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Abstract

VEZF1 is a highly conserved vertebrate transcription factor that has ubiquitous expression in vertebrates.

VEZF1 is essential for the barrier activity of the chicken ẞ globin HS4 insulator, where it prevents de novo

DNA methylation. Knock-out of VEZF1 results in lethal haemorrhaging and edema in murine embryos,

indicating a role for VEZF1 in the maintenance of vascular integrity.

In this study, the CUT&Tag method, previously reported to be an improvement on CUT&RUN and

ChIP-seq, was utilised to map VEZF1 binding sites in K562 cells. The binding sites identified by CUT&Tag

are similar to those previously identified using ChIP-seq, but the data generated from CUT&Tag shows

significant advantages of lower background and higher peaks. Peak analysis indicates that most of the

VEZF1 peaks are associated with promoters or enhancers, and there is strong co-localisation of the

binding of VEZF1 and GATA2. VEZF1 tends to recognize and bind to GGGNGGGG motifs, but no difference

is found between GGGNGGGG motifs discovered at VEZF1-associated promoters and enhancers.

Furthermore, co-localisation of GATA2 does not affect the sequence of the GGGGNGGGG motifs

enriched at VEZF1 peaks. Sequence analysis also revealed other motifs that are recognized by a variety

of transcription factors, which may act alongside VEZF1 to regulate gene expression in K562 cells.

Our study shows that CUT&Tag is an efficient method for mapping and analyzing the binding sites of

transcription factors, and provides new opportunities for research on the interactions between VEZF1

and other transcription factors.
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Chapter 1 Introduction

1.1Development of the vascular system

The vasculature is a complex network consisting of arterial, venous, and lymphatic vessels, which

provide delivery of nutrients and metabolites for all organs. The formation of the vascular system begins

in embryonic development, which is the first identifiable structure of developing mammalian embryos.

Two distinct mechanisms of blood vessel formation in the early embryo have been described.

Vasculogenesis refers to the differentiation from angioblasts to endothelial cells followed by formation

of heart and the first primitive vascular plexus. Angiogenesis is the remodeling and expansion of the

vascular network from preexisting endothelial cells (Choi, 2002; Patan, 2004).

Vasculogenesis first occurs in the embryonic yolk sac of mammalian embryos and continues throughout

development of embryo proper. During gastrulation, embryonic ectodermal (epiblast) cells are recruited

to the primitive streak, a transient embryonic structure located on the posterior side of the embryo. At

the primitive streak, a transition from epiblast cells to mesenchymal cells occurs. The mesenchymal cells

subsequently migrate and colonize between the visceral endoderm and epiblast, thereby forming either

mesoderm or definitive endoderm (Tam and Behringer, 1997; Goldie et al., 2008). In the yolk sac,

visceral endoderm releases soluble signals which targets the underlying mesoderm and induces the

formation of primitive endothelial and hematopoietic cells, the first differentiated cell types to be

produced in the mammalian embryo (Goldie et al., 2008).

The mesoderm cells in the yolk sac wall coalesce to form blood islands, which subsequently occurs in

body stalk and chorion. Then the cells around the blood island differentiate into endothelial cells while

the cells in center of the blood island differentiate into hematopoietic stem cells (HSCs). The tubules

extend and fuse to form a primitive network known as an extraembryonic capillary or vascular plexus. In

addition, the mesenchymal cells surrounding the embryonic mesenchymal cleft also differentiate into

endothelial cells (ECs) and form intraembryonic vascular plexus. The extraembryonic and intraembryonic

vascular plexuses connect through body stalk, which enables HSCs to enter the embryo. Later the

mesenchymal cells surrounding the vascular differentiate into smooth muscle cells and pericytes and

form intact structure of artery and vein (Figure 1.1).



13

Figure 1.1 Stepwise development of vessels of the three circulations.
Development of vessels start with mesodermal precursor cells, which form respectively blood Island in
extraembryonic yolk sac or primary plexus, aorta and cardinal vein in embryo proper. Primitive blood
cells and endothelial cells (ECs) are differentiated in blood island. ECs form the vascular primary plexus,
which is then remodeled into the yolk sac vasculature. While the primary plexus, aorta and cardinal vein
further form arteries and veins. Some ECs are transformed into lymphatic endothelial cells (LECs) by cell
fate decision and develop into lymphatic vessels. Taken from Park et al., 2013.

1.2VEZF1

Our lab has a long standing interest in the DNA binding factor Vascular Endothelial Zinc Finger 1 (VEZF1)

due to its roles at the chicken beta globin insulator and in the regulation of hematopoeitic gene

expression. However, recent work in our lab has demonstrated that it also plays a key role in the control

of vasculogenesis (Rivera Gonzalez, 2017).

VEZF1 encodes a 518 amino acid nuclear protein that contains six zinc finger motifs of the Cys2/His2

(Krüppel-like)-type. It is expressed across a broad range of somatic tissues and cell lines including

chicken erythrocytes (Koyano-Nakagawa et al., 1994; Ruslan S. Strogantsev, 2009; Lewis et al., 1988).

Chromatin immunoprecipitation assays have shown that it binds to the chicken beta globin HS4

insulator, and chromatin barrier assays showed that it is essential for the ability of HS4 to act as a barrier

to the spread of heterochromatin (Recillas-Targa et al., 2002). VEZF1 acts by inhibiting the spread of

DNA methylation (Dickson et al., 2010), and works alongside USF, which recruits active histone

modification complexes to act as a road block to heterochromatin. The barrier activity of VEZF1 and USF

is complemented by the enhancer blocking activity of CTCF, and these factors combine to give the

powerful insulator function of HS4.
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Chromatin immunoprecipitation, RNA interference and CRISPR knockout of VEZF1 in K562 cells have

revealed that VEZF1 binds to promoters and enhancers of a large number of genes with diverse

functions, and contributes to erythroid gene regulation (Ruslan S. Strogantsev, 2009; Low, 2013;

Al-Hosni, 2016). However, it is not essential for the full erythroid gene regulatory programme (Al-Hosni,

2016; Rivera Gonzalez, 2017). To investigate this further, the role of VEZF1 was studied during the

erythroid differentiation of human embryonic stem cells (hESCs) in vitro (Rivera Gonzalez, 2017).

Analysis of VEZF1-knockout hESCs revealed that VEZF1 was not required for human erythropoeisis, and

its expression actually inhibited commitment down the erythroid lineage. In contrast, VEZF1 was

required for efficient differentiation of endothelial cells in this system (Rivera Gonzalez, 2017). It was

therefore hypothesised that VZEF1 is a key regulator of the vascular endothelial gene regulatory

programme.

A role of VEZF1 in vasculogeneis is consistent with studies showing that it is upregulated in vascular

endothelial cells during vasculogenesis in the developing embryo (Xiong et al., 1999; Kuhnert et al., 2005;

Zou et al., 2010). Furthermore, several studies have implicated VEZF1 in function. For example, VEZF1

promotes the formation of the vascular network by binding at the promoter associated CpGi of the

antiangiogenic factor Cited2 gene and repressing the expression of Cited2 in endothelial cells (AlAbdi et

al., 2018). VEZF1 is also associated with the maintenance of vascular integrity, which means the

junctions between vascular endothelial cells are compromise in its absence. Loss of a single VEZF1 allele

results in an incompletely penetrant phenotype characterized by lymphatic hypervascularization and

haemorrhaging and edema in the jugular region (Kuhnert et al., 2005). Furtherfore, VEZF1 physically

interacts with the GTP-bound form of RhoB, and this complex drives transcription of target set of genes

in blood vascular endothelial cells (BVECs) and lymphatic vascular endothelial cells (LVECs), thereby

regulating distinct blood and lymphatic endothelial responses to different pathological stimuli (Gerald et

al., 2013).

VEZF1 protein expression is believed to be regulated by specific MicroRNAs (miRNAs/miRs), a class of

small (≈22 nucleotides) non-coding single-stranded RNAs that are necessary for postnatal angiogenesis

(Suárez et al., 2008). MiR-191 targets VEZF1 and then affects the expression of downstream genes by

regulating their mRNA levels. In patients with acute ischemic stroke and damage endothelial cells,
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MiR-191 has been shown to inhibit angiogenesis by targeting VEZF1 (Du et al., 2019). VEZF1 is also a

directly suppressed by miR-382-5p. In osteosarcoma, VEZF1 suppression by miR-382-5p can inhibit the

development and progression of the tumour (Wu et al., 2021).

1.3Chromatin binding by VEZF1

ChIP-seq in K562 cells revealed that VEZF1 binds to a major proportion of gene promoters that are

active, or primed to be active (Low, 2013). These include cell type-specific and housekeeping genes.

Intriguingly, VEZF1 is always located in the nucleosome depleted regions of these promoters and

overlaps RNA polymerase II binding immediately upstream of the transcription start site (TSS). VEZF1

does not have any classical transcription activation function, so it was hypothesized that VEZF1 plays a

role in establishing the specific chromatin structures observed at transcriptionally active gene promoters.

Furthermore, VEZF1 interacts with promoters that have similar G-rich SP1-like motifs to the HS4

insulator, thereby protecting genes with diverse functions frommethylation (Dickson et al., 2010).

VEZF1 was also shown to bind to a range of enhancers in a tissue-specific manner (Low, 2013; Ruslan S.

Strogantsev, 2009). In K562 cells, comparison with ENCODE data revealed VEZF1 enhancer binding was

associated with a complex of erythroid-specific factors that regulate expression of a subset of erythroid

genes: GATA1, TAL1, E2A, LMO2 and LDB1.

Electrophorectic mobility shift assays (EMSA) revealed that VEZF1 binds most strongly to

homopolymeric runs of G bases (Low, 2013). This is supported by motif analysis of ChIP-seq data, as

when binding sites were stratified by VEZF1 signal strength, the enriched motif in the top 5% of peaks

was a run of 9 (dG.dC). This motif was most strongly associated with promoter-bound VEZF1 peaks.

Weaker VEZF1 peaks sites tended to be enriched in divergent GGGGNGGGG sites, and these were most

strongly associated with enhancer-bound VEZF1 peaks. EMSA assays demonstrated that VEZF1 can bind

to GGGGAGGGG sites in vitro, but does not bind GGGGTGGGG or GGGGCGGGG sites efficiently (Low,

2013).

Based on this data, it was hypothesised that VEZF1-co-operates with erythroid-specific transcription

factors to enable binding to weaker sites with degenerate sequences in K562 cells. In particular, the
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co-localisation of GATA motifs with VEZF1 sites at the chicken beta globin locus implicates GATA1 as

being a key factor in regulating VEZF1 binding (Low, 2013; Ruslan S. Strogantsev, 2009).

In order to investigate the role of VEZF1 in the regulation of endothelial cell differentiation and vascular

function, a key step will be to map its binding sites throughout the genome, and to relate these binding

sites to those of other factors that may co-operate with VEZF1 to regulate transcription or chromatin

organisation.

1.4Transcription factors regulating endothelial cell differentiation

Several lines of evidence suggest that haematopoietic cells and endothelial cells develop from a

common mesodermal progenitor termed the hemangioblast or hemangiogenic endothelium (Figure 1.2).

Several transcription factors appear to play key roles in determining endothelial versus haematopoietic

differentiation such as SCL/TAL1, and GATA1/2 (Figure 1.2).

Figure 1.2 Model of hemangiogenic mesoderm cell differentiation by regulation of transcription
factors.
SCL/TAL1, and GATA1/2 are essential TFs in the determination of endothelial and hematopoietic
lineages. Taken from Park et al., 2013.

1.4.1 GATA2

GATA1 and GATA2 are of particular interest as potential co-factors for VEZF1 in the regulation of

haematopoeitic versus endothelial cell differentiation. GATA transcription factors belong to the zinc

finger (ZF) superfamily, which has been highly conserved throughout evolution. GATA1 was first

identified in erythroid cells as Eryf1 in 1988, with binding sites found within the enhancer region of the

chicken f-globin locus and human globin gene (Evans et al., 1988). The sequence of core motifs that

Eryf1 recognizes is W(A/T)GATAR(A/G) (Tsai et al., 1989). Subsequently, Eryf1, as the predominant
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protein binding to these motifs, was also known as GATA1 (Orkin, 1995). The sequence of an alternative

consensus motif that is mainly recognized by GATA2 and GATA3 is AGATCTTA (Ko and Engel, 1993).

There are six members of GATA family in vertebrates (GATA1-6), and they are divided into two

subgroups, which are GATA1/2/3, and GATA4/5/6 (Whitcomb et al., 2020). GATA1/2/3 are essential for

hematopoietic differentiation, including the development of hematopoietic progenitors, erythroid, and

T-lymphoid cells (Khandekar et al., 2007).

GATA1 and GATA2 are essential for haematopoietic development, and they regulate the expression and

function of multiple transcription factors. GATA2 and GATA1 cooperates with stem cell leukemia

(SCL)/T-cell acute leukemia protein 1 (TAL1), a key regulator of hematopoiesis. SCL recognizes E box DNA

motif (CANNTG) and forms an obligate heterodimer with ubiquitously expressed class I bHLH E protein.

Then two non-DNA-binding proteins, LMO1/2 and LDB1, are recruited and assemble into SCL core

complex. LMO2 subsequently recruits additional transcription factors and cofactors, including GATA1/2,

thus endow the pentameric complex with multiple functions (Porcher et al., 2017; El Omari et al., 2013).

Interestingly, GATA motifs and E boxes usually occur as composite elements (Katsumura and Bresnick,

2017), and SCL preferentially occupies the elements that occupied by GATA2 (Wozniak et al., 2008).

Moreover, GATA motifs are the most frequent SCL-bound sequences (Porcher et al., 2017), which

indicates a decisive role of GATA2 in SCL occupancy. Apart from SCL, LYL1, another paralogous

hematopoietic regulators, is also coregulated by GATA2 and Ets (Chan et al., 2007).

There is evidence that GATA2 plays important roles in both endothelial cell differentiation and

haematopoiesis (Park et al., 2013). The expression of GATA2 is detected in embryonic stem (ES) cells,

endothelial cells, haematopoietic progenitors, early erythroid cells, mast cells and megakaryocytes.

GATA2 drives the expression of the VEGF-A receptor FLK-1/KDR, making the mesodermal cells

responsive to vascular endothelial growth factor (VEGF)-A signaling, thereby inducing differentiation

into the endothelial cells that form the dorsal aorta. Several studies show that GATA2 regulates the

expression of key endothelial genes in human dermal microvascular endothelial cells (HMVECs). GATA2

null mice die by embryonic days 10-11 (E10-E11), which is thought to be because of severe anaemia

caused by profoundly defective haematopoietic stem or progenitor cells differentiated from GATA2 null

ES cells (Tsai et al., 1994). GATA2 is subsequently involved in the regulating the transcriptional network
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that governs the transition from endothelial cells to hematopoietic cells that takes place in the floor of

the dorsal aorta (Dobrzycki et al., 2019, Koyunlar et al., 2023).

1.4.2 CTCF

CTCF (CCCTC-binding factor) and VEZF1 are essential components of the the chicken HS4 beta gobin

insulator (Bell et al., 1999). While VEZF1 works with USF to prevent the spread of heterochromatin, CTCF

acts as an enhancer blocker, preventing enhancer sequences from inappropriately activating gene

expression (Recillas-Targa et al., 2002; Dehingia et al., 2022). CTCF’s enhancer blocking activity stems

from its ability to anchor chromatin loops, or topologically associating domains (TADs), through

interaction with cohesin. The boundaries of TADs are defined by a pair of convergent CTCF motifs (Dixon

et al., 2012; Rao et al., 2014; Wutz et al., 2017). The ring-shaped structure of cohesin consists of three

subunits, SMC1, SMC3, and SCC1 (Haering et al., 2008). In the loop extrusion model, cohesin is loaded

onto chromatin by the SCC2/SCC4 complex and moves along the chromatin fibre to extrude a loop

(Haarhuis et al., 2017; Gassler et al., 2017). The movement stops when cohesin encounters two

succcessive CTCF proteins bound separately to a pair of convergent motifs. During the extrusion, the

enhancer and promoter in the same TAD are likely to interact, ensuring the specific activation of gene

(Dehingia et al., 2022). PDS5 and WAPL cooperate to release cohesin from chromatin, restricting the

extension of chromatin loops (Wutz et al., 2017). The balance between WAPL and SCC2/SCC4 complex

maintains the dynamic of TADs, and the correct structure of the chromosome (Haarhuis et al., 2017).

CTCF consists of 11 ZF domains. ZFs four to seven play an essential role in DNA binding, while other ZFs

are deployed in different combinations at different sites (Lobanenkov et al., 1990, Renda et al., 2007).

CTCF binding to DNA is regulated by multiple factors, including DNA methylation, histone modifications,

chromatin openness, histone variants and RNA (Dehingia et al., 2022; Wen et al., 2020). For example,

the interaction of RNA and CTCF stabilizes CTCF binding and the formation of chromatin loops

(Saldaña-Meyer et al., 2014; Saldaña-Meyer et al., 2019). However, the transcription of long non-coding

RNAs such as LPS-Inducible Non-Coding RNA (LINoCR) and Jpx RNA evict CTCF and cohesin from

chromatin (Lefevre et al., 2008; Sun et al., 2013). Furthermore, the function of CTCF is regulated by

post-translational modification including phosphorylation and poly(ADP-ribosyl)ation (El-Kady and

Klenova, 2005; Yu et al., 2004).
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As an essential chromatin regulator, mutations in the CTCF gene and its binding sites lead to loss of the

TAD boundary activity, resulting in cancer and various neurological diseases (Dehingia et al., 2022).

1.5Epigenetics and histone modifications

The term epigenetics refers to changes in gene function that are inherited through mitosis or meiosis,

and are independent of changes in the DNA sequence (Wu and Morris, 2001). The first epigenetic mark

was identified in 1962, which was histone methylation. More marks were identified subsequently,

including DNA methylation, histone acetylation, phosphorylation, ubiquitylation, sumoylation, and ADP

ribosylation, etc (Peixoto et al., 2020). As a trending research field in recent years, epigenetics has been

proven to regulate micro and macro processes in many aspects, from gene expression to ontogeny. In

our research, three histone modifications are focused on, namely histone H3 lysine 4 monomethylation

(H3K4me1), histone H3 lysine 4 trimethylation (H3K4me3), and histone H3 lysine 27 acetylation

(H3K27ac). These three histone modifications are enriched to different degrees at promoter and

enhancer regions, and can be used, along with other chromatin features, to help identify regulatory

elements (Ernst and Kellis, 2010; Ernst et al., 2011). Studying the relationship between VEZF1 binding,

erythroid transcription factors, and the surrounding epigenetic landspace will be an important aspect of

learning how VEZF1 regulates chromatin structure and gene expression.

1.5.1 H3K4me1

H3K4me1 is mainly enriched at the enhancer regions as an activation mark, which results in active or

repressive effects depending on interactions with H3K27ac or H3K27me3 (Zhang et al., 2021). The

enhancers that only have H3K4me1 are primed enhancers (Sharifi-Zarchi et al., 2017). They are in a

pre-activated state and are activated with the acquisition of H3K27ac, the other activation mark. The

enhancers where the H3K4me1 interacts with H3K27ac are active enhancers. They are also bound by

mediator, a transcriptional coactivator complex, thereby promoting the transcription of target genes

(Heinz et al., 2015). Interestingly, mediator forms a complex with cohesin and is involved in the

formation of chromatin loops, which implies a potential association between CTCF and H3K4me1 (Kagey

et al., 2011). The enhancers with H3K4me1 and the repression mark H3K27me3 are poised enhancers
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(Heinz et al., 2015). They convert to active enhancers when H3K27me3 is removed and H3K27ac is

acquired (Karnuta and Scacheri, 2018; Maurya, 2021).

1.5.2 H3K4me3

H3K4me3 is a predominant mark of active or poised promoters, whose existence defines the active state

of gene (Santos-Rosa et al., 2002; Calo and Wysocka, 2013). However, the removal of H3K4me3 has no

instructive effect on the transcription of most genes, which indicates that the association between

H3K4me3 and transcription is more complex than activation and being activated. H3K4me3 is mediated

by Set1 or Set1-like methyltransferase complexes, and the recruitment of them are

transcription-dependent. This suggests that H3K4me3 is more likely to be the result of transcription

instead of the cause. In fact, H3K4me3 has been proved to be linked to transcript degradation,

transcriptional responsiveness, and transcriptional consistency (Howe et al., 2017). The respective

enrichment of H3K4me1 and H3K4me3 at enhancers and promoters is regulated by DNA methylation

through a mechanism described as a seesaw. When DNA is hypermethylated, the level of both H3K4me1

and H3K4me3 are low, which marks the inactive genomic regions. When DNA is intermediately

methylated, the level of H3K4me1 is high and the level of H3K4me3 is low, which marks the enhancer

regions. When DNA is hypomethylated, the level of H3K4me1 is low and the level of H3K4me3 is high,

which marks the promoter regions (Sharifi-Zarchi et al., 2017).

1.5.3 H3K27ac

The function of H3K27ac is closely associated with H3K4me1 and H3K4me3. H3K27ac is mainly enriched

at the enhancers and promoters and marks active genes (Zhang et al., 2021). The role of H3K27ac as an

activation mark in active enhancers has been introduced above. H3K27ac is also a mark of

super-enhancers (SEs). SEs are regions containing multiple clustered enhancers in the genome which

drive the specific expression of genes associated with determination of cell identity and fate. SEs is

regulated through Notch signaling pathway, and H3K27ac is enriched at NOTCH1 sites, which occur

abundantly in SEs (Khan and Zhang, 2016).
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1.6CUT&Tag

The most well known method for identifying and mapping the distribution of chromatin features and

histone modifications is chromatin immunoprecipitation followed by sequencing (ChIP-seq). In ChIP

assays, chromatin is fragmented and immunoprecipitated with antibodies coupled to agarose beads,

then the DNA fragments are purified. Typically, samples are then sent to a specialised facility for library

preparation and high throughput sequencing (Rodríguez-Ubreva and Ballestar, 2014). However, the

application of ChIP-seq is limited due to its requirement for large sample sizes (typically 106-107 cells),

high background signal, and chromatin accessibility artefacts (Kaya-Okur et al., 2020). In addition, the

costs of library preparation and high throughput sequencing (typically £250 per sample) limit its

application for large studies with multiple samples and replicates. An alternative approach is to use

protein A-enzyme fusion proteins, which are recruited to genomic target sites by antibodies that

recognise the protein or histone modification being studied. Cleavage under targets and release using

nuclease (CUT&RUN) was established based on this strategy, and uses protein A-MNase fusion proteins

to induce DNA cleavage at antibody target sites (Kaya-Okur et al., 2020). Although CUT&RUN greatly

reduces the number of cells required (100-1000 cells) and lowers the background levels and the cost, it

still requires extra steps including polishing of DNA ends and adapter ligation, which take more time and

introduce opportunities for variability (Kaya-Okur et al., 2019). Cleavage under targets and tagmentation

(CUT&Tag) is a novel method that overcomes the limitations of ChIP-seq and CUT&RUN (Hatice S

Kaya-Okur et al 2019). CUT&Tag introduces protein A-Tn5 transposase fusion proteins, which recognize

the antibody binding to the target factor, cut the genome, and integrate adapters at both ends of the

fragments. The DNA fragments undergo purification, amplification via PCR, another purification, and are

then ready for sequencing without any additional library preparation steps (Figure 1.3). CUT&Tag has

higher sensitivity than CUT&RUN due to the high efficiency of tag integration at the target sites.

Compared to ChIP-seq, CUT&Tag requires fewer cells, so is suitable for single-cell platforms, and takes

less time, as the whole procedure can generate a sample ready for sequencing within one day. The high

signal-to-noise ratio means that only 3 million reads are required to map histone modifications across a

mammalian genome compared to a minimum of 30 million typically used for ChIP-seq. Sequencing costs

of only £45 per sample, in our experience, make this method much more suitable for large scale studies

requiring multiple samples. Due to the rapid procedure and low cost, CUT&Tag has the potential to
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overtake ChIP-seq as the most widely used method for mapping the genomic profiles of DNA binding

proteins and histone modifications (Kaya-Okur et al., 2019).

Figure 1.3 In situ tethering for CUT&Tag chromatin profiling.
The steps in CUT&Tag. Primary antibody (green) binds to the target chromatin protein (blue). Secondary
antibody (orange) binds to the primary antibody and provide more binding sites for pA-Tn5
transposome (gray boxes), which cut genome at both sides of the target protein and integrates adapters
(red) at chromatin protein binding sites after activated by addition of Mg2+. Taken from Kaya-Okur et al.,
2019.
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1.7Aims of the project

The first aim of this project is to test and validate the use of CUT&Tag technology as an alternative to

ChIP-seq for the study of sequence-specific DNA binding proteins such as VEZF1. The ease of use and

low cost of CUT&Tag could enable extensive analysis of the role that VEZF1 plays in regulating the

differentiation of endothelial and hematopoietic cells. The co-operation and competition of VEZF1 with

other DNA binding proteins and epigenetic modifiers has not been explored, and is likely to be

fundamental to understanding the regulatory network that controls vascular differentiation. This would

require extensive profiling of DNA binding factors and chromatin marks in a series of differentiating cells,

so it is important to test the CUT&Tag technology prior to embarking on such a large scale project.

The second aim is to test the hypothesis that co-operation of VEZF1 with erythroid transcription factors

such as GATA1/2 enables it to bind to degenerate sequence motifs in vivo that it is unable to bind in

vitro. Previous work has indicated that VEZF1 prefers to bind to runs of homopolymeric G, and that

these motifs can be identified at the most highly enriched VEZF1 peaks at promoters. However, weaker

VEZF1 sites, and those at enhancers, follow a GGGGNGGGG pattern that is weakly bound in vitro,

indicating that other factors may promote VEZF1 binding at these locations. By identifying VEZF1 sites

that also bind GATA2, we aim to test the hypothesis that GATA2 modulates the DNA binding specificity

of VEZF1 in vivo.

1.8Objectives

1)Test and optimise antibodies for CUT&Tag.

It is important to check that antibodies used for CUT&Tag are specific for the intended protein.

Furthermore, it has been reported that immunofluorescence assays are the most suitable method for

optimising protein concentration prior to using them in the CUT&Tag procedure. Therefore, antibodies

to VEZF1, GATA2, CTCF and the histone modifications H3K4m3, H3K4me1 and H3K27ac will be tested

and optimised by western blotting and immunofluorescence.
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2)How does data generated by CUT&Tag compare to ChIP-seq data in K562 cells?

The quality of the data generated by CUT&Tag will be compared to that generated by ChIP-seq through

consideration of peak location, peak height and background signal. CUT&Tag data for VEZF1 in K562

cells will be compared to ChIP-seq data previously generated by the lab. CUT&Tag histone modification

profiles will be compared to those previously generated by the lab, and also compared with publicly

available data from K562 cells generated as part of the ENCODE project. The data will be compared by

visually examining tracks displayed on the UCSC genome browser.

3)How does the binding of VEZF1 compare to that of GATA2 and CTCF in K562 cells, as assayed by

CUT&Tag?

Previous work has shown that VEZF1 binds at active promoters and enhancers in K562 cells, and

comparison with ENCODE data indicated that a subset of these VEZF-bound enhancers are also bound

by a complex of erythroid-specific transcription factors. By performing CUT&Tag for VEZF1 and GATA2 in

the same batch of K562 cells, we can address this question more rigorously, and investigate the

proportion of VEZF1 sites that are also bound by GATA2. Similarly, the locations of VEZF1 peaks will be

compared with those of CTCF to identify any putative insulator regions that could have both enhancer

blocking and barrier activity.

4)Does VEZF1 bind to different consensus DNA sequence motifs at promoters and enhancers, and

does the presence of GATA 2 alter the consensus motifs?

VEZF1 peaks will be stratified by whether they overlap with promoters or enhancers, and whether they

overlap with GATA2 peaks. Motif finding will then be used to identify enriched DNA sequences at these

sites to investigate whether the presence or absence of GATA2 modulates the DNA binding activity of

VEZF1.
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Chapter 2 Materials and Methods

2.1Cell culture

2.1.1 Cell thawing

The cryovial with cells was taken out from liquid N2 tank and incubated at 37°C until only a small ice

pellet remained. The vial was sprayed down with ethanol, wiped, and placed into the hood. The cell

suspension in the vial (~ 1 ml) was transferred into T25 flask. Cold fresh medium (4 ml) was slowly added

into the flask, at a rate of about 1 drop every 10 seconds, swirling occasionally. Another 5 ml of cold

fresh medium was added. The flask was placed in incubator at 37°C. Cells were spun down after 6-12

hours and resuspend in fresh, prewarmed medium in a new T25 flask.

2.1.2 Culture conditions

The K562 cells were grown in T25 flasks with 7 ml of RPMI 1640 Medium (Gibco™, 61870036, 10% FBS,

1% p/s). The cell incubator was set to 37°C, 5% CO2.

The HEK293 cells were grown in T25 flasks with 7 ml of Dulbecco's Modified Eagle Medium (DMEM,

Gibco™, 10% FBS, 1% p/s). The cell incubator was set to 37°C, 5% CO2.

2.1.3 Cell counting

Cell suspension (40 µl) was transferred into a 1.5 ml Eppendorf tube followed by addition of 160 µl

Trypan blue dye. The coverslip was placed on the hemocytometer and 10 µl of the mixture was added at

both edges of the coverslip to make it fill the counting areas. The two counting areas were observed

under the microscope and the cells in grids located on the four corners of each counting area were

counted. Cells per ml = ((cells in the first counting area + cells in the second counting area) / (number of

counting areas)) x 104 x dilution factor (4).
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2.1.4 Cell passaging

Cells were passaged every three days. Cells were seeded into a new container at 1.5 x 105 cell/ml

(typically 1:5). The fresh medium and cell suspension were added into new flasks (volumes used for

passage were determined according to the confluency of the cells) and mixed by gentle rocking. The

flasks were incubated at 37°C.

2.2Nuclear extract preparation

2.2.1 Preparation of stock solutions and buffer solutions

Buffer A and Buffer C were prepared as the following tables (Table 2.1) ahead of time and pre-chilled on

ice before use. One Protease inhibitors tablet (Roche, 5892791001) was resuspended in 5 ml dH2O and

used as a 2X stock. The stock was added into the buffer just prior to use.

Table 2.1 Preparation of stock solutions.

2.2.2 Harvesting cells

Around 20 ml of cell suspensions were used to prepare nuclear extract each time. Cells were grown for

two days before harvesting to ensure they were confluent. Cell suspensions were pelleted at 450 xg for 5

minutes. The pellet was resuspended by gentle pipetting in the same volume as the original culture of 1X

PBS. The cells were pelleted at 450 xg for 5 minutes and the supernatant was discarded. The residual

supernatant was removed by pulse spin and the packed cell volume (PCV) was estimated.
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2.2.3 Swelling the cells

The pellet was resuspended by gentle pipetting in 20 PCV of ice cold 0.67X PBS. The cell suspension was

incubated on ice for 10 minutes. The cells were counted at this point.

2.2.4 Cell disruption

The cells were pelleted at 450 xg for 5 minutes and the supernatant was discarded. The residual

supernatant was removed by pulse spin. The pellet was resuspended by gentle pipetting in at least 5 PCV

of ice cold buffer A. The cells were lysed by using five gentle passes through a narrow gauge needle (G25

or G27) using a syringe. The lysis was checked under a microscope using trypan blue, which should be

80-90%. The nuclei were pelleted for 20 minutes at 11000 xg at 4°C and the supernatant was transferred

into a fresh tube. The residual supernatant was removed by pulse spin.

2.2.5 Salt extraction of nuclear proteins from chromatin

The crude nuclei pellet was resuspended in 2/3 PCV of Buffer C. The nuclei were disrupted by using ten

gentle passes through a narrow gauge needle (G25 or G27) using a syringe and agitated gently for 30

minutes at 4°C. The nuclear debris was pelleted for 10 minutes at 16,500 xg and the soluble nuclear

protein supernatant was transferred into a clean, chilled tube. Then the supernatant was snap-frozen in

small aliquots with dry ice or liquid nitrogen and stored at -70°C.

2.3Bradford Assay

Bovine serum albumin (BSA) solution (5 µl, 20 mg/ml, NEB, B9000S) was diluted with 995 µl of distilled

water to 100 µg/ml. Five BSA dilutions with concentrations of 8, 12, 20, 40, and 80 µg/ml were prepared

by mixing different volume of the 100 µg/ml BSA and distilled water.

3 sets of nuclear protein extract dilutions were prepared in parallel by mixing different volume of each

nuclear protein extract and distilled water in the table below (Table 2.2).
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Table 2.2 Preparation of nuclear protein extract dilutions.

160 µl of each BSA standard and the diluted nuclear protein extract was transferred to a 96-well plate.

Each mixture was added in triplicate. 40 µl of the Dye Reagent Concentrate (5X, BIO-RAD, # 500-0006)

was added respectively to each well and mixed using a multi-channel pipet. The 96-well plate was

incubated at room temperature for 23 min and the absorbance of each well was measured using the

TECAN micro plate reader setting a wavelength of 595 nm and 450 nm.

2.4Western blotting

Western blotting was applied to determine the activity and specificity of antibodies.

The samples were prepared by diluting nuclear extracts respectively with different volumes of dH2O,

followed by addition of LDS Sample Buffer (and Sample Reducing Agent) according to the table (Table

2.3). The mixtures were heated at 70°C in dry bath for 10 minutes.

Table 2.3 Preparation of the samples.

50 ml of 20X MOPS SDS Running Buffer (Novex, B0001) is diluted with 950 ml of distilled water to

prepare 1X SDS Running Buffer.

The NuPAGE™ 4-12% Bis-Tris Mini Gel (Invitrogen, NP0321BOX) were placed in the mini gel tank. 1X

MOPS SDS Running Buffer (Novex, B0001) with or without NuPAGE™ Antioxidant (NP0005) was added to

the XCell SureLock™ Mini-Cell. Appropriate volume of samples and markers were loaded in the

appropriate wells. The gel was run at 200 V constant for 50 minutes .

Once the running was finished, the gel was removed and assembled in a TransBlot cassette for transfer

to PVDF membrane. Transfer was carried out using the TransBlot apparatus at 2.5 A for 7 minutes,
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according to the manufacturer’s instructions (Bio-Rad)

After the transfer program was complete, the membrane was blocked in 5% non fat dried milk

(NFDM,“Marvel”)/ 1X PBS-T for 30 minutes at room temperature and then at 4°C overnight.

The membrane was rinsed briefly in 1% NFDM/1X PBS-T. Then the membrane was transferred into clean

plastic pockets and incubated in primary antibody solution for 1 hour at room temperature.

The membrane were washed 3 times with 1% NFDM/1X PBS-T for 15 minutes each at room temperature

and incubated in secondary antibody solution for 1 hour at room temperature. After another 3 washes

of 1% NFDM/1X PBS-T and 1 wash of 1X PBS-T, the membrane was placed on a level surface with all the

milk removed. The imaging reagent (A38554, SuperSignal, Thermo Scientific™) was prepared and added

onto the membrane and incubated for 5 minutes at room temperature. The excess reagent was

subsequently removed and the membrane was placed into a clean plastic pocket and covered.

Eventually the membrane was imaged on a compatible digital imaging system (G-box imager, Syngene).

Following imaging, the pocket was sealed and stored in the fridge.

2.5Immunofluorescence

HEK cells were grown in the 24-well plate at 37°C and 5% CO2 overnight. When the cells reached

appropriate confluency (around 105 cells per well), the media was discarded and 4% paraformaldehyde

(PFA) solution made in PBS was added to fix the cells. The cells were then permeabilised with 0.1%

triton-PBS for 10 minutes, blocked with IF buffer (5% horse serum and 0.5% triton-PBS) for 45 minutes,

and incubate in primary antibody dilutions at 4°C overnight, and secondary antibody dilutions at room

temperature for 2 hours sequentially. Eventually the cells were stained with Hoechst 33342 working

solution (1 µg/ml) for 10 minutes and 1X Phalloidin conjugate working solution (prepared by diluting

1000X Phallodin conjugate Stock solution 1000 times in 1 ml of PBS + 1% BSA ) for 1 hour, and imaged

with EVOS system (Thermo Scientific™).
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2.6CUT&Tag

2.6.1 Sample preparation

The CUT&Tag procedure was carried out according to the manufacturer’s instructions (Active Motif).

Briefly, cells were seeded into a new T25 flask at 1.5 x 105 cell/ml and grown under standard conditions

(37°C, 5% CO2) for around 45 hours. The cells were counted and harvested into a 1.5 ml microcentrifuge

tube (5 x 105 cells per sample), washed with 1X Wash Buffer, and placed on ice. The cells were then

immobilised on Concanavalin A-coated magnetic beads and the cell membrane permeabilised with

digitonin. Then the cells were incubated sequentially in primary antibody solutions [contain 1 µg of

antibody (0.5 µg and 0.1 µg were also applied on CTCF antibody) diluted in Antibody Buffer, 4°C,

overnight], secondary antibody solution [Guinea Pig Anti-Rabbit Antibody (100 µl for each reaction)

diluted in Dig-Wash Buffer, room temperature, 60 minutes], and CUT&Tag-IT™ Assembled pA-Tn5

Transposomes (diluted in Dig-300 Buffer, room temperature, 60 minutes). In this step, the Tn5

transposase is recruited to the antibody-bound genome locations via protein A (pA). The addition of

Tagmentation Buffer, which contains Mg2+, enables the Tn5 transposome enzyme to cut genome and tag

the 5’ DNA ends with with sequencing adapters. This step was carried out at 37°C for 60 minutes.

Following tagmentation, DNA was extracted and purified with DNA Purification Column. PCR was used to

amplify DNA fragments. Each sample was amplified using one of four i7 indexed primers as the forward

primer, and one of four i5 indexed primers as the reverse primer. Each sample therefore has a unique

barcode, allowing up to 16 samples to be multiplexed in the same high throughput sequencing reaction.

SPRI Bead clean-up was performed to further purify the PCR products. Samples were quantified by Qubit

(Glasgow Polyomics) and were estimated to contain between 7.5 ng and 38 ng of DNA.

2.6.2 Sample sequencing

Samples were sent to Novagene Europe for quality control (QC) analysis and sequencing (table 2.4).

Novagene reported that the concentration of DNA as determined by QPCR ranged from 0.7 nM to 13.91

nM. Bioanalyser traces revealed multiple peaks between 200 bp and 600 bp for most samples. Histone

modification samples had higher DNA concentrations and stronger bioanalyser peaks than samples for

VEZF1, GATA2 and CTCF. Although not all samples passed the Novogene QC filters, none were discarded



31

at this stage. This is because the DNA samples generated by the CUT&Tag procedure are expected to

have a lower concentration and less background signal compared to standard ChIP-Seq samples, so

standard QC requirements are not applicable. Sequencing was carried out on all samples using

paired-end 150 bp NovaSeq technology, with 4 Gb raw data output requested. The number of reads

obtained ranged between 5.9 million and 38 million, and there was no correlation between the number

of reads or the read quality and the original DNA concentration or bioanalyser peak QC (Table 2.4).

Table 2.4 QC and sequencing output for the CUT&Tag samples.
The amount of each antibody used is indicated. Novogene provided data on sample quantification by
QPCR, analysis by bioanalyser, and whether the sample passes their QC tests. Novogene also provided
data on the sequencing data output as indicated in the column headers.

2.6.3 Next Generation Sequencing (NGS) data processing and analysis

Processing and analysis of NGS sequencing data was performed using tools on the European Galaxy

server (usegalaxy.eu) unless otherwise stated. FASTQC was used to assess the quality of the raw data

(Andrews, 2010), as it displays the Phred score, GC content, adaptor content and other indicators. Due to

high adapter content, the tool cutadapt was used to remove adapters corresponding to the i5 and i7

index primers used during library preparation by PCR. The sequence CTGTCTCTTATACACATCT was used to

identify 3' (end) adapters, with the adapter and subsequent bases being trimmed. FASTQC was repeated

to determine whether adapter trimming had improved the quality of the data.

Bowtie2 was used to align the forward and reverse reads to the Hg19 genome (Langmead et al., 2009;

Langmead and Salzberg, 2012), creating bam files. The Hg19 genome is not the newest reference

genome, but it was still adopted because the ChIP-Seq data previously generated by the AGW lab was
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also aligned to the Hg19 genome. Moreover, there was more publicly available histone modification data

aligned to Hg19 on the UCSC genome browser that could be used as comparison. The minimum and

maximum fragment lengths were set to 10 and 700 bp respectively, and the “very sensitive local”

alignment settings were chosen. The mapping states were preliminary judged according to the

proportion of concordant alignment (Table 2.5).

Table 2.5 Mapping states of Bowtie2.
In most of the data sets, the proportion of concordant alignment is over 90%, which is satisfying. Some
reads were aligned conordantly more than once. A potential reason was that the binding and cutting
pattern of Tn5 transposome enzyme might result in fragments with similar sequences. However, these
proportions are only for reference. The quality of alignment would be determined based on checking
visually on the UCSC genome browser instead of the proportion of concordant alignment.

To display the NGS data on the UCSC genome browser, the tool bamcoverage was used (Ramírez et al.,

2016), with a bin size of 10 bp and normalisation to reads per kilobase per million (RPKM). Files were

hosted on the Cyverse discovery environment web server for rapid access by the UCSC genome browser.

Each bigwig file was checked visually and one sample with low enrichment and high background was

discarded: CnT_H3K27ac_2. Bam files from replicates were combined using Samtools merge to give

combined bam files for VEZF1, GATA2, CTCF, H3K27ac, H3K4me1 and H3K4Me3.
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Peaks of enrichment were identified using the tool MACS2 callpeak with a minimum FDR of 0.05 or 0.01.

The narrow peak bed file outputs were uploaded to the UCSC genome browser for visualisation.

Active promoters and enhancers in K562 cells were defined using the data from the Broad Institute

ChromHmm analysis of K562 cells (Ernst and Kellis, 2017), which uses histone modification data to

predict the functionality of genomic regions. The ChromHmm data set was downloaded from the UCSC

genome browser using the table browser functionality and imported into galaxy. Columns were

rearranged into standard bed format using the cut tool, and the filter tool was used to filter chromatin

segments by category. Segments designated “1_active promoter” and “2_weak_promoter” were

combined to give a list of active promoters in K562 cells. Segments designated “4_Strong_Enhancer”,

“5_Strong_Enhancer”, “6_Weak_Enhancer” and “7_Weak_Enhancer” were combined to give a list of

enhancers in K562 cells.

Bedtools Intersect intervals was used to obtain lists of overlapping or non-overlapping peaks when

comparing two bed files, using a minimum of 1 bp for the overlapping region. To obtain a list of VEZF1 or

GATA2 peaks that overlap with enhancers, peaks that overlap with active promoters were identified and

removed from the list initially, and the remaining peaks were then overlapped with enhancers. This is

because many of the promoters have enhancer-like segements adjacent to them, which are likely to be

the shoulders of the promoter histone modification enrichments rather than stand-alone true

enhancers.

For sequence motif discovery, 200 bp windows around each peak summit were identified, using the peak

summit information in the bed file. The tool bedtools getfasta was used to obtain a list of all the DNA

sequences in each of these 200 bp windows. Sequence motifs enriched in each data set were identified

using the tool MEME-ChIP (Ma et al., 2014). Tomtom was used to identify transcription factors that are

known to bind to motifs identified using MEMECHip (Bailey et al., 2015).

Comparison of peaks with histone modification data was performed using the ChIP-Seq tool on the Swiss

Bioinformatics Resource Portal at epd.expasy.org/cgi-bin/chipseq/ (Ambrosini et al., 2016). The

programme ChIP-Cor was used to quantify the enrichment of histone modifications around peak

summits, using the global normalisation option. The data was then downloaded and plotted in excel. The

programme ChIP-Extract was used to generate the heat maps to display the enrichment data.
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2.7Antibodies

Information on all antibodies used in this study is listed in the table below (Table 2.6).

Table 2.6 Information on the antibodies and their dilutions or volumes in different experiments.
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Chapter 3 Results

The study aims to map the binding of VEZF1 across the genome of K562 cells, and to explore the

interactions with other transcription factors (TFs) and chromatin regulators by CUT&Tag. CUT&Tag

requires high activity and specificity of the antibodies, therefore western blotting and

immunofluorescence were used to find the most suitable antibodies and their concentration.

Considering that all the proteins involved are located in the nucleus, nuclear extracts were prepared for

western blotting. To check the specificity of antibodies to VEZF1, nuclear extracts were prepared from

both parental K562 cells, and from VEZF1 knockout (VEZF1 KO) K562 cells. The VEZF1 KO cells were

created using CRISPR nickase techology, which created small deletions and frame shifts in exon 2,

resulting in the loss of full length protein production (Al-Hosni, 2016).

3.1Preparation and concentration detection of cell nuclear extracts

The concentration of the protein in the nuclear extract was detected by Bradford Assay, a dye-binding

assay in which the color of the dye changes in response to different concentrations of protein. The

maximum wavelength of absorbance of Coomassie Brilliant Blue G-250 dye shifts from 465 nm to 595

nm when bound to protein. The absorbance can be measured by microplate reader and the protein is

quantified with the application of Beer’s Law. A series of dilutions of BSA solution were used as

calibration. It was found that the A595 data points could not be fitted with a straight line, so the A595/A450

ratio was used instead. This ratio reduces the interference of EDTA and salt in the nuclear extract and

results in a linear calibration plot (Figure 3.1).
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Figure 3.1 Determination of the concentration of two nuclear extracts.
Protein concentrations were determined by adding Bradford reagent and reading the absorbance at 595
nm and 450 nm using a microplate reader. A)Calibration curve showing the A595/A450 of a BSA dilution
series. Data points show the average from three replicates. The best fit straight line was plotted using
Microsoft Excel. B)Nuclear extract concentrations from parental K562 cells and VEZF1 knockout K562
cells. For each extract, Bradford assays were carried out with two different nuclear extract dilutions with
two replicates of each. The average A595/A450 ratio was calculated, and the protein concentration of each
nuclear extract was calculated according to the linear equation in the scatter plot.

3.2Western blotting

3.2.1Testing the original stock of VEZF1 antibody (AGW-3642-old)

Rabbit anti-VEZF1 polyclonal antibodies were previously raised against a conserved VEZF1 peptide,

Ser376-Ala547, that lies in the C-terminal half of the 521 amino acid protein. Serum was collected from

two rabbits (3642 and 3645) and IgG was isolated using protein A purification (Dickson et al., 2010). The

activity and specificity of the previously prepared VEZF1 antibody stock (AGW-3642-old) was determined

by western blotting (Figure 3.2). The nuclear extracts of both parental K562 cells and VEZF1 KO K562

cells were used to locate the bands of VEZF1 and identify any non-specific binding. A commercial SP1
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antibody was used as a control, and the presence of the expected 81 kDa band for SP1 confirms the

quality of the two nuclear extracts. Several dilutions of the size markers and antibodies were tested to

optimise the signal and specificity (Figure 3.2).

Figure 3.2 Testing the activity and specificity of the stored VEZF1 antibody.
Western blots of nuclear extracts (17.8 µg) from parental and VEZF1 KO K562 cells were probed with
anti-VEZF1 (AGW-3642-old) and anti-SP1. A)The marker was undiluted. Both VEZF1 antibody
(AGW-3642-old) and SP1 antibody were diluted 1:5,000. The secondary antibody (anti-rabbit HRP) was
diluted 1:2,000. B)The marker was diluted 1:2.5. The VEZF1 antibody was diluted 1:20,000 while the SP1
antibody was diluted 1:10,000. The secondary antibody was diluted 1:10,000.

A 64 kDa band corresponding to the expected size for full length VEZF1 was only found in the nuclear

extract from K562 parental cells and not in the VEZF1 KO cells, confirming the identity of this band. The

higher concentration of anti-VEZF1 in Figure 3.2A reveals several additional bands. The anti-VEZF1

antibody is a mixture of IgG antibodies rather a single affinity-purified antibody, which makes it more

likely that non-specific bands will be observed. Therefore, a higher dilution factor for the anti-VEZF1

antibody was used in Figure 3b, and most of the non-specific bands were eliminated. However, a strong,

non-specific band at 28kDa was still observed in both nuclear extracts probed with anti-VEZF1. The

28kDa band cannot be a short form of VEZF1, as the frameshift generated by the CRISPR machinery is

upstream of the peptide that the antibody was raised against. The results showed that the anti-VEZF1

antibody correctly binds to VEZF1 in the nuclear extracts, but indicates that non-specific binding could be

a concern for the CUT&Tag procedure.



38

3.2.2 Purification and verification of new VEZF1 antibodies

In order to find a prospective VEZF1 antibody with higher activity and specificity, two new batches of

anti-VEZF1 were purified from the serum of two different rabbits (3642 and 3645) using protein A-based

column chromatography. Bradford assays were used to measure the concentration of the purified VEZF1

antibodies AGW-3642-new and AGW-3645-new (Table 3.1).

Table 3.1 Detecting the concentration of new anti-VEZF1 IgG.
Concentration and yield of two types of anti-VEZF1 IgG were determined using Bradford assays as
described above and calculated according to the linear equation in the scatter plot.

3.2.3 Verification and comparison of old and newly purified VEZF1 antibodies

To verify and compare the activity and specificity of AGW-3642-old, AGW-3642-new, and AGW-3645-new,

western blotting was performed (Figure 3.3).

Figure 3.3 Verification and comparison of activity and specificity of three VEZF1 antibodies.
The activity and specificity of old and newly purified VEZF1 antibodies was tested via Western blot
method. The arrow points at the bands of VEZF1. The marker was undiluted. All the VEZF1 antibodies
were diluted 1:5,000. The secondary antibody was diluted 1:100,000.

It can be seen that the AGW-3645-new preparation did not detect a band of the correct size for VEZF1

(64 kDa), and that there was no difference in intensity of the 60 kDa band between the parental and

VEZF1 KO K562 samples. As similar results were obtained in repeated experiments, it was concluded that
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AGW-3645-new was not suitable for detecting VEZF1.

Both the old and new preparations of AGW-3642 show specificity for VEZF1, and under these conditions

the non-specific band at 28 kDa is not detected. Additional blots with different conditions and new

nuclear extract preparations revealed that the AGW-3642-new antibody had fewer non-specific bands

than the AGW-3642-old preparations (data not shown). Therefore, AGW-3642-new was chosen to be

used in future experiments.

3.2.4 Selection and concentration optimization of commercial antibodies

In addition to the purified AGW-3642 VEZF1 antibody, five commercial antibodies were tested, which

were specific to GATA2 (PA1-100, NBP1-82581, ab153820), CTCF (ab188408), and VEZF1

(NBP1-84301-25ul) (Figure 3.4).
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Figure 3.4 Verification and optimization of commercial antibodies.
The activity and specificity of five commercial antibodies was tested via Western blot method. The
arrows point at the bands of the target proteins (or where they should present). The marker was
undiluted. The secondary antibody was diluted 1:100,000. A)The strips for VEZF antibody
(NBP1-84301-25ul). B)The strips for three GATA2 antibodies (PA1-100, NBP1-82581, ab153820). C)The
strips for CTCF antibody (ab188408).

PA1-100 was the first GATA2 antibody tested, and it revealed a clear band on the blot when used a a

range of antibody dilutions (Figure 3.4 and data not shown). However, the band was around 80 kDa

instead of 50 kDa, which is the molecular weight of GATA2 protein (Gordon et al., 1997). Although GATA2

can run between 50 kDa and 60 kDa in different buffer systems, 80 kDa was considered to be too large to

be GATA2, indicating that PA1-100 did not bind specifically to GATA2 protein. A second GATA2 antibody

(NBP1-82581) was tested. Disappointingly, a trace of the band can only be distinguished using large

amounts of antibody and long exposure times. The performance of NBP1-82581 was equally poor in

subsequent immunofluorescence tests, as no green fluorescence was observed (data not shown), hence

this antibody was abandoned. The last GATA2 antibody tested was ab153820, which gave a triplet of

bands of 50-60 kDa on repeated westerm blots (Figure 3.4B). As this antibody was raised against a large

region of GATA2 that is well conserved between other family members, it is possible that one of these

bands corresponds to GATA1, which is also expressed in K562 cells and also has a molecular weight of

around 50 kDA. Another potential reason for multiple bands could be phosphorylation of GATA2 (Koga et

al., 2007), as the phosphorylated protein migrates slightly slower than the non-phosphorylated version.

It is also possible that some GATA2 protein was degraded during storage. A lack of time meant that these

possibilities could not be investigated further. Although the triple band was not a satisfying result,

ab153820 was the only GATA2 antibody that gave bands with the expected molecular weight of 50-60

kDa. Thus, ab153820 was selected for CUT&Tag.

The CTCF antibody showed extremely high activity in western blotting, which resulted in non-specific

bands when used at dilutions of 1/10,000 and 1/20,000. A range of antibody dilutions were tested in

order to find the most suitable dilution factor with fewest non-specific bands. A dilution factor of 1 in

40,000 was found to eliminate the non-specific bands, leaving only a band at the expected size for CTCF

of 130 kDa (Figure 3.4C).
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A commercial antibody against VEZF1 (NBP1-84301) was tested as a comparison with the

AGW-3642-new antibody that was presented in Figure 3.4A. When used at a dilution of 1/1000 it gave a

single band of the expected size of 64 kDa.

3.3Immunofluorescence

It is recommended that the ideal antibody concentration for CUT&Tag is that same as that used for

immunofluorescence (Meers et al., 2019). Therefore, immunofluorescence was performed to optimise

antibody concentration and to check that the signal for each protein was specifically localised to the

nucleus. Two dyes were used as controls to locate the cells in the images. Hoechst 33342

(2'-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5'-bi-1H-benzimidazole trihydrochloride trihydrate) is a

cell-permeable DNA stain that binds preferentially to adenine-thymine (A-T) regions of DNA and can be

detected with a fluorescent microscope at Em = 460-490 nm (blue). Phalloidin-iFluor 555 Reagent binds

to actin filaments, also known as F-actin. Phallodin-iFluor 555 can be detected with a fluorescent

microscope at Em = 574 nm (red).

In the early stage, multiple concentrations of antibodies and dyes were tested, but bright fluorescence

was not observed even the concentration have exceeded the maximum of the recommended range from

the manufacturer. The issue was solved by using a fluorescence EVOS microscope which is designed for

well plates. Finally the clear images of fluorescence were acquired (Figure 3.5).
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Figure 3.5 Test of the activity and specificity of antibodies by immunofluorescence.
HEK cells were separately incubated with 4 primary antibodies and immunostained in 3 colours: staining
for Hoechst 33342 (blue); Phalloidin-iFluor 555 (red); and target proteins (green), was performed. The
secondary antibody (A-11008) was diluted 1:500.

Cell bodies are indicated by the red actin staining, and nuclei are indicated by blue Hoechst staining of

DNA. All the four primary antibodies against VEZF1, GATA2 and CTCF show strong nuclear staining at the

concentrations used. However, the general green tinge to the whole field of view was higher with the

commercial VEZF1 antibody (NBP1-8430) than with the lab-purified VEZF1 antibody (AGW-3642-new).

Although NBP1-84301-25ul showed better results than AGW-3642-new in western blotting, the latter

was applied subsequently in CUT&Tag.
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3.4Use of CUT&Tag methodology to map the distribution of VEZF1 and other

factors in K562 cells

3.4.1 Preparation of CUT&Tag samples for next generation sequencing

To map the distribution of VEZF1 in K562 cells, and investigate the relationship between VEZF1, GATA2

and CTCF, CUT&Tag was performed using the antibodies that were optimised in the previous section.

CUT&Tag was also performed with well validated commercial antibodies to the histone modifications

H3K4me1, H3K4me3 and H3K27ac. The CUT&Tag procedure first involves immobilising living cells on

magnetic beads coated with Concanavalin A, which binds to glycoproteins on the cell membrane (Meers

et al., 2019). Cells are permeabilised with digitonin, which allows the primary antibodies to enter the cell

nucleus and bind to their targets. Incubation with an appropriate secondary antibody increases the

number of protein A binding sites at each target. The cells are then incubated with a protein A-tagged

Tn5 transposome that has been pre-loaded with DNA adapters. The transposome is recruited to the

target sites, where it integrates the adapter sequences into the DNA, a process that has been called

tagmentation. This generates DNA fragments tagged with adapter sequences that can be amplified by

PCR and analysed by next generation sequencing.

In order to improve the reliability of the data, several CUT&Tag replicates were performed for each

antibody. In addition, three different dilultions of the CTCF antibody were used. This is because the

western blotting revealed that the CTCF antibody was very active and showed non specific binding

unless a very high dilution of 1 in 40,000 was used. We were concerned that using too much CTCF

antibody for CUT&Tag would result in higher background or more false positive peaks.

3.4.2 Quality control of NGS data

Samples were subject to 150 bp paired-end sequencing (Novagen). The number of reads for most

samples was between 15.9-38 million, although one sample only had 5.9 million reads. The quality of

the raw data was checked and controlled before further bioinformatic analysis was carried out. Sample

contamination and instrument errors can result in low quality data, which would reduce the credibility of

the results of analysis. Quality control ensures that analysis are performed on high quality data, thus
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enabling robust conclusions to be drawn.

A

B

Figure 3.6 FastQC on raw data.
A)Per base sequence quality of the raw data. The blue line represents the mean quality score of each
base, and the black whiskers represent the 10% and 90% points. The y-axis on the graph shows the
quality scores. The higher the score the better the base call. The background of the graph divides the y
axis into very good quality calls (green), calls of reasonable quality (orange), and calls of poor quality (red)
(Andrews, 2010). B)Adapter content of the raw data. Lines with different colours represents the
proportion of different adapter sequence.

The Phred score of the raw data decreased substantially for bases more than 100 bp into the read

(Figure 3.6A), which was possibly due to the degradation of fluorophores and the existence of strands in

the cluster not being elongated (Andrews, 2010; hbctraining.github.io). In addition, adapter sequences
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were detected towards the 3’ ends (Figure 3.6B). To improve the quality of the data, the Cutadapt tool

was applied to trim off the adapter sequences. After trimming, FastQC was run again and showed that

the quality of the data had been improved (Figure 3.7).

A

B

Figure 3.7 FastQC after trimming.
A)Per base sequence quality of the data after trimming. The mean quality score of each base was
increased, especially for bases more than 100 bp, and the black whiskers were shortened. B)Adapter
content was not detected after trimming.

3.4.3 Alignment to the genome and visualisation of CUT&Tag data

After the quality of data was guaranteed, Bowtie2 was applied to align the reads to the Hg19 genome,



46

generating a bam file. Bowtie2 is a widely used tool in bioinformatics that aligns sequencing reads to

large genomes with high effectiveness and efficiency. It takes account of the Phred score of each base

during alignment, and ensures that the read-mate pairs are aligned concordantly wherever possible. 87%

of reads were aligned concordantly to the Hg19 genome.

To visualise the CUT&Tag data, bam files were converted into bigwig files for display on the UCSC

genome browser. bigwig tracks for each replicate were examined visually to check for high enrichment

and low background, before datasets were taken forward for subsequent analysis. Figure 3.9 and Figure

3.10 show the individual replicates for the VEZF1 samples. One of the datasets failed the visual checking

step: H3K27ac_2. This sample had low enrichment at expected peak sites, and high background signal

between peaks, so it was eliminated from subsequent analysis (data not shown).

Comparison of the bigwig tracks for CUT&Tag performed with different dilutions of CTCF antibody did

not reveal any obvious differences. The locations and relative heights of the peaks, and the level of

background noise did not change whether 0.1 µg, 0.5 µg or 1 µg of CTCF antibody were used (data not

shown). Therefore, data from all the CTCF samples was carried forward into the subsequent analysis.

3.4.4 Investigation into duplicate reads

The quality control analyses performed by FASTQC indicated a higher than normal level of duplicate

reads (data not shown). The sequencing of duplicate reads during next generation sequencing can be an

indicator of biased PCR amplification during the library preparation stage, and could mean that the

output data is not representative of the initial sample. High levels of duplicate reads can be higher than

normal when the initial sample size is very small, if too many PCR cycles are used to amplify the library,

and/or when a small sample is sequenced to a very large depth. However, Cut&Tag datasets often

contain higher than normal levels of duplication due to the lower complexity of the initial sample as the

background signal is extremely low, and this is not typically considered to be a problem during data

analysis (Ye Zheng et al., 2020).

To quantify the level of sequence duplication in the samples prepared in this project, the “Mark

Duplicates” from the Picard tool set was use to interrogate the bam alignment files (Broad Institute of

MIT and Harvard, 2014). Table 3.2 shows that the fraction of each library that consists of duplicates is
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greater than 20% for all except three samples. It is notable that the three samples with lower rates of

duplication, H3K4me3_1, H3K4me1_2 and H3K4me1_3, were generated from histone modifications

rather than transcription factors, so are likely to have more complex initial libraries. They were also

sequenced to a slightly lower level, with libraries of 9 million reads or less. For CUT&Tag, typically 5

million paired ends are used, whereas our samples range from 2.9 to 18.8 million reads.

Table 3.2 Duplicate reads in the CUT&Tag data sets.

Each replicate was analysed using the Mark Duplicates tool from the Picard set of tools. The table shows

the total number of aligned read pairs in each bam file, the fraction of reads that are presents as

duplicates, and the estimated library size after removal of duplicates.

3.4.5 Peak finding

The purpose of peak finding is to find transcription factor binding and histone modification sites.

Model-based Analysis of ChIP-Seq (MACS) is a popular tool used in exploring genome-wide protein-DNA

interactions. Here the callpeak function of MACS2 was utilised to find peaks from the alignment results.

Removal of duplicates prior to generating the bigwig display files did not alter the location or height of

the vast majority of the peaks (Figure 3.8). Some smaller peaks were not called after duplicate removal,
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however. For example, the peak at around chr16: 232,000 in Figure 3.8 is not present in track “vezf1_3_1

markduplicates”

Figure 3.8 VEZF1 bigwig tracks (duplicates removed) with MACS2 at HBA1 locus.

Two bigwig tracks for each of three VEZF1 replicates (agw_1, 3_1 and 3_2) are shown at the hemoglobin

subunit alpha 1 (HBA1) locus in K562 cells. The upper track for each replicate includes all the duplicate

reads, and the lower track (markduplicates) has the duplicates removed. Peaks called by MACS2 are

shown as blocks beneath each track.

At first, MACS2 callpeak was carried out on each replicate separately (duplicate reads included), and

then bedtools Intersect intervals was used in order to identify peaks that were present in all replicates

for a particular antibody. This approach is very robust, as it eliminates peaks that are not found in all

replicates. However, it runs the risk of removing smaller peaks that represent true binding to weaker

sites, and which may be important for our subsequent analysis. Therefore, samtools merge was applied

to merge the bam alignment files from replicate samples, and MACS2 callpeak was performed on the

merged bam file. This means that the peaks were identified from the total data set for each antibody,

resulting in maximum sensitivity.

Figure 3.9 illustrates this process for the VEZF1 replicates. The bigwig track and MACS2 peaks are shown

for each of the four VEZF1 replicates, and for the merged bam file at the haemoglobin subunit alpha 1
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(HBA1) locus. The central VEZF1 peak at HBA1 is identified in all four replicates and in the merged bam

file. However, the peaks at HBA2 and HBQ1 were not called in replicate VEZF1_agw_1, presumably

because their enrichment compared to the surrounding background signal was not strong enough. In the

merged bam file, the three peaks at HBA2, HBA1 and HBQ1 are clearly enriched above the background

signal, and all three peaks were called by the MACS2 algorithm.

Figure 3.9 VEZF1 bigwig tracks (merged) with MACS2 at HBA1 locus.
Individual and merged VEZF1 bigwig tracks with enriched peaks identified by MACS2 at the HBA1 locus in
K562 cells. From top to bottom, four tracks for individual VEZF1 replicates (agw_1, agw_2, 3_1 and 3_2)
and their peaks called by MACS2, the track for the merged VEZF1 dataset and its peak calling using a
minimum FDR cutoff of 0.05 or 0.01 by MACS2 are shown.

The increased sensitivity of peak calling when using the merged bam files could also result in

identification of false positive peaks, however. False positives are known to be an issue when using

MACS2 to call peaks from CUT&tag data, as the low background can mean that a random accumulation

of reads is called as a peak by the algorithm. This is illustrated in figure 3.10, which shows the VEZF1

replicates and merged bam tracks in the region of the TAL1 locus. MACS2 has called a false positive peak

downstream of the FOXD1 gene, which does not correspond to any visible enrichment in the bigwig

tracks (Meers et al., 2019). In order to reduce the number of false positive peaks in the background, a

more stringent MACS2 strategy was used, which is to adjust the minimum false discovery rate (FDR,

q-value) cutoff for peak detection from 0.05 to 0.01. In this way the false positive peaks were minimised,

and the credibility of the data was improved (Figure 3.10).
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The disadvantage of this merge strategy is that combing unequal numbers of reads from each replicate

could lead to bias in the final file. To improve the analysis pipeline in the future, equal numbers of reads

should be merged from each replicate after duplicate reads have been removed.

Figure 3.10 VEZF1 bigwig tracks with MACS2 at TAL1 locus.
Individual and merged VEZF1 bigwig tracks with enriched peaks identified by MACS2 at TAL1 locus. From
top to bottom, four tracks for individual VEZF1 replicates (agw_1, agw_2, 3_1 and 3_2) and their peaks
called by MACS2, the track for the merged VEZF1 dataset and its peak calling using a minimum FDR
cutoff of 0.05 or 0.01 by MACS2 are shown. The arrow points out the false positive peak that occurs at a
minimum FDR of 0.05.

From a genome-wide perspective, the total number of peaks called for the individual VEZF1 replicates

were 11,832, 9001, 9667 and 6944. The number of peaks that were common to all four replicates was

4235, indicating that many peaks were lost by using this robust filtering approach. In contrast, 17,605

peaks were identified from the merged bam file when using FDR of 0.05, and the more stringent setting

of FDR 0.01 resulted in 14,320 peaks.

It should be mentioned that the Henikoff lab have produced an alternative peak calling algorithm for

CUT&Tag data, SEACR, which should reduce false positive peaks (Meers et al., 2019). However, it requires

an IgG control track for optimum results, which we did not generate. It is possible to run the software

using settings that do not require a control sample. However, even the most stringent settings resulted in

over 100,000 peaks, most of which were clearly false positives when compared to the bigwig tracks (data

not shown).

False positive peak
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Based on these comparisons, it was concluded that the following approach would be used for all

datasets: 1) visual checking of the bigwig file for each replicate 2) merging the bam files from all high

quality replicates, and 3) peak calling using MACS2 on the merged bam file with an FDR of 0.01, as this

strategy results in high sensitivity for identifying peaks while reducing the number of false positive

peaks.

3.4.6 Enrichment of VEZF1, GATA2, CTCF and histone modifications at the

TAL1 locus

Figure 3.11 shows the tracks for GATA2, CTCF and histone modifications in the vicinity of the TAL1 locus.

Peaks for VEZF1, GATA2, H3K4me1, H3K4me3 and H3K27ac can be observed at the transcription start

sites for TAL1, STIL1, CMPK1 and FOXD2. No enrichment is observed at CYP4A22, PDZK1IP1 and FOXE3.

RNAseq data from the ENCODE project, available on the UCSC genome browser, reveals that TAL1, STIL1,

CMPK1 and FOXD2 are all expressed in K562 cells, whereas CYP4A22 and FOXE3 are not (data not shown).

PDZK1IP1 is expressed at low levels. The highest GATA2 peak is located at 47,647,000, and corresponds

to the +51 kb TAL1 enhancer (Zhou et al., 2013). VEZF1 and the three histone modifications also have

peaks there. This data confirms that VEFZ1, GATA2 and the three histone modifications are enriched at

active promoters and enhancers in K562 cells.

The CTCF peaks do not follow the same pattern as the other factors, with only two major peaks visible in

the view shown in Figure 3.11. Notably, the major CTCF peak located at 47,658,600 is a known CTCF

binding site that regulates looping interactions at the TAL1 locus. This is consistent with the role of CTCF

in regulating genome architecture via chromatin loop formation, rather than participating in the

assembly of protein complexes at gene promoters and enhancers (Zhou et al., 2013).
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Figure 3.11 Bigwig tracks with MACS2 at TAL1 locus.
A) Individual and merged bigwig tracks of VEZF1, GATA2, and CTCF with peaks identified by MACS2 at the
TAL1 locus in K562 cells. From top to bottom, CUT&Tag tracks for merged VEZF1, merged GATA2, merged
CTCF and their peak calling by MACS2 are shown. B) Individual and merged bigwig tracks of H3K4me3,
H3K4me1, and H3K27ac with enriched peaks identified by MACS2 at TAL1 locus. From top to bottom, our
tracks for merged H3K4me3, merged H3K4me1, merged H3K27ac and their peak calling by MACS2 are
shown.

3.4.7 Comparison of CUT&Tag data with ChIP-seq data

One of the objectives of this project was to compare CUT&Tag data with ChIP-Seq data previously

generated by the AGW lab. For VEZF1, the peaks show a very similar profile for the ChIP-seq data

compared to the CUT&Tag data (Figure 3.12A). The VEZF1 CUT&Tag track had much lower background

than the ChIP-Seq track, however, which could result in fewer false positive peaks. The widths of the

peaks were generally similar, but tended to be a bit wider for the CUT&Tag data than for the ChIP-seq
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data.

The histone modification tracks generated by CUT&Tag showed very similar profiles to previous West lab

data generated by both cross-linking ChIP (X-CHIP) and native ChIP (N-CHIP) (Figure 3.12B). The y axis

represents the normalised reads per kilobase per million reads in the whole sample (RPKM). The

normalised RPKM peaks generated by CUT&Tag are higher than those from ChIP-seq because the

background signal across the genome is much lower. Similar peak profiles were also observed for data

generated as part of the ENCODE project.

A

B

Figure 3.12 Comparison between CUT&Tag data and ChIP-Seq data.
A) Comparison between VEZF1 tracks from our CUT&Tag data and unpublished data from AdamWest lab
at TAL1 locus. From top to bottom, our track for merged VEZF1 bigwig by CUT&Tag (K562), track from
Adam West lab for VEZF1 (K562) by ChIP-seq are shown. B) Comparison between histone modifications
tracks from our CUT&Tag data and unpublished data from the Adam West lab at TAL1 locus. NChIP
represents native ChIP-seq, where native chromatin that was treated with micrococcal nuclease to
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generate a mix of mono-, di-, and tri- nucleosomes. XChip represents cross-linking ChIP-seq, where cells
were cross-linked with formalydehyde and chromatin was sonicated to 100-600 bp fragments. From top
to bottom, our tracks for merged H3K4me3 bigwig by CUT&Tag (K562), merged H3K4me1 bigwig by
CUT&Tag (K562), merged H3K27ac bigwig by CUT&Tag (K562), tracks from Adam West lab for H3K4me3
by NChIP (K562), H3K4me3 by XChIP (K562), H3K27ac by NChIP (K562), ENCODE/SYDH histone tracks for
H3K4me3 by ChIP-Seq (K562), ENCODE/SYDH H3K4me1 by ChIP-Seq (K562) are shown.

3.4.8 Analysis of peaks

Active promoters and enhancers were defined using chromatin state signatures for K562 cells generated

by ChromHMM (Ernst and Kellis, 2010; Ernst et al., 2011). ChromHMM is a open source software

package that generate a genome-wide annotation for each cell type by using a multivariate hidden

Markov model (HMM) to analyze the marks of chromatin-state signatures (Ernst and Kellis, 2010; Ernst

et al., 2011).

The number of VEZF1 peaks overlapping with active promoters and enhancers was quantified, and this

data revealed that 70% of VEZF1 peaks are located at promoters, and 14% are located at enhancers

(Figure 3.13). There was strong co-localisation of VEZF1 and GATA2 at promoters, with 78% of

promoter-associated VEZF1 peaks co-localisating with GATA2 peaks, and 80% of promoter-associated

GATA2 peaks coinciding with VEZF1 peaks. At enhancers, most (64%) VEZF1 peaks co-localised with

GATA2, but only 23% of GATA2-associated enhancers also had VEZF1 peaks (Figure 3.13).

Figure 3.13 Association between VEZF1 peaks, GATA2 peaks, promoters, and enhancers.
Venn diagram illustrating the number of VEZF1 and GATA2 peaks that overlap with active promoters or
enhancers as defined by ChromHMM in K562 cells.

The chromatin features of VEZF1 peaks associated with promoter or enhancer regions were investigated

by comparing the enrichment of different histone modifications using the ChIP-Cor tool (Figure 12).
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ChIP-Cor generates a positional correlation graph that shows average histone modification enrichment

around the summits of a set of peaks or other genomic features.

Analysis of the VEZF1-associated promoters showed that H3K4me3, a key mark of active promoters, was

much more highly enriched than H3K4me1 (Figure 3.14A). The level of H3K4me3 was substantially

reduced at VEZF1-associated enhancers, although still higher than H3K4me1 (Figure 3.14B). H3K27ac

was also more highly enriched at VEZF1-associated promoters than enhancers (Figure 3.14C). These

profiles did not change when peaks were filtered to only include those where both VEZF1 and GATA2

were co-localised. This data shows that filtering for GATA2 does not change the overall characteristics of

the VEZF1-associated promoters and enhancers.
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Figure 3.14 Positional correlation graphs of histone modification enrichment at VEZF1 peaks.
A)Mean read density profiles of H3K4me1 and H3K4me3 within ±5 kb of promoter-associated VEZF1
peak summits. B)Mean read density profiles of H3K4me1 and H3K4me3 within ±5 kb of
enhancer-associated VEZF1 peak summits. C)Mean read density profiles of H3K27ac within ±5 kb of
promoter- or enhancer-associated VEZF1 peak summits. In each graph, profiles either represent data
from all VEZF1 peaks at promoters/enhancers, or only data from VEZF1 peaks that also overlap with
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GATA2 peaks.

3.4.9 Analysis of DNA sequence motifs

Motif discovery tools such MEME-ChIP can be used to analyse DNA sequences in the vicinity of

transcription factor binding sites in order to reveal statistically enriched sequence motifs (Ma et al.,

2014). These motifs are likely to represent the consensus DNA binding sequence(s) of the transcription

factor or its associated binding partners, and can be used subsequently to analyse DNA binding in more

depth. Previous work has shown that VEZF1 preferentially binds to homopolymeric strings of dG:dC in

vitro, and that this sequence motif is enriched at strong promoter-associated VEZF1 binding sites in vivo

(Low, 2013). Motif analysis also indicated that VEZF1 binds to weaker GGGGNGGGG motifs in vivo, and it

was hypothesized that other factors such as GATA1 enable VEZF1 to bind these weaker sites. To

investigate whether our CUT&Tag data supports this hypothesis, motif discovery was carried out on the

different categories of VEZF1 peaks (Table 3.3).
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Table 3.3 VEZF1-like motifs enriched at CUT&Tag peaks.
VEZF1 and GATA2 peaks were identified from aligned reads using MACS2. VEZF1 peaks were then
categorized as to whether they overlap with GATA2 peaks and/or promoters or enhancers. For each
category of VEZF1 peak, MEME-ChIP was used to identify enriched sequence motifs in the 200 bp
immediately surrounding the peak summits. The resulting motifs were ranked according to E-value,
which is the motif P value times the number of candidate motifs tested. The table shows VEZF1-like
consensus motifs that were enriched in each category, their rank, logo and E value.

Motifs with similarity to the VEZF1 consensus of 9(dG.dC) or a degenerate consensus of GGGGNGGGG

are shown in Table 3.3. It can be seen that a homopolymeric dG.dC consensus was not identified in any

of the sets of VEZF1 peaks. Motifs similar to the GGGCGGGG (or its complement CCCCGCCC) were the

most highly enriched motif in each VEZF1 category except one. The exception is at enhancers where

VEZF1 co-localises with GATA2, where the GATA motif was most highly enriched and the CCCCGCCC motif

was ranked 2nd. Lower ranking motifs that do not fit the GGGNGGG pattern, such as CCDCCKCC,

GGMGGAR and CTCCDCCY are unlikely to be VEZF1 binding sites, and most likely represent binding sites

for other transcription factors (Low, 2013).
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Although there are subtle differences in the most highly enriched VEZF1-like motifs in the different

categories, there is no consistent evidence to suggest that the consensus binding motif for VEZF1 is

different at promoters versus enhancers, or that the VEZF1 motif is altered at sites that co-localise with

GATA2. Therefore, this data supports the hypothesis that VEZF1 can bind to weak GGGCGGGG sites in

vivo. However, it does not provide evidence for a specific role for GATA2 in promoting VEZF1 binding to

these sites, either at promoters or enhancers, but given that most VEZF1 sites co-localise with GATA2 in

these cells, a role for GATA2 cannot be ruled out.

Analysis of other motifs that are enriched in the different peak subsets revealed the sequence motif for

the GATA family: TTATCW (the complement of which is WGATAA) (Table 3.4). This GATA motif was

identified in the all-VEZF1 and all-GATA2 peak categories, and at VEZF1 and GATA2 peaks at enhancers.

This is consistent with the previous observation that 70% of all VEZF1 sites overlap with GATA2 peaks

(Figure 3.13).

Table 3.4 GATAmotifs enriched at CUT&Tag peaks.
VEZF1 and GATA2 peaks were identified from aligned reads using MACS2. VEZF1 peaks were then
categorized as to whether they overlap with GATA2 peaks and/or promoters or enhancers. For each
category, MEME-ChIP was used to identify enriched sequence motifs in the 200 bp immediately
surrounding the peak summits. The resulting motifs were ranked according to E-value, which is the motif
P value times the number of candidate motifs tested. The table shows GATA consensus motifs that were
enriched in each category, their rank, logo and E value.

Table 3.5 shows additional motifs enriched in more than one category. These are likely to correspond to
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other transcription factors that co-localise with VEZF1. CCAAT box (or ATTGG), the binding motif of

nuclear factor Y (NF-Y), is enriched at VEZF1 and GATA2 peaks that are found at promoters, but is not

enriched at enhancers (Table 3.6). Motifs for Activator protein 1 (AP-1) and E26 transformation specific

(ETS) family members were also enriched in several categories (Table 3.5).

Table 3.5 Summary of motifs enriched at VEZF1 and GATA2 binding sites.
VEZF1 and GATA2 peaks were identified from aligned reads using MACS2. VEZF1 peaks were then
categorized as to whether they overlap with GATA2 peaks and/or promoters or enhancers. For each
category, MEME-ChIP was used to identify enriched sequence motifs in the 200 bp immediately
surrounding the peak summits. The resulting motifs were ranked according to E-value, which is the motif
P value times the number of candidate motifs tested. The table shows consensus motifs that were
enriched in more than one category, and their rank and E value.
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Table 3.6 CCAAT box-like motifs enriched at CUT&Tag peaks.
VEZF1-like motifs enriched at CUT&Tag peaks VEZF1 and GATA2 peaks were identified from aligned reads
using MACS2. VEZF1 peaks were then categorized as to whether they overlap with GATA2 peaks and/or
promoters or enhancers. For each category, MEME-ChIP was used to identify enriched sequence motifs
in the 200 bp immediately surrounding the peak summits. The resulting motifs were ranked according to
E-value, which is the motif P value times the number of candidate motifs tested. The table shows
CCAAT-box consensus motifs that were enriched in each category, their rank, logo and E value.
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Chapter 4 Discussion

As a novel method evolved from ChIP-Seq, CUT&Tag has significant advantages in terms of cell number

requirements, workflow length, and sensitivity. However, there are some differences between CUT&Tag

and ChIP-Seq. A major one is that CUT&Tag is performed on live permeabilized cells or isolated nuclei

while the starting material for ChIP-Seq is the cells or tissue that are crosslinked with formaldehyde.

When applying CUT&Tag to analysis of proteins in nuclei, it is necessary to check whether the antibodies

enter nuclei and bind specifically to the targets. In this study, we inspected the applicability of CUT&Tag

to mapping VEZF1 binding sites in K562 cells, compared the CUT&Tag data to the ChIP-Seq data from

previous research, and explored the interaction between VEZF1, GATA2 and other TFs.

Before performing CUT&Tag, western blotting and immunofluorescence were applied to select

antibodies with high activity and specificity. Western blotting is an effective method to determine

whether an antibody is active and specific as bands on the blots demonstrate antibodies binding to their

targets. However, proteins in the samples of western blotting are denatured, which is different from the

status of native proteins in CUT&Tag. Therefore, the binding of antibodies to native proteins was

inspected by immunofluorescence. Another reason was that the concentrations of antibodies required

for CUT&Tag is reported to be similar to that used in immunofluorescence. When comparing VEZF1

antibodies, AGW-3642-new showed the highest activity and specificity in western blotting, and lower

background than NBP1-84301-25ul in immunofluorescence. As for GATA2 antibodies, ab153820 was the

only one that showed correct bands in western blotting. Therefore, AGW-3642-new, ab153820, as well

as other CTCF and histone modification antibodies were selected for CUT&Tag.

After acquiring the raw data from NGS, the quality was checked and controlled by FastQC. The per base

sequence quality decreased while the content of adapters increased towards the 3’end of the reads.

Therefore, the adapter sequences were trimmed off to improve the quality of the data. The reads were

then aligned to the Hg19 genome by Bowtie2 and converted to bigwig files by bamCoverage.

The alignments were visualized by uploading the bigwig files to the UCSC genome browser as custom

tracks. HBA1 and TAL1 locus were chosen to evaluate the quality of bigwig tracks because they are both

genes expressed during haematopoesis and/or vasculogenesis, and the binding of VEZF1 at these loci
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has been studied previously. HBA1 encodes alpha-globin, a subunit of hemoglobin. TAL1 is a basic

helix-loop-helix transcription factor which is necessary for specification and maturation stages of the

three hematopoietic waves. The absence of TAL1 results in the failure in generation of red cells, myeloid

cells, megakaryocytes, mast cells, and lymphoid cells (Porcher et al., 1996). TAL1 is also required for the

development and remodeling of the vascular network (Porcher et al., 1996; Porcher et al., 2017). All the

individual bigwig tracks showed distinct peaks with low background except CnT_H3K27ac_2, which was

subsequently discarded. In order to reduce the loss of the peaks that were not identified in all the

replicates, bigwig files from replicates were merged prior to peak calling. Compared to the bigwig tracks

generated by ChIP-Seq from previous research, the peaks of CUT&Tag tracks were higher, consistent with

the lower background signal for of CUT&Tag. However, bigwig tracks of the two methods did not show

any difference in the widths of the peaks, which was unexpected.

A high fraction of duplicate reads was discovered in most of the datasets after the main anlaysis had

been completed. To reduce the impact of this issue, it is recommended that larger initial sample sizes are

used, with a lower sequencing depth. Duplicate reads should be removed from each bam file before

further analysis, and equal numbers of reads from each replicate should be used when merging data

from replicates. The removal of duplicates does not greatly change the overall profile of VEZF1 binding,

but could affect the inclusion of smaller peaks in the files used for motif analysis. An additional step that

would improve the analysis of replicate samples would be to add a small amount of tracer DNA from E.

coli. This enables normalisation of read counts to the tracer and would remove bias during the merging

of data from replicates (Kaya-Okur et al., 2020).

MACS2 was then applied on the merged bigwig files to identify the peaks with a minimum FDR of 0.01 to

reduce false positive peaks. The VEZF1 peaks were then overlapped with GATA2 peaks, promoters or

enhancers defined by ChromHMM data. More than 64% of VEZF1 peaks intersected with GATA2 peaks at

both promoters and enhancers. This is consistent with the analysis of Low (2013), who demonstrated

that VEZF1 peaks in K562 cells often co-localised with GATA peaks identified by ENCODE data. Specifically,

Low focused on enhancers bound by the TAL1-erythroid complex (TEC) comprising GATA1, TAL1 and

NFE2, and showed that 25% of VEZF1-associated enhancers also bound the TEC (Low, 2013, Wadman et

al., 1997). Further analysis is needed to investigate whether the GATA2 enhancers identified here also

bind other members of the TEC.
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The chromatin features of VEZF1 peaks associated with promoter or enhancer regions were analyzed by

comparing the enrichment of different histone modifications using the ChIP-Cor tool. Analysis of the

promoters showed that H3K4me3, the mark of active promoters, was much more enriched than

H3K4me1. This indicated that most genes with VEZF1 bound at their promoters were in active state. The

situation is different at enhancers. H3K4me1 is a well-known mark of strong enhancers, but H3K4me1

was also less enriched than H3K4me3 at enhancers according to the graph (Ernst et al., 2011). H3K27ac,

which is found at both active promoters and strong enhancers, was also more enriched at promoters

compared to enhancers in our data (Ernst et al., 2011). It could be inferred that enhancers bound by

VEZF1 and GATA2 have weaker enrichment of H3K4me1 and H3K27ac than expected. However,

additional analyses of chromatin data at all promoters and enhancers, and comparison with other

histone modification data sets, is required before any conclusions can be drawn. An important caveat is

that ChromHMM predicts chromatin state through analysis of nine chromatin marks. It does not include

RNA transcript data, DNAse I hypersensitive site mapping, or data from other factors that are often

bound at enhancers (Ernst and Kellis, 2010; Ernst et al., 2011), and so the prediction of promoters and

enhancers may differ from those identified through other methods. In addition, differences between the

K562 cells used in this study and the K562 cells used by the Berstein lab in the ENCODE ChromHMM

study could result in variation in gene expression and epigenetic profiles (Ernst et al., 2011).

DNA sequences within ±100 bp of VEZF1 peak summits were analyzed using MEME-ChIP to find motifs

and further explore interactions between VEZF1 and other TFs. The most frequently occurring motif in

VEZF1 peaks followed the GGGNGGGG pattern, and this was highly enriched at both promoter- and

enhancer-associated VEZF1 peaks, and at those where GATA2 was also bound.

The GGGNGGGG pattern is also recognized by the SP/Krüppel-like factor (KLF) family, a set of TFs that

bind to both promoter and enhancer regions of the genome and regulate gene expression by recruiting

other regulatory proteins (Fernandez-Zapico et al., 2011). Sp/KLF family consists of 2 subfamilies which

are the Sp subfamily, comprising 9 members, and the KLF subfamily, which has 17 members. Although all

the Sp/KLF factors recognize CACCC boxes and GC-rich elements, different members have different

functions as transcriptional activators or repressors (Funnell et al., 2007). Another TF that recognizes the

GGGNGGGG pattern is Myc-associated zinc finger (MAZ) protein. MAZ is essential for erythropoiesis, and
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binds to the promoter of the erythroid-specific human α-globin gene. MAZ is also reported to colocalize

with GATA1 at enhancer elements, indicating a connection of function between them (Deen et al., 2021).

Competition between VEZF1 and other factors such as SP1 and MAZ at individual binding sites is likely to

play an important role in the regulation of haematopoiesis and vasculogenesis. Detailed analysis of their

binding profiles, performed in the same cells, will be needed to establish how these factors contribute to

gene regulation, and a rapid, robust and economical approach such as CUT&Tag will greatly facilitate this

type of analysis.

Notably, the VEZF1 consensus of 9(dG.dC) was not identified through motif discovery, which is different

from the results of the previous study (Low, 2013). Low found that 9(dG.dC) motifs were found to be

highly enriched at VEZF1-associated promoters while GGGGA/TGGGG motifs occurred with greatest

frequency at VEZF1-associated enhancers (Low, 2013). These differences between the motifs enriched at

VEZF1-associated promoters and enhancers were not discovered in our analyses. Moreover, the

co-localisation of VEZF1 with GATA2 did not appear to alter the preferred DNA sequence motif of VEZF1.

A potential reason for why the 9(dG.dC) motif was not identified is the difference between the tools

used in our study and previous study by Low (2013). For example, the tool we used for motif discovery

was MEME-ChIP, and the algorithm used by the tool was DREME. The motifs that DREME searches for

are limited to be no wider than 8 bp in order to achieve higher speed, which causes it to miss any longer

motifs (Bailey, 2011). In previous study, MEME, which searches for enriched DNA sequence motifs of up

to 30 bp, and POSMO, which searches for motifs of 7 to 9 bp were used (Low, 2013). Further

investigation could compare the use of MEME-ChIP, MEME, POSMO and other motif identification tools

to determine whether any of these offer additional sensitivity. An additional challenge is that VEZF1

often appears to bind at several sites within individual promoters, as peaks can be quite broad.

Identifying these individual binding sites could refine the motif analysis and increase the sensitivity for

detecting different classes of VEZF1 motif. This could be achieved by modifying the peak detection

process using a peak splitting tool. This would split broad regions of enrichment into subpeaks that could

then be processed separately. A further refinement would be to categorise peaks on the basis of their

enrichment levels in order to determine whether “stronger” binding sites for VEZF1 have a different

motif compared to “weaker” ones. Another possibility is that VEZF1 has a higher affinity for the

GGGNGGGG motif than 9(dG.dC) in vivo due to the influence of other transcription factors and

chromatin states. We currently lack solid evidence to reach an explanation for the differences, but this
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would be an interesting direction for the research in the future.

Enrichment of other motifs at the VEZF1 peaks provides information about other transcription factors

that may work alongside VEZF1 to regulate gene expression, or that may interact with VEZF at these

chromatin sites. For example, DNA binding motifs for the activator protein 1 (AP-1) family of

transcription factors were enriched in all the categories except the “all GATA2” grouping. AP-1 proteins

regulate gene expression typically by binding DNA as homodimers and heterodimers. AP-1 family

composed of four subfamilies, which are Jun (JunB, JunD), Fos (FRA-1, FRA-2, and FosB), ATF, and Maf

subfamilies (Wu et al., 2021). The motifs we discovered such as ACGTSAY and RTGASTCA are recognized

by many members of AP-1 family.

Some transcription factor binding motifs were not present in all the categories of sites analysed. Instead,

they were only enriched at either VEZF1- or GATA2-associated promoters or enhancers. Motifs for

NF-Y/Hox and ETS factors were enriched at VEZF1-associated promoters but not at the enhancers. NF-Y is

a transcription factor that mainly binds at promoter regions and regulates cell cycle progression in

proliferating cells (Oldfield et al., 2014). The ETS family includes 28 transcription factors (Wang et al.,

2023). They share a conserved winged helix-turn-helix topology which recognizes the

5′-GGA(A/T)-3′motifs. ETS factors regulate a variety of biological processes such as angiogenesis and

hematopoiesis by acting as transcriptional activators or repressors (Wang et al., 2023).

At VEZF1-associated enhancers, motifs for ZIC1/2 were also discovered. ZIC is the abbreviation of “zinc

finger protein of the cerebellum”, which means that these proteins are mainly expressed in cerebellum

and are essential for the development of the cerebellum (Aruga and Millen, 2018). As expected, GATA

motifs were enriched at enhancers where GATA2 was bound, but GATA motifs were also enriched in the

“all VEZF1 peaks” category and at VEZF1- associated enhancers. Both GATA2 and VEZF1 are important

TFs in erythroid regulation. The enrichment of GATA motifs at VEZF1-associated enhancers, and the high

proportion of VEZF1 peaks co-localised with GATA2 (64%) discovered in our study provides new evidence

for the interaction between VEZF1 and GATA2 at enhancers.

Co-localisation of other factors at VEZF1 peaks was also investigated by Low (2013), who intersected

VEZF1 peaks with ENCODE ChIP-seq data for transcription factors in K562 cells. That analysis supports
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co-localisation of SP1, ETS1 and AP-1 family members at VEZF-1 associated promoters, and

co-localisation of SP1, AP-1 family members, and GATA1 and GATA2 at VEZF1-associated enhancers (Low,

2013). Taken together, the data support the conclusion that VEZF1 works alongside factors such as SP1,

GATA1/2, AP-1 family members and ETS family member to regulate the same genes in K562 cells. Further

investigation is needed to see whether there are physical interactions between these factors, and how

they influence the binding of each other to chromatin sites in vivo. For example, co-immunoprecipitation

of VEZF1 complexes followed by SILAC, a quantitative mass spectrometry approach, could be used to

identify VEZF1 interaction partners. Genome-wide analyses of VEZF1 binding in cells where GATA1/2 or

MAZ have been knocked out using CRISPR, and complimentary analyses of GATA1//2/MAZ binding in

Vezf1 knockout cells, are needed to determine how these factors influence each others’ binding in vivo,

and this study demonstrates that CUT&Tag would be a valuable tool for these investigations.

In summary, this study shows that CUT&Tag is a more efficient method for mapping the binding sites of

transcription factors and histone modifications compared to ChIP-seq, and that it generates data that is

suitable for subsequent peak and motif analysis. CUT&Tag shows significant advantages in terms of the

amount of cells required, the cost, the time of the procedure, and the quality of the data. Although

CUT&Tag requires higher specificity of antibodies, and may produce lower resolution than CUT&RUN

when mapping TFs due to the larger size of pA-Tn5 complex than MNase and requirement for more

stringent washes (Kaya-Okur et al., 2020), this rapid and economical approach can now be used for in

depth, systematic analysis of the role of VEZF1 and other factors in regulating gene expression during the

differentiation of endothelial cells in vasculogenesis.
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