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Abstract

Transcription factors form highly regulated and complex networks. In Acute
Myeloid Leukaemia, driver and secondary mutations result in major rewiring of
these circuits, resulting in a cancer phenotype. In this thesis, we examined two
prominently rewired nodes in AML, Wilms Tumour 1 (WT1) and the Activator
Protein-1 (AP-1) family of Transcription factors in order to elucidate the genomic
regions at which these factors bind, how perturbation affects transcription and
what cellular phenotype is conferred. We studied these transcription factors in the
context of two main AML subtypes, t(8;21) and FLT3-ITD mutated AML as well

as in healthy CD34" stem cells.

We blocked AP-1 binding through the expression of a dominant negative FOS
peptide which resulted in decreased leukaemic growth in vitro and in vivo. We
found that one main mechanism for this reduced growth was a G1 cell cycle
arrest, through regulation of the Cyclin D2 (CCNDZ2) gene. This finding was then
exploited therapeutically through use of the small molecule inhibitor Palbociclib

to inhibit leukaemic growth.

We also found that overexpression of endogenous WT1 led to increased
leukaemic growth whilst knockdown of WT1 led to decreased leukaemic growth.
These effects upon leukaemic growth occurred in an isoform-specific fashion with
WT1 +KTS isoforms increasing leukaemic growth in contrast to WT1 —-KTS
isoforms which decreased leukaemic growth. By assessing the binding sites of

these isoforms and differential splicing we uncovered distinct alterations to the



epigenome and transcriptome. This also enabled us to propose models of how

these factors act within a signalling network.
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Chapter 1: Introduction

1.1 Haematopoiesis

Haematopoiesis is a carefully regulated and intricate process by which mature
blood cells are derived from Haematopoietic Stem Cells (HSCs). Stem cell
differentiation permits a response to physiological stresses such as infection and
bleeding by increasing numbers of whichever terminally differentiated blood cell
is required (Zhao et al., 2014). As early as 1957, Conrad Waddington
conceptualised cellular differentiation as a ball rolling down a bifurcating 3D
landscape with the eventual cellular fate depending on which path is taken
(Waddington, 1957). Lying underneath the landscape are pegs (which we now
know represent transcription factors) and guy-wires (which represent the
transcriptional output of these transcription factors). Transcription factors drive
differentiation down this Waddington landscape through the recruitment of

chromatin modifiers and remodellers (see Section 1.6).
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Figure 1-1: Waddington landscape. Adapted from (Waddington, 1957).

1.1.1 Haematopoietic Stem Cells

HSCs are defined by their self-renewal ability and ability to differentiate into any
mature haematopoietic cell type. Experimentally, this was first demonstrated by
bone marrow transplantation whereby lethally irradiated mice could be rescued
by transplantation of bone marrow from another mice and this led to the
production of haematopoietic colonies in the spleens of recipient mice (Till and
McCulloch, 1961). HSCs can be subdivided into two populations based upon their
capability to reconstitute haematopoiesis; Long-term (LT) HSCs are rare and
guiescent and have reconstitutive ability for over 3 months and can differentiate
to less quiescent and more abundant Short Term (ST) HSCs which have
reconstitutive ability for less than one month. ST-HSCs can in turn differentiate to
give rise to multipotent progenitor (MPPs) cells which have lost the ability to self-
renew but can still differentiate to give any mature haematopoietic cell type (Yang

et al., 2005).
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However, even amongst HSCs, a number of studies have demonstrated
considerable heterogeneity. By performing limiting dilution and single cell
transplantation experiments, it was shown that different HSCs had different
skews in the ratio of mature myeloid and lymphoid cells reconstituted and this
suggested that lineage priming was happening even at the HSC level (Muller-
Sieburg et al., 2004);(Dykstra et al., 2007). Later, by using a von Willebrand
Factor (VWF) reporter mouse model, LT-HSCs which expressed high VWF were
isolated and in transplantation experiments were found to have enhanced long-
term platelet reconstitution as well as myeloid bias. These vVWF™* cells could give
rise to VWF" progeny which had lymphoid bias and this suggested that VWF* cells

were at the apex of the haematopoietic hierarchy (Sanjuan-Pla et al., 2013).

Such single cell transplantation experiments were refined further by cell fate
mapping of individual HSCs. This involved virally barcoding HSCs, followed by
the transplantation of multiple HSCs and then genome sequencing upon
reconstitution. By comparing barcodes in the HSCs to mature haematopoietic
cells it is possible to match up HSCs to their progeny and identify any lineage

biases in HSCs (Lu et al., 2011).

However, a major limitation of transplantation studies is that they are non-
physiological as chemotherapy or radiotherapy is used in recipient mice which
disrupts their bone marrow niche. Steady state haematopoiesis can be
investigated by inducible barcoding systems in mouse models and performing
fate mapping analysis showed that most steady state haematopoiesis was
established by ST-HSCs and instead LT-HSCs mainly contributed to

haematopoiesis in foetal life (Busch et al., 2015).
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1.1.2 Haematopoietic Differentiation
Haematopoietic stem cells differentiate into progenitors with increasingly

restricted lineage potential.

It was previously thought in the classical models of haematopoiesis that the first
committed stages of haematopoietic differentiation was the formation of myeloid
progenitors and lymphoid progenitors. However, clonally mapping several
populations in cord blood and adult marrow revealed that there were lymphoid
primed multipotent progenitors (LMPPs) which could still give rise to myeloid cells
but not to megakaryocyte or erythroid cells (Doulatov et al., 2010). These LMPPs
could differentiate to common lymphoid progenitors (CLPs) (Kondo et al., 1997)

or granulocyte-monocyte progenitors (GMPS).

Alternatively, MPPs could differentiate to form CMPs (common myeloid
progenitors) (Akashi et al., 2000) rather than LMPPs. CMP can differentiate to

form GMPs or megakaryocyte-erythroid precursors (MEPS).

The figure below shows a summary of haematopoiesis with
immunophenotypically-defined stages defined in traditional discrete models of

haematopoiesis.
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Figure 1-2: Haematopoietic hierarchy.

LT-HSC = Long Term Haematopoietic Stem Cell, ST-HSC = Short Term Haematopoietic Stem
Cell, MPP = Multipotent Progenitor, CMP = Common Myeloid Progenitors, LMPP = Lymphoid-
primed Multipotential Progenitors, MEP = Macrophage-Erythroid Progenitors, GMP =
Granulocyte-Monocyte Progenitors, CLP = Common Lymphoid Progenitor, ETP = Early T-lineage
Progenitor, Mka = Megakaryocyte Progenitor, Gra = Granulocyte Progenitors, Mac = Macrophage
Progenitor, Neu = Neutrophil, Eos = Eosinophil, Den = Dendritic cells, B = Progenitor B Cell, T =
Progenitor T Cell, NK = Progenitor NK Cell. From (Panigrahi and Pati, 2012).

More recently, looking at haematopoiesis at a single cell level with scRNA-seq
and scATAC-seq (Buenrostro et al., 2018), it has become clear that cells go
through a continuum of differentiation and it is possible to predict an individual
cell’s fate from their epigenetic landscape. Rather than immunophenotypically-
defined stages shown above, bioinformatic clustering of cell identities based upon

chromatin accessibility and the transcriptome revealed several subclasses such
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as 4 stages of Common Myeloid Progenitors (CMP) and 3 stages of Granulocyte-
Monocyte Progenitors (GMP). But more attractive than assigning more and more
sub-stages is a continuous model of differentiation; this concept moves away
from discrete models whereby at each stage there is stepwise lineage
commitment but rather that cells are continuously and gradually acquiring lineage

commitment over time (Busch et al., 2015).

Intriguingly, around 70% of all gene expression, methylation (Ji et al., 2010) or
chromatin accessibility changes (Corces et al., 2016) between HSCs and early
progenitors is independent of lineage commitment and most of these changes
are related to the cell going from a quiescent (Wilson et al., 2008), autophagy-
dependent, low mitochondrial and low protein translation activity cell, which
confers relative resistance to stress and damage, to more differentiated

progenitors which are more rapidly cell cycling and utilising oxidative metabolism.

1.2 Acute Myeloid Leukaemia

Acute Myeloid Leukaemia (AML) is a haematological cancer with an incidence of
about 3000 cases per year in the UK, which occurs as a consequence of at least
2 mutations. Descriptions of leukaemia came as early as the 19" century with
observations from Alfred Velpeau and others that patients had milky-looking
serum. John Bennett, Rudolf Virchow and others described post-mortem findings
in leukaemia such as splenomegaly and leukaemic infiltration of the liver.
Furthermore, Alfred Donné and others described the first morphological

descriptions of leukaemia through microscopic examination (Kampen, 2012).
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Morphological descriptions today of AML are based upon the appearance of
myeloid blasts, for example in the French-American-British (FAB) classification
(Bennett et al., 1976). The classification is based upon extent and under which
lineage leukaemic blasts have partially differentiated and this broadly

corresponds with the haematopoietic progenitor cell type that is the cell of origin.

A seminal genomic sequencing study showed that AML actually demonstrates
rather little mutational heterogeneity compared with many other cancers with only
23 different recurrently mutated genes. An individual patients AML has an
average of 5 recurrent mutations and a further 8 less recurrent mutations (Ley et
al., 2013). However, only 2-3 of these mutations are essential for
leukaemogenesis with other mutations representing random events in

haematopoietic stem cells or co-operating mutations (Welch et al., 2012).

The table below summarises the various classification methods for AML

mutations and mutation prevalence.

Cytogenetic and | Next Gen | The Cancer Genome | Prevalence
Molecular Based | Sequencing Atlas Based Class in AML
Class Based Class
Class I: Activated | Class I: Activated | Class 1: Transcription | 18%
Signalling Signalling Factor Fusions e.g. ,
Mutations e.g. | Mutations e.g. | 1(8;21), inv(16)

FLT3, KIT, RAS | FLT3, KIT, RAS | Class 2: NPM1 | 27%

Mutations
Class 3: Tumour | 16%
Suppressor Gene
Mutations e.g. TP53,
PHF6
Class lI: | Class 4. DNA | 44%
Transcription and | Methylation-related
Differentiation Mutations e.g. TET2,

Factor Mutations | IDH1/2, DNMT3A
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Class II: | e.q. C/EBPaq, | Class 5: Activated | 59%
Transcription and | t(8;21), inv(16), | Signalling Mutations

Differentiation RUNX1 e.g. FLT3, KIT, RAS
Factor Mutations Class 6: Chromatin | 30%
e.g. C/EBPaq, Modifier Mutations e.g.
t(8;21), inv(16) ASXL1, EZH2, MLL
Class lll: | Class 7 Myeloid | 22%
Epigenetic Transcription Factor
Modifier Mutations e.g. C/EBPa,

Mutations e.g. | RUNX1
TET2, DNMTS3A, | Class 8: Cohesin | 13%

ASXL1 Complex Mutations e.g.
STAG2, RAD21,
SMC1/2

Class 9: Spliceosome | 14%
Complex Mutations e.g.
SRSF2, U2AF3S

Table 1-1: Classification and prevalence of recurrent mutations in AML.

1.2.1 Acquisition of Leukaemogenic Mutations

The order of mutations in AML has been investigated through several methods.
One such method is looking at population studies analysing mutations preceding
and during the development of overt AML (Abelson et al., 2018). Alternatively,
the order may be inferred from variant allele frequency numbers in genome
sequencing experiments whereby mutations that temporally occur earlier have
the highest variant allele frequency (Papaemmanuil et al., 2016). Lastly, looking
at mutation frequencies of individual AML colonies in colony formation assays
allows us to reconstruct the acquisition of mutations and to look for the original

founder clones with just driver mutations (Hirsch et al., 2016).

The order of mutations is critical to leukaemogenesis; for example in biallelic

CEBPA AML, the CEBPA (CCCAT Enhancer Binding Protein Alpha) mutations
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must precede a CSF3R (Colony Stimulating Factor 3 Receptor) mutation in order

for AML to develop (Braun et al., 2019).

In many AML patients, the first mutation is often a Class Ill mutation such as
DNMT3A (DNA cytosine-5-Methyltrasferase 3A), TET2 (Tet methylcytosine
dioxygenase 2) or ASXL1 (ASXL transcriptional regulator 1). Such mutations can
precede overt AML by around 8 years (Abelson et al., 2018) and increase in
frequency with age, particularly from the age of 70 onwards (Jaiswal et al., 2014)

and is termed Clonal Haematopoiesis of Indeterminate Potential (CHIP).

These Class Il mutations lead to increased stem cell renewal. In murine
transplant experiments, Dnmt3a null HSCs expanded 200 fold better than
wildtype HSCs in secondary transplants without any change in proliferation or
apoptosis which suggested enhanced self-renewal. Furthermore, upregulation of
stem cell related genes such as Runx1 was seen (Challen et al., 2011). A recent
study looking at DNMT3A and TET2 knockout mice or patients with CHIP using
single cell RNA-seq, single cell ATAC-seq and single cell methylation assays
demonstrated that there was a profound differentiation defect with biases in
erythroid: myelomonocytic differentiation. Intriguingly, this was linked to
alterations in transcription factor binding depending on whether or not there were
alterations in methylation of the motifs of CG rich motifs, due to the DNMT3A or
TET2 mutations (Izzo et al., 2020). However, of note, Class Il mutations are not

sufficient to cause AML and further mutations are required.

The majority of AML carry a Class Il mutation conferring a block in haematopoietic

differentiation and enhanced self-renewal. The molecular mechanisms of Class
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Il mutations such as RUNX1 and RUNX1-ETO will be discussed extensively later
(see Sections 1.6.4 and 1.6.5). Interestingly, these Class Il mutations can be
congenitally acquired including those affecting RUNX1, GATA2, CEBPA and
ETV6 (Charrot et al.,, 2020). Furthermore, studies looking at newborn Guthrie
Cards have identified AML-associated translocations such as RUNX1-ETO
(Wiemels et al., 2002), MLL-AF10 (Jones et al., 2003), PML-RARA and CBFB-
MYH11 (McHale et al., 2003) even at birth suggesting pre-natal origin. Most of
these congenital or pre-natal changes greatly increase the risk of AML but it is
important to note that some, especially GATA2 and CEBPA mutations have very
variable or low penetrance (Al Seraihi et al., 2018) suggesting that most Class Il

mutations in themselves are not sufficient to cause AML.

Lastly, most AML will carry a Class | mutation that constitutively activates
intracellular signalling independent of growth factors and this allows for enhanced
cell proliferation. These mutations include KIT, which is the receptor for Stem Cell
Factor (Williams et al., 1992) and FLT3, which is the receptor for the FLT3 ligand

(Lyman et al., 1993b).

The mechanism by which mutations may be acquired is of great interest. In
t(8;21) AML, the presence of the Class Il RUNX1-ETO translocation creates an
environment of genomic instability which makes cells much more likely to acquire
a Class | mutation that is needed for leukaemogenesis (Forster et al., 2015).
Further to this, in the context of the analogous disease model of Acute
Lymphoblastic Leukaemia (ALL), Mel Greaves and colleagues have speculated
that inflammation may be the cause of acquisition of class | mutations. In their

study of monozygotic twins harbouring pre-natal ALL driver translocations, they
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found a surprisingly poor concordance to development of ALL (Bateman et al.,
2010); (Cazzaniga et al., 2011) and speculate from epidemiological studies that
inflammation may be key to mutation acquisition (Gilham et al., 2005).
Alternatively, in adults it is known that systemic chronic inflammation increases
with age (Sanada et al., 2018) and this might be responsible for the
leukaemogenesis (and other cancers) in older adults. Intriguingly, in the CANTOS
trial of IL1B blockade with canakinumab, a reduced lung cancer incidence was

seen (Ridker et al., 2017).

More causal evidence implicating inflammation comes from murine models of
AML whereby mesenchymal stromal cell inflammation drove disease evolution of
pre-leukaemia to leukaemia (Zambetti et al., 2016). In another mouse model of
inflammation with chronic arthritis, it was seen that high IL1 levels led to raised
Spil expression, HSC quiescence and myeloid skewing, priming the cells for
myeloid leukaemia (Chavez et al., 2019). The IL1 also led to the expansion of
Cebpa deficient MPPs (Higa et al., 2020) which also primed cells for myeloid

leukaemogenesis.

More recently, with the advent of routine Next Generation or targeted panel
sequencing in clinical practice and gene perturbation studies have led to
increased understanding of other AML co-operating mutations such as in the
Cohesin complex (Mazumdar et al., 2015) (see also Section 1.5.5). But other
AML susceptibility mutations such as those affecting ANKRD26, SAMD9 and
DDX41 are still relatively poorly understood. Even less well understood are Single

Nucleotide Polymorphisms (SNPs) from Genome Wide Association studies such
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as rs75797233 (near the BICRA gene), rs57706619 (near the B3GNT3 gene)

and rs2039647 (near the KLF12 gene) (Walker et al., 2019).

1.2.2 Leukaemic and Pre-Leukaemic Stem Cells

Since there is an ordered acquisition of mutations in AML in haematopoietic stem
cells, this process gives rise to intermediary cells which have not acquired all the
mutations sufficient for leukaemogenesis. This was notably studied by genomic
sequencing of individual cell-derived colonies, prior to the advent of single cell
sequencing (Jan et al., 2012). Such pre-leukaemic cells were found to have only
class Ill or class Il mutations which gave them a competitive advantage over
surrounding HSCs and allowed them to exist as an expanded pool of cells before
later acquiring a class | mutation to give a leukaemic stem cell (LSC). LSCs differ
from leukaemic blasts by maintaining serial transplantation ability (Bonnet and

Dick, 1997).

Pre-leukaemic and leukaemic stem cells are thought to be quiescent and can
survive chemotherapy and act as a reservoir for relapse termed ‘minimal residual
disease’, as assessed by serial genotyping assays in patients undergoing
chemotherapy (Corces-Zimmerman et al., 2014). Further evidence for this idea
came from early RT-gPCR studies which could identify RUNX1-ETO oncogene
MRNA even in patients in complete remission whose leukaemic blasts had been
eradicated. The breakpoint at which the RUNX1-ETO translocation occurred
stayed the same between presentation, remission and relapse suggesting that
these stem cells were surviving chemotherapy and repopulating upon relapse.
When immunophenotypically sorting these cells, it was found that pre-leukaemic

stem cells resides in the Lineage- CD34" CD38 CD90" compartment whilst
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leukaemic stem cells resided in the Lineage  CD34" CD38  CD90" compartment

(Miyamoto et al., 2000).

It was later shown that LSCs could reside within the CD38* compartment as well.
However, the CD38 compartment had a higher stem cell frequency compared
with the CD38* compartment, as assessed by Ilimiting dilution
xenotransplantation assays. In addition, the CD38 LSCs were higher up in the
haematopoietic hierarchy as they had LMPP potential and could differentiate to
give lymphoid cells compared to the CD38* LSCs which were more GMP-like.
Furthermore, the CD38" LSCs could differentiate to give CD38* LSCs but not
vice-versa (Goardon et al.,, 2011) suggesting that CD38  LSCs are the more

primitive stem cells.

More recently, single cell mutation analysis of minimal residual disease in patients
being treated for AML has allowed for the identification of those patients at risk of
relapse and to differentiate from those patients who only have pre-leukaemic

clonal haematopoiesis (Ediriwickrema et al., 2020).

Intriguingly, others have challenged the paradigm of relapse occurring from
guiescent pre-leukaemic/ leukaemic stem cell. A study of serial examinations of
patients’ stem cells during the course of chemotherapy have shown that stem
cells are cycling and eradicated by chemotherapy (Boyd et al., 2018). Instead,
they propose that relapse is derived from ‘Leukaemia Regenerating Cells’; these
cells in the bone marrow niche are activated by chemotherapy and bone marrow

niche molecules such as dopamine.
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1.2.3 Subclonal Evolution in AML

Whilst a core number of 2 or 3 mutations exist in all AML, considerable evidence
points to the existence of subclones through the acquisition of further cooperating
mutations. This idea was notably demonstrated through serial whole genome
sequencing of patients at different time points in their chemotherapeutic
treatment where it was seen that the variant allele frequencies changed over the
course of treatment suggesting subclones that were expanding or regressing
(Ding et al., 2012). More direct evidence has come from FACS sorting clones
based upon single cell proteomic data and characterising the transcriptomes and
chromatin accessibility of these subclones. Of considerable clinical interest, it was
seen that different subclones responded differentially to therapy, for example a
clone which has gained a FLT3-ITD mutation was sensitive to the FLT3 inhibitor
Quizartinib whilst the parental clone without this mutation was not (de Boer et al.,

2018).

Whilst FACS sorting provides the methodology for understanding individual
clones, itis laborious and limited to larger subclones. Single cell mutation analysis
allows for the understanding of which mutations truly co-occur within the same
cell, for example WT1 mutations were found to co-occur with other signalling
mutations such as KIT, FLT3-ITD and NRAS and this could not be deduced by

only analysing bulk Variant Allele Frequency data (Miles et al., 2020Db).

Transcriptionally distinct clones with the same mutations have also been
identified by performing single cell RNA-seq on AML (van Galen et al., 2019) and

this again identified clonal selection upon use of AML therapies.
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1.3 Transcription
To understand what regulates the identity of cells undergoing haematopoietic
differentiation, we have to understand the mechanisms of transcription and gene

regulation and how it is perturbed in cancer.

Transcription is carried out by RNA polymerase enzymes which recognise the
promoter region, open up the DNA duplex, synthesise RNA and then leave the
promoter, contingent upon signalling. Following promoter escape, the RNA
polymerase extends the RNA chain until it reaches a termination sequence
whereupon DNA and RNA are released. RNA polymerase | synthesises large
ribosomal RNA, RNA polymerase Il synthesises mMRNA and non-coding RNA and
RNA polymerase Il synthesises transfer RNA and small ribosomal RNA. Each
one differs in terms of regulation and associated factor but discussion will focus

on RNA polymerase Il and mRNA synthesis.

Firstly, RNA polymerase Il needs to access the promoter region and this can only
happen in open chromatin sites (Schones et al., 2008) (see Section 1.4.1).
Eukaryotic genes have different types of promoter. One type is made up of CpG
islands, which are regions typically over 200bp long that contain CG repeats that
occupy more than 60% of the genomic sequence. CpG islands impair
nucleosome formation and hence keeps chromatin open for RNA polymerase I
to access (Ramirez-Carrozzi et al., 2009); this is particularly employed in the case
of housekeeping genes where transcription occurs ubiquitously in most cell types.

Another type of promoter contains a TATA box upstream of the transcription start
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site and these tend to be found at cell type specific genes whose expression

changes during differentiation including haematopoietic differentiation.

At the pre-initiation complex, RNA polymerase Il is bridged to promoter elements
though the assembly of initiating factors, which are required as RNA polymerase
Il cannot recognise promoter elements by itself. One such factor initiating factor
is the TATA box binding protein (TBP), which can recruit RNA polymerase Il to
TATA box promoters (Bushnell et al., 2004). However, many promoter sequences
lack obvious DNA recognition sequences and so transcription initiating factors
must bind specifically to promoters by other mechanisms including the
recognition of flanking nucleosomes (Vermeulen et al.,, 2007) or physical

properties of DNA such as ‘bendability’ (Engel et al., 2017).

Following recognition of the promoter region, DNA needs to be opened up by
separating the two strands of DNA, through the action of the ATP- dependent
DNA unwinding enzyme XBP (Xeroderma Pigmentosum B), thus creating the
‘transcription bubble’ (Grunberg et al., 2012). Once DNA is opened up, the
Mediator complex recruits CDK7 (cyclin dependent kinase 7) in order to
phosphorylate the tail of RNA polymerase Il (Kornberg, 2005) and allow it to start
transcriptional elongation by the addition of a new nucleotides to the RNA chain

and stabilises these nucleotides with a phosphodiester bond.

Once transcription has initiated, the elongation complex forms containing the
RNA-DNA hybrid duplex, RNA polymerase and other elongation factors which
regulate elongation. The transcription factor IS re-aligns the elongation complex

and restarts elongation whenever it is paused when facing with physical barriers
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such as nucleosomes (Cheung and Cramer, 2011). RNA polymerase Il often
pauses around 50bp downstream of the transcription start site and is stabilised
in the paused position by the factors NELF (negative elongation factor) and DSIF
(DRB sensitivity inducing factor) (Yamaguchi et al., 2013). CDK9 is needed to
phosphorylate and inactivate Protein Phosphatase [, which normally
dephosphorylates the paused position stabilising elongation factors DSIF and
NELF. Thus de-repression of a regulator of transcriptional elongation pausing,

allows for continued transcriptional elongation (Marshall and Price, 1995).

Elongation stops at the end of the gene body, where it pauses at poly(A)
sequences. Protein complexes CPSF (cleavage and polyadenylation specificity
factor) and CSTF (cleavage stimulation factor) recognize the poly-A signal
(Mandel et al., 2006) and recruits Poly(A) polymerase to add around 200

adenines to the tail.
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Figure 1-3: Summary of Transcription adapted from (Haberle and Stark, 2018).

COF = cofactors, Pol Il = RNA polymerase Il, MED = Mediator.

1.3.1 Regulation of Transcription

Transcription can be regulated through several mechanisms such as chromatin

structure (which impairs access of RNA polymerase Il and other factors to the

promoter), DNA modifications, histone modifications, cis-regulatory elements and

transcription factors. These will be discussed in turn between Sections 1.3.2 and

1.6)
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1.3.2 DNA Modifications

DNA may be methylated at the 5" carbon of cytosine (producing 5-
methylcytosine) through the action of DNA methyltransferase enzymes (DNMT)
transferring methyl groups from S-adenosyl methionine. DNMT1 mainly
contributes to the maintenance of methylation upon DNA replication by
preferentially binding to hemi-methylated DNA and adding the methyl group to
the daughter strand (Song et al., 2012). DNMT3A/B however contributes to de
nova methylation and DNMT3A is frequently mutated in AML. The R882H mutant
DNMT3A acts as a dominant negative protein by inhibiting the

homotetramerisation of DNMT3A (Russler-Germain et al., 2014).

Ten-Eleven Translocation (TET) enzymes are involved in the removal of methyl
groups in DNA and catalyse the sequential oxidation of 5-methylcytosine (5mC)
to 5-hydromethylcytosine (5hmC) and then 5-carboxylcytosine (5caC) and 5-
formylcytosine (5fC) with the utilisation of ATP (Ito et al., 2011). TET2 is
frequently mutated in AML leading to a loss of its catalytically activity and hence
reduced 5hmC levels and this was seen to promote myeloid tumourigenesis in
mouse models (Ko et al., 2010). a-ketoglutarate is used as a co-factor in the
oxidation of 5mC in the tricarboxylic acid cycle (TCA) by the enzyme Isocitrate
dehydrogenase (IDH) 1 and 2. IDH1 and IDH2 are also frequently mutated in

AML (Figueroa et al., 2010).

Epigenetic readers are protein that have a groove or surface that can bind to
methylated DNA and modified histones. Differential binding of epigenetic readers
to methyl- and hydroxymethyl- cytosine can lead to changes in transcription

through histone modification (see also Section 1.4.2). Methylcytosines can be
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read by methyl-CpG binding protein (MBD) epigenetic readers with specificity
determined by flanking DNA bases. MBD1 can bind to any CpG, MeCP2 needs
4 flanking A/T around the CpG, MBD2 needs an adjacent C or G. MeCP2 can
recruit repressors such as Sin3A and HDACs. MBDL1 interacts with the histone
methyltransferase SETDB1 to promote histone H3K9 trimethylation, which is a
repressive histone mark. MBD2 has been proposed as a demethylase enzyme
which can remove DNA methylation (Bhattacharya et al., 1999). MBD 3 and 4
preferentially bind to 5hmc over 5mc and can recruit the NuRD complex and

promote histone deacetylation.

DNA Modifications Nomenclature | Chromatin- Attributed
Reader Function

5-methylcytosine 5mC MBD1/2, MeCP2 | Transcription

5- 5hmC MBD3/4 Transcription

hydroxymethylcytosine

5-formylcytosine 5fC unknown unknown

5-carboxylcytosine 5caC unknown unknown

Table 1-2: DNA modifications, chromatin readers and functional consequence of
the DNA modification.

1.4 Chromatin

1.4.1 Chromatin Structure

It has long been recognised from X-ray diffraction studies that chromatin structure
is comprised of DNA interspaced with histones around roughly every 200bp i.e.
the nucleosome (Kornberg, 2005). It was initially thought that histones served
purely structural purposes in order to compact around 2m of linear DNA into a

nucleus that is less than 10um in diameter. However, it rapidly became clear that
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nucleosomes impede transcription in vitro (Knezetic and Luse, 1986) and that
deletion of either entire histones or even just their basic tails led to massive
changes in transcription (Han and Grunstein, 1988). Consequently, changes in
chromatin accessibility, which is dependent upon the extent to which DNA is
wound around the nucleosome, is a key cellular regulatory mechanism for

transcription, replication and repair of DNA.

The nucleosome consists of an octameric complex made up of histone subunits;
two H3-H4 heterodimers dimerise and are bound above and below by H2A-H2B
heterodimers. Basic arginine-rich grooves in each histone provide a surface with
electrostatic interactions with the minor groove of DNA. 147bp of DNA is wound
~1.65 times around each nucleosome with approximately another 20-80bp linking

two nucleosomes (Luger et al., 1997).
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Figure 1-4: Nucleosome structure.

From (Cockerill, 2011)

Subnucleosome structures have also recently been described which contain
some but not all of the subunits in the octamer. These subnucleosome structures

include hexasomes, prenucleosomes, half-nucleosomes and tetrasomes but are

thought to have minimal effect of transcription (Fei et al., 2015).

In vitro experiments electron microscopy experiments have shown that histone
octamers spontaneously assemble into long arrays separated by linker DNA
giving a ‘bead on a string’ 10nm structure (Olins and Olins, 2003). However, in

vivo visualisations showed that chromatin domains actually exist as 30nm fibres
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whereby nucleosomes interdigitate in a zig-zag type structure (Robinson et al.,
2006). This discrepancy may have arisen from the non-physiological salt-free
conditions of the in vitro experiments. In addition, Histone H1 which exists outside
of the core octameric nucleosome can stabilise the 30nm fibre (Thoma et al.,

1979).

Chromatin must de-condense from such a tightly wrapped structure in order for
transcription to be permitted and it has long been recognised that regions of
chromatin de-condense during mitosis called ‘euchromatin’, whereas there are
areas that stay tightly packed called ‘heterochromatin’ (Heitz, 1928). In addition,
distinct nuclear localisation patterns exist with the most active euchromatin
localised towards the centre of the nucleus where there is the highest abundance
of transcription factors and transcriptional machinery components. In contrast,
heterochromatin tends to be at the periphery and can interact with the nuclear
lamina which adds further stability to the closed state of the chromatin (Guelen et

al., 2008).

Transcription factors are able to open up chromatin and therefore genes that are
most actively transcribed tend to be in the most de-condensed regions and are
more susceptible to nuclease digestion (Wood and Felsenfeld, 1982) and this
forms the basis of DNase | Hypersensitive Site mapping (DNase I-seq) whereby
the elements involved in transcription tend to be at hypersensitive sites . An
alternative to DNase I-seq is the Assay for Transposase Accessible Chromatin
(ATAC-seq) which utilises a hyperactive transposase enzyme that preferentially

cuts and inserts at open chromatin site (Buenrostro et al., 2013).
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1.4.2 Histone Modifications

The histone tails and globular domains are subject to a huge array of post-
translational modifications including methylation, acetylation, phosphorylation
and ubiquitination that affect the way chromatin condenses at any particular point.
Many of these modifications affect the net charge on a nucleosome and hence
its interaction with DNA. For example, histone acetylation of the lysine tail of
histone H3 has been shown in vitro to be easier to displace DNA from (Ito et al.,
2000). This is due the abrogation of the electrostatic interaction between the
positively charged Lysine tail and the negatively charged phosphodiester
backbone of DNA. Furthermore, all the histones can be polyADP ribosylated by
polyADP ribose polymerase (PARP) which conveys a negative charge to the
histone and causes electrostatic repulsion with the phosphodiester backbone,

again leading to a relatively open chromatin state (Hassa et al., 2006).

Chromatin effects of other histone modifications cannot be explained as simply
as changes in electrostatic interaction and instead affect the way in which other
proteins interact with them such as epigenetic readers. For example, H3K4me3
which is associated with active promoters, can recruit the Chromodomain
Helicase DNA Binding Protein 1 (CHD1) and the NURF complex via a Plant
Homeobox Domain finger. CHD1 and the NURF complex are also ATP-
dependent Chromatin Remodellers which can open up chromatin (Wysocka et

al., 2006).

The table below summarises histone modifications, the epigenetic readers and

the effect of these modifications on transcription.
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Chromatin Nomenclature | Modifying Enzymes Chromatin- Attributed
Modification Reader Motif Function
Acetylation K-ac Histone Bromodomain, transcription,
acetyltransferases Tandem, Plant | repair, replication,
(HAT) for acetylation | Homeodomain and condensation
e.g. GNAT, MYST and | (PHD) fingers
CBP/p300 families,
Histone deacetylases
(HDACS) for
deacetylation

Methylation K-mel, K-me2, | Histone lysine | Chromodomain, transcription and

(lysine) K-me3 methyltransferases for | Tudor domain, | repair
methylation e.g. DOT1, | malignant  brain
PRC1/2 tumour  domain
Histone lysine | (MBT) domain,
demethylases e.g. | proline-

LSD1, JARID1A, | tryptophan-

JARID1C, UTX, JMJD2 | tryptophan-proline
(PWWP) domain,
plant
homeodomain
(PHD) fingers,
WD40/b propeller

Methylation R-mel, R- | Protein arginine | Tudor domain transcription

(arginine) me2s, R-me2a | methyltransferases
(PRMTs) for arginine
methylation

Phosphorylation | S-ph, T-ph 14-3-3, BRCAL1 C | transcription,

(serine and terminus domain | repair, and

threonine) (BRCT) condensation

Phosphorylation | Y-ph SH2a transcription and

(tyrosine) repair

Ubiquitylation K-ub Ubiquitin E1, E2 and | ubiquitin transcription and
E3 enzymes for | interaction motif | repair
ubiquitylation and de- | (UIM) , inverted
ubiquitin isopeptidases | ubiquitin
for removal of this | interaction
moiety. motif (IUIM)

Sumoylation K-su Ubiquitin E1, E2 and | sumo interaction | transcription and
E3 enzymes for | motif (SIM) repair
sumoylation

ADP ribosylation | E-ar poly-ADP ribose Macro  domain, | transcription and
polymerase (PARP) for | poly ADP-ribose | repair
ADP ribosylation and | binding zinc finger
poly-ADPribose (PBZ) domain
polymerase for
removal of this moiety

Deimination R/Cit Peptidyl deiminase | unknown Transcription and
PADI4 decondensation

Proline P-cis5P-trans Proline isomerases unknown transcription

isomerisation

Crotonylation K-cr unknown transcription

Propionylation K-pr unknown unknown

Butyrylation K-bu unknown unknown

Formylation K-fo unknown unknown

Hydroxylation Y-oh unknown unknown
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O-GIcNAcylation | S-GIcNAc; T- | O-GIcNAc unknown transcription

(serine and | GIcNAc Transferase for
threonine) GlcNAcylation and B-
N-

Acetylglucosaminidase
for  removing  this
moiety

Table 1-3: Histone modifications, modifying enzymes, epigenetic readers and
functional consequences of the histone modifications

Whilst Chromatin Immunoprecipitation assays have been pivotal in the
understanding the role of histone modifications, many discoveries have been
driven through improvements in Mass Spectrometry; increases in sensitivity and
novel labelling methods have allowed for it to be a quantitative assay
(Stunnenberg and Vermeulen, 2011) and allowed for mechanistic associations to
be made between histone modification and whether there is active or inactive

transcription.

Major chromatin modifications associated with active transcription include
acetylation of the lysine tail of Histone H3 including H3K9ac, H3K14ac, H3K27ac
and H3K122 by histone acetyltransferase enzymes such as the GCN5 related N-
acetyltransferases (GNAT), MYST (MOZ, Ybf2, Sas2, Tip60) and CBP/p300
families. Some of the earliest evidence for this association between acetylation
and transcription arose from studies of fractionated chicken embryo erythrocytes

(Hebbes et al., 1988).

Several Lysine methylation modifications are also associated with active

transcription including H3K4mel which is associated with enhancers, H3K4me3
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which is associated with promoters and H3K36me3 which is deposited

throughout transcribed genes (Barski et al., 2007).

The best characterised chromatin modifications associated with heterochromatin
and hence lack of transcription are methylation of the Lysine tail of Histone H3.
In constitutive heterochromatin with permanently silenced genes such as those
near centromeres and telomeres, a high level of H3K9me3 deposition is found.
However, around conditionally silenced genes in facultative chromatin, high
H3K27me3 deposition is found and maintained by its epigenetic reader, the
Polycomb Repressive Complex (Barski et al., 2007). Such “poising” or temporary
silencing of genes keeps the options open to either reactivate or permanently
silence them depending on the developmental program, such as different stages

of haematopoietic differentiation.

However, it must be noted that active and inactive histone modifications are not
mutually exclusive, as evidences by bivalent domains. This has classically been
described with the presence of both the active H3K4me3 and inactive H3K27me3
modifications found in ChIP-reChIP experiments (Bernstein et al., 2006). Here, in
an embryonic stem cell differentiation model, bivalent domains were found to
occur at transcription factor genes expressed only at low levels. It was proposed
that such bivalent domains were keeping these transcription factors silenced so
that pluripotency could be maintained but yet poised for activation when lineage-

specific gene expression programs were commenced.
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1.4.3 Histone Cross-Talk

Considerable histone modification ‘cross-talk’ occurs whereby the presence one
modification affects a second modification. Such cross-talk may simply be as a
result of a competition whereby a particular lysine in the H3 Lysine tail can only
biochemically undergo one modification e.g. acetylation, methylation or
ubiquitylation. Alternatively, the first histone modification may enhance a second
modification as exemplified by the requirement of Histone H2B
monoubiquitylation for robust methylation of Histone H3K4 by the COMPASS
complex (Dover et al., 2002) and methylation of H3K79 by DOT1L (Wood et al.,
2003). By contrast, Arginine methylation at Histone H2 prevents recruitment of

the COMPASS complex (Guccione et al., 2007).

Since histone modifications are so important in regulating transcription and hence
cell identity, it is also very important that they are maintained and passed onto
daughter cells. This must occur despite the structural challenge of chromatin
condensation during mitosis. In addition, the daughter cells must incorporate
newly synthesised histones in the same places. An elegant example of how this
happens is seen in the recruitment of the epigenetic reader HP1 (heterochromatin
protein 1) to the constitutive heterochromatin marks H3K9me2/3 by its
chromodomains. HP1 can in turn interact with SUV39 which is a histone
methyltransferase that can re-methylate H3K9 in adjacent nucleosome, hence

maintaining H3K9 methylation following mitosis (Bannister et al., 2001).

1.4.4 Histone Variants
Whilst the canonical nucleosome consists of DNA wound around an octamer of

Histones H2A, H2B, H3 and H4, several histone variants also exist such as H3.3,
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cenH3, H2A.Z, H2A. X, H2A.B and macroH2A variants of histone H2A. Whereas
the canonical histone subunits are all synthesised and incorporated into DNA in
the S phase of the cell cycle, histone variants are synthesised and incorporated
throughout the cell cycle, perhaps conferring a greater degree of regulatory
control (Talbert and Henikoff, 2017). For example, MacroH2A consists of H2A
with a macro domain at the C-terminus of the protein and was correlated with
transcriptional repression by interfering with SWI/SNF chromatin remodelling

(see Section 1.4.5) and transcription factor recruitment (Angelov et al., 2003).

1.45 ATP-dependent Chromatin Remodellers

Chromatin can also be remodelled by ATP-dependent chromatin remodellers.
These remodellers are classified into four families: Switch/Sucrose Non-
Fermenting (SWI/SNF), Imitation Switch (IWSI), Chromodomain-Helicase DNA

binding (CHD) and Inositol requiring 80 (INO80) families.

SWI/SNF remodellers, including the mammalian BAF complex, remove H2A/H2B
dimers in a step-wise manner, followed by the other histone subunits in order to
release naked DNA (Lorch et al., 2006). Consequently, BAF complexes are found
at promoters and enhancers (Lorch et al., 2006) including super-enhancers (see

Section 1.5.2).

IWSI remodellers bind to the basic patch of the N-terminal tail of Histone H4 and
linker DNA and promotes DNA translocation (Clapier and Cairns, 2012). CHD
remodellers form core catalytic components of histone deacetylase complexes

such as the mammalian NuRD complex and can also complex with methylated
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DNA binding proteins such MBD2/3 (Le Guezennec et al., 2006) (see also

Section 1.3.2 on DNA modifications).

INOBO remodellers modulate gene activation/ repression through catalysing the
exchange of H2AZ/H2B dimers with H2A/H2B dimers (Brahma et al., 2017) (see

also Section 1.4.4 on histone variants).

1.5 Cis-Regulatory Elements
Cis-Regulatory elements drive gene expression and they consist of promoters,

enhancers, silencers and insulators.

1.5.1 Promoters

Promoters are defined as the minimum DNA sequence required for the initiation
of transcription via the recruitment of transcriptional machinery such as RNA
polymerase and general transcription factors to form the pre-initiation complex
(Sainsbury et al., 2015) (see Section 1.3). Other than TATA boxes, TATA-less
promoters include GC and CCAAT boxes. GC boxes contain at least one repeat
of the motif (G/T)GGGCGG(G/A)(G/A)(C/T) to which the zinc finger class of
transcription factors can bind including the ubiquitously expressed Spl
transcription factor family (Kuwahara et al., 1993); consequently these promoters
tend to initiate transcription of housekeeping genes. However, other zinc fingers
transcription factors including EGR (Early Growth Response) and WT1 (Wilms
Tumour 1) can bind there too. CCAAT boxes bind the NFYA transcription factor
and are present at the genes such at the beta globin gene and are essential for

optimal transcriptional activity at these genes (Bi et al., 1997).
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1.5.2 Enhancers

Enhancers are usually small (~300bp) and often distal elements (at least 1kb
away) from promoters but can interact with them by DNA looping (see also
Section 1.5.5). Enhancers were first identified by expressing a Simian Virus 40
(SVv40) 72bp DNA sequence in cis with genes such as rabbit beta globin and
seeing a huge increase gene transcripts (Banerji et al., 1981); this enhancer

appeared to work bidirectionally and even over 1kb away from the promoter.

Enhancers tend to contain a high density of motifs to which transcription factors
can bind which can greatly alter gene transcription depending on the type of
bound transcription factors. It is therefore of no surprise that chromatin
accessibility at these enhancer elements is very carefully regulated (Kim and
Shiekhattar, 2015). Genes that are of important regulatory relevance such as
tissue-specific genes tend to be under the control of numerous enhancers and
this is well exemplified by the human beta globin gene which has 5 elements in
its ‘Locus Control Region’ (Forrester et al., 1986) (Blom van Assendelft et al.,

1989).

Enrichment for H3K27ac tends to be high at enhancers as well as a high
H3K4mel:H3K4me3 ratio and consequently these histone marks have been
used by the ENCODE consortium and others to imply where enhancers are (Ernst

et al., 2011).
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Figure 1-5: Histone landscape flanking enhancers compared to inactive regions
and promoters.

NFR = Nucleosome-Free Region, CRE = Cis-Regulatory Element. From (Pundhir
et al., 2015).

A more functional method of assessing enhancers is to place a candidate
enhancer upstream of a minimal promoter from a reporter gene as was originally
done by Banerji and colleagues (Banerji et al., 1981) but an easier reporter
readout may be achieved by using a fluorescent protein reporter (Chiocchetti et
al., 1997). However, the drawback of such transgenic reporter assays is that they
may not represent promoter-enhancer interactions in their native chromatin state
and also cannot assess interactions between multiple regulatory elements.

Consequently, others have used CRISPR activation or CRISPR inactivation to



recruit activation or inhibitory cofactors to putative enhancer elements to perturb
their effect upon gene expression in their native state (Simeonov et al., 2017)
Each of these functional methodologies can also be scaled up to assess
enhancers genome-wide through either a massively parallel reporter assay
(Nguyen et al.,, 2016) or a CRISPR activation/inactivation library screen

(Rosenbluh et al., 2017) (see also Section 1.10.1).

Super-enhancers are complex arrays of distal elements that even more strongly
increase the transcription of both cell-type specific and important regulatory
genes such as SOX2 and have a higher density of chromatin modifications such

as H3K27 acetylation (Hnisz et al., 2013).

Whilst enhancers can recruit transcription factors and affect chromatin structure
locally, the question remained for many years as to how they influenced promoter
activity despite being separated by distances of at least 1kb and often much
further. By wusing chromosome conformation capture which relied on
formaldehyde-crosslinking chromatin in its native structure, it was seen that
enhancers appeared to interact directly with their promoters; in higher eukaryotes
this was first characterised at the beta globin Locus Control Region (Tolhuis et
al., 2002). Importantly, using such chromosome conformation techniques
combined with next generation sequencing such as promoter Capture HiC has
allowed annotation of which enhancers or other cis-regulatory elements interact
with which promoters in various healthy human blood cell types (Javierre et al.,

2016), (Mifsud et al., 2015) or in AML (Assi et al., 2019).
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1.5.3 Duality of Promoters and Enhancers

Despite classical definitions of promoters and enhancers, it is now appreciated
that there is considerable overlap in their functions. For example, when active,
both are found in nucleosome depleted regions, bound by RNA polymerase Il
and can divergently and bidirectionally activate transcription (Core et al., 2014).
Protein coding gene promoters give rise to mRNA on their sense strands and
promoter upstream transcripts (PROMPTS) on the antisense strand, which are
degraded by nuclear exosome complexes (Preker et al., 2008). Enhancers give
rise to enhancer RNA (eRNA) bidirectionally which are also degraded by nuclear

exosomes.

But to add to this complexity, 17 of 45 identified regulatory regions with in vivo
enhancer activity in human embryonic stem cells at the POU5F1 locus were gene
promoters (Diao et al., 2017). Furthermore, 3% of over 20,000 tested gene

promoters in K562 cells had strong enhancer activity in vitro (Dao et al., 2017).

However, active gene promoters still produce on average 17 fold more RNA than
enhancers as assessed by cap analysis of gene expression (CAGE-seq)
(Andersson et al., 2014). These promoters also tend to be in CG rich areas and

are enriched for H3K4me3 (Barski et al., 2007).

1.5.4 Silencers

It has long been recognised that repressive elements, later named ‘silencers’ can
inhibit transcription (Ptashne, 1967) and their discovery in mammals came with
study of the rat insulin 1 gene locus (Laimins et al., 1986). Later, their importance

in lineage specification in haematopoiesis was established by the study of how
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CD4 expression was repressed in committed CD8* T cells (Sawada et al., 1994).
Furthermore, during the GATA2 to GATAl switch in haematopoietic
differentiation, GATA1L binds to a silencer of Kit and there is the establishment of
a silencer- Kit promoter chromatin loop and a loss of enhancer- Kit promoter loops

(Jing et al., 2008).

Silencers are thought to interfere with transcription initiation by the recruitment of
repressors and co-repressors such as DNMT and HDAC (Kolovos et al., 2012)
or by interfering with the assembly of the General Transcription Factors that are

needed to initiate transcription (Ogbourne and Antalis, 1998).

Genome-wide identification of silencers has been performed using Massively
Parallel Reporter Assays on a library of candidate DNase | Hypersensitive sites
that lack characteristic promoter and enhancer histone marks (Doni Jayavelu et

al., 2020).

1.5.5 Insulators and DNA looping

Considering that enhancers increase transcription by directly interacting with
promoters, it is essential that enhancers do not accidently interact with other
promoters. Insulators are elements, which are in over 75% of cases bound by the
CTCF transcription factor (Dixon et al.,, 2012) as well as Cohesin protein
complexes (Wendt KS et al., Nature, 2008). CTCF recruits Cohesins which
bridges DNA loops between CTCF sites in order to create distinct ‘insulated
neighbourhoods’ that can constrain the spread of heterochromatin as it cascades
along DNA (Dixon et al., 2012). However, DNA can be extruded through the

Cohesin ring to extrude loops of ever increasing sizes that only stop growing
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when a bound CTCF blocks the Cohesin ring (Sanborn et al., 2015). These loops
of DNA can then interact with adjacent loops to form independent Topologically

Associating Domains (TAD) within which interactions are more likely to occur.
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Figure 1-6: Chromatin looping.

Adapted from (Carullo and Day, 2019).

Consequently when insulators are disrupted either through germline or acquired
mutations, they can have significant phenotypic consequences or cause cancer
(Hnisz et al.,, 2016). Similarly Cohesin complex mutations such as STAG2,

RAD21, SMC1 and SMC2 are mutated in as much as 13% of all AML.

However, interactions within TADs cannot be purely be explained by fleeting,
chance encounters between adjacent extruded DNA loops. Transcription factor
complexes between two adjacent loops certainly stabilise interactions and this

notably includes the Mediator complex and the Cohesin loading factor, Nipbl
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(Kagey et al., 2010). Furthermore, the zinc finger transcription factor Ying Yang
1 (YY1) is also important in stabilising interactions. YY1 acts in an analogous
manner to CTCF in that it binds to a related consensus DNA sequence (GCCAT),
particularly in hypomethylated DNA, and interacts with Cohesins. However, whilst
CTCF is enriched at insulators, YY1 appears to present at sites of interaction
between promoters and enhancers. Consequently depletion of YY1 disrupts
enhancer-promoter contacts, as assessed by HiC, and alters gene expression

(Weintraub et al., 2017).

However, looping does not occur purely through transcription factor complexes,
recently the role of phase-separated condensates has been described (Sabari et
al., 2018). Phase separation is a process by which molecules can separate out
into a dense phase and a dilute phase by thermodynamic driving forces that try
to exclude water. Many co-activators such as MED1 contain ‘intrinsically
disordered regions’ which allows for their condensate formation. With high
resolution fluorescence imaging, the presence of nuclear puncta with co-
localisation of co-activators such as MED1 and enhancers can be visualised.
Addition of 1,6-hexanediol to disrupt the phase condensates led to an 80%
reduction in MEDL1 levels at the KLF4 superenhancer and hence a decrease in
transcription. Alterations in cellular salt concentrations to disrupt phase

separation also had similar effects.
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1.6 Transcription Factors

Transcription factors (TFs) are DNA-binding proteins that alter the rate of
transcription and haematopoiesis is exquisitely carefully regulated by them.
Transcription factors can recruit cooperating factors or components of the
transcription apparatus directly (Ong and Corces, 2011) or can activate
transcription of the enhancers themselves producing enhancer RNAs which can
promote transcription of active genes via complexes such as Mediator (Lai et al.,

2013).

1.6.1 Lineage Specifying Transcription Factors

Whilst nearly half of all transcription factors encoded in the human genome are
expressed in any one cell (Vaquerizas et al., 2009), a small number of master
transcription factors can dramatically alter cell identity and are known as lineage
specifying TFs. Such lineage specifying TFs are characterised by several
features including: i) they tend to be expressed at higher levels than other TFs in
a particular lineage ii) often co-occupy enhancers with other lineage specifying
TFs iii) occupy most enhancers including super-enhancers of active cell-specific
genes iv) autoregulate their transcriptional program through feedback loops (Lee

and Young, 2013).

Within haematopoiesis, knockout experiments in mice have demonstrated the
crucial roles of lineage specifying transcription factors. For example, C/EBPa is
essential for differentiation to mature granulocytes (Zhang et al., 1997a) and
GATA-1 for differentiation to erythroid and megakaryocyte cells (Pevny et al.,

1991).
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Remarkably, even after terminal differentiation, transcription factors can
drastically alter haematopoietic cell fate and this is perhaps best exemplified by
experiments that ectopically expressed CEBPA in precursor B cells or even
mature B cells which was able to convert them into myeloid cells (Xie et al., 2004).
The higher the CEBPA expression, the greater was the reprogramming
efficiency. It however should be noted that the corollary of converting mature
myeloid cells to other cell lineages has never been seen and that forced
expression of such aberrant transcription factors normally leads to apoptosis
(lwasaki et al., 2005). Nevertheless this demonstrates the power of transcription

factors.

The most convincing demonstration of the potency of transcription factors in
changing cell fate were seminal experiments by Yamanaka demonstrating that
their overexpression even in terminally differentiated cells could completely
reverse cell fate; transgenic expression of the pluripotency factors Oct4, Klif4,
Sox2 and Myc in fibroblasts was found to able to reprogram them back to

pluripotent stem cells (Takahashi and Yamanaka, 2006).

Transcription factor mediated reprogramming has not just been seen in cell lines.
An elegant experiment where Gatal was overexpressed in lineage committed
progenitors (Macrophage-Erythroid Progenitors), sorted straight out of mouse
bone marrow, demonstrated convincingly that lineage switching can also be seen

in primary cells (Heyworth et al., 2002).

Transcription factor action is remarkably tissue specific. For example, as well as

its role in terminally differentiated erythroid and megakaryocyte cells, GATA
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family members are also crucial for HSC development and self-renewal as
evidenced by Gatal-null mouse experiments (Tsai et al., 1994). Such tissue-
specific action is likely to be due to the presence of cooperating transcription
factors such as RUNX1 which mediate cis-regulatory changes in the epigenome.
Indeed, whilst either Runx1*- or Gata2*- heterozygotes are viable in mouse
models, compound heterozygotic Runx1*- and Gata2*- embryos died due to lack

of HSC formation (Wilson et al., 2010).

However, transcription factors frequently have antagonistic, instead of
cooperating transcriptional functions. Indeed, GATAL is known to promote
erythroid-megakaryocyte differentiation whilst PU.1 is known to promote
monocytic differentiation from common myeloid progenitors (Nerlov and Graf,
1998b) and consequently only one of these transcriptional programs can be
active at a given time. High levels of GATAL inhibit PU.1 by displacing its cofactor
JUN (Zhang et al., 1999). Conversely, PU.1 expression in erythroid precursors is
associated with a change in active complexes such as Creb Binding Protein
(CBP) into repressive complexes with the Retinoblastoma protein at GATA1

target genes such as alpha and beta globin (Stopka et al., 2005).

Another important example of cross-antagonism of lineage-specifying
transcription factors is found in macrophage-erythroid progenitors. KLF1
represses FLI-1 mediated transcription and FLI-1 is capable of repressing KLF1
target genes (Starck et al., 2003). Consequently perturbations of KLF1 or FLI1
expression through shRNA were found to alter lineage commitment whereby

knockdown of KLF1 led to increased megakaryocytic differentiation and
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knockdown of FLI1 led to increased erythroid differentiation (Bouilloux et al.,

2008).

Therefore, lineage-specifying transcription factors not only activate their own
transcriptional program but they also shut down the actions of antagonistic
transcription factors. The figure below summarises key lineage-specifying

transcription factors and when cross-antagonism occurs.
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Figure 1-7: Key lineage-specifying transcription factors in haematopoiesis and
cross-antagonism at branch points.

Slide from Marjorie Brand, University of Ottawa.

Most transcription factors are generally reliant on the presence of open chromatin
in order to be able to access and bind to their DNA binding sites, or at least need

to cooperate with another transcription factor which can recruit chromatin
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remodellers. However, pioneer factors have an intrinsic ability to scan partial DNA
sequence motifs that are exposed on the surface of the nucleosome and thus
access sites that are not accessible to most transcription factors. They were first
discovered in experiments looking at transcription factor binding to a liver-specific
enhancer of the albl gene in mouse embryonic development. In the extrahepatic
endoderm, an area of closed chromatin as determined by DNase |
hypersensitivity, FOXA (pioneer factor) binding could unexpectedly be seen
(Gualdi et al., 1996). Furthermore, in in vitro experiments, FOXA2 could bind to
mononucleosomes and dinucleosomes and help GATA4 bind to adjacent sites

(Cirillo and Zaret, 1999).

Pioneer factors can open up condensed chromatin de novo by one of two
mechanisms; firstly, an active process of locally unwinding chromatin such that
local segments of DNA are exposed for other transcription factors to bind.
Alternatively, it can also occur by a passive process whereby pioneer factors just
sit on condensed chromatin; however when cooperating transcription factors are
nearby they can rapidly recruit and assemble other proteins to enable chromatin

modifications (Zaret and Carroll, 2011).

1.6.2 Gene Regulatory Networks

Putting together knowledge of transcription factor cooperation, where
transcription factors bind and how transcription factors alter the gene expression
of other transcription factors via interaction with their cis-regulatory elements, it
is possible to derive Gene Regulatory Networks (GRN). Notably this was done in
a large study looking at gene expression at 38 states of haematopoiesis to identify

distinct but tightly connected transcription factor networks; functional validation
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was performed through ChlP-seq and RNA interference mediated perturbation

(Novershtern et al., 2011).

GRNs consist of nodes (TFs or TF families) that are highly interconnected which
are important for the maintenance of a specific cell type. Other nodes appear to
be more peripheral but are connected to key non-TF genes that actually specify
a cell type. Many highly interconnected TFs can bind to and regulate themselves
as well as other TFs which can in turn regulate the first. This feedback process
allows carefully control of TF expression levels and binding patterns, which are a

hallmark of self-renewing hematopoietic stem and progenitor cells.

However, within malignancies including AML, this careful balance of TF
expression and binding that is maintained by the GRN is disturbed by mutations.
Such mutations in turn leads to further alterations in the GRN which may lead to
aberrant haematopoietic differentiation. Even different mutations in a single TF
encoding gene such as RUNX1 can lead to completely different cellular identities
with distinct chromatin landscapes (Matheny et al., 2007). Malignant cells alter
their GRNs in order to find a stable state that is compatible with growth and this
may be through the aberrant activation of genes encoding lineage-inappropriate
TFs (Assi et al., 2019, Ray et al., 2013, Somerville et al., 2015). Furthermore,
mutation of one allele encoding a TF can lead to shifts in the GRN so that it now

Is dependent on the function of the wild-type allele (Ben-Ami et al., 2013).

However, an understanding of the GRNs can identify therapeutic vulnerabilities.
Our Lab has deduced the GRNs for each mutational subtype of AML (Assi et al.,

2019). By identifying highly interconnected AML-specific nodes which are not
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present in healthy CD34" cells, leukaemia specific vulnerabilities may be seen.
These vulnerable nodes were confirmed functionally through knockdown studies
including of NFIX, FOXC1 and POU4F1 (Assi et al., 2019), IKZF2 (Park et al.,

2019) and MYB (Volpe et al., 2013).

Two further highly interconnected nodes that appear to be important in all
mutational subtypes of AML examined are the Activator Protein-1 (AP-1) and
Wilms Tumour 1 (WT1) nodes (see section 1.6.6 and section 1.8) and which

make up much of the focus of this thesis.

1.6.3 Stoichiometry between Co-activators and Co-repressors

The relative abundance of various transcription factors and co-activators and
repressors is often inferred from RNA expression from RNA-seq experiments.
However, we know that protein levels are not always well correlated to RNA
expression for reasons such as post-translational modifications affecting protein
stability. Some studies have explored relative abundance of these proteins by
using single cell mass cytometry (Palii et al., 2019), which allows for comparison
of relative abundance of a particular protein between two different cells or
samples. However, the relative abundance between two different proteins cannot
be deduced from this due to differing antibody affinities to proteins in mass

cytometry.

Instead, quantitative mass spectrometry with normalisation to spiked-in synthetic
isotopically labelled peptides can be employed for absolute quantification of any
protein. This was performed in a seminal study (Gillespie et al., 2019) in an

erythroid differentiation model from human CD34" cord blood cells. When
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examining the relative levels of two antagonistic transcription factors, GATAL and
PU.1 which promote mutually exclusive erythroid and myeloid lineage
commitment (as previously discussed in Section 1.6.1), there was a gradual and
correlated change in the ratios of GATAL:PU.1 protein and RNA expression
during differentiation and so RNA can be used as a surrogate marker for protein
expression in this case. However, in the case of another well-described
transcription factor switch during differentiation of GATA2 to GATAL (Katsumura
and Bresnick, 2017), RNA expression correlated very poorly with protein
expression. Looking at RNA alluded to a switch in abundance of GATA2 to
GATAL1 during differentiation suggesting that lineage commitment might just be a
change in competitive binding of each factor. However, proteomic analysis
instead suggested that GATAL is always more highly expressed than GATA2 at
any stage of differentiation; this alludes more to a model whereby differentiation
is determined by GATAZ2 binding to its specific (i.e. non-GATAL) binding sites and

absolute GATAZ levels rather than any competition with GATAL.

Furthermore, absolute protein abundance studies can be used to explore the
stoichiometry between various transcription factors, co-activators, co-repressors
and enhancers. It was found that co-repressors (such as HDAC1/2/3, CHD4,
DNMT1) were around 100 times more abundant than co-activators (such as CBP,
EP300, UTX, DOT1L, MLL3) whereas RNA expression suggested equal levels.
This could be explained by the fact that co-activators are a lot less stable that co-
repressors as demonstrated in a cycloheximide chase experiment (Gillespie et
al., 2019). Intriguingly, co-activators were found at such low abundance, that

there were fewer co-activator molecules per cell than number of active
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enhancers. This gives rise to a model whereby transcription factors compete for
extremely limited numbers of co-activators in order to recruit them to specific
enhancers and activate a specific transcription program, within a repressive
nuclear environment with a large number of co-repressor molecules. This result
indicates that gene silencing is the default state unless it is counteracted by

activators.

1.6.4 RUNX1

RUNXZ1 is a master regulator of haematopoiesis and has been shown to be of
paramount importance both in the development of HSCs (Okuda et al., 1996) and
later differentiation to mature blood cells. Conditional knockout in murine models
of Runx1 led to a differentiation block of T cells in precursor states, reduced B
cell numbers and vastly reduced platelet counts and this is similarly seen in
patients with congenital RUNX1 mutations with a ‘Familial Platelet Disorder’

(Song et al., 1999).

RUNX1 contains a RUNT domain with which it can bind to DNA via the consensus
sequence TGTGGT (Speck and Baltimore, 1987). RUNX1 heterodimerises with
another protein CBF3 which increases its affinity for DNA binding approximately
10 fold and structural insights into this have come from its crystal structure
(Tahirov et al., 2001) whereby CBFf restricts movement of mobile parts of the

RUNT domain.

RUNX1 uses various mechanisms of increasing transcription at its binding sites.
RUNX motifs are often adjacent to ETS motifs and the recruitment of ETS family

members such as PU.1 further increases affinity for DNA binding (Gu et al.,
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2014). Other proteins are also very important in RUNX1 function such as the
adaptor proteins p300 and CBP which in turn recruit further transcription factors
such as NFk-B, cMYB and AP-1 (Kamei et al., 1996). However, RUNX1 also has
the ability to repress transcription in other binding sites via the recruitment of
nSin3A/B which in turn recruit Histone Deacetylases (Lutterbach et al., 2000).
Consequently, RUNX1 has the ability to finely activate and repress in order to

very specifically reprogram the epigenome.

1.6.5 RUNX1-ETO

The t(8;21) translocation occurs in 7% of AML and is a Class Il mutation
conferring a differentiation block. The protein contains most of the RUNT domain
fused to ETO resulting in the loss of the transactivation domain of RUNX1
(Erickson et al., 1992). Genome-wide studies have shown that this translocation
resulted in the loss of Histone 3 Lysine 9 acetylation at RUNX binding sites whilst
knocking down RUNX1-ETO with siRNA restored these histone marks (Ptasinska
et al., 2014). This is due to the ability of RUNX1-ETO to recruit a repressive

complex including Histone Deacetylases via N-CoR (Gelmetti et al., 1998).

In addition, RUNX1-ETO can directly inhibit transcription factors through protein-
protein interactions (Westendorf et al., 1998) and this is best exemplified by its
interaction with C/EBPa which is a key myeloid lineage-specifying transcription
factor (Zhang et al., 1997a). Other direct interactions include the ETS family of
protein such as ERG and FLI1 (Martens et al., 2012) as well as E proteins such
as HEB (Zhang et al., 2004b) and E2A. Finally RUNX1-ETO complexes with
LMO2, LDB1 and LYL1 (Wadman et al., 1997) and shRNA knockdown of any of

this complex increased the survival of AML xenotransplanted mice (Sun et al.,
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2013). In the B globin locus and others, the LDB1 complex augments promoter-

enhancer interactions by DNA looping (Krivega et al., 2014).

The structure of the RUNX1-ETO protein is also crucial to its function. RUNX1-
ETO can oligomerise through its NHR2 (Nervy Homolog Region 2) domain via a
crucial a-helix. Expression of a polypeptide (NC128) which inhibits this interaction
(Wichmann et al., 2007) or mutations in this region (Liu et al., 2006) caused

decreased proliferation and increased cell death in t(8;21) cell line models.

ChIP-Seq experiments showed that RUNX1-ETO binds to as many as a third of
all RUNX1 binding sites (Ptasinska et al., 2014). Therefore, RUNX1-ETO has a
considerable impact genome-wide in reprogramming the epigenome and it is
thought that it acts in a dominant negative manner. Phenotypically, the effects
are tissue-specific; within the context of haematopoiesis, a profound block in
haematopoietic differentiation occurred with very few neutrophils being produced
(Burel et al., 2001). However, when RUNX1-ETO was knocked into the Runx1
locus in mouse embryos, they died about 13.5 days after gestation with central
nervous system haemorrhages and lack of foetal liver haematopoiesis (Okuda et
al., 1998). To investigate its effects at a later stage in haematopoiesis, conditional
knock-in mice via Cre-mediated recombination have shown that HSCs containing
RUNX1-ETO have increased self-renewal ability as shown in both serial colony
formation replating assays (Higuchi et al., 2002). Mimicking this finding in vitro by
transducing RUNX1-ETO into cord blood, again increased HSC self-renewal is

seen (Mulloy et al., 2003).
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Generally, RUNX1-ETO cannot cause AML by itself and is thought to need
cooperating mutations. In t(8;21) AML, the most common cooperating mutation
is in KIT which is present in 19% of t(8;21) AML (Pollard et al., 2010) and leads
to an aggressive AML in mice xenotransplanted with t(8;21) cells.
Mechanistically, KIT mutations e.g. N822K cause increased cell proliferation,

reduced apoptosis and an increase in DNA repair (Wichmann et al., 2014).

Other cooperating mutations include the Cohesin complex, activating mutations
such as NRAS, KRAS, FLT3, JAK2 and CBL as well as in epigenetic modifiers
such as ASXL1 and IDH1/2 (Duployez et al., 2016). Transduction of the G12D
mutated NRAS into RUNX1-ETO expressing cells increased colony formation,
serial replating ability, allowed for cytokine-independent growth and upregulated

BCL2 to reduce apoptosis (Chou et al., 2011).

Whilst alternate forms of RUNX1-ETO such as AE9a with alternate splicing in
exon 9 and AML1-ETOtr which has a C-terminal mutation causing a frameshift
have been shown to be able to cause AML in mice without any co-operating
mutation, this was found to be due to non-physiological levels of overexpression
(Link et al., 2016). The AE9a transcript is seen in approximately 70% of human
t(8;21) AML (Yan et al., 2006) whereas the AML1-ETOtr version is only found in
a mutated murine model but both lack the C-terminal NH3 and NH4 domains
which recruit N-CoR and other transcriptional repressors. These transcriptional
repressors inhibit the Cell Cycle by downregulating CDK4 and CCND3 and so the
de-repression caused by the alternate forms of RUNX1-ETO can allow for full

leukaemogenesis (Yan et al., 2004).
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To elucidate the effects of RUNX1-ETO without cooperating mechanisms, which
characterises the pre-leukaemic state, two groups have transduced RUNX1-ETO
into healthy cord blood cells. The first is the transduction of a truncated RUNX1-
ETO (AE9a) as described above (Link et al., 2016). However, a superior model
is transduction of full-length RUNX1-ETO into CD34* cord blood derived stem
cells which promoted HSC self-renewal by the upregulation of the
MPL/Thrombopoietin/Bcl-xL pathway (Chou et al., 2012). In addition, RUNX1-
ETO in this model specifically upregulated the Forkhead transcription factor
FOXO1 which promotes self-renewal as demonstrated by colony formation and
serial replating assays. RUNX1-ETO and FOXO1l activate a significantly
overlapping transcriptional programme and also share more than 50% of DNA
binding sites and consequently a FOXO1 specific inhibitor AS1842856 was able
to specifically abrogate growth of these pre-leukaemic cells (Lin et al., 2017).
More recently, a model of RUNX1-ETO pre-leukaemia with hTERT expression
was created to allow for prolongation of growth in vitro nearly indefinitely by
overcoming telomere shortening mediated senescence. However, it does not
cause transformation to AML as evidenced by xenotransplantation into NOD

SCID mice (Lin et al., 2016).

The majority of work in this project has been done with the Kasumi-1 cell line
which has been derived from the peripheral blood of a 7 year old boy with t(8;21)
AML (Asou et al., 1991) and despite having a few other karyotypic abnormalities,
well recapitulates the biology of t(8;21) AML (Ptasinska et al., 2014). Kasumi-1

cells also carry a KIT mutation.
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1.7 Activator Protein-1 (AP-1)

1.7.1 AP-1 Structure and Function

Activator Protein-1 (AP-1) is a heterodimeric transcription factor complex
containing the following families of proteins: FOS (FOS, FOSB, FOSL1, FOSL?2),
JUN (JUN, JUNB, JUND), ATF (ATF1, ATF2, ATF3) and JDP (JDP1, JDP2). AP-
1 has long been identified as being critical to both basal transcription and also
TPA (phorbol 12-O-tetradecanoate-13-acetate) induced transcription and hence

it was named as being an activator (Angel et al., 1988).

AP-1 was originally studied through its yeast counterpart, GCN4 and was found
to bind to the palindromic DNA consensus sequence TGANTCA (Hope and
Struhl, 1985). It was soon after found to bind as a dimer to DNA (Hope and Struhl,
1987) and that it could bind to the first identified enhancer SV40 (Lee et al., 1987)
(see also Section 1.5.2). Study of retroviral oncogenes later identified JUN and
showed that it had homology in structure and function to GCN4 (Struhl, 1987).
Study of viral oncogenes also identified FOS (Curran and Teich, 1982) and it was
found that this could dimerise with JUN (Rauscher lii et al., 1988). This
dimerisation was through a leucine zipper (Landschulz et al., 1988) which
consisted of two parallel a helices that formed a coiled coil that were stabilised
though salt bridges from regularly interspersed Leucine residues (O'Shea et al.,

1989).

The structure of the AP-1 family of proteins points to a highly complex biological
role. It was found that JUN could form JUN-JUN homodimers but that FOS could
not form FOS-FOS homodimers; however JUN-FOS heterodimers are more

stable than JUN-JUN homodimers (Hai and Curran, 1991). JUN was also found
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to be able to heterodimerise with the Activating Transcription Factor (ATF) family
but that these dimers bound preferentially to the cAMP responsive element
consensus sequence TGACGTCA. Furthermore, FOS could interact with the
FOS Related Antigen (FRA) family (Franza et al., 1988). Also, a basic region next
to the Leucine zipper was found to be responsible for DNA binding (Mitchell and

Tjian, 1989).

A further major finding was that AP-1 was responsive to extracellular signalling.
RAS, which activates the Mitogen Activated Protein Kinase (MAPK) pathway
activates JUN N-terminal Kinase (JNK) which can phosphorylate JUN at positions
63 and 73 (Pulverer et al., 1993). In a mouse model of skin tumourigenesis where
Jun was mutated to lose its INK-mediated phosphorylation sites, tumourigenesis

was impaired, even with activated Ras signalling (Behrens et al., 2000).

Within the context of haematopoietic development, AP-1 family members are
absolutely crucial as Jun knockout mice died at the time of expected onset of
haematopoiesis (Eferl et al., 1999). Similarly Fos knockout mice were also found
to have disrupted haematopoiesis (Wang et al., 1992). Indeed AP-1 motifs were
enriched in open chromatin in Haemogenic Endothelium cells which give rise to
HSCs (Lichtinger et al., 2012) which may explain many of the defects in
haematopoiesis. Furthermore, when reprogramming mouse embryonic
fibroblasts into blood cells, Fos was identified as being an essential factor
(Pereira et al.,, 2013). Further functional insights were elucidated when a
dominant negative FOS which abrogated AP-1 transcriptional regulation in a

mouse embryonic stem cell model, was found to be responsible in cooperation
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with TEAD4 for a shift in FLK+ cells towards haematopoietic progenitors over

smooth muscle (Obier et al., 2016).

1.7.2 AP-1in Cancer

Within a cancer context, AP-1 family members often regulate cell proliferation,
but importantly proliferation can be either increased or decreased depending on
the AP-1 subunits employed. Experiments in mice have shown that
overexpression of Fos led to the development of osteosarcomas (Wang et al.,
1991), that Jun overexpression caused liver and skin cancers (Young et al.,
1999), that Fral overexpression led to lung tumours and that Fra2

overexpression led to epithelial tumours (Jochum et al., 2000).

However, AP-1 factors may also act as tumour suppressors. JunB knockdown in
the epidermis of mice promoted papilloma formation (Zenz et al., 2005). In
particular, JUNB appears to alter expression of cell cycle genes such as INK4A
and Cyclin D1 (Passegue and Wagner, 2000). JunD is also thought to be a
tumour suppressor gene and in a murine study reduced fibroblast growth (Pfarr
et al., 1994). But other reports suggest that JUND may act as an oncogene

(Agarwal et al., 1999).

By contrast, knockdown of individual FOS family members appears to have little
effect on cancer cells and it appears that FOS members can compensate for one

another (Brusselbach et al., 1995).

Within the context of AML, the role of AP-1 has been established in leukaemic
blasts. It has been shown that CEBPA is downregulated in AML and that its

overexpression can permit myeloid differentiation (Loke et al., 2018). It was
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previously shown that C/EBPa downregulated JUN expression and interfered
with JUN binding to DNA by interacting with the leucine zipper domains and this
is what was needed to drive differentiation (Rangatia et al., 2002). Consequently,

JUN appears to maintain the leukaemic phenotype.

Also of considerable interest is how important AP-1 appears to be within the
context of pre-leukaemia and LSCs. A study using a SPI1 knockdown HSC model
found that whilst SPI1 knockdown increased serial colony formation ability, JunB
expression in this context abrogated this increase hence reducing LSC-like

behaviour (Steidl et al., 2006a).

Data from other myeloid malignancies also support the important roles of AP-1.
Whilst JunB knockdown mice die in utero from vascular defects, partial rescue of
JunB through transgenic expression was enough to rescue their development
(Schorpp-Kistner et al., 1999). However, these rescued mice developed
myeloproliferative disorders, some of which transformed through a blast crisis to
AML, suggesting that JunB deficiency is sufficient to lead to myeloid proliferation
(Passegué et al., 2001). It was later shown that the JunB deficiency was
especially important within the long-term HSC compartment and that JunB
overexpression led to loss of stem cell behaviour (Passegué et al., 2004). Within
the context of Chronic Myeloid Leukaemia, it was shown that inhibition of FOS
along with DUSP1 can eliminate the leukaemic stem cells (Kesarwani et al.,

2017) illustrating the role of FOS in maintaining the stem cell phenotype.

With AP-1 being so important in cell survival, it is not surprising to see that it is

controlled by multiple signalling pathways. AP-1 is activated by the RAS/MAPK
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pathway and this allows for gene regulation following external stimuli activating
Tyrosine Kinase Receptors. RAS signalling is generally activating and it leads to
the phosphorylation of and activation of JUN and FOSL1 allowing for
transcriptional activation (Mechta et al., 1997). AP-1 family members can also
self-regulate and the JUN promoter for instance has an AP-1 binding site and this

can allow for homeostatic regulation of AP-1 expression (Devary et al., 1992).

In this project, we used a dominant negative FOS (dnFOS) which exploits the
common structure of AP-1 family members; it appends an acidic amphipathic N-
terminal segment which prevents DNA binding by its basic region and also has a
leucine zipper with which it can dimerise with normal AP-1 family members.
These AP-1:dnFOS complexes can also compete out the binding of other AP-1

complexes in equimolar amounts (Olive et al., 1997).
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Figure 1-8: Schematic showing how AP-1 heterodimers normally bind to DNA
and how DNA binding is abrogated by the dominant negative FOS (dnFOS).

Adapted from (Olive et al., 1997).
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1.8 Wilms Tumour 1 (WT1)

1.8.1 WT1 Structure and Function

WT1 was first identified as a tumour suppressor gene which when mutated
caused the paediatric renal cancer, Wilms’ Tumour (Call et al., 1990). However,
WT1 has also been implicated as an oncogene and is mutated in many AML
patient cells conferring a poor prognosis (Inoue et al., 1994). It is similarly
aberrantly expressed in a variety of other cancers such as breast, brain and colon
cancer where it is normally not expressed at all. Functional validation of its role
as an oncogene in this context was shown by RNA interference which caused
cell cycle arrest and apoptosis (Tuna et al., 2005). This dual tumour-suppressor
and oncogenic ability of this gene highlights the extraordinary complexity of its

biology.

The gene is approximately 45kb long and this can lead to the transcription of at
least 12 isoforms depending on which of 3 transcription start sites and which
splice forms in exons 5 and 9 are employed. Indeed, the whole of exon 5 (51bp/17
amino acids ‘17AA’) may be spliced in or out as well as part of exon 9 (9bp/Lysine-
Threonine-Serine ‘KTS’) (Haber et al., 1991). Exons 6-10 code for zinc finger
DNA-binding domains and consequently the KTS splice site affects DNA binding
(Ullmark et al., 2017). The zinc fingers are formed by a core zinc ion that interacts
with cysteines from a [ sheet and histadines from an a helix to give a finger
structure that can interdigitate within DNA (Pavletich and Pabo, 1991). Below is
a schematic of the structure of WT1 drawn based upon the results of site-directed

mutagenesis work (Wang et al., 1993).
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Transcription Start Site 0 1 2

Base# -219 1 378 750-800 1224-1232 1347
CTG ATG ATG ‘IiAA KiI'S
Amino Acid # 73 1 127 250-266 408-410
Protein Weight/kDa 60-62 52-54  36-38
Self-Association Zinc Fingers
Domain (1-180) (323-449)

Figure 1-9: Schematic of the structure of WT1 along with alternative
transcriptional start sites and alternative splice sites.

Some of the first indicators that WT1 alterations had an effect on human disease
came by study of children born with Denys-Drash Syndrome; they had mutations
in the Zinc finger domain that greatly reduced DNA binding and this gave a clinical
phenotype of congenital nephrotic syndrome, psuedohermaphrotidism and Wilms
tumour (Little et al., 1993). Equally, children born with Frasier Syndrome who
have imbalances between the ratios of their WT1 +KTS and WT1 —-KTS WT1
isoforms are severely affected (Pelletier et al.,, 1991). Developmentally, mice
lacking either WT1 +KTS or WT1 —KTS isoforms die neonatally due to incomplete
kidney development (Hammes et al., 2001) and together with the evidence from
human disease, this shows that the ratios of WT1 isoforms is crucial. By contrast,
the presence or lack of the 17AA isoform developmentally has no phenotypic

effect (Natoli et al., 2002).

WT1 is a transcription factor that has been described to bind to the consensus
site GCGGGGGCG (Rauscher et al., 1990) which is identical to that of EGR1

(Early Growth Response 1). EGR1 has 3 zinc fingers which are similar to fingers
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2-4 of WT1 and crystallographic studies show that only fingers 2-4 insert deeply
into the DNA major grove to make base-specific contacts (Stoll et al., 2007),
which may explain the identical consensus sequence. Surprisingly however, it
was seen that deletion of the zinc finger 1 led to a large loss in the DNA binding

strength of WT1 so it appears to stabilise interactions (Nakagama et al., 1995).

However, the WT1 +KTS isoform binds slightly differently as shown in an
Electrophoretic Mobility Shift Assay (Bickmore et al., 1992). An explanation for
this result came from nuclear magnetic resonance studies which showed that the
KTS insertion increased the movement of a linker between zinc fingers 3 and 4
and so reduced the stability of the 4th zinc finger in the major groove of DNA
(Laity et al., 2000). Consequently, when zinc finger 4 was deleted in WT1 -KTS
isoforms, a large decrease in binding affinity was seen whilst when zinc finger 4
was deleted in WT1 +KTS, no difference to binding strength was apparent

(Duarte et al., 1998).

Very few chromatin immunoprecipitation assays have been performed with WT1,
mostly in renal glomeruli; it was shown that WT1 binds to an EGR1-like motif and
can bind to both promoters and distal sites (Kann et al., 2015). ChlP-seq has also
been performed on a CML blast crisis cells line, K562, but unfortunately the data

quality is rather poor (Ullmark et al., 2017).

Intriguingly, WT1 binding also appears to be affected in vitro by signalling.
Treatment of fibroblasts transgenically expressing WT1 with forskolin to activate
cAMP-dependent Protein Kinase A caused phosphorylation of Ser365 and

Ser393 sites of WT1 which abrogated DNA binding (Sakamoto et al., 1997).
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WT1 shows numerous protein-protein interactions which alter its activity as a
transcription activator or repressor. Mutagenesis studies have identified a sub-
region at residues 84-124 which acts as a repressive domain (McKay et al., 1999)
by the recruitment of BASP-1 (Brain Acid Soluble Protein 1) which specifically
inhibits WT1-mediated transcription and not basal transcription (Carpenter et al.,
2004). Its zinc fingers can also recruit various proteins including TP53 which may
explain its role in the alteration of apoptosis. WT1 can also alter the epigenetic
landscape via the recruitment of TET2 which demethylates CpG (Rampal et al.,
2014). Interestingly, WT1 and TET2 mutations are mutually exclusive in AML
suggesting a common pathway being employed. WT1 might also bind to DNA
indirectly through protein-protein interactions such as with p53 (Maheswaran et

al., 1993b).

WT1 is also thought to affect post-transcriptional modification of RNA and some
of the first evidence for this came from the observation that WT1 +KTS isoforms
localised and interacted with splice factors (Larsson et al., 1995) and incorporated
into functional spliceosomes (Davies et al., 1998). It was then shown that WT1
isoforms (WT1 +KTS better than WT1 -KTS) but not EGR1 could bind to Igf2 RNA
as the interaction occurred through zinc finger one that is not present in EGR1
(Caricasole et al., 1996). Further to this finding, WT1 may influence RNA
modification through RNA binding proteins such as WTAP (Wilms Tumour
Associated Protein) (Little et al., 2000) which performs m6A RNA methylation and
have recently emerged as an important therapeutic targets in AML, permitting

AML cells to overcome their differentiation block (Barbieri et al., 2017).
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1.8.2 WT1 in Normal Haematopoiesis

Within the context of normal haematopoiesis, WT1 transcripts levels are highest
within the haematopoietic stem and progenitor cell (CD34* CD38") compartment
and are undetectable in fully differentiated blood cells (Baird and Simmons,
1997). Similarly, study of mouse models showed that Wtl was only expressed
at an early time point (day 12.5 post-conception) in the liver where stem cells are
enriched (Hosen et al., 2007). Further overexpression in this compartment
caused a relative expansion of this population both due to cell quiescence and

inhibition of differentiation (Ellisen et al., 2001).

Study of WT1 knockout have been more challenging; Wtl null mice died at
embryonic day 13.5 due to renal and cardiac problems (Kreidberg et al., 1993).
Even a deletion of Wtl in 6 week old mice led to rapid death with renal failure and
bone and fat loss (Chau et al., 2011). Serial murine transplantation of Wt1- foetal
liver cells showed that these cells have poor engraftment and were quickly
outcompeted by WT1 wildtype cells and that they also had poor colony formation
ability with skews in haematopoiesis away from erythroid and megakaryocyte
lineages (Alberta et al., 2003). However, other have found conflicting results and
shown that even Wtl null foetal liver cells could fully and normally reconstitute

haematopoiesis (King-Underwood et al., 2005).

1.8.3 WT1lin AML

WT1 is overexpressed in 90% of AML and mutated in about 10% of AML (King-
Underwood et al.,, 1996). WT1 overexpression leads to a worse relapse-free
survival and response to chemotherapy in AML (Barragan et al., 2004) and

similarly in WT1 mutated AML patients, their relapse-free survival is significantly
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impaired (Hou et al., 2010). However, mechanistically there is little known about
how WT1 drives such a more aggressive AML; microarray data for WT1 mutated
AML patients suggests that cell proliferation pathways are perturbed but there is

little more known to date (Becker et al., 2010).

In order to understand the effects of WT1 overexpression within an AML context,
a murine model of RUNX1-ETO was used and clear cooperation was seen
between WT1 and RUNX1-ETO with mice overexpressing both transcripts dying
rapidly of AML (Nishida et al., 2006). A WT1 GFP reporter murine study in
RUNX1-ETO expressing AML showed that WT1 expression was most localised
to the stem cell (LSK) compartment (Hosen et al., 2007). Following on from this
result, data from the ALFA0702 trial showed that when AML patients have WT1-
positive Minimal Residual Disease, they are more likely to relapse, even when
adjusting for age, sex, presenting white cell count, cytogenetics and NPM1/FLT3
mutation status (Lambert et al., 2014). This results again implies that surviving
pre-leukaemic and leukaemic stem cells following chemotherapy are responsible
for the MRD from which relapse occurs and that WT1 expression is an indicator

of such cells.

WT1 mutations occur most commonly in exon 7 but can also occur in exon 8 or
9 (Krauth et al., 2015). WT1 mutations also confer a poor prognosis (Hou et al.,

2010). Again, the reason for this behaviour is unclear.

Gene regulation of WT1 in AML is also poorly understood. In cell lines, a 3’
enhancer that binds GATA1 and GATA 2 has been described (Furuhata et al.,

2009). Others have described an intron 3 enhancer which binds to GATAL and
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Myb (Zhang et al., 1997b). These reports in fact directly conflict about which

enhancers are important and so this is an area to be investigated further.

1.9 RNA Splicing

Alternative splicing is a major post-transcriptional mechanism of generating more
than one uniqgue mMRNA from a single gene and is found in over 90% of all human
genes (Pan et al., 2008). Alternative splicing leads to the generation of multiple
protein isoforms in at least 37% of human genes (Kim et al., 2014). Alternative
splicing can produce mRNA differing in their untranslated regions or coding
regions, thus affecting mRNA translation, stability or localisation. Coding
sequences may differ through exon skipping, a choice between mutually

exclusive exons, intron retention or the use of alternative splice sites.

The extent to which alternative splicing occurs is determined by numerous factors
including splice site strength (contain consensus sequences recognised by
spliceosome machinery), the cis-regulatory sequences in pre-mRNA that favour
or impair exon recognition and the protein levels of trans-acting proteins including

those that are part of spliceosome machinery and RNA binding proteins.
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Figure 1-10: Alternative splicing mechanisms of producing different transcripts.

Adapted from (Dvinge et al., 2016).

Mutations in RNA spliceosome machinery such as SRSF2, SF3B1, U2AF1 and
ZRSR2 are common in cancers including AML (Yoshimi et al., 2019). These
mutations all affect the 3’ splice site recognition but it is unclear why these factors
are recurrently mutated in cancer compared with the 30 or so other equally
important 3’ splice factors. On the whole (with some exceptions), Serine Rich
factors such as SRSF2 promote splicing and ‘heterogeneous nuclear
ribonucleoproteins’ and their co-factors such as U2AF1 inhibit splicing (Singh and
Valcércel, 2005). Consequently, aberrations leading to excessive or insufficient

splicing may lead to cancer.
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Intriguingly, such splicing factor mutations may co-operate with mutations in DNA
methylation enzymes such as IDH2. For example, mutant SRSF2 binds to INTS3,
a member of the Integrator complex and IDH2 mutations leads to increased DNA
methylation of INTS3. Aberrant INTS3 splicing and methylation leads to stalling
of RNA polymerase Il. So in SRSF2 and IDH2 double mutant cells, these factors

co-operate to promote myeloid malignancy (Yoshimi et al., 2019).

Similarly, RNA binding proteins are essential in the post-transcriptional
modification of RNA (Glisovic et al., 2008) and are mutated in multiple cancers
including AML (Yoshida et al., 2011). A CRISPR-Cas9 library screen in an MLL-
AF9 cell line model of AML revealed one such RNA binding protein, RBM39,
which when genetically or pharmacologically inhibited led to intron retention in
HOXA9 target genes, many of which are known to be essential in myeloid
leukaemogenesis (Wang et al., 2019). Most RNA binding proteins have RNA
binding domains including K-homology domains, DEAD-box domains and RNA-
recognition motifs (Lunde et al., 2007). As previously discussed, WT1 is another

such RNA binding protein.

1.10 Perturbing Gene Expression through siRNA and CRISPR-Cas9 Gene
Editing

1.10.1 CRISPR-Cas9

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) was
originally described as part of bacterial DNA repair systems (Makarova et al.,

2002) and that spacer sequences in between CRISPR repeat elements appeared
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to correlate with phage genomes, suggesting that this might be some sort of
immune mechanism against bacteriophages (Mojica et al., 2005). Further study

of bacteria identified the CRISPR associated protein, Cas9 (Bolotin et al., 2005).

It was then discovered that CRISPR array was transcribed and broken down into
smaller crRNA (complementary region RNA) that could recognise various DNA
sequences (Brouns et al., 2008) such as phage DNA but that the crRNA had to
be next to a conserved Protospacer Adjacent Motif (PAM) sequence in order for
Cas9 to bind and interfere (Mojica et al., 2009) and that Cas9 can make blunt
double-stranded breaks 3bp upstream of the PAM sequence (Garneau et al.,
2010). Lastly, tracrRNA (Transactivating complementary region RNA) was
identified as a sequence of DNA needed to duplex with crRNA in order to mature
it (Deltcheva et al., 2011) thus giving the 3 essential components for CRISPR-
Cas9 gene editing — Cas9, tracrRNA and crRNA. A detailed biochemical
understanding of CRISPR-Cas9 gene editing was elucidated showing that the
Cas9-tracrRNA-crRNA complex cleaved 3bp upstream of the PAM sequence
where the Cas9 is performing the cleavage, that the crRNA sequence (particularly
on the 3’ side) were vital to the recognition of DNA sequences and that tracrRNA
and crRNA could be fused to give a single guide RNA (sgRNA) (Jinek et al.,

2012).
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Figure 1-11: CRISPR-Cas9 gene deletion mechanism.

Image from Addgene.

CRISPR-Cas9 was then refined to allow for it to work in human cells by choosing
a Streptococcus pyogenes-derived Cas9, adding a Nuclear Localisation Signal,
finding the most stable 89 nucleotide tracrRNA isoform and finding that Cas9

could induce homologous recombination in human cell (Cong et al., 2013).

CRISPR-Cas9 was also repurposed to investigate gene regulation by using a

catalytically dead Cas9. This was initially done to achieve CRISPR inactivation
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(CRISPRI) with the catalytically dead Cas9 complex inhibiting transcriptional
elongation (Qi et al., 2013). Later the catalytically dead Cas9 was fused to various
chromatin modifiers to locally affect chromatin structure at any region for example
Kruppel-associated box (KRAB) domains to repress gene expression (CRISPRI)
and activators (CRISPRa) such as VP64 (Maeder et al., 2013) and histone

acetyltransferases (Hilton et al., 2015).

Several improvements on CRISPR-Cas9 gene editing are also being investigated
such as using a different Cas protein such as Casl1l2 which does not need
tracrRNA (Zetsche et al., 2015), increasing specificity of crRNA by truncating
them to 17 nucleotides (Fu et al., 2014) and base editors which can precisely
change one base to another by fusing Cas9 with DNA deaminases (Komor et al.,

2016).

1.10.2 RNA Interference

RNA interference is a regulatory mechanism to control gene expression through
the use of small interfering RNA (siRNA). It was discovered through experiments
in Caenorhabditis elegans into which double stranded RNA was injected and
remarkably it was found that genes with complementary sequences were

silenced (Fire et al., 1991).

In mammalian cells, longer double stranded RNA precursors are cleaved by the
RNaselll endonuclease, Dicer (Zhang et al., 2004a) to give siRNA. Alternatively
microRNAs (miRNA) can be processed by Dicer to produce siRNA. Dicer-
associated RNA binding proteins such as the Argonaute family transfer the

processed siRNA to the RNA-induced silencing complex (RISC) which comprise
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of other Argonaute family members including Ago-2 (Lee et al., 2006) and cleaves
RNA into single stranded RNA; the strand which is more thermodynamically
stable is retained in the RISC complex and used to scan for complementary

MRNA and cut it, leading to its degradation (Khvorova et al., 2003).
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Figure 1-12: RNA interference schematic.

Figure from (Hannon and Rossi, 2004).

For gene knockdown studies, siRNA can be synthesised artificially as 21
nucleotide sequences but delivery into cells can be challenging. Alternatively,
they can be produced in the cell from the processing of short hairpin RNA

(shRNA) that resemble miRNA by Dicer.
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1.11 Aims of the Project

There is a wealth of descriptive data describing t(8;21) and other AML subtypes
based upon next generation sequencing, which have been pivotal in our
understanding of the RUNX1-ETO cistrome and the transcription factors involved
(Ptasinska et al., 2014). More recently, genome-wide CRISPR-Cas9 or shRNA
depletion screens have provided implied conclusions about the importance of
several genes in leukaemic maintenance (Martinez-Soria et al., 2018); (Tzelepis
et al., 2016). However, in depth mechanistic understanding of many individual
transcription factors is still lacking and consequently we cannot fully understand
how TF/ Gene Regulatory Networks are altered in AML. We therefore conducted
an in depth analysis of the role of two important transcription factors, AP-1 and

WT1 in leukaemia maintenance.

The role of AP-1 family in t(8;21) AML

We addressed the following questions:

1. How does AP-1 regulate leukaemic growth?

2. How does it drive an AML-specific gene expression program?

3. What is the global impact of blocking AP-1 binding in t(8;21) AML?

4. How does blocking AP-1 in t(8;21) AML differ from other AMLs such as

FLT3-ITD AML?

5. How does blocking AP-1 binding affect healthy stem cells?
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This data will tell us whether perturbing AP-1 within leukaemia Gene Regulatory
Networks allows it to be a potential therapeutic target. Since drugs selectively
targeting AP-1 are not currently available, this approach may also identify
candidate genes that regulate AP-1 or are regulated by AP-1 which are more

druggable.

The role of WT1 and its isoforms in AML

It is clear that WT1 plays an important role in different types of AML as its
upregulation or mutation leads to a worse prognosis in patients with AML.
However, the precise role and mechanism of action of WT1, its isoforms and
mutations is unclear, particularly within the context of leukaemia. To this end, we

addressed the following objectives:

1. Is WT1 required for leukaemic growth?
2. How is WT1 regulated and how does it respond to outside signals?
3. How does the overexpression of WT1 impact on leukaemic growth?

4. What is the role of the different WT1 isoforms?

5. Where does it bind in the genome?

6. How does WT1 perturbation change the AML-specific gene regulatory
network?

7. How does WT1 interface with other transcription factors?
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8. Does WT1 have other roles besides transcription regulation?

This data will for the first time explain mechanistically how WT1, its isoforms and
mutations facilitate leukaemic maintenance. This may also have therapeutic
consequences and may elucidate candidate proteins within WT1-regulated Gene

Regulatory Networks that may be targeted.
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Chapter 2: Materials and Methods

2.1 Experimental Materials

2.1.1 Cell Lines and Cell Line Culture

Kasumi-1, MV4-11 cells and Human Embryonic Kidney (HEK) 293T cells were
purchased from DMSZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen). Kasumi-1 and MV4-11 cells were cultured in RPMI-1640 media
(Sigma-Aldrich cat# R8758) supplemented with 10% foetal calf serum (FCS)
(Gibco, cat# 10500064), 2mM L-Glutamine (Sigma-Aldrich, cat# G7513), 100
U/ml Penicillin and 100 pg/ml Streptomycin (Sigma-Aldrich, cat# P4333). Human
Embryonic Kidney (HEK) 293T cells were cultured in Dulbecco Modified Eagle
Media (DMEM) media (Sigma-Aldrich, cat# D5546) supplemented with 10% FCS,
2mM L-Glutamine, 100 U/ml Penicillin and 100 pg/ml Streptomycin. All cells were
grown in a humidified incubator (Sanyo, cat# MCO-20AIC) with 5% CO:2 at 37°C.
Cells were periodically checked for Mycoplasma infection by a luminescence-
based assay (Lonza, cat# LT07-318) and their identity checked by Short Tandem

Repeat analysis (Eurofins Genomics).

2.1.2 Patient Samples

AML and healthy patient blood or bone marrow were obtained from either surplus
diagnostic samples at the West Midlands Regional Genetics Laboratory or taken
freshly from University Hospitals Birmingham with specific consent from the

patients. Venepuncture was performed using a Vacutainer system (BD
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Biosciences, cat# 367344) into 4ml EDTA blood tubes (BD Biosciences, cat#
367844). Bone marrow aspirates were performed at the right iliac crest using a
15 gauge aspirate needle (Mermaid Medical, cat# RAN-15-M) into 4ml EDTA
blood tubes. Ethical approval was obtained from the National Health Service

Research Ethics Committee (REC References 09/H0405/12 and 07/Q1206/25).

Anonymised | Age Sex White Cell | Presentation Cytogenetics Mutations
Patient Count/10%L | or Relapse
Identifier
t(8;21)-1 73 Male 50 Relapse 46 XY, KIT,
1(8;21)(9922;922) TET2
t(8;21)-2 72 Male 29 Presentation 46 XY, TET2
1(8;21)(9922;922)
t(8;21)-3 48 Male 36 Presentation 46 XY, KIT,
1(8;21)(9922;922) NOTCH
t(8;21)-4 53 Male 6 Presentation 46 XY, FLT3-
1(8;21)(9922;922) TKD
t(8;21)-5 45 Male 2 Presentation 46 XY, Nil
1(8;21)(9922;922)
t(8;21)-6 47 | Female 50 Relapse 46 XX, WT1
1(8;21)(9922;922)
(8;21)-7 29 | Female 2 Presentation 46 XX, IDH1
1(8;21)(9922;922)
FLT3-ITD 54 Male 17 Relapse 46 XY TET2,
FLT3-ITD
Healthy 74 Male 6 Healthy 46 XY Nil
CD34" control

Table 2-1: Demographic and genomic data of primary patient samples used in

this study

2.1.3 Purification of CD34* cells from patient samples

Bone marrow was strained through a 40um cell strainer (Falcon, cat# 352240).
Blood or marrow was then diluted to 4-6x10°L with Phosphate Buffered Saline
(PBS) (Sigma-Aldrich, cat# D8537). It was then layered on to Lymphoprep
density gradient medium (StemCell Technologies, cat# 07851) and centrifuged

for 20 minutes at 2300rpm, acceleration setting 4, brake setting 0, in a centrifuge
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(Eppendorf, cat# 5810). Upon centrifugation, mononuclear cells had separated
into several layers consisting of red blood cells, lymphoprep, mononuclear cells,
granulocytes and plasma. The mononuclear cell layer was isolated using a
Pasteur pipette (StarLab, cat# E1414-1311), diluted 1:2 with PBS and centrifuged
for 10 minutes at 600xg and then the pellet resuspended in 300ul MACS buffer
(PBS, 0.5% Bovine Serum Albumin (BSA) [Sigma-Aldrich, cat# 05470], 2mM

EDTA [Sigma-Aldrich, cat# E7889]).

In order to purify CD34* cells, the mononuclear cells were incubated with 100l
FcR blocked CD34* microbeads (Miltenyl-Biotech, cat# 130-046-702) for 30
minutes at 4°C. Cells were then washed in MACS buffer before being
resuspended in 500ul MACS buffer and placed in a LS column (Miltenyi-Biotech,
cat# 130-042-401) on a magnetic field (Miltenyi-Biotech, cat# 130-042-303). The
LS column was then washed 3 times with MACS buffer before being removed
from the magnet and flushed out with 5ml MACS buffer. The eluted fraction was
passed through the LS column again to increase purity. CD34* cell purity was
confirmed with flow cytometry (as described in Section 2.5.3) and cells frozen in
freezing medium (90% FCS, 10% Dimethyl sulphoxide [DMSO] [Sigma, cat#
C6164]), TRIzol (Invitrogen, cat# 15596018) or freshly used in a downstream

application such as DNase-I digestion.

2.1.4 Primary Cell Culture
Sorted CD34" cells were cultured in 90% StemSpan SFEM Il (StemCell
Technologies, cat# 09605), 10% CD34+ expansion supplement (StemCell

Technologies, cat# 02691) and 175nM UM171 or 1pM UM729 (StemcCell
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Technologies, cat# 72332). Cells were grown in a humidified incubator with 5%

CO2 at 37°C.

2.2 Gene Expression Methods

2.2.1 RNA extraction

For cells lysed in 1ml of TRIzol, 200ul of chloroform was mixed in and incubated
at room temperature for 3 minutes before being centrifuged at 12000xg for 15
minutes at 4°C in a benchtop centrifuge (Eppendorf, cat# 5427R). The aqueous
phase was transferred to a fresh tube and 0.5ml of 100% isopropanol (Sigma-
Aldrich, cat# 59304) was mixed in and incubated at room temperature for 10
minutes before being centrifuged at 12000xg for 20 minutes at 4°C. The
supernatant was discarded and the RNA pellet washed in 70% ethanol (VWR,
cat# 437435L) and dissolved in 17l nuclease-free water (HyClone, cat#
SH30538.01). Contaminating DNA in the RNA was then digested by adding 1pl
RQ1 DNase (Promega, cat# M6101) and 2ul RQ1 buffer and incubating at 37°C
on a heat block (Stuart, cat# SBH200D/3). In order to clean up the RNA, the
RNeasy MinElute Kit (Qiagen, cat# 74204) was used. Briefly, 80ul water, 250ul
100% ethanol and 350ul RLT buffer were added to the DNase digested RNA.
Then the mixture was added to an RNeasy spin column and centrifuged at
12000xg. Following buffer RPE and 80% ethanol washes, RNA was eluted from

the column into 14l nuclease-free water.

Alternatively, cell line RNA was extracted using the Nucleobond spin kit

(Machery-Nagel, cat# 740955). Briefly, cells were lysed in 350ul RA1 buffer and
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3.5ul B-mercaptoethanol (Sigma-Aldrich, cat# M6250) and loaded onto a
shredder column. Following centrifugation at 12000xg for 1 minute, the flow-
through was mixed with 350ul 70% ethanol and loaded onto a Nucleobond spin
column and centrifuged at 12000xg for 1 minute. Following a MDB buffer wash,
an on column DNase digestion was performed by adding 95ul DNase solution to
the column and incubating for 15 minutes at room temperature. Following a wash
with RAW2 buffer and two washes with RA3 buffer, purified RNA was eluted into

50ul of nuclease-free water.

Or in the case of very low input RNA extractions of <10,000 cells such as from
rarer populations of primary patient cells, the RNeasy Plus micro kit was used
(Qiagen, cat# 74034). Briefly, cells were lysed in 350ul RLT+ buffer and 3.5ul -
mercaptoethanol and added to a gDNA eliminator column. The column was
centrifuged at 12000xg for 30 seconds and gDNA could be recovered by a PE
buffer wash of the eliminator column followed by elution into nuclease-free water.
The flow-through from the gDNA eliminator column was then mixed with 70%
ethanol and loaded onto an RNeasy MinElute spin column and centrifuged at
12000xg for 1 minute. The column was then washed with RW1 buffer, RPE buffer
and 80% ethanol before purified RNA was eluted into 14 pl of nuclease-free

water.

Purified RNA from all methods was assessed using a Nanodrop
spectrophotometer (Thermo Scientific, cat# ND-2000C), by the ratio of the

absorbance at 260nM and 280nM wavelengths.
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2.2.2 cDNA synthesis

In experiments when 500ng of purified RNA was available, RNA was mixed with
500ng oligo(dT)1s primer (Promega, cat# C1101) and water to take the volume
up to 15ul; this mixture was incubated at 70°C for 5 minutes in a PCR
thermocycler (Biometra, cat# T3000). Then, 200 units of Moloney Murine
Leukaemia Virus (M-MLV) reverse transcriptase enzyme and 5ul of M-MLV buffer
(Promega, cat# M170A) as well as 25 units of recombinant RNA ribonuclease
inhibitor (Promega, cat# N2511) and 50umoles of deoxyribose nucleoside
triphosphate (ANTP) (Invitrogen, cat# 10297018) were added to the mixture and

incubated at 42°C for 60 minutes.

In experiments where between 10pg to 500ng of purified RNA was available,
RNA was mixed with 10pumoles dNTP, 50umoles of oligo(dT)zo (Invitrogen, cat#
18418020) and water to take the volume up to 13ul; this mixture was incubated
at 65°C for 5 minutes followed by 1 minute in ice. Then, 200 units of Superscript
IV, 100 pumoles of dithiothreitol (DTT) and 4ul of SSIV buffer (Invitrogen, cat#
18090010), as well as 40 units of RNA ribonuclease inhibitor (Invitrogen, cat#

10777-019) were added to the mixture and incubated at 55°C for 10 minutes.

2.2.3 Quantitative Polymerase Chain Reaction (QPCR)

2.5pl of cDNA diluted 1:50 with water was added to 7.5ul 1x SYBR Green PCR
master mix (Applied Biosystems, cat# 4309155) and 1pmol each of forward
primer and reverse primer (custom synthesised by Sigma-Aldrich) in a 96 well
plate (Applied Biosystems, cat# 4316813). The plate was thermal cycled (95°C
for 5 minutes followed by 40 cycles of [95°C for 15 seconds and 60°C for 1

minute]) and fluorescence signal read by a StepOne Real Time PCR System
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(Applied Biosystems, cat# 4376357). Experiments were performed with a
minimum of 3 technical duplicates for each biological replicate and expression
was quantified by using a standard curve derived from a mixture of cDNA from
cell lines that express the target gene highly and with serial 1:5 dilutions and

normalised to a housekeeping gene such as glyceraldehyde 3-phosphate

dehydrogenase (GAPDH).

Primer Name

Sequence

WT1 Forward

GCTATTCGCAATCAGGGTTACAG

WT1 Reverse

TGGGATCCTCATGCTTGAATG

dnFOS Forward TAGCATGACTGGTGGACAGC
dnFOS Reverse AGCTCTTCGGCCTCTTTTTC
GAPDH Forward CCCACTCCTCCACCTTTGAC
GAPDH Reverse ACCCTGTTGCTGTAGCCAAAT
CCND2 Forward ACCTTCCGCAGTGCTCCTA
CCND2 Reverse CCCAGCCAAGAAACGGTCC

RUNX1-ETO Forward

TCAAAATCACAGTGGATGGGC

RUNX1-ETO Reverse

CAGCCTAGATTGCGTCTTCACA

Table 2-2: Oligonucleotides and sequences used to assess gene expression in
this study.

2.2.4 RNA Library Preparation for lllumina Sequencing

Purified RNA was quantified and quality assessed using a Bioanalyzer 2100
(Agilent, cat# G2939BA) with the eukaryotic total RNA high sensitivity kit (Agilent,
cat# 5067-1513). In brief, RNA is diluted down to around 2ng/ul and denatured at
70°C for 2 minutes and 1pl of the denatured RNA added to 5ul RNA Pico marker
in the RNA bioanalyzer chip. Conditioning solution and gel-dye mix was also
added to the chip and the chip analysed in the Bioanalyzer 2100. Peak size was

assessed by comparison to the RNA ladder and this allowed for identification of
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18S and 28S ribosomal RNA peaks which in turn allowed for the calculation of
the RNA Integrity Number. RNA quantification was assessed by comparison to

the RNA marker.

2.2.5 lllumina TruSeq Library Preparation

If at least 100ng of purified RNA was available, the TruSeq Stranded Total RNA
Library Prep Kit with Ribo-Zero kit (lllumina, cat# 20020596) was used. Briefly,
ribosomal RNA was removed by adding rRNA binding buffer and rRNA removal
mixture with incubation at 68°C for 5 minutes. Incubation with 1.75x rRNA
removal beads allowed for binding to rRNA and the remaining RNA was cleaned
up using 2x RNAClean XP beads (Agencourt, cat# A63987) and following two
70% ethanol washes, eluted into 11pl elution buffer. Then 8.5ul Elute, Prime and
Fragment solution was added to the solution and incubated at 94°C for a length

of time determined by the RNA integrity number.

Next, first strand synthesis was achieved by adding 8ul of a first strand synthesis-
actin D-superscript Il mix and incubated at 25°C for 10 minutes, 42°C for 15
minutes and 70°C for 15 minutes. Then second strand synthesis was achieved
by adding 5ul of resuspension buffer, 20ul second strand master mix and
incubated at 16°C for 1 hour. cDNA was then cleaned up with 1.25x Solid Phase
Reversible Immobilisation (SPRI) beads (Beckman Coulter, cat# A63882) and
elution into 17.5ul resuspension buffer. The 3’ end of cDNA was adenylated by
adding 12.5pul A-tailing mix and incubating at 37°C for 30 minutes followed by
70°C for 5 minutes. Adaptor ligation was achieved by adding 2.5ul resuspension
buffer, 2.5ul ligation mix and 2.5l 1:4 diluted adaptor (lllumina, cat# 20020492)

and incubating at 30°C for 10 minutes before ligation being terminated using 5pl
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ligation stop mix. Then cDNA was cleaned up using a 0.85x SPRI beads step
followed by a 1x SPRI bead step and elution into 20ul resuspension buffer. PCR
amplification of the DNA was achieved by adding 5ul of PCR primer cocktail, 25pl
of PCR master mix and incubating thermal cycling 98°C for 30 seconds, 15 cycles
of [98°C for 10 seconds, 60°C for 30 seconds, 72°C for 30 seconds] followed by
72°C for 5 minutes. Lastly, a final clean up with 1x SPRI beads and elution into

30ul nuclease-free water was performed for the final RNA-seq library.

2.2.6 NEBNext Library Preparation

If between 10-100ng of purified RNA was available, the NEBNext rRNA depletion
kit (New England Biolabs, cat# E6310L) and NEBNext Ultra Il RNA library kit was
used (New England Biolabs, cat# E7770S). RNA was mixed with 1ul rRNA
depletion solution, 2ul probe hybridization buffer and water to take the volume up
to 15ul and incubated at 95°C for 2 minutes followed by a temperature ramp down
at 0.1°C/second to 22°C for a further 5 minute hold. Then an RNaseH digestion
was performed by adding 2ul RNaseH and 2ul RNaseH reaction buffer with
incubation at 37°C for 30 minutes. Then a DNase | digestion was performed by
adding 22.5 ul water, 5 ul DNase | reaction buffer and 2.5 yl DNase | with
incubation at 37°C for 30 minutes. RNA was then purified using 2.2x RNA

purification beads and elution into 5ul water.

RNA priming and fragmentation was achieved by adding 1pl random primers and
4ul first strand reaction buffer with an incubation at 94°C for 15 minutes. First
strand synthesis was achieved by adding 2pl first strand enzyme mix and 8yl
water followed by incubation at 25°C for 10 minutes, 42°C for 15 minutes and

70°C for 15 minutes. Second strand synthesis was achieved by adding 8pl
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second strand reaction buffer, 4ul second strand enzyme mix and 48ul water
followed by incubation at 16°C for 1 hour. Then cDNA was cleaned up using 1.8x
SPRI beads and elution into 0.1x TE buffer. End preparation was achieved by
adding 7ul end prep reaction buffer and 3ul end prep enzyme mix with incubation
at 25°C for 10 minutes, 42°C for 15 minutes and 70°C for 15 minutes. Then
adaptor ligation was achieved by adding 2.5ul 1:25 diluted adaptor, 1pul ligation
enhancer and 30ul ligation master mix with incubation at 20°C for 15 minutes.
Then 3ul USER enzyme was added with a 37°C for 15 minutes followed by a 0.9x
SPRI purification and a 15ul 0.1xTE elution. PCR amplification was performed by
adding 25ul Ultra Il master mix, 50pmol i5 primer and 50pmol i7 primer (New
England Biotech, cat# E7335S) and thermal cycling at 98°C for 30 seconds and
12-15 cycles of [98°C for seconds, 65°C for 75 seconds], 65°C for 5 minutes.
Then the library was purified by two 0.9x SPRI purifications and elution into 20pl

nuclease-free water.

2.2.7 Quantification of DNA libraries and pooling

DNA libraries and average library size were quantified using a High Sensitivity
DNA assay (Agilent, cat# 5067-4626) on a Bioanalyzer 2100. Briefly, 1ul of the
DNA library was added to 5ul high sensitivity DNA marker in the DNA bioanalyzer
chip. Gel-dye mix and DNA ladder was also added to the chip and the chip
analysed in the Bioanalyzer 2100. Peak size was assessed by comparison to the

DNA ladder and library quantification by comparison to the DNA marker.

Quantification was also performed using the KAPA library quantification (Roche,
cat# KK4824). 4pul of 1:1000, 1:2000 and 1:4000 diluted library was mixed with

6ul of KAPA master mix and gPCR performed as described before. Sample
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concentration was determined by comparison to the standard curve and library
molar concentrations calculated using the average library size determined by the

Bioanalyzer. 12 samples were then mixed together in equal molar concentrations.

2.2.8 lllumina Sequencing of RNA-seq libraries

Pooled libraries were quantified using the high sensitivity DNA kit (Agilent, cat#
5067-5585) on a 4200 TapeStation system (Agilent, cat# G2991AA). Then
lllumina sequencing was performed by Genomics Birmingham on a NextSeq 550
(lumina, cat# SY-415-1002) using the NextSeq 550 High Output Kit v2.5
(Illumina, 20024906). 1.3ml of 1.8pM library pool was loaded onto the flow cell
and then the flow cell, buffer cartridge and reagent cartridge were loaded into the
NextSeq. The NextSeq was then run in paired-end mode for 75 cycles for each

of read 1 and read 2.

2.2.9 Bioinformatic Analysis of RNA-seq
Initial bioinformatic analyses were performed by or together with Dr Salam Assi

in the Bonifer lab.

Raw RNA-seq reads in FASTQ file format were processed with Trimmomatic
v0.32 (Bolger et al., 2014) in order to trim sequencing adaptors and low quality
bases. The processed reads were then aligned to the human genome (version
hg38) using Hisat2 v2.1.0 (Kim et al., 2015) with default settings to give BAM
files. Gene expression was measured as fragments per kilobase of transcript per
million mapped reads (FPKM) values using with Stringtie v.1.3.3 (Pertea et al.,
2015) with default settings and using the RefSeq database (O'Leary et al., 2015)

as the reference transcriptome. Only genes that were expressed with an FPKM

111



> 1 in at least one of the samples were retained for further analysis. The raw
FPKM values were quantile normalised using the Limma package v3.26.9
(Ritchie et al., 2015) in R v3.5.1. The normalised data was then log2-transformed,
with a pseudocount of 1 being added to each of the FPKM values prior to

transformation.

Differential gene expression analysis was carried out using Limma. A gene was
considered to be differentially expressed if it had a greater than 2-fold change
between experimental conditions, and a Benjamini-Hochberg adjusted p-value
<0.05. Kyoto Encyclopaedia for Genes and Genomes (KEGG) pathway
enrichment analysis was done using the ClueGO plugin v2.5.0 (Bindea et al.,
2009) for Cytoscape v.3.61 (Shannon et al., 2003). This analysis was done using
a right-sided hypergeometric test, with Benjamini-Hochberg p-value correction for
multiple testing. A pathway was deemed to be significantly enriched if the

adjusted p-value was <0.05.

Hierarchical clustering of RNA-Seq samples and replicates was done by first
calculating the Pearson correlation value for each pair of samples. The resulting
correlation matrix was then hierarchically clustered using complete linkage

clustering of the Euclidean distances, and finally plotted as a heatmap in R.

2.3 DNA or Chromatin Methods

2.3.1 DNase-l Hypersensitive Site Mapping
2.25x10° cells were centrifuged and then re-suspended in 150ul of DNasel

resuspension buffer (60mM KCI [Sigma-Aldrich, cat# P9541], 10 mM Tris pH 7.4
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[Sigma-Aldrich, cat# T3253], 15 mM NaCl [Sigma-Aldrich, cat# S3014], 5 mM
MgClz [Sigma-Aldrich, cat# M8266] and 300 mM sucrose [Sigma-Aldrich, cat#
S8501]). Between 10-100 units of DNase-I (Worthington, cat# LS006344) was
diluted into DNase-I dilution buffer (60mM KCI, 0.4% NP40 [Sigma-Aldrich, cat#
NP40], 15 mM NaCl, 5 mM MgClz, 10 mM Tris pH 7.4 and 2mM CacClz [Sigma-
Aldrich, cat# C3306]). This mixture was then incubated at 22°C for exactly 3
minutes and then 150ul of the diluted DNasel solutions was added to each
reaction and incubated for a further 3 minutes precisely before terminating the
digestion using 300ul of cell lysis buffer (300 mM Sodium Acetate [Sigma-Aldrich,
cat# S2889], 10 mM EDTA pH 7.4 [Sigma-Aldrich, cat# ED], 1% SDS [Sigma-
Aldrich, Cat# L6026] and 1 mg/ml proteinase K [Sigma-Aldrich, Cat# P2308]). An
overnight incubation at 65°C allowed for Proteinase K to digest all protein and a
30 minute incubation at 37°C with 6 ug RNaseA [Sigma-Aldrich, Cat# R6513]
was used to digest all RNA. A 0.7% agarose gel was used to check the digestions
by gel electrophoresis (see section 2.3.2). Those samples with optimal digestion
were further validated by gPCR with primers for a highly DNase-I hypersensitive
region (TBP promoter), a region of low sensitivity (Beta Actin) and a region of

minimal sensitivity (a segment of Chromosome 18).

Primer Name Sequence

TBP Forward CTGGCGGAAGTGACATTATCAA
TBP Reverse CCCGACCTCACTGAACCC

Beta Actin Forward GCAATGATCTGAGGAGGGAAGGG
Beta Actin Reverse AGCTGTCACATCCAGGGTCCTCA
Chr18 Forward AGGTCCCAGGACATATCCATT
Chr18 Reverse GTTCAAATTGTGTTTTGTGGTTA

113



Table 2-3: Oligonucleotide and sequences used for assessing DNase |
Hypersenstivity in this study.

Then a size selection of DNA fragments between 50 and 250bp was carried out
by running 12ug of DNA on a 1.5% gel and cut out DNA being extracted from the
gel (see section 2.3.3). The size-selected samples were again analysed by gPCR
using the same regions and optimal samples were then chosen to progress to

library preparation.

2.3.2 Gel Electrophoresis

Agarose (Sigma-Aldrich, cat# A4718), at a concentration suitable for the DNA
fragment size to be separated, was mixed in 0.5x Tris-Borate-EDTA (TBE)
(Invitrogen, cat# 15581044) and microwaved until the agarose dissolved. Then
Ethidium bromide (Invitrogen, cat# 15581044) was added to the solution to a
concentration of 500 pg/ml and the solution set in a gel tray (Scientific Laboratory
Supplies, cat# mschoicel5). The gel was then placed in a gel tank with 0.5x TBE

and 500 pg/ml Ethidium bromide.

DNA was mixed 1:6 with gel loading dye (New England BiolLabs, cat# B7024S)
and loaded into the gel, along with 0.5ug of DNA ladder (New England BioLabs,
cat# N3231S) and a 70V current applied for 2 hours to allow DNA separation.

The gel was then viewed on a Gel Doc XR+ (Bio-Rad, cat# BGDXR).

2.3.3 Extracting DNA from Agarose Gel

The DNA on the agarose gel was briefly visualised on a UV Transilluminator
(Spectronics Corporation, cat# TE365S) and the desired size of fragments of
DNA were cut out of the agarose gel using a scalpel (Appleton Woods, cat#

GC686). DNA was extracted using the Qiagen MinElute Kit (Qiagen, cat# 28604).
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Briefly, the gel was then incubated with 3 volumes of QG buffer for 20 minutes
and then mixed with 1 volume of isopropanol. This mixture was then loaded on
the MinElute column and centrifuged at 16000xg for 1 minute followed by washes

with QG buffer and PE buffer before elution into 20ul EB buffer.

2.3.4 DNA Library Preparation

Library Prep was performed by the KAPA Hyper Prep kit (Roche, cat#KK8500).
DNA was mixed with 7ul of End Repair and A-tailing buffer, 3ul of End Repair
and A-tailing enzyme and water to take the volume up to 60ul and incubated at
20°C for 30 minutes and 65°C for 30 minutes. Adaptor ligation was achieved by
adding 5ul of 1:6 diluted adaptors, 5ul water, 30l ligation buffer and 10ul DNA
ligase and incubating at 20°C for 15 minutes. Then the library was cleaned up
with a 0.8x SPRI selection and eluted into 20ul water. Then 5ul of primer mix and
25ul of KAPA HiFi Hotstart master mix and thermal cycled at 98°C for 45 seconds
followed by 12-15 cycles of [98°C for 15 seconds, 60°C for 30 seconds, 72°C for
30 seconds] followed by 72°C for 1 minute. The amplified library was run on a
0.7% agarose gel and the 200-300bp fragments cut out and gel-extracted

followed by a 1x SPRI selection and elution into 20ul nuclease-free water.

2.3.5 Illumina Sequencing of DNase | Libraries

Following quantification and average fragment size detection by the Bioanalyzer
and KAPA library quantification, 12 libraries were pooled with equal molar
concentrations. Pooled libraries were quantified on a TapeStation system and
then lllumina sequencing was performed by Genomics Birmingham on a NextSeq
550 using the NextSeq 550 High Output Kit v2.5 (lllumina, 20024906). 1.3ml of

1.8pM library pool was loaded onto the flow cell and then the flow cell, buffer
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cartridge and reagent cartridge were loaded into the NextSeq. The NextSeq was

then run in single-end mode for 75 cycles.

2.3.6 Bioinformatic Analysis of DNase I-seq

DNase I-seq analysis was performed by Dr Salam Assi in the Bonifer lab.

Raw DNase I-seq reads in FASTQ format were processed with Trimmomatic
v0.32 (Bolger et al., 2014) in order to trim sequencing adaptors and low quality
bases. The processed reads were then aligned to the human genome version
hg38 genome using Bowtie2 (Langmead and Salzberg, 2012), in the BAM file
format. Next duplicate reads and reads not uniquely aligned to chromosomal
positon were moved from aligned data wusing Picard v2.10.5

(http://broadinstitute.qithub.io/picard/). These filtered reads were used to

generate density profiles using the genomeCoverageBed function from bedtools
(Quinlan, 2014). These tag densities were displayed using the UCSC Genome

Browser (Kent et al., 2002).

DNase | Hypersensitive Sites (DHSs) were called with MACS2 (Zhang et al.,
2008b) using the callpeak function (nomodel, call-summits and g= 0.005
parameters). The resulting peaks were then filtered against the hg38 blacklist and
simple repeat tracks from the UCSC table browser (Karolchik et al., 2004) to
remove any potential artefacts. Peaks were annotated to the nearest gene or
using promoter Capture HiC data, where available, (Assi et al., 2019, Ptasinska
et al., 2019). They were then further annotated as either a promoter of distal
element using the annotatePeaks.pl function in the HOMER software package

v4.9.1. A peak was annotated as being within a gene promoter if it was within
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1.5kb of a transcription start site (TSS) and as a distal element otherwise. DNase
| peak unions were constructed by merging peaks that had summit positions
within 400bp of each other. In these cases, peaks were combined to a single
peak with a new summit position defined as the mid-point between the summit
positions of the original peaks. These average peak positions were used in all

further downstream analysis.

To identify regions of differential chromatin accessibility, a peak union was first
created for each pair of samples being considered. The read density for these
peaks was then retrieved directly from the bedGraph files produced by MACS2
using the annotatePeaks.pl function in Homer with the parameter -size 200.
These tag counts were normalised as counts per million (CPM) in R, and further
log2-transformed with a pseudocount of 1 added to each value prior to
transformation. A peak was considered to be differentially accessible if the fold-
difference of the normalised tag count was greater than 2 between experiments.
Motif enrichment analysis was then carried out in these sets of peaks using the

findMotifsGenome.pl function in Homer.

To create read density plots, peaks were first ordered according to fold-
difference. The read density in a 2kb window centred on the peak summits was
then calculated using from the bedGraph files produced by Homer using the
annotatePeaks.pl file in Homer, using the options -size 2000 -hist 10 -ghist. These

were then plotted as heatmaps using java TreeView v1.1 (Saldanha, 2004).

De novo motif analysis was performed on peaks using HOMER (Heinz et al.,

2010). Motif lengths of 6, 8, 10, and 12 bp were identified within 200 bp from the
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peak summit. The top enriched motifs with a significant p value score were
recorded. The annotatePeaks function in HOMER was used to find occurrences
of motifs in peaks and known motif position weight matrices (PWM) were used

from the HOMER database or from ChlIP-seq experiments.

Hierarchical clustering with Euclidean distance was used for clustering of DNase
| peaks. The read counts for all union peaks were normalised with regards to total
reads depth counts and then Pearson’s correlation coefficients were calculated
between samples using log2 of the normalised read counts. A correlation matrix
was generated and Pearson correlation coefficients are displayed after

hierarchical clustering as a heatmap.

2.3.7 gDNA extraction

gDNA was extracted either as per DNase | digested DNA (see section 2.3.1) or
by the Nucleobond tissue kit (Machery-Nagel, cat# 740952). For the latter
protocol, cells were lysed in 200ul T1 buffer and mixed with 25ul proteinase K
solution and 200ul B3 buffer followed by incubation at 70°C for 15 minutes. Then
210pl 100% ethanol was added to the mixture before loading it on the spin column
with centrifugation at 11000xg for 1 minute. The spin column was then washed

with buffer BW, buffer BS and then eluted into 50ul buffer BE.

2.3.8 Targeted Myeloid Sequencing Panel

A custom myeloid sequencing panel library preparation and sequencing was
performed by the West Midlands Regional Genomics Laboratory. Except for
custom oligonucleotides, reagents were obtained from the TrueSight Myeloid

Sequencing Panel kit (lllumina, cat# FC-130-1010) In order to ligate the custom
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oligos, 50ng of gDNA, 5ul TrueSight Oligos (TSO), 35ul of Oligo Hybridisation
Solution (OHS2) and water up to a total volume of 55ul were mixed and then
incubated at 95°C for 1 minute followed by 40°C for 80 minutes. Then the sample
was loaded onto a filter plate unit and washed with buffer SW1 and buffer UB1 to
wash off unbound oligo. Then 45pul of Extension Ligation Mix (ELM4) was added
to the plate and incubated for 37°C for 45 minutes to extend and ligate bound
oligos. Then 4ul of i5 index and 4l of i7 index were added to each sample as
well as 25ul of 50mM sodium hydroxide followed by an incubation at room
temperature for 5 minutes. Then 22ul of a PCR master mix with DNA polymerase
| was added to the samples and thermal cycling was performed with 95°C for 3
minutes, 27 cycles of [95°C for 30 seconds, 66°C for 30 seconds, 72°C for 60
seconds] followed by 72°C for 5 minutes. The libraries were then cleaned up
using 0.9x SPRI beads and resuspended in 20ul of elution buffer. Then library
concentrations were normalised using library normalisation beads and 8 samples
were pooled together and sequenced using the MiSeq reagent kit v3 (lllumina,
cat# MS-102-3001) on a MiSeq (lllumina, cat# SY-410-1003) in paired ended
mode with 150 cycles for each of Read 1 and Read 2 to achieve around 5000x

coverage.

Bioinformatics analysis was performed using the TruSeq Amplicon app in
BaseSpace (lllumina). After demultiplexing and FASTQ file generation, the
software used a custom banded SmithWaterman aligner to align the reads
against the human hg38 reference genome to create BAM files. The somatic
variant caller then performed variant analysis for the specified regions. The

outputs are VCF files. Further filtering of called variants was performed to remove
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variants with less than a 5% allelic bias, non-exonic variant, splicing variants and
known Single Nucleotide Polymorphisms. Mutations were called by annotation of
filtered variants to databases such as the Catalogue for Somatic Mutations in

Cancer (COSMIC) (Tate et al., 2019).

2.3.9 Assay for Transposase Accessible Chromatin (ATAC)-seq

ATAC resuspension buffer (RSB) was pre-made with 10mM Tris-HCI pH7.5,
10mM NacCl and 3mM MgClz. Then between 5000 and 500,000 cells were lysed
in RSB buffer with 0.1% NP-40, 0.1% Tween-20 (Sigma-Aldrich, cat# P9416) and
0.01% digitonin (Promega, cat# G9441) for 3 minutes on ice. Then the cells were
washed with 1ml of ATAC wash buffer consisting of RSB with 0.1% Tween-20
and centrifuged at 500xg for 10 minutes at 4°C. Then the nuclear pellet was
resuspended in ATAC transposition buffer consisting of 25ul TD buffer and a
concentration of Tn5 transposase enzyme (lllumina, cat# 20034197) related to
the number of input cells, 16.5ul PBS, 5ul water, 0.1% tween-20 and 0.01%
digitonin and then incubated on a thermomixer (Eppendorf, cat# 444-1023) at
37°C for 30 minutes. The transposed DNA was then cleaned up using a MinElute
PCR purification kit (Qiagen, cat# 28004). Briefly, 5 volumes of PB buffer were
mixed with the transposed DNA and added to a MinElute column and centrifuged
at 16000xg. The column was then washed with PE buffer and then DNA eluted

in 20pl water.

PCR amplification and library preparation was achieved by mixing the purified
transposed DNA with 62.5 pmoles adaptor 1, 62.5 pmoles indexed adaptor 2 and
25pl of NEBNext high fidelity master mix and thermal cycled at 72°C for 5

minutes, 98°C for 30 seconds followed by 5 cycles of [98°C for 10 seconds, 63°C
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for 30 seconds and 72°C for 1 minute]. Then a further number of PCR cycles
corresponding to ¥ of maximum amplification were used as assessed in a gPCR
side reaction. The library was purified by a MinElute PCR purification and size
selected with a 1x SPRI selection. The libraries were finally quantified on a
Bioanalyzer, the Kapa library quantification kit by gPCR, pooled and run on an

lllumina Flow Cell in as per the DNase | sequencing protocol.

2.3.10 Bioinformatic Analysis of ATAC-seq
Bioinformatic analysis of ATAC-seq was performed by Dr Salam Assi in the
Bonifer Lab. Analysis was performed as per DNase | seq analysis with a few

exceptions:

1) Bowtie2 was used with the parameter --very-sensitive-local
2) Peak calling with MACS2 v2.1.1 used the settings --nomodel --nolambda

-B --trackline.

2.3.11 Chromatin Immunoprecipitation

Cells were washed in PBS and then crosslinked in 1% formaldehyde (Thermo
Scientific, cat# 28906) for 10 minutes at room temperature before being
guenched by 0.4M Glycine (VWR, cat# 10119CU). Cells were lysed for 10
minutes in 1 ml cell lysis buffer (5mM PIPES pH 8.0 [Sigma-Aldrich, cat¥# P6757],
85mM KCI, 0.5% NP-40, 1:200 Protease Inhibitory Cocktail [PIC] [Sigma-Aldrich,
cat# P8340) before undergoing nuclear lysis for 10 minutes in 300 pl nuclear lysis
buffer (50mM Tris pH 8.0, 10mM EDTA, 1% SDS, 1:100 PIC). Nuclei were then
sonicated in a Bioruptor Pico (Diagenode, cat# B01060010) in Pico microtubes

(Diagenode, cat# C30010016) for several cycles of 30 sec on, 30 sec off, until
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chromatin was sheared to a 200-600bp fragment size. 5% of this sheared
chromatin was saved for input and mixed with 6mM Tris-HCL pH 7.5, 1.5mM
EDTA and 15mM NaCl as well as 3ug RNaseA and incubated for 30 minutes at
37°C. Next SDS was added to a final concentration of 1% as well as 50ug of
proteinase K and input was reverse cross-linked for 4-16 hours in a 65°C water
bath (Grant, cat# B8R05659) and DNA purified with 1.8x SPRI beads. 10% of the

input was run on a 1.4% agarose gel to confirm size distribution.

The remaining 95% of sheared chromatin was diluted in blocking buffer (16.7mM
Tris pH 8.0, 167mM NaCl, 1.2mM EDTA, 1.1% Triton X-100 [Sigma-Aldrich, cat#
T8787], 0.01% SDS and 1:100 PIC). 15ul of Dynabeads G (Invitrogen, cat#
10007D) were pre-blocked for 2 hours at 4°C with blocking buffer consisting of
0.5% BSA, 30ug glycogen (Roche, cat# 10901393001) and ChIP grade antibody
at a suitable concentration, before being incubated overnight 4°C with the diluted
chromatin. Then the beads were washed in sonication wash buffer (50mM Tris
pH 8.0, 10mM EDTA, 1% SDS), twice in Buffer A (20mM Tris, pH 8.0, 0.1% SDS,
1% Triton-X 100, 2mM EDTA, 150mM NacCl), twice in Buffer B (20mM Tris, pH
8.0, 0.1% SDS, 1% Triton-X 100, 2mM EDTA, 150mM NaCl) and if the
immunoprecipitated protein is highly expressed, with Lithium buffer (10 mM Tris-
HCI pH 8.0, 250 mM LiCl [Sigma-Aldrich, cat# L9650], 1 mM EDTA pH 8.0, 0.5
% NP-40 and 0.5 % sodium deoxycholate [Sigma-Aldrich, cat# 6750]). Beads
were then washed once in 1XTE. Chromatin was then eluted in 200mM NaHCOs3
(Sigma-Aldrich, cat# S8875) and 1% SDS and reverse crosslinked for 4-16 hours

at 65°C with 50ug Proteinase K. DNA was then cleaned up with 1.8x SPRI beads.
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gPCR amplification of immunoprecipitated DNA was compared to input at several

loci of putative protein binding sites as well as non-binding sites to assess the

success of ChliP.

Primer name Sequence

NAB2 Promoter Forward CACCTCGGTCCCCAATTC
NAB2 Promoter Reverse GCTTAGAGACTGGGAGAGG
PU.1 -14kb Enhancer Forward AACAGGAAGCGCCCAGTCA
PU.1 -14kb Enhancer Reverse TGTGCGGTGCCTGTGGTAAT
IVL Forward GCCGTGCTTTGGAGTTCTTA
IVL Reverse CCTCTGCTGCTGCCACTT
LAT2 Forward AAACCCAGAACAACCCAGGC

LAT2 Reverse

ATGAGGAAGGATGTGTGTGCGG

IGFBP7 Forward

GTCAAGCACTAAAAGGACAAACCG

IGFBP7 Reverse

TGAATGCCACTGGGAG

CSF1R FIRE Forward

GCCTGACGCCAACAATGTG

CSFI1R FIRE Reverse

GGCAAAGGAGGGAAGTGAGAG

Table 2-4: Oligonucleotides and sequences used to assess ChlIP in this study.

Immunoprecipitated DNA was then library prepped with the KAPA Hyperprep kit

as described before, except with a 200-450bp size selection of the final library

and lllumina sequenced as described before.

Antibody Amount | Manufacturer and Catalogue
Number

WT1 1.5ug Abcam, cat# ab89901

H3K27Ac 0.5ug Abcam, cat# ab4729

ETO (C-terminus) lug Santa Cruz, cat# sc9737

RUNX1 (C-terminus) 1lug Abcam, cat# ab23980

EGR-1 10pl Cell Signaling, cat# 4153

Spl 1lpg Sigma-Aldrich, cat# 17-601

Table 2-5: Antibodies used for ChIP in this study
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2.3.12 Bioinformatic Analysis of ChIP-seq

ChIP-analyses were performed by Dr Salam Assi in the Bonifer lab.

Reads from ChIP-Seq experiments were processed, aligned to the human
genome and filtered in the same way as with DNase I-seq experiments. Peaks
from transcription factor ChlP-seq experiments were identified using MACS2 with
default settings. These peaks were then compared to the DNase I-seq or ATAC-
Seq data, with only peaks that occurred within open chromatin regions being
retained for further analysis. To identify differential binding of transcription factors
such as WT1, initially union of all peaks was constructed by merging peaks that
had summits within 100bp of each other. The read density in these peaks was
then retrieved using the annoatePeaks.pl function in HOMER and normalised as
counts per million in R. Peaks that had a fold-difference of at least 2 were
considered to be differentially bound between experiments. The target genes for
these peaks were identified by annotating each peak to its closest TSS using the
annotatePeaks.pl function in Homer or using promoter Capture HiC data, where
available (Assi et al., 2019, Ptasinska et al., 2019). Motif enrichment analysis was

performed as with DNase |-seq data.

Average profiles of ChlP-Seq data were constructed by first normalising each of
the alignment tracks as counts per million (CPM) using the bamCoverage function
in deepTools v3.2.0 (Ramirez et al., 2014). These were then plotted using the

plotProfile function in deepTools.
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2.4 Gene Perturbation Methods

2.4.1 siRNA knockdown

siRNA was designed against the breakpoint of RUNX1 and ETO in order to
specifically target RUNX1-ETO and was custom ordered from Sigma-Aldrich.
5x1068 cells were centrifuged at 300xg for 5 minutes and resuspended in 350pl of
whichever media is normally used to culture the cells and transferred to a 4mm
electroporation cuvette (Geneflow, cat# E6-0070). 200nM of siRNA was added
to the cuvette and the cuvette incubated for 5 minutes at room temperature. Then,
the cuvette was placed in an electroporator (Fischer, cat# EPI 3500) and
electroporation took place for 10ms at 350V. Following a further 5 minute
incubation, the cell were resuspended to a concentration of 5x10%ml and cultures

as normal. Electroporation was repeated every 2 days.

SiRNA Sequence

RUNX1-ETO sense strand CCUCGAAAUCGUACUGAGAAG
RUNX1-ETO antisense strand UCUCAGUACGAUUUCGAGGUU
Mismatch sense strand CCUCGAAUUCGUUCUGAGAAG
Mismatch antisense strand UCUCAGAACGAAUUCGAGGUU

Table 2-6: Oligonucleotides and sequences used for siRNA in this study.

2.4.2 Cloning of shRNA constructs
Custom linker A and linker B oligonucleotides were synthesised by Sigma-Aldrich

containing the sense and antisense sequences as well as a loop to create a
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hairpin recognised by Drosha enzymes in the nucleus and restriction enzyme

overhangs for Xhol and Mlul.

Linker A: TCGAG-AAGGTATATTGCTGTTGACAGTGAGCG-C-sense
sequence-TAGTGAAGCCACAGATGTA-antisense sequence—-A—
TGCCTACTGCCTCG-A

Linker B: CGCGT-CGAGGCAGTAGGCA-antisense seguence-
TACATCTGTGGCTTCACTA—sense sequence-G—
CGCTCACTGTCAACAGCAATATACCTT-C

100pmoles of linker A and linker B were mixed together with 1x T4 DNA ligase
buffer (New England Biolabs, cat# B0202), 5 units of T4 Polynucleotide Kinase
(New England Biolabs, cat# M0201S) and water to take the volume up to 10ul;
this mixture was incubated for 30 minutes at 37°C in order to phosphorylate the
oligos followed by a 5 minute 95°C incubation and a gradual cooling ramp down
to 25°C at 5°C/minute in a thermocycler in order to anneal the oligonucleotides.
15ug of pTRIPZ (Dharmacon, cat# RHS4744) was digested with 80 units of Xhol
(New England Biolabs, cat# R0146S) and 40 units Mlul (New England Biolabs,
cat# R0198S) restriction enzymes in 1x buffer 3.1 (New England Biolabs, cat#
B7203S) and water to take the volume up to 40ul; this mixture was incubated at
37°C for 4 hours. Then the plasmid was dephosphorylated with 30 units of Calf
Intestinal Alkaline Phosphatase (New England Biolabs, cat# M0290) with a one
hour incubation at 37°C. The oligonucleotides and 100ng of the digested plasmid
were then ligated in a 4:1 molar ratio using 800 units of T4 DNA Ligase (New
England Biolabs, cat# M0202S), 1x T4 DNA ligase buffer and water to take the
volume up to 10ul; this mixture was incubated for 20 minutes at room temperature

followed by an inactivation step of 65°C for 10 minutes.

126



Oligonucleotide

Sequence

WT1 shRNA A sense

GGTGTTGATCTTACAAGATAT

WT1 shRNA_A antisense

ATATCTTGTAAGATCAACACC

WT1 shRNA B sense

GCATCTGAGACCAGTGAGAAA

WT1 shRNA B antisense

TTTCTCACTGGTCTCAGATGC

Non Targeting Control sense

TCTCGCTTGGGCGAGAGTAA

Non Targeting Control antisense

TTACTCTCGCCCAAGCGAGA

Table 2-7: Oligonucleotides and sequences used for shRNA cloning.
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Figure 2-1: Schematic of pTRIPZ plasmid and relevant restriction enzyme sites
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2.4.3 Transformation of Competent Bacteria

AmpR
Promoter

10ng of ligated plasmid were pipetted into 50ul of the DH5a strain of E. coli

(Bioline, cat# BIO-85046) which have been made chemically competent and

incubated on ice for 30 minutes. Then the bacteria were heat shocked by placing

the mixture in a 42°C waterbath for 40 seconds followed by an incubation on ice

for two minutes. Then the bacteria were mixed with 250ul of SOC (super optimal

broth with catabolite repression) medium (Sigma-Aldrich, cat# S1797) and

incubated at 37°C with 200 rpm rotation in a shaking incubator (Infor HT, cat#

Multitron) for one hour. Then 125ul of the mixture was spread onto agar plates

consisting of LB (Luria-Bertani) broth (Sigma-Aldrich, cat# L3522) and agar
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(Sigma-Aldrich, cat# A1296) with a 100pg/ml ampicillin (Sigma-Aldrich, cat#
A0166) and incubated for 16 hours at 37°C. Then individual colonies were picked
and grown in 5ml LB broth containing 100ug/ml carbenicillin (Sigma-Aldrich, cat#

C1389) at 37°C for 16 hours and 4.5ml used for minipreps.

2.4.4 Miniprep

Plasmid DNA was extracted using the Qiagen spin miniprep kit (Qiagen, cat#
27104). Briefly, bacteria grown in LB broth was centrifuged at 4000xg for 5
minutes and then resuspended in 250pl buffer P1. Then buffer P2 was added to
lyse the bacterial cells for 4 minutes and the lysis was terminated by adding 350pl
buffer N3; this mixture was centrifuged at 16000xg for 10 minutes to pellet cell
wall, nucleus and other bacterial components whilst the supernatant containing
the plasmid DNA was loaded onto a QIAprep spin column. The column was
centrifuged at 16000xg for 1 minute and then washed with buffer PE and eluted

into 50ul buffer EB.

Purified plasmids then underwent an analytical digest with combinations of one
or more restriction enzymes followed by gel electrophoresis and fragment sizes
compared to those expected, in order to confirm the success of cloning.
Furthermore, the purified plasmid was sent for Sanger sequencing, using the
PTRIPZ sequencing primer (sequence: GGAAAGAATCAAGGAGG) by Source

Biosciences, in order to confirm that the plasmids had the correct shRNA inserts.

For successful clones, the remaining 0.5ml of bacterial in LB broth was grown in

250ml of LB broth with 100ug/ml carbenicillin and incubated in a shaking
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incubator at 37°C, 250 rpm for 16 hours. The resultant bacterial culture then

underwent a maxiprep.

2.4.5 Maxiprep

In order to extract plasmid DNA, the Nucleobond Xtra Midiprep kit was used
(Machery-Nagel, cat# 740420.50). The bacterial culture was centrifuged at
4000xg for 20 minutes at 4°C and then the pellet was resuspended in 16ml buffer
RES-EF. The bacterial cells were lysed by adding 16ml buffer LYS-EF for 5
minutes and the lysis terminated by adding 16 ml of buffer NEU-EF. The
Nucleobond column was equilibrated with buffer EQU-EF and then the lysed
bacteria suspension loaded onto the column and allowed to drain under gravity.
The column filter was washed with buffer FIL-EF and then discarded. The column
was then washed with buffer ENDO-EF to remove bacterial endotoxins and buffer
WASH-EF. Then elution from the column was undertaken by adding 5ml of ELU-
EF and collecting the eluent after it had drained by gravity from the column. Then
3.5ml isopropanol was added to the eluent and the mixture centrifuged at
20000xg for 45 minutes. The supernatant was discarded, the pellet washed with

70% ethanol and finally resuspended in buffer TE-EF.

The purified plasmid was again checked by an analytical restriction enzyme

digest and Sanger sequencing, as before.

2.4.6 Cloning of Overexpression Constructs
WTL1 isoform cDNA was a gift from Naohiko Seki, Chiba University, Japan
(Moriya, 2008). The cDNA was amplified by PCR using primers with Sall and Notl

restriction enzyme overhangs. 100ng of cDNA was mixed with 10pumoles of
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dNTP, 1 unit Phusion DNA polymerase (New England Biolabs, cat# M0530S), 1x
Phusion HF buffer, 25pmoles of forward primer and 25pmoles of reverse primer
and water to make the volume up to 50pl; this mixture was thermal cycled at 98°C
for 1 minute, then 30 cycles of [98°C for 10 seconds, 65°C for 30 seconds, 72°C
for 90 seconds] and a final extension of 72°C for 10 minutes. The PCR product
was cleaned up using the Qiagen PCR clean-up kit and then digested with 20
units Sall-HF (New England Biolabs, cat# R3138S), 20 units of Notl-HF, 1x
Cutsmart buffer (New England Biolabs, cat# B7204S) and water to take the
volume up to 50pul with an incubation of 37°C for 4 hours. The digested products

were again cleaned up with the Qiagen PCR clean-up Kkit.

Dominant negative FOS (dnFOS) cDNA was a gift from Charles Vinson, National
Cancer Institute, Bethesda, USA (Olive et al., 1997). The cDNA was amplified by
PCR using primers with Sall and Notl restriction enzyme overhangs, using the
same Phusion polymerase protocol as with WT1 but with thermal cycler
conditions of 98°C for 30 seconds, then 30 cycles of [98°C for 10 seconds, 65°C
for 30 seconds, 72°C for 30 seconds] and a final extension of 72°C for 10 minutes.
The PCR product was cleaned up, digested with Sall and Notl as with WT1 and

then once again cleaned up.

Oligonucleotide Name Sequence

dnFOS cloning primer | ATTGTCGACGCCACCATGGACTACAAGGAC
Forward GACG

dnFOS cloning primer | TAGGCGGCCGCGAATTAATCAGGGATC
Reverse

WT1 cloning primer Forward | ATTGTCGACGCCACCATGTTTCCTAACGCG
CCCTACCTGC

WT1 cloning primer Reverse | TAGGCGGCCGCGAATTACCTTTTGAATAGA
CTTTAATTGAGAGCAAAGTG
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Table 2-8: Oligonucleotide and sequences used for cloning in expression
constructs in this study.

25ug of pENTR-GFP plasmid (modified from the Invitrogen pENTR plasmid by
Ben Edginton-White, Bonifer lab) was digested with 60 units of Sall and 60 units
of Notl, in 1x Cutsmart buffer and water to take the volume up to 100ul, at 37°C
for 4 hours. Agarose gel electrophoresis was undertaken on the product on a
0.8% agarose gel and the larger 3925 bp fragment was gel extracted. The
PENTR-GFP backbone was then ligated to the dnFOS or WT1 isoform insert in
a 1:4 molar ratio using 400 units of T4 DNA ligase, 1x T4 DNA ligase buffer and
water to make the volume up to 20ul and then incubated at 16°C for 16 hours.
10ng of ligated product was transformed into competent bacteria, plated onto
agar plates containing 50ug/ml kanamycin (Sigma-Aldrich, cat# K0244), colonies
grown in LB broth with kanamycin and miniprepped as before. Clones were

screened by analytical restriction enzyme digests and Sanger sequencing.

The plasmids with the desired inserts ligated into pENTR-GFP were then
recombined in the tet-on plasmid pCW57.1 (David Root, Addgene plasmid
#41393) using Gateway technology. 150ng of insert plasmid, 150ng of pCW57.1,
2ul of LR Clonase Il (Invitrogen, cat# 11791020) and TE buffer to take the volume
up to 10upl and incubated at 25°C for 1 hour to permit recombination.
Recombination was terminated by adding 1pl proteinase K and incubating at
37°C for 10 minutes. 20ng of recombined product was then transformed into
competent bacteria, plated onto agar plates with ampicillin, cultured in LB broth,

miniprepped and maxiprepped to give the final plasmid suitable for transfection.
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The plasmid was checked with an analytical restriction enzyme digests and

Sanger sequencing.
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Figure 2-2: Schematic of pENTR in pCW57.1 plasmid and relevant restriction
enzyme sites.

2.4.7 WT1 Mutant Cloning
WT1 mutant plasmids were created with stop codons in exons 7, 8 or 9 by site-
directed mutagenesis of pPENTR-GFP plasmids with the WT1 TSS 1, Exon 5

containing insert.

10ng of plasmid DNA was mixed with 1 unit of Q5 DNA polymerase (New England
Biolabs, cat# M0491S), 1x Q5 reaction buffer, 10nmoles dNTP, 25pmoles
forward primer, 25pmoles reverse primer and water up to 50ul; this mixture was
thermal cycled at 98oC for 30 seconds, then 30 cycles of [98°C for 10 seconds,
annealing temperature for 20 seconds, 72°C for 90 seconds] followed by a final
extension of 72°C for 2 minutes. The annealing temperature was 68°C for the
exon 7_A and exon 7_B primer PCRs and 60°C for the exon 8 and exon 9 primer

PCRs.
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Oligonucleotide Sequence

WT1 Exon 7_A SDM Forward TAGTAGCCCCGACTCTTGTACG
WT1 Exon 7_A SDM Reverse TCCAGGCACACGTCGCAC
WT1 Exon 7_B SDM Forward TAGCCCCGACTCTTGTACGG
WT1 Exon 7_B SDM Reverse TACTCCAGGCACACGTCG

WT1 Exon 8 SDM Forward TGACTGTGAACGAAGGTTTTC
WT1 Exon 8 SDM Reverse CCTTGAAGTCACACTGGTATG
WT1 Exon 9 SDM Forward TGAAACTTGTCAGCGAAAGTTC
WT1 Exon 9 SDM Reverse TACACTGGAATGGTTTCAC

Table 2-9: Oligonucleotides and sequences used for site directed mutagenesis in
this study.

Following PCR, the product was loaded on a 0.8% agarose gel and separated by
electrophoresis. The 3.9kb fragment was excised from the gel and gel extracted.
In order to digest the parent plasmid template and circularise the PCR fragment,
half of the PCR product was mixed with 400 units of T4 DNA ligase, 10 units of
T4 PNK, 1x T4 DNA ligase buffer, 20 units of Dpnl (New England Biolabs, cat#
R0176S) and water to take the volume up to 10ul; this mixture was incubated at
room temperature for 1 hour and then transformed into chemically competent
bacteria. This mixture was then plated on agar plates with 50pug/ml kanamycin
and expanded as before, recombined into pCw57.1 using Gateway technology

as before, expanded under 100ug/ml ampicillin selection and maxiprepped.

2.4.8 CRISPR-Cas9 Gene Editing

sgRNA were designed using the Broad Institute sgRNA Design Tool (Doench et
al., 2016). The Protospacer adjacent motif (PAM) sequence was removed and
well as 2 nucleotides from the opposite side to the PAM sequence to increase

specificity (Fu et al., 2014). Then restriction enzyme overhangs for BsmBI were
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added and Linker A and Linker B oligonucleotides synthesised by Sigma-Aldrich

as below.
Name Sense Sequence
WT1 upstream TGGCAAACGTCAGCGAGT
WT1 downstream AGCCGGGCGTATTTCGAT

Table 2-10: Sense sequence used in oligonucleotides for CRISPR cloning.

Linker A oligo: CACCG-sense sequence

Linker B oligo: C-antisense sequence-CAAA

The linker A and B oligos were phosphorylated and annealed in the same way as

shRNA oligos.

The LentiCRISPRv2 plasmid (Feng Zhang, Addgene plasmid #52961) was
digested with 30 units of FastDigest BsmBI (Thermo Scientific, cat# FD0454) in
the presence of 10mM DTT and concurrently dephosphorylated with 30 units of
FastAP (Fermantas) with a 30 minute incubation at 37°C. The oligonucleotides
and digested plasmid were then ligated in a 3:1 molar ratio using 2000 units of
Quick Ligase (NEB) for 10 minutes at room temperature. Ligated plasmid was
transformed into chemically competent bacteria, plated onto agar plates with
100pg/ml ampicillin and grown in LB broth. The bacteria were miniprepped and
maxiprepped as before and clones screened by analytical restriction enzyme
digests and Sanger sequencing beginning at the U6 promoter of the plasmid

(sequence: GAGGGCCTATTTCCCATGATT).

134



Psi cPPT

(Retrovirus - (central - BsmBl BsmBl
Packaging  pglypurine

Element) Tract) J l

2Kb
Filler

Woodchuck Hepatitis

Post-transcri ptionally Sv40

Enhancer

2A Peptide

Regulatory Element

Bleomycin Ampicillin

sgRNA Strep P NP buromycin
o] rep Pyogenes |8 5 4 WPRE e P

scaffold cEE S A

ue EF-1a Nuclear
Promoter Promoter Locsallisa}ion
} igna

5 LTR RRE g 5 LTR
(Long (Rev

Terminal Response

Repeat)  Element)

EM7 AmpR

F1 Ori
Promoter Promoter

Figure 2-3: Schematic of lentiCRISPRv2 plasmid and relevant restriction enzyme
sites

Kasumi-1 cells were lentivirally transduced with the plasmid (see section 2.4.10)
and single cell clones were screened for CRISPR-Cas9 deletion using primers
Clones were screened by performing PCR using primers designed to amplify the
wildtype allele and primers designed to amplify the allele with a deleted WT1
gene. PCR was performed as per the Phusion polymerase protocol as previously
described. Thermal cycling conditions were 98°C for 30 seconds followed by 30
cycles of [98°C for 10 seconds, 62°C for 20 seconds, 72°C for 30 seconds]

followed by a final extension of 72°C for 5 minutes.

Primer Name Sequence

Wildtype Allele PCR | TGCATTGGTGTGTTTGTCCT
Forward
Wildtype Allele PCR | CAGGGGGAATGTCTCAAAGA
Reverse
Deletion Allele PCR Forward | GGGTAGAGGGCAATGGACTT
Deletion Allele PCR Reverse | TTCCCTCCTAAACTAGCCGC

Table 2-11: Oligonucleotides used in PCR to confirm CRISPR-Cas9 gene editing
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2.4.9 CRISPR Activation

2ug of each of the LentiCRISPRv2 plasmid and p300-dCas9 (Charles Gersbach,
Addgene #83889) were digested using 5 units Rsrll (New England Biolabs, cat#
R0501S) and Agel (New England Biolabs, cat# R0552S) in 1x Cutsmart buffer at
37°C for 5 hours. The 6241bp band was gel extracted from p300-dCas9 and the
10495bp band from LentiCRISPRv2. These two fragments were then ligated in a
3:1 molar ratio using 20units of T4 DNA ligase in 1x T4 buffer, with water to take
the volume up to 20ul and incubated at room temperature for 30 minutes. The
ligated plasmid ‘lentiCRISPR-p300’ was transformed into chemically competent
bacteria, plated onto agar plates with 100ug/ml ampicillin and grown in LB broth.
The bacteria were miniprepped and maxiprepped as before and clones screened

by analytical restriction enzyme digests.

Linker A and linker B oligos were annealed as with CRISPR-Cas9 gene editing
and cloned into plasmid LentiCRISPR-p300 in the same way and similarly
maxiprepped. The maxipreps for 3 designs for each DHS was then combined so

that a tiled CRISPRa strategy could be employed.

Name Sense Sequence

3’ DHS ACTGTTAATTATAGCGAGTG
3’ DHS CATGGCAAACGTCAGCGAGT
3’ DHS TTGATTGTTTCAACTGCACA
CTCF bound DHS TCTACTGACAAAGCTTATCG
CTCF bound DHS CGCTGGAGAGACATCACGGG
CTCF bound DHS TGTCCTCACATATGCACAGG
Intron 3 DHS TTGGCTTACAGCGACCACTG
Intron 3 DHS TGAGGTGGTGGCACCTACAG
Intron 3 DHS TACTGGGCCGAAGCATGCTC
Intron 8 DHS GGACAGAGAAGGTCTAGCCT
Intron 8 DHS AGTGAGATCCCACTAGCAGT
Intron 8 DHS CAACCATTCCTTAACCACAG
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Table 2-12: Sense sequences used in oligonucleotides for CRISPRa cloning.
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Figure 2-4: Schematic of LentiCRISPR-p300 plasmid and relevant restriction
enzyme sites.

Following lentiviral transduction of Kasumi-1 cells, cells were assessed for
H3K27Ac deposition by the dCas9-p300 by ChIP-gPCR using the following
validation primers. Enrichment was normalised to a known site of H3K27Ac

deposition, the PUL1 -14kb enhancer and to enrichment of the empty vector

control.

Primer Sequence

PU.1 -14kb Enhancer | AACAGGAAGCGCCCAGTCA
Forward

PU.1 -14kb Enhancer | TGTGCGGTGCCTGTGGTAAT
Reverse

3’ DHS Forward TCTGTTCTTCCCTGTGCAGT

3’ DHS Reverse GCCCCTCTTATTTTGCATCTGG

CTCF bound DHS Forward CGCCACGATAAGCTTTGTCA
CTCF bound DHS Reverse CAGAATGCCACTGGATGTCC

Intron 3 DHS Forward ACACCCAGCTCTCATCATGG
Intron 3 DHS Reverse TGAAATGCCTACGTGACCAC
Intron 8 DHS Forward CCTCGGCCCTAACAATGTGG
Intron 8 DHS Reverse GTGAGAAGCTGGACCTCTGT
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Table 2-13: Oligonucleotides uses to confirm CRISPRa by ChiP.

2.4.10 Generation of Lentiviral Particles using HEK293T Cells

tat, rev, gag/pol and vsv-g plasmids were a gift from Richard Mulligan, Harvard
medical school, USA (Mostoslavsky et al., 2005). HEK 293T cells were grown in
adherent culture at a 40-60% confluency and transfected using calcium
phosphate co-precipitation: five plasmids (24ug pCW57.1 with cDNA insert,
1.2ug tat, 1.2ug rev, 1.2ug gag/pol and 2.4ug vsv-g) were mixed with 250mM
Calcium Chloride and 2.5mM HEPES (Sigma-Aldrich, cat# H4034). This mixture
was then slowly added, whilst vortexing, to a buffer consisting of 50mM HEPES,
280mM Sodium Chloride and 1.5mM Na2HPOs4 and incubated at room
temperature for 35 minutes and then promptly added dropwise to the plates of
HEK 293T cells. Viral supernatant was then harvested after 24 hours and
subsequently every 12 hours for 36 hours prior to concentration. Supernatant was
centrifuged at 300xg for 5 minutes and then filtered through a 0.45um filter

(Starlab, cat# E4780-1453).

If there was a large volume of viral supernatant, virus was concentrated using a
Centricon Plus-70 100kDa filter (Millipore, cat# UFC710008). 60ml of viral
supernatant was added to the filter at a time and the filter centrifuged at 2000xg
for 30-50 minutes with flow-through discarded. To elute concentrated virus from
the column, the filter was turned upside-down and centrifuged at 300xg for 1

minute.
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If there was a small volume of viral supernatant, virus was concentrated by
ultracentrifugation. 30ml of viral supernatant was loaded into a centrifuge tube
(Beckman Coulter, cat# 358126) and along with a 25mm tube adaptor (Beckman
Coulter, cat# 358156) placed in a SW 32 Ti rotor (Beckman Coulter, cat# 369694)
and centrifuged for 2 hours at 25,000xg at 4°C in a Optima centrifuge (Beckman
Coulter, cat# L100-XP). Supernatant was discarded and the viral pellet

resuspended in cell culture medium.

2.4.11 Lentiviral Transduction

1x106° cells from a cell line or sorted CD34* primary cells were mixed with viral
supernatant (half a 150mm plate’s worth of virus for cell lines or three 150mm
plate’s worth of virus for primary cells. 8ug/ml polybrene (Sigma-Aldrich, cat# TR-
1003) was added to the mixture and cells spinoculated at 1500xg at 32°C for 90
minutes for cell lines and at 1000xg at 32°C for 45 minutes for primary cells. After
12-16 hours of incubation in an incubator, viral media was exchanged for fresh
media. If the viral constructs contain a puromycin resistance cassette, cells were
then puromycin (Sigma-Aldrich, cat# P8833) selected for 5-7 days at the

minimum concentration at which 100% of untransduced cells would be killed.

Cells were then sorted on a FACS Aria Custom for GFP positive cells, where
appropriate or single cell sorted into 96 well plates in order to grow individual
clones. Single cell clones were grown for 3-4 weeks in 96 well plates in RPMI-
1640 with 20% foetal calf serum, 2mM L-Glutamine, 100 U/ml penicillin and 100
pg/ml streptomycin. Clones were then screened by FACS for GFP positive cells
upon the addition of doxycycline (Sigma-Aldrich, cat# D9891) and by RT-gPCR

using primers against the cDNA insert.
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2.5 Phenotypic Methods

2.5.1 Colony Formation Assays

In the case of cell lines, 2000-5000 cells were seeded into 1.1ml of a pre-mix of
2.6% Methocult methylcellulose (StemCell Technologies, cat# 04100), 20%
foetal calf serum, 0.4mM L-Glutamine, 25mM HEPES and 40% Iscove’s Modified
Dulbecco Medium (Sigma-Aldrich, cat# 12911) with or without 2 pg/ml of
Doxycycline, in triplicate. Colonies were assessed and counted 10 days after

incubation at 37°C.

In the case of primary cells, 2000 cells were seeded into 1.1ml of Methocult
Complete (StemCell Technologies, cat# 04434) with or without 2 pg/ml of
Doxycycline, in triplicate. Colonies were assessed and counted 14 days after

incubation at 37°C.

2.5.2 Growth Curves of Cell Lines

2.5x10° cells/ml were cultured in usual culture media. Cells were mixed with an
equal volume of 0.4% trypan blue (Sigma-Aldrich, cat# T8154). Live cells which
did not uptake trypan blue were counted and cells were split every 2 days to

2.5x10° cells/ml and 2 pg/ml of doxycycline was added where appropriate.

2.5.3 Flow Cytometry
All flow cytometry was performed on a CyAn ADP machine (Beckman Coulter)

and analysed on Summit 4.3 (Beckman Coulter).
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Cell differentiation was assessed by antibody staining for the stem cell marker
CD34 and the differentiated myeloid cell marker CD11b. 1x10° cells were washed
in MACS buffer and stained with 2ul of CD34-PE (Miltenyi Biotech, cat# 130-113-
179) and 2ul of CD11b-APC PE (Miltenyi Biotech, cat# 130-110-554) for 20
minutes at 4°C. Cells were then washed in MACS buffer and resuspended in

400ul MACS buffer before being analysed on the CyAn flow cytometer.

Apoptosis was assessed by using Annexin V kits with Annexin V-FITC (BD
Biosciences, cat# 556547) or Annexin V-APC (BD Biosciences, cat# 550474) in
experiments in which cells were already GFP positive. 1x10° cells were washed
in PBS and Binding buffer and stained with 5ul of Annexin V and 5 pl of Propidium
iodide for 15 minutes at room temperature. The cells were then diluted in binding
buffer to a total volume of 500ul and then run on the CyAn flow cytometer.
Propidium iodide is a DNA binding stain that is permeable only when the cell
membrane is damaged in processes such as apoptosis or necrosis, and is
detected in the PE channel. Annexin V binds to phosphatidylserine which is

flipped to the outer plasma membrane during apoptosis.

Cell cycle analysis to distinguish the G1, S and G2-M phases of the cell cycle
was performed by analysing cellular DNA content as assessed by fluorescence
from the DNA intercalating stain 7-aminoactinomycin D (7-AAD) (Sigma-Aldrich,
cat# SML1633). 1x10° cells were washed in PBS, centrifuged at 300xg for 5
minutes and then resuspended in 250ul PBS. Then 750ul of ice cold 100%
ethanol was added dropwise whilst vortexing and then cells were incubated at
4°C for at least 16 hours. Cells were then centrifuged at 500xg for 5 minutes and

resuspended in 500ul PBS and allowed to rehydrate over 20 minutes during an
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incubation at room temperature. Then 100ug/ml RNaseA was added and
incubated for 20 minutes at room temperature in order to degrade all RNA (which
would otherwise also be stained by 7-AAD). Cells were then washed in PBS and
resuspended in 400ul PBS. 10ug/ml 7-AAD was then added to the cells and then
the cells were run on the CyAn flow cytometer at a low speed of 100-200 events

per second. 7-AAD fluorescence was detected in the PE-Texas Red channel.

GO cell cycle analysis was performed by staining 1 million cells in 1ml of cell
culture medium with 10ug/ml Hoescht 33342 (Sigma-Aldrich, cat#14533) with a
45 minute incubation at 37°C followed by 0.5ug/ml of Pyronin Y (Sigma-Aldrich,
cat# 213519) with a 15 minute incubation at 37°C. The cells were then run on the
CyAn flow cytometer. Hoescht 33342 is a DNA intercalating stain and was
detected in the e450 channel. Pyronin Y is an RNA intercalating stain and was
detected in the PE channel. The cells in GO phase were defined as those with

low RNA content but diploid DNA content.

2.5.4 Preparing Wright-Giemsa stained slides

10000 cells were washed in PBS and then resuspended in 100pl PBS. Cells were
then loaded onto a cytospin funnel which is clipped onto a glass microscope slide
(Thermo Scientific, cat# 12392098) and filter; this apparatus was loaded onto a
Cytospin 4 cytocentrifuge (Thermo Scientific, cat# A78300003). The cytospin
machine was used at 800rpm for 4 minutes with the low acceleration setting. Cells
were then fixed onto slides by adding 100pl of ice cold methanol (Sigma-Aldrich,
cat# 34860) for 1 minute and then letting the slide air-dry. Then 0.5ml of Wright-
Giemsa stain (Sigma-Aldrich, cat# WG16) was added onto the slide and

incubated for 1 minute before 0.5ml of PBS was also added and mixed in and
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incubated for a further 3 minutes. Then the slides were washed with distilled

water.

2.5.5 Western Blot

Protein extraction was carried out by resuspending 1x107 cells per 1ml of RIPA
(Radioimmunoprecipitation assay) buffer and rotating on a wheel at 4°C for 4
hours. RIPA buffer consists of 150mM NaCl, 10mM Tris-HCI pH 8.0, 0.1% SDS,
1% Triton X-100, 1% Sodium deoxycholate, 5mM EDTA) with 1:100 Protease
Inhibitory Cocktail. The extracted protein was quantified by using the Pierce BCA
Protein Assay Kit (Thermo Scientific, cat# 23225); 25ul of either BSA protein
standard or sample was mixed with 200ul of reagent A and B mix in a 96 well
plate. After an incubation at 37°C for 30 minutes, the plate was read in a Victor 2
plate reader (Perkin Elmer, cat# wallac1420) and protein concentrations of the
samples determined by using a standard curve. 30ug of protein was mixed with
Laemmli buffer (0.3125M Tris-HCI pH6.8, 10% B2 mercaptoethanol, 10% SDS,
25% glycerol and 0.05% bromophenol blue [Sigma-Aldrich, cat# B0126]) and was
denatured by heated at 95°C for 10 minutes. The protein was then loaded onto a
5-20% Mini-Protean TGX gel (Bio-Rad, cat# 4561096), as well as 10ul protein
ladder (Thermo Scientific, cat# 26623). The gel was placed in SDS-PAGE
running buffer (0.025M Tris pH 8.3, 0.192M glycine and 0.1% SDS) in a Mini-
Protean tetra vertical electrophoresis cell (Bio-Rad, cat# 1658004); this gel was
run at 25V for 90 minutes to separate the protein by molecular weight. The protein
was then transferred onto a nitrocellulose membrane using a TGX transfer gel
pack (Bio-Rad, cat# 1704158) on a Trans-Blot Turbo transfer system (Bio-Rad,

cat# 1704150), utilising the 7 min mixed Molecular Weight program. The
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membrane was then blocked with 10% milk (Sigma-Aldrich, cat# M7409) in TBST
(0.5% Tween, 0.075M NaCl and 0.01M Tris pH 7.5) for 1 hour at room
temperature before being incubated with a primary antibody diluted in 5% milk at
4°C for at least 16 hours. Following this, the membrane was washed three times
in TBST and incubated with the appropriate Horse Radish Peroxidase (HRP)
conjugated secondary antibody in 5% milk for 1 hour at room temperature. The
membrane was then developed by adding 1ml of reagent 1 and 2 from the Pierce
Enhanced Chemiluminescence kit (Thermo Scientific, cat# 32106) and imaged

on a Bio-Rad ChemiDoc XRS+.

Antibody Dilution | Manufacturer and Catalogue
Number

Mouse anti-CCND2 | 1:1000 | Proteintech, cat# 10934-1-AP

Primary

Mouse anti-GAPDH | 1:10000 | Abcam, cat# ab8245

Primary

Rabbit anti-WT1 Primary 1:2000 | Abcam, cat# ab89901
Rabbit Anti-mouse HRP | 1:7500 | Abcam, cat# ab97046
Secondary
Goat  Anti-rabbit HRP | 1:7500 | Abcam, cat# ab6721
Secondary

Table 2-14: Antibodies used for Western blot in this study.

2.6 Xenotransplantation

Xenotransplantation experiments were conducted by Dr Helen Blair and Prof Olaf
Heidenreich at the University of Newcastle. Immunodeficient Rag2~"~, ll2ry~~ 129

x Balb/c (RG) mice were housed under pathogen-free conditions and all animal
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work was conducted in accordance with Home Office Project License
PPL60/4552. 2.5x10° Kasumi-1 cells were intrahepatically injected into 14
newborn RG mice and 12 days later, mice were randomised into two treatment
groups, with one given 50 mg/kg doxycycline three times per week
intraperitoneally in an unblinded fashion until the experimental endpoint. 5x10°
MV4-11 cells were intrafemorally injected into RG mice and similarly randomised
12 days later into two groups. For the doxycycline group, doxycycline was added
at 2 mg/ml for the first 3 days and at 0.2 mg/ml subsequently to drinking water
containing 2% sucrose. Controls mice were given just water containing 2%
sucrose. Animals were humanely killed upon clinical signs of illness or at defined

experimental endpoints.
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RESULTS

Chapter 3: A crucial role of AP-1in AML

3.1 The AP-1 family of transcription factors is vital for leukaemogenesis
3.1.1 AP-1family members are upregulated in AML relative to healthy CD34*
cells

Large consortia studies in AML such as The Cancer Genome Atlas (TCGA, 2013)
have profiled gene expression in AML. However, a major limitation of such
studies is that RNA is extracted from whole bone marrow and so contaminating
normal cells may alter the gene expression profiles of the leukaemic cells. We
have collected a large number of AML patient samples and purified leukaemic
blasts based upon CD34 or CD117 stem cell surface protein expression and
assessed gene expression of these purified cells (Assi et al., 2019). Whilst TCGA
does not reveal any major changes in the gene expression in the AP-1 family of
transcription factors, within our data we show upregulation of FOS-, JUN-, JDP-
and ATF- subtypes of AP-1 in different mutational subtypes of AML relative to

healthy CD34* cells (Figure 3-1).
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Figure 3-1: AP-1 Family members are uprequlated in AML relative to healthy
CD34* cells.

Expression of (A) FOSL2, (B) JUNB, (C) JDP2 or (D) ATF3 mRNA in purified
primary AML leukaemic blasts with different mutational subtypes, as measured
by RNA-seq. Error bars show standard error of the mean. Some RNA-seq
experiments were performed by Dr Rosie Imperato (Assi et al., 2019).

3.1.2 AP-1is essential for t(8;21) leukaemogenesis

In order to establish the significance of the observed AP-1 upregulation,
functional experiments are vital. As part of a collaborative project, the Heidenreich
Lab at Newcastle University performed an shRNA depletion screen against a core
set of genes regulated by the RUNX1-ETO oncoprotein in t(8;21) AML including
JUN (Martinez-Soria et al., 2018). Figure 3-2 A-B shows the experimental setup

for the shRNA depletion screen in serial colony formation assays and with long-
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term culture. With a negative control of shRNA against a non-targeting control
(NTC), no depletion of shRNA barcodes was seen upon the induction of
doxycycline. In addition, with the positive control of shRNA against the RUNX1-
ETO driver oncogene, large depletion of shRNA barcodes was seen upon
induction of doxycycline (Figure 3-2C). Figure 3-2D shows the experimental
strategy for the in vivo shRNA depletion screen with the pSLIEW plasmid for the
expression of luciferase and Green Fluorescent Protein (GFP) as well as the
pPTRIPZ plasmid for the doxycycline-induced expression of Red Fluorescent
Protein (RFP) in Kasumi-1 cells. This strategy allowed for the tracking of
leukaemic tumour formation through FACS (GFP) and bioluminescence
imagining (luciferase) as well as confirmation of the induction of shRNA through

FACS looking at RFP (Figure 3-2E).

We analysed the original sequencing data and when we looked at the barcode
representation for shRNAs against JUN, we found considerable heterogeneity in
the importance of JUN in leukaemic maintenance between the experiments and
between different shRNA constructs (Figure 3-2F). Intriguingly, the most
significant barcode depletion was seen in the in vivo experiments suggesting that
JUN may have a role in leukaemic blast survival within the bone marrow

microenvironment.
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Figure 3-2: shRNA targeting JUN are depleted in vivo in a shRNA depletion

screen.

(A-B) Experimental strategy of Kasumi-1 cell ShRNA depletion screen in (A) serial
colony formation and (B) liquid culture (C) positive control of depletion of RUNX1-
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ETO (D-E) Experimental strategy of in vivo ShRNA depletion screen using
pSLIEW and pTRIPZ plasmids with validation (E) showing doxycycline-induced
RFP cells. (F) Log2 fold change of shRNA reads at the final time point relative to
initial time point in xenotransplantation, serial colony formation assays or long
term culture. * indicates p-value < 0.05. Experiments performed by Dr Natalia
Martinez-Soria, Newcastle University (Martinez-Soria et al., 2018).

When further examining JUN expression in t(8;21) AML, the upregulation in JUN
appeared to be driven by the RUNX1-ETO driver oncoprotein as RUNX1-ETO
knockdown in Kasumi-1 cells led to reduction in JUN. But of note, the gene
expression of other AP-1 family members including FOSL1 and FOSL2 were

RUNX1-ETO dependent as well (Figure 3-3).
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Figure 3-3: Gene expression of AP-1 family members is downrequlated by
RUNX1-ETO knockdown.

(A-C) Histograms of quantile normalised RNA-seq reads of (A) JUN, (B) FOSL1
and (C) FOSL2 mRNA expression from Kasumi-1 cells transfected with sSiRNA
against RUNX1-ETO (siRE) or a mismatch control (siMM). n=3 and error bars
show standard deviation. Significance was determined using a 2 tailed student’s
t-test. * indicates p-value <0.05, ** indicates p-value <0.005 and *** indicates p-
value <0.0005.
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These findings that the driver oncoprotein RUNX1-ETO was upregulating several
AP-1 family members, coupled with the large degree of heterogeneity in the role
of JUN in leukaemic maintenance suggested to us that JUN was not alone
necessary and sufficient for the survival of leukaemic blasts. AP-1 members are
known to be largely functionally redundant and form multiple types of
heterodimers (Mechta-Grigoriou et al., 2001) and so we were required to use a
method of reducing all AP-1 activity in order to fully understand the role of these
factors. To this end, we expressed a doxycycline-inducible dominant negative
FOS (dnFOS) (Olive et al., 1997) in Kasumi-1 cells as a way of blocking all AP-1

binding.

Doxycycline-mediated induction of dnFOS led to a decrease in cell growth (Figure
3-4A) whilst induction of an Empty Vector control did not (Figure 3-4B),
suggesting that AP-1 transcription factors are important for leukaemogenesis.
Induction of dnFOS led to a G1 cell cycle arrest whereas the Empty Vector control
had no effect upon cell cycle phase (Figure 3-4C). However, this cell cycle arrest
was entirely reversible and when doxycycline was washed off and the experiment
repeated 3 days later, the cell cycle distribution reverted to that of un-induced
cells (Figure 3-4D). Furthermore, the colony formation ability of Kasumi-1 cells
was reduced upon induction of dnFOS whilst the Empty Vector control was

unaffected (Figure 3-4E).
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Figure 3-4: Induction of dnFOS leads to reduced growth and clonogenicity and a

G1 cell cycle arrest.

(A-B) Time course of cumulative cell growth of Kasumi-1 cells with or without
doxycycline induction of a (A) Dominant Negative FOS (dnFOS) or (B) Empty
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Vector control. (C-D) Cell cycle phase of Kasumi-1 cells with or without
doxycycline induction of an Empty Vector control or Dominant Negative FOS
(dnFOS) (C) 3 days after induction or (D) a further 3 days post-washout of
doxycycline. (E) Relative colony formation (CFU) per 2000 cells seeded with
Kasumi-1 cells with or without doxycycline induction of an Empty Vector control
or Dominant Negative FOS (dnFOS), normalised to no doxycycline counts. For
all panels, n=3 and error bars show standard deviation. Significance was
determined using a 2 tailed student’s t-test. * indicates p-value <0.05, ** indicates
p-value <0.005.

3.1.3 AP-1is essential for FLT3-ITD leukaemogenesis but is not required for
healthy stem cell survival

Similarly, we wanted to confirm that AP-1 was also essential in other mutational
subtypes of AML. Consequently, we expressed the Empty Vector and dnFOS in
the FLT3-ITD AML cell line, MV4-11. Whilst induction of an Empty Vector control
(Figure 3-5A) had no effect upon cell growth, induction of dnFOS greatly reduced
cell growth (Figure 3-5B) suggesting an important role of AP-1 factors in FLT3-

ITD leukaemogenesis.

However, a limitation of using MV4-11 cells is the fact that they also contain the
MLL-AF9 driver oncoprotein, which also has significant effect upon cell
behaviour, whereas we wanted to study the contribution of FLT3-ITD alone.
Consequently, we transduced viral vectors carrying dnFOS or Empty Vector
control into primary FLT3-ITD AML cells and found that dnFOS greatly reduced
colony formation ability (Figure 3-5C). However, when this experiment was
repeated in healthy donor derived CD34* Peripheral Blood Stem Cells (PBSC),

the expression of dnFOS did not affect colony formation (Figure 3-5D). This result
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suggests that AP-1 factor binding is uniquely important in the survival of

leukaemic cells and normal haematopoiesis is not affected.
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Figure 3-5: Primary FLT3-ITD AML but not healthy peripheral blood stem cells
reduce their growth or colony formation after dnFOS induction.

(A-B) Time course of cumulative cell growth of MV4-11 cells with or without
doxycycline induction of an (A) Empty Vector control or (B) Dominant Negative
FOS (dnFOS). (C-D) Colony formation (CFU) per 5000 cells seeded with (C)
primary patient-derived FLT3-ITD AML or (D) primary healthy donor derived
Peripheral Blood Stem Cells (PBSC) transduced with an Empty Vector control or
Dominant Negative FOS (dnFOS). For all panels, n=3 and error bars show
standard deviation. Significance was determined using a 2 tailed student’s t-test.
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* indicates p-value <0.05, ** indicates p-value <0.005. Primary cell experiments
(lower two panels) performed together with Dr Daniel Coleman.

3.1.4 AP-1is essential for leukaemogenesis for two AML subtypes in vivo

AP-1 is activated by oncogenic signalling and its activity is increased by activating
mutations in signalling molecules such as KIT, FLT3, NRAS and KRAS
(Papaemmanuil et al., 2016). An important aspect of signalling is the interaction
with the bone marrow niche (Zhou et al., 2016), which we cannot model through
in vitro experimentation. Therefore, we performed xenotransplantation
experiments whereby cells transduced with doxycycline-induced dnFOS were
injected into MISTRG mice which can secrete human cytokines and most closely

replicate the human bone marrow niche (Rongvaux et al., 2014).

Beginning with Kasumi-1 cells, mice with doxycycline in their feed had decreased
tumour masses compared with those that did not (Figure 3-6A). The only two
mice with doxycycline in their feed that developed tumours, did not express GFP
in their tumours which suggests that non-transduced Kasumi-1 cells were
responsible for the tumours. Unfortunately due to a respiratory infection in the
mouse colony, the mice had to be culled and an analysis of tumour progression-

free survival could not be conducted.

When the experiments were repeated with the FLT3-ITD mutated MV4-11 cells,
a full Kaplan-Meier survival analysis could be conducted, which showed that mice
with doxycycline in their feed and hence induction of dnFOS survived for longer

than mice which did not (Figure 3-6B).
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Both of these in vivo findings were more dramatic than might have been expected

based upon the in vitro experiments (Sections 3.1.2 - 3.1.3). Consequently, AP-

1 signalling probably has a major role in leukaemogenesis within the bone

marrow niche.
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Figure 3-6: Induction of dnFOS decreases tumour engraftment in vivo.

(A) Tumour mass of tumours formed in mice xenotransplanted with Kasumi-1
cells transduced with doxycycline-induced dnFOS, with or without the addition of
doxycycline to the mouse feed. (B) Kaplan-Meier curve showing the survival of
mice xenotransplanted with MV4-11 cells transduced with doxycycline-induced
dnFOS, with or without the addition of doxycycline to the mouse feed.
Xenotransplantation aspects of the experiments were performed by Dr Helen
Blair. Published in (Assi et al., 2019).

3.2 AP-1regulates the Cyclin D2 (CCND2) gene

We previously discussed in Section 3.1.2 that induction of dnFOS led to a G1 cell

cycle arrest. The G1 cell cycle transition occurs through Cyclin Dependent

Kinases (CDK) and Cyclin expression, particularly through the CDK4 - CDK6 -
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Cyclin D complex (Sherr et al., 2016). Therefore we explored these factors further

as to how they may interact with AP-1.

3.2.1 AP-1 binding is important for the expression of Cyclin D2

Induction of dnFOS (Figure 3-7A) led to a decrease in Cyclin D2 (CCND2) mRNA

expression (Figure 3-7B) but not in the Empty Vector control. We found the same

results when looking for at CCND2 protein expression (Figure 3-7C).
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Figure 3-7: Induction of dnFOS decreases CCND2 (Cyclin D2) mRNA and protein

expression.

(A-B) RT-gPCR measuring (A) dnFOS and (B) CCND2 in Kasumi-1 cells
transduced with doxycycline-induced dnFOS, with or without the addition of
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doxycycline. (C) Western blot showing protein expression of CCND2 and GAPDH
in two Kasumi-1 clones transduced with doxycycline-induced dnFOS or with an
Empty Vector control, with or without the addition of doxycycline. n=3 and error
bars show standard deviation. * indicates p-value <0.05, ** indicates p-value
<0.005, *** indicates p-value <0.0005.

Next, we wanted to confirm that AP-1 family members were directly able to
regulate CCND2 expression by showing that they could bind to CCND2 cis-
regulatory elements. We chose JUND out of the various AP-1 family members
due to the technical aspect of a JUND antibody being the only ChIP-grade
antibody available. JUND ChIP-seq demonstrated that JUND could bind to a -
31kb and a -4kb CCND2 cis-regulatory element as well as the CCND2 promoter
(Figure 3-8A). We discussed in Section 3.1.2 that AP-1 family member gene
expression appears to be regulated by RUNX1-ETO. We therefore wanted to see
whether any of the three CCND2 JUND binding sites were dependent on RUNX1-
ETO. RUNX1-ETO can bind to the -31kb cis-regulatory element and promoter of
CCND2. Of these two sites, it appears to be at the promoter where JUND binding
is abrogated upon RUNX1-ETO knockdown. This finding was also confirmed

using ChIP-gPCR (Figure 3-8B).
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Figure 3-8: JUND binds to the CCND2 promoter.

(A) UCSC genome browser screenshot of RUNX1-ETO and JUND ChlP-seq at
the CCND2 locus of Kasumi-1 cells transfected with siRNA targeting RUNX1-
ETO or a mismatch control. (B) ChIP-gPCR of JUND at the CCND2 promoter of
Kasumi-1 cells transduced with shRNA against RUNX1-ETO or a non-targeting
control. n=3 and error bars show standard deviation. Significance was
determined using a 2 tailed student’s t-test. * indicates p-value <0.05. ChIP
experiments performed by Dr Paulynn Chin (Martinez-Soria et al., 2018).

3.2.2 Cyclin D2 is a therapeutic vulnerability in AML

The CDK4-CDK6-CyclinD2 complex is targetable using the drug Palbociclib,
which is already routinely used in patients with metastatic breast cancer (Finn et
al., 2015). Having established that t(8;21) AML cells require AP-1 binding to
CCND2 cis-regulatory elements to prevent a G1 cell cycle arrest, we wanted to
examine if this feature could be exploited therapeutically. Use of Palbociclib led
to reduction in cell numbers of t(8;21) AML cell lines, Kasumi-1 and SKNO-1 in a
dose-dependent manner in nanomolar concentrations, which are achievable in

humans from a pharmacokinetics point of view (Figure 3-9A). Unfortunately,
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Palbociclib was also found to be toxic to healthy CD34" cells (Figure 3-9B).
Pancytopenias have been reported in breast cancer patients treated with this
drug too but these side effects could be managed with supportive therapies (Finn

et al., 2015).

To confirm the efficacy of Palbociclib in t(8;21) AML, the drug was used on
primary patient-derived t(8;21) AML cells and it again led to a dose-dependent
reduction in cell numbers (Figure 3-9C). Furthermore, in in vivo experiments
where Kasumi-1 cells were injected into MISTRG mice, three periods of treatment
with Palbociclib could increase survival compared with an Empty Vector control

(Figure 3-9D).
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Figure 3-9: 1(8:21) AML cells are sensitive to Palbociclib.

(A-B) Dose-response curves of (A) SKNO-1 and Kasumi-1 cells or (B) primary
healthy CD34* cells treated with Palbociclib (C) Relative colony formation of
primary t(8;21) AML cells treated with different concentrations of Palbociclib. (D)
Kaplan-Meier curve of Kasumi-1 cells xenotransplanted into mice and treated
with Palbociclib or a Control Vehicle (CV). Horizontal red bars indicate the periods
of drug treatment. n=3 and error bars show standard deviation. Experiments
performed by Dr Lynsey McKenzie and Dr Helen Blair, Newcastle University
(Martinez-Soria et al., 2018).

3.3 The genome-wide role of AP-1 family members in AML

3.3.1 Induction of dnFOS in Kasumi-1 cells leads to aberrant cell
differentiation

We next investigated the gene expression changes observed after dnFOS
induction using RNA-seq. When examining the expression of various
differentiation markers in the RNA-seq data of Kasumi-1 cells, we observed an
upregulation of genes coding for lymphoid cell surface markers such as CD52,
CD79A, CD79B, CD74, CD48 and CD96 was seen with dnFOS induction (Figure
3-10A) suggesting aberrant cell differentiation. Kasumi-1 cells already aberrantly
express the B cell marker CD19 due to PAX5 upregulation (Walter et al., 2010)
and the expression of other lymphoid differentiation markers is seen after
induction of dnFOS. Examining protein expression by FACS, no change in
expression was seen of the stem cell marker CD34 and the mature myeloid
marker CD11b after dnFOS induction, suggesting no increase in myeloid

differentiation (Figure 3-10B). However, expression of the lymphoid marker CD52
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increased. Consequently, if AP-1 could be targeted with drug therapy, targeting
CD52 with currently available therapies such as Alemtuzumab, (Tibes et al.,

2006) may represent an avenue for synthetic lethality.

We derived KEGG (Kyoto Encyclopaedia of Genes and Genomes) pathways of
upregulated (Figure 3-10C) and downregulated (Figure 3-10D) genes after
dnFOS induction to examine cellular pathways changing after AP-1 activity was
blocked with dnFOS. Firstly, numerous lymphocyte related KEGG pathways
including B cell signalling, T cell differentiation and immunodeficiency related
genes were upregulated, concurring with the upregulated lymphoid differentiation

markers data (Figure 3-10A).

The RAS signalling pathway was also upregulated after dnFOS induction. The
RAS/Mitogen-Activated Protein Kinase (MAPK) pathway is known to activate AP-
1 (zhang and Liu, 2002). This results points to a negative feedback loop whereby

with reduced AP-1 binding, RAS/MAPK are de-repressed and upregulated.

Furthermore, within the ‘transcriptional misregulation in cancer’ upregulated
KEGG pathway, MYCN was upregulated nearly 7-fold. MYCN has previously
been shown to contribute to leukaemic proliferation in mouse models (Kawagoe
et al., 2007) through increased JUN signalling, suggesting an additional feedback

loop maintaining the activity of pathways downstream of AP-1.

Downregulated KEGG pathways after dnFOS induction included those related to
inflammation with genes within disease pathways such as Chagas disease,
Leishmaniasis, Pertussis, Tuberculosis and Legionellosis emerging. AML cells

are known to flourish in an inflammatory microenvironment which both drives
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clonal evolution and promotes leukaemic self-renewal (Hemmati et al., 2017).
AP-1 as a downstream effector of MAPK signalling is a mediator of inflammatory
cytokines and so inflammatory pathways are downregulated when dnFOS is

induced.

Furthermore, downregulated KEGG pathways included several pathways
demonstrating altered metabolism involving steroid biosynthesis, butanoate,
pyruvate, tryptophan, arginine and proline metabolism. In order for the AML cells
to replicate and grow rapidly they are in need of amino acid and micronutrients

and our data appears the AP-1 pathway upregulates these pathways.
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Figure 3-10: Gene and protein expression changes with dnFOS induction.

(A) mRNA expression level of the indicated genes as determined by RNA-seq of
Kasumi-1 cells with or without doxycycline-mediated induction of dnFOS. (B)
Protein expression of level of CD34, CD11b or CD52 of Kasumi-1 cells with or
without doxycycline-mediated induction of dnFOS for 8 days, as determined by
FACS. (C-D) Enriched KEGG pathway analysis derived from (C) upregulated or
(D) downregulated genes from RNA-seq of Kasumi-1 cell induced for dnFOS
expression. n=3 and error bars show standard deviation.

To obtain further evidence of aberrant cell differentiation and to home in on the
molecular mechanisms driving it, we performed DNase I-seq and examined
enriched TF binding motifs within sites changing after dnFOS induction. Within
the 1416 lost DHSs upon dnFOS induction, we observed a significant enrichment
of the AP-1 motif (Figure 3-11A) suggesting loss of AP-1 binding and chromatin
closing as a consequence. An enrichment for CEBP was also seen in lost DHSs
upon dnFOS induction which suggests that the cells are perhaps becoming less
differentiated (Zhang et al., 1997a). Expression of dnFOS also gives rise to 698
new DHSs which were enriched for GATA motifs. GATAZ2 in particular is the
GATA family member upregulated by dnFOS (Figure 3-11D) and so enrichment
of GATA motifs in dnFOS-specific DHSs suggests that the cells are becoming
more immature (Tsai et al.,, 1994), consistent with finding of a loss of CEBP
motifs. In addition, enriched RUNX motif were observed at gained and lost DHSs
upon dnFOS induction, suggesting that RUNX1 or RUNX1-ETO may be re-

distributed.

In order to confirm that motif enrichment changes correlated with changes in

transcription factor binding, we performed ChlP-seq of Kasumi-1 cells with or
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without induction of dnFOS and plotted the peaks alongside their DHSs (Figure
3-11B). Loss of JUND sites upon dnFOS induction confirmed that dnFOS indeed
blocked AP-1 binding in chromatin. In cells derived from Embryonic Stem cells
differentiated into haematopoietic progenitors, it has previously been shown that
AP-1 binding occurs together with that of TEAD4 (Obier et al., 2016) and in
Kasumi-1 cells, blocking AP-1 binding also reduced TEAD4 binding. C/EBPa and
GATA2 ChiIP-seq confirmed our motif analysis findings above. RUNX1 and
RUNX1-ETO ChlP-seq showed that both TFs are redistributed upon dnFOS
induction and that loss of these factors in particular led to a closing of chromatin
sites. Lastly, LDB1 is a chromatin looping TF that is part of the core RUNX1-ETO
complex (Abe et al., 2015) and LBD1 binding reduced at sites concordant with

RUNX1-ETO upon dnFOS induction.

Of note, the DHS ranking correlated well with gene expression changes (Figure
3-11A-B) which suggests that AP-1 related changes in chromatin accessibility

were happening at important cis-regulatory elements such as enhancers.

To exemplify dnFOS-related epigenetic and transcriptomic changes, Figure 3-
11C shows a UCSC genome browser screenshot of all the data at the GATA2
locus. Induction of dnFOS led to decreased JUND binding at two intragenic cis-
regulatory elements (intron 2 and intron 5) and led to a slight decrease in
chromatin accessibility at the intron 2 site. Induction of dnFOS also led to a
decrease in C/EBPa, TEAD4 and RUNX1 binding and an increase in GATA2 and
LMO2 binding at the intron 2 site. These changes correlated with an increase in

GATA2 mRNA expression (Figure 3-11D).
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Figure 3-11: Transcription factor binding is altered by the induction of dnFOS.

(A-B) Density plots of DNase | Hypersensitive Site (DHS) peaks in a 2kb window,
ranked top to bottom by relative tag count of peaks in Kasumi-1 cells with
doxycycline-induced dnFOS, compared to the uninduced control. (A) Enriched
transcription factor binding motifs centred around the DHS summit or (B) ChiIP-
seq peaks are plotted alongside, as well as gene expression fold changes of the
doxycycline-induced cells compared with the no doxycycline control. The bars on
the side depict the number of specific and shared peaks. (C) UCSC genome
browser screenshot of the indicated ChiP-seq, DNase I-seq or RNA-seq signals
at the GATA2 locus. (D) mRNA expression of GATA2, as measured by RNA-seq
of Kasumi-1 cells with and without doxycycline-mediated induction of dnFOS.
Some of the ChIP-seq experiments performed by Dr Anetta Ptasinska and Dr
Paulynn Chin.

Putting together the transcriptomic and the epigenetic data, the induction of
dnFOS induces a more immature stem-cell state in Kasumi-1 cells together with

aberrant lymphocyte pathway activation.

Figure 3-12 shows the genes that are upregulated after dnFOS expression and
are organised into overlapping network modules bound by C/EBPa, RUNX1 or
RUNX1-ETO with some such as BCL6 bound by all three factors. BCL6 is known
to repress CCND2 expression by binding together with STATS at a cis-regulatory
element (Fernandez de Mattos et al., 2004) and may represent another

mechanism by with induction of dnFOS decreased CCND2 expression.
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Figure 3-12: dnFOS responsive RUNX1-ETO, C/EBPa and RUNX1 bound
specific gene network.

RUNX1-ETO, CEBPA and RUNX1 bound genes were determined by ChIP-seq
in Kasumi-1 cells and then were filtered against genes upregulated by dnFOS
expression. Gene expression indicated by the colour of the box ranked from high
(red) to low (blue). Network constructed together with Dr Sophie Kellaway.

3.3.2 Induction of dnFOS leads to distinct epigenetic and transcriptional
changes in primary t(8;21) and FLT3-ITD AML cells

In order to confirm whether blocking AP-1 binding was important in primary
patient-derived cells as well, we transduced the doxycycline-inducible dnFOS or

the Empty Vector control plasmid into these cells.
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Starting with primary t(8;21) cells, we confirmed that doxycycline addition led to
induction of dnFOS in dnFOS transduced cells but not in the Empty Vector control
(Figure 3-13A). We next performed an analysis of accessible chromatin using
ATAC-seq which showed that a few open chromatin sites enriched for AP-1 (and
ATF) motifs were lost when dnFOS was induced (Figure 3-13B). Furthermore, an
enrichment of RUNX and C/EBP maotifs was seen in sites specific for control cells,

similar to the changes seen in the Kasumi-1 cell line experiments (Section 3.3.1).

Next, we associated the dnFOS responsive sites with their respective genes and
identified enriched KEGG pathways and observed a strong upregulation of many
Zinc Finger genes (Figure 3-13C). Many Zinc Finger proteins are transcription
factors but many also have roles in RNA binding or protein recruitment (Cassandri
et al., 2017). Consequently, by upregulating many of these Zinc Finger factors,
blocking AP-1 could have potent transcriptional, post-transcriptional and
phenotypic changes. For example, blocking AP-1 with dnFOS led to an
upregulation of RNA post-transcriptional modifiers such as UPF2 that triggers
nonsense mediated decay and may partially explain the downregulation of many
genes. Similarly, within downregulated KEGG pathways, spliceosome, RNA
transportation and ribosomal biogenesis genes were downregulated, which may

further explain many of the transcription changes exerted by AP-1in t(8;21) AML.
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Figure 3-13: Induction of dnFOS in primary t(8:21) AML cells leads to epigenetic
and transcriptional changes.

(A) RT-gPCR of relative expression of dnFOS mRNA compared to GAPDH
MRNA in primary t(8;21) AML. (B) Density plots of ATAC-seq peaks in a 2kb
window, ranked top to bottom by relative tag count of peaks in doxycycline-
induced dnFOS transduced cells relative to doxycycline-induced Empty Vector
transduced cells in primary t(8;21) AML. Bars on the left indicate the number of
peaks that are specific or shared between the cell types. The tables of enriched
transcription factor binding motifs in the Empty Vector specific group is depicted
alongside. (C-D) KEGG pathways derived from (C) upregulated or (D)
downregulated enriched genes of primary t(8;21) AML transduced with
doxycycline-induced dnFOS relative to an Empty Vector control.

We next repeated these experiments in primary FLT3-ITD AML. Transduction
and induction of the dnFOS construct again increased dnFOS mRNA expression
(Figure 3-14A) and led to a decreased in colony formation ability, relative to the
Empty Vector control (Figure 3-14B). The analysis of chromatin accessibility by
ATAC-seq showed that induction of dnFOS led to a loss of 651 open chromatin
sites which were enriched for AP-1 motifs (Figure 3-14C). Induction of dnFOS
also led to 942 new open chromatin sites that were enriched for GATA motifs
suggesting that the cells were becoming more stem-cell like, similar to what was
seen in the Kasumi-1 cell line experiments (Section 3.3.1). However, in contrast
to t(8;21) AML where C/EBP enriched motifs were lost, in the case of FLT3-ITD
AML dnFOS led to new open chromatin sites with C/EBP enriched motifs. This
data therefore shows differences in the responses of the mutation-specific

transcriptional networks to the abolition of AP-1 activity.
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Relative expresion normalised 3

The KEGG pathway analysis of differentially expressed genes in FLT3-ITD AML
cells after dnFOS induction showed an upregulation of the RAS signalling
pathway (Figure 3-13D). Similar to what was seen in Kasumi-1 cells, this result
suggests a negative feedback loop within the AP-1 signalling pathway whereupon
blocking AP-1 binding de-represses the expression of upstream members of its
signalling cascade (Section 3.3.1). Calcium signalling including PLCB4
(phospholipase B4) was also found to be upregulated by dnFOS induction and
represents a further mechanism by which negative feedback into the AP-1

signalling pathway occurs (Wu et al., 2019).

Further analysis of downregulated KEGG pathways showed that cell cycle genes
were downregulated after induction of dnFOS (Figure 3-14E) including key
components of the G1 cell cycle transition such as CDC2 and CCND1. The
importance of AP-1 in permitting the cell cycle transition was also seen in the

Kasumi-1 cell experiments (Section 3.2.1).
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Figure 3-14: Induction of dnFOS in primary FLT3-ITD AML cells leads to

epigenetic and transcriptional changes.

(A) RT-gPCR of relative expression of dnFOS mRNA compared to GAPDH
MRNA in primary FLT3-ITD AML. (B) Relative colony formation ability of primary
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FLT3-ITD AML cells transduced with doxycycline-induced Empty Vector or
dnFOS vector. (C) Density plots of ATAC-seq peaks in a 2kb window, ranked top
to bottom by relative tag count of peaks in doxycycline-induced dnFOS
transduced cells relative to doxycycline-induced Empty Vector transduced cells
in primary FLT3-ITD AML. Bars on the left indicate the number of peaks that are
specific or shared between the cell types. The tables of enriched transcription
factor binding motifs in the specific groups are depicted alongside. (D-E) KEGG
pathways derived from (D) upregulated or (E) downregulated enriched genes
from primary t(8;21) AML transduced with doxycycline-induced dnFOS relative to
an Empty Vector control.

Lastly, in order to infer whether any potential AP-1 therapies would have toxicity
in healthy cells, we transduced dnFOS into healthy CD34* cells and confirmed
induction of dnFOS by RT-gPCR (Figure 3-15A). Intriguingly, induction of dnFOS
did not alter colony formation ability of the cells suggesting that AP-1 is an AML-
specific target (Figure 3-15B). The analysis of ATAC-seq on these cells showed
that a proportion of open chromatin sites changed upon induction of dnFOS with
a loss of AP-1 and ATF motif enriched open chromatin sites along with a gain of
open chromatin sites with no specific motif enrichment (Figure 3-15C). As
outlined below, these small changes in open chromatin sites did not lead to many

changes in the transcriptome and no enriched KEGG pathways were found.
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Figure 3-15: Induction of dnFOS in primary healthy CD34* cells has little effect

on cellular growth.

(A) RT-gPCR of relative expression of dnFOS mRNA compared to GAPDH
MRNA in healthy CD34" cells. (B) Relative colony formation ability of healthy
CD34* cells transduced with doxycycline-induced Empty Vector or dnFOS. (C)
Density plots of ATAC-seq peaks in a 2kb window, ranked top to bottom by
relative tag count of peaks in doxycycline-induced dnFOS transduced cells
relative to doxycycline-induced Empty Vector transduced cells in healthy CD34*
cells. Bars on the left indicate the number of peaks that are specific or shared
between the cell types. The tables of enriched transcription factor binding motifs

in the specific groups are depicted alongside.
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Next, we compared gene expression changes induced by dnFOS expression
across the different primary cell types. Whist several hundred genes were
differentially expressed in primary FLT3-ITD and t(8;21) AML upon dnFOS
induction, only 9 genes were differentially expressed in healthy CD34* cells
(Figure 3-16A). Furthermore, in a principle component analysis of gene
expression data, healthy CD34* cells did not respond to dnFOS induction, in
contrast to FLT3-ITD and t(8;21) AML cells which showed differences in the
expression of a large number of genes (Figure 3-16B). Intriguingly, the variation
upon dnFOS induction in the FLT3-ITD and t(8;21) AML cells was in distinct
principle components again suggesting that the differentially expressed genes
within the two AML subtypes were distinct. This result was confirmed by
determining the overlap between differentially expressed genes in a Venn
diagram, which showed minimal overlap (Figure 3-16C). This suggest that AP-1
has effects on the transcriptome in very distinct manners depending on the driver

oncogene.

179



>

Number of Differentially Expressed

PC2

Genes

20 30

10

200 10

-30

-100

-200

-300

-400

500

400

300

200

100

Healthy CD34+

« FLT3-ITD

Empty Vector

“ 1(8;21) Empty
Vector

FLT3-ITD
Healthy CD34* Em Vector
Y bty dnFOS*

*

Healthy CD34* dnFOS

. 1(8;21) dnFOS
T

-40

0 20 40

180



Upregulated Genes Downregulated Genes

Health FLT3-ITD ezt el

t(8;21) t(8;21)

Figure 3-16: Different genes are dysrequlated in different cell types upon dnFOS
induction.

(A) Number of upregulated (above axis) and downregulated (below axis) genes
in the RNA-seq data of the indicated primary cells transduced with dnFOS relative
to Empty Vector control. (B) Principle component analysis of RNA-seq data from
the indicated primary cells transduced with dnFOS or Empty Vector control. (C)
Venn diagrams of upregulated and downregulated genes between each of the
indicated primary cell types.
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Chapter 4: A crucial role of WT1 in AML

4.1 Wilms Tumour 1 is Essential for Leukaemic Maintenance

4.1.1 Wilms Tumour 1 is upregulated in AML

Whilst WT1 is known to be upregulated in AML in studies such at The Cancer
Genome Atlas, for reasons discussed in Section 3.1.1, we assayed WT1 gene
expression in purified leukaemic blasts. Indeed, across different mutational and
cytogenetic subtypes of AML, WT1 was upregulated compared to healthy CD34*

Peripheral Blood Stem Cells (PBSCs) (Figure 4-1).
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Figure 4-1: WT1 is uprequlated relative to healthy CD34" cells in all genetic
subtypes of AML.

Expression of WT1 mRNA in purified primary AML leukaemic blasts with different
mutational subtypes. Error bars show standard error of the mean.
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4.1.2 Wilms Tumour 1 is essential for leukaemic maintenance in vivo and in
vitro

In order to establish the significance of the observed WT1 upregulation, functional
experiments are vital. As part of the shRNA depletion screen discussed earlier
(see Section 3.1.2; (Martinez-Soria et al., 2018)) induction of shRNA against WT1
in all three experimental conditions led to a significant depletion of WT1 targeting
shRNA barcodes, suggesting that WT1 is a key factor involved in leukaemic
maintenance. Intriguingly, similar to what was seen for JUN, the most significant
depletion was seen in the in vivo experiments suggesting that WT1 may have an
important role in leukaemic blast survival within the bone marrow

microenvironment.
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Figure 4-2: shRNA targeting WT1 are depleted in a sShRNA depletion screen.

Logz fold change of shRNA reads at the final time point relative to initial time point
in xenotransplantation, serial colony formation assays or long term culture.
Experiments performed by Dr Natalia Martinez-Soria, Newcastle University
(Martinez-Soria et al., 2018).
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4.1.3 Knockdown of WT1 leads to decreased growth and colony formation
in AML cells but not in healthy CD34* cells

In order the confirm the important role of WT1 in single gene perturbation
experiments, two independent shRNA designs against WT1 that were different to
those in the shRNA depletion screens, were cloned into the pTRIPZ plasmid and
transduced into Kasumi-1 cells. Induction of ShRNA against WT1 with the addition
of doxycycline led to a reduction of WT1 protein expression (Figure 4-3B) and
decreased cell growth, whilst induction of a non-targeting control had no effect
upon growth (Figure 4-3A). Induction of shRNA against WT1 also led to
decreased colony formation ability (Figure 4-3C) and increased apoptosis (Figure

4-3D) but did not affect the cell cycle stage of leukaemic cells (Figure 4-3E).
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Figure 4-3: Knockdown of WT1 in Kasumi-1 cells reduces growth and colony
formation.

Kasumi-1 cells transduced with one of two different sShWT1 or shNTC plasmids
+/- doxycycline and phenotypic assessment by (A) measuring growth curves, (B)
Western blot determining WT1 protein levels (C) colony formation ability of 2000
cell seeded into methylcellulose, (D) measuring annexin V positive cells and (E)
measuring cell cycle phase distribution. n=3 and error bars show standard
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deviation. Significance was determined using a 2 tailed student’s t-test. *
indicates p-value <0.05, ** indicates p-value <0.005.

Kasumi-1 cells are a well-studied model primary t(8;21) AML (Ptasinska et al.,
2012). However, to show the relevance for primary AML, we performed similar
experiments on patient derived t(8;21) AML and primary FLT3-ITD AML, together
with healthy CD34" bone marrow cells. Unfortunately, primary t(8;21) cells do not
form colonies in vitro on methylcellulose. However, primary FLT3-ITD AML did
form colonies and fewer colonies were formed after cells were transduced with
shRNA against WT1 compared with a non-targeting control (Figure 4-4A). By
contrast, the colony formation ability of CD34* cells derived from a healthy donor

were unaffected by shRNA against WT1 (Figure 4-4B).
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Figure 4-4: Colony formation of FLT3-ITD but not normal healthy CD34" cells is
reduced by WT1 knockdown.

Number of colonies formed per 2000 cells seeded in methylcellulose, normalised
to shNTC (non-targeting control) using (A) primary FLT3-ITD AML or (B) primary
CD34" bone marrow cells from a healthy donor transduced with doxycycline-
inducible shNTC or shwWT1 and induced with doxycycline. n=3 and error bars
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show standard deviation. Significance was determined using a 2 tailed student’s
t-test.

4.1.4 Knockdown of WT1 using shRNA led to distinct changes in the
transcriptome

Examination of significantly upregulated and downregulated genes by RNA-seq
and looking at KEGG pathways revealed different groups of genes regulated by
WT1. Within genes upregulated by knockdown of WT1, we found an enrichment
of the Glutathione Metabolism pathway (Figure 4-5A). Glutathione metabolism is
a known therapeutic vulnerability within AML stem cells (Pei et al., 2013) and so
further upregulation upon WT1 knockdown may represent an opportunity for
synthetic lethality. In addition, WT1 is thought to have a role in signalling and WT1
mutations are found together with signalling gene mutations on a single cell level
(Miles et al.,, 2020a). Consistent with that premise, within these knockdown

experiments, the Rapl signalling pathway is downregulated (Figure 4-5B).
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Figure 4-5: Distinct transcriptional changes are elicited by shRNA against WT1.

(A-B) KEGG pathways derived from RNA-seq data divided into (A) upregulated
genes and (B) downregulated genes after Kasumi-1 cells were transduced with
shWT1, compared with shNTC.

In order to confirm whether the findings in Kasumi-1 cells were representative of
t(8;21) AML biology, the WT1 knockdown experiments were repeated in patient-
derived t(8;21) AML and over 50% knockdown was achieved (Figure 4-6A).
Knockdown led to a loss of enrichment of RUNX motifs within open chromatin
peaks as assessed by ATAC-seq (Figure 4-6B). In terms of gene expression, no
enriched KEGG pathways could be found amongst upregulated genes. However,
several signalling pathways including NFkB signalling were enriched amongst

downregulated KEGG pathways.
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Figure 4-6: Distinct epigenetic changes are elicited by WT1 knockdown in primary
1(8:21) AML cells.

(A) Expression of WT1 mRNA normalised to GAPDH mRNA in primary t(8;21)
cells transduced with shNTC or shWT1 plasmids. (B) Density plots of ATAC-seq
peaks in a 2kb window, ranked top to bottom by relative tag count of peaks in
doxycycline-induced shWT1 transduced cells relative to doxycycline-induced
ShNTC transduced cells in t(8;21) primary AML cells. Tables of enriched motifs
are shown alongside. shWT1 downregulated
KEGG pathways
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Figure 4-7: Distinct transcriptional changes are elicited by WT1 knockdown in
primary t(8:21) AML cells.

(A-B) Enriched KEGG pathways in genes (A) upregulated or (B) downregulated
upon knockdown of WT1 compared with an Empty Vector control, as determined
by RNA-seq.

The transduction of WT1 shRNA into primary FLT3-ITD AML led to over 80%
knockdown of WT1 mRNA (Figure 4-8A). However, we found few changes in
chromatin accessibility with no significant differential enrichment of TF binding
motifs (Figure 4-8B). However, WT1 knockdown caused numerous changes in
gene expression with 37 significantly upregulated genes and 286 downregulated
genes upon knockdown of WT1. To the small number of upregulated genes, no
enriched KEGG pathways could be found. Of note, a decrease in the
glycerophospholipid and ether lipid metabolism was seen upon knockdown of
WT1. These lipids are crucial for AML cell growth and survival (Ricciardi et al.,

2015) and so WT1 may have a role in upregulating cellular metabolic pathways.
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Figure 4-8: Distinct epigenetic changes are elicited by WT1 knockdown in primary
FLT3-ITD AML cells.

(A) Expression of WT1 mRNA normalised to GAPDH mRNA in primary FLT3-ITD
cells transduced with shNTC or shWT1 plasmids. (B) Density plots of ATAC-seq
peaks in a 2kb window, ranked top to bottom by relative tag count of peaks in
doxycycline-induced shWT1 transduced cells relative to doxycycline-induced
ShNTC transduced cells in primary FLT3-ITD AML cells. A table of enriched
motifs is shown alongside.
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Figure 4-9: Distinct transcriptional changes are elicited by WT1 knockdown in
primary FLT3-ITD AML cells.

Enriched KEGG pathways derived from genes downregulated upon knockdown
of WT1 compared with an Empty Vector control, as determined by RNA-seq.

When a similar WT1 shRNA experiment was repeated on healthy patient-derived
CD34" cells, despite achieving over 50% WT1 knockdown (Figure 4-10A) and we
observed very few changes in chromatin accessibility (Figure 4-10B) and gene

expression.
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Figure 4-10: Minimal transcriptional or epigenetic changes are elicited by WT1
knockdown in primary healthy CD34" cells.

(A) Expression of WT1 mRNA normalised to GAPDH mRNA in primary healthy
CD34* cells transduced with shNTC or shWT1 plasmids. (B) Density plots of
ATAC-seq peaks in a 2kb window, ranked top to bottom by relative tag count of
peaks in doxycycline-induced shWT1 transduced cells relative to doxycycline-
induced shNTC transduced cells in primary healthy CD34* AML cells.

4.2 The regulation of WT1 gene expression

4.2.1 Four distal WTL1 cis-regulatory elements are present in all leukaemic
blasts examined

We have previously systematically characterised the chromatin accessibility
landscape using DNase I-seq on numerous patient samples (Assi et al., 2019)
and in this study, we characterised further samples. Focusing on t(8;21) AML
(Figure 4-11) but equally applicable to other subtypes of AML (data not shown),
four distal cis-regulatory elements were found that were present in all patients

examined. Superimposition of promoter capture HiC data that was previously

193



published by the Bonifer lab (Assi et al., 2019) along with the primary cell ATAC-
seq experiment described here in section 4.1.3 showed that each of these cis-

regulatory elements interacts with the WT1 promoter.
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Figure 4-11: Four distal open chromatin sites around the WT1 locus are present
in all primary t(8:21) AML samples examined.

UCSC genome browser screenshot of DNase | Hypersensitive sites in 7 primary
t(8;21) AML, centred at the WT1 locus. Some of the experiments were performed
by Dr Rosie Imperato and Dr Daniel Coleman.
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Figure 4-12: Four distal open chromatin sites around the WT1 locus interact with
the promoter in primary cells.

UCSC genome browser screenshot showing promoter Capture HiC interactions
and ATAC-seq peaks at the WT1 locus in primary t(8;21), primary FLT3-ITD and
healthy CD34" bone marrow cells. Capture HiC experiments were performed by
Dr Anna Pickin (Assi et al., 2019).

Further examination of these open chromatin sites with ChlP-seq data previously
published by the Bonifer lab and others (Ptasinska et al., 2014, Ptasinska et al.,
2019, Ben-Ami et al., 2013, Martens et al., 2012) revealed that the 3’ DHS
displayed almost no transcription factor binding or histone modification and that
the CTCF bound DHS only had CTCF binding seen (Figure 4-13). The intron 3
DHS bound numerous transcription factors including RUNX1-ETO, JunD, LDB1,
CEBPA, LMO2, RUNX1, PU.1 and AP4 and displayed both activation (p300,
H3K27Ac) and repression (NCoR) histone modifications. The intron 8 DHS also
displayed binding of numerous transcription factor binding including WT1,
RUNX1-ETO, LMO2, RUNX1, PU.1 and AP4 but intriguingly did not show any of

the histone modifications examined.
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Figure 4-13: ChlP-seq of indicated transcription factor or histone modifications at
the WT1 locus in Kasumi-1 cells.

UCSC genome browser screenshot of DNase | Hypersensitive sites and ChlP-
seq peaks of the indicated factors in Kasumi-1 cells, centred at the WT1 locus
(some ChiIP-seq data derived from (Ptasinska et al., 2014, Ptasinska et al., 2019,
Ben-Ami et al., 2013, Martens et al., 2012).

4.2.2 Activation of the intron 8 DHS by CRISPR-p300 reveals an enhancer

element
We went on to examine the function of the distal cis-regulatory elements by using

CRISPR activation (CRISPRa) which enables p300 to be targeted to a site of
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interest and hence forcing histone H3K27 acetylation at the site. The 3’ DHS and
CTCF bound DHS CRISPRa were used as controls to assess the effect of forced
acetylation at an open chromatin site in general and an empty vector control to
assess for any non-targeted effects of the dCas9-p300 protein. CRISPRa at the
intron 8 DHS led to a large upregulation of WT1 gene expression compared with
CRISPRa at other sites (Figure 4-14A) and also an increase in WT1 protein
expression (Figure 4-14C). Performing ChIP-gPCR for H3K27Ac and normalising
to a known positive region, the SPI1 -14kb enhancer, CRISPR activation at the
intron 8 DHS led to a significant in H3K27ac compared with the control sites
(Figure 4-14B). This confirmed that changes in gene expression are likely to be

due to the recruitment of p300 in the CRISPRa experiment.

A 0.012 , B 3 H3K27Ac Enrichment Relative to Empty Vector
I -
g * | g Z
%: 0.01 - 25
Qo 25
o 0.008 - 5o 5
- T —
g 288
= 0.006 o @515 1
o =2EO
& ® S 5 1
c 0004 e % £
S e
o g ®705 -
@ 0002 £ i
'
| [ S — ] EC .
L C
Empty 3 DHS CTCF Intron3 Inton8 U 3'DHS Intron 3 CTCF Intron 8
Vector bound DHS  DHS DHS  bound DHS
DHS DHS

70 kDa

50 kDa wsmwe PN WTL

40 kDa

40 kDa

D G G FDH
35 kDa -
Empty Intron 8
Vector  CRISPRa

CRISPRa

197



>

Cumulative Cell Count/108

Figure 4-14: CRISPR activation at the intron 8 DHS increases WT1 expression.

(A) Relative expression levels of WT1 mRNA normalised to GAPDH mRNA in
Kasumi-1 cells transduced with vectors expressing CRISPRa targeted to the
indicated DHSs. (B) H3K27ac ChIP-gPCR enrichment analysis of Kasumi-1 cells
transduced with a CRISPRa vector targeted to intron 8, enrichment levels were
normalised to the empty vector control and to the PU.1 -14 kb Enhancer (positive
control). (C) Western blot showing WT1 and GAPDH protein expression in
Kasumi-1 cells transduced with an empty vector or with sgRNA targeted to intron
8 DHS.

4.2.3 CRISPRaat the intron 8 DHS leads to increased cell growth and colony
formation and decreased apoptosis

Next, we examined the functional consequences of CRISPRa at four cis-
regulatory elements. CRISPRa at the intron 8 DHS led to increased cell growth
(Figure 4-15A) and a large increase in colony formation ability (Figure 4-15B) but
CRISPRa at other sites had no effect. CRISPRa did not affect the cell cycle phase

of cells but did lead to a decrease in apoptosis when targeted to the intron 8 DHS.
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Figure 4-15: CRISPR activation at the intron 8 DHS increases growth and colony
formation and decreases apoptosis.

(A) Time course of cumulative cell growth of Kasumi-1 cells expressing a
CRISPRa protein targeted to the indicated WT1 DHSs. (B) Colony formation
ability in methylcellulose of 2000 Kasumi-1 cells expressing a CRISPRa targeted
against the indicated WT1 DHSs and normalised to the empty vector control. (C-
D) Kasumi-1 cells transduced with CRISPRa targeted to the indicated WT1 DHSs
examined for (C) Cell cycle phase analysis and (D) analysis of annexin V positive
cells, normalised to data obtained with the empty vector control. For all panels,
n=3 and error bars show standard deviation. Significance was determined using
a 2 tailed student’s t-test. * indicates p-value <0.05, ** indicates p-value <0.005.

4.2.4 Several families of transcription factors can bind to the intron 8 DHS

Further examination of the intron 8 DHS revealed numerous motifs for
transcription factor binding including five RUNX sites, 3 ETS sites and an AP-1
site (Figure 4-16). We have previously described that RUNX1 and RUNX1-ETO
bind to the intron 8 DHS (section 4.2.1). A time-course of knockdown of RUNX1-
ETO using siRNA against led to decreased WTL1 expression at the mRNA (Figure

4-17A) and protein level (Figure 4-17B).
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Knockdown of RUNX1 however did not lead to changes in WT1 expression (Ben-

Ami et al., 2013). The effect of blocking AP-1 binding upon WT1 will be discussed

in greater detail in section 4.8.

Intron 8 DHS: chr1132392067-32392494
RUNX
AAATGGACAGAGAAGGTCTAGCCTCGGCCCTAACAATGTGGGCACAGTG
RUNX ETS ETS
AGGCCCACAAGGCTGACTTCCGGCAGCTGGAGGAGCCCAGCATTTCCT

GCCATGCCTGCAATGTCTGCATCTGCCTCACCCTTAGATITCCCCAGTCC

CCCAGGCCCAACAAGAATCACTGATTCTGCACAGTAATCTTCAAGGACCT
RUNX

GCTTCTGTCTTGGGAACAACCATTCCTTAACCACAGAGGTCCAGCTTCTC
ETS AP-1

ACCAGCTGGAAGATCTCAGCTGTGTCAGAGACAGGAAAAGTGAATCACA
CGCTACAAATTGGATTCCGCTCTCCATCACCCTCATICTTTGCTGATGCTC
RUNX
AGTGTATCATCAGCCCACTGCTAGTGGGATCTCACTGTICTGTGGTTTGC
RUNX

AGGGGAAATGTGGGGTGTTICC CTTTC

Figure 4-16: ETS, RUNX and AP-1 motifs are present in the WT1 intron 8 DHS.

DNA sequence at the intron 8 open chromatin site and with highlighted
transcription factor binding motifs.
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Figure 4-17: WT1 gene and protein expression are decreased with RUNX1-ETO
knockdown.

Time course of Kasumi-1 cells transfected with siRNA against RUNX1-ETO
followed by (A) determination of Log2 Fold Change of mRNA levels before and
after RUNX1-ETO knock-down (FPKM of shRNA/control data from RNA-seq) and
B) protein level analysis by Western blot measuring RUNX1-ETO, WT1 and
GAPDH.

4.3 Expression of WT1 -KTS and +KTS isoforms causes isoform-specific
phenotypic changes in AML

WT1 produces as at least 12 isoforms, 8 of which are produced in haematopoietic
cells; Transcription start site (TSS) 0 is only employed in germline tissue e.g.
testes but TSS 1 and 2 are employed in haematopoietic cells producing long and
short mMRNA isoforms respectively. In addition, alternative splicing occurs in the
51bp sequence in exon 5 coding for a 17 amino acid ‘17AA’ sequence and in a
9bp sequence at the end of exon 9 coding for a 3 amino acid Lysine-Threonine-
Serine ‘KTS’ sequence. Figure 4-18 is a schematic of WT1 structure and function,

primarily based upon site-directed mutagenesis work (Wang et al., 1993).
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Figure 4-18: WT1 has three transcriptional start sites and two alternative splice
sites.

Schematic of WT1 structure and sites of alternative start sites and alternative
splice sites.

Next we examined the ratio between WTL1 isoforms in AML by looking for the
presence or absence of splice sequences within deeply sequenced RNA-seq
reads from purified AML blasts. This analysis revealed that WT1 isoforms
containing the 9bp sequence coding for KTS sequence (WT1 +KTS) were
upregulated more than those lacking the 9bp sequence (WT1 —KTS) in most
genetic subtypes of AML whilst an equal ratio was seen in healthy peripheral
blood stem cells (Figure 4-19). We also examined RNA-seq data from the Cancer
Genome Atlas (TCGA, 2013) but did not find any differences in KTS isoform
expression (data not shown); this once again shows the importance of
sequencing purified blasts as we have done, rather than whole bone marrow with

contaminating normal cells as the TCGA consortium has.
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Figure 4-19: An increased WT1 +KTS:WT1 —KTS ratio is present in mutational
subtypes of AML relative to healthy CD34* cells.

Ratio between expression of mRNAs encoding the WT1 +KTS and WT1 —KTS
isoforms in purified primary patient CD34* cells.

4.3.1 Opposite effects of WT1 —KTS isoforms and WT1 +KTS isoforms on
leukaemic growth

Next we wanted to examine the functional roles of individual WT1 isoforms in
AML. We initially wanted to express these isoforms on a null background by
knocking out WT1 by CRISPR-Cas9 gene editing on Kasumi-1 cells. This
knockout experiment was successful in generating nearly 100 single cell clones
with a single allele WT1 knockout, as assessed by PCR on genomic DNA and
RT-gPCR on mRNA (Figure 4-20). However, no clones carried homozygous
deletions of WT1 suggesting that some WT1 expression was necessary for

leukaemic cell survival.
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Figure 4-20: CRISPR-Cas9 gene editing of WT1 led to heterozygous but no
homozygous clones.

(A) PCR and gel electrophoresis from DNA of 14 example single cell Kasumi-1
clones (A-N) with amplification of the wildtype allele or of the deletion allele,
together with a schematic indicating the primer design. (B) WT1 mRNA
expression relative to GAPDH in wildtype or 6 example CRISPR-Cas9 gene
edited single cell clones (1-6).

To obtain further insight into the role of WT1, we overexpressed individual WT1
isoforms to physiological level (up to 5 fold increased expression (Kramarzova et
al., 2012) on a normal WT1 background. Figure 4-21A shows a schematic of the

doxycycline-inducible experimental set-up used in experiments and a Western
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B

blot of WT1 protein expression shows expression of individual isoforms over the

background (empty vector control) (Figure 4-21B).

Expression of any of the four WT1 —KTS isoforms led to decreased cell growth
whereas expression of any of the four WT1 +KTS isoforms led to increased
growth (Figure 4-21C). Similarly expression of WT1 —KTS isoforms led to
decreased colony formation ability whilst expression of WT1 +KTS isoforms did
not affect colony formation (Figure 4-21D). Furthermore, expression of WT1 —
KTS isoforms increased apoptosis whilst expression of WT1 +KTS isoforms had
no effect (Figure 4-21E). Lastly, expression of WT1 -KTS isoforms led to a G1
cell cycle arrest whilst expression of WT1 +KTS isoforms did not affect cell cycle
stage (Figure 4-21F). In all cases we did not see any effects that could be
attributed to either the TSS employed nor to whether or not alternative splicing

occurred at the 17AA splice sequence.
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Figure 4-21: Expression of WT1 —KTS isoforms decreases growth and colony

formation of Kasumi-1 cells, increases apoptosis and induces a G1 cell arrest.
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(A) Schematic showing the strategy of doxycycline induction strategy of WT1
isoform expression in Kasumi-1 cells. (B) Western blot determining WT1 and
GAPDH protein levels in Kasumi-1 cells transduced with each of the WT1
isoforms. (C-F) Measurement of Kasumi-1 cells transduced with each of the WT1
isoforms and assessing (C) time course of cumulative cell count (D) colony
formation per 2000 cells seeded in methylcellulose and normalised to Empty
Vector control (E) apoptosis relative to the empty vector control (F) cell cycle
phase. For all panels, n=3 and error bars show standard deviation. Significance
was determined using a 2 tailed student’s t-test. * indicates p-value <0.05, **
indicates p-value <0.005.

Next, we correlated functional findings with gene expression. Global analysis of
RNA-seq experiments will be discussed in Section 4.3.3. However, focusing on
selected genes and pathways relevant to phenotypic findings, we found that that
CDKN2A and CASP9 were upregulated when WT1 —KTS was induced (Figure
4-22). CDKN2A codes for the pl4ARF and p16INK4A proteins which inhibit the
cyclin-dependent kinase proteins CDK4 and CDK6 thus inhibiting the G1 cell
cycle transition (Vidal and Koff, 2000). CASP9 codes for the Caspase 9 protein

which cleaves and activates effectors of apoptosis such as Caspase 3 (Fritsch et

al., 2019).
40 -
A 35 - CDKN2A 16 CASP9
s B
< 30 - = 14 1
o
IS L 10 -
S 20 -
? 8 S 81 ¢
o 15 1 o P
S o 61
@ *° S 4
51 @ 4 ¢
0 ¢ ] ¢

Empty Vector WT1 +KTS WT1 -KTS
Empty Vector WT1 +KTS WT1 -KTS

209



Figure 4-22: CDKN2A and CASP9 expression are increased with WT1 —KTS
expression.

RT-gPCR of mRNA from Kasumi-1 cells transduced with doxycycline-induced
WT1 isoforms of (A) CDKN2A or (B) CASP9.

4.3.2 RUNX1-ETO and WT1 co-operate to block myeloid differentiation

Knockdown of the RUNX1-ETO driver oncogene in t(8;21) AML has been
described to cause myeloid differentiation of t(8;21) cell lines and primary cells
(Ptasinska et al., 2012). We therefore investigated whether WT1 co-operated with
RUNX1-ETO to affect myeloid differentiation by assessing cell surface
expression of the stem cell marker CD34 and the mature myeloid cell marker
CD11b (Figure 4-23A-B). As expected, RUNX1-ETO knockdown with siRNA
(siRE) and with expression of an empty vector control led to decreased CD34
and increased CD11b expression (myeloid differentiation) compared to cells
receiving a mismatch control (siMM). Expression of WT1 —KTS also led to
myeloid differentiation, but of note, when WT1 —KTS was expressed and RUNX1-
ETO was knocked down, myeloid differentiation was escalated. Intriguingly, when
WT1 +KTS was expressed, not only did it not cause myeloid differentiation but it
also prevented the myeloid differentiation that was expected after the RUNX1-

ETO oncogene was knocked down.

Wright-Giemsa staining of cells showed differentiation to neutrophils when WT1
—KTS was expressed whereas under the other conditions cells were maintained
in the blast stage (Figure 4-23C). Similarly, RNA-seq showed downregulation of

CD34 and upregulation of ITGAM (which codes for CD11b) (Figures 4-23D-E).
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Figure 4-23: RUNX1-ETO knockdown co-operates with WT1 —KTS expression in
permitting myeloid differentiation.

(A-B) Time course of mean fluorescence intensity changes of (A) CD34 and (B)
CD11b surface marker expression in Kasumi-1 cells transduced with
doxycycline-induced Empty Vector, WT1 +KTS or WT1 —KTS and transfected
with siRNA against RUNX1-ETO (siRE) or a Mismatch (siMM) control. (C)
Morphology of Kasumi-1 cells 10 days after transduction with doxycycline-
induced Empty Vector, WT1 +KTS or WT1 —KTS. (D-E) Gene expression
analysis from RNA-seq data from Kasumi-1 cells transduced with doxycycline-
induced WT1 isoforms measuring (D) CD34 or (E) ITGAM (CD11b).

4.3.3 Expression of different WT1 Isoforms leads to alterations in the
chromatin landscape and in the transcriptome

Expression of WT1 —KTS in Kasumi-1 cells led to the formation of 1742 new
DHSs with enrichment for the WT1, PU.1 and RUNX motifs and a loss of ETS
motifs in the 1345 lost peaks (Figure 4-24A). The change from ETS to PU.1 motifs
in DHSs with expression of WT1 -KTS is consistent with myeloid differentiation
(Nerlov and Graf, 1998a). The enrichment of WT1 motifs within new DHSs is
intriguing. WT1 is not a known pioneer factor and does not have the Fork head

or NF-Y style heterotrimeric structure normally associated with such factors;
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instead WT1 probably recruits other proteins which may remodel chromatin.
Expression of WT1 +KTS led to the formation of 973 new DHSs at sites with an
enrichment for AP-1 and PU.1 motifs but notably no WT1 motif enrichment was
seen in the 3131 lost DHSs (Figure 4-24B). The switch from PU.1 to ETS upon
WTL1 +KTS expression perhaps suggests that the cells are becoming more stem
cell like, consistent with the findings in Section 4.3.2. The lack of WT1 in lost
motifs suggests that changes in chromatin conformation here were indirect
changes and not directly as a consequence of WT1. We observed no particular
change in the genomic distributions of DHSs seen when WTL1 isoforms were

expressed (Figure 4-24C).
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Figure 4-24: Induction of WT1 isoforms leads to changes in open chromatin sites.

(A-B) Density plots of DNase I-seq peaks in a 2kb window, ranked top to bottom
by relative tag count of peaks in (A) doxycycline-induced WT1 -KTS or (B)
doxycycline-induced WT1 +KTS relative to Empty Vector control in Kasumi-1
cells. The bars on the side depict the number of specific and shared peaks.
Plotted alongside are motifs occurring at the DHSs. The tables of enriched TF
binding motifs within the specific peaks are shown alongside. (C) Histogram of
the genomic distribution of DNase | Hypersensitive Sites in Kasumi-1 cells
transduced with Empty Vector, WT1 +KTS or WT1 —KTS.

We next examined the global impact of WT1 isoform overexpression using RNA-
seq. WT1 —KTS expression led to a distinct transcriptional signature which
clusters away from other experimental conditions (WT1 +KTS, Empty Vector
control) when examined by hierarchical clustering of RNA-seq data (Figure 4-
25A). A heatmap of differentially expressed genes showed that gene expression
changes appear to be greatest with expression of WT1 —KTS (Figure 4-25B). In
section 4.3.2, we showed how WT1 and RUNX1-ETO co-operate to alter myeloid
differentiation and so we therefore investigated differential gene expression after
WT1 was knocked down and in comparison to RUNX1-ETO knockdown. This

analysis shows an alteration in expression of many common genes, however
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some changes were distinct (Figure 4-25C). In order to assess which gene
expression changes were likely to be directly due to WT1, we analysed how many
differentially expressed genes were direct WT1 targets as assessed by WT1
ChlIP-seq (global analysis of these experiments will be discussed in Section
4.4.2). Between 1/3 to 1/2 of all differentially expressed genes were direct WT1

targets (Figure 4.25D-E)
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Figure 4-25: Distinct transcriptional changes are elicited with WT1 isoform
expression.
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(A) Hierarchical clustering of Pearson correlation coefficients of RNA-seq
experiments of Kasumi-1 cells transduced with Empty Vector, WT1 +KTS, WT1
—KTS or shWTL1. (B) Heatmap of hierarchical clustering of differentially expressed
genes in Kasumi-1 cells transduced with Empty Vector, WT1 +KTS or WT1 —
KTS. (C) Heatmap of hierarchical clustering of differentially expressed genes in
Kasumi-1 cells transduced with shWT1 or shRUNX1-ETO at day 2, 4 or 10 time
points. (D-E) Number of differentially expressed genes and how many of which
are direct WT1 targets with Kasumi-1 cells transduced with (D) Empty Vector,
WT1 +KTS or WT1 —KTS or (E) shwT1.

We performed a KEGG pathway analysis of differentially expressed genes, and
focusing on the genes that are direct WT1 protein targets, revealed the cellular
pathways being altered by the expression of the different isoforms of WT1. We
found very few enriched upregulated pathways when WT1 +KTS was expressed
but the analysis of downregulated pathways revealed downregulation of genes
normally involved in RNA degradation (Figure 4-26A-B), alluding to the role of
WT1 in RNA processing (Duarte et al., 1998). Furthermore, downregulation of the
p53 signalling pathway may permit the increased growth seen when WT1 +KTS

was expressed (Section 4.3.1).

By contrast, expression of WT1 —KTS led to the upregulation of many KEGG
pathways. Notably, the upregulation of genes involved in many cellular signalling
pathways including Jak-STAT, MAPK, NFkB and sphingolipid signalling (Figure
4-26C). However, most of these genes are negative regulators of these pathways
such as the Dual Specificity Phosphatase (DUSP) 2 and 7 genes (Kim et al.,
1999) which may explain the decreased growth of cells transduced with WT1 —
KTS. Downregulated pathways include cell cycle regulation, consistent with the

cell cycle arrest seen in these cells (Section 4.3.1) as well as spliceosome genes,
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which may represent another mechanism by which WT1 regulates the post-

transcriptional modification of RNA (Figure 4-26D).
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Figure 4-26: Transcriptional changes are elicited with WT1 isoform expression.

(A-D) KEGG pathways derived from determining expression changes in direct
WT1 gene targets based on RNA-seq experiments of Kasumi-1 cells transduced
with Empty Vector, WT1 +KTS, WT1 —KTS.

Since WT1 isoform expression appeared to affect splicing, we next analysed how
splicing was altered, both globally and at specific genes. Globally, WT1 +KTS
expression led to the differential splicing of more genes compared with other
experimental conditions (Figure 4-27A). Many of the genes that were differentially
spliced were direct WT1 targets suggesting direct RNA processing by WT1 or its
protein partners (Figure 4-27B) but some were not direct targets which may be
explained by WT1 regulating the expression of genes coding for spliceosome
proteins (Figure 4-26D). WT1 isoforms caused both increases and decreases in

the Percentage of exonic reads Spliced In (PSI) in various genes (Figure 4-27C).

Focusing on the WT1 locus, expression of the different isoforms led to differential
splicing, as seen on a Sashimi plot (Figure 4-27D). Intriguingly, WT1 ChiIP-seq
showed peaks overlying each exon of WT1 suggesting that WT1 may regulate its

own splicing.
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D Differential splicingand WT1 binding at the WT1 locus after WT1 isoform overexpression in (8;21) Kasumi-1 cells
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Figure 4-27: Expression of WT1 isoforms drives differential splicing.

(A-B) Number of differentially spliced genes, (A) all genes or (B) direct WT1
targets only, p-value <0.01, of Kasumi-1 cells transduced with doxycycline-
induced Empty Vector, WT1 +KTS or WT1 —KTS. Increased PSI (Percentage of
exonic reads Spliced In) shown above the axis or decreased PSI shown below
the axis. (C) Heatmap showing hierarchical clustering of differentially spliced
genes as determined by PSI, p-value <0.01 of Kasumi-1 cells transduced with
doxycycline-induced Empty Vector, WT1 +KTS or WT1 —KTS. (D) Screenshot of
splicing events in the WT1 locus depicting the frequency of exon usage in control
(empty vector transduced), WT1 +KTS transduced and WT1 -KTS transduced
Kasumi-1 cells, together with ChIP data depicting the position of WT1 binding
sites as indicated.

4.3.4 WT1 expression alter the chromatin landscape and gene expression
in primary t(8;21) AML

Having established that expression of WT1 isoforms leads to distinct
transcriptional, epigenetic and phenotypic changes in Kasumi-1 cells, we wanted
to see whether this was also true for primary patient derived cells, starting with
t(8;21) AML. We transduced primary t(8;21) AML with doxycycline-induced
Empty Vector, WT1 +KTS or WT1 —KTS and FACS sorted transduced cells after

doxycycline induction based upon GFP expression and confirmed WT1
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expression with RT-qgPCR (Figure 4-28A). Analysis of ATAC-seq data from these
FACS sorted cells comparing the Empty Vector and WT1 —KTS cells showed
distinct chromatin changes. Within the 1672 new open chromatin sites appearing
after WT1 —KTS was expressed, we found a gain in enrichment of PU.1 and
C/EBP motifs, suggesting that these cells were undergoing myeloid differentiation

(Zhang et al., 1997a) (Figure 4-28B).

The analysis of differentially expressed gene in the RNA-seq data from these
FACS sorted primary cells showed that WT1 —KTS expression caused distinct
transcriptomic changes (Figure 4-28C); we found an upregulation of genes
suggestive of myeloid differentiation such as ITGAM (which codes for CD11b) as
well as pathways involved in IL-17 signalling suggesting a shift in the cells
towards an inflammatory phenotype (lwakura et al.,, 2011) (Figure 4-29A-B).
Expression of WT1 +KTS caused an upregulation of cytokine-cytokine receptor
and toll-like receptor KEGG pathways (Figure 4-29C-D) which is consistent with
increased signalling-related cell growth. In addition further dysregulation in 1I-17

signalling was seen.
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Figure 4-28: Expression of WT1 isoforms leads to epigenetic and transcriptional
changes in primary t(8:21) AML cells.

(A) Relative colony formation ability of primary t(8;21) AML cells transduced with
doxycycline-induced Empty Vector, WT1 +KTS or WT1 —KTS. (B) Density plots
of ATAC-seq peaks in a 2kb window, ranked top to bottom by relative tag count
of peaks from doxycycline-induced WT1 -KTS transduced cells relative to
doxycycline-induced Empty Vector transduced cells in primary t(8;21) AML. Bars
on the left indicate the number of peaks that are specific or shared between the
cell types. The tables of enriched transcription factor binding motifs in the specific
groups are depicted alongside. (C) Heatmap of differentially expressed genes of
primary t(8;21) AML cells transduced with doxycycline-induced Empty Vector,
WT1 +KTS or WT1 —KTS.
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Figure 4-29: Expression of WT1 isoforms leads to alterations in KEGG pathways
in primary t(8:21) AML.

(A-D) KEGG pathways derived from enriched genes of primary t(8;21) AML
transduced with doxycycline-induced Empty Vector, WT1 +KTS or WT1 —KTS.

We next integrated gene expression, open chromatin data and motif enrichment
data to construct transcription factor (Gene Regulatory) networks in t(8;21) AML,
which was facilitated by our previous capture HIC data which allowed us to
annotate binding motifs to their rightful promoter (Assi et al., 2019). Here, we
focused specifically on those transcription factors that were differentially

expressed compared to healthy CD34* cells (Figure 4-30).

A large degree of mutual binding between various transcription factors and their
respective genes can be seen and the AP-1 family of TFs stand out as a major
node. Having established the WT1 motif through ChlIP-seq (see Section 4.4.2),
we found that WT1 was strongly regulated by the ETS family of TFs and that WT1
could in turn regulate the AP-1 and NFAT families. Thus WT1 forms an important

node within the t(8;21) AML TF network.

225



PROMIS (PROMS

fpkm
2 I >30

down-regulated O
up-regulated

invariant

count
| 1 —>12

white node colour:
gene not expressed (<2 fpkm)

edge colour

node colour
border colour

Node and edge attributes

Figure 4-30: AML-specific transcription factor network in t(8:21) AML.

Transcription Factor families binding to the same motif form a node, highlighted
with large grey or black text with the family name. Arrows pointing outward from
entire TF family node highlight footprinted motifs in individual genes generated
by any member of this factor family whereby the footprint was annotated to the
gene using the CHIC data where possible, or otherwise to the nearest gene. The
colour of the edge (arrow) indicated the number of footprinted transcription factor
binding motifs found in the target transcription factor gene. The expression level
(FKPM) of the individual genes is depicted in white (low) or red (high) color. The

226



colour of the border indicated whether the gene is upregulated or downregulated
compared to healthy CD34" cells. The network was constructed by Dr Salam
Assi.

4.3.5 WT1 expression alters the chromatin landscape and gene expression
in primary FLT3-ITD AML

We next used the same strategy to examine the role of WT1 in FLT3-ITD AML, a
second major subgroup of AML. We transduced and FACS sorted GFP positive
cells and confirmed WT1 overexpression through RT-qPCR (Figure 4-31A).
Expression of WT1 —KTS reduced colony formation from primary FLT3-ITD cells
whereas expression of WT1 +KTS did not affect it (Figure 4-31B). The analysis
of ATAC-seq data from these cells showed 1111 new open chromatin sites after
the expression of WT1 —KTS (Figure 4-31C). Motif enrichment analysis of these
new open chromatin sites showed a specific enrichment for PU.1 motifs,
suggesting that as with t(8;21) AML, these cells may be undergoing myeloid

differentiation.
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Figure 4-31: Expression of the WT1 —KTS isoforms leads decreased colony
formation and distinct epigenetic changes in primary FLT3-ITD AML cells.

(A) RT-gPCR of relative expression of WT1 mRNA compared to GAPDH mRNA
in primary FLT3-ITD AML. (B) Relative colony formation ability of primary FLT3-
ITD AML cells transduced with doxycycline-induced Empty Vector, WT1 +KTS or
WT1 —KTS. (C) Density plots of ATAC-seq peaks in a 2kb window, ranked top to
bottom by relative tag count of peaks in doxycycline-induced WT1 -KTS
transduced cells relative to doxycycline-induced Empty Vector transduced cells
in primary FLT3-ITD AML. Bars on the left indicate the number of peaks that are
specific or shared between the cell types. The tables of enriched transcription
factor binding motifs in the specific groups are depicted alongside.

Analysis of differentially expressed genes from RNA-seq data showed that once
again expression of WT1 —KTS led to changes in gene expression distinct from
the other experimental conditions (Figure 4-32). Analysis of KEGG pathways
revealed that expression of WT1 —KTS led to an upregulation of genes involved
in apoptosis (Figure 4-33A), which may partially explain why colony formation
was impaired. Downregulated genes included those involved in regulation of the

cell cycle such as CCND1, CCNE1 and E2F1 (Figure 4-33B). By contrast, when
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the WT1 +KTS was expressed, cell cycle genes such as CCNE1, CCNE2 and

E2F1 were upregulated, consistent with the idea that WT1 +KTS produces an

increased growth phenotype (Figure 4-33C).
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Figure 4-32: Expression of WT1 isoforms leads to distinct transcriptional changes
in primary FLT3-ITD AML cells.

Heatmap of differentially expressed genes of primary FLT-ITD AML cells
transduced with doxycycline-induced Empty Vector, WT1 +KTS or WT1 —KTS.
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Figure 4-33: Expression of WT1 isoforms leads to alterations in different KEGG
pathways in primary FLT3-ITD AML.

(A-D) KEGG pathways derived from enriched genes of primary FLT3-ITD AML
transduced with doxycycline-induced Empty Vector, WT1 +KTS or WT1 —KTS.

Integrating all of the multi-omics data, we determined the Transcription Factor
Network for primary FLT3-ITD AML. Similar to t(8;21) AML, AP-1 and ETS factors
were found to be major nodes within this network (Figure 4-34). Furthermore,
WT1 once again emerged as an important regulator, which could regulate the
AP-1 and NFAT families of TFs. However, we also found key differences such as
the prominence of the HOX cluster and transcription factors such as NFIX and

FOXC1 that was specific to the FLT3-ITD AML Transcription Factor Network.

ESARA




node colour

fpkm
2 i >30

down-regulated (D
up-regulated

invariant

| 1 count >12

white node colour:
gene not expressed (<2 fpkm)

border colour
edge colour

Node and edge attributes

Figure 4-34: AML-specific transcription factor network in FLT3-ITD AML.

Transcription Factor families binding to the same motif form a node, highlighted
with large grey or black text with the family name. Arrows pointing outward from
entire TF family node highlight footprinted motifs in individual genes generated
by any member of this factor family whereby the footprint was annotated to the
gene using the CHIC data where possible, or otherwise to the nearest gene. The
colour of the edge (arrow) indicated the number of footprinted transcription factor
binding motifs found in the target transcription factor gene. The expression level
(FKPM) of the individual genes is depicted in white (low) or red (high) color. The
colour of the border indicated whether the gene is upregulated or downregulated
compared to healthy CD34" cells. The network was constructed by Dr Salam
Assi.

4.3.6 WT1 expression causes minimal change in the chromatin landscape
or transcriptome of healthy patient cells

When searching for therapeutic targets, it is important their perturbation does not
affect normal cells, thus reducing toxicities for patients. In order to address this
issue, we transduced the different WT1 isoforms affected into CD34" cells derived

from the bone marrow of healthy patients.

We confirmed successful induction of WT1 isoforms within these cells through

RT-gPCR (Figure 4-35A). Reassuringly, altering expression of WT1 isoforms did
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not affect the colony formation ability of healthy cells (Figure 4-35B). ATAC-seq
analysis showed very few changes in open chromatin sites (Figure 4-35C). In
addition, whilst there were a small number of differentially expressed genes after
WT1 isoform expression (Figure 4-35D), no enriched KEGG pathways were

found suggesting minimal transcriptomic change.
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Figure 4-35: Expression of WT1 isoforms leads to limited epigenetic or
transcriptional change in primary healthy CD34" cells.

(A) RT-gPCR of relative expression of WT1 mRNA compared to GAPDH mRNA
in primary FLT3-ITD AML. (B) Relative colony formation ability of primary healthy
CD34" cells transduced with doxycycline-induced Empty Vector, WT1 +KTS or
WT1 —KTS. (C) Density plots of ATAC-seq peaks in a 2kb window, ranked top to
bottom by relative tag count of peaks in doxycycline-induced WT1 -KTS
transduced cells relative to doxycycline-induced Empty Vector transduced cells
in primary healthy CD34" cells. Bars on the left indicate the number of peaks that
are specific or shared between the cell types. The tables of enriched transcription
factor binding motifs in the specific groups are depicted alongside. (D) Heatmap
of differentially expressed genes of primary healthy CD34* cells transduced with
doxycycline-induced Empty Vector, WT1 +KTS or WT1 —KTS.

4.3.7 WT1 expression leads to AML subtype-specific changes in gene
expression and in chromatin landscapes

Next, we performed a global analysis of RNA-seq (Figure 4-36A) and ATAC-seq
(Figure 4-36B) patterns incorporating all primary cell experiments. This analysis
found that cells predominantly clustered according to their parent cell type.

Therefore, whilst WT1 expression or depletion does give rise to important
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transcriptional and epigenetic alterations, these changes are relatively small

compared to AML subtype-specific differences.
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Figure 4-36: Differences in the transcriptome and epigenome elicited by WT1
perturbations occur within an AML subtype-specific cistrome.

(A-B) Heatmap showing hierarchical clustering of Pearson Correlation
Coefficients of the indicated primary cell (A) RNA-seq experiments or (B) ATAC-
seq experiments. Primary t(8;21) AML, primary FLT3-ITD AML or healthy CD34*
cells were transduced with doxycycline-induced Empty Vector, WT1 +KTS, WT1
—KTS, shNTC or shwT1.

Figure 4-37 shows the number of differentially expressed gene within the primary
cell experiments. Of interest, the most differentially expressed genes occurred
within the context of FLT3-ITD AML and of note, this is the AML subtype within

which WT1 mutations are most commonly found (Papaemmanuil et al., 2016).
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Figure 4-37: Number of genes dysregulated by WT1 perturbation in primary
1(8:21) AML, FLT3-ITD AML and healthy CD34* cells.

(A-B) Number of differentially expressed genes from RNA-seq experiments of
primary t(8;21) AML, primary FLT3-ITD AML or healthy CD34* cells that were
transduced with doxycycline-induced (A) Empty Vector, WT1 +KTS, WT1 —KTS
or (B) shNTC or shwT1.

4.4 WT1 binds to specific sites in an isoform specific manner

In order to understand the actions of transcription factors, it is essential to know
to which genes they bind. Before this study, the only published ChIP-seq
experiments in leukaemia examining WT1 binding were performed on a CML
blast crisis cell line, K562 (Ulimark et al., 2017). However, after we downloaded
this data, we discovered that the quality of data was extremely poor and did not
allow any meaningful conclusions to be drawn. We therefore performed WT1
ChiP-seq after expression of several WT1 isoforms in order to understand

genomic binding sites in detalil.
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4.4.1 WT1 binds to sites distinct from the core transcription factor network
characterising t(8;21) AML

In t(8;21) AML, a core set of co-localising transcription factors, which includes the
components of the RUNX1-ETO complex, HEB, LDB1, LMO2 as well as PU.1,
RUNX1, JUND and C/EBPa make up the t(8;21) specific transcription factor
network (Ptasinska et al., 2014). To examine how WT1 binding relates to this
network, we performed WT1 ChlP-seq after expression of six of the different WT1
isoforms or an Empty Vector control in Kasumi-1 cells. Hierarchical clustering of
the binding sites in these WT1 ChlP-seq experiments showed that they cluster
separately to those of the other transcription factors (Figure 4-38). Within the WT1
subcluster, the ChIP seq data clustered according to which KTS isoforms was
expressed and independently of alternative splicing of the 17AA exon 5 site or
the transcriptional start site used which give rise to long or short isoforms. Since
the KTS amino acids are within the Zinc Finger DNA binding domain of WT1
(Laity et al., 2000), this results is therefore consistent with the finding that their

presence or absence is the principle determinant of where they bind.
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Figure 4-38: WT1 ChIP-seq binding sites cluster in an isoform-specific fashion
and away from the RUNX1-ETO complex sites.

Heatmap showing hierarchical clustering of Pearson Correlation Coefficients of
WT1 isoform ChlP-seq sequence profiles and the indicated transcription factor
ChiP-seq profiles. Some ChlP-seq data from (Ptasinska et al., 2014).

4.4.2 WT1 binds in an isoform specific manner

We next determined the number of overlapping binding sites between the
endogenous WT1 (Empty Vector), the WT1 —KTS and WT1 +KTS isoform
transduced cells. This analysis shows that WT1 —KTS transduced cells contain
many more and different binding sites compare with WT1 +KTS transduced cells.
Upon expression of the WT1 —KTS isoform, 9744 new WT1 binding sites were

present compared to the Empty Vector control, whilst expression of the WT1
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+KTS isoform gave rise to 1648 new binding sites (Figure 4-39A). The general
genomic distribution of these WT1 binding sites was not greatly altered after WT1
isoform induction except for a slight redistribution of intronic WT1 binding sites to

intergenic binding sites upon WT1 +KTS expression (Figure 4-39B).
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Figure 4-39: Distinct and overlapping binding sites of WT1 isoforms.

(A) Venn diagram showing the overlap between WT1 ChIP-seq binding sites in
Kasumi-1 cells transduced with doxycycline-induced Empty Vector, WT1 —KTS
or WT1 +KTS. (B) Histogram of the genomic distribution of WT1 binding sites.

The quality of our data allowed us to determine a precise position weight matrix
determining WT1 binding sites. Motif enrichment analysis of WT1 ChlIP-seq
peaks of all three cell populations highlighted an EGR (Early Growth Response)
transcription factor like Guanine-rich motif together with ETS, RUNX and CTCF
motifs. Expression of WT1 +KTS led to a lower motif density of an EGR-like WT1

motif and motif enrichment compared with the Empty Vector control or WT1 -
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KTS. Furthermore, similar to what was seen with the previous DNase I-seq
analysis (Section 4.3.3), expression of WT1 +KTS led to enrichment of ETS
motifs rather than PU.1 motifs within WT1 binding sites; this also suggest that
WT1 +KTS may confer a more stem-like phenotype (Figure 4-40 A-C). Analysis
of motif enrichment showed that within the Empty Vector control experiments
measuring the binding of the endogenous WT1, a WT1 motif was found within
46.77% of binding sites, which rose to 63.35% of sites when WT1 —KTS was
expressed but fell to 27.50% of sites when WT1 +KTS was expressed. This is
consistent with NMR studies of WT1 —KTS being a stronger DNA binder than

WTL1 +KTS (Laity et al., 2000) (Figure 4-40 A-C).

Detailed examination of the position weight matrix of the WT1 motif by
comparison with the EGR motif showed that the WT1 motif contained an invariant
Adenine base whilst the EGR motif would contain a Cytosine or Thymine (Figure
4-40D). This suggests that some but not all EGR motifs could be bound by WT1
as well. Intriguingly, the position weight matrix for the WT1 motif did not differ
between the WT1 —KTS and WT1 +KTS isoforms. This result suggests that the
DNA binding specificity of these WT1 isoforms is not purely determined by the

DNA sequence.
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(A-C) Average profile plots of motif density relative to distance from ChIP peak
centre in Kasumi-1 cells transduced with doxycycline-induced (A) Empty Vector,
(B) WT1 —-KTS or (C) WT1 +KTS. Table of the frequencies of enriched TF binding
motifs is shown alongside. (D) De novo generated Position Weight Matrix
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underlying WT1 binding together with that of EGR1 based upon ChiIP-seq
experiments.

4.4.3 WT1 is associated with activating histone modifications

In order to determine what action WT1 was having upon the chromatin landscape,
we ranked the Empty Vector WT1 ChIP binding sites from the biggest to the
smallest peak and correlated it to Histone modification ChiP-seq (Figure 4-41A).
The strongest WT1 ChIP peaks appeared to correlate with greater p300 and RNA
polymerase Il binding as well as the activating histone modifications H3K9Ac and

H3K27Ac but not the repressive H3K27me3 histone mark.

Furthermore, the strongest WT1 binding sites correlated well with other Zinc
Finger transcription factor ChlP-seq binding sites including EGR1 and Spl (see
also Section 4.5) but not the core transcription factors of t(8;21) AML (Ptasinska
et al., 2014) (Figure 4-41A). Examination on an isoform specific level show that
the core transcription factors binding is correlated better with WT1 +KTS
compared with WT1 —KTS (Figure 4-41B). This may be because cells with WT1
—KTS isoform expression are more differentiated as discussed in Section 4.3.2.
Further confirmatory evidence comes from the presence of moderately increased
CEBPA binding with WT1 —KTS binding sites as well as the more obvious WT1
+KTS correlation (Figure 4-41B). CEBPA is involved in both stem cell and

differentiated cell states (Zhang et al., 1997a).
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Figure 4-41: WT1 binding sites are associated with activation histone marks and
are associated increased gene expression.

(A) Density plots of the indicated transcription factor and histone modification
ChIP-seq peaks in Kasumi-1 cells within a 200 bp window, ranked by tag count
of WT1 peak strength going from top to bottom. (B) Comparison of density plots
of WT1 ChiIP-seq peaks with the indicated transcription factor binding motifs or
ChIP-seq peaks in Kasumi-1 cells transduced with doxycycline-induced EV, WT1
+KTS or WT1 —KTS within a 200 bp window, ranked by tag count of WT1 peak
strength going from top to bottom. Plotted alongside is gene expression relative
to the EV control. Some ChiIP-seq data from (Ptasinska et al., 2014).
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4.4.4 The expression of WT1isoforms leads to the establishment of distinct
gene regulatory networks

Next, we generated Gene Regulatory Networks (GRNs) from data derived from
cells transduced with WT1 +KTS or WT1 —KTS isoforms using the methodology
discussed in Section 4.3.4 (Figures 4-42 and 4-43). Here, the bottom half of the
networks shows the interactions between transcription factor encoding genes
based on motif occupancy, whereas the top half shows non-transcription factor

genes linked to the transcription factor network.

The WT1 —KTS GRN shows a specific downregulation of MYC and upregulation
of IRF1 and CEBPE relative to the Empty Vector control, which is not present in
the WT1 +KTS GRN. MYC is a potent oncogene in leukaemia (Hoffman et al.,
2002) and its downregulation is consistent with the abrogation of the leukaemic
phenotype with WT1 —KTS expression. IRF1 downregulation or mutation is also
important in leukaemogenesis (Preisler et al., 2001) and so it upregulation in the
WT1 —KTS GRN also suggest reduction in leukaemic behaviour. CEBPE is a
lineage-specifying transcription factor whereby its upregulation suggests

neutrophil differentiation (Yamanaka et al., 1997).

In the WT1 +KTS GRN, AP-1 family members including FOSL1 and JDP2 are
upregulated and such activated signalling may contribute the growth phenotype
seen. In the GRNs of WT1 +KTS and WT1 —KTS, CBFB is downregulated; since
CBFB is a vital chaperone protein promoting RUNX1 protein binding (Tahirov et

al., 2001).
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Furthermore, looking at downstream upregulated genes from a therapeutics
perspective, the WT1 +KTS GRN contains CD69 and PIM (Proto-oncogene

serine/threonine protein) kinases such as PIM1 and the WT1 —KTS GRN contains

the FES kinase, all of which are ‘druggable’ targets.
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Figure 4-42: Gene requlatory network connected to upregqulated WT1 +KTS
targets.
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Transcription factor families binding to the same motif form a node, highlighted
with large grey text with the family name. Arrows pointing outward from entire
node highlight footprinted motifs in individual genes generated by any member of
this factor family whereby the footprint was annotated to the gene using the CHIiC
data where possible, or otherwise to the nearest gene. The colour of the Edge
(arrow) indicates the number of footprinted transcription factor motifs present in
the target transcription factor gene. The expression level (FKPM) of the individual
genes is depicted in white (low) or red (high) color. The border colour indicates
whether the gene is upregulated or downregulated compared to the Empty Vector
(EV) control. Network constructed by Dr Salam Assi.
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Figure 4-43: Gene requlatory network connected to uprequlated WT1 —KTS
targets.

Transcription factor families binding to the same motif form a node, highlighted
with large grey text with the family name. Arrows pointing outward from entire
node highlight footprinted motifs in individual genes generated by any member of
this factor family whereby the footprint was annotated to the gene using the CHIiC
data where possible, or otherwise to the nearest gene. The colour of the Edge
(arrow) indicates the number of footprinted transcription factor motifs present in
the target transcription factor gene. The expression level (FKPM) of the individual
genes is depicted in white (low) or red (high) color. The border colour indicates
whether the gene is upregulated or downregulated compared to the Empty Vector
(EV) control. Network constructed by Dr Salam Assi.

4.4.5 RUNX1-ETO binding is altered by WT1 isoform expression

In Section 4.3.2, we discussed how RUNX1-ETO and WT1 isoforms may co-
operate to alter myeloid differentiation. In order to understand the mechanism by
which this may occur, we performed RUNX1-ETO ChlP-seq upon expression of
WT1 isoforms. When the RUNX1-ETO ChlIP-seq peaks were ranked by the
Empty Vector against the WT1 +KTS isoform, a redistribution of RUNX1-ETO
was seen to sites with stronger RUNX, AP-1 and CEBP motif presence and away
from TCF3 (Figure 4-44A). This shows that WT1 may be altering the chromatin
landscape upon which RUNX1-ETO binds and hence changes RUNX1-ETO
mediated gene expression. ChIP-gPCR analysis of RUNX1-ETO binding at
several loci shows that in RUNX1-ETO binding site such as the SPI1 (PU.1)
enhancer, LAT2 enhancer, IGFBP7 promoter, CSF1R enhancer and WT1 intron
3 enhancer, WT1 +KTS expression increases RUNX1-ETO binding (Figure 4-
44B). Enhanced RUNX1-ETO binding at such target sites may explain why WT1

+KTS expression maintains a stem cell phenotype.
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Figure 4-44: WT1 isoform expression alters RUNX1-ETO binding.

(A) Density plots of RUNX1-ETO ChlP-seq peaks in a 2kb window, ranked top to
bottom by relative tag count of peaks in WT1 +KTS relative to Empty Vector
control in Kasumi-1 cells, together with TF binding motifs occurring at these sites.
The bars on the side depict the number of specific and shared peaks. (B) RUNX1-
ETO ChIP-gPCR of Kasumi-1 cells transduced with doxycycline-induced Empty
Vector, WT1 -KTS and WT1 +KTS. n=3 and error bars signify standard deviation.
ChIP-seq performed by Dr Paulynn Chin.

In order to assess what effects RUNX1-ETO may reciprocally have on WT1, we
performed WT1 ChIP-seq with and without knockdown of RUNX1-ETO using
doxycycline-induced shRNA. Density plots comparing the two experimental
conditions showed that upon RUNX1-ETO knockdown, WT1 was redistributed
away from RUNXL1 sites but that WT1 motif enrichment at these sites was
reduced and that there might be more indirect binding occurring through other

factors (Figure 4-45).
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Figure 4-45: RUNX1-ETO knockdown alters WT1 binding.

Density plots of WT1 ChlP-seq peaks in a 2kb window, ranked top to bottom by
relative tag count of peaks in doxycycline-induced Kasumi-1 cells expressing
shRNA against RUNX1-ETO relative to the non-induced control in Kasumi-1
cells. Plotted alongside are enriched transcription factor binding motifs and tables
of these enriched motifs.

4.5 Interaction between Zinc finger transcription factors

WT1 is a Zinc Finger transcription factor but several others Zinc Finger TFs are
also important in haematopoiesis including EGR1 (Min et al., 2008), KLFs
(Bialkowska et al., 2017) and Sp1l (Gilmour et al., 2019). Moreover, their binding
sites share large similarities raising the possibility that they regulate each other’s

binding.

4.5.1 Similarities and differences in Sp1, WT1 and EGR1 binding
In order to compare the binding sites of these Zinc Finger TFs, we performed
motif co-localisation analysis within 50bp of WT1 ChiIP-seq sites. We found that

the WT1 motif was most co-localised with EGR which is unsurprising given the
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similarity of their Position Weight Matrices (Section 4.4.2). WT1 peaks also
clustered closely to the other Zinc Finger factor motifs for KLF and Sp family
members (Figure 4-46A). Increased co-localisation was also seen with ETS

motifs but not with any other TF motifs.

An extended motif search within WT1 and EGR1 ChIP-seq peaks showed the
presence of a composite motif between the Sp family and WT1/EGR1 (Figure 4-
46B). This may explain the high degree of co-localisation seen between these
factors and they may potentially co-operate or co-bind as a complex.
Furthermore, analysis looking at either peaks from WT1, Spl and EGR1 ChIP-
seq experiments (Figure 4-46C) or looking at motif density in open chromatin
sites (Figure 4-46D) shows good co-localisation of all of these factors at WT1
binding sites. Quantification of the degree of overlap between these TF binding
sites showed that there were 971 common binding sites between WT1 and Spl
(Figure 4-46E) whilst there were 2477 common binding sites between WT1 and

EGR1 (Figure 4-46F).
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Figure 4-46: The Zinc Fingers transcription factors WT1, Spl and EGR1 have
common and distinct binding sites.

(A) Bootstrapping analysis clustering the significance of co-localisation of the
indicated TF binding motifs within 50 bp in WT1 ChIP-seq peaks in Kasumi-1
cells. (B) Extended HOMER motif search in WT1 or EGR1 ChIP-seq experiments
showing a composite Sp:WT1/EGR1 motif. (C-D) Average profile plot of (C) ChIP
coverage and (D) motif density relative to distance from the WT1 peak centre in
Kasumi-1 cells. (E) Venn diagram showing the overlap between WT1 and Spl
ChlP-seq binding sites in Kasumi-1 cells. (F) Venn diagram showing the overlap
between WT1 and EGR1 ChIP-seq binding sites in Kasumi-1 cells. Sp1 ChIP-
seq only performed by Dr Anna Pickin.

4.5.2 Strand specific Spl1 binding around EGR1 but not WT1 binding sites

In order to further understand how these Zinc Finger TFs were binding in
proximity, we performed strand specific ChlP-seq analyses. The motif frequency
of Spl on EGR1 ChIP-seq positive strand reads was greater compared to the
negative strand (Figure 4-47A), which suggests that both the Sp1 and EGR1 zinc
fingers preferentially wrap around the same strand of DNA. This preferential
strand-specific co-localisation was not seen for other co-localised transcription

factors such as ETS (Figure 4-47B).
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When performing the same analysis for WT1 ChiIP-seq experiments, WT1 and

Sp1l did not appear to co-localise in a strand-specific manner (Figure 4-47C) nor

did WT1 co-localise with ETS in a strand specific manner (Figure 4-47D).

Therefore, strand specific binding appeared to be a unique to Spl and EGR1.
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Figure 4-47: Spl binds in a strands specific manner around EGR1 but not WT1.
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(A-B) Average profile plot of strand-specific (A) Spl and (B) ETS motif frequency
relative to the distance from the EGR1 ChlIP-seq peak summit in Kasumi-1 cells.
(C-D) Average profile plot of strand-specific (C) Spl and (D) ETS motif frequency
relative to distance from the WT1 ChIP-seq peak summit in Kasumi-1 cells
transduced with Empty Vector, WT1 —KTS or WT1 +KTS.

4.5.3 Interplay between WT1 and EGR1 binding

Next, we wanted to understand how WT1 and EGR1 binding may affect one
another given that their Position Weight Matrices are similar. We performed
EGR1 ChIP-seq on Kasumi-1 cells transduced with an Empty Vector control or
WT1 isoforms and ranked tag count of the WT1 —KTS against the Empty Vector
(Figure 4-48A). Induction of either WT1 isoform led to loss of a large number
(14569) of EGR1 binding sites, i.e. more than 1/3™ of all sites. The sites that were
lost appeared to be those at which Spl binding was strongest which suggests
that WT1 may be able to displace the EGR1-Spl complex alluded to in the earlier

co-localisation analysis (Figure 4-47A).

We also performed the reciprocal experiment whereby WT1 was knocked down
using shRNA and EGR1 ChIP-seq was performed. Knockdown of WT1 led to
1533 new EGR1 binding sites as expected (Figure 4-48B). However, a loss of
1930 EGR1 binding sites was also seen and in particular at strong Sp1 binding
sites. This result suggests that the relationship between WT1 and EGR1 is
complex. Further to this finding, average profile analysis showed that whilst WT1
isoform expression did reduce EGR1 binding globally (Figure 4-48C), WT1
knockdown also reduced EGR1 binding globally (Figure 4-48D) which again

suggests a complex relationship between EGR1 and WT1.
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Figure 4-48: WT1 isoform expression or knockdown affects EGR1 binding in a
complex manner.

(A-B) Density plots of EGR1 ChiIP-seq peaks within a 2kb window, ranked top to
bottom by relative tag count of peaks in (A) doxycycline-induced Kasumi-1 cells
transduces with the WT1 —KTS construct relative to Empty Vector control or (B)
doxycycline-induced shRNA against WT1 relative to non-induced control. The
bars on the side depict the number of specific and shared peaks. Plotted
alongside are enriched motifs. (C-D) Average profile plots of EGR1 ChIP
coverage in (C) Kasumi-1 cells transduced with Empty Vector, WT1 —KTS or WT1
+KTS or (D) Kasumi-1 cells transduced with shWT1 +/- doxycycline. EGR1 ChlP-
seq performed by Dr Paulynn Chin.

4.5.4 Example sites demonstrating the relationship between WT1 and EGR1
binding

When we examined several loci for example an ELK3 upstream cis-regulatory
element (Figure 4-49A) and the ARTL1 intragenic element (Figure 4-49B), WT1
knockdown led to increased EGR1 binding. Upon expression of the WT1 —KTS
isoform, a loss of EGR1 binding was seen at several loci including the SOCS3
downstream cis-regulatory element (Figure 4-50A) and the CASP9 downstream

element (Figure 4-50B).
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Figure 4-49: Knockdown of WT1 increases EGR1 binding at several cis-
reqgulatory elements.

(A-B) UCSC genome browser screenshots depicting WT1 ChIP and EGR1 ChIP
peaks at the (A) ELK3 locus or (B) ART1 locus with and without WT1 knockdown.
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Figure 4-50: Expression of the WT1 —KTS isoforms displaces EGR1 at some cis-
requlatory elements.
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(A-B) UCSC genome browser screenshots depicting DNase I-seq, WT1 ChiP,
EGR1 ChIP, Spl ChIP, RUNX1 ChIP and PU.1 ChIP peaks at the (A) SOCS3
locus and (B) CASP9 locus.

4.5.5 WT1 and EGR1 modules

Using the specific motifs derived from WT1 and EGR1 ChIP-seq experiments
together with our digital footprinting and Capture HiC data, we examined their
specific regulatory modules in our primary AML data. Modules were created
identifying WT1 or EGRL1 transcription factor binding motifs in distal cis-regulatory
elements of genes upregulated in primary AML compared to healthy CD34*

control cells.

Initially focusing on t(8;21) AML, the presence of occupied WT1 binding sites is
correlated with the upregulation of AP-1 family members such as JUNB, FOSL2
and JDP2 as well as growth receptors such as FGFR1 suggesting activated
signalling (Figure 4-51A). The presence of EGR1 occupied motifs is correlated
with the upregulation of signalling genes such as MAPKAPK?2 and other signalling
including NFkB signalling (NFKBIB). Both WT1 and EGR1 also regulate key

t(8;21) genes such as UBASH3B, an ubiquitin ligase (Goyama et al., 2016).

Next, we identified the WT1 and EGR1 bound modules in FLT3-ITD (and NPM1)
mutated AML. The presence of occupied WT1 motifs correlated with upregulation
of JUND and FOSL2 (Figure 4-51B). The presence of occupies EGR1 motifs
correlated with the upregulation of key transcription factors genes in FLT3-ITD

leukaemogenesis including NFIX and FOXC1 (Assi et al., 2019).
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Figure 4-51: Uprequlated Gene Requlatory Network linked to WT1/ EGR1 binding

sites in primary AML cells.
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WT1 and EGR1 linked to their AML-specific upregulated gene targets as
determined by the presence of occupied WT1 motifs in (A) primary t(8;21) AML
and (B) primary FLT3-ITD AML (Assi et al., 2019). Network constructed together
with Dr Daniel Coleman.

4.6 Functional analysis of recurrent WT1 mutations

4.6.1 WT1 exon 8 mutations increase leukaemic growth and self-renewal

WT1 mutations occur in around 10% of all AML (King-Underwood et al., 1996)
with mutations most commonly in exon 7, 8 or 9 which harbour different Zinc
Finger domains. In order to investigate what the role of WT1 mutations may be,
we created doxycycline-inducible WTL1 lentiviral constructs carrying frameshift
mutations in exons 7, 8 and 9 and transduced them into Kasumi-1 cells. Figure

4-52A shows a schematic of where these frameshift mutations were created.

Induction of the WT1 exon 8 mutation led to increased cell growth whereas
induction of the WT1 exon 7 or exon 9 mutations or of the Empty Vector control
had no growth altering effect (Figure 4-52B). The WT1 exon 8 mutation also led
to increased colony formation ability (Figure 4-52C) and decreased apoptosis
(Figure 4-52D) whereas the other mutations or Empty Vector control did not have
an effect. Lastly, none of the mutations had an effect upon the cell cycle (Figure

4-52E).
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Figure 4-52: WT1 mutations alter cell growth, colony formation and apoptosis in
a mutation site-specific manner.

(A) Schematic showing where frameshift mutations were introduced in WT1. (B)
Time course of cumulative cell growth of Kasumi-1 cells with or without
doxycycline induction of WT1 carrying frameshift mutations in different exons. (C-
E) Kasumi-1 cells transduced with doxycycline-induced WT1 carrying frameshift
mutations in different exons examined for (C) colony formation ability of 2000
cells seeded in methylcellulose, with data normalised to the Empty Vector control,
(D) number of annexin V positive cells (data normalised to Empty Vector control)
or (E) cell cycle phase. For all panels, n=3 and error bars show standard
deviation. Significance was determined using a 2 tailed student’'s t-test. *
indicates p-value <0.05, ** indicates p-value <0.005.
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4.6.2 Binding activity of WT1 exonic mutations

We were intrigued by the finding that only induction of the exon 8 frameshift
mutation had a phenotypic effect and not the other mutations. We performed WT1
ChlIP-seq on Kasumi-1 cells after induction of the exon 8 mutated WT1, which
gave very few peaks whilst an Empty Vector control WT1 ChIP performed in
parallel gave good enrichment at expected genomic sites (Figure 4-53); this result
suggested that the exon 8 mutation could act as a dominant negative to WT1 and
perhaps other Zinc Finger TFs which have very similar binding sites (Section

4.5.3).

We had expected that the exon 7 mutation would also have a phenotypic effect
but were surprised to find that induction of this construct did not lead to the
formation of a mutant protein in either of two different constructs with WT1
mutations in different places in exon 7, whereas induction of exon 8 and exon 9
mutants did give rise to a truncated protein (Figure 4-54A). In order to confirm
that protein could be produced, we transfected HEK 293T cells with the plasmids
and a mutant protein could be seen (Figure 4-54B). Furthermore, in primary
patient AML cells with a heterozygous exon 7 WT1 mutation, again a mutant
protein could not be seen. This suggested that the exon 7 mutation is unstable
within leukaemic cells and we hypothesise that either the mutant WT1 RNA is
degraded by nonsense-mediated decay or that the mutant protein is degraded by

the proteasome.
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Figure 4-53: The WT1 exon 8 mutant binds to fewer sites than wildtype WT1.

UCSC genome browser screenshot depicting WT1 ChlP-seq on Kasumi-1 cells
transduced with either doxycycline-induced WT1 exon 8 mutant or an Empty

Vector control.
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Figure 4-54: WT1 exon 7 mutants do not give rise to a stable protein in Kasumi-
1 cells.

(A-B) Western blots examining WT1 and GAPDH protein levels from (A) Kasumi-
1 cells transduced with doxycycline-induced WT1 carrying mutations in different
exons or (B) Kasumi-1, primary AML or HEK 293T cells transduced with Empty
Vector or exon 7 mutant WT1.
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4.7 WT1 and EGRL1 differentially respond to oncogenic signalling and Gene
Regulatory Network perturbations

In FLT3-ITD AML, activation of signalling is derived from the constitutively active
FLT3 receptor which imparts a specific chromatin pattern common to all cells with
this mutation (Cauchy et al., 2015) (Assi et al., 2019). We therefore examined
how WT1 expression responded to the perturbation of the signalling and Gene
Regulatory Network. To this end, we treated primary FLT3-ITD cells with the
FLT3 inhibitor, AC220 (Quizartinib) which led to decreased WT1 and EGR1

expression (Figure 4-55A).

RUNX1 is master transcription factor in AML and whilst it is difficult to directly
target, inhibiting the CBFB-RUNX1 complex with a CBFf inhibitor reduces
RUNX1 binding to DNA (lllendula et al., 2016). Using the CBFf inhibitor on
primary FLT3-ITD cells led to a decrease in WT1 expression but did not affect

EGR1 expression (Figure 4-55B).

As previously discussed, the AP-1 family of transcription factors are key
transducers of signalling. In order to block AP-1 binding, we expressed dnFOS in
primary FLT3-ITD cells in a doxycycline-induced manner. Induction of the dnFOS
peptide led to decreased WT1 expression but did not alter EGR1 expression

(Figure 4-55C).
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Figure 4-55: Perturbations in signalling affect WT1 and EGR1 expression.

(A) Dot plot of relative gene expression values as determined by RNA-seq of WT1
and EGRL1 in primary FLT3-ITD cells with treatment with DMSO or the FLT3-ITD
inhibitor Quizartinib (AC220). (B) Dot plot of relative gene expression values as
determined by RNA-seq of WT1 and EGR1 in cultured primary FLT3-ITD cells
after treatment with a control compound or the RUNX1-CBF@ inhibitor (lllendula
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et al., 2016). (C) Dot plot of relative gene expression of WT1 and EGRL1 in primary
FLT3-ITD cells transduced with doxycycline-induced Empty Vector or Dominant
Negative FOS (dnFOS) as measured by RT-PCR. AC220 and RUNX inhibitor
experiments performed by Dr Daniel Coleman.

4.8 AP-1 and WT1 Regulate Each Other

The fact that WT1 responds to oncogenic signalling raised the possibility that it
may be regulated by AP-1 and that these factors are intricately related and can
regulate each other's Gene Regulatory Networks. Induction of dnFOS led to
downregulation of WT1 in primary FLT3-ITD cells but not in primary t(8;21) or
healthy CD34* cells (Figure 4-56). Similarly, overexpression of either WT1 +KTS
or WT1 —KTS isoforms led to an increase in FOSL1 expression in primary FLT3-
ITD cells but not in primary t(8;21) or healthy CD34"* cells (Figure 4-57); this
finding again demonstrates that the different subtypes of AML differ in the
response of their Gene Regulatory networks to AP-1 and WT1 perturbation

(Sections 4.3.4 and 4.3.5).
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Figure 4-56: WT1 expression responds to dnFOS induction in FLT3-ITD AML.

WT1 read counts as measured by RNA-seq of primary FLT3-ITD, t(8;21) and

healthy CD34* cells induced and transduced with doxycycline-induced Empty
Vector control or dnFOS.
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Figure 4-57: FOSL1 is uprequlated by WT1 expression in primary FLT3-ITD AML.

(A) FOSL1 expression as measured by RNA-seq of primary FLT3-ITD, t(8;21)
and healthy CD34* cells induced and transduced with doxycycline-induced
Empty Vector control or WT1 +KTS or WT1 —KTS isoforms.

4.9 Summary

From our WT1 work, our most important conclusions are that:

0] WT1 is upregulated and an important component of AML maintenance

within the Gene Regulatory Networks of multiple subtypes of AML but

not in healthy stem cells.
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(i) Overexpression of endogenous WT1 leads to increased leukaemic
growth and clonogenicity whilst knockdown of WT1 leads to decreased
leukaemic growth.

(i)  WT1 acts in an isoform-specific fashion with WT1 +KTS isoforms
increasing leukaemic growth and clonogenicity in contrast to WT1 —
KTS isoforms which decrease leukaemic growth through cell cycle
inhibition, apoptosis and differentiation.

(iv)  WT1 +KTS and WT1 —-KTS isoforms have very distinct binding sites
and also differentially regulate RNA splicing, allowing for distinct
alterations to the epigenome and transcriptome.

(V) Certain WT1 mutants leading to alterations in DNA binding can lead to
increased leukaemic growth.

(vi)  Our ChIP and gene expression data allow us to propose models of
AML sub-type-specific up-regulation of these transcription factors in
response to external signals and GRN alterations (see Section 5.1.1-

5.1.2).

From our AP-1 work, our most important conclusions are that:

)] AP-1 is a central node in the Gene Regulatory Networks of multiple
subtypes of AML and many of its family members are upregulated in

AML compared with healthy stem cells.
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ii)

Blocking AP-1 binding through use of a dominant negative FOS
peptide led to decreased growth by a G1 cell cycle arrest through
regulation of Cyclin D2 as well as leading to aberrant differentiation.

Our understanding of AP-1 biology may be exploited therapeutically to
increase survival of mice in xenotransplantation experiments by either
blocking AP-1 binding or through pharmacologically inhibiting one of its

downstream genes, Cyclin D2.
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Chapter 5: Discussion

5.1 Oncogenic signalling

In this work, we gained novel insights into how several specific transcription
factors facilitate oncogenic signalling. We describe their actions at a molecular
level as to how they contribute to tumourigenesis and AML fitness as well as
identify the target genes that they bind to. We have explored the role of two

distinct classes of transcription factors:

1) The AP-1 family of TFs, within the Basic Domain/Leucine Zipper class of
TFs.
2) Zinc Finger TFs, focusing mainly on WT1 but also on how WT1 co-

operates and competes with two other Zinc Finger TFs EGR1 and Sp1.

5.1.1 WT1 as part of an oncogenic signalling hub

WT1 overexpression is a marker for an aggressive type of AML independent of
the AML sub-type. WT1 is upregulated after AML relapse and is a biomarker for
relapse prediction as it can be detected in minimal residual disease (MRD)
following treatments such as chemotherapy (Inoue et al., 1994). WT1 expression
in MRD is also a biomarker for AML relapse post-allogeneic stem cell
transplantation (Nomdedéu et al., 2018). This work points to elevated growth
factor signalling in leukemic cells as a major reason for WT1 upregulation and
also provides an explanation for the worse prognosis in such patients as WT1
itself modulates the gene expression patterns of leukemic cells towards

enhanced growth.
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Indeed, activation of signalling plays a key role in growth and increasing
evolutionary fitness in AML. In an examination of apparently healthy individuals,
the detection of mutations in signalling genes such as KRAS, NRAS, NF1, JAK2
and CBL could predict the development of AML around 6 years later (Abelson et
al., 2018). In another example, activating KRAS mutations have been
demonstrated to confer increased competitive survival in xenotransplantation
experiments (Burgess et al., 2017). Furthermore, the acquisition of a FLT3-ITD
mutation in a NPM1 mutant background accelerates the relapse time as
compared to the NPM1 mutation alone (Hollein et al., 2018). Finally, WT1
mutations have been described to co-operate with FLT3-ITD mutations in vivo in
the development of a fully penetrant AML (Pronier et al., 2018) which again

alludes to the clonal advantages conferred by activated signalling.

Integrating all the available ChiP-seq data from this study and others (Ben-Ami
et al., 2013, Martinez-Soria et al., 2018, Martens et al., 2012, Ptasinska et al.,
2012, Ptasinska et al., 2019) as well as RNA-seq data, we can construct a WT1
and EGR1 centred signalling network in t(8;21) AML (Figure 5-1). In response to
signals from cytokines binding to growth receptors, from constitutively active
signalling due to signalling mutations e.g. RAS or KIT or due to the RUNX1-ETO
driver oncoprotein (Martinez-Soria et al., 2018), the AP-1 family of transcription
factors is activated. AP-1 binds to EGR1 cis-regulatory elements together with
WT1, Spl, RUNX1-ETO, AP4 (E-box factor) and EGR1 (autoregulation). The
experiments presented here show that WT1 knockdown reduces EGR1

expression (Section 4.1.4). In addition, EGRL1 is an Early Growth Factor gene and
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so can respond to signals directly through its Serum Response Element

(Clarkson et al., 1999).

WT1 cis-regulatory elements are bound by RUNX1-ETO, AP4, AP-1, RUNX1,
PU.1, LMO2, C/EBPa and WT1 itself (some data from (Ptasinska et al., 2014)
RUNX1-ETO knockdown leads to decreased WT1 expression (Section 4.2.4).
WT1 and EGR1 can compete or otherwise alter each other’s binding globally in

order to determine the transcriptome of a leukaemic cell (Section 4.5.3).
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Figure 5-1: Kasumi-1 signalling network

WT1 and EGR1 regulatory sub-network specific for Kasumi-1 cells based on the
ChIP from our work and elsewhere (Ben-Ami et al., 2013; Martens et al., 2012;
Ptasinska et al., 2014) as well as our perturbation experiments (dnFOS
expression, RUNX1-ETO knockdown, WT1 knockdown, RUNX1 knockdown).
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The signalling network feeding into WT1 and EGR1 in FLT3-ITD AML is different.
Here, RUNX1 is part of the FLT3-ITD AML gene regulatory network and its
inhibition leads to WT1 down-regulation (see Section 4.7). The expression and
activity of RUNX1 is modulated by the FLT3-ITD signal as it has been shown that
FLT3-ITD signalling can activate RUNX1 phosphorylation, which can co-operate

with the FLT3-ITD signal to induce leukaemia (Behrens et al., 2017).

Incorporating the perturbation data and ChiP-seq data from (Cauchy et al., 2015),
we constructed a FLT3-ITD signalling network (Figure 5-2). FLT3-ITD signalling
activates AP-1, STAT5 and EGR1 signalling (Cauchy et al.,, 2015). EGR1,
together with WT1, Spl, STAT5, AP-1, RUNX1 and itself (autoregulation) can
bind to EGR1 cis-regulatory elements. RUNX1, EGR1, STAT5, AP-1 and WT1
itself can also bind to WT1 cis-regulatory elements. Consequently, the WT1 and
EGR1 factors can regulate gene expression in response to signalling (Section

4.3.5).
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Figure 5-2: Primary FLT3-ITD AML signalling network.

WT1 and EGR1 regulatory sub-network specific for FLT3-ITD/NPM1 mutated
AML. Based partly on data from (Assi et al., 2019) and STAT5 ChIP data from
(Cauchy et al., 2015).

WTL1 appears to act as a transcriptional activator as the strongest WT1 binding
sites were correlated with activating histone modifications such as H3K9Ac and
H3K27Ac and anti-correlated with repressive histone marks such as H3K27me3.
Furthermore, WT1 binding sites were correlated with increased gene expression
(see Section 4.4.3). Consequently WT1 is likely to be propagating oncogenic

signalling.

On an isoform-specific level, we showed that WT1 +KTS expression increased
leukaemic growth whilst WT1 —-KTS expression decreased it. Neither the
presence of the 17AA splice sequence nor the length of the isoform by employing

the first transcriptional start site appeared to make any difference for cellular
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growth (see Section 4.3.1) or the distribution of DNA binding sites (see Section
4.4.1). Whilst the extra sequences in the longer TSS 1 isoforms have been
previously described as a ‘repression domain’ because of their interaction with
transcriptional repression-associated proteins such as BASP1 (Carpenter et al.,

2004) we didn’t see any functional evidence of changes.

EGR1 is another Zinc Finger TF which we have shown as having a binding motif
overlapping with WT1 and which can compete with WT1 for its binding sites (see
Section 4.5.3). EGR1 can also bind to and regulate WT1 but WT1 can also
regulate EGR1 as seen in knockdown experiments (see Section 4.1.4). EGR1 is
bound by multiple signalling responsive factors such as AP-1 and STAT5
(Cauchy et al.,, 2015) and RUNX1-ETO and so can respond to oncogenic
signalling. But equally, EGR1 can also be modulated through its five Serum

Response Elements in response to general cellular stress.

Oncogenic signalling is not the only signalling mechanism that may elicit
transcriptional changes. In murine models of AML, inflammation of mesenchymal
stem cells promoted the transition of pre-leukaemia to leukaemia (Zambetti et al.,
2016). In another murine study, high IL1 levels promoted myeloid skewing of
HSCs and accelerated leukaemogenesis (Chavez et al., 2019). Therefore these
transcription factors that are driven by oncogenic signalling may potentially also
be driven/ initiated from exogenous signalling and it would be very interesting to
see whether WT1 expression or binding are altered by inflammatory signals, thus

promoting oncogenesis.
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5.1.2 AP-1 as part of an oncogenic signalling hub

AP-1 has been known to be part of a tumour-specific oncogenic signalling
process for decades (Angel et al., 1988). Whilst an appreciation of the role of AP-
1 within AML existed for several years (Steidl et al., 2006b), its precise role in
leukaemogenesis has not been followed up in detail. Part of the difficulty has
been the large degree of redundancy of AP-1 family members, consequently
knockdown of one or even more AP-1 genes does not always affect leukaemic
cells. Furthermore, even current published inhibitors of AP-1 (Brennan et al.,
2020) do not work when tested in our Lab (James Griffin, Daniel Coleman,
unpublished results). Whilst other labs have looked for simple and non-specific
phenotypic changes such as cell death, our lab have created an AP-1 reporter
cellular assay, which has clearly shown that none of the trialled inhibitors work
(unpublished data). Therefore, due to redundancy and lack of inhibitor, an
understanding of AP-1 on a molecular level has been poor, until this work which
used a dominant negative FOS peptide that blocked the binding of all AP-1

proteins.

AP-1 is activated through growth factor receptor signalling for example by Stem
Cell Factor binding to the KIT receptor (Martin et al., 1990) or the FLT3 ligand
binding to the FLT3 receptor (Lyman et al., 1993a). Binding of these growth
factors to their receptors leads to autophosphorylation of their tyrosine kinase
domains, which recruits adaptor proteins such as GRB2 which in turn recruit
Guanine nucleotide exchange factors such as SOS which can promote RAS
phosphorylation and hence activate RAS signalling (Egan et al., 1993). Activated

RAS subsequently activates downstream members of it signalling pathway
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including RAF, MEK, ERK, MAPK and JNK through subsequent serine and
threonine moiety phosphorylation (Campbell et al., 1998). AP-1 family members
are then activated through MAPK signalling, as exemplified by ATF2 which is
activated by p38 MAPK (Raingeaud et al., 1996) and JNK (Gupta et al., 1995)

and JUN which is activated by JNK (Dérijard et al., 1994).

In AML, Class | mutations such as KIT, FLT3, NRAS and KRAS mutations are
common (Papaemmanuil et al.,, 2016) and drive constitutive AP-1 signalling
independent of growth factor binding. Further support of this concept comes from
FLT3 knockdown studies in AML which led to both a reduction in MAPK pathway
member phosphorylation and a reduction in AP-1 binding, thus demonstrating
that AP-1 is a vital transducer of oncogenic signalling in the context of leukaemia
(Cauchy et al., 2015). However, Class Il mutations such as RUNX1-ETO can also
activate AP-1 signalling (Elsasser et al., 2003) (Frank et al., 1999) and we have
shown that RUNX1-ETO knockdown reduces the expression of AP-1 family
members (see Section 3.1.2), although the precise molecular mechanism linking

RUNX1-ETO and AP-1 is currently a subject of active investigation.

Whilst inhibiting AP-1 binding led to genome-wide changes (see Section 3.3), we
uncovered an important link between AP-1 binding and the cell cycle and hence
a possible molecular mechanism for how oncogenic signalling actually leads to
increased cell growth. AP-1 binds to the Cyclin D2 (CCND2) promoter and
increases CCND2 mRNA and protein expression (see Section 3.2.1). Cyclin D2
is an essential protein that activates Cyclin-Dependent Kinases 4 and 6 (CDK4,
CDK®6) and is vital for the G1 cell cycle transition (Kato et al., 1993). Either

knocking down CCND2 or expressing dnFOS led to a G1 cell cycle arrest
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(Martinez-Soria et al., 2018); this finding provides confirmation as to how
signalling feeds into the cell cycle and also highlights a therapeutic vulnerability
whereby the CDKA4/6 inhibitor Palbociclib can inhibit the growth effects of

oncogenic signalling.

5.1.3 Maintenance of oncogenic signalling through regulatory loops

In our work, we have shown that both AP-1 and WT1 are upregulated as a
consequence of the expression of the RUNX1-ETO driver oncoproteins. Upon
knockdown of the driver oncoprotein, both AP-1 and WT1 are eventually
downregulated (see Sections 3.2.2 and 4.2.4) albeit 10 days after knockdown.
This delay in AP-1 or WT1 downregulation may be due to feedback loops

maintaining AP-1 and WT1 oncogenic signalling.

In the case of AP-1, when dnFOS was induced, genes coding for members of the
RAS signalling pathway, that are upstream of AP-1, were upregulated (see
Section 3.3.1). Furthermore, MYCN was upregulated nearly 7 fold upon dnFOS
induction and MYCN has previously been shown to contribute to leukaemic
proliferation in mouse models (Kawagoe et al., 2007) through increased JUN
signalling. These two mechanisms may therefore be responsible for the
maintenance of AP-1 signalling when AP-1 binding/expression (driven by the

driver oncoprotein) is reduced.

In the case of WT1, WT1 was seen to bind to its own intron 8 cis-regulatory
element thus establishing a classical feed-forward loop. This element was found

to interact with the WT1 promoter and CRISPR activation led to increased WT1
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expression (see Section 4.2). Consequently, this is a mechanism by which WT1
can maintain its own expression in order to maintain enhanced expression

following oncogenic signalling.

5.1.4 Alterations in oncogenic signalling through WT1 mutations

Whilst mutations in AP-1 family members are not recurrent in AML, WT1
mutations occur in around 10% of AML (King-Underwood et al., 1996). WT1
mutations occur most commonly in exon 7 but can also be found in exon 8 or 9
(Krauth et al., 2015). WT1 mutations also confer a poor prognosis (Hou et al.,

2010).

In our work, we found that overexpressing the exon 8 mutant increased leukaemic
growth whilst exon 7 and exon 9 mutations did not (see Section 4.6).
Furthermore, whilst expression of exon 8 or exon 9 mutants produced truncated
proteins, the exon 7 mutation did not give rise to a stable protein, presumably due
to nonsense-mediated decay (Abbas et al., 2010) or protein degradation through
the proteasome, thus resembling a null allele. Examination of a primary patient
sample with an exon 7 mutation confirmed that a truncated WT1 protein was not

detectable in these cells (see Section 4.6.2).

Consequently, exon 7 mutations are likely to give rise to any phenotypic effects
through haploinsufficiency, which we could not test in our overexpression
experiments. By contrast, exon 8 mutations did give rise to a functional protein
which led to the loss of even normal WT1 binding, as seen by ChiIP-seq (see

Section 4.6.2) suggesting a dominant negative phenotype.
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Therefore, whilst wildtype WT1 can act as an oncogenic signal, our mutation
experiments suggest that it also has a role as a tumour suppressor and either

haploinsufficiency or loss of function leads to a leukaemic phenotype.

5.1.5 Oncogenic signalling interacts with the driver oncoprotein
transcriptional program

Intriguingly, we found surprisingly little overlap between different mutational
subtypes of AML with regards to epigenetic or transcriptional changes after the
expression of dnFOS or WT1 isoforms (see Sections 3.3.2 and 4.3.7). We found
that RNA-seq or ATAC-seq experiments clustered according to the driver
mutation rather than the nature of the genetic perturbation performed, with
different pathways being affected. Consequently, whilst similar phenotypic effects
were elicited by the perturbation including the stunting of growth, the genome-
wide effects of the AP-1 and WTL1 transcription factors appear to be contingent

upon the chromatin landscape or transcriptional program on which they act.

This finding that these transcription factors behave so differently in different cells
is of therapeutic advantage. For both AP-1 and WT1 we found that healthy CD34*
stem cells were unaffected by our genetic perturbations experiments. Therefore
we would expect healthy cells to be unaffected by any inhibitors targeting these
transcription factors, that may be developed in the future. This would be a
significant advantage over chemotherapy which kills healthy and leukaemic stem

cells alike and renders patients pancytopenic for extended periods of time.

We explored this interaction between changes elicited by the driver oncoprotein

and transcription factor expression in the case of t(8;21) AML with WT1 isoform
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expression. Expression of WT1 —KTS cooperated with RUNX1-ETO knockdown
to promote myeloid differentiation whilst WT1 +KTS expression blocked myeloid
differentiation even when RUNX1-ETO was knocked down (see Section 4.3.2).
This results agrees with the finding that WT1 is a target of RUNX1-ETO (see
Section 4.2.4). However, we also found that WT1 isoform expression altered
RUNX1-ETO binding sites (see Section 4.4.5). Therefore the driver oncoprotein
and downstream transcription factor actually regulate one another in a complex
manner; it is not just the case that the driver oncoprotein determines where the

downstream transcription factor binds.

5.1.6 Oncogenic signalling may affect cellular metabolism

It has long been known that cancer cells alter their metabolism to adapt to their
environment, for example, the Warburg effect describes a normoxic increase in
lactate production due to glycolytic activity in proliferative cells (Warburg et al.,
1927). Many further metabolic alterations in cancer, to compensate for
restrictions in the availability of nutrients in the tumour microenvironment, are now
understood (Finicle et al., 2018) including scavenging extracellular nutrients,
autophagy to utilise intracellular nutrients and upregulation of metabolic enzymes

(Rosario et al., 2018).

As rapidly growing cells require more nutrients and metabolites, growth driving
signalling appears to be intricately connected with cellular metabolism pathways
including the Phosphoinositide 3-kinase, PTEN (phosphatase and tensin

homolog) and tyrosine pathways (Ward and Thompson, 2012).
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A recurrent theme within our work is that oncogenic signalling through
transcription factor expression elicits changes in gene expression of genes in
metabolic pathways. When WT1 was knocked down in primary FLT3-ITD cells,
downregulation of genes in the glycerophospholipid and ether lipid metabolism
pathways was seen (see Section 4.1.4). These lipids are crucial for AML cell
growth and survival (Ricciardi et al., 2015) demonstrating that WT1 may have a

role in upregulating cellular metabolic pathways.

Similarly, when AP-1 binding was blocked using a dominant negative FOS,
downregulation of genes in the steroid biosynthesis, butanoate, pyruvate,
tryptophan, arginine and proline metabolism pathway occurred (see Section
3.3.1). Most notably within these metabolic pathways, AML cells are addicted to

arginine and cannot replicate or engraft well without it (Mussai et al., 2015).

5.2 Determinants of binding in structurally similar transcription factors
and isoforms

5.2.1 Sequence specific determinants of transcription factor binding

In our work, we found that the DNA consensus sequence for WT1 binding differed
by just one invariant Adenine base; the position weight matrix for EGR1 was
SYGTGGGYGK (IUPAC nomenclature) compared with SYGTGGAGK for WT1
(Section 4.4.2). The change in just one base was enough to lead to considerably
different binding sites with only 2477 binding sites shared between the two factors
and with 2676 WT1-specific binding sites and 7666 EGR1-specific binding site

(section 4.5.1).
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The similarity between the WT1 and EGR1 binding sequences is likely because
EGR1 has 3 zinc fingers which are similar to zinc fingers 2-4 of WT1. A
crystallographic study showed that only zinc fingers 2-4 insert deeply into the
DNA major grove to make base-specific contacts (Stoll et al., 2007). The invariant
Adenine base in position 8 of the position weight matrix of WT1 is the key
difference from EGR1 where position 8 has a Cytosine or Thymine and NMR
studies suggest that the closest contact with this base is the Zinc Finger 1 which
is not present in EGR1 (Yengo et al., 2018). Consequently, in contrast to the
crystallography study showing that zinc finger 1 does not insert deeply into the
DNA major grove, it nevertheless appears very important in conferring specificity

as to whether the transcription factor binds to the site or not.

5.2.2 Non-sequence specific determinants of transcription factor binding

A further intriguing finding from our work was that the WT1 +KTS and WT1 -KTS
isoforms bind to the same consensus sequence yet their genomic binding sites
were quite distinct with WT1 +KTS having 9451 unique binding sites and WT1 —
KTS having 1355 unique binding sites (Section 4.4.3). This finding agrees with
EMSA studies where different shifts have been seen with the isoforms (Bickmore
et al., 1992). Whilst some of these changes may simply be explained by the
differences in the number of open chromatin accessible to the WT1 protein
(Section 4.3.3), there were not enough sites changing in accessibility to account

for all of the differential binding seen.

The +KTS splice site affects Zinc fingers 3 and 4 (Yengo et al., 2018) which may
be sites of protein-protein interaction. With this knowledge, other possibilities

which can explain differences in binding outside of sequence specificity include:
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Altered binding through other transcription factors which are recruited
via zinc finger 3 or 4 of WT1. TF complexes such as AP-1 and the p50-
RelA NFkB complexes (Chen et al., 1998) rely on distinct TF co-
operating in order to bind. It is also known that TFs changing binding
partner can alter binding sites, for example the Retinoid X receptor
binds to 1,2 or 5bp spaced repeats of the hormone response element
when it heterodimerises with the Retinoic acid receptor (N&aar et al.,
1991) but binds to 3bp spaced repeats of that element when it
heterodimerises with the Vitamin D receptor (Towers et al., 1993),
hence conferring differential binding. Whilst we have found an
Spl:WT1 composite motif suggesting co-operative binding with Sp1,
this didn’t appear to be the cause of isoform specific binding (Section
3.5.1) and perhaps other proteins can co-bind with WT1 in an isoform-
specific manner in order to affect its binding. Indeed, a high throughput
study in vitro revealed over 300 TF co-operative binding pairs in a
colonic cell line, many of which were previously unknown (Jolma et al.,
2015).

Local DNA modifications such as methylation differentially affecting
how each transcription factor binds, for example NRF1 can only bind
to unmethylated DNA (Domcke et al., 2015) and KLF4 preferentially
binds to methylated DNA (Hu et al., 2013). WT1 is known to recruit
TET2 and hence modify DNA methylation (Rampal et al., 2014).
Therefore, WT1 isoform-specific changes in methylation can potentially

alter their genomic binding.

289



iii) Differences in GC composition surrounding the binding site (Dror et al.,
2015).

V) Differences in DNA shape features within the motif such as minor
groove width and rotational parameters such as helix twist, propeller
twist and roll. This feature has been recognised for the Hox family
transcription factor SCR (Abe et al., 2015) but also in basic Helix-Loop-
Helix factors such as CBF1 and TYEL in yeast whereby nucleotides
outside of the DNA binding motif were found to influence the 3D
structure of DNA binding sites and hence confer differential binding
(Gordan et al., 2013).

V) Differences in the strength of binding. Even if the same binding
sequence exists, alterations in the strength of transcription factor
binding can affect binding sites. Indeed, nuclear magnetic resonance
studies showed that the WT1 KTS insertion increased the movement
of a linker between zinc fingers 3 and 4 and so reduced the stability of

the 4™ zinc finger in the major groove of DNA (Laity et al., 2000).

5.3 Regulation of transcription factor genes

By understanding how expression of transcription factor genes is regulated by
other transcription factors, we can derive gene regulatory networks (see Sections
4.3.4 and 4.3.5). By examining these networks, it is possible to understand how
a gene mutation or overexpression, perhaps through oncogenic signalling, can

lead to large cellular changes in the transcriptome and epigenome.
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We have profiled open chromatin sites around the WT1 locus in primary AML
cells and identified an intron 3 DHS, intron 8 DHS, 3’ DHS and CTCF-bound DHS.
In addition, we have confirmed interactions of all of these sites with the promoter
through HiC and investigated the effects of Lysine 27 acetylation in histone H3

through CRISPR activation (see Section 4.2).

Out of these open chromatin sites, the 3’ DHS has been previously suggested to
be an enhancer, which can bind GATA1 and GATA 2 as seen in Electrophoretic
Mobility Shift Assays (EMSA) (Furuhata et al., 2009). The intron 3 DHS has also
been described as an enhancer which can bind to GATAL and Myb (Zhang et al.,

1997h).

Enhancers typically carry H3K27ac marks and p300 binding and contain
numerous transcription factor binding sites (Ernst et al., 2011). The 3’ DHS did
not have any of these features but the intron 3 DHS had all of them (see Section
4.2.1). The intron 8 DHS did not display H3K27 acetylation or p300 binding but
several transcription factors including RUNX1, RUNX1-ETO, WT1 and PU.1
bound there. CRISPR activation experiments showed that H3K27 acetylation at
the intron 8 DHS increased WT1 expression but forced acetylation at the other
open chromatin sites had no effect. Putting this altogether, we did not find any
evidence of any enhancer activity of the 3 DHS or CTCF bound DHS in
leukaemia cells. The intron 3 DHS appears to be a constitutively active enhancer
in leukaemia. However, the intron 8 DHS may be a poised enhancer site
(Creyghton et al., 2010) which upon H3K27 acetylation can change it into an
active enhancer (Rada-Iglesias et al., 2011). Given the responsiveness of WT1

to cellular signalling, the intron 8 site is likely to be a signalling responsive site.
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We speculate that depending on the particular genetic subtype of AML and its
transcription factor network, this enhancer may be active to different extents,
which may also explain the difference in WT1 expression in different types of AML

(see Section 4.1.1).

AP-1 has classically been thought to be regulated through post-translational
modifications such as signalling; JNK can phosphorylate and hence activate JUN
at positions 63 and 73 (Pulverer et al., 1993). However, we have also described
how AP-1 factors can also be regulated at a gene expression level, for example
RUNX1-ETO knockdown in t(8;21) AML reduces gene expression of several AP-
1 family members including JUN, FOSL1 and FOSL2 (see Section 3.1.2);
RUNX1-ETO binds to the promoter and several open chromatin sites near each
of these AP-1 genes. Therefore, we demonstrate a further mechanism of the

regulation of AP-1 activity.

5.4 Targeting transcription factors

We have studied in detail several transcription factors which clearly have major
impacts upon leukaemia maintenance. However, to take this work further, one
needs to consider the therapeutic potential of targeting these factors. Whilst
transcription factors were long considered “undruggable”, recent studies have

pointed towards several potential therapeutic strategies targeting their activities.

5.4.1 Direct inhibition of transcription factor complexes
Some transcription factors do not act alone and form complexes with other factors

on DNA. This notion is exemplified by the CBFB-RUNX1 complex; whilst RUNX1
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can by itself bind to its DNA consensus sequence through its RUNT domain,
CBFpB heterodimerising with RUNX1 increases DNA binding strength around 10
fold by restricting mobile parts of the RUNT domain (Tahirov et al., 2001).
Consequently, inhibiting the CBFB-RUNX1 complex, as confirmed by
Fluorescence Resonance Energy Transfer (FRET) and co-immunoprecipitation,
can decrease RUNX1 binding as seen through ChIP-seq (lllendula et al., 2016).
We have used this inhibitor in our work to perturb the WT1 centred signalling
network in FLT3-ITD AML (see Section 4.7.2). Similarly, in inv(16) AML, an
inhibitor of the CBFB-SMMHC oncoprotein to RUNX1 complex could also be used

to restore normal RUNX1 binding and kill leukaemic cells (lllendula et al., 2015).

5.4.2 Promotion of direct protein degradation

The phthalimide class of drug have long been used to treat multiple myeloma and
del(5q) myelodysplasia. However, their mechanism of action was later
discovered to be through protein degradation of the lkaros transcription factors
IKZF1 and IKZF3 (Lu et al., 2014). By conjugating protein ligands to a phthalimide
drugs, target proteins can also be targeted for degradation by the proteasome
(Winter et al., 2015). Such a strategy could theoretically be used to degrade any

transcription factor.

5.4.3 Target upstream regulators or downstream effector genes

In some instances, key upstream regulators or downstream targets may be more
druggable than the transcription factor itself, which is why we went to great
lengths to understand the Gene Regulatory Networks (see Section 4.4.4). We

found that the WT1 +KTS responsive GRN contains CD69 and PIM (Proto-
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oncogene serine/threonine protein) kinases such as PIM1 and the WT1 —KTS

responsive GRN contains the FES kinase, all of which are druggable targets.

Similarly, we showed that AP-1 upregulated Cyclin D2 which highlighted a
therapeutic vulnerability that could be targeted with Palbociclib to great effect in

vitro and in vivo (see Section 3.2.2).

5.4.4 Targeting the spliceosome

Mutations in genes coding for the spliceosome such as SRSF2, SF3B1, U2AF1
and ZRSF2 are known to promote leukaemogenesis (Yoshimi et al., 2019) and
such AMLs are vulnerable to spliceosome inhibitors (Lee et al., 2016). We have
shown in this work that alternative splicing of WT1 particularly at the exon 9 KTS
splice site was key to leukaemic behaviour but also that WT1 can regulate
splicing directly. Therefore, use of spliceosome inhibitors such as the SF3b
inhibitor Spliceostatin A (Kaida et al., 2007) or E7107 (Kotake et al., 2007) may

alter this behaviour.

5.4.5 Targeting Epigenetic regulators

Numerous inhibitors of epigenetic regulators are being developed and
undergoing clinical trials. Whilst none of these epigenetic regulators selectively
targets a particular transcription factor, histone modification of the cis-regulatory
elements of the transcription factor may affect its expression. The following table

summarises some of the drugs currently being developed:

Epigenetic Nomen- | Mechanism Inhibitor Clinical Trial
Regulator clature
Lysine Specific | LSD1 Demethylates | Tranylcypromine | NCT02717884
Demethylase 1 H3K4 and

H3K9 mono-
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and di- methyl
marks

4

Enhancer of Zeste | EZH2 H3K27 Tazemetostat NCT01897571
Homolog 2 Trimethylation
Disruptor of | DOT1L H3K79 Pinometostat NCT01684150
Telomeric methylation
Silencing 1-like
Lysine EP300, Histone CCs1477 NCT04068597
Acetyltransferases | CREBBP | acetylation

e.g. H3K27
Arginine PRMT5 | Arginine GSK3326595 NCT03614728
Methyltransferase methylation of
5 H4R3, H2AR3

and H3R8.
Bromodomain BRD4 Epigenetic GSK525762 NCT01943851
containing protein reader

Table 5-1: List of epigenetic regulators with drugs undergoing clinical trials

5.4.6 Immune therapies

Since WT1 is upregulated within minimal residual disease, immune therapies

have been trialled in this context. Vaccination trials against WT1 have produced

limited effects (Maslak et al., 2018). However, T Cell Receptor therapies against

WT1 have been more encouraging (Chapuis et al., 2019).

Our findings that different WT1 isoforms have contrasting biological activities,

some of which normally decrease leukaemic maintenance highlights the need to

take caution when designing therapeutic approaches that may shift the isoform

ratio. Our results also highlights the need to account for the AML sub-type as the

genomic response to WT1 overexpression differs between AML sub-types and

WT1 may respond differently to whatever oncogenic signalling is present in the
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different subtypes, meriting efforts to understand how their signalling network is

rewired to keep AML cells alive and how this feeds into the WT1/EGR1 axis.

5.5 Summary

Through the study of several transcription factors upregulated in AML such as the
AP-1 family and Zinc Finger family of TFs, we have shown how leukaemic
maintenance may be orchestrated at a molecular level resulting in corrupt
transcription factor networks. Targeting these AML-specific corrupt networks will

be an avenue to future therapeutic interventions.

5.6 Future Work

5.6.1 Splicing and RNA modification

In this work we have shown that the phenotype of the leukaemia cell is strongly
dependent upon which of WT1 +KTS or WT1 —KTS is expressed and so splicing
would be expected to alter the ratios of WT1 isoforms expressed. Furthermore,
WT1 isoforms themselves affect splicing of other genes through direct binding at
intron-exon boundaries as well as through altering gene expression of splicing
factors (see Section 4.3.3). Consequently, investigating how spliceosome
inhibitors, such as the ones discussed in Section 5.4.4, affect WT1 isoform
expression and how they affect splicing of genes regulated by WT1 would be of

great interest.
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Furthermore, a greater understanding of splicing alterations induced by WT1
would be important as alternative splicing events can lead to alterations in the
protein translated (Kalsotra and Cooper, 2011). Whilst in this work we have
described how alterations in the Percentage Spliced In (PSI) of exons is affected
by WT1 expression, we have not determined the precise splicing alteration from
the numerous described possibilities including intron retention, cassette exons,
mutually exclusive exons, exon skipping, alternative 5’ splice site usage and
alternative 3’ splice site usage (Dvinge et al., 2016). Such an analysis would be
carried out both in the cell line as well as the primary cell RNA-seq data. We
would also perform experiments to determine precisely which RNA that WT1
isoforms bind to by UV crosslinking protein-RNA complexes, performing
immunoprecipitation of WT1 bound RNA and then performing RNA sequencing

‘ClIP-seq’ (Bharathavikru et al., 2017).

5.6.2 Tagging approaches

Throughout our work, we have used WT1 antibodies raised against a sequence
that is present in all WT1 isoforms and in ectopically expressed WT1. Since we
believe that it is the ratio between different WT1 isoforms that is crucial for
leukaemic behaviour (Gu et al., 2010), using a WT1 antibody against all types of
WT1 is advantageous as it allows us to understand where all WT1 binding is
occurring when certain ratios are expressed. However, a limitation of this
approach is that it becomes difficult to attribute a specific binding site to a specific
isoform when multiple isoforms could be binding. Consequently, tagging WT1
transgene with a HA-tag and then using a HA antibody can allow us to specifically

understand where the transgene is binding. It is unclear whether tagging at the
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N-terminal or C-terminal end would work and certainly a concern with tagging at
the C-terminal end would be that DNA binding might be altered, given that just
the three amino acid KTS sequence caused such drastic alterations in DNA

binding.

Another important use of tagging would be for performing Immunoprecipitation
when no suitable antibodies are available. An estimate by the ENCODE
consortium is that less than 10% of supposedly specific commercially available
antibodies are suitable for ChlP-seq. In this work, we were able to show that the
dominant negative FOS could reduce binding of JUND to DNA. However, we
were not able to show this as being the case for any other AP-1 family members
due to a lack of specific antibodies. Tagging endogenous genes using CRISPR-
Cas9 gene editing would allow for ChIP-seq where antibodies are not available
to the native protein. Two current approaches involve utilise either Homology
Directed Repair (Zhang et al., 2008a) or Microhomology Mediated End Joining

(Sakuma et al., 2016).

5.6.3 Enhancer assays

We have discussed that the intron 3 DHS in WT1 is likely to be an active enhancer
and that the intron 8 DHS is likely to be a poised DHS (see Section 5.3) based
upon their histone modification and CRISPR activation responses. However, this
hypothesis needs to be confirmed with functional assays; classically this is done
through a luciferase assay. In this assay, putative enhancers are cloned in front
of a minimal promoter in a plasmid to drive firefly luciferase expression. When

this plasmid is transfected into the cell of interest and a sequence with enhancer
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activity is present in front of the promoter, a luciferin signal that can be detected

and quantified is emitted (de Wet et al., 1987).

Other confirmatory evidence could come through a CRISPR interference assay;
by targeting a catalytically dead Cas9 fused to an inhibitory Kruppel associated
box (KRAB) domain to each putative enhancer, where gene expression
decreases, the targeted site is a likely enhancer (Qi et al., 2013). Thus, if
CRISPRI at the intron 3 DHS reduced WT1 gene expression, it would suggest

that the intron 3 site is an enhancer.

5.6.4 Protein-protein interactions

In our work to understand corrupt transcription factor networks in leukaemia, we
have assumed that TFs bind to their motifs directly but we know that factors may
bind at other sites through protein-protein interactions or alter the epigenome by

recruiting chromatin modifiers.

It is currently known that WT1 binds to chaperone proteins such as Hsp70
(Maheswaran et al., 1998), the transcriptional repressor BASP1 (Carpenter et al.,
2004), the tumour suppressor protein TP53 (Maheswaran et al.,, 1993a), the
transcriptional co-activator CREB Binding Protein (Wang et al., 2001), the DNA
methylation modifier TET2 (Wang et al., 2015) (Rampal et al., 2014) (see also
Section 1.3.2) and the RNA modifier Wilms Tumour Associating Protein (WTAP)
(Little et al., 2000). However, many other protein partners are yet to be

established.

Immunoprecipitation followed by Mass Spectrometry may allow us to understand

which proteins WT1 binds to (Free et al., 2009). However, such a technique is
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prone to false positive results and so it would be important to validate any findings
through co-immunoprecipitation experiments (Bharathavikru and von

Kriegsheim, 2016).

5.6.5 Xenotransplantation experiments

With the dnFOS experiments, we found a larger effect of dnFOS induction in vivo
with a longer latency to tumour engraftment (Section 3.1.4) than might otherwise
be expected from just a 40% reduction in colony formation ability as seen in the
in vitro assays (Section 3.1.2). Some of the genes that were downregulated with
dnFOS induction included those coding for matrix metalloproteinase which are
needed to create a niche within the bone marrow microenvironment (Saw et al.,

2019).

Similarly, it would be very interesting to see how changes in WT1 gene
expression interacts with the bone marrow microenvironment and whether
induction of WT1 +KTS increases leukaemic growth in vivo. Such experiments
could be performed in a similar manner to the dnFOS experiments by

xenotransplantation.

5.6.6 Metabolic Studies

In order to correlate whether dysregulation in gene expression of any of the
metabolic pathways identified translates to metabolic changes within the
leukaemic cell, more functional studies are necessary. Mass spectrometry with
isotope tracing is a powerful method of identifying metabolic changes and has
been used successfully to identify metabolic vulnerabilities in leukaemic stem

cells that may be targeted with small molecule inhibitors (Kuntz et al., 2017). More
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recently, the Bonifer lab has collaborated to set up live cell Nuclear Magnetic
Resonance studies of the extracellular milieu of leukaemic cells in culture
(Roberts, 2019). These techniques could be employed to trace specific metabolic

changes.
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