 

 
Figure 1.2: Mechanisms to bring enhancers and promoters into physical proximity. 
A) Illustration of the point-to-point enhancer-promoter contacts induced in Deng et al., 
2012. In this example, contacts were driven by homo-dimerisation of an Ldb1 moiety, 
fused to zinc-finger proteins labelled L-ZF and P-ZF to indicate binding sites at the LCR 
and Hbb promoter regions, respectively. B) Illustration of the current working model for 
the formation of domain loops and transcription hubs within them. Note that arrows 
highlight the effects of the loop extrusion and enhancer-promoter association steps and 
are not indicative of a fixed series of events in vivo, where these processes occur 
dynamically. Figure adapted from Schoenfelder and Fraser, 2019. 
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1.6 Enhancers as base pair sequences 

 

The components of an enhancer sequence 

 

Historically, it has been challenging to predict cis-regulatory elements from sequence due 

to the lack of easily-identifiable features: enhancers can activate target genes from extreme 

distances, with apparent disregard for intervening genes or other regulatory elements, and 

contain no universal sequence motifs (Pennacchio et al., 2013). One strategy to predict 

enhancers purely based on sequence would be to search for their component TF motifs in a 

given tissue, clusters of which are associated with active elements (Berman et al., 2002; 

Gotea et al., 2010). TFs typically interact directly with motifs of 6-12 bp in length (Tugrul 

et al., 2015) according to different temporal or spatial cues. Yet, the combinatorial nature of 

enhancer sequences means that they can be composed of multiple sequences that, 

individually, offer poor binding affinity and thus may be excluded from recognised motif 

searches (Jaeger et al., 2010; Ramos and Barolo, 2013). In addition, even high-affinity 

motifs can show large discrepancies between cases when TFs bind individually or as 

heterodimers, making these difficult to accurately curate and annotate (Jolma et al., 2015). 

 

As well as encoding tissue-specificity, enhancer sequences can contain the necessary 

information to dictate the specificity of enhancer-promoter interactions. Sequence features 

of this type can be difficult to disentangle from studies of the whole genome, due to the large 

number of uncontrolled variables. However, within controlled sequence assays, it is possible 

to test pairs of enhancer-promoter sequences for sequence compatibility and enhancer 

function (Arnold et al., 2013; Zabidi et al., 2015). 
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The organisation of an enhancer sequence 

 

Together, TF binding sites provide potential for a highly co-operative mechanism of gene 

activation: if multiple TFs are able to bind an enhancer simultaneously, protein-protein as 

well as protein-DNA interactions can be used to modulate gene activation. To what extent 

the underlying DNA sequence dictates or constrains these interactions remains unclear, 

though several models have been proposed. These range from the flexible billboard model, 

in which TF binding to consensus sequences occurs independently of surrounding sequence, 

to the strictly invariant enhanceosome, which is intolerant of even minor changes in 

sequence (Figure 1.3; Arnosti and Kulkarni, 2005; Junion et al., 2012; Long et al., 2016; 

Thanos and Maniatis, 1995).  

 

 
Figure 1.3: The importance of motif organisation in enhancer sequence 
construction. 
A) Constraints of motif arrangement in enhancer sequence construction on a scale from a 
flexible billboard to an inflexible enhanceosome (above). The more specific protein-
protein interactions are required for sequence binding, the more constraints there are on 
the primary DNA sequence. B) Corresponding effects of motif arrangement constraints 
on the functional output of enhancers with three different motif arrangements. Figure 
adapted from Levo and Segal, 2014. 
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The billboard model is supported by the observations that enhancer elements and their 

clusters can demonstrate high levels of redundancy and can act as flexible platforms for the 

evolution of new binding events (Long et al., 2016). These features make enhancers 

amenable to continuing sequence evolution and phenotypic robustness. Through evolution, 

enhancer sequences tend to show high conservation of trans-factor binding sites, with 

greater variance seen in intervening sequences, consistent with a “landing pad” structure for 

relatively flexible TF binding (Gotea et al., 2010). As an exception to the rule, one group of 

over 250 non-coding sequences, termed “ultraconserved”, show remarkable invariance in 

long (>200 bp) stretches of DNA between human and mouse genomes (Visel et al., 2008). 

As of yet, no unique function has been allocated to this group of sequences beyond the scope 

of typical enhancers (Dickel et al., 2018). Thus, it appears that the majority of mammalian 

enhancers are conserved primarily in their cis-regulatory logic, rather than by precise 

alignment of entire regulatory element sequences (Stergachis et al., 2014). 

 

Primary evidence for the enhanceosome concept, on the other hand, comes from the human 

interferon-β enhancer. The complete length of this enhancer is highly conserved across a 

range of mammalian species (Panne et al., 2007) and function of the sequence has been 

shown experimentally to be extremely intolerant to even small mutations (Panne, 2008). A 

combined atomic structure of the recruited protein complex demonstrates why there is such 

inflexibility in this sequence: binding footprints for the constituent TFs are constrained to 

the extent that motifs for the core factors are overlapping (Figure 1.4).  
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Figure 1.4: The structure of the interferon-β enhanceosome. 
A) A 52 bp sequence containing the interferon-β enhancer. Motifs for bound TFs are 
highlighted by colour. Extensive overlap is seen between these motifs. B) Constructed 
atomic structure of the interferon-β enhanceosome bound by the TFs indicated in part A). 
Figure adapted from Panne et al., 2007. 

 

There are many published examples of co-operative protein-protein interactions influencing 

binding to regulatory DNA sequences (for example, Grossman et al., 2017; Slattery et al., 

2011; Yanez-Cuna et al., 2012). However, as yet, the interferon-β enhancer remains the most 

extreme example of multiple fixed protein-protein-DNA interactions in the literature. 

Conceptually, the presence of sequences that are so intolerant to mutations is functionally 

detrimental. One argument for the existence of the enhanceosome is in amplifying signal 

from TFs that are present in limiting concentration (Papatsenko and Levine, 2007). If this is 

the case, it may be that such regimented sequence organisation would only be required in a 

small number of instances throughout the genome.  
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1.7 The mouse α-globin locus as a model for enhancer function 

 

The globin loci as experimental models 

 

Historically, study of the mammalian globins has been instrumental across a wide range of 

research topics. Reasons for their use in experiments range from the practical in terms of the 

abundance of available material (both the relative ease in purifying a phenotypically pure 

population and the high concentration of globin mRNA and protein molecules in erythroid 

tissues) to the conceptual in the benefits of drawing direct causal links between genetic 

mutations and mis-regulated gene expression at these loci. The wealth of available data for 

the globin loci have also made them ideal test beds for a number of key technological 

developments, from endogenous gene disruption by homologous recombination (Smithies 

et al., 1985) to more recent advances in the pursuit of effective gene therapies (CRISPR 

Therapeutics, 2019; Davis et al., 2019). 

 

The continued value in scrutinising a single locus in an age of large-scale genomics should 

not be underestimated. Many of the key discoveries in the study of gene regulation have 

been made possible by our in-depth understanding of sequence regions such as the globin 

loci; such findings can often be extrapolated genome-wide (Higgs et al., 2006; Higgs, 2013). 

In studying the principles of gene regulation, the α-globin locus offers an experimental 

platform with well-defined on-off states in populations that can be easily purified from 

primary tissue, a large dynamic range of transcriptional output and a regulatory domain that 

has been genetically dissected for its constituent parts. Furthermore, genetic modifications 

that perturb α-globin expression have no known consequences for erythropoiesis, and the 

regulatory elements of the locus all become accessible only in the erythroid lineage. Hence, 
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a complete range of gene expression can be tested in bona fide erythrocytes, without 

confounding issues due to indirect effects on cell fate. 

 

The mouse α-globin locus 

 

The structure of the α-globin locus is highly conserved throughout evolution. The functional 

embryonic and adult globin genes (ζ-globin/Hba-x and α-globin/Hba-a1/2, respectively) are 

contained within a 135 kb syntenic region that can be traced through 500 million years of 

evolution (Hughes et al., 2005). Using next-generation sequencing (NGS) and genetic 

assays, both in vitro and in vivo, the chromosomal region containing the mouse α-globin 

genes has been extensively characterised for its cis-regulatory elements (Figure 1.5). The 

well-defined α-globin super-enhancer consists of five individual elements, four of which 

(R1/R2/R3/Rm) are positioned within introns of the upstream Nprl3 gene. The final 

enhancer (R4) is intergenic, located downstream of the Nprl3 promoter. Elements were 

named based on their conservation across 22 vertebrate species (Hughes et al., 2005); the 

Rm sequence is found in the mouse genome but not in human.  

 

The mouse α-globin genes and super-enhancer are contained within an erythroid-specific 

~65 kb self-interacting domain, as shown by 3C methods (Figure 1.5; Hughes et al., 2014). 

The domain is demarcated by convergently oriented CTCF motifs, which are bound in both 

erythroid and non-erythroid cell types (Hanssen et al., 2017). Careful dissection of domain 

formation through erythropoiesis shows that chromatin organisation follows the opening of 

individual elements at the locus and is strengthened through erythropoiesis as gene 

expression becomes activated (Oudelaar et al., 2019). The overarching domain structure is 

able to form in genetic models lacking an intact α-globin super-enhancer or the Hba-a1/2 
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genes, though specific enhancer-promoter contacts are disrupted in these conditions (Brown 

et al., 2018; Hay et al., 2016). 

 
Figure 1.5: Molecular characterisation of the mouse α-globin locus. 
Data from NGS assays are shown aligned to the mm9 mouse genome assembly. Top to 
bottom: Assay for transposase-accessible chromatin (ATAC-seq) tracks for mESCs and 
spleen-derived erythrocytes; ChIP-seq data from mouse spleen-derived erythrocytes for 
active histone marks H3K27ac (associated with active sequences), H3K4me3 (associated 
with active promoters) and H3K4me1 (associated with active enhancers); ChIP-seq data 
for mouse spleen-derived erythrocytes for CTCF (arrows below indicate the orientation 
of underlying CTCF motifs); Capture-C data for mouse spleen-derived erythrocytes from 
the viewpoint of the R2 enhancer and combined Hba-a1/2 genes. The five enhancer 
elements (R1/R2/R3/Rm/R4) are highlighted in blue and the two adult α-globin genes 
(Hba-a1/2) in red. The erythroid-specific self-interacting domain is annotated in grey. All 
shown data have been previously published in Davies et al., 2016; Hanssen et al., 2017; 
Kowalczyk et al., 2012. 
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The mouse α-globin super-enhancer 

 

The five elements of the α-globin super-enhancer become accessible in a coordinated 

manner through erythropoiesis but contribute to gene activation to different extents (Hay et 

al., 2016; Oudelaar et al., 2019). In mouse models carrying deletions of the enhancer 

elements, individual elements appear to confer different levels of activity to gene expression; 

R2 appears to be the most strongly activating element (50%; Hay et al., 2016). The sequence 

of the R2 element is also the most extensively conserved through evolution (Hughes et al., 

2005; Philipsen and Hardison, 2018). At the human α-globin locus, the prominence of R2 

in the function of the cluster is even more extreme: its role as the major regulatory element 

of the locus is supported by the 97% reduction in human α-globin output in an interspecific 

hybrid mouse erythroleukaemia cell mutant (Bernet et al., 1995; Vernimmen et al., 2007), a 

humanised mouse mutant with comparable results (Wallace et al., 2007) and α-thalassemia 

phenotypes in patients carrying deletions of this region (Coelho et al., 2010; Higgs and 

Wood, 2008; Sollaino et al., 2010; Viprakasit et al., 2006). 
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1.8 Outline for this thesis 

 

In this thesis I describe the functional dissection of the strongest enhancer of the mouse α-

globin locus (R2) at a range of resolutions, from within its native chromosomal context. 

 

Firstly, I ask whether the α-globin super-enhancer can be reduced to a single element by 

creating a homozygous mouse model devoid of the native R1/R3/Rm/R4 sequences. Thus 

far, in situ genetic dissections of enhancer clusters have primarily been performed by 

iterative element deletions from native loci, typically deleting one or two elements at a time. 

By instead posing the question of enhancer sufficiency from the perspective of sequence 

insertion into a null background, I ask whether positional context has a role to play in the 

activity of the R2 element (Chapter 3).  

 

Secondly, I establish an embryoid body-based mESC differentiation system to recreate 

erythroid-specific phenotypes in vitro. I characterise the isolated erythroid population in 

terms of molecular phenotype and determine which in vivo cell state it best reflects (Chapter 

4). As an experimental tool, this allows me to test genetic mutants of the α-globin super-

enhancer in a manner that faithfully recapitulates in vivo phenotypes. I apply the mESC 

differentiation system to a novel set of minimal enhancer combination models to compare 

the activity of R2 in isolation to its activity when the seemingly inactive R3/Rm/R4 elements 

are present (Chapter 5). 

 

Finally, I interrogate the sequence makeup of the R2 enhancer in a multiplexed in situ 

sequence screen for libraries of custom-designed variants. Although many previous studies 

have dissected regulatory sequences for their regulatory logic in high-throughput transgenic 
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assays, here I test the true ability for a range of sequences to act as distal enhancers from 

within a chromosomal context, using the in vitro erythroid differentiation tool described 

above. For this purpose, I outline the development of a screening approach based on flow 

cytometry, in which the recorded fluorescence intensity of an endogenous tag construct acts 

as a proxy for native α-globin gene expression. By mutating six predicted erythroid-specific 

TF motifs within the core R2 sequence, I test the importance of motif number, diversity and 

organisation in creating a strong enhancer and evaluate which of the existing models for 

regulatory sequence architecture is most fitting for the R2 element (Chapter 6). 

 

My work highlights the value of a number of novel tools in genetically teasing apart the 

function of regulatory elements within their native chromosomal context. By successfully 

recreating in vitro a number of in vivo genetic mutants of the mouse α-globin locus with a 

newly characterised differentiation system, I lay out a platform to analyse regulatory 

elements and landscapes in an erythroid cell state, at a range of resolutions. Together, my 

thesis aims to disentangle the contributions of sequence and context in the function of a 

highly active cis-regulatory element (R2), within a well-characterised regulatory domain. 
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Chapter 2 – Methods 

 

2.1 mESC genetic engineering 

 

Synthetic RMGR 

 

Bacterial artificial chromosomes (BACs) were synthesised from a wild type (WT) template 

construct containing the lox sites and hypoxanthine phosphoribosyltransferase (Hprt) split 

gene required for recombinase-mediated genomic replacement (RMGR). This template 

construct was generated by Dr Christian Babbs from a mouse BAC (RP23-469I8; BACPAC 

Resources Centre, Children’s Hospital Oakland Research Institute; Osoegawa et al., 2000) 

by sequential shearing and lox integration steps using λ-red-mediated recombination (Zhang 

et al., 1998). Lox sites were integrated 85 kb apart, flanking the α-globin regulatory region 

(85,145 bp; Chr11:32,115,389-32,200,533). Additional synthetic fragments were used to 

create enhancer sequence deletions and to introduce a section including exon four of the 

Rhbdf1 gene, missing in the template BAC but present in the exchange region of the RMGR-

ready mESCs (635 bp; Chr11:32,114,754-32,115,388).  

 

BACs containing synthetic versions of the mouse α-globin locus were received as 

transformed bacteria samples and grown up in LB under selection with kanamycin (20 

µg/ml) and ampicillin (50 µg/ml). 1 L overnight cultures were cleared for cell debris using 

Plasmid Maxi Kit reagents P1-3 (Qiagen) as instructed for low-copy plasmids, with 

precipitated material removed by filtration. DNA was precipitated from the cleared 

supernatant using 1:1 isopropanol and washed with 70% ethanol, then purified by caesium 
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chloride centrifugation (Maniatis et al., 1982). BAC preparations were quantified by the 

Qubit dsDNA Broad-Range Assay (Thermo Fisher) and checked for sequence integrity by 

restriction digest and visualisation on a 1% agarose gel.  

 

Purified BAC DNA was co-transfected with a pCAGGS-Cre-IRESpuro plasmid (Smith et 

al., 2002) into RMGR-ready mESCs by lipofection using the Lipofectamine LTX reagent 

(Thermo Fisher). Transfections were performed in 6-well format by plating freshly 

trypsinised mES cells in 2 ml culture media supplemented with the transfection mix prepared 

to manufacturer’s instructions: 5 µl LTX reagent, 2 µg plasmid DNA (1.5 µg BAC plus 0.5 

µg pCAGGS-Cre-IRESpuro), 2 µl PLUS reagent and 250 µl Opti-MEM (Thermo Fisher). 

Media was changed after 24 hours to remove the lipofection reagents and selection for 

complementation of the Hprt gene was started after an additional 24 hours with 1x HAT 

supplement (0.1 mM hypoxathine, 0.4 mM aminopterin, 0.016 mM thymidine). Selection 

was continued for one-two weeks, at which point surviving colonies were picked into 

individual wells and HAT selection replaced with HT (0.1 mM hypoxanthine, 0.016 mM 

thymidine) recovery media.  

 

Alternative transfection methods were tested with the following conditions. The BioRad 

Gene Pulser was used as previously published (Wallace et al., 2007). The BioRad Gene 

Pulser XCell and Thermo Fisher Neon Transfection System were used according to 

manufacturer guidelines; Neon electroporation conditions were Voltage 1400 V, Width 10 

am, Pulses 3. The Lonza Nucleofector 2b was used with the Mouse Embryonic Stem Cell 

Nucleofector Kit, using programme A-023. FuGENE 6 lipofection was performed according 

to manufacturer guidelines, using 20 µl reagent per 106 cells. 
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Colonies were expanded for stock freezing and genotyping before proceeding with 

downstream experiments. For in vitro experiments, Hprt gene removal was achieved 

through transfection of a transient flippase (Flp)-expressing plasmid (Schaft et al., 2001), 

clonal plating, colony picking, expansion and screening by selection with 10 µM 6-

thioguanine and PCR.  

 

CRISPR/Cas9 editing 

 

All clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 targeting 

strategies were designed, prepared and tested by Dr Philip Hublitz and colleagues in the 

Genome Engineering Core Facility at the Weatherall Institute of Molecular Medicine. Guide 

RNAs were cloned into a pSpCas9(BB)-2A-GFP (pX458) vector, a gift from Feng Zhang 

(Addgene plasmid #48138; http://n2t.net/addgene:48138; RRID:Addgene_48138) or a 

modified vector with the GFP tag exchanged for an mRuby cassette (pX458-Ruby; Kredel 

et al., 2009). Sequences of guide RNA target sequences are shown in Table 2.1. 

 

Application Target Vector Guide RNA sequence 

Allele deletion Left breakpoint pX458 ACAAGATGCTCTCCGCTGT 

 Right breakpoint pX458-Ruby AGGACAAATCCCGAAGGTC 

R1 deletion Left breakpoint pX458 GTGACCATAAGTTGATTAG 

 Right breakpoint pX458-Ruby GTACATACGCCGGGCGTGG 

R2 deletion Left breakpoint pX458-Ruby TACCTCCAAGGTTTTGCTC 

 Right breakpoint pX458 GCCGTGACACTTCATGCTCA 

R2 variant targeting Left breakpoint pX458-Ruby TACCTCCAAGGTTTTGCTC 

Table 2.1: Guide RNA targeting sequences. 
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Homology-directed repair (HDR) donor vectors for insertion into the R1 enhancer position 

were designed to carry at least 500 bp homology arms flanking the region for manipulation, 

the only additional modifications being inactivation of relevant Cas9 protospacer adjacent 

motif (PAM) sequences. Vectors were purchased as GeneART Gene Synthesis custom 

designs (Thermo Fisher; Figure 2.1).  

 

To generate a library of R2 variant HDR vectors, a generic backbone containing the desired 

homology arms and puromycin / thymidine kinase selection cassettes flanking BsaI Type 

IIS restriction sites was ordered as a GeneART unit (Figure 2.1). Selection cassettes were 

positioned downstream of the R2 targeting region and Cas9 cut site to ensure that 

recombination of the entire, highly homologous, variant R2 sequence was selected for by 

the cassettes. This backbone also carries modifications to inactivate relevant PAM 

sequences, potential new footprint sequences involving an integrated Rox site as determined 

by the Sasquatch prediction tool (Schwessinger et al., 2017) and an unwanted BsaI site. R2 

variant inserts were synthesised as Gene Fragments (Twist Bioscience) and cloned either 

individually or as pools into the generic HDR backbone by Golden Gate Assembly (NEB). 

In all cases, final vectors were transformed into Stellar Competent Cells in 20 µl reactions 

(Takara Bio Inc.). Transformed bacteria were plated and grown up in selective LB as 

required.  
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Figure 2.1: Schematic diagrams of HDR donors.  
 

Variants for the R2 Screen #2 relied on the blocks defined in Table 2.2. Variants for R2 

Screen #3 used combinations of the mutations specified in Tables 2.3 and Table 2.4. Spacing 

variants for R2 Screen #4 are shown in Table 2.5. Mutations were not predicted to create 

new TF motifs or footprints by Find Individual Motif Occurrences (FIMO) and Sasquatch 

analysis, using a shoulder-to-footprint ratio of 1.4 and visual inspection in cases above this 

threshold. 

Block Sequence Length 

A ACCCATCTGGAACCTATCAGTG 22 bp 

B ACCATAGTCAACAGCAGGTGTACACACCCAGG

CCAAGGGTGGAGCA 

46 bp 

C GACCACTGTGGGATCTATGGAGATGCTTGAACG

AGCAGATAACTAA 

46 bp 

D GCCAAGCATGACTCAGAGTTTCTAGAGGCCAC 32 bp 

E TAGGACTGCTGAGTAATACTTGGGGG 26 bp 

F TACAGAGTCAGAAAGGAAAGGACAAATGGTAC

CACTGATTAGGACCTCTGACGCTGTTTTCCCATC 

66 bp 

Table 2.2: Blocks used in R2 variant sequence Screen #2. 

Underlined sequences indicate conserved regions. Matches for conserved regions to 
erythroid motifs are highlighted in green (Gata1), yellow (Tal1 half E-box/Gata1 
composite motif), pink (Nf-e2) and cyan (Klf1). One additional, unconserved Klf1 motif 
is highlighted in block B. 
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TF motif Coordinates Variant Sequence 

Block A Gata1 

 

MCS:12-22 WT TGGAACCTATCAGTGACCA 

 Mutant 1 TGGAACCTAACAGTGACCA 

 Mutant 2 TGGAACCATTGAGTGACCA 

Block A Peak MCS:34-36 WT TCAACAGCAGG 

 Mutant 1 TCAAGTGCAGG 

Block B Klf1L 

 

MCS:42-52 WT AGGTGTACACACCCAGGCC 

 Mutant 1 AGGTGTACAGTCCGAGGCC 

Block B Klf1R 

 

MCS:58-68 WT GCCAAGGGTGGAGCAGACC 

 Mutant 1 GCCAAGGCAGGAGCAGACC 

 Mutant 2 GCCAACCGTCGAGCAGACC 

Block C Peak MCS:73-79 WT GACCACTGTGGGATC 

 Mutant 1 GACCTCTGACGGATC 

Block C Tal1 

 

MCS:93-110 WT GATGCTTGAACGAGCAGATAA 

 Mutant 1 GAAGGAAGAACGACCAGATAA 

Block C Gata1 

 

MCS:102-112 WT AACGAGCAGATAACTAAGC 

 Mutant 1 AACGAGCACTTAACTAAGC 

 Mutant 2 AACGAGCAGAATTCTAAGC 

Block D Nf-e2 

 

MCS:122-136 WT AAGCATGACTCAGAGTTTCTAGA 

 Mutant 1 AAGCAACTCTCAGAGTTTCTAGA 

 Mutant 2 AAGCAAGTCACTGAGTTTCTAGA 
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Block E Nf-e2 

 

MCS:149-163 WT ACTAGGACTGCTGAGTAATACTT 

 Mutant 1 ACTAGGACTGGAGAGAATTACTT 

 Mutant 2 ACTAGGACTGGACAGAATTACTT 

Block F Nf-e2 

 

MCS:169-183 WT CTTGGGGGTACAGAGTCAGAAAG 

 Mutant1 CTTGGGGGTACACAGACTGAAAG 

Block F Gata1 

 

MCS:205-215 WT GTACCACTGATTAGGACCT 

 Mutant 1 GTACCACTGTATTGGACCT 

 Mutant 2 GTACCACTCTTAAGGACCT 

Table 2.3: Mutations used in R2 variant Screen #3. 

By column: TF motif refers to the predicted motif or conserved peak sequence for 
mutation; relevant consensus sequences are shown below with the match p-value by 
FIMO analysis. For Klf1 motifs, “L” and “R” refer to the left (unconserved) and right 
(conserved) motifs within block B. Coordinates refers to the motif position within the R2 
MCS. Variant indicates the sequence type. Sequence shows the motif match or conserved 
peak region (underlined) with mutated bases highlighted in yellow. 

 

Variant Gata1 Nf-e2 Klf1 

A C F D E B L B R 

ΔGata1 Mut 2 Mut 1 Mut 1     

ΔNf-e2    Mut 2 Mut 1   

ΔKlf1      Mut 1 Mut 2 

Gata1-only    Mut 2 Mut 1 Mut 1 Mut 2 

Nf-e2-only Mut 2 Mut 1 Mut 1   Mut 1 Mut 2 

Klf1-only Mut 2 Mut 1 Mut 1 Mut 2 Mut 2   

ΔTF Mut 2 Mut 1 Mut 1 Mut 2 Mut 2 Mut 1 Mut 2 

Table 2.4: Combinations of mutations used in R2 Screen #3 variants. 

Motifs are arranged by type and, within type, block. “Mut 1” or “Mut 2” refers to the 
mutation sequences in Table 2.3. 
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Variant Sequence 

WT 

 

5a AGCAGAT AA              C               A TGACTCAGAGTTTC 

5b AGCAGAT AA              G               A TGACTCAGAGTTTC 

10a AGCAGAT AACT        AA        GCA TGACTCAGAGTTTC 

10b AGCAGAT AACT     AGCA           A TGACTCAGAGTTTC 

15a AGCAGAT AACT GCAACGACA A TGACTCAGAGTTTC 

15b AGCAGAT AACTA GCAACGA CA TGACTCAGAGTTTC 

20a AGCAGAT AACTAAGCCAAGC                                                                                                                                                                             

----------ATGCT           A 

TGACTCAGAGTTTC 

20b AGCAGAT AACTA  

GACCTGAGATCCA  A 

TGACTCAGAGTTTC 

25a AGCAGAT AACTAAGCCAAGC  A 

--------- AAGCCAAGCA 

TGACTCAGAGTTTC 

25b AGCAGAT AACT      GAATCGAC 

CGAACAGAAC      CA 

TGACTCAGAGTTTC 

Table 2.5: IIb spacing variant sequences used in R2 Screen #4. 

Conserved Gata1 and Nf-e2 motifs are shown above the WT sequence and matching base 
pairs are coloured accordingly in all variant sequences. The varied IIb interval is 
highlighted with a bracket. Base pairs included in the motif region but without a 
significant match to the consensus sequence are shown in grey; other base pairs are shown 
in black and aligned to either side of the interval where applicable. 

 

All plasmids were prepared by Plasmid Mini/Midi Kit column purification (Qiagen) from 

overnight cultures in LB media selected with ampicillin (50 µg/ml) or kanamycin (20 µg/ml) 

as required. Purified plasmid DNA was quantified by Nanodrop spectrophotometry (Thermo 

Fisher). Custom sequences were verified by Sanger sequencing prior to transfection into 

mES cells; guide RNA cutting efficiency was tested using the Surveyor nuclease assay (Qiu 

et al., 2004).  
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Plasmids were transfected into mES cells by lipofection as described for RMGR targeting, 

scaling up or down depending on the application and using a 3:1 HDR donor:guide 

plasmid(s) ratio by mass, when required. For the R2 variant screen, pools up of to 120 

individual HDR donors were co-transfected simultaneously by mixing verified plasmids at 

an equal ratio by mass prior to transfection. Subsequent transfection of a Dre recombinase 

plasmid to remove the puromycin / thymidine kinase selection cassettes was performed 

using the same lipofection protocol.  

 

Successful transfection of CRISPR/Cas9 targeting plasmids was selected for by 

fluorescence activated cell sorting (FACS) of mESCs positive for GFP and/or mRuby 

fluorescence, as required (Figure 2.2). Integration of R2 variant sequences with associated 

resistance cassettes was positively selected for by treatment of cells with puromycin (Table 

2.6). Following cassette excision by Dre recombinase, cells were negatively selected for 

cassette removal by treatment with ganciclovir (Table 2.6).  

 

 
Figure 2.2: GFP/mRuby-positive selection for transfection of mESCs with 
CRISPR/Cas9 plasmids. 
Left: representative flow cytometry plot for selection of double-positive GFP/mRuby 
mESCs. Right: flow cytometry plot for selection of single-positive mRuby mESCs.  
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Screening 

 

Screening for desired genetic modifications was predominantly performed by PCR with or 

without Sanger sequencing, using the primers summarised in Table 2.7. Products were 

sequenced when annotating exact Cas9 cut sites or validating new screening strategies. 

Genomic DNA was obtained by incubating cells in lysis buffer (50 mM Tris, pH 8.0, 1 mM 

EDTA, pH 8.0, 0.5% Tween 20) supplemented with 60 µg/ml Proteinase K (Thermo Fisher) 

at 37°C overnight. DNA was then either prepared by phenol-chloroform extraction, 

precipitated with isopropanol or added directly to a PCR reaction after Proteinase K 

inactivation (95°C, 5 minutes).  

 

In the case of the R2-only model, the structural integrity of the locus was probed further 

with linked-read library preparation (10x Genomics) followed by Illumina sequencing, all 

performed at the Oxford Genomics Centre, Wellcome Centre for Human Genetics (Oxford, 

UK). See below section for further details: NGS sequencing. 

 

For high-throughput clonal screening of integrated R2 variants, a PCR product over an 

incorporated restriction site was directly digested by ScaI (NEB), taking 7 µl into a 20 µl 

reaction. Non-digested and digested products were run out on an agarose gel to identify 

clones with a position-specific variant integration event. To confirm the integrity of expected 

variant sequences, the same PCR products were also cleaned up by treatment with 

Exonuclease I (NEB) and Shrimp Alkaline Phosphatase (NEB) and indexed for its well-of-

origin in a second targeted PCR for NGS, as described (Table 2.8; Nussbaum et al., 2018). 

This approach uses custom indices to uniquely label PCR products from each clone of a 96-

well plate by their row and column of origin. 
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For pooled screening of integrated R2 variants, see the below section: Measurement of gene 

expression. 

 

Application Selection Concentration Days before 
selection 

Days of 
selection 

RMGR Hprt+ HAT 1x 2 7-14 

RMGR Hprt- 6-Thioguanine 10 µM 5 5 

R2 variants + Puromycin 1 µM 1 3 

R2 variants tk- Ganciclovir 3 µM 5 5 

Table 2.6: Conditions for small molecule selection of mESC populations. 

 

Application Product F/R Sequence 

RMGR RMGR+ Over lox511 F CTGTATTGAGCTCTGTCGACATAAC 

TTCGTATAATGTATACT 

  R AGCAGCATCACACATCAGGCACAC 

ATGTAC 

 R2-only+ Over R4 F AGCTCTGAAATGGACGTGGT 

  R GAGCCGTCCTGTGTATGTGA 

 RMGR- R1 internal F GGGCACAGCAAAAGAGGAAA 

  R AATGGTCCTTGTCCTCCCAG 

 Hprt+ Over loxP F ACTGGGGCTGAATCACATGA 

  R ACTCTTTCCCCTTGACCCAG 

 Flp internal F ACGGAACAGCAATCAAGAGAGCCA 

  R TCGATCCTACCCCTTGCGCTAAA 

Allele deletion Over deletion F TGGATCTGTCCCATAGCAGAGGG 

  R TCCTGGGTACCATCCATCTTGGC 

 Left junction F TGGATCTGTCCCATAGCAGAGGG 

  R TGGATCTGTCCCATAGCAGAGGG 

 Right junction F ATCCCGGTCCTACCTCACTC 

  R TGGTGGAGTCTTCAGGGTCT 

 Into α-YFP F GTGATTTGGTGCAAAACTG 
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  R CGTTGTGGCTGTTGTAGTTG 

 Over α-deletion F GTGATTTGGTGCAAAACTG 

  R AGGGTATCAGCCACCAATC 

 Left RMGR cassette+ F GGAGCTGGAGAAAGAGCAGA 

  R TCCACCTTCTCTTCCCACAC 

 Left RMGR cassette- F GGAGCTGGAGAAAGAGCAGA 

  R GGGAGGGTTGAGGAGAGAAA 

 Right RMGR cassette+ F TTTATGGTTCGTGGGGGTTA 

  R ATACACCGAGGCATGACACA 

 Right RMGR cassette- F ACTTCCCACACTTGGACCTG 

  R ATACACCGAGGCATGACACA 

R1 deletion Over deletion F TGTGTGTACAGTTTCCAGGAGGG 

  R CTTCCCTTAGGAAGGGATCTCCC 

 Over deletion (large) F TTTCGGGAGCTGGGAGTAGA 

  R TTGAACCGTTAAACGCAGCAG 

 R1 internal F GGGCACAGCAAAAGAGGAAA 

  R AATGGTCCTTGTCCTCCCAG 

R2 deletion Over deletion F AGGACTTCCTCTCCAGTACCC 

  R CCTTTAGTGTATGTCATTGAGCC 

 R2 internal F CTCCTGGCCCATGTCTCTC 

  R TAACAGGCACAGGGTCACTT 

R3 deletion Over deletion F GAAGGCAGGAAAAGCACAGG 

  R TGAAGCATGTCTGTGGCTCT 

Rm deletion Over deletion F GCGTAGTCTAACTCCAGGCA 

  R AGCTGATTCCGTGAGAGACC 

R4 Over deletion F AGCTCTGAAATGGACGTGGT 

  R GAGCCGTCCTGTGTATGTGA 

R1 insertion Into R1 F CCGGGACTCTAGCCAACAG 

  R GACTCGAATGCTGTGCCAAG 

R4 insertion Into R4 F CCCACAATAGCTGCCAAGGA 

  R CAACTTCCGACCCAGTGTGA 

R2 variants Over R2 F CTCCTGGCCCATGTCTCTC 
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  R GCCTGTATGAGCCAAGATGC 

 Variant indexing F CTCCTGGCCCATGTCTCTC 

  R TAACAGGCACAGGGTCACTT 

Table 2.7: Primers used for genome engineering screening.  

 

ID Barcode Primer 

iR_A TATAGCCT GATTATAGCCTCTCCTGGCCCATGTCTCTC 

iR_B ATAGAGGC GATATAGAGGCCTCCTGGCCCATGTCTCTC 

iR_C CCTATCCT GATCCTATCCTCTCCTGGCCCATGTCTCTC 

iR_D GGCTCTGA GATGGCTCTGACTCCTGGCCCATGTCTCTC 

iR_E AGGCGAAG GATAGGCGAAGCTCCTGGCCCATGTCTCTC 

iR_F TAATCTTA GATTAATCTTACTCCTGGCCCATGTCTCTC 

iR_G CAGGACGT GATCAGGACGTCTCCTGGCCCATGTCTCTC 

iR_H GTACTGAC GATGTACTGACCTCCTGGCCCATGTCTCTC 

iC_1 ATTACTCG GATATTACTCGTAACAGGCACAGGGTCACTT 

iC_2 TCCGGAGA GATTCCGGAGATAACAGGCACAGGGTCACTT 

iC_3 CGCTCATT GATCGCTCATTTAACAGGCACAGGGTCACTT 

iC_4 GAGATTCC GATGAGATTCCTAACAGGCACAGGGTCACTT 

iC_5 ATTCAGAA GATATTCAGAATAACAGGCACAGGGTCACTT 

iC_6 GAATTCGT GATGAATTCGTTAACAGGCACAGGGTCACTT 

iC_7 CTGAAGCT GATCTGAAGCTTAACAGGCACAGGGTCACTT 

iC_8 TAATGCGC GATTAATGCGCTAACAGGCACAGGGTCACTT 

iC_9 CGGCTATG GATCGGCTATGTAACAGGCACAGGGTCACTT 

iC_1 TCCGCGAA GATTCCGCGAATAACAGGCACAGGGTCACTT 

iC_11 TCTCGCGC GATTCTCGCGCTAACAGGCACAGGGTCACTT 

iC_12 AGCGATAG GATAGCGATAGTAACAGGCACAGGGTCACTT 

Table 2.8: Primers used for indexed R2 variant NGS screening. 

Underlined sequences represent unique barcodes used to label each row and column of a 96-
well plate. 
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2.2 Cell culture and isolation 

 

mES cell culture and differentiation 

 

E14-TG2a.IV (E14) mESCs were maintained in gelatinised plates by standard methods 

(Smith, 1991; Nichols et al., 1990). 24-48 h prior to differentiation, cells were induced for 

differentiation by passaging into base media (Iscove’s modified Dulbecco’s medium 

(IMDM), 1.4x10-4 M monothioglycerol (Sigma-Aldrich) and 50 U/ml penicillin-

streptomycin (Thermo Fisher)) supplemented with 15% heat-inactivated fetal calf serum 

(ΔFCS, Thermo Fisher) and 1000 U/ml LIF.  

 

For embryoid body (EB) generation, cells were disaggregated by trypsinisation and 

quenched in base media (as above) supplemented with 10% ΔFCS. Differentiation media 

was prepared fresh on the day of differentiation by supplementing base media (as above) 

with 15% ΔFCS, 5% protein-free hybridoma medium (Thermo Fisher), 2 mM L-glutamine 

(Thermo Fisher), 50 µg/ml L-ascorbic acid (Sigma Aldrich), 3x10-4 M monothioglycerol 

and 300 µg/ml human transferrin (Sigma Aldrich). Cells were plated in either triple vent 

petri dishes (Thermo Fisher) or flat-bottom, uncoated 96-well plates (Thermo Fisher) at the 

following densities: for 10 cm dishes, 3x104 cells were added to 10 ml differentiation media; 

for 96-well plates, 200-400 cells were added to 200 µl differentiation media. EBs were left 

to differentiate for up to seven days without disruption except for gentle manual shaking 

every few days to disrupt cell sticking. 

 

EBs from 10 cm dishes were harvested by collection of the entire plate contents into tubes 

and a single wash step in PBS, spinning EBs at 1000 rotations per minute (rpm) for 5 minutes 
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to ensure complete recovery. After PBS removal, EBs were disaggregated in 0.25% trypsin 

(0.3 ml per 10 cm dish) for 3 minutes at 37°C with continuous manual shaking to prevent 

collection at the bottom of the tube. Trypsin was quenched with an equal volume of FCS 

and a single-cell suspension obtained through tituration. Cells were collected by spinning at 

1200 rpm for 5 minutes and resuspended as needed. 

 

EBs from 96-well plates were prepared for analysis by a performing a single PBS wash and 

disaggregation in a V-bottom 96-well plate. Whole EBs were transferred and washed using 

a multichannel pipette, resting tips on the kink of the V-bottom plate to avoid accidental EB 

suction during media removal steps. Disaggregation was performed using 50 µl 0.25% 

trypsin per well and quenched with an equal volume of FCS. Single-cell suspensions were 

obtained by pipetting up and down 20 times with the multichannel pipette. Wells were 

topped up to 300 µl and put directly for analysis by flow cytometry or first stained in 20 µl 

staining buffer (PBS with 10% FCS; 500 µl per 107 cells), using the antibodies in Table 2.9, 

as required.  

 

Isolation of in vitro-derived erythroid cells 

 

Bulk populations of CD71-positive cells were isolated by magnetic column separation (LS 

Column, Miltenyi), according to the manufacturer’s instructions. Briefly, cells were labelled 

for CD71 in staining buffer for 20 minutes at 4°C, rolling, then washed by adding staining 

buffer (1 ml per 107 cells) and spinning. After supernatant removal, cells were incubated 

with MACS anti-FITC separation microbeads (Miltenyli; 10 µl per 107 cells) in ice-cold 

separation buffer (PBS plus 0.5% bovine serum albumin (BSA) and 2 mM EDTA; 90 µl per 
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107 cells) for 15 minutes at 4°C, rolling, and washed by adding separation buffer (1 ml per 

107 cells) and spinning.  

Bead-labelled cells were resuspended in 500 µl cold separation buffer and added to a pre-

equilibrated LS column. The negative fraction was washed through with two flushes of 3 ml 

cold separation buffer and the positive fraction collected by forcing cells from the column 

in 5 ml separation buffer. After spinning and supernatant removal, cells were resuspended 

in staining buffer as needed for downstream processing. Population purity and selection 

efficiency were determined by flow cytometry. 

 

For applications requiring low cell numbers or additional immunophenotype selection steps, 

cell populations were isolated by FACS, using antibodies listed in Table 2.9 (Figure 2.3).  

 

Marker Fluor Catalogue number Working concentration 

CD71 FITC eBioscience 11-0711-85 2.5 µg/ml 

CD71 APC eBioscience 17-0711-80 0.1 µg/ml 

Ter119 PE BD Pharmingen 553673 1 µg/ml 

c-kit PE-Cy7 eBioscience 25-1171-82 2 µg/ml 

Live/dead Hoescht 33258 Invitrogen H3569 1 µg/ml 

Table 2.9: Details of fluor-conjugated antibodies used for cell isolation and 
immunophenotyping. 
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Figure 2.3: CD71-positive selection of EB-derived erythrocytes by FACS. 
Flow cytometry plot for the isolation of CD71-positive erythrocytes (green). The 
erythroid phenotype was gated by both CD71 and size (forward scatter) to provide the 
best discrimination of the positive population. 

 

Mouse model generation and breeding 

 

Mouse model generation and handling was performed by the Mouse Transgenics Core 

Facility at the Weatherall Institute of Molecular Medicine. All work was conducted under 

Home Office licences after ethical review of the University of Oxford. In their hands, 

genetically engineered mES cells were screened for correct chromosome counts by 

karyotyping, microinjected into blastocysts from C57BL/6 mice and implanted into pseudo-

pregnant females. Three resulting chimeric males were back-crossed with WT females. 

Between three litters from one chimera, 10 pups were identified with germline transmission, 

as assessed by agouti coat colour derived from the E14 mES cell background. Of these 10, 

five pups were confirmed to be heterozygous for the Hprt+ R2-only modification by PCR-

based genotyping. Heterozygotes were crossed to a Flp-expressing line to promote 

recombinase-mediated excision of the Hprt cassette. Hprt- R2-only heterozygotes were then 

back-crossed and inter-crossed to establish a Flp-negative heterozygous line and set up 

timed matings for embryo dissection. 
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Genotyping was performed on material from non-erythroid tissue: embryonic material 

(dissected embryos), ear notches (live pups) or brain (dead pups). DNA from ear notches 

and embryos was prepared using the DIRECTPCR-EAR PEQGOLD reagent (VWR) with 

500 µg/ml Proteinase K treatment at 55°C overnight (Thermo Fisher). After Proteinase K 

inactivation for 5 minutes at 95°C, samples were spun at maximum speed for 3 minutes and 

supernatant added directly to standard PCR reactions using IMMOLASE DNA Polymerase 

(Bioline) supplemented with 1M betaine. Brain tissue was lysed overnight in a buffer of 50 

mM Tris pH 8.0, 100 mM EDTA, 100 mM NaCl and 1% SDS with 50 µg/ml Proteinase K, 

then DNA was obtained by standard phenol-chloroform extraction and ethanol precipitation. 

Genotyping was performed using PCR primers detailed above for mESC clone screening. 

 

Isolation of primary erythroid cells from embryos 

 

Pregnant female mice were dissected at embryonic day 9.5 or 10.5 (E9.5/E10.5) after 

observation of a vaginal plug. Embryos including yolk sac material were individually 

collected into tubes containing PBS and manually disrupted to promote erythroid cell release 

from the circulation. The erythrocyte-containing supernatant was aspirated into fresh tubes 

and remaining embryo material used for genotyping as described above. Cells obtained in 

this way were found to be over 85% pure by flow cytometry for CD71/Ter119 and May–

Grünwald–Giemsa staining (MGG; Figure 2.4). 
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Figure 2.4: MGG stained cytospin preparations of circulating blood collected from 
E9.5 and E10.5 embryos. 
Cells at this timepoint are uniformly of the large basophilic erythroblast stage by 
morphology. 

 

Preparation of primary cells for single-cell FACS 

 

Embryos were dissected as above to obtain erythroid-enriched cells from E9.5/E10.5/E11.5. 

Fetal livers were dissected from embryos at E12.5 and disaggregated in ice cold staining 

buffer (0.2 % BSA and 5 mM glucose in PBS). Cells from spleens of acetylphenylhydrazine 

(APH)-treated adult mice (Spivak et al., 1973) were collected by manual tissue disruption 

in PBS supplemented with 10% FCS, then collected by centrifugation and resuspended in 

staining buffer to be processed in the same manner as the fetal liver tissue.  

 

ChromePure Rabbit IgG (Jackson, 015-000-003) was added to a final concentration of 200 

µg/ml to block Fc receptors. Cells were stained with Ter119:APC (BD; 1:200), CD71:PE-

Cy7 (Biolegend; 1:1500), CD117:BB700 (BD; 1:100) and Lin:FITC (equal parts CD41, 

B220, CD3e,  Mac-1 and Gr-1, all BD FITC conjugated) on ice for 45 min in the dark. Cells 

were washed twice with 1 ml ice-cold staining buffer then resuspended in FACS running 
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buffer (staining buffer plus 5 mM EDTA). Immediately before sorting, Hoechst (Invitrogen) 

was added at 1:10000 dilution). 

 

Imaging cell cultures, EBs and cytospins 

 

Colour images of cultured cells and EBs were captured with an EVOS cell imaging station 

(Thermo Fisher). Fluorescence microscopy images of day 7 EBs were captured with an IX51 

instrument (OLYMPUS) using a filter for the yellow fluorescent protein (YFP) fluor and 

overlaid with brightfield images obtained in parallel using the Fiji software package 

(Schindelin et al., 2012). Cytospin cell preparations were obtained by directing 105 cells at 

glass slides by centrifugation in 150 µl PBS with 10% FCS for 4 minutes at 400 rpm. 

Hematek staining was performed according to manufacturer’s instructions (Siemens).  
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2.3 Measurement of gene expression 

 

RNA extraction and RT-PCR 

 

For expression analyses, samples of 105-2x106 cells were lysed in TRI Reagent (Sigma) and 

immediately frozen at -80°C. RNA was extracted using a Direct-zol MicroPrep kit (Zymo 

Research) with a 30 minute DNase step on-column at room temperature. cDNA was then 

generated with Superscript III First-Strand Synthesis SuperMix (Life Technologies), 

including an RNase step to degrade remaining template molecules. Real-time PCR (RT-

PCR) was performed with Fast SYBR Green Master Mix (Thermo Fisher) using the primers 

summarised in Table 2.10. Data were normalised to the 18S ribosomal gene or relevant β-

globin genes using the ΔCT method, taking the mean of multiple control CT values when 

applicable. Results were plotted as individual points or averaged bar charts in R (R Core 

Team, 2017), using the ggplot2 package (Wickham, 2009) and colours from the 

ColorBrewer suite (www.ColorBrewer.org). RNA quality was routinely checked by 

Tapestation analysis (Agilent) and reverse transcriptase enzyme negative controls were 

included to confirm that DNase treatment was adequate.  
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Gene Primer Sequence Primer target 

Hba-a1/2 Forward CTGGGGAAGACAAAAGCAAC Exon 1 

 
Reverse GCCGTGGCTTACATCAAAGT Exon 2 

Hba-x Forward ATGCGGTTAAGAGCATCGAC Exon 2 

 
Reverse GGGACAGGAGCTTGAAGTTG Exon 2/3 junction 

Hbb-b1/2 Forward ACGATCATATTGCCCAGGAG Exon 3 

 
Reverse ATGGCCTGAATCACTTGGAC Exon 2 

Hbb-bh1 Forward TGGACAACCTCAAGGAGACC  Exon 2 

 
Reverse ACCTCTGGGGTGAATTCCTT  Exon 3 

Hbb-y Forward TGGCCTGTGGAGTAAGGTCAA  Exon 1 

 
Reverse GAAGCAGAGGACAAGTTCCCA  Exon 2 

Rn18s Forward GTAACCCGTTGAACCCCATT Exon 1 

 
Reverse CCATCCAATCGGTAGTAGCG Exon 1 

Table 2.10: Primers used for RT-PCR.  

 

Single cell RT-PCR 

 

185 single erythroid cells were isolated by indexed FACS (16 cells each from mouse 

embryos at E9.5, E10.5 and E11.5; 42 cells each from spleens of APH-treated adult mice 

and 48 cells each from E12.5 embryos and EBs). Cells were sorted into wells of a 96-well 

plate containing 5.1 µl lysis buffer (5 µl 2x reaction buffer from SuperScript™ III One-Step 

RT-PCR with Platinum™ Taq kit (Thermo Fisher), 0.1 µl SUPERase In™ RNase Inhibitor 

(Thermo Fisher)). Plates were sealed, briefly centrifuged and frozen at -20 °C. Subsequent 

steps were performed by Dr Rob Beagrie. TaqMan assay mastermix was made by pooling 

6.6 µl of 43 TaqMan assays (Table 2.11) and adding 376 µl TE buffer. Plates were defrosted 

and 4.9 µl amplification mix was added to each well (1.2 µl TE buffer (Invitrogen), 2.5 µl 

TaqMan assay mastermix, 1.2 µl RT/Taq enzyme mix from SuperScript™ III One-Step RT-

PCR with Platinum™ Taq kit (Thermo Fisher)) except for one well containing a cell from 
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EBs, in which Platinum Taq was substituted for RT/Taq mix to serve as a no-RTase control. 

cDNA synthesis and sequence-specific preamplification was then carried out (reverse 

transcription at 50 °C for 15 min; RTase inactivation at 95 °C for 2 min; specific target 

amplification by 22 cycles of 95 °C for 15 s then 60 °C for 4 min). An RNA standard curve 

was also prepared at this point using the same mastermix and amplification program (see 

below). Plates were stored at -20 °C until analysis. Pre-amplified cDNA was diluted 5x with 

TE buffer and analysed using Universal PCR Master Mix (Applied Biosystems) and 

individual Taqman gene expression assays (Life Technologies, Table 2.11), on the Biomark 

System (Fluidigm) using two 192.24 Dynamic Arrays as per manufacturers protocol, except 

that elongation time was increased from 60 s to 75 s to accommodate longer custom gene-

expression assays for Hba-a1/2 and Hbb-bt/s/1/2 (Table 2.12). 

 

T7 polymerase was used to in vitro transcribe RNA from cDNA clones of Cox6c, Sec61g, 

Oaz1, Hba-a1, Hba-x, Hbb-bt, Hbb-y and Hbb-bh1. RNA was run on a 6% acrylamide TBE-

urea gel (Life Technologies) and bands corresponding to full-length transcript were isolated 

from the gel. RNA was extracted by incubating crushed gel pieces with elution buffer (500 

mM Ammonium acetate, 1 mM EDTA-KOH pH 8.0) for 3 hours at room temperature before 

ethanol precipitation, resuspension in TE buffer and quantification using RNA Quantifluor 

assay (Promega) and RNA Tapestation (Agilent). Each RNA was diluted to 16.8 pM 

concentration and the 8 transcripts were pooled, aliquoted and stored at -80 °C. When 

performing reverse transcription and pre-amplification on sorted single cells, one aliquot of 

RNA standard was also defrosted, and diluted 10x. Five more serial dilutions were created 

by diluting 6x in TE buffer, then 2 µl was taken from each of the six standard curve dilutions 

and pre-amplified using the same mastermix as used for single cells (see above). 
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Data analysis was performed using Python (v3.5.2; Matplotlib v2.0.2; Numpy v1.14.5; 

Pandas v0.23.3; scikit-learn v0.19.2; Scipy v1.1.0). CT values beyond the limit of detection 

or marked as “Fail” by the instrument were set to the limit of detection value (CT = 40). 21 

cells were excluded from further analysis, 15 due to > 80% of assays being undetected and 

6 due to outlier CT values. Raw CT values were transformed into expression space by 

calculating 2^-CT. Three housekeeping genes (Cox6c, Myl6 and Sec61g) were run on both 

192.24 chips. The expression of these three genes was scaled to a range of 0 to 1, then the 

mean of the three scaled expression values was calculated for each cell and used to normalise 

expression values for the remaining 21 assays on each chip. This normalisation was 

performed separately for the two chips before merging the data together for analysis. 

 

Gene Name Assay ID 

Abcg4 Mm00507247_m1 

Aqp1 Mm01326466_m1 

Aqp8 Mm00431846_m1 

Arid3a Mm00492248_m1 

Ccr2 Mm00438270_m1 

Cited2 Mm00516121_m1 

Cox6c Mm00835813_g1 

Cpeb4 Mm01193440_m1 

Ddx21 Mm00497941_m1 

Foxh1 Mm00514851_m1 

H2afy Mm01337623_gH 

Hba-a1/a2 Custom (IDT) 

Hba-x Mm00439255_m1 

Hbb-bh1 Mm00433932_g1 

Hbb-bh2 Mm01273444_g1 
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Hbb-bt/bs/b1/b2 Custom (IDT) 

Hbb-y Mm00433936_g1 

Hbq1a Mm00731011_s1 

Hbq1b Mm02747875_s1 

Hspe1 Mm00434083_m1 

Il9r Mm00434313_m1 

Klf3 Mm00492956_m1 

Lmo4 Mm00495373_m1 

Mbd2 Mm00521967_m1 

Mpg Mm00447872_m1 

Mpo Mm01298424_m1 

Myc Mm00487804_m1 

Myl6 Mm02342525_g1 

Nprl3 Mm01193449_m1 

Oaz1 Mm01611061_g1 

Pbx1 Mm04207617_m1 

Podxl Mm00449829_m1 

Pogz Mm00554475_m1 

Prtn3 Mm00478323_m1 

Rhbdf1 Mm00711711_m1 

Rhd Mm00456910_m1 

Sec61g Mm01613099_g1 

Selk Mm00785961_s1 

Smarca4 Mm01151944_m1 

Snrnp25 Mm00547218_m1 

Sox4 Mm00486320_s1 

Sox6 Mm01274768_m1 

Tmem14c Mm00481276_m1 
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Vamp5 Mm00444144_m1 

Zbtb7a Mm00657132_m1 

Table 2.11: Taqman probes used for 
single-cell RT-PCR. 

 

Assay Left primer Right primer Internal oligonucleotide 

Hba-a1/a2 TGAAGCCCTGG
AAAGGATGT 

TGAAATCGGCAG
GGTGGT 

TGGATCCCGTCAACTT
CAAGCTCCT 

Hbb-
bt/bs/b1/b2 

CCGATGAAGTT
GGTGGTGAG 

ACATGCAGCTTG
TCACAGTG 

CCTGGGCAGGCTGCTG
GTTG 

Table 2.12: Custom Taqman designs used for single-cell RT-PCR. 

 

YFP tag design and clonal readout 

 

A mouse ES cell line carrying an mVenus YFP tag (Nagai et al., 2002; Shaner et al., 2005) 

on the enhancer-proximal copy of the α-globin gene was designed and generated by Dr 

Danuta Jeziorska and Dr Andrew King. YFP was chosen due to its compatibility with the 

absorbance spectrum for the haemoglobin protein and a nuclear localisation signal was 

added to further reduce the chance of signal quenching from cytoplasmic haemoglobin 

(Papadopoulos et al., 2012; Zijlstra et al., 1991). The median fluorescence level of this tag 

for erythroid populations of interest was used as a proxy for gene expression by subjecting 

tagged mESC clones to in vitro differentiation into EBs as described above and flow 

cytometry with an Attune NxT instrument (Thermo Fisher). Subsequent analyses were 

performed with the FlowJo software package (BD).  

 

Recordings from 96-well plates were made by combining EBs from three replicate plates 

into a single well for washing and disaggregation steps (described above). Two individual 

recordings were made for each experimental replicate (i.e. six replicate plates in total, split 
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into two recordings combined from three plates each). To remove unreliable results, data 

from individual wells were discarded if A) the difference between duplicate fluorescence 

recordings was greater than 300 (arbitrary units) or B) both recordings measured fewer than 

1000 cells in total.  

 

Pooled R2 variant sequencing 

 

Pooled screening of integrated R2 variants was performed by subdividing the YFP+ 

erythroid population from EBs generated from pools of targeted mESCs into eight gates 

(Figure 2.5). An overview of the analysis workflow is shown in Figure 2.6. Resulting 

populations were lysed with 1 µl lysis buffer (above) per 1000 cells and digested overnight 

at 37°C. After Proteinase K inactivation, 2 µl of each sample was taken into a 20 µl PCR 

reaction to amplify a region of R2 that extends beyond the homology arms of the HDR donor 

vector pool, to specifically amplify only correctly integrated copies of the R2 variant library. 

1 µl of each of the resulting products was cleaned up by Exonuclease I / Shrimp Alkaline 

Phosphatase treatment (as above) and directly used in a targeted indexing PCR, re-purposing 

the 96-well plate indexing barcodes to differentially index products from individual YFP 

gates (Table 2.8; Nussbaum et al., 2018). Products from each gate were pooled equally using 

quantitation on an agarose gel with the Fiji software package (Schindelin et al., 2012). NGS 

libraries were prepared and sequenced as previously described (Nussbaum et al., 2018). 

Indexed NGS files for individual YFP fluorescence gates were flashed and demultiplexed 

using an in-house pipeline as described, with settings –ampliconSize 400 –minPCRcount 10 

–minLen 270 –minIdentity 85 –flashOverlap 10 –minMatch 200 (Nussbaum et al., 2018). 
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Figure 2.5: Division of a YFP-positive EB-derived population into eight gates to 
screen pooled R2 variant sequences. 
Left: Flow cytometry plot showing the gating strategy to select the YFP-positive 
population from day 7 EBs. Selection was gated based on YFP fluorescence and cell size 
(forward scatter) for the best discrimination of the positive population. Right: segregation 
of the YFP-positive population into eight gates for sorting into individual tubes and 
subsequent R2 variant genotyping. 
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Figure 2.6: Estimation of YFP median fluorescence readings by NGS variant 
demultiplexing. 
A) Erythroid-specific α-YFP fluorescence distributions for ΔR1 and ΔR1R2 models as 
shown in Figure 6.4. B) Demonstrative pooling and subsequent YFP median estimations 
of clones with different fluorescence levels. Pooling populations produces a combined 
fluorescence distribution (top left). This can be considered in terms of additive 
representation from the two individual clones (top middle). As a result, eight gated 
populations for YFP intensity have different representations of the two individual clones 
by cell counts, which can be inferred from NGS genotyping data from each population 
(top right). Cumulative density function approximations can then be plotted for each clone 
(bottom right) and sigmoidal curves plotted (bottom middle). Finally, intersection points 
between cumulative density curves and y=0.5 can be used to quantify approximate median 
YFP values (bottom left). Data shown are from simulated pooling, gating and cell counts 
and curve fitting of individual flow cytometry recordings from ΔR1 α-YFP and ΔR1R2 
α-YFP clones. 
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Sequence attributes specific to each of the R2 variants included in a single experiment were 

then used to search for and count matches across the reconstructed R2 sequences, using 

custom scripts in R or bash. PCR counts per variant per gate were scaled to the recorded 

number of cells sorted in each gate to give an in silico-generated “cell count” for each data 

point. Results were filtered to remove data from any variants represented by fewer than 8 

cells across all gates or variants for which no reads were detected in any one of gates 1-5. 

Cumulative cell counts were plotted as a % of the total cell count for each variant across the 

eight sorted gates and sigmoidal curves fitted in R. The point of intersection of each 

cumulative density function with y=0.5 was recorded as the estimated median. This was 

performed for each technical replicate and the combined cell counts across all two or four 

independent experiments to provide an indication of the most accurate expectation value 

and the range of noise inherent in the protocol. Resulting estimated medians were plotted 

for each variant in R (R Core Team, 2017), using the ggplot2 package (Wickham, 2009) and 

colours from the ColorBrewer suite (www.ColorBrewer.org). 
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2.4 NGS assays 

 

ATAC-seq and ChIP-seq 

 

Assay for transposase-accessible chromatin (ATAC)-seq was performed on 3-7x105 cells 

from target populations as previously described (Buenrostro et al., 2013, Hay et al., 2016). 

Chromatin immunoprecipitation (ChIP)-seq was performed using the ChIP Assay Kit 

(Millipore) as described previously (Hanssen et al., 2017) on aliquots of 5x106 CD71-

positive cells derived from two separate differentiation experiments per antibody. 

Chromatin fragmentation was found to be optimal for 8 minutes rather than 15-20 minutes 

as described, accounted for by the lower cell number used. Antibodies used for ChIP-seq in 

this thesis are summarised in Table 2.13. 

 

Enrichment by ChIP was assessed by RT-PCR prior to library indexing and NGS, using Fast 

SYBR Green Master Mix (Thermo Fisher) and the primers summarised in Table 2.14. 

Enrichment was calculated by comparing the amplification of immunoprecipitated genomic 

DNA with a dilution series of unprecipitated input material (5%, 1%, 0.2%, 0.04%) for a 

region of predicted enrichment and a non-specific control region. Primer pairs were 

validated by standard curve and melt curve analysis prior to use.  

 

Data for ATAC-seq and ChIP-seq were analysed with an in-house pipeline as described 

(Hay et al., 2016; Telenius and Hughes, 2018). In each case, alignment files from two or 

three biological replicates were individually normalized to reads per kilobase per million 

mapped reads (RPKM) using the deepTools package (Ramírez et al., 2016) and averaged 
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using bedtools (Quinlan, 2014) with the awk bash command. Tracks were visualised with 

the University of California Santa Cruz (UCSC) genome browser (Kent et al., 2002). 

 

To compare datasets genome-wide, triplicate data for each tissue of interest were peak-called 

with the Model-based Analysis of ChIP-Seq tool (MACS2, Zhang et al., 2008), using default 

parameters. Principal component analysis (PCA) was then performed using the DiffBind 

package in R (R Core Team, 2017). 

 

Protein target Antibody Working concentration 

H3K27ac Abcam ab4729 0.5 µg/ml 

H3K4me1 Abcam ab8895 0.3 µg/ml 

H3K4me3 Abcam 8580 2.5 µg/ml 

CTCF Merck Millipore 07-729 5 µg/ml 

Gata1 Abcam ab11852 3.25 µg/ml 

Nf-e2 Santa Cruz sc-22827 1 µg/ml 

Table 2.13: Antibodies used for ChIP. 

 

Product Applications F/R Sequence 

Chr15 region H3K27ac -ve 

H3K4me1 -ve 

H3K4me3 -ve 

Gata1 -ve 

Nf-e2 -ve 

F GTAAGATGCCATTGTCCTGACC 

R TGTGTTCTCCTCCCTTCCTT 

Hba promoter H3K27ac +ve 

H3K4me3 +ve 

F CTAGCTTCCCCACCACCAAG 

R CTTCTTGCCGTGACCCTTGA 

R2 enhancer H3K4me1 +ve 

Gata1 +ve 

Nf-e2 +ve 

F GTACAGAGTCAGAAAGGAAAGGACAA 

R GGCAAATAAACAGGATGGGAAAAC 

Nprl3 gene body CTCF -ve F CAGAGCTCCCAGACAACCAG 

R AGCACACCCAGGGTTCTCTA 
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HS-38 CTCF CTCF -ve F TGAGAAGGCTGGCCTTTGAG 

R CCCAGGGAATGAATGCCAGT 

Table 2.14: Primers for ChIP-RT-PCR. 

 

Motif analysis 

 

Position weight matrices for selected erythroid TFs were generated using the Multiple Em 

for Motif Elicitation (MEME) tool (Bailey and Elkan, 1994) with peak calls from ChIP-seq 

data for primary mouse erythrocytes (Figure 5.13; Hay et al., 2016). Peak call datasets were 

produced using the MACS2 tool (Zhang et al., 2008) with default settings and filtered to 

take the highest 2000 peaks by motif enrichment for Gata1, Tal1 and Nf-e2 motifs or the top 

975 peaks for Klf1, based on an estimation of several thousand peaks in previous ChIP-seq 

experiments for Gata1, Tal1 and Nf-e2 (Han et al., 2015; Steiner et al., 2010) and ~1000 

peaks in a previous peak call of the Klf1 ChIP-seq data used here (Tallack et al., 2010). 

Appropriate motifs were selected based on similarity to published consensus sequences 

(Figure 2.7; Han et al., 2015; Igarashi et al., 1994; Tallack et al., 2010). Motif searches were 

performed using the FIMO tool (Grant et al., 2011) as described in the main text.  

 

 
Figure 2.7: MEME-generated position weight matrices used for TF motif calling. 

 

Capture-C 

 

Next-generation Capture-C was performed as described (Davies et al., 2016) on samples of 

2x107 Ter119+ cells isolated from WT C57BL/6 APH-treated adult mouse spleen (Spivak 
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et al., 1973). A summary of capture probes used to enrich for sequences of all gene 

promoters in a 5.6 Mb region surrounding the α-globin locus (except for the Acyp2 gene for 

which no suitable capture probes could be designed) is shown in Table 2.15; these were 

quality filtered using the Capsequm tool (Hughes et al., 2014). Data were analysed using an 

in-house pipeline as previously described (Davies et al., 2016) and visualised as an overlay 

track in the UCSC genome browser (Kent et al., 2002). 

 

Gene Probe Chr11 bp start Chr11 bp end 

Pnpt1 
 

Left 29030334 29030454 

Right 29030768 29030888 

Smek2 
 

Left 29072384 29072504 

Right 29072733 29072853 

Ccdc104 
 

Left 29146517 29146637 

Right 29148002 29148122 

Ccdc88a 
 

Left 29271992 29272112 

Right 29274612 29274732 

Prorsd1 
 

Left 29414607 29414727 

Right 29415708 29415828 

Mtif2  
 

Left 29426038 29426158 

Right 29426926 29427046 

Rps27a 
 

Left 29447865 29447985 

Right 29448378 29448498 

Rtn4 
 

Left 29592839 29592959 

Right 29594046 29594166 

Eml6 Single 29925992 29926112 

Spnb2 
 

Left 30098164 30098284 

Right 30098422 30098542 

Psme4 
 

Left 30671587 30671707 

Right 30671958 30672078 

Gpr75 
 

Left 30785163 30785283 
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Right 30785458 30785578 

Erlec1 
 

Left 30853716 30853836 

Right 30855248 30855368 

Chac2 
 

Left 30885726 30885846 

Right 30886508 30886628 

Stc2 
 

Left 31269517 31269637 

Right 31270137 31270257 

Bod1 
 

Left 31570728 31570848 

Right 31572074 31572194 

Cpeb4 
 

Left 31769089 31769209 

Right 31771337 31771457 

Nsg2 Left 31899865 31899985 

Right 31900315 31900435 

Snrnp25 
 

Left 32104921 32105041 

Right 32105415 32105535 

Rhbdf1 
 

Left 32122089 32122209 

Right 32122573 32122693 

Nprl3 
 

Left 32167508 32167628 

Right 32168252 32168372 

Mpg 
 

Left 32126341 32126461 

Right 32126554 32126674 

Il9r 
 

Left 32099819 32099939 

Right 32100179 32100299 

Hba-x 
 

Left 32176201 32176321 

Right 32176810 32176930 

Hba-a1 

Hba-a2 

Hba-a1/2 

Left 32182969 32183089 

Left 32195804 32195924 

Right 32196518 32196638 

Sh3pxd2b Single 32247535 32247655 

Ubtd2 
 

Left 32354547 32354667 

Right 32355831 32355951 

Efcab9 
 

Left 32427057 32427177 
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Right 32427737 32427857 

Stk10 
 

Left 32431986 32432106 

Right 32433397 32433517 

Fgf18 Single 33048574 33048694 

Npm1 
 

Left 33063163 33063283 

Right 33063470 33063590 

Tlx3 
 

Left 33103236 33103356 

Right 33103547 33103667 

Ranbp17 
 

Left 33412705 33412825 

Right 33413585 33413705 

Gabrp 
 

Left 33478834 33478954 

Right 33479046 33479166 

Kcnip1 
 

Left 33742084 33742204 

Right 33743535 33743655 

Kcnmb1 
 

Left 33862918 33863038 

Right 33863447 33863567 

Lcp2 
 

Left 33946817 33946937 

Right 33947072 33947192 

Foxi1 
 

Left 34107595 34107715 

Right 34109082 34109202 

Dock2 
 

Left 34596916 34597036 

Right 34597560 34597680 

Ccdc99 Single 34644236 34644356 

Table 2.15: Genome coordinates of oligonucleotide probes for Capture-C (mm9). 

Two probes of 120 bp each were designed to the DpnII fragment for the promoter region 
of each gene, labelled left and right. Where individual probes did not pass filtering 
requirements, a single probe was used to target the DpnII fragment, labelled single. 

 

BAC sequencing 

 

BACs were prepared for short-read sequencing by sonicating caesium chloride-purified 

DNA with a Covaris S220 focused ultrasonicator as described for the Capture-C protocol 
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(Davies et al., 2016). Sonicated DNA was purified using Ampure XP SPRI beads (Beckman 

Coulter) according to the manufacturer’s protocol and assessed with the DNA1000 Screen 

Tape (Agilent Technologies). Resulting fragments were around 200 bp in size. Libraries 

were indexed using the NEBNext DNA Library Prep Kit for Illumina (NEB) and sequenced 

with a Miseq instrument (Illumina). Reads were aligned to BAC design sequences using the 

Bowtie 2 tool (Langmead and Salzberg, 2012). Alignment files were sorted and variants 

were called using the SAMtools suite (Li et al., 2009; Li, 2011).  

 

10x linked-read analysis 

 

High molecular weight genomic DNA was isolated for linked-read library preparation by a 

modified version of the regular protocol used for genotyping PCRs (described above). The 

procedure consisted of lysis of a large number of cells (107) overnight, precipitation with 

isopropanol, extraction using phenol:chloroform and washes with 70% ethanol. Extreme 

caution was taken in each step to avoid DNA shearing; a Pasteur pipette was used for transfer 

steps. DNA quality was tested by genomic DNA Tapestation analysis (Agilent). Linked-

read libraries were prepared and sequenced according to the manufacturer’s instructions 

(10x Genomics). Fastq files were analysed using the Long Ranger tool (10x Genomics), 

using mm9 as the reference genome with freebayes variant calling (Garrison and Marth, 

2012). The resulting loupe file was viewed with Loupe 2.1.2 software (10x Genomics).  
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Chapter 3 – A super-enhancer reduced to a single element 

 

3.1 Introduction 

 

Previous functional dissection of the mouse α-globin super-enhancer 

 

There are several proposed mechanisms for the formation and co-operative function of 

clusters of enhancer elements (Long et al., 2016; Pott and Lieb, 2015). But to what extent 

are co-operative relationships of proposed super-enhancers realised in normal gene 

function? Recent work in the Higgs lab genetically interrogated the mouse α-globin super-

enhancer in vivo with a series of single-enhancer deletions and two double-enhancer 

deletions (Hay et al., 2016). Analysis of ex vivo cultured erythrocytes demonstrated that the 

elements of the super-enhancer became accessible during erythropoiesis irrespective of the 

presence or absence of the surrounding enhancers. The formation of the erythroid-specific 

self-interacting domain was also unaffected by all tested enhancer deletions. These results 

indicated that the chromatin structure of the locus was not dependent on the presence of a 

complete enhancer cluster. 

 

Quantitation of transcriptional output from the α-globin genes further suggested that the 

enhancers may contribute independently to gene regulation (Figure 3.1). The R1 and R2 

enhancers were identified as the most prominent activators of gene expression based upon 

their deletion phenotypes, whereas the R3 and Rm enhancer deletion models showed no 

notable phenotype. The R4 enhancer deletion model showed a small but significant 

reduction in α-globin expression. These data are in-line with predicted relative enhancer 



 Chapter 3 – A super-enhancer reduced to a single element 
 

75 
 

activities by TF binding, activity in transient and stable enhancer assays and sequence 

conservation (Hay et al., 2016; Hughes et al., 2005).  

 

 
Figure 3.1: α-globin gene transcription in single- and double-enhancer deletion 
models. 
Quantitation of mature adult Hba-a1/2 α-globin transcripts normalised to the mature adult 
Hbb-b1/2 β-globin gene for single- and double-enhancer deletion models. Data were 
obtained by Nanostring transcript quantitation of material from intermediate erythrocytes 
derived from E12.5 mouse fetal liver. Figure adapted from Hay et al., 2016. 

 

Results from two combined deletion models, ΔR1R2 and ΔR2R3, showed a remarkable 

additive property in their phenotypes. Each double-enhancer mutant was attenuated for α-

globin expression as if the effects of deleting the two removed enhancers had been summed. 

This was strong evidence that the elements of the α-globin super-enhancer are able to form 

and act independently from each other, each with different defined contributions to target 

gene expression. Rather than suggesting a synergistic model for super-enhancer function 

with inherent properties beyond the sum of its parts, these data fit best with an additive 

model for individual activities in a cluster of enhancers (Dukler et al., 2016; Pott and Lieb, 

2015). 
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Predictions for the R2-only model  

 

In this chapter, I set about creating a mouse model in which the activity of the R2 enhancer 

is tested individually, in a model devoid of the other elements of the super-enhancer. In a 

purely additive model of super-enhancer activity, the contributions of individual enhancer 

elements to gene activity would not necessarily be equivalent but would sum to 1. Based on 

analysis of the gene transcription data shown in Figure 3.2, this model holds for the α-globin 

locus. By individual element deletions, three enhancers (R1, R2 and R4) show different but 

individually significant contributions to α-globin gene activation (Hay et al., 2016), while 

the remaining two elements, R3 and Rm, show no detectable activity. In numbers, R1 

deletion reduces expression by a relative proportion of 0.32, R2 by 0.51 and R4 by 0.17. 

Taking these values as the active element contributions, the sum of enhancer activities does, 

indeed, sum to 1 (0.32 + 0.51 + 0.17 = 1; Figure 3.2).  

 

Expression measurements from double enhancer deletions of R1/R2 and R2/R3 also roughly 

conform to this model: given the apparent inactivity of the R3 and Rm elements, the ΔR1R2 

model should be driven by R4 alone (0.17 expression level predicted) and is measured at 

0.09; ΔR2R3 should be driven by R1 and R4 (0.32 + 0.17 = 0.49 expression level predicted) 

and is measured at 0.52. The disparity between the predicted and actual values for ΔR1R2 

mice may be indicative of the potential oversimplification of a purely additive model of gene 

activation when considering transcriptional activation over a wide range of expression 

levels. Such a shortcoming becoming apparent for the genetic mutant in which the two most 

active enhancers of the locus are deleted is perhaps unsurprising, given the molecular 

complexity of gene activation. 
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While mindful of these considerations, an additive model of super-enhancer function would 

predict an R2-only mouse to express α-globin to a level of 0.51 relative to wild type (WT). 

As this reflects only a modest change in gene expression, I concluded that the R2-only 

mouse model would likely express α-globin in line with the additive prediction and, 

therefore, be viable into adulthood as a homozygote.  

 

 
Figure 3.2: Prediction for α-globin expression levels across active enhancer deletion 
mouse models according to an additive model of super-enhancer function.  
Purple bars represent data from Hay et al., 2016; accompanying stacked bars show 
predicted expression levels based on defined contributions from R1, R2 and R4. 
Remaining super-enhancer elements R3 and Rm were not found to actively contribute to 
α-globin expression and so are not shown. 

 

In this chapter, I first outline the case for using the mouse α-globin super-enhancer as a 

model for local gene activation by testing the specificity of its activity within a 5 Mb 

window. Next, I describe the genome engineering procedure used to generate a mouse model 

with deletions of four spatially separated enhancer elements. Finally, I present in vivo data 

for the R2-only mouse and evaluate its fit against the predicted outcome.  
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3.2 Results 

 

The local activity of the mouse α-globin super-enhancer 

 

Previous experiments from the Higgs group have established that the syntenic region 

containing the α-globin genes contains all the necessary elements to coordinate appropriate 

gene expression (Higgs et al., 1990; Wallace et al., 2007). Before genetically interrogating 

the α-globin super-enhancer, it was important to establish, in addition, that the syntenic 

region acts only on the predicted globin genes, such that genetic manipulations would not 

create confounding phenotypes due to indirect effects. In other words, it is required that the 

activity of the regulatory domain is not only necessary and sufficient for expression of the 

α-globin genes, but also specific and unique.  

 

Mouse models harbouring mutations of the α-globin regulatory domain have shown that 

non-globin genes in and immediately surrounding the α-globin self-interacting domain can 

be affected by perturbations of enhancer and boundary elements. RNA-seq data from 

ΔR1R2 erythroid cells showed no significant transcriptional changes except for α-globin 

(Hba-a1/2 genes) and two additional genes at the locus: Mpg and Il9r (Martin Larke, 

unpublished data) and no significant global changes in element accessibility by assay for 

transposase-accessible chromatin using sequencing (ATAC-seq; Hay et al., 2016). Parallel 

work altering the 3D structure of the locus by CTCF site deletion gave similar results: the 

only significantly altered expression levels were those of the nearby Mpg, Rhbdf1 and 

Snrnp25 genes (Hanssen et al., 2017). The closest genes on the 3’ side of the locus are not 

expressed in normal erythroid tissue and do not become activated in any of the published 

models or upon disruption of CTCF binding on that side (Yue et al., 2014; Caroline Harrold, 
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unpublished data). Encouragingly, no confounding phenotype issues were evident as a result 

of altered local gene expression of the 5’ genes; even the severely deleterious ΔR1R2 

enhancer deletion mouse model allows for the isolation of bona fide erythroid cells from 

mouse embryos and fetal livers, despite α-globin expression being reduced to 10% of WT 

levels (Hay et al., 2016).  

 

Beyond the genes immediately surrounding the α-globin locus, it is possible that long-range 

enhancer-promoter interactions with the α-globin super-enhancer may exist, and could be 

affected by novel mutations. In human erythroid cells, although not functionally critical for 

the production of erythroid cells, expression of the NME4 gene located 300 kb from the α-

globin cluster is affected by disruption of the α-globin genes or enhancers, with an 

accompanying change in direct interactions with the region (Lower et al., 2009). Interactions 

can also be detected with a gene located 625 kb from the cluster, FAM173a (Hughes et al., 

2013).  

 

As exemplified by the case for NME4, the accepted dogma for enhancer activity involves 

physical proximity between enhancers and their target promoters. The observed correlation 

between increased interaction frequency and upregulated gene expression is unequivocal, 

regardless of the underlying mechanisms concerning the specificity, establishment and 

maintenance of those interactions (Dekker and Misteli, 2015; Vermunt et al., 2019). 

Therefore, any genes likely to be susceptible to changes in gene expression upon mutation 

of enhancer elements would be expected to demonstrate interactions in WT tissue that could 

become perturbed in genetic mutants.  
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To confirm that additional promoters would be unaffected by novel manipulation of the 

mouse super-enhancer via altering long-range interactions, I examined existing Capture-C 

data from the R2 enhancer (Oudelaar et al., 2018) and performed a reciprocal Capture-C 

experiment for gene promoters within a 5 Mb region encompassing the α-globin locus in 

Ter119+ adult mouse erythrocytes (Figure 3.3A). Capture-C is a chromosome conformation 

capture (3C) method that can be used to study enhancer-promoter interactions at high 

resolution and, thus, be used to predict functional contacts in a tissue-specific manner 

(Davies et al., 2016; Davies et al., 2017). Interaction profiles from several promoters 

exhibited specific interactions with surrounding accessible elements. However, despite data 

from the R2 enhancer and α-globin genes showing apparent interactions with regions 

upstream of the gene locus, none of the promoters tested outside of the α-globin self-

interacting domain, as defined previously by Capture-C and demarcated by CTCF sites 

(Hanssen et al., 2017; Oudelaar et al., 2018), showed specific interaction with the α-globin 

regulatory elements (Figure 3.3B). On the contrary, the closest genes on either side of the 

self-interacting domain demonstrated a relative avoidance of the region in a similar pattern 

to that observed for CTCF sites outside of the locus boundaries (Oudelaar et al., 2018). 

Therefore, I concluded that manipulations of the super-enhancer would be unlikely to affect 

surrounding genes other than those previously identified. As those genes (Il9r, Snrnp25, 

Rhbdf1, Mpg) are likely to be bystanders due to their proximity and have not previously 

been implicated in influencing any erythroid-specific phenotypes, I concluded that I could 

proceed with locus disruption and be confident in reporting direct effects on the α- and ζ-

globin genes.  
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Figure 3.3: Promoters within a 5.6 Mb region containing the α-globin locus do not 
show specific interactions with the super-enhancer elements in mouse erythrocytes.  
A) Top and middle: 10x zoomed Capture-C tracks from the R2 enhancer element and Hba 
gene promoters (Hba-a1 and Hba-a2 combined). Tracks, originally with data ranging 
from 0-2500 on the y-axis, are scaled to show only the weakest 10% of the signal such 
that low-enrichment, long-range interactions can be visualised. Areas of enriched 
interactions outside of the α-globin locus containing the Cpeb4 and Chac2 gene regions 
(shaded with blue boxes) are highlighted with brackets and asterisks (*). Bottom: Capture-
C track overlay for all promoter capture points within a 5 Mb window (chr11: 29,030,751-
34,647,143), using a rolling colour scheme to highlight results from the individual 
promoter elements. B) ATAC-seq (black), CTCF ChIP-seq (blue) and high-resolution 
Capture-C tracks from the 5 Mb promoter capture experiment in Ter119-positive mouse 
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erythrocytes, viewed over the α-globin locus region. Capture-C overlays from top to 
bottom: 1) All capture points shown; 2) No local promoters shown: all promoters shown 
except for Il9r, Snrnp25, Rhbdf1, Mpg, Nprl3, Hba-x, Hba-a1, Hba-a2 and Sh3pxd2b; 3) 
as 2) but with Il9r, Snrnp25, Rhbdf1 and Mpg promoters included; 4) As 2) but with the 
Sh3pxd2b promoter included. Tracks are scaled to the maximal peak height shown except 
for 2), which is scaled the same as 4). The enhancer region and self-interacting domain 
are highlighted in blue and grey, respectively. All Capture-C tracks are merged from three 
independent biological replicates; ATAC-seq and ChIP-seq data are averaged over two 
biological replicates as previously published (Hanssen et al., 2017). 

 

How to engineer multiple genetic elements in a single transfection step 

 

Depending on the number of manipulations required, dissecting regulatory landscapes in 

situ generally relies on single or iterative rounds of genome engineering. Clustered regularly 

interspaced short palindromic repeats (CRISPR)/Cas9 technology makes it possible to delete 

or modify target regions of a single base pair to hundreds of kilobases in mESCs with high 

efficiency, but more complex designs involving homology-directed repair (HDR) are 

typically limited to less than 10 kb (Li et al., 2014; Wang et al., 2015). To create a mESC 

line with four of the five native mouse α-globin enhancer elements deleted, the simplest 

approach from a design perspective would be to perform four sequential element deletions. 

However, in the interests of time and maintaining cell pluripotency for mouse model 

generation, I pursued an alternative, recombination-based targeting strategy to replace the 

entire locus in a single exchange event. 

 

The recombinase-mediated genomic replacement (RMGR) method was first described in a 

collaboration between the Higgs group and Dr Andrew Smith (University of Edinburgh) to 

create a “humanised” mouse model of the α-globin locus (Wallace et al., 2007). The strategy 

relies on the orientation-specific exchange of one copy of the native locus for an externally 

engineered version contained within a bacterial artificial chromosome (BAC). Purpose-
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designed “RMGR-ready” mESCs were originally generated from WT E14 mESCs in two 

sequential homologous recombination events to specifically integrate heterotypic lox sites 

at either side of the locus (Wallace et al., 2007). A single copy of a loxP sequence, along 

with antibiotic resistance cassettes for positive selection, was integrated at the 5’ side of the 

locus within the fourth intron of the Rhbdf1 gene; a similar cassette containing a lox511 

sequence was integrated at the 3’ side within the second intron of the Hbq1a gene. To ensure 

that both heterozygous targeting events had taken place on the same allele, clones were 

tested for the efficiency of exchange of a small positive control donor carrying the 

appropriate lox sites but with no sequence in between. In the resulting selected mESC line, 

the second allele remains intact with no lox sites.  

 

Exchange of the native locus with the engineered BAC in RMGR-ready mESCs is catalysed 

by orientation-specific Cre-directed recombination at the heterotypic lox sites flanking the 

locus and is enriched for by the complementation of a selectable hypoxanthine 

phosphoribosyltransferase (Hprt) gene cassette at the 5’ loxP site. The Hprt cassette is later 

excised by flippase (Flp)-mediated recombination between flanking flippase recognition 

target (frt) sites.  The result is a near-scarless exchange of the locus of interest into the native 

α-globin chromosomal context. A schematic depicting how this targeting approach can be 

used to produce a heterozygous version of the R2-only model in mESCs is shown in Figure 

3.4.  
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Figure 3.4: Schematic for RMGR targeting strategy to generate the R2-only model 
in mESCs.  
LoxP and lox511 sites for locus exchange are depicted by triangles in yellow and pink, 
respectively. frt sites for Hprt gene excision are shown in navy blue. Restriction sites and 
resistance gene cassettes (shown in teal and light blue, respectively) were used in the 
initial RMGR setup or are used for BAC growth in selective LB: amp = ampicillin 
resistance gene; cat = chloramphenicol resistance gene; hyg = hygromycin resistance 
gene; kana = kanamycin resistance gene; neo = neomycin resistance gene; puro = 
puromycin resistance gene; tk = thymidine kinase. 

 

Conventionally, sequence modifications of large DNA constructs such as BACs would be 

performed by iterative recombineering strategies in bacteria (Zhang et al., 1998). However, 

the number of selection steps needed to make four sequential enhancer deletions made this 

design technically challenging. Instead, I embarked on a collaboration with Dr Leslie 

Mitchell from Professor Jef Boeke’s group (New York University, USA) to repurpose a 

large-scale DNA assembly technology, originally developed to generate yeast chromosomes 

from scratch, to create custom version of the mouse α-globin locus for use with the RMGR 

strategy (Richardson et al., 2017). The result would be a mouse model with an entirely 

synthetic version of the α-globin locus. I will refer to this combined strategy hereafter as 

Synthetic RMGR.  

 

A workflow for the Synthetic RMGR strategy is shown in Figure 3.5. Briefly, the process 

begins with design of the locus of interest, which is then synthesised and assembled into a 

BAC. This is followed by DNA purification and exchange into RMGR-ready mESCs. 
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Correctly targeted mESC clones are selected for Hprt gene function and validated by PCR 

screening, then targeted for Hprt cassette removal. Resulting mESCs are used to generate 

erythroid cells in vivo through production of mouse models or in vitro by a method detailed 

in Chapter 4 and, finally, analysed for the resulting molecular phenotype.  

 

 
Figure 3.5: Workflow for the Synthetic RMGR procedure.  

 

In generating R2-only mESCs, the workflow went as follows: 

 

Step 1. BAC design 

In the first instance, I designed BACs for WT and R2-only versions of the mouse α-globin 

locus, based on the sequence of a WT BAC previously generated and sequence-verified in 

the lab by Dr Christian Babbs. This template BAC contains the loxP and lox511 

recombination sites and Hprt split gene necessary for RMGR, flanking a span of 86 kb that 

contains all of the regulatory elements and genes required for α-globin gene expression 

(Figure 3.4). To create the R2-only model, I designed individual enhancer element deletions 

to exactly reproduce those used previously (Hay et al., 2016). To confirm that these deletions 

removed the entire active regions for each element, I aligned their coordinates with DHS 

peaks, DNase-seq digital footprinting data and multispecies conserved sequence (MCS) 
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regions from primary mouse erythrocytes (Hughes et al., 2005; Maria Suciu, unpublished 

data). DNase-seq peaks can be used to identify accessible regions of chromatin including 

enhancers (Thurman et al., 2012), while sequence protection data from digital footprinting 

of these data can be used to predict the sites of DNA-protein interactions, thus providing an 

indication of sequences that are likely to be functional (Hesselberth et al., 2009). Guided by 

these data, the prescribed deletions remove the entire functional units for each element 

(Figure 3.6A-B). 

 

 
Figure 3.6: Enhancer deletion coordinates remove all sequence functionality.  
A) Overview of the α-globin enhancer deletions used in Hay et al., 2016 aligned to DNase-
seq and digital footprinting data from erythroid cells from embryonic day 10.5 (E10.5; 
Maria Suciu, unpublished). MCS regions and deleted sequences are highlighted in blue 
and red, respectively. B) High resolution view of enhancer deletion regions.  
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Step 2. BAC synthesis 

For both BACs (WT and R2-only), small (~3 kb) DNA segments spanning the 92 kb lox-

locus-lox sequence region were constructed by Dr Leslie Mitchell, using a tiled PCR-based 

method. These were combined with synthetic inserts (100 bp – 1 kb) used to integrate the 

designed deletion junctions. Dr Mitchell assembled these segments into larger blocks by 

their “eSWAP-In” method, which involves iterative homologous recombination steps in 

Saccharomyces cerevisiae (Figure 3.7). Assemblon generation in this way was described for 

the construction of yeast chromosomes and, more recently, in the proof-of-principal 

constructions of the 101 kb human HPRT1 gene locus a 119 kb region of the human genome 

containing the HTRA1 and ARMS2 genes (Richardson et al., 2017; Mitchell et al., 2019; 

Laurent et al., 2019). After retrieval of the bespoke sequences into a BAC backbone and 

transformation into bacteria for DNA purification, Dr Mitchell validated the locus sequences 

by PCR over the assembly junctions and long-read sequencing by PACBIO technology 

(Korlach et al., 2010). Sequencing results identified a small number of single base mutations 

in the assembly; these are described in the following section. 
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Figure 3.7: Schematic view of the eSWAP-In method (provided by Professor Jef 
Boeke).  
A) Short segments of DNA are generated by PCR from a target backbone or ordered as 
synthetic constructs with matching overhangs to allow for homologous recombination. B) 
Homologous recombination is performed in yeast with blocks of up to 10 segments in a 
single step. Alternating selection for the URA3 and LEU2 genes is used to perform 
subsequent assembly steps. The resulting BAC contains the assembled locus, modules 
necessary for replication in both yeast and E. Coli (BAC / CEN/ARS, respectively) and 
selectable markers including the kanamycin resistance gene (Kanr). 

 

Step 3. BAC purification 

I cultured the WT and R2-only BACs in E. Coli under conditions of antibiotic selection and 

isolated pure DNA by caesium chloride purification. I performed restriction digests to 

confirm that the BACs were intact and had not undergone any large-scale rearrangements 

(Figure 3.8A). To confirm that the sequence was correct at the base-pair level, I prepared 

libraries for Illumina short-read sequencing and aligned reads to the expected design 

sequences. The small number of variations I detected were in agreement with those detected 

by PACBIO sequencing before reagent shipping and largely comprised short repeat sections 

in intergenic regions which may be due to PCR infidelity or errors from the sequencing 

method, known to have low fidelity over repeat regions (Pfeiffer et al., 2018). Summaries 
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of bona fide variants for each BAC are shown in Tables 3.1 and 3.2. All variants are either 

between genes or found in introns not overlapping any recognised regulatory elements or 

splice sites with one exception: a single T->C substitution in the R3 enhancer element in the 

WT BAC. This base is not predicted to fall within a TF binding site by conservation analysis 

or DNase footprinting (Figure 3.8B) and the detected mutation is not predicted to damage 

the footprint of the surrounding 13 bp by analysis with the Sasquatch prediction tool 

(damage scores all below 0.2; Schwessinger et al., 2017). Crucially, I detected no errors in 

the sequences needed for RMGR. 

 

Position Type of variant Reference Variant Description 

5679 Substitution C T Rhbdf1 exon 2 - synonymous 

27421 Substitution C T Nprl3 intron 

31550 Substitution C T Nprl3 intron 

35798 Substitution C T Nprl3 intron 

39735 Substitution C T Nprl3 exon 5 – synonymous 

45789 Substitution T C R3 enhancer 

68981 Substitution T C Intergenic 

74052 Substitution G A Intergenic 

Table 3.1: Variants called in the WT synthetic BAC vs provided designs. 

 

Position Type of variant Reference Variant Description 

6145 Substitution C T Rhbdf1 intron 

44425 Deletion 30 bp - Nprl3 intron 

46911 Substitution G A Nprl3 intron 

58887 Substitution G C Intergenic 

Table 3.2: Variants called in the R2-only model synthetic BAC vs provided designs.  
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Figure 3.8: Validation of synthetic BACs of WT and R2-only α-globin loci.  
A) Comparison of simulated and real restriction digests of the two BACs with restriction 
enzymes NheI and SpeI. Gel simulations were based on in silico digests of BAC design 
files. B) A synthesis error in the R3 enhancer sequence of the WT BAC is not predicted 
to be deleterious for function. Top: DNase-seq digital footprinting as in Figure 3.6; 
Bottom: schematic of the R3 enhancer MCS annotated with the sites of three conserved 
regions (TF1-3; Hughes et al., 2005) and an additional motif for the Gata1 TF. The T→C 
substitution is positioned immediately upstream of the conserved TF1 region and 
highlighted in red. 

 

Step 4. Transfection + RMGR 

The most limiting step in successful targeting of large DNA constructs into the genome is 

transfection and exchange into the cells of interest. This is primarily because the efficient 

delivery of constructs to mammalian nuclei by electroporation or lipid-based methods is 
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greatly attenuated with increasing plasmid size (Hornstein et al., 2016; Kreiss et al., 1999), 

in addition to the observation that transfection of large constructs can be associated with 

high cell toxicity (Lesueur et al., 2016). By established protocols for BAC transfection into 

mESCs, described below, extreme inefficiency (1-10 correct clones per 100 µg DNA 

transfected into ~50x106 cells) renders BAC exchange unfeasible for routine 

experimentation. The most prominent challenge is on the scale of DNA preparations 

required per transfection; this is made particularly technically taxing by the fact that BACs 

must be maintained at a single copy per bacterial cell to avoid structural rearrangements and 

must be transfected immediately upon purification to avoid degradation of the high 

molecular weight DNA molecules. Improvements in transfection efficiency would, 

therefore, be beneficial for the entire BAC delivery process. 

 

In the original RMGR protocol, and many similar experimental designs, BACs have been 

delivered into mESCs by electroporation. All studies have reported low levels of targeting 

efficiency (Lee et al., 2014; Testa et al., 2003; Tomishima et al., 2006; Yang and Seed, 

2003). To make this protocol viable for more routine delivery of BACs, I tested a range of 

popular methods for transfection of mammalian cells with DNA. Electroporation methods 

did not produce any surviving clones in my hands (Table 3.3). Instead, I optimised a method 

using lipid co-delivery; this has been shown to be possible for large DNA and potentially 

less damaging to BAC structure (McLenachan et al., 2007). With the resulting lipofection 

protocol, 1-3 correctly targeted clones can now be obtained with the transfection of 106 cells 

using just 2.5 µg total DNA (3:1 BAC:Cre plasmid ratio by mass), representing a ~40-fold 

improvement in efficiency. In this instance, correct targeting refers to successful Cre-

mediated exchange at both 5’ and 3’ ends of the locus by Hprt gene selection and PCR, as 

described in Step 5. 
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Type Method # Cells 
transfected 

[DNA] (3:1 
BAC:Cre) 

# Colonies 
recovered 

Electroporation BioRad 35x106 100 ug 0 

Electroporation BioRad XCell 10x106 30 ug 0 

Electroporation BioRad XCell 2x 9x106 2x 30 ug 0 

Electroporation Neon 106 each 6/12/30 ug 0 

Electroporation Neon 106 each 2 ug 0 

Electroporation Nucleofector 5x106  

5x106 

5x106 

10 ug 

15 ug 

20 ug 

0 

2 (0 correct) 

0 

Electroporation Nucleofector 5x106 each 6/9/13/15 ug 0 

Electroporation Nucleofector 5x106 each 13/16/16/20 µg 0 

Electroporation Nucleofector 5x106 each 13/26 µg 0 

Lipofection FuGENE 6 106 4/7/20 µg 0 

Lipofection FuGENE 6 5.7x106 70 µg  13 (3 correct) 

Lipofection FuGENE 6 5x106 each 2x 27 µg  0 

Lipofection FuGENE 6 8.4x106 60 µg 0 

Lipofection LTX 6x106 15 µg 35 (10 correct) 

Table 3.3: Summary of BAC transfection attempts.  
The # colonies recovered column refers to the number of colonies surviving HAT 
selection; numbers in brackets indicate how many resistant colonies were correctly 
targeted at both RMGR exchange junctions by PCR as described in Step 5. BioRad = 
BioRad Gene Pulser; BioRad XCell = BioRad Gene Pulser XCell; Neon = Thermo 
Fisher Neon Transfection System; Nucleofector = Lonza Nucleofector 2b; Fugene 6 = 
Promega FuGENE 6 Transfection Reagent; LTX = Thermo Fisher Lipofectamine LTX 
Reagent. For details of transfection protocols, see Methods (Chapter 2). 

 

Step 5. Cell selection + screening 

Initial selection for successful RMGR is based on complementation of the 5’ Hprt gene and 

is performed by treatment of cells with hypoxanthine-aminopterin-thymidine (HAT). This 

process is extremely stringent; all clones surviving selection for integration of the synthetic 
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BACs were positive for the complete Hprt gene by PCR. Next, to ensure that locus exchange 

was complete for HAT-resistant colonies, I performed validation PCRs over the left loxP 

and right lox511 exchange sites and each of the enhancer elements (Figure 3.9A-B). 

Expected PCR products in targeted mESCs confirmed the desired exchange occurred in 

around 1/3 of HAT-resistant clones. Validated clones were tested for normal chromosome 

counts by karyotyping analysis; one clone containing the R2-only model locus was selected 

for microinjection into mouse blastocysts. 

 
Figure 3.9: Correct RMGR-exchanged clones were identified by PCR.  
A) Schematic of RMGR-ready, WT BAC-exchanged and R2-only BAC-exchanged 
mESC loci with PCR positions annotated with coloured bars. Sequence features are 
annotated as in Figure 3.4. B) PCR screening results for material from single mESC clones 
of heterozygous WT BAC RMGR, R2-only RMGR and RMGR-ready genotypes. Post-
RMGR products are detected in WT and R2-only exchanged clones. Full length PCR 
products over individual enhancer elements are detected in the WT exchanged and 
RMGR-ready cells; faint bands are also amplified from the untargeted allele in the R2-
only exchanged cells. Short PCR products indicating the presence of enhancer deletions 
are only detected in R2-only exchanged material.   
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One technical concern with targeting an entire locus in this manner is the possibility for 

large-scale rearrangements to go undetected with the short-length PCR validation and 

sequencing methods. The α-globin locus presents a particular challenge here due to the gene 

duplication which leaves a stretch of sequence open to recombination-induced 

rearrangements in the yeast used for assembly, the bacteria used for DNA preparation 

(although this is mostly mitigated by the use of single-copy BAC vectors) or in the process 

of locus exchange. To confirm that the locus was structurally intact in the final targeted 

mESCs selected for microinjection into mouse blastocysts, I prepared high molecular weight 

genomic DNA for linked-read sequencing (10X Genomics). In this method, contiguous 

DNA molecules are labelled with the same unique barcode sequence. Combined genome-

wide sequencing reads can then be mapped both to the reference genome and tied back to 

the single molecule from which it derived, meaning that intact stretches of hundreds to 

thousands of kb can be reconstructed from short-read sequencing data (Kitzman, 2016). De-

multiplexing of the linked-read data into two haplotypes clearly separated the WT and 

RMGR alleles from the targeted mESCs, with no additional structural changes detected 

(Figure 3.10). 
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Figure 3.10: The R2-only BAC was integrated into mESCs without structural 
rearrangements.  
Top: schematic of the RMGR region with enhancer elements and RMGR lox exchange 
sites annotated. Middle: phased linked-reads for the R2-only RMGR and WT alleles, 
visualised with proprietary Loupe software from 10X Genomics. Enhancer element 
deletions are clearly visible by sequencing dropout in the RMGR allele, as indicated by 
arrows. Bottom: junctions where lox sites remain in the R2-only allele are seen as mapped 
read ends in the RMGR allele, but not in the WT allele where there are no lox sites. 
Junctions are visible as vertical interruptions to mapped reads, aligned with dashed black 
lines from the schematic above. 

 

Step 6. Erythrocyte purification 

Following mESC targeting, the intention was to create an in vivo R2-only model to study 

the effect of such a modification on endogenous α-globin expression in primary erythroid 

cells. As such, validated R2-only model mESCs were microinjected into mouse blastocysts 

and resulting chimeras were back-crossed to WT mice, then bred with a line carrying a 

random integration of the Flp gene to remove the RMGR Hprt selection cassette. 

Heterozygous R2-only mice were viable with no notable phenotype. Heterozygotes with the 

Hprt cassette successfully removed, as determined by PCR, were crossed together and with 

WT mice to remove the eFlp gene for future crosses.  
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Of the three Het x Het crosses left to litter until now, there have been no homozygous R2-

only mice surviving for longer than a week after birth (Table 3.4). It is, therefore, possible 

that the R2-only mouse suffers from a more severe reduction in α-globin expression than 

predicted. Based on these results, I instead focused on obtaining erythroid material from an 

earlier developmental timepoint where homozygous mice were more likely to be viable. As 

such, I obtained primary erythroid cells from embryonic day 9.5 or 10.5 (E9.5/E10.5). 

Although these cells are not directly comparable to the E12.5 fetal liver-derived erythrocytes 

used in the original super-enhancer dissection publication (Hay et al., 2016), data from the 

Higgs lab suggest that the α-globin genes are regulated similarly across embryonic and 

fetal/adult erythroid tissues; the embryo-specific ζ-globin gene is also affected by enhancer 

deletions but to a lesser extent than the adult genes (Duantida Songdej, unpublished data). I 

therefore reasoned that this remained an appropriate cell system to test the question of 

enhancer additivity in vivo. Although a high level of mortality was observed for 

homozygotes even at this early stage, I was able to obtain erythroid material from a total of 

two homozygotes, 16 heterozygotes and four WT littermates (Table 3.4).  
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Stage Cross Total WT Het Hom Notes 

Live mice Het x Het 1 4 2 0 2 dead 

1st Hom stillborn 

2nd Hom died at 1 week 

2x WT + 2nd Hom Flp+ 

Live mice Het x Het 2 3 0 3 0 2x Het Flp+ 

Live mice Het x Het 3 3 0 3 0 
 

       
E10.5 Het x Het 4 8 2 5 1 

 
E10.5 Het x Het 5 8 2 + 1 dead 3 2 dead 

 
E9.5 Het x Het 6 11 0 8 + 1 dead 1 + 1 dead 

 
       

 
Metric Total WT Het Hom 

 

 
Total 37 7 23 7 

 

 
Total live 30 6 22 2 

 

 
% Live 81.1 85.7 95.7 28.6 

 
       

 Total embryos 27 5 17 5  

 Live embryos 22 4 16 2  

 % Live embryos 81.5 80 94.1 40  

Table 3.4: Summary of RMGR Het x Het offspring genotypes.  

Counts are shown for genotypes of live offspring and dissected embryos. The Stage column 
indicates the timepoint at which mice were genotyped. Notes indicate the stages at which born 
homozygous mice were lost and where mice were carriers for the Flp gene (used for Hprt cassette 
excision). 
  

The activity of the R2 element stripped of its super-enhancer context 

 

Step 7. Molecular analysis 

Using the E9.5/E10.5 erythroid material described above, I performed ATAC-seq to assess 

the impact of super-enhancer disruption on the open chromatin landscape of the α-globin 
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locus. By this method, the major locus elements became accessible as expected, including 

the R2 enhancer and α- and ζ-globin genes (Figure 3.11A). Notable, however, was a visible 

reduction in accessibility over the α- and ζ-globin gene regions when comparing between 

littermates from three independent harvests. Although ATAC-seq is generally regarded as a 

semi-quantitative technique, read counts normalised against the β-globin locus showed a 

reproducible decrease in reads from WT to heterozygous to homozygous embryos across 

the three harvests (Figure 3.11B). In contrast, read counts for the R2 enhancer did not show 

this same reduction: instead, the element had the same read count, if not higher, in embryos 

carrying one or two copies of the R2-only locus. Together these data indicate that reduction 

of the super-enhancer to a single element did not cause a complete loss of accessibility at 

the surrounding elements, but may have impacted the isolated chromatin opening and 

associated activity of the globin genes. 

 

 



 Chapter 3 – A super-enhancer reduced to a single element 
 

99 
 

 

Figure 3.11: R2-only locus elements become accessible as expected in vivo.  
A) ATAC-seq tracks from embryonic erythroid cells from individual WT, heterozygous 
(Het) and homozygous (Hom) mice for the R2-only model, as available, from three 
embryo harvest dates (Harvest 1/2/3). Embryos are compared directly to littermates to 
mitigate the effects of small differences in developmental staging. To negate the effect of 
inconsistent noise levels from the ATAC-seq assay on normalised peak height, reads per 
kilobase per million mapped reads (RPKM)-normalised tracks are visualised at scales that 
result in equivalent peak heights at a control locus containing histone genes 
(chr13:23,830,000-23,860,000). B) Plots detailing the number of ATAC-seq reads 
aligning to the α- and ζ-globin gene regions (chr11:32175940-32179679; 32183170-
32188139; 32196010-32200979) normalised to counts from the β-globin genes (chr7: 
110955100-110962869; 110976080-110976869; 110988240-110992769; 110996780-
111001949) for each embryo (pink / orange dots), and reads aligning to the R2 enhancer 
(chr11:32150660-32151659), normalised to counts from the β-globin locus control region 
(chr7:111007173-111026984) for each embryo (blue dots). 
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To assess the effect of the R2-only locus modification on gene expression of the active α- 

and ζ-globin genes, I performed real-time PCR (RT-PCR) on cDNA from each sample. In 

addition to the samples harvested here, I included cDNA from homozygous ΔR1 E10.5 

embryonic blood for context. As discussed in the introduction to this chapter and shown in 

Figure 3.2, expression of the globin genes in homozygous ΔR1 mice is predicted to be driven 

primarily by the R2 enhancer (Hay et al., 2016).  

 

To our surprise, but in line with the findings of impaired viability, results from R2-only 

homozygotes showed a much more severe phenotype than empirically predicted (Figure 

3.12A). Instead of the expected ~0.5 relative α-globin output, R2-only embryos retained an 

average of only 0.15 compared to WT. Heterozygote embryos gave an intermediate reading, 

with an output of around 0.55 of WT levels. Expression of ζ-globin was also impaired, with 

homozygotes producing only around 0.5 of WT levels, while results from the ΔR1 model 

were comparable to WT embryos (Figure 3.12B).    
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Figure 3.12: Expression of the α- and ζ-globin genes is severely impaired in the R2-
only model.  
A) Quantitation of mature adult Hba-a1/2 α-globin transcripts compared to the 
transcriptional output from the β-globin locus (CT values averaged across Hbb-b1/2, Hbb-
y and Hbb-bh1 genes) for WT, Het and Hom embryos for the R2-only model and 
homozygous ΔR1 embryos. Normalising to the β-globin genes accounts for the variation 
in embryo timepoint and erythrocyte maturation across harvest dates. B) Quantitation of 
mature embryonic Hba-x transcripts compared to the embryonic output from the β-globin 
locus (CT values averaged across Hbb-y and Hbb-bh1 genes) for the same models as in 
part A). Data points each represent an individual embryo and are shown relative to mean 
WT values; mean results for each genotype are illustrated with a horizontal black bar.  

 

These surprising findings called into question the existing additive model for super-enhancer 

function at this locus and may explain why no viable adult homozygous R2-only mice have 

been observed.  
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3.3 Discussion 

 

The impact of technology availability on scientific approach 

 

Our ability to dissect the function of regulatory elements in the genome has, by necessity, 

been dictated by the molecular toolkit available. Before targeted mutation of endogenous 

elements became possible, much of this work was performed using reporter assays in 

heterologous systems, followed by transgenes and large, randomly integrated units such as 

BACs. These experimental designs are not able to probe the function of an element within 

the native chromosomal context and are subject to inappropriate packaging within 

nucleosomes, interacting with surrounding elements as dictated by regulatory domains and 

conforming to larger-scale restrictions of chromatin structure, thus often resulting in large 

variation between replicates and unreliable results (Bender et al., 2000b; Long et al., 2016). 

 

Since the dawn of endogenous gene targeting, investigating the importance of multiple 

elements in a regulatory domain in situ has depended on the availability of precise genome 

engineering strategies (examples include Bahr et al., 2018; Bender et al., 2012; Darbellay et 

al., 2019; Hay et al., 2016; Kraft et al., 2019; Shin et al., 2016). Due to the time-intensive 

nature of performing iterative rounds of genome engineering, these approaches have largely 

been used to dissect super-enhancer clusters and regulatory domains from a “top-down” 

perspective. Typical experiments would start with a WT chromosome and involve 

perturbation of just one or two elements in series, leaving the majority of the regulatory 

landscape intact. Thus, these experiments tend to probe elements for their necessity and 

redundancy for locus function, rather than their sufficiency. Such experimental approaches 

do not lend themselves to the reciprocal experiment where elements would be inserted 
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individually into a null locus (a “bottom-up” approach); as such, experiments of this nature 

have scarcely been performed. 

 

Here, by applying a genome engineering method that is not restricted in the number of 

manipulations to be made in series, the rule book for how to approach biologically 

interesting questions can be reimagined. As methods for large-scale DNA synthesis and 

targeting become more extensively automated, this extends to ideas such as the ambitious 

‘Human Genome Project-Write’ becoming accessible (Boeke et al., 2016; Hughes and 

Ellington, 2017). The BACs used here were assembled with a platform capable of 

performing 30,000 RT-PCRs per day at a cost of 7.4 cents each. Other workcell components 

include a colony picker, barcode reader, bulk loader, robotic centrifuge, and automated 

sealers and peelers, as well as robotic arms to coordinate plate transfers.  

 

Combined with the ever-falling costs of DNA sequencing (Wetterstrand, 2019), 

technologies such as these will make it feasible to test a near-limitless number of locus 

variations. The bottleneck of transfection into mammalian cells has been somewhat 

ameliorated here with the introduction of a lipofection-based protocol; there is undoubtedly 

room for further improvement or automation to this step, in future. In Chapter 4, I describe 

a miniaturised in vitro differentiation protocol which goes on to streamline the downstream 

processing stages of targeted clones. In Chapter 6, I develop a fluorescence-based readout 

to test the effect of locus manipulations on α-globin gene output in a high-throughput 

manner. Consequently, the experimental design used here is a valuable proof-of-principle 

for a new mode of experimental genetics, in addition to providing an interesting result in 

itself.  
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Addition ≠  subtraction 

 

By homozygous deletion in vivo, the R2 enhancer appears to contribute ~50% of the 

transcriptional activation of the α-globin gene (Hay et al., 2016). Yet, here, addition of the 

R2 enhancer to a neutral platform is capable of a maximum of ~15% gene activation. When 

dissecting the super-enhancer from the top-down, pairs of deletions appeared to reduce α-

globin expression in a manner resembling an additive model. So, now when approaching 

the question from the bottom-up, why does enhancer addition not equal subtraction? 

 

From a general perspective, it is possible that one or more synergistic models of enhancer 

co-operation may be fitting at this locus when it is reduced to its minimal components. There 

are several possible mechanisms for how the observed data might be realised at a molecular 

level; these will be discussed in more detail in Chapter 5.  

 

By ATAC-seq, the locus elements appear to become accessible as normal, although with 

reduced peak heights over the globin gene regions. This result is in-line with findings from 

the α- and β-globin loci, where deletions of selected elements, including removal of the 

entire β-globin LCR, does not abrogate the accessibility of chromatin at remaining elements 

(Bender et al., 2000a; Bender et al., 2000b; Hay et al., 2016). Whether the reduced 

accessibility at the globin genes represents a lower accessibility probability at a single-cell 

basis or more persistent on/off fates at the level of cell populations requires further 

investigation.  

 

One additional observation from the RT-PCR data from the R2-only mouse model is the 

limited effect of the enhancer elements on the embryonic ζ-globin gene. The differential 
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regulation of embryonic and adult globin genes in particular has been a topic of intense 

scrutiny for several decades, and remains a key focus of the Higgs group. The trend seen 

here is in line with previous enhancer deletions at the mouse α- and β-globin loci (Bender et 

al., 2001; Duantida Songdej, unpublished) and results from the humanised mouse model 

(Wallace et al., 2007). Potential mechanisms for differential adult/embryonic gene 

regulation include the extent and nature of regulatory protein binding at the relevant gene 

promoters, enhancer-promoter interaction compatibilities and contrasting chromatin 

environments (Blobel et al., 2015; Vinjamur et al., 2018). For the purpose of this project, 

the differential regulation of the α- and ζ-globin genes will not be probed further, but is 

important to note when considering effects on the erythroid cell phenotype. 

 

To interrogate the question of element co-operation with an extended series of enhancer 

element combinations of the α-globin super-enhancer, I could no longer rely on the 

production of numerous in vivo models. Instead, I required a higher-throughput method for 

erythrocyte generation and readout. In Chapter 4, I describe the development of a scalable 

method to produce and isolate erythroid cells in vitro for this purpose. In Chapter 5, I apply 

this system to the question of super-enhancer co-operativity, by replicating data from 

existing in vivo models and creating new, as yet untested, enhancer combinations.  
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Chapter 4 – The embryoid body as a source of mouse 

erythroid cells in vitro 

 

4.1 Introduction 

 

In vitro differentiation of stem cells as an experimental tool 

 

When tackling questions of mammalian genetics, the use of mouse models has long been 

the gold standard (Capecchi, 2005; Glaser et al., 2005; Morse, 2007; Parker and Peterson, 

2018). No other mammalian system offers the same relative ease of breeding and 

maintenance, the completeness of a phenotypic readout that runs throughout development 

and the consistency of using inbred strains which removes the confounding effects of genetic 

background. However, as methods at all stages of the experimental pipeline, from genetic 

engineering through to downstream assays, increase in availability and throughput, the 

universal use of mouse models becomes impractical and unethical. This is particularly true 

of the α-globin locus where, as yet, no significant effects of genetic manipulation have been 

observed outside of the well-characterised erythroid lineage. 

 

When considering in vitro alternatives to animal models, embryonic or pluripotent stem cells 

are a valuable resource for many applications. In vitro differentiation of stem cells offers 

unparalleled access to a range of molecularly-defined cell types from a single clone of origin. 

This permits experimentation in desired tissues of interest while reducing our reliance on 

immortalised cell lines which inevitably have a corrupted genetic background. In the mouse 

system, mESCs offer the advantages of an “off-state” control cell type and the versatility to 
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create either in vitro tissues or mouse models, as required. The need for well-established, 

robust in vitro differentiation protocols becomes clear when considering the increasingly 

high-throughput nature of experimental designs in molecular biology. It is critical that 

derived cells faithfully recapitulate in vivo counterparts in a reproducible manner and, from 

a practical perspective, that they can be produced at the scale required for analysis. 

 

Protocols for mESC differentiation in vitro often involve the production of embryoid bodies 

(EBs). The general principle behind EB generation from mESCs involves growing cells in 

conditions that promote three-dimensional growth in the absence of leukaemia inhibitory 

factor (LIF) or embryonic feeder cells (Keller, 2005). Resulting spheres, typically up to 1 

mm in diameter, are heterogeneous populations of cells with representation from all three 

germ layers (Spangler et al., 2018). The output from EBs can be enriched for specific 

lineages of choice through altering the differentiation microenvironment by the addition of 

small molecules or alternative plating strategies. Chemical modifications include using 

different base media and growth factor additives, while culture conditions can be substituted 

for hanging droplet-style culture, suspension culture, attachment to extracellular matrices or 

stromal cells, or incubation in bioreactors (Bratt-Leal et al., 2009; Kurosawa, 2007). 

 

Mouse erythropoiesis in a dish 

 

Conditions for haematopoietic mouse EB differentiation were first described several 

decades ago (Doetschman et al., 1985; Keller et al., 1993; Schmitt et al., 1991). Colony re-

plating detailed the emergence of a range of progenitors within EBs from day four onwards 

(Keller et al., 1993). This was subsequently shown to closely reflect the situation in vivo 

(Ditadi et al., 2016; Palis et al., 1999). Key to this work was the finding that, in addition to 
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the emergence of erythroid progenitor cells within EBs, authors reported spontaneous 

haemoglobinisation of EBs within a similar timeframe. 

 

While in early studies haemoglobinisation was observed in ~1% of EBs (Doetschman et al., 

1985), fine-tuning of culture conditions has now increased erythrocyte-containing EB 

representation to 100% (Stefanska et al., 2017). Interrogation of the detected globin gene 

products by isoelectric focusing (Doetschman et al., 1985), RNase protection (Wiles and 

Keller, 1991) and reverse transcription-PCR data (Keller et al., 1993) identified the presence 

of embryonic globins (Hba-x, Hbb-y, Hbb-bh1 genes), suggesting that these erythrocytes 

most closely reflect an embryonic (primitive) cell state. In vivo, the embryonic erythroid 

lineage represents the first wave of erythrocyte differentiation originating from the 

developing yolk sac blood islands. This is followed by two fetal/adult (definitive) 

erythropoietic programmes, ultimately taking place in the fetal liver and bone marrow, 

respectively, in which the embryonic globin genes are silenced (Figure 4.1). However, 

detection of the embryonic globins within EBs does not necessarily mean that all EB-derived 

erythroid cells are embryonic-like in nature: adult globins (Hba-a1/2 and Hbb-b1/2 genes) 

can be detected across all waves of differentiation. Up to now, therefore, it has been unclear 

as to whether the EB’s inherent erythroid population was homogenously embryonic-like or 

an embryonic-adult mixture, and to what extent the molecular phenotype of the chromatin 

environment matches that of primary erythroid cells.  
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Figure 4.1: Mouse erythropoiesis occurs in three distinct waves, each with a 
different pattern of globin expression. 
Top: relative globin gene representation through mouse development. Bottom: schematic 
diagrams of the mouse α- and β-globin loci. Globins are annotated with both protein and 
gene names for clarity. Figure adapted from Blobel et al., 2015. 

 

In this chapter, I describe the exploitation of the EB’s natural haematopoietic potential as a 

robust source of erythroid cells from mESCs in vitro. Firstly, I demonstrate that a pure 

erythroid population can be isolated from day 7 EBs by immunophenotype; secondly, I 

interrogate the molecular characteristics of the selected cells to assess their suitability as a 

biological model system; finally, I describe a protocol to miniaturise differentiation, opening 

the possibility for higher throughput studies on tens to hundreds of models in a single 

experiment. 

 



 Chapter 4 – The embryoid body as a source of mouse erythroid cells in vitro 
 

111 
 

4.2 Results 

 

Isolation of erythroid cells from day 7 EBs 

 

In designing a strategy for erythrocyte isolation from EBs, we sought a harvest timepoint 

that would provide the greatest number of mature red cells. We found that EB disaggregation 

is detrimental to cell viability beyond day 7 of differentiation, so focused our efforts on 

timepoints up to and including this limit. Previously published data show that globin 

expression increases through differentiation (Doetschman et al., 1985; Keller et al., 1993; 

Wiles and Keller, 1991). We confirmed this by RT-PCR at days 4-7 of differentiation 

(Figure 4.2A). Immunophenotyping by flow cytometry showed an accompanying increase 

in the red cell surface markers CD71 and Ter119 (Figure 4.2B; Fraser et al., 2007; 

Socolovsky et al., 2001); by day 7, EBs were ~40% positive for CD71, with roughly a third 

of this population also positive for Ter119. 

 

To identify the most appropriate selection method for erythroid cells from whole EBs, we 

assayed expression of α-globin across CD71 and Ter119-defined populations with a mES 

cell line in which the enhancer-proximal copy of the α-globin gene is tagged with a yellow 

fluorescent protein (YFP) tag, mVenus (Nagai et al., 2002, Shaner et al., 2005).  The YFP+ 

and CD71+ populations were found to overlap completely by flow cytometry (Figure 4.2C). 

Therefore, we reasoned that CD71 would be the marker for the most complete isolation of 

erythrocytes from whole EBs. 
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Figure 4.2: EBs can be directly exploited as a source of erythroid cells.  
A) RT-PCR of mature mouse globin transcripts in mES cells and EBs between days 4-7 
of differentiation, normalised to the 18S housekeeping gene. Levels are shown relative to 
the maximal detected expression for each gene. B) Cell counts for 
immunophenotypically-defined populations through differentiation. Data shown are from 
a single, typical differentiation in 10 cm dish format. C) Fluorescence levels of an α-
globin-YFP tag in mES cells and day 7 EBs. Top: a schematic of the tag shows the 
insertion site after the final exon of the gene with a 2A self-cleaving peptide sequence in 
yellow, the mVenus coding region in green, nuclear localisation signal (NLS) repeats in 
blue, the STOP codon in red and the untranslated regions (UTRs) in pink. Bottom: 
brightfield images of mESCs and a single EB are overlaid with YFP fluorescence signal 
(left). Flow cytometry histograms for YFP fluorescence demonstrate the presence of an 
α-globin-positive population in day 7 EBs (coloured in green; middle). Flow cytometry 
plots for the erythroid markers CD71 and Ter119 show the overlap of YFP+ population 
from the histogram with the CD71+ cell populations in day 7 EBs (YFP+ cells labelled 
green as in the histogram; right).  
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Identification of the erythroid population by a cell surface marker makes cell isolation 

possible by FACS for small cell numbers. For larger-scale applications demanding up to 107 

cells we optimised a magnetic column-based purification method that relies on the validated 

CD71 marker. We saw that selection in this manner, while resulting in modest cell losses 

(typical CD71+ recovery was 50-60%), could be scaled up to provide a large, pure (>96% 

CD71+) erythroid population for downstream analyses (Figure 4.3A). By cellular 

morphology with May–Grünwald–Giemsa (MGG) staining, we concluded that isolated 

erythroid cells are predominantly of the pro-erythroblast and basophilic erythroblast stages, 

in line with immunophenotyping results (Figure 4.3B). 
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Figure 4.3: Column-based, high-purity isolation of erythroid cells from day 7 EBs.  
A) Brightfield microscopy images, pellet images and flow cytometry plots for CD71 and 
Ter119 erythroid markers are shown for a typical EB differentiation and harvest. B) 
MGG-stained cell preparation of CD71+ cells from day 7 EBs, demonstrating that the 
population is pure for early differentiation stage erythrocytes. 
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EB-derived erythroid cells are uniformly embryonic-like in nature 

 

Previous work has categorised the EB erythroid output as embryonic-like at a population 

level on the basis of detectable embryonic globin gene products. To further investigate the 

predicted embryonic-like nature of EB-derived erythroid cells, we performed a more 

detailed analysis of the associated molecular phenotype, including ATAC-seq (Buenrostro 

et al., 2013) and chromatin immunoprecipitation with sequencing (ChIP-seq; Johnson et al., 

2007) for a number of informative histone modifications associated with active sequence 

elements (H3K27ac, H3K4me1 and H3K4me3; Calo and Wysocka, 2013). 

 

Comparison of ATAC-seq data at the α- and β-globin loci with existing results from 

embryonic and adult mouse primary erythrocytes (E10.5 blood and Ter119+ cells selected 

from acetylphenylhydrazine (APH)-treated adult spleen, respectively) supported the 

findings of embryonic globin expression in these cells: we observed accessibility peaks over 

the embryonic genes specifically in the embryo and EB samples but not in the adult tissue 

(Figure 4.4A). We performed principal component analysis (PCA) on all ATAC-seq peaks 

from each dataset and found that EB similarity to embryonic tissue was also true genome-

wide (Figure 4.4B).  
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Figure 4.4: An EB-derived erythroid population resembles embryonic primary red 
cells by ATAC-seq.  
A) ATAC-seq tracks for the α- and β-globin loci (chr11:32,131,800-32,204,799 and 
chr7:110,952,000-111,027,999, respectively) from mES cells and erythrocytes from day 
7 EBs, E10.5 embryonic blood and Ter119+ erythrocytes from adult APH-treated spleen. 
Tracks are RPKM-normalised and averaged over three biological replicates. Embryo-
specific globin genes are highlighted in orange; adult globin genes are highlighted in pink. 
Other visible peaks represent erythroid-specific enhancer elements. B) PCA plot of 
genome-wide ATAC-seq peaks from the tissues shown above. EB-derived cells cluster 
with E10.5 primary erythroid cells, away from mESCs and spleen-derived erythrocytes. 

 

ChIP-seq for active histone modifications showed a pattern consistent with the ATAC-seq 

data and previous element classification of enhancer and promoter elements (Figure 4.5; 

Hughes et al., 2005). Data closely resembled the pattern seen for active histone marks in 

primary embryonic erythroid cells (Andrew King, unpublished data). Together, these 
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chromatin feature annotations further supported the argument for EBs generating 

embryonic-like erythroid cells at a population level.  

 

 
Figure 4.5: The globin loci are marked with active histone modifications in EB-
derived erythrocytes.  
ATAC-seq and ChIP-seq tracks for the indicated histone marks covering the same regions 
as in Figure 4.4. ChIP-seq data are shown as average tracks across two biological 
replicates, normalised by RPKM. Annotated enhancer elements are highlighted in blue, 
embryo-specific genes in orange and adult genes in pink. 

 

Finally, to test whether the identified embryonic-like characteristics were representative of 

a pure cell population, rather than an artefact of mixed population-based assays, we 

performed single-cell RT-PCR for 40 genes with the potential to distinguish embryonic from 

fetal/adult lineages, including the globin genes. Table 4.1 highlights the justification for the 

inclusion of each probe in the set. In total, we obtained data from 149 cells from different 

immunophenotypic populations of embryonic and fetal/adult lineages (Figure 4.6). Briefly, 
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cells from adult APH-treated spleen and E12.5 fetal liver were sorted based upon 

CD71/Ter119 immunophenotyping into S1, S2 and S3 populations in accordance with the 

well-characterised separation of erythroid differentiation stages (Fraser et al., 2007; Pop et 

al., 2010). Cells from day 7 EBs were sorted into S1 and S3 populations based on the same 

scale. The increase in Ter119 signal from gate S1 to S3 is associated with increased erythroid 

maturation in both embryonic and adult tissues. Embryonic erythrocytes from 

E9.5/E10.5/E11.5 were sorted as single populations based on the presence of the CD71 and 

Ter119 markers; use of cells from three separate timepoints reflects the synchronous 

differentiation of primitive erythroid cells in vivo.  

 

Gene ErythronDB hit? Other 

Hba-a1/2  Globin 
Hba-x Y Globin 
Hbb-bh1 Y Globin 
Hbb-bh2  Globin 
Hbb-b1/2 Y Globin 
Hbb-y Y Globin 
Hbq1a  Globin 
Hbq1b  Globin 
Cpeb4 Y α-locus 
Il9r  α-locus 
Mpg  α-locus 
Nprl3  α-locus 
Rhbdf1  α-locus 
Snrnp25 Y α-locus 
Abcg4 Y  

Aquaporin1 Y  

Aquaporin8 Y  

Arid3a Y  

Ccr2 Y  

Cited2 Y  

Cox6c  Housekeeping 
Foxh1 Y  
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H2afy Y  

Hspe1 Y  

Klf3 Y  

Lmo4 Y  

Mbd2 Y Sankaran et al., 2010 
Mpo Y  

Myc   

Myl6  Housekeeping 

Pbx1 Y  

Podxl Y  

Pogz Y  

Prtn3 Y  

Rhd Y  

Sec61g  Housekeeping 
Smarca4 Y Sankaran et al., 2010 
Sox4 Y  

Sox6 Y Sankaran et al., 2010 
Tmem14c Y  

Vamp5 Y  

Zbtb7a Y Masuda et al., 2016 
Table 4.1: List of gene probes used in the single-cell RT-
PCR experiment.  

Probes were chosen to detect differential expression between 
embryonic and adult erythroid cells of different maturation 
stages. ErythronDB is a database of erythroid gene expression 
(Kingsley et al., 2012). 
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Figure 4.6: Characteristics of erythroid cells used in single-cell RT-PCR by 
immunophenotype and tissue type.  
Flow cytometry plots are shown for CD71 and Ter119 erythroid markers for EBs and 
three primary tissue types; each primary tissue is labelled above with the expected globin 
expression. All sorted cells were positive for CD71; where applicable the population was 
further segregated into gates S1-S3 based on the level of Ter119 detection (Pop et al., 
2010). Higher Ter119 labelling is associated with a more differentiated stage of 
erythropoiesis.  

 

We detected expression of both embryonic globins (Hba-x and Hbb-y) and adult globins 

(predominantly Hba-a1/2) in all selected EB cells, indicating that the population is 

homogeneously embryonic-like in nature (Figure 4.7). Transcript levels for the embryonic 

globins increased with developmental time between E9.5-E11.5 stages in vivo; from EB-

derived cells we observed transcript levels lower than any in vivo sample. Thus, while globin 

expression from EB-derived cells most closely resembled those of E9.5 primary 

erythrocytes, it is possible that they may best reflect an even earlier, untested stage of 

erythroid maturation (E7.5-E8.5) or that the full extent of globin expression is not realised 

in this model. We also saw a difference in expression associated with Ter119 level in the 

EB-derived populations, comparable with those seen for the fetal liver and spleen tissues or 

between E9.5-11.5 maturation stages. This suggests that the CD71+ cell selection from EBs 
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could be further refined to isolate a less-mature or more-mature state of erythroid 

differentiation based on Ter119 levels, if needed.  

 
Figure 4.7: EB-derived erythroid cells are homogeneously embryonic-like by globin 
expression at a single-cell level.  
Expression of embryonic and adult globins, normalised to housekeeping genes Cox6c, 
Myl6 and Sec61g is shown for the populations described in Figure 4.6.   

 

While expression of the globin genes provides the most striking difference between 

embryonic and fetal/adult erythroid cells, other genes we included for single-cell RT-PCR 

were also able to broadly distinguish the major populations. PCA of all housekeeping genes-

normalised expression measurements clearly separated the fetal liver and adult APH-spleen 

cells from embryonic E10.5 and EB-derived erythrocytes (Figure 4.8A). Furthermore, PCA 

of the non-globin genes alone was able to segregate the cells in a similar manner, albeit to a 

lesser extent (Figure 4.8B). Multiple probes showed higher expression for either embryonic 

(EB and embryonic blood) or fetal/adult (fetal liver and spleen) cell types, indicating that 
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EB-derived cells resemble embryonic red cells at the level of the wider transcriptional 

programme: not just at the globin loci (Figure 4.8C-D).  

 

 
Figure 4.8: EB-derived single cells recapitulate an embryonic transcriptional 
programme.  
A) PCA of housekeeping genes-normalised expression levels for the complete probe set. 
B) PCA of housekeeping genes-normalised expression levels for non-globin probes.         
C, D) Expression of six example genes where enrichment is seen in either embryonic or 
adult cells, respectively. Expression levels for the indicated genes are overlaid on the PCA 
plot from part A) with colour density (red to blue) representing a proportion of the 
maximal detected expression level. 
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EB differentiation as a scalable tool for erythrocyte generation 

 

Experiments described thus far in this chapter were performed with a conventional, bulk EB 

plating strategy in 10 cm dishes and scaled up by increasing the number of replicate plates, 

where necessary. While such large-scale culture is routine and valuable for a small number 

of clones at a time where large cell numbers are required, differentiation of up to tens or 

hundreds of clones in parallel for smaller-scale experiments would be impractical in this 

format. This is particularly the case for screening-style assays employing large numbers of 

genetic manipulations, or for testing multiple small molecules in a high-throughput manner. 

 

To make differentiation scalable for a broader range of applications, we optimised 

conditions for EB generation in a 96-well plate. By plating a range of cell numbers (100-

1200) into 200 µl differentiation media in individual wells of uncoated plasticware, we found 

that EBs could be formed as seen for bulk cultures (Figure 4.9A). The initial plating density 

of mESCs was critical for the characteristics of EB formation: higher cell densities at the 

time of plating resulted in the formation of fewer, larger EBs (Figure 4.9B-C).  

 

The differences in EB aggregation properties had consequences for erythropoiesis: the 

percentage of CD71+ erythroid cells decreased with increasing EB size (Figure 4.9D). These 

data are in line with previous findings about the nature of erythropoiesis within EBs and the 

observation that particularly dense cultures of EBs favour cardiac rather than haematopoietic 

differentiation (Lee et al., 2011). Successful differentiation of other lineages of all germ 

layers within EBs has also been found to be directly influenced by EB size (Messana et al., 

2008; Niebruegge et al., 2009; Valamehr et al., 2008).  
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Figure 4.9: 96-well EBs vary in size and number depending on mESC plating 
density.  
A) Example brightfield images of day 7 EBs from wells plated with the indicated number 
of cells. B) Total number of EBs compared to the number of mESCs plated, per well. Each 
dot represents data from an individual well. The number of individual EBs formed per 
well decreases with increasing mESC plating density. Above 900 cells per well, EB 
structure became abnormal to the extent where irregular masses were entirely non-
spherical and could not be accurately counted. C) Individual approximate EB volumes 
plotted against mESC plating density. Each dot represents data from an individual EB. 
Volume estimates were calculated from EB diameter measurements by microscopy. The 
volume per EB increases with mESC plating density. D) Percentage CD71+ cells from 
day 7 EB 96-well wells plotted against the average number of cells per EB for each well. 
Dots are coloured in all plots by the number of EBs in each recorded well, as indicated in 
part B).  
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In designing a miniaturised differentiation system to probe questions of gene regulation, the 

most important feature to optimise was the generation of a population of CD71+ bona fide 

erythroid cells that could be reliably experimentally tested in each well. A popular solution 

to standardise differentiation and reduce well-to-well variation in high-throughput 

differentiation systems is to optimise conditions for uniform EB growth, typically through 

the use of hanging droplet culture or controlled single-EB conditions (Choi et al., 2010; 

Dang et al., 2004; Flamier et al., 2017; Ng et al., 2005). However, key to the study of gene 

regulation is the fact that extreme variation in mature transcript levels between individual 

cells is seen even in theoretically homogeneous populations such as a single culture of 

mESCs (Faure et al., 2017; Mantsoki et al., 2016), and is also apparent in our single-cell 

RT-PCR results for the globin genes among immunophenotypically-defined populations 

derived from bulk culture EBs (Figure 4.7). We have established here that single, large EBs 

show attenuated erythrocyte production and are, therefore, not appropriate for this 

experimental design (Figure 4.9D). We, therefore, set out to determine the optimal 

conditions to generate the greatest number of CD71+ erythroid cells per well, in order to 

minimise the effect of potential variation in data from small populations. Based on results 

from Figure 4.9, this was likely to reflect conditions resulting in a large number of small 

EBs per well. 

 

By plating density, we found to be the optimal conditions for maximal erythroid cell output 

by CD71 staining to be 200-400 mESCs per well (Figure 4.10). This was the compromise 

between increasing total cell numbers and a falling percentage of erythroid cell 

representation with increasing mESC plating density. EB-derived erythrocytes from the 

resulting miniaturised protocol are comparable to those differentiated in 10 cm dish format, 

as judged by flow cytometry and cell morphology (Figure 4.11A-B).  
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Figure 4.10: Optimal plating density for 96-well EB differentiation is 200-400 cells 
per well.  
Left: plots detailing the total number of EB-derived cells recovered per well, each 
represented as a dot, for a range of plating densities and the associated percentages of 
CD71+ cells. Total and CD71+ cell counts were both obtained by flow cytometry. Right: 
resulting number of total cells and CD71+ cells recovered per well. The optimal plating 
density for maximal CD71+ cell output is highlighted with a bracket and asterisk (*).  
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Figure 4.11: EB differentiation can be scaled down to a 96-well format without 
compromising the erythroid output.  
A) Comparison of protocols for haematopoietic EB differentiation in 10 cm dish and 96-
well plate formats. B) Comparison of erythroid outputs from EB differentiation at two 
scales by flow cytometry for erythroid markers, gross-scale microscopy of whole EBs and 
cellular MGG staining. Whole EB images show a single 96-well and a sample of a 10 cm 
dish, respectively.  
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To further validate the equivalence of 96-well EB-derived erythroid cells to those from 

routine 10cm dish culture, we applied column CD71+ purification to a pool of 96-well EBs 

and performed ATAC-seq. As for conventionally cultured EB-derived cells, the 96-well EB-

derived erythroid cells showed specific chromatin accessibility over all of the globin genes 

and clustered together with primitive cells by genome-wide analysis of ATAC-seq data 

(Figure 4.12A-B). Together, these results indicate that it is possible to scale down the 

haematopoietic EB differentiation procedure into to a miniaturised 96-well format, without 

compromising the efficiency and faithfulness of differentiation. 
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Figure 4.12: EBs differentiated in 96-well format produce primitive-like 
erythrocytes by ATAC-seq.  
A) ATAC-seq tracks for the α-and β-globin loci with globin genes highlighted as in Figure 
4.3. Day 7 EBs differentiated in 96-well plates (96W EB day 7) produce an erythroid 
output comparable to material generated in bulk culture (EB day 7). B) PCA of all ATAC-
seq peaks from mES cells, EB-derived erythroid cells and primary cells. Cells from 96-
well miniaturised EB culture cluster with bulk day 7 EB-derived cells and E10.5 
embryonic erythrocytes. 

 

Together, these results validate tools to exploit the spontaneous differentiation of erythroid 

cells within EBs as a readily-accessible and scalable erythroid cell population (102 – 107 

cells/clone/plating). By selecting for erythroid cells expressing the transferrin receptor 

(CD71), we can routinely isolate and characterise a large, homogeneous population of 

uniformly embryonic-like mouse erythroid cells.  Finally, we present a protocol for 
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miniaturisation of the differentiation protocol, which offers the potential to perform high-

throughput studies on tens to hundreds of experimental models in a single experiment. 
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4.3 Discussion 

 

Requirements for an effective in vitro differentiation system 

 

When deciding upon an appropriate system for in vitro experimentation, there are several 

basic requirements that must be addressed.  

 

The ideal in vitro system should be: 

 

1) Amenable to clonal genetic engineering 

For cells to be genetically engineered, potentially multiple times over, it must be possible to 

maintain them in an actively dividing state through targeting, single-cell cloning and 

expansion for screening. While possible for most cell lines, the same cannot be said for many 

populations derived and expanded directly from primary tissue (Diepstraten and Hart, 2019).  

 

Mouse ESCs are an ideal cell type for genome engineering, and have been used in this way 

through a range of method developments: from homologous recombination and viral 

integration strategies to zinc-finger nuclease approaches and CRISPR/Cas9 technologies. 

Clones can be rapidly expanded or separated to single cell-derived colonies and routinely 

maintained in the hundreds by a single researcher.  

 

2) Homogeneous in cell identity 

When studying the effects of genetic manipulation, it is key that any observed effect can be 

traced back to the altered gene or genes. In an in vitro context, this means either culturing a 

homogenous cell type such that any changes in differentiation state can be monitored 
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directly, or having a robustly selectable population from a cultured mixture, which is not 

susceptible to changes in cell state under the genetic manipulation conditions of choice.  

 

By their nature, EBs are inherently a mixed populations of cells comprising outputs from all 

three germ layers of early embryo development. To overcome this issue, we have developed 

a stringent selection method that is able to isolate just α-globin-expressing erythroid cells. 

Although variation does remain within this population, for example in the availability of the 

Ter119 cell surface marker, we have shown that all cells are embryonic-like in nature.  

 

3) Scalable 

Current techniques in molecular biology allow for complex methods to be performed on 

impressively small numbers of cells, meaning that tens to hundreds of genetically- or 

chemically-modified samples can reasonably be processed in a single experiment. However, 

there remain some protocols for which a large number of cells is required, due to the 

population-based nature of the assay (e.g. Capture-C, ChIP-seq, protein quantitation). The 

ideal in vitro system should, therefore, be applicable to both small numbers of cells for a 

large number of clones, or large numbers of cells for a few select models at a time in a time- 

and cost-efficient manner. While generally not an issue for tissue-specific cell lines, systems 

involving stem cell differentiation often require the use of multiple costly cytokines or 

complex plating strategies that prohibit bulk experiments. 

 

The system described here can generate embryonic-like mouse erythroid cells for most 

existing experimental assays. By plating in a bulk 10 cm dish format, we demonstrate an 

inexpensive, single-plating protocol to derive tens of millions of erythroid cells in a single 

experiment. These numbers make samples amenable to a wide range of molecular biology 
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techniques including assays for DNA accessibility (ATAC-seq; ~105 cells), DNA binding 

events (ChIP-seq; 106-107 cells) and chromatin confirmation (Capture-C; <107 cells). At the 

other end of the spectrum, the system can be used to multiplex the differentiation of 

hundreds of clones for low-scale analyses in parallel. These experiments would be 

unachievable if constrained to the use of mouse models. High-throughput readouts such as 

flow cytometry are ideally suited to this system; as such, this differentiation format could 

conceivably be applied to screens for genetic or chemical manipulations. 

 

4) Genetically and phenotypically stable 

Culturing cells outside of an organism for any period of time removes the requirement for 

them to function in a life-sustaining manner. The newfound selection pressure to divide 

rapidly can induce everything from simple gene mutations up to changes in karyotype, 

which together make phenotype results unreliable and difficult to reproduce between 

experiments. This effect is well-documented in cells that have undergone immortalisation 

steps, such as the human HEL, K562 and HUDEP-2 haematopoietic cell lines and mouse 

erythroleukemia cells (Diepstraten and Hart, 2019; Mamaeva and Tsvileneva, 1985; Miller 

et al., 2002; Preisler et al., 1976). 

 

Mouse ESCs are unique in that their continuing “normal” function can be confirmed through 

their injection into mouse blastocysts and contribution to a viable organism. As cultured cell 

lines, they are relatively resistant to clonal drift and can undergo multiple re-cloning steps 

without affecting their karyotype or pluripotency. This is demonstrated in Chapter 3 where 

we generated a mouse model from mESCs that had been through four successive rounds of 

genomic engineering. Multiple clones of the same genotype should be used, nonetheless, 



 Chapter 4 – The embryoid body as a source of mouse erythroid cells in vitro 
 

134 
 

especially when performing genome engineering that could have unexpected “off-target” 

effects. 

 

5) Faithful to in vivo phenotypes 

All in vitro experiments must be designed with the caveats of the system in mind. As such, 

genetic modifications must be targeted in a cell type where a direct effect on the phenotype 

is anticipated. However, even with these considerations made, for many cell lines the exact 

state of the in vitro population is unclear or native signalling processes are impaired to the 

extent that even well-established genotype-phenotype links can be prevented from being 

faithfully reproduced (Fernández-Nestosa et al., 2008; Kotkow and Orkin, 1996; Skarpidi et 

al., 1998).  

 

The recapitulation of erythroid-specific phenotypes using the mESC-EB differentiation 

system will be explored in Chapter 5 where I reproduce data from existing variations of the 

α-globin super-enhancer in vitro. 

 

Together, I describe an in vitro mESC differentiation method that can be used to study 

manipulations of the α-globin locus by faithfully mimicking embryonic blood development. 

In Chapter 5, I proceed to use the system to study a number of novel variations of the α-

globin enhancer cluster.  
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Data availability 

Spleen ATAC-seq: Hanssen et al., 2017 

E10.5 ATAC-seq: King et al., in preparation 

All other data in this chapter are presented in a manuscript ready for submission to eBlood 

(Francis et al., in preparation). 
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Chapter 5 – Rebuilding the α-globin super-enhancer from 

the bottom-up 

 

5.1 Introduction 

 

So far in this thesis, I have reported an unexpected result from an in vivo single-enhancer 

model of the mouse α-globin super-enhancer and described the development of an in vitro 

(mESC-EB) system that can be used to study this genetic model and others. In this chapter, 

I validate the EB-derived erythroid population as a system to faithfully recreate established 

genotype-phenotype links in vitro. I proceed to analyse additional, previously untested 

combinations of the α-globin super-enhancer elements to ask what is meant by our definition 

of “active” and “inactive” elements. For clarity, a schematic summary of the modified 

iterations of the α-globin locus used in this chapter (and throughout this thesis) is provided 

in the included Appendix. 
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5.2 Results 

 

Generating a mESC line hemizygous for the α-globin locus 

 

The Synthetic RMGR system described in Chapter 3 can be used to produce heterozygous 

mESC lines carrying a range of conceptually novel manipulations of the α-globin regulatory 

landscape. However, the value of this tool in studying gene regulation is limited in vivo by 

the effect of mutations on the viability of mice when bred to homozygosity (as seen with the 

R2-only model in Chapter 3) and in vitro by the presence of a remaining WT allele. To make 

post-RMGR mESCs amenable to analysis in vitro, I needed either to develop a strategy to 

make lines homozygous for the designed locus of interest, or remove the WT allele.  

 

Interference of the untargeted allele is a common issue in mouse genome engineering that 

has yet to be easily resolved (Glaser et al., 2005). In practice, the primary options were A) 

to introduce lox sites into the remaining WT allele of RMGR-ready mESCs (described in 

Chapter 3) to allow for parallel RMGR of both alleles; B) to introduce regularly spaced 

single nucleotide variants into the synthetic locus design to allow for de-multiplexing of 

synthetic and WT alleles from downstream NGS and gene expression data or C) to delete 

the WT locus. The low efficiency of the RMGR targeting step made option A) technically 

unfeasible. Option B) was also not desirable due to the density of variants required to 

completely segregate data from the two alleles (~1 variant per 75 bp for compatibility with 

conventional short-read sequencing assays) and the potential for effects of the aberrant 

sequence to mask true phenotypes.  
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Option C), on the other hand, could be realised with alternative strategies. In one, I would 

target haploid mESCs to re-create the RMGR exchange locus in a cell line with only one 

copy of each chromosome (Wutz, 2014). However, these cultures have been shown to 

acquire a diploid karyotype over time and require regular fluorescence activated cell sorting 

(FACS)-based purification to maintain the appropriate chromosome number. Such 

karyotype instability would be technically demanding when processing tens of clones for a 

single experiment and could add a confounding effect to results from gene expression 

analyses (Wutz, 2014). In a more targeted strategy, I would specifically remove the WT α-

globin locus from otherwise normal RMGR-ready mESCs. A similar strategy has been 

employed previously to study allele-specific transcription at the human protocadherin gene 

cluster (Canzio et al., 2019). Although resulting cells would have an imbalance in dosage of 

the genes within the RMGR segment (Rhbdf1, Mpg, Nprl3, Hba-x, Hba-a1, Hbq1b, Hba-a2 

and Hbq1a), previous data suggest that this would not impact cell viability or differentiation. 

Indeed, such large-scale deletions occur naturally in the human population and result in no 

discernible traits other than α-thalassemia (Higgs, 2001; Horsley et al., 2001). Expression 

of the Rhbdf1, Mpg and Nprl3 genes and Hbq1b and Hbq1a pseudogenes has been perturbed 

in previous studies with no identified consequences for cell fate (Hanssen et al., 2017; 

Kowalczyk et al., 2012; Philipsen and Hardison, 2018; Mira Kassouf, unpublished data). 

For the globin genes, severely reduced expression in vivo results in an α-thalassemia 

phenotype (reduced mean blood cell volume and haemoglobin measurements and increased 

reticulocyte counts) but still allows for isolation of erythroid cells, despite the imbalance in 

α- and β-like globin chains (Hay et al., 2016). I therefore reasoned that the simplest way to 

remove any confounding influence of the WT locus on phenotypic readout from the RMGR 

allele would be to delete it in its entirety from existing RMGR-ready mESCs, creating a 

hemizygous mESC line for the α-globin locus. 
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 I designed a strategy to delete the WT locus in RMGR-ready mESCs using CRISPR/Cas9. 

I chose single guide RNA target intergenic sequences flanking the α-globin locus, such that 

deletion of the intervening 117 kb would remove the entire self-interacting domain and 

flanking CTCF sites (Figure 5.1A). This deletion also removes the entire (86 kb) sequence 

exchanged using RMGR. When assayed by PCR over the junction created by the deletion, 

this appeared to be a remarkably efficient process, with 12/96 clones (13%) selected for 

uptake of targeting plasmids carrying a deletion of at least one copy of the α-globin locus. 

Deletion clones were viable and showed no growth abnormalities when compared to 

untargeted cells. I selected clones for the presence of an intact RMGR locus, confirmed 

deletion of the WT locus and checked the integrity of the predicted Cas9 cut sites on the 

RMGR chromosome by PCR (Figure 5.1B).  
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Figure 5.1: Design to delete the WT α-globin locus from RMGR-ready mESCs. 
A) Tracks of ATAC-seq and CTCF ChIP-seq data from day 7 EB-derived erythrocytes. 
Gene annotations from the University of California Santa Cruz (UCSC) genome browser 
are shown at the top. Regions containing the self-interacting domain, RMGR exchange 
points and designed locus deletion are highlighted in grey, blue and purple, respectively, 
and annotated with sizes in kb. Coordinates for locus deletion: chr11:32,109,272-
32,226,122; 116,851 bp. B) To-scale schematic of the genotyping PCRs used in mESC 
clone validation. Junction indels and precise deletion coordinates were identified by 
Sanger sequencing of PCR products. The amplification of these products indicated that 
the RMGR chromosome remained in its native orientation, without an inversion event 
(often seen in CRISPR/Cas9 targeting experiments). Lox PCRs were confirmed as 
positive for RMGR locus retention and WT PCRs as negative to ensure that the deleted 
locus segment had not re-integrated elsewhere in the genome. 

 

To test the effect of α-globin locus hemizygosity on erythropoiesis, I took cells successfully 

targeted by Synthetic RMGR using the WT BAC and deleted for the WT locus through bulk 

in vitro differentiation. These cells are referred to hereafter as “WT hemizygous”. WT 

hemizygous EBs formed normally in terms of their aggregation properties and 
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immunophenotype (Figure 5.2A-B). Subsequently isolated CD71+ erythroid cells appeared 

to be normal by MGG staining (Figure 5.2C).  

 
Figure 5.2: mESCs hemizygous for the α-globin locus undergo normal in vitro 
erythroid differentiation. 
A) Brightfield image of day 7 EBs from WT hemizygous mESCs. B) Immunostaining for 
erythroid CD71 and Ter119 cell surface markers from disaggregated EBs shown in part 
A). CD71+ erythroid cells are shown in green; non-erythroid cells are shown in blue. C) 
MGG-stained cell preparation of the green CD71+ erythroid population sorted in part B). 
By all analyses, EBs from hemizygous mESCs developed as normal (Figure 4.3). 

 

To test the effect of hemizygosity on the integrity of the α-globin locus itself, I performed 

genome-wide ATAC-seq and RT-PCR for the globin genes on EB-derived erythrocytes. 

ATAC-seq peaks were reduced in height specifically in the deleted region of the α-globin 

locus, but showed no visible change at the β-globin locus (Figure 5.3A-B). This observation 

was corroborated by a reduction in relative read counts between the two loci (Figure 5.3C). 

By RT-PCR, expression levels of the Hba-x and Hba-a1/2 genes were also reduced as 

expected to ~50% (58% for both genes; Figure 5.3D). Together, these data demonstrate that 

mESCs hemizygous for the α-globin locus are viable and capable of normal erythroid 

differentiation in vitro. The single-copy α-globin locus becomes accessible and transcribed 

as normal. The resulting cell line is a stable platform with which it is possible to directly 

assess the effects of novel mutations of the α-globin super-enhancer in vitro.  
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Figure 5.3: A hemizygous version of the mouse α-globin locus functions as normal. 
A) ATAC-seq tracks for the α-globin locus from WT E14 and WT hemizygous EB-
derived erythrocytes. The hemizygous region shows peak heights reduced in height and 
is highlighted in purple. Tracks are normalised to RPKM and averaged over three 
independent differentiations (E14) or three independently targeted clones, differentiated 
in parallel (WT hemizygous). To negate the effect of inconsistent noise levels on 
normalised peak height, tracks are visualised at scales that result in equivalent peak 
heights at a control locus containing histone genes (Chr13:23,830,000-23,860,000). B) As 
part A) but for the β-globin locus. C) Quantitation of ATAC-seq reads within the 
hemizygous region divided by the reads from a region of the same length encompassing 
the β-globin locus (chr7:110,941,000-111,057,850; 116,851 bp). The relative proportion 
of reads is reduced to below half in the hemizygous population (38% by comparison of 
average counts). D) RT-PCR of mature α- and ζ-globin transcript levels compared to 
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output from the β-globin locus from WT E14 and WT hemizygous EB-derived 
erythrocytes. α-globin refers to the combined output from Hba-a1 and Hba-a2 genes; ζ-
globin refers to the output from the Hba-x gene. β-globin output is calculated by taking 
the mean CT values for all active genes at the locus: Hbb-b1/2, Hbb-y and Hbb-bh1. Data 
are normalised to E14. Results are the averages of three independent differentiations (E14) 
or three independently targeted clones, differentiated in parallel (WT hemizygous); error 
bars represent standard deviation of the mean.  

 

Validating enhancer mutants in vitro 

 

Before embarking on analysing new super-enhancer mutants in the hemizygous in vitro 

system, it was important to establish that phenotypes from existing in vivo models could be 

faithfully recreated in this way. Starting with the WT hemizygous cells described above, I 

created three genetic mutants previously studied in vivo by creating single- and double-

enhancer deletions of the two strongest enhancers of the cluster: R1 and R2 (Figure 5.4A). 

The resulting hemizygous models (WT, ΔR1, ΔR2 and ΔR1R2) would test the fidelity of 

the in vitro system to in vivo phenotypes across a wide range of activity levels (9-100% 

native α-globin expression; Hay et al., 2016; Figure 3.1). Instead of targeting these models 

by Synthetic RMGR with a bespoke BAC for each design, I used CRISPR/Cas9 targeting 

as a more efficient way to perform these simple genome edits. I designed guide RNA 

recognition sites to remove the multispecies conserved sequence and footprint region for 

each enhancer (Figure 5.4B-C). I screened clones by PCR and Sanger sequencing over the 

predicted deletion junctions. Efficiency of the deletion procedure was high among cells 

selected for uptake of targeting plasmids: 13/60 clones for the R1 KO step (22%) and 23/96 

clones for R2 KO (24%). I confirmed that selected clones were pure and did not carry 

random integrations of the deleted enhancers by performing PCRs internal to the deletion 

regions (data not shown). 
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Figure 5.4: Design for the production of hemizygous mESCs for ΔR1, ΔR2 and 
ΔR1R2 models of the α-globin super-enhancer. 
A) Workflow for the generation of specified super-enhancer mutants. “WT” here 
represents WT hemizygous cells described previously, such that enhancer deletions (R1 
KO / R2 KO) are targeted to the single remaining copy of the α-globin locus. B) Schematic 
for the R1 KO targeting step relative to the deletion used previously and detailed in Figure 
3.3. C) Schematic for the R2 KO targeting step relative to the deletion used in Hay et al., 
2016 and DNase-seq accessibility and digital footprinting data as shown for the other 
enhancer elements in Figure 3.3. Although smaller than the deletion published previously, 
the R2 KO deletion removes the entire footprint region and MCS. In parts B) and C) 
scissors indicate the positions of Cas9 target cut sites. 

 

After selecting three independently targeted clones for each of the hemizygous ΔR1, ΔR2 

and ΔR1R2 mESC models, I isolated CD71+ erythroid cells from day 7 EBs and subjected 

them to ATAC-seq analysis (Figure 5.5A-B). At the α-globin locus, deletion models showed 

loss of ATAC-seq peaks over the deleted enhancers and reduced peak heights over the 

globin genes, as seen previously in primary erythroid cells (Hay et al., 2016). I observed no 

changes in element accessibility at the β-globin locus, suggesting that the effect on 

accessibility of the α- and ζ-globin gene bodies was a specific result of regulatory landscape 

disruption, rather than an artefact of impaired in vitro erythropoiesis.  
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Figure 5.5: Chromatin accessibility results from hemizygous R1/R2 enhancer 
deletions in vitro mimic in vivo data. 
A, B) ATAC-seq tracks of the α-globin locus (A) and β-globin locus (B) for WT, ΔR1, 
ΔR2 and ΔR1R2 hemizygous CD71+ EB-derived erythrocytes. Super-enhancer/LCR 
elements and functional globin genes are annotated for each locus and, where applicable, 
deleted enhancers are highlighted with blue arrows. All active regions become accessible 
as expected, independently of other elements. Only peak heights over the α- and ζ-globin 
genes are affected by super-enhancer mutation. Tracks are normalised by RPKM and 
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averaged over three independently targeted clones for each mutation, differentiated in 
parallel. Tracks are scaled as described in Figure 5.3. 

 

Expression of the α-globin genes in ΔR1, ΔR2 and ΔR1R2 models has been assessed 

previously for primary cells of both fetal and embryonic lineages (Hay et al., 2016; Duantida 

Songdej, unpublished data). To validate the in vitro erythroid differentiation system and 

hemizygous targeting platform as faithfully recapitulating in vivo phenotypes, I performed 

RT-PCR for mature globin transcript levels in bulk EB-derived erythrocytes for the WT, 

ΔR1, ΔR2 and ΔR1R2 hemizygous models. Comparison with data from primary cells 

showed that the trend was uniform across all cell types. Variation in the quantified 

expression levels could be attributed to the fact that EB-derived cells were assessed using a 

different method (RT-PCR compared to Nanostring technology) and reflect an earlier stage 

in erythroid maturation than the other tissue types, as discussed in Chapter 4.  

 

 
Figure 5.6: Gene expression results from hemizygous R1/R2 enhancer deletions in 
vitro mimic in vivo data. 
Mature transcript levels are shown for α-globin normalised to the active β-like globins for 
each tissue: Nanostring data from fetal liver-derived cells are normalised to Hbb-b1/2; 
Nanostring data from E10.5 blood cells are normalised to the total output of Hbb-b1/2, 
Hbb-y and Hbb-bh1; RT-PCR data from hemizygous EBs are normalised to mean CT 
values for Hbb-b1/2, Hbb-y and Hbb-bh1. In vivo data are compared to WT mice. In vitro 
hemizygous EB mutants are compared to WT hemizygous EBs. Bars represent mean 
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expression values from at least three biological replicates or individually targeted clones 
normalised to WT. Error bars represent standard deviation of the mean. By one-way 
ANOVA (p<1e-6) with Tukey post-hoc test, all models showed different transcript levels 
in the in vitro system compared to WT (p<1e-5) and the ΔR1R2 model was different from 
both ΔR1 and ΔR2 models (p<1e-3). 

 

Together, I concluded that the consistency of chromatin and expression data between 

primary and in vitro-derived cells in all the examined models rendered the hemizygous in 

vitro system a reliable tool to further dissect the α-globin super-enhancer. 

 

A novel set of enhancer combination models 

 

The unexpected results from the R2-only model in Chapter 3 highlighted the value in 

rebuilding a super-enhancer from the bottom-up, to complement results from the top-down 

approach. The hemizygous in vitro system lends itself perfectly to the analysis of new single- 

or double-enhancer models, as genome engineering steps can easily be targeted to the single 

remaining copy of the α-globin locus and phenotypes can be assessed without the 

confounding issues of organism lethality. Starting with Synthetic RMGR of the R2-only 

BAC into hemizygous RMGR-ready mESCs, I recreated the R2-only locus in this cell line 

and, in addition, created a deletion of the complete super-enhancer (ΔSE) through 

subsequent deletion of the R2 enhancer by CRISPR/Cas9. In parallel, I created a double-

enhancer R1R2-only model by insertion of R1 into its native position in the R2-only model 

by CRISPR/Cas9 with HDR and a similar model in which R1 is replaced with the R4 

enhancer sequence (the R4R2-only model). By the same method, I inserted R1 into its native 

position in the ΔSE model to create an R1-only model. A schematic for the designed 

targeting steps is shown in Figure 5.7A-C. I screened mESC clones for RMGR and KO steps 
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by HAT selection and PCR as described above and in Chapter 3. I screened clones for R1 

and R4 insertion steps by PCR across integration junctions.  

 
Figure 5.7: Design for the production of hemizygous mESCs for R1/R2/R4 
insertion models of the α-globin super-enhancer. 
A) Workflow for the generation of specified super-enhancer mutants. WT locus deletion 
was performed prior to Synthetic RMGR targeting of the R2-only model, such that all 
models from this point onwards are hemizygous: additional targeting steps were 
performed on the single remaining copy of the α-globin locus. B) Schematic for the R1 
insertion targeting step relative to the R1 deletion present in R2-only mESCs and detailed 
in Figure 3.3. R1 insertion was targeted through CRISPR/Cas9 combined with HDR. Cas9 
target cut sites are indicated with scissors and guide RNA inactivating mutations are 
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highlighted on homology arms of the donor vector (protospacer adjacent motif (PAM) 
inactivated). C) As part B) for the R4 insertion targeting step. The complete R4 footprint 
region contained within the region previously deleted (Figure 3.3) was inserted into the 
position of the deleted R1 enhancer. 

 

I subjected three independently targeted clones for each of the hemizygous ΔSE, R1-only, 

R2-only, R1R2-only and R4R2-only mESC models to in vitro differentiation and CD71+ 

erythroid cell isolation. All models underwent normal erythroid differentiation despite the 

presumed imbalance in α:β chain ratios, including the most extreme ΔSE model (Figure 

5.8A-C). I first assessed clones by ATAC-seq for the globin loci (Figure 5.9; Figure 5.10). 

At the α-globin locus, all models showed loss of peaks over the deleted enhancers and 

reduced peak heights over the globin genes, as seen previously for the R2-only model in 

primary erythroid cells (Figure 3.8). For the ΔSE model, this amounted to a complete loss 

of signal across the gene bodies and extended 3’ regions beyond the globin genes (Figure 

5.9). I observed no differences in element accessibility at the β-globin locus (Figure 5.10).  

 
Figure 5.8: mESCs hemizygous for the ΔSE model of the α-globin locus undergo 
normal in vitro erythroid differentiation. 
A) Brightfield image of day 7 EBs from ΔSE hemizygous mESCs. B) Immunostaining 
for erythroid CD71 and Ter119 cell surface markers from disaggregated EBs shown in 
part A). CD71+ erythroid cells are shown in green; non-erythroid cells are shown in blue. 
C) MGG-stained cell preparation of the green CD71+ erythroid population sorted in part 
B). 
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Figure 5.9: Chromatin accessibility at the α-globin locus for hemizygous R1/R2/R4 
enhancer insertion models differentiated in vitro. 
ATAC-seq tracks of the α-globin locus for hemizygous ΔSE, R1-only, R2-only, R1R2-
only and R4R2-only models of the α-globin locus from CD71+ EB-derived erythrocytes, 
compared to the track from WT hemizygous erythrocytes (Figure 5.3). Where applicable, 
deleted enhancers are highlighted with blue arrows. The R4 enhancer integration into the 
R1 position is indicated with a blue dashed arrow. As in Figure 5.5, all active regions 
become accessible as expected, independently of other elements. Only peak height over 
the α- and ζ-globin genes is affected by super-enhancer mutation. Tracks are normalised 
by RPKM and averaged over three independently targeted clones for each mutation, 
differentiated in parallel. Tracks are scaled as described in Figure 5.3. 
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Figure 5.10: Chromatin accessibility at the β-globin locus for hemizygous 
R1/R2/R4 enhancer insertion models differentiated in vitro. 
As Figure 5.9 for the β-globin locus. No changes are seen in β-globin accessibility in 
mutants for the α-globin super-enhancer. 

 

To test the effect of complete super-enhancer deletion and subsequent enhancer insertions 

on expression of the α-globin genes, I performed RT-PCR on CD71+ erythroid cells from 

day 7 EBs of the above hemizygous mESC clones, in parallel with WT hemizygous clones 

described previously (Figure 5.11). Deletion of all elements of the α-globin super-enhancer 

abolished transcription of the globin genes to baseline levels (0.1% of WT). In isolation as 

single enhancer elements, R1 and R2 enhancers show similar levels of gene activation (mean 

values 12% and 10% of WT expression, respectively). Together, their activity appears to be 

enhanced beyond purely additive contributions (mean 43% of WT expression). Addition of 
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the weaker R4 enhancer to the R2-only model, in the position of R1, gives no significant 

increase in activity compared to the R2-only model (mean 16% of WT expression).  

 

 
Figure 5.11: Gene expression results from hemizygous R1/R2/R4 enhancer 
insertion models differentiated in vitro. 
Mature α-globin transcript levels are shown for RT-PCR data from hemizygous EBs and 
E10.5 blood, where available, normalised to mean CT values for Hbb-b1/2, Hbb-y and 
Hbb-bh1. Bars represent mean expression values from at least three biological replicates 
or clones normalised to WT. Error bars represent standard deviation of the mean. Results 
from the WT and R2-only E10.5 blood samples are shown an alternative representation 
of data in Figure 3.9. Results show relative increases in α-globin expression upon the 
addition of sequential enhancer elements to the ΔSE baseline. By one-way ANOVA 
(p<1e-8) with Tukey post-hoc test, all models showed different transcript levels compared 
to the WT integrated sequence (p<1e-5). The R1R2-only model was significantly different 
from both the R1-only and R2-only models (p<0.002), whereas the R4R2-only model was 
not. 

 

Together, these results represent the first attempt to begin re-constructing the function of a 

super-enhancer from the bottom-up within its native chromosomal context. Results further 

question the concept of super-enhancer additivity and lay out a system to further probe the 

function of the regulatory landscape of the mouse α-globin locus.   

 



 Chapter 5 – Rebuilding the α-globin super-enhancer from the bottom-up 
 

153 
 

5.3 Discussion 

 

A platform for the dissection of a regulatory domain 

 

In this chapter, I have used a mESC cell line that permits genome engineering at a range of 

resolutions; at one end of the spectrum, I used Synthetic RMGR to produce custom locus 

designs at the scale of up to 100 kb to tackle questions of large-scale element positioning 

and context. At the other end, I used CRISPR/Cas9 to efficiently tackle questions regarding 

the importance of individual elements or their sequences. RT-PCR from in vitro-

differentiated erythroid populations (described in Chapter 4) was sufficiently sensitive to 

ascertain the resulting effects of genetic manipulation on gene expression. I have shown that 

results generated using this platform are reliable and faithful to in vivo phenotypes for a 

range of mutations (ΔR1, ΔR2, ΔR1R2, R2-only) and that it is feasible to test multiple 

models in parallel in a single experiment. Thus, I have developed a system to fully analyse 

the regulatory landscape of the well-characterised mouse α-globin locus in its native 

chromosomal context and in an appropriate cell type, without confounding issues of animal 

viability, experimental scale or position-effect variegation. 

 

This platform naturally lends itself to expansion into higher-throughput analyses using the 

miniaturised differentiation protocol outlined in Figure 4.8. In Chapter 6, I describe one such 

application in the development of a fluorescence-based screening approach to study gene 

regulation. Combined with automation steps to alleviate the burden of manual processing 

steps, this platform has the potential to query genetic mutants at scales and resolutions that 

provide a more complete picture of relationship between structure and function.  
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The importance of context in addressing enhancer function 

 

Results from this chapter build upon the finding in Chapter 3 that the nominal 

activity of a single enhancer element differs based on how it is tested; the R2-only mouse 

model, expected to recover 50% of the α-globin transcriptional activation, provided only 

15% of WT activity when present in isolation. With the novel super-enhancer mutants 

generated here, it is informative to examine the discrepancy in findings from two parallel 

strategies; building a functional enhancer unit from a null background (ΔSE) or from a non-

functional background containing R3, Rm and R4 enhancers (R3/Rm/R4; Figure 5.12).  

 

 
Figure 5.12: The R1/R2 enhancers upregulate α-globin transcription to different 
extents depending on the integrity of the super-enhancer cluster. 
RT-PCR data for mature α-globin transcripts normalised to β-globin are combined from 
Figure 5.6 and Figure 5.11. The α-locus backgrounds for enhancer insertions are 
designated with brackets and additional enhancer insertions are labelled for each bar. 
Genotype names used for these enhancer combinations throughout this chapter are shown 
below for clarity. In both ΔSE and R3/Rm/R4 backgrounds, insertion of the R1 or R2 
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enhancer resulted in upregulated α-globin gene expression and insertion of both elements 
had a greater effect than either element in isolation. However, the magnitudes of relative 
upregulation were larger for insertions into the R3/Rm/R4 background. Bars are coloured 
by the number of inserted enhancers above background. For the R3/Rm/R4 background, 
a small dark coloured bar is overlaid with complete bars to highlight the maximal 
contribution of the R3/Rm/R4 enhancers in an additive model of super-enhancer enhancer 
function. 

 

I first established an in vitro null background mESC model; I demonstrated that complete 

removal of the endogenous α-globin super-enhancer elements reduces transcription to 

baseline levels in in vitro-isolated erythroid cells (0.1% WT; Figure 5.11). This was in-line 

with, if not more extreme than, results from in vivo deletion of the LCR at the β-globin locus 

(Bender et al., 2000a; 1-8% WT expression was maintained in primary cells by gel-based 

reverse transcription-PCR). The effect of compound deletion of R1 and R2 enhancers 

(ΔR1R2), the main contributors to the alpha globin expression (~30 and 50% respectively 

in vivo; Hay et al., 2016), was recapitulated in vitro and established the non-functional 

background R3/Rm/R4 model. Insertion of the R1 or R2 enhancers into the null (ΔSE) or 

non-functional (R3/Rm/R4) backgrounds resulted in very different outputs. On a null 

background, R1 or R2 produced relatively small contributions to α-globin gene expression 

(~10%) as seen in the R2-only mouse model. Yet, the contribution of R1 or R2 on a non-

functional background which contained previously characterized but non-functional 

putative regulatory elements (R3/Rm/R4) was enhanced to ~40%. The presence of both R1 

and R2 on a null background did not recapitulate the addition of R1 and R2 to the R3/Rm/R4 

background (i.e. the WT super-enhancer configuration). It appeared for all added enhancer 

combinations (R1/R2/R1R2) that the gene activation potential of the strong R1/R2 elements 

was amplified by the presence of the R3/Rm/R4 background. 
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As we continue to investigate the emergent properties of a super-enhancer, it is important to 

note that the increase in α-globin expression upon integration of a single enhancer element 

into a null background, while smaller than perhaps anticipated, nevertheless represents an 

upregulation of two orders of magnitude compared to baseline levels (~10% WT expression 

in R1-only and R2-only models compared to 0.1% ΔSE baseline expression). Thus, just as 

the R1 and R2 enhancers were able to upregulate gene expression in previous transgenic 

enhancer assays and embryo gene reporter systems (Bouhassira et al., 1997; Gourdon et al., 

1995; Hay et al., 2016), they are also able to do so within their native chromosomal contexts, 

albeit to a relatively low level. 

 

The tools I have developed allowed the creation of multiple genetic models that provide a 

direct comparison of top-down and bottom-up approaches in the genetic dissection of a 

super-enhancer. It becomes clear that the presence of what we considered as non-functional 

3’ enhancers results in a greater ability for R1 and R2 to upregulate α-globin transcription, 

in absolute terms (Figure 5.12). How does the presence of two apparently non-functional 

elements (R3 and Rm) and one weakly functional element (R4) account for more than a two-

fold change in α-globin output from the two strongest elements of the cluster? What are 

these elements providing that is missing in the R1R2-only model? To begin to answer these 

questions, we must consider the proposed mechanisms for how the elements of the α-globin 

super-enhancer might function together. Below, I outline how existing data for this locus 

align with possible mechanisms for element co-operation in gene regulation. 
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Element co-operation through molecular environment 

 

In recent years, data from 3C-based methods and high-resolution cell imaging technology 

have highlighted the importance of spatial context in gene regulation (de Wit and de Laat, 

2012; Dekker et al., 2017; Oudelaar et al., 2017; Vermunt et al., 2019). Through the 

formation of self-interacting domains, it is possible for multiple cis-regulatory elements to 

contribute simultaneously to the local molecular environment of a transcribing gene.  

 

In the case of the R3/Rm/R4 enhancers, mechanisms for the propagation of transcriptional 

enhancer activity of R1/R2 through local molecular changes could be manifested in a 

number of ways. By Tri-C, a one-to-many 3C technique, the native R2 enhancer is known 

to demonstrate multi-way interactions with the other enhancer elements and globin gene 

promoters specifically in mouse erythroid cells (Oudelaar et al., 2018). Therefore, binding 

of TFs to R3/Rm/R4 may support element interactions within a transcription hub by adding 

to the valency of possible element-element interactions (Hnisz et al., 2017). Within the 

constrained nuclear space these elements could also increase the availability of TFs or 

cofactors that may be otherwise limiting, or induce changes in local chromatin modifications 

(Liu and Tjian, 2018; Whyte et al., 2013). Alternatively, binding events at these elements 

may confer enhancer-promoter specificity to the R1/R2 enhancers, for example through the 

compatibility of the associated protein-protein interactions as exemplified by the differential 

activity of a range of cofactors at promoter sequences (Haberle et al., 2019).  
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Element co-operation through co-linearity 

 

The importance of positional context in the co-ordination of gene expression is well-

documented in the literature, such as at the Hox cluster (Lemons and McGinnis, 2006) and 

globin loci (Philipsen and Hardison, 2018). Transgenic experiments indicate that both gene 

sequence and positioning of genes within clusters have roles to play in these spatially-

defined patterns of expression (Peterson and Stamatoyannopoulos, 1993). At the mouse α-

globin locus, orientation-specific activity observed upon inversion of the enhancer cluster 

suggests that regulatory elements can also be functionally dependent on the co-linearity of 

elements within a domain (Mira Kassouf, unpublished data).  

 

One way in which the requirement for a specified syntax of regulatory elements could be 

manifested functionally is through a tracking mechanism, for example through the process 

of loop extrusion by the cohesin moiety or through transcription by Pol II. In the case of the 

mouse α-globin locus, although there is no existing evidence of contiguous transcription 

between the enhancers and promoters, both cohesin and Pol II have been shown to 

accumulate at the α-globin super-enhancer in an erythroid-specific manner (Hanssen et al., 

2017). An additional model for co-linear element function involves a binding cascade of 

activating protein factors, anchored at enhancers and directed to target promoters (Furlong 

and Levine, 2018; Matharu and Ahituv, 2015). In this model, it is easy to surmise how the 

placement of three additional TF-bound elements between the active R1 and R2 enhancers 

and the α-globin gene promoters might help to spatially direct the accumulation of active 

factors towards the target genes.  

 



 Chapter 5 – Rebuilding the α-globin super-enhancer from the bottom-up 
 

159 
 

In determining which models best describe the mode of super-enhancer function at the α-

globin locus, we are limited by technology. Existing methods fail to capture the sensitivity 

and real-time dynamics needed to provide a causative link between structure and function 

at a locus-specific level. However, further interrogation of the molecular characteristics of 

the super-enhancer may provide insight into the nature of element co-operation. In parallel, 

functional genetics experiments can be used to probe whether the proposed spatial 

relationships between elements are critical for correct gene regulation and what sequence 

features are necessary to create those elements.  

 

The significance of enhancer sequence for function 

 

In this chapter, I demonstrated that, in the R1R2-only and R4R2-only models, the individual 

strength of the sequence in the R1 position dictated the level of transcriptional upregulation 

compared to the R2-only model. This indicates that the addition of the R1 enhancer to the 

R2-only model did not purely act as an additional accessible unit and implies that the binding 

of prescribed sequence-specific TFs is required for optimal super-enhancer function. In 

Chapter 6, I explore this idea further with an in-depth sequence dissection of the conserved 

R2 enhancer sequence.  

 

Investigating potential trans-acting candidates for the differential functions of R4 and R1, 

there are several TFs known to bind differentially, and likely many more besides. Comparing 

each of the mouse α-globin super-enhancer elements for binding of key erythroid TFs points 

at R1 and R2 being the most bound elements and the only elements bound by the Nf-e2 

factor (Figure 5.13; Hay et al., 2016). Indeed, by binding of these TFs, it appears 

unsurprising that the R3/Rm/R4 enhancers confer minimal gene activation potential to the 
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α-globin genes and perhaps surprising that they contribute any additional activity to the 

R1R2-only model. How the relative binding affinities and combinations of TFs at the 

individual enhancer elements contribute to their function has yet to be resolved. 

 
Figure 5.13: Differential binding of erythroid-specific TFs at elements of the mouse 
α-globin super-enhancer. 
ATAC-seq and ChIP-seq tracks from primary mouse erythrocytes. Tracks are normalised 
by RPKM and averaged between replicates, where appropriate (Gata1 n=2, Tal1 n=3, Nf-
e2 n= 2, Klf1 n=1, Med1 n=1).  

 

Irrespective of the underlying mechanisms, from the results in this chapter I conclude that 

the apparent activity of an individual enhancer element is dependent on its context within a 

regulatory landscape, even when its immediate surrounding sequences and relative 

positioning to target genes is unaffected. The most prominent questions to approach in the 

light of these data are the re-examination of the function of the three 3’ enhancer elements 

(R3, Rm and R4), thought to have minimal or no effect on transcriptional activation, and the 
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discrimination of sequence and context in assigning enhancer activity. The question of 

enhancer element function will continue to be studied in subsequent projects in the Higgs 

group. As for the dissection of enhancers as binding platforms for TFs, in Chapter 6 I begin 

tackling the question of sequence constraint on enhancer function by probing the structure 

of the 238 bp R2 MCS at high resolution.  

 

Data availability 
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Chapter 6 – Dissection of the R2 multispecies conserved 

sequence 

 

 6.1 Introduction 

 

The R2 multispecies conserved sequence 

 

In previous chapters of this thesis, I have tested elements of the mouse α-globin super-

enhancer as complete functional units. Through biochemical assays and the study of genetic 

models that disrupt the locus at the level of complete enhancer units, the R2 enhancer (as a 

~1 kb accessible region of DNA) is established as a major contributor to α-globin gene 

regulation. In this chapter, I test the importance of sequence within the context of the R2 

enhancer position by focusing in on the functional core of the R2 sequence and ask what 

roles TF number, type and grammar play in creating an active enhancer. 

 

The sequence of the R2 element of the α-globin locus has been highly conserved through 

evolution (Hughes et al., 2005; Philipsen and Hardison, 2018). Alignment of sequences from 

18 vertebrate species defines a 238 bp MCS and clearly distinguishes short conserved 

sections from intervening, divergent DNA within this region (Figure 6.1), consistent with 

the structure of a “landing pad” for TF binding at conserved sequences (Gotea et al., 2010). 

Indeed, several of the conserved regions of the R2 MCS can be identified as known motifs 

for erythroid TFs (Gata1, Tal1, Klf1 and Nf-e2; Figure 6.2A-B), each of which is required 

for normal erythropoiesis in vivo (Fujiwara et al., 1996; Perkins et al., 1995; Shivdasani and 

Orkin, 1995; Shivdasani et al., 1995). Mutations of these factors in human patients are 
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associated with a variety of haematological disorders (Ferreira et al., 2005; Gasiorek and 

Blank, 2015; Perkins et al., 2016). Binding of the Gata1, Tal1, Klf1 and Nf-e2 TFs to R2 in 

mature primary mouse erythrocytes has been shown previously by ChIP-seq (Figure 5.13). 

Further support for binding at these motifs comes from DNase I footprinting data, where 

marked footprints can be seen for the central Gata1 and Nf-e2 sequences (conserved motifs 

3-5), in agreement with footprints previously determined by gel electrophoresis (Gourdon 

et al., 1995). By gel electrophoresis, additional footprints are observed at the positions of 

conserved Gata1 motifs 1 and 6. 
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Figure 6.1: Alignment of the R2 MCS in 18 vertebrate species. 
Sequences for each species are shown aligned to a consensus sequence (bottom). Bases 
matching the consensus are highlighted in black; mismatching bases are highlighted in 
white. Strongly conserved regions are highlighted in red in the consensus sequence row. 
Sequences in these red highlighted regions can be identified as erythroid TF motifs 
(underlined and labelled), indicating that they are likely to represent sequences necessary 
for enhancer function. Figure adapted from Hughes et al., 2005. 
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Figure 6.2: In silico dissection of the R2 MCS. 
A) Alignment of existing data to predict functional regions of the R2 MCS. Top: DNase 
footprinting data from mouse erythrocytes from E10.5 embryos. Middle 1: Footprints 
previously determined by gel electrophoresis using erythroid (mouse erythroleukaemia) 
and non-erythroid (HeLa) cell nuclear extracts. Middle 2: PhastCons conservation scores 
across the MCS (Siepel et al., 2005). Areas of enriched conservation across the 30 
included vertebrate species overlap with those identified in a specific study of the α-globin 
locus (Figure 6.1; Hughes et al., 2005) with the exception of two additional peaks, 
highlighted with asterisks (*). These regions do not correspond to motifs for Gata1, Tal1, 
Nf-e2 or Klf1. Bottom: schematic illustration of the conserved regions highlighted in 
Figure 6.1. Each predicted motif is labelled by number (TF1-6) and represented by a box, 
coloured according to the matched TF motif. B) Detailed alignments of conserved regions 
to predicted erythroid-specific consensus motifs. Position weight matrices were generated 
by analysis of ChIP-seq data from mature primary mouse erythrocytes using the Multiple 
Em for Motif Elicitation (MEME) tool (Figure 5.13; Bailey and Elkan, 1994). Motif 
matches were assessed using the Find Individual Motif Occurrences (FIMO) tool (Grant 
et al., 2011). P-values represent the match probability of tested sequences to the provided 
position weight matrices. 

 

Addressing the nature, prevalence and relative positioning of TF sequences within the R2 

region would shed light on the rules underlying the creation of a strong enhancer. Comparing 

between elements of the α-globin super-enhancer, is the activity of R2 driven by its position 

or its sequence? Within the sequence, is it the number of recruited TFs? The precise 
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coordination of protein-protein interactions? Or perhaps the presence of a single key motif? 

To deconstruct these questions experimentally, a strategy for in situ genetic screening is 

required. 

 

Existing methods for regulatory sequence dissection 

 

The genetic dissection of regulatory sequences is not a new concept. Experimental designs 

have evolved with the availability of genome engineering and sequencing technologies from 

methods testing small numbers of sequences for a particular active element, to large-scale 

screens testing thousands to millions of sequences in parallel. Two main categories exist for 

large-scale screening designs: firstly, those that either test entire classes of elements or 

genomes for a particular function; secondly, those that dissect a particular region of interest 

at high resolution.  

 

To test entire genomes or element subsets for a particular function in an unbiased manner, 

sequences are typically tested for enhancer or promoter activity by transient transfection or 

integration into a stable landing pad, adjacent to a region to be transcribed for functional 

readout (Levo and Segal, 2014). Functional output is typically measured by quantifying 

enrichment of sequences that are able to upregulate self-transcription or transcription of an 

associated barcode. Such assays have been performed in vitro and in vivo, across a range of 

organisms (Arnold et al., 2013; Arnold et al., 2016; Dickel et al., 2014; Gisselbrecht et al., 

2013; Grossman et al., 2017; Melnikov et al., 2012; Patwardhan et al., 2012; Smith et al., 

2013). While these screens identify sequences with the potential to upregulate transcription, 

they do not take into account the ability of sequences to function within the context of a 

structured chromatin environment. 
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To dissect selected sequences at high resolution, endogenous elements can be functionally 

tested for necessity by screening involving programmable nucleases, such as CRISPR/Cas9. 

Experiments of this type are generally designed to test for guide RNA enrichment upon 

pooled mutation of a large number of elements genome-wide (Montalbano et al., 2017) or 

dissection of a specific sequence by saturation mutagenesis (Canver et al., 2015; Lopes et 

al., 2016; Vierstra et al., 2015). Outcomes are selected by phenotypes such as induced cell 

lethality. The additional development of tools such as CRISPR inactivation (CRISPRi) and 

CRISPR activation (CRISPRa) make guide RNA libraries versatile tools to study a range of 

endogenous elements in an unbiased manner (Montalbano et al., 2017). However, the 

inability to control desired mutations of interest is a serious limitation with this system. 

Mutations are limited to regions with appropriate recognition sequences and resulting indels 

are typically small, but can frequently be unusably large in certain cell types, including 

mESCs (Owens et al., 2019).  

 

To dissect the functional sequence of the R2 enhancer in situ, two unconventional features 

were critical for the screen design. Firstly, I needed to assess expression of the distal α-

globin genes upon mutation of the R2 sequence, i.e. to physically separate the sites of 

sequence targeting and functional readout without the use of a viability phenotype. Similar 

designs in the literature have used fluorescent reporter constructs to assess distal sequence 

function (Kinney et al., 2010; Kosuri et al., 2013; Sharon et al., 2012). Secondly, I needed 

to replace the endogenous copy of R2 with designed variant sequences of interest, as 

seamlessly as possible. CRISPR/Cas9-directed HDR has previously been used for this 

purpose (Findlay et al., 2014).  
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Combining a method for endogenous integration of designed R2 variant sequences with a 

fluorescence readout from the native target α-globin gene would allow me to fully dissect 

the sequence constraints of the R2 MCS. In this chapter, I describe the development of a 

screening method with the required attributes, and its application to unpicking the 

contributions of the conserved TF motifs to R2 enhancer function.  
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6.2 Results 

 

Development of a fluorescence-based screen to monitor α-globin expression 

 

The R2 MCS is 238 bp in length and contains six conserved regions likely to represent key 

TF binding motifs. When considering how to genetically dissect such a sequence, it is clear 

that testing a handful of sequences in a conventional, clone-based experiment would be 

insufficient to unpick the sequence rules governing enhancer function. To simply mutate 

each binding site individually in triplicate would already require the production and analysis 

of 18 individual clones, making targeting, screening, erythroid cell isolation from EBs and 

RT-PCR technically demanding and time-consuming. Expanding experiments to a 

saturation mutagenesis level or to probe questions of sequence combinations, permutations 

and grammar would rapidly push this number into the hundreds and make experiments 

unfeasible with current methods. I therefore embarked on developing an in vitro, 

fluorescence-based screen in which the effect of R2 mutation on α-globin gene expression 

could be quantified in a high-throughput manner. The screen design was based around the 

use of an existing fluorescently tagged mESC line, mentioned in Chapter 4. This line carries 

a YFP tag on one copy of the Hba-a1 gene and shows erythroid-specific fluorescence 

(Figure 4.2C). 

 

A schematic of the basic screen design is shown in Figure 6.3. This highlights the major 

points for screen optimisation when designing the experiment. Briefly, I first had to 

determine whether measurement of YFP fluorescence levels from the existing YFP-tagged 

mESC line could serve as a reliable proxy for α-globin transcription levels. Secondly, I 

needed to design and test a system for R2 sequence replacement. Finally, I needed to 
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determine how to record YFP measurements from individual variant sequences, be that as a 

clonal approach or pooled variant strategy.  

 

 
Figure 6.3: Overview of a screen designed to dissect the R2 MCS. 
Schematic depicts the targeting of designed variants into the endogenous R2 position, 
followed by measurement of the effect on α-globin gene expression through the 
fluorescence level of a YFP tag on the α-globin gene. The major questions to answer in 
developing this as a viable screening system are highlighted and discussed in the main 
text. 

 

1. Can the α-YFP mESC line be used to measure α-globin output? 

I started with the YFP-tagged α-globin mESC line mentioned in Chapter 4 (Figure 4.2C), 

hereafter referred to as the α-YFP mESC line. Similar cell models have been developed 

previously to study activation of genes at the β-globin locus (McColl et al., 2014; 

Papadopoulos et al., 2012; Peterson et al., 2014). To test whether recordings of fluorescence 

levels from these cells, differentiated into day 7 EBs, could be used as a proxy for the 

measurement of α-globin gene transcription, I generated triplicate clones of two additional 

mESC models that would provide a range of α-globin expression levels: ΔR1 α-YFP and 

ΔR1R2 α-YFP. These models were targeted as described previously (Figure 5.4). The 
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resulting lines harbour the YFP tag on one copy of the locus and are expected to produce 

~65% and ~95% reductions in α-globin transcript levels compared to WT, respectively 

(Figure 5.6).  

 

By immunophenotype, day 7 EBs from the described panel of α-YFP mESC lines underwent 

normal erythroid differentiation (Figure 6.4A). By flow cytometry of the CD71+ erythroid 

population from each sample, YFP fluorescence distributions followed a pattern reminiscent 

of the expected α-globin expression levels, with the intensity progressively reduced with the 

loss of R1 and R2 enhancers (Figure 6.4B). Fluorescence histograms show considerable 

overlap between clones, but they can be clearly distinguished by their median 

measurements.  

 

To test how well differences in these median fluorescence measurements mimic changes in 

transcript levels, I performed RT-PCR for transcripts of α-globin (Hba-a1/2 genes) and the 

YFP tag construct (mVenus) in isolated CD71+ erythroid populations from all YFP-tagged 

samples. As depicted in Figure 4.2C, design of the tag is such that a single transcript should 

be produced from the Hba-a1 gene through to the end of the mVenus coding region; the 

resulting polypeptide is self-cleaved by a 2A peptide sequence between the functional units 

(Kim et al., 2011). Thus, the expression of the YFP tag should be directly related to 

expression of the α-globin gene. As expected, relative transcript levels were 

indistinguishable for α-globin and YFP coding regions and followed the expected pattern 

for R1/R2 enhancer deletion clones (Figure 6.4C). In matching YFP fluorescence output 

with gene transcript levels, fluorescence medians showed a good correlation with RT-PCR 

data across the full range of expression (R2=0.89 by linear regression; Figure 6.4D). 
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Therefore, I concluded that the median fluorescence level from an endogenous α-YFP tag 

constituted a reliable proxy for α-globin gene transcription.  

 
Figure 6.4: Fluorescence of a YFP tag as a proxy for α-globin gene expression. 
A) Flow cytometry plots for CD71 and Ter119 erythroid markers for day 7 EBs generated 
from a panel of WT and YFP-tagged mESC lines: untagged E14 WT, tagged WT α-YFP, 
tagged ΔR1 α-YFP and tagged ΔR1R2 α-YFP. Shown are representative plots from a 
single clone of each genotype. All models show normal in vitro erythropoiesis by 
immunophenotype. B) Left: flow cytometry histograms for erythroid-specific YFP 
fluorescence from the models shown in part A). The YFP tag is present on a single copy 
of the endogenous Hba-a1 gene; the sequence composition is shown in Figure 4.2C. 
Distributions represent combined YFP fluorescence histograms for three independent 
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clones for each genotype, differentiated in parallel as bulk-plated EBs. Median 
fluorescence levels for each population are highlighted with appropriately coloured 
arrows. Right: YFP/brightfield overlay images of single day 7 EBs of each genotype are 
shown with colour-coded schematics of each YFP-tagged locus. Increasing YFP signal is 
observed from ΔR1R2 α-YFP to WT α-YFP clones. C) RT-PCR quantitation of 
transcripts for the α-globin genes (Hba-a1/2) and the YFP tag construct (mVenus) from 
YFP-tagged clones compared to 18S and normalised to WT by the ΔΔCT method. Relative 
transcript levels were consistent between the tagged Hba gene and the mVenus tag 
construct and in line with previous results of R1/R2 enhancer deletions (Figure 5.6). Bars 
represent mean data from three independently targeted clones for enhancer deletions or 
three clones each derived from a single cell of the original WT α-YFP line, all 
differentiated in parallel; error bars represent standard deviation of the mean. D) Scatter 
plot of median YFP fluorescence readings against mVenus mRNA levels from samples 
analysed in part B). Each coloured dot represents the result from a single clone of the 
corresponding genotype. There is a strong positive correlation between datasets, as 
indicated by the linear regression line of best fit. 

 

To focus the R2 screen directly on the sequence of the R2 enhancer and avoid potential 

compensating interference from the other major active element of the cluster, I decided to 

use the ΔR1 α-YFP mESCs described above for the R2 sequence screen design. In addition, 

as for the super-enhancer dissection in Chapter 5, I wanted the capability to direct R2 

mutations to the YFP-tagged copy of the α-globin locus, without interference from the 

remaining WT chromosome. Therefore, using the strategy outlined in Figure 5.1, I deleted 

the WT α-globin locus from the ΔR1 α-YFP mESC line. In this case, I screened for retention 

of the YFP-tagged locus and deletion of the untagged locus by PCR across the insertion 

point of the YFP tag. A summary of these required genome edits is shown in Figure 6.5A. 

Resulting hemizygous ΔR1 α-YFP mESCs, which I will now refer to as R2-screening 

mESCs, can be differentiated into EBs and show the same erythroid specificity for YFP 

fluorescence signal as seen for the original α-YFP line (Figure 6.5B-D; Figure 4.2). By flow 

cytometry, the YFP fluorescence distribution is indistinguishable from that of the ΔR1 α-

YFP line from which it is derived (Figure 6.5E). 
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Figure 6.5: Generation and in vitro differentiation of the R2-screening mESC line. 
A) Schematic for genome engineering steps applied to the α-YFP mESC line to generate 
R2-screening mESCs. Both copies of chromosome 11 are shown for clarity. The (α) 
symbol on the untagged chromosome represents the result of a deletion event between the 
duplicated Hba genes via Cas9-mediated cutting of the homologous sequence during the 
YFP targeting step. The Hba-a2 gene on the YFP-tagged locus is intact with no indels. B) 
Brightfield microscopy image of whole day 7 EBs of the R2-screening line. C) Flow 
cytometry of YFP+ and YFP- populations from R2-screening day 7 EBs for CD71 and 
Ter119 erythroid markers. The YFP+ population is erythroid-specific, overlapping with 
the CD71 erythroid marker. D) MGG-stained cell preparation of CD71+ cells from day 7 
EBs of the R2-screening model showing early stage erythroid cells. E) Flow cytometry 
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histogram plot for erythroid-specific YFP fluorescence from day 7 EBs, reproduced from 
Figure 6.4B with dashed lines and overlaid with a solid green histogram from the R2-
screening model. The YFP distribution for the R2-screening model represents combined 
histograms from three independent bulk-plated EB differentiations of the same clone. As 
expected, the R2-screening histogram overlaps with that of the ΔR1 α-YFP line from 
which it was derived. A YFP/brightfield overlay image of a single EB expressing YFP is 
shown below its label in the graph legend.   

 

Finally, I validated EB-derived erythrocytes from the R2-screening model for their 

chromatin environment at the globin loci by ATAC-seq (Figure 6.6A-B). Tracks showed no 

abnormal peaks, including when data were mapped directly to the mVenus coding region. 

Relative peak heights were comparable to those seen for the hemizygous ΔR1 model (Figure 

5.5A). As shown in Chapter 5 (Figure 5.3C), the read density over the α-globin locus 

compared to the β-globin locus was reduced by roughly half in the R2-screening line due to 

hemizygosity (57% reduction; Figure 6.6C).  
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Figure 6.6: The R2-screening model has normal chromatin at the globin loci. 
A) Top: ATAC-seq tracks of the α-globin locus from EB-derived erythrocytes generated 
in 96-well plates from WT E14 and R2-screening mESCs, aligned to the mm9 reference 
genome. Tracks are normalised by RPKM and averaged for 2 (R2-screening) or 3 
replicates (WT E14) from individual differentiations. The R1 enhancer deletion in the R2-
screening line is highlighted with an arrow. Bottom right: ATAC-seq data aligned to the 
YFP-tagged Hba-a1 gene region. The peak corresponds to the Hba-a1 promoter peak seen 
in the complete track; the schematic below represents a to-scale annotation of the 
downstream tag sequence. This demonstrates that no additional peaks are created over the 
mVenus sequence. B) As a control for the R2-screening mESC system, ATAC-seq tracks 
are shown as part A) for the β-globin locus. C) Quantitation of ATAC-seq reads within 
the hemizygous mm9-mappable region of the α-globin locus with R1 deleted divided by 
the reads from a region of the same length encompassing the β-globin locus 
(chr7:110,941,000-111,056,731; 115,731 bp). The relative proportion of reads is reduced 
to below half in the hemizygous population (43% by comparison of average counts). 
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2. How to replace endogenous R2 with designed variants? 

In choosing a method to target the endogenous R2 sequence with rationally designed 

sequence variants, there were two main options: CRISPR/Cas9-directed HDR or integration 

of a landing pad for recombinase-mediated sequence exchange. The landing pad method, 

although likely to be high in efficiency, would require additional cell targeting to integrate 

lox sites (or similar) and may invalidate the system’s future use with the Synthetic RMGR 

system due to the fact that the most popular, incompatible loxP, lox511 and frt recognition 

sites are already used in the RMGR system (Branda and Dymecki, 2004; Glaser et al., 2005). 

Instead, I took results from previous targeting of mESCs in the Higgs group as an indication 

that modifying the R2 sequence by HDR would be sufficiently efficient for sequence 

screening purposes (10-50% of clones homozygously targeted for HDR, depending on 

selection conditions; Rosa Stolper and Mira Kassouf, unpublished data).  

 

To boost the selectable efficiency of R2 replacement, I designed a CRISPR/Cas9-directed 

HDR strategy that involved integration of an excisable positive/negative antibiotic 

resistance cassette for puromycin and thymidine kinase. A schematic overview of the 

targeting process is shown in Figure 6.7. To test the HDR methodology, I generated and 

transfected WT and null iterations of the exchangeable sequence, containing the intact R2 

MCS or a complete deletion of this 238 bp (ΔMCS). I screened resulting clones for the 

presence of an integrated HDR donor by PCR of the single remaining copy of R2 over the 

targeted homology arms and digestion of an inserted restriction site (ScaI). By ScaI 

digestion, 16/96 clones (16.7%) of clones were positive for an HDR event. Clones of R2-

screening mESCs that have been targeted for a particular variant sequence will hereafter be 

referred to as R2[Variant] for clarity.  
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Figure 6.7: Scheme for R2 variant replacement of the endogenous R2 enhancer by 
Cas9-directed HDR. 
See Methods for a complete description of the targeting process. Briefly, this involves 
cloning of variant sequences of the native R2 MCS along with flanking sequences into a 
generic custom HDR backbone, transfection into R2-screening mESCs and positive 
selection for resulting integrations, transfection of Dre recombinase and negative 
selection for resulting excision of the resistance cassettes. The result is an integrated 
complete sequence of custom design with minimal sequence scarring. Clones generated 
in this way are labelled R2[Variant] to indicate that they are derived from the R2-
screening line and have been targeted for R2 replacement. Key sequences are labelled 
directly except for the BsaI restriction sites used for cloning (blue staggered lines), sites 
of guide RNA target sequence inactivation (white vertical lines within HDR donor 
homology arms) and the designed Cas9 cut site (black scissors image).  

 

Finally, I needed to validate that the MCS could be seamlessly replaced by HDR to give the 

full expected dynamic range of YFP fluorescence levels. I therefore tested WT and ΔMCS 

HDR-exchanged clones for α-globin locus integrity and gene activation. I confirmed by 

ATAC-seq that integration of the WT R2 sequence (with the accompanying ScaI site, Rox 

recombination site and guide RNA inactivating mutations) re-created the accessibility 

pattern of the parent line (Figure 6.8A). Integration of the ΔMCS sequence, on the other 

hand, abolished the R2 accessibility peak and led to reduced peak height over the globin 
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genes, as seen previously for ΔR1R2 models (Figure 5.5; Hay et al., 2016). Neither 

integration affected DNA accessibility at the β-globin locus (Figure 6.8A). By flow 

cytometry, erythroid-specific YFP fluorescence distributions showed good overlap between 

the ΔR1 and ΔR1R2 α-YFP lines compared to the R2[WT] and R2[ΔMCS] lines (R2-

screening cells targeted with WT and ΔMCS variant sequences), respectively (Figure 6.8B). 

These results demonstrate that the replacement of the endogenous R2 sequence with WT 

and ΔMCS sequences is able to capture the expected dynamic range of YFP fluorescence 

levels as seen for ΔR1 and ΔR1R2 models.  

 

 
Figure 6.8: WT and ΔMCS R2 integrations by HDR result in functional and non-
functional R2 elements, as expected. 
A) ATAC-seq tracks of the globin loci derived from bulk-plated EB-derived erythrocytes 
for HDR-replaced WT and ΔMCS variants of the R2 enhancer sequence in R2-screening 
mESCs (R2[WT] and R2[ΔMCS], respectively), compared to the parental line (R2-
screening). Tracks are normalised by RPKM and averaged for three individually targeted 
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clones, differentiated in parallel. Regions shown: chr11:32,131,800-32,204,799 and 
chr7:110,952,000-111,027,999. Tracks are scaled as described in Figure 5.3. B) YFP 
fluorescence histograms for CD71+ erythroid populations from 96-well EBs for ΔR1 α-
YFP and ΔR1R2 α-YFP models and corresponding R2[WT] and R2[ΔMCS] clones. 
Medians for the HDR-targeted populations are highlighted by dashed lines for clarity. 
Distributions represent combined data from at least 12 independent 96-well recordings 
from at least four independent clones for the R2[Variant] models.  

 

I concluded that a CRISPR/Cas9-directed HDR was a viable method to target the 

endogenous R2 sequence of the R2-screening mESC line with designed variants of my 

choice and that the resulting R2[Variant] cells are a reliable reporter model. 

 

3. How to reliably isolate and characterise R2 variants? 

A conventional strategy for a genetic screen of the R2 sequence would involve the 

segregation of individually targeted clones after HDR and resistance cassette excision, 

followed by clonal differentiation and YFP fluorescence measurement. The miniaturised in 

vitro differentiation system developed in Chapter 4 allows for this clonal strategy at a high-

throughput scale (Figure 4.11).  

 

One concern with the use of the miniaturised EB differentiation protocol for this purpose 

was potential well-to-well variation. Variability in EB size and haemoglobinisation is 

common in both large- and small-scale cultures (Wilson et al., 2014). The resulting impact 

on globin gene expression from single cells (as seen in Figure 4.7) is generally averaged out 

when plating and analysing populations at a large scale (such as in a 10 cm dish format), 

minimising any potential plate-to-plate experimental noise. When harvesting just a few EBs 

at a time, however (such as in a 96-well format), the potential for well-to-well differentiation 

artefacts to cause poor sampling of the CD71+ erythroid population could be severe. 

Although I optimised plating density conditions to maximise the CD71+ cell output per well, 
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I did not know whether this number of erythrocytes (~1-5x103 CD71+ cells from 1-10 EBs 

per well) would be sufficient to provide a robust readout of gene expression. 

 

To that end, I studied the variation in fluorescence levels from 96-well EB wells derived 

from a number of α-YFP mESC lines used above (Figure 6.4) to calibrate the YFP 

fluorescence-mRNA correlation. By combining a range of 1-6 wells of a 96-well plate per 

recording, I found that combining EBs from three wells (representing a of total ~12,000 

CD71+ cells) was sufficient to lower the variation between readings: combining further 

wells beyond this number did not improve the data quality (Figure 6.9A). At this sensitivity, 

the presence of functional and non-functional R2 sequences could clearly be separated by 

resulting α-YFP fluorescence levels, meaning that it would be possible to distinguish R2 

variants at least into these two categories, and possibly into finer tuned brackets within this 

dynamic range. 

 

Based on these results, I put together a workflow for a high-throughput, clone-based 

screening assay, whereby individually targeted mESC colonies could, in parallel, be 

differentiated in vitro in 96-well plates and measured for their YFP fluorescence output, 

genotyped for the integrated R2 variant and stored for further analysis (Figure 6.9B). 
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Figure 6.9: Design of a clonal screen for α-YFP fluorescence levels. 
A) Right: schematic diagrams of α-YFP enhancer deletion loci used in this experiment. 
Left: median YFP fluorescence levels for erythroid populations from three differentiated 
mES cell lines with or without deletion of the R1/R2 enhancer(s) are plotted against the 
number of wells combined for flow cytometry analysis. Average YFP fluorescence levels 
for each differentiated mESC line are shown with horizontal lines. Dots with black 
borders indicate upper and lower bounds of 95% confidence intervals (CIs) from the 
shown data sample of 4 recordings each. The variation in fluorescence readings and size 
of CIs is decreased by combining three wells (indicated by an arrow) but no further 
improvement is seen by combining additional wells. B) Schematic overview of the clonal 
screening approach. The EB cells label refers to disaggregated EBs; whole EBs are 
recorded by flow cytometry and the YFP fluorescence measurement made for the CD71+ 
erythroid population only. 
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In summary, I answered the questions posed at the start of this design section and 

demonstrated that: 

 

1. The R2-screening mESC line provides a single-copy, YFP-tagged locus that fluoresces in 

an erythroid-specific manner, dependent on the activity of the α-globin super-enhancer. 

 

2. CRISPR/Cas9-directed HDR with excisable small molecule selection cassettes results in 

near-seamless, relatively efficient integration of sequences that can dictate the complete 

dynamic range R2 element function. 

 

3. A clonal approach can be used to measure YFP fluorescence by combining multiple wells 

from a miniaturised differentiation system. Using this system, it is possible to reliably record 

results from tens to hundreds of individual clones. 

 

With the technical issues solved, I went on to test the sequence constraints of the endogenous 

R2 enhancer in a high-throughput manner, in its native context. 

 

Screen #1: comparing elements of the α-globin super-enhancer 

 

In Chapters 3 and 5 I showed that the context of the R2 enhancer within a complete super-

enhancer is important for its function. When in isolation, the R2 enhancer was barely able 

to activate α-globin expression to 15% of WT levels, but within the native super-enhancer 

it contributes ~50% to WT transcriptional output. Before delving into the grammar of the 

R2 sequence, I wanted to further gauge the effect of context on the function of R2: is the 
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element in the R2 position the strongest element of the cluster because it has the strongest 

position? Or because it has a strong sequence? 

 

To answer these questions, I designed HDR donors to replace R2 with R1 or R4 enhancers 

of the α-globin super-enhancer. In each case, the entire MCS of the enhancer element was 

used. If sequence is predictive of relative enhancer activity within the cluster when 

comparing single enhancers, results from Chapter 5 suggest that the R1 sequence should 

activate α-globin transcription to roughly the same level as R2 (based on similar results from 

R1-only/R2-only and ΔR1/ΔR2 models; Figure 5.6, Figure 5.11). The R4 sequence, on the 

other hand, is predicted to have little to no activity, based on the minor effect of its deletion 

in vivo (Figure 3.1) and its undetectable activity in the R4R2-only model (Figure 5.11).  

 

By flow cytometry, median α-YFP measurements for the R1 and R4 enhancers aligned with 

the WT and ΔMCS R2 clones, respectively (Figure 6.10A-B). As in the case for the R1R2-

only and R4R2-only models (the R1R2-only model conferred a boost in transcriptional 

activity when compared to the R2-only model, whereas the R4R2-only model did not), this 

observation suggests that, within a single enhancer position, the primary sequences of 

individual elements determine the strength of their effect on α-globin gene expression.  
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Figure 6.10: α-YFP median results for R1 or R4 integrated in place of R2 (Screen 
#1). 
A) Median YFP fluorescence recordings for EB-derived erythrocytes for R2[WT], 
R2[ΔMCS], R2[R1] and R2[R4] clones in which the R2 element of R2-screening mESCs 
has been replaced with the indicated sequences. Individual dots each represent the average 
median fluorescence from two 96-well recordings, filtered for replicate equivalence and 
the number of reporter cells (see Methods for details). Plots represent data from at least 2 
individually targeted clones per variant. Horizontal lines indicate mean results for each 
variant. By one-way ANOVA (p<1e-15) with Tukey post-hoc test, measurements for 
R2[R1] were different from R2[ΔMCS] (p<1e-12) but not from R2[WT]. Conversely, 
measurements for R2[R4] were different from R2[WT] (p<1e-12) but not R2[ΔMCS]. B) 
Results from part A), coloured by differentiation date. The overlap of colours 
demonstrates that results were consistent across independent differentiations and clones. 

 

I concluded that the nature of the sequence in the R2 position is critical for its function as 

an enhancer element.  

 

Screen #2: gross-scale dissection of the R2 enhancer with targeted in situ mutations 

 

In silico sequence analysis of the R2 MCS identified six predicted erythroid-specific TF 

binding sites (Figure 6.2). However, before proceeding with experimental dissection of these 
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predicted binding sites, I wanted to confirm that the annotated TFs, known to bind to the R2 

sequence in adult mouse erythrocytes (Figure 5.13), are also bound in the embryonic-like 

EB-derived erythroid population. I successfully confirmed the binding of Gata1 and Nf-e2 

at R2 by ChIP-seq (Figure 6.11A). I attempted ChIP-seq for Klf1 and Tal1 TFs in parallel, 

unsuccessfully. I obtained no DNA enrichment genome-wide with the Klf1 antibody; data 

from the Tal1 antibody showed a poor signal-to-noise ratio but showed potential enriched 

peaks at the R1 and R2 enhancers (Figure 6.11B). Additional optimisation of ChIP 

conditions would be needed to consolidate this observation. Given the similarity of binding 

at the α-globin super-enhancer between adult and embryonic erythrocytes for the successful 

ChIPs, I proceeded with the assumption that Tal1 and Klf1 were also likely to be bound to 

R2 in EB-derived erythrocytes (as in Ter119+ primary erythrocytes; Figure 5.13).   
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Figure 6.11: ChIP-seq for erythroid-specific TFs in EB-derived erythroid cells. 
A) ChIP-seq tracks from WT E14 EB-derived erythrocytes are shown for TFs Gata1 and 
Nf-e2. ATAC-seq data from WT EB-derived erythrocytes from Figure 4.4 are shown for 
reference. Tracks for Gata1 and Nf-e2 are normalised by RPKM and averaged over 2 
replicates from independent differentiation experiments. With the exception of a new 
Gata1 peak at the ζ-globin gene promoter (Hba-x) and more prominent peak for Nf-e2 at 
the Rm enhancer, tracks for Gata1 and Nf-e2 are comparable to those generated from 
erythrocytes derived from adult mouse APH-treated spleen (Figure 5.13). Differential 
Gata1 signal at the Hba-x promoter likely reflects the fact that expression of this gene is 
restricted to embryonic erythroid cells (such as those derived from EBs). The Nf-e2 peak 
at Rm may be identifiable here due to a greater signal-to-noise ratio than for the adult 
ChIP-seq data. B) ChIP-seq track for a single replicate of EB-derived erythrocytes for the 
Tal1 TF. Data are presented as raw mapped reads; these are not of high enough quality to 
assess differential binding but show potential TF binding at the R1 and R2 enhancers.  

 

For an initial interrogation of the R2 sequence, I chose to divide the R2 MCS into six 

consecutive blocks, each containing a single predicted TF binding site, and test their 

individual contributions to R2 function (Figure 6.12A). I created a library of 12 HDR donors, 

each containing an R2 variant in which a single block was deleted from the WT sequence 

or inserted into a ΔMCS background (Figure 6.12B). I confirmed that the new junctions 

formed over deleted regions did not create novel predicted footprints by the published 
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Sasquatch tool (Schwessinger et al., 2017) or motifs for Gata1/Nf-e2/Klf1/Tal1 by FIMO 

analysis (Grant et al., 2011). I targeted R2-screening mESCs with the cloned library of HDR 

donors in a single transfection and screened resulting colonies by an NGS-based genotyping 

approach (see Methods for details). I generated EBs from successfully targeted clones in 96-

well format over four independent differentiations and recorded the median YFP 

fluorescence level for each clone.  

 

 
Figure 6.12: Design for Screen #2: a gross-scale interrogation of R2 sequence 
composition. 
A) In silico R2 MCS analysis from Figure 6.2 annotated with designed “blocks” that 
divide the sequence into six regions, each containing a predicted erythroid-specific TF 
binding site. B) Summary of the R2 variant designs to be included in the pilot screen. 
Letters refer to the blocks annotated in part A).  

 
 
Immediately apparent from the results was a split between the variants constructed with a 

single block remaining (X-only) and those with a single block removed (ΔX; Figure 6.13A-

B). X-only clones all gave YFP fluorescence levels that were indistinguishable from the 

non-functional ΔMCS sequence, indicating that any single block in isolation does not 

harbour an enhancer function. The ΔX clones, on the other hand, all showed higher 
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fluorescence levels than the ΔMCS baseline but lower levels than the WT sequence, 

indicating that they were all functionally compromised by the removal of a single block. 

The extent of functional impairment varied depending on which block was deleted; the 

deletion with the greatest effect was ΔB, which represents predicted removal of the only 

conserved Klf1 binding site. The Gata1-targeted ΔA and ΔC models had the next greatest 

functional impairment, followed by the Nf-e2-targeted ΔD and ΔE and, finally, the flanking 

Gata1-targeted ΔF. Considered as a whole, these results indicate that all of the designed 

blocks are individually necessary for maximal R2 function (albeit to different extents) but 

none is sufficient.  
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Figure 6.13: Results from R2 Screen #2. 
A) Median YFP fluorescence recordings for all R2[X-only] and R2[ΔX] clones, compared 
to R2[WT] and R2[ΔMCS] clones from Screen #1. Individual dots represent the average 
median fluorescence from two 96-well recordings, filtered for replicate equivalence and 
the number of reporter cells (see Methods for details). Data are combined from at least 2 
individually targeted clones per variant, each differentiated in up to 4 individual 
experiments. Horizontal lines indicate mean results for each variant. By one-way ANOVA 
(p<1e-15) with Tukey post-hoc test, all variants showed significantly different 
fluorescence levels compared to the WT integrated sequence (p<1e-7) and levels from the 
ΔX variants were also all statistically different from those of ΔMCS sequence (p<1e-4). 
B) Results from part A), coloured by differentiation date. As for Figure 6.10, the overlap 
of colours demonstrates that results were consistent across independent differentiations 
and clones.  
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Screen #3: precise perturbation of predicted TF binding sites in the R2 enhancer 

 

One interpretation from the single-block deletion results of Screen #2 would be that diversity 

of TF binding is key for R2 function: removal of block B, containing the only conserved 

Klf1 motif, resulted in the greatest reduction in R2-directed activation of α-globin 

expression. However, the gross-scale modifications used in this initial study are a blunt tool 

that may have masked the intricacies of the system, such as the presence of additional bound 

motifs or sequence grammar. To test whether results from the gross-scale modifications used 

in the pilot screen could be recapitulated by direct disruption of the contained conserved TF 

motifs, I designed two mutant variants for each motif (Figure 6.14A). Mutations substituted 

1-5 key bases within the predicted motifs while preserving GC content. Using the same tools 

as in Screen #2, I confirmed that the designed mutations abolished motif matches (Grant et 

al., 2011) and did not create novel predicted footprints (Schwessinger et al., 2017). In 

parallel, I designed variants to mutate three additional motifs identified by FIMO (Figure 

6.14B; Grant et al., 2011), two additional peaks for PhastCons conservation score (Figure 

6.14C; Siepel et al., 2005) and combinations of motif mutations to either remove all 

occurrences of one or more single motif types (Figure 6.14D-F). 
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Figure 6.14: Design of Screen #3: an R2 screen to disrupt TF binding sites alone 
and in combinations. 
Schematic illustrations of all 24 variants designed for Screen #3, categorised into groups; 
the total number of variants for each group are shown under “Count”. Mutations of 1-5 
bp are indicated for all variants with black crosses. A) Variants in which a single predicted 
motif was mutated. Two variants were designed for each motif with alternative sequence 
mutations. B) Variants mutating one additional, non-conserved TF binding site; matches 
to the proposed TF motifs are shown below (Klf1, Nf-e2) or in Figure 6.2 (Tal1). C) 
Variants that mutate a single conservation peak; PhastCons data are shown as in Figure 
6.2. D) Variants with combinatorial mutations for all motifs of a single type. In the ΔKlf1 
variant, both the conserved and non-conserved sequences were mutated due to the near-
perfect motif match for the non-conserved site. E) Variants with combination mutations 
for all motifs of two factors, leaving one intact. F) A variant in which all predicted motifs 
are mutated. 

 

When tackling an experiment with 24 variant sequences, the modest efficiency of the 

CRISPR/Cas9-directed HDR protocol (~16%) became a limiting factor. To make the YFP-

based screening approach feasible for large-scale screens, I optimised a novel screening 

approach, in which I could demultiplex individual variant sequences from a pool of 

R2[Variant] mESCs.  
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An example analysis output for a pooled fluorescence screen is shown in Figure 6.15A-B.  

Full details for the analysis workflow are provided in the Methods section of this thesis. 

Briefly, this relies on the fact that the median YFP fluorescence level, instead of being 

thought of as the halfway point in a histogram representation, can be expressed as the point 

at which a cumulative density function (CDF) for the fluorescence distribution reaches 0.5 

(Figure 6.15A). By dividing and sorting the YFP-positive population into gates based on 

fluorescence intensity, the contributions of individual variants to different fluorescence 

levels can be determined by NGS genotyping over the R2 position. A sigmoidal curve, fitted 

to data points obtained in this way, can be used as an approximation for the CDF for each 

contributing variant sequence. A median YFP fluorescence measurement can, 

correspondingly, be estimated by the intersection of this curve with the line where 

density=0.5 (Figure 6.15B). In reality, this process is inherently noisy but is able to 

recapitulate raw data when replicate experiments are performed. Thus, I have developed an 

analysis pipeline to approximate median YFP fluorescence values for individual variants 

from a pool of multiple R2[Variant] clones.  
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Figure 6.15: Measurement of approximate median fluorescence values from R2 
variant pools via gated YFP populations. 
A) Erythroid-specific α-YFP fluorescence distributions for ΔR1 and ΔR1R2 models as 
shown in Figure 6.4 (left) can be transformed into CDFs (right). Green vertical dashed 
lines highlight the median YFP levels for each model. The black horizontal dashed line 
on the CDF plot represents the point at which the CDF value is equal to 0.5. Intersections 
between CDF curves and the black dashed line are highlighted with circles and occur at 
median YFP values, as seen by co-intersection of the green dashed lines. Green numbers 
above quantify median YFP measurements for each model. B) Demonstration of the 
analysis method for clones carrying functional (R2[WT]) and non-functional (R2[All TFs 
mutated]; Figure 6.14) variants of the R2 sequence (see Figure 6.17 for complete results 
from Screen #3). Plotting approximated CDF curves from four replicate experiments 
provided good estimates of median YFP values when compared to clonal CDFs from ΔR1 
α-YFP and ΔR1R2 α-YFP models.  
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One concern when studying pools of sequences in a single experiment is that library 

complexity should be maintained throughout the targeting and analysis procedure. After 

targeting R2-screening mESCs with the library of HDR donors for Screen #3, I confirmed 

that all sequences were represented to an acceptable level by comparing estimated cell 

counts for each R2[Variant] cell type after NGS genotyping of YFP gated populations. As 

a conservative estimate, the total representation of HDR-exchanged variants should be 

~10% (based on the ~16% targeting efficiency seen in screens #1 and #2). Therefore, 

assuming equal integration of pooled HDR donors, the included variants should each 

represent 10% ÷ 24 = ~0.4% of the final estimated cell counts. To filter out variants with 

unacceptably low estimated cell counts, I set the minimum cut-off as 8 cells (0.05% of the 

16,000 cells purified by gate and genotyped). According to these metrics, all variants were 

suitably represented in the total cell population across all four replicate experiments (Figure 

6.16). The spread of representations was most even when counts from all experiments were 

combined. I performed one additional data filtering step to ensure that curve fitting was not 

influenced by missing data points; 7/96 total samples were removed in this process (see 

Methods for details). For the remaining 89 data points, I proceeded to calculate approximate 

YFP values as described above. 
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Figure 6.16: Representations of individual variant sequences in Screen #3. 
Variant sequence representations are depicted as percentages of total estimated cell counts 
across the YFP gated population. Each dot represents the quantitation for an individual 
variant sequence. The blue dashed line indicates the expected representation of each 
sequence if all variants are present in an equal ratio. The red dashed line indicates the 
minimum lower limit for cell representation of each individual variant. Data are shown 
for four individually acquired datasets and a combined estimated cell count incorporating 
all replicates.  

 

Results for the variants in Screen #3 are grouped by the sequence block(s) they affect (as 

defined in Figure 6.12A). For single motif disruptions, results are compared to clonal data 

from Screen #2 for functional (WT) and non-functional (ΔMCS) sequences and relevant 

ΔX/X-only models (Figure 6.17A-F). Schematic illustrations of the labelled mutations are 

shown in the same panel for clarity (Figure 6.17G). For combinatorial variants in which, for 

example, all sites for a particular TF are mutated in series, results are shown adjacent to a 

summary of the single mutations of that type (Figure 4.18A). As for the single motif 

disruptions, an illustration of labelled variants is included in the same panel for clarity 

(Figure 4.18B). Below, I summarise results from each motif by type.  
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Figure 6.17: The impact of single motif mutations on the function of the R2 MCS 
(R2 Screen #3). 
A-F) Estimated median α-YFP fluorescence levels for 17 R2 variant sequences; each 
targets a single predicted TF motif or conserved region. Results are grouped by the 
sequence block (A-F) within which they are contained. For each block, data points for 
R2[WT], R2[ΔMCS] and relevant R2[ΔX] and R2[X-only] sequences from Screen #2 are 
shown for context. For Screen #3 data points, grey dots represent estimated median 
measurements from independent differentiation experiments. Coloured dots with 
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horizontal bars represent median α-YFP estimations obtained by combining estimated cell 
counts from all replicates. N=4 for all variants except B Klf1 1 (N=3), C Tal1 (N=3), and 
F Gata1 2 (N=3), where single replicates did not pass filtering criteria. Variant sequences 
are labelled and numbered for the included mutations, corresponding to the diagrams in 
part G); for each block, the major conserved motif was mutated with two alternative 
sequences. In part B), combinatorial mutant variants ΔKlf1 and Klf1-only are included 
for comparison. By one-way ANOVA (p<1e-8) with Tukey post-hoc test, median α-YFP 
recordings that were reduced compared to results from R2[WT] clones are highlighted 
with an asterisk (*, p<0.06).  G) Illustrative key to the variants labelled in parts A-F). 
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Figure 6.18: The impact of combined motif mutations on the function of the R2 
MCS (R2 Screen #3). 
A) Illustrative key for combinatorial variants. B) Estimated median α-YFP fluorescence 
levels for 7 R2 motif combinatorial variant sequences; grey dots represent results from 
individual experiments and coloured dots with horizontal bars represent median α-YFP 
estimations obtained by combining estimated cell counts from all replicates. Results for 
R2[WT] and R2[ΔMCS] clones from Screen #1 and coloured dots for single motif 
mutations from Figure 6.17, categorised by TF motif type (ΔOne TF), are shown for 
context. The number of site mutations used to generate each combined variant is shown 
below (motifs mutated). N=4 for all variants except ΔGata1 (N=3), Gata1-only (N=2) and 
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Nf-e2-only (N=3), where individual replicates did not pass filtering criteria. By one-way 
ANOVA (p<1e-8) with Tukey post-hoc test, median α-YFP recordings that were 
statistically different to results from R2[WT] clones are highlighted with asterisks (*, 
p<1e-02; **, p<1e-04).   

 

Gata1 

Point mutations of the individual Gata1 motif in blocks A, C and F did not consistently 

replicate the effects seen from Gata1 block deletions. For blocks A and C, results from two 

alternative mutations of the Gata1 motif could not be reconciled (Figure 6.17A, C). Only 

one of two mutations in each case had a similar effect as deletion of the entire block and 

only one of these represented a statistically significant reduction in α-YFP levels (block C 

Gata1 1). For block F, the less extreme effect of block deletion was partially recapitulated 

by both Gata1 motif mutations (Figure 6.17F). Therefore, whereas point mutations of 

individual Gata1 motifs did not consistently replicate the effects of entire block deletions, 

the functional impairment seen in 4/6 Gata1 motif mutant variants (though only statistically 

significant in one instance) indicates that some level of functional activity can be attributed 

to these sequences. 

 

Mutation of all three conserved Gata1 sites in series, on the other hand, resulted in a 

complete loss of function of the R2 sequence (Figure 6.18A). This was the strongest effect 

of any of the included ΔTF models for a specific factor. Although the loss of Gata1 binding 

has not been biochemically confirmed by ChIP-seq, this suggests that Gata1 is required for 

R2 function. Conversely, leaving Gata1 motifs as the only remaining conserved sites gave 

the greatest residual function of any individual TF model (Gata1-only; Figure 6.18A). Two 

data points for the Gata1-only variant were removed in the data filtering process, meaning 

that additional replicate experiments should be performed to consolidate this finding.  
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Tal1 

There is one predicted Tal1 motif in the R2 MCS, associated with the Gata1 motif in Block 

C. Despite ChIP-seq data suggesting that Tal1 is likely to be bound at this site in erythrocytes 

(Figure 5.13; Figure 6.11B), specific disruption of the Tal1 binding motif did not have any 

discernible effect on R2 activity in this assay (Figure 6.17C). Analysis of Tal1 binding by 

ChIP-seq would establish whether its recruitment is compromised by the included mutation. 

Instead, it seems likely that Tal1 is recruited to R2 indirectly, as has been shown previously 

to be a possible mode of binding (Kassouf et al., 2008; Kassouf et al., 2010).  

 

Nf-e2 

There are two conserved Nf-e2 sites in the R2 MCS, assigned to blocks D and E. Both 

conserved sites have strong matches to the established binding motif (Igarashi et al., 1994) 

and remarkably pronounced footprints by DNase-seq (Figure 6.2). In this experiment, two 

alternative mutations of each conserved Nf-e2 motif had the same impact on R2 activity as 

deletion of the entire blocks (ΔD and ΔE; Figure 6.17D-E). This strongly suggests that the 

binding of Nf-e2 to motifs in blocks D and E is necessary for function of the combined 58 

bp region of the R2 enhancer MCS. One additional, non-conserved potential match for the 

Nf-e2 motif by FIMO analysis is found within Block F (p=5.9e-04; Grant et al., 2011), 

though the exact motif is not predicted to be bound based on results from a gel shift assay 

(Andrews et al., 1993). Mutation of this sequence had no detectable effect on R2 function, 

suggesting that it is either not bound or not functional (Figure 6.17F).  

 

Mutation of the two conserved Nf-e2 sites in series resulted in greater R2 functional 

disruption than that of either site in isolation (Figure 6.18A). This is in line with published 

data from direct interrogation of these two sites in an in vivo mouse model, where 
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replacement of a region containing both Nf-e2 sites with a lox sequence resulted in partial 

loss of function of the R2 sequence (Loyd et al., 2003). The functional significance of Nf-

e2 recruitment to the R2 sequence (to be confirmed by ChIP-seq) is not seen when the motifs 

are present in isolation; a model with all conserved binding sites mutated except for Nf-e2 

showed no gain in function compared to the null ΔTF model (Figure 6.18A).  

 

Klf1 

There are two motif matches for Klf1 in the R2 MCS region, both positioned within block 

B. One site is conserved and the other, while only present in mouse and rat genomes (Figure 

6.1), shows a near-perfect match to the Klf1 consensus sequence (Figure 6.14; Tallack et 

al., 2010). Disruption of the non-conserved site did not have any significant impact on R2 

function (Figure 6.17B). Mutation of the conserved site, however, resulted in a modest 

decrease in R2 function in data from two alternative mutation constructs (Figure 6.17B). 

Pending confirmation by ChIP-seq, these data suggest that the conserved site is more critical 

to R2 function. 

 

Mutation of both predicted Klf1 sites in series resulted in a more pronounced decrease in R2 

function, recapitulating deletion of the entire B block (ΔB; Figure 6.17B). Therefore, it 

appears that compromising the binding of Klf1 through targeted motif mutations accounts 

for the severe functional impairment seen in the ΔB model. Although the potential for the 

R2 MCS to recruit Klf1 seems to be critical for its function, the presence of Klf1 binding 

sites alone is not sufficient to create a functional enhancer sequence. A variant harbouring 

mutations for all conserved sites except for Klf1 (Klf1-only) was not functional; YFP 

fluorescence levels from this model were indistinguishable from recordings for ΔTF or B-

only sequences (Figure 6.18A).  
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Together, it appears that, while mutations of the predicted TF motifs are generally able to 

partially reproduce the effects of block deletions, there may be additional binding events or 

sequence grammar restrictions that contribute to the function of complete sequence blocks. 

To test the entire R2 MCS in an unbiased manner, I performed a screen in which I tiled a 6 

bp deletion across the entire sequence in steps of 2 bp. Analysis for this experiment is in 

progress; results may highlight additional regions of enriched function that are not marked 

by the sequence conservation and motif characteristics used here to make motif predictions. 

To probe the question of sequence grammar, I chose to manipulate a single motif spacing 

interval in a controlled manner, described below. 

 

Screen #4: variation of conserved Gata1-Nf-e2 spacing 

 

To test the tolerance of the R2 enhancer to changes in sequence grammar, rather than motif 

integrity, I designed a series of enhancer variants carrying a range of spacing distances 

between the central Gata1 and Nf-e2 motifs (associated with blocks C and D, respectively; 

interval IIb, Figure 6.19A). The Gata1-Nf-e2 spacing was previously found to be exactly 15 

bp in a range of organisms spanning 100 million years of evolution (Figure 6.19B). The 

HDR donor vectors for Screen #4 represent 10 sequence variants: 2 variants each 

representing 5 bp, 10 bp, 15 bp, 20 bp or 25 bp spacing between the centres of the Gata1 

and Nf-e2 motifs (Figure 6.19A). The complete Gata1 and Nf-e2 motifs and GC-content are 

maintained in all designed variants. No additional predicted footprints or motif matches were 

created in any variants, as described for Screen #2. I analysed the functions of the pooled 

variants as described for Screen #3 (Figure 6.15). I removed one designed variant from the 

analysis due to low sequence representation (15b; Figure 6.19C).  
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Unexpectedly, variation of the native 15 bp IIb spacing by up to 10 bp in either direction 

had no effect on R2 sequence function (Figure 6.19D). Estimated median α-YFP 

fluorescence levels from all variant sequences showed no changes across two individual 

experiments. These results suggest that, despite the conserved IIb lengths seen in nature, this 

region of the R2 enhancer is remarkably tolerant of changes in structure and not constrained 

by rules such as helical phasing (Huang et al., 2012).  
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Figure 6.19: The effect of Gata1-Nf-e2 motif spacing on R2 function (Screen #4). 
A) Schematic illustration of the R2 MCS and annotated motif-motif distances. The IIb 
spacing is modified in Screen #4 as indicated by the included variant lengths. B) Plot of 
motif-motif distances in up to 18 species where sequences were conserved (Hughes et al., 
2005). IIb and IIc distances appear to be constrained through evolution. C) Representation 
of Screen #4 variants across two replicate experiments (1, 2) and the combined dataset 
(1+2). Blue and red dashed lines indicate the expected and minimum cell numbers 
required for analysis. One variant sequence (15b) was not represented to a sufficient level 
for analysis (data point below the red dotted line) and was removed from subsequent 
analyses. D) Estimated median α-YFP fluorescence levels for 9 R2 variant sequences 
specified in part A) and labelled on the x-axis, shown with R2[WT] and R2[ΔMCS] 
results from Screen #1 for context. No changes in α-YFP level were observed. 
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The effect of mutational burden on R2 function 

 

One caveat in the design of this R2 sequence screen is the incremental accumulation of base 

pair mutations compared to the native R2 MCS. It is therefore possible that the observed 

impacts of sequences such as ΔGata1, Klf1-only and Nf-e2-only are due to more extensive 

general disruption of the WT sequence, rather than a consequence of disrupting the desired 

TF binding events. While not necessarily critical for flexible models of TF binding (Arnosti 

and Kulkarni, 2005), effects of this mutational burden could influence TF binding by 

influencing DNA shape or novel binding specificities of combined TFs (Levo and Segal, 

2014). To control for this factor, I assessed existing variants for their observed effect on R2 

activity with respect to: 1) the number of predicted TF motifs and 2) the number of base 

pairs mutated. As expected, the mutation of a greater number of TF motifs resulted in a 

greater effect on enhancer activity (Figure 6.20A). The one clear outlier to this trend was for 

the Gata1-only variant (4 TF motifs mutated), as discussed above. Next, to disentangle the 

effect of general mutational burden from increasing TF motif disruption, I focused on 

variants where 0 or 1 predicted TF motif(s) were affected. I plotted the functional effect of 

each variant against the number of mutated base pairs and observed no trend between the 

number of mutated base pairs and effect on enhancer function (Figure 6.20B). Together, 

these results suggest that mutational burden is unlikely to be consequential for R2 function 

in this study. Thus, results from the sequence screens can be evaluated in terms of the 

specific binding events they target. 
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Figure 6.20: The effect of R2 mutation depends on the disruption of TF motifs and 
not on the extent of sequence mutation in number of bp. 
A) The effect of sequence mutation on R2 enhancer function plotted against the number 
of predicted TF motifs mutated for each of the variants in Screens #2 and #3. Effects are 
represented for the combined average approximate median α-YFP for each variant as a 
percentage change compared to R2[WT] and R2[ΔMCS]. Motifs counted were the 6 
conserved motifs highlighted in Figure 6.2 and the additional Klf1 consensus sequence 
match in block B. The Tal1 half E-box was not included. Variants with 0 motifs mutated 
were the spacing variants from Screen #4. B) The effect of sequence mutation on R2 
enhancer function plotted against the number of base pairs mutated for variants disrupting 
0 or 1 of the predicted TF motifs included in part A). Base pairs were counted as mutated 
if they were substituted or deleted compared to WT. No trend was seen between effect 
size and mutational burden. 
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6.3 Discussion 

 

A novel screening method to test mammalian regulatory sequences in situ 

 

In this chapter, I have described the development of a fluorescent reporter-based screening 

method that can probe the function of any regulatory element associated with an identified 

target gene, from its endogenous position. Considerations when applying this method at the 

scale of a few to hundreds of variants to other regions of the genome are the amenability of 

the cell type and target sequence to editing by CRISPR/Cas9-directed HDR (Zhang et al., 

2017) and the length restriction of available high-output NGS technologies for designed 

variant screening (currently 600 bp for Illumina short-read sequencing technology; Illumina, 

2019). A further restriction to consider when determining the throughput of the experimental 

design is the number of reads needed to reliably analyse gated YFP populations. In the 

design for a higher throughput experiment reported in this chapter (Screen #3), the number 

of variants (24) was modest compared to the large-scale experiments performed in other 

studies (Levo and Segal, 2014; Slattery et al., 2014), but an unbiased screen for tiled 

deletions was successful in testing 117 sequence variants in parallel (data analysis in 

progress). With minor technical modifications of the existing workflow used here, 

throughput could reasonably be pushed to testing around 1000 variants in a single 

experiment. Therefore, while not suitable for exhaustive sequence dissections, this protocol 

represents a scalable system to test sequence function in situ, in a near-scarless and 

controlled manner.   
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Context is as critical at an intra-enhancer resolution as for the inter-enhancer scale 

 

Results from Screen #2 corroborate findings from earlier chapters: the activity of a sequence 

unit, be it a complete regulatory element or single TF motif, is dependent on its context; a 

non-redundant function of an element revealed by its deletion (subtraction) was a poor 

predictor of sequence sufficiency when tested in isolation (addition). In Chapters 3 and 5, 

the predicted activity of the R2 enhancer was far less when studied in isolation compared to 

its native context within a cluster; when R2 was inserted into a null background (in the R2-

only model), it contributed 15% of WT activity, whereas in the ΔR2 background in which 

the other elements are present, it contributed 50% of WT output. In this chapter, replacement 

of the R2 MCS with a single TF block removed R2 enhancer function, whereas removal of 

a single block caused functional impairments of up to 50% (ΔB).  

 

The observation that no single TF motif preserved in the MCS in isolation constituted a 

functional enhancer is not surprising. By random chance, the Gata1 motif (GATAA) is 

predicted to occur once every 45=1024 bp, or 62 times in the α-globin self-interacting 

domain (in reality it occurs 38 times in this region, as shown in Figure 5.20A-B). Clearly, 

not every incidence of the motif is stably bound and able to produce a functional output. In 

fact, data from the human ENCODE project suggest that 98% of TF binding events are 

restricted to within DHSs, despite an abundance of motifs throughout the genome 

(ENCODE Project Consortium, 2012). The same principle applies to all specific protein-

DNA interactions, which are typically centred on motifs of 6-12 bp in length (Tugrul et al., 

2015). It is well established that, instead, the combination of multiple sequence-directed 

binding events is key in producing a functional regulatory sequence (Levo and Segal, 2014; 
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Long et al., 2016). But, if no single TF binding site is sufficient to create an active enhancer, 

what are the constraints on sequence construction that make or break a functional element? 

 

The R2 MCS appears to be a flexible platform for TF recruitment 

 

Models for regulatory sequence composition typically lie on a spectrum between a highly 

constrained enhanceosome (Thanos and Maniatis, 1995) and a flexible billboard (Arnosti 

and Kulkarni, 2005; Levo and Segal, 2014). In a completely flexible model, binding and of 

individual TFs occurs independently, meaning that the relative orientation, order and 

spacing of contributing motifs is not important for sequence function. On the other hand, in 

an enhanceosome model, the complete enhancer sequence is optimally constructed for 

protein-protein interactions such that it is intolerant to even minor modifications (Panne, 

2008). It should be noted, however, that evolution of specific motif-motif grammar can 

occur not only to produce maximally active sequences, but also to fine tune sub-optimal 

enhancer activities when critical for gene dosage, such as during cell fate decisions (Farley 

et al., 2015). For higher order, multicellular organisms a modular system likely fits 

somewhere between the two models; co-operative protein-protein interactions can be either 

constrained by sequence grammar as exemplified by the emergence of dimerised TF motifs 

(Jolma et al., 2015), or flexible to stabilise binding and generate the required structural or 

molecular changes to promote the recruitment of downstream co-factors (Spitz and Furlong, 

2012).  

 

Several findings point to R2 being a flexible sequence (with few constraints on the sequence 

grammar). Existing conservation alignment data for the R2 MCS across a range of species 

show that regions between conserved TF motifs have diverged significantly through 
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evolution, but the predicted recruitment of trans-acting factors to identified motifs remains 

relatively constant (Figure 6.1; Philipsen and Hardison, 2018).  

 

In this chapter, I tested the tolerance of the R2 MCS to disrupted sequence integrity 

experimentally. Multiple results corroborate the idea of R2 as a flexible binding platform. 

Firstly, in Screen #3, two alternative mutations of each Nf-e2 site of the R2 MCS were able 

to produce the same impact on R2 function as deletion of the entire corresponding blocks 

(Figure 6.17D-E). Thus, deletions of 32 bp (ΔD) and 26 bp (ΔE) in length had no more 

impact on R2 activity than individual substitutions of 3-5 bp. Similarly, specific mutation of 

the two Klf1 motifs found within block B in series (6 bp substituted in total) resulted in a 

phenotype comparable to that of the ΔB block deletion model (46 bp deletion; Figure 6.16B).  

 

A direct test for the role of sequence grammar on function was in Screen #4, where no effect 

was observed when modifying the conserved distance between two motifs by up to 10 bp 

(Figure 6.19D). This indicates that constraints of spacing-dependent co-operative binding or 

helical phasing reported for other binding events (He et al., 2000; Panne, 2008; Sharon et 

al., 2012; Takahashi et al., 1986) are not important at this site. This finding is in line with 

genome-wide ChIP-seq data from human K562 cells where no consistent spacing was found 

between bound Gata1 and Nf-e2 motifs (Guo et al., 2012b). 

 

It is interesting to note that, even in examples where motif-motif associations appear to be 

strongly selected for across a genome or through evolution, critical functional significance 

to the observed grammar is not always realised. For example, modification of an apparently 

coordinated motif structure for Dorsal/Twist TFs in Drosophila resulted in a modest effect 

on absolute transcription levels but did not alter tissue-specificity of activity (Arnosti et al., 
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1996). Several studies have highlighted the pitfalls of looking genome-wide for grammar 

associations such as Bicoid/Hunchback motifs in Drosophila or Oct4/Sox2 in human, 

finding that it is possible for motif-motif associations to be enriched in the genome due to 

repeated integrations of a transposable element carrying this configuration of sequences or 

an evolutionary bias for deletion events to bring motifs into close proximity over time 

(Avsec et al., 2019; Lusk and Eisen, 2010). On the other hand, several motif-motif 

associations have been experimentally validated in large-scale transgenic experiments 

(Grossman et al., 2017; Sharon et al., 2012). In more targeted experiments in Drosophila, 

certain rearrangements of TF motifs in an enhancer for the Pax2 gene result in an altered 

pattern of activity from cone cells to photoreceptors by a closely positioned GFP reporter 

gene (Swanson et al., 2010) and inversion of a GATA site in the Cecropin regulatory region 

leads to severely attenuated expression by imaging of a downstream lacZ fusion gene 

(Senger et al., 2004). Therefore, it is possible for grammar rules to impact regulatory 

sequence function, but restricted interactions may not be as prevalent as suggested by 

conserved motif-motif spacing. 

 

Here, results point towards the core of the R2 enhancer acting as a flexible landing pad for 

TF binding that collectively drives gene activation. But what are the requirements for factor 

recruitment in creating an active sequence?  

 

Evidence for TF density as a driver of enhancer function 

 

Examination of the wider α-globin locus for the distributions of the motifs discussed in this 

chapter shows an informative pattern; although motifs for each of the factors are identified 

throughout the region, there is specific enrichment of motifs within the R1 and R2 footprint 
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regions (Figure 6.21A-E). One might predict from this annotation that R1 and R2 would be 

the strongest functional elements of the α-globin super-enhancer cluster, in a similar manner 

to the observed differential binding of TFs between the elements by ChIP-seq (Figure 5.13).  

The trend seen in Figure 6.20A, in which the number of mutated TF motifs correlated with 

the impact of variants on R2 function, further suggests that the number of motifs within a 

regulatory element can contribute to its activity. The observation that R1 and R2 sequences 

both contain multiple motifs for the same TF is not unusual; homotypic clustering of motifs 

is a common feature of vertebrate enhancers and can be used as an indicator for element 

activity (Gotea et al., 2010). The recruitment of the same factor to multiple motifs within 

the same sequence region may contribute benefits of improved diffusion between sites (due 

to intramolecular vs intermolecular kinetics), co-operative binding and functional 

redundancy (Burz et al., 1998; Sharon et al., 2012; Weingarten-Gabbay and Segal, 2014). 
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Figure 6.21: Erythroid-specific TF motifs are enriched at the R1 and R2 enhancers. 
A) ATAC-seq data from bulk EB-derived erythrocytes, as shown in Figure 4.4. B) 
Positions of erythroid-specific TF motifs across the mouse α-globin locus, designated by 
vertical bars and aligned with the track in part A). Bars are coloured by the match score 
to provided position weight matrices by FIMO analysis (Grant et al., 2011); darker colours 
represent a better motif match. P-value cut-offs for each motif were selected to ensure the 
presence of at least one motif in each region at the locus known to be bound by ChIP-seq 
or, in the case of Gata1 (GATAA), for an exact motif match: p=2e-03 (Gata1), p=2e-04 
(Tal1), p=1.2e-04 (Klf1) and p=1e-04 (Nf-e2). C) Counts for the motifs shown in part B) 
across 300 bp regions, staggered at 100 bp intervals. Bars are stacked and coloured for 
the corresponding motifs labelled in part B). D) Zoomed views of motif counts for 
elements of the α-globin super-enhancer. Blue horizontal bars under each cluster of motifs 
represent the extents of deletions used previously to remove the entire functional enhancer 
sequences, as labelled (R1/R2/R3/Rm/R4; Figure 3.6). E) DNase digital footprinting data 
for the regions shown in part D) from primary embryonic mouse erythrocytes (as shown 
in Figure 3.6), aligned with MCS sequences (Hughes et al., 2005) and motif matches and 
coloured as in part B).  
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The functional significance of individual TF binding is tackled in Screen #3; Gata1 motifs 

were found to be the most critical of those studied for R2 function. The ΔGata1 model 

showed functional impairment comparable to the ΔTF model (where all predicted motifs 

were disrupted), whereas ΔKlf1 and ΔNf-e2 variants retained partial R2 activity. 

Reciprocally, the functional output of the Gata1-only model was greater than for the Klf1-

only and Nf-e2-only models. The variegated effect of TF motif disruption on R2 function 

indicates that the nature and activity of recruited TFs are key for enhancer function. 

 

From the data acquired in the R2 enhancer screens, it appears that the number, functional 

contribution and diversity of TF motifs are important for R2 function. These findings, 

though limited to the dissection of a 238 bp sequence, may be informative when further 

probing the rules governing the function of an active enhancer sequence, such as spacing 

between each motif. As mentioned earlier in this chapter, binding site disruptions have not 

been functionally tested by ChIP-seq. To further understand the rules for creating a 

functional enhancer sequence beyond a specific element at a specific locus, it would be 

necessary to test a greater number of guided predictions. While this could be attempted 

empirically with rational designs based on existing results, a more effective way to detect 

patterns in an unbiased manner would be to employ machine learning methods. For example, 

models for enhancer function can be trained based on the positioning of motif occurrences 

or ChIP-seq peaks (Berman et al., 2002; Zinzen et al., 2009). Alternatively, proxies for 

function such as DNA accessibility or enhancer-promoter contacts can be trained using a 

range of characteristics to assign predictions based on sequence alone (Kelley et al., 2016; 

Schwessinger et al. 2019; Whalen et al., 2016; Zhou and Troyanskaya, 2015). Data from the 

variants screened here and future test sequences would provide valuable validation for any 

such model.  
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In addition to dissecting the endogenous regulatory code, there are conceptually interesting 

questions that could be further addressed with the synthetic enhancer approach described in 

this chapter. For example, would an R2 sequence of 6 Gata1 motifs be functional? Is it 

possible to enhance R2 activity further by adding more motifs? At what point does the 

activity of a single element become saturated? The combination of an unbiased sequence 

prediction tool trained with a wealth of genome-wide data and an in vitro experimental test 

platform presents an opportune way to answer these questions and to fully understand the 

sequence constraints of a short regulatory sequence in the R2 position. 
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Chapter 7 – Final conclusions 

 

7.1 Summary of findings 

 

In this thesis, I have attempted to disentangle the importance of context and sequence in the 

function of a single enhancer element within the α-globin super-enhancer. My key findings 

for each aspect are summarised below. 

 

On enhancer context: 

• The activity of the R2 enhancer element is attenuated when isolated from its super-

enhancer context in vivo (Figure 3.12) 

• Optimal function of the R1 and R2 enhancers is halved in the absence of the 

individually redundant R3/Rm/R4 elements (Figure 5.12)   

• The native R2 position can be used as a test bed for transcription enhancing activity 

(Figure 6.10) 

 

On enhancer sequence: 

• The density of transcription factor motifs is an indicator of sequence activity across 

the mouse α-globin locus (Figure 6.21) 

• Both the type and number of TF motifs appear to be important for R2 function 

(Figure 6.18; Figure 6.20) 

• The precise grammar of sequences within R2 can be flexible (Figure 6.19) 
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In addition to these findings, I present a number of technical developments that will allow 

for further dissection of the α-globin regulatory landscape: 

• Targeted integration of large-scale synthetic DNA sequences into engineered 

mESCs to test iterative designs of a complete regulatory domain (~100 kb) in a 

native chromosomal context (Synthetic RMGR; Figure 3.4-3.5) 

• Scalable and robust isolation of homogeneously primitive erythrocytes from an in 

vitro differentiation protocol for WT or engineered mESCs (Figure 4.11) 

• A high-throughput fluorescence reporter-based sequence screening method to test 

the activity of hundreds of rationally designed regulatory sequence variants in situ, 

in a single experiment (Figure 6.4) 
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7.2 Contribution to the understanding of genome regulation 

 

The value in targeting endogenous loci at various resolutions 

 

Non-coding regions of the mammalian genome have been previously described as 

“regulatory jungles” (Ruf et al., 2011). This description refers to the observation that  

genes at alternative positions within a small sequence window can show vastly different 

patterns of gene expression, depending on the relative contributions of various local cis-

regulatory elements. The relative contributions of cis-regulatory elements depends on 

sequence compatibility but also on effects of physical availability, defined by distance, 

context and chromatin state within a regulatory domain (Splinter and de Laat, 2011). Over 

the past decade, much emphasis has been put on understanding the physical characteristics 

of active regions of the genome that affect the ability of elements to functionally interact. 

Ultimately, however, zooming into the fractal globule of genome structure, the interactions 

that set up formation of active structures are driven by the underlying DNA sequence. 

Therefore, to understand how active sequences are able to exert their function, with the 

awareness of such a complex physical system, it is critical to dissect the DNA code in its 

native context. 

 

Prior to the work performed in this thesis, the testing of custom regulatory landscapes (as 

coined in Spitz et al., 2003 at the Hoxd locus) had been limited to studies using ectopic 

integration sites to test custom DNA constructs. Results show high levels of variation 

dependent on the site of integration and are subject to issues of improper copy number and 

phenotypic interference from endogenous genes when a stable integration site is used 

(discussed in Bender et al., 2000a; de Krom et al., 2002; Glaser et al., 2005). In parallel, 
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studies targeting endogenous loci have been limited by available genome engineering 

methods to the creation of mutants from a top-down approach. Through impressive 

perseverance, many groups have successfully created a wide range of models for individual 

gene loci (examples include Bahr et al., 2018; Hnisz et al., 2015; Rodriguez-Carballo et al., 

2017), but the creation of new models has been dependent on the stepwise modification of 

existing mutants, making them susceptible to a growing burden of potential off-target effects 

and consequences of long-term cell culture. In my work, I removed these potential 

confounding factors by harnessing technical advances in large-scale DNA synthesis (in 

collaboration with Professor Jef Boeke) and genome engineering tools to target ~90 kb 

custom designs of the mouse α-globin regulatory domain to the native chromosomal context 

in purposefully designed mESCs.  

 

At a higher sequence resolution, the targeted genetic dissection of individual elements has, 

thus far, been limited for similar reasons. Existing high-throughput analyses of regulatory 

sequences have generally been performed by juxtaposing test sequences with transcribed 

units for functional readout, in the context of transiently transfected plasmids or a random 

site for stable integration (reviewed in the introduction to Chapter 6). Therefore, reporter 

assays are able to ascertain the intrinsic activity of a sequence; whether this is exerted or not 

depends on the native chromatin context. Using the in situ R2 screening method described 

in this thesis, sequences can be tested not only for their ability to bind factors for gene 

activation but also for their ability to promote local chromatin opening and long-range gene 

activation, as is required for the vast majority of enhancer-like elements in the genome. The 

observation that the R1 and R4 α-globin enhancers perform as expected when integrated 

into the R2 position suggests that this system acts as a valid test for enhancer function, 

outperforming traditional plasmid-based assays for enhancer potential (Splinter and de Laat, 
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2011). The flexibility of the Cas9-directed HDR targeting method used in this procedure 

means that further screens could be designed to test sequences in alternative positions, 

allowing users to investigate the influence of molecular context on sequence function. 

 

Variation in the roles of enhancer elements 

 

Equivalence of cis-regulatory elements in terms of biochemical features does not signify 

equivalence of sequences at a functional level. For example, elements classified as strong or 

weak enhancers by chromatin features or conservation analyses activate a minimal promoter 

to a range of extents (Kwasnieski et al., 2014; Pennacchio et al., 2006). This either suggests 

that enhancers with similar molecular features can have a range of activities or that the 

primary function of some enhancers in situ may not be in direct activation of gene 

expression. 

 

A key finding from Chapter 5 was that the strongest elements of the α-globin super-enhancer 

(R1 and R2) were not able to fully activate gene expression without the presence of the three 

downstream, seemingly non-functional elements (R3, Rm and R4). Analysis of the motif 

content and binding of a number of erythroid TFs to the α-globin locus in vivo suggests a 

functional segregation of these elements into two groups. This predicted segregation is 

corroborated by activity in experiments testing sequence contribution to α-globin gene 

expression and the effects of element deletions (Figure 7.1).  
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Figure 7.1: Proposed functional segregation of the elements of the mouse α-globin 
super-enhancer. 
A summary of data in support of the classification of α-globin super-enhancer components 
into activating (R1/R2) and non-activating elements of unknown function (R3/Rm/R4). 
Data refer to the element labelled at the top of each column. Top to bottom: 1) DNase-seq 
digital footprinting and MCS annotations as shown in Figure 3.6. 2) Erythroid TF motifs 
aligned to footprinted regions, shown as motif maps and windowed counts over 300 bp 
regions (Figure 6.21). 3) Erythroid TF binding by ChIP-seq in primary mouse erythrocytes 
(Figure 5.13). 4) Relative activity of R1, R2 and R4 MCS regions in an α-YFP enhancer 
activity assay in the native R2 position. Bars are scaled to results from the R2 sequence 
(adapted from Figure 6.10A). 5) Relative activity of R1 and R4 sequences in the native 
R1 position when added to a hemizygous R2-only model. Bars are scaled to represent the 
added activity compared to the R2-only model (adapted from Figure 5.11). 6-7) The 
effects of single- and grouped-element deletions on α-globin expression. Bars represent 
the reduction in maximal expression in vivo except for the grouped R3/Rm/R4 deletion 
which was performed in the hemizygous in vitro system only (adapted from Figures 3.1 
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and 5.11). The effect of element deletions appears to be additive for the activating 
elements; the effect of deletion of individual propagating elements, on the other hand, 
appears to be minimal but their removal as a group has a greater effect. N/A, data not 
available; N/S, effect non-significant. 

 

The appearance of weakly active, accessible elements near strong enhancers is a common 

feature of the genome. For example, creation of a single new binding site for the MYB TF 

at the human Tal1 gene locus is able to open additional local sequence regions to create a 

super-enhancer from normally neutral DNA (Mansour et al., 2014). Similarly, experiments 

from the Higgs and Hughes groups have shown that integration of the R2 element into a 

neutral part of the genome is sufficient to open several new peaks by ATAC-seq (Caroline 

Harrold, unpublished data). The secondary opening of primed sequences when in close 

proximity to active elements is suggested to be involved in the evolution of new enhancer 

functions and clusters (Long et al., 2016). The development of induced accessible regions 

into conserved elements near genes that are strongly expressed or critical for cell fate 

decisions may reflect an acquisition of sequence robustness.  

 

In the case of the α-globin super-enhancer, the weaker R3, Rm and R4 elements show 

sequence conservation among a range of species and become accessible independently of 

the presence of R1 and R2, indicating that their presence has likely been selected as 

beneficial for effective gene expression. Thus, rather than being non-functional, the R3, Rm 

and R4 elements, while not conforming to the classical definition of enhancers, may 

represent an alternative type of cis-regulatory element. Together, I propose a model in which 

the R1 and R2 enhancers act as the primary transcriptional activators, while the R3, Rm and 

R4 elements act to propagate the signal to the α-globin genes. Mechanistically, this could be 

manifested through contributions to the local molecular environment of the self-interacting 

domain or through a mechanism involving the co-linearity of elements. A range of 
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chromatin assays could be used to test the former; impaired α-globin gene expression seen 

in an existing mouse model carrying an inversion of the enhancer cluster suggests at least 

partial contribution of the latter (Mira Kassouf, unpublished data).  

 

The contributions of individual TFs to a single enhancer 

 

Scanning the elements of the α-globin super-enhancer for erythroid TF motifs identified a 

trend for increased element activity with motif abundance. Functional screening of the R2 

enhancer sequence identified that both the number and type of conserved motifs were 

important for maximal element function. In terms of the range of TFs recruited to the 

sequence, Gata1 motifs were identified as being most critical for enhancer activity. Removal 

of conserved sites for Klf1 and Nf-e2, on the other hand, affected the level of sequence 

activity but did not abolish R2 function. This suggests that individual TFs can have different 

roles in enhancer function. Beyond the selected TFs studied here, it is entirely possible (and 

indeed, likely) that more TFs are able to bind the R2 sequence in erythrocytes. A search for 

potential binders from the JASPAR mammalian motif database (Mathelier et al., 2016), for 

example, identifies over 50 matches to recognised consensus sequences by FIMO analysis 

(p<1e-4; data not shown). Modelling of TF binding to the mouse R1 enhancer has previously 

predicted the possible binding of 11 factors simultaneously without steric hinderance (Maria 

Suciu thesis, unpublished). Results from a tiled deletion screen will pinpoint any necessary 

motifs not yet identified; to exhaustively catalogue the wealth of binding events at the R2 

sequence an unbiased proteomics approach would be needed (such as locus proximity 

labelling, Myers et al., 2018). 
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Of the factors tested here, Gata1 offers two modes of activity that may of importance. Firstly, 

it is thought that Gata1 is able to act as a “pioneer factor” to open inaccessible chromatin, 

possibly aided by the preceding binding of Gata2 (Anguita et al., 2004; May et al., 2013; 

Zaret and Carroll, 2011). In this way, the recruitment of Gata1 may be necessary for 

additional TFs to bind at the R2 sequence. Secondly, the association of Tal1 binding with 

Gata1 and observation that the predicted Tal1 motif within R2 is not necessary for binding 

suggests that Gata1 may be able to recruit additional factors to R2 via protein-protein 

interactions (Kassouf et al., 2010). At this point, these suggestions are purely speculative 

but, in future, assays such as ATAC-seq or ChIP-seq could be applied on selected R2 variant 

sequences to test the mechanistic consequences of different TF recruitment. In addition, the 

creation of synthetic enhancers from the bottom-up could test the need for additional, non-

conserved binding events in the construction of the R2 sequence and identify the maximum 

allowed spacing between TF motifs to still be incorporated into the active enhancer region. 
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7.3 Next steps 

 

The next steps in outlining the function of the super-enhancer as a whole will focus on 

interpreting the function of the R3, Rm and R4 elements. This can be approached from the 

angles of mechanistic study of existing models (such as imaging or 3C techniques) or the 

testing of novel locus constructs. What happens, for example, if the non-functional elements 

are replaced with highly active enhancer sequences? Or vice versa? Is the order of elements 

within their native positions important for super-enhancer function? Does the super-

enhancer work if the elements are juxtaposed into a single composite enhancer? Or is a 

single point-to-point enhancer-promoter configuration inefficient for the physics of DNA 

looping? And so on.  

 

From the perspective of the R2 enhancer specifically, the positional context within the 

cluster remains to be fully tested by integrating it specifically into the locations of each of 

the other native elements and vice versa. From a sequence perspective, the most valuable 

experiments will involve the in silico modelling of R2 sequence function and the 

mechanistic interpretation of new and existing sequences using various chromatin assays. 

The use of computational approaches will aid the generation of testable predictions for 

functional sequence construction beyond easily identifiable trends, while improvements on 

existing experimental methods (e.g. high-resolution TF binding analyses, He et al., 2015; 

Rhee and Pugh, 2012; single-molecule tracking, Liu and Tjian, 2018; single-cell chromatin 

assays, Wang et al., 2019) will allow for greater functional interpretation of the trends found 

by sequence screening. 
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Beyond the scope of the R1/R2/R3/Rm/R4 elements, many interesting questions remain for 

the regulation of the α-globin locus. Is it relevant, for example, that the position of the 

enhancers relative to the Nprl3 gene is conserved through evolution (Philipsen and Hardison, 

2018)? Would the super-enhancer-promoter hub form in the absence of flanking CTCF 

sites? How do mutations of the cluster affect the dynamics of domain formation and gene 

expression through erythropoiesis?  

 

The tools developed and data reported in this thesis lay the groundwork for a wide range of 

future projects. It is my hope that the tools and principles explored here will be informative 

not only to the molecular understanding of the mouse α-globin locus, but to the fundamental 

question of how genes are regulated.  
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Appendix - Genetic models used in this thesis 

 
Figure A.1: Graphical summary of the genetic models used in this thesis.  
Models are grouped by the chapter(s) in which they feature and annotated with key features. 
Deleted loci in hemizygous models are represented by horizontal bars. 
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