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Abstract

The LIM-Only protein 2 (LMOZ2) is a transcriptional co-regulator that forms a multi-
protein complex with TAL1, GATA, and LDB1. This complex regulates transcription
from the onset of haematopoietic development and differentiation. However, LMOZ2 is
normally downregulated during T-cell development. Genetic abnormalities that trigger
the aberrant expression of LMO2 and other members of the complex lead to T-cell
acute lymphoblastic leukaemia (T-ALL). The components of the LMO2 complex are
not widely explored in T-ALL and its functions are not fully characterised in this type of

leukaemia.

Through proteomic analysis we identified the Plant homeodomain zinc finger protein 6
(PHF6) as a novel interactor of LMOZ2. Mutations of PHF6 have been found to occur in
several types of leukaemia including T-ALL. We show a functional interaction between
PHF6 and the LMO2 complex members by genome-wide approaches in T-ALL. These
outcomes indicated that the LMO2 complex recruits PHF6 to the DNA and regulates
gene expression. Importantly, we identified many genes of transcription factors, which
are involved in haematopoietic stem cell (HSC) self-renewal and development of early
T-cell progenitors, as putative targets of LMO2/PHF6 complex, providing compelling

indications of an oncogenic mechanism of the complex.

Additionally, Phfé gene knockdown in myeloid cells suggested a role for PHF6 in the
differentiation of this lineage. Finally, loss of PHF6 and LMO2 caused chromosomal
instability and signs of DNA damage in these cells, implying a possible function in

chromosome and genome stability.
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1 Chapter 1: Introduction
1.1 Haematopoiesis

Haematopoiesis is the process by which all blood cell types are formed. It starts during
early embryonic development and throughout adulthood to produce the blood system.
It includes processes of formation, development, and differentiation of blood cells
(Jagannathan-Bogdan and Zon, 2013). The haematopoietic system is comprised of
more than ten different blood cell types with very distinct functions. Despite their vast
functional diversity, all mature blood cells originate from a common cell type, the
hematopoietic stem cell (HSCs), which has the potential to promote all blood lineages.
Red blood cells (Erythrocytes) control oxygen and carbon dioxide transport between
tissue cells and the lungs. White blood cells (Leukocytes) embody many cell types
essential for innate and adaptive immunity. Megakaryocytes produce platelets
(Thrombocytes) essential for blood clotting and wound healing (Rieger and Schroeder,

2009, Morrison et al., 1995).

During embryonic development, haematopoiesis occurs gradually in different
anatomical locations, from the yolk sac to the liver, to the spleen and to the bone
marrow (Dzierzak and Bigas, 2018). During adulthood, haematopoiesis takes place in

the bone marrow, spleen and thymus (Jones and Wagers, 2008).
1.1.1 Embryonic haematopoiesis

In mammals, the hematopoietic system develops from two distinct waves of
precursors. The first wave starts in the yolk sac where nucleated primitive erythrocytes
are produced. Myeloid cells also emerge from the yolk sac, which migrate to the central

nervous system and to the skin to form tissue specific macrophages (Palis et al., 1999,



Schulz et al., 2012). The second wave happens in the aorta-gonad-mesonephros
region of the developing embryo. In particular the dorsal aorta contains specialised
endothelial cells, called haemogenic endothelium, which undergo endothelial-to-
hematopoietic cell transition. This process produces multipotential hematopoietic
progenitors, including erythroid, myeloid, and lymphoid cells, as well as the first
definitive HSCs. These HSCs are produced once in the lifetime and migrate to the
foetal liver and placenta, where they expand. They further colonise the spleen where
differentiation to the myeloid lineage and particular lymphoid subsets is favoured,
before they finally move to the bone marrow, where they will reside for the rest of life
(Chen et al., 2011, Yoshimoto et al., 2012, Medvinsky and Dzierzak, 1996, Muller et

al., 1994, Golub and Cumano, 2013).
1.1.2 Adult haematopoiesis

Adult HSCs are at the apex of the multilineage haematopoietic hierarchy, which
features multiple progenitor cells with increasingly lower lineage potentials that give
rise to all blood cell types (Rieger and Schroeder, 2009). HSCs have the innate
capacity to self-renew and to differentiate. The ability to self-renew ensures sustained
production of comparatively short-lived mature blood cells throughout life. Functional
understanding of haematopoiesis emerged in the 1960s when the identification of rare
cells in the bone marrow took place. These cells were characterised by the ability to
clonally repopulate in vivo, forming macroscopic colonies on recipient mice spleens

(Till and Mc, 1961, Becker et al., 1963).

With the development of fluorescence-activated cell sorting (FACS) and the
identification of cell surface markers it became possible to characterise cells by their

immunophenotype (Herzenberg et al., 1976, Muller-Sieburg et al., 1986). The



immature multipotent cells were contained in the LSK (Lin/Sca-1/Kit) cell population.
These cells express stem cell antigen-1 (Sca-1) and CD117 (Kit) but lack the lineage
(Lin) markers, which are expressed on lineage committed cells. The LSK cells are
responsible for producing variable types of mature blood cell lineages (Spangrude et
al., 1988, Uchida and Weissman, 1992). Additional markers were identified to separate
the LSK population into long-term HSCs (LT-HSCs) and short-term HSCs (ST-HSCs).
The LT-HSCs are characterised by CD34" / FLT3  / CD150* expression markers and
have long term repopulating activity. The ST-HSCs are identified by CD34*/ FLT3 and
have limited self-renewal activity (Kiel et al., 2005, Christensen and Weissman, 2001,

Yang et al., 2005, Adolfsson et al., 2005).

HSCs go through a multistep differentiation process from progenitor cells with a
decreasing multilineage potential to committed single lineage cells (Kondo et al.,
1997). Adult haematopoiesis is a hierarchical process and the described models of this

hierarchy are constantly progressing.
1.1.3 The classical model of haematopoiesis

At the top of the hierarchy of haematopoiesis are self-renewing, multipotent HSCs
(Figure 1.1) which give rise to all mature blood cell types via ordered fate restriction
events (Orkin, 2000). The self-renewal capacity is lost when the cells enter the
multipotent progenitor (MPP) compartment and the cells obtain greater cell
proliferation ability (Figure 1.1). These MPPs retain potency to differentiate into any
mature lineage despite being already developmentally committed and losing the ability

to re-enter the HSC compartment (Morrison et al., 1997).



Following the MPP stage the cells become committed to either lymphoid or
myeloid/erythroid lineages, which are termed the common lymphoid progenitor (CLP)
and common myeloid progenitor (CMP) compartments, respectively. The CMPs retain
potency to produce either myeloid or erythroid cells following partitioning into one of
two more specified compartments: the megakaryocyte/erythroid progenitors (MEPS)
and granulocyte/monocyte progenitors (GMPs). Eventually, all mature myeloid
lineages emerge from GMPs (Figure 1.1) (Akashi et al., 2000). On the other hand,
CLPs generate all the lymphoid cells, including T-cells, B-cells, natural killer (NK) cells
and others, comprising the adaptive immune system. Lymphoid development happens
in the bone marrow, where immature lymphocytes emerge which enter the circulation
to mature at distal sites, such as the thymus (T-cells) and germinal centres (B-cells)

(Ciofani and Zuniga-Pflucker, 2007, Zhang et al., 2016).

Current research efforts have reconsidered key aspects of the hierarchical
haematopoiesis model. An extra compartment of progenitors was identified, featuring
the expression of lymphoid marker genes and FMS-like tyrosine kinase (FIt3). These
cells were named lymphoid-primed multipotent progenitors (LMPPSs) due to their ability
to produce both lymphoid and myeloid cells, but not erythroid lineages (Figure 1.1)
(Adolfsson et al., 2001). It was also suggested that strict lymphoid or myeloid branching
is not the earliest lineage restriction step because some MEPs skipped the
intermediate CMP state and were derived directly from MPPs (Figure 1.1) (Adolfsson

et al., 2005).
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Figure 1.1 The classical model of haematopoiesis.

HSCs undergo defined lineage commitment in a stepwise transition into intermediate
progenitor stages. The lineage decisions occur at the MPP stage, where cells commit
to either the myeloid/erythroid or lymphoid lineages, through CMP or CLP precursor
stages. HSCs may skip the MPP stage and directly commit to
erythroid/megakaryocyte lineages. Adapted from (Haas et al., 2018).

1.1.4 The alternative models of haematopoiesis

Chromatin profiling and gene expression methods of single cells prompted further
revision of the classical model of haematopoiesis. Recent studies suggest that lineage
commitment starts at a much earlier stage than previously described, i.e. in the
phenotypic HSC (CD150*CD34FIt3'KSL) compartment. Traceable barcoded cells
from this population demonstrated the ability to produce unipotent progenitors without

need for an oligopotent intermediate (Yamamoto et al.,, 2013, Naik et al., 2013)



consistent with previous reports regarding the origin of MEPs (Figure 1.2) (Adolfsson

et al., 2005).
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Figure 1.2 The alternative model of haematopoiesis.

The lineage restriction earlier than the previous models. The MPP directly produce
unipotent progenitors without transitioning into intermediate oligopotent progenitors.
Adapted from (Haas et al., 2018).

A more recent investigation suggested that previously defined compartments such as
MPPs and LMPPs are not discrete cell types. Instead, uni-lineage restricted cells
emerge directly from a ‘continuum of low-primed undifferentiated haematopoietic stem
and progenitor cells' (CLOUD-HSPCs). These findings also suggested that in adult
haematopoiesis, oligopotent lineage priming is rare, with most of the cells being either

multipotent or committed to a single lineage (Figure 1.3) (Velten et al., 2017).
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Figure 1.3 The CLOUD-HSPCs model of haematopoiesis.

HSCs have some degree of predetermined lineage bias, where they do not undergo
discrete intermediate stages and uni-lineage cells are produced directly from HSPC
continuum. Adapted from (Haas et al., 2018)

1.2 T-cell development

Haematopoietic progenitors with T-cell potential originate in the bone marrow then
migrate to the thymus where they go through multiple rounds of expansion and
differentiation (Aifantis et al., 2008, Yui and Rothenberg, 2014). The thymus is the
ultimate site for T-lineage commitment and T-cell development, where strong
environmental signals guide the cells into the T-cell pathway. The Pre-thymic
progenitors, such as CLPs, and the LMPPs can enter the thymus and give rise to T-
cells through a common pathway (Saran et al., 2010, Serwold et al., 2009). When the
lymphoid progenitors arrive in the thymus, they lack expression of T-cell receptors
(TCRs) and go through phenotypically distinct stages by expression of specific surface
markers and different versions of TCR (Germain, 2002). The first stages of

development are termed double negative (DN) to signify that they do not express the



two T-cell coreceptors, CD4 and CD8. Subsequently, these stages are subdivided in
mice according to the expression of other surface markers, the growth factor receptors
FIt3 and Kit, the adhesion molecule CD44, and the cytokines IL2Ra (CD25) and IL7Ra

(Rothenberg et al., 2016, Staal et al., 2001).

T-cell development stages in the mouse thymus start by early T-cell progenitors (ETPs
or DN1), followed by DN2a, DN2b, DN3a, DN3b, transitional DN4, immature single-
positive (ISP), and finally CD4/CD8 double positive (DP) (Figure 1.4) (Rothenberg et
al., 2016). The somatic assembly of TCR genes (Tcra, Tcrb, Tcrg, Tcrd) is crucial for
T-cell development and instructs cell fate decisions. The four TCR genes are
assembled according to developmental programs directed by the lymphoid-specific
recombinase complex (RAG, composed of RAG1 and RAG2) (Bassing et al., 2002).
The RAG1/RAG2 complexes are critical to catalyse the recombination of TCR variable
(V), diversity (D), and joining (J) segments to assemble TCR coding sequences (Chen
et al., 2001). RAG enzymes create double-strand breaks at recombination signal
sequences that flank TCR V(D)J gene segments followed by nonhomologous end
joining which promotes the assembly of ap or yd TCR. The outcome of these TCR
gene recombination events instructs the thymocytes commitment to the either aff or yd

lineages (Hayday and Pennington, 2007).

The early T-cells proliferate and differentiate in a TCR-independent, Notch-dependent
manner. When TCR gene rearrangement successfully occurs, cell survival and
differentiation become TCR-dependent, and the influence of Notch is decreased
(Rothenberg et al., 2016). Yui and Rothenberg divided the Notch-dependent period of
T-cell development into two phases (phase 1: pre-commitment and phase 2: T-identity)

(Figure 1.4) (Yui and Rothenberg, 2014). Pre-committed early T-cell progenitors in the



ETP/DNL1 stage maintain Kit and CD44 expression but start to downregulate FIt3 under

the influence of Notch pathway signalling. After multiple rounds of cell division, IL2Ra

(CD25) and IL7Ra expression is activated by the Notch signals and the entry to the

DN2a stage is initiated (Figure 1.4) (Yui and Rothenberg, 2014, Rothenberg et al.,

2016). During Notch-dependent DN2a to DN2b transition, T-lineage commitment

occurs and marks the final loss of factors and gene regulatory networks that allow

alternative lineage fate choices. This transition causes both the loss of progenitor-

specific genes including, CD44 and Kit and substantial upregulation of many T-cell

specific genes (Figure 1.4) (Radtke et al., 2013).

Surface
Receptors

D -

Prethymic
progenitor

Fit3
Kit, CD44

THYMUS
Notch

RERE,

DN1/ETP DN2a

Commitment

,;\)_, \)_.-

P-se

Notch

DN2b

lection
Pre-TCR
signal

IL2Ra (CD25)

IL7Ra

Phase 1:
Precommitment

Rapid proliferation
Multipotent

FRELR

Q—-0£0-0-Q-
DN3a DN3b DN4 ISP _Df
pre-TCR CD%DA—

Phase 2:
T-identity
Slow proliferation
TCR rearrangement

Figure 1.4 Overview of T-cell development in mice.

Phase 3:
Post B-selection
Rapid proliferation
Loss of Notch dependence

Cells begin differentiation when entering the thymic environment, which provides
Notch signals (blue arrows). Thymocytes start as Early T-cell progenitors (ETPS),
and transit sequentially through the double negative (DN) stages and then via the
immature single-positive (ISP) stage to the double positive (DP) stage, which give
rise to the functional CD4* and CD8* single positive T-cells. The presence of cell
surface receptors is depicted in lines, where blue lines represent receptors
expressed on cells seeding the thymus and red lines represent receptors whose
expression is gained within the thymus. Dotted lines indicate lower expression levels.
The stages during which TCR rearrangements occur are marked with grey lines.
Development is categorised by the commitment and (3-selection checkpoints into
three regulatory phases, i.e. Phasel: Precommitment, Phase 2: T-identity, Phase 3:
post B-selection. Adapted from (Yui and Rothenberg, 2014).



Committed T-cells in phase 2, slow their proliferation to the point of G1 arrest at the
DN3a stage (Yui and Rothenberg, 2014). At this phase most T-cell identity genes are
tusmned on and RAG enzymes are activated and recombination
of Tcrd, Tcrg and Tcrb occurs  (Figure 1.4) (Hayday and Pennington, 2007,
Mingueneau et al., 2013). The successful recombination of of Tcrd and Tcrg promotes
assembly of a yd TCR, while successful recombination of Tcrb promotes assembly of
TCRB (Krangel, 2009). If TCRyd is successfully rearranged, the cells diverge from the
af T-cell development path. However, the unsuccessful expression of either TCR[3 or
TCRy® chains leads to cellular apoptosis (Hoffman et al., 1996, Taghon et al., 2006).
Most of T-cells express TCRaf, while approximately 4% of T-cells express TCRyd
(Gaulard et al., 1990). Cells with successfully rearranged TCRB chain and non-
rearranging pre-Ta chain start to express the pre-TCR (Figure 1.4). During 3-selection,
the TCRp protein assembles at the cell membrane with pre-TCR complex members
that are already expressed, including pre-TCRa, CD3y, CD3%, CD3¢ and TCRC

(Krangel, 2009, Hoffman et al., 1996, Taghon et al., 2006).

Subsequently, the expression of a functional TCR allows growth and differentiation
when the cells transition from DN3a to DN3b under the pre-TCR signalling which
activates the phase 3 gene network (Figure 1.4) (Germain, 2002, Yui and Rothenberg,
2014). Although the cells require Notch signalling during the passage through B-
selection checkpoint, they become Notch-independent at phase 3 and Notch target
genes are turned off (Taghon et al., 2009, Kreslavsky et al., 2012, Yui and Rothenberg,
2014). Post the B-selection checkpoint the cells enter DN3b and then DN4 stages,
where they rapidly proliferate and undergo many changes (Figure 1.4). Such changes

include, downregulation of RAG expression, cell enlargement, progression into rapid
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cell-cycling, termination of IL2Ra expression, and increased surface expression of
CD27 and CD28 (Teague et al., 2010, Yui and Rothenberg, 2014, Krangel, 2009). DN4
cells proceed through a CD4~ CD8* TCRB™ ISP stage as they proliferate on their way
to transform into a CD4* CD8" DP phenotype (Figure 1.4). The resulting DP cells
acquire a major change in cellular transcriptional and regulatory state, and they finally
stop proliferating and accumulate in a GO state to rearrange their TCRa genes (Figure
1.4) when Rag genes are re-expressed (Germain, 2002, Rothenberg et al., 2016,
Krangel, 2009). DP cells live for a few days to assemble a TCRa3 complex that can
interact with major histocompatibility complex (MHC) molecules on the surrounding
stroma. This interaction is termed as positive selection. T-cells that express TCRs that
bind MHC class | complexes become single positive (SP) CD8* T-cells, whereas those
that express TCRs that bind MHC class Il ligands become single positive CD4* T-cells
(Teh et al., 1988, Swain, 1983). These cells mature in the thymic medulla and go
through further negative selection against strongly self-reactive cells, then finally
become ready for export from the medulla to peripheral lymphoid sites (Germain,

2002).

In human, equivalent stages of T-cell development are made according to the
expression of different surface markers such as, CD34, CD38, CD7, and CD1la (Figure
1.5). For example, CD34* precursors seed the human thymus which reflect FIt* pre-
thymic progenitors in mice (Vicente et al., 2010). CD34* cells can differentiate into
multiple lineages, giving rise to T, B and NK cells of the lymphoid compartment, and to
myeloid cells. Immature thymocytes that express CD34 but lack CD38 and CDla
expression resemble the mouse ETP/D1 population (Figure 1.5) (Dik et al., 2005). The

next stage of differentiation is marked by the expression of both CD34 and CD38
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resembling the mouse DN2 stage which reflects T-cell commitment. Thymocytes
differentiation proceed by CD7 expression in DN3 stage, followed by the final DN4
stage, which is characterised by the expression of CD34, CD38, CD7 as well as CD1a

(Figure 1.5) (Blom and Spits, 2006, Spits, 2002, van der Weerd et al., 2013).

As in mouse, the first round of TCR genes rearrangement occurs at the DN2 and DN3
sages. While TCRy® cells take a different developmental path than TCRap, the TCRp
cells go through B-selection. These cells express TCR chain on their surface coupled
with pre-Ta receptor in the pre-TCR complex (Staal et al., 2001, Staal et al., 2016).
After B-selection, the cells express CD4 with low levels of CD3, in the absence CDS8,
and they are referred to as CD4" (ISP) cells. Subsequently, they start to express CD3
in addition to both CD4 and CD8 and they are referred to as DP cells (Figure 1.5).
During the DP stages, TCRa gene rearrangements are initiated, followed by
expression of TCRap on the cell surface (Ramiro et al., 1996, Blom et al., 1999, Spits,
2002). The TCRap expressing cells are then tested for the interaction with MHC
molecules (positive selection), and the absence of self-reactivity (negative selection)
(Conroy and Alexander, 1996, Punt et al., 1994). Eventually, the cells that pass positive
and negative selection commit to either the CD4* T-helper lineage or the CD8*
cytotoxic T-lineage and travel to the periphery as SP cells (Figure 1.5) (Blom and Spits,

2006).
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Figure 1.5 Model of T-cell development in human.

lllustrated are the different phenotypic stages of T-cell development as commonly
discerned in the human thymus, with the corresponding surface marker expression.
CD34* T-cell progenitors enter the thymus where they go through sequential
differentiate stages marked as double negative (DN), immature single-positive (ISP),
double positive (DP) stage, and single positive (SP). T-cells leave the thymus into
the periphery either as CD4* T-helper cells or CD8* cytotoxic T-cells. Adapted from
(Staal et al., 2016).

1.2.1 T-cell identity genes

T-lineage programming includes tight regulation of T-cell identity genes, as well as the
transcription factors (TFs) that regulate the expression of these genes. Initially, the
cells experience shifts in gene expression of growth factors and cytokines. For
example, the growth factor receptor KIT is important in the earliest stages of
thymocytes and is gradually repressed as they differentiate (Tabrizifard et al., 2004,
Massa et al., 2006). By contrast, the cytokine IL7Ra is essential for intermediate stages
and starts being expressed at the DN2 and DN3 stages (Kang and Der, 2004). At these
stages many of precursor cell genes are downregulated and genes that define the T-
cell lineage are upregulated. T-cell Identity genes encode proteins that are essential
for TCR rearrangement, e.g. RAG1 and RAG2, TCR complex assembly, i.e. CD3
chains, and signalling components, including kinases, phosphatases and adaptor

proteins, such as LCK, ZAP70, and LAT (lgarashi et al., 2002, Gounari et al., 2002).
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Most of the T-cell specification genes, such as Cd3g, Cd3e, Zap70 and IlI7ra begin to
be expressed at the DN2 stage (Taghon et al., 2006, Masuda et al., 2007, Rothenberg
et al., 2008). T-cell identity is set by the DN3 stage where they must express RAG1
and RAG2 (Chen et al., 2001). Some genes that are sharply upregulated between
multipotent progenitors and Pro-T cell stages are not differentiation genes, but those
encoding transcription factors (Tydell et al., 2007). Thus, T-cell differentiation program
includes precisely timed silencing and transient up- and down-regulation activities as
well as the steady increase in T-cell identity gene expression controlled by

transcriptional regulatory networks (Rothenberg et al., 2016).
1.3 Transcription factors role in T-cell development
Notch signalling

Notch signalling is crucial to initiate T-cell development, and the right amount of signal
strength ensures the sequential activation of T-lineage genes in order for the cells to
gradually go through the differentiation stages in the thymus (Weerkamp et al., 2006).
T-cells start their developmental process when the Notch pathway is stimulated
through the interaction of NOTCH1 transmembrane molecules on the lymphoid
precursors with Delta-like 4 ligands on thymic epithelial cells (Koch et al., 2008). During
the initial stages of T-cell development Notch signalling interacts with the stem and
progenitor-cell gene regulatory network that is passed on from multipotent precursors.
Some of these genes are progenitor-specific genes with roles confined to the earliest
stages of T-cell development and others play ongoing roles in T-cells. Nonetheless,
they all participate in the network of pre-commitment stage (ETP/DN1-DN2a) that was

termed “Phase 1” by the Rothenberg group (Figure 1.6) (Yui and Rothenberg, 2014).
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1.3.1 Phase 1l

From the thymic entry the cells either continue or silence the expression of a set of TFs
used in stem and progenitor cells. A number of TF genes that are instrumental to
regulatory networks in FIt3* pre-thymic progenitors continue to be expressed only in
ETP cells. For example, genes including Gata2, Hoxa9, HIf, and Meisl are turned off
before the cells proceed to the DN2 stage. Progenitor cell regulatory factors genes,
including Lmo2 and Mef2c are silenced after the DN2a stage (Figure 1.6) (Gwin et al.,
2013, Huang et al., 2012, Yui and Rothenberg, 2014). In comparison, PU.1 (Spil),
Hhex, Gfilb, Lyl1, Tall, Bcllla, and N-Myc (Mycn) persist longer, i.e. into DN2a and
DN2b stages (Figure 1.6) (Yui and Rothenberg, 2014). The final silencing of these
factor genes occurs during B-selection and failure to silence them can lead to T-cell
malignancies (Yui and Rothenberg, 2014, Rothenberg et al., 2016). Other progenitor
cell factor genes such as, Myb, Gfil, Runxl, lkzfl (IKAROS) and Tcf3 (E2A) continue
to be expressed or even upregulated during T-cell commitment stages (Figure 1.6)
(Heng et al., 2008, Mingueneau et al., 2013, Rothenberg et al., 2016). Additionally, T-
cell specific genes such as Gata3, Tcf7, and Bclllb are upregulated through Notch
signalling. These genes encode TFs that play essential roles in most subsets of T-cells

(Figure 1.6) (Yui and Rothenberg, 2014).
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expression of the genes (dark=high, light=low). Adapted from (Yui and Rothenberg,

2014).
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TCF-1 transcription factor, encoded by the Tcf7 gene, is directly activated by NOTCH
from the early stages of T-cell development (Figure 1.6). Once Tcf7 gets activated it is
no longer primarily affected by NOTCH inhibition (Germar et al., 2011, Del Real and
Rothenberg, 2013). In ETPs, TCF-1 activates genes that are essential for cell survival
and expansion. TCF-1 collaborates with NOTCH to positively regulate T-cell

specification genes in a feedforward network circuit (Germar et al., 2011). High levels



of TCF-1 can drive the activation of T-cell genes, including Gata3, Bcl11b, 112ra (CD25),
Cd3g, Lat, Lck and endogenous Tcf7, even in the absence of Notch signals (Weber et
al., 2011). Tcf7 can be expressed at later stages of T-cell development (phase 3 and
beyond), in a Notch independent manner and in a way correlated to GATA3 levels (Yui

and Rothenberg, 2014).
GATA3

Like TCF-1, the expression of the GATA3 transcription factor begins within the ETP
population (Figure 1.6) (Germar et al., 2011, Weber et al., 2011, Wakabayashi et al.,
2003). In T-cells, GATAS is activated by the progenitor cell factor MYB, as well as by
TCF-1 (Del Real and Rothenberg, 2013, Gimferrer et al., 2011, Maurice et al., 2007).
GATAZ3 is essential for T-cell development from an early stage, and insufficient doses
of GATAS can be lethal to pro-T cells at ETP, DN3, and advanced stages (Rothenberg
etal., 2016). Lack of GATA3 in DN2 cells leads to downregulation of Kit, Ets1, Bcl11b,
Itk, Tcf7, Zfpm1, Cd3e, and Ragl and upregulation of SpiB, Bcllla, Dtx1, Spil, and
possibly also Lmo2 and Nfil3. Some of these abnormal gene expressions alter the
normal developmental sequence in T-cells and may lead to leukemogenesis. The
deficiency of GATA3 in later developmental stages causes failure of B-selection as well

as failure to generate CD4 cells (Hernandez-Hoyos et al., 2003, Pai et al., 2003).
BCL11B

TCF-1, GATA3, NOTCH, and RUNX/CBFB are positive regulators for Bclllb
expression (Weber et al., 2011, Li et al.,, 2013a, Garcia-Ojeda et al., 2013). The
BCL11B transcription factor is not expressed until the cells are in the mid-DN2a stage

and the timing of Bclllb activation is crucial for lineage commitment (Figure 1.6)
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(Rothenberg et al., 2008, Tydell et al., 2007, Li et al., 2010b). BCL11B functions as a
repressor during T-cell development and there is little evidence for it to act as a positive
regulator of T-lineage genes (Rothenberg et al., 2010, Yui and Rothenberg, 2014).
BCL11B deficient thymocytes fail to repress genes that are normally downregulated by
the DN2 stage including Tall, Bcllla, Spil, Erg, and FIt3. However, T-lineage
specification genes such as Tcf7, Gata3, CD3g, Ptcra, and Ragl remain expressed in
the absence of BCL11B (Li et al., 2010b). Thus, BCL11B is required to shift the cells
from a program of progenitor-cell gene expression, to a commitment program of limited
growth, progenitor-cell gene silencing, and continued differentiation to the DN3a stage
(Ikawa et al., 2010, Li et al., 2010b). The expression of BCL11B together with GATAS3

and TCF-1 prepares the cells for the transition to phase 2 (Yui and Rothenberg, 2014).
1.3.2 Phase 2

Phase 2 refers to T-cell commitment stages (DN2b, DN3a), where the cells slow their
proliferation and undergo TCR rearrangement. The expression of GATA3 and TCF-1
in the previous phase allow the cells to exert T-lineage promoting functions, because
knockout of either gene leads to reduced survival and differentiation of ETPs as well
as their descendants (Yui and Rothenberg, 2014, Hosoya et al., 2009, Germar et al.,
2011). The role of BCL11B in silencing many of the stem and progenitor-cell genes
contributes to the T-cell commitment transition from DN2a to DN2b, terminating the
ability to differentiate into alternative lineages under normal conditions (Li et al., 2010b,
Rothenberg et al., 2016). The subsequent committed T-cell entry into the DN3 stage
depends on the RUNX/CBF@ complexes (Naito et al., 2011). Thymocytes that lacked
RUNX1 experienced a developmental block at the DN2 stages (Growney et al., 2005).

In addition to the RUNX/CBF complex, transcription factors including MYB, GATAS,
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and BCL11B are needed for full TCRB gene rearrangement and competence. Many of
these factors occupy regulatory elements of Tcrb and Ragl/2 genes through which
they directly regulate the expression of these genes (Anderson, 2006, Rothenberg et

al., 2008).

Other transcription factors are also required during T-cell commitment, such as the
ETS family TFs. The expression of ETS1 starts from the early DN1 stage, whereas
ETS2 is later expressed at the DN2 stage (Figure 1.6). Both are upregulated from DN2
to DN3 when another ETS factor, PU.1, is supressed, as PU.1 specifically inhibits their
expression (David-Fung et al., 2009). On one hand, the ETS family member (ETV5) is
upregulated in the TCRyd lineage cells and plays an important role in the activation
and maturation of yd T effector cell subset (Jojic et al., 2013). On the other hand,
expression of E-proteins is required in TCRB thymocytes. E-proteins are particularly
important to maintain the integrity of the B-checkpoint, and also involved in the
regulation of expansion of thymocytes that have passed B-selection (Engel and Murre,

2004, Wojciechowski et al., 2007).
E-Proteins

The basic helix loop helix (bHLH) transcription factors E2A and HEB are the main
components of the “E-protein” heterodimers in early T progenitors. Both are expressed
throughout T-cell development stages and E2A (Tcf3) continues to be expressed at
constant levels from pre-thymic precursors, whereas HEB (Tcfl2) is strongly
upregulated as the cells differentiate (Figure 1.6) (Rothenberg et al., 2016). The E2A-
HEB dimer regulates essential lineage- and stage-specific target genes. The complex
can bind regulatory elements of genes important for lymphocyte development,

including the TCRa and -B enhancers, the Pre-Ta promoter, and various CD4
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regulatory elements (Greenbaum and Zhuang, 2002, Sawada and Littman, 1993,
Takeuchi et al., 2001). The simultaneous deletion of E2A and HEB in developing
thymocytes led to a severe developmental block in DN to DP transition stages and a
dramatic reduction of Pre-Taexpression. These T-cell progenitors showed
increased proliferation in vivo and remarkable expansion ex vivo. These results
implicated that E2A and HEB may play a role in maintaining thymocytes in cell cycle
arrest before pre-TCR expression in addition to their roles in T-cell differentiation

(Wojciechowski et al., 2007).

There are two major isoforms of HEB that are expressed in T-cells. The first canonical
isoform “HEBcan” is transcribed from the conventional transcriptional start site in
(Tcfl2) exon 1. The second, alternative, isoform “HEBalt” is formed by an internal
promoter, under the control of NOTCH, that encodes a truncated protein with an
alternative N-terminal sequence. HEBcan is expressed in early T-cell progenitors and
peaks at the DP stage of thymocyte development, while HEBalt is induced in ETPs
and downregulated after the DN3a during B-selection (Figure 1.6). HEBalt may be
more supportive of cell proliferation than canonical HEB or E2A (Wang et al., 2006,

Braunstein and Anderson, 2012).

E-proteins play a major role in regulating gene expression in DN3a cells. They
collaborate with NOTCH to regulate Hesl, Notch3, and Ptcra genes (lkawa et al.,
2006). They induce the expression of Rag genes in cooperation with GATA3 and
upregulate the Cd3 gene cluster expression with the aid of GATA3 and TCF-1 (Zhang
et al., 2012b, Xu et al., 2013, Oosterwegel et al., 1991). E-proteins also promote and
sustain Notchl expression at the DN3 stage and Notch signalling can be antagonised

by E-protein antagonist ID2 (Del Real and Rothenberg, 2013, Yashiro-Ohtani et al.,
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2009). Therefore, BCL11B may support the DN3a state by suppressing 1d2 (Li et al.,

2010b).
1.3.3 Phase 3

After T-cells pass the B-selection they undergo rapid proliferation as they transition
through DN3b to DN4 stages. Thereafter, the thymocytes no longer depend on Notch
signalling and rely on pre-TCR signals which allow IKAROS transcription factor to
suppress NOTCH-activated genes (Geimer Le Lay et al., 2014, Yui and Rothenberg,
2014). The expression of 1d3 is transiently turned on upon pre-TCR signalling which
temporarily inhibits E-protein activity, however E-proteins regain their function
afterwards (Figure 1.6) (Engel et al., 2001). RUNX1 is also known to be required to
regulate the transitions of developing thymocytes from the DN to DP stage and from
the DP stage to the mature SP stage (Egawa et al., 2007). The expression of Etsl,
Ets2, lefl, Tcf7, and Tcfl2 is upregulated at the DP stage (Figure 1.6), whereas the
histone tail modification (H3K27me3) repressive marks accumulate at the promoters
of pre-thymic cell genes and Notch targets (Yui and Rothenberg, 2014, Zhang et al.,
2012b, Vigano et al., 2014). The tight regulation of regulatory networks during f3-
selection and post B-selection, as well as the silencing of Notch target genes are crucial

to prevent malignant transformations of T-cells (Yui and Rothenberg, 2014).
1.4 T-cell Acute Lymphoblastic Leukaemia

In normal haematopoiesis, gene expression is determined by the effect of chromatin
structure, gene regulatory networks, and ultimately binding of TFs (Gottgens, 2015).
Dysregulation of these networks by mutations or oncogenic fusions of TF genes can

lead to malignant transformations in haematopoietic cells. Disturbances in the
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developmental stages of blood cells by chromosomal aberrations, epigenetic changes
and sequential mutations can cause a block in differentiation of precursor cells and in
uncontrolled proliferation (Sive and Gottgens, 2014). The malignant progression of
proliferating blood cells is called leukaemia. Different types of leukaemia are
characterised according to the lineage of origin; myeloid or lymphoid. Acute myeloid
leukaemia (AML) is a rapid, uncontrolled accumulation of abnormal myeloblast cells
(Dohner et al., 2010). Acute lymphoblastic leukaemia (ALL) is continuous proliferation
of immature lymphoid progenitor. The ALL is subdivided into B-cell (B-ALL) and T-cell

(T-ALL) (Inaba et al., 2013).

T-cell acute lymphoblastic leukaemia (T-ALL) is an aggressive haematological
malignancy characterised by accumulation of genomic lesions that affect the
development of thymocytes. T-ALL represents about 25% of acute lymphoblastic
leukaemia (ALL) cases (Hunger and Mullighan, 2015, Aifantis et al., 2008). Treatment
of T-ALL has advanced over the years; however, it still remains a challenge due to the
aggressive presentation of this type of leukaemia (Pieters and Carroll, 2008, Pui and
Evans, 2006, Litzow and Ferrando, 2015). Therefore, it is important to understand the
pathogenesis and biology of T-ALL to create better and more targeted therapies. The
pathogenesis of T-ALL involves numerous genetic lesions that drive normal T-cells into
uncontrolled proliferation and expansion. Van Vlierberghe et, al. suggested a
classification of these genetic aberrations in paediatric T-ALL into type A and type B

abnormalities (Van Vlierberghe et al., 2008).

Type A abnormalities may delineate specific molecular-cytogenetic T-ALL subgroups
(Van Vlierberghe et al., 2008). This type acquires large chromosomal deletions or

amplifications with maturational arrest at a particular stage of thymocyte differentiation
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(van Grotel et al., 2006). In type A, the genetic aberrations prime abnormal expression
of genes in certain developmental stages of T-cells, thus they function as oncogenes.
Normally developing T-cells exhibit rearrangements of the T-cell receptor (TCR) in
order to acquire a wide diversity of antigen recognition. The TCR enhancers are
located in the TCRB (7934) or TCRa — TCRé (149ll) loci. Chromosomal
rearrangements at these regions involving, breakage and re-ligation of the double
stranded DNA, can trigger the aberrant expression of leukemogenic TFs in T-cell
progenitors. These TFs are involved in T-cell differentiation and cause deregulation of
haematopoiesis when abnormally expressed (Van Vlierberghe and Ferrando, 2012,
Van Vlierberghe et al., 2008). Among the aberrantly expressed genes in type A are
TLX1, TLX3, HOXA, TAL1, LMO1, and LMO2 (Table 1.1) (Soulier et al., 2005,
Ferrando et al., 2002). Although these oncogenes function predominantly by blocking
differentiation, the exact mechanism by which they contribute to leukemogenesis

remains largely unknown.
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Table 1.1 List of chromosomal rearrangements involving the T-cell receptor
gene.

Adapted from (Chiaretti and Foa, 2009).

t(7;10)(q34;924) and TLX1 (HOX11) Transcription factor 7% Children
1(10;14)(q24:911) 31% Adults
1(5;14)(935;932) TLX3 Transcription factor 20% Children
(HOX11L2) 13% Adults
inv(7)(p15q34), {(7;7) HOXA genes Transcription factor 5%
1(1;14)(p32;911) and TAL1 Transcription factor 3%
1(1;7)(p32;934)
t(11;14)(p15;q911) LMO1 Protein-protein interaction 2%
1(11;14)(p13;911) and LMO2 Protein-protein interaction 3%

1(7;11)(q35;p13)

Type B abnormalities usually consist of point mutations, small insertions or deletions.
These lesions are found in all major T-ALL subgroups and synergise with type A
mutations during T-cell pathogenesis. Type B lesions occur in genes involved in
diverse cellular processes such as cell cycle control, self-renewal, TCR signalling, T-
cell differentiation or tyrosine kinase activation (Van Vlierberghe et al., 2008). These
defects can be activating and inactivating mutations of genes such as CDKN2A/B,
ETV6, NOTCH1 and RAS (Zhang et al., 2012a, Weng et al., 2004, von Lintig et al.,

2000).

Homminga et, al. classified T-ALL into four groups based on hierarchical clustering of
microarray gene expression data of paediatric T-ALL samples (Figure 1.7). The largest
cluster corresponds to elevated expression due to genetic abnormalities of the

TAL/LMO genes, whereas, the second largest cluster was typified by high expression
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of TLX/HOXA transcription factors (Figure 1.7). The third cluster termed as
“proliferative cluster” comprised most TLX1-translocated cases with high expression of
CDL1. The fourth cluster was named the “immature cluster” (Figure 1.7) and included
immunophenotypic immature CD4/CD8 double negative cases, with expression of a

number of early progenitor genes (Homminga et al., 2011).

AARmararAAmaaam T e 1A d e A ITFHTTLQ‘H T

TAULMO Proliferative Cluster HOXA Immature Cluster NBM
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Figure 1.7 T-ALL genetic subgroups characterised according to cluster
analysis of T-ALL patient samples.

Unsupervised hierarchical cluster analysis based on microarray expression data of
117 diagnostic T-ALL samples and seven normal bone marrow controls. Four groups
were identified, as depicted directly below the dendrogram. Adapted from
(Homminga et al., 2011)

1.4.1 The TAL/LMO subgroup of T-ALL

The transcription factor T-cell acute lymphoblastic leukaemia 1 (TAL1) belongs to the
bHLH family; it is an essential factor for the development of haematopoietic cells

(Porcher et al., 1996). The bHLH proteins form a large superfamily of transcriptional
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regulators that are found in almost all eukaryotes (Jones, 2004). Members of the bHLH
superfamily can bind to DNA at a consensus hexanucleotide sequence known as the
E-box. Different families of bHLH proteins recognise different E-box consensus
sequence (Jones, 2004). Murre and colleagues first identified the bHLH motif in the
binding preference of two murine TFs known as E12 and E47, which are both encoded
by the E2A gene (Murre et al., 1989). With the subsequent identification of many other
bHLH proteins they were classified into six groups according to their tissue
distributions, DNA-binding specificities and dimerisation potential (Murre et al., 1994).
Another used classification is four major groups (A-D) on the basis of E-box binding,
the amino acid patterns in the other parts of the motif, and the presence or absence of

additional domains (Atchley and Fitch, 1997).

Class A bHLH proteins, including E2A (E12/E47) and HEB, regulate the expression of
various genes that are associated with V(D)J recombination of the TCR genes. Class
B bHLH proteins, such as TAL1, TAL2, LYL1, and bHLHB1 function as transcriptional
co-factors that heterodimerise with E-proteins, e.g. E2A or HEB (Jones, 2004). The
heterodimer can bind DNA at the E-box motifs (CANNTG) and plays a transcriptional
regulatory function through a multiprotein complex that includes members of GATA
family of transcription factors, LMOs, and LDB1 (Lecuyer and Hoang, 2004,

Ellenberger et al., 1994, Ma et al., 1994, Matthews et al., 2013).

Class B bHLH transcription factors are prone to being aberrantly expressed in T-ALL
due to chromosomal rearrangement that target TCR enhancers. TAL1 is required for
the generation of all hematopoietic lineages in primitive and definitive haematopoiesis.
Although, it is necessary for the generation of HSCs, it is not required for their long-

term maintenance and once they are established, they can maintain their stemness
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characteristics in the absence of TAL1 (Mikkola et al., 2003). Normal thymocyte
maturation from DN to DP stages involves suppression of TAL1 specifically before the
DN3 stage. At the same time other TFs upregulation is required to ensure proper
differentiation of T-cells (Herblot et al., 2000). Thus, TAL1 activation in T-ALL causes
a block of differentiation in thymocyte. TAL1 overexpression in T-ALL often results from
chromosomal translocations including t(1;14)(p32;911) or variant t(1;7)(p32;935)
(Baer, 1993, Aifantis et al., 2008). Furthermore, an interstitial deletion (1p32), placing
the protein coding domains of TAL1 under the control of the promoter region of SCL
interrupting locus (SIL) forms the SIL/TAL1 fusion gene. The SIL gene is a cell cycle
regulator which is expressed throughout T-cell development;, therefore
SIL/TAL1 fusion activates TAL1 expression even when TAL1 should be downregulated

(Cave et al., 2004, Janssen et al., 1993).

Studies using transgenic mice demonstrated the oncogenic role of Tall activation in
the induction of Leukaemia in vivo. Mice with induced TAL1 protein expression in their
lymphoid tissue showed lower survival rates than the control mice and died from T-
ALL with long latency, indicating a leukaemogenic role of TAL1 expression in T-cells

(Condorelli et al., 1996).

When TALL1 activation is combined with another oncogene it leads to an aggressive
type of T-ALL. For example, TAL1 collaboration with the LIM-only proteins LMO1 or
LMOZ2 induce aggressive T-cell tumours in vivo (Grutz et al., 1998). Transgenic mice
that were engineered to overexpress both Lmo2 and Tall in their T-cells, developed
T-cell cancers with accumulation of immature thymocytes, proving the role of

TAL1/LMO?2 in altering T-cell development and potentiating oncogenesis (Larson et
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al., 1996). Furthermore, TAL1 and LMO1 collaboration induced T-cell malignancies in

mice, which were similar to T-ALL recognised in human patients (Aplan et al., 1997).

A potential mechanism by which TAL1/LMOZ2 induce leukaemia is through interfering
with the transcriptional activity of E-proteins during T-cell leukemogenesis. The
interaction between TAL1 with E-proteins inhibits E-proteins from activating their target
genes resulting in impaired T-cell development (Chervinsky et al., 1999). Mice
overexpressing Tall showed repression of E47/HEB target genes which led to T-ALL
acceleration and perturbed thymocyte development (O'Neil et al., 2004). Similar
characteristics in T-cell development have been described for TAL1/LMO transgenic
mice and E-proteins null mice. In both cases, thymocytes were blocked before

CD4*/CD8* DP stage of T-cell differentiation (Herblot et al., 2000, Aplan et al., 1997).
1.5 LIMdomain only 2 (LMO2)
1.5.1 History of LMO2

The LIM domain only 2 (LMOZ2) gene was discovered more than two decades ago as
a recurrent chromosomal translocation partner of TCR loci in patients with T-ALL
(Boehm et al., 1991, Royer-Pokora et al., 1991). LMO2 belongs to the LIM-domain-
only proteins family which consists of four genes LMO1, 2, 3 and 4 (Foroni et al., 1992,

Kenny et al., 1998).

This family name was derived from their tertiary structure that is composed of two
tandemly arranged regions called LIM-domains (LIM1 and LIM2). The LIM domain
protein motif was named after the initials of three proteins containing such domain; Lin-
1, Isl-1, and Mec-3 (Way and Chalfie, 1988). Generally, the structure of LIM domains

is composed of 2 zinc fingers (Zheng and Zhao, 2007). The classical consensus
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sequence of LIM domains is a cysteine-rich motif, defined as
CX2CX16-23HX2CX2CX2CX16-21CX2 (C/H/D) (where X denotes any amino acid)
(Schmeichel and Beckerle, 1994). Although many zinc fingers are known DNA binding
structures, there is no evidence that LIM domains bind DNA and are considered to be
involved in protein-protein interactions (Sanchez-Garcia and Rabbitts, 1993, Bridwell

et al., 2001, Yaden et al., 2005).

The LIM proteins acquire complex functions due to their sequence diversity and
structural nature. For instance, some of the LIM proteins are composed of LIM domains
only, while others carry variable functional domains including, homeodomains,
cytoskeleton binding domains or catalytic domains (Zheng and Zhao, 2007). Thus, they
might function as biosensors that mediate communication between the cytosolic and
the nuclear compartments, or through protein-protein interactions in complexes that
regulate gene expression (Kadrmas and Beckerle, 2004, Matthews et al., 2013). The
LMO proteins are considered as transcriptional cofactors that participate in multiprotein
regulatory complexes, and play essential roles in regulation of tissue-specific gene
expression and control of cell fate (Matthews et al., 2013, Dawid et al., 1998, Zheng

and Zhao, 2007).

All four members of the LMO family are implicated in the onset and progression of
cancers. LMO1 overexpression has been reported in T-ALL as a result of the
chromosomal translocation t(11;14) (p15;q11), which brings TCR gene in proximity of
LMO1 gene (Boehm et al., 1988, McGuire et al., 1989). Chromosomal lesions that
target the LMO2 locus on chromosome 11, band p13 have also been demonstrated in
T-ALL (Boehm et al., 1991, Royer-Pokora et al., 1991, Van Vlierberghe et al., 2006).

Even in the absence of chromosomal rearrangements near LMO genes,
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overexpression of LMO1 or LMO2 is found in ~50% of human T-ALLsS, most often in
association with elevated expression of the related bHLH transcription factors as

described in section 1.4.1.

The LMO3 gene is normally not expressed in T-cells but can be abnormally activated
due to translocation t(7;12)(g35;p12.3) in T-ALLs (Simonis et al., 2009). Both LMO1
and LMO3 have also been implicated in neuroblastoma, a type of cancer that affects
nerve tissues, and it has been suggested that they regulate similar transcriptional
pathways in neuroblastoma (Matthews et al., 2013). LMOS3 participates in a
transcriptional regulatory complex that targets genes crucial for sympathetic neuron
development and its overexpression is indicative of poor prognosis in neuroblastoma

(Aoyama et al., 2005, Isogai et al., 2011).

On the other hand, LMO4 plays multiple roles in breast cancer either by affecting
transcriptional programmes of proteins that directly control cell cycle progression, or
through interaction with such proteins (Sang et al., 2014). It has been demonstrated
that LMO4 depletion in breast cancer cells induces G2/M arrest, accompanied by
increased cell death, amplification of centrosomes and the formation of abnormal
mitotic spindles. Conversely, upregulation of LMO4 in a breast cancer cell line resulted
in abnormal mitotic spindle formation and supernumerary centrosomes, indicating the
importance of LMO4 in maintaining the fidelity of chromosome segregation during
mitosis in these cells (Montanez-Wiscovich et al., 2010). LMO4 also interacts with
multiple proteins in complexes that play a transcriptional regulatory function in breast
cancer cells (Sang et al., 2014). LMO members exhibit transcriptional regulation

functions in normal and cancer cells. However, the exact mechanisms of how they
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induce tumorigenesis and their oncogenic roles in cancer largely remain to be

elucidated.
1.5.2 LMOZ2 structure and DNA-binding complexes

The LMO2 gene encodes a 156 amino acid protein. As mentioned above, it comprises
two zinc-binding LIM domains, each with two LIM fingers (Figure 1.8) (Appert et al.,
2009). The LIM domains do not possess DNA-binding activity, but rather function in
protein—protein interactions by building DNA-binding complexes (Wadman et al.,

1997).

1 156 aa
LIM1 LIM2

Figure 1.8 Schematic representation of LMO2 protein structure.

The first LIM domain (LIM1) and the second LIM domain (LIM2) of LMOZ2 protein are
indicated.

LMO2 forms multimeric complexes and most commonly interacts with two classes of
DNA binding proteins; the zinc finger GATA transcription factors (GATA1-3), and an E-
box bHLH heterodimer (Bach, 2000). The LMO2 complex that is important for normal
erythrocyte development has been most extensively described and is composed of
GATAL, TAL1l, E2A proteins (E47 or E12), and LIM-domain binding 1 (LDB1)
(Wilkinson-White et al., 2011). These multiprotein complexes bind to a bipartite DNA
motif, comprising an E-box and GATA site, separated by ~9 bp, which is just less than
one turn of the DNA helix. TAL1/E2A heterodimers target E-box sites (CANNTG) N
denotes any nucleic acid, whereas GATAL binds to the DNA sequence (WGATAR) W

indicates A/T and R indicates A/G (Figure 1.9A). Another participant of the complex is
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Friend of GATA (FOG1) which directly binds GATA1 and stimulates its transcriptional
activity (Wilkinson-White et al., 2011). Alternatively, GATA2 or GATA3 and
Lymphoblastic leukaemia associated haematopoiesis regulator 1 (LYL1) may replace
GATAL1 and TAL1 in the LMO2 complex. Deletions of LMO2 complex components
cause embryonic lethality and loss of definitive haematopoiesis (Tsai et al., 1994,

Smith et al., 2014, Mukhopadhyay et al., 2003).

A distinct LMO2 complex from the one found in erythroid cells has been identified in T-
cell malignancies. Isolation of DNA-binding sites by CASTing (cyclic amplification and
selection of targets) and band shift assays demonstrated an oligomeric LMO2 complex
that can bind to a bipartite DNA motif comprising two E-box sequences approximately
10 bp apart rather than a single E-box and GATA (Figure 1.9B). This complex occurred
in immature CD4°/CD8 DN thymocytes (Grutz et al., 1998). The same complex has
been found at the KIT promoter in erythroblasts (Vitelli et al., 2000). Another variant of
the complex that binds DNA through a motif consisting of two GATA sites flanking an
E-box has been shown in erythrocytes at the Erythroid Krtppel-like factor (EKLF) locus
(Anderson et al., 1998). This shows the flexibility of the LMO2 complex and its ability

to have different partners that can associate to variable DNA motifs.
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Figure 1.9 LMOZ2 protein complexes.

LMO2 protein-protein interaction with TAL1, E47, and LDB1 (A) The complex binds
a bipartite DNA motif comprising an E-box and GATA site in erythroid cells. (B) An
alternative complex that bind bipartite DNA motif comprising of double E-box in T-
cell leukaemia. Adapted from (Nam and Rabbitts, 2006).

1.5.3 LMOZ2 function in normal haematopoiesis and vascular development

LMO2 plays a crucial role in haematopoiesis and angiogenesis. It is a key regulator of
erythroid cell development. Several studies have demonstrated the pivotal role of
LMO2 in lineage specification, particularly at specific stages of erythroid differentiation.
A study of homozygous Lmo2-null mice showed failure of yolk sac erythropoiesis and
embryonic lethality around embryonic day 9-10 (Warren et al., 1994). Due to the
limitation in the previous study to assess the role of LMO2 in different stages of
haematopoiesis, the Rabbits group investigated the haematopoietic contribution of
homozygous mutant Lmo2’- mES cells in chimeric mice. Lmo2™ cells did not contribute
to any hematopoietic lineage in adult mice. However, reintroduction of Lmo2 rescued

the ability of Lmo27- mES cells to facilitate in vitro erythroid differentiation and restored
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the macrophage/monocyte developmental lineage in vivo (Yamada et al., 1998).
These studies showed the essential role of Lmo2 in early stages of haematopoiesis at
the level of the hematopoietic stem cell of the immediate multipotential progeny and
probably earlier in development when ventral mesoderm gives rise to these precursors

(Rabbitts, 1998).

Furthermore, studying the fate of Lmo2”’ mES cells in mouse chimeras revealed a
transcriptional regulatory function of LMO2 complexes in angiogenesis. Lmo2” mES
cells contributed to the capillary network formation until around embryonic day 9, thus
LMOZ2 is not required during early embryogenesis for de novo vessel formation.
Following embryonic day 10 the mice exhibited a disorganised vascular system
indicating the requirement of LMO2 for angiogenic remodelling of vascular networks

(Yamada et al., 2000).

Studies have also shown that either Gatal, Gata2, Tall, or Ldb1 deletions are fatal to
mice. The mice suffered of severe anaemia by mid gestation and died because these
proteins are crucial in regulating both primitive and definitive erythropoiesis (Pevny et
al., 1991, Perkins et al., 1995, Love et al., 2014). Lmo2 deficiency resembled loss of
the erythroid transcription factor Gatal or Tall (Shivdasani et al., 1995). Moreover,
Ldb1” mice showed similar defects in erythropoiesis as the ones described in Lmo2™"
mice (Warren et al., 1994). The Ldb1” embryos uncovered Ldb1 function in regulating
both definitive erythropoiesis and megakaryopoiesis. Ldbl depletion downregulated
the expression of multiple erythroid-specific genes, indicating the role of Ldbl in
erythropoiesis and regulation of the erythroid/megakaryocyte transcriptional program

(Li et al., 2010a).
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Recently, Stanulovi¢ et al. showed that Lmo2”- mES cells were able to differentiate to
Flk-1* haemangioblast stage, using an in vitro differentiation system. However, these
Lmo2 deficient mES cells had less efficient development of haemogenic endothelium
and only generated primitive haematopoietic progenitors. Genome-wide analysis
revealed that LMO2 is required at the haemangioblast stage to position the
TAL1/LMO2/LDB1 complex at target regulatory elements of genes necessary for the
establishment of the haematopoietic developmental program. The depletion of Lmo2
impaired the ability of TAL1 to recognise target sites and FIk-1* cells revealed that
TAL1 was required to initiate or sustain Lmo2 expression (Stanulovic et al., 2017).
Altogether, these studies demonstrated the importance of the LMO2 complex involving

GATAL, TAL1 and LDB1 in regulating haematopoiesis.
1.5.4 LMO2 oncogenic rolein T-ALL

High levels of LMO2 expression are normally observed in HSCs, multipotent progenitor
cells, and in ETPs. Subsequently, LMOZ2 gets downregulated during the development
of T-cells at the DN2 immature CD4/CD8" thymocyte stage and null expression is
observed in the following T-cell progenitor cells and mature T-cells (Figure 1.6)

(Cleveland et al., 2014, Yui and Rothenberg, 2014).

Human LMO2 is involved in several different human T-ALL chromosomal
rearrangements (Boehm et al., 1990, Garcia et al., 1991). The chromosomal
abnormalities that cause the aberrant expression of LMO2 in T-ALL involve
translocations: t(11;14)(p13;q911) and t(7;11)(q35;p13), as well as a cryptic deletion
(del(11)(p12p13)) (Boehm et al., 1991, Royer-Pokora et al., 1991, Van Vlierberghe et
al., 2006). These translocations account for approximately 5% of primary paediatric T-

ALL patients (Wu et al.,, 2015), while the cryptic deletion is implicated in 4% of
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paediatric T-ALL cases tested by karyotype analyses (Van Vlierberghe et al., 2006).
Although >50% of T-ALL patients have aberrant expression of LMO2, only
approximately 10% of patients have detectable cytogenetic abnormalities that drive
LMO2 expression (Ferrando et al., 2002). Mutation screening of T-ALL patient samples
and T-ALL cell lines identified activating intronic mutations of LMO2. These mutations
were found in 3.7% of paediatric and 5.5% of adult T-ALL samples (Rahman et al.,
2017). The mutations create a neomorphic promoter that drives LMO2 overexpression
and harbours putative de novo MYB, ETS1, or RUNX1 binding sites. Taken that MYB,
ETS1, or RUNX1 can interact with the LMO2/TAL1 complex, this indicates that LMO2
overexpression is caused by an autoregulatory positive feedback loop in these T-ALL

(Rahman et al., 2017).

The upregulation of LMOZ2 also occurred as a side effect of trials for the correction of
X-linked severe combined immunodeficiency (SCID-X1). The gene therapy was
conducted by retroviral gene transfer of the replacement interleukin-2 receptor-y
(IL2RG) gene into bone marrow cells, which led to aberrant transcription and
expression of LMO2. The unexpected exponential proliferation of T-cells was thought
to be derived from retrovirus enhancer activity on the LMO2 gene promoter (Hacein-
Bey-Abina et al., 2003). Other genetic mutations of genes that have a regulatory effect
on T-cell progenitors could also participate to the oncogenesis in these cases. Some
of the lesions that have been observed included activating mutations of NOTCH1 and
deletion of the tumour suppressor gene locus CDKN2A (Howe et al., 2008, Hacein-
Bey-Abina et al., 2008). In the SCID-X1 gene therapy trials Lmo2 expression was
maintained throughout the progeny of the T-cell (Hacein-Bey-Abina et al., 2008,

Hacein-Bey-Abina et al., 2003, Howe et al., 2008). Similarly, a mouse model where
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Lmo2 expression was initiated in HSCs and maintained in all hematopoietic cells
showed development of T-ALL in 96.7% of the cases. T-ALL in this model exhibited an
immature CD8 or CD4 SP/DP (CD8*CD4*") phenotype. Also, clonal immature TCR
rearrangement and somatic mutations in cancer genes including Notchl were
observed (Garcia-Ramirez et al., 2018). Moreover, placing Lmo2 cDNA under the
control of the stem cell specific (Scal) promoter showed a mosaic of Lmo2 expression
in the mice thymi. These mice developed T-ALL with a clonally immature CD8*CD4*"
population. A high percentage of the studied Scal-Lmo2 T-ALL cases lacked Lmo2
expression, indicating that early expression of the Lmo2 in HSC and progenitor cells
has the potential to initiate T-ALL without any need for its continuous expression to
develop T-ALL (Garcia-Ramirez et al., 2018). This emphasises the role of LMO2 in
reprogramming cellular identity of HSCs and progenitor cells into a leukemic one
before entering the thymus. T-ALL cells in thymus-deficient mice with Scal-Lmo2
overexpression showed enrichment in ETP-ALL genes, stemness, and pluripotency

(Garcia-Ramirez et al., 2018).

Additionally, a study of Lmo2 knockout mice proved that LMO2 is not required for
lymphoid development. Efficient deletion of Lmo2 was accomplished using conditional
knockout of mouse Lmo2 with loxP-flanked Lmo2 and Cre recombinase alleles driven
by the promoters of the lymphoid-specific genes Ragl, CD19, and Lck. Lymphopoiesis
in T- and B-cell lineages were not disturbed in the absence of Lmo2 and normal
distributions of CD4/CD8" thymocytes were observed. This suggested that the role of
LMOZ2 in T-cell oncogenesis occurs as a result of reprogramming of gene expression
as a consequence of its imposed expression in T-cell precursors (McCormack et al.,

2003).
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A research group generated clonal cell lines from T-ALLs derived from CD2-Lmo2
transgenic mice. This cell line represents three different stages of T-cell differentiation,
DN, DP, and ISP. These cells demonstrated different levels of CD4 expression. One
population was presented with high expression of CD4 and the other with no
expression at all. Subsequent cell cultures of each population separately revealed that
CD4  and CD4* populations interconvert and have dissimilar rates of apoptosis
(Cleveland et al., 2014). This indicated that T-ALLs may arise from different stages of
T-cell differentiation because LMO2 overexpression blocks apoptosis of T-cells at DN3
stage, while they still highly express CD4 and CD8 (Cleveland et al., 2014, Chambers
and Rabbitts, 2015). Also enforcing the expression of Lmo2 led to a differentiation
block at the CD4-/CD8" DN thymocyte stage and clonal T-cell malignancy in transgenic

mice (Larson et al., 1995).

A study using a humanised mouse model, which was transplanted with LMO2-
transduced human hematopoietic stem/progenitor cells, suggested three potential
cellular mechanisms that lead to T-ALL development. First, LMO2 overexpression led
to delayed T-cell development with a block in the DN/ISP compartment. A small subset
of LMO2-overexpressing cells in these mice retained CD34 expression. Also, a
reduced number of DP cells was observed with a relative increase in ISP and CD3-
CD4 CD8 triple negative cells. Second, LMO2 overexpression caused accumulation
of DP CD3 cells. A high percentage of double positive CD3" cells was observed in
mice transplanted with LMO2-overexpressing CD34* cells, compared to GFP-
transplanted mice. Third, the ratio of CD8 over CD4 SP cells was different between
GFP and LMO2-transduced cells. This altered CD8/CD4 ratio became more prominent

with higher expression levels of LMO2 and was also found in peripheral blood
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(Wiekmeijer et al., 2016). Moreover, they compared the genes that were differentially
expressed between LMO2 and GFP DP cells with the human T-ALL microarray gene
expression data sets described by Homminga et al. Many upregulated genes in these
DP cells clustered with the “proliferative” and “TAL/LMQO” subtypes in human T-ALLS
seen in Figure 1.7, indicating that the effects and mechanisms that were observed after
transplantation of LMOZ2-overexpressing cells in mice are also at work in human T-ALL
(Homminga et al., 2011, Wiekmeijer et al., 2016). Although these studies have
highlighted potential mechanisms through which LMO2 induce T-cell malignancy, it is
still unknown what are the exact roles it plays in leukaemia. It also remains unclear

what are the transcriptional regulatory functions that LMO2 complexes exert in T-ALL.
1.5.5 LMO2 complexes in T-ALL

In a study by Draheim et,al. Lmo2 transgenic mouse lines were mated with transgenic
mice expressing wild type Tall or a Tall harbouring a mutation that alters its DNA
binding domain (Draheim et al., 2011). This mutant form of TAL1 heterodimerises with
E47 or HEB proteins but fails to stably bind E-box motif (Hsu et al., 1994, O'Neil et al.,
2001). The comparison between these transgenic mice showed that T-ALL was
accelerated in both lines, suggesting that LMO2 does not contribute to leukaemia by
enhancing or altering the transcriptional activity of the TAL1/E47 or HEB heterodimer
(Draheim et al., 2011). Perturbed thymocyte development was also demonstrated due
to repression of E47/HEB target genes which are important for thymocytes
differentiation. These data revealed that LMO2 binding to TAL1 or mutTAL1/E47 or
HEB heterodimers may stabilise the TAL1/E47 or HEB complex which results in

reductions in E47/HEB transcriptional activity (Draheim et al., 2011).
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Furthermore, Lmo2-transgenic mice with depleted Tall or Lyl1 were studied to address
which of these factors participates in Lmo2 driven thymocyte self-renewal and
Leukaemogensis (McCormack et al., 2013). The outcomes demonstrated that TAL1 is
dispensable for Lmo2-driven leukaemia but LYL1 cooperation with LMO2 plays an
important role in leukemogenesis. The oncogenic functions of LMO2/LYL1 complex
include upregulation of a stem cell-like gene signature, aberrant self-renewal of
thymocytes, and subsequent generation of T-cell leukaemia. These mice models
expressed Lyll in pre-leukemic and leukemic stem cells which described stage-
specific expression of the Lmo2-induced gene expression program. Similarly, LYL1
and LMO2 are both expressed in ETP-ALL patient samples implementing the need of
LYL1 for the development of ETP-ALL cells (McCormack et al., 2013). Overall, the
contributions of LMO2 to T-ALL probably arise from a combination of transcriptional
reprogramming functions of LMO2 complexes. The full composition of LMO2 complex
in T-ALLs has not been fully studied. Hence, LMO2 interacting partners remain to be

elucidated which will help better understand its oncogenic function in T-ALL.

The first aim of this PhD study was to identify new LMO2 interacting partners beyond
the known LMO2 complex members. Our investigations through proteomic analysis
revealed the Plant homeodomain zinc finger protein 6 (PHF6) as a new interactor of
LMO2. Several studies have identified PHF6 mutations in different types of leukaemia
including T-ALL (Van Vlierberghe et al., 2010, Van Vlierberghe et al., 2011, Wang et

al., 2011).
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1.6 Plant homeodomain zinc finger protein 6 (PHF6)
1.6.1 History of PHF6

PHF6 is the plant homeodomain zinc finger protein 6, which was discovered as the
underlying cause of the X-linked intellectual disability disorder Borjesson-Forssman-
Lehman syndrome (BFLS) (Lower et al., 2002). Several groups have identified
mutations of PHF6 associated with BFLS cases (Baumstark et al., 2003, Crawford et
al., 2006, Di Donato et al., 2014). The PHF6 gene is located on the non-autosomal
region of the X-chromosome and spans a 90-kb region of genomic DNA. The human
PHF6 gene consists of 11 exons, that are transcribed into an alternatively spliced 4.5-
kb transcript. Exons 1 and 11 comprise the 5’ and 3’ untranslated regions (UTRs),
respectively, while exons 2-10 encode for a 1.1-kb open reading frame (ORF), which
encodes a 365 amino acid protein (41 kDa). Another mRNA isoform exist which
incorporates intron 10 to increase the size of the 3’ UTR (Lower et al., 2002). The PHF6
protein is highly conserved among vertebrates; for example ~97.5% amino acid identity

occurs between humans and mice (Lower et al., 2002, Perry, 2006).

The Phf6 gene and protein are widely expressed in various tissues in mice, including
the developing central nervous system, the anterior pituitary gland, the primordia of
facial features, the limb buds and hematopoietic cells (Van Vlierberghe et al., 2011,
Voss et al., 2007). A comparison between Phf6 expression in HSCs, myeloid and
lymphoid progenitors in mouse revealed higher levels of Phf6 in lymphoid cells. The
highest levels expressed in the T-lineage were observed in double positive CD4*/CD8*
and single positive CD4* or CD8*. However, in the B-lineage the pre-B cells
demonstrated the highest levels of Phf6é expression of all cells that were analysed (Van

Vlierberghe et al., 2011). In humans, high levels of PHF6 expression were detected in
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the thymus, thyroid, and ovary, and moderate levels in the testes, adipose tissue and
spleen (Van Vlierberghe et al., 2010). At different stages of thymocyte development,
PHF6 transcripts showed a marked upregulation in CD4*/CD8* double positive cells
(Van Vlierberghe et al., 2010), consistent with what was observed in mouse T-
lymphocytes (Van Vlierberghe et al., 2011). These observations suggested a putative

role for PHF6 in haematopoiesis.
1.6.2 PHFG6 structure

The PHF6 gene is a member of the plant homeodomain (PHD)-like finger (PHF) family
and encodes a protein with two zinc finger domains (ZaP1: aa 14-134; ZaP2: aa 209—
332) that are derived from a PZP motif (Perry, 2006). The PZP motifs consist of
elongated plant homeodomain-type zinc fingers (ePHD): PHD1 at position 79-131
(Cys4-His-Cys2-His), followed by a zinc knuckle, and an atypical PHD2 at position 277-
329 (Cys4-His-Cys2-His) (Figure 1.10) (Todd and Picketts, 2012). Such zinc-binding
motifs can have a neutral or negative charge (Liu et al., 2012). PHD domains are most
commonly found as part of proteins involved in transcriptional regulation and/or
modification of chromatin structure. They are functionally versatile and act as
epigenome readers that control gene expression through recruitment of multiprotein
complexes of chromatin regulators and transcription factors (Sanchez and Zhou,
2011). A subset of PHD fingers has been shown to bind trimethylated lysine 4 of
histone H3 (H3K4me3) (Wysocka et al., 2006). However, the atypical PHD domains
present in PHF6 cannot interact with histones and have a net positively charged
surface, suggestive of interactions with negatively charged molecules like DNA (Liu et
al., 2012). Studies based on Nuclear magnetic resonance (NMR) solution and crystal

structures indicate that PHF6 ZaP2 can bind double-stranded DNA templates in a
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sequence-independent manner but not histones (Liu et al., 2012, Liu et al., 2014).
Using high throughput screen analysis, PHF6 has also demonstrated putative ability to

interact with mRNA (Castello et al., 2012).

Moreover, the unique structure of PHF6 consist of two nuclear localisation sequences
(NLS1; NLS2) and a nucleolar localisation sequence (NoLS) (Figure 1.10) (Lower et
al., 2002, Todd and Picketts, 2012). PHF6 localisation to the nucleus and nucleolus
have been confirmed in several studies by immunocytochemistry, subcellular
fractionation, and mass spectrometry analysis (Lower et al., 2002, Todd and Picketts,

2012, Wang et al., 2013, Zhang et al., 2013).

NLS1
NLS2
NolLS

365 aa

ZK PHD1 ZK PHD2

Figure 1.10 Schematic representation of PHF6 protein structure.

PHF6 protein consists of 365 amino acids, comprising two zinc knuckles (ZK) in grey,
two atypical plant homeodomain (PHD) zinc-finger domains in blue, two nuclear
localisation sequences (NLS) in orange and a nucleolar localisation sequence
(NoLS) in green.

1.6.3 Functional interactions of PHF6

Research efforts have been conducted to investigate the molecular mechanisms of
PHF6 that may contribute to the developmental processes of neurogenesis and
haematopoiesis. Investigations of PHF6 containing complexes, structural
characterisation of the PHF6 zinc finger domain, nuclear and nucleolar localisation

studies, have revealed some of the potential roles that PHF6 play. However, there is
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not much known about the cellular function(s) and underlying mechanisms controlled

by PHF6.
PHF6 interaction with the Nucleosome Remodelling and Deacetylation (NuRD)

Todd and Picketts performed immunoprecipitation followed by mass spectrometry
(IP/MS) analysis to identify the interacting partners of PHF6. These experiments
revealed that PHF6 co-purified with multiple constituents of the Nucleosome
Remodelling and histone Deacetylation (NuRD) complex (CHD3/4, HDAC1, and
RBBP4/7) (Todd and Picketts, 2012). To identify which of the NuRD proteins directly
interact with PHF6 , Liu et al. showed that it binds the RBBP4 subunit through a
conserved amino acid sequence and the crystal structure demonstrated that the PHF6
peptide embeds with a binding pocket located upon the surface of the RBBP4 [3-
propeller (Liu et al., 2014, Liu et al., 2015). The binding domain of RBBP4 overlaps
with the PHF6 NoLS sequence (Figure 1.11), suggesting that these two activities may
be mutually exclusive. Hence, PHF6 interaction with NURD complex components was
specifically confined to the nucleoplasm, but not found within the nucleolus (Todd and
Picketts, 2012). The NuRD complex is a multifunctional transcriptional regulator with
various target genes that are involved in embryogenesis, oncogenesis, neurogenesis,
and haematopoiesis (Lai and Wade, 2011, Yoshida et al., 2008, Yamada et al., 2014,
Reynolds et al., 2012). However, the NURD complex exerts either a repressive or
activating transcriptional function on its target genes depending on its interacting
partners (Williams et al., 2004, Wang et al., 2009). Interacting proteins of NURD that
possess zinc finger domains can direct the complex to its target genes. Likewise, PHF6
could potentially lead the NURD association to a certain set of genes via its binding

affinity to dsDNA (Basta and Rauchman, 2015, Todd and Picketts, 2012).
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PHD1 PHD2
PHF6

Figure 1.11 PHF6 interaction with NuRD complex.

PHF6 binds the NuURD complex through a direct interaction with RBBP4, where the
blue oval represents the multiprotein NURD complex.

PHF6 interaction with RNA Polymerase Il Associated Factor 1 (PAF1)

In a study of the function of PHF6 in neurogenesis, Zhang et al. discovered a novel
function for PHF6 in the development of the cerebral cortex in vivo. Knockdown of Phf6
in mouse cerebral cortices caused impaired neuronal migration (Zhang et al., 2013).
To investigate whether PHF6 associated with factors that regulate transcription in
neuronal development, they conducted IP/MS experiments. All four core components
of the PAF1 transcription elongation complex, PAF1, LEO1, CDC73 and CTR9, were
found as interacting partners of PHF6 (Zhang et al., 2013). Because the PAF1 complex
promotes transcription (Marton and Desiderio, 2008), the authors studied downstream
transcriptional changes that promote neuronal migration using gene expression arrays.
They identified Neuroglycan C/Chrondroitin Sulfate Proteoglycan 5 (NGC/CSPG5) as
a commonly regulated gene target. Furthermore, when the NGC/CSPGS5 transcript was
electroporated into cortical tissue alongside Phf6 shRNA, the neuronal migration
phenotype was rescued (Zhang et al., 2013). Consistently, similar results were

demonstrated by another research group where expression of Phf6 rescued the
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neuronal migration defects caused by miR-128 expression on neuronal migration,

growth, and intrinsic physiological properties of these cells (Franzoni et al., 2015).
PHF6 interaction with Upstream binding factor (UBF)

An interaction between PHF6 and Upstream binding factor (UBF) has been
demonstrated in two separate studies, implying a nucleolar function of PHF6 (Wang et
al., 2013, Zhang et al., 2013). UBF is a ribosomal DNA (rDNA) transcriptional activation
factor that associates with the RNA Pol | pre-initiation complex (Learned et al., 1986).
Wang et al. reported that PHF6 binds to the nucleolus and associates with ribosomal
RNA (rRNA) promoter. The interplay of PHF6 with UBF, through its PHD1 domain,
downregulated rRNA transcription, by affecting the protein level of UBF (Wang et al.,
2013). Additionally, they revealed that PHF6 depletion impairs cell proliferation and
arrests cells at the G2/M phase, leading to accumulation of DNA damage in the cell
with high levels of phosphorylated H2AX (yH2AX). The effect of DNA damage at the
rDNA locus in PHF6 deprived cells was reversed by knocking down UBF or
overexpressing RNASEH1, indicating that there is a functional link between rRNA
synthesis and genomic stability at the rDNA locus. These data uncovered a regulatory
function of PHF6 that is involved in rRNA synthesis, which may contribute to its roles
in cell cycle control, genomic maintenance, and tumour suppression (Wang et al.,

2013).
1.6.4 PHF6 functions in haematopoiesis and leukaemia

The role of genes involved in epigenetic gene regulation has been demonstrated in
genomic studies on patients with haematological cancers. These genes are known, or

suspected, to play a role in modifying the chromatin structure and usually acquire
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lesions, i.e. mutations, that lead to malignancies (Bowman et al.,, 2018, Van
Vlierberghe et al., 2010, Van Vlierberghe et al., 2011). Research efforts have been
conducted to understand how these genes regulate normal haematopoiesis and how
their mutations contribute to tumorigenic transformation and/or progression, however
their functions are still debatable. Since inactivating mutations of PHF6 have been
identified in T-ALL, AML and myelodysplastic syndrome (Mori et al., 2016, Van
Vlierberghe et al., 2010, Van Vlierberghe et al., 2011), several groups have been

studying its role in haematopoietic development and regulation of leukaemia.

In one study, Phf6 was identified through a genome-scale shRNA screen, as a
“context-specific’ regulator of leukaemia development (Meacham et al., 2015).
Depletion of Phf6é negatively impaired pre B-ALL tumour growth in all of the
hematopoietic organs they tested, including bone marrow, spleen, and blood.
Additionally, the absence of Phf6 in AML and T-cell lymphoma had a neutral effect in
T-cell lymphomas but promoted significant AML cells growth in vivo. These data
suggest distinct differential requirements for Phf6é gene function in B-cell, T-cell, and
myeloid cell malignancies. Moreover, they performed genome wide data analysis on
T-ALL cell line (Jurkat), which showed that PHF6 associated with promoters of active
genes. Some of these PHF6 target genes play essential roles in hematopoietic
tumours including RUNX1, DMNT3A, NOTCH1, and JAG1. These findings propose
that PHF6 may participate in transcriptional complexes that influences tumour
progression through the regulation of leukaemia associated genes (Meacham et al.,

2015).

A subsequent study by the same group demonstrated the role of PHF6 in regulating

chromatin accessibility to lineage-specific TFs (Soto-Feliciano et al., 2017). Through
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integrated genomics and in vivo studies, they showed that, upon loss of Phf6,
chromatin structure is modulated around B-cell- and T-cell specific genes, resulting in
focal genomic plasticity and acquisition of T-cell lineage markers in B-ALL cells. They
revealed a potential role of PHF6 in regulating transcriptional programs, by binding
nucleosomes at specific genomic regions and remodelling the chromatin architecture.
Furthermore, Phf6 depletion resulted in altered chromatin accessibility and
nucleosome positioning which caused lineage disruption. These outcomes imply a
possible mechanism through which PHF6 functions in lymphoid malignancies (Soto-

Feliciano et al., 2017).

More recent, independent groups have investigated the role of PHF6 in HSCs. McRae
et al. showed that Phf6 depletion in mice altered the hematopoietic stem and progenitor
cell homeostasis (McRae et al., 2019). They observed a reduced number of HSCs, an
increased number of hematopoietic progenitor cells, and an increased proportion of
cycling stem and progenitor cells, upon loss of Phf6. Although Phf6 did not affect HSC
self-renewal, the absence of Phf6 in HSCs enhanced differentiation to white blood
cells, suggesting that these cells have enhanced competitive repopulating ability.
Alterations in thymus cellularity or on ETP number was not observed in the absence
of PHF6. In addition, they demonstrated that PHF6 controlled haematopoietic cell
homeostasis partly through the regulation of interferon signalling. They also showed
that PHF6 is a putative haematopoietic tumour suppressor, as TLX3 overexpression
in the absence of PHF6 caused fully penetrant early-onset leukaemia, while TLX3

expression alone caused partially penetrant leukaemia (McRae et al., 2019).

In contrast, two other studies reported that Phf6 depletion enhances self-renewal of

HSCs in a setting of serial transplantation in mice (Wendorff et al., 2019, Miyagi et al.,
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2019). Miyagi et al. demonstrated the effect of Phf6 deletion in hematopoietic cells at
various developmental stages. In embryos, loss of Phf6 increased the ability of HSCs
to proliferate in cultures and to reconstitute haematopoiesis in recipient mice. In
neonates, Phf6 inactivation immediately gave cycling HSCs a competitive repopulation
advantage. In adults, Phf6 depleted HSCs required a longer time and/or
haematopoietic stress to activate dormant HSCs and exert an obvious competitive
advantage. Furthermore, Phf6é depletion downregulated the expression of genes
involved in tumour necrosis factor alpha (TNFa) signalling, which counteracted the
TNFa-mediated growth inhibition on HSCs. However, loss of Phfé did not induce
haematopoietic tumorigenesis (Miyagi et al., 2019). Conversely, data from Wendorff et
al. supports the tumour suppressor role of Phf6 in hematopoietic cells. They reported
that Phf6 inactivation in leukaemia lymphoblasts induced a leukaemia stem cell
transcriptional program and enhanced T-ALL leukaemia-initiating cell activity. They
also observed that development of NOTCH1-induced T-ALL was reduced upon Phf6
depletion (Wendorff et al., 2019). Altogether, these studies highlight PHF6 functions

as a potential transcriptional regulator and tumour suppressor in haematopoietic cells.
1.6.5 PHF6 mutations in leukaemia

Somatic inactivating mutations of PHF6 have been described in T-ALL patients for the
first time by Van Vlierberghe and colleagues (Van Vlierberghe et al., 2010). Initially,
they analysed data from primary T-ALL patient samples, which demonstrated a
recurrent deletion in X chromosome band 26q. The PHF6 gene is located on the Xg26
locus and deletions in this region are somatically acquired leukaemia-associated
genetic events (Van Vlierberghe et al., 2010, Baumstark et al., 2003). Subsequent

mutational analyses of PHF6 in a panel of paediatric and adult T-ALL primary samples
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revealed nonsense or missense mutations in PHF6 at a prevalence of 16% in
paediatric and 38% in adult patients (Van Vlierberghe et al., 2010). The identified PHF6
missense mutations target zinc ion stabilising residues at the ZaP domain on the
second PHD finger (PHD2). The rest of reported PHF6 lesions involve deletions,
frameshifts and nonsense mutations that span throughout the gene (Van Vlierberghe
et al., 2010). Other research groups have also reported PHF6 mutations in T-ALL
(Grossmann et al., 2013, Wang et al., 2011, Yoo et al., 2012, Huh et al., 2013, Jang et
al., 2019). Even though Vlierberghe et al. showed that the majority of PHF6 lesions are
found in male subjects with T-ALL, the other studies did not report any gender
differences (Grossmann et al., 2013, Wang et al., 2011, Yoo et al., 2012, Huh et al.,

2013, Van Vlierberghe et al., 2010, Jang et al., 2019).

Additionally, inactivating mutations of PHF6 have been observed in cancer that
overexpress TLX1 and TLX3 oncogenes (Van Vlierberghe et al., 2010). This highlights
the role of PHF6 as a tumour suppressor, since TLX1 induced T-cell leukaemia
commonly undergo developmental arrest at DP stage where PHF6 is normally highly
expressed (Van Vlierberghe et al., 2010, Ferrando et al., 2002). PHF6 lesions have
also been observed in combination with JAK1 mutations, SET-NUP214 translocations,
CDKN2A/B deletions and activating NOTCH1 mutations, which account for more than
half of the genetic abnormalities reported in T-ALL patients (Huh et al., 2013, Weng et
al., 2004, Wang et al., 2011). On the other hand, cases of B-cell acute lymphoblastic
leukaemia (B-ALL) that were screened for genetic lesions did not demonstrate any
PHF6 mutations implicating that inactivation of PHF6 might be confined to the T-cell

lineage tumours (Van Vlierberghe et al., 2010, Yoo et al., 2012).
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To investigate whether inactivating mutations of PHF6 are involved in the pathogenesis
of AML, Ferrando and colleagues sequenced all coding exons of PHF6 in 353 samples
of AML subjects. Moreover, 41 AML patient samples were tested for deletions in the
PHF6 gene using real-time quantitative PCR (RT-PCR). This study documented
genetic lesions of PHF6 consisting of deletions, frameshifts, nonsense mutations and
missense mutations, particularly enriched in the PHD2 domain (Van Vlierberghe et al.,
2011). AML cases harbouring PHF6 mutations have also been reported to be
accompanied by RUNX1 mutation (Cancer Genome Atlas Research et al., 2013, Patel
etal., 2012). It has been demonstrated that PHF6 is normally expressed at lower levels
in CMP or granulocyte/macrophage precursors than HSCs or erythroid precursors, but
PHF6 alterations have not been correlated to a specific developmental stage of
myeloid cells (Van Vlierberghe et al., 2011). Furthermore, a study of 81 patients of
chronic myeloid leukaemia (CML) identified two cases with inactivating PHF6
mutations, however no further studies reported PHF6 lesions in this type of cancer (Li

et al., 2013b).
1.7 Aims and objectives

The crucial function of the LMO2/TAL1 complex in haematopoiesis and particularly
erythropoiesis has been defined in many studies. During early T-cell development, the
expression of the TAL1 transcription factor and LMO2 transcription co-regulator
become supressed in T-cells and the aberrant expression of these factors leads to T-
ALL. The composition of the LMO2 complex has not been thoroughly studied in T-ALL

and the oncogenic role of LMO2 is not fully understood.

The main questions we addressed in this project were:
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e What are the other members of the LMO2 complex beyond those already known

in T-ALL?
e Does the complex exert a transcriptional regulatory function in these cells?
e What are the potential targets of the complex?
e What is the mechanism of the LMO2 complex in Leukemogenesis?

Therefore, the first aim of this project was to perform proteomic analyses to identify
LMO?2 interacting partners in human T-ALL cells. The second aim was to perform an
integrative analyses of accessible chromatin, genomic occupancy, and gene
expression in T-ALL cells to gain better understanding of which transcriptional and/or
epigenetic regulators are recruited by LMO?2 to its target sites, explore which genes
this complex regulates, what is the effect on gene expression and how they influence

proliferation, differentiation and survival of leukemic cells.

Lastly, we aimed to explore the LMO2 complex with its binding partners in an in vitro
myeloid differentiation system. We identified PHF6 protein as an interacting partner of
the LMO2 complex in both T-ALL and myeloid cells. Thus, the experimental methods
and objectives of T-ALL cells were applied on wild type and Phf6 knockdown myeloid
progenitors that can be induced to differentiate. Additionally, the effect of PHF6 and
LMO2 loss on chromosome and genome stability in these myeloid cells was studied

through cytogenetic, cell cycle, and DNA damage experiments.
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2 Chapter 2: Materials and methods

2.1 Cell culture

T-ALL human cell lines (ARR, DU.528, HSB2, and CCRF-CEM) were cultured in RPMI
1640 medium (Gibco), supplemented with 10% heat inactivated foetal bovine serum
(HI-FBS, Life Technologies), 2 mM GlutaMax (Gibco), 5 U/ml Penicillin/Streptomycin
(Life Technologies) and 0.075 mM Monothioglycerol (MTG, Sigma). T-ALL cells were
maintained at a concentration of 0.4 — 2x10%ml and were spun down and resuspended

in fresh medium every other day.

Murine PUER cell lines were maintained in phenol red-free Iscove’s Modified
Dulbecco’s Medium (Gibco), supplemented with 10% HI-FBS, 2 mM GlutaMax, 5 U/ml
Penicillin/Streptomycin, 0.075 mM MTG and 10 pg/ml IL-3 (PeproTECH). PUER cells
and derivative cell lines were maintained at a concentration of 0.2 — 2x10%ml and were
spun down and resuspended in fresh medium every other day. Addition of 100 nM of
4-hydroxytamoxifen (OHT) to PUER cells was used to trigger their terminal
differentiation into macrophages (Walsh et al., 2002). Differentiation status was
analysed by the presence of adherent cells by light microscopy, morphologic changes
in  Kwik-Diff stained (Kwik-Diff ™™ Stains, ThermoFisher) cytospin preparations

respectively and flow cytometry for macrophage surface marker expression.

PlatE cells were grown in DMEM Dulbecco's Modified Eagle Medium (Gibco),
supplemented with 10% HI-FBS, 2 mM GlutaMax, 5 U/ml Penicillin/Streptomycin and
0.075 mM MTG. Cells were passed when reaching 70-80% confluence by removing
media from the plate, washing with PBS (Sigma-Aldrich) and treating with trypsin
(Gibco), followed by resuspending the cells in growth media. All cells were incubated

at 37° C in a humidified incubator with 5% CO..
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2.2 Cloning steps for cDNA
2.2.1 RNA isolation

RNA isolation was carried out using a NucleoSpin® RNA kit (MACHEREY-NAGEL),
according to the manufacturer's protocol. In brief, cells were harvested and
resuspended in lysis buffer containing 143 mM 3-mercaptoethanol (Gibco). The lysate
was filtered, bound to an extraction column, and DNA was digested. The column was
washed and dried and RNA was eluted in RNase-free H.O. RNA was quantified by
260 nm absorbance using a NanoDropTM 2000 UV-VisSpectrophotometer
(ThermoFisher). RNA samples were stored at -80° C, after the addition of RNase

inhibitor (Invitrogen).
2.2.2 cDNA synthesis

The mRNA was reverse-transcribed into its complementary DNA (cDNA) copy. For first
strand synthesis, a reaction mix of 0.5-1 yg RNA,1 ul oligo d(T)20 primer (0.5 pug/ml,
Life Technologies) and 10 pl nuclease-free H>O were incubated at 70° C for 5 min. The
samples were then placed on ice and a second reaction mix was added, consisting of
1x Reverse Transcription (RT) buffer (Invitrogen), 0.5 pl 20 mM dNTP (Bioline), 1 ul
0.2 mM Moloney Murine Leukemia Virus (MMLV) reverse transcriptase (Promega), 0.5
Ml 0.4 mM Recombinant RNase inhibitor. The samples were incubated at 42° C for 45
min and then at 95° C for 5 min to inactivate the enzyme. The cDNA samples were

stored at -20° C.
2.2.3 Amplification of cDNA

The Phf6 gene was amplified by polymerase chain reaction (PCR) from 10 ng of mouse

cDNA using Phusion® High-Fidelity PCR Master mix (ThermoFisher), 1 uM of Phf6

54



cloning primers, the primer sequences (Table 2.1) were modified to have Bglll and
Xhol restriction sites compatible for cloning into the MIGR1 vector, in 50 pl reaction
volume and run in a Tprofessional TRIO thermocycler (Biometra, Analytik Jena).

Reactions were carried out using the thermocycler parameters in Table 2.2.

Table 2.1 cDNA amplification primers.

Phf6_Bglll_F AGATCTATGTCAAGCTCAATTGAACA
Phf6_Xhol_R CTCGAGTTATCTTACTTGTAAATTCCT

Table 2.2 Thermocycling conditions for cDNA amplification by PCR.

Step Temperature Time Number of cycles
Denaturation 92°C 1 min
Annealing 95° C 30 sec
Extension 65° C 30 sec X35
Elongation 72° C 1 min
Pause 4°C 10 min

2.2.4 Cloning of cDNA

The Phf6 PCR product was cloned into pDrive plasmid (QIAGEN, PCR cloning kit),
according to the manufacturer’s protocol. Briefly, the PCR product, pDrive cloning
vector and ligation master mix were mixed and incubated for 30 min-2 h at 37° C

(Figure 2.1).
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Figure 2.1 cDNA cloning in pDrive plasmid.

The cDNA of Phfé gene was amplified by PCR using Phf6 sequencing primers that
have Bglll and Xhol restriction sites and cloned in pDrive plasmid. Abbreviation: P

lac lacZ?, LacZ gene promoter.

The ligation product was transformed into chemically-competent JM109 E. coli cells
(Promega) by incubation on ice for 2 min, heat shock at 42° C for 30 sec, recovery on
ice for 2 min and incubation with 250 ul of LB medium (Lysogeny Broth- Sigma) for 5
min. Transformed cells were plated onto LB agar plates, containing 100 ug/ml
ampicillin (Sigma-Aldrich), 10x of X-gal and 10x of IPDG (both Bioline) and placed in a
37° C incubator overnight. X-gal and IPDG are used for blue-white screening, a
technique for the identification of recombinant bacteria. The enzyme [-galactosidase
which cleaves lactose into glucose and galactose occur in E. coli. If B-galactosidase is
produced, X-gal produce an insoluble blue pigment which is an indication of colonies
formed by non-recombinant cells. The plasmid vector pDrive is constructed in a way
that this a-complementation process serves as a marker for recombination where
functional B-galactosidase enzyme is not produced, and recombinant colonies appear
white. The white colonies were picked to inoculate 2 ml cultures of LB medium with

100 pg/ml ampicillin, which were placed in a shaking incubator at 37° C overnight.
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The following morning, plasmid mini-preps were made from the cultures by pelleting
the cells and resuspending them in TENS buffer (10 mM Tris pH8, 1 mM EDTA (TE),
10 M NaOH, 10% SDS, dd H20), after which 3 M sodium acetate was added. Samples
were mixed by inversion and spun down at 11,000 g for 3 min. The supernatant was
transferred to a clean tube, after which, DNA was precipitated with 100% ethanol and
then washed twice with 70% ethanol and left to airdry. DNA was eluted with 0.1x TE
mixed with 20 pg/ml RNase A and was quantified by 260 nm absorbance using a
NanoDropTM 2000 UV-Vis Spectrophotometer. Colonies were validated for correct
insert sequence and orientation by Sanger sequencing (Source Bioscience), using the

T7 promoter and M13 forward sequencing primers (Table 2.3).

Table 2.3 pDrive sequencing primers.

T7 promoter GTAATACGACTCACTATAG

M13 forward GTAAAACGACGGCCAGT

Subsequently, 10 pg of extracted DNA was digested with 1 ul Bglll and 1 pl Xhol
restriction enzymes (ThermoFisher) and 1x fast digest buffer (ThermoFisher), which
was then incubated at 37° C for 1 h. Samples were run on a 1% agarose gel (Sigma)
and the correct size Phf6é fragment was excised and eluted from the gel using a
MinElute® Gel Extraction Kit (QIAGEN), according to the manufacturer’s protocol.
MIGR1 plasmid (Addgene) (Figure 2.2) was digested with Bglll and Xhol under the
same conditions, run on 1% agarose gel, excised and purified as described above.
The Phf6 fragment was cloned into the digested MIGR1 (Figure 2.2), following the

same protocol as described above for pDrive cloning.
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Figure 2.2 cDNA cloning in MIGR1 plasmid.
MIGR1 plasmid was digested with Bglll and Xhol restriction enzymes and the Phf6
fragment, digested from pDrive plasmid, was cloned into the digested MIGR1.
Abbreviations: LTR, Long terminal repeat; IRES, Internal ribosome entry site; GFP,

Green fluorescent protein.
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2.3 shRNA mediated knockdown
2.3.1 Cloning of shRNA expression vectors

The sequences of shRNA (Table 2.4) targeting the mouse Phf6 transcript were
designed using (http://cancan.cshl.edu/RNAI_central/RNAI.cgi?type=shRNA) and
purchased from Sigma-Aldrich. Each shRNA oligonucleotide was amplified by PCR
using pSM2C universal primers (Table 2.5) that contain Xhol and EcoRI sites to
facilitate cloning into pMSCV backbones. The 50 ul PCR reaction was composed of 1x
Reddy Mix PCR Master Mix (ThermoFisher), 0.4 yM shRNA oligonucleotide, 1 yM of
each pSM2C forward and reverse primers and performed in a Tprofessional TRIO

thermocycler.

Table 2.4 shRNA oligonucleotides.

ShRNA Sequence

Name
shPhf6-1 TGCTGTTGACAGTGAGCGAACTGTGCATTGCATGATAAAGTAGTGAAGCCACA
GATGTACTTTATCATGCAATGCACAGTGTGCCTACTGCCTCGGA

shPhf6-2 TGCTGTTGACAGTGAGCGAACAAGGAATGTGGACAGTTACTAGTGAACCACAG
ATGTAGTAACTGTCCACATTCCTTGTCTGCCTACTGCCTCGGA

shPhf6-3 TGCTGTTGACAGTGAGCGCCCACATCCTCCCATGGAACAGTAGTGAAGCCACAG
ATGTACTGTTCCATGGGAGGATGTGGTGCCTACTGCCTCGGA

shPhf6-4 TGCTGTTGACAGTGAGCGCACTCGGAAGCTGATTTAGAAGTAGTGAAGCCACAG
ATGTACTTCTAAATCAGCTTCCGAGTTTGCCTACTGCCTCGGA

shPhf6-5 TGCTGTTGACAGTGAGCGCGGACAGTTACTGATATCTGAATAGTGAAGCCACAG
ATGTATTCAGATATCAGTAACTGTCCATGCCTACTGCCTCGGA

shPhf6-6 TGCTGTTGACAGTGAGCGCAGAGGGAAATTGCATATATTTTAGTGAAGCCACAG
ATGTAAAATATATGCAATTTCCCTCTTTGCCTACTGCCTCGGA
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Table 2.5 pSM2C universal primers.

pSM2C _F GATGGCTGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG

pSM2C_R GTCTAGAGGAATTCCGAGGCAGTAGGCA

Reactions were carried out using the thermocycler parameters described in (Table
2.6). Each shRNA fragment was cloned into pDrive (QIAGEN) and digested with Xhol
and EcoRl restriction enzymes (NEB). The shRNA fragment was subsequently cloned
into Xhol and EcoRI digested pMSCVhyg plasmid (CloneTech) (Figure 2.3), following
the same digestion and cloning protocols described for cloning of cDNA in section

2.2.4.

Table 2.6 Thermocycling conditions for shRNA amplification by PCR.

Step Temperature Time Number of cycles
Denaturation 94° C 5 min
Annealing 94° C 30 sec
Extension 54° C 30 sec X12
Elongation 75° C 30 min
75° C 2 min
Pause 4° C 10 min
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Figure 2.3 shRNA cloning in pMSCVhyg plasmid.

pMSCVhyg plasmid was digested with Xhol and EcoRl restriction enzymes and the
shPhf6 fragment, digested from pDrive, was cloned into the digested pMSCVhyg.
Abbreviations: LTR, Long terminal repeat; P pgk: Pgk gene promoter; MCS, multiple
cloning site.

2.3.2 Retroviral production and transduction of PUER cells

PlatE packaging cells were used to produce ecotropic retrovirus, which can only readily
infect mouse or rat cells. PlatE cells were re-plated 24 h prior to transfection, to reach

a confluency of 60-80% at time of transfection. On the day of transfection, cells were
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provided with fresh DMEM. For each well (9 cm?) of a 6 well-plate to be transfected, 2
Mg DNA of either shRNA or cDNA expression vectors, 6 pl JetPei (3 pl/ug DNA)
transfection regent (Polyplus-transfection®) and 200 pl DMEM were mixed and
incubated for 30 min at RT. The transfection mixture was then added dropwise over
the PlatE cells and incubated for 24 h at 37° C. The media was changed the next day,
after which virus containing media was collected at 48 h and 72 h and stored at 4° C

until used.

In order to test the efficiency of the shRNA constructs, PlatE cells were co-transfected
with both Phf6 MigR1 and pMSCVhyg shPhf6 plasmids, either containing a control
sequence or one of the six shPhf6 sequences. The two controls used were: pMSCVhyg
shFF3 which targets the firefly luciferase gene (negative control) and pMSCVhyg
shGFP which targets the GFP gene (positive control) (Paddison et al., 2004, Dow et
al.,, 2012, Morita et al., 2000). The shRNAs cloned in pMSCVhyg that were co-
transfected with Phf6 MigR1 were examined for successful knockdown of the gene by
flow cytometry analysis which will be further described in chapter 4 section 4.2.2.
Following this, the shRNA that showed successful knockdown of the gene were
subcloned into pMSCV-IRES-GFP vector (Figure 2.4) as described for cloning of cDNA

in section 2.2.4.
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Figure 2.4 shRNA cloning in pMSCV-IRES-GFP plasmid.

pMSCV-IRES-GFP plasmid was digested with Xhol and EcoRI restriction enzymes
and the shPhf6 fragment, digested from pMSCVhyg, was cloned into the digested
pMSCV-IRES-GFP. Abbreviations: LTR, Long terminal repeat; IRES, Internal
ribosome entry site; GFP, Green fluorescent protein; P pgk: Pgk gene promoter;
MCS, multiple cloning site.

To infect PUER cells by spin infection, the virus generated by PlatE cells, was pre-
coated on wells (9 cm?) of 6 well-plate plates by centrifugation at 850 g at RT for 15
min. The virus containing media was recollected from the plate and mixed with 0.8x108

PUER cells and 12 pg/ml polybrene (Sigma-Aldrich). The plate was then centrifuged
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at 850 g at 37° C for 2 h. Following spin infection, the plate was returned to the 37° C
incubator and the media was changed after 15 min. Cells transduced with pMSCVhyg
were selected by addition of 300 ug/ml of Hygromycin B (Invitrogen). GFP expressing
cells were isolated by FACS sorting. To generate single cell clones, FACS sorted GFP
positive cells were diluted to 0.5 cells/100 ul and spread over a 96-wells plate. Wells
containing single cells were identified by following the early growth through a

microscope.
2.4 Morphological analysis

For morphological analysis of PUER cells and derivative cell lines, 108 cells were
washed with PBS spun onto glass slides at 700 rpm for 2 min using Cytospin Il
centrifuge (Shandon). For staining, the cells were fixed in methanol for 30 sec, stained
with eosinophilic and basophilic stains 30 and 20 sec respectively (Shandon™ Kwik-
Diff™ Stains, ThermoFisher), and excess stain was washed away with H>O. The cells
were photographed, using a light microscope (Leica DM600) at 100x with oil immersion

lenses.
2.5 Flow cytometry

Flow cytometry was performed on 5x10° cells per analysis. Cells were collected by
centrifugation at 300 g at RT for 5 min and washed twice with PBS. The pellet was
resuspended in 100 pl PBS with 0.5% FBS and 2 mM EDTA and incubated for 30 min
on ice with the relevant antibodies, as indicated in Table 2.7 . Cell suspensions were
washed once with PBS prior to analysis with a CyAnTM ADP flow cytometer

(DakoCytomation-Beckman Coulter).
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Table 2.7 Flow cytometry antibodies.

Anti-Mouse F4/80 Antigen APC

Anti-Mouse CD11b eFlour450
Antigen

Anti-Mouse CD117 (c-kit) Antigen
PE-Cyanine7

Rat IgG2a Isotype Control APC
Rat 1lgG2a Isotype Control
PE-Cyanine7

Rat IgG2a Isotype Control

FITC

Rat 1lgG2a Isotype Control

eFluor450

2.6 Nuclear extract

Cells were washed in PBS once, followed by a wash with hypotonic buffer (10 mM
HEPES pH7.6, 10 mM KCL, 1.5 mM MgClz). Cells were then resuspended in 1 ml
hypotonic buffer per 2x107 cells and incubated for 30 min on ice. Nuclei were
centrifuged at 300 g at 4° C for 5 min and resuspended in 100 pl per 3x107 cells
hypertonic buffer (20 mM HEPES pH7.6, 420 mM NacCl, 1.5 mM MgCl, 0.2 mM EDTA,
0.5% NP40, 20% Glycerol). After 20 min incubation on ice, the supernatant was
collected after centrifugation at 21100 g at 4° C for 2 min. The supernatant was diluted

with 1.8 volume of no-salt buffer (20 MM HEPES pH7.6, 1.5 mM MgCl,, 0.2 mM EDTA,

eBioscience, 17-4801

eBioscience, 48-0112

eBioscience, 25-1171

eBioscience, 17-4321

eBioscience, 25-4321

eBioscience, 11-4031

eBioscience, 48-4031
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0.5% NP40, 20% Glycerol) to bring the salt concentration to near physiological
concentrations. All buffers were supplemented with 1:1000 Phosphatase Protease
Inhibitor (PPI, Roche) and samples were kept on ice throughout. Protein
concentrations of the nuclear extracts were determined using a BCA Protein Assay Kit

(Pierce Biotechnology).
2.7 Immunoprecipitation (IP)

Protein G coated Dynabeads (30 ug/ul, Life Technologies) were washed with PBS
(Sigma-Aldrich) and resuspended in PBS, containing 3% Bovine serum albumin (BSA,
Sigma) and 6 ug antibody of interest or IgG (Table 2.8) per 60 pl of beads. After 30
min incubation on a rotator at 4° C, the beads were washed with hypertonic: hypotonic
buffer at a ratio of 1:1.8, (hypertonic and hypotonic buffers described in section 2.6),
after which they were mixed with 600 ug of nuclear extract and incubated for 2 h at 4°
C. This was followed by 2 washes in 1:1.8 hypertonic: hypotonic buffer. For input
controls, 100 pg of the nuclear extract was taken. The beads and inputs were boiled
at 95° C for 5-10 min with 10x sample reducing agent and 4x Novex loading buffer

(both Invitrogen).
2.8 Western blotting

Proteins were resolved by SDS-PAGE on 4-12% Bis-Tris Novex gels (Invitrogen),
alongside a PageRuler™ Prestained Protein Ladder (ThermoFisher). Gels were
electrophoresed in a vertical tank filled with 1x 2(N-morpholino)-Gethanesulfonic acid
1x MES buffer (Invitrogen) at 200 Volts for 30-40 min, depending on the size of the

protein of interest. Proteins separated by SDS-PAGE were transferred onto
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polyvinylidene fluoride (PVDF) membrane (Invitrogen) using a dry blotting system

(iBlot™, Invitrogen).

Membranes were stained with 0.1% Ponceau S (Sigma) to visualise the total amounts
of protein and confirm equal loading, after which they were blocked with 5% milk in
PBS for 1 h at RT on a rocker. The blocked membranes were incubated with primary
antibody (Table 2.8) overnight in 5 ml PBS on a roller at 4° C. Following three PBS
washes of 10 min each, the membranes were incubated for 30 min at RT with
secondary antibody (Table 2.9) in 5 ml PBS. After a further three washes in PBS, the
membranes were exposed, using Odyssey CLx. Infrared Imaging System (Li-Cor) for

visualisation.
2.9 Mass Spectrometry (MS)

Immunoprecipitation was performed as described in section 2.7, using 100 ul of beads
with 10 pg of antibody of interest or IgG (Table 2.8), and 1 mg nuclear extract. The IPs
were resolved on 4-12% SDS-PAGE gels and stained with Coomassie blue
(ThermoFisher) on a rocking platform for 2 h at RT and then de-stained overnight in

1% acetic acid.

Gel lanes were manually excised and subdivided into 12 slices containing the
precipitated proteins. Gel slices went through a series of 30 min incubations at RT on
a shaker in 300 ul of solutions as follows; solution 1 (50% acetonitrile, 50 mM
ammonium bicarbonate), solution 2 (100 mM iodoacetamide in 50% acetonitrile, 50
mM ammonium bicarbonate) in the dark, solution 3 (10% acetonitrile, 50 mM

ammonium bicarbonate).
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The slices were dried overnight in a vacuum centrifuge. Trypsin (Promega) was
reconstituted in 10% acetonitrile, 50 mM ammonium bicarbonate, of which 40 pl was
added to each gel slice and incubated for 2 h at RT to digest the proteins into peptides.
The resulting peptides were eluted by incubation with 100 ul 1% formic acid in 10%
acetonitrile for 1 h, followed by 100 ul 2% formic acid in 60% acetonitrile for 30 min at
RT. The two fractions were pooled for each gel slice and peptides were lyophilised in

a vacuum centrifuge overnight.

Prior to mass spectrometry, the peptides were resuspended in 1% formic acid and
subsequently run on an Impact ESIGQTOF machine (Bruker Daltonics) controlled by
Otof Control and Hystar software packages. The machine was kindly operated by Dr.

Doug Ward, Institute of Cancer and Genomic Sciences, University of Birmingham.

For mass spectrometry analysis, the peptides were searched against a protein
database, containing random false positives, and results were sorted according to the
highest Mascot score. All proteins of a score <25 were excluded, as this removed the

vast majority of false positive hits from the dataset.
2.10 Immunostaining

Cells were harvested and fixed for 10 min at RT in 4% formaldehyde (Sigma), then
washed with PBS. They were permeabilised with 0.5% Triton X-100 (Sigma-Aldrich)
and blocked with 1% FBS (Life technologies) for 30 min at RT. Fixed cells were
incubated with the primary antibody (1 ug/ml) for 1 h (Table 2.8), followed by the

secondary antibody (0.6 pg/ml) for 30 min at RT (Table 2.9).

Cells were washed twice with PBS, then centrifuged at 700 rpm for 2 min using

Cytospin lll centrifuge (Shandon) to prepare glass microscope slides. Nuclei were
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counterstained with 4',6-diamidino-2-phenylindole stain (DAPI) (Invitrogen). Confocal
images were obtained using a Carl Zeiss LSM780 Meta Confocal microscope (Carl

Zeiss, Germany).

Table 2.8 Primary antibodies.

PHF6 (rabbit) Bethyl laboratories, A301- WB (1 ug/ml)

451A

IP (6 ug)

MS (10 ug)
Immunostaining (1 pg)
PLA (1 pg)

PHF6 (rabbit) Abcam ab173304 WB (1 ug/ml)
Immunostaining (1 ug)
PHF6 (mouse) Santa Cruz, sc-365237 WB (1 ug/ml)
TAL1 C-21 (goat) Santa Cruz, sc-12984 WB (1 ug/ml)
LMO2 (goat) R&D systems, AF2726 WB (1 ug/ml)
IP (6 ug)
MS (10 pg)
Immunostaining (1 ug)
53BP1(rabbit) Abcam ab36823 WB (1 ug/ml)
yH2AX (mouse) Abcam ab26350 WB (1 pg/mil)
Normal Goat IgG Santa Cruz, sc-2028 IP (6 ug)
MS (10 pg)
Normal Rabbit IgG Santa Cruz, sc-2027 IP (6 ug)
MS (10 pg)
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Table 2.9 Secondary antibodies.

Alexa Fluor® 790 IgG Fraction Jackson WB (1:20000)
Monoclonal Mouse Anti-Rabbit IgG, ImmunoResearch
light chain specific Laboratories,211-652-171

Alexa Fluor® 790 IgG Fraction Jackson
Monoclonal Mouse Anti-Goat IgG, ImmunoResearch
light chain specific Laboratories,205-652-176

WB (1:20000)

IRDye 800CW donkey amouse Li-Cor, 926-32212 WB (1:2000)

Donkey anti-Goat IgG (H+L) Cross-
Dsorbed Secondary Antibody,
Alexa Fluor 488

Chicken anti-Mouse IgG (H+L)
Cross-Dsorbed Secondary
Antibody, Alexa Fluor 647

Donkey anti-Rabbit IgG (H+L)
Cross-Dsorbed Secondary
Antibody, Alexa Fluor 568

Donkey anti-Rabbit IgG (H+L)
Cross-Dsorbed Secondary
Antibody, Alexa Fluor 594

ThermoFisher,
A11055

ThermoFisher,
A-21463

ThermoFisher,
A10042

ThermoFisher,
A 21207

Immunostaining
(1:1000)

Immunostaining
(1:1000)

Immunostaining
(1:1000)

Immunostaining
(1:1000)

2.11 Cell proliferation assay

The cell proliferation assay was performed by EdU incorporation using Click-iT® Plus
EdU Alexa Fluor® imaging kit (ThermoFisher). According to the manufacturer’s
recommendations, the cells were resuspended in fresh media containing 1:1000 EdU
(10 uM) and incubated for 2 h at 37° C. Subsequently, the cells were harvested and
washed with 1% FBS in PBS. Next, the cells were fixed with 4% formaldehyde,
permeabilised with 0.5% Triton X-100, and blocked with 1% FBS as described in

section 2.10.
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The Click-iT™ Plus reaction cocktail was prepared according to the manufacturer’s
protocol, and fixed cells were incubated with the reaction cocktail for 30 min at RT,
protected from light. The cells were then washed with 1% FBS in PBS and incubated
with ethidium bromide (Invitrogen) (1 pg/ul) to detect the DNA content. Cell
suspensions were washed once with PBS prior to analysis with a CyAnTM ADP flow

cytometer (DakoCytomation-Beckman Coulter).
2.12 Proximity ligation assay (PLA)

PLA was performed in a similar manner as immunostaining in section 2.10 until the
primary antibody incubation step. The consecutive steps were performed following the
manufacturer’s protocol (Duolink® In Situ — Fluorescence by Sigma-Aldrich), as follows
and shown in Figure 2.5; Cells were incubated for 1 h at 37° C in antibody diluent
containing PLA secondary probes conjugated with oligonucleotides (anti-rabbit PLUS
and anti-goat MINUS). In the Ligation and hybridisation step, ligase diluted in a ligation
solution consisting of two oligonucleotides was incubated with cells for 30 min at 37°
C. The oligonucleotides hybridise to the PLA probes and form a closed circle if they

are in close proximity.

Cells were then fixed on slides using a Cytospin Ill centrifuge (Shandon). In the
amplification step, slides were incubated for 2 h at 37° C with amplification solution,
consisting of nucleotides and fluorescently labelled oligonucleotides and Polymerase.
A rolling-circle amplification (RCA) reaction is generated using the ligated circle as a
template, producing a repeated sequence. The fluorescently labelled oligonucleotides
hybridise to the RCA product and generate a visible signal as a distinct fluorescent

spot. After final washing steps, cells were mounted with DAPI and analysed by
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fluorescence microscopy, using a Carl Zeiss LSM780 Meta Confocal microscope (Carl

Zeiss, Germany).

Incubate with primary antibody

Add PLA probes Minus and Plus

Ligation from a closed DNA circle

Rolling-circle amplification (RCA) and
hybridisation of the fluorescently
labelled oligonucleotides to the RCA
product to detect a visible signal by
fluorescence microscopy

Figure 2.5 Proximity ligation assay (PLA).

Figure adopted from Duolink® PLA Technology by Sigma-Aldrich.

72



2.13 Cytogenetics

Mitotic cells were arrested at metaphase 24 h after passaging, by treating them with
20 ng/ml Colcemid (KryoMax Colcemid, Gibco) for 15 min-2 h at 37° C. They were
then pelleted at 300 g for 8 min and swelled by hypotonic treatment with 0.075 M KCI
for 20 min at 37° C. After this, cold Carnoys fixative (3:1 methanol/ glacial acetic acid)
was added and they were pelleted at 300 g for 8 min. Cells were fixed for 15-20 min at

RT, then washed twice in cold Carnoys fixative.

The fixed cells were resuspended in cold Carnoys solution then dropped onto
humidified, chilled glass slides. The mitotic index, quality of metaphase spread,
presence of cytoplasm, and overlaps were evaluated under a phase contrast
microscope. The slides were aged overnight on a heating block at 60° C.
Chromosomes during metaphase spreading were stained by Giemsa banding (G-
banding) technique as follows; slides were immersed in 2.5% trypsin working solution
at 37° C, then 0.9% NaCl solution at 37° C to stop the digestion. Finally, they were
stained in Giemsa (karyoMax, Gibco) at 37° C and washed in HO at RT. The
cytogenetics protocol was kindly provided by Dr. Manar Samman and Mr. Khelad

AlSaidi from King Fahd medical city, Riyadh, Saudi Arabia.

Chromosomes were visualised and counted under a light microscope (Leica DM600)
at 100x using an oil immersion lens. Typically, 20 mitotic cells per cell line from three
independent experiments were randomly selected and chromosomes were counted
and imaged. Statistical analysis for the chromosome counts were performed using two-

way ANOVA test using prism 8 software, version 8.4.1 (460) from GraphPad company.
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2.14 RNA sequencing (RNA-seq)
2.14.1 RNA-seq library preparation

RNA isolation was carried out using a NucleoSpin® RNA kit (MACHEREY-NAGEL),
according to the manufacturer’s protocol as described in RNA isolation section 2.2.1.
RNA-seq libraries were generated from 4 ug total RNA per sample, using the TruSeq
Stranded mRNA Sample Preparation Kit (lllumina). RNA was mixed with RNA
purification beads and mRNA was denatured in a PCR machine at 65° C for 5 min.
Beads were washed with Bead washing buffer and mRNA was eluted with Elution
buffer in PCR machine at 80° C for 2 min. mRNA was rebound to the beads by Bead
binding buffer followed by washing with Bead washing buffer. Beads were then mixed
with Fragment Prime finish mix (random hexamers) and mRNA was unbound in the
PCR machine at 94° C for 8 min. The supernatant was incubated at 16° C for 1 h with

Super script Il and First Strand Marking Master Mix.

Double stranded (ds) cDNA was bound to Agencourt AMPure XP beads (Beckman
Coulter) for 15 min at RT. The beads were washed twice with 80% ethanol, air dried
and resuspended with Resuspension buffer. The ds cDNA was collected and mixed
with Resuspension buffer and A-Tailing Mix for end repair in a PCR machine at 37° C

for 30 min then at 70° C for 5 min.

lllumina adapters were ligated to the ends of the DNA fragments using Ligation mix for
10 min at 30° C. Ligation was terminated by Stop ligation mix then AMPure® XP beads
were added, washed twice with 80% ethanol, air dried and resuspended with
Resuspension buffer two times. The cDNA was eluted from the beads and mixed with

PCR primer cocktail and PCR primer mix then amplified in 15 enrichment PCR cycles.
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Eluted cDNA was size selected between 200-400 bp by gel electrophoresis on 3%

agarose gels (Figure 2.6).

A B

400 bp
200 bp

Figure 2.6 Representation of RNA-seq libraries run on 3% gel.

(A) prior to size selection, (B) After gel excision.

2.14.2 Library quantification by qPCR

Libraries were quantified by qPCR using a KAPA Library Quantification Kit (lllumina).
Following the manufacturer’s guidelines, dilution series were made for all libraries and
run in parallel with the provided standards (a series of pre-made dilutions of a 452 nt
product). A set of three dilutions (1:5000; 1:10,000; 1:15,000) was made for all libraries
and compared to six standards (respective concentrations of 20, 2, 0.2, 0.02, 0.002,
0.0002 pM). All samples and standards were run in triplicates and subjected to PCR
cycles as indicated in Table 2.10. The manufacturer's recommended standard curve
was used to calculate the PCR efficiency and subsequently the molarity of the libraries
after correction, and to scale the quantification based on average fragment size. Three

independent libraries were prepared for each cell line. A minimum of 30 million 100 nt
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paired-end reads were acquired per library. The libraries were run on an lllumina

Nextseq 500 sequencer.

Table 2.10 gPCR conditions.

Step Temprature Time Number of cycles
Denaturation 95° C 10 min
Cycling stage 95° C 15 sec
60° C 1 min X40
Melt curve stage 95° C 15 sec
60° C 1 min
95°C 15 sec
Pause 4-10° C 10 min

2.14.3 RNA-seq data analysis

RNA-Seq reads were mapped to the hg38 human reference genome or to the mouse
genome mm10 (GRCm38), using TopHat 2.0.9 and HISAT2 2.1.0 (Trapnell et al.,
2012). Cufflinks 2.0.0 was used to assemble Gene transcripts based on the reference
genome with quartile normalisation and effective length correction. Cuffmerge 2.1.1
was used to produce a combined gene transfer format (gtf) file to determine gene

expression through Cuffdiff 2.0.1. and Cuffdiff 2.0.1.5.

Gene IDs were selected using gene differential expression and FPKM (fragments per
kilobase of transcript per million mapped reads) files. A gene was considered
significantly differentially expressed if it had p<0.05, longer than 200 bp and FPKM >10

in at least one of the samples.

To perform Hierarchical clustering, the RNA-seq data was computed by

MultiExperimentViewer v4.9.0. according to Pearson correlation with complete linkage.
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The number of clusters was conducted by Self Organising Tree Analyses. Gene
Ontology (GO) analysis was performed using DAVID 6.8 (Huang da et al., 2009) and
The Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean et al., 2010)
on lists of up and down regulated genes. GO terms for biological processes were
considered significant with p-value <0.05, and the first 10 categories were presented

after filtering out redundant terms.
2.15 Chromatin Immunoprecipitation (ChIP)
2.15.1 Chromatin preparation

Cells were crosslinked with 1% formaldehyde at RT for 12 min, after which crosslinking
reactions were quenched by addition of glycine to a concentration of 450 mM. The cells
were then centrifuged at 300 g at RT for 5 min and pellets were washed in cold PBS
prior to resuspension with ice-cold buffer A (10 mM HEPES pH8, 10 mM EDTA, 0.5
mM EGTA, 0.25% Triton X-100, 1/1000 PPI, 0.1 mM PMSF). Cells were lysed on a
rotating wheel at 4° C for 10 min and by centrifugation at 500 g at 4° C for 5 min. The
pellets were resuspended in ice-cold buffer B (10 mM HEPES pH8, 200 mM NacCl, 10
mM EDTA, 0.5 mM EGTA, 0.25% Triton X-100, 1/1000 PPI, 0.1 mM PMSF) and
incubated on a rotating wheel at 4° C for 10 min. Nuclear pellets were resuspended at
1x107 cells/300 pl in ice-cold IP buffer | ( 25 mM Tris-HCI pH 8, 2 mM EDTA, 150 mM

NacCl, 1% Triton X-100, 0.25% SDS, 1/1000 PPI, 0.1 mM PMSF).

The 300 ul aliquots of chromatin were transferred to 1.5 ml Eppendorf tubes for
sonication using a Bioruptor® Pico Sonication System (Diagenode), 25 cycles of
sonication pulses and rest intervals of 30 sec each. Sonicated chromatin was cleared

by centrifugation at 15000 g at 4° C for 10 min and the collected supernatant was
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diluted with 2 volumes of IP buffer 1l (IP buffer | with 7.5% glycerol but without SDS)

and aliquots were frozen at -80° C until usage.
2.15.2 ChIP

Prior to ChIP the antibody was bound to Protein G Dynabeads (Life Technologies).
Using a magnetic rack, 20 ul of beads were immobilised and washed twice with PBS.
The beads were then resuspended in PBS, 0.5% BSA, and antibody of interest (Table
2.11) and incubated at 4° C for 2 h on a rotating wheel. Cross-linked chromatin
representing 1.5x107 cells was added to the antibody conjugated beads and incubated
on a rotating wheel at 4° C for 2 h. At this point, 10% of chromatin was taken aside as
an input control and 200 pg/ml RNaseA was added. Following 1 h at 37° C, 1 mg/ml
proteinase K and 0.15% SDS were added and the samples were left overnight at 65°

C to digest proteins and to reverse crosslinking.

Table 2.11 ChIP antibodies.

PHF6 (rabbit) Abcam ab173304 ChIP (2 pg/10 pL of beads)
PHF6 (mouse) Santa Cruz, sc-365237 ChIP (2 ug/10 pL of beads)
TAL1 C-21 (goat) Santa Cruz, sc-12984 ChIP (2 pg/10 pL of beads)
LMO2 (goat) R&D systems, AF2726 ChIP (2 pug/10 pL of beads)
LDB1 (rabbit) Abcam ab96799 ChIP (2 pg/10 pL of beads)
Normal Goat IgG Santa Cruz, sc-2028 ChIP (2 pg/10 pL of beads)
Normal Rabbit IgG Santa Cruz, sc-2027 ChIP (2 pg/10 pL of beads)
Normal Mouse IgG Santa Cruz, sc-2025 ChIP (2 pg/10 pL of beads)

ChIP reactions were washed on a magnetic rack using 700 pl volumes of four buffers

in the following order: once with wash buffer | (20 mM Tris-HCI pH 8, 2 mM EDTA, 1%
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Triton X-100, 0.1% SDS, 150 mM NacCl), twice with wash buffer 1l (20 mM Tris-HCI pH
8, 2 mM EDTA, 1% Triton X-100, 0.1% SDS, 500 mM NacCl) ), once with wash buffer
I (20 mM Tris-HCI pH 8, 2 mM EDTA, 250 mM LiCl, 0.5% NP40, 0.5% Na
deoxycholate), and finally twice with TE/NaCl (10 mM Tris-HCI pH 8, 1 mM EDTA, 50
mM NacCl). A 10 min incubation at 4° C on a rotating wheel was carried out between
the washing steps. Beads were then resuspended in elution buffer (0.1 M NaCo3, 1%

SDS, 5 M NacCl, 5 mg/ml proteinase K).

ChIP samples were then incubated at 65° C overnight to digest proteins and to reverse
crosslinking. Following overnight incubation, ChIP supernatants were collected from
the beads by magnetic separation. ChIP and input DNA were purified, using 1.8x
volumes of Agencourt AMPure XP beads (Beckman Coulter). Two washes were
performed with 80% ethanol. The beads were then air dried and DNA was eluted in

0.2x TE buffer.
2.15.3 ChIP sample validation by gPCR

The efficiency of ChIP experiments was validated by gPCR using specific primers
against positive and negative control regions (Table 2.12). Samples were validated by
gPCR in 10 pl reactions using 1 uM of each forward and reverse primers (Table 2.12)
and SYBR® Green master mix (Life Technologies), according to the manufacturer’s
protocol and subjected to PCR cycles indicated in Table 2.10. Analysis was performed
on an ABI 7500 real-time PCR system using StepOne™ Plus software. The data was
normalised to input DNA and measured against a standard curve of 5-fold serially
diluted genomic DNA. The fold-enrichment was calculated from the relative quantities

against negative control regions.
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Table 2.12 ChIP qPCR primers.

ACTCCCCTTTCATGCTTCTGATATCCATT AGGTCCCAGGACATATCCATT

Chr.18

SPI1-14kb

RUNX1+23kb

RUNX1promoter

JAG1

DNMT3A

rDNA

1_rDNA

2 rDNA

3-rDNA

4-rDNA

Mouse

CHR.2

TBP

PU1. 3H

AACAGGAAGCGCCCAGTCA

AACTGCCGGTTTATTTTTCG

GTGCCTGGAAATGAACGTGC

CTCGCGCTCCCCTTCTTTTA

TGGAGGGACGGAGAATGAGAT

AATCCTGCTCAGTACGAGAG

AGAGGGGCTGCGTTTTCGGCC

GGTATATCTTTCGCTCCGAG

CCCTCGCTCGTTTTCTCTCT

CGGAACTCCCTCTCTCACATT

Forward

AGGGATGCCCATGCAGTCT

TGCAGTCAAGAGCGCAACTG

GCTGTTGGCGTTTTGCAAT

2.15.4 ChlP-seq library preparation

TGTGCGGTGCCTGTGGTAAT

TCTCTGGGAAGCCTCTTGAC

CCGGAAAGGCCTGTGATTGG

GTCATTGTGTTACCTGCGGC

CAAGACCCCGGTGAAGCAAC

GACAAACCCTTGTGTCGAGG

CGAGACAGATCCGGCTGGCAG

GACGACAGGTCGCCAGAGGA

AGCGGCTAAGTCTCAAGAGC

AGAGAGAGAGAGGGCGAGAG

Reverse

CCTGTCATCAGTCCATTCTCC

CACCGCTACCGGACTCGAT

GGCCGGTGCCTGAGAAA

Following the gPCR validation, ChIP-seq libraries were produced using the Illumina

protocol. Briefly, DNA with damaged ends (due to sonication) was converted to blunt-

ended DNA by End-Repair, using Klenow DNA Polymerase, T4 polynucleotide kinase

and T4 DNA polymerase at 20° C for 30 min. An A base was added to the 3’ of the
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blunt-ended DNA fragments to enable adaptor ligation by adding Klenow exo” DNA
polymerase for 30 min at 37° C. lllumina adapters, containing unique oligonucleotide
tag sequences, were ligated to the ends of the DNA fragments, using T4 DNA ligase
at 20° C for 30 min. DNA was amplified in 18 PCR cycles with Phusion hot start
polymerase (ThermoFisher). After each step DNA was purified using a MinElute PCR
purification kit (QIAGEN). Subsequently, DNA was size selected between 200-300 bp
by gel electrophoresis on a 3% agarose gel (Figure 2.7). After quantification by a
Kappa Library Quantification Kit (lllumina) as described in section 2.14.2 and
Bioanalyzer (Agilent) analysis for fragment size distribution, the library was sequenced

on a NextSeq 500 (lllumina).

A B

300 bp
200 bp

Figure 2.7 Representation of ChIP-seq libraries run on 3% gel.

A) prior to size selection. (B) After gel excision.

2.15.5 ChlP-seq data analysis

Global analysis of the genome wide data was performed on the University of
Birmingham High Performance Computing cluster and usegalaxy.org (Giardine et al.,

2005, Blankenberg et al., 2010, Goecks et al.,, 2010). Reads from ChIP-seq
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experiments were aligned to the hg38 revision of the human reference genome or to
the mm10 (GRCm38) revision of the mouse genome. Alignment was performed using
Bowtie 1.1.2. Duplicates were removed using Picard MarkDuplicates 1.56.0 and peaks
across the reference genome were created using MACS 1.0.1 (Zhang et al., 2008) with
tag size 28 and band width 200. The resulting files were visualised in the UCSC

genome browser.
2.16 DNasel hypersensitive site (DHS) mapping
2.16.1 DNasel-seq assay and library preparation

Cells were washed with g buffer (11 mM KPO4 pH 7.4, 108 mM KCI, 22 mM NacCl, 5
mM MgCl,, 1 mM CaClz, 1 mM DTT), and resuspended at 108 cells/ml in g buffer
containing 1 mM ATP. To every 100 ul of this cell suspension, 104 pl ice-cold buffer
(80 ul @ buffer containing 1 mM ATP, 4 pl 10% NP40 and 20 pl H20O, that was
supplemented with increasing amounts of DNase | (DPFF, Worthington) was added
and incubated for exactly 6 min at RT. The reaction was terminated by the addition of
200 pl lysis buffer (100 mM Tris pH 8.0, 40 mM EDTA, 2% SDS, 200 pug/ml proteinase

K).

To facilitate protein digestion by proteinase K, the samples were incubated overnight
at 55° C. The samples were treated with 50 ug/ml RNase A at 37° C for 1 h, then
extracted twice with phenol/chloroform/isoamylalcohol (PCI; 25:24:1) and once with
chloroform. The DNA was then precipitated by addition of 0.5 M NaCl and 1 volume of
propanol. After a wash with 70% EtOH the resulting DNA pellet was dissolved in 100
pl 0.1x TE. After size fractionation of 10 g of suitable samples on a 0.8% agarose gels

(Figure 2.8), DNA fragments in the range of 100-600 bp were excised and extracted,
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using a QIAGEN mini-elute gel extraction kit, according to the manufacturer’s protocol.
Library preparation was performed according to the lllumina library preparation
protocol as described in ChlP-seq library preparation section 2.15.4. Sequencing was

performed on an lllumina 500 Nextseq.

0 123 456

FImnip

- 600 bp —
-
- 100 bp —

Figure 2.8 Representation of DNasel digestion validation gel.
DNasel digestions from the DHS assay were run on 0.8% agarose gel to determine
the degree of digestion. Samples 3 and 4 (highlighted in red) showed the optimal

level of digestion with DNasel (left gel). Samples 3 and 4 were further run on 0.8%
agarose gel and excised (right gel).

2.16.2 DHS data analysis

DHS reads were mapped to the human genome hg38 or mouse genome mm10

(GRCmM38) and analysed as described above for ChIP-seq data analysis section

2.15.5.

2.17 Data visualisation

ChiP-seq and DHS heat maps were generated using the EaSeq analysis software

(Lerdrup et al., 2016). Venn diagrams were constructed using application Venny
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version 2.1 (available from http://bioinfogp.cnb.csic.es/tools/venny/). De novo motif
search including Tomtom and CentriMo was performed online with MEME-ChIP
version 4.12.0 (available from http://memesuite.org/tools/meme-chip) (Bailey et al.,
2009). Association graphs of the input genomic regions, bound by a protein of interest,
with their putative target genes were conducted using The Genomic Regions
Enrichment of Annotations Tool (GREAT) version 4.0.4 (available from

http://great.stanford.edu/public/html/) (McLean et al., 2010).
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3 Chapter 3: PHF6 as a new interactor of LMO2 in T-ALL

3.1 Introduction

T-cell acute lymphoblastic leukaemia (T-ALL) is an aggressive type of haematological
cancer arising from malignant transformation of thymocytes and occurs more
frequently in males than females (Pui et al.,, 2012, Pui et al., 2014). T-ALL is a
genetically heterogeneous malignancy in which multiple oncogenes and tumour
suppressors cooperate to alter the normal T-cell progenitor development (Pui et al.,

2008, Ferrando et al., 2002).

The pathogenesis of T-ALL is acquired by molecular alterations in addition to the
cytogenetic anomalies which cause deregulation in specific cellular processes,
including cell cycle signalling, cell growth and proliferation, chromatin remodelling, T-
cell differentiation, and self-renewal. For example, alterations of haematopoietic
transcription factor genes, including LMO2, TAL1, GATA3, and RUNX1 were noted in
T-ALL cases (Zhang et al., 2012a, Van Vlierberghe et al., 2008). It is known that the
LMO2 complex regulates hematopoietic cell differentiation and is expressed in
immature thymocytes, at the DN1 and DN2 stage of their development. Normally,
thymocyte maturation through the DN3, DN4 and double-positive (DP) CD4/CD8
stages is associated with a downregulation of LMO2 and TAL1, particularly prior to the
DN3 stage (Herblot et al., 2000). The aberrant expression of LMO2 leads to block of
T-cell differentiation and is associated with a large subgroup of T-ALL named TAL/LMO

(Homminga et al., 2011).

Focusing on LMO2, we wanted to understand the function of LMO2 complex in T-ALL
and how it contributes to T-cell oncogenesis. In particular, we aimed to find new

interacting partners of LMO2 and explore how these complexes interact with the
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chromatin, influence gene regulation, leading to malignancies. To address this, we
studied the LMO2 complex in four human T-ALL cell lines by utilising proteomic
analysis in combination with genome-wide approaches. These cell lines (ARR,
DU.528, HSB2 and CEM) overexpress LMO2, and are blocked at different stages of
early T-cell differentiation (Figure 3.1) (Sandberg et al., 2007). ARR, DU.528, and
HSB2 cells originate from CD3" T-ALLsS, whereas CCRF-CEM cells are CD3". All the
cell lines express the T-cell marker CD7, additionally HSB2 and CCRF-CEM cells
express CD5 and cytoplasmic CD3 (CyCD3). CCRF-CEM cell line is the only one that
originates from T-ALL with rearranged a§ TCR and express additional surface markers
such as, CD1la, CD4b, and TdT (Figure 3.1). Immunophenotypical data of these cell
lines were collected from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ; www.dsmz.de) GmbH (Braunschweig, Germany) supplemented
with results from Y Sandberg et al. (Sandberg et al., 2007). These cell lines also
overexpress TAL1, which for three of them (DU.528, HSB2 and CCRF-CEM) is
associated with an interstitial deletion (1p32). This alteration brings the complete TAL1
ORF under the control of the ubiquitously expressed SIL gene which results in
the SIL/TAL1 gene that causes the continuous expression of TAL1 (Cave et al., 2004,

Janssen et al., 1993).
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http://www.dsmz.de/

Cell line T-cell malignancy of ~ CD7 CD5  CD® CyCD3 CD3 TCR  CD4* (D8 TdT CcDb2

ongin
ARR CD3- T-ALL + - E ND - - - - ND _
DU.528 CD3- T-ALL + ND E ND - - - - - -
H-SB2 CD3- T-ALL + i +
CCRF-CEM  TCRufi+ T-ALL + B - + + aff + - + -

Figure 3.1 Immunophenotype of T-ALL cell lines.

Table showing T-ALL cell lines; names, origin, and surface markers expression.
Abbreviations: CD, Cluster of differentiation; TCR, T-cell receptor; TdT, Terminal
deoxynucleotidyl transferase; ND, Not done. Different densities of grey colour are
used to emphasise the expression pattern of the tested markers. Adapted from
(Sandberg et al., 2007).

3.2 Results

3.2.1 LMO2, TAL1 and LDB1 bind regulatory elements

Given that the T-ALL cell lines we used abnormally express LMO2 and TAL1, we
started by performing ChIP experiments to determine the LMO2 complex binding sites
and possible target genes, using antibodies recognising components of the LMO2
complex, such as LMO2, TAL1 and LDB1 (Wadman et al., 1997, Grutz et al., 1998).
TAL1 antibody recognises the wild type TAL1 protein in all cell lines, as the SIL/TAL1

translocation does not affect the TAL1 amino acid sequence.

ChIP experiments followed by quantitative PCR (qPCR) showed enrichment of LMO2,
TAL1 and LDB1 in all four T-ALL cell lines at regulatory elements of haematopoietic
transcription factor genes SPI1 and RUNX1, as compared to the negative control
amplicon, which is a heterochromatic region on chromosome 18 without any nearby
genes (Figure 3.2). SPI1 and RUNX1 both encode transcription factors that are critical
for haematopoiesis and the development of HSC and have roles in blood lineage

determination during differentiation (Wilson et al., 2010). PU.1 (SPI1) is observed at
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the early stages of T-cell differentiation, whereas RUNX1 persists throughout T-cell

development (Yui and Rothenberg, 2014).
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Figure 3.2 ChIP gPCR analyses of LMO2, TAL1 and LDB1 binding in T-ALL
cells.

Bar graphs are showing (A) LMO2 (B) TAL1 (C) LDB1 binding to different DNA
regions as the fold enrichment over the input control levels. Error bars represent
SEM (n=2).

On basis of the gPCR results we prepared genome-wide libraries for these ChIP

samples followed by sequencing. ChIP sequencing (ChlP-seq) analyses were

successful and resulted in peaks for all samples. These ChlP-seq analyses revealed
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19277, 13586 and 16254 LMO2, TAL1 and LDB1 peaks, respectively in ARR. In

DU.528 more peaks were detected comprising of 26087 for LMOZ2, 24720 for TAL1

and 12042 for LDB1. The HSB2 cell line showed 29073 of LMO2, 24860 of TAL1 and

10668 of LDB1 peaks. CCRF-CEM cells had the highest number of peaks which were

41647 for LMO2, 28317 for TAL1 and 12844 for LDB1. The UCSC genome browser

showed the overlap of LMO2, TAL1 and LDB1 peaks in ARR, DU.528, HSB2 and

CCRF-CEM. One example of a target element where all three factors bind together is

the enhancer of the RUNX1 gene (Figure 3.3), in line with the gPCR results shown in

Figure 3.2.
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Figure 3.3 Binding profiles of LMO2, TAL1 and LDB1 in T-ALL cells.

Screenshot from the UCSC browser showing LMO2, TAL1 and LDB1 ChlIP-seq
binding profiles of ARR, DU.528, HSB2, and CCRF-CEM at RUNX1 gene.

89



3.2.2 The LMO2/TAL1 complex binds TFs motifs in SIL/TAL1 and ARR cells

Three of the cell lines we utilised in our experiments overexpress TAL1 as a result of
an interstitial deletion (1p32), which results the SIL/TAL1 gene (Cave et al., 2004,
Janssen et al., 1993). DU.528, HSB2 and CCRF-CEM cells exhibit SIL/TAL1 gene
making TAL1 constitutively active, unlike ARR cells which overexpress TAL1 without
having SIL/TAL1 mutation. To understand how TAL1 cooperates with LMO2 and
weather SIL/TAL1 mutation leads to different binding patterns, we first looked at the
ChIP-seq data and binding profiles of the SIL/TAL1 cell lines. The intersection of the
data sets showed that the two way overlap between LMO2 and TAL1 peaks was 17061
for DU.528, 18465 for HSB2 and 23692 for CCRF-CEM peaks. This means
approximately 70-80% of TAL1 peaks overlap with LMO2. However, 55-65% of LMO2
binding sites are co-occupied by TAL1 (Figure 3.4). This may indicate that LMO2 forms
complexes with other interacting partners that do not involve TAL1, or it can be partially
due to peaks that do or do not reach the threshold to be called a peak. To identify the
enrichment of sequence motifs, MEME suite online tool (http://meme-suite.org/) was
used to analyse the ChlP-seq FASTA format sequences of LMO2/TAL1 peaks (Bailey
et al., 2009). These de novo motif analyses revealed strong enrichment for ETS,
GATA, and RUNX motifs and to a lesser extend E-box containing motifs (e.g. TAL1) in
the LMO2/TAL1 common peaks in all SIL/TAL1 cells (Figure 3.4). The RUNX1 and
ETS family of TFs often co-occupy the same regulatory elements and co-ordinately
regulate gene expression with the LMO2/TAL1 complex (Sanda et al., 2012, Tan et al.,

2019).

90



DU.528

Known or E-value
similar motifs

N J—TGIGGL: RUNX | 6.86-080
wo | LCATML, | T T
Lefolr, | T
MG | [ e
Talialladlly | | oseon
CAGRTG [t | ™™

HSB2

Motif Knownor | E-value
similar motifs

Tl | T
SR T Ml
# A&m ACA RUNX 2. 1e-054

JIQAAAAAMQMMQA ng%r;" 1.4e-007
’}AGATETG TATORS | o aeons

CCRF-CEM
Moif Known or E-value

similar motifs

LMO2
41674

TAL1

S T | |
‘LTGIGGTI RUNX 1.6e-039
Lol | T
Y

Figure 3.4 ChIP-seq analyses of LMO2 and TAL1 in SIL/TAL1 cells.

Venn diagrams showing the intersection of LMO2 and TAL1 ChiIP-seq data (left
side). De novo motif analysis tables showing enriched motifs for LMO2/TAL1 overlap
(right side), the results are presented as sequence of the motif, name of the motif,
and the E-value.
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To investigate the locations of these peaks and their distance from transcription start
sites (TSSs), analyses were performed using The Genomic Regions Enrichment of
Annotations Tool (GREAT) which associates the input genomic regions, bound by a
protein of interest, with their putative target genes (McLean et al., 2010). The analyses
were performed by submitting the ChiP-seq bed files to
(http://great.stanford.edu/public/html/) online tool. GREAT analyses in these three cell
lines revealed that between 5-10% of the LMO2/TAL1 peaks were binding within 5 kb
of TSSs, 20-30% were 5-50 kb away, 50-60% were 50-500 kb farther and

approximately 5% were >500 kb distant (Figure 3.5).
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Figure 3.5 GREAT Region-Gene Association graphs of genomic regions
bound by LMO2/TAL1 shared peaks.

The y-axis is given in percentages, the absolute number of genes being counted is
listed above each bar in the graph.

To explore whether the SIL/TAL1 mutation affects site-specific binding of the
LMO2/TAL1 complex we combined the ChIP-seq data of the three SIL/TAL1 positive
cell lines and compared their common LMO2 and TAL1 binding sites with the ARR cell
line. Data analyses of these ChlIP-seq experiments revealed that 48% and 65% of
LMO2 target sites are co-occupied by TAL1 in ARR and SIL/TALL1 cells respectively
(Figure 3.6). Notably, the number of LMO2 peaks shared with TAL1 is higher in

SIL/TAL1 cells compared to ARR cells.
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De novo motif analyses of LMO2/TAL1 complex binding sites revealed that the ETS
motif was the most significantly overrepresented in addition to GATA, RUNX and E-
box for all cell lines. The SIL/TAL1 cells also showed enrichment for motifs similar to
SP2 and EGR2 (Figure 3.6). The association between LMO2/TAL1 peaks with their
putative target genes showed a similar peak distribution in ARR and SIL/TAL1, where

the majority of peaks were located 50-500 kb from TSSs (Figure 3.6).
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Figure 3.6 ChlP-seq analyses of LMO2 and TAL1 comparing ARR and
SIL/TAL1 cells.

Venn diagrams showing the intersection of LMO2 and TAL1 ChlP-seq data (left
side). De novo motif analysis tables showing enriched motifs for LMO2/TAL1 overlap
(middle), the results are presented as sequence of the motif, name of the motif, and
the E-value. GREAT Region-Gene Association graphs of genomic regions bound by
LMO2/TAL1 shared peaks (right side), The y-axis is given in percentages, the
absolute number of genes being counted is listed above each bar in the graph.
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3.2.3 LMO2/TAL1 complex targets distinct genes in different cell lines

To assess how LMO2 and TAL1 binding sites associate with lower or higher levels of
gene expression the above ChIP-seq data was integrated with RNA-seq expression
data, which the Hoogenkamp lab had already obtained from these cell lines. For the
RNA-seq data the gene IDs were selected using differential gene expression and
sorted according to their FPKM values. The genes that had P value < 0.05 and longer
than 200 bp with FPKM >10 in at least one of the samples were considered significantly

differentially expressed.

Peak coordinates of joint LMO2/TAL1 binding sites that identified the nearest genes
up and down stream, combined with the gene expression level of these genes in the
respective cell lines, demonstrated 2217 differentially expressed genes associated
with LMO2/TAL1 peaks in ARR and 1895 in SIL/TAL1 cells. To distinguish between
shared and unique peaks between the cell lines, the peak coordinates of ARR and
SIL/TAL1 cells were compared. The number of unique peaks was 1659 in ARR and
1337 in SIL/TAL1, while 558 peaks were common between them (Figure 3.7A). To
explore whether the unique and common peaks associated with the same genes, we
selected the genes that are linked to ARR peaks, SIL/TAL1 peaks and common peaks
then overlapped them. Interestingly, 849 genes were associated with the LMO2/TAL1
complex in all cells, however, the complex bound distinct genomic regions in different
cell lines. There were 810 genes exclusively linked to unique peaks found only in ARR
and 478 to unique peaks found in SIL/TAL1 cells. The common 558 genes were

associated with the common peaks between ARR and SIL/TALL1 cells (Figure 3.7B).
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Figure 3.7 Intersection of LMO2/TAL1 peaks and differentially expressed
genes that are potential targets of the LMO2/TAL1 complex in ARR and
SIL/TALL cells.

Venn diagrams showing (A) overlap between LMO2/TAL1 peaks in ARR and
SIL/TAL1 cells. (B) Three way overlap between genes associated with ARR unique
peaks (1659), SIL/TAL1 unique peaks (1337) and common peaks (558).
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3.2.4 LMO2/TAL1 binding sites are associated with differentially expressed

genes in T-ALLs

To investigate whether the genes that correlate to LMO2/TAL1 have variable levels of
gene expression between the cell lines, clustering of differentially expressed genes
was carried out on log2 FPKM values. Initially, peak coordinates of joint LMO2/TAL1
binding sites that identified the nearest genes up and down stream per cell line,
together with gene expression files were combined as described in section 3.2.3 and
matrices were generated. The matrices were analysed using MultiExperimentViewer
v4.9.0. software where pairwise Pearson correlation with complete linkage was

calculated between the log2 FPKM values to produce hierarchical clustering.

The self-organising tree clustering produced six clusters for the 810 genes associated
with unique peaks only found in ARR (Figure 3.8A). Comparably, the hierarchical
clustering of the peaks only found in SIL/TAL1 that were associated with 478 unique
genes generated five clusters (Figure 3.8B). The clusters that showed distinctive ARR
gene expression compared to the other cell lines were chosen to be analysed to
explore the biological processes related to these genes. Gene ontology (GO) analyses
of biological processes based on the genomic coordinates were performed using
DAVID 6.8 (Remke et al., 2009). GO terms for biological processes were ordered
according to their Modified Fisher Exact P-value and only terms with P<0.05 were
considered significant, and the first 10 categories were presented after filtering out

redundant terms.
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Figure 3.8 RNA-seq analysis of differentially expressed genes associated
with LMO2/TAL1 unique peaks in ARR and SIL/TALL1 cell lines.

Heat maps showing hierarchical clustering of differentially expressed genes
comparing (A) ARR to (B) SIL/TAL1 cell lines. These genes are either the nearest 5°
or 3’ gene or contain the peak within the gene body. Scale bars represent colour
index for the log2 FPKM values. Self-organising tree analyses identified 6 clusters
in ARR, and 5 clusters in SIL/TAL1 cells.

In Figure 3.8A, cluster 1 showed genes with higher expression levels and cluster 6
showed genes with lower expression levels in ARR compared to the other cell lines.

GO terms revealed involvement of the genes in cluster 1 with protein folding, RNA
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phosphodiester bond hydrolysis, rRNA processes, translation, viral transcription,
nuclear-transcribed mRNA catabolic process, glycogen biosynthetic process, and
cation transport (Figure 3.9A). However, the genes in cluster 6 were associated with
regulation of Rho protein signal transduction, protein K48-linked de-ubiquitination,
inositol biosynthetic process, blood vessel development and nucleosome assembly

(Figure 3.9B).

On the other hand, the genes with higher expression levels in SIL/TAL1 cells in cluster
1 (Figure 3.8B) were involved in fatty acid beta-oxidation using acyl-CoA oxidase,
lysosome organisation and granulocyte chemotaxis (Figure 3.10A). And the genes with
lower expression levels in cluster 5 (Figure 3.8B) were linked to regulation of
endosome size, carbohydrate metabolic processes, cellular response to amino acid

stimulus, and mRNA 5’ splice site recognition (Figure 3.10B).
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e S R
regulation of Rho protein signal MCF2L2, PLEKHG4, ARHGEF18, ARHGEF17,
transduction 2674 0.0125 ARHGEF40
tissue regeneration 1.605 0.0184 TMEM110-MUSTN1, CPQ, MUSTN1
labyrinthine layer blood vessel
development 1605 0.0178 HES1, HS6ST1, VASH2
protein K48-linked
deubiquitination 1.605 0.0287 OTUB1, OTUD7B, USP33
HIST1H2BF, HIST1H1B, HIST1H2BH, KATEB,
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positive regulation of t-circle
formation 1.07 0.0441 SLX4, ERCC1
midbrain-hindbrain boundary
morphogenesis 1.07 0.0436 HES1, KDM2B

Figure 3.9 GO analysis on differentially expressed genes associated with
LMO2/TAL1 unique peaks in ARR cells show genes involved in RNA
processes and nucleosome assembly.

GO analyses for biological processes performed on (A) cluster 1, (B) cluster 6 as
identified in Figure 3.8A. Table of GO term biological processes, percentage of
genes, P-value and genes.
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regulation of endosome size 1.835 0.0128 ALS2 RAB5A

retrograde vesicle-mediated
transport, Golgi to ER 3.67 0.0159 ATP9B, PITPNB, KIF3C, ERGIC2

MGAT1, SLC2A3, POC1B-GALNT4, GALNT4,
carbohydrate metabolic process  4.588 0.0260 GLO1

PDLIM5, RARS, PPFIBP1, OLA1, RAB10,

cell-cell adhesion 5.505 0.0307 ADGRL3
cellular response to amino acid
stimulus 2.753 0.0367 SLC38A9, XBP1, CAPN2

mRNA 5'-splice site recognition 1.835 0.0380 SRSF1, PSIP1
RHBDF2, TRAM2, DNAJC13, XBP1, ZMATS3,
protein transport 6.423 0.0422 RABS5SA, KIF20A

Figure 3.10 GO analysis on differentially expressed genes associated with
LMO2/TAL1 unique peaks in SIL/TAL1 cells show genes involved in cellular
and metabolic processes.

GO analyses for biological processes performed on (A) cluster 1, (B) cluster 5 as
identified in Figure 3.8B. Table of GO term biological processes, percentage of
genes, P-value and genes.
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Next, we explored the expression of genes that were associated with the same peaks
or different peaks across the cell lines (Figure 3.11). The genes associated with
common peaks that had the highest gene expression in ARR in cluster 1 showed lower

expression in the other cell lines especially in DU.528 cells (Figure 3.11A).
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Figure 3.11 RNA-seq analysis of differentially expressed genes associated
with LMO2/TAL1 common and distinct peaks in ARR and SIL/TALL1 cell lines.

Heat maps showing hierarchical clustering of differentially expressed genes
associated with (A) common peaks and (B) distinct peaks. These genes are either
the nearest 5’ or 3’ gene or contain the peak within the gene body. Scale bars
represent colour index for the log2 FPKM values. Self-organising tree analysis
identified 4 clusters in the common peaks group and 5 clusters in the distinct peaks

group.
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These genes are required for the maintenance of cellular and molecular functions such
as negative regulation of apoptotic process, negative regulation of translation,
regulation of gene expression and endocytosis (Figure 3.12A). By contrast, the genes
in cluster 4 (Figure 3.11A) that had low levels of expression in ARR showed higher
expression in the other cell lines and were mainly involved in cell signalling pathways,
e.g. B and T-cell receptor signalling pathways. Genes in this cluster were also
associated with regulation of NFkB activity, and apoptotic processes (Figure 3.12B).
Importantly, NKX3-1 gene has been identified in this cluster (Figure 3.12B). This gene
encodes an NKL homeobox transcription factor that is necessary for T-cell
proliferation, and has been reported as a downstream target of TAL1 in T-ALL cells

including CCRF-CEM (Kusy et al., 2010, Sanda et al., 2012).

Lastly, we assessed the 849 genes that were differentially expressed in ARR and
SIL/TAL1 but associated with different peaks. Hierarchical clustering showed that ARR
cells had higher levels of expression of genes in clusters 1, 2 and 3 with a slight
variation in the expression levels between the other cell lines (Figure 3.11B). In
comparison, the genes that were observed in clusters 4 and 5 were expressed at a
higher levels in SIL/TAL1 cells than ARR cells (Figure 3.11B). GO terms revealed
biological processes that are important for cellular functions. For example, the genes
collected from cluster 1 were responsible for apoptotic processes, cell-cell adhesion,
endocytic recycling and positive regulation of GTPase activity (Figure 3.13). This
cluster showed the GATA2 gene which encodes for a member of the LMO2/TAL1
complex in HSCs. Normally GATAZ2 is transcriptionally silenced during lymphocyte

development (Seita et al., 2012, Yui and Rothenberg, 2014).
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Figure 3.12 GO analysis on differentially expressed genes associated with
LMO2/TAL1 common peaks in ARR and SIL/TAL1 cells show genes involved
in regulation of translation, regulation of gene expression, and T and B cell
signalling pathways.

GO analyses for biological processes performed on (A) cluster 1, (B) cluster 4 as
identified in Figure 3.11A. Table of GO term biological processes, percentage of
genes, P-value and genes.
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Figure 3.13 GO analysis on differentially expressed genes associated with
LMO2/TAL1 distinct peaks in ARR and SIL/TAL1 cells show genes involved in
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apoptotic processes and regulation of GTPase activity.

GO analyses for biological processes performed on cluster 1 as identified in Figure
3.11B. Table of GO term biological processes, percentage of genes, P-value and

genes.

The genes in clusters 4 and 5 play a role in leukocytes differentiation and migration in
addition to regulation of transcription (Figure 3.14A, B). The GO terms in these clusters
highlighted genes that have previously been reported as TAL1 targets in T-ALL cells.
Some of these genes encode DNA binding proteins such as ETV6, which belongs to
the ETS family genes, and ARID5B, which is a member of the ARID family of
transcription factors (Sanda et al., 2012, Leong et al., 2017, Tan et al., 2019). CD84,
which encodes a cell surface marker required for T-cell activation (Sanda et al., 2012)
was also found in cluster 4 (Figure 3.14A). Additionally, NOTCH1 which plays a role in

determination of lymphoid cell fate and is found mutated in many T-ALL cases

(Mansour et al., 2007), was identified in cluster 4 (Figure 3.14A).
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Figure 3.14 GO analysis on differentially expressed genes associated with
LMO2/TAL1 distinct peaks in ARR and SIL/TAL1 cells show genes involved in
leukocytes differentiation and development, and regulation of transcription.

GO analyses for biological processes performed on (A) cluster 4, (B) cluster 5 as
identified in Figure 3.11B. Table of GO term biological processes, percentage of
genes, P-value and genes.
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Integration of the ChIP-seq and RNA-seq data indicated that the LMO2/TAL1 complex
associated to genomic regions that could be involved in regulating genes that are
crucial for cellular functions of T-cell and genes involved in transcriptional regulation in
these T-ALL cell lines. This highlights the importance of controlling these genes for cell
survival irrespective of the complex binding sites on the DNA. In addition, the
LMO2/TAL1 complex binding might also regulate genes that are differentially
expressed between individual T-cell lines. For instance, in ARR cells the potential
target genes were necessary for RNA processing and cellular biosynthetic processes,
while in SIL/TAL1 cells the associated genes were mainly required for metabolic
processes. Notably, in all cell lines several genes that were associated with
LMO2/TAL1 common peaks such as, NKX3-1, ETV6, ARID5B, and CD84 are known

targets of TALL1 in T-ALL (Kusy et al., 2010, Sanda et al., 2012, Tan et al., 2019).

3.2.5 Identification of PHF6 as a potential interactor of LMO2 in T-ALL cell

lines

The ChIP-seq data showed that LMO2 and TAL1 mutually bind target elements in T-
ALL cells. It also showed that LMO2/TAL1 bound regions were associated with
differentially expressed genes and many of these genes are known targets of the
complex. However, these experiments revealed that there are many genomic sites
occupied by LMO2 but not by TAL1. We hypothesised that LMO2 participates in
different complexes in T-ALL, in addition to LMO2/TAL1 complex which may also
recruit proteins that are unknown yet. To test this hypothesis, we performed protein
pull-down experiments with subsequent mass spectrometry to identify interacting
partners of LMO2. Antibodies against LMO2 and IgG (negative control) were used for

the immunoprecipitations in all four T-ALL cell lines (Figure 3.15A).
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The peptides of proteins pulled down by LMO2 and IgG antibodies were searched
against a protein database. These proteins were sorted in a descending order
according to the highest Mascot score. All proteins of a score less than 25 and random
false positives were excluded. To identify peptides that represent bona fide interactors
versus those that are background contaminants, lists of gene IDs of common protein
contaminants for Homo sapiens in T-ALL cell lines including Jurkat and CEM were

downloaded from www.crapome.org online database (Mellacheruvu et al., 2013).

To exclude non-specific protein interactions, intersections of the LMO2, IgG, and
contaminants datasets per cell line were carried out. Peptides that were common
between LMO2, 1gG, and contaminants were eliminated and only proteins specifically
coprecipitated with LMO2 were selected, as depicted by Venn diagrams (Figure
3.15B). These Mass spectrometric analyses identified 9, 52, 35 and 49 proteins
exclusively associated with LMO2 in ARR, DU.528, HSB2 and CCRF-CEM cells,
respectively (Figure 3.15B). In addition to known LMO?2 interacting proteins, such as
TAL1, and LDB1 we identified potential interactions with two components of the NuRD

complex, namely, PHF6 and HDAC1 (Todd and Picketts, 2012).

108



ARR

34 1

21
1442 8

HSB2

35

112

1383 5

Ladder

DU.528

952

80 53
149

1257 49 10

CCRF-CEM

49
127 0

1369 o, 4

Figure 3.15 Mass Spectrometry assay, T-ALL cell lines immunoprecipitation

with LMO2 and IgG antibodies.

(A) Representation of gel stained with Coomassie blue. (B) Venn diagrams showing
overlap of proteins pulled down with LMO2 (yellow circle) versus IgG (green circle)

and common contaminants (blue circle) in T-ALL cells.

To check for the proteins that were immunoprecipitated with LMO2 in more than one

cell line, the unique proteins pulled down in each cell line were selected and intersected

109



(Figure 3.16A). Subsequently, the proteins that were in common between two or more
cell lines were investigated (Figure 3.16B). Interestingly, PHF6 was identified as a
potential protein-protein interactor with LMO2 in three of these T-ALL cell lines namely,

ARR, HSB2, and CCRF-CEM.

A

ARR_aLMO2 DUS528_aLMO2

45
(39.1%)

1
0.9%)

1
(0.9%)

12
(10.4%)

B HSB2_aLMO2 CCRF-CEM_aLMO2
Cell line Gene Name

ARR and DU.528 CLUH

ARR and HSB2 CAPRIN1

DU.528 and HSB2 BCLAF1, RPL10A

DU.528 and CCRF-CEM RPS29

HSB2 and CCRF-CEM C1orf77, CTSW, EWSR1, H1FX,
HNRPA1L3, HP1BP3, KHDRBS1, MKI67,
NOLC1, NUMA1, SEC61B, SFRS1,
SFRS3, SON, SRP9, TOP1, TOP2A

ARR, HSB2, and CCRF-CEM PHF6

DU.528, HSB2, and CCRF-CEM SART1, TOP2B

Figure 3.16 Mass Spectrometry analyses show PHF6 as a potential interactor
of LMO2.

(A) Venn diagram showing Gene ID overlaps of proteins exclusively pulled down with
LMOZ2 in T-ALL cells. (B) Table of gene names of proteins common in two cell lines
or more.

110



3.2.6 PHF6 is expressed in T-ALL cells

The unbiased screen for LMO2 protein interactors revealed PHF6 as a potential
interacting partner by mass spectrometry. We investigated PHF6 expression in our T-
ALL cell models, because several studies have shown inactivating mutations of PHF6
in T-ALL cases (Van Vlierberghe et al., 2010, Van Vlierberghe et al., 2011, Li et al.,
2016, Wang et al., 2011). However, Wang et al. showed the absence of PHF6 lesions
in T-ALL cell lines including CCRF-CEM cells (Wang et al., 2011). Another study also
reported a negative association between LMO2/TAL1 T-ALL subgroup and PHF6
mutations, meaning they were largely mutually exclusive (Vicente et al., 2015). The
RNA-seq data in all four T-ALL cell lines showed PHF6 expression on the mRNA level

in all of them as demonstrated by RNA-seq UCSC screenshot (Figure 3.17A).

To test whether PHF6 protein is present in a detectable level in these cells, western
blot analyses were performed by running nuclear extracts of all four cell lines.
Membranes with separated nuclear extracts were incubated with aPHF6 antibody
followed by incubation with a secondary antibody. The western blots showed PHF6
protein expression in all the cell lines (Figure 3.17B). Finally, we visualised the cellular
localisation of LMO2 and PHF6 in these cell lines. The immunofluorescence staining
using aPHF6 and aLMO2 antibodies showed that PHF6 was localised in the nucleus
with LMOZ2 in all cells. Additionally, these cells showed minimal cytoplasmic staining of

both LMO2 and PHF6 (Figure 3.17C).
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Figure 3.17 PHF6 expression in T-ALL cell lines.

(A) Screenshot from UCSC illustrating the distribution of reads over the PHF6 loci.
Uniform y-axis scales were used for each genomic region and positive values
correspond to the direction of the transcript. Data represent the mean of three
independent samples. (B) PHF6 protein levels detected by western blotting using
nuclear extracts from T-ALL cells, PonceauS was used to show equal loading. (C)
Immunofluorescent stained cells with antibodies against LMO2 (green), PHF6 (red)
and counterstained with DAPI to visualise the nucleus, Scale bar, 10 um. Images
were taken using Carl Zeiss LSM510 Meta Confocal microscope (Carl Zeiss,
Germany).
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3.2.7 PHF6 as a novel interactor of LMO2

Given that PHF6 is expressed in T-ALL cells and localised with LMOZ2 in the nucleus,
we sought to further validate their interaction which was initially detected by mass
spectrometry analyses. Reciprocal immunoprecipitations were performed, using
antibodies against the endogenous aLMO2 and aPHF6, followed by western blot
analyses. The western blot analysis showed that PHF6 was present on a detectable
level in samples immunoprecipitated with LMO2. The immunoprecipitation of LMO2
was also validated in each sample by detecting LMO?2 itself. The same was applied to
samples that were pulled down with PHF6. This revealed that LMO2 coprecipitated

with PHF6 and vice versa indicating their interaction in T-ALL cells (Figure 3.18).
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Figure 3.18 PHF6 is a novel interacting partner of LMO2.

Western blot analyses wusing LMO2 and PHF6 antibodies following
immunoprecipitating nuclear extracts with goat IgG, LMO2, rabbit 1gG, and PHF6
antibodies. Goat IgG antibody was used as a negative control for LMOZ2, rabbit IgG

antibody was used as a negative control for PHF6. Nuclear extracts were used as
positive input control (IC).
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To further investigate the interaction between PHF6 and LMOZ2, in-situ proximity
ligation assay (PLA) was performed. The immunoassay PLA allows the detection of
endogenous protein-protein interactions via the production of fluorescent signal when
proteins of interest are in extremely close proximity as described in chapter 2, section
2.12. The PLA experiments were conducted in HSB2 and CCRF-CEM cells, which
verified the interaction between LMO2 and PHF6, appearing as localised dots in the
nuclei (Figure 3.19). As positive control, cells were probed with antibodies raised
against aLMO2 and aLDB1, as they form a well-established interaction (Wadman et
al., 1997). As technical negative control, cells were probed with aGoat and aRabbit
IgGs and as biological negative control Jurkat cells were used (Figure 3.19), as these

cells are known to express LMOL1 instead of LMO2 (Palomero et al., 2006).
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Figure 3.19 In situ Proximity Ligation Assay (PLA) showing LMO2 and PHF6
interaction in HSB2 and CCRF-CEM cells.

LMO2 and PHF6 interactions in HSB2; and CCRF-CEM cells were visualised using
PLA. Pink staining indicates protein—protein interactions and DAPI (blue) is used to
visualise the nucleus, Scale bar, 10 um. LMO2 and LDB1 interaction (positive
control), IgG Goat and IgG Rabbit interaction (technical negative control), Jurkat
cells (biological negative control). Confocal images were analysed using a Carl Zeiss
LSM510 Meta Confocal microscope (Carl Zeiss, Germany).

3.2.8 PHF6 binds with LMO2 at RUNX1 enhancer

The identification of an interaction between LMO2 and PHF6 suggested that PHF6
may act as a co-regulator for the LMO2-mediated oncogenic program by regulating
gene expression in T-ALL. To test this hypothesis, we employed PHF6 ChIP assays
followed by gPCR to determine at which regulatory elements it could be found. Initial
ChIP experiments showed LMO2, TAL1 and LDB1 binding to the enhancer of RUNX1

gene (Figure 3.2). Using aPHF6 antibody co-localisation of PHF6 was tested against
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this site. The gqPCR results showed enrichment of PHF6 binding at this enhancer
(Figure 3.20). Having substantiated the binding of PHF6 with LMO2 at RUNX1
enhancer, we proceeded with PHF6 ChIP sequencing.
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ARR DU.528 HSB2 CCRF-CEM
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m Chr.18 mhRUNX1 +23kb

Figure 3.20 ChIP qPCR analyses of PHF6 in T-ALL cells.

Bar graphs are showing PHF6 binding to different DNA regions as the fold
enrichment over the input control levels. Error bars represent SEM (n=2).

3.2.9 PHF6 co-occupies genomic sites and regulatory elements with LMO2,

TAL1, and LDB1

The PHF6 ChlP-seq data revealed 5262 peaks for ARR, 2928 peaks for DU.528, 9543
peaks for HSB2 and 250 peaks for CCRF-CEM (Figure 3.21). In order to understand
whether PHF6 participates in the LMO2/TAL1 complex at the DNA, we intersected the
ChIP-seq data sets of PHF6 with LMO2, TAL1 and LDB1 per cell line (Figure 3.21).
ARR cells revealed 5262 sites associated with PHF6 where 2389 of them were bound
by LMO2, 2212 by TAL1 and 3828 by LDBL. Interestingly, PHF6 had a greater overlap
with LDB1 than LMO2 and TAL1, however, the four factors bound a total of 1738
genomic regions in ARR cell lines (Figure 3.21). Comparably, PHF6 occupied 2928
sites in DU.528 cells whilst approximately 1200 of these sites were shared with each

factor separately and 982 were common between all four factors (Figure 3.21). In
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HSB2 cell line, 9543 regions were bound by PHF6. Similar to DU.528 cells, roughly
1300 peaks were shared individually with LMO2, TAL1, and LDB1 and 970 with the
three factors (Figure 3.21). By contrast, a low number of reads was obtained in CCRF-
CEM cells where only few peaks were called, but the majority of them overlapped with

LMO2, TAL1, and LDB1 (Figure 3.21).

ARR
Intersect (2 factors) | PHF6 LMO2 TAL1 LDBA1 4 factors
Total peaks 5262 19277 13586 16254 1738
PHF6 2389 2212 3828
LMO2 9077 4701
TAL1 4091
DU.528
Intersect (2 factors) | PHF6 LMO2 TAL1 LDBA1 4 factors
Total peaks 2928 26087 24720 12042 982
PHF6 1211 1218 1174
LMO2 17011 5645
TAL1 5578
HSB2
Intersect (2 factors) PHF6 LMO2 TAL1 LDB1 4 factors
Total peaks 9543 29073 24860 10668 970
PHF6 1383 1341 1291
LMO2 18389 5605
TAL1 5346
CCRF-CEM
Intersect (2 factors) | PHF6 LMO2 TAL1 LDBA1 4 factors
Total peaks 250 41647 28317 12844 228
PHFG6 233 233 239
LMO2 23546 9295
TAL1 8648

Figure 3.21 PHF6 co-occupies genomic sites with LMO2,TAL1, and LDB1 in
T-ALL cells.

Tables showing intersection of PHF6, LMO2, TAL1, and LDB1 ChIP-seq peaks in T-
ALL cell lines.
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To assess target elements where PHF6 and the LMO2 complex components bind
together, we analysed their ChIP-seq tracks on the UCSC genome browser.
Visualisation using UCSC screenshots demonstrated overlapping peaks of PHF6 with
the LMO2 complex within the gene body of RUNX1, at the RUNX1 +23 kb enhancer,
in all four T-ALL cell lines (Figure 3.22). Notably, this enhancer is known to be occupied
by the LMO2 complex in normal haematopoietic cells and T-ALL (Nottingham et al.,

2007, Sanda et al., 2012).

PHF6 also co-localised with LMO2/TAL1/LDB1 at the upstream regulatory element of
NFEZ2 gene as shown by the UCSC screenshot (Figure 3.23). The NFE2 gene encodes
a TF required for expression of several erythroid-specific genes and plays a role in
regulating erythroid and megakaryocytic maturation and differentiation (Gavva et al.,
1997). These results not only support our identification of PHF6 as an interacting
partner of LMO2, but also imply that PHF6 may be a participating protein in

LMO2/TAL1/LDB1 complex regulatory function.
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Figure 3.22 PHF6 peaks overlap with LMO2, TAL1, and LDB1 peaks in T-ALL
cells at the RUNX1 gene.

Screenshot from the UCSC browser showing PHF6, LMO2, TAL1 and LDB1 ChIP-
seq binding profiles within RUNX1 gene body (red boxed panel left) including the
RUNX1 +23 kb enhancer (red boxed panel right).
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Figure 3.23 PHF6 co-localises with LMO2, TAL1, and LDB1 in T-ALL cells at
the NFE2 regulatory element.

Screenshot from the UCSC browser showing PHF6, LMO2, TAL1 and LDB1 ChlIP-
seq binding profiles at the NFE2 regulatory element (red boxed panel).
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3.2.10 PHF6 peaks are co-localised by LMO2, TAL1 and LDB1

To visualise the genome wide association of PHF6 localisation with the LMO2 complex
members, we generated a matrix for each cell line ranked according to the PHF6 peaks
intensity scores and sorted them in a descending order. The matrices were overlaid
with the Bam files, which represent aligned sequences, of the ChlP-seq data of PHF6,
LMO2, TAL1 and LDB1 to generate heat maps, using EaSeq analysis software
(Lerdrup et al., 2016). Comparing the PHF6 ChlIP signal to the LMO2, TAL1 and LDB1
peaks demonstrated that in ARR cells LMO2 and TAL1 peaks were distributed
throughout the heat map showing that they co-occupied region sets with PHF6 peaks
of variable signal intensities. LDB1 also occupied these regions with LMO2 and TAL1
in addition to PHF6 binding sites with the highest intensities. This indicated that in the
ARR cell line PHF6 might be interacting not only with the full LMO2/TAL1/LDB1
complex, but also with LDB1 in distinct complex, particularly at the sites with the
strongest PHF6 binding (Figure 3.24A). On the other hand, the strongest PHF6 peaks
were mirrored by the strongest LMO2, TAL1 and LDB1 peaks specifically in DU.528
and HSB2 cells. Looking at less strong peaks in these two cell lines, there was less
overlap (Figure 3.24B, C). In CCRF-CEM cells almost all PHF6 associated regions
were bound by LMO2, TAL1 and LDB1 regardless of the PHF6 peaks signal intensity
(Figure 3.24D). This overlap reflected the intersection data (Figure 3.21) where CCRF-
CEM ChlP-seq identified a low number of reads and only the strongest sites were
recognised as peaks and these strongest PHF6 binding sites are co-localised by

LMO2, TAL1 and LDB1.
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Figure 3.24 PHF6 peaks are co-localised with LMO2, TAL1 and LDB1.

Heat map plots of ChiP-seq data for PHF6, LMO2, TAL1, and LDB1 in (A) ARR, (B)
DU.528, (C) HSB2, (D) CCRF-CEM. The PHF6 ChlP-seq peaks (region sets) ranked
according to peak intensity score in descending order. The heat map plots showing
ChlIP-seq data of PHF6, LMO2, TAL1, and LDB1 overlaid on PHF6 ChIP-seq region-
sets. The Y-axis represents individual positions of the regions, and the X-axis
represents —2 kb to +2 kb window centred on the summits of PHF6 peaks. At the
bottom of each plot a bar showing the relationship between colouring and signal
intensity.
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3.2.11 DHS mapping identifies regions accessible by PHF6 and LMO2 complex

members

To investigate the accessibility of chromatin at binding sites of PHF6, LMOZ2, TAL1 and
LDB1, we performed DNasel hypersensitive site (DHS) mapping on each cell line. The
DNasel-seq experiments identified 15136 peaks for ARR, 9463 peaks for DU.528,
14261 peaks for HSB2, and 7831 peaks for CCRF-CEM. To generate heat map plots,
DNasel-seq matrices were overlaid with Bam files of the DHSs and ChlP-seq of PHF6,

LMO2, TAL1 and LDB1 as described in section 3.2.10.

PHF6 ChIP signals showed that the strongest PHF6 binding occurred at DHSs with
the top score in ARR cells. Moreover, LDB1 ChIP showed the highest binding intensity
at the top with PHF6 (Figure 3.25A). On the other hand, LMO2 and TAL1 bound to
open chromatin regions with lower peak intensity, where PHF6 and LDB1 also co-
localised with them (Figure 3.25A). The DHS profiles of the other cell lines looked
remarkably similar to those for ARR with PHF6 and LDB1 overlapping at highly
accessible regions (Figure 3.25B, C, D). However, LMO2, TAL1 and LDB1 revealed
more accessibility to open chromatin regions and showed higher signal intensities
throughout the DHSs profiles of HSB2 and CCRF-CEM cells compared to ARR and
DU.528 (Figure 3.25C, D). Surprisingly, the plots of DHSs showed that the regions with
highest DNAsel scores had low signal intensity specially in ARR and DU528 cells
(Figure 3.25A, B). According to Methylated DNA immunoprecipitation (MeDIP)
experiments (data not shown) that were performed on these cell lines by another PhD
student (Shoroog AlOmair), these top DHSs were methylated but we could not explain

the demonstrated low intensity. Nonetheless, these analyses indicated that PHF6,
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LMO2, TAL1, and LDB1 can access open chromatin regions where gene regulatory

elements may reside.

A ChlP B ChlP
DHS PHF6 LMO2 TAL1 LDB1 DHS PHF6 LMO2 TALA1 LDB1
' ¥
b < H
= : - : @ s
HE E 3 8 = F
E Qs z : :
x x 5 28 ® ¥ $
x 3 2 $ = : Da $ z 3
<a : i O3 : $ : 3
3| 5 <
2 : f S :
o : £
:
0THNS OoCNNS OoCES OoCOES oIS 0CINS OoCIES O0oCMS 0CIMS 0TS
C ChIP D ChiP
DHS PHF6 LMO2 TAL1 LDB1 DHS PHF6 LMO2 TAL1 LDB1
. : > : :
1R :
c s
: ] 2
"2 % . @ c
- X
2% : LS i
0 o : o
Ta : g o= g
o) : $ : o3
2] : 2 < i
< - { 5 zZ
zZ = _I =)
B = S 3 5 B - S S S
OCENS OCNS OCENS OCHNS OCHNS ODNNS OONES OONS OONES OCNES

Figure 3.25 PHF6, LMO2, TAL1, and LDB1 bind at DHSs in T-ALL cells.

Heat map plots of DNasel-seq in (A) ARR, (B) DU.528, (C) HSB2, (D) CCRF-CEM.
The DNasel peaks (region sets) ranked according to their peak intensity score in
descending order. The heat map plots showing DHSs (left plot) and ChlP-seq data
of PHF6, LMO2, TAL1, and LDB1 (right plots) overlaid on DNasel region-sets. The
Y-axis represents individual positions of the regions, and the X-axis represents from
—2 kb to +2 kb window centred on the summits of DHSs. At the bottom of each plot
a bar showing the relationship between colouring and signal intensity.
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3.2.12 A high percentage of PHF6/LMO2/TAL1/LDB1 common peaks bind to

genomic regions distant from TSSs

Next, we examined the association between PHF6/LMO2/TAL1/LDB1 mutually bound
genomic regions with their putative target genes. The analyses were performed using
GREAT online tool as described in section 3.2.2. GREAT analysis showed that
approximately 5% of the shared peaks were found at gene TSSs. Between 30-40% of
the bound regions were located 5-50 kb away, whereas 50-60% were found 50-500 kb
far from TSSs (Figure 3.26). The percentage of sites that were >500 kb distant was
around 5%. These percentages were similar in all four cell lines (Figure 3.26). Notably,
most of the genomic sites which were bound by PHF6, LMO2, TAL1 and LDB1
common peaks were localised remote from transcriptional start sites and were
allocated to a high number of genes. These results were comparable to LMO2/TAL1

binding where the majority of peaks were distant from TSSs (Figure 3.5 & Figure 3.6).
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Figure 3.26 GREAT Region-Gene Association graphs of genomic regions
bound by PHF6, LMO2, TAL1, and LDB1 common peaks.

The y-axis is given in percentages, the absolute number of genes being counted is
listed above each bar in the graph.

3.2.13 PHF6 peaks occupy haematopoietic TF motifs

The DNase-seq experiments showed that PHF6 binds at DHSs, either separately or
mutually with LMO2 complex members. DHSs are usually enriched for gene regulatory
elements such as enhancers and promoters (Cockerill, 2011). Because a previous
study has proposed that PHF6 can bind DNA directly (Liu et al., 2014), we wanted to
investigate whether PHF6 has any DNA sequence-specific properties in T-ALL cells.
Thus, we analysed the enriched DNA motifs within PHF6 ChlP-seq binding sites using

MEME (Bailey et al., 2009). These de novo motif analysis identified stretches of long
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DNA sequences in ARR, DU.528, and HSB2 cells (Figure 3.27A, B, C). In ARR cells
the enriched motifs were unknown (Figure 3.27A). Significantly, a GATA motif was
enriched in DU.528, HSB2, and CCRF-CEM cells (Figure 3.27B, C, D). HSB2 cells
showed enrichment of unknown motifs except for GATA (Figure 3.27C). All the
enriched motifs in CCRF-CEM cells belonged to haematopoietic TFs including GATA,
E-box (TCF12), SPI1, and RUNX1 (Figure 3.27D). These analyses did not give any

indication of a PHF6 specific DNA binding motif.
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Figure 3.27 Motifs enriched at PHF6 binding sites in T-ALL cells.

De novo motif analyses showing enriched motifs in (A) ARR, (B) DU.528, (C) HSB2,
and (D) CCRF-CEM cells. The results are presented as sequence of the motif, name
of the motif, and the E-value.
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Having determined which peaks are in common between PHF6, LMO2, TAL1, and
LDB1 we explored the enriched motifs within these shared peaks. De novo motif
analyses revealed significantly enriched motifs of haematopoietic TFs such as GATA,
RUNX1, and ETS (Figure 3.28A, B, C). ARR cells revealed additional motifs which
are STAT5a and ASCL2 (Figure 3.28A). The results from DU.528 cells showed
additional two long DNA sequences, where one was unknown and the other contained
a TBX5 motif (Figure 3.28B). HSB2 and CCRF-CEM cells showed long DNA
sequences, where zinc finger motifs including ZNF384 and ZNF263 are likely to reside
(Figure 3.28C, D). CCRF-CEM was the only cell line that had an enriched E-box motif,

i.e. TCF12, in addition to NKX3 sequence motif (Figure 3.28D).
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Figure 3.28 Motifs enriched at PHF6, LMO2, TAL1, and LDB1 common
binding sites in T-ALL cells.

De novo motif analysis showing enriched motifs in (A) ARR, (B) DU.528, (C) HSB2,
and (D) CCRF-CEM cells. The results are presented as sequence of the motif, name
of the motif, and the E-value.
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We further assessed the motifs that were specifically enriched by common peaks that
were close to gene TSSs. We selected the PHF6/LMO2/TAL1/LDB1 peaks that were
located at genomic regions 0-50 kb away from TSSs seen in Figure 3.26, followed by
MEME motif analyses (Bailey et al., 2009). These analyses revealed that in all four cell
lines ETS, GATA, and RUNX1 motifs were highly enriched in these shared binding
sites (Figure 3.29). Additionally, ARR cells analysis showed an E-box motif (CATCTG)
that resided within an enriched long DNA motif (Figure 3.29A). Comparably, in DU.528
and HSB2 cells the identified stretched DNA motifs did not harbour any known motifs
(Figure 3.29B, C). While in CCRF-CEM cells no unknown DNA motifs were enriched

and TCF12 E-box motif was identified (Figure 3.29D).

Taken together, these analyses identified de novo motifs which belong to
hematopoietic TFs that are commonly associated with LMO2. These results are in line
with PHF6 interaction with LMO2, indicating that PHF6 is recruited to DNA through

DNA binding TFs which are part of the LMO2 complex.
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Figure 3.29 Motifs enriched at PHF6, LMO2, TAL1, and LDB1 common binding
sites that are within 50 kb of TSSs in T-ALL cells.

De novo motif analysis showing enriched motifs for peaks 0-50 kb away from TSSs
in (A) ARR, (B) DU.528, (C) HSB2, and (D) CCRF-CEM cells. The results are
presented as sequence of the motif, name of the motif, and the E-value.

3.2.14 PHF6/LMO2/TAL1/LDB1 co-localised regions are linked to genes

involved in transcriptional regulation

We next wanted to examine the probable target genes of PHF6/LMO2/TAL1/LDB1
common peaks which were proximal to TSSs. To achieve this, the shared peaks that
were located within 50 kb of TSSs, as seen in Figure 3.26, were selected for each cell

line and the lists of their putative target genes were retrieved from GREAT analyses
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data. These genes were further analysed using DAVID 6.8 (Huang da et al., 2009), to

assess their roles in biological processes.

The gene ontology analysis in ARR cells revealed genes linked to cellular processes
of lymphocytes such as, T-cell activation, leukocyte migration, and immune response.
Genes involved in regulation of transcription, regulation of blood vessel endothelial cell
migration and regulation of I-kB kinase/NFkB signalling were also identified (Figure
3.30). This analysis featured genes encoding hematopoietic TFs such as, TAL1, LYL1,
RUNX1, ETS1, MYB, and NFE2 (Wilson et al., 2011, Palis et al., 1999, Gavva et al.,
1997). Also known targets of TAL1 including SATA5A, CD84, and CD87 (Figure 3.30)

were identified by this analysis (Sanda et al., 2012).
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GO Term BP % PValue Genes

T cell activation 1.254 6.69E-06 LAT, NLRC3, CASPS, CD276, SMAD3, TNFSF14, TREML2,
IRF4, AZI2, ADA, KIF13B, HSH2D, CD7

positive regulation of 0.772 4 37E-05 FRKDZ2, PDGFB, FLCG1, STATSA, MAPK14, VEGFA, HSFB1,

blood vessel endothelial TGFB1

cell migration

positive regulation of 4919 8 05E-05 BMP10, GDF2, PDGFB, ELF4, SPI1, FOX03, RORA, IL10,

transcription, DNA- TGFB1, RARA, MYB, PCBD2, ARID1A, ESRZ, PIMZ2, TRERF1,

templated CD38, BPTF, S5IX1, TADA3, UBE2V1, SOXT7, ZBTB16, ZBTB17,
WT1, TASP1, TALT, LYLT, RUNXT, RUNX3, KLFG6, IL3, NFE2,
TRIP4, TGFBR1, TAFS, SMAD3, SMAD2, CREBS, STATT,
FZD7, STAT3, ETS1, HIVEP3, IRF1, KDM8, PTCH1, IRF4,
KLFZ WNTTA, F2R

leukocyte migration 1.833 1.31E-04 GLG1, ITGAL, CD244, C5AR1, SLC7A10, FPR3, DBH, CD&4,
CD47 ITGAS PLCG1, CD34, PECAM1, MSN, TREM1, SELE,
SELPLG, PIK3R1, SPN

immune response 4147 1.63E-04 CSF2, TNFRSF21, IL19, JCHAIN, OAS3, TNFSF15, TNFSF14,
PNF, IL10, MBP, CCL25, IL17A, TNFRSF1B, IL10RB, HRH2,
SEMATA, S1PR4, ILTRAP, IGLL1, IL2RG, NFIL3, SFN, CD7,
SECTM1, TCF7, CHAR1, ILS, IL2RA, TNFSF4, NCF4, CD276,
SMAD3, IL21, VAV1, OSM, LAT, CCRS8, CCRT, TNFSF10,
TNESF11, ETST 1L2 | CP2

signal transduction 9.065 1.78E-04 IMPAZ, PDIA3, IL19, SORL1, TNFSF15, IQGAP2, TNFSF14,
FPRKG2, ARL2BFP, ACVR1B, MAF3K6, ARHGAFR22, WISP1,
DTHD1, CHRNAS, ZFYVE16 CHRNAS, CSF2RB, RARA,
STAM, RAPGEF1, PAG1, SPN, KIF13B, AVFP, C5AR1, BCR,
NFAM1, ESR2 IL21, IRS1, ARHGAF26, ARHGAF25, CD38,
CCND3, ATP2C1, CD34, GTF2Il, CAMK1, TGFBRAP1, GRASF,
MAVS, ITGAL, TNFRSF21, CD244, SAV1, NEDD9, FPR3,
CXXCh, SFN, VDR, NPHP4, ANXAS, PDE1C, IL10RB, CD69,
DGKD, RASAL3, NFATS, LIMD1, IL2RG, RUNX1, PIK3R1,
SECTMT, TNFSF4, TGFBR1, NR4AT, NDFIP2, SLAMF1,
STAT3, ITPR2, SH3BFS, TRIMS55, CORO1C, ATF6, LAT,
RASSF4, TNFSF10, PDEZA, P2RX1, PLCGT, MAPK14,
FPECAM1, CRH, HIVEP3, HBEGF, RAFP1A, LRF8, GDF15,
XCL2 ARAP1, PLAU, SH3BP2, BCAR3

negative regulation of I- 0 965 2 72E-04 DAB2IP. NLRC3, CASP8, CARD19, ZC3H12A, RORA, STATT,

kB kinase/NFkB ADIPOQ, GSTP1, RHOH

signalling

negative regulation of 1.351 3.72E-04 ZFP36, TNFRSF1B, BCR, IL2RA, ET51, ADORAZA, OTULIN,

inflammatory response CD276, SMAD3, GHRL, RORA, ADIPOQ, ADA, IL2

positive regulation of 1.833 4 28E-04 AVP, GNA15, CHAR1, SWAPT0, CD52, FPR3, CCRS8, GATAZ,

cytosolic calcium ion CD38, CCRY, GPR35, CHRNAS, S1PR4, PTGDR, AVPR1B,

concentration PLA2G6, GHRL, F2R, IL2

pathway-restricted 0579 4 57E-04 BMP10, GDF2, SMADY, TGFBR1, USP15, TGFB1

SMAD protein
phosphorylation

Figure 3.30 GO analysis show genes associated with cellular processes of
lymphocytes and regulation of transcription in ARR cells.

GO analysis on putative target genes of PHF6/LMO2/TAL1/LDB1 shared peaks that
are within 50 kb of TSSs in ARR cells. Table show the top 10 GO term biological
processes, percentage of genes, P-value and gene names.
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In DU.528 cells, the recognised genes were linked to regulation of MAP kinase activity,
vascular endothelial growth factor receptor signalling pathway, and regulation of

transcription including HHEX, LYL1, and NFE2 (Figure 3.31).

GO Term BP % PValue Genes

signal transduction 8074 | 1.79E-04 | PTGES3, F2RL3, SORL1, FASLG, ACVR1B, CHRNA9, PTGES,
RALA, STAM, RANBP1, MAP2K6, GTPBP1, LYN, STK24,
ARHGAP25, SAG, GABRR2, CD34, IPO7, PDCL, RINT, PDE9A,
MAPKT, EXT?2, GRASP, RIN3, OPN1LW LITAF, PPFIAT,
MAPKAPK3, CD70, CXXC5, POMC, PXN, ADRA2A, SH2B3, LIMD1,
CALML5, INPP5D, PIK3R1, RASA2, WINT8B, IL18R1, IL2RB,
ILTRL1, SPHK1, ORTF1, TNFSF9, SLAMF1, ITPR2, SH3BP5,
LSP1, RASSF6, CXCL14, HIVEP3, BCAR3, SH3BP2

positive regulation of 1275 3 97E-04 SORBS1, LASP1, SH2B3, STAM, SKAP1, CRK, SH3BP2 SLA,

signal transduction BCAR3

phosphatidylinositol 1.134 0.001502 PIK3C2B, PLCG2, SYNJ2, PIK3RS, INPP5D, PIK3RE, PIP4K2A,

biosynthetic process PIK3R1

platelet activation 1.559 0.002097 F2RL3, LYN, PLCG2, ADRA2A, PIK3R5, PIK3R6, PIK3R1, LCP2,
ITPR2, GPY, F2R

positive regulation of 1.984 0.003173 COLT8A1, LYN, MYQ1C, DIAPH1, SPHK1, SNAI2, SYNEZ2, ITGAS,

cell migration XBP1, SEMATA, ADRAZA, SEMA4A, PIK3R1, FZ2R

negative regulation of 0.85 0.003833 CBLC, SPRY1, LYN, SORL1, MAPKY, DUSFP7

MAP kinase activity

response to cytokine 0992 0004069 TYMS, REL, PTGES, JUN MAPKAPK3, BCL2L1, STATT

vascular endothelial 1134 0005179 XBP1, MAPKAPK3, CYFIP2, HSPB1, BRK1, CRK, PIK3R1, PXN

growth factor receptor

signalling pathway

positive regulation of 3.97 0.005501 E2F3, RAI, S0X7, ZBTB16, HHEX, SKAP1, IL10, CTNNB1, EPC1,

transcription, DNA- FUBP3, LYL1, HNRNPD, TESC, TRIP4, NFE2, 115, VHL, MECP2,

templated PIM2, STATT, TNNIZ2, JUN, HIVEP3, KDMS, IRF1, PTCH1, ZFHX3,
F2R

negative regulation of 0.85 0.008078 UCN, REL, CD34, SNCA, SORL1, CTNNB1

neuron death

Figure 3.31 GO analysis show genes associated with regulation of MAP kinase
activity, vascular endothelial growth factor receptor signalling pathway, and
regulation of transcription in DU.528 cells.

GO analysis on putative target genes of PHF6/LMO2/TAL1/LDB1 shared peaks that
are within 50 kb of TSSs in DU.528 cells. Table show the top 10 GO term biological
processes, percentage of genes, P-value and gene names.

The GO terms also highlighted genes associated with JAK-STAT cascade, regulation

of transcription, germ cell development, and regulation of anoikis in HSB2 cells, where

STAT5A and RUNX1 were also identified (Figure 3.32).
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GO Term BP % PValue Genes

JAK-STAT cascade 0.991 0.001224 IFNL2, SOCS3, STATDHA, IFNL3, CTR9, IL31RA

negative regulation of 5.446 0.001794 BACH2, WFS1, CTCF, CXXC5, WT1, CTNNB1, EPC1, EZR, REL,

transcription from RNA DRAP1, ZNF683, JUND, RARA, BHLHEA40, MAF, TCF7, RCOR3,

polymerase Il promoter IKZF1, VHL, DMRT1, SMAD3, CELA1, SNAI2, CTR9, NOTCH1,
SNAI3, ACVR2B, BPTF, RIPPLY1, PTCH1, PRDM1, RERE,
HDAC7

leukocyte cell-cell 0.826 0.003501 VCAMT, ITGAL, EZR, CD40LG, ITGB1

adhesion

negative regulation of 0.661 0.003939 PTGIS, ATP2B4, CD34, IL10
nitric oxide biosynthetic
process

positive regulation of 0.826 0.004055 GPR18, LFAR6, ARRB1, GPR17, ADGRG1
Rho protein signal
transduction

positive regulation of 1.156 0.004607 LAT, SH2B3, STAM, GRAP2, SH3BP2, SI A, BCAR3
signal transduction

signal transduction 7.426 | 0.00594 ITGAL, OXT, SORL1, FPR3, CXXC5, POMC, VIPR2, ARHGAPS,
RAC2, CHRNAY, SH2B3, RALA, RARA, STAM, RANBP1, RUNXT,
RASA3, KIF13B, AVP, EPAS1, STK24, NDFIP2, ARHGAP25, SAG,
TNFSE8, SH3BPS5, TRIMS5, LAT, ACVR2B, MAPK6, ARRB1,
CD34, HIVEP3, CHRNB3, GRK7, RAP1A, RINT, PDE9A, VOPP1,
IGFBP2, XCL2, CD226, PLAU, BCAR3, SH3BP2

germ cell development 0.826 0.006859 RARA, PRDIM1, BCL2L1, LIN28A, WT1
cell-matrix adhesion 1.321 0.008299 VCAMT, ITGAL, ITGA6, CD34, HPSE, ITGB1, CTNNB1, MUC4

negative regulation of 0.661 0.00868 NOTCHT, BCL2L1, SNAIZ, ITGB1
anoikis

Figure 3.32 GO analysis show genes associated with JAK-STAT cascade,
regulation of transcription, and germ cell development in HSB2 cells.

GO analysis on putative target genes of PHF6/LMO2/TAL1/LDB1 shared peaks that
are within 50 kb of TSSs in HSB2 cells. Table show the top 10 GO term biological
processes, percentage of genes, P-value and gene names.

The analysis in CCRF-CEM cells showed genes such as CD84 and CD47 involved in
leukocyte migration. Biological processes also included transport and T-helper 17 cell
lineage commitment. Genes including JARID2 and MYB were linked to regulation of
H3-K9 methylation (Figure 3.33). Interestingly, many genes that are associated with
hematopoietic transcriptional regulation involving TAL1, LYL1, RUNX1, MYB, SPI1,
NOTCH1, TCF7 and ETS1 (Hoang et al., 2016, Baer, 1993, Imperato et al., 2015, Palis
et al., 1999, Ciau-Uitz et al., 2013, Wilson et al., 2011, Weng et al., 2006, Rothenberg
et al., 2016) were potential targets of the PHF6/LMO2/TAL1/LDB1 complex in these T-

ALL cell lines. These findings are in line with the ChIP gPCR results which showed
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binding of PHF6, LMOZ2, TAL1, and LDB1 at the RUNX1 enhancer, and reflected the
UCSC analyses which showed peaks of these factors at the regulatory elements of

RUNX1 and NFEZ2.

GO Term BP % PValue Genes
leukocyte migration 3922 0.002341 CD84, CD47, CD244 ITGA6, CD34, DBH
transport 5229 0.016649 GET4, SLC35B1, PITPNMZ2, LAPTMS, ABCB10, CLCNKB,

MFSD2E, ITPR2

T-helper 17 cell lineage 1.308 0.037252 SLAMF6, LY9
commitment

positive regulation of 1.308 0.044536 JARIDZ2, MYB
histone H3-K9
methylation

Figure 3.33 GO analysis show genes associated with T-helper 17 cell lineage
commitment, and regulation of H3-K9 methylation in CCRF-CEM cells.

GO analysis on putative target genes of PHF6/LMO2/TAL1/LDB1 shared peaks that
are within 50 kb of TSSs in CCRF-CEM cells. Table show the GO term biological
processes, percentage of genes, P-value and gene names.

3.2.15 PHF6/LMO2/TAL1/LDB1 binding sites are associated with differentially

expressed genes in T-ALLs

To investigate whether PHF6/LMO2/TAL1/LDB1 common binding sites may potentially
regulate gene expression, we integrated the ChlP-seq data of these bound regions
with RNA-seq data in each cell line as described in section 3.2.3. These data showed
722 differentially expressed genes associated with the common peaks in ARR. Lower
numbers of differentially expressed genes were identified in the other cell lines with
458 genes in DU.528, 428 genes in HSB2 and 114 genes in CCRF-CEM. To explore
the genes that were possibly regulated by PHF6/LMO2/TAL1/LDB1 shared peaks in
all four cell lines, the gene names of the targeted differentially expressed genes per
cell line were intersected. The Venn diagram showed 45 differentially expressed genes

common between the four cell lines which are potential targets of

135



PHF6/LMO2/TAL1/LDB1 binding (Figure 3.34A). The gene ontology analysis of these
common genes revealed involvement in leukocyte migration through CD84 and CD47.
GO terms also showed signal transduction, transmembrane receptor protein tyrosine
kinase signalling pathway and platelet activation. It also highlighted haematopoietic
stem cell proliferation through RUNX1 and ETV6 (Figure 3.34B). Strikingly, CD84,
CD47, RUNX1 and ETV6 have previously been found to be regulated by TAL1 in T-

ALL (Sanda et al., 2012, Tan et al., 2019).

CCRF-CEM

GO Term BP % PValue Genes

leukocyte migration 8.8689 0.002622 CD84, CD47, DOKZ, PIK3CB
DOKZ2, ANKZ2, PIK3CB, DGKG, CHNZ, STAM, CXXC35,

signal transduction 20 0.003863 |RUNXT, VAVZ
transmembrane receptor protein
tyrosine kinase signalling pathway 6.667 0.019895 |DOK2, PIK3CB, AHI1
platelet activation 6.667 0.027843 |PIK3CB, DGKG, VAV2
hematopoietic stem cell proliferation 4.445 0.031232 RUNX1, ETV6

Figure 3.34 PHF6/LMO2/TAL1/LDB1 common peaks in T-ALL cells are
associated with genes involved in HSC proliferation.

(A) Venn diagram show Gene ID overlaps of differentially expressed genes
associated to PHF6/LMO2/TAL1/LDB1 shared peaks in T-ALL cell lines. (B) GO
analysis on the 45 genes common in all T-ALL four cell lines. Table shows GO term
biological processes, percentage of genes, P-value and gene names.
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To illustrate the variation in gene expression between the cell lines a pairwise Pearson
Correlation with complete linkage was calculated between the log2 FPKM values as
described in section 3.2.4. Hierarchical clustering of these correlations in ARR
identified five clusters (Figure 3.35). Some clusters such as 1 and 2 showed genes
with lower expression in ARR compared to the other cell lines, while clusters 3, 4, and

5 showed genes with higher expression in ARR (Figure 3.35).
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Figure 3.35 RNA-seq analyses of ARR line.

Heat maps showing hierarchical clustering of differentially expressed genes. These
genes are either the nearest 5’ or 3’ gene or contain the PHF6/LMO2/TAL1/LDB1
peaks within the gene body. Scale bars represent colour index for the log2 FPKM
values. Self-organising tree analysis identified 5 clusters.
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The gene ontology analysis on genes with low levels of expression in clusters 2
showed their involvement in T-cell receptor signalling pathway, regulation of 1-kB
kinase/NFkB signalling, organ development, intracellular signal transduction and
regulation of transcription (Figure 3.36A). The genes with elevated expression in
cluster 3 were associated with haematopoiesis, cell proliferation, protein

phosphorylation, and regulation of autophagy (Figure 3.36B).
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TNFRSF21, CARD11, RBCK1, GRAP2, PAGT,
T cell receptor signalling pathway 4055 000975 CD28

positive regulation of I-kB

kinase/NFkB signalling 4.055 0.013701 MAVS, CARD11, CCR7, TRIMS, RBCK1, TRIM13
pancreas development 2028 0014334 ALDH1A2 WFS1, ILDR2
O-glycan processing 2703 0.015636 XXYLT1, GALNT6, POFUT1, C1GALT1

PLCL1, MAGI3, BCR, SPSB1, DGKG, STK17B,
intracellular signal transduction 6.082 0.025596 HSPB1, PAG1, NFATC1
protein O-inked glycosylation 2.028 0.031805 TET3, GALNTS6, POFUTT
heart morphogenesis 2028 0.031805 ALDH1A2, ASXL1, PTCH1
positive regulation of transcription, NCOA3, ETS1, TAF8, KDM8, IRF1, PTCHT,
DNA-templated 6.757 0.037442 RUNX1, TRERF1, WT1, NFATC1
kidney development 2703 0.039727 ALDH1A2, WES1, WT1, C1GALT1

negative regulation of osteoblast
differentiation 2028 0.045676 GDF10, PTCH1, HDAC7

GO = BP m

TAL1, GATAZ, GFI1B, ZBTB16, CD164, RUNX2,

haematopoiesis 3744 4 72E-05 ADD2
positive regulation of receptor
internalization 2674 130E-04 PLCG2 TBC1D5, AHI1, CD63, SYK

LITAF, PDIA3, NEDDS, IGF1R, ANK2, CD69,
NR2F6, CSF2RB, STAM, NDRG2, NR2F2, ERG,
IRS2, PIK3CB, NDFIP2, PDE4D, CD164, STK3,
CORO1C, GRB10, DOK2, P2RX1, CD33,

signal transduction 14.974 1.97E-04 ZDHHC13, BRE, CHN2, INPP4B, ARHGAP10

ERG, IRS2, PIM1, DUSP22, PIM2, 1SG20, GFI1B,
cell proliferation 6.952 8.01E-04 FAMB83A, BCL2, FOXC1, RAP1B, AXIN2, SYK
lymph vessel development 1.605 0.00327 FOXCT1, NR2F2, SYK

transmembrane receptor protein
tyrosine kinase signalling pathway 3.209 0.004284 IGFIR, MTSS1, DOK2, PIK3CB, AHIT, SYK

ERG, TNIK, MMD, PIM1, AKAP13, MKNKT, TRIO,

protein phosphorylation 6.952 0.004936 PIM2, STK3, RPS6KAS, APP, ERN1, SYK
positive regulation of I-kB LITAF, ZDHHC13, F2RL1, TGM2, NDFIP2,
kinase/NFkB signalling 3744 0.009135 AKAP13, PIM2

positive regulation of autophagy 214 0.00978 PIK3CB, ATG7, TBC1DS, Pll12

cellular protein localization 214 0.011925 ANK2 AHI1, CD63, AXINZ

Figure 3.36 GO analysis on differentially expressed genes associated with
PHF6/LMO2/TAL1/LDB1 shared peaks in ARR cells show genes involved in
regulation of transcription and haematopoiesis.

GO analyses for biological processes performed on (A) cluster 2, (B) cluster 3 as
identified in Figure 3.35. Table of GO term biological processes, percentage of
genes, P-value and genes.
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Hierarchical clustering in DU.528 cells showed five clusters (Figure 3.37). The genes
in clusters 1, 2, and 3 showed similar levels of expression between DU.528, HSB2,
and CCRF-CEM. Most of the genes with the higher levels of gene expression in

DU.528 compared to the other cell lines, were grouped in cluster 5 (Figure 3.37).
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Figure 3.37 RNA-seq analyses of DU.528 cell line.

Heat maps showing hierarchical clustering of differentially expressed genes. These
genes are either the nearest 5’ or 3’ gene or contain the PHF6/LMO2/TAL1/LDB1
peaks within the gene body. Scale bars represent colour index for the log2 FPKM
values. Self-organising tree analysis identified 5 clusters.
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GO analysis of clusters 1 and 2 combined identified genes that are associated with
regulation of I-kB kinase/NFkB signalling, activated T-cell proliferation, cellular
response to UV light, regulation of MAPK cascade, and chromatin remodelling (Figure
3.38A). Many genes involved in regulating the activity and signalling pathways of
enzymes essential for fundamental cellular processes such as GTPase and kinases
were found in cluster 5. Also, genes linked to apoptotic process, leukocyte migration,

and platelet formation were identified in cluster 5 (Figure 3.38B).
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positive regulation o fl-kB

kinase/NFkB signalling 6.452 0.020755 FYN, PELIZ, PRKCE, LGALSS
activated T cell proliferation 3.226 0.025158 SATB1, FYN

cellular response to UV-B 3226 0028701 MME, MFAP4

positive regulation of ceramide

biosynthetic process 3.226 0.032231 PLA2G6, SMPD3

positive regulation of MAPK

cascade 4839 0.035009 PELIZ, PRKCE, KSR1

positive regulation of glial cell
proliferation 3.226 0.035748 MYC, ETVS

chromatin remodelling 4839 0.039042 SATB1, SATB2, MYC

regulation of release of sequestered
calcium ion into cytosol 3.226 0.039253 ANKZ2, PRKCE

phosphatidylinositol 3-kinase

signalling 3247 9 88E-05 ZFP36L1 IGF1R, PIK3CB, XBP1, PIK3R5
LIMS1, CYTH1, PREX1, CYTH4, DENND2D,
ARHGEF12, ITGB1, FARP1, ARHGAF25,

positive regulation of GTPase ANKRD27, NTRK1, CHN2, RGSS, NET1, FGD4,

activity 10.39 2.05E-04 RIN3

transmembrane receptor protein

tyrosine kinase signalling pathway 3.897 0.001847 IGF1R, DOK2, PIK3CB, NTRK1, AHI1, LCP2
MEF2C, PRF1, CFLAR, PTPNG, DFFB, RMDN3,
FPINM1, ZBTB16, PIM2, BCL2L11, PLAGLT,

apoptotic process 9.091 0.002074 ZFP36L1, CASP3, DAD1

leukocyte migration 3.897 0.005191 CD84, PTPN6, DOK2, PIK3CB, F2RL1, ITGB1

anterior/posterior pattern
specification 3.247 0.006131 HOXB3, HOXB4, HOXBG, ZBTB16, NR2F2

regulation of Rho protein signal
transduction 3.247 0.006405 PREX1, ARHGEF12, FARP1, FGD4, NET1

TRAF3IP2 MAST4, PTPN6, PREX1, CHN2, FER,
intracellular signal transduction 6.494 0.01165 RGS9, ARHGEF12, LCP2, NET1
platelet formation 1.949 0.012741 MEF2C, PTPN6, CASP3

cellular response to peptide
hormone stimulus 1949 0014073 ZFP36L1, MAX, XBP1

Figure 3.38 GO analysis on differentially expressed genes associated with
PHF6/LMO2/TAL1/LDB1 shared peaks in DU.528 cells show genes involved in
lymphocyte processes, regulation of MAPK cascade, and chromatin
remodelling.

GO analyses for biological processes performed on (A) cluster 1 and 2, (B) cluster 5
as identified in Figure 3.37. Table of GO term biological processes, percentage of
genes, P-value and genes.
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The five clusters identified in HSB2 cells showed a variety of high and low levels of
gene expression per cluster (Figure 3.39). Mainly, cluster 1 contained genes with lower
expression than the other cells, whereas cluster 4 showed some genes with higher

expression than ARR and CCRF-CEM (Figure 3.39).
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Figure 3.39 RNA-seq analysis of HSB2 cell line.

Heat maps showing hierarchical clustering of differentially expressed genes. These
genes are either the nearest 5’ or 3’ gene or contain the PHF6/LMO2/TAL1/LDB1
peaks within the gene body. Scale bars represent colour index for the log2 FPKM
values. Self-organising tree analysis identified 5 clusters.

The GO terms of cluster 2 revealed several genes associated with signal transduction,
B-cell processes, regulation of transcription, and haematopoiesis (Figure 3.40A). In
cluster 4 there were genes involved in protein phosphorylation, signal transduction,

regulation of ERK1 and ERK2 cascade, and stem cell differentiation (Figure 3.40B).
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positive regulation of signal
transduction 4.445 0.004149 VAV3, SH2B3, SH3BP2, SLA

FYB, PTPN6, PRKCQ, GNB1L, SPSB1, SH2B3,
intracellular signal transduction 8.889 0.00555 KRGS9, DAPK1
positive regulation of
phosphatidylinositel 3-kinase

activity 3.334 0.01169 CCR7, VAV3, FLT1
Fc-epsilon receptor signalling
pathway 5556 0.01483 CARDT1, PRKCQ, VAV3, NFKB1, NFATC3
negative regulation of vitamin D
biosynthetic process 2223 0.021034 NFEKB1, GFIT
negative regulation of B cell
receptor signalling pathway 2223 0.021034 PTPNG6, LPXN
TNS4, DNASET, PTPNG, BRMS1, DFFB, TNFAIPS,
apoptotic process 8889 0.030806 NEKB1, DAPK1
regulation of B cell differentiation 2223 0.031387 CARD11, PTPN6
negative regulation of transcription BRINMS1, ATNT, WFS1, NEKB1, PTCH1, GFI1,
from RNA polymerase Il promoter 10 0.036965 ETV6, WT1, HDACT
haematopoiesis 3.334 0.039105 RTKN2, SH2B3, GFI1

TNIK, STK24, PIM1, STK17B, MMD, AKAP13,

PRKCH, ST3GAL1, RPS6KAS, APP, MAP3K8,
protein phosphorylation 10.834 9.54E-05 STK38L, MATK

SH3BPS, RPS6KAS, PLCL2, TNIK, PREXT,

PREX2, STK17B, CHN2, PRKCH, AKAP13,

intracellular signal transduction 10 1.37E-04 STK38L, LCP2

transmembrane receptor protein

tyrosine kinase signalling pathway 5 6.01E-04 IGF1R, DOK2, PIK3CB, AHI1, LCP2, MATK
SNX9, IL2RB, PREX1, PREX2, CYTH4, AKAP13,

positive regulation of GTPase ITGB1, FARP1, ARHGAP25, RGS10, ARRB1,

activity 10.834 6.73E-04 RASGRP1, CHN2

trophoblast giant cell differentiation 25 0.003138 LIF, SOCS3, NR2F2

protein autophosphorylation 5 0.007606 EPHA4, IGFTR, TNIK, STK24, PiM1, STK17B

IL2RB, STK24, PIK3CB, PRKCH, CXXCS,
ARHGAP25, SH3BPS, IGF1R, DOK2, ARRB,
RASGRP1, IL4R, RALB, CHNZ2, STAM, VOPP1,

signal transduction 14 167 0.007824 NR2F2

negative regulation of ERK1 and

ERK2 cascade 3.334 0.008066 LIF, NLRP6, RANBPS, ARRB1
stem cell differentiation 25 0.015572 LIF, PHF19, RUNX2

cardiac muscle cell differentiation 25 0015572 AKAP13, ITGB1, FOXP1

Figure 3.40 GO analysis on differentially expressed genes associated with
PHF6/LMO2/TAL1/LDB1 shared peaks in HSB2 cells show genes involved in
B-cell processes, haematopoiesis, and stem cell differentiation.

GO analyses for biological processes performed on (A) cluster 2, (B) cluster 4 as
identified in Figure 3.39. Table of GO term biological processes, percentage of
genes, P-value and genes.
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Hierarchical clustering in CCRF-CEM cells showed four clusters, where genes with
lower gene expression were grouped in clusters 1 and 2. Conversely, clusters 3 and 4
contained genes with higher gene expression compared to ARR and DU.528 (Figure
3.41). Because of the limited number of peaks that were called in CCRF-CEM cells, a
relatively small number of differentially expressed genes were associated with them.
These 114 genes in all 4 clusters were involved in cell surface receptor signalling
pathway, regulation of GTPase activity, cell migration, vascular endothelial growth
factor receptor signalling pathway, regulation of apoptotic process, and mitotic cell

cycle (Figure 3.42).
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Figure 3.41 RNA-seq analysis of CCRF-CEM cell line.

Heat maps showing hierarchical clustering of differentially expressed genes. These
genes are either the nearest 5’ or 3’ gene or contain the PHF6/LMO2/TAL1/LDB1
peaks within the gene body. Scale bars represent colour index for the log2 FPKM
values. Self-organising tree analysis identified 4 clusters.
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cell surface receptor signalling DOK2, MAGI1, DTX1, TSPANY, EVL, ADGRGT,
pathway 7.018 0.00133 ADAP1, ADGRG3

RCBTB2, VAV3, PREX2, ARHGAP19, DOCKY,
positive regulation of GTPase CHNZ2, AKAP13, DENND2D, VAVZ2, IQGAP1,
activity 9.65 0.00212 ADAP1
cell migration 5.264 0.003819 ERG, PIK3CB, FAT1, FOXC1, VAV2 ADGRGT1
leukocyte migration 4.386 0.006299 CD84, CD47, CD244, DOK2, PIK3CB
vascular endothelial growth factor
receptor signalling pathway 3509 0.009331 VAV3, PIK3CB, FOXC1, VAV2
positive regulation of apoptotic PNMAZ, IGF2R, RASSFZ2, AKAP13, VAV2,
process 6.141 0.009512 CAMKI1D

CD244, ERG, PIK3CB, ARHGAP19, CXXC5, VAV2,
IQGAP1, DOK2, CCND3, ANK2, DGKG, IGF2R,

signal transduction 13.158 0.00955 CHNZ2, STAM, RUNXT
regulation of Rho protein signal
transduction 3.509 0.012841 VAV3, PREX2, AKAP13, VAV2

transmembrane receptor protein

tyrosine kinase signalling pathway 3509 0020164 MTSS1, DOK2, PIK3CB, AHI1

mitotic cell cycle 2632 0.025225 FER, MYB, PPP2R2A
Figure 3.42 GO analysis on differentially expressed genes associated with
PHF6/LMO2/TAL1/LDB1 shared peaks in CCRF-CEM cells show genes

involved in regulation of GTPase activity, vascular endothelial growth factor
signalling pathway, and mitotic cell cycle.

GO analyses for biological processes performed on all 4 clusters as identified in
Figure 3.41. Table of GO term biological processes, percentage of genes, P-value
and genes.

Altogether, these analyses showed differentially expressed genes that are possibly
regulated by PHF6/LMO2/TAL1/LDB1 binding sites. Many of these genes encode for
haematopoietic TFs such as TAL1, MYB, RUNX1, and GATA2 (Hoang et al., 2016,
Baer, 1993, Imperato et al., 2015, Palis et al., 1999, Ciau-Uitz et al., 2013, Wilson et
al., 2011). Moreover, several genes encoding for members of the ETS family of TFs
were identified namely ETS1, ERG, ETV5, ETV6 (Sharrocks, 2001). A reoccurring
observation from GO analyses are genes associated with regulation of transcription,
haematopoiesis, cell proliferation, and lymphocyte cell processes. Collectively this

indicates a transcriptional regulatory function of PHF6 with the LMO2 complex.

146



3.2.16 PHF6 is associated with active enhancers in DU.528 cells

The ChIP-seq analyses in T-ALL cell lines indicated a transcriptional regulatory
function for PHF6 and the genomic regions bound PHF6/LMO2/TAL1/LDB1 common
peaks were linked to genes involved in haematopoiesis and transcriptional regulation.
Taken that many of PHF6/LMO2/TAL1/LDB1 common peaks were located far from
TSSs, we speculate that these factors bind enhancers rather than promotors. Gene
promotors mostly reside at TSSs where TFs can bind and regulate gene expression
(Suzuki et al., 2001). The histone 3 lysine 27 acetylation (H3K27ac) marks both active
promoters and distal enhancers (Ernst et al., 2011, Creyghton et al., 2010). Therefore,
we sought to compare the ChlP-seq data of DU.528 cell line with published ChIP-Seq

datasets for H3K27ac enriched DNA (Abraham et al., 2017).

The histone mark H3K27ac sequence reads were generated from regulatory sites in
DU.528 cells, providing a good indicator of active enhancer state. These adapted
ChIP-Seq datasets showed 50600 H3K27ac enriched regions (Abraham et al., 2017).
The percentage of PHF6 which occupied these regions was 19% of the total PHF6
peaks (Figure 3.43A). Comparably, 38% of PHF6/LMO2/TAL1/LDB1 common peaks
were enriched for H3K27ac. A higher percentage i.e 60% of overlap was found
between the regions bound by LMO2/TAL1/LDB1 and H3K27ac modified regions
(Figure 3.43A). This was also reflected on the heat maps where PHF6 showed less
binding to H3K27ac marked regions. LMO2 and TAL1 showed stronger binding to
these regions while, LDB1 showed slightly less occupancy (Figure 3.43B). This
indicated that the regions bound by PHF6 are not highly associated with enhancer rich

H3K27ac histone marks.
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Figure 3.43 PHF6 peaks bind H3K27ac enriched regions in DU5.528 cells.

(A) A diagram showing the number of H3K27ac enriched regions (red circle), the
percentage of PHF6 bound regions marked with H3K27ac (green circle) with the
total number of PHF6 enriched regions and number of overlapping regions with
H3K27ac indicated, the percentage of PHF6/LMO2/TAL1/LDB1 bound regions
marked with H3K27ac (purple circle) with the total number of
PHF6/LMO2/TAL1/LDB1 enriched regions and number of overlapping regions with
H3K27ac indicated, the percentage of LMO2/TAL1/LDB1 bound regions marked with
H3K27ac (blue circle) with the total number of LMO2/TAL1/LDB1 enriched regions
and number of overlapping regions with H3K27ac indicated. (B) Heat maps of
H3K27ac ChIP-seq data (region sets) ranked according to peak intensity score in
descending order. The plots showing ChIP-seq data of PHF6, LMO2, TAL1, and
LDB1 overlaid on H3K27ac ChIP-seq region-sets. The Y-axis represents individual
positions of the regions, and the X-axis represents —2 kb to +2 kb window centred
on the summits of H3K27ac peaks. At the bottom of each plot a bar showing the
relationship between colouring and signal intensity.
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There were PHF6/LMO2/TAL1/LDB1 peaks at H3K27ac enriched active enhancers in
DU.528 cells. One example is the HHEX enhancer where PHF6 co-localised with
LMO2 complex and H3K27ac was enriched (Figure 3.44). The RNA-seq track showed
HHEX expression, which supports the notion that the HHEX enhancer is in an active
state (Figure 3.44). Previous studies have reported HHEX as a direct transcriptional
target of the LMO2 complex in human T-ALL (Cleveland et al., 2013, Oram et al., 2010,
Smith et al., 2014). This supports the gene ontology analysis where GO terms identified
genes that are involved in haematopoiesis and transcriptional regulation as potential
targets of PHF6/LMO2/TAL1/LDB1 common peaks. Importantly, this gives a strong
indication that PHF6 can bind with the LMO2 complex members at enhancer
associated regions and activate gene expression of TFs that play important roles in

transcriptional regulatory networks involved in haematopoietic development.
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Figure 3.44 Binding profiles of PHF6, LMO2, TAL1, LDB1, and H3K27ac in
DU.528 cells.

Screenshot from the UCSC browser showing ChIP-seq binding profiles at HHEX
enhancer (red box), and the distribution of RNA-seq reads over the HHEX locus.
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3.2.17 Identification of PHF6 interacting partners by mass spectrometry

Having corroborated the interaction between PHF6 and LMO2, we next investigated
the interacting partners of PHF6 through proteomic analysis. Antibodies against PHF6
and IgG (negative control) were used for the immunoprecipitations in all four T-ALL cell
lines, which was followed by mass spectrometry. The data analysis was carried out as
described in section 3.2.5. The numbers of peptides that coprecipitated exclusively

with PHF6 were 57 in ARR, 19 in DU.528, 25 in HSB2, and 30 in CCRF-CEM (Figure

3.45).
ARR DU.528
57 19
107 4 63 2
10 28
1378 4, 6 1407 , 5
HSB2 CCRF-CEM
25 30
62 5 74 8
38 30
1397 4 10 1397 , 2

Figure 3.45 Mass Spectrometry assay, T-ALL cell lines immunoprecipitation
with PHF6 and IgG antibodies.

Venn diagrams showing overlap of proteins pulled down with PHF6 (yellow circle)
versus IgG (green circle) and common contaminants (blue circle) in T-ALL cells.
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To investigate the proteins shared between cell lines, the gene names encoding for
proteins that are specifically pulled down with PHF6 per cell line were intersected and
the proteins that were common in two or more of the cell lines were selected (Figure
3.46A). This data showed PHF6 interaction with multiple components of the NuRD
chromatin remodelling complex including CHD4, HDAC1, and RBBP4 (Todd and
Picketts, 2012), in addition to the upstream binding factor UBF1 encoded by the UBTF
gene (Wang et al., 2013). These proteins were not immunoprecipitated with PHF6 in
all cell lines (Figure 3.46B). One protein that coprecipitated with PHF6 in all four cell
lines was EWSR1 (Figure 3.46B). The EWS RNA Binding Protein 1 (EWSR1) protein
is involved in RNA binding, transcription, RNA metabolism and rearrangements of

EWSRL1 gene are associated with soft tissue tumours (Fisher, 2014).
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ARR_aPHF6 DU528 aPHF6

J

Z CCRF-CEM _aPHF6

HSB2_aPHF6
B
Cell line Gene Name

ARR and DU.528 ABCF1, FAU, RRM2,TRRAP

ARR and HSB2 NOLC1, TOP2B, SFRS1

ARR and CCRF-CEM ARID1A, CHD4, EP400, PHFS6,
SMC1A

DU.528 and HSB2 FXR1

DU.528 and CCRF-CEM CAPRIN1

HSB2 and CCRF-CEM ARHGEF2, CDC2, GATAD2B,,
G3BP1, KIAA0556, SART1, RPS17

ARR, DU.528, and CCRF-CEM UBTF

ARR, HSB2, and CCRF-CEM KHDRBS1

ARR, DU.528, HSB2, and CCRF- EWSR1

CEM

Figure 3.46 Mass Spectrometry analyses show coprecipitation of ESWR1 with
PHF6 in all four cell lines.

(A) Venn diagram showing Gene ID overlaps of proteins pulled down with PHF6 in
T-ALL cells. (B) Table of gene names of proteins common in two cell lines or more.
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To further explore the peptides in common between PHF6 and LMO2, the proteins
specifically coprecipitated with LMO2 and PHF6 in each cell line were intersected. The
Venn diagrams revealed 1 protein common in ARR which was PHF6. The intersection
in HSB2 and CCRF-CEM showed 8 and 6 peptides in common, respectively (Figure
3.47). EWSRL1 was identified as potential interactor of both PHF6 and LMOZ2 in HSB2
and CCRF-CEM cells. Finally, this suggests that EWSRL1 interacts with PHF6 and
LMO2 in these cells and further investigations may verify the interaction and study

whether it plays role in T-ALL leukemogenesis.

ARR DU.528
8 1 56 51 0 19
HSB2 CCRF-CEM

27 8 17 42 6 24

Figure 3.47 Venn diagrams showing overlap of proteins pulled down with
LMO2 (yellow circle) versus PHF6 (blue circle) in T-ALL cells.
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3.3 Discussion

The existence of specific molecular subtypes of T-ALL has long been established
(Ferrando et al., 2002, Homminga et al., 2011), but there has been no profound
description of functional differences between them. Therefore, high-dose
chemotherapy treatment regimens are applied uniformly across subtypes. Although
cure rates of leukaemia have increased, it is usually coupled with high toxicity side
effects (Pui et al., 2008, Liu et al., 2011). The TAL/LMO is the largest subgroup,
accounting for 40-60% of all cases. Aberrant overexpression of LMOZ2, in concert with
TAL1 leads to accumulation of immature thymocytes and a block in their differentiation
(Zhang et al.,, 2012a, Homminga et al., 2011). Although several types of genetic
alterations were observed across different subgroups of T-ALL, some abnormalities do
not occur simultaneously (Belver and Ferrando, 2016, Van Vlierberghe et al., 2008).
As an example, mutations of the PHF6 gene were reported in T-ALL, but were largely
mutually exclusive with the LMO2/TAL1 subgroup (Van Vlierberghe et al., 2010, Van
Vlierberghe et al., 2011, Li et al., 2016, Wang et al., 2011, Vicente et al., 2015). In this
study we describe functional commonalities and differences between the genes that
are associated with the LMO2/TAL1 complex binding sites. Furthermore, we report a
novel interaction between LMO2 and PHF6 which showed a potential transcriptional

regulatory function.

3.3.1 ChIP experiments confirmed LMO2/TAL1 binding to regulatory elements

The LMO2/TALL1 complex has been described in haematopoiesis and particularly
erythropoiesis, however little is known about it in T-ALL and a single model has been
demonstrated in T-cell cancer. The described model is comprised of LMO2, LDB1 and

can bind DNA through two E-box motifs including TAL1 (Wadman et al., 1997, Grutz
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et al., 1998). We confirmed the known interaction between LMO2 and TAL1 (Larson
et al., 1996) in four human T-ALL cell lines ARR, DU.5228, HSB2, and CCRF-CEM.
The latter three cell lines possess SIL/TAL deletion that leads to the abnormal
expression of TAL1 under the SIL gene regulatory element (Cave et al., 2004, Janssen
et al.,, 1993). All the four cell lines have immature T-cell features according to the
expression of CD markers (Sandberg et al., 2007).

We investigated binding of the LMO2/TAL1 complex throughout the genome by ChiP-
seq experiments. In our attempt to find out whether the overexpression of TAL1 due to
the SIL/TAL1 mutation affects the binding of the complex to the DNA, we observed that
LMO2/TAL1 complex localise at the same motifs in ARR and SIL/TAL1 cells. The
enriched motifs were mainly RUNX1, GATA and ETS which reside at regulatory
element regions (Nottingham et al., 2007, Anderson et al., 1998, Boros et al., 2009,
Sanda et al., 2012). In a previous study the genomic regions occupied by LMO2 and
TAL1 in CCRF-CEM cells have been investigated and de novo motif analyses of these
bound regions identified E-box, GATA and RUNX motifs as well as known motifs for

the ETS family of transcription factors (Sanda et al., 2012).

Furthermore, our ChIP confirmed binding of LMO2 and TAL1 to regulatory elements
known to regulate transcription factors involved in haematopoiesis, such as RUNX1
and SPI1 (Wilson et al., 2010). Our data also showed co-localisation of LDB1 at the
RUNX1 +23 kb enhancer (Nottingham et al., 2007). This is in agreement with Sanda
et al. which showed TAL1 and LMOZ2 binding at this RUNX1 +23 kb enhancer in CCRF-
CEM cells (Sanda et al., 2012). This indicated that the aberrant expression of LMO2
and TAL1 in T-ALL cells triggers the formation of a complex similar to the one

described in haematopoietic progenitors that may regulate the expression of
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transcription factors that play roles in haematopoietic linage commitment and

differentiation.

3.3.2 Commonalities and differences between gene expression in ARR and
SIL/TAL1 cell lines

LMO2 has a well-established function in transcriptional regulation via direct interaction

with transcription factors including TAL1, LYL1, LDB1 and GATA proteins (Wadman

et al., 1994, Lecuyer et al., 2007, El Omatri et al., 2013). In this study, we sought to

expand upon previous analyses of LMO2/TALL1 in T-ALL by identifying the target genes

differentially expressed in T-ALLs, as well as their possible association with a distinct

leukemic phenotype and/or outcome.

The genome wide data analysis showed specific and robust binding sites which
strongly correlated with differences in gene expression shown by integrating ChiP-seq
data with RNA-seq. Moreover, gene ontology analysis allowed the identification of the
biological processes that are linked to genes that are differentially expressed between

the cell lines and potential targets of the LMO2/TAL1 complex.

We observed four different groups of differentially expressed genes that were
associated with genomic regions bound by LMO2 and TAL1 in ARR and SIL/TAL1
cells. In the first two groups were genes that associated with LMO2/TAL1 peaks that
were either exclusively found in ARR cells, or in SIL/TAL1 cells. The GO analyses
allowed for the identification of biological processes unique to cell lines. This showed
that ARR cells might require regulation of genes specifically needed for RNA
production and that they utilise metabolic pathways different from the SIL/TALL1 cells.

However, three facts have to be taken into consideration (i) each cell line is blocked at
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a different stage of differentiation, (ii) they are an in vitro model and the culture media
conditions might not exactly mimic the in vivo environment leading to different patterns
of gene expression and variable metabolic pathways, (iii) the LMO2/TAL1 complex
does not have a function after the DN2 stage in normal T-cells. Hence, it is possible
that the aberrant expression of LMO2/TAL1 complex is involved in the regulation of
genes that are exclusive to cell lines and tailored according to the phenotypic
requirements of each cell type. Because drug compounds may affect altered pathways
between cell lines differently, the documentation of gene expression differences along

signalling and metabolic pathways is important in drug discovery processes for T-ALL.

The third group included genes that associated with LMO2/TAL1 bound genomic sites
in common between ARR and SIL/TALL1 cells. This group of genes were involved in
regulation of translation, regulation of gene expression, T and B cell signalling
pathways, and apoptosis. The fourth group had differentially expressed genes in
common between the cell lines, but these genes were linked to different sites bound
by LMO2/TALL. These genes were essential for basic cellular functions such as
leukocyte development and differentiation in addition to transcriptional regulation. The
GO analyses in the latter two groups compared to the first groups, showed basic
molecular and cellular processes that are essential for living cells. This suggest that
regulation of these genes, irrespective of the binding sites of the LMO2/TAL1 complex,
may be crucial for the survival of these leukemic cells. Additionally, many of these
genes were associated with different peaks indicating that a single gene can possibly

be regulated through multiple elements bound by this complex.

Importantly, these analyses revealed many differentially expressed genes encoding

transcriptional regulators such as, NOTCH1, ETV6, NKX3-1, and ARID5B. Several
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groups have identified NKX3-1, and ARID5B as TAL1 target genes in T-ALLs (Kusy et
al., 2010, Leong et al., 2017, Sanda et al., 2012). It has been demonstrated that TAL1
regulates haematopoetic TFs including RUNX1, GATA3, MYB, and ETS family of
genes (Paliietal., 2011, Sanda et al., 2012). There is also evidence that the ETS family
transcription factor ERG gene is regulated through LMO2/TAL1 binding at the ERG
enhancer region in primary human T-ALL cells (Thoms et al., 2011). Additionally, other
ETS family members including, ETS1, ETV5, and ETV6 have been reported as TAL1

targets (Sanda et al., 2012).

On the other hand, Notch signalling is an important factor in T-cell development
(Ciofani and Zuniga-Pflucker, 2005). Activating mutations of NOTCH1 occur in over
50% of human T-ALL cases and many of TAL/LMO patients develop NOTCH1
mutations (Breit et al., 2006, Mansour et al., 2007). In mouse models, activation of
Notch cooperates with Tall/Lmol in inducing T-ALL (Tremblay et al., 2010). NOTCH1
can activate the MYC oncogene in T-ALL cells, thereby driving cell proliferation,
however the significance of MYC expression in LMO2/TAL1 T-ALLs remains unclear
(Weng et al., 2006). Different studies argued that TAL1 and NOTCH1 regulate the
same targets, suggesting that they compensate and potentiate each other to
synergistically promote T-cell leukemogenesis (Joshi et al., 2009, Wouters et al., 2007,
Sanda et al., 2012). Constitutive Notch signalling allows T-cell development to occur
independent of the thymic cell niche (Pui et al., 1999). Therfore, Curtis and
McCormack argued that because Notch signalling is not increased in immature
thymocytes in Lmo2 transgenic mice, Notch mutations may allow self-renewing
thymocytes to escape the cell niche requirement of DN3 thymocytes prior to overt T-

ALL (Curtis and McCormack, 2010). It is not certain that all these genes are
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downstream targets of LMO2/TAL1 complex in the T-ALL cells used in this study, albeit
finding them diffrentially expressed between the cell lines and associated with the
complex binding sites. However, many of our results are in line with data from other
studies, implicating a possible mechanism for the LMO2/TAL1 complex in the
pathogenesis of T-ALL, through which it regulates the expression of key transcription
factors and genes that play a role in maintaining an immature state of thymocytes with

self renewal capacity.

3.3.3 PHFG6 as a novel interactor of LMO2

In this study, we sought to expand upon previous investigations of the LMO2 complex
and its interacting partners in T-ALL by identifying novel members of the complex
through mass spectrometry analysis. We discovered PHF6 and HDAC1 as new
protein-protein interactors of LMOZ2. A previous study by Todd and Picketts presented
coimmunoprecipitation of HDAC1 with PHF6 and proved the interaction of these two
proteins with the NURD complex which is a multifuntional epigenetic regulator (Todd
and Picketts, 2012). However, we were interested in the interplay between PHF6 and
LMOZ2. Vlierberghe et al. previously demonstrated high levels of PHF6 transcript
expression in the human thymus and PHF6 was also detected by immunostainings in
mouse thymus. Consistently, variable levels of PHF6 expression were detected in
human T-cell progenitors at different stages of development (Van Vlierberghe et al.,
2010). This supported the gene expression profiles of PHF6 in our T-ALL cells, where
RNA-seq data showed the expression of intact PHF6 and western blots presented
detectable levels of PHF6 protein in these cells. We also showed the interaction

between LMO2 and PHF6 through two additional experimental techniques besides
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mass spectrometry, including protein pull down assays followed by western blot, and

proximity ligation assays.

Moreover, the immunostainings presented PHF6 and LMOZ2 localisation in the nuclei
of T-ALLs. While previous studies showed the localisation of PHF6 in the nucleus and
nucleolus of HelLa cells and HEK293T-cells (Todd et al., 2016, Todd and Picketts,
2012), we were able to visualise the localisation of PHF6 with LMO2 in the nuclei of T-
cells, but not in the nucleoli. This indicated that the interaction is occurring preferentially
within the nucleus. Similarly, the PHF6/NuRD interaction was only found within the
nucleoplasm because the NURD components localised to the nucleus with PHF6 and

had very little nucleolar localisation (Todd and Picketts, 2012).

3.3.4 PHF6, LMO2, TAL1, and LDB1 co-localise at regulatory elements and TF
motifs

Previous genome wide data of the LMO2 complex reported that LMO2, TAL1, and
LDB1 form a complex in T-ALL that is similar to the one described in early
haematopoetic progenitors and erythrocytes (Love et al.,, 2014, Nam and Rabbitts,
2006, Rabbitts et al., 1999, Curtis and McCormack, 2010). Indeed, our ChIP
experiments supported these findings. Moreover, ChlP-seq analyses of PHF6 showed
a remarkable number of overlapping peaks with the LMO2 complex members,
particularly in ARR cells. Many of these bound regions were found at known gene
regulatory elements, such as the RUNX1 +23 kb enhancer. We observed that strong
PHF6 peaks co-localised with LMO2, TAL1, and LDB1. Moreover, LDB1 co-occupied
sites with the strongest PHF6 binding where LMO2 and TAL1 were not bound. This
observation has yet to be furher explored. The common peaks between all four factors

also showed binding to accessible DNA regions. DHSs are known to possess cis-
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regulatory elements, including enhancers and promoters (Lyu et al., 2018, Cockerill,
2011). This means that the complex access to these open chromatin regions may allow
it to bind regulatory elements to regulate gene expression. Although TAL1 is more
frequently observed at gene promoters near transcriptional start sites, LMO?2 is rarely
found close to TSSs by ChIP-seq in multipotent progenitors (Wilson et al., 2010). On
the other hand, PHF6 was shown to occupy gene bodies and proximal

promoter/enhancer regions (Meacham et al., 2015).

Our analyses showed that many PHF6/LMO2/TAL1/LDB1 common peaks were not at
close proximity to TSSs. The majority of peaks were located at a distance farther than
50 kb from TSSs. This was not unexpected because enhancers can bypass
neighbouring genes to regulate genes located more distantly along a chromosome and
individual enhancers have been found to regulate multiple genes (Visel et al., 2009b,
Ron et al., 2017). In addition, LMOZ2 is known to form a multi-protein complex where
LDB1 multimerize, bringing distal enhancers along the DNA to close proximity to the
target gene promoter through DNA looping, thereby facilitating activation of
transcription (Cross et al.,, 2010, Matthews and Visvader, 2003). De novo motif
analyses of all the common peaks and the peaks that were less than 50 kb away from
TSSs revealed enrichment of TFs binding motifs. The three most significantly enriched
haematopoietic TFs motifs were RUNX1, ETS, and GATA in addition to an E-box motif
that was observed in ARR and CCRF-CEM cells. The over representation of these
motifs, is highly similar to the LMO2 complex motifs identified in haematopoietic cells,
erythrocytes, and T-ALL (Bach, 2000, Wilkinson-White et al., 2011, Sanda et al., 2012,

Grutz et al., 1998).
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Critically, the motif analyses of all PHF6 bound regions showed unknown long DNA
sequences in ARR, DU5.528, and HSB2 cells. Similar findings were reported in B-ALL
cells where PHF6 was unable to recognise specific DNA binding sequences, and the
enriched motifs resembled the ones bound by known TFs but no significant de novo
motifs were identified for PHF6 itself (Soto-Feliciano et al., 2017). The unknown motifs
were not observed in CCRF-CEM cells. However, PHF6 ChIP-seq in these cells
identified a low number of reads and only the strongest ones were recognised as peaks
and almost all PHF6 binding sites showed co-localisation of LMO2, TAL1 and LDB1.
The absence of defined DNA binding motifs for PHF6 indicates that PHF6 is not acting
as a transcription factor in these T-ALL cells and is rather recruited to DNA by the
LMO2 complex at open chromatin regions that harbour cis-regulatory elements.
Therefore, it could potentially co-regulate gene expression. Supporting this notion,
PHF6 was unable to recognise specific DNA binding sequence but showed interaction
with the transcription factors TCF12 and NFkB, implying that PHF6 augments their

capacity to activate transcription (Soto-Feliciano et al., 2017, Miyagi et al., 2019).

3.3.5 PHF6, LMO2, TAL1, and LDB1 common peaks are associated with
haematopoietic TF genes

The gene targets of the LMO2 complex have been investigated in many studies (Gerby

et al., 2014, McCormack et al., 2010, Sanda et al., 2012, Lahlil et al., 2004, Kusy et

al., 2010, Love et al., 2014, Gilmour et al., 2018). However, PHF6 has recently been

implicated as a transcriptional regulator and became a protein of interest for genomic

studies in haematopoiesis (Meacham et al., 2015, Wang et al., 2013, Miyagi et al.,

2019, Soto-Feliciano et al., 2017). In concordance, the ChiP-seq and DNasel-seq data
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in this study suggested a transcriptional regulatory function for PHF6 cooperatively with

the LMO2 complex.

Hence, we analysed the genome wide data through two different approaches. First,
we looked at the GO terms of the genes that were allocated by GREAT analyses to
PHF6/LMO2/TAL1/LDB1 common peaks that were close to TSSs; particularly less
than 50 kb distant. Second, ChlP-seq data of the common peaks in each cell line were
integrated with RNA-seq data and pairwise differential expression analyses between

the four T-ALL cell lines were performed.

A recurrent GO term was regulation of transcription and was in common between ARR,
DU.528, and HSB2 cells. This term highlighted many TF genes involved in
haematopoiesis. For example, genes encoding STAT5A, MYB, TAL1, LYL1, RUNX1,
HHEX, and NOTCHL1 were found as potential targets of common peaks that were close

to TSSs in these cell lines.

Genes including HHEX, STAT5A, and LYL1 have known roles in HSC function (Paz et
al., 2010, Schuringa et al., 2004, Souroullas et al., 2009). Upregulation of Hhex, Lyl1,
Stat5a, and Nfe2 were reported in transgenic mice with Lmo2 induced DN thymocytes.
Examining the relative expression of LYL1 and NFE2 in a data set of human T-ALL
samples, including distinct subclasses expressing LYL1 or TAL1 revealed a significant
association between the mouse Lmo2 induced expression profile and LYL1 associated
T-ALL cases (McCormack et al., 2010). Although in the latter study these genes were
negatively correlated with TAL1 positive T-ALL patients, we found them as potential
targets of the PHF6/LMO2/TAL1/LDB1 complex in our LMO2/TAL1 expressing T-ALL

cells. In addition, genes such as RUNX1 and NOTCH have been associated with LMO2
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and TAL1 overexpression in T-ALL (Sanda etal., 2012, Curtis and McCormack, 2010),
as discussed in section 3.3.2. These two genes were also reported as PHF6 targets in
B-ALL cells. Suppression of Phf6 led to a significant decrease in Runx1 and Notch
levels. Moreover, ChiP-seq data generated from human T-ALL cells presented PHF6
binding sites at the promoters of RUNX1 and NOTCH1 (Meacham et al., 2015). We
tried to reproduce these ChIP experiments in T-ALL cells, however, PHF6 was not
enriched across these sites by qPCR. The ChIP data in our study showed binding of
PHF6 and LMO2 complex members at RUNX1 enhancer but not at the reported
promotor (Meacham et al., 2015). A possible reason for having different outcomes
could be due to the different systems used. Jurkat cells express LMOL1 instead of LMO2
(Palomero et al., 2006), but we were not able to regenerate their data even in this cell
line. Looking at their published data, we were able to align the reads and see a small
enrichment on active promoters, but the program with normal setting was not able to
call peaks. Critically, active promoters are located on active chromatin regions which
are easier to sonicate therefore ChiP-seq analysis could falsely call peaks at these

sites.

Another two independent studies revealed enrichment of PHF6 across the entire rDNA
coding sequence and the rDNA promoter by ChIP gPCR (Todd et al., 2016, Wang et
al., 2013). We used some of the primer pairs reported in these studies in addition to
our own designed primers against the rDNA region to validate ChIP experiments. The
limitations to these primer sets were that rDNA sequence is highly repetitive and
present at multiple loci, therefore the primers aligned to multiple complementary
regions throughout the genome. Thus, the melting curves showed peaks at multiple

melting temperatures. The melting curves with multiple products would make the
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calculation invalid. Therefore, we did not find PHF6 binding at these regions because

we could not accurately calculate it due to the very low cT values of the standards.

The GO terms in CCRF-CEM cells showed T-cell processes and mitotic cell cycle.
These terms revealed MYB as potential target for PHF6/LMO2/TAL1/LDB1 common
peaks. It is noteworthy that LMO2, TAL1, MYB, and RUNX1 regulate each other in
HSCs, thus forming a connected autoregulatory loop structure, which is likely to be
essential for the maintenance of gene expression programming (Wilkinson and
Gottgens, 2013). The autoregulatory loop of these TFs has also been demonstrated in
T-ALL cells including CCRF-CEM (Sanda et al., 2012). Moreover, the genes regulated
after knockdown of TAL1 in these cells closely overlapped with those after knockdown
of MYB, and RUNX1 (Sanda et al., 2012). Therefore, these complexes of transcription
factors may be arranged in an autoregulatory loop to regulate each other and co-

ordinately regulate downstream gene expression in T-ALL cells.

Generally, our data implicate that the LMO2 complex recruits PHF6 and possibly drives
a transcriptional program which regulates the transcription of several HSC-associated
genes and other haematopoietic TF genes that are involved in blood lineage
commitment and development. There were similarities and differences between the
cell lines regarding the potential target genes of the complex. This limited the insight
into the exact mechanism of how LMO2 complex is facilitating the leukemogenesis in
these T-ALL cells. Some of the candidate target genes were HSC associated and
therefore their upregulation may be responsible for the self-renewal capacity observed
in T-ALL. Other potential targets were genes encoding TFs involved in haematopoietic
transcriptional regulation, including genes with established roles in leukaemia, and T-

cell processes such as development and activation. Fine tuning of these genes
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assures normal development of T-cells which is disrupted in T-ALLs. Because LMO2
and TAL1 are normally silenced during T-cell maturation, the complex may not have
targets in normal T-cells past lineage commitment. This suggests one possible
mechanism that contribute to the pathogenesis of T-ALL, where the aberrant
expression of LMO2 in T-ALL cells triggers the formation of the LMO2 complex and

causes abnormal activation of target genes.

Observations in DU.528 cells showed that many of the PHF6/LMO2/TAL1/LDB1
common peaks did not correlate to enhancer sites marked with H3K27ac therefore
they may be located at distal H3K4me1 regions. Genes can be associated with multiple
enhancers that are either H3K4me1l positive, H3K27ac positive, or a combination of
both (Creyghton et al., 2010). Most of H3K4mel marked enhancer regions tested in
reporter assays displayed activity, but also a significant percentage was not active
(Heintzman et al., 2009, Visel et al., 2009a). Thus, it has been suggested that
H3K4mel can mark active enhancers as well as those in a poised or predetermined
state. The lineage-specific enhancers that become activated upon differentiation are
protected from DNA methylation in the parental cells, where the enhancers are not yet
active (Xu et al., 2009). In fact, several studies implied that enhancers contain
information about the current and future developmental potential of a cell (Xu et al.,

2007, Xu et al., 2009).

This suggests another possible mechanism through which LMO2 complex induces
leukemogenesis in T-cells, where LMO2 complex members with PHF6 bind active
enhancers of genes that are expressed in progenitor cells in addition to poised
enhancers serving as “placeholders” for T-cell specific TFs. When the T-cell specific

TFs are upregulated during T-cell differentiation they bind to the enhancers of T-cell
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genes which were reserved by LMO2 complex. Because LMOZ2 is aberrantly
expressed in T-cells it may occupy enhancers of genes essential for T-cell
development and keeping them in an inactive state while its binding needs to be
replaced by other factors to activate these genes. At the same time, it is binding active
enhancers of genes that are expressed in T-cell progenitors such as HHEX and
maintaining their expression. Therefore, the thymocytes fail to upregulate genes that
are T-cell specific and downregulate progenitor genes. Overall, the observations
throughout this study suggest that the LMO2 complex and its members including the
novel interactor PHF6, form a transcriptional regulatory network that drives self-

renewal, proliferation, and survival of leukemic thymocytes.

A limitation to this study was the inability to knockdown PHF6 in the utilised cell lines.
Several shPHF6 knockdown methods were used including, lentiviral mediated
transduction and electroporation of integrating vectors based on transposase activity.
These attempts were unsuccessful, even though the virus efficiency was validated in
other cell lines and showed successful results. Additionally, the cells were not able to
survive beyond the integration of shPHF6 by electroporation in comparison to cells
integrated with GFP which raise the possibility that PHF6 is crucial for the survival of
these cells. For a future study, dissection of the generated data for each cell line with
a comparison to LMO2 and PHF6 knockdown phenotypes would shed more light into
specific mechanisms that contribute to the pathogenesis of the oncogenic
overexpression of LMO2 in T-ALL. It will also help in the identification of specific targets

of LMO2 and PHF6 individually, as well as LMO2/PHF6 complex.
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3.3.6 PHF6 has multiple interacting partners

As mentioned above, it has previously been reported that PHF6 can interact with
components of the NURD complex (Todd and Picketts, 2012). Likewise, we found the
interactions between PHF6 and members of the NuRD complex RBBP4, HDAC1 and
CHDA4. Given that components of the NuRD complex, i.e. RBBP4 and CHD4
immunoprecipitated with PHF6 only but not LMO2 indicated that PHF6 may be
interacting with NuRD independently. However, further studies should consider
investigating the participation of LMOZ2 in the PHF6/NURD complex because NuRD
complex has multiple functions, including transcriptional regulation, chromatin
remodelling, and DNA repair. Hence, exploring weather LMO2 participate in such
activities other than transcriptional regulation can give more clues about its oncogenic

function in T-ALL.

Furthermore, we found an interaction between UBF1, an rDNA transcriptional
activation factor that associates with the RNA Pol | pre-initiation complex (Learned et
al., 1986). Wang et al. reported that UBF1 recruits PHF6 to the rDNA promoter and
represses rRNA transcription. They showed that loss of PHF6 results in increased
genomic instability at rDNA genes, accumulation of yH2AX DNA damage marker and
a cell cycle delay at G2/M (Wang et al., 2013). In our study, EWSR1
immunoprecipitated with PHF6 in all T-ALL cell lines. In addition, EWSR1 co-
precipitated with LMOZ2 in HSB2 and CCRF-CEM. EWSR1 belongs to a family of RNA
binding proteins, the encoding gene is known to translocate with several partner genes
encoding TFs which are associated with sarcoma and leukaemia such as the ETS
transcription family members (Erkizan et al., 2010, Delattre et al., 1992). EWSR1 is a

well-known player in cancer biology for the specific translocations occurring in solid
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tumours including sarcomas (Paronetto, 2013). The exact function of EWSR1 in cancer
is not clear but a role in DNA repair and cell-cycle progression has been suggested for
this protein (Paronetto, 2013, Li et al., 2007). It is possible that PHF6 and LMO2 are
team players in different complexes according to the cell type therefore exerting
multiple roles including transcriptional regulation and genome stability. Understanding
these functions and how they contribute to the progression of cancer will help to

provide better approaches for identifying new therapeutic strategies.
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4 Chapter 4: The role of PHF6 in myeloid cells
4.1 Introduction

A major aim of this study was to understand the role of LMO2 and PHF6 expression
and their interaction in haematopoietic cells and whether the PHF6 and LMO2
interaction exerts a regulatory function in these cells. Moreover, we wanted to
understand whether they target genes that are involved in important biological
processes for differentiation, proliferation, or cell survival. Because we experienced
technical difficulties to knockdown PHF6 and LMO2 in T-ALL cells, as discussed in the
previous chapter, we expanded our investigations by using an easy to manipulate
myeloid mouse system. In this chapter the interaction between PHF6 and LMO2 along
with known LMO2 interacting partners, such as TAL1 and LDB1, in mouse myeloid
progenitors is explored. The differences between wild type and Phf6é knockdown
myeloid cells in terms of differentiation, gene expression, and LMO2 complex
interactions are also investigated. Additionally, chromosomal stability is compared
between wild type, Phf6 knockdown, Lmo2 knockdown, and Lmo2 overexpressing

myeloid cells.

To achieve this, we utilised a cell line model (PUER) of PU.1-driven macrophage
differentiation. The ETS family transcription factor PU.1 is essential for the
development of myeloid lineages, such as macrophages, mast cells and neutrophils
(Singh et al., 1999). PUER cells are murine haematopoietic progenitors, derived from
the foetal liver of PU.1 knockout mice. During myeloid differentiation, these cells are
blocked at the common myeloid progenitor (CMP) stage. After isolation they were
retrovirally transduced to express PU.1 protein fused to the ligand-binding domain of

the estrogen receptor (ER). Under normal cell culture conditions, this fusion protein is
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excluded from the nucleus, however upon treatment of the cells with the synthetic
oestrogen hydroxytamoxifen (OHT), PU.1 translocates to the nucleus where its
function re-activates differentiation to macrophages. PUER cells have been used to
study myeloid progenitors before, during and after differentiation into macrophages

(Walsh et al., 2002).
4.2 Results

4.2.1 Identification of new LMOZ2 Protein—-Protein interactions in myeloid

progenitors

Taken that T-ALL cells data demonstrated an interplay between LMO2 and PHF6, the
LMO2 interactions in myeloid cells were explored by performing co-
immunoprecipitation followed by mass spectrometry experiments. In addition to known
interacting partners, such as TAL1 and LDB1, PHF6 was identified as a hovel interactor
of LMO2 in PUER myeloid cells. The interaction between LMO2 and PHF6 was further
confirmed by reciprocal immunoprecipitations using antibodies against the
endogenous LMO2 and PHF6 followed by western blotting (data not shown). These

experiments were performed by an undergraduate student (lan Dorrington).
4.2.2 Retroviral mediated Phf6 knockdown in PUER cells

To gain insight into the role of the LMO2 complex in myeloid cells and to study the
cellular functions of PHF6, stable Phf6 knockdown (KD) cells and control cells using
Phf6-targeting shRNAs (shPhf6) were generated in addition to a negative control
vector targeting firefly luciferase (shCtrl) in PUER myeloid cells. Six different shRNAs

were used to target Phf6 as described in chapter 2 materials and methods section 2.3.
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First, the viral packaging cell line PlatE was co-transfected with Phf6 MigR1 and
pMSCVhyg shPhf6 plasmids to test the efficiency of ShRNA. The Phfé MigR1 allows
the expression of the mouse Phf6é cDNA followed by an IRES GFP. Thus, Phf6 and
GFP share the same mRNA and knockdown of either Phf6 or GFP results in loss of
the GFP signal. The pMSCVhyg containing shPhf6 allows the expression of shRNA
that targets the Phf6 mRNA expressed from the Phf6 MigR1 plasmid and thereby
depletes the GFP. Additionally, pMSCVhyg containing shFF3 and shGFP were used
as the negative and positive control, respectively. The co-transfection allowed the
assessment of shRNA efficiency and selection of the shPhf6 sequence which
successfully knocked down Phf6 through detection of GFP depletion. The cells were
visualised by fluorescent microscopy for GFP expression and compared to the positive
and negative controls. These results were further validated by flow cytometry analysis
of the PlatE cells (Figure 4.1). Two of the shPhf6 (shphf6-1 and shPhf6-6) hairpins
successfully depleted the GFP signal (Figure 4.1) and were subcloned into pMSCV-
IRES-GFP and used to transfect PlatE cells. These cells were generated by the

Hoogenkamp lab.
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Figure 4.1 Flow cytometry analysis of transfected PlatE cells.

The top row graphs show PlatE cells that were transfected with MigR1 Phf6é and
either pMSCV shFF3 (negative control) or shGFP (positive control). The middle and
bottom rows graphs show PlatE cells that were transfected with MigR1 Phf6 and
different shPhf6 sequences. The efficiency of shPhf6 and the percentages represent
all events that have GFP Log >102. Cells were analysed with CyAnTM ADP flow
cytometer (DakoCytomation-Beckman Coulter).

Based on this, PUER cells were transduced with pMSCV-IRES-GFP shPhf6-1 and
shPhf6-6. To enrich for successfully transduced cells, they were FACS sorted on the
basis of GFP expression. Subsequently, stable cell lines were generated through the
outgrowth from single cell clones. To verify the efficiency of Phf6 knockdown
immunostainings were performed and showed GFP expression in both shCtrl and
shPhf6, while PHF6 was not expressed in shPhf6 cells compared to shCtrl cells (Figure
4.2A). Additionally, the protein expression levels of PHF6 were compared by western

blotting which showed loss of PHF6 protein expression in shPhf6 cells (Figure 4.2B).
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Figure 4.2 Phf6é knockdown in PUER cells.

(A) Confocal imaging of transduced PUER cells expressing the green fluorescent
protein (GFP). PUER shCitrl cells were transduced with shFF3 and shPhf6 cells were
transduced with shRNA targeting Phf6. shCtrl and shPhf6 were stained with PHF6
(red) and counterstained with DAPI (blue) to visualise the nucleus. Scale bar 10 pum.
Images were taken using Carl Zeiss LSM510 Meta Confocal microscope (Carl Zeiss,
Germany). (B) PHF6, LMO2 and B-actin protein levels detected by western blotting,
using nuclear extracts from shCtrl and shPhf6 cells. PonceauS was used to show

equal loading.

4.2.3 Knockdown of Phf6 slows myeloid differentiation

Taken that PUER cells can differentiate into macrophages when cultured in the

presence of tamoxifen (OHT) (Walsh et al., 2002), we sought to study the effect of Phf6
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deprivation on myeloid differentiation. We harvested shCtrl and shPhf6 cells at day 0
(DO), day 1 (D1), and day 3 (D3) of differentiation after treating the cells with OHT.
Macrophage differentiation was verified in days 0, 1 and 3 by staining the cells with
Kwik-Diff stain and examining them under the microscope (Figure 4.3). Noticeably, we
observed morphological differences between the shCtrl and shPhf6 cells throughout
differentiation days D1 and D3. The images of shPhf6 cells showed very large multi-
nucleated cells with dense cytoplasm and scanty vacuoles, whereas shCtrl cells

showed the common morphological features of macrophages.
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Figure 4.3 Kwik-Diff staining of shCtrl and shPhf6 cells.

The shCtrl and shPhf6 cells at DO (undifferentiated), D1 and D3 of treatment with
tamoxifen (OHT) to induce differentiation. Scale bar 50 um. Images were taken using
light microscope (Leica DM600).

Furthermore, cellular differentiation was assessed by flow cytometry analyses of
myeloid cell surface antigens. The analyses showed expression of C-KIT, CD11b and
F4/80 in both shCtrl and shPhf6 cells (Figure 4.4). As expected, C-KIT which is an

HSC surface marker, was expressed in both cell lines in DO at similar levels and
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decreased gradually as the cells started to differentiate (Figure 4.4A). Starting from D1
the majority of shCtrl and shPhf6é cells indicated positive for CD11b marker, a
macrophage differentiation marker, which increased throughout days of differentiation
(Figure 4.4B). The expression of another macrophage surface marker (F4/80) was also
tested. The flowcytometry data of shCtrl revealed that 69.8% of the cells at D2 and
71.58% of cells at D3 expressed F4/80. However, a lower percentage of shPhf6 cells,
i.e. 50% at D2 and 67.3% at D3, expressed F4/80 (Figure 4.4B-C). This indicates that
Phf6 deprived cells experienced a slower rate of differentiation into macrophages

compared to the wild type cells.
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Figure 4.4 Flow cytometry analyses of shCtrl and shPhf6 cell differentiation.

The shCtrl and shPhf6 cells were harvested at DO, D1, D2, and D3 of differentiation.
Flow cytometry analyses represented in a histogram (A) to evaluate C-KIT surface
expression marker. Hist: histogram, indicate the percentage of positive population;
MFI: Mean fluorescent intensity. (B) to evaluate the relative expression of CD11b
and F4/80. The percentage of cells reflect the number of gated positive cells. (C) to
evaluate F4/80 macrophage expression marker. Cells were analysed with CyAnTM
ADP flow cytometer (DakoCytomation-Beckman Coulter)
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4.2.4 Phf6 deprivation affects gene expression

To elucidate the molecular mechanisms underlying the delayed differentiation in Phf6
knockdown cells, RNA-seq was performed using shPhf6 and shCtrl cells. We
investigated the differences in gene expression between the knockdown cells and wild
type cells. The comparisons between these cells uncovered a number of differences
in their gene expression profiles. We initially looked at Phf6 expression. The screen
shot from the UCSC browser showed the suppression of Phf6 in shPhf6 cells, while it
was still being expressed in shCtrl cells (Figure 4.5A). This further confirmed the
knockdown of Phf6 in these cells. We also checked Adgrel, the gene encoding the
F4/80 antigen, and found that it started being expressed in D1 and D3 of differentiation
in the shCtrl cells, which was expected because it encodes a surface marker for
macrophages but not progenitors, and is in line with the flow cytometry data presented
in (Figure 4.4). However, Adgrel expression levels were much lower in shPhf6 KD
cells, especially in D1 of differentiation (Figure 4.5B). Collectively, flow cytometry
analyses showed delayed expression of the macrophage surface antigen F4/80 in
shPhf6 cells, which was confirmed to be at the mRNA expression level. This indicates

that shPhf6 cells experienced a delay in their differentiation kinetics.
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Figure 4.5 RNA-seq analyses of shCtrl and shPhfé at DO, D1 and D3 of
differentiation.

Screenshot from the UCSC browser showing (A) Phfé gene expression in shCirl
cells (green box), and suppression in shPhf6 cells (red box) at DO, D1 and D3. (B)
Adgrel gene expression in shCtrl cells (green box), and lower expression in shPhf6
(red box) at D1 and D3.

To further understand how Phf6 deficiency impacts global gene expression during DO,
D1 and D3 of myeloid differentiation towards macrophages, we performed pairwise
comparisons. This comparison identified 530 differentially expressed genes in shPhf6

in the three days of differentiation combined. We then classified them into upregulated
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and downregulated genes per day. The total number of upregulated genes was 281 in
shPhfé compared to shCtrl with 52, 185 and 44 genes in DO, D1 and D3, respectively.
On the other hand, 249 genes were repressed with only 20 of them in DO, 166 in D1
and 63 in D3. Further analysis of the upregulated genes overlaps showed that 6 of the
expressed genes were shared between the three days, 12 common between DO and
D1, 15 common between D1 and D3, only 3 common between DO and D3 (Figure
4.6A). Likewise, from the 249 repressed genes, 11 were common between DO and D1,
27 between D1 and D3, 1 between DO and D3, with only 1 shared between the 3 days

of differentiation (Figure 4.6B).

Notably, the number of these differentially expressed genes was restricted to 72 and
107 between DO and D3 respectively, whereas the majority of them were observed in
the first day of differentiation with 185 genes upregulated and 166 downregulated.
These changes in gene expression at D1 are in line with the previous observation of
F4/80 suppression at D1, which indicates that Phf6 deprivation mostly affected gene
expression at the onset of myeloid differentiation. Altogether, differentiation from
myeloid progenitor to macrophage was characterised by changes in gene expression
between shCtrl and shPhf6 cells mostly in D1. At the progenitor stage DO and
macrophage stage D3, a lower number of genes were differentially expressed after

loss of Phf6.
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B 249 Downregulated genes
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Figure 4.6 Intersection of differentially expressed genes in shCtrl and shPhf6
PUER cells.

Venn diagrams showing overlap between (A) Upregulated genes (B) Downregulated
genes in shPhf6 cells compared to shCtrl cells at DO (blue circle), D1 (yellow circle)

and D3 (green circle).
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Hierarchical clustering for the differentially expressed genes revealed differences
between shCtrl and shPhf6 cells. Self-organising tree clustering of all the differentially
expressed genes identified six clusters (Figure 4.7). It showed that at D1 of
differentiation shPhf6 cells failed to upregulate certain genes, demonstrated by clusters
3 and 4 and to supress genes, as indicated by cluster 5, compared to shCtrl cells. By
contrast, in cluster 2, shPhf6 cells were not able to upregulate genes in DO despite
maintaining a similar level of expression as shCtrl in D1 and D3. The differences in
gene expression between the control and KD cells are mainly represented at D1.
Hence, loss of Phf6 resulted in changes in gene expression with marked alteration in

D1 of differentiation (Figure 4.7).
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Figure 4.7 Phf6 deprivation causes changes in gene expression levels.

Heat map showing hierarchical clustering of differentially expressed genes
comparing shCtrl and shPhf6 cell lines at DO, D1 and D3 of differentiation. Scale bar
represents colour index for the log2 FPKM values. Self-organising tree analysis
identified 6 clusters. Analysis was performed using MultiExperimentViewer v4.9.0.
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We next wanted to assess how the regulation of gene expression seen in shPhf6
impact on processes within myeloid cells. To achieve this all the differentially
expressed genes underwent Gene Ontology (GO) analyses. The resulting GO terms
showed processes involved in immune and inflammatory response, mMRNA
polyadenylation, NFKB transcription factor activity, haematopoietic or lymphoid organ
development, regulation of myeloid cell differentiation, immune system development,
regulation of transcription factor activity, regulation of cell proliferation, and

haematopoiesis (Figure 4.8).
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Figure 4.8 Gene ontology analysis performed on all differentially expressed
genes between shCtrl and shPhf6 cells.

Terms were ordered according to their Modified Fisher Exact P-value and only terms
with P <0.05 were considered significant. Analysis was performed using DAVID 6.8.
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Individual clusters were also subjected to GO analyses. Cluster 3 was dominated by
terms involving immune response, immune system development, regulation of
transcription factor activity and regulation of DNA binding (Figure 4.9A), whereas
cluster 4 revealed macromolecular complex assembly, cell activation, nucleosome
assembly, chromatin assembly, protein-DNA complex assembly, nucleosome
organisation (Figure 4.9B). Interestingly, within the list of transcriptional regulators
deferentially expressed in shPhf6 cells we found several proteins with known functions
in haematopoietic development. Transcription factor genes such as Lmo2, Id2 and
Egrl were upregulated upon loss of PHF6. This suggests that PHF6 might exert a
regulatory role in myeloid cells and target genes that are essential for blood cells

development including myeloid cells.
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Figure 4.9 Gene ontology enrichment analyses for biological process
performed on (A) cluster 3, (B) cluster 4 as identified in Figure 4.7.

Terms were ordered according to their Modified Fisher Exact P-value and only terms
with P <0.05 were considered significant. Analysis was performed using DAVID 6.8.

42,5 LMO2, TAL1 and LDB1 binding is redistributed in the absence of PHF6

Having substantiated the changes in gene expression upon Phf6 knockdown, we
aimed to explore PHF6 binding across the genome. Moreover, we wanted to examine
whether PHF6 co-localised with the LMO2 complex members on the genome and

study the consequences of Phf6 loss on the LMO2, TAL1, and LDB1 binding to DNA.
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To accomplish this, ChiP-seq experiments were performed with antibodies against
LMO2, TAL1 and LDBL1 in shCtrl and shPhf6 cells in addition to PHF6 in shCtrl cells.
PHF6 ChiP-seq resulted in a low number of peaks i.e 868 which were mostly located
at highly repetitive, telomeric and centromeric regions. The intersection of PHF6 ChlP-
seq with LMO2 ChIP-seq data showed a low number of overlapping peaks (data not
shown). PHF6 ChIP-seq data was not very reliable, and we were not able show a

functional interaction between PHF6 and LMO2.

The ChIP-seq experiments in shCtrl cells detected 1992 LMO2, 1149 TAL1, and 1153
LDB1 peaks. After loss of Phf6 the number of bound sites by LMOZ2 decreased to 1740
and the number of TAL1 peaks increased to 1285. Surprisingly, the number of LDB1
peaks increased to 3091, with approximately 1938 extra bound regions in shPhf6 cells.
To compare the region sets bound by the three factors LMO2, TAL1 and LDB1 in shCitrl
and shPhf6, ChlP-seq data were intersected. The Venn diagrams demonstrated only
118 peaks of LMO2 shared between shCtrl and shPhf6 cells, 56 TAL1 shared peaks
and 64 shared LDB1 peaks (Figure 4.10A). This indicates that loss of Phf6 redistributed
the binding sites of LMO2, TAL1, and LDB1 drastically. The interplay between LMO2,
TAL1, and LDB1 was then assessed by intersecting LMO2 with each factor individually
and both factors together. LMO2 had 76 peaks in common with TAL1 and 93 with LDB1
in shCtrl cells. The LMO2, TAL1, and LDB1 associated together to 45 sites in shCtrl
cells (Figure 4.10B). On the other hand, the number of bound regions by LMO2/TAL1
increased to 112 and by LMO2/LDB1 decreased to 64 after depletion of Phf6 and all

three factors bound to 46 sites in shPhf6 cells (Figure 4.10C).
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Figure 4.10 Intersections of LMO2, TAL1 and LDB1 ChlIP-seq data in shCtrl and
shPhf6 cells.

(A) Venn diagrams showing the number of LMO2, TAL1 and LDB1 common peaks
between shCtrl and shPhf6 cell lines. (B, C) Tables showing the common peaks
between LMO2, TAL1 and LDBL1 in (B) shCtrl cells, and (C) shPhf6 cells.

These ChIP-seq analyses showed that there was no significant change in the number
of regions bound by LMO2/TAL1/LDB1 complex after Phf6 knockdown. However,
TAL1 and LDB1 had more peaks in shPhf6 cells, with greater overlap between LMO2

and TAL1. This was exemplified by the peaks shown in UCSC genome browser
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screenshots (Figure 4.11). These data indicate that LMO2 binds a relatively low
number of genomic regions with TAL1 and LDB1 in myeloid cells and knockdown of

Phf6 led to an increased number of LMO2/TAL1 peaks.
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Figure 4.11 Screenshot from the UCSC browser showing LMO2, TAL1 and
LDB1 binding profiles in shCtrl and shPhf6 cells at Gnb1l locus.

4.2.6 LMOZ2 binds to novel sites after Phf6 depletion

The ChIP-seq analyses showed that LMO2 binds to different genomic regions upon
loss of Phf6 (Figure 4.10A), therefore we compared the ChiP-seq signals of TAL1 and
LDB1 with the LMO2 signal. We used the LMO2 ChlP-seq intersection data and
classified them into (i) shCtrl unique peaks, (i) common peaks between shCtrl and
shPhf6, and (iii) shPhf6 unique peaks. The three categories were sorted according to

peak intensity ratios of shCtrl/shPhf6
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Figure 4.12). This classification revealed 1874 peaks unique to shCitrl, 1622 peaks

unique to shPhf6 and 118 common in both.

Next, we compared LMO2 ChIP signals to the corresponding TAL1 and LDB1 peaks
in shCtrl and shPhf6. This comparison demonstrated that the strongest shCtrl unique
LMO2 peaks were mirrored by weak TAL1 peaks and stronger LDB1 peaks in shCirl
cells (Figure 4.12). When looking at these sites in shPhf6, LMO2 binding was not
completely lost, but corresponded to weaker LMO2 peaks. These regions that
remained bound by LMO2 showed more TAL1 co-localisation and LDB1 overlap upon
loss of Phf6 (Figure 4.12). This was in line with the data shown in Figure 4.10C and

Figure 4.11, where stronger binding of TAL1 with LMO2 was observed in shPhf6 cells.

On the other hand, the new regions specifically bound by LMO2 in shPhf6 cells did not
show strong occupancy by TAL1 and LDB1. The LMO2 bound sites with the highest
score at the bottom of the heat map were bound by TAL1 with minimal binding of LDB1
(Figure 4.12). These regions also showed peaks of LMO2, TAL1 and LDB1 with very
low signal intensity in shCtrl cells. The LMO2 peaks that were common in both cell
lines and did not relocate after Phfé knockdown were mirrored by the strongest TAL1,
and LDB1 peaks. This indicates that these common peaks may be the strongest
binding sites for the LMO2 complex. Therefore, these are the regions that showed

LMO2, TAL1, and LDB1 occupancy in wild type and Phf6 knockdown cells.
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Figure 4.12 Heat map plots of ChIP-seq data for LMO2, PHF6, TAL1 and LDB1
in shCtrl and shPhf6 cells.

The LMO2 ChIP-seq peaks (region-sets) ranked according to the peak intensity ratio
score shCitrl/shPhf6. ShCtrl and common peaks in descending order (blue and red),
shPhf6 unique peaks in ascending order (green). The heat map plots showing ChIP-
seq data of LMO2, TAL1 and LDB1, overlaid on LMO2 ChlP-seq region-sets. The Y-
axis represents individual positions of the regions, and the X-axis represents a
window from —1 kb to +1 kb centred on the summits of LMO2 peaks. A bar showing
the relationship between colouring and signal intensity at the bottom of each plot.
Heatmaps were generated using EaSeq analysis software.

4.2.7 shPhf6 cells feature distinctive binding motifs

Considering that Phf6 deficiency redistributed LMO2, TAL1 and LDB1 binding, the
differences in binding motifs between shCtrl and shPhf6 cell lines were examined.

Long DNA sequences that were identified by the MEME program as either unknown
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or similar to zinc finger motifs were among LMO2, TAL1, and LDB1 enriched motifs in
both shCtrl and shPhf6 cells. Comparing the binding motifs of each factor before and
after loss of Phf6é showed differences in their binding patterns. For example, in shCtrl
cells LMO2 featured enrichment of motifs similar to ZNF384, PITX1 and the known
YY1 motif. Different motifs were identified within long DNA sequences in shPhf6 cells

including Bapx1, E2F7, and Tcfap2c in addition to a motif similar to SPIC (Figure 4.13).
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Figure 4.13 De novo motif enrichment analyses within LMO2 peaks in shCtrl
and shPhf6 cells.

The results are presented as sequence of the motif, name of the motif, and the E-
value. Analyses were performed using MEME-ChIP version 4.12.0.
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On the other hand, TAL1 showed binding at motifs identified as ZNF384, PITX1 and
Nkx3-1 in both cell lines. The STAT motif was enriched in shCtrl cells in contrast to

SPIB motif enrichment in shPhf6 cells (Figure 4.14).
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Figure 4.14 De novo motif enrichment analyses within TAL1 peaks in shCtrl
and shPhf6 cells.

The results are presented as sequence of the motif, name of the motif, and the E-
value. Analyses were performed using MEME-ChIP version 4.12.0.

Similar to LMOZ2, the analysis of LDB1 ChIP did not show consistent binding motifs in

shCtrl and shPhf6 cells. Motifs similar to TBX20, RXRG and KLF were enriched in

shCtrl compared to the overrepresented ZNF motifs in shPhf6 cells (Figure 4.15).
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Figure 4.15 De novo motif enrichment analyses within LDB1 peaks in shCitrl
and shPhf6 cells.

The results are presented as sequence of the motif, name of the motif, and the E-
value. Analyses were performed using MEME-ChIP version 4.12.0.

Next, the motifs bound by the LMO2, TAL1, and LDB1 common peaks were compared
between shCtrl and shPhf6 cells. In shCtrl cells, the motif analysis showed binding to
unknown DNA sites composed of long stretches of DNA sequence. In shPhf6 cells, the
complex also showed binding to long sequence motifs where one of these unknown
motifs was enriched in shCtrl as well (Figure 4.16). The shPhf6 cells demonstrated
enrichment of a long DNA sequence with an NFAT binding motif (5'-GGAAA-3') located
within it. An Esrra secondary motif also resided in another stretched sequence that
was enriched in these cells. The rest of the motifs that passed the significance

threshold had no resemblance to motifs bound by known TFs (Figure 4.16). Overall,
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De novo Motif analyses did not show enrichment for motifs of myeloid associated TFs

such as RUNX or ETS family proteins and revealed long sequences of DNA.

shCtrl shPhf6

Known or Known or
Motif similar motifs E-value otif similar motifs E-value

| e | e | MW 5| o

Lb LB | ‘;Cn,AQACTT,_AAAAALAC

SRR R R R Esrra 1.1e-021
A secondary

EI%MH@C“& ] mw m JC M

T R (e el

TIIrIrILITESEAEEILARGR FENR YR it Fi g ST EIERAANARIRT

Figure 4.16 De novo motif enrichment analyses within common peaks for
LMO2, TAL1 and LDB1 in shCtrl and shPhf6 cells.

The results are presented as sequence of the motif, name of the motif, and the E-
value. Analyses were performed using MEME-ChIP version 4.12.0.

4.2.8 Phf6 knockdown affects genome and chromosome stability

The RNA-seq analyses showed that Phfé deprivation affects gene expression. In
addition, Kiwik-Diff staining showed distinct morphological features in shPhf6é cells
where large multi-nucleated cells were observed (Figure 4.3), which could indicate a
replication or genome stability problem. Hence, we speculated that PHF6 might be
required for genome stability. To test this, chromosomal spread analyses were
performed. Indeed, Phf6 deprived cells exhibited polyploidy chromosomes and

genome instability compared to shCtrl. Consistent with this, we observed significantly
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elevated levels of multi-nuclei and possibly fragmented or completely pulverized

metaphase chromosomes (Figure 4.17).
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Figure 4.17 Chromosomal spread analyses in shCtrl and shPhf6 cells.

Representative image from chromosome spread experiments of normal
chromosomes and fragmented chromosomes (n=3 Independent experiments; = 20
metaphases per sample per experiment). Scale bar, 50 um. Images were taken
using light microscope (Leica DM600).

To compare the DNA content and the cells in S-phase between shCtrl and shPhf6,
ethidium bromide staining coupled with ethynyldeoxyudirine (EdU) labelling was
performed by the Hoogenkamp lab. Flow cytometry analysis showed that shCtrl cells
had discrete amounts of DNA and groups of dividing cells that go through regular cell
cycle phases G1, S, and G2/M (Figure 4.18). On the other hand, the dual positive cells
in S-phase cells were more in shPhf6. This indicates an increased DNA content and
higher amount of replicating DNA (Figure 4.18). Moreover, the histograms in shCtrl

showed a clear separation of proliferating cells which have incorporated EdU and
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nonproliferating cells which have not. The histogram of shPhf6 cells showed more EdU
positive continuously proliferating cells which seemed to fail to complete timely
replication (Figure 4.18). These observations are in line with the chromosomal spread
analyses, which demonstrated shPhf6 cells with abnormal numbers of chromosomes

and multi-nuclei.
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Figure 4.18 Flow cytometry analysis of ethidium bromide (EtBr) stained cells
labelled with ethynyldeoxyudirine (EdU).

Cells were cultured in the presence of 10 uM EdU for two hours before fixation,
staining, and detection by flow cytometry. Plot (left) showing shCtrl cells stained with
EtBr indicating DNA content. Dual-parameter plots (upper middle and right) showing
shCtrl and shPhf6 cells, EAU indicating newly synthesised DNA, cells in the green
box are in G1 phase, in the blue oval are in S-phase (dual positive), and in the yellow
box are in G2 phase of the cell cycle. Histograms (grey) showing EdU labelling (x-
axis) and cell count (y-axis). Histograms (blue) showing EtBr staining (x-axis) and
cell count (y-axis).
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To further investigate whether Phf6 deprivation would lead to increased DNA damage,
DNA damage markers were tested. This was carried out by preparing nuclear extracts
from shCtrl, shPhf6 cells followed by western blotting with 53BP1 and yH2AX (markers
of double-strand breaks and DNA damage, respectively) (Figure 4.19). These analyses
showed that shPhf6 accumulated 53BP1 in days 1 and 3 of differentiation compared
to the shCtrl. Conversely, phosphorylated H2AX (yH2AX) was observed in DO and
showed lower levels in D1 and was undetectable in D3 in shPhf6 cells. The shCitrl cells
showed similar levels of yH2AX in DO and D3 with higher levels at D1 (Figure 4.19).
Normally, DNA double-strand breaks attract the 53BP1 protein to the surrounding
chromatin, where the 53BP1 signals chromatin/DNA damage in a y-H2AX-dependent
manner. The outcomes of the western blot experiments were not conclusive because
the co-localisation of 53BP1 and yH2AX must be detected which is indicative of DNA
repair. Thus, further investigations by immunostaining must be carried out to visualise
53BP1 and yH2AX foci along with cell cycle distribution analysis to explore the

possibility of DNA damage accumulation or replication problems in these cells.
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Figure 4.19 Phf6 depletion shows signs of DNA damage.

The shPhf6 cells or shCitrl cells at day 0, day 1 and day 3 of differentiation were lysed
and subjected to Western blotting (WB) using the indicated antibodies.
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4.2.9 Lmo2 knockdown and overexpression shows a similar phenotype to

shPhf6

To gain better insight into the cellular functions of Lmo2 and compare the effect of
Lmo2 deprivation to Phf6é depletion in myeloid cells, we utilised stable Lmo2
knockdown cells, that were generated using Lmo2-targeting shRNAs (shLmo2) in
PUER myeloid cells, following the same protocols and validation methods that were
used in shPhf6 cells as described in 4.2.2. Moreover, to study the overexpression of
LMO2, we used a stable PUER cell line, which was generated previously by the
Hoogenkamp lab. This PUER cell line exhibits overexpression of Lmo2 with an HA-tag

(HA-LMO?2).

Macrophage differentiation was obtained by treatment of the cells with OHT. The cells
in DO, D1 and D3 were stained with Kwik-diff stains and visualised under the
microscope. Interestingly, both shLmo2 and HA-LMO2 cells showed very large multi-
nucleated cells with coarse cytoplasm and few vacuoles (Figure 4.20). These

morphological features were similar to the ones observed in shPhf6 cells (Figure 4.3).
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Figure 4.20 Kwik-Diff staining of shLmo2 and HA-LMOZ2 cells.

The shLmo2 and HA-LMO2 cells at DO (undifferentiated), D1 and D3 of treatment
with tamoxifen (OHT) to induce differentiation. Scale bar 50 um. Images were taken
using light microscope (Leica DM600).

To explore the effect of Lmo2 depletion or overexpression on chromosome stability,
chromosomal spread analyses were performed. The visualised metaphases revealed
polyploidy and possible chromosomal breakage in both cell lines. Additionally, the cells
were multi-nucleated, and the chromosomes looked fragmented or pulverized (Figure

4.21).
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Figure 4.21 Chromosome spreads of shLmo2 and HA-LMO2 cells.

Representative image from chromosome spread experiments of normal
chromosomes and fragmented chromosomes (n=3 Independent experiments; = 20
metaphases per sample per experiment). Scale bar, 50 um. Images were taken
using light microscope (Leica DM600).

Finally, the number of chromosomes was counted in at least 20 metaphases per
experiment in each cell line to investigate the cells that had abnormal metaphases and
compare them to shCtrl cells. The metaphases were categorised into three groups
according to the number of chromosomes per metaphase (i) 40 chromosomes, which
is the normal number of 2n chromosomes in mouse cells, or less than 40, (ii) 50-100
chromosomes, (iii) more than 100. Statistical analyses by two-way ANOVA test were
performed using prism 8, version 8.4.1 (460) from GraphPad company (Figure 4.22).
The chromosomal counts revealed that all of the control cells had < 40 chromosomes,
while shPhf6, shLmo2, and HA-LMO2 cells showed significantly less metaphases with
normal or lower than normal chromosome count. The shCtrl cells did not have any
metaphases with high number of chromosomes, whereas the other cell lines had a

significantly high number of metaphases that showed 50-100 chromosomes and more
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than 100 chromosomes (Figure 4.22). Remarkably, Lmo2 and Phf6 deprivation and
Lmo2 overexpression caused comparable changes in chromosomal counts, which
indicates that LMO2 and PHF6 may play a role in genome and chromosome stability

or replication.

25+
B <40

20- I 50-100
=100

g

Number of metaphases
g

Figure 4.22 Chromosome counts of shCtrl, shPhf6, shLmo2, and HA-LMO2
cells.

Bar graph showing the number of metaphases counted in each cell line. Error bars
represent SEM, **** indicates p <0.0001. Statistical analysis using two-way ANOVA
test were performed using prism 8, version 8.4.1 (460) from GraphPad company
(n=3 Independent experiments; = 20 metaphases per sample per experiment).

201



4.3 Discussion
4.3.1 LMOZ2 physically interacts with PHF6 in common myeloid progenitors

The interaction between LMO2 and TAL1 has been investigated previously in the
myeloid cells, however the LMO2 complex has not been fully described within the
normal myeloid lineage and its members remain unknown. Our LMO2 Mass
spectrometry analysis in murine myeloid progenitor cells (PUER) revealed the
interacting partner TAL1 in addition to LDB1. Consistent with what we discovered in T-
ALL cells, PHF6 was revealed as a novel interactor with LMO2 in these cells. Previous
studies have also implied that PHF6 physically interacts with other proteins and
complexes, such as NFkB (Soto-Feliciano et al., 2017), the NuRD complex (Todd and
Picketts, 2012), the PAF1 transcriptional elongation complex (Zhang et al., 2013) and
UBF1 (Wang et al., 2013). These studies have shown that the interplay of PHF6 in
these complexes augmented their capacity to regulate transcription. Despite finding a
physical interaction between LMO2 and PHF6, it was challenging to explore their
functional interaction. Obtaining robust PHF6 ChlP-seq data results was an ongoing
challenge throughout this study and the set of data we generated showed enrichment
of highly repetitive regions. These regions were mostly marked by possessing long
sequence motifs. Because of the shortcomings of this dataset we were not able to
conclude whether PHF6 co-localises with LMO2 at genomic regions that possess
regulatory elements and consequently regulate gene expression. Comparably, one
group reported the physical interaction between PHF6 and NFkB (Soto-Feliciano et al.,
2017), but another group was not able to reproduce these results (Miyagi et al., 2019).
Instead ChlP-seq experiments by the latter group revealed a functional interaction

between PHF6 and NFkB where the peaks significantly overlapped and were found in
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intergenic regions, introns, and promoters (Miyagi et al., 2019). This might be due to
technical limitations or because different cell models were used in these studies. It is
also common that some antibodies produce successful immunoprecipitation results

but do not work for ChlP and vice versa.

4.3.2 Knockdown of Phfé shows signs of morphological abnormalities and

delayed differentiation

The first thing we noticed in Phfé knockdown cells were the morphological differences
compared to the control cells. Allowing the cells to differentiate by treatment with
tamoxifen showed incapability of shPhf6 cells to acquire morphological features of
macrophages. They had a distinctive appearance of very large cells that were multi-

nucleated, had dense cytoplasm, and minimal vacuoles.

PU.1 instructs progenitors to upregulate myeloid specific genes, including cell surface
markers, and to downregulate other cell specific antigens and transcription
factors (Nerlov and Graf, 1998). The vast majority of gene expression changes to allow
myeloid cells to differentiate into macrophages occur in the first few days of PU.1
expression. Through examining macrophage surface markers, we observed latency in
the expression of F4/80 differentiation antigen among shPhf6 cells. The expression of
PU.1 via the addition of tamoxifen was not enough to allow for the macrophage
maturation in shPhf6 cells at the same rate as shCtrl cells. Therefore, Phf6é depletion
slowed down the differentiation of myeloid progenitors into macrophages. This
suggests that PHF6 might be required by myeloid cells to ensure a normal
differentiation process. However, future studies should investigate whether PHF6 is
more important earlier in myeloid differentiation than later, or for the initiation of

differentiation. It is also worth exploring whether the delay in differentiation caused by
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Phf6 deprivation affects the macrophages phagocytic function. This can be tested
through methods based on engulfment of fluorescently-labelled latex mini-beads by
cultured macrophages. The phagocytic activity can be assessed either by counting
individual cells using a fluorescence microscope or measuring fluorescence intensity

using a flow cytometer (Sharma et al., 2014).

4.3.3 Phf6 depletion affects genes involved in haematopoiesis and chromatin

assembly

Although lack of Phf6 expression resulted in slowly differentiating macrophages with
irregular morphology, the RNA-seq data revealed that the total number of differentially
expressed genes was restricted to 530 throughout all days of differentiation. The genes
that were affected by Phf6 loss were involved in regulation of myeloid cell
differentiation, regulation of transcription factor activity, regulation of cell proliferation
and regulation of DNA binding. Because PHF6 might exert a transcriptional regulatory
function it may have targeted genes that are crucial to ensure proper development of
myeloid cells and, as a consequence, Phf6 deprived cells were not able to develop at

the same rate as wild type cells.

Likewise, several studies have found a link between PHF6 and transcriptional
regulation of haematopoietic genes. Despite shortcomings of ChlP-seq experiments
on Jurkat T-ALL cells as discussed in chapter 3 section 3.3.5, these data revealed
PHF6 binding to a set of target genes associated with haematopoiesis including
RUNX1, DMNT3A, NOTCHL1, and JAG1. The suppression of Phf6 also resulted in a
significant decrease in Runx1 and Notch levels in B-ALL cells (Meacham et al., 2015).
It has also been suggested that PHF6 directs the NURD complex to a subset of gene

targets that promote the development of hematopoietic cells through lineage
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commitment or maturation (Todd and Picketts, 2012). Moreover, integrated genomics
revealed PHF6 binding to nucleosomes flanking the TSSs of B-cell-specific genes,
which allows B-cell-specific transcription factors to bind and activate genes in B-ALL
cells. Conversely, PHF6 binding to nucleosomes surrounding the TSSs of T-cell-
specific genes promoted chromatin compaction, thereby restricting the binding of T-
cell-specific transcription factors. Consequently, the deletion of PHF6 led to the
downregulation of B-cell-specific genes and ectopic activation of the T-cell program in
B-ALL cell lines (Soto-Feliciano et al., 2017). In a recent study, Phf6 deletion led to the
suppression of a set of genes associated with TNFa signalling and permitted
resistance against the TNFa-mediated growth inhibition on HSCs by directly and
indirectly activating the downstream effectors of TNFa signalling, such as Nr4al, Egr1l,
and Junb. TNFa is a pro-inflammatory cytokine that drives the immune response and
is induced by haematopoietic stress (Miyagi et al., 2019). Indeed, our data showed that
among the upregulated genes in shPhf6 cells were TFs involved in haematopoiesis
including Egrl. This gene encodes the transcription factor EGR1 which is crucial for
normal myeloid cell differentiation through transcriptional regulation (Tian et al., 2016).
The mechanisms for finely controlling TFs activity to ensure proper development of the
cells are not confined to transcriptional control of TF genes. The presence of
posttranslational modifications, such as acetylation, methylation, phosphorylation also
plays roles in regulating TF activities. Therefore, it is not certain that Egrl is a direct
target of PHF6 and the possibility of PHF6 contribution with the NURD complex in

posttranslational modifications in myeloid cells should be taken into consideration.

Remarkably, we also identified differential expression of genes responsible for

chromatin assembly, protein-DNA complex assembly, nucleosome assembly and
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organisation. These genes are essential for the chromatin structure which plays an
important role in all nuclear processes, such as DNA repair, replication, transcription,
and recombination. Altogether, this highlights an indication that PHF6 might play a
transcriptional regulatory function and targets genes that are required for
hematopoietic cell development. Additionally, this suggests that PHF6 may target
genes that ensure a proper maintenance of chromatin structure and nucleosome

organisation and assembly in myeloid cells.
4.3.4 Phf6 depletion repositions LMO2, TAL1, and LDB1 binding sites

Insight into the distribution of LMO2, TAL1 and LDB1 bound sites across the genome
of myeloid cells was achieved through ChIP-seq experiments. The intersection of
ChiIP-seq data revealed that LMO2 associated with TAL1 and LDB1 in 45 regions
within the genome. These regions maintained the occupancy of LMO2/TAL1/LDB1
after Phf6 knockdown. By contrast, LMO2 repositioned into a novel set of genomic
regions after knockdown of Phf6. In addition, TAL1 and LDB1 showed a greater

number of peaks in shPhf6 than in shCtrl cells.

Motif enrichment analyses were performed to investigate whether a specific motif was
enriched or whether binding of other TFs might contribute to the establishment of the
DNA binding patterns of LMO2, TAL1 and LDB1. The motifs that were bound by LMO2
and LDB1 were replaced by different bound sequences after Phfé depletion. TAL1
bound regions were consistent in shCtrl and shPhf6 cells, with some different motifs
following PHF6 loss. However, we found the motif of Yin Yang 1 (YY1) transcription
factor exclusively enriched in LMO2 ChlIP-seq in shCtrl cells. The YY1 binding motif
was not significantly enriched in cells lacking PHF6. The YY1 transcription factor is

known to occupy interacting enhancers and promoters (Gordon et al., 2006). It can
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form homodimers, thereby facilitating DNA loop formation, bringing distant regulatory
regions in close proximity. Depletion of YY1 can disrupt enhancer-promoter contacts
and normal gene expression (Weintraub et al., 2017). Thus, the participation of LMO2
in a complex that involves YY1 through which it binds to DNA and regulates gene

expression should not be neglected.

The motif analyses mainly identified motifs with complex sequences, and we did not
observe enrichment of hematopoietic transcription factors motifs like ETS, GATA or
RUNX. Although LMO2/TAL1/LDB1 common peaks occupied the same regions before
and after Phfé knockdown the motif sequences were different in shCtrl than in shPhf6.
One possible explanation is that the number of overlapping peaks is very low which
might not be enough to be very robust to identify specifically enriched motifs and
making a bias towards longer motifs as they are more easily identified as significant. It
was also puzzling why LMO2, TAL1, and LDB1 almost completely relocated their
binding sites after Phfé knockdown. It is possible that the regions where these factors
can bind where multiplied, deleted, or translocated due to the chromosomal
abnormalities caused by PHF6 deprivation which will be discussed in the next section.
Thus, peaks were called in shPhf6 cells at distinct binding sites from the regions found

in the wild type cells.

4.3.5 Genome and chromosome stability are affected by Phfé and Lmo2

expression levels

Having explored the potential regulatory functions of PHF6 in addition to observing the
effect of PHF6 depletion on cell morphology and differentiation, we further investigated
chromosomal integrity prior to and after Phf6 knockdown through cytogenetic tests.

Furthermore, cytogenetic experiments were also performed using shLmo2 and HA-
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LMO2 cell lines to compare whether Lmo2 depletion or overexpression have similar

effect to Phf6 deprivation in myeloid cells.

Our imaging analyses revealed very high numbers of chromosomes in Phf6 and Lmo2
depleted cells, as well as in LMOZ2 overexpressing cells compared to the control cells.
It was difficult to distinguish whether the chromosomes were polyploidy or fragmented
and some metaphases showed likelihood of having pulverized chromosomes.
Premature chromosome compaction is the mechanism of pulverization by which
compaction of partially replicated chromosomes is induced by mitotic cyclin-dependent
kinase (CDK) activity (Obe et al., 1975). Chromosome pulverization has been
demonstrated in cell-fusion experiments where chromosomes from an S-phase cell are
pulverized due to exposure to signals from mitotic cytoplasm (Johnson and Rao, 1970).
Pulverization has also been reported when aberrant late-replicating chromosome
translocations are produced (Smith et al.,, 2001). This indicates that PHF6 and a
balanced expression of LMO2 may be required to maintain genome and chromosome

stability in myeloid cells.

These assumptions are corroborated by other studies on the individual roles of LMO2
and PHF6 in replication and DNA damage. Sincennes et al., reported the influence of
LMO2 on cell cycle progression and DNA replication in hematopoietic cells through its
association with three replication proteins, mini-chromosome 6 (MCM®6), DNA primase
(PRIM1), and DNA polymerase delta (POLD1) (Sincennes et al., 2016). Moreover,
previous studies showed that PHF6 depletion causes increased genomic instability,
accumulation of the DNA damage marker yH2AX and cell cycle delay at G2/M (Wang
et al., 2013). Also, knockdown of PHF6 in HEK 293T cells resulted in elevated levels

of yH2AX (Van Vlierberghe et al., 2010). Therefore, we postulate that DNA damage is
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correlated to the chromosomal abnormalities we observed upon Phf6 and Lmo2

suppression or LMO2 overexpression.

It has been reported that loss of Phf6é promoted significant cell growth in AML, while it
had a neutral effect in T-cell ymphomas, suggesting differential requirements for Phf6
gene function in T-cell, and myeloid cancers (Meacham et al., 2015). PHF6 mutations
have also been reported in patients with AML (Van Vlierberghe et al., 2011, Cancer
Genome Atlas Research et al., 2013). Cancers acquiring PHF6 mutations have not
been correlated with any specific myeloid progenitor cell type, however, higher PHF6
expression levels were found in HSCs and megakaryocyte/erythroid progenitors than
in common myeloid progenitors or granulocyte/macrophage progenitors (Van

Vlierberghe et al., 2011).

Additionally, the role of LMOZ2 in myeloid cells is not well defined although LMO2 was
found overexpressed in 51.1% of AML patients, compared to normal bone marrow
donors (Meng et al., 2009). Immunostainings performed on AML patient bone marrow
biopsies showed that LMO2 is expressed in 77% of the cases, but it was not a predictor
of overall survival (Cobanoglu et al., 2010). Nonetheless, LMO2 upregulation has been
correlated to overall survival and haematological remission in a group of chronic
myeloid leukaemia (CML) patients undergoing therapy (Sonmez et al.,, 2009).
Furthermore, Lmo2 overexpression has been reported in the evolution of leukaemia
stem cell activity and disease generation in a murine model of AML (Kvinlaug et al.,

2011).

Cancer cells adapt to external stress by acquiring mechanisms such as DNA mutation,
chromosomal translocation, gene amplification and chromosomal instability (Lengauer

et al., 1998). Chromosomal instability is a feature of cancer genomes and can directly
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lead to DNA damage (Janssen et al., 2011). Although the DNA damage experiments,
we performed were not conclusive, our findings underline the value of these mouse
cell models to better understand the cellular and molecular functions that Phf6 and
Lmo2 play in myeloid cells. They also serve as a relevant tool to gain insights into
human cancer. A useful approach to further understand the counter effects of Phfé and
Lmo2 deprivation is gene rescue experiments. These experiments enable the regain
of the knockdown effects by adding shRNA rescue construct. | have already designed
shPhf6 resistant sequences with multiple nucleotide mismatches which will allow the
rescue of the shPhf6 phenotype. Due to time limitations these experiments were not
further conducted but are within the future plans. After the reconstitution of PHF6 the
cells can be assessed for gene expression, chromosome stability, and DNA damage
which will clarify the specific effects of Phf6 depletion in myeloid cells. These future
studies in combination with the data we generated in addition to Lmo2 rescue
experiments will provide more evidence of Phf6 and Lmo2 important functions in

myeloid cells and their potential mechanisms in cancer.

210



5 Chapter 5: Overall discussion
5.1 Role of the LMO2/TAL1 complexin T-ALL

Previous studies have identified an LMO2 complex which involves TAL1 and LDBL1 in
T-ALL cells that resembles the complex described in erythroid cells. The bipartite DNA
motif recognised by the LMO2 complex in erythrocytes is an E-box followed
downstream by a GATA motif (Wadman et al., 1997). Alternatively, the LMO2 complex
described in T-ALL binds to DNA through a dual E-box motif (Grutz et al., 1998).
However, this complex has not been extensively studied in T-ALL cells and its

oncogenic function remains widely unknown.

Indeed, analyses in this study performed on T-ALL cells reinforced the notion that
LMO2 functionally co-operates with TAL1 protein to regulate genes that are essential
for basic cellular functions, transcriptional regulation, RNA processing, cellular
biosynthetic processes, and metabolic processes. Many genes were identified as
potential targets of the LMO2/TAL1 complex in the different T-ALL cell lines through
the complex binding to distinct binding sites. These observations indicated that the
LMO2/TAL1 complex may regulate the expression of a specific gene through binding
to different regulatory elements. Different potential targets of the complex were also
confined to particular cell lines. Hence, we suggest that a transcriptional regulatory
function of the LMO2/TAL1 complex may allow tailored regulation of genes according
to variable cell phenotypes and their dissimilar requirements leading to survival and
proliferation. The genome wide data obtained from T-ALL cell lines that are blocked at
different stages of differentiation represent a good model to investigate the role of
LMO2 complex. It provided insight into differences between gene expression and

regulation in these cells, despite being categorised in the TAL/LMO group of T-ALL.

211



This documentation of differences in regulation of gene expression is important in drug

discovery processes for T-ALL besides studies of signalling and metabolic pathways.
5.2 Identifying PHF6 as a novel interactor of LMO2

A recurring observation throughout this study was the interaction of PHF6 with LMO2.
These findings were documented both in the context of human T-ALL cell lines
(Chapter 3), as well as in the mouse myeloid cell line model PUER (Chapter 4).
Furthermore, analyses of LMO2 and PHF6 binding using ChlP-seq datasets from
human T-ALL cells revealed functional interactions between PHF6 and the
LMO2/TAL1/LBD1 complex, which bind DNA through known haematopoietic TF

motifs.

LMO2 is considered a transcriptional co-factor, given that it does not bind directly to
DNA, but instead acts by forming a scaffold for DNA-binding proteins and other
interacting proteins, creating a bipartite multi-protein DNA-binding complex (Lecuyer
et al., 2007). The binding properties of PHF6 are still not well defined. It has been
reported in a study that PHF6 is able to directly bind dsDNA in vitro. By conducting
electrophoretic mobility shift assays (EMSA) to test whether the PHF6-ePHD2 domain
directly binds to dsDNA, it was shown that PHF6 has a binding affinity to dsDNA via its
C-terminal tail. However, PHF6 did not exhibit sequence preferences for AT- or GC-

rich sequences (Liu et al., 2014).

In this study, the direct binding of PHF6 to DNA was not investigated in depth.
Nonetheless, the de novo motif analyses of ChlP-seq datasets represented in human
T-ALL cells did not identify recurrent significant motifs for PHF6 itself. It showed that

PHF6 does not seem to recognise specific DNA-binding sequences, and the enriched
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motifs were long DNA sequences. Similar findings were reported in B-ALL cells (Soto-
Feliciano et al., 2017) and HSCs (Miyagi et al., 2019), where no specific DNA motifs

were associated with PHF6 binding.

These observations raise the possibility that PHF6 promotes the binding of a TF to
target genomic sites without directly interacting with the DNA itself. Indeed, this study
and other studies have explored this prospect. PHF6 ChlP-seq datasets in this study
showed enriched binding to TFs motifs involved in haematopoiesis including RUNX1,

GATA, RUNX, TCF12 and SPI1, in addition to the unknown DNA sequences.

Soto et al. investigated whether PHF6 is part of a transcription factor complex in B-ALL
cells. They analysed the +1 kb DNA regions surrounding the TSSs of differentially
expressed genes in these cells and assessed the enrichment of known motifs. The
enriched motifs were for TFs that are important during haematopoiesis and
lymphopoiesis, including PU.1, NFkB, EGR1, EBF1, TCF3 (E2A), and TCF12 (HEB).
They further confirmed that PHF6 interacts with TCF12 and NFkB in B-ALL cells
through endogenous coimmunoprecipitation experiments. The study concluded that
PHF6 does not act as a canonical transcription factor in B-ALL cells, because of its
inability to recognise specific DNA-binding motifs (Soto-Feliciano et al., 2017).
Experiments by Miyagi et al. could not confirm this physical interaction between PHF6
and NFkB in CML cells. However, they detected overlapping peaks of PHF6 and NFkB
mainly in the intergenic regions, introns, and promoter TSSs through ChlIP-seq
analyses. They suggested a functional interaction between PHF6 and NFkB in CML
cells, which exerts a regulatory function in these cells (Miyagi et al., 2019). Findings
from this thesis provide novel evidence for physical and functional interaction between

PHF6 and LMO2 complex in the context of human T-ALL, where PHF6 is recruited to

213



the DNA through TFs that are members of the LMO2 complex. Additionally, the
physical interaction of PHF6 with LMO2 was identified in myeloid cells and further
investigations into the functional interactions will be carried out through ChIP-seq

experiments.
5.3 The transcriptional role of PHF6

We and other groups have suggested that PHF6 possibly plays a transcriptional
regulatory function and targets genes involved in haematopoiesis. In this study, the
integrated ChlP-seq to RNA-seq data in T-ALL cells revealed many TF genes that are
involved in haematopoiesis as potential targets of PHF6/LMO2/TAL1/LDB1 peaks.
Moreover, among the differentially expressed genes in PUER myeloid cells after Phf6

depletion were haematopoietic TFs.

Experiments on B-ALL cells showed that loss of Phf6 caused suppression of Runx1
and Notch levels (Meacham et al., 2015). Other experiments performed on Phf6
knockout B-ALL cells, demonstrated enrichment of genes associated with T-cell signal
transduction and function including Tcf7, Bclllb, and Gata3 (Soto-Feliciano et al.,
2017). Recently, RNA-seq data identified a set of downregulated genes in Phf6
deficient HSCs relative to wild type HSCs, indicating that PHF6 is primarily implicated
in transcriptional activation in HSCs (Miyagi et al., 2019). Overall, this indicates that
PHF6 might regulate transcription of genes necessary for haematopoietic cell
differentiation and proliferation. Supporting this notion, we showed HHEX gene
expression through PHF6 binding with the LMO2 complex members at active enhancer
sites supported by adapted H3K27ac ChIP-seq dataset in DU.528 cells (Abraham et
al., 2017). In a study using CD2-Lmo2 mice, two different mechanisms through which

the LMO2 complex can cause T-cell differentiation block has been described. One
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involves the activation of Hhex, Lyl1, and Mycn resulting in an ETP-ALL like pathway
and the other showing overexpression of Notchl (Smith et al., 2014). The findings
described in this thesis build upon this concept and propose a mechanism of PHF6
collaboration with the LMO2 complex in activating genes that are expressed in
immature thymocytes, thus enhancing self-renewal capacity of the cells and
obstructing the upregulation of T-cell specific genes, leading to an accumulation of

undifferentiated leukemic T-cells.

Additionally, the genome wide data revealed potential PHF6 targets, other than genes
directly involved in haematopoiesis. PUER cells showed that the expression of genes
involved in chromatin assembly, as well as nucleosome organisation and assembly,
were altered upon Phf6 depletion. Chromatin undergoes transient disruption and
restoration to replicate parental chromatin during the S-phase (Krude and Keller,
2001). Chromatin restoration on newly synthesised DNA includes nucleosome
assembly and remodelling, restoration of DNA methylation and histone marks,
deposition of histone variants and establishment of higher order chromosomal
structures including sister-chromatid cohesion. Chromatin replication facilitates an
opportunity to change the chromatin structure, thereby altering the transcription factor
profile on chromatin (Alabert and Groth, 2012, Margueron and Reinberg, 2010). A
proteomic analysis reported PHF6 as a component of hascent chromatin, which may
indicate a role for PHF6 in the loading of transcription factors on chromatin or the
functional regulation of transcription factors in the S-phase (Alabert et al., 2014). These
assumptions were supported by our observations of extreme effects on chromosome

integrity upon knockdown of Phfé and Lmo2 in myeloid cells.
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Overall, the findings in this study could have two explanations, which are not mutually
exclusive: (i) complexes composed of PHF6 bind DNA through TFs, thus regulating
transcription of genes essential for haematopoietic development and/or chromatin
structure; (i) PHF6 may serve as an essential protein that participates in facilitating
chromatin and chromosome packaging. These findings highlight the value of the
genome wide data generated by this study and the advantages of utilising these mouse
cell models to understand the biological and molecular roles of Phfé and Lmo2 in
normal cells and cancer cells. Thereafter, providing a useful tool to gain more insight

into human leukaemia to find better treatments for this type of cancer.
5.4 Limitations

A first limitation, was the challenge to generate PHF6 knockdown T-ALL cells despite
the continuous efforts in applying different methods to silence PHF6, as discussed in
chapter 3. T-ALL cell lines were difficult to transduce with lentiviral plasmid and did not
proliferate after the integration of shPHF6 through a transposase-mediated method.
Alternatively, the CRISPR-Cas9 system is an efficient way to manipulate gene
expression and function by genome editing to study loss-of-function phenotypes
(Sander and Joung, 2014). The system requires introducing two components: the
nuclease Cas9 and a single-guide RNA (sgRNA) which targets the nuclease to the
genomic locus of interest (Ran et al., 2013). Vehicles used to deliver the CRISPR-
Cas9 system include: (i) physical delivery methods, such as microinjection and
electroporation, while methods such as hydrodynamic delivery are still under
investigation, (ii) viral delivery vectors, including specifically engineered adeno-
associated virus (AAV), and full-sized adenovirus and lentivirus vehicles, (iii) non-viral

vector delivery vehicles, such as lipid nanoparticles, cell-penetrating peptides, DNA
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‘nanoclews’, and gold nanoparticles (Lino et al., 2018). Because there are variable
delivery methods for the CRISPR-Cas9 system it is an appealing technique to
overcome the drawbacks we encountered by using the shRNA method. It can also be
the system of choice for cells that are difficult to transduce and proliferate like the T-

ALL cell lines utilised in this study.

A second limitation, there was no corresponding normal sample for comparison in T-
ALL because LMO2 is not expressed in normal T-cells beyond the DN2 stage.
Therefore, studying the LMO2 complex and the interaction with PHF6 was only in the

context of cancer T-cells.

A third limitation, PHF6 ChIP-seq was an ongoing challenge throughout this study
because the quality of ChlP-seq data depended on the quality of the antibody used for
immunoprecipitation. Validation of the PHF6 antibody for ChlP-seq experiments was
laborious and time consuming. Thus, distinct sets of PHF6 ChIP-seq data generated
different results. This can be expected when using different antibodies because
antibody epitopes may be masked or partially masked at some gene loci depending
on other DNA-bound proteins and the extent of masking can vary across different gene
loci. Successful sets of PHF6 ChlP-seq data in T-ALL cells were produced eventually
as reported in chapter 3. However, the PHF6 ChIP-seq experiments in the PUER
myeloid cells were only performed using an antibody that did not seem to be suitable
for ChIP experiments (data not shown). Taken that ChIP experiments yield better
results using the antibody used in T-ALL cells, we speculate that PHF6 ChIP with this
antibody will identify more genomic regions associated with LMOZ2. This will allow the
investigation of PHF6 and LMO2 functional interaction in myeloid cells, which will shed

the light on the role of PHF6 in myeloid cells development.
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A fourth limitation was the DNasel-seq experiments in myeloid cells (data not shown)
which generated a very limited number of DHSs which were not considered
informative. A fair amount of pre-testing to identify the right incubation conditions was
performed, but the sequencing results showed under-digestion which influenced the
detection of open chromatin sites. One solution is to further optimise the conditions for
the myeloid cells and repeat the DNasel-seq experiment. Another solution is to apply
the assay for transposase-accessible chromatin (ATAC-seq) technique which is also
used to detect open chromatin regions. ATAC-seq has some experimental advantages
over DNasel-seq. The ATAC-seq assay and library preparation are carried out in a
single enzymatic step and requires a very low number of cells which enables rapid
library generation (Buenrostro et al., 2013). However, DNAsel-seq is the method of

choice when sufficient cells are available because it generates better data.

Lastly, Phf6 and Lmo2 rescue experiments should be conducted in myeloid cells as
discussed in chapter 4. These experiments will provide useful information regarding
the chromosome instability, and changes in gene expression that occurred in the
knockdown phenotypes. This can give more insight into Phf6é and Lmo2 roles in normal

myeloid development and highlight their possible oncogenic roles.
5.5 Final conclusions

To the best of our knowledge, this study has shown the first integrative genome-wide
analysis of chromatin elements and gene expression as related to expression of PHF6,
in both human T-ALL cells and in mouse myeloid cells. A novel interaction between

PHF6 and LMO2 in these lymphoid and myeloid cells has been identified.
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Relating to the ChIP-seq results in T-ALL cells, we assume that PHF6/LMO2 are team
players in a complex that includes TAL1 and LDB1, which plays a transcriptional
regulatory function that regulates genes involved in haematopoietic lineage

determination and differentiation.

Although the analyses are not yet conclusive, we have postulated from several
independent lines of investigation that PHF6 may represent a factor that plays a major
transcriptional regulatory function. This is of potential relevance to cancers where
PHF6 have been implicated as a tumour suppressor. Mutations of PHF6 have been
described in T-ALL, AML, CML and hepatocellular carcinoma patient tumours (Van

Vlierberghe et al., 2010, Van Vlierberghe et al., 2011, Yoo et al., 2012, Li et al., 2013b).

In this study, PHF6 seems to promote expression of genes involved in the development
of haematopoietic cells, chromatin and nucleosome structure maintenance and DNA
repair. However, the genome-wide events accompanying these changes have yet to
be explored. Moreover, Phf6 suppression caused changes in gene expression,
chromosomal abnormality, and delayed differentiation. Further characterisation of
PHF6 and PHF6/LMO2 interactions will need to focus on their participation in different
complexes and what their functions are in normal haematopoiesis, in order to fully

understand how they contribute to oncogenesis.
5.6 Future perspectives

To answer the remaining questions throughout this study, it would be useful to follow

up on the findings by applying the following:

1. A different approach such as CRISPR-CAS9 mediated PHF6 knockout in order

to deplete PHF6 in T-ALL cells. This will enable to further investigate the role of
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PHF6 and the PHF6/LMO2 complex in oncogenesis. Which can be followed up
by RNA-seq, DNA damage, and chromosome spread experiments.

. Extend the findings of chromosome breakage and genome instability in Phf6
and Lmo2 deprived myeloid cells by investigating their role in cell cycle
progression and DNA damage. This can be done by performing
immunostainings coupled with western blotting to test DNA damage markers
such as 53BP1 and yH2AX in these cells compared to wild type cells. The
immunostainings of these DNA damage markers can be combined with EdU
labelling followed by flowcytometry analysis to count the cells in S-phase and
determine the accumulation of DNA damage.

. The rescue of Phf6é in shPhf6 cells to study the consequences of PHF6
reconstitution on gene expression, cell cycle progression, and DNA repair.

. RNA-seq experiments for shLmo2 and HA-Lmo2 cells have already been
performed and the sequences ready for analysis to be compared to shCtrl and
shPhf6 RNA-seq. ChIP experiments with PHF6 antibody in shCtrl have also
been performed and being analysed, after which the data will be integrated with

the RNA-seq data to further explore the functions of Phf6 in these myeloid cells.
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