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Preface

Abstract

Understanding the control of cell fate determination can provide insights for tissue
development, immunity and disease evolution. With respect to tissue development, mitosis
influences tissue architecture as the daughter cell requires its own space in the tissue
microenvironment. The spatial dynamics during mitosis must be well controlled, otherwise
the order of tissue homeostasis will break down. Therefore, in this thesis I focused in two
chapters on dissecting the mechanism of daughter cell positioning. The results suggested
Scribble and E-cadherin provide a platform to stabilise the morphological changes during
mitosis, and potentially protect the daughter cells from being extruded. With respect to
immunity, T cell development influences a major source of adaptive immunity. However,
T cell development is not a straight-forward event of cell differentiation, but is propagated
with multiple fate determination events such as survival, death, self-renewal or
differentiation. One crucial test for fate determination in T cell development is the B-
selection checkpoint. In this thesis, I found that HDAC6 inhibition during T cell
development altered the control of B-selection checkpoint, exposing a transitional

population we called ‘DN3b"™’

. My results suggested a profound fate determination must
be coordinated in DN3b"™ to ensure only the most qualified T cell is generated. Needless to
mention, generating functional T cells can enhance the chance to combat cancer, but T cell
generation per se is error-prone, which leads to leukaemia initiation. Therefore, a broad and
deep understanding of fate determination during T cell development is urgent. Overall, in

this thesis, I demonstrated molecular mechanisms that coordinate cell fate determination.

Unlike many well-proven biological theory that fate determination is guided by extracellular
signalling and cell-cell communication, the mechanisms I found are prone to be cell-
autonomous. That means fate determination of each cell in part is controlled by the cell
itself. This is a mysterious driving force that involves the fingerprints of epigenetics such as
HDACS6 activity takes the control of T cell fate. In this thesis I exposed multiple possibilities
by which transcriptional control through HDAC6 might govern the cell-autonomous fate
development. On the other hand, I found Scribble-E-cadherin complex plays a junctional-
independent role, which means the effect was not from neighbouring cells. This is a first
time that the protein function of Scribble-E-cadherin is demonstrated as cell-autonomous
signalling, and this attribute shapes cell division. Overall, my results contribute to

deciphering cell fate determinations with cell-autonomous mechanisms.
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Chapter 1: Introduction

1.1 Overview of the thesis

1.1.1 A dissertation to study cell fate determination

In any living organism, cell fate determination never stops. The identity of a future cell is
determined, or is initiated to be determined, in the current cell (Sagar and Griin, 2020).
Fundamental events of fate, for instance, are survival, death, proliferation, differentiation,
and self-renewal. Multiple factors are involved to help determine these events of fate, for
example, contact-based signals (eg. cell-environment interaction), long-distance effectors
(eg. hormone), and cell-autonomous determinants (eg. self-organization of genome) (Chan
et al., 2017; Tsuchiya et al., 2020). Here I applied two valuable cell systems (See Section
1.1.2) to study the mechanisms for fate determination, and hope to elucidate cell-

autonomous attributes.

1.1.2  Two cell systems were investigated: Immune cells and epithelial cells

Two types of cells were investigated in this study: the first is developing T cell (Chapter 3
and 4) and the second is mammary epithelial cell, MCF10A (Chapter 5 and 6). The
motivation to dissect the fate-determining mechanism in developing T cells is because pre-
TCR signal serves as a self-examination platform to facilitate a proper T cell selection
(Chann and Russell, 2019a), but the molecular sequences that drive fate consequence is not
clear. In this study, I used an epigenetic inhibitor ACY 1215 to influence the development
of DN3 cells, and I proposed novel insights from tracking the changes in fate determination

following B-selection.

In the second case, I focused on the process of epithelial cell division. As positioning
daughter cells is important for maintaining epithelia homeostasis (Le Bras and Le Borgne,
2014), I studied how mitotic spindle is positioned autonomously, and how two daughters
adhere following mitosis. I proposed Scribble and E-cadherin form a complex to guide
appropriate positioning of daughter cells. Overall, in this dissertation I used developing T

cell and MCF10A cell division to investigate mechanisms for fate determination.

1.1.3 Perspectives

Understanding T cell development is important. At least two contexts are tightly associated

with T cell development: T-cell acute lymphoblastic leukemia (T-ALL) and bone marrow

transplant. T-ALL is a kind of lethal leukaemia partly driven by the error in T cell

development; for instance, Notchl and Lmo2 promote hyper-proliferation of developing T

cell, resulting in the immature T cell bypassing the B-selection checkpoint (Tan et al., 2017).
1
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Many patients with blood malignancies, including T-ALL patients, often require bone
marrow transplant (Hamilton et al., 2017). During bone marrow transplantation, the T cell
development should be carefully monitored as the new cycles of T cell generation will
occur (Moutuou et al., 2018), and the newly imposed haematopoietic progenitors in thymus
might induce leukemogenesis as shown in a murine model (Paiva et al., 2021). Immunity
re-engineering within the associated procedures such as T cell depletion and ‘T-Cell Add-
Back’ requires a competent thymus (Montero et al., 2006; Moutuou et al., 2018; Sutrave et
al., 2017). These concerns of leukemogenesis suggest strong knowledge of T cell

development is pivotal.

Another focus of the thesis is fate determination during cell division of breast epithelial cell.
Mechanisms of daughter cell positioning were elucidated here, showing the link between
spindle orientation and daughter cell positioning in the scale of single mitotic cell. The
study addressed the control of spindle positioning checkpoint that can minimise the failure
during cytokinesis (Caydasi et al., 2010), therefore illustrated how aneuploidy is avoided
(Nicholson et al., 2015). Moreover, as a recent evidence showing cell division contributes
to the protrusion of cancer cells (Bonnet et al., 2021), the abnormality of daughter cell
positioning likely causes the wrong adaption to the tissue, which leads to a breakdown of
tissue homeostasis and the cancer-like dissemination. Thus, understanding of daughter cell

positioning can benefit the prevention of cancer initiation.
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1.2 An introduction to T cell development

T cell development is pivotal to generate a functional adaptive immune system against
infectious disease and cancer. The thymus is the organ to produce T cells. Children born
without a thymus because of an inability to form a proper third pharyngeal pouch during
embryogenesis (DiGeorge Syndrome) were found to be deficient in T cells (Chinen et al.,
2003). Patients of Severe Combined Immune Deficiency (SCID) have a thymus but cannot
produce lymphocytes because of defects in enzymes required for somatic recombination
(Gennery, 2019). T cell development is greatest during fetal development and before
puberty. After puberty the thymus shrinks and T cell production declines; in adult humans,
removal of the thymus does not compromise T cell function. Overall, understanding T cell
development is important to support primary immune generation and immune regeneration
after stem cell transplantation (Krueger et al., 2017). In this section, I introduce T cell

development and how functional T cells are selected.

1.2.1 Hematopoietic stem cell differentiates T cell

Hematopoietic stem cells (HSCs) have the potential to derive immune cells (Figure 1. 1
A): erythroid, granulocyte and monocyte, megakaryocyte, and lymphocyte. HSCs or
hematopoietic progenitors are multipotent, and this multipotency is maintained by self-
renewal. Following cell division, hematopoietic progenitors are differentiated to myeloid
stem cells or lymphoid stem cells. Lymphoid stem cells then differentiate to T cells
(Rothenberg et al., 2010). HSCs grew in a bone marrow niche, surrounded by endothelial
cells and mesenchymal stromal cells, and are differentiated to lymphoid progenitors. The
lymphoid progenitors in bone marrow migrate through blood vessels then arrive at the
thymus, where T cell fate is committed and developed (Shortman and Wu, 1996). The
thymus is a multi-lobed organ composed of the cortical and the medullary areas. Early T
cell precursors (ETPs) enter the cortical areas, where the cortical epithelial cells form a
niche for ETP proliferation (Dzhagalov and Phee, 2012). Following ETP differentiation,
cells move from the cortex to the medulla of the thymus, undergoing multiple steps of
differentiation to become mature naive T cell. In short, T differentiation in thymus follows
the process: Early T-cell precursor (ETP) transits through CD4” CD8™ double negative (DN)
stage to CD4" CD8" double positive (DP) stage, then becomes mature CD4" or CD8" single
positive T cells (Figure 1. 1 B). In the progression of DN stage, 4 major steps are defined:
First, the potential for non-T cell lineages is progressively lost from DN1 (CD44°, CD25")
to DN2 (CD44", CD25") stage. The T-cell fate is committed in DN2 and DN3 (CD44",

3
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CD25") stage. DN3 cell undergoes gene recombination to create a TCR chain. In the phase
that TCRP gene is recombined, a process called B-selection is implemented to ensure DN3
cell can present a qualified TCRp chain (see Section 1.2.2). DN3 stage is followed by DN4
(CD44°, CD25") and DP, where TCRa is recombined. The TCRa chain is then conjugated
with the TCRp chain, forming a afTCR receptor. The quality of afTCR at DP cell is then
tested by positive selection (see Section 1.2.4) and negative selection (see Section 1.2.5).
Because of these three selection steps (B, positive, and negative), most of cells entering
thymus were selectively eliminated by apoptosis if the features of T cell aren’t correctly
developed. The selection mechanism of the four major programs of early T cell selection

were introduced in the following Section 1.2.2-1.2.5.

1.2.2 Early T cell selection (1): B-selection

The T cell of aff lineage is firstly selected by a program called B-selection (Chann and
Russell, 2019b). As TCRP chain is not encoded in the germline, an additional gene
rearrangement must be applied. The process to rearrange TCRp gene and to express a TCRf3
chain occurs at the DN3 stage of T cell development. There are two sub-stages in DN3,
DN3a (DN3, CD28) and DN3b (DN3, CD28"). At the DN3a stage, the enzymes to
rearrange TCRp gene, RAG1 and RAG2, are expressed and gene recombination is initiated,
with the first step of D-J joining and the second step of V-DJ joining. At the DN3b stage,
the recombined TCRp gene is expressed, together with a pTa chain (a surrogate of the a
chain), to form a pre-TCR complex. Pre-TCR signals dictate cell survival and development,
therefore determining passage through the B-selection checkpoint to ensure cells without
appropriate TCRp die. (The fate-determining mechanisms at the stage of B-selection are
reviewed in the Section 1.4.) Subsequently, once the pre-TCR is formed, cells can pass the
B-selection checkpoint, and enter DN4-DP stage. When the cells are at the DP stage,
RAG1/2 are re-expressed to assist the generation of the TCRa chain. By replacing the pTa
chain, a TCRa chain and a TCRp chain are paired as a TCR receptor.

1.2.3 Early T cell selection (2): yo-selection

Although af T cell represents a major component of all T cells, there are 0.5-16% yd T
cells that reside in peripheral blood (Deseke and Prinz, 2020). yd T cells play multiple roles
in pathogen clearance, immunosurveillance, cancer, and autoimmune diseases. Being the
offspring of lymphoid progenitors, similar to the afy T cell, the yo T cell is also specified at
DN3a stage and/or in DN2 stage, whose TCR gene recombination is also controlled by
RAG1/2 (Parker and Ciofani, 2020). It was reported that y chain and 6 chain are rearranged

simultaneously with B chain. Interestingly, 6 chain segments of the genome are located
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within the regions of the a chain gene sequences. Therefore, it was hypothesised that if 6
chain is arranged, the cell is selected to be 3 T cell as the formation of a chain is impossible
(Wilson et al., 1996). y6 T cells do not progress to DP stage, and most of yo T cell remains
in a DN surface phenotype (Parker and Ciofani, 2020). Intriguingly, some yo T cell can be
generated in a mouse that lacks thymus, suggesting the general principle above is not

completed for the entire yd-selection (Nonaka et al., 2005).

1.2.4 Early T cell selection (3): Positive selection

For the ap T cell lineage, a program called positive selection has evolved for DP cells that
presents with ap TCR. The goal of positive selection is to ensure only the DP cell that can
interact with MHC can survive, all others will die by neglect within 3-4 days (Klein et al.,
2014). Only about 10% of DP cells survive positive selection (Klein et al., 2014). Cortical
thymic epithelial cells (cTECs) present a “private’ peptide (also called self-peptide) through
a surface MHC class I complex or MHC class II complex. To interact with p-MHC-I or p-
MHC-II (p = peptide), a CD8 single positive (CD8-SP) T cell differentiates from DP to
bind p-MHC-I, while a CD4 single positive (CD4-SP) T cell differentiates from DP to bind
p-MHC-II. The choice of CD4-SP or CDS8-SP differentiation is controlled by the
transcription factors ThPOK (for CD4) and Runx3 (CD8). ThPOK and Runx3 antagonize
each other, enforcing an absolute CD4 or CDS8 lineage specification (Taniuchi, 2018).
Interestingly, it was suggested that MHC peptide per se seems able to influence the choice

of CD4/CDS lineage differentiation (Karimi et al., 2021).

A human immune deficiency called Bare Lymphocyte Syndrome (BLS) is caused by a
defect in MHC-II gene expression. CD4 cell production is deficient in BLS patients because
of the failure in positive selection. In addition, an inability to express MHC-II means the
humoral immunity is also impaired. Overall, the BLS patients often suffer from severe
infection, and often die before puberty (DeSandro et al., 2000). HSCs or bone marrow
transplantation are the appropriate approach to overcome MHC-II deficiency (Lum et al.,
2019). On the other hand, for individuals having dysfunction of MHC-I expression, the
development of CD8 T cell is impaired from the stage of positive selection, which lead to
disability in cancer cell elimination (Dhatchinamoorthy et al., 2021). Therefore, the error

in positive selection is tightly associated with human disease.

1.2.5 Early T cell selection (4): Negative selection
After positive selection, the goal of negative selection is to eliminate T cells that are highly

activated by self-antigen. To achieve this, the strong affinity of MHC/self-peptide to TCR
5
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induces apoptosis. This mechanism is important to prevent T cells that attack tissue after
they leave the thymus, and enables ‘self-tolerance’ (Hwang et al., 2012). SP cells that
survive positive selection migrate to the thymic cortico-medullary junction where cells
interact with mTEC, macrophages and dendritic cells (Inglesfield et al., 2019). Both
macrophages and dendritic cells are known to present self-peptide and help negative
selection, while a recent study also suggests phagocytosis is also involved in the thymic
negative selection (Kurd et al., 2019). Regarding presenting self-peptide, mTEC is a unique
cell that can express an enormous diversity of peripheral tissue antigens (PTAs) to filter
out the autoreactive SP cells. A master gene, called ‘autoimmune regulator’ (Aire) gene,
controls the expression of PTAs. It is well known that AIRE mutation causes loss of self-

tolerance and leads to autoimmune disease (Perniola, 2018).

As the mechanism of positive and negative selection is based on TCR-pMHC adhesion, the
threshold of adhesion signals to determine survival or death must differ between positive
and negative selection. Otherwise, cells with high affinity that survived in positive selection
will die in the negative selection; or cells with low affinity is removed in positive selection,
yet that level of affinity is appropriate for negative selection. To explain this phenomenon,
a differential avidity model was proposed. This model suggests the same peptide-MHC
complex delivers signals for both positive and negative selection; while avidity to positive
selection is low, but to negative selection is higher (Ashton-Rickardt et al., 1994). Another
model is the differential signalling model. Unlike the differential avidity model, this model
suggests different signals, in terms of quality and type, are delivered differently during
positive and negative selection. For example, signals of MAPK pathway stimulate some
peptide-specific interaction for positive selection but not negative selection (Alberola-Ila

et al., 1996).
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Figure 1. 1 The differentiation from HSC to T cell

(A) The hematopoietic stem cells (HSCs) in bone marrow differentiate to the multipotent
progenitor (MPP), which differentiates to the common lymphoid progenitors (CLP) and the
common myeloid progenitor (CMP). In myeloid lineage, the megakaryocyte-erythrocyte
progenitors (MEP) and the granulocyte-macrophage progenitors (GMP) differentiate from CMP.
In lymphoid lineage, T, B and NK cell are differentiated in the blood or other associated tissue.
The surface markers (green), adapted from (Challen et al., 2009), indicated mouse HSC
differentiation. (B) Thymus histology was shown in (Left), adapted from (Rodewald, 1998). The
differentiation from the early thymic progenitors (ETP) to CD4-single positive or CD8-single
positive cells are illustrated in (Right). The surface markers (green) indicated the differentiation

of mouse thymopoiesis from ETP, DN1-4 (double negative 1-4) to DP (double positive).
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1.3 An introduction to signalling for thymopoiesis

1.3.1 Signalling in the bone marrow for lymphopoiesis

The bone marrow is a major lymphoid organ not only because it is where hematopoiesis
and lymphopoiesis take place, but also because it is a permanent home for primed or naive
T cells (Pabst, 2018). Therefore, understanding the signalling in bone marrow will underpin
the investigation of T cell development. For example, many cytokines like SCF (stem cell
factor), IL3 (interleukin-3) and IL6 (interleukin-6) are used in the protocol to generate T
cell ex vivo from HSCs. SCF, also named as Kit ligand (Kitl), is expressed by the cells of a
heterogeneous source (eg. fibroblasts and endothelial cells). The major role of SCF is for
inducing hematopoiesis. It was recently reported that SCF is synthesised by a type of leptin
receptor+ (LepR) stromal cells and endothelial cells in bone marrow to support the growth
of c-kit+-restricted hematopoietic progenitors. Interestingly, LepR+ cells are 100 times
more numerous than HSCs in bone marrow, creating a ubiquitous niche for the
differentiation of c-kit+-restricted progenitors (Comazzetto et al., 2019). It was also shown
a bone marrow Osterix+ adipocyte expressed SCF for inducing haematopoiesis (Zengdi et
al., 2019). Usually, the effect of haematopoiesis of SCF is synergised through the
cooperation with IL-3 and IL-6 (Luskey et al., 1992), but it was recently shown that IL-3
can be alone to stimulate the embryonic hematopoietic specification from the induced
pluripotent stem cell (iPSC) (Mania et al., 2020). IL-6 is well demonstrated to support
haematopoiesis, probably by means of promoting HSC proliferation (Bhardwaj et al., 2021).
It was recently demonstrated that the expression of IL-6 receptor (IL6R) on HSC is
triggered by Notch signalling, which lead to HSC proliferation (Tie et al., 2019). On the
other hand, the IL-6 expressed by the mesenchymal stromal cell was shown to repress the
proliferation of the activated T cell, suggesting an effect of immunosuppression in bone

marrow is regulated by IL-6 (Dorronsoro et al., 2020).

1.3.2 Thymic signalling for T cell development

T cell progenitors become T cells in the thymus. T cell development in the thymus is brutal,
as a vast majority of developing T cells die in thymus because of a failure in several
selection mechanisms (see in Section 1.2.2 — 1.2.5). The thymus is comprised of various
thymic epithelial cells, organised in highly specified niche-like microenvironments which
trigger different signals such as the Notch and Hippo pathway (Wang et al., 2020;
Weerkamp et al., 2006; Yamauchi and Moroishi, 2019). The most explored signal is

Notchl. Notchl, with its downstream mediator Hes1, can suppress the differentiation of



Chapter 1: Introduction

non-T lineages, and guide T cell development to at least DN3b stage (Figure 1.1) (Souabni
et al., 2002). After T cell fate commitment, the expression of Notchl in developing T cell
itself favours aff fate determination (Ciofani et al., 2006; Wolfer et al., 2002), as Notchl
signalling is also required for suppressing TCRy and 6 expression, termed ‘TCRyd
silencing’ (Yui et al., 2010). This af3 fate determination is suggested to be a synergy
between pre-TCR and Notch signalling (Hayday and Pennington, 2007). In addition,
although both Notchl and Notch3 are upregulated in DN3 stage (as mRNA expression,
ImmGen), current research suggests that Notch3 preferentially promotes yo T cell
development (Shi et al., 2011). Based on the clear understanding of Notch1 signalling in T
cell development, one of the most popular experimental models for studying T cell
development uses a bone marrow-derived cell line (OP9) that expresses the Notchl ligand
Delta-like 1 (DL1) to coculture with hematopoietic stem cells. In this method (ie. OP9-
DL1), the HSC can be effectively exposed to Notchl signalling, and forced to become a T

cell.

In OP9-DL1 system, the DP differentiation from DN was impaired if IL-7 was added in
the culture media (Balciunaite et al., 2005), suggesting IL-7 signalling negatively regulates
the maturation of early aff T cell development. Through depleting IL-7 in mice, the DN3b
cell exhibited this af-inhibitory effect when exposed to recombinant IL-7 (Boudil et al.,
2015). However, as shown in the same study, this inhibition was not continued at later
stages, as DN4 survival and proliferation positively relied on IL-7 signaling, by which stage
the IL-7 receptor (IL7R) was depleted (Boudil et al., 2015). This differential requirement
can probably be explained by the fact that DN4 population contains a higher heterogeneity
of cell type, which might respond to IL7 signalling differently. The best known is the y6 T
cell, which is a lineage that required IL-7 signalling to develop (Kang et al., 2001; Parker
and Ciofani, 2020). The difference of IL-7 distribution in thymus can also explain the stage-
specific effect of IL-7 signalling. In thymic medullar, more IL-7 was expressed than in
cortex; this observation might support the observation of DP repression (Hong et al., 2012).
Strikingly, in OP9-DL1 system, the developing T cells from the mice engineered with an
IL-7 transgene were skewed in development to display certain B cell phenotype and gene
profiles. Subsequently, a signal antagonism between Notchl and IL-7 was proposed (EI-
Kassar et al., 2012). In summary, IL-7 signal regulates T cell development effectively, with
complexity covering the dose-dependent, the lineage-dependent, and the stage-dependent

factors.
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A tyrosine kinase receptor FIt3 also contributes to T cell development, and the ligand was
often supplied for enhancing ex vivo T cell generation. The knowledge so far indicated the
role of F1t3 is involved in the early stage of thymopoiesis, as FIt3 is expressed in HSC, ETP,
DNI but not after DN2, and FIt3L depletion significantly decreased thymocyte numbers
(Sambandam et al., 2005). In different circumstances, ie. after a bone marrow transplant,
the newly implanted T cell required FIt3 to generate DN3 and DN4 populations (Wils et
al., 2007), suggesting a continued requirement of FIt3 signalling throughout the 4 DN
stages to support the T cell development. On the other hand, Flt3 signalling is also required
for B lineage development (Ray et al., 1996; Sambandam et al., 2005).

In summary, many cytokines are essential for T cell generation, and were supplied with the
OP9-DLI1 to induce T cell differentiation. These essential cytokines are SCF, IL-3, IL-6,
IL-7 and FIt3L. Their stage-specific effects were illustrated in the schematic below (Figure
1.2).
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Figure 1. 2 The essential signalling during HSC differentiation to T cell

The schematic shows the stage-specific requirements of cytokines (SCF, IL-3, IL-6, FIt3L, IL-7),
and the Notchl signalling from stromal cells for T cell development, B cell diversion and yo T cell
specification. The arrow represents ‘positively regulation’, and the bar represents ‘negative

regulation.’
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1.4 A review focusing on fate determination during p-selection

Part of section 1.4 was published in (Chann and Russell, 2019a).

A key attribute of T cell immunity is the expression of a distinct T cell receptor (TCR) on
each T cell, which confers individual specificity to different antigens. The diversity of TCR
is not encoded in the germline, but is sequentially generated during T cell differentiation.
For most T cells, this involves recombination of TCRo and TCRJ} genes to generate unique
pairs of TCRa and TCRJ chain (hence the name aff T cell) with diverse specificity (Elhanati
et al., 2018). Navigation of genomic recombination during development imposes risks, and
many cells fail to produce effective TCRaf, or become predisposed to leukemic
transformation because of errors in genomic recombination. To circumvent or reduce these
risks, and to ensure that inappropriately rearranged cells are deleted, the cells must pass
through rigorous quality control checks. The first such checkpoint is termed the ‘B-selection
checkpoint’, and occurs in the thymus just after the thymocyte fully commits to T cell
development (this stage is therefore termed the [-selection stage). The B-selection
checkpoint serves to test whether the cell has appropriately recombined a TCRp gene. Cells
that pass the B-selection checkpoint are permitted to survive, differentiate, proliferate, and

therefore proceed to next stage of TCRa recombination (Mallis et al., 2015a).

Changes in cellular activity triggered by the PB-selection checkpoint are marked by
expression of the cell surface receptors, CD27 and CD28, and mediated by a profound
alteration in the transcriptional and protein expression profiles of the cells (Mingueneau et
al., 2013b; Taghon et al., 2006; Williams et al., 2005). The role of individual transcription
factors at the checkpoint has proven difficult to dissect, in part because they often also play
a role at earlier or later stages, and in part because of redundancy and negative feedback
loops that are embedded in the system. In this review, we provide an update on the current
understanding of how transcriptional control is regulated at the B-selection checkpoint to
coordinate survival, apoptosis, proliferation and aff specification. We also discuss how
errors in transcriptional control could override the B-selection checkpoint and trigger

leukemogenesis.

1.4.1 The B-selection checkpoint is an essential step in T cell development
The first step in the adoption of antigen specificity by a developing aff T cell involves the
rearrangement of multiple loci (designated as V-(D)-J regions) within the TCRf} gene
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segments (Figure 1.3). Most cells will not produce a correct TCRf chain (for instance, two
thirds will be out of frame) (Krueger et al., 2017). Thus an important role of the checkpoint
is to allow only those cells with a correct TCRp to survive. The hallmark of a correctly
rearranged TCR chain is its capacity to associate with its partner TCRa and relocate to
the cell surface in developing T cells, the TCRa will be rearranged only after TCRf chain
is successfully generated. Thus, the newly rearranged TCRp chain cannot act as a
traditional ligand-specific TCR because the cell does not yet have a rearranged partner
(TCRa). Instead, a surrogate partner called the pre-TCRa chain, encoded by the pTa gene,
is expressed at this developmental stage to partner with the nascent TCRp. The transient
partnership between pre-TCRa chain and TCRp chain enables pre-TCR signalling allows
cells to ‘pass the TCRP checkpoint’, and subsequently survive, differentiate and
proliferate. It was previously assumed that pre-TCR signalling must be ligand independent,
but recent findings suggest the possibility that, at least in some instances, the receptor can
bind with low affinity to peptide-MHC complexes presented by adjacent stromal cells
(Allam et al., 2021; Li et al., 2021; Mallis et al., 2015b; Yamasaki et al., 2006). Irrespective
of the mechanisms of activation, the signals downstream of pre-TCR activation resemble

those downstream of the mature o TCR (Michie and Zuniga-Pflucker, 2002).
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Figure 1. 3 A schematic model that describes the p —selection checkpoint
determines T cell fate.

In T cell development, the TCRP chain is generated as the cell transits from the DN2 (double
negative 2) stage to the DN3 (double negative 3) stage. TCR3 gene recombination (Stage 1) results
in creation of a functional TCRpB gene, and is completed at the DN3a stage. As a result of
expression of a functional TCR chain (Stage 2), pre-TCR signalling is triggered during the DN3a
to DN3b transition. Cells at the DN3b stage, at which effective pre-TCR signalling is conferred,
pass the B-selection checkpoint and are therefore allowed to survive, differentiate, and proliferate.

In contrast, cells that do not pass B-selection checkpoint undergo apoptosis.

1.4.2 Control of survival versus death changes over the p-selection checkpoint
The TCR checkpoint marks a pivotal stage at which the conditions that determine whether
the cell survives or undergoes apoptosis are profoundly altered. These changes occur in two
stages. First, the process of genomic recombination to rearrange the TCRf gene creates
challenges for survival that must be managed by the cells (‘Stage 1’ in Figure 1.3). Second,
following the recombination, expression of the TCRp serves as a test by which cells that
fail to express an appropriately rearranged TCRp undergo cell death (Pénit et al., 1995;
Shinkai et al., 1993) (‘Stage 2’ in Figure 1.3).
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Changes in expression of regulators of survival and apoptosis are required to ensure
different criteria for survival in these two stages of differentiation. These changes are
primarily mediated by transcriptional regulation (Rothenberg et al., 2016). Several
molecules have been implicated in this survival decision, based upon changes in their
expression at the checkpoint, or in functional experiments showing that interventions in
their expression or function alter cell survival at this differentiation stage. We describe each
of these molecules below and discuss how transcriptional regulation influences their

activity.

Several mechanisms provide protection from apoptosis throughout T cell development, and
will not be detailed here (Zhan et al., 2017), but an additional mechanism comes into play
during TCRp gene recombination and expression. Homologous recombination is initiated
by the lymphocyte-specific recombinases, recombination-activating genes (RAG) RAGI
and RAG2, to create DNA double stranded breaks (DSBs) (Helmink and Sleckman, 2012).
Homologous recombination requires the Ataxia Telangiectasia Mutated (ATM)
serine/threonine kinase and Mrel 1-Rad50-Nbs1 (MRN) machinery to sense DNA damage,
to repair the DSBs and enable recombination of the TCRf gene (Prochazkova and Loizou,
2016). At this stage, the expression of ATM/MRN, is regulated by the transcription factor,
p53 (Prochazkova and Loizou, 2016). p53 is stabilized to slow cycling and therefore enable
repair of recombination errors (Guidos et al., 1996; Kastenhuber and Lowe, 2017). p53 is
stabilized by the transcription factor c-Myb, which is required for TCRB V-(D)-J gene

recombination and survival of the developing T cell (Bender et al., 2004).

Following successful recombination of the TCRP3 gene, the recombinase machinery is
downregulated to prevent further DSBs, and p53 activity is inactivated to enable cell
survival (Haks et al., 1999). The inactivation of p53 is conditional on pre-TCR signalling,
thus ensuring the death of cells that do not create a functional TCRp chain (Haks et al.,
1999). p53 is inactivated by several mechanisms: The BTB-POZ transcription factor, Miz-
1 limits p53 expression and antagonises p53-mediated cycling arrest and apoptosis (Miao
et al., 2010; Rashkovan et al., 2014; Saba et al., 2011). The zinc finger protein, Yin Yang
1 was recently shown to downregulate p53 in developing T cells to promote survival at the
B-selection checkpoint (Chen et al., 2016b). The histone methyltransferase, Ezh2, is critical
for passing through antigen receptor checkpoints, and was recently shown to promote
degradation of p53 by repressing Cdkn2a gene expression to enable survival following [3-

selection (Jacobsen et al., 2017).
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Both Bcl-2 and Mcl-1 are expressed throughout T cell development and can protect from
apoptosis, but a number of publications have led to the consensus that Mcl-1 supersedes
Bcl-2 in importance following p-selection (Carrington et al., 2017). One explanation for
this switch in roles is that the Mcl-1 protein, by virtue of its short half-life, is more
dependent upon the extrinsic signals orchestrated by pre-TCR signalling (Carrington et al.,
2017). Before B-selection, Bcl-2 expression requires activation of the transcription factor,
nuclear factor of activated T-cells (NFAT) NFATc1 by interleukin-7 (IL-7) signalling
(Patra et al., 2013), and pre-TCR expression leads to upregulation of NFATc-1 by altering
promotor use, although the impact on apoptosis is not clear (Klein-Hessling et al., 2016)
After passing the B-selection checkpoint, pre-TCR signalling induces activation of NF-xB
and NFATS to induce Bcl-2-related protein A1 (BCL2A1) expression (Aifantis et al., 2001;
Berga-Bolafios et al., 2013; Mandal et al., 2005; Voll et al., 2000). Duplication of the
Bcl2A1 gene means that knockout experiments are difficult, and it is still not clear how
critical a role Bcl2A1 plays (Schenk et al., 2017). Thus, although the picture is not yet clear,
the expression of several members of pro- and anti-apoptotic family changes dramatically
as cells progress through B-selection and dictates the differential control of apoptosis

before, during and after 3-selection.

The cell surface receptor and transcriptional regulator, Notchl, plays key roles during T
cell development. Notchl expression peaks at the [-selection checkpoint. The
transcriptional response to Notchl changes dramatically over B-selection (Mingueneau et
al., 2013a), but this does not seem to modify its role in protection from apoptosis, as Notch
is required for cell survival both before and immediately after the checkpoint, and Notchl
can also ensure the survival of cells without a pre-TCR (Ciofani and Zuniga-Pflucker, 2005;
Wolfer et al., 2002). Similar to Notchl, the Wingless (Wnt) effector, B-catenin, is active
before and after -selection, but its role in protection from apoptosis is changed by the
process of P-selection. After the checkpoint, productive pre-TCR signalling leads to
increased expression of TCF-1 (encoded by the TCF7 gene), which binds -catenin to
mediate cell survival (Dose et al., 2014a; Goux et al., 2005).

Thus, cells traversing this B-selection checkpoint undergo a sharp transition from a state in
which they do not express pre-TCR, and do not need it for survival; to a state in which they
are absolutely dependent on pre-TCR expression to survive. The transition between these

states is enabled by a dramatic change in the expression of regulators of apoptosis in the
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cell, including changes in expression of pro- and anti-apoptotic regulators (Tischner et al.,

2010).

1.4.3 Gain of proliferation with metabolic activation over the TCRf checkpoint

A defining characteristic of B-selection is the transition from relative quiescence to rapid
proliferation. Cell proliferation is repressed once gene recombination is initiated early in -
selection, and cells are predominantly in the G1 phase of the cell cycle (Hoffman et al.,
1996). Besides the effects of p53 described above (Haks et al., 1999), the reduced
proliferation is caused by expression of the E-protein transcription factors, E12 and E47
(encoded by the E2A gene) and HEB (encoded by TCF12 gene) (Engel and Murre, 2004;
Wojciechowski et al., 2007). E2A restricts proliferation both by inhibiting signalling
through the interleukin-7 receptor and by inhibiting expression of genes required for cell
proliferation (Miyazaki et al., 2017; Wojciechowski et al., 2007). Once the pre-TCR is
expressed and the cell has passed the TCRp checkpoint, a number of mechanisms combine
to release the brake on proliferation. Genes associated with metabolism and proliferation
dominate the transcriptional changes that occur during -selection, reflecting the critical
role of the B-selection checkpoint in coordinating proliferation (Mingueneau et al., 2013b).
Analysis of transcriptional changes and requirements for individual genes have recently
highlighted several examples by which passing through the [-selection checkpoint

coordinates with the microenvironment to initiate proliferation.

Notchl coordinates with pre-TCR signalling to promote and control proliferation and cell
metabolism (Taghon et al., 2009) (Figure 1.4). pre-TCR signalling triggers expression of
c-Myc, which suppresses expression of cell cycle inhibitors such as p27Kip and promotes
ribosome biogenesis (Dose et al., 2006). Notchl-mediated transcription of c-Myc, Hesl
and Leflis enhanced during -selection by stage-specific expression of the protein inhibitor
of activated STAT (PIAS)-like cofactor, Zmizl (Wang et al., 2018). The increased nutrient
requirement for proliferation also involves coordination between the 3-selection checkpoint
and the environment. Signalling through the chemokine receptor, C-X-C chemokine
receptor type 4 (CXCR-4) and the Interleukin-7 Receptor (IL7R) activates
phosphoinositide 3-kinase (PI3K) and the mTORC complex to increase expression of
nutrient receptors CD71 and CD98 as the cell passes the -selection checkpoint (Boudil et
al., 2015; Janas et al., 2010; Kelly et al., 2007; Trampont et al., 2010). Proliferation is also
fuelled by an increased uptake of glucose and glutamine, which enables protein O-

GlcNAcylation and is triggered by cooperation between Notchl and pre-TCR signals
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(Swamy et al., 2016).Further tying together the effects of Notch and pre-TCR signalling,
the mechanistic target of the mammalian target of rapamycin complex 1 (mTORCI), was
recently found to coordinate effects of pre-TCR and Notch signalling on metabolic
activation and proliferation (Yang et al., 2018). Loss of the mTORC subunit, Raptor, arrests
development after B-selection, and reduces proliferation by downregulating c-Myc and

upregulating protein expression (Yang et al., 2018).

Pre-TCR signalling not only initiates proliferation as described above, but it also directly
ensures that this proliferation is self-limited in duration (Yashiro-Ohtani et al., 2009)
(Figure 1.4). The self-limiting nature of this cascade ensures that proliferation slows before
the next wave of genomic recombination (for the TCRa gene) (Xi et al., 2006). One
mechanism for self-limitation involves pre-TCR triggering of expression of transcription
factors with different activation and degradation kinetics, which negatively regulate each
other. This complex pathway involves initial high levels of Egr3, which induces expression
of Id3 to inhibit activity of E-proteins and retinoic acid-related orphan receptor yT (RORyt)
expression (Xi et al., 2006). As Egr3 levels decline, RORYt expression increases and leads
to a quiescent state required for TCRa gene rearrangement (Guo et al., 2016; Xi et al.,
2006). The co-dependency of pre-TCR and Notchl on proliferation is also rendered self-
limiting because pre-TCR-induced E2A inhibits Notchl expression via Id3 (Yashiro-
Ohtani et al., 2009). This effect on Notch expression is amplified by the zinc finger
transcriptional regulator, Ikaros, which peaks in expression after B-selection, and represses
the transcriptional response to Notchl (Geimer Le Lay et al., 2014; Kleinmann et al.,

2008b), eventually abrogating Notchl signalling (Mingueneau et al., 2013b)

A further self-limiting mechanism involves the phosphatase and tensin homolog (PTEN),
which is expressed in developing T cells but is negatively regulated by Hes1 during and
immediately after B-selection (Wong et al., 2012). As Notch signalling is reduced following
B-selection, PTEN expression increases and restricts PI3K signalling and c-Myc-induced
proliferation (Hagenbeek et al., 2004; Wong et al., 2012). PI3K activity is also limited by
pre-TCR-induction of inositol-trisphosphate 3-kinase B (Itpkb). Together, these findings
suggest that pre-TCR induces a slow build-up of the expression of PTEN and a reduction
in the PI3K/Akt pathway to restrain the proliferation some period of time after the TCRf
checkpoint. Pre-TCR signalling eventually leads to an abrogation of signalling through

Notchl. Thus pre-TCR signalling triggers several mechanisms to constrain metabolic
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activity and proliferation after the rapid proliferation that follows the B-selection

checkpoint (Westernberg et al., 2016).

Recent findings suggest that the transcriptional networks that orchestrate death and
proliferation during -selection can also influence chromatin accessibility (Emmanuel et
al., 2018a). For instance, Ikaros reorganises the chromatin environment in DN3 cells, and
controls cell cycling at the B-selection checkpoint (Arenzana et al., 2015; Oravecz et al.,
2015). The deubiquitinating enzyme, BRCA1-associated protein-1 (BAP1), controls
proliferation after the TCRf checkpoint by a combination of transcriptional and epigenetic
influences on the cell cycle (Arenzana et al., 2018). During TCRa recombination, TCF-1
and HEB, cooperatively modulate chromatin accessibility to influence the effects of Notchl
(Emmanuel et al., 2018b). The similarities in control of proliferation during TCRa and
TCRp recombination suggest that a similar role for chromatin accessibility might also

apply to B-selection, but this has not yet been tested.

Together, these findings indicate that passing the B-selection checkpoint triggers a complex
signalling, transcriptional, and possibly epigenetic response, to regulate proliferation. The
response to expression of a functional pre-TCR is coordinated by cues from the external
environment. Signalling cascades that enable this proliferation include inbuilt mechanisms
to ensure that the proliferation is restricted to only a few cell cycles, and does not last into

the next phase of genomic recombination of the TCRa chain.
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Figure 1. 4 Integration of signals from Notch and pre-TCR enable a self-limiting
wave of proliferation after the p-selection checkpoint.

After the B-selection checkpoint, several rounds of cell duplication are initiated and then halted by
signals associated with pre-TCR, Notchl and IL-7 signalling. Pre-TCR signalling orchestrates
with Notchl signalling to contribute proliferation by co-regulating several downstream

transcriptional programs for metabolic activation and promotion of the cell cycling.

1.4.4 Control of differentiation versus self-renewal changes over the TCRJ
checkpoint

In addition to transcriptional changes, at several stages of differentiation during early T cell
development, the epigenome changes dramatically (Isoda et al., 2017; Zhang et al., 2012).
Prior to the B-selection checkpoint, the BAF chromatin remodeling complex subunit
(Bcll1b) is required to promote T cell identity and prevent differentiation along with
alternative pathways (Avram and Califano, 2014; Hosokawa et al., 2018; Isoda et al., 2017).
Modification of chromatin is required for the TCRp-transition, both facilitating access of
the RAG recombinase to appropriate regions of the genome, and enabling the proliferative
response after the TCRP checkpoint (Lee et al., 2001). Runxlis essential for TCR gene
recombination, most likely by binding to enhancer elements upstream of TCRf and
recruiting factors that increase chromatin accessibility (Majumder et al., 2015). Changes in

chromatin marks at different sites on the chromatin provide an opportunity for the same
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transcription factor to exert different effects at different stages, for instance, enabling
GATA3 to influence transcription of different genes before and after the (3-selection

checkpoint (Zhang et al., 2012).

Passing the TCRf checkpoint permits the cells to differentiate to new developmental stages
that eventually enable recombination of the TCRa receptor gene. This differentiation
process is marked by a series of changes in cell surface receptors, starting with
downregulation of CD44 (Canté-Barrett et al., 2017), defined as progression from the DN2
to DN3a stage, and coincident with TCRf} recombination, CD28 is then increased (DN3a
to DN3b ), and considered the defining hallmark of passage through the TCR3 checkpoint
(Teague et al., 2010). Then CD25 is downregulated (DN4), followed by upregulation of the
coreceptors CD4 and CDS8 (Koch and Radtke, 2011). It is not always easy to dissect the
influence of signalling pathways and transcription factors on differentiation along the o

lineage from their influence on apoptosis or proliferation as described above.

The most valuable information on control of differentiation has come from studies on the
mechanisms by which CD4 and CDS, the two co-receptors whose expression marks
progression to the DP stage, are switched on. The Ikaros family provides one example of
how transcription factors might coordinate with B-selection to influence subsequent
differentiation. Ikaros and other family members are expressed throughout lymphocyte
development, but seem to be particularly important at stages of sharp transcriptional
changes, such as in -selection (Heizmann et al., 2018). Ikaros expression peaks after the
TCRB checkpoint, and inhibits Notchl signalling by repressing Hesl expression
(Kleinmann et al., 2008a; Tinsley et al., 2013) This activity, combined with observations
that Ikaros is required for CD8 expression, suggests that Ikaros facilitates progression from
the B-selection checkpoint to the DP stage (Tinsley et al., 2013) Methylation of chromatin
at CpG sites and histones is well established to regulate expression of CD8 (Harland et al.,
2018; Issuree et al., 2017). The promotor for CD8 is inaccessible early in T cell
development but is remodelled at the DN3 stage, prior to its expression in DP cells, (Harker
et al.,, 2011). This change in gene accessibility seems to be driven by Ikaros-mediated
recruitment of the repressive nucleosome remodelling and histone deacetylase (NuRD)
complex, which is then evicted in response to pre-TCR signalling (Harker et al., 2011).
Similarly, cross-inhibition between Ikaros and the NuRD complex regulates induction of
CD4 in DP cells (Naito et al., 2007). The mechanisms by which pre-TCR signalling and

Ikaros interact are not yet clear, but these data suggest they coordinate to direct progression
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to the DP stage. Changes in chromatin modifications during 3-selection also influence the
binding specificity and function of the transcription factor, Etsl, enabling it to support

differentiation to DP (Cauchy et al., 2016).

It was assumed from the 1970s that thymocytes do not self-renew, but several recent studies
have upended this notion: At least one round of proliferation after B-selection is required
for the cells to progress through TCRa recombination and to the Double Positive (DP)
stage (Kreslavsky et al., 2012). It is now clear that limited self-renewal, defined as the
generation of a daughter cell that inherits precisely the phenotype, proliferative and
differentiation potential as the parent cell, does occur in the healthy thymus (Peaudecerf et
al., 2016). Direct proof that non-transformed thymocytes can self-renew came from
evidence that, in the absence of competition from new thymic immigrants, DN3a precursors
maintained continuous thymocyte generation and export (Boehm, 2012; Martins et al.,
2012; Peaudecerf et al., 2012). The purpose of self-renewal and extent to which self-
renewal occurs during normal development is not yet clear. However, emerging evidence
suggests that control of self-renewal of DN3 cells is non-cell autonomous. The emerging
view is that DN2/3 cells (presumably just before undergoing B-selection) compete for a
restricted niche that facilitates self-renewal, and that, under steady state conditions, DN2/3
cells that have recently entered the thymus will expel older DN2/3 cells, thus restricting
access to the niche and preventing excessive self-renewal (Paiva et al., 2018). These
findings suggest that DN2/3 cells have an inherent capacity for self-renewal, which is
controlled by access to the niche (Ballesteros-Arias et al., 2019b; Ginn et al., 2018). It is
not yet clear how the capacity to self-renew is functionally linked to B-selection, and
whether this relates to changes in transcriptional profile or changes in access to the niche.
A possible clue as to mechanism relates to observations in many cell systems that self-
renewal is enabled by asymmetric cell division (ACD), which allows one daughter cell to
remain identical to its parent, while the other daughter cell progresses through
differentiation (Ito and Ito, 2016). We recently found that DN3a cells undergo ACD, to
enable the asymmetric inheritance of a regulator of Notch, Numb (Pham et al., 2015a).
ACD of DN3a cells requires interaction with stromal cells, raising the possibility that self-
renewal during or just prior to [-selection is facilitated by a capacity to divide
asymmetrically, conferred by interactions with the thymic niche. This ACD event would
potentially allow the daughter cells to adopt different transcriptional profiles and

subsequently different cell fates.
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Thus, although it is clear that cells progress through defined differentiation steps
subsequent to [-selection, many of the processes that have been implicated in
differentiation are also known to affect proliferation or death, confounding efforts to assess
whether they the impact on differentiation is direct, or a result of the effects on cell
expansion. It is now established that not all cells differentiate immediately to the stage
required for TCRa gene recombination, as some undergo restricted self-renewal. How self-
renewal of DN3 cells is coordinated at the transcriptional level, and how it is integrated

with -selection is not yet clear, but access to a restricted niche plays an important role.

1.4.5 Conclusion and Perspectives

The conditions that dictate whether a cell survives, proliferates and/or differentiates change
dramatically once the cell passes the 3 -selection checkpoint. Much of these changes are
cell autonomous, and rely upon the fact that the very process of B-selection triggers a rapid
and profound transcriptional response. This then leads to a sequence of changes that alter
how the cell responds to its microenvironment, enabling survival, proliferation and
differentiation until the cell undergoes its next major challenge — genomic recombination

of the TCRa chain.

Interestingly, the induction of self-limiting feedback loops means that the transcriptional
changes triggered at the 3 -selection checkpoint not only control immediate behaviour, but
also dictate events several days and generations in the future. Thus, if a cell survives the
B -selection checkpoint, it is programmed to increase metabolism and commence
proliferation and differentiation. However, the transcription factors that dictate those
processes also instigate a more protracted signalling response that dictates a cessation of
proliferation once the cell differentiates to the DP stage and undergoes rearrangement of
the TCRa gene, This sequence of events ensures that only cells that are fit for purpose can
differentiate, and also ensures that precisely the right number of cells with each rearranged

TCRp gene are produced.

Unsurprisingly, errors in such a tightly controlled process not only prevent cells from
developing into mature T cells, but also increase the risk of leukemia. The appreciation that
increased self-renewal at the B-selection stage is a driver for T-ALL has led to new efforts
to characterise this properties of the leukemia initiating cell, highlighting its low
proliferation rate (Tremblay et al., 2018b) and importance of CD44, perhaps for enabling

interaction with the bone marrow niche for self-renewal (Garcia-Peydro et al., 2018).
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Understanding the role of epigenetic modifications in T cell development and T-ALL has
led to the suggestion that histone deacetylase inhibitors might provide therapeutic

opportunities for the disease (Waibel et al., 2018)

A hallmark of B-selection is a dramatic change in cell mRNA and protein content, with
consequent changes in signalling and cell behaviours such as death, proliferation and
differentiation. Many of the components of these changes have been identified, particularly
transcription factors. How these transcriptional factors are networked has been nicely
proposed by several genome-wide computation. Future directions to fill in the gaps in
understanding how transcriptional and epigenomic changes in TCRJ selection control
normal and oncogenic development will most likely arise from further single cell
approaches that are starting to transform our understanding of all development, for example
omics sequencing and longitudinal pedigree imaging. Such approaches include barcoding
to trace single cells throughout their development, and can combined with optogenetic

switch to observe behaviours in vitro and in vivo.
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1.5 The relationship between T cell development and cancer

T cell development can cause cancer. I reviewed two contexts here: The first part (Section
1.5.1-1.5.4) is with respect that the developing T cell per se can be transformed to a type
of cancer called T-ALL (T-cell acute lymphoblastic leukaemia), the second part (Section

1.5.5) is to discuss the abnormality of the growth of immature T cells in thymomas.

1.5.1 Self-renewal of developing T cells is altered leading to T-ALL transformation
With respect to the oncogenic transformation from the developing T cell. T-ALL is a
heterogeneous disease, where leukemic cells arise from the diverse, and poorly defined
stages of T cell development (Belver and Ferrando, 2016; Erarslan-Uysal et al., 2020;
Vadillo et al., 2018). Some aspects of aetiology are shared with other types of cancer. For
example, dysfunction of tumour suppressors such as PTEN, TET2, and BAP1 has also been
reported to cause T-ALL (Arenzana et al., 2018; Bensberg et al., 2021; Tottone et al., 2021).
Another aspect is the property of self-renewal of T-cell progenitors, which is altered to
cause T-ALL initiation. This is extensively demonstrated in a type of T-ALL, early T-cell
precursor acute lymphoblastic leukaemia (ETP-ALL). ETP-ALL was accounted for around
15% case in childhood T-ALL and 10~30% in adult T-ALL (Zhang et al., 2020), with the
5-year overall survival rate around 32% compared to 63% of non-ETP-ALL (Morita et al.,

2021). Therefore, ETP-ALL remains a significant risk to cause death.

Current treatments for T-ALL/ETP-ALL are often chemotherapies, but the pre-leukemic
stem cells (pre-LSC) can survive chemptherapy and cause relapse. Accordingly, the pre-
LSCs are less chemo-sensitive due to its self-renewing property and its lower proliferation
rate (Gerby et al., 2016; Hopner et al., 2021). Therefore, targeting the self-renewal
machinery of pre-LSC is a focus in ETP-ALL therapy development (Gerby et al., 2016).
However, targeting self-renewal of pre-LSC isn’t easy, because the self-renewal machinery
of pre-LSC can be shared with HSC or the hematopoietic precursors (Hopner et al., 2021).
For example, a chromatin-binding protein Phf6 restricts HSC self-renewal (Miyagi et al.,
2019). Phf6 downregulation during haematopoiesis promotes T cell development
(Loontiens et al., 2020). Around 20% T-ALL patients were diagnosed with loss-of-function
Phf6 mutations (Wendorff et al., 2019). Loss of function of Phf6 increases chromatin
accessibility for genes related to JAK—STAT signalling, and leads to Notchl activation
(Wendorff et al., 2019). Another challenge to targeting self-renewal machinery of ETP-
ALL is a lack of knowledge of the leukemic stem cell (LSC) from which T-ALL arises.
(Alexander and Mullighan, 2021). The difficulty namely is the heterogeneity of ETP-ALL,
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which the clonal evolution is complicated to be modelled (Alexander and Mullighan, 2021).
With respect to this challenge, a few recent studies shed light (Martelli et al., 2019). For
example, in PTEN-null T-ALL, a small population of LSC was distinguishable from the
larger blast population. This LSC uniquely expressed high -catenin activity, which in turn
promotes Spil expression and its gene regulatory networks. Subsequently, Spil, a gene that
supports ETP development, conferred inappropriate self-renewing ability to LSC, which
consequently promotes the growth of PTEN-null T-ALL (Zhu et al., 2018). In another
study, Spil gene was identified to be fused with TCF7 gene, of which N-terminus B-catenin
binding domain was still maintained, and the Spil-TCF7 fusion promoted LSC production
(Van Thillo et al., 2021). The elevation of B-catenin activity also enables colony formation
of T-ALL cells, reflecting a LSC property (Zhang et al., 2021b). Therefore, although only
a few studies currently addressed the self-renewal for this small fraction of T-ALL stem
cell, the switch to control self-renewal in this subset is clearly to be the B-catenin activity.
Overall, a trend of therapy development to cure ETP-ALL lies on inhibiting LSC and its

self-renewal machinery.

To understand LSC, a recent breakthrough came from a study using single-cell
transcriptomics and clonal tracking from 3 patients (Velten et al., 2021): They found the
LSC clones are likely associated with genotypes such as DNMT3A mutation and FLT3
upregulation, and can be associated with expression of the surface phenotype like CD96
(Velten et al., 2021). Importantly, by exome sequencing, FLT3 (35%), DNMT3A (16%)
and NOTCHI1 (14%) are the top three genes that were detected with mutations in ETP-ALL
(the frequency indicated the rate of genotype occurrence from the cohort of 68 adult
patients) (Neumann et al., 2013a; Neumann et al., 2013b). As these clinical statistics shown,
FLT3 signalling is another key to switch ETP-ALL transformation, while FLT3 in
development is to support the multipotency of HSC (Stirewalt and Radich, 2003). Thus,
these evidence suggests a potential ‘stemness’ of LSC, mediated by FLT3, might be the
key to activate T-ALL (Levis, 2017).

1.5.2 Errors at the transcriptional control in f-selection checkpoint lead to T-ALL

As described in above section, T-ALL originates either from mature T cells or developing
T cells (Noronha et al., 2019), and ETP-ALL represents less than 30% T-ALL cases (Zhang
et al., 2020). Another T cell developmental origin of T-ALL is at the DN3 stage (Curtis and

McCormack, 2010b). The translation of cues to cell fate can involve cumulative and
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incremental shifts in phenotype, however at critical points during development it can
involve a sharp transformation. The ‘B-selection checkpoint’ of T cell development reflects
one such sharp shift. The abruptness of this change in fate maps the temporal and causal
sequence of molecular and cellular events that drive fate decisions The importance of -
selection is illustrated by the many layers of regulation involved, and the fact that errors in
this process lead to T-ALL. In some contexts, cells from DN3 population can contain pre-
leukemic stem cells, which can transform into T-ALL (Tremblay et al., 2018a). In this
thesis, I will further review how DN3 goes awry and how the intrathymic environment

provides a limited niche, competition for which controls fate of the DN3 cell.

Oncogenes can promote DN3 self-renewal and lead to leukemogenesis (Gerby et al.,
2014b; Paiva et al., 2021). Some of these oncogenes implicated in human T-ALL are
transcription factors required for B-selection (Girardi et al., 2017). Best characterised is
LMO?2, of which ectopic expression at the stage of [-selection can trigger T-ALL
(McCormack et al.,, 2010b) (Figure 1.5). Normally, LMO2 transcription is sharply
downregulated coincident with B-selection, and aberrant LMO2 expression beyond [3-
selection leads to T-ALL (Curtis and McCormack, 2010a). This can occur when murine T
cell precursors are genetically modified to overexpress LMO2, or by chromosomal
translocations or deletions that alter transcriptional control of the gene in mice and humans
(Belver and Ferrando, 2016; Curtis and McCormack, 2010a; McCormack et al., 2010b).
An unexpected finding in humans undergoing gene therapy for X-linked Severe Combined
Immunodeficiency (X-SCID) also indicated that retroviruses preferentially insert upstream
of the LMO2 gene and can cause T-ALL (Belver and Ferrando, 2016; Hacein-Bey-Abina
et al., 2008; Howe et al., 2008; Paiva et al., 2018) . These diverse cases suggested that
ectopic LMO2 during human T cell development caused an increase in self-renewal of
DN2/3 cells to provide a pool of pre-leukemic cells. These pre-leukemic cells then incur a
series of genetic lesions, including many transcription factors implicated in self-renewal
and activating mutations in the Notch pathway, that eventually led to T-ALL (Astolfi et al.,
2014; Ballesteros-Arias et al., 2019a; Belver and Ferrando, 2016; Curtis and McCormack,
2010a; Ferrando et al., 2002; Gerby et al., 2014a). LMO2 overexpression in murine pre-
leukemic cells interacts functionally with the related transcription factor, Lyll to cause
transcription of genes that have been associated with increased self-renewal (Gerby et al.,
2014a; McCormack et al., 2013a; McCormack et al., 2010b). Studies on mice suggest that
LMO2 acts as a ‘hit-and-run’ oncogene, whereby once the cells have accumulated further

genetic lesions, LMO?2 is no longer needed (Garcia-Ramirez et al., 2018). This ‘hit-and-
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run’ mode can be achieved by activating an essential downstream gene Ldb1 (Li et al.,
2020a). These findings led to the prevailing dogma that ectopic LMO2 expression in DN2/3

cells directly drives inappropriate self-renewal as a precursor to T-ALL development.

Emerging evidence in murine models suggests that the capacity for LMO2 to drive T-ALL
development at the 3-selection stage might require the non-cell autonomous effects on self-
renewal of DN2/3 cells highlighted in the section above. In support of this notion, T-ALL
arose from mouse models of gene therapy using lentiviral delivery, where insertion
upstream of LMO2 did not occur, but did not arise in pre-clinical models of gene therapy
to combat an alternative disease (Ginn et al., 2017). Two recent studies suggest that
preventing competition for the niche increases the likelihood of leukemia in gene therapy
for X-SCID (Ginn et al., 2017; Schiroli et al., 2017). Together, these findings suggest that
competition for the niche by DN2/3 cells provides a key restriction of self-renewal, and
acts as a tumour suppressor mechanism (Ginn et al., 2018). A general role for competition
in tumour suppression during P-selection is further supported by findings that several
different conditions that reduce competition for reconstituted T cell precursors all show
similar effects of increased self-renewal and T-ALL (Ballesteros-Arias et al., 2019a). How
this non-cell autonomous effect cooperates with the transcriptional changes conferred by

cell-autonomous oncogenic translocations and mutation is still an open question.

Other pathways that have been implicated in the regulation of 3-selection can also go awry
in the progression to T-ALL. In particular, Notchl is hyperactivated in many human and
murine tumours including T-ALL, commonly by activating mutations (Belver and
Ferrando, 2016). As highlighted by a recent study, DN3-ALL can be Lmo2-dependent,
evolving, and Lmo2-independent (Abdulla et al., 2021). The mutants of Notchl were
detected in all these three classifications (Abdulla et al., 2021). This is not surprising, given
the role of Notch in proliferation, but further hits are generally required to promote full
transformation (Belver and Ferrando, 2016). Key transcriptional regulators that cooperate
with Notch in murine models to cause T-ALL include Myc (Herranz et al., 2014) and f3-
catenin (Dose et al., 2014a; Gekas et al., 2016), but many others show aberrations in human
T-ALL (Belver and Ferrando, 2016). Transgenic mice overexpressing hyperactive Notch3
also develop T-ALL (Ferrandino et al., 2018). The role of Ikaros in modifying the
transcriptional response to Notchl positions it to act as a tumour suppressor and this is
supported by mouse experiments, although evidence from human T-ALL patients has been

elusive (Heizmann et al., 2018). Interestingly, the Lmo2-independent T-ALL was promoted
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by Ikaros depletion, and this condition seems not to be associated with Notch1 signalling
(Abdulla et al., 2021), suggesting a unique Ikaros dependency should be defined in the
future. A recent study provides an important update showing Ikaros has pioneering ability
to form a super-enhancer to repress T-ALL induction (Ding et al., 2019). Together these
studies indicate that DN3-ALL is induced from multiple sources of error in transcriptional

control during 3-selection.

Genes be gain-of-function Genes be gain-of-function Genes be gain-of-function
Notch1 FIt3 - Notch1 Lmo2 Lyl1 s ’ =
- , . -catenin  Myc
B-catenin  Spi1 g Tal1 B-catenin  Myb v g y "

Genes be loss-of-function

Phf6 DNMT3A

A 4 A 4 A 4

Figure 1. 5 The mutations of gene regulations lead to T-ALL in a stage-specific
manner

The schematic shows the mutants of genes, of which been verified both in clinical and in

experimental, transform the developing T cell into T-ALL
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1.5.3 Errors at the TCRa and p gene recombination lead to genome instability and
T-ALL

Genomic recombination during TCRJ selection can directly impact upon the propensity
for T-ALL, in part because cells at this stage are, by necessity, tolerant to DNA DSBs, and
in part because RAG can enable cytogenetic alterations that facilitate the molecular changes
described above (Haines et al., 2006; Helmink et al., 2009; Huang et al., 2007; Matei et al.,
2007; Matsumoto et al., 2014; Saidi et al., 2010; Teng et al., 2015). The range of different
genomic alterations that can arise in T-ALL was assessed by integrated genomic analysis
of 264 human T-ALL cases, suggesting over 100 putative driver genes (Liu et al., 2017).
In addition to LMO-2, several other transcription factors that are down-regulated prior to
TCRP gene expression have been implicated in T-ALL, including transcription factors that
regulate self-renewal, such as Mycn, Lyl-1, TAL1 (Astolfi et al., 2014; Cleveland et al.,
2013; Ferrando et al., 2002; King et al., 2016; McCormack et al., 2013b; McCormack et
al., 2010a). Proteins that enable tolerance to DNA damage during [-selection have also
been implicated in mouse models of T-ALL, including B-catenin, p57, and Gfil (Dose et
al., 2014a; Khandanpour et al., 2013; Matsumoto et al., 2014). Similarly, Myb is
upregulated in human T-ALL, and is rearranged with the TCR gene locus (Bardelli et al.,
2021) (Belver and Ferrando, 2016). Myb upregulation is linked to TAL/LMO gene
expression enrichment (Bardelli et al., 2021). These studies suggested errors in TCRf gene
rearrangement can trigger oncogene expression. The large number of proteins that both
drive or enhance T-ALL and partake in the B-selection checkpoint highlights the delicate
balance of events that occur at this differentiation stage. Encouragingly, understanding this
process is already starting to enable new therapeutic approaches to be explored. For
instance, pharmacologic modification of the epigenetic processes implicated in 3-selection
have recently shown therapeutic benefit in models of Notch-driven T-ALL (Roderick et al.,

2014; Waibel et al., 2018).

As the DSB can activate the spindle assembly checkpoint to arrest mitotic progression, one
possible cause of T-ALL could relate to control of the spindle assembly checkpoint.
Although no evidence so far has been published in regards to the developing T cell, one
report showed overexpression of HTLV-I Tax (Human T-cell lymphotropic virus type 1
Tax) could override the spindle assembly checkpoint in several T-cell lines and result in
genome instability (Malu et al., 2019). Another indicated that Phf6 (See section 1.5.1) is
enriched at DSB to promote the DNA repair (Warmerdam et al., 2020). This finding might

suggest how DSB is prevented in the developing T cell, and how Phf6 mutations can
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compromise DSB to lead genome instability and T-ALL induction. Moreover, a recent
clinical case study showing hypodiploidy from a T-ALL patient suggested the mutations
that lead to aberrant cell cycling (eg. CDK2 mutation and STIL/TAL1 gene rearrangement)
seem to be the basis of T-ALL aggressiveness (Stefaniak et al., 2021). These findings
provide some support for the notion that disruption of the spindle assembly checkpoint can

predispose to T-ALL.

Another mechanism to prevent the cell cycle arrest normally induced by DSB is the
oncogene translocation that can subsequently happen after gene recombination. As been
described, some oncogenes such as LMO2, TAL1 and TLX1 can be primed or translocated
along with TCRB or TCRd rearrangement (Larmonie et al., 2014; Nicole et al., 2013).
Another possibility to understand the DSBs compromise in DN3 population seem to be
governed by the efficient ATM machinery (Bowen et al., 2013; Hathcock et al., 2013). In
contrast to TCRp rearrangement, TCRa gene recombination has been implicated in genome
instability and oncogene translocation (Dose et al., 2014b): T-cell lymphoma from the DP
stage is associated with RAG-induced DSB, and involves translocations of TCRa to the
Myc/Pvtl locus to induce DP-stage T-cell lymphomas (or DP-ALL?) (Dose et al., 2014b;
Guo et al., 2007).

1.5.4 T-ALL cells infiltrate tissue

A recent perspective suggested leukaemia can be defined as a metastatic cancer (Whiteley
et al., 2021). This notion comes from the natural ability of T cells migrating in the vascular
system, and infiltrating into tissue (Vadillo et al., 2018; Whiteley et al., 2021). T-ALL cells
indeed have been detected in skin, CNS, spleen, livers and etc (Whiteley et al., 2021; Yang
et al., 2020; Zhang et al., 2021a). The molecular basis of T-ALL-tissue interaction is highly
context-specific (Berrazouane et al., 2019), but T-ALL invasion in tissue might share some
common mechanisms of cancer dissemination. For example, leukemic T cells infiltrating
and migrating across tissue probably depend upon cellular structures such as invadopodia
and lamellipodia (Vadillo et al., 2018; Whiteley et al., 2021). Importantly, T-ALL
infiltrating in tissue can escape from the drug treatment, which might lead to the poor

outcome (Walker et al., 2021).

The expression of CXC chemokine receptor type 4 (CXCR4) is particularly important for
T-ALL cell infiltration into tissue, and is regulated by a PFKI1-cMyc transcription
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activation (Gao et al., 2021; Walker et al., 2021). It’s also possible that CXCR4 expression
in T-ALL is regulated by B-catenin (Weich et al., 2021; Zhang et al., 2021a), although
direct evidence for this notion has not yet been reported. CXCR4 signalling in T-ALL
targets multiple substrates, but a pathway to trigger RAS signalling deserves particular
attention because RAS activity governs the transformation to metastasis (Hong et al., 2021;
Spella et al., 2017). For T-ALL with Spil-TCF7 fusion, RAS signalling further promoted
LSC expansion (Van Thillo et al., 2021). CXCL12 is the ligand to CXCR4. CXCL12 is
produced by a type of vascular endothelial cell in bone marrow, attracting the circulating
T-ALL cell, which then settles in the bone marrow niche (Pitt et al., 2015). Importantly,
CXCL12 is expressed in many organs, but whether CXCL12 can play a similar role as in
bone marrow to attract T-ALL infiltration elsewhere is unknown. Other than CXCL12,
another novel regulator CD96 has started drawing attention. CD96 is expressed in many
tissue-infiltrating T cells to enhance T cell function, and it was also expressed in leukemic
stem cell (Velten et al., 2021). These reports suggest understanding how the circulating T-
ALL cell become metastatic in tissue, and discovering the solutions for clinical treatment

might be important.

1.5.5 The alteration of T cell development by the tumour-derived signals

Besides T-ALL, thymoma is another thymic malignancy that influences T cell
development. T-ALL frequently occurs in the childhood, but thymomas are mostly
diagnosed in the adult patients as thymoma is a thymic neoplasm transformed from the
differentiated thymic epithelium (Den Bakker and Oosterhuis, 2009; Suster, 2006).
Thymus is an organ undergoing involution after adolescence, however, thymoma patients
show a feature termed thymic recapitulation, a symptom whereby the patient abnormally
grows a large number of immature T cells in the mature age when these expanding
immature T cells are not normally found (Inoue et al., 1998; Suster, 2006). These
thymoma-induced immature T cells are enriched at the thymus cortex, and showed a
surface phenotype of CD34°CD4 CD8 CD3  (Inoue et al., 1998). Interestingly, the
immature CD34°CD4 CD8 T cells from both normal and thymoma individuals can be
induced toward the DP (CD4"CDS8") stage by thymoma epithelium co-culture (Inoue et al.,
1998), suggesting the thymoma epithelium maintains the capacity to support T cell
differentiation. On the other hand, the microenvironment constructed by thymomas

epithelium is different than the normal thymic tissue in terms of ECM composition (Wang
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etal., 2016), therefore, whether the T cell differentiation is normal in thymomas might need
to be revisited. It’s also unclear whether the uniqueness of the ECM composition of the
thymomas epithelium, for example desmoyokin (Wang et al., 2016), is the basis for
rejuvenating the dedifferentiated immature T cell in the thymus. Overall, in my perspective,
these studies together suggest a potential signalling platform, by which the thymic tumour

derives, can alter the thymocyte fate determination.

A type of T cell, CD3"CD'CD8 (DN) T cell, is enriched upon the stimulation from the
tumour, injury and viral infection (Lu et al., 2016; Meng et al., 2019; Torcellan et al., 2017).
In light of a study using TCR sequencing, the TCR specificity of intraepithelial DN T cell
was distinct from the conventional CD4" or CD8" T cell, suggesting that clonal evolution
occurs during thymopoiesis to derive a subset of naive intraepithelial DN T cell (Mayans
et al., 2014). In regards to the origin of this CD3'DN T cell, Papiernik and Pontoux show
this CD3 DN T cell was derived following the thymic selection, and can be in vitro derived
from the developing CD3'DN T cell (Papiernik and Pontoux, 1990). These CD3 DN T cells
can be transformed from the DP cells in the thymus (Wang et al.,, 2002), and this
observation was later endorsed by examining the post-DP surface phenotype on the
intraepithelial DN T cells (Mayans et al., 2014). Although currently much is unknown
regarding these CD3'DN T cells, an idea of DNT-cell immunotherapy has been proposed
due to its anti-cancer ability (Li et al., 2020b). In short, a small T cell population, showing
DN surface phenotype and a unique TCR clonal-type that can be against tumour antigen,

might be generated during T cell development in thymus.

The possibility that anti-cancer DNT cells are developed or specified during T cell
development is likely challenged by an unknown mechanisms in thymic selection to
support DNT cells survival, for two explanations in my speculations. The role of CD4 and
CD8 in DNT cell selection would need to be revisited, as the current knowledge posits that
positive / negative selection are coordinated by CD4 and CD8. The second is the TCR
strength of DNT cell during thymic selection would need to be evaluated. This is
particularly important because using a CD2-mediated TCR transgene that recognises
tumour antigen, Cui et al found 100% T-ALL induction after exposure to neoantigens
without any oncogene alteration, and the cycling of DN2 and DN3 are significantly
increased (Cui et al., 2015). The mechanisms behind in this study might suggest this
neoantigen-to--TCR (or pre-TCR) signalling uniquely permits the transformation of T-
ALL, which in turn needed to be toned or inactivated during normal thymopoiesis.

Endorsed by another study using LCK inhibitor to repress TCR/pre-TCR signalling in T-
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ALL cell, the cycling of T-ALL cells were subsequently arrested (Yuzhe et al., 2020). On
the other hand, currently it’s unclear whether the enrichment of the immature T cell in
thymomas is benefitted by the neoantigen-TCR signalling or not, or whether the
proliferation of the thymomas-associated T cell can be transformed to T-ALL by
conducting a neoantigen-TCR signalling. In short, these studies suggest a caveat that
tumour signalling (antigen) might cause a high strength of TCR/pre-TCR signalling, which

in turn can be a risk for T cell leukemogenesis.

1.5.6 Summary

In this section, I discussed the relationship between T cell development and cancer. First,
developing T cell can be transformed to T-ALL, through mechanisms such as altering self-
renewal, unrepaired DSB or oncogene translocation. Although many pre-clinical drugs can
potentially combat T-ALL, tissue infiltration of T-ALL cells might be a challenge for
treatment. Second, immature T cells stored in adult can become thymomas if the
proliferation is abnormally induced. With other circumstance such as viral infection
(Albano et al., 2019), or thymic inflammation (Cron et al., 2020), T cell development

contains inherent opportunities for cancer occurrence.
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1.6 The roles of Scribble in cell fate determination

1.6.1 Scribble forms a polarity complex

Scribble is a highly conserved protein that regulates epithelial cell polarity and tissue
organisation in Drosophila, C. elegans and mammal. Scribble forms a complex with Dlg
(Discs large) and Lgl (Lethal giant larvae), all are evolutionarily conserved, to regulate
multiple functions such as apico-basal polarity and epithelial junction formation (Humbert
et al., 2008). In Drosophila, loss of either Scribble, Dlg or Lgl results in (1) severe defects
in tissue morphology, (2) loss of proliferation control and (3) cancer occurrence (Brumby
and Richardson, 2003). A recent study further showed that the Scribble complex regulates
polarity in a compensatory manner, as single loss of each of the three (Scrib, Dlg, Lgl)
didn’t impact PAR polarity in Drosophila follicle epithelium, but losing function of any
two of the three caused disruption in PAR polarity (Khoury and Bilder, 2020). In mammals,
organisation of the Scribble complex is further complicated: Although only one Scribble
homologue (hScrib, Scrbl) was identified in mammals, there are two mammalian Lgl
homologues (ie. Lgll and Lgl2 (Hugll and 2)) and four mammalian homologs of DIg (ie.
Digl (hDlg, SAP97), Dlg2 (Chapsyn-110, PSD-93), Dlg3 (NE-Dlg, SAP102), and Dlg4
(PSD-95, SAP90)). Unlike the four DIg homologs, DIg5 does not seem to interact with the
Scribble complex, but can regulate the Hippo pathway (Kwan et al., 2016). Similar to loss
of function of the Scribble complex in Drosophila, loss of Scribble (Dow et al., 2003), Dlg
(Thomas et al., 1997) and Lgl (Grifoni et al., 2004) in mammals results in defective apical-
basal polarity, over-proliferation and tumour growth. Importantly, mammalian Scribble is
required for polarity of mature T cells (Ludford-Menting et al., 2005), and in interphase
and in asymmetric cell division of developing T cells (Pham et al., 2015b; Pham et al.,

2013).

1.6.2 Scribble regulates epithelial tissue organisation

Epithelial tissues are shaped by cell polarity. Taking apical-basolateral polarity as example,
the apical membrane of the epithelial cell contains atypical PKC and other proteins of the
Crumbs and PAR complexes, while the basolateral domain contains Scribble, Dlg and Lgl
complex (Stephens et al., 2018). Close to the apical membrane, the tight junction (eg.
Claudin, Occludin and ZO1/2) is formed; while the adherens junctions (eg. E-cadherin, -
catenin, and nectin) is formed beneath the tight junction. The side of apical membrane
usually forms lumen, with a surface structure of microvillus that allows molecule of cell

signal transport between cells; while the basolateral membrane contains various integrins,
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through which extracellular matrix proteins are connected to cytoskeleton. Therefore,
apical-basolateral polarity allows for tightly separated intracellular components, which
maintains organisation of epithelial tissue. Loss of apical-basolateral polarity is associated
with epithelial to mesenchymal transition, which is a sign of oncogenic transformation

(Jung et al., 2019).

Figure 1. 6 Apical-basolateral polarity in luminal epithelial tissue

(A) The schematic shows the structure of epithelial cysts, where the epithelial cells cluster to form
a barrier between luman and ECM. The interface between two epithelial cells was zoomed in to
show the localisation of the polarity complex at TJ and AJ. (B) The potential protein-protein
interactions linked Scribble to the focal adhesion at basal side, and to the actin networks at the

apical side.
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Scribble is known to form adherens junction (Bonello and Peifer, 2018). In MDCK cells,
Scribble depletion reduced E-cadherin retention at adherens junction, suggesting Scribble
is required for the stability of adherens junction (Qin et al., 2005). Scribble seems not to
directly interact with E-cadherin, but is rather bridged by p120 or Rho-GEF SGEF (Awadia
etal., 2019; Lohia et al., 2012). A recent study suggested Scribble together with Dlg firstly
initiated apical-basolateral polarity, then the adherens junction can be positioned and
formed (Bonello et al., 2019). This finding provides evidence that epithelial tissue is
organised by cellular polarity, which was also endorsed by an almost concurrent study
showing Scribble/Dlg formed a complex with SGEF to connect the function of adherent

junction and cytoskeleton network (Awadia et al., 2019).

To maintain tissue organisation, an important factor is mitosis, as the cell-cell geometry is
changed by the duplication of the cells (Ragkousi and Gibson, 2014). To control the
positioning of the mitotic cell, and its daughter cells, spindle orientation is a key mechanism
(Ragkousi and Gibson, 2014), because the spindle orientation provides a functional link
between the geometric organisation and the fate of the progeny following cell division.
Recent studies indicate that several attributes are combined to influence spindle orientation
and daughter cell positioning, including intrinsic polarity, the location of adhesions and
constraints on the cell shape (Charnley et al., 2013; Dimitracopoulos et al., 2020; Lesman
etal.,2014; Lietal.,2019; Li and Burridge, 2019; Matsumura et al., 2016; Mitchison, 1992;
Nestor-Bergmann et al., 2019; Niwayama et al., 2019; Petridou and Skourides, 2016;
Rizzelli et al., 2020; Thery and Bornens, 2006). Scribble and Dlg are both required for
spindle orientation in epithelial tissue (Bergstralh et al., 2013; Godde et al., 2014),
suggesting a mechanism controlled by Scribble complex that can organise the tissue is

additional to the function of the polarity control as described above.

1.6.3 Scribble acts as tumour suppressor

It is well appreciated that Scribble acts as a tumour suppressor. Some studies suggest the
function of tumour suppression might be dependent on the subcellular localisation of
Scribble. Scribble is normally localised at the cell cortex beneath the plasma membrane.
The cortical localisation of Scribble is maintained by S-palmitoylation, by palmitoyl
acyltransferase ZDHHC?7, at the evolutionarily conserved N-terminal cysteine residues
(Chen et al., 2016a). Taking colorectal epithelia as example, Scribble is co-localised with
E-cadherin, ZO-1 and ZO-2 at the basolateral membrane. The LRR domain of Scribble is
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crucial to maintain the localisation (Navarro et al., 2005a). A point mutation of P305L at
the LRR domain of Scribble mislocalised Scribble at the cytoplasm, resulting in the loss of
capacity to suppress Ras-MAPK-induced invasion (Elsum and Humbert, 2013). Overall,
Scribble is commonly mislocalised in many human tumours (Elsum and Humbert, 2013).
Some mutations of Scribble were detected in patients with prostate and breast cancer with
poor outcome, and the mutations projected Scrib mislocalisation. In addition, mutation in
Scribble also causes developmental defects, for example, neural tube closure defects, which

is driven by Scribble mislocalisation.

The protein level of Scribble is also associated with tumour development. In a clinical study,
Scribble protein expression was lost in the majority of invasive lobular breast carcinomas
and 50% of ductal invasive carcinomas (Navarro et al., 2005a). The oncoviral protein HPV
E6 is reported to cause degradation of Scribble (Banks et al., 2012). Upregulation of
Scribble is also common in many cancers such as hepatocellular carcinomas, with high
levels of Scribble correlated with reduced patient survival (Savi et al., 2014). Enforced
upregulation of a mislocalisation mutant of Scribble in transgenic mice can promote breast
cancer progression, suggesting that alterations in localization of Scribble polarity

components could contribute to cancer (Feigin et al., 2014a).

The role of Scribble in tumour suppression is associated with by its capacity to maintain
adherent junctions (Waghmare and Kango-Singh, 2016). In addition, some studies reveal a
functional association with spectrin. B-spectrin (SPTBN1) interacts with SADH motif of
Scribble, which supports Scribble cortical stability (Boéda and Etienne-Manneville, 2015).
The role of SPTBN1 as a tumor suppressor is mediated through organisation of various
signals, such as TGF-B, Wnt/B-catenin, Notch, and NF-kB (Lin et al., 2021; Yang et al.,
2021). Scribble is also required for the localisation of many tumour-suppressing proteins,
for example PTEN and B—PIX (Feigin et al., 2014a; Lim et al., 2017a). Overall, extensive

studies have clearly elucidated how Scribble acts as tumour suppressor.

1.6.4 Scribble scaffolds multiple signalling platforms

Substantial evidence indicates that Scribble, as a scaffold of polarity, also organises a
signalling platform. With respect to signalling organisation, protein domains of Scribble
include Leucine Rich Repeats (LRR) at the N-terminus and PSD95/DLG/Z0O-1 (PDZ)
domains at the C-terminus (Santoni et al., 2020). Both LRR and PDZ domains mediate
many protein-protein interactions. LRR domains have a 22-28 amino acid motif that has

been identified in a number of proteins, and are usually involved in protein-protein
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interactions. The crescent shape of LRR domain uniquely creates a long surface of parallel
B-strands that can facilitate interactions with other proteins (Santoni et al., 2020). Regarding
PDZ domains, protein docking is based on two a-helixes and six B-strands, about in a scale
of 80-90aa, to recognise short peptide motifs in its interacting proteins (Lim et al., 2017b).
In addition to these two primary domains, two LAPSD domains (ie. LAPSDa and LAPSDb)
between LRR and PDZ were identified in Scribble, which leads to Scribble sometimes
being categorised as a LAP protein (Santoni et al., 2020). Worth mentioning, ERK binding
domains (KIM motifs) (Nagasaka et al., 2010) and spectrin-binding motif (SADH1-3) were
identified in Scribble (Boéda and Etienne-Manneville, 2015).

These unique structures allow Scribble to regulate signalling such as the Wnt, PI3K, Hippo
and MAPK pathways (Stephens et al., 2018). Interestingly, both in experimental and in
structural predictions, most of the signalling interacting domains are the PDZ domains
(Bonello and Peifer, 2018). There are at least four major PDZ interacting proteins that
dictate cell signalling. First is BPIX (Lim et al., 2017b). BPIX is a Rac1/Cdc42 guanine
nucleotide exchange factor (GEF) involved with cytoskeletal remodelling. Second is -
catenin (Yates et al., 2013). B-catenin is a canonical Wnt regulator that plays many roles
such as adherens junctions formation and regulating actin dynamics (Yates et al., 2013).
The third is VANGL2 (How et al., 2021). VANGL?2 is a four-pass transmembrane protein
that plays a role in non-canonical Wnt/Planar cell polarity (PCP) maintenance, which can
regulate morphogenesis and migration processes. The fourth is PTEN (Feigin et al., 2014b).
PTEN (phosphatase and tensin homologue deleted on chromosome ten) is a negative
regulator of the PI3K/Akt signalling pathway. Both BPIX and B-catenin bind to Scribble in
many cells, for example 293 cells and MCF10A cells, and are both required for roles of
Scribble such as wound healing (Dow et al., 2008; Frank et al., 2012). Vangl2 interacts
with Scribble to influence neural tube closure and wound healing (How et al., 2021).
Scribble interacts with the C-terminus of PTEN through PDZ interactions to affect PI3K
pathway (Feigin et al., 2014b).
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1.7 Hypothesis and aims of thesis

1.7.1 Using transient HDAC inhibition to study DN3 cell development

I aimed to understand cell fate determination during the development of DN3 cells. As the
B-selection is implemented in the DN3 compartment, profound events of fate determination
including survival, self-renewal and differentiation take place during DN3 cell
development. However, how these fate decisions are coordinated are not clear. In part, DN3
cell survival is underpinned by Notchl signalling, while self-renewal and differentiation
are governed by a cell-autonomous mechanism called pre-TCR signalling (Taghon et al.,
2009). Presentation of pre-TCR is achieved through a series of cell-autonomous
rearrangement in genome, implying that the status of chromatin might influence the
accessibility of recombination machinery to assembly TCR gene. Thus, I hypothesised that
the alteration of chromatin state can influence pre-TCR presentation, and therefore change
fate determination. To this end, I utilised multiple reagents to influence the chromatin state,
and later I focused on using HDAC inhibitors. To identify which HDAC are important in
DN3 cell development, expression databases are helpful. I found HDAC4 and HDAC6 are
highly expressed, and so likely to be important for T cell development in the DN3 stage
(Figure 1.4). To study the role of HDAC4 and HDACS6, I used small molecule inhibitors
LMK235 and ACY 1215 to target the activity of HDAC4 or HDAC6.

Figure 1. 7 Ratio of mRNA expression of HDACs in T cell development
The chart shows the ratio of mRNA expression (DN2/3+DN3a) / (DN4+DP) of HDACs. The

values of mRNA expression were adapted from ImmGen database.
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1.7.2 Single cell mitosis to elucidate the mechanism of daughter cell positioning

A crucial event to enable fate determination is cell division. For example, asymmetric cell
division or symmetric cell division are pivotal to control levels of fate determinants in stem
cell differentiation (Venkei and Yamashita, 2018). There are at least three major
mechanisms involved in asymmetric vs. symmetric cell division: (1) environmental cue
that guides spindle orientation, (2) cell-autonomous cue such as retraction fibre formation
for spindle positioning, (3) differential inheritance of epigenetic modification between
daughter (Venkei and Yamashita, 2018). For epithelial cells, the physical positioning of
daughter cells is important, as the mitotic process disrupts the order and stability of
epithelium. However, how the post-mitotic cells are re-stabilised is unclear. We
hypothesised that the re-stabilisation of epithelial daughter cells relied on a mechanism
similar to adherence junction (AJ) formation, as AJ is crucial for maintaining cell polarity
both in interphase and mitosis (Saadaoui et al., 2014; Tuncay and Ebnet, 2015; Weber et
al., 2011). One of the most prominent components to trigger AJ formation is Scribble
(Legouis et al., 2000; Vaughen and Igaki, 2016). Therefore we investigated whether and

how Scribble is required for daughter cell positioning.

Scribble’s enrichment at AJ is highly dependent on E-cadherin. Ectopic expression of E-
cad in tumor can re-establish the correct localisation of Scribble (Navarro et al., 2005b).
Depletion of Scribble in epithelial cells also down-regulates Ecad and disrupts AJ
formation, however the loss of Scribble can’t be rescued by Ecad overexpression (Yamben
et al., 2013) (Qin et al., 2005). These findings suggest Scribble and E-cad are synergistic
in AJ maintenance, but Scribble can be an upstream or be involved with multiple processes
that guide AJ formation. Back to the prospect of mitosis, as E-cadherin is required for
mitotic spindle orientation through LGN recruitment, we also investigated whether the
interaction between Scribble and Ecad is important in mitotic progression. Here, we used a
single cell model (MCF10A) to investigate the process of mitosis. Through confocal
imaging and live imaging, we elucidated Scribble and E-cadherin coordinate positioning in
mitosis. Finally, we revisit whether the principle of AJ formation is applicable in the

reattachment of the two daughters.
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2.1 Mammalian cell culture

2.1.1 OP9-DL1 stromal cells

OP9-DLI1 stromal cells (from Juan Carlos Zuniga-Pfliicker, University of Toronto,
Toronto, Canada) was maintained in tMEM (Sigma-Aldrich, M4526) supplemented with
20% (v/v) fetal calf serum, glutamine (1 mM) and penicillin/streptomycin (100 ng/mL).

2.1.2 Hematopoietic stem cells

Hematopoietic stem cells were generated from E14.5 mouse (C57BL/6) fetal liver cells
(Figure 2. 1A). Briefly, the uteri containing the foetuses were collected from the scarified
pregnant mice, and the foetuses were isolated into cold sterile PBS. The livers were then
isolated from the connective tissue of the foetus, and then fetal liver cells were collected
by forceful pipetting and centrifuge. Fetal liver cells were preserved in fetal calf serum
and Dimethyl Sulfoxide (DMSO) (Sigma Aldrich) with a ratio 9:1 and stored in liquid

nitrogen.

2.1.3 Exvivo generation of developing T cells

To induce T cell development, hematopoietic stem cells were co-cultured with OP9-DL1
stromal cells at a 1:1 ratio in a 6-well plate (2 x 10°). The coculture was maintained in
oMEM (Sigma-Aldrich, M4526), supplemented with foetal calf serum (10% v/v),
glutamine (1 mM), B-mercaptoethanol (50 pM), sodium pyruvate (InM), HEPES (10
mM), penicillin/streptomycin (100 ng/mL), mouse interleukin 7 (1 ng/mL) and mouse
FMS-like tyrosine kinase 3 (5 ng/ml). When OP9-DL1 stromal cells were confluent after
3-4 days of coculture, primary thymocytes were dissociated from the stromal cells

through forceful pipetting, and were harvested with the fresh OP9-DL1 stromal cells.

2.1.4 Primary thymocytes collection and culture

The primary thymocytes were released from 4-5-week C57BL/6 male mouse thymus
(Figure 2. 1B) for sorting, analysis or further culturing with OP9-DL1 stromal cells under

the same culture conditions as the HSC system described above.

2.1.5 Ethics of animal experiments

C57b1/6 mouse E14.5 fetal livers and 4-5-week mouse thymi were collected
according to Peter MacCallum Cancer Centre Ethics Committee approval E627 and

La Trobe University Animal Ethics Committee approval AEC-20024.
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Figure 2. 1 Source of developing T cells

(A) Fetal liver; (B) Thymus.

2.1.6 MCF10A cells

MCF10A cells were cultured in DMEM:F12 (Dulbecco's Modified Eagle Medium: F12)
media, supplemented with 5% (v/v) horse serum (Gibco), 10 pg/ml insulin (Novo
Nordisk) , 0.5 pg/ml hydrocortisone (Sigma-Aldrich), 20 ng/ml human epidermal growth
factor (Sigma-Aldrich), 100 ng/ml cholera toxin (List Biological Labs), 100 ng/ml
penicillin / streptomycin, 2 mM glutamine, and maintained at 37°C in 5% CO,. Stable
MCF10A cell lines that expressed short hairpin RNA against human Scribble (#7) and
the control were created and analysed as described in (Dow et al., 2007). Scribble
depletion was re-confirmed by flow cytometry. Briefly, the cells were fixed by IC
Fixation Buffer (eBioscience) according to manufacturer’s protocol, followed by
incubation with anti-Scribble antibody (sc-11049, Santa Cruz Biotechnology), and then
labelling with Alexa Fluor 647 conjugated antibody (ab150131, Abcam), and examined
by flow cytometry (BD FACSAria III, BD).

2.1.7 HeLa cells

HeLa cells were cultured in DMEM media (Gibco), supplemented with 10% (v/v) fetal
bovine serum, 2 mM glutamine and 100 ng/ml penicillin / streptomycin, and maintained

at 37°C in 5% COa.
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2.2 Cell-based assays

2.2.1 T cell counting

T cells and OP9-DL1 were seeded at a 1:1 ratio (4x10%) in a 24-well plate. To count T
cells from the OP9-DL1 coculture, T cells were dissociated from OP9 cells by forceful
pipetting, and OP9 cells were spun down and removed. T cells then were stained with

Trypan blue, and were counted using haemocytometer blood counting chamber.

2.2.2 T cell proliferation tracking

T cells were pre-labelled with carboxyfluorescein diacetate (CFSE) (5 uM in PBS,
Molecular Probes) for 10 minutes at room temperature and in dark, and then were washed
by cell culture media after staining. The T cells stained with CFSE were then co-cultured
with the OP9-DLI1 cells for the subsequent assay, or were incubated for 1 hour for
recording the initial intensity of CFSE. At 1 hour, the T cells stained with CFSE were
washed and collected in the FACS buffer, and the fluorescent intensity of CFSE was
recorded by flow cytometry.

2.2.3 T cell viability assay

To distinguish dead cells, T cells were labelled with propidium iodide (PI, 92 ng/mL,
Sigma Aldrich) in the incubator for 10 minutes. To distinguish apoptotic or pro-apoptotic
cells, T cells were labelled with Annexin V and DAPI for 15 minutes in the incubator.
After staining, T cells were washed and collected in the FACS buffer for flow cytometry

analysis.

2.24 MCF10A cell counting

MCF10A cells were collected by using Tryple, and were counted after Trypan blue

staining and using haemocytometer blood counting chamber.
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2.3 Assays using small-molecule inhibitors

2.3.1 HDACG6 inhibition in T cells

The small-molecule inhibitor ACY 1215 (MedChemExpress), also known as Ricolinostat,
was used at 1 uM (Laino et al., 2019). ACY 1215 was dissolved in DMSO to 5 mM as
stock solution, and was diluted to 1 uM with culture media immediately prior to
application to cells. ACY1215 is a type of fatty hydroxamic acid-derived histone
deacetylase 6 inhibitor, with molecular weight 433.5 (Figure 2. 2 A). The ICso of
ACY1215 to HDACG6 is around 4.7 nM, which is at least ten-fold more selective to HDAC
1-3 (Xiao and Zhang, 2020). Like most HDAC6 inhibitors, ACY 1215 binds to the second
catalytic domain of HDAC6, and subsequently inhibits deacetylation to the substrates
(Figure 2. 2 B). As the simulation shows, ACY 1215 is docked in the HDAC6 catalytic
domain, and bridged by multiple hydrogen bonds (Figure 2. 2 C) (Porter et al., 2017).

2.2.5 Stat5 signalling inhibition in T cells

The small-molecule inhibitor of Stat5, Pimozide (CAS 2062-78-4 Sigma-Aldrich) was

used at a final concentration of 10 uM.

2.2.6 Actomyosin depolymerisation in MCF10A cells

Actin depolymerisor Cytochalasin D (Sigma-Aldrich) was used at 5 pM, Myosin II
inhibitor Blebbistatin (Sigma-Aldrich) was used at 2.5 uM, and Arp2/3 inhibitor CK-869
(Sigma-Aldrich) was used at 50 uM. The stocks of Cytochalasin D, Blebbistantin and
CK-869 were dissolved in DMSO in the titre of 500X-1000X concentrated than the
working concentration. The stock solutions were then diluted in the culture media to the
working concentration before use. For fixed imaging, the inhibitors were applied for 15
minutes under regular culture condition before fixation. For live-cell imaging, Arp2/3

inhibitor CK-869 was used at 0.1 uM for 2 hours during image acquisition.

2.2.5 E-cadherin blocking in MCF10A cells

Mouse monoclonal anti-E-cadherin antibody HECD-1 (ab1416, Abcam) was used to
block the function of surface E-cadherin. For fixed-cell imaging, sparsely plated cells (2%
10° cells/cm?) were cultured in culture media containing 5 pg/ml antibody HECD-1 for
1.5 hour before fixation. For live-cell imaging, sparsely plated cells (2x 10* cells/cm?)
were cultured in HECD-1 containing culture media (5 pg/ml) for one hour prior the time-

lapse acquisition, followed with image acquisition for around 2 hours.
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Figure 2. 2 Small-molecule inhibitor ACY1215 targets HDAC6

(A) The chemical structure of ACY1215. (Left) from MedChemExpress database; (Right) from
PubChem (1316214-52-4). (B) The functional domains of HDAC6 protein are illustrated according
to (Li et al., 2013) and the Uniprot (*). (C) The simulated HDAC6-ACY 1215 structure was adapted
from (Porter et al., 2017).
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2.4 si-RNA silencing

Scribble and E-cadherin was depleted from MCFI0A cells and/or HeLa cells by
siGENOME SMARTDpool si-RNA against human Scribble and/or E-cadherin. si-RNA
was carried by DharmaFECT 3 according to the manufacturer’s protocol, and was
incubated with cells in serum-free cell culture media for transfection. We applied two
rounds of si-RNA silencing to increase knockdown efficiency. Briefly, the first round of
si-RNA silencing (20 nM of si-RNA) was applied on a 70% confluent monolayer cultured
in a well of a 12-well culture plate. After an incubation with si-RNA containing media
for 16 hours, the cells were refreshed with regular culture media, and incubated for further
8 hours. We plated these si-RNA-transfected cells on glass-bottomed 8-well chamber
(ibidi) for the purpose of subsequent cell imaging, and grew the cells for around 12 hours.
A second round of 8-hour si-RNA transfection (10 nM of si-RNA) was applied to these
cells, and a subsequent 16-hour incubation under regular culture media. Cells were then

fixed for further analysis.

2.5 Flow cytometry

2.5.1 Sorting

To purify T cell populations using flow cytometry, primary thymocytes were dissociated
from OP9-DL1 stromal cell, and were resuspended in PBS buffer containing 2% FBS and
antibody cocktail for surface staining. Antibody cocktails were comprised of lineage
markers (NK-1.1, CD11b, CD45R, Ly6G6C, Ter119), and differentiation markers (CD4,
CD8, CD25, CD44, CD28 and CD2; the details about fluorochrome, manufacturer and

dilution were summarised at the Table 2.1).

Primary thymocytes or fetal liver cells were incubated with antibody cocktails for 40
minutes before FACS. Flow cytometry (BD Aria III) was used to analyse and sort the
populations of developing T cells. As indicated (Figure 2. 3A), DN3 cells were identified
based on surface expression (Lineage , CD4~, CD8", CD25", CD44°). DN3a cells were
DN3 cell with CD28™°, and DN3b cells were DN3 cell with CD28. DP cells were
identified based on surface expression (Lineage , CD4", CD8").

The fetal liver derived DN3a and DN3b cells were generally sorted after 8-10 coculture
with OP9-DLI cells (Figure 2. 3B). The primary DN3a and DN3b cells were collected
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from adult thymus (Figure 2. 3C), and either immediately analysed or were co-cultured

with OP9-DL1 stromal cells for further use (Figure 2. 3D).
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Figure 2. 3 The process of flow cytometry analysis and sorting

(A) The schematic shows the plot of surface phenotypes of developing T cells. (B) The process

using fetal livers to generate developing T cells. (C, D) The process using mouse thymocytes.
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2.5.2 Intracellular expression analysis using flow cytometry for T cells

To detect intracellular expression of TCRp, Ki67, Lefl, c-Myc, Notchl, HDAC6 and
H3K18ac, the Foxp3/Transcription Factor Staining Buffer Kit (eBioscience) was used
according to the manufacturer’s instruction. Briefly, the primary thymocytes after surface
staining were incubated with fixative for 15 minutes in dark, room temperature, followed
with centrifuge and washing out the fixative. To detect expression of acetyl-tubulin, the
cells were fixed with IC Fixation Buffer (eBioscience) for 15 minutes in dark, room
temperature, followed with centrifuge and washing out the fixative. The fixed cells were

then incubated with antibody for flow cytometry analysis.

2.5.3 Intracellular expression analysis using flow cytometry for MCF10A cells

Protein levels of Scribble, E-cadherin and DLG were assessed in unsynchronised and
confluent MCF10A cells. To collect the cells from culture dish, 2.5 mM EDTA was
applied to the culture media for 20 minutes in incubator before trypsinization. Then, the
cells were fixed by IC Fixation Buffer (eBioscience) according to manufacturer’s
protocol, followed by incubation with primary antibody against Scribble, E-cadherin and
DLG respectively. After labelling with Alexa Fluor-conjugated secondary antibody, the
cells were examined by flow cytometry (BD FACSAria III, BD).

2.6 Immunofluoescence and fixed image acquisition by confocal microscopy

2.6.1 Fixed imaging for T cells

The sorted DN3a or DN3b were grown on glass-bottomed 8-well chambers (ibidi) with
OP9-DLI stromal cells, and were fixed with 4% formaldehyde for 8 minutes at room
temperature followed by 0.1% Triton X-100 permeabilization for 5 minutes. The samples
were then incubated with primary antibody overnight at 4°C (details about antibody usage
are summarised in Supplementary table 1). After the primary antibody was washed out
with PBS, the cells were labelled with fluorochrome-conjugated secondary antibodies (as
Table S1), DAPI (Thermo Fisher Scientific), and Phalloidin (Abcam). The samples were
examined using a FV3000 confocal microscope (Olympus) and 60X lens (1.30 NA,
UPLSAPO, Olympus). The images were processed with maximum intensity projection

using Image J. The mean intensity of region of interest was examined in Image J.
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2.6.2 Fixed imaging for MCF10A cells

MCF10A cells were grown on glass-bottomed 8-well chambers (ibidi), and fixed with
4% formaldehyde for 8 minutes at room temperature followed by permeabilization with
0.1% Triton X-100 for 5 minutes. The samples were then incubated with primary
antibody overnight at 4°C. Next, the samples were washed with PBS, and labelled with
fluorochrome-conjugated secondary antibodies, DAPI (Thermo Fisher Scientific), and
Phalloidin (Abcam). The samples were examined using a FV3000 confocal microscope
(Olympus) and 60X lens (1.30 NA, UPLSAPO, Olympus). To acquire images of the
whole cell, scanning of multiple sections with a z distance of 0.5 um was applied. These
sections were either merged or converted to different orthogonal projections using Image
J, and were also used in the analysis of spindle orientation. To acquire images of
subcellular structures such as retraction fibres or filopodia, scanning of multiple sections
with a z distance of 0.2 um was applied. The images were processed with maximum
intensity projection of three continuous stages for subcellular structures such as retraction
fibres, filopodia and nascent junctions using Image J. An ImagelJ plugin ‘3D viewer’ was

used to reconstruct the three-dimensional images.

2.6.3 Proximity Ligation Assays for MCF10A cells

Proximity Ligation Assays (Duolink, Merck) was performed on MCF10A cells according
to the instruction of manufacturer. Briefly, cells were stained with primary antibody (from
mouse and rabbit respectively) using the immunostaining protocol in 2.5.2. Then, the
sample was incubated with Duolink anti-rabbit PLUS and anti-mouse MINUS PLA
probes, and followed with DNA ligation. After wash, the ligated DNA template were

amplified in situ for detection under microscopy.

2.7 Time lapse imaging

For live-cell imaging, MCF10A cells were sparsely plated at approximately 2x 10°
cells/cm? and cultured for 1.5 days. Before image acquisition, the cells were incubated in
cell culture media containing 250 nM SiR-DNA (Spirochrome) for 30 minutes to label
DNA, which was then replaced with regular cell culture media. The processes of mitosis
and cell division were imaged using an Olympus FV3000 confocal microscope
(Olympus) and 20X lens (0.75 NA, UPLSAPO, Olympus) in a chamber maintained in
37°C and with 5% CO.. Mitotic cells were identified by the rounded cell morphology and
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the bar shape of condensed chromosomes, and were recorded every 3 minutes for more
than 30 minutes after anaphase onset. The z scanning, with 1 um per z stage, was applied
to cover the whole volume of the cell. The images were processed with average intensity
projection for both bright field channel and the channel for SiR-DNA by Image J. To
quantify the time taken by each daughter to re-adhere to the substrate, the time frame
showing each daughter cell flattening was identified as the time of re-adherence, and the
time of entry into anaphase onset was subtracted. To quantify the distance between
daughters’ nucleus labelled by SiR-DNA, we measured the shortest distance between two
segregated parts of DNA.

2.8 Data visualisation and statistics

MATLAB (version R2021a) and Python (version 3.8.1) were used to visualise the data.
The following algorithms were used in Python for analysis and plotting: matplotlib
(version 3.1.3), pandas (version 1.0.1), seaborn (version 0.10.0), numpy (version 1.18.1),
and plotly (version 4.14.3). Data of flow cytometry were analysed by FlowJo software
(version X10.0.7r2. Tree Star, Inc.). The bar plot was shown as mean + SEM. More than
three repeats were included in the statistics and were colour-coded for each individual
repeat. Microsoft Excel (version 2016) was used for t-test. P value were included along
with the figures, or were indicated by asterisks “***” (means p<0.005), “**” (means
p<0.01), and “*” means (p<0.05); where asterisks were not shown, the p value was greater
than 0.05. Confocal images were collected using an Olympus FV3000 confocal
microscope and FV31S-SW Viewer software, and were processed using ImagelJ (version

1.52p).
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Chapter 2: Methods

Antibody Supplier Clone/Catlog | Usage (titre)
CDl11b BD Biosciences M1/70 Flow cytometry 1:1000
NK1-1 BD Biosciences PK136 Flow cytometry 1:1000
CD45R Tonbo Biosciences RA3-6B2 Flow cytometry 1:1000
Ly6G.6C BD Biosciences RB6-8C5 Flow cytometry 1:1000
TER119 BioLegend TER119 Flow cytometry 1:1000
CD4 BioLegend RM4-5 Flow cytometry 1:400
CDS8 BioLegend 53-6.7 Flow cytometry 1:400
CDh44 BioLegend M7 Flow cytometry 1:300
CD25 BioLegend PCo61 Flow cytometry 1:300
CD28 BioLegend E18 Flow cytometry 1:200
CD27 BioLegend LG.3A10 Flow cytometry 1:800
CD2 BioLegend RM2-5 Flow cytometry 1:500
CD71 BioLegend RI7217 Flow cytometry 1:400
CD98 BioLegend 4F2 Flow cytometry 1:400
CD5 Tonbo Biosciences 53-7.3 Flow cytometry 1:300
IL7R BioLegend SB/199 Flow cytometry 1:200
TCRB Tonbo Biosciences H57-597 Flow cytometry 1:200
TCRyd BioLegend GL3 Flow cytometry 1:400
Ki-67 BioLegend 16A8 Flow cytometry 1:800
c-Myc Cell Signaling Technology 5605 Flow cytometry 1:250
Lefl Cell Signaling Technology 2230 Flow cytometry 1:500
Notchl Abcam ab27526 Flow eytometry 1599
Immunofluorescence 1:200
LAT Cell Signaling Technology 9166 Immunofluorescence 1:200
Ac- Flow cytometry 1:500
tubulin Cell Signaling Technology 2332 Immunofluorescence 1:300
Ac-
tubulin Abcam Ab24610 Immunofluorescence 1:1000
H3K18ac [ Abcam Ab1191 Flow cytometry 1:1000
HDAC6 Merck 07-732 Flow cytometry 1:500
HDAC6 Novus Biologicals NBP1-78981 Immunofluorescence 1:500
pStat5 Cell Signaling Technology 4322 Flow cytometry 1:250
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Table 2. 2 Antibody used in Chapter 5 and 6

Antibody Supplier Catlog Usage (titre)

Integrin 1 Abcam ab30394 Immunofluorescence 1:300
E-cadherin Abcam abl416 Immunofluorescence 1:100
E-cadherin Cell Signaling Technology | 3195 Immunofluorescence 1:250

Rockland 200-301-
a-Tubulin Immunochemicals 880 Immunofluorescence 1:1000
Rockland 600-401-
a-Tubulin Immunochemicals 880 Immunofluorescence 1:1000
Scribble Santa Cruz Biotechnology sc-11049 Immunofluorescence 1:250
Scribble Upstate 07-643 Immunofluorescence 1:500
NuMA Abcam ab109262 Immunofluorescence 1:500
Paxillin Millipore 05-417 Immunofluorescence 1:400
Arp2 Abcam ab49674 Immunofluorescence 1:500
Ezrin BD Biosciences 610602 Immunofluorescence 1:800
NBP1-

Myosin X Novus Biologicals 87748 Immunofluorescence 1:500
B-Catenin BD Biosciences 610153 Immunofluorescence 1:500
B-PIX Cell Signaling Technology | 4515 Immunofluorescence 1:400
B-PIX Millipore 07-1450-1 Immunofluorescence 1:500
Myosin IIb Cell Signaling Technology | 8824 Immunofluorescence 1:500
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Chapter 3: Results (I)

3.1 Introduction

T cells are generated in a multistep, highly orchestrated process guided by stromal cells
in the thymus. Multipotent hematopoietic progenitors migrate to thymus and commit to
T-cell lineage by limiting the potential of non-T lineages such as B-cell lineage or
myeloid lineage (Rothenberg, 2011). After T-lineage commitment, two types of T cells,
afy and yo T cells, are specified in the process of T cell development. The aff T cell
receptor (afy TCR) serves as an antigen receptor to interact with peptide-MHC complex
and mediate an antigen-specific immune response (Wang and Reinherz, 2012). As
reviewed in the introduction, the aff TCR is generated through gene recombination to
produce TCRp and TCRa chains. Unlike aff T cells, v T cells usually use the germline-
encoded genome to construct yo TCR, which only recognise a limited source of antigens
(Willcox and Willcox, 2019). The specification of aff versus yo T-cell fate happens in
the DN3a stage (Taghon et al., 2006) or in the CD25" DN2 or CD25" DN3 compartments
(Parker and Ciofani, 2020). In most of the cases, ap TCR and yd TCR are not co-
expressed in T cells, with the exception of a rare subset of T cells expressing afyd TCR
recently detected in fetal skin (Reitermaier et al., 2021). Overall, understanding the
specification between af and yd is an important topic, and can provide the knowledge

for T cell generation.

In thymus, Notchl signalling, through intracellular Delta ligands, is the most explored
mechanism to enforce T cell differentiation (Radtke et al., 2010). The Notch1 signalling
actives T-cell differentiation by importing the intracellular Notch domain (NICD) into
nucleus, and then activating the transcription factor CSL. Interestingly, under the same
guidance from Notchl1 signalling, aff T cell and yd T cell show a distinct transcriptional
profile. For example aff DN3b cells display increased HEB and Aiolos gene expression,
while y6 DN3b cells display increased Runx3, Bcl-2, Egr-2, Egr-3, Id3 and Helios
(Taghon et al., 2006). This difference suggests some lineage-specific co-factor might
guide NICD-CSL complex targeting different genes for transcription. As multiple
HDAC:s play a redundant role as a CSL co-repressor to keep Notch-targeted genes off
(Borggrefe and Oswald, 2014), raising the question of whehether selectivity of HDAC
controls aff and yd fate specification. Here, I used selective HDAC6 inhibitor, ACY 1215,

to investigate early T cell development.
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By using ACY 1215, the results lead to a focus on af fate specification, as the influence
on 9 fate specification was minimal. B-selection is in part determined by stromal cells
in the thymic microenvironment, which provide Notch and chemokine signals that
promote survival and differentiation (Chann and Russell, 2019; Dutta et al., 2021).
Recently, it has become clear that interactions between the pre-TCR and the MHC-
peptide on stromal cells also provide an opportunity to test TCR signalling (Allam et al.,
2021; Dutta et al., 2021; Li et al.,, 2021) These interactions trigger a sequence of
transcriptional changes and epigenetic modifications that ensure only the cells with an
appropriately recombined TCRp chain survive, proliferate and differentiate. How pre-
TCR signalling integrates fate determination including proliferation, differentiation and
survival during B-selection is still not understood (Chann and Russell, 2019; Dutta et al.,
2021). In this chapter and next chapter, [ used ACY 1215 to identify novel aspects of -

selection.
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3.2 Results

3.2.1 HDACSG is expressed during T cell development

HDACG6 proteins are abundant in both nucleus and cytoplasm in developing T cells
(Figure 3. 1 and Figure 3. 2). HDACG6 activity seems to be associated with epigenetic
state in developing T cells as treatment of ACY 1215, an HDACS6 selective inhibitor, for
two days increased acetylation of H3K 18 (Figure 3. 3). Moreover, ACY 1215 increased
tubulin acetylation at MTOC, and presumably the acetylation is not through Arp2/3-
dependent mechanisms (Figure 3. 2) (Butler and Cooper, 2009; Shi et al., 2019), but
through the mechanism of HDAC6 inhibition. The acetylation increased at both nucleus
and cytoplasm reflects the location of endogenous HDAC6. Together, these data suggest
HDACS6 is likely required for T cell development.

FL M.. {.+DMSO ﬂn--AnalIysis

B+ACY1215
OP9DL1
Gate: Cytoplasmic Nuclear
DN1 . ‘
DN2 a ‘
DN3 . .
o ,_A, %_L,
- i -
> L L
%
HDAC6 HDAC6

Figure 3. 1 HDACG is expressed in developing T cells.

To examine HDACG6 protein expression, developing T cells treated with DMSO or ACY1215
for two days were fixed by cytoplasmic fixative or nuclear fixative, followed by examination of

HDACG6 expression.

55



Chapter 3: Results (I)
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Figure 3. 2 HDACG is expressed in nucleus and cytoplasm of developing T cells.

(A) The sorted DN3a or DN3b cells were assessed for HDAC6 expression by immunostaining.
(B, C) The sorted DN3b cells were treated with ACY 1215 or DMSO for 1 day, followed by

immunostaining for Arp2, acetyl-a-tubulin (K40), and a-tubulin.
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Figure 3. 3 H3K18 acetylation was promoted by ACY1215.

Developing T cells were treated with ACY 1215, the selective inhibitor of p300 and CBP, C646,
or DMSO for 1 day as indicated, and the expression of H3K18ac were assessed and shown in

the histogram.
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3.2.2 ACY1215 treatment arrests T cell development at DN3 stage

At Day 8-10 of the co-culture, when the cells were predominantly at the DN3 stage of T
cell development, I applied ACY1215 at a concentration previously reported to have no
impact on lymphocyte viability but that altered function of mature T cells (Laino et al.,
2019a). Compared with DMSO treated cells, cells treated with ACY 1215 for two days
showed an increased proportion of DN cells, and reduced proportions of the other stages
of differentiation: DP, CD4-SP and CDS8-SP, suggesting HDACG6 is required for optimal
T cell development to the DP stage (Figure 3. 4A). This shift in differentiation stages
was accompanied by a generalised inhibition of proliferation at several stages of T cell
development (Figure 3. 5). I analysed CD25 and CD44 expression in the DN cells to
compare proportions at different DN stages (Figure 3. 4B). An increase in the
proportions of DN3 cells, and a commensurate decrease in DN4, suggested that the

ACY1215-treated cells were blocked at the DN3 stage.

To define the cell stage at which ACY 1215 influences differentiation to DP, I monitored
cell expansion and differentiation from sorted DN3a and DN3b that had been treated for
four days with ACY1215 or DMSO. By day 4, approximately 25% of the control DN3b
cells had progressed to DP (Figure 3. 6) and this proportion was reduced to below 5%
by ACY 1215 treatment. The reduced DP cells was not due to an accumulation of cells
at the DN4 stage, since these were also reduced by ACY 1215 treatment (Figure 3. 6). |
performed a parallel analysis using DN3a cells as a starting population (Figure 3. 7)
Although the very few DN3a cells had progressed beyond the DN stage by day 4,
ACY 1215 treatment led to a similar inhibition of progression from DN3a to DP, again
with minimal impact on progression through DN4. These data indicate that the major
effect of ACY 1215 was on the DN3b stage, but did not exclude an additional effect on
DN3a cells. To determine whether the shift in proportions indicated alterations in
differentiation or proliferation of particular subsets, I assessed the number of cells at
each differentiation stage that developed from the sorted DN3b (Figure 3. 6). By day 4,
DN3 cells had expanded more than 50 fold, with a negligible reduction caused by
treatment ACY1215.DN4 cell numbers were also only slightly reduced by ACY1215
treatment. The most dramatic effect occurred at the DP stage, with a reduction in cell
number of over two orders of magnitude. Together, these data indicate that ACY 1215

treatment substantially inhibited cells from progressing beyond the DN3b stage.
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Figure 3. 4 ACY1215 arrests T cell development at DN3 stage

Developing T cells were treated with ACY 1215 or DMSO for 2 days as indicated, and the Lin-
cells were assessed for CD4 and CD8 expression to determine the proportions of DN, DP, CD8+
and CD4+ populations (A). The DN (Lin-, CD4-, CD8-) cells from (A) were assessed for CD44
and CD25 expression to determine the proportions of DN3 and DN4 populations (B). Individual

colours in swarm plot represent independent experiments.

59




Chapter 3: Results (I)

DN2
8-10d DN3a +DMSO  4d :
FL ——— Sort DN3b+ +ACY1215_"Ana!y5iS
DP
OP9-DL1

0 +DMSO
ps005  ps0005 <001 E+ACY1215

p
[°]
g 31

! p<0.05
?@lﬁ 2

e

Expansion rate (2d/3h)
L¥Y]

DN2 DN3a DN3b DP

Figure 3. 5 ACY1215 reduced proliferation

Sorted, FL-derived DN2, DN3a, DN3b and DP were cultured for 2 days ACY1215 or DMSO
treatment as indicated. Cell numbers were counted at 3 hours and 2 days, and the proliferation rate

(2 days / 3 hours) was summarised in swarm plot, with individual colours representing

independent experiments.

60



Chapter 3: Results (I)

+DMSO 4 days -
Sort DN3b — { +ACY1215 Analysis
OP9-DL1
A. Gate: Lin- O +DMSO
” +DMSO +ACY 1215 _ O+ACY1215
1135 £3
e =
g L=
] @ 2 p<_0.01
-
‘ | Eg i
E %
DN DP  CD4-SP CDB-SP
B. Gate: Lin-, CD4-, CD8- +DMSO
+DMSO +ACY1215 i O+ACY1215
I DN4 DN3 DN4 DN3 |E8
a1 2 724 12.1::81.7 z
O c 3 i
§ p=0.05
=
1_ ZIMIEE
; ol %
(=l
DN4
C: DN DP CD4-SP CD8SP___ ow
p<0.001 p=<0.001 p<0.001 2 &
p<0.001 @ & 107 p<0.001 o W p<0.001 I 10 p<0.005 ._ E;
+ 10° — 10 — 10 — _® 109 — e +O
é ‘//. 104 i/ 8 10 o/v 519 5{%' b
WV
=20, 107 107 107
10° 109 10°
10° g E 2
3h 2d 4d 2d  4d 2d  4d 2d  4d
DN3 DN4
p=0.05
o1 A 1 > o
=L - 5|
i 10° — e 8 10 T
el _//. 104 o e
E 6/ 107
; 107 / 102
3 |ge 10!
104 109
0

2d

4d

Figure 3. 6 ACY121S5 arrests T cell development at DN3 stage

The sorted DN3b cells were cultured for 4 days under ACY1215 or DMSO treatment as
indicated, and were analysed by CD4 and CDS8 (A) and CD44 and CD25 (B). For A and B, the

frequency of each population were summarised in swarm plot, with individual colours

representing each experiment. Cell numbers per population were estimated by multiplying the

total cell number by the frequency and were summarised in the line chart (C).
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Figure 3. 7 ACY1215 arrests T cell development at DN3 stage

The sorted DN3a were cultured for 4 days under ACY 1215 or DMSO treatment as indicated, and
were analysed by CD4 and CD8 (A) and CD44 and CD25 (B). The frequency of each population

was summarised in swarm plot, with individual colours representing independent experiments.
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3.2.3 ACY1215 treatment disrupts p-selection

Two T cell lineages arise from DN3 cells, each expressing a different set of T cell
receptors (af cells and yo cells) (Hayday and Pennington, 2007). To determine which
lineage was altered by ACY1215, I cultured developing T cells for 2 days with and
without HDAC6i, and labelled the cells with antibodies specific for these TCRs (Figure
3. 8). As expected DN3a cells (which have not undergone genomic rearrangement)
expressed neither TCRB nor TCRyd. As they progressed through the differentiation
DN3b and DN4, untreated cells showed increasing proportions of cells expressing either
TCRp or TCRyd. By the DP stage, cells predominantly expressed TCRp as expected.
ACY1215 treatment increased the proportion of cells expressing TCRyd at the DN4
stage, but had no impact at other differentiation stages. This coincided with a reduced
proportion of TCRB—expressing cells at the DN3b and DN4 stages. This reduction was
not significantly seen at the DP stage, presumably because these cells had already passed
the B-selection checkpoint before ACY 1215 was applied. These data are compatible with
a specific effect on TCRp selection, but are difficult to interpret since the drug was acting
on a population of mixed differentiation stages. Thus, the impact of ACY1215 on
differentiation and TCRf and TCRyd expression was assessed on a pure population of
DN3b cells (Figure 3. 9). After 2 days of culture, the number of cells expressing TCRf
was reduced significantly at DN3, DN4 and DP stages. The number of cells expressing
TCRyd was not substantially reduced by ACY 1215 treatment. TCR™ cells showed a small
but statistically significant decrease in number at both the DN3 and DN4 stage which
might reflect an impact of ACY 1215 before the cells had completed B-selection, or might
merely reflect TCRp expression below the level of detection. I confirmed these results
with staining for icTCRp (Figure 3. 10), which was expressed on fewer cells at the DN3,
DN4 and DP stage by 4 days of ACY 1215 treatment. Together, these data indicated that
the defect in differentiation to DP was specific to aff T cells, and likely involved the [3-

selection checkpoint.

As I found ACY1215 treatment arrests development at DN3 stage, and can be re-
accessed as (Figure 3. 11), I wondered whether the effect of arrest is lineage-specific.
To test this, I demarcated TCRB", TCRy8", and TCR cells, and then examined DN3 and
DN4 frequency of these three lineages (Figure 3. 11). The results show most of TCR"
cells (from both DMSO and ACY1215) are at DN3 stage, and TCRB" and TCRyd"
control cells show the progression to DN4. In contrast, ACY 1215 treated TCRB" and
TCRy3" cells were both arrested at DN3 stage, suggesting a lineage-independent effect.
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Figure 3. 8 ACY1215 impairs the development of TCRp lineage

Developing T cells were treated with ACY1215 or DMSO for 2 days as indicated, and DN3a,
DN3b, DN4 and DP cells were assessed for surface TCRB and TCRyd expression. Individual

colours in swarm plot represent independent experiments.
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Figure 3. 9 ACY1215 impairs the development of TCRJ lineage

The sorted DN3b cells were cultured for 2 days under ACY 1215 or DMSO treatment as indicated,
and DN3, DN4 and DP cells were assessed for surface TCRP and TCRyd expression. Individual

colours in swarm plot represent independent experiments.

65




Chapter 3: Results (I)

= +DMSO  4d ;
FL 81049, sort DN3b > {+ACY121 =~ Analysis
OP9-DL1
Gate:
0
g :
[m]
+
)
&
>
Q
<
3 80 80) 80
a:r p=0.01 p=0.001 8
Z o 60 ao| % © =
& a0 Y 40 - 40) 60% g
2|4 Vg e O
o 20f | E 20 @ 20 -
w —
| i o
109 p<0.001 10 109  p<0.001 ;
] m p=0.001 m Q
'gm‘ | |*Be o 109 ‘ *
2 %ﬁ &
5w 109 107 e v
3 ﬁ
107

Cate DN3 '~ Gate DN  Gate DP

Figure 3. 10 ACY1215 impairs the development of TCRp lineage

The sorted DN3b cells were cultured for 4 days under ACY1215 or DMSO treatment as
indicated, and DN3, DN4 and DP cells were assessed for intracellular TCRp (icTCRp) and CD28
expression. The frequency and cell number were summarised in swarm plot, with individual

colours representing each experiment.
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Figure 3. 11 Assessment of DN3 and DN4 progression from af or v lineage

Developing T cells were treated with DMSO or ACY1215 for 2 days, and the aff or yd lineage

were accessed for CD4, CD8, CD44 and CD25 expression. The frequency of DN3 and DN4 were

summarised in the line plot, with colours representing each experiments.
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3.2.4 ACY1215 disrupt DN3a-to-DN3b transition

The passing of the B-selection checkpoint is associated with progression from the DN3a
to DN3b stages of differentiation, which is generally defined by expression of CD28
(Teague et al., 2010; Williams et al., 2005). I therefore assessed whether DN3a cells
were inhibited from progressing to DN3b (Figure 3. 12A). Surprisingly, the reverse was
observed. In DMSO control cultures, co-staining with CD25 and CD28 indicated a
relatively stable distribution between DN3a (CD28°) and CD3b (CD28") at 1 and 2
days, but increasingly greater proportions of CD28" in the ACY1215-treated cells. The
conversion from predominantly DN3a in the DMSO-treated cells to predominantly
DN3b in the ACY1215-treated cells could reflect either (or both) a reduction in the
number of DN3a cells, or an increase in number of DN3b cells, so I calculated total cell
numbers in cultures of sorted DN3a cell to address this. The DN3a cells expanded more
than 4-fold over 2 days of control DMSO-treated culture. A small fraction of these cells
had converted to DN3b cells after 1 day, and both DN3a and DN3b numbers increased
substantially in the second day of culture. In contrast, treatment with ACY 1215 reduced
the number of DN3a cells on Days 1 and 2. The number of DN3b cells produced was
not compromised by ACY 1215 treatment, and the number of DN4 cells was increased
slightly at 1 day of treatment, but this difference was not sustained at 2 days. A similar
shift to DN3b and DN4 at the expense of DN3a was observed in thymocytes extracted
from an adult mouse and cultured for 1 day on OP9-DL1 (Figure 3. 12B), although the
relatively low numbers of DN3a in primary thymocytes ex vivo made the shift less
obvious. Together, these data suggest that ACY 1215 treatment of DN3a cells led to a
dramatic reduction in DN3a amplification, but little impact upon the number of cells

passing through the DN3b stage.
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Figure 3. 12 ACY1215 impairs DN3a amplification

The sorted DN3a cells from fetal liver cells (A) or thymocyte (B) were cultured under ACY 1215

or DMSO treatment for 1 or 2 days as indicated, and the CD44 DN population (representing

DN3 and DN4 stages) was assessed for CD25 and CD28 expression. The frequency of each

population were summarised in swarm plots, with individual colours representing each

experiment. Cell numbers were summarised in line plots.
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3.2.5 ACY1215 treatment represses DN3a self-renewal and proliferation

To account for the reduced numbers of DN3a cells, DN3a cells must either die more
frequently, undergo fewer cell divisions, or differentiate into non-DN3a cells, To assess
whether the reduction was due to cell death, I stained the cells at 3 and 6 hours with
propidium iodide (PI) (Figure 3. 13). No differences in cell death was apparent in either
DN3a or DN3b cells with ACY 1215 compared with DMSO, although the control DP
population showed a striking increase in apoptotic cells upon ACY 1215 treatment, as
did DN3a and DN3b in which Notch ligand had been withdrawn. Similar results were
obtained with Annexin V labelling (Figure 3. 14). Despite clear induction of apoptosis
in both DN3a and DN3b cells upon withdrawal of OP9-DI1 cells, I saw no significant
apoptosis in the sorted DN3a and DN3b after ACY 1215 treatment

An alternative explanation for the reduced numbers of DN3a cells is changes in
proliferation. This was confirmed with CFSE labelling. I labelled sorted DN3a and
DN3b with the fluorescent dye, CFSE, and assessed dilution of the dye as an indicator
of the number of cell divisions in the 2 days since labelling (Figure 3. 15A). CFSE in
thymocytes does not allow for precise allocation of cell divisions that can be achieved
with mature T cells, but nonetheless provides a useful comparator between samples.
DN3a cells showed extensive cell proliferation as indicated by a reduction in CFSE
labelling over time of almost 2 orders of magnitude, and this proliferation was clearly
reduced by ACY 1215 treatment. The purified DN3b cells showed greater proliferation
than DN3a cells as expected, which was again substantially reduced by HDAC6i

treatment.

Labelling with the marker of proliferation, Ki-67(Gerdes et al., 1984), one day after
treatment showed several interesting findings (Figure 3. 15B). First, the relative
proportion of cells in the FSC"Ki-67"" quadrants (which presumably reflected cells in
mitosis) was substantially higher for DN3b than DN3a cells, supporting their greater
proliferative rate. Interestingly, of the smaller (low FSC) cells, the Ki-67 staining was
much weaker in the presence of ACY 1215, suggesting a longer time since their last cell
division (Miller et al., 2018). This reduced Ki67 was observed in both DN3a and DN3b
cells, but was particularly striking for DN3a cells treated with AY1215. Thus, the
reduction in DN3 cell number induced by ACY 1215 treatment is at least in part due to
direct effects on proliferation of DN3a cells. Another possible explanation for the
reduced DN3a numbers is a precocious differentiation of DN3a to DN3b. This is not

easy to measure at the population level, but the observation that DN3b cell numbers are
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maintained despite a reduction in their proliferation is compatible with the notion that
DN3a cells precociously differentiate to DN3b. Together, these data suggest that the
cellular basis for reduced DN3a cell numbers upon ACY 1215 treatment is caused by
reduced proliferation, perhaps precocious differentiation to DN3b, but probably not

increased cell death.
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Figure 3. 13 Assessment of death upon ACY1215 treatment

Sorted, FL-derived DN3a, DN3b and DP cells were treated with ACY 1215 or DMSO for 3 hours
or 6 hours as indicated, followed with propidium iodide (PI) staining to label dead cells. The
frequency of PI* population were summarised in swarm plot, with individual colours representing

each experiment.
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Figure 3. 14 Apoptosis assay for DN3a and DN3b treated with DMSO or ACY1215

The sorted DN3a and DN3Db cells were treated with ACY 1215 or DMSO for 6 hours or 1 day
with or without OP9-DL1 coculture as indicated. The cells were assessed for Annexin V

expression and DAPI intensity as shown in the density plot.
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Figure 3. 15 ACY1215 influenced DN3a and DN3b proliferation

(A) Sorted, FL-derived DN3a and DN3b were stained with CFSE after sorting and were cultured
with ACY1215 or DMSO for two days as indicated. At one hour post sorting, the intensity of
CFSE were recorded, as indicated by the white histogram. At two days, the DN3 cells from the
sorted DN3a and DN3b were assessed for CD28 expression and CFSE intensity, as shown in the
contour plots and the histograms. (B) FL-derived developing T cells were treated with ACY 1215
or DMSO for 1 day as indicated, and DN3a and DN3b cells were assessed for FSC and Ki-67

expression.
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3.2.6 ACY1215 treatment alters Pre-TCR signalling clustered at MTOC

I explored the possible mechanisms by which ACY 1215 might disrupt B-selection. In
mature T cells, acetylation of a-tubulin by HDACG6 influences TCR-mediated
recruitment of the microtubule-organising centre (MTOC) to the immunological synapse
(Serrador et al., 2004). In both DN3a and DN3b cells, HDAC6 was predominantly in the
nucleus, but detectable expression in the cytoplasm and near the MTOC was compatible
with effects on MTOC modification. I assessed the acetylation of a-tubulin (K40), which
can be de-acetylated by HDACG6, on the sorted T cell populations: DN, DP, CD4-SP,
CDS8-SP, DN1, DN2, DN3a, and DN3b (Figure 3. 16). Upon a two-hour treatment with
ACY1215, each population showed an increase in acetylated tubulin, suggesting

HDAC® is catalytically active throughout early T cell development.

I have previously found that T cells undergoing B-selection form an immunological
synapse, in which MTOC and other TCR-associated signalling proteins move with the
MTOC to the site of antigen receptor signalling receptor signalling (Allam et al., 2021).
I therefore speculated that an alteration in MTOC organisation has the potential to
mediate the effects of ACY1215 on [B-selection by impacting the immunological
synapse. To begin to address this, I looked at the association of LAT with the MTOC in
DN3a cells (Figure 3. 17). Acetyl-a-tubulin presented as a single cluster in the site of
the MTOC, and was increased in intensity with ACY 1215 treatment, compatible with
the flow cytometry results. LAT was strongly associated with the MTOC in DMSO
treated cells, but altered by ACY 1215 treatment, with less intense fluorescence and less
clustering at the MTOC. Notch is particularly important during B-selection in mediating
assembly of the immunological synapse and transmitting signals downstream of the
preTCR signal (Allam et al., 2021; Charnley et al., 2020). I therefore assessed the co-
localisation of Notchl and the MTOC in DN3a cells (Figure 3. 18A). In DMSO treated
cells, Notch was concentrated at the MTOC, but, similar to LAT was much more diffuse
following ACY 1215 treatment. Interestingly, the change in localisation of Notch was
accompanied by a loss in cell surface Notch expression, and this occurred in DN3a,
DN3b and DN4 cells, suggesting a general acceleration of the down-regulation of
Notchl that is a critical component of B-selection (Figure 3. 18B). These data suggest
that one possible mechanistic basis for the effects of ACY1215 on fB-selection is via
tubulin acetylation and recruitment by MTOC of Notch and TCR signalling to the

immunological synapse.
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Figure 3. 16 Assessment of tubulin acetylation upon ACY1215 treatment

The sorted DN, DP, CD4-SP, CD8-SP, DN1, DN2, DN3a, DN3b were treated with ACY1215 or
DMSO for 2 hours as indicated, and were assessed for acetyl-a-tubulin (K40) as shown in

histograms.
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Figure 3. 17 Assessment of LAT expression upon ACY1215 treatment

The sorted DN3a cells were treated with ACY 1215 or DMSO for 1 day as indicated, followed by
immunostaining for LAT, acetyl-a-tubulin (K40). The representative image was from three
individual experiments. The mean intensity of acetyl-a-tubulin, LAT expressed at MTOC versus
at nucleus were summarized in violin plots. Cell number for LAT staining: ACY 1215 (n=55) and
DMSO (n=54); Cell number for acetyl-a-tubulin (K40) staining: ACY1215 (n=30) and DMSO

(n=31). The statistics was from three individual experiments.
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Figure 3. 18 Assessment of Notchl1 expression upon ACY121S5 treatment

(A) The sorted DN3a cells were treated with ACY 1215 or DMSO for 1 day as indicated, followed

by immunostaining for Notch1 and a-tubulin. The representative image was from three individual

experiments. The ratio of Notch1 expressed at MTOC versus at nucleus were summarized in violin
plot. Cell number for Notchl staining: ACY 1215 (n=56) and DMSO (n=55). (B) Developing T
cells were treated with ACY 1215 or DMSO for 2 day, and the DN3a, DN3b and DN4 cells were

assessed for Notchl expression, as summarised in swarm plot, with individual colours

representing each experiment. The statistics was from three individual experiments.
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3.3 Discussion

As the hematopoietic progenitors differentiate to T cells, multiple stages of fate
commitment, TCR gene recombination and TCR selection are supported by constitutive
Notchl signalling (Deftos and Bevan, 2000). However, Notch1 signalling doesn’t trigger
only one version of gene expression, but orchestrates multiple waves of transcriptional
switches to reach maturation of T cell development (Brandstadter and Maillard, 2019;
Weerkamp et al., 2006). Here I found ACY 1215 altered Notchl-induced T-cell fate

determination.

Unlike HDACs 1, 2, and 3, which are required at multiple stages of T cell development,
a role for HDAC6 in T cell development has not been identified (Wang et al., 2020).
Mice lacking HDAC6 showed no overt T cell phenotypes (Shapiro and Shapiro, 2020;
Zhang et al., 2008) and to our knowledge the effect of acute deletion of HDAC6, or
pharmacological inhibition of HDAC6 on T cell development has not been reported
(Shapiro and Shapiro, 2020). In this Chapter, I believe the effects from ACY 1215 can
help to deduce the role of HDACG6 in developing T cells. The known role for HDAC6 in
linking tubulin acetylation to the immunological synapse of mature T cells (Serrador et
al., 2004), and our finding that acetylation of a-tubulin is increased in DN3 cells,
suggested the possibility that the B-selection immunological synapse might mediate the
effects of ACY125. Indeed, ACY 1215 does alter the organisation of the TCR signalling
molecules, LAT, around the MTOC. Similarly, Notch1, which is required to enhance the
polarisation of the pre-TCR (Allam et al., 2021; Charnley et al., 2020), is lost from the
MTOC following ACY1215 treatment. These findings are particularly interesting in
light of a recent report that HDAC6 is required for the formation of aggresomes at the
MTOC (Magupalli et al., 2020), and suggest that HDAC6 might play a more general
role in coordinating recruitment to the MTOC. An alternative explanation for the effect
of ACY1215 on B-selection relates to observations that HDAC inhibitors can induce
MHC constituents to promote antigen presentation (Magner et al., 2000). It remains to
be determined whether an influence on stromal-presented peptide-MHC plays any role
in disrupting B-selection. Interestingly, both CD2 and CDS5 can regulate activity of the
immunological synapse and connectivity to the MTOC (Brossard et al., 2003; Dustin et
al., 1998; Tibaldi et al., 2002) further supporting the possibility that the immunological
synapse provides a hub at which deacetylation and pre-TCR signalling converge.
Together, these findings suggest that the effect of HDAC6 on B-selection that I see here
might occur through disruption of the DN3 immunological synapse.
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On the other hand, epigenetic change on H3K 18 would highlight an underestimated role
of HDACH6 in transcriptional controls. These demonstrations are encouraging because
more mechanisms can be provided to the use of ACY1215 in pre-clinical and clinical
circumstances. The use of ACY 1215 has been described as epigenetic therapy (Hogg et
al., 2020), which can synergize with the BET inhibitor, JQ1, to recruit T cell mediated
responses to lung adenocarcinoma, enhance T cell responses to ex vivo melanoma
cultures, impair effector CD8 T cell function during skin inflammation, and alter Treg
function (Adeegbe et al., 2017; Laino et al., 2019; Tsuji et al., 2015; Xu et al., 2018;
Zhang et al., 2021). As addressed in the Introduction, T cell development can be possible
to be transformed toward cancer. For that circumstance, ACY 1215 might become a
potential approach to regulate therapeutic response. I will globally discuss these

possibilities in Chapter 7.

3.4 Conclusion

In this chapter, I assessed the consequences of T cell development upon treatment of
HDACS6 selective inhibitor, ACY1215. I found aff T cell development is disrupted upon
treatment, led with aberration, namely the increase of acetylation of a-tubulin and
histone tail (H3K18), the decrease of Notchl and LAT clustered at MTOC. These
observation indicated the control of B-selection checkpoint is impaired, which I

investigated in the next chapter.
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Introduction

In Chapter 3, the composition of DN3 cells was altered by ACY 1215, showing reduction
in DN3a expansion but less influence on the total amount of DN3b cells. On the other hand,
I also demonstrated DN3b-to-DP progression was arrested by ACY1215; however, the
change in the molecular basis in DN3b compartments is yet to be determined in Chapter 3.
Thus in Chapter 4, the urgent tests are to clarify the property of DN3b under ACY 1215,

and to assess how the course of B-selection is altered under ACY1215.

In Chapter 4, I will show a striking effect of treatment with the HDAC6-selective inhibitor,
ACY1215, on B-selection. This effect allowed us to define several stages of B-selection
with high resolution. After the DN3a stage marked by upregulation of the co-receptor,
CD28, I observed a transitional stage marked by low levels of the co-receptor, CD2, that I
termed DN3b"™. DN3b™™ cells are enriched by ACY1215 treatment. An upregulation of
CD2 marks passage through the B-selection checkpoint, to a phase I termed DN3b"*'. The
transcription factor, Lefl is upregulated in DN3b™ cells, together with an increasing
expression of the reporter of TCR signalling, CD5. These findings implicate a refined
model of B-selection in which, following expression of CD27 and CD28, a coordinated
increase in expression of pre-TCR, CDS5 and Lefl provides for an escalating test of TCR
signalling. Expression of CD2 marks the passing of this test and exit from the -selection
checkpoint. Overall, this chapter updates the understanding regarding the multistep of
differentiation across -selection, of which ACY 1215 or HDACS6 activity can influence the

process.
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Results

4.2.1 ACY1215 leads to phenotypically aberrant DN3b cells

One possible explanation for this passage to DN3b without optimal subsequent
differentiation could be that ACY1215-treated cells express some markers to suggest they
have passed B-selection but are not competent precursors of aff T cells. To assess this, I
first characterised several phenotypic markers implicated in progression through the B-
selection checkpoint. Co-staining DN3 cells with both CD28 and CD27, both of which can
discriminate between DN3a and DN3b cells (Taghon et al., 2006; Teague et al., 2010),
clearly discriminated two subpopulations in DN3 cells pre-treated with DMSO (Figure 4.
1). A shift from DN3a to DN3b is observed for both fetal liver-derived lymphocytes and ex
vivo extracted thymocytes cultured on OP9-DL1 stroma. These data confirm the findings
above that, at least by the canonical markers, CD27 and CD28, ACY1215 treatment
promotes differentiation towards DN3b at the expense of DN3a.

Given that the primary function of this checkpoint is to ensure appropriate TCRf
rearrangement, [ assessed the correlation of each marker with TCRf expression (Figure 4.
2). As previously shown (Williams et al., 2005), expression of CD28 was clearly correlated
with expression of icTCRJ in cells derived from fetal liver or from the adult thymus. The
CD28'" cells also expressed more of the nutrient transporters, CD71 and CD98, and more
surface TCRP (Figure 4. 3 A) indicating that, in general, they had progressed further
through B-selection, but the correlation was not absolute. For both cell sources, ACY1215
treatment resulted in less icTCRp expression in the DN3b (whether measured as CD28" or
CD27% DN3 cells) (Figure 4. 1). To validate the icTCRP staining, I directly compared it
with surface TCRp (Figure 4. 3 B, C). For both cell sources, expression of surface TCR
was highly correlated with that of icTCRp and both were reduced by ACY 1215 treatment.
Thus, as well as depleting DN3a cells, treatment with ACY 1215 increases the proportions
of a cell population that bears many of the phenotypic markers of passage through B-
selection, but these cells appear somewhat defective in expression of TCRp, and do not
progress optimally through the DP stage. I speculated that further characterisation of these

cells might yield valuable information about requirements at the B-selection checkpoint.
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Figure 4. 1 DN3 cells under ACY1215 treatment are skewed toward CD27°CD28".

Developing T cells from FL (A) or the adult thymus (B) were treated with ACY1215 or DMSO
for 1 day or 2 days, and the DN3 cells were assessed for CD27 and CD28 expression to
discriminate DN3a and DN3b. Cell number or frequency were summarised in the swarm plot,

with individual colours representing each experiment.
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Figure 4. 2 ACY1215 inhibits p-selection.

(A) Sorted, FL-derived DN3a cells were cultured under ACY 1215 or DMSO treatment for 4 days
as indicated, and DN3 cells were assessed for the expressions of intracellular TCRB (icTCRp)
versus CD28 or CD27. (B) Thymocytes were cultured under ACY 1215 or DMSO treatment for 1
day as indicated, and DN3 cells were assessed for the expressions of icTCRf versus CD28. The
frequency of icTCRp+ cells was summarised in a swarm plot, with individual colours representing

each experiment.
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Figure 4. 3 DN3b differentiation is altered upon ACY1215 treatment

(A) CD28 upregulation marks both DN3 cells differentiation and passing -selection. FL-derived
developing T cells at around day 8-10 of coculture with OP9-DL1 stromal cells were assessed for
CD28, CD71, CD98, CD27 and surface TCRp expression. Sorted, FL-derived DN3b (B) or
thymocytes (C) were treated with ACY 1215 or DMSO for 1 day or 2 days as indicated, and the
DN3 cells were assessed for surface TCRB and icTCRp expression. The frequency of icTCRB*

cells was summarised in a swarm plot, with individual colours representing each experiment.
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4.2.2 CD2 expression discriminates between DN3bP™ and DN3bP*t as two
functionally distinct stages in p-selection.

A well-established co-stimulator of TCR signalling is CD2 (Skanland et al., 2014).
Expression of CD2 marks TCRB V(D)J rearrangement and can facilitate pre-TCR
signalling for passage through the -selection checkpoint (Groettrup et al., 1992; Rodewald
et al., 1993; Sasada and Reinherz, 2001). In the next series of experiments, I find that CD28
and CD2 reliably define 3 sequential stages of B selection in DN3 cells, which I term DN3a,
DN3b"™, and DN3b™™ to accommodate pre-existing nomenclature (Figure 4. 4A). Co-
staining of DMSO-treated DN3 cells with CD28 and CD2 showed that all DN3a cells
(CD28™) were CD2™, but DN3b (CD28™) cells had two clearly discernible populations of
CD2" (DN3b"™) and CD2" (DN3b™) (Figure 4. 4B). ACY 1215 treatment enriched for the
DN3b"™, Cell counts indicated that the numbers of DN3b"™ cells were not substantially
affected by ACY 1215, but DN3a and DN3b" numbers were dramatically reduced (Figure
4. 4B). Thus, ACY 1215 treatment led to an enrichment in a DN3b"™ population that was
low for CD2. The DN3b"™ population (Figure 4. 4C) was evident in thymocytes from
young adult mice, even without in vitro culture, and was again enriched by treatment with

ACY1215.

4.2.3 DN3b"" displays intermediate phenotypes between DN3a and DN3bst

To confirm that DN3b™ cells were earlier in B-selection than DN3b™* cells, I assessed the
association of CD2 expression with proliferation as measured by CFSE dilution (Figure 4.
5A). Two clear populations were evident, with the CD2M (DN3b") cells having
undergone substantially more proliferation than the CD2M (DN3b"™) cells. ACY1215
treatment did not disrupt the association between CD2 and proliferation. Expression of
CD27 and surface TCRP were also increased from DN3a, DN3b™™, to DN3b™*! with
stepwise correlation which was not altered by ACY 1215 despite lower surface TCR} on
DN3b"* cells (Figure 4. 5B). I then assessed icTCRp and Ki-67 staining, which should
reflect the cell proliferation triggered by successful passage through the B-selection
checkpoint (Figure 4. 6). Indeed, consistent with previous findings that TCRB V(D)J
recombination is restricted to DN cells positive for CD2 (Rodewald et al., 1993), DN3b™™
cells were intermediate in expression of icTCRp and Ki67 i.e. between the levels seen on
DN3a cells and DN3b"** cells. The correlated, stepwise increase in icTCRp and Ki-67 was
observed in cultures from both fetal liver and adult thymus. This pattern was even more

striking in thymocytes from adult mice, where DN3a cells showed no proliferation, DN3b"™®
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cells were heterogeneous with respect to proliferation, and proliferation correlated with
icTCRP expression, and DN3b™*" cells were all highly proliferative, with minimal impact
from ACY1215 treatment. These data suggest that the dramatic reduction in TCRf
expression upon ACY 1215 treatment observed in Figure 4. 2 was explained more by the
enrichment of DN3b®™ cells, by than a direct effect on TCRp expression. c-Myc, which
mediates the proliferative response to pre-TCR signalling but is not required for
differentiation (Dose et al., 2006), showed a similar stepwise increase with these
differentiation stages (Figure 4. 5C). These data are all compatible with an interim DN3b"™
stage that reflects an early, and pivotal step in -selection where rearrangement of the TCRf3

chain is translated into proliferation.

4.2.4 The CD28"CD2' (DN3b’r) cells are precursors of CD28"CD2" (DN3bFest)

To formally assess whether the DN3b™ stage is a transitional stage before DN3b™*!, 1
sorted DN3a, DN3b™™ and DN3b* cells from adult mice and cultured them for further
analysis (Figure 4. 7). Analysis of the cells immediately after extraction showed clearly
distinct DN3a, DN3b"™ and DN3b"* cells. After two days, DN3b"*" cells had produced
substantial numbers of DP cells, with fewer produced by DN3b™™, and fewer still by DN3a
cells. Also compatible with unidirectional progression from DN3a to DN3b™™ to DN3b">,
was the proportion of DN4 and DN3 stages from each sorted population. ACY1215
treatment of thymocytes stabilized the DN3b™™ population and blocked progression to DP.
Similar data was obtained in the fetal liver-derived cultures (Figure 4. 8). These data
confirm that DN3b™™ (CD28°CD2"°) is a transitional state between DN3a (CD28"CD2°)
and DN3bP*t (CD28"CD2M), reflecting partial progression through B-selection.
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Figure 4. 4 CD2 upregulation discriminates DN3b*™ and DN3b"*! populations

(A) The three populations (DN3a, DN3b"™, and DN3b"") were indicated in the schematic. FL-
derived developing T cells (B) or the sorted thymocyte DN3 (C) were treated with ACY 1215 or
DMSO for 1 or 2 days, and the DN3 cells were assessed for CD2 and CD28 expression.
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Figure 4. 5 DN3b"" displays intermediate phenotypes between DN3a and DN3b?*

(A) Sorted, FL-derived DN3a and DN3b were stained with CFSE after sorting and were cultured
with ACY 1215 or DMSO for two days as indicated. At two days, the DN3 cells from the sorted
DN3a and DN3b were assessed for CD2 expression versus CFSE intensity. (B) Thymocytes were
treated with ACY 1215 or DMSO for 2 days, and DN3a, DN3bP, and DN3b"*! cells were assessed
for CD27 and TCRp expression. (C) FL-derived developing T cells were treated with ACY 1215
or DMSO for 2 days, and DN3a, DN3b®™, and DN3bP*! cells were assessed for c-Myc expression.
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Figure 4. 6 DN3b"™ is intermediate between DN3a and DN3b"*

FL-derived developing T cells (A) or the sorted thymus-derived DN3 (B) were treated with
ACY1215 or DMSO for 1 day, and DN3a, DN3b"™, and DN3b"** cells were assessed for icTCRB
and Ki-67 expression. MFI were summarised in histogram and swarm plot, with individual colours

representing each experiment. (p value < 0.001 = “***° < (.01 = “**’ <0.05 =*")
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Figure 4. 7 Thymocyte DN3a, DN3b"™ and DN3b"*! stages follow a sequential

progression.

The DN3a, DN3b®™, and DN3b" cells from the adult thymus were sorted as indicated, and were
cultured on OP9-DL1. At two day, the cells were analysed by CD4 versus CDS, the DN cells were
analysed by CD44 versus CD25, and the DN3 cells were analysed by CD2 versus CD28. The

frequencies of each population were summarised in the line plots. (p value <0.001 = “***° /< (.01

= k20,05 =*)
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Figure 4. 8 FL-derived DN3a, DN3b""® and DN3b"*! stages follow a sequential
progression.

The DN3a, DN3b", and DN3bP*t cells from the adult thymus were sorted as indicated, and were
cultured on OP9-DL1. At two day, the cells were analysed by CD4 versus CD8, the DN cells were
analysed by CD44 versus CD25, and the DN3 cells were analysed by CD2 versus CD28. The
frequencies of each population were summarised in the line plots. (p value <0.001 = “***° < (.01

= ® 20,05 =*)
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4.2.5 DN3b"" cells have commenced but not completed B-selection

How might such a disruption in pre-TCR signalling alter progression from DN3b™ to
DN3b"*'? A collaboration between pre-TCR and Wnt signalling is well established, with
two core Wnt pathway transcriptional regulators: B-catenin and Lefl/TCF-1 essential to -
selection (Gounari et al., 2001; Lopez-Rodriguez et al., 2015; Staal and Clevers, 2005;
Travis et al., 1991; Xu et al., 2009; Zhao et al., 2021). TCF-1 and Lefl can directly modify
histone acetylation, and this function is inhibited by the pharmacological HDAC inhibitors,
Tubacin and Vorinostat, (Xing et al., 2016; Zhao et al., 2021). In support of functional
interplay between ACY 1215 treatment and TCF-1 and Lefl, TCF-1 deficiency leads to a
similar phenotype as ACY1215 treatment, with disrupted P-selection and reduced
expression of icTCRP in DN4 cells (Goux et al., 2005), and deletion of both TCF-1 and
Lefl leads to a complete block at DN4 (Yu et al., 2012). I focused on Lefl since Lefl is
specifically expressed at the B-selection stage (Mingueneau et al., 2013). To assess whether
Lefl might mediate the B-selection decisions at the DN3b"™ stage, I explored how its
expression changed with differentiation, and how it was impacted by ACY 1215 treatment.
Lefl was minimally expressed in DN3a cells, uniformly bright in DN3b™*" cells, but
heterogeneous in DN3b"™ cells derived from either fetal liver or adult thymus (Figure 4.
9). In the DN3b"™ cells, Lefl-expression was associated with increased expression of TCRp,
albeit with a wide range in TCR expression (Figure 4. 9). ACY1215 treatment did not
demonstrably alter icTCRp expression but, prevented the upregulation of Lefl expression

in DN3b"™ cells, suggesting a role in pre-TCR-mediated induction of Lefl.

4.2.6 ACY1215 maintains IL7R expression but attenuates Stat5 phosphorylation

A key feature of progression through B-selection is changes in responsiveness to IL7
signalling (Boudil et al., 2015). IL-7 inhibits expression of Lef-1 and other regulators
required for T cell development (Yu et al., 2004). Expression of IL7R is negatively
correlated with expression of Lef-1 in DN3b cells (Figure 4. 10), compatible with an
inhibition of Lefl expression by IL7 signalling. IL7R expression per se is not altered by
ACY1215 treatment, but phospho-STATS is down-regulated by ACY treatment. These
data are compatible with the notion that, as cells enter the DN3b™ stage of B-selection, a

downregulation of IL7 signalling triggers expression of Lef-1.
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Figure 4. 9 Lef1 is upregulated from DN3bP™

FL-derived developing T cells (A) or the sorted thymocyte DN3 (B) were treated with ACY 1215
or DMSO for 1 day as indicated, and DN3 cells were assessed for CD2 and CD28 expression. The
DN3a, DN3b™, and DN3b"* cells were assessed for Lefl expression. DN3a, DN3b™™®, and
DN3bP*t cells from (A) were assessed for Lefl and icTCRP expression.
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Figure 4. 10 Assessment of IL7R and pStatS expression upon ACY1215 treatment

(A) Developing T cells were treated with ACY 1215 or DMSO for 2 day as indicated, and DN3b
cells with Lef1" and Lef1-© were assessed for IL7R expression. Developing T cells were treated
with ACY1215, Pimozide (Stat5 inhibitor) or DMSO for 2 days, and IL7R expression of DN1,
DN2, DN3a, DN3b and DN4 cells were shown in the histograms (B), or phosphorylated Stat5 (C)
of DN3a, DN3b and DN4 cells were summarised the swarm plot, with individual colours

representing independent experiments.

95



Chapter 4: Results (II)

4.2.7 ACY1215 impairs CD5 expression in -selection

The correlation in expression of TCRP with proliferation and Lefl expression raised the
possibility that the pre-TCR signal might be directly translated into phenotype during the
DN3b™ stage. To explore this, I investigated the TCR-associated receptor, CD5. A role for
CDS5 has not been demonstrated during -selection, but during positive selection expression
of CD5 reports the strength of TCR signalling and tunes TCR signalling responsiveness,
dampening the response of cells to TCR-signalling via the NF-kB pathway (Azzam et al.,
2001; Azzam et al., 1998; Tarakhovsky et al., 1995; Voisinne et al., 2018). To explore the
dynamics of CD5 expression during -selection, I stained fetal liver-derived DN3 cells with
CD2, Lefl and CD5 (Figure 4. 11). Gating for DN3b"™ with low and high Lefl expression
showed strong correlation of CD5 and Lefl expression. Interestingly, Lefl upregulation
was retained in the presence of ACY 1215, but the correlation with CD5 expression was
lost. These data suggest a model in which CD5 expression is downstream of Lefl, and
suggest the effects of ACY 1215 on progression through B-selection might be mediated by
disrupting the functional connection between Lefl and CDS5. Lefl and CDS5 expression
were similarly correlated in DN3 cells extracted from the adult thymus, particularly in

DN3b" cells (Figure 4. 12).

To confirm this model, I made use of the fact that progression past DN3 is marked by
downregulation of CD25, and a transitional stage between DN3b and DN4 (sometimes
termed DN3c) can be identified within the DN3 population (Ananias et al., 2008; Teague
et al., 2010). I therefore assessed the relationship between CD2 and CD25 in the DN3b
cells. DN3b™™ population was still high for CD25, but DN3b"* included CD25™ cells.
(Figure 4. 13A). These data are compatible with the notion that DN3b"™ marks a later
stage in differentiation, that includes, but is not exclusive to, the DN3c population (Ananias
et al., 2008). To assess whether the combined expression of CD5 and Lefl in DN3b cells
indicated progression through B-selection, I gated for the two clearly discriminated sub-
populations Lef1*°CD5 and Lef1""CD5", and compared their CD25 expression (Figure
4.13B). The Lef1™iCD5" cells were substantially lower for CD25, indicating that they had
already progressed through B-selection. Although as expected there were far fewer cells in
the Lef1™CD5" population upon ACY 1215 treatment, they also exhibited the reduction in
CD25, suggesting that ACY1215-treated cells can precociously differentiate beyond f-

selection in the absence of CDS5 expression.

To confirm the relationship between pre-TCR and CD5 and to assess the impact of
ACY 121, I cultured DN3a or DN3b cells from adult thymus in the presence of ACY 1215
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or DMSO for 2 days, gated for DN3b cells, and compared CDS5 expression to icTCRf
(Figure 4. 12B). Cells from the DN3a starting population were more likely to be dull for
both CD5 and icTCRp, compared with the more mature cells from the DN3b starting
population. However, in these mature cells, expression of icTCRp correlated with
expression of CDS5, suggesting that, as in other cell types, CD5 expression might report
TCR signalling strength during B-selection. In ACY1215-treated cells, expression of
surface TCRPB was reduced by the DN3b™! stage, and uncoupled from CDS5. Similar
findings were obtained using fetal liver cultures and staining for CD5 and icTCRp (Figure
4. 14). The correlation of TCRp with CDS5, and its uncoupling after ACY 1215 treatment,
was not observed with CD27 and CD28 nor CD2. Together, a functional link between pre-
TCR, Lefland CD5 is coordinated at DN3b"™ stage (Figure 4. 15), and is affected by
ACY1215.

To assess the functional relationship between TCRf and CDS5, I compared CDS5 expression
and proliferation in the presence and absence of ACY 1215 (Figure 4. 16). Proliferation
was minimal in most DN3a cells and DN3b®™ cells, but was evident in a portion of DN3b"™,
cells from the DN3b starting population, and in DN3b"*' cells. This proliferation was
clearly correlated with CD5 expression in control cells. However, the correlation between
CDS5 expression and CFSE dilution was lost in the DN3b®™ cells that had been treated with
ACY1215. These data together indicate that CD5 serves as a link between TCRf3 expression
and proliferation, and that this link is broken by ACY 1215 treatment.
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Figure 4. 11 CD5 is upregulated with Lefl and TCRp in DN3b"! cells.

FL-derived developing T cells were treated with ACY 1215 or DMSO for 1 day as indicated, and
DN3a, DN3b™*, and DN3bP*t cells were assessed for Lefl and CD2 expression. DN3bP™ cells

were further characterised by Lefl1H or Lef1'°, and were assessed for Lefl and CD5 expression

with DN3a and DN3bP,
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Figure 4. 12 CD5 is upregulated with Lefl and TCRf in DN3b?* cells.

(A) Sorted DN3 cells from the adult thymus were treated with ACY 1215 or DMSO for 1 day as
indicated, and DN3 cells were assessed for CD5, CD2 and Lefl expression. (B) Sorted DN3a and
DN3b®™ cells from the adult thymus were treated with ACY 1215 or DMSO for 2 day as indicated,

and DN3 cells were assessed for CD5 and surface TCRp expression.
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Figure 4. 13 CD25 is downregulated in DN3b"** cells

(A) Developing T cells were treated with ACY1215 or DMSO for 1.5 day, and the DN3b"™ was
sorted as indicated. At dayl, the three DN3 cells subpopulations were were assessed with CD25
expression, as shown in the contour plots and histograms. (B) Developing T cells were treated
with ACY 1215 or DMSO for 2 day as indicated, and DN3a and DN3b were assessed for Lefl and

CDS5 expression. The expression of CD25 in the DN3b subsets were shown in histogram.
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Figure 4. 14 CDS5 expression is uncoupled from icTCRp expression in FL-derived

DN3 cells

The sorted DN3a and DN3b cells were treated with ACY 1215 or DMSO for 2 days as indicated,
and the DN3b cells were assessed for icTCRp and CD5 expression. For icTCRB" DN3b cells, the

proportions of CD5" or CD5- were summarised in the stacked column. Expression of icTCRp and

CD25 were compared in CD5" or CD5- DN3b cells.
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Figure 4. 15 Schematic summary of expression of key markers during f-selection

The upper schematic describes the stepwise expression of TCR co-receptors (CD28, CDS5, and
CD2) and Lefl from DN3a, DN3bP™ to DN3b™! stage. A complete profile of markers that were

tested in this thesis were listed in the lower schematic.
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Figure 4. 16 CD5 expression correlates with proliferation

Sorted FL-derived DN3a and DN3b were stained with CFSE after sorting and were cultured with
ACY1215 or DMSO for two days as indicated. At two days, the DN3a, DN3b™™, and DN3bFos
cells from the sorted DN3a and DN3b were assessed for CD5 expression versus CFSE intensity.
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Discussion

A critical factor in B-selection is the sequential expression of specific transcriptional
regulators, with differential perdurance and cross-inhibition ensuring checks and balances
that prevent inappropriate survival and differentiation (Chann and Russell, 2019; Zhao et
al., 2021). Many such checks and balances have been identified to play important roles
during B-selection, but the stepwise progression of events that dictate fate have been elusive
(Chann and Russell, 2019; Zhao et al., 2021). A new working model is suggested by the
results described here (Figure 4. 17). Once DN3b"™ cells have entered the B-selection
checkpoint, they respond to graded levels of TCRP by expressing Lefl, and then CDS5.
Proliferation only occurs in cells expressing CD5. Passing of the B-selection checkpoint is
then marked by the expression of CD2. The disruption in TCR-associated expression of
CDS5 provides a possible mechanism for the escape of cells lacking an appropriately
rearranged TCRP chain following ACY 1215 treatment, although such a role remains to be

investigated.

The upregulation of CD27 and CD28 is gradual, but the upregulation of CD2 is more abrupt,
making for a convenient demarcation of differentiations stages. Our findings are
compatible with previous observations that CD2 expression marks cells with TCR} gene
rearrangement (Rodewald et al., 1993), that knockout of CD2 inhibits progression to the
DN4 stage but does not influence TCRp repertoire (Sasada and Reinherz, 2001), and
suggestions of cis-regulation of CD2 and TCRJ expression involving chromatin structure
(Kamoun et al., 1995) Together, these findings suggest that expression of CD2 (marking
entrance to the DN3b"" stage) reflects a completion of TCRP recombination and triggers
critical fate-determining events that involve progressive upregulation of CD5 and Lefl.
CD2 in mature T cells sets quantitative thresholds for activation (Bachmann et al., 1999),

suggesting the possibility that a similar process could be involved in B-selection.

A novel finding from this work is that CD5 levels are modified in association with pre-
TCR expression, and that treatment with ACY 1215 prevents the upregulation of CDS5 (but
has a lesser effect on Lefl upregulation) during B-selection. At other stages of T cell
development and activation, CDS5 reports on the strength of TCR signalling, with increasing
expression reflecting a stronger TCR signal (Azzam et al., 1998; Sood et al., 2021;
Tarakhovsky et al., 1995). Our findings (the correlation of CD5 expression with TCRf
expression that is lost with ACY 1215 treatment, and the correlation of CD5 expression
with proliferation that is retained with ACY 1215 treatment) now suggest the possibility
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that CD5 plays a similar role as a reporter of pre-TCR signalling. Interestingly, it is now
emerging that differential CDS5 expression also marks the propensity for different fates in
thymocytes and CD4" T cells, and this reflects transcriptional and epigenetic differences
between cells with high and low CDS5 expression (Rogers et al., 2021). In other cell types
the combined action of responding to, and dampening, the TCR signal, allows CDS5 to tune
the TCR signal and so shift the window and modify the timing of positive selection (Lutes
et al., 2021; Matson et al., 2020; Sood et al., 2021; Voisinne et al., 2018). Whether or not
such a tuning role might occur for CD5 during B-selection needs further exploration, but a
possible role for tuning of the TCRP repertoire during B selection is made relevant by
findings that the pre-TCR can bind with low affinity to MHC-peptide (Li et al., 2021; Mallis
et al., 2015). The pre-TCR also forms an immunological synapse with many similarities to
the immunological synapse formed by the afTCR, oriented towards MHC (Allam et al.,
2021). More work is needed to determine any functional connection between CD5 and
tuning, or epigenetic modifications during B-selection, but these data point to a role for
CD5 during the DN3b™ stage in reporting pre-TCR activity to determine subsequent
passage through the B-selection checkpoint.

The molecular basis by which ACY 1215 mediates the effects on cell fate I observe here
needs more exploration. There are many possible means by which ACY 1215 might impact
upon transcriptional and epigenetic alterations during [-selection to mediate the
phonotypes I observe here. At B-selection, transient activation of -catenin mediates TCF-
1 and Lefl transcriptional regulation to promote pre-TCR-dependent transition to the DN4
stage (Xu et al., 2009). Ectopic expression of a constitutively active B-catenin allows the
cells to bypass pre-TCR signalling, yielding DN4 cells lacking expression of TCRf
(Gounari et al., 2001). The similarities between this phenotype and the apparent bypass of
pre-TCR signalling I observe with ACY 1215 treatment suggest TCF-1/Lef might mediate
the effects of ACY1215. Indeed, HDAC6 can regulate acetylation of B-catenin to
coordinate its degradation, providing a possible mechanism for the effects of ACY 1215 on
TCF-1/Lef activity (Iaconelli et al., 2015). Given the correlation between Lefl expression
and CD5 I observe, CD5 might be downstream of Lefl during B-selection, perhaps
explaining the ACY1215-mediated deregulation of CDS5 expression. These findings
suggest that the induction of Lefl at the DN3b"™ stage is coordinated with pre-TCR
signalling, in part to promote CDS5 expression, and that this activity can be altered by
ACY1215 treatment. Whether the effect of ACY1215 relates to HDACS6, an alternative
HDAC, or the histone deacetylase activity of Lefl/TCF-1 remains to be determined.
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Other molecular mediators downstream of ACY 1215 effects are also possible. It was
recently shown that the transcriptional repressor, Bcl6, is induced by pre-TCR signalling
and required for passage through the [B-selection checkpoint (Solanki et al., 2020).
Difterentiation of T follicular helper cells also requires Bcl6, in this case induced by Lefl
and TCF (Choi et al., 2015). Several HDACs have been shown to complex with and
modulate Bcl6 activity to impact on B cell development and function (Wang et al., 2020).
Together with our findings, these studies suggest the possibility that ACY 1215 might
mediate at least some of its effects via Bcl6. HDACG6 has also been implicated in the DNA
damage response (Zhang et al., 2019), raising the possibility that ACY 1215 effects might
relate to the genetic recombination integral to the creation of a TCRp chain (Miyazaki et
al., 2008). In any case, the functional outcome of ACY 1215 treatment is to disrupt the
connections between pre-TCR signalling and expression of CD5 expression and CD5-
associated proliferation. Uncoupling CD5 from TCRp and Lefl expression provides a
possible mechanism by which ACY 1215 allows the wrong cells (perhaps cells without
suitable TCRP) to proliferate and differentiate to DN3b™' cells, but these cells
subsequently fail to progress, leading to the block in DP differentiation.

The molecular basis for the effects of ACY1215 on B-selection might therefore by
multifaceted, and relate to one or more of direct alteration of the epigenome to influence
protein expression, alteration of Lefl activity, DNA damage response, alteration of pre-
TCR signalling via organisation at the MTOC and the immunological synapse. Irrespective
of the molecular mechanism, the finding that AY 1215 disrupts T cell development has
potential implications for the development of clinical applications of small molecule
inhibitors of HDACS6, particularly in treatment of young patients, whose T cell repertoire

has not yet been established (Cosenza and Pozzi, 2018; Hogg et al., 2020).
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Figure 4. 17 Molecular regulation in DN3b*™®

Schematic summarises the working model of molecular interactions at the DN3b™™ stage. Firstly,
CD238 (the defining step in transition from DN3a to DN3b™™) acts to promote signalling through
the nascent pre-TCR. Second, pre-TCR signals induce expression of CDS5 (or vice versa) and lead
to the passing of the B-selection checkpoint. By coordinating transcriptional control, functional
MTOC and immunological synapse formation for survival, proliferation and differentiation.
Possible molecular events disrupted by ACY 1215 treatment to cause these cellular responses are

indicated by the red double lines.
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Conclusion

During T cell development, the first step in creating a unique T Cell Receptor (TCR) is the
genetic recombination of the TCRp chain. The quality of the newly recombined TCRJ is
assessed at the B-selection checkpoint. Most cells fail this checkpoint and die, but the
coordination of the complex events that control fate at the B-selection checkpoint is not yet
understood. I shed new light on fate determination during B-selection using a selective
inhibitor of histone deacetylase 6, ACY 1215, currently in clinical use. ACY 1215 disrupted
the B-selection checkpoint, progression to the DP stage. Characterisation of the basis for
this disruption revealed a new, pivotal stage in B-selection, bookended by the upregulation
of the TCR co-receptors, CD28 and CD2 respectively. Within this ‘DN3b"™ stage, CD5
and Lefl are upregulated to reflect pre-TCR signalling and their expression correlates with
proliferation. ACY1215 leads to bypass of the B-selection checkpoint and subsequent
failure to progress by disrupting the functional connection from pre-TCR, through CDS5 and
Lefl, to expansion of cells following B-selection. I propose that the progressive expression
of CD28, CDS5, then CD2 reports and modulates the pre-TCR signal to orchestrate passage
through the B-selection checkpoint. One explanation of these findings suggests a refined
model of B-selection in which a coordinated increase in expression of pre-TCR, CD5 and
Lefl provides for an escalating test of TCR signalling strength, and culminates in the

expression of CD2 to enable exit from the B-selection checkpoint.
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5.1 Introduction

Stable epithelial tissue supports health of multicellular organisms. Some cells that are aging
or damaged would be replaced, in part through mitosis. During mitosis, the mitotic cell
dissociates from surrounding cells and rounds up with spindle assembly (Walma and
Yamada, 2020). After chromosome segregation, daughter cells settle down and integrate
their cell shape with surrounding cells by forming cell-cell junctions. An active question in
the field is how these cues enable memory of the original position of the parent, and are

transmitted to control position and fate of the daughter cells (Lechler and Mapelli, 2021).

Spindle orientation provides a functional link between spatial context and fate of the
progeny of a cell division in many contexts. For instance, spindle orientation influences the
position, the size, and the fate of the two daughter cells of an epithelial division, impacting
upon cell diversification and tissue homeostasis and morphogenesis (Bergstralh et al., 2017,
Dewey et al., 2015; di Pietro et al., 2016a; Lu and Johnston, 2013; Seldin and Macara,
2017). Errors in the control of orientation of the mitotic spindle lead to developmental
defects and cancer (Bergstralh and St Johnston, 2014; Lu and Johnston, 2013). Recent
studies indicate that several attributes combine to influence spindle orientation and
daughter cell positioning, including intrinsic polarity, the location of adhesions and
constraints on the cell shape (Charnley et al., 2013; Dimitracopoulos et al., 2020; Lesman
etal.,2014; Lietal., 2019; Li and Burridge, 2019; Matsumura et al., 2016; Mitchison, 1992;
Nestor-Bergmann et al., 2019; Niwayama et al., 2019; Petridou and Skourides, 2016;
Rizzelli et al., 2020; Thery and Bornens, 2006). All these cues are transmitted to spindle
orientation via positioning of the LGN complex for a final spindle orientation (Lechler and

Mapelli, 2021).

Epithelial cells physically interact with the surrounding extracellular matrix via integrins
and with neighbouring cells via adherens junctions, providing several possible such
molecular means of transmitting cues for spindle orientation (Lock et al., 2018; Walma and
Yamada, 2020). As the cell rounds up in metaphase, the protrusion that mediate
connections to the substrate are termed retraction fibres (Anastasiou et al., 2020; Finegan
and Bergstralh, 2019; Fink et al., 2011; Lam et al., 2020; Petridou and Skourides, 2016;
Thery et al., 2005). Characterisation of these fibres suggests a context-dependent molecular

composition at the site of tethering to the substratum, which then propagates tensile forces
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through the fibre (Kotak and Gonczy, 2013; Nestor-Bergmann et al., 2014). The molecules
that provide tensile strength to the retraction fibre, and mediate the functional connection

from fibre to LGN, are not yet well understood.

Here, I used a simple model of single MCF10A cells or HeLa cells undergoing mitosis on
plastic to explore the minimal requirements for spindle orientation and daughter cell
positioning. I made the surprising finding that a complex of E-cadherin and Scribble
localises at the base of retraction fibres to dictate spindle orientation, and characterized the
molecular basis of that interaction. The findings showed that Scribble traffics dynamically
between key regions of the cell during cell division, serving as a mitotic scaffold to host
localisation of E-cadherin, DLG and NuMA (I called it ‘SEND’, which is Scribble, E-
cadherin, NuMA and DLG). This SEND coordinates the signals from retraction fibre so as

to influence spindle positioning.
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5.2 Results

5.2.1 E-cadherin controls cell-autonomous spindle orientation and positioning of
daughter cells

I first explored the molecular composition of cell protrusions that connect the mitotic cell
to the surface during cell division in the MCF10A human mammary epithelial cell line.
MCF10A is a model cell line that is believed to phenotypically recapitulate the physiology
of normal breast cells (Qu et al., 2015). During prometaphase, MCF10A cells exhibited
long protrusions rich in F-actin and E-cadherin, but with minimal active B1 integrin (Figure
5. 1). These protrusions are traditionally termed retraction fibres, and are retained as cells
round up for cell division. By the telophase stage, the cell contained shorter protrusions,
with more active B1 integrin in the adhesions and less E-cadherin (Figure 5. 1). The
enrichment of E-cadherin in prometaphase retraction fibres was a surprise given that E-
cadherin is classically considered to mediate cell-cell interactions, rather than cell-matrix
interactions (Lecuit and Yap, 2015; Pannekoek et al., 2019). It also does not seem likely
that E-cadherin in the retraction fibres is recruited in a ligand-dependent manner, since the
substrate was not coated with E-cadherin ligands, and the E-cadherin in fibres was no
stronger at the substrate-contacts of the fibres than along their lengths (see XY view of E-
cad, Figure. 5.1). Further characterisation indicated that the B1 integrin-associated protein,
paxillin, was also not detected in metaphase protrusions, but was clearly at the base of the
protrusions by late telophase (Figure 5. 2). Of proteins known to mediate E-cadherin
functions, B-catenin, but not B-PIX, was detected in protrusions throughout mitosis (Figure
5. 3). Together, these findings indicate that the retraction fibres of single MCF10A cells in
prometaphase, rather than containing canonical integrin-based adhesions, contain E-

cadherin.

I explored the functional implications of E-cadherin during mitosis using a blocking
antibody to E-cadherin, HECD-1 that prevents E-cadherin-E-cadherin interactions
(Shimoyama et al., 1989; Tomlinson et al., 2001) (Figure 5. 4). I first explored the time
taken for the daughter cells to re-adhere and spread on the substrate after cell division. In
untreated cells, both daughter cells adhered to the substrate within a relatively short time.
However, in the presence of HECD-1 treatment, I consistently observed that of two
daughter cells produced per division, one would be significantly inhibited in its re-

adherence and re-spreading, while the other was unaffected. Thus, E-cadherin in

111



Chapter 5: Results (I1T)

cytokinesis is not required for daughter spreading per se, but is required for optimal

positioning and re-adherence of the second daughter cell after division of MCF10A cells.

To determine whether the HECD-1 antibody directly influenced the localisation of E-
cadherin, I stained with a second antibody to E-cadherin after HECD-1 treatment (Figure
5. 5). Overlays showed strong co-localisation of HECD-1 and anti-E-cadherin, indicating
both that the HECD-1 antibody was specific, and that the impact of HECD-1 was not to

substantially reorganise the E-cadherin localisation.

One possible explanation for these findings might be that E-cadherin is required for the
mitotic spindle to be oriented parallel to the substrate during division, ensuring both
daughters have access to substrate for re-adherence following mitosis (den Elzen et al.,
2009; Gloerich et al., 2017; Hart et al., 2017; Wang et al., 2018). In some contexts, spindles
are randomly oriented in metaphase, and only achieve appropriate orientation in anaphase,
but in other contexts, alignment occurs in metaphase (di Pietro et al., 2016b; Kotak, 2019;
Machicoane et al., 2014; Yamashita et al., 2003). Single MCF10A cells showed the latter
behaviour, with spindles reliably aligned in metaphase, anaphase and telophase (Figure 5.
6). However, in cells that had been treated with HECD-1, the spindle was frequently
oriented away from the substrate, particularly in metaphase (Figure 5. 6). Thus, inhibiting
E-cadherin interactions leads to asymmetric adhesion of the daughter cells, associated with
a mis-oriented spindle in the dividing mother cell. Interestingly, this finding contrasts with
a previous finding that low focal adhesion connectivity to the substrate led to horizontal
spindle orientation of HeLa cells, which was disrupted by increased focal adhesions (Taneja

etal., 2016).

To further clarify whether spindle mis-orientation from HECD-1 treatment was not due to
E-cadherin stabilisation, I also tested E-cadherin depletion through si-RNA (Figure 5. 7).
As the results indicated, loss of E-cadherin accompanied with spindle misorientation. This
result was similar to a recent study, which showed E-cadherin knockdown disrupts spindle
orientation in an immortalized prostate epithelial cell line, RWPE-1 (Wang et al., 2018).
Thus, combined with results using HECD-1, I suggested E-cadherin plays an unexpected
role in transmitting information about prior adhesions to the substrate to a mitotic cell,

influencing daughter cell positioning by controlling the orientation of the mitotic spindle.

112



Chapter 5: Results (I1I)

A DAPI F-actin E-cadherin Integrin 1 B. DAPI F-actin _E-cadherin _Integrin B1
! " i "
A ) ]‘ ’}' G
: g
& £\ ¥ e
|2 8| .
5 _ 2 _
n- C
b ! .- d . . ..‘;:;‘
¢ N ? b
i . » oy ...
| | i L L . —

DAPIF-actin E-cadherin  Integrin B1 DAPI F-actin E-cadherin Integrin 1

E-cadherin Integrin 1
12000 p<0.001 250 p<0.001

10004 2000
BOD)

600
i &
200 500

o o
Prometa Telo Prometa Telo

Mean intensity
at basal adhesion

Figure 5. 1 Expression of E-cadherin and activated integrin p1 at basal adhesion at
Prometaphase and Telophase

Sparsely plated MCF10A cells were stained with DAPI (white) and phalloidin (green) (pseudo-
coloured white and green respectively) to label chromatin DNA and F-actin respectively, and with
immunofluorescent antibodies to label E-cadherin (magenta) and active integrin Bl (blue).
Representative single cells in prometaphase (A) and telophase (B) are shown in X-Z (left) and in
X-Y with two sections of the z-stack shown to represent the centre and in X-Y to represent basal
regions. Enlargement of a region of interest (yellow box) in the basal XY slice highlights the
localisation of F-actin, E-cadherin and activated integrin B1 (pseudo-coloured according to the
protein labels) on the fibres linking the cell to the substrate. Below violin plots quantified the
average intensity of E-cadherin (n=23) and activated integrin f1 (n=14) in the basal adhesion
region of prometaphase and telophase cells. The median is shown as a yellow bar, the line indicates
the first and last quartile, and the box the second and third quartile, p values were calculated using

a two-tailed unpaired t test. Scale bar (black) = 10 um; Scale bar (blue) =5 um.
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Figure 5. 2 Expression of Paxillin in interphase, metaphase, and late telophase

MCF10A cells at interphase, metaphase and late telophase, labelled with Paxillin, phalloidin (F-
actin) and DAPI (DNA), were shown, and with the zoomed-in images (as indicated by the yellow
box) showing Paxillin expression in interphase filopodia, mitotic retraction fibre and cytokinetic

filopodia. Scale bar (black) = 10 pm; Scale bar (blue) =5 um.
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Figure 5. 3 Expression of B-PIX and B-Catenin in different stages of cell cycle

MCFI10A cells at interphase (A), prometaphase / metaphase (B), and telophase / late telophase (C)
were labelled with B-PIX, B-catenin, phalloidin (F-actin) and DAPI (DNA), and were zoomed-in
showing protein expression in interphase filopodia, mitotic retraction fibre and cytokinetic

filopodia. Scale bar (blue) = 20 um, scale bar (black) =5 pum.
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Figure 5. 4 E-cadherin inhibition altered daughter cell attachment

MCF10A cells were labelled with SiR-DNA (red) and treated as indicated in the schematic, and
subsequent cell divisions were imaged by time lapse fluorescence microscopy to compare
treatments with control antibody (‘Ig’, n=34) or blocking antibody to E-cadherin (‘HECD-1’,
n=35). The time for each daughter cell to re-adhere to the plastic and spread was recorded as d1

(first daughter to attach) and d2 (second daughter to attach) and shown as violin plots.
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Figure 5. 5 HECD-1 targeted endogenous E-cadherin in mitosis

MCF10A cells were treated as indicated in the schematic (A) to assess the localisation of HECD-
1 and its impact on endogenous E-cadherin by immunefluorescent staining to discriminate
between the HECD-1 antibody (anti-mouse Ig) and endogenous E-cadherin (B). Co-localisation
of endogenous E-cadherin with control Ig, HECD-1 or F-actin was assessed using Pearson
correlation (n = 11, 9, 9) (C) and the effect of HECD-1 (n=18) and Ig (n=22) treatment on
endogenous E-cadherin intensity at the cortex was measured (D). The p values were calculated

using a two-tailed unpaired t test.
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Figure 5. 6 Spindle orientation was disrupted upon E-cadherin inhibition
MCF10A cells were treated with HECD-1 (as in c), and the Ig control as in c(i), si-RNA against
E-cadherin, and the si-control, and were stained with antibody against tubulin to measure the
mitotic spindle orientation in confocal images (as shown in xz section). Spindle orientation at
metaphase, anaphase and telophase were quantified and shown in density plot polar histograms
(90° indicates the spindle is perpendicular to the surface). p values were calculated using a one-
tailed unpaired t test. Cell number of [metaphase, anaphase and telophase] in Ig treatment is [20,

21, 15], in HECD-1 treatment is [33, 27, 12], in si-Control is [21, 19, 18], and in si-Ecad is [32,

19, 16].
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Figure 5. 7 Spindle orientation was disrupted upon E-cadherin depletion

(A), The effect of E-cadherin knockdown on E-cadherin intensity was assessed in violin plot. (B)
Spindle orientation upon E-cad depletion was tested. MCF10A cells with si-E-cadherin and si-
Control were stained with antibody against E-cadherin and tubulin as shown in the xz section of

per metaphase, anaphase and telophase cells. E-cadherin intensity at cortex of si-Ecad (n=32) and

si-Control (n=27) was in density plots.
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5.2.2 Scribble scaffolds E-cadherin to orient the mitotic spindle

It is well established that stabilization of E-cadherin is key to its function at cell junctions,
where E-cadherin stability is promoted by homophilic adhesions (Cavey et al., 2008), but
how might E-cadherin influence spindle orientation in this context where intercellular
junctions are not available? One possibility is through the polarity protein, Scribble.
Scribble functionally interacts with E-cadherin, and is known to orient the mitotic spindle
(Bonello and Peifer, 2019; Godde et al., 2014; Nakajima et al., 2019; Nakajima et al., 2013;
Qin et al., 2005; Wang et al., 2018). Scribble and E-cad reciprocally regulate each other’s
positioning and stabilization in a context-dependent manner (Allam et al., 2018; Navarro
et al., 2005; Qin et al., 2005). Staining of MCF10A cells undergoing mitosis showed
Scribble, E-cadherin and F-actin at the cortex, and in retraction fibres (Figure 5. 8).
Zooming in on the retraction fibres showed that Scribble and E-cadherin were anti-
correlated, with alternating peaks of expression spaced approximately 200 nm apart along
the retraction fibres. X-Z views of the dividing cells indicated that cortical Scribble, E-
cadherin and F-actin were consistently enriched at the poles of the cells in metaphase
(Figure 5. 8). This position is consistent with previously observed localisation of active
integrin B1 recruiting the LGN complex to control spindle orientation in single mitotic
HeLa cells (Petridou and Skourides, 2016). I also test protein co-localisation through
Proximity Ligation Assay (PLA). High spatial proximity between Scribble and E-cadherin
were detected at both interphase and mitotic cells (Figure 5. 9). In interphase, PLA foci for
Scribble and E-cadherin was found between cell-cell junctions, but not for the control pair;
Scribble and Paxillin. In mitosis, PLA foci that indicated Scribble-E-cad colocalization
were found spread throughout the mitotic cortex. Similarly, PLA foci were fewer between
Scribble and Paxillin. Thus, based on the test of colocalization, Scribble might physically

interact with E-cadherin in mitosis.

To test whether Scribble impacted E-cadherin stability in either retraction fibres or the
cortex, I depleted Scribble in MCF10A cells using two knockdown approaches: si-RNA
and sh-RNA. Scribble was uniformly depleted by both knock-down approaches (Figure 5.
10). Depletion of Scribble had no impact on adhesion following cell trypsinization (Figure
5. 10), and no impact on the levels of E-cadherin at the cortex of cells in a confluent
monolayer (Figure 5. 10). However, Scribble-depleted cells showed almost complete loss
of E-cadherin in retraction fibres at prometaphase (Figure 5. 11) or at the cortex at
metaphase (Figure 5. 11). This, combined with the normal expression of E-cadherin in

Scribble-depleted MCF10A cells in interphase, suggests that Scribble is required for the
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recruitment or maintenance of E-cadherin in the cortex and retraction fibres during cell

division.

All three members of the Scribble complex (Scribble, Discs large and Lethal Giant Larvae)
mediate spindle orientation in intact tissues (Allam et al., 2018; Bell et al., 2015; Bonello
and Peifer, 2019; Carvalho et al., 2015; Godde et al., 2014; Nakajima et al., 2019; Nakajima
et al., 2013; Porter et al., 2019; Qin et al., 2005; Wang et al., 2018; Zigman et al., 2011),
so I next investigated whether Scribble is required for spindle orientation in single cells. |
assessed spindle orientation in MCF10A cells depleted of Scribble using sh-RNA or si-
RNA. In Scribble-depleted cells undergoing cell division, the spindle was mis-oriented
(Figure 5. 12). This phenotype was similar to that observed with loss of function of E-
cadherin (Figure 5. 7). Thus, both Scribble and E-cadherin regulate spindle positioning.

In confluent monolayers, E-cadherin is stabilized at regions of high tension, to which it
directly recruits LGN (Gloerich et al., 2017; Hart et al., 2017). LGN then engages with
NuMA upon breakdown of the nuclear envelope, which orchestrates pulling on astral
microtubules. To assess whether a similar process occurred in single cells, I depleted cells
of the canonical spindle regulator, LGN. Depletion of LGN disrupted the spindle
orientation (Figure 5. 13). Remarkably, depletion of LGN also caused asymmetric
adhesion of the daughter cells, with a delay in adherence of the second daughter, albeit less
of a delay than seen with E-cadherin inhibition (Figure 5. 14). These data together indicate
that the asymmetric daughter cell adherence is, at least in part, due to disruption of the
spindle orientation. To verify our hypothesis of information flow from E-cadherin and
Scribble in retraction fibres, through spindle orientation, to effects on daughter cell
positioning, I tracked Scribble-depleted cell using time lapse microscopy (Figure 5. 14).
Indeed, Scribble is required for daughter cell positioning, with an asymmetric adherence of

one daughter like I had previously seen with E-cadherin inhibition.
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Figure 5. 8 Characterisation of Scribble and E-cadherin colocalization in retraction
fibre and mitotic cortex

Sparsely plated MCF10A cell were co-stained with F-actin, E-cadherin, Scribble and DAPI and
imaged by confocal microscopy at early stages of mitosis. A representative image at prometaphase
(A) shows Scribble and E-cadherin co-localised at the cortex (seen in the z-section from the cell
centre) and in retraction fibres (in region indicated by the yellow box). Both E-cadherin and
Scribble appear punctate and alternating in the fibres, and quantification of the normalised
intensity along a fibre demonstrates this alternating pattern. (B) To determine the reproducibility
of this alternating expression in the retraction fibres, the number of E-cadherin foci per pm along
a fibre was plotted against the proportion of Scribble ‘vacancies’ (patches that did not contain
Scribble). (C) Cortical distribution in xz section of Scribble, E-cadherin and F-actin were assessed
as the schematic indicated, and were shown in the line plot (n=6). Scale bar (black and white) =

10 um; Scale bar (blue) =5 pm.
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Figure 5. 9 Proximity Ligation Assay to test Scribble interaction with E-cadherin or
Paxillin

Proximity ligation assay was applied to determine spatial proximity between Scribble and E-
cadherin at interphase (n=11) and mitosis (n=16), and between Scribble and Paxillin at interphase
(n=17) and mitosis (n=16). The number of PLA foci was estimated as shown in density plot, with
maximum number was counted as 50 if the PLA foci is greater than 50. Scale bar (white) = 20

pm.
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Figure 5. 10 Assessment of Scribble depletion impacts on mitosis-independent
physiology

(A), Flow cytometry analysis to examine Scribble depletion by sh-RNA. The cumulative
histogram shows the intensity profile of intracellular staining of Scribble of the sh-Scribble cell
(red), the sh-control cell (dark grey), and a control of Ig staining (light grey). (B) To examine
whether Scribble depletion results in a general loss of cell adhesion, the kinetics of reattachment
after trypsinisation of sh-Scribble and sh-Control cells were counted. (C) Images show adherent
junction of interphase monolayer of MCF10A cells (sh-Scribble, sh-Control, si-Scribble and si-
Control), labelled with Scribble, E-cadherin, phalloidin (F-actin) and DAPI (DNA). Scale bar =
30 pm.
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Figure 5. 11 Loss of E-cadherin localisation at retraction fibre and mitotic cortex
upon Scribble depletion

(A), Scribble was depleted in MCF10A cells to assess its influence on E-cadherin localisation on
the retraction fibre during prometaphase. Cells were treated with sh-Control (n=18), sh-Scribble
(n=20), si-Control (n=15), or si-Scribble (n=22), and the mean intensity of E-cadherin in the
retraction fibres was shown as density plots overlaid with box plots. (B), Scribble was depleted in
MCFI10A cells to assess its influence on E-cadherin localisation on the cortex during metaphase.
Cells were treated with sh-Control (n=23), sh-Scribble (n=20), si-Control (n=23), or si-Scribble
(n=27), and the mean intensity of E-cadherin in the cortex was shown as density plots overlaid

with box plots. Scale bar = 10 pm.
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Figure 5. 12 Spindle orientation was disrupted upon Scribble depletion

The effect of Scribble knockdown on spindle orientation was tested. MCF10A cells with (A) sh-
Scribble and the sh-Control, or with (B) si-Scribble and the si-Control were stained with antibody
against Scribble and tubulin as shown in the xz section of per metaphase, anaphase and telophase
cells to measure the mitotic spindle orientation. Spindle orientation at metaphase, anaphase and
telophase were quantified and shown in density plot (90° indicates the spindle is perpendicular to
the surface). p values were calculated using a one-tailed unpaired t test. Cell number of
[metaphase, anaphase and telophase] in sh-Control is [31, 25, 26], in sh-Scrib is [35, 31, 22], in
si-Control is [36, 29, 27], and in si-Scrib is [27, 29, 27]. Scale bar = 10 um.
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Figure 5. 13 Characterisation of LGN depletion showed spindle misorientation

The effect of LGN knockdown on spindle orientation was tested. MCF10A cells with sh-LGN
(n=26) and the sh-Control (n=25) were stained with antibody against LGN and tubulin as shown
in metaphase cells. LGN cortical intensity and spindle orientation were analysed as shown in the

density plots. Scale bar = 10 pm.
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Figure 5. 14 Time-lapse imaging of daughter cell adhesion for Scribble-depleted or
LGN-depleted cells

(A), MCF10A cells treated with sh-Control (n=29) and sh-Scribble (n=44) were labelled with SiR-
DNA, and subsequent cell divisions were imaged by time lapse fluorescence microscopy. The
time for each daughter cell to re-adhere to the plastic and spread was recorded as d1 (first to attach)
and d2 (second daughter to attach) and shown as density plots overlaid with box plots. (B),
MCF10A cells treated with sh-Control (n=23) and sh-LGN (n=39) were examined as same as in
(A). Scale bar = 20 um.
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5.2.3 Scribble coordinates NuMA positioning at the cortical poles for spindle
orientation

Mechanisms for controlling spindle orientation have been extensively studied, but it is not
yet clear which pathway captures signals from Scribble and E-cadherin. One clue might
come from recent observations that in confluent monolayers, E-cadherin recruits LGN
(Gloerich et al., 2017; Hart et al., 2017). LGN is known to engage NuMA on astral
microtubules then dictates spindle positioning (Gloerich et al., 2017; Hart et al., 2017).
However, without such tension from neighbouring junction, I assessed whether Scribble

and E-cadherin at these sites might recruit NuMA to orient the mitotic spindle.

In wild-type single MCF10A cells, NuMA indeed localised to spindle poles and weakly at
the cortex at metaphase, but not in the retraction fibres (Figure 5. 15). This is compatible
with previously described cell cycle-dependent influence of LGN on NuMA localisation
(Du and Macara, 2004; Zheng et al., 2014). To determine any functional relationship
between Scribble and the LGN complex, I assessed NuMA localisation during metaphase
in the context of Scribble depletion. Both methods of Scribble depletion reduced the
cortical recruitment of NuMA at metaphase (Figure 5. 16). The specificity of this effect is
demonstrated by our observation that Scribble depletion did not impact the localisation of

Myosin IIb (Figure 5. 17).

Scribble played similar roles in anaphase as I had observed in metaphase cells. As
previously reported (Zheng et al., 2014), NuMA levels are dramatically increased at
anaphase (Figure 5. 15), and, similarly to metaphase, at anaphase E-cadherin and Scribble
co-localised to the cortical pole (Figure 5. 18). Again, depletion of Scribble using either
siRNA or shRNA prevented cortical localisation of E-cadherin at anaphase (Figure 5. 18).
Similarly, depletion of Scribble reduced cortical NuMA at anaphase (Figure 5. 19). These
results suggest that cues from retraction fibres are transmitted through Scribble and E-

cadherin to recruit NuMA to the cortical pole at the base of the fibre for spindle orientation.

To determine whether the action of Scribble was dependent upon E-cadherin, I tested HeLa
cells, which lack E-cadherin expression (Figure 5. 20) (Lock and Stow, 2005). Similar to
MCF10A cells, NuMA recruitment to the cortex at anaphase was also dependent upon
Scribble expression in HelLa cells. The mitotic spindle of HeLa cells on plastic was
consistently oriented along the substrate, with a mild loss of control in the absence of

Scribble. These data show that Scribble does not require E-cadherin to mediate NuMA
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recruitment to the cortex in HeLa cells. I suspect other cadherin might play a role with
Scribble, but here the results highlight Scribble is a functionally conserved protein that used

by multiple type of cells for controlling spindle positioning.
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Figure 5. 15 Characterisation of NuMA expression in metaphase and anaphase

(A) To assess whether Scribble and NuMA are co-localized during cell division, sparsely plated
MCF10A cells were stained with DAPI (DNA), phalloidin (F-actin) and antibody against Scribble
and NuMA. In a representative metaphase cell, two XZ planes are shown. The intensity
distributions of Scribble, NuMA and F-actin were examined from cortex to retraction fibre, and
were shown in the line plots (n=7). (B) The NuMA intensity were analysed in metaphase (n=12)

and anaphase (n=11) cells. Scale bar = 10 pm.
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Figure 5. 16 Loss of cortical NuMA at metaphase upon Scribble depletion

MCF10A cells with (A) si-control (n=26), si-Scribble (n=23), sh-control (n=22) and sh-Scribble
(n=27) were assessed for NuMA localisation during metaphase. The ratio of cortical to
cytoplasmic NuMA was shown as density plots. Scale bar (Black) = 10 um. Scale bar (Blue) =2

pm.
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Figure 5. 17 Assessment of Myosin II localisation upon Scribble depletion
MCF10A cells with sh-control (n=6) and sh-Scribble (n=9) were assessed for Myosin IIb at

contractile ring, with intensity analysis in density plots. Scale bar = 10 um.
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Figure 5. 18 Expression of E-cadherin in anaphase cortex is reduced by Scribble
depletion

(A) Both Scribble and E-cadherin are enriched at the retraction fibre attachment region of the
anaphase cells. Left, an XZ view of a representative anaphase cell; Right, line intensity profile of
Scribble and E-cadherin (n=6). MCF10A cells with (B) si-control (n=13), si-Scribble (n=22), and
with (C) sh-control (n=19) and sh-Scribble (n=15), were assessed for E-cadherin localisation to

the anaphase cortex as shown in density plots. Scale bar = 10 um.

133



Chapter 5: Results (I1T)

>
|

si-Ctrl || si-Scrib |

= @
o O
S 2 3
= D
B‘P % gz.o A
¥of/ = 31
s E '. \ ] = = 10 ‘
g E ."- - .-'I 2 g ) F
< (N T E 0.5
< | £
= J ﬂ"‘i 0.0
2 &‘:«‘3‘) “' L "" . 2 gsi-crl
i s § o [OsiScrb
B. — | sh-Ctrl [ sh-Scrib |m
& 2 %2-5 p<0.001
e 2 o
Eﬁ: % EZ.O J
| = 15
P 2 8 i‘!z,_
-E_ ﬂ g < 10| F
W= =] =
<|3 T Z3
5
<| gugn | 3
=|( '| 2 [sh-Ctrl
Z| e . .' z & DshScrib
r]
L] — — — T

Figure 5. 19 Loss of cortical NuMA at anaphase upon Scribble depletion

MCF10A cells with (A) si-control (n=23), si-Scribble (n=27), and with (B) sh-control (n=18), sh-
Scribble (n=18) were assessed for NuMA localisation during anaphase. The ratio of cortical to
cytoplasmic NuMA was shown in density plots. Scale bar (Black) = 10 pm. Scale bar (Orange) =
5 pm.
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Figure 5. 20 Functional examination of Scribble depletion in HeLa cells

(A) Images show HeLa cells at metaphase and anaphase, labelled with NuMA, E-cadherin,
phalloidin (F-actin) and DAPI (DNA). (B) Images show HeLa cells at metaphase, labelled with
Scribble, E-cadherin, phalloidin (F-actin) and DAPI (DNA). The zoomed-in images show the
region of retraction fibre. (C) HeLa cells with si-control (n=25) and si-Scribble (n=25) were
assessed for the influence on NuMA cortical localisation and spindle orientation as shown in

density plot.
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5.2.4 Localisation of DIg in mitosis requires Scribble

These findings above indicate that the presence of E-cadherin and Scribble in retraction
fibres at metaphase leads to recruitment of NuMA to the cortical pole, and are reminiscent
of previous findings that DIg, a key functional partner of Scribble (Allam et al., 2018). Dlg
can co-localise with Scribble at the spindle pole (Bell et al., 2015), where Dlg recruits the
LGN complex to orient the mitotic spindle in several animal models and tissue types
(Bergstralh et al., 2013; Johnston et al., 2009; Saadaoui et al., 2014). To assess this, I stained
for Dlg in control and Scribble-depleted dividing cells (Figure 5. 21). Like Scribble, Dlg
was cortical throughout mitosis and clearly present in retraction fibres. Depletion of
Scribble clearly reduced cortical Dlg in mitosis. Importantly, Scribble depletion had
negligible effect on both DIg and E-cadherin level in unsynchromised (predominantly
interphase) cells (Figure 5. 22).

I therefore propose that the E-cadherin and Scribble in retraction fibres establish a ‘SEND’
complex of Scribble, E-cadherin, NuMA and perhaps Dlg (Figure 5. 23). I believe Scribble
and E-cadherin utilized the canonical mediators of spindle orientation (di Pietro et al.,
2016a), which is dictated by dynein-mediated forces. Dynein-dynactin complex binds
NuMA, generating force to pull on astral microtubules emanating from the spindle pole
(Kotak, 2019; Thery et al., 2007). The position of the dynein-based motor complex is
controlled by the position at the cortex of a complex termed the LGN complex (comprising
Gai, LGN, and NuMA in mammals (di Pietro et al., 2016a; Kiyomitsu, 2019)). Based upon
extensive literature on the role of NuMA in LGN-mediated regulation of mitotic spindle
orientation, and our findings of defective spindle orientation in metaphase, anaphase and
telophase in the absence of Scribble, I propose that SEND, by coordinating pulling forces
from the two cortical poles, coordinates stable alignment of the spindle parallel to the

substrate.

136



Chapter 5: Results (I1I)

A. ~ DAPI F-actin Scribble DLG DLG cortical
N 4 ot mean intensity
= * 2000p k% %
[5) {
§ ® W 1500) ‘
=
[=3
% — 1000) ‘
Sl |e
i (}):) 5004
e
w o
- O si-Ctrl
_ M si-Scrib
= _./ ‘\j 2000p *% %
O K
1 . 1500
w
§ ___‘-’)
Sl L 1000}
o
k]
=| o 500)
=
[&]
@ o
@ [ si-Ctrl
L 1L — M si-Scrib
[ ] 20000 wehe
= :
Q (\) 1500 i
ol |® B
o '
s 1000) =
ol —
[}
E P 500
3| d
) o [ si-Ctrl
1L — M si-Scrib
B. DAPI F-actin Scribble DLG DLG cortical
mean intensity
s 20000 %%
g
150 ‘
— 1000} 1h
é 500) i
3 0
[ sh-Ctrl
L O sh-Serib
Figure 5. 21 Disruption of Dlg localisation in mitosis by Scribble depletion
(A), MCF10A cells with si-control and si-Scribble were assessed for Dlg localisation, and the
impact of si-RNA on cortical intensity were shown in the density plot, with cell number [si-control,
si-Scribble] for prometaphase is [19, 15], for metaphase is [16, 17], and for anaphase is [12, 15].
(B), MCF10A cells with sh-control (n=18) and sh-Scribble (n=21) were assessed for cortical DLG
intensity in metaphase.
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Figure 5. 22 Flow cytometry analysis of total E-cadherin and DIg expression upon
Scribble depletion

Protein level of Scribble, E-cadherin and Dlg of unsynchronised MCF10A cells were assessed by

flow cytometry.
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Figure 5. 23 A model illustrates ‘SEND’
A schematic to suggest a cohort of proteins ‘SEND’ (Scribble, E-cadherin, NuMA, Dlg) at the
mitotic cortex bridges the signals that passes through retraction fibre to the astral microtubule for

spindle positioning.
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5.3 Discussion

By exploring MCF10A cells without neighbours, I have identified a novel cell-autonomous
mechanism of controlling spindle orientation and daughter cell positioning. Our
experiments reveal a ligand-independent role for E-cadherin in transmitting signals from
retraction fibres to NuMA of the LGN complex. In contrast to the situation during
interphase, the stability and position of E-cadherin is profoundly dependent on Scribble

during cell division.

SENDing signals from retraction fibres to orient the mitotic spindle.

E-cadherin is well known to orient the mitotic spindle by transmitting signals from cell
neighbours via adherens junctions (Gloerich et al., 2017; Hart et al., 2017). Similarly,
integrins can orient the mitotic spindle by transmitting signals from the cell matrix via
retraction fibres (Li and Burridge, 2019). In single MCF10A cells without artificial matrix,
I was surprised to find E-cadherin, rather than integrin-f1, communicating from the
retraction fibres. This finding adds to the growing appreciation that multiple receptors can
input signals from the extracellular matrix to control mitotic spindle orientation, including
B1-integrin in cells plated on fibronectin (Dix et al., 2018), and B5 integrin in U20S cells

that make their own extracellular matrix(Lock et al., 2018).

The role of Scribble in spindle orientation is well established (Bonello and Peifer, 2019;
Godde et al., 2014; Nakajima et al., 2013; Qin et al., 2005; Wang et al., 2018). However,
the complexity of the tissues in which this role has been investigated mean that it is still not
clear what extrinsic or intrinsic cues are transmitted by Scribble (Godde et al., 2014;
Nakajima et al., 2013). Our data suggests a possible effect of Scribble beyond mediating
E-cadherin effects, since I observed a role for Scribble in spindle orientation in E-cadherin-
deficient cells such as HeLa cells. One explanation for this comes from recent findings of
an alternative means of aligning the spindle to the history of pre-mitotic cell shape involves
a dynamic, oscillatory feedback between chromosomes and LGN along the short cell axis
(Dimitracopoulos et al., 2020). It will be interesting to assess whether Scribble plays a role
in this process. Here, I show that Scribble can directly link positional information from
retraction fibres to spindle orientation control. In metaphase, this role is clearly via

transmission of signals from E-cadherin.
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5.4 Conclusion

I identify novel mechanisms of regulation of mitosis positioning in single MCF10A cells,
which involve polarity protein, Scribble and Dlg, linking E-cadherin to NuMA. This newly
defined protein cohort, SEND, can send signals via retraction fibre for sequential roles in
spindle orientation and symmetric daughter positioning. Because the system is coating-free,
the results suggest that cell-autonomous initiation of spindle positioning can be controlled

by Scribble and E-cadherin.
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‘SEAD’ controls cytokinetic reshaping

for daughter cell positioning
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6.1 Introduction

In Chapter 5, I demonstrated that spindle positioning is mediated through a cohort of
proteins ‘SEND’ (Scribble, E-cadherin, NuMA, and DLG). However, to maintain epithelial
homeostasis, correct spindle positioning is not sufficient to readapt dividing cell back to
the epithelia. On the other hand, there might be some unknown mechanism to correct the
error of spindle positioning (Lough et al., 2019). This correcting force might be seen in
Chapter 5 (Figure 5.14), as the mis-oriented sh-LGN cells displayed less error in daughter
cell positioning than the cases in Scribble or E-cad depletion. This results suggest multiple
mechanism are orchestrated to correct spindle orientation, in part by which might involve
Scribble and E-cad activity. Thus, I would like to test whether Scribble and E-cadherin play

a second role beyond spindle positioning for daughter cell positioning.

Membrane remodelling provides a second critical step to ensuring that daughter cells are
appropriately positioned following cell division (Gibson et al., 2006), providing a potential
means by which daughter cell positioning could be influenced by a Scribble-Ecad complex.
In support of this, Chapter 5 (Figure 5.1) showed E-cad displayed a pattern of enrichment
at the basal adhesion that could support a role in cytokinetic reshaping. The mechanisms of
cytokinetic reshaping by which daughter cells reclaim the space vacated by their parent
involve a complex interplay involving adhesion complexes, tension and geometry (Pinheiro
and Bellaiche, 2018). In epithelial monolayers, this process is complicated by the need to
maintain epithelial barrier function, which necessitates continual interaction with
neighbouring cells (Guillot and Lecuit, 2013). As with spindle orientation, membrane
remodelling involves a dynamic relationship between the dividing cell and its neighbours,
with physical forces and signalling adhesion proteins such as E-cadherin (Bui et al., 2016;
Guillot and Lecuit, 2013), and cell-competition mediator Scribble (Maruyama and Fujita,
2022; Ogawa et al., 2021). New filopodia are formed to facilitate cell spreading and
adhesion, and these filopodia are thought to be guided by the retraction fibres that recorded
previous positioning of the parent cell (Cramer and Mitchison, 1995; Li and Burridge,
2019). A key focus of research has been on tricellular junctions, which are formed after
cytokinesis on either side of the midbody, and can determine whether the daughter cells
maintain contact after cell division, or whether these contacts are displaced by neighbouring
cells (Higashi and Miller, 2017). The mechanisms of membrane remodelling in the absence

of neighbouring cells has been less well studied.
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Here, 1 continued using MCF10A cells dividing on plastic to explore membrane
remodelling and daughter cell positioning. 1 found that E-cadherin and Scribble
subsequently relocate to the nascent junction between the two daughter cells, and
orchestrate a spreading of that junction to facilitate enduring connection between the
daughters. The findings described below show that Scribble and E-cad traffic dynamically
between key regions of the cell during cell division, coordinating the E-cadherin-mediated
effects on the spindle, and extension of filopodia and the nascent daughter-daughter
junction. Importantly, as the force connecting two daughters are primed from daughter cell

themselves, the mechanisms proposed here are cell-autonomous.
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6.2 Results

6.2.1 Scribble relocates to the daughter-daughter contact to control nascent
junction formation

In Chapter 5, the aberrant spindle orientation observed in dividing cells with compromised
Scribble or E-cadherin provides one possible explanation for the failure of the second
daughter to adhere and spread, but I would like to examine a second possible explanation

in this chapter:

In staining the dividing cells I observed that in late telophase, Scribble relocated from the
cortical pole to the region between the two nascent daughters. Scribble was not evident at
the basal adhesion region between the two daughters where both F-actin and paxillin were
enriched, but was strongly expressed at the daughter-daughter contact site above the
intracellular bridge (Fededa and Gerlich, 2012; Rathbun et al., 2020) (Figure 6. 1). I
compared the localisation of Scribble, F-actin and Myosin IIb along regions of furrow
ingression and daughter-daughter contact sites at progressive telophase stages (Figure 6.
2). This suggested that, although all three proteins were broadly recruited to this region
throughout cytokinesis, Scribble was co-enriched with F-Actin at the daughter-daughter
contact rather than with Myosin IIb. However, activity of both was required, as treatment
with Cytochalasin D and Blebbistatin abrogated recruitment of Scribble to the daughter-

daughter interface (Figure 6. 3).

I assessed whether the presence of Scribble at the late telophase daughter-daughter contact
site might reflect a role in establishing stable connections between the daughters. I found
no difference in the intensity of F-actin at the contact site when cells were depleted of
Scribble (Figure 6. 4). However, Arp2/3, a key mediator of actin branching that enables
daughter-daughter adhesions in the context of Drosophila dorsal thorax epithelial cells
(Herszterg et al., 2013; Papalazarou and Machesky, 2021) was reduced at the daughter-
daughter contact in Scribble-depleted cells (Figure 6. 5). This reduction in Arp2/3 was seen
in both the F-actin-rich and Myosin IIb-rich regions of the daughter-daughter interface
(Figure 6. 5). To confirm the colocalisation, I applied Proximity Ligation Assay to assess
the interaction between Scribble and Arp2 (Figure 6. 6). The extensive PLA foci found
with Scribble and Arp2, but not a control to test the interaction between Scribble and Talin,

suggests Scribble works with Arp2. Taken together, these data suggest that Scribble is not
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required for recruitment of F-actin to the daughter-daughter interface, but might facilitate

the actin branching mediated by Arp2/3, perhaps to stabilize or extend this interface.

A similar role for pushing of Arp2/3-based protrusions for E-cadherin adhesion was
recently identified in interphase MDCK cells (Li et al., 2020; Papalazarou and Machesky,
2021), in which showing Arp3 depletion internalised apical junction. Here, I would like to
test whether loss of Arp2/3 activity can influence stability of Scribble-mediated adhesion.
Thus, I treated MCF10A cells with Arp2/3-specific inhibitor, CK-869. The results indicated
that CK-869 reduced both the overall cortical recruitment of Scribble and the proportion of
cortical Scribble that was concentrated at the daughter-daughter interface (Figure 6. 7).
These data, together with Figure 6. 6, indicate that Arp2/3 and Scribble are recruited to the

daughter-daughter interface at telophase in a co-dependent manner.

Similarly, DIg was recruited to the daughter-daughter contact site in late telophase cells
(Figure 6. 8). Interestingly, the Dlg recruitment to this site around midbody was not
dependent upon Scribble expression, even though the cortical recruitment of Scribble was
again impacted. These data suggest that Scribble is not dominant for recruitment of F-actin
or Dlg to the daughter-daughter interface, but might facilitate the actin branching mediated
by Arp2/3, perhaps to stabilize or extend this interface. Here, my results suggest Scribble
coordinates an F-actin-mediated event of membrane reconstruction to form nascent

daughter-daughter contacts.
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Figure 6. 1 Localisation of Scribble and Paxillin in late telophase

To assess the localisation of Scribble at late telophase, sparsely plated MCF10A cells were stained
with DAPI (DNA), phalloidin (F-actin) and antibody against Scribble and Paxillin. The
representative image (top) shows an xz view sectioned through a representative cell centre. In the
F-actin channel, the regions of each subcellular structure (ie. ‘daughters’ contact’, ‘cytokinetic
bridge’, and ‘basal adhesion’) were defined. For each region, the images stained with DAPI

(DNA), phalloidin (F-actin), Scribble and Paxillin were displayed respectively (bottom). Scale bar

= 10pum.
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Figure 6. 2 Assessment of Scribble co-localisation with F-actin and Myosin IIb from
anaphase to interphase

Characterisation of cortical distribution of Scribble and actomyosin during cell division. Confocal
images (1~7) shows representative cells at different stages from anaphase onset. Proteins
distribution of Scribble, Myosin IIb, and F-actin (phalloidin) at stage (1, 2, 3, 7) were assessed at

the region of interests as the red line marked on the cartoon cells below. Scale bar = 10pm.
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Figure 6. 3 Scribble enrichment at daughter-daughter contact depends on the
stability of actomyosin

Treatments of Cytochalasin D and Blebbistatin internalise Scribble from cortex to cytoplasm.
MCFI10A cells were treated with drugs (DMSO, Cytochalasin D and Blebbistatin, respectively)
for 15 minutes, fixed and labelled with Myosin IIb, Scribble, F-actin (phalloidin) and DAPI
(DNA). The mean intensity of Scribble of the line crossed through the interface of the daughters
were assessed. Cell numbers: Cytochalasin D (n=16), Blebbistatin (n=13), DMSO (n=5). Scale
bar = 10um.
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Figure 6. 4 F-actin enrichment at daughter-daughter contact is stable upon Scribble
depletion

MCF10A cells with sh-control (n=25), sh-Scribble (n=24), si-control (n=25), and si-Scribble
(n=29) were assessed for the ratio of F-actin intensity between nascent junction (NJ) versus the

cortex. Scale bar = 10um.
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Figure 6. 5 Scribble is required for Arp2/3 localisation at daughter-daughter
interface

MCF10A cells with (A) si-control (n=13), si-Scribble (n=19) and (B) sh-control (n=22), sh-
Scribble (n=21) were assessed for Arp2 intensity at the cortical region of daughters’ contact, as

shown in density plots. Scale bar = 10um.
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Figure 6. 6 Proximity ligation assay tests Scribble interaction with Arp2 or Talin

(A) Proximity ligation assay was applied to determine spatial proximity between Scribble and
Arp2 at metaphase (n=16) and late telophase (n=21), and between Scribble and Talin at metaphase
(n=23) and late telophase (n=23). The number of PLA foci was estimated as shown in density plot,
with maximum number was counted as 50 if the PLA foci is greater than 50. (B) Scribble and

Talin were co-stained in MCF10A cells. Scale bar = 20um.
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Figure 6. 7 Scribble subcellular localisation is influenced by CK-869 treatment

To investigate the role of Arp2/3, MCF10A cells were treated with Arp2/3 inhibitor CK-869
(50uM, n=26) or DMSO (n=28) for 15 minutes, and stained with DAPI (DNA), phalloidin (F-
actin) and antibody against Scribble. A representative image is shown (top-left), and the mean
intensity of Scribble at subcellular localisation, including cytoplasm, cortex, and daughters’
contact was quantified. For the Scribble intensity analysis in (bottom), the lines connect data points
from individual cells, with the colour spectrum highlighting the slope of each line, indexed by red
to high slope and blue to low slope. The ratio of Scribble mean intensity at daughters-daughter
contact versus cortex were further shown in density plots overlaid with box plots. Scale bar =

10pm.
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Figure 6. 8 Alteration of DLG localisation at late telophase upon Scribble depletion
MCFI10A cells with (A) si-control (n=20), si-Scribble (n=21), and (B) sh-control (n=24), sh-

Scribble (n=20) were assessed for DLG localisation, and the impact of si-RNA on cortical intensity
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6.2.2 The nascent daughter-daughter interface impacts upon subsequent
positioning of the daughters.

I hypothesized that this recruitment to the interface might influence subsequent daughter-
daughter connections. To assess this, I quantified the extent (‘width”) of the interface, and
the shortest distance between the DNA (a surrogate for cell positioning) of each daughter,
after Arp2/3 inhibition or Scribble depletion. Inhibition of Arp2/3 and depletion of Scribble
dramatically reduced the extent of daughter-daughter contact, but had little or no impact on
the cell positioning during telophase (Figure 6. 9). These data indicate that actin and
myosin-dependent positioning of Arp2/3 and Scribble at the interface between two
daughters at telophase enables a stabilization or lengthening of the nascent daughter-

daughter contact region.

To assess whether this enrichment of Scribble/Arp2/3 complex at nascent daughter-
daughter contact region dictates subsequent positioning of each daughter, I first assessed
whether, as with E-cadherin inhibition (Chapter 5), impeding this contact might influence
the re-adherence to the substrate of one or both daughters after cell division. Apr2/3
inhibition did not significantly influence the time taken for either daughter to re-adhere
(Figure 6. 10), but over 30 minutes, the distance between daughter cells diverged, with the
distance significantly increased with Arp2/3 inhibition (Figure 6. 10). This finding supports
the notion that Arp2/3-mediated expansion of the daughter-daughter adhesion zone might
retain the daughters in proximity to each other. As described in Chapter 5, depletion of
Scribble led to a slight increase in the time taken for daughter 1 to re-adhere to the substrate,
but a dramatic increase for daughter 2. Indeed, some of the second daughters failed to re-
adhere before they were lost to the tracking, perhaps because the spindle mis-orientation
reduced association with the substrate. These difference between Scribble depletion and
Arp2/3 inhibition might be attributed to different interacting proteins between Scribble and
Arp2/3. On the other hand, Arp2/3 was prove to facilitate spindle assembly (Plessner et al.,
2019), therefore, its role in spindle orientation is impossible to be tested as a regular dose
of CK-869 treatment would destroy mitotic spindle. Furthermore, the distance between
daughter cells in Scribble-depleted cells could only be quantified for those that adhered
within 30 min. However, the lack of effect of Scribble on daughter cell distance should be
treated with caution given the issues with delayed re-adherence in Scribble-depleted cells.
Overall, these data indicate that the timing and or position of daughter cell re-adhesion after

cytokinesis is influenced by both Scribble and Arp2/3 activity.
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I further explored the nature of the nascent daughter-daughter junction, and identified
intercalated filopodia that were rich in the membrane-cytoskeletal linker, Ezrin, Scribble,
and F-actin (Figure 6. 11). Ezrin at the interface was dependent upon Arp2/3 activity
(Figure 6. 11), similar to the dependence of Scribble on Arp2/3 activity. Together, these
experiments suggest a model in which Scribble, Ezrin and Arp2/3 are recruited to
interdigitations at the nascent junction, where they enable expansion of the nascent

daughter-daughter contact and positioning of one daughter relative to the other.
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Figure 6. 9 Daughters’ coherence depends on activity of Scribble and Arp2/3
Scribble-depleted MCF10A cells were assessed for the width of daughter-daughter contact and
the distance between daughter nuclei as the method illustrated, and were shown in the scatter plot
and density plots overlaid with box plots. Cell number for sh-Control is 35, for sh-Scribble is 24,
for si-Control is 25, and for si-Scribble is 30.MCF10A cells treated with Arp2/3 inhibitor CK-869
(n=29) and DMSO (n=19) were assessed as same as Scribble-depleted MCF10A.
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Figure 6. 10 Time-lapse imaging of cell division upon CK-869 treatment

To assess the role of Arp2/3 in daughter cell positioning, MCF10A cells were labelled with SiR-
DNA (shown in red), treated with DMSO control (n=29) or inhibitor CK-869 (0.1 uM, n=32), and
imaged by time lapse microscopy following division. The time for each daughter cell to re-adhere
to the plastic and spread was recorded as d1 (first daughter to attach) and d2 (second daughter to
attach) and shown as density plots overlaid with box plots. The distance between daughters’
nucleus was measured from the anaphase onset (time = 0 minute) for 30 minutes, and was shown

in the line plot, with shadow represented standard deviation. Scale bar = 10um.
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Figure 6. 11 Ezrin subcellular localisation at late telophase is influenced by CK-869
treatment

(A) The protein localisation of Scribble and Ezrin at late telophase was assessed in a sparsely
plated MCF10A cell stained with DAPI (DNA), phalloidin (F-actin) and antibody against Scribble
and Ezrin. A representative image is shown as sequential Z stacks, and in a 3D reconstructed view.
(B) MCF10A cells treated with DMSO (n=22) or CK-869 (n=25) were assessed for Ezrin
localisation, and the ratio of daughters-daughter contact versus cortex were shown in density plots.

Scale bar = 10um.
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6.2.3 The composition of filopodia evolves throughout cell division, and Scribble
influences nascent post-mitotic filopodia

A role of retraction fibres is thought to be the marking of cell position, such that nascent
filopodia can reclaim the tracks of past filopodia (Cramer and Mitchison, 1995; Li and
Burridge, 2019). To assess any molecular and functional relationship between retraction
fibres and post-mitotic filopodia in our system, I first further characterised the filopodia at
different stages of cell division. The extensive protrusions observed in prometaphase
gradually disappeared, with few observed in anaphase (Figure 6. 12). I first explored
Myosin X, an unconventional myosin that couples actin-dependent forces from retraction
fibres to centrosomes (Kwon et al., 2015), and is recruited to nascent focal adhesions in
some contexts (Gallop, 2020; He et al., 2017). Zooming in on individual filopodia indicated
that Myosin X was present in discrete puncta along the length of the single MCF10A
retraction fibres of prometaphase cells, and these puncta overlapped with Scribble puncta
(Figure 6. 13). In contrast, Myosin X was predominantly present in at the tips of filopodia
during telophase and late telophase, compatible with these representing nascent adhesions.
Scribble localisation did not overlap with that of Myosin X in these nascent filopodia. In
contrast to Myosin X, the membrane-cytoskeletal adaptor, Ezrin was excluded from the
cortex, and highly expressed at the base of prometaphase retraction fibres, and the mid-
section of nascent filopodia (Figure 6. 13). The change in composition between the pre-
anaphase retraction fibres and the post-anaphase nascent filopodia is described in (Figure

6. 13).

If the components of the retraction fibres are instrumental in production of nascent filopodia,
one would expect a functional effect beyond that predicted by the spindle misorientation
defects described above. I therefore assessed the number of nascent filopodia in post-
mitotic MCF10A cells depleted of Scribble, focussing specifically on the cell divisions
where both daughters had re-attached. It has long been appreciated that post-mitotic
adhesion is dependent upon filopodia (Cramer and Mitchison, 1993), so I assessed the
number of filopodia separately for the daughter that adhered first ('D1') and the daughter
that adhered second ('D2'. I examined the cells immediately upon flattening onto the
substrate (Figure 6. 15). Indeed, both Scribble-depleted daughters exhibited a significant
reduction in the number of filopodia at late telophase. A similar reduction in filopodia from
both daughters was observed after treatment with the Arp2/3 inhibitor (Figure 6. 15),
confirming the importance of Arp2/3 in filopodia remodelling. Interestingly, inhibition of

E-cadherin led to reduced nascent filopodia in the second daughter (compatible with
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reduced spreading due to mis-oriented spindle) but had a less convincing effect on the
number of nascent filopodia in the first daughter. Together, these data suggest the
possibility that Scribble, and perhaps E-cadherin, regulate the transition from retraction
fibre to nascent filopodia, providing opportunities to reposition the daughter cells according

to the position of the cell prior to cytokinesis.
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Figure 6. 12 Myosin X localisation during mitosis
MCFI10A cells at different stages of mitosis were assessed for Scribble and Myosin X expression.
The rate of Myosin X foci concentrated at the tip of fibre was examined as shown in density plot.
0 represents a cell has no fibre that Myosin is concentrated at the tip of fibre; 1 represents a cell
has Myosin foci at the tip of every fibre. Scale bar = 10um.
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Figure 6. 13 Characterisation of components in the protruded fibre during mitosis

(A), The localisation of Scribble and Myosin X was assessed at prometaphase, telophase and late
telophase (Left), with DAPI (DNA), phalloidin (F-actin) co-labelling. The fire coloured images
(Right) were the regions of retraction fibre or nascent filopodia cropped from the left images. (B),
Protein localisation of Scribble and Ezrin at prometaphase, telophase and late telophase (Left),

with DAPI (DNA), phalloidin (F-actin) co-labelling. The fire coloured images (Right) were the
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regions of retraction fibre or nascent filopodia cropped from the left images. Scale bar (white) =

10 um; Scale bar (black) = 5 pm.
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Figure 6. 14 Schematic summary of compositions of mitotic fibres

A schematic to summarise the protein localisation of F-actin, E-cadherin, Scribble, B-catenin,
Ezrin, Myosin X, Paxillin, Integrin 1, and B-PIX at retraction fibre and filopodia. The colour of
black represents high protein intensity, the white represents the protein intensity was nearly
undetectable, and the grey represents the protein intensity is in between the black (high) and the

white (none).
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Figure 6. 15 Impacts of loss of function of Scribble, E-cadherin and Arp2/3 on

filopodia patterning from telophase

The sparsely plated MCF10A cells, with the treatments of Scribble knockdown (‘sh-Scrib’ and
‘si-Scrib’), knockdown control (‘sh-Ctrl” and ‘si-Ctrl”), Arp2/3 inhibition (‘CK-869°, 50uM for
15 minutes), DMSO control (‘DMSO”), E-cadherin blockade (‘HECD-1") , Ig control (‘Ig”), were

labelled with F-actin, and the filopodia protruded from the basal adhesion of each daughter cell

were counted and shown in the line plot, overlaid with the density plot and the box plot.
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6.2.4 Scribble coordinates an E-cadherin-based nascent junction to dictate
daughter cell positioning

One area where nascent filopodia were prominent was in the interface between the two
daughters (Figure 6. 11). These filopodia were intercalated, providing a possible means of
remodelling the nascent daughter-daughter junction. E-cadherin was co-enriched with
Scribble at the nascent daughter-daughter junction (Figure 6. 16), with high amount of
PLA foci indicating the proximity between Scribble and E-cad at this stage (Figure 6. 17).
I also observed that similar to Scribble, recruitment of E-cadherin and Myosin IIb required
Arp2/3 activity (Figure 6. 18). In support of a continuing functional interaction between
Scribble and E-cadherin, depletion of Scribble resulted in a dramatic loss of E-cadherin,
and this was directly correlated with the degree of Scribble depletion (Figure 6. 19). As |
had previously observed in Chapter 5, the effect of Scribble depletion on E-cadherin
expression was not observed in a confluent monolayer of MCF10A cells in interphase, so
I now assessed E-cadherin in the nascent junction of cells dividing within a confluent
monolayer, using Myosin IIb as a marker of the mature telophase junction (Lecuit and Yap,
2015). Interestingly, like the single cells, E-cadherin was recruited to the nascent daughter-
daughter junction within a confluent monolayer, and this recruitment was dependent upon
Scribble (Figure 6. 20). Given that Dlg generally co-operates with Scribble (Figure 6. 8)
(Allam et al., 2018) and has previously been found at nascent daughter-daughter contacts
(Lietal., 2018), I propose the acronym SEAD (Scribble, E-cadherin, Arp2/3, and DLG) as
a functional complex that mediates expansion of the nascent daughter-daughter contact
(Figure 6. 21). I propose that this expanded daughter-daughter junction then restricts the

movement of the two daughters away from each other.

162



Chapter 6: Results (IV)

DAPI F-actin  Scribble E-cadherin

(xz)

- 4 T T

N
b
ml @ .
c
'E-E - ‘
ola = A
O — L
= © '-
%] 'y
D m 1
E— .
@| 0 y :
-

Cell top

Figure 6. 16 Characterisation of Scribble and E-cadherin localisation at late
telophase

Protein localisation of Scribble and E-cadherin at late telophase. Representative image from more
than three individual experiments shows a sparsely plated MCF10A cell stained with DAPI
(DNA), phalloidin (F-actin) and antibody against Scribble and E-cadherin. The (xz) layout shows
the view that sectioned through the cell centre. The (xz) layout shows the view of the interface of
daughter-daughter contact. The two (xy) layouts show the view at the basal adhesion and the top

of the cell respectively. Scale bar = 10um.
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Figure 6. 17 Proximity ligation assay tests Scribble interaction with E-cadherin or
Paxillin at late telophase

Proximity ligation assay was applied to determine spatial proximity between Scribble and E-
cadherin (n=14), and between Scribble and Paxillin (n=13) at late telophase. The number of PLA

foci was estimated as in density plot, with maximum number was counted as 50 if the PLA foci is

greater than 50. Scale bar = 20pm.
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Figure 6. 18 Enrichment of Myosin II and E-cadherin is altered by CK-869
treatment

Inhibitor CK-869 (50uM) was treated on MCF10A cells for 15 minutes. (Left) Representative
image shows a MCF10A cell stained with DAPI (DNA), phalloidin (F-actin) and antibody against
Myosin IIb and E-cadherin. Ratio of mean intensity of Myosin IIb at cortex versus cytoplasm, and
ratio of mean intensity of E-cadherin enriched at daughters’ contact versus cortex were co-plotted
in a scattering plot (Right), with size of per circle determined by the width of daughters’ contact.

Scale bar = 10um.

165



Chapter 6: Results (IV)

| Mean intensity
2500

_ F-actinDAPI_Scribble E-cadherin.

y .
e L

d-d width

w
=3
(=]

E-cadherin
= = Pl
(=] w (=]
(=] =3 (=]
[=] f=] {=]

o0

size

) * Rk
1000 2000 3000
Scribble W sh-Ctrl
sh-Scrib

Late Telophase

| | _sh-Serib || sh-Crl

¥ ¥

si-Ctrl

o)
d-d width

E-cadherin
size

KK
1000 2000

Scribble  msi-Ctrl
si-Scrib

Late Telophase

| si-Scrib ||

Figure 6. 19 Scribble and E-cadherin enrichment at nascent junction were lost upon
Scribble depletion

Scribble was depleted in MCF10A cells by both sh-RNA and si-RNA, and mean intensity of
Scribble and E-cadherin were assessed as shown in the scattering plots, with size of per circle

determined by the width of daughters’ contact. Scale bar = 10um.
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Figure 6. 20 Loss of E-cadherin and Myosin II enrichment at nascent junction upon
Scribble depletion

Scribble was depleted in MCF10A cells by sh-RNA, and mean intensity of E-cadherin at the

nascent junction between daughters or at the interphase junction was assessed as shown in density

plots. Scale bar = 10um.
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Figure 6. 21 A schematic model illustrates a cohort of proteins ‘SEAD’
A schematic to suggest ‘SEAD’ (Scribble, E-cadherin, Arp2/3, perhaps Dlg) regulates the nascent

junction between daughters.
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6.3 Discussion

Following the claim of SEND in Chapter 5, which reveal a cell-autonomous role for
Scribble-E-cadherin in transmitting signals from retraction fibres to NuMA of the LGN
complex. Here I also show that remodelling during cell division leads to further functions
for E-cadherin and Scribble, in both the formation of nascent filopodia, and the expansion
of a nascent daughter-daughter junction, which controls the positioning of both daughters

at and beyond telophase (Figure 6. 22).

SEADing information to guide to guide positioning of the daughter cells.

Despite the recognised importance of positioning of the daughter cells following mitosis
for tissue organisation during development, metastasis and other pathologies, the means by
which adhesive contacts are remodelled following cell division are still unclear (Osswald
and Morais-de-Sa, 2019). This understanding is particularly complicated by the need for
cells in a monolayer to disengage adherens junctions with neighbouring cells alongside
formation of a new adhesive interface (Le Bras and Le Borgne, 2014). As with the spindle
orientation, exploring single cells has allowed us to identify novel mechanisms by which
the daughter-daughter contact is established, although our findings suggest these
mechanisms are also conserved in an intact monolayer. I find that a SEAD of Scribble, E-
cadherin and Arp2/3 and perhaps Dlg is recruited to the intracellular bridge that remains in
late telophase, where they mediate an expansion of the adhesive interface between the two

daughter cells.

Together, these studies identify cell-autonomous roles for Scribble and E-cadherin at
several stages in the remodelling of spindle and cell membranes during cell division of a
single MCF10A cell. These roles were previously obscured, presumably because of the
importance of Scribble and E-cadherin in the junctions of epithelial cells in monolayers.
Scribble connects E-cadherin (and perhaps other cues) to spindle orientation machinery,
cell protrusions and the nascent daughter-daughter contact. This dynamic repositioning of
Scribble to coordinate cell morphology during times when the cell is undergoing rapid
shape change has precedence in other biological situations (Allam et al., 2018; Bonello and
Peifer, 2019; Ludford-Menting et al., 2005; Osmani et al., 2006). Thus, I propose a dynamic

role for Scribble throughout cell division in orchestrating the placement of daughter cells.
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a. Normal daughter cell positioning
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Figure 6. 22 The graphic summary of localisation and function of SEND and SEAD
(A), Cell shape during cell division is patterned by stepwise programs, involving spindle
orientation leading to the aberrant position of one daughter cells, followed by formation of a
nascent daughter-daughter adhesion. The two programs are controlled by signalling platform
involving Scribble and E-cadherin. In the case of spindle positioning, NuMA is also involved (via
‘SEND’) and for the nascent daughter-daughter adhesion, Arp2/3 is also involved (via ‘SEAD”).
A normal progression of daughter cell patterning is controlled by SENDing the signal for spindle
orientation through retraction fibres, and then by SEADing the drivers for daughter-daughter
adhesion. (B), Daughter cell patterning in absence of SENDing or SEADing signals are abnormal,
such as biased mitotic cell positioning, aberrant daughter-surface adhesion and reduction of

daughter-daughter re-adherence.
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6.4 Conclusion

The fate of the two daughter cells is intimately connected to their positioning, which is in
turn regulated by cell junction remodelling and orientation of the mitotic spindle. How
multiple cues are integrated to dictate the ultimate positioning of daughters is not clear.
Here, I identify novel mechanisms of regulation of daughter positioning in single MCF10A
cells. After anaphase, Scribble re-locates to the junction between the two daughters to allow
a new E-cadherin-based-interface to form between them, influencing the width of the
nascent daughter-daughter junction, generation of filopodia Thus, E-cadherin and Scribble
dynamically relocate to different intracellular sites during cell division to orient the mitotic

spindle and control placement of the daughter cells after cell division.
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Chapter 7: Discussions

My thesis contributes to knowledge of the cell fate determination process. With respect to
T cell development, the experiments described a new sequence of events in the progression
of B-selection. As this sequence was unveiled by HDACG6 inhibition, the results expose a
possible role of HDAC6 prevents developing T cells from inappropriately bypassing the 3-
selection checkpoint. With respect to epithelial cell division, I uncovered new roles of
Scribble and E-cadherin in regulating daughter cell positioning. In Chapter 6, I will describe

possible implications from these findings, and discuss possible next steps.

7.1 Precise waves of phase transition in f-selection allow for better understanding

of early T cell selection

Chapter 3 and Chapter 4 have updated a new developmental course: DN3a, DN3b"™ and
DN3b"*. Although I haven’t yet demonstrated the transcriptional profile for these three
stages, here I would like to discuss the possible trends by correlating database and

literatures.

The development of T cell is realised through several waves of change in transcriptional
control and the surface phenotype. The change of gene expression can be understood
through an informative immune genome database called InmGen (2020; Heng and Painter,
2008). mRNA profile from ImmGen (see Appendix A and Appendix B) can guide
hypotheses as to the functions of many key genes in T cell development (Figure 7. 1 A).
For example, Notchl, a master transcription factor (TF) that governs T cell fate
commitment and initiation of B-selection, reaches a highest expression at the DN3a stage.
Notchl gene expression is then sharply downregulated from DN3b, reflecting a switch of
signal reliance to IL7R (Boudil et al., 2015; Garcia-Peydré et al., 2006). This
downregulation is probably associated with the termination of genome reorganisation for
TCRp gene recombination, as Notch1 was recently identified to regulate the expression of
gene recombination enzymes, RAG1 and RAG2, during B-selection (Dong et al., 2021). A
Notchl-targeted gene, Bclllb, also peaks at the DN3a stage (Figure 7. 1 A). Bcelllb
regulates TCRP gene recombination, therefore can be assumed to collaborate with Notchl
at the DN3a stage. Following the cessation of Notchl transcription after the DN3a stage,
the upregulation of CD28, in both mRNA and protein level, marks the DN3a-DN3b
progression (Figure 7. 1 B, C). In the InmGen database, the mRNA expression of Lefl
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shows a similar trend to CD28; upregulated from DN3b. The protein level of Lefl was
assessed in this thesis, and was upregulated from DN3b (Figure 7. 1 B, C). In relation to
the two new DN3b subpopulations (ie. a transitioning population DN3b"™, and a mature
population DN3b"") described in the thesis, I found Lefl was upregulated from DN3b"™,
indicating it was expressed after CD28. In the ImmGen database, both CD2 and CD5
mRNA are increasingly expressed after T cell fate commitment, and peak at the DN4 stage
(Figure 7. 1 B, C). In my experiments using the OP9-DL1 coculture system, I found the
CD2 and CDS5 proteins are upregulated from DN3a to DN3b (Figure 7. 1 B, C).
Interestingly, CD2 and CD5 were said to play an opposite role in coordinating TCR
signalling, but no systematic analysis of the combined functions of CD2 and CD5 has been
reported. In this chapter, I discussed the possibility that CD2 and CDS5 can tune pre-TCR

signalling, and suggest future studies to explore this possibility.

This study was initiated with a hypothesis that HDACs mediate T cell development, where
a focus on HDAC6 was triggered because the profile of HDAC6 peaks at DN2-DN3 stage
(Appendix A). My results implied HDACG6 regulates progression through the B-selection
checkpoint. As HDAC6 is a unique HDAC among its family, which can modify acetylation
of histone and cytoskeleton, in the section 7.6 I would like to discuss the potential role of

HDACO6 in T cell development and also to suggest future research about HDAC6.
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Figure 7. 1 The mRNA profile from ImmGen database and the protein expression
profile from this study

(A) Normalised mRNA profile of Tcf7, Belllb and Notchl in DN3A, DN3B and DN4
compartments. To unify the mRNA value into the scale of 0 to 1, the value of mRNA expression of
DNx was divided by the value of ETP mRNA expression, followed by the division to the maximum
value of DNx/ETP. (B) Normalised mRNA profile of CD2, CD5, CD28 and Lefl in DN3A, DN3B
and DN4 compartments. The value was normalised as (A). (C) The normalised protein profile of
CD2, CD5, CD28 and Lefl in the DN3a, DN3bP* and DN3bP**' compartments. The value of MFI
of DNx was unified by the division to the MFI of DN3bP°*,
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7.2 Does CD28 regulate metabolism for the passage of B-selection checkpoint?

Since CD28 upregulation was reported to effectively mark the larger cell, namely the cell
in the later stage of differentiation in DN3 compartment, labelling for CD28 has become a
standard procedure to demarcate DN3b population for immunologists (Zheng et al., 2004).
About 15 years ago, two studies respectively using CD28 knockout and CD28 transgene
have suggested CD28 supports the growth of the developing T cell. (Williams et al., 2005;
Zheng et al., 2004). Likely through promoting metabolism, CD28 supports the proper
passage through the B-selection checkpoint. As pre-TCR signalling occurs at the onset of
the B-selection checkpoint, the coordination between pre-TCR and CD28 is essential, but
the details of this coordination remained elusive (Williams et al., 2005). By contrast, the
role of CD28 to promote TCR signalling is well established, and called co-stimulation
(Esensten et al., 2016). Once CD28 binds to its ligands, a series of signals are transduced
for cell survival, proliferation and differentiation (Esensten et al., 2016). In part, CD28 co-
stimulation regulates the PI3K-Akt pathway to promote metabolic activity. In this thesis, |
have shown that CD28 upregulation in DN3b population is correlated with signs of PI3K-
dependent metabolic activation, such as upregulation of Ki-67, c-Myc, CD71, and CD98
(Kelly et al., 2007). However, direct evidence regarding activation or maintenance of
metabolism in DN3b is still lacking. Here, I would discuss the two non-exclusive possible
mechanisms that CD28 can regulate metabolism in the developing T cell: (1) PI3K pathway

activation and (2) mitochondrial activation:

7.2.1 CD28-PI3K pathway is required for survival, growth and proliferation of
developing T cells

CD28 contains an YMNM motif in its intracellular tail. Tyrosine phosphorylation of this
motif (ie. pPYMNM) enables binding to the two SH2 motifs of PI3-kinase subunit p85 (at
the C- and N- terminus respectively) (Prasad et al., 1994). This direct interaction triggers
signal transduction through the PI3K pathway, leading to activation of signalling mediators
such as Akt and Vav. In the developing T cell, Akt is pivotal for survival, and is required
for glucose uptake in DN3 compartments (Juntilla et al., 2007). The PI3K subunit p85 is
also required for T cell development (Shiroki et al., 2007) (Figure 7. 2). Needless to say,
the role of mTOR has been investigated and shown to be critical for several aspects of early
T cell development (Werlen et al., 2021). These studies support a hypothesis that the CD28-

PI3K pathway is engaged in early T cell development for co-stimulation.
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Figure 7. 2 The CD28 pathway in DN3b cells
The schematic shows CD28 signalling in DN3b compartments. In part, CD28 interacts with PI3K
complex to activate AKT-mTOR pathway for survival and proliferation. In part, CD28 signalling

might orchestrate with pre-TCR signalling to enhance survival and proliferation.

7.2.2 Does CD28 prime mitochondrial activity in developing T cell?

Through in vitro CD28 activation assays, Ledderose et al have firstly observed an increase
of ATP production, oxidative phosphorylation and mitochondrial synapse accumulation in
CD4" T cells (Ledderose et al., 2014). Priming of mitochondrial activity by CD28 was
demonstrated in the context of differentiation of memory CD8" T cells (Klein Geltink et
al., 2017). The research of Geltink et al solved a question of how the long-term antigen
response required for differentation is harnessed in CD8" T cells (Klein Geltink et al., 2017).
CD28 co-stimulation inhibits a metabolic regulator TXNIP, which in turn activates Cptla.
Cptla is a mitochondrial enzyme that facilitates Acyl-CoA usage. These mechanisms
highlight how CD28 signalling can enhance the mitochondrial capacity for fatty-acid
utilisation. In addition to fatty acid oxidation, signalling through CD28 can also increase
mitochondrial mass in CD8" TIL (tumor-infiltrating lymphocytes), coordinating with Glut3
upregulation to increase glycolysis (Beckermann et al., 2020). However, how glycolysis,

fatty-acid utilisation and other nutrients uptake are processed in the developing T cells is
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unclear. As CD28, CD71 and CD98 are upregulated for the phase of pre-TCR signalling,

the entire metabolic pathway, including mitochondrial biochemistry is ripe for study.

7.2.3 CD28 co-stimulation domains are used in CAR T cell for immunotherapy

Nowadays, chimeric antigen receptor (CAR) T cell therapies, using genetic engineering to
boost T cell immunity, have been shown to be successful in treating cancer. In the CAR
receptor, the CD28 co-stimulation domain is essential to harness the capacity of tumour
killing (Cappell and Kochenderfer, 2021). With advantages and disadvantages, CD28
strengthens CAR activity but often accelerates T cell exhaustion (Salter et al., 2018). This
feature of exhaustion of CAR T cells has become the limitation in cancer treatment and
restricts CAR T cells migrating to tumour (Martinez and Moon, 2019). Interestingly, a
recent study showed a design of CD28 mutant in CAR, introducing point mutations to
YMNM motif to tune the strength of co-stimulation, that likely improved CAR T cell
exhaustion (Boucher et al., 2021). Similarly, the modulation of CD28 signal strength might
be a new topic of the pre-clinical research for T-ALL, which will be discussed in Section

7.7.1.

7.2.4 Future directions regarding CD28

(1) The approach of CRISPR-Cas9 to acutely deplete CD28 in developing T cells
would be very informative. Through this approach, I can verify whether CD28
regulates metabolism in developing T cells such as glucose uptake, PI3K
signalling and mitochondrial activity. Moreover, there are many functional
domains in the CD28 intracellular tail that have been identified, such as the N-
terminal PxxP motif and the C-terminal PxxP motif in the regulation of tyrosine
phosphorylation and the co-stimulatory function of CD28. (Ogawa et al., 2013) I
expect the knockout-rescue assay would help to clarify the CD28 pathways in T

cell development.

(2) Following CD28 depletion, some analysis that might be informative include: (a)
the control of cell size, and (b) the duration of cell cycle. As the state of senescence
or quiescence in DN3a is likely to be coordinated with CD28 signalling, it would
be worth examining whether CD28 signalling is associated with the cessation of
TCRp gene recombination. The mechanism that controls CD28 expression in

DN3a cells is another interesting question.
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CD28 co-stimulation relies on the presence of antigen or anti-CD28 antibody. In
the thymus, the CD28 antigen, B7, is presented, and likely interacts with CD28 for
the development of DN cells. To explore the precise role of CD28 in the
developing T cell, manipulating the expression of B7 along with the ex vivo
expansion could be informative. Particularly, the downstream events of CD28
signalling in developing T cell are not yet mapped, there might be some difference
between ligand-dependent and ligand-independent pathways. Moreover, a CD28
superagonist (CD28SA) has been tested clinically, although this treatment led to
cytokine storm (Hiinig, 2016), the strong effect of CD28SA could be utilised here
for mapping the target genes.

The role of other CD28 family members such as CTLA4 and PD-1 could be
examed in T cell development. Ctla4 gene expression peaks at the DN3a stage,
and Pdcdl gene expression peaks at the DN4 stage. This will be interesting not
only for the context of B-selection, but also in positive selection, because Pdcdl is
highly expressed in a subgroup of CD69" DP cells. I speculate that some self-
antigen might partially interact with the CD28 family, and lead to a different

autoimmune response in thymus.
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7.3 Does CD2 influence TCR gene recombination and pre-TCR co-stimulation?

7.3.1 CD2 modulates TCR co-stimulation, does it do the same for pre-TCR?

CD2 is localised at the T cell immunological synapse to interact with its ligand LFA3
expressed by antigen-presenting cell, then facilitate co-stimulation through the TCR
(Binder et al., 2020). In 1992, Turka et al found CD2 was expressed in TCR/CD3" human
T cells (correlated to DN cell in the nomenclature used in this thesis), but the expression
level was lower than in unfractionated T cells (mostly DP cell), suggesting CD2 is
upregulated when the T cell progresses from the DN to DP stage (Turka et al., 1992). They
further tested the consequence of CD2 stimulation. By testing calcium flux and IL2R
expression between TCR/CD3" T cell and the unfractionated T cell, they found TCR/CD3"
T cell did not show significantly increased calcium flux or IL2R expression upon CD2
activation. Does this result imply the DN T cell doesn’t rely on CD2 receptor for pre-TCR
co-stimulation? To consider this question, the original methods used in the paper matter.
Regarding calcium flux, DN cells were shown to have lower calcium signalling compared
to DP (Le Borgne et al., 2016), however it’s still unclear whether calcium flux is with a
functional consequence of pre-TCR signalling. The entire IL2R, except the subunit IL2Ra
(CD25), is not expressed at the DN stage, so would not be relevant (Takéacs et al., 1988).
Therefore, the two indicators used in Turka et al can’t rule out the potential for pre-TCR

co-stimulation from CD2. Thus how CD2 functions in the developing T cell is still unclear.

7.3.2 CD2 expression is coupled with TCRp gene recombination

In this thesis, I found CD2 is expressed at the DN3b"™" stage, a stage presumably with
completed TCRf gene recombination. This finding is consistent with finings of Rodewald
et al in 1993: They found CD2" DN cells had mostly completed with TCRB gene
recombination (Rodewald et al., 1993). On the other hand, an intriguing result was revealed
by Turka et al: they found RAG gene expression in the unfractionated T cells (mostly DP
cells) was shut down by CD2 activation (Turka et al., 1992). Their result might suggest
CD2 signalling negatively controls the process of TCRa gene assembly. But surprisingly
RAG expression in DN stage wasn’t changed upon CD2 activation. To address this
difference, again, the methodology that used anti-CD2 antibody to trigger CD2 activation
in DN stage can’t lead the interpretation that CD2 signalling is dispensable for TCRJ} gene
recombination. On the other hand, one important observation from Rodewald et al is that
DN cells from RAG deficient mice were mostly positive for CD2 (Rodewald et al., 1993).

This is a first functional link between CD2 expression and TCRf gene recombination, and
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the result even implied CD2 expression is downstream of TCRf gene recombination. The

results of Rodewald et al and Turka et al, suggest the possibility CD2 plays a different role
in TCRP gene recombination (DN3) and TCRa gene recombination (DN4-DP). The

evidence later provided by Sasada and Reinherz, using CD2-depleted mice, show CD?2 is

required for DN3 progression, but CD2 depletion didn’t broadly influence TCRp diversity;

unlike TCRa diversity and DP progression were significantly impaired by the loss of CD2

(for 6-week mice) (Sasada and Reinherz, 2001). Therefore, a hypothesis suggested here is:

Once TCRP gene recombination is completed, CD2 is triggered to co-stimulate pre-TCR

to allow cells to progress from DN3 to DN4. CD2 is later required and is positively

associated with TCRa gene recombination, and therefore facilitates the progression from

DN4 to DP.

7.3.3 Future direction about CD2

(1)

2)

2)

Whether CD2 acts as a co-stimulator with pre-TCR is unclear. It seems using
recombinant antibody to trigger CD2 can only succeed in mature T cells, thus a
preliminary approach will still be using CRISPR-Cas9 to deplete CD2, or breed
CD2 deficient mice (Sasada and Reinherz, 2001). Through CD2 depletion, I can
investigate downstream pathways that impact pre-TCR signalling. As IL2R is
triggered by CD2 signalling, but the whole IL2R is not presented in T cell
development, one focus from here is also to know which, if any, cytokine is cued
by CD2 signalling in developing T cell. As IL7R signalling is required for DN3b

progression, would CD2 signalling trigger the expression of IL7?

It’s important to know whether any CD2 ligands are expressed in the thymus and
can interact with CD2 of developing T cells. On the other hand, whether CD2 can

act without ligand is not yet clear in developing T cells.

So far, one interesting question is about the unknown relationship between CD2
onset and the completion of TCRf gene recombination. Whether the transcription
of CD2 becomes accessible after TCRp gene rearrangement is unclear. Together
with this question, the identification of the TF for CD2 transcription is likely

important. From my result, the first reasonable guess is Lefl.
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7.4 Does CDS dampen pre-TCR signalling?

7.4.1 CDS negatively regulates TCR signalling

CDS regulates several signals in T cell in a context-dependent manner. For example, CD5
positively regulates Akt signalling, but negatively regulates Erk signalling (Blaize et al.,
2020). In DP and CD4" T cells, CD5 negatively regulates TCR signalling (Blaize et al.,
2020). CDS attenuates or terminates TCR signalling by recruiting an E3 ligase, c-CBL
(Blaize et al., 2020; Voisinne et al., 2016). c-CBL is also recruited by Zap70 to ubiquitinate
TCR (O’Leary et al., 2015), but c-CBL-Zap70 seems to be inseparable from CD5-c-CBL
complex to tone down TCR signals. Moreover, a TCR negative regulator, CSK, is recruited
to the complex of c-CBL and CDS5 (Voisinne et al., 2016). A model was proposed that,
once p-MHC triggers TCR signalling, Lck phosphorylates CD5 to facilitate the recruitment
of CSK to the tail. Subsequently, the CD5-CSK complex attenuates TCR signalling
(Voisinne et al., 2018). Therefore, these findings suggested CDS5 negatively regulates TCR
signalling. CDS5 is also involved in the regulation of NF-kB pathway in T cell. The NF-xB
pathway is believed to be triggered by TCR/CD28 signalling, which can promote T cell
proliferation or differentiation (Paul and Schaefer, 2013). CDS5 likely negatively modulates
NF-kB signalling, by facilitating the expression of IkBa, a negative regulator of the NF-kB
pathway. (Matson et al., 2020). However, it seems still complicated to interpret the study
of (Matson et al., 2020), because CD5" T cells showed localisation of NF-kB suggested to
confer a survival advantage, but whether NF-«kB signalling was altered or not is less clear.

These studies suggested CDS5 is a negative regulator to dampen TCR strength.

7.4.2 Potential mechanism that CDS regulates pre-TCR

The importance of CD5 as a reporter to calibrate pre-TCR signalling strength was perhaps
not considered previously because the pre-TCR was not thought to engage MHC-peptide.
However, it is now apparent that the pre-TCR can bind with low affinity to MHC-peptide
(Lietal., 2021). The pre-TCR also forms an immunological synapse with many similarities
to the immunological synapse formed by the afTCR, oriented towards MHC (Allam et al.,
2021). These recent observations support the notion explored above that CDS5 could play a
similar role in both reporting and handicapping TCR signals. As mentioned in the section
of 6.4.1, CDS5 can dampen TCR signalling through two possible mechanisms: (1) through
CSK recruitment and (2) through modulating NF-xB pathway. To clarify the potential role
of CDS5 in the context of pre-TCR signalling, I first excluded the involvement of NF-xB

pathway, because substantial evidence so far didn’t suggest NF-kB pathway participates in
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early T cell development (within DN stage) (Liu et al., 2006; Voll et al., 2000; Webb et al.,
2016). By contrast, the pathway through CSK seems to be consistent between TCR and
pre-TCR (Zikherman et al., 2010). Together with the evidence showing CD5 expression in
DN/CD25" T cell relies on Lck (Azzam et al., 1998), I would like to propose a model that
CDS5 dampens pre-TCR signalling in a manner of: (1) Lck promotes CDS5 expression; (2)
CDS5 recruits CSK to cell membrane close to pre-TCR; (3) CSK inhibits Lck, then represses
pre-TCR signalling (Figure 7. 3). In addition to this, the recruitment of an E3 ligase is

likely to be a mechanism here.

DN3b
CD5 pre-TCR CcD6
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' ] Vav
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Figure 7. 3 The CD5 and CD6 pathway in DN3b cells

The schematic illustrates the interaction between CDS5 and pre-TCR signal complex (including Lck,
Zap70 and LAT). In part CDS5 is shown to interact with PI3K signalling to restrict survival and
proliferation. In part CD5 recruits CSK to dampen pre-TCR signalling. On the other hand, CD6

pathway is illustrated, but the information is yet documented.
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7.4.3 Future directions regarding CD5S

(1)

2)

3)

182

Whether CD5 dampens pre-TCR is not yet proved by functional assay. To identify
which CDS5 interacting proteins are the effectors to dampen pre-TCR strengthen, I
can consider a BirA-mediated biotinylation assay that can probe CD5 interacting
proteins in developing T cells. Through a high-throughput reading by mass
spectrometry, I can better know the CD5-interacted proteomics in developing T

cells.

If CDS5 plays a role to balance pre-TCR strength, the overexpression approach is
likely sensible. One option is ectopic overexpression, but since the enhancer of
CDS5 has been nicely identified, there might be some approach such as
‘CRISPERa’ (Horlbeck et al., 2016) to promote the endogenous CDS5 expression.
If the expression level of CD5 can be manipulated, I can next test together with
CD28 activation assay to evaluate how CD5 level might tune pre-TCR signalling
strength.

Parallel to CDS5, the role of CD6 might be worth investigating. The background of
CD5-CD6 interaction is: CD6 interacts with ITK, an Lck signal recipient in the
LAT complex; while CD5 expression in DN cells relied on ITK (Gongalves et al.,
2018). Less is known for CD6, but its interaction with Vav complex might be a

pathway to interact with pre-TCR.
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7.5 A novel model and interacting network for p-selection

7.5.1 A novel model of passing pB-selection checkpoint

ACY1215 treatment has exposed the DN3b™™ stage of B-selection, encouraging us to
identify a critical sequence of events that harmonise cell fate during B-selection. Here I
would propose a refined model of B-selection, in which the checkpoint is marked initially
by upregulation of CD28. CD28 expression involves a coordinated increase in expression
of pre-TCR and CDS5, with an escalating requirement for pre-TCR signalling strength. If
the culminated pre-TCR signalling strength meets the requirement of B-selection

checkpoint, a rapid expression of CD2 indicates exiting from the B-selection checkpoint.

A major finding from this work is that CD5 levels are fine-tuned according to pre-TCR
expression, and that treatment with ACY 1215 prevents the upregulation of CDS5 (but does
not disrupt Lefl upregulation) during -selection. A role for tuning of the TCRJ repertoire
during B selection is suggested by findings that the pre-TCR can bind with low affinity to
the complex of MHC-peptide (Li et al., 2021; Mallis et al., 2015). The pre-TCR also forms
an immunological synapse with many similarities to the aBTCR-induced immunological
synapse(Allam et al., 2021). These recent observations support the notion that CD5 could
play a similar role in both reporting and handicapping pre-TCR signals and to coordinate

fate determination.

Together with these findings, I have realised that the sequence of expression of CD28, CD5
to CD2 during B-selection is highly similar to the scenario of passing the checkpoint at
airports (Figure 7. 4). I imagined CD28, which can carry the metabolic fuel, is like the
budget that is required for the travel, but can’t influence the pass of the checkpoint. As the
most essential element, or the pass of the checkpoint itself, is the passport. The passport
represents the identity of TCRP. Only presenting TCRJ can allow a passenger to progress.
Then a check of sufficient package in the carry-on is like the function of CD5, which
therefore I deemed CDS is the boarding case. Before landing on the flight, the boarding
pass (CD2) is the last check to ensure the appropriateness to fly away to the next destination,

which is DP in T cell development.
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Figure 7. 4 A schematic model of passing p-selection checkpoint
Schematic illustrates how expression of each surface marker (CD28, TCRf, CD2 and CD5) impacts

upon progression through B-selection via DN3a, DN3b"® to DN3b"* stages. A DN3 cell was
imagined as a passenger who passes through the airport. The arrow represents the flow of passing

the B-selection. The DN3 cells that treated with ACY 1215 were coloured in pink.
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7.5.2 An updated signalling schema in the process of -selection

In this section, I hope to propose an updated signalling network, as shown in (Figure 7. 5).
First, Notchl is the upstream TF to drive differentiation of DN3 cells. The genes induced
by Notchl include TCF7 (Germar et al., 2011), CD28 (Chadwick et al., 2009), Bcl11b (Li
et al., 2010), and LEF1 (Ross and Kadesch, 2001). In a recent study, RAGI and RAG2
gene expression were also deemed as the targets of Notchl (Dong et al., 2021), suggesting
a transcriptional regulation for forming pre-TCR. Second, although in the mature T cells,
TCF-1 cooperates with LEF1 for gene regulation, it was reported that TCF-1 repressed
LEF1 transcription in the developing T cell (Yu et al., 2012). In my opinion, this repression
probably contributes to the absence of LEF1 in early T cell development before DN3b.
Third, the interaction between LEF1 and CD28 is unclear, but CD28 seems to be upstream
of LEF1 expression based on our finding. On the other hand, it’s intriguing that a study had
distinguished a LEF'® Treg by using anti-CD28 antibody to activate Treg, implying CD28
signalling might be a negative regulator for LEF1 expression. Although it might not be the
case in developing T cell, the CD28 signalling is not really mapped in the developing T
cell, and the interaction between CD28 and LEF1 is certainly worth studying. Fourth, as
CD2 is upregulated after CD28 and LEF1, I explored whether any study suggested either
CD28 or LEF1 might activate CD2. Although no such findings have been reported to my
knowledge, LEF1 is highly co-upregulated with CD2 in AML (Metzeler et al., 2012),
endorsing about the possibility that LEF1 might activate CD2 transcription. To further
complete the interacting network, Lck is included. It is unknown what the transcription
factor for Lck is, but Lck positively associates with the function of Notchl (Sade et al.,
2004). As mentioned in 6.5.1, an axis of LCK, ITK and CD5 was uncovered, therefore I
added this axis in the network accordingly to suggest a negative regulator dampening pre-

TCR signalling.

185



Chapter 7: Discussions

Figure 7. 5 The signalling schema in DN3 compartment

The schematic shows how crucial transcription and crucial surface receptors are looped to pass the
B-selection checkpoint. Centred by Notchl, a network linking Tcf7, Lefl, Bell1b, RAG and Lck
are primed. The transcription of Notchl can influence the expression of CD2, CD5, CD28 and pre-

TCR, and therefore control the fate determination of DN3 compartments.
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7.5.3 Future directions

(1)

)

3)

As indicated by the multiple question marks in Figure 7. 5, the role of each player
in B-selection is still unclear. To further our understanding, one straightforward
approach is to profile the gene expression upon acute CD2, CD5 and CD28

depletions.

The signalling schema that I proposed (Figure 7. 5) is focused on B-selection.
However, I can’t neglect yd-selection. A first step to bring yd-selection in the panel
might be to consider the transcription control of Notch3 (Van de Walle et al.,

2013). Other essential TFs such as Runx1, 2 and 3 should be included.

The regulation of pTa expression is not considered in the current interactome. The
transcription of pTa relies on E2A. Bcell1b seems to play some role overlapping
with E2A (Longabaugh et al., 2017), but so far little is known on how these and

other transcription factors regulate pTa.
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7.6 How HDACG regulate the progression of p-selection?

7.6.1 HDAC6 might deacetylate the cytoskeleton to influence immunological
synapse formation during B-selection

The effect of HDAC6 to reduce tubulin acetylation modulates the functions of
immunological synapse of mature T cells (Serrador et al., 2004). My finding here showed
that acetylation of a-tubulin was increased in DN3 cells upon ACY1215 treatment,
suggesting that the function of immunological synapse during B-selection might be
mediated by HDAC6. Indeed, ACY 1215 treatment altered the organisation of the pre-TCR
signalling complex, LAT, around the MTOC. Similarly, Notchl, which is required to
enhance the polarisation of the pre-TCR (Allam et al., 2021; Charnley et al., 2020), was
lost from the MTOC following ACY 1215 treatment. These findings are interesting in light
of a recent report that HDACG6 is required for the formation of aggresomes at the MTOC
(Magupalli et al., 2020), where it was suggested that HDAC6 might play a general role in
recruiting signalling proteins to MTOC. As well as microtubules, microfilaments can also
be modified by HDAC6. The best known is Cortactin. HDAC6 mediates the acetylation
level of Cortactin, which in turn facilitates cell migration (Zhang et al., 2007). As some
mechanisms of migration are shared with polarity formation, which influences synapse
formation, Cortactin might regulate T cell polarity and immunological my work shows that
HDACG6 can alter cytoskeleton-dependent polarity in developing T cells, and might

subsequently influence the function of immunological synapse during B-selection.

Worth noting, an alternative explanation for the effect of ACY 1215 on B-selection relates
to observations that HDAC inhibitors can induce MHC constituents to promote antigen
presentation (Magner et al., 2000). It remains to be determined whether an influence on
stromal-presented peptide-MHC plays any role in disrupting B-selection. Together, these
findings suggest that the effect of HDAC6 on B-selection that I see here might occur
through disruption of the DN3 immunological synapse.

7.6.2 HDACG regulates epigenetic modifications in developing T cells?

In this study, I found ACY1215 treatment increased the acetylation of H3K 18, suggesting
HDACG6 can regulate the epigenetic status. HDAC6 is predominantly expressed in the DN3
nucleus, but I don’t know how HDAC6 mediates epigenetics in developing T cells. To
identify the potential HDAC6 mediators, one notion regarding Bclllb might be worth
discussing: First, H3K18 acetylation (which was promoted by ACY1215 treatment in
developing T cell) can be mediated by Bcll 1b through p300/CBP (Sidwell and Rothenberg,
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2021). Second, Bcll1b is reported to interact with HDAC1 and HDAC2 (Fu et al., 2017),
which implyies Bcll1b has a broad interaction with other HDACs. Third, HDAC6 and
Bcll1b peak at DN2-3 and DN3a respectively (Appendix B). In short, a potential functional
relationship between HDAC6 and Bclllb might be the key to know how HDAC6

influences epigenetic modifications in the developing T cell.

7.6.3 Future directions regarding HDAC6

(1)

2)

From the result of this thesis, ACY1215 treatment influences expression of
proteins such as CD28 and CDS5 during B-selection. To determine whether this
indicates a direct role for HDACS6, these results should be verified by acute
HDACG6 depletion. Moreover, as some E3 ligases can modulate pre-TCR
signalling (Checquolo et al., 2010), the ubiquitination of the CD28 and CD5
proteins upon ACY1215 treatment are the promising avenues for exploration,
because the protein degradation by lysine ubiquitination is often prevented by
lysine acetylation. Introducing point mutation to prevent ubiquitination in CD5
and CD28 will be sensible to understand the molecular basis for the effects of

ACY 1215 on T cell development that I show here.

With respect to immunological synapse formation, the contribution from both
CD28 and HDAC6 have been addressed separately, but their relationship or the
synergistic effect has not been investigated. In particular, a CD28 bound protein,
Vavl, can interact with Cdc42; and Cortactin, a HDAC6 substrate, can interact
with Cdc42 substrate (Kelley and Weed, 2012). Therefore, to link HDAC6 to
CD28, the actin-dependent pathway involved with Vav1-Cdc42-Cortactin might

be worth exploring.
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7.7 Potential roles of HDAC4 in T cell development

As highlighted at Chapter 1.7.1, HDAC4 mRNA level is very interesting, showing a sharp
upregulation at DN3a stage, and followed by an immediate drop at DN3b stage (Appendix
A). Although the examinations to understand the function of HDAC4 in T cell development
are still ongoing, here I would like to discuss a possible role for HDAC4 through using an
inhibitor LMK235. LMK235 was designed to target HDAC4 and HDACS5 (Mazzocchi et
al., 2021), although a context-specific influence on HDAC6 activity was reported before
(Choti et al., 2019). As shown in Appendix A, HDACS transcription was not promoted
during T cell development, therefore effects of LMK235 on altering T cell development
was unlikely through HDACS, and most likely through HDACA4.

7.7.1 Preliminary results using LMK235

Through applying LMK235 on day-4 FL which were co-cultured with OP9-DL1 for two
days, I found the expression of the surface markers of the non-T lineage (ie. Lin"” CD11b,
NK1-1, CD45R and Ly6G6C) was increased (Appendix C). Around 40 % of progenitors
show Lin" expression, compared to less than 5 % in the control cells. To assess whether
LMK?235 directly induced expression of any of these markers, I compared the effect of
LMK235 treatment on sorted DN3b cells, which were already committed to T cell
differentiation and so would not normally express the markers. 2 days of LMK235
treatment on the sorted DN3b cells didn’t induce Lin" expression (Appendix C), suggesting
LMK235 didn’t directly promote Lin" expression. These results together suggested
LMK235 skewed differentiation away from the T-lineage. To assess which lineage maker
was promoted by LMK235, I tested the lineage markers separately. The solution of lineage
markers was a mixture of antibody against NK T cell (NK1.1), B cell (CD45R), and
myeloid lineage (CD11b, Ly6G6C. In a concurrent experiments using day-4 FL and the
fate-committed DN3b cells at day-16, LMK235 treatment for two days had the most
striking effect on CD11b expression on the day-4 FL but had little effect on the other
markers, and no effect on CD11b in the control DN3b cells (already committed to T cell
fate) (Appendix C). This result probably suggested that the differentiation landscape might
be skewed toward a myeloid-like feature. Confirming this would require extensive

characterisation of the identity of cells that were changed by LMK235.

Next, | analysed how populations in T cell development were altered with more CD11b

expression. From the CD44-CD11b density plot (Appendix C), I found a positive relation
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between the expression of CD44 and CD11b. This positive relation probably makes sense
because the progressive downregulation of CD44 is a feature of HSC differentiation, and
the downregulation of CD11Db is one of the features during T cell development. LMK235
treatment didn’t alter this positive relation. ETP-like population (CD44™) were highly
expressed with CD11b from both LMK235 and control FL cells. Interestingly, I found the
DNI1, DN2 and DN3 compartments from LMK235-treated cells expressed higher CD11b
than the control. Overall, these results together might suggest the downregulation of CD11b
during Notchl-induced T cell development might require the class I HDAC activity.
However, to confirm this hypothesis, CD11b expression upon LMK235 treatment should
be assessed in CD11b" myeloid cells

The results of Appendix C showing CD11b was increasingly expressed in the DNI1
compartment upon LMK235 treatment, suggesting haematopoiesis was altered. But
expression of CD11b in DN3 and DN4 population were intriguing, because it was believed
that T-cell commitment is completed at the DN2b stage (Rothenberg, 2011) A recent study
show the sorted DN3 (ie. after fate commitment) can re-express CD11b if Tcf7 is depleted
(Garcia-Perez et al., 2020), challenging the knowledge of irreversibility after T-cell fate
commitment. Thus in part I wonder whether the effect showed in Appendix C was relative
to the change of Tcf7 pathway(Xing et al., 2016). Although the methodology to modulate
Tcf7 activity is yet to be optimised in the thesis, the results showing CD11b was not
increasingly induced in the longer coculture nor in the sorted DN3b (Appendix C)
challenged this possibility. Another possibility to explain the preliminary results in
Appendix C is the LMK235-treated DN3 and DN4 cells were not the bona-fide population,
but were mixed with faulty DN1-DN2 cells in which CD11b was wrongly maintained by
LMK235, and then progressed to the DN3-DN4 stage following coculture. Therefore, I
would ask whether LMK235 influences DN2 cells development. I applied LMK235 on the
developing T cell at day 7 of OP9-DLI coculture, which is the date that DN2 cells are
expanding, for two days. At day 9, the control cells developed DN2, DN3 and DN4
populations; by contrast, the LMK235-treated progenitors were arrested at the DN2 stage
(Appendix D). To further confirm this, sorted DN2 cells were cultured for 2 days under
DMSO or LMK235 treatment (Appendix D). The reduced progression to the DN3 stage
was compatible with the notion of a DN2 arrest, with many DN2 characteristics: FSC, SSC,
IL7R and the correlation of CD27 with CD25 verified (Appendix D). Taken together, the
results suggest the majority of DN2 cells were arrested by LMK?235, but a minor population
responded differently, which might progress beyond DN2 while expressing CD11b. These
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data therefore provide preliminary evidence to suggest that LMK235 disrupts T cell
development at DN2 stage.

As LMK235-treated progenitors didn’t progress further to DN3, the occurrence of af} or yo
lineage specification is likely limited. Intriguingly, upon LMK235 treatment, I found an
increase of Y0 TCR expression in DN1 population (Appendix E). This phenomenon was
similarly shown in NOD mice that generated yo T cell in ETP and DN2 populations (Yui
et al., 2010). However, it is still unclear how DNI cells can present Yo TCR. To address
this, I took advantage of a report that some yd T cells, for example IL-17A y3 T cell (CD25"
CD24°CD27CD44"), and IFN-y y3 T cell (CD25CD24 CD27'CD44") (Pang et al., 2012),
are CD25°CD44", so can be falsely ascribed to the DN1 compartment. To examine this
possibility, I checked CD27 expression in the DN1 gate (Appendix E). In the control cells,
CD27 is abundant but y6 TCR is not expressed, by contrast, LMK235-treated DN1 cells
show an increase of the CD27"%y5" cells, suggesting a change of ¥ lineage specification

was triggered by LMK235.

Overall, LMK235 treatment showed alteration in T cell fate commitment. One possibility
is through a change to CD11b-associated pathway, and another possibility is through a

lineage alteration toward some type of yd T cells.

7.7.2 Potential HDAC4 pathway in regulating T cell development

If the results from LMK235 treatment can indicate the role of HDAC4, I would hypothesise
HDACA4 is required for initial T cell fate determination. The strength of HDAC4 would be
fine-tuned prior to DN3a stage, as a minimum fate plasticity should be maintained at DN2
stage. Once the cell has reached the DN3a stage, a strong HDAC4 expression might ensure
to form some T cell clone. The precise comment will be proposed later based on the further

identifications listed in the section below (Section 7.7.3).

An important study recently revealed a switch of Runxl and Runx3 at the DN2a-DN2b
transition, showing Runx1 is promoted and Runx3 is repressed (Shin et al., 2021). As
HDAC4 was proven to bind Runx?2 in bone (Vega et al., 2004), I wonder whether HDAC4
in developing T cell can select which Runx to bind, either to repress or to stabilise, and
contribute to fate determination. The Runx specificity of HDAC4 will therefore require

further clarification. On the other hand, another HDAC4 regulator, GSK3, has been
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demonstrated to regulate T cell development (Wang et al., 2014). As GSK3 can regulate

TCF/B-catenin pathway, together with TCF is often regulated by HDACS, it is likely

HDAC4 would associate with the switch of TCF usage for T cell fate determination
(Johnson et al., 2018).

7.7.3 Future directions regarding HDAC4

(1)

)

3)

(4)

It’s really important to verify the mRNA profile of HDAC4 (and HDACS) in
developing T cells, to reassure the sharp upregulation at DN3a stage is real. Protein

level will be important as well.

Once the HDAC4/5 expression level is clarified, approaches (such as CRISPR-

RNP or shRNA) to modulate expression level will be essential.

RNA-Sequencing will be required to understand the effects from LMK235
treatment and HDAC4 depletion, regarding issue of lineage specification and

transcriptional control.

To prove whether LMK235 uniquely modulates HDAC4 activity in developing T
cells, molecular tests such as in vitro acetylation assay should be applied. If that
can be reassured, then the assays to understand fate determination as per
assessments for ACY 1215 (such as cell counts, kinetics and surface phenotyping)

should be repeated.
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7.8 Clinical epigenetic inhibitors to study T cell development and T-cell leukaemia

Besides the therapy using engineered lymphocytes to treat cancer (Section 6.2.3), using
epigenetic-targeted therapy, often in a form of small molecule inhibitor, is also a focus for
clinical research and personalised medicine (Cheng et al., 2019). While treating cancer with
small molecule inhibitors, one caveat is that other normal tissue might be exposed to the
same effect of inhibition. Therefore, the examination of the effect of epigenetic inhibitor
on normal tissue or cells is important. In developing T cells, errors in differentiation can
lead to T-ALL (Raboso-Gallego et al., 2019). T-ALL is driven by oncogene transcription
(Raboso-Gallego et al., 2019). This aetiology leads to an assumption that cells from
different T-ALL patients have different epigenetic backgrounds, which might guide the
design of personalised epigenetic therapie. Here, I first discuss the link between the key
findings in the thesis to the database of mRNA profile of T-ALL patients (Section 6.7.1).
Second, based on a comprehensive review that summarized epigenetic regulators in T cell
development (Shapiro and Shapiro, 2020), I further discuss the three main branches of
epigenetic inhibitors that will have prospects to be used in the research of T cell

development and T cell leukaemia (Section 6.7.2-6.7.4).

7.8.1 Surface receptors of DN3 cells are highly expressed in T-ALL patients

Our study of T cell development can contribute to the knowledge of T-ALL. By surveying
a database that collected mRNA expression for malignant haematopoiesis, named
BloodSpot (Bagger et al., 2018), I found most of key players in DN3 are upregulated in T-
ALL patients (Figure 7. 6). First, as reported by many researchers, TCF-1 and LEF1 are
oncogene for lymphomas (Yu et al., 2012), and are upregulated in T-ALL patients (Figure
7. 6). Second, Notchl, but not Notch3, is upregulated in T-ALL. Correlated with Bcll1b
upregulation in T-ALL, these findings together show some T-ALL cells display DN3a
phenotype as described previously (Curtis and McCormack, 2010). Interestingly, I also
found CD28, but not other family members like PD-1, is upregulated in T-ALL patients.
Together with CD2 and CD5 that are also upregulated in some T-ALL cells, these findings
suggest some T-ALL cells display a DN3b phenotype. As Lck is also upregulated, I suspect
TCR or pre-TCR are presumably activated for a part of T-ALL patients. However, I can’t
further evaluate whether T-ALL cell of DN3a phenotype is a distinct population from the
one of DN3b phenotype.
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From my results, I found ACY1215 might have potential to inhibit Notchl, CD5 and
possibly Lefl. Therefore the message left for the aspect of therapy is: if a T-ALL patient
has high expression of the three (Notchl, CDS5, Lefl), then a treatment of ACY 1215 might
repress the expression. On the other hand, I noticed the CD28 expression in T-ALL patients
is variable, meaning some of them are higher than the normal level but some of them are
lower. In this case, if a patient has abnormally high expression of CD28, then the treatment
of ACY 1215 might be concerning because ACY 1215 might tend to stabilise CD28, which
might strengthen signalling to support leukemic T cell growth (Ecker et al., 2022; Leddon
et al., 2020).

Figure 7. 6 The mRNA expression of CD28, CD2, CDS5, Lefl of T-ALL patients and
health individuals

The statistics from Bloodspot were reorganised in the violin plots, showing the comparison between

T-ALL patient and healthy individuals. The form of Mean + SEM was used.
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7.8.2 Inhibitors target histone acetylation

Inhibitors of histone deacetylases (HDAC) have shown great promise in mediating clinical
antitumor responses, and are also evolving as a possible means of promoting immunity to
cancer (Hogg et al., 2020). A deeper understanding of the impact of histone deacetylation
on both tumour control and immune regulation is therefore a topic of increasing interest
(Hogg et al., 2020).The HDACS6 selective inhibitor ACY 1215 (Ricolinostat) can synergize
with the BET inhibitor, JQI, to recruit T cell mediated responses to lung adenocarcinoma,
enhance T cell responses to ex vivo melanoma cultures, impair effector CD8 T cell function
during skin inflammation, and alter Treg function (Adeegbe et al., 2017). (Laino et al., 2019;
Tsuji et al., 2015; Xu et al., 2018; Zhang et al., 2021). HDACs 1, , and 3 are required at
multiple stages of T cell development, but a role for HDAC6 in T cell development has not
been identified (Wang et al., 2020). The treatment of ACY 1215 to T-ALL as described in
6.7.1 can be considered for pre-clinical research. Opposite to HDACs, the p300/CBP is a
histone acetyltransferase (HAT). CBP depletion impaired T cell development, but p300
depletion didn’t (Kasper et al., 2006). There are many promising inhibitors for p300/CBP
such as C646 and A-485, which have been demonstrated to influence at least H3K27
acetylation (Lasko et al., 2017). I have tested C646 in developing T cells, but have not
identified a conclusive impact upon details. Further analysis using the newly developed A-
485 inhibitor might yield more conclusive information regarding a role for p300/CBP in

the developing T cell.

7.8.3 Inhibitors target histone methylation

Histone methyltransferase (HMT) inhibitors can be grouped into two categories: (1) to
inhibit the methylation on lysines or arginine in the histone tails, and (2) to inhibit
methylation on the histone cores. Enhancer of zeste homolog 2 (EZH2) controls gene
expression via methylating histone H3 at lysine 27 (H3K27), and is required for DN-DP
progression (Shapiro and Shapiro, 2020). A selective inhibitor of EZH2, UNC1999, is
shown to preclude TCR activation, therefore it can potentially attenuate T cell-driven
autoimmune activity (Dobenecker et al., 2018). This drug has not yet been tested in the
context of T cell development, and it might be even more interesting to explore the effect

of UNC1999 on positive or negative selection.
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7.8.4 Inhibitors target DNA methylation

Most of DNMT enzymes play a role in T cell development (Shapiro and Shapiro, 2020).
Some DNA methyltransferase inhibitors (DNMTis) have been approved by the U.S. FDA
for the treatment of hematological malignancies, such as decitabine (Dacogen, DAC), and
azacytidine (Vidaza, AZA). Decitabine can mediate yo T cell anti-tumour activity and the
immunological synapse formation (Weng et al., 2021). In pediatric T-cell acute
lymphoblastic leukemia (T-ALL), azacytidine was shown to reduce hyper-methylation that
caused by the loss of TET2 in T-ALL patients. These reagents are not yet used in the study
of T cell development or the T-ALL genetics, therefore can be a future direction to

investigate.
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7.9 Targeting Scribble mis-localisation in cancer by small molecule inhibitors?

In the last part of thesis, the findings suggest Scribble localised at the cell cortex can
scaffold a functional complex to maintain proper spindle orientation and to form a nascent
daughter-daughter junction. As Scribble in epithelial cells is expressed beneath the cell
membrane to support cell-cell junctions, the aberrant localisation of Scribble in the
cytoplasm has been observed in many cancer types (see Chapter 1). Scribble is a large
scaffold protein that has many post-translational modifications, and several surface
chemistry can determine subcellular localisation of Scribble. Therefore, targeting Scribble
PTM might influence Scribble localisation, or even rescue Scribble mis-localisation in

cancer.

7.9.1 APT2 inhibitor restores Scribble palmitoylation

Scribble membrane localisation relies on palmitoylation on its N-terminus. There are two
enzymes that modulate palmitoylation of Scribble: zDHHC protein acyl transferases
(PATs), ZDHHC7, adds S-palmitoyl groups on Scribble (Chen et al., 2016); in contrast,
Acyl protein thioesterases (APTs), APT2, remove S-palmitoyl groups from Scribble. The
APT2 inhibitor ML349 rescued the Snail-induced Scribble mis-localisation (Hernandez et
al., 2017). To my knowledge, ML349 has not yet been used in clinical trials. Oncogenic
RAS also requires palmitoylation to be functioning (Chen et al., 2019; Dekker et al., 2010),
and APT inhibition would likely maintain RAS activity. Because Scribble localisation is
impaired by RAS, APT inhibition won’t be appealing to the purpose of rescuing Scribble

mis-localisation if the background is Ras" tumour.

7.9.2 Using the synergistic effect of RAS/RAF inhibitors to rescue Scribble
localisation?

Oncogenic Ras expression in cancer cell is often accompanied with the mis-localisation of
Scribble, while Scribble overexpression to maintain cortical proportion seems able to resist
a part of Ras-induced cytoplasmic translocation. Therefore, the aim of rescuing Scribble
mis-localisation and the aim at targeting Ras activity can likely be seen as a combinatory
task. For a long time, Ras is deemed as an undruggable target, but recently, many prominent
successes have gradually emerged (Moore et al., 2020). However, Ras inhibitors are diverse,
which is selective to different mutant. To my knowledge so far, only G12C inhibitors are

profoundly developed, but seems not available for the G12V inhibitor.
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Scribble has been shown to supress the functions of cancer signalling such as ERK or Raf
(Nagasaka et al., 2010). These cancer signalling proteins are often cytosolic, but not
membrane bound. Therefore, in my opinion, it seems Scribble is translocated to cytoplasm
to play a suppressing role to these cytosolic cancer signalling. Namely, a hypothesis is
Scribble mis-localisation (ie cytoplasmic translocation) is cued by some oncogenic
signalling within the cancer cell itself, so as to be in a position to inhibit its cancer signalling.
No matter what the driving force for Scribble to translocate to cytoplasm is, the
maintenance of Scribble membrane localisation probably could be realised through
blocking the activity of these cancerous proteins. To support this notion, many inhibitors
of Raf have been developed, some even approved by US FDA. The effect of Raf inhibitor
on Scribble localisation is not yet tested, thus my proposition is: by using a cell line such
as Ras transformed MCF10A cell, which might show increased cytoplasmic Scribble, I can
treat the cell with Raf inhibitor to test whether Raf inhibition can rescue Scribble mis-

localisation.
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7.10 Conclusion

7.10.1 T cell development

Through treatment with ACY 1215, I define with higher resolution several stages of -
selection. First, after the DN3a stage is marked by upregulation of the co-receptor, CD28,
I observed a transitional stage marked by low levels of the co-receptor, CD2, that I termed
DN3b"™, DN3b"™ cells are enriched by ACY1215 treatment. An upregulation of CD2
marks passage through the B-selection checkpoint, to a phase I termed DN3b™*', Second, I
show that the transcription factor, Lefl is upregulated in DN3b™™ cells, together with an
increasing expression of the reporter and tuner of TCR signalling, CDS5. Treatment with
ACY1215 disrupts the functional association between pre-TCR signalling, CD5 and
proliferation, enabling cells without TCRJ expression to bypass the -selection checkpoint,

and disrupting T cell development.

7.10.2 Epithelial cell mitosis

In epithelial cell division, a delicate control of daughter cell positioning is mediated through
the compartments of adherent junction, Scribble and E-cadherin. I found Scribble forms is
required to form a SEND (Scribble, E-cadherin, NuMA, Dlg) to position dividing cells,
followed with a SEAD complex (Scribble, E-cadherin, Arp2/3, and Dlg) to scaffold the

nascent junction between daughters.
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Appendix C. LMK235 alters T-lineage commitment

(A) Fetal liver progenitors and DN3b cells are treated with LMK235 or DMSO for 2 days, and
the frequency of lineage+ (Red) and lineage- (Gray) were summarised in the stacked column.
(B) The 4-day FL progenitor (upper) and the 16-day FL cells (bottom) were treated with
LMK235 or DMSO for 2 days. The histograms show the lineage markers of CD11b, NK1-1,
CD45R and Ly6G6C respectively, with LMK235 treatment (blue) and DMSO treatment
(grey). (C) The analysis was extended from the young group of CD11b staining in (B). The
expression of CD44 and CD11b of CD4-CDS8- cells were assessed in the density plot. The
histograms show the intensity of CD11b for the indicated population.
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Appendix D. LMK235 disrupts DN2-to-DN3 transition

(A) Fetal liver cells were treated with LMK235 for 2 days as schematic indicated. Lin"CD4
CDS8" cells are demarcated into DN1 to DN4 subpopulation. The ratio of frequency of each
population between LMK235 and DMSO are summarised in the box plot (n=3). (B) The sorted
DN2 cells were treated with LMK235 or DMSO for 2 days as schematic indicated. The
expression of CD44 and CD25 was assessed and shown in a contour plot. The FSC and SSC
of DN2 cells were examined in the histograms. (C) The DN2 population from (A) were
accessed the expression of CD27 and CD25 (Left). IL7Ra expression of DN1, DN2, DN3 and
DN4 were examined in histogram comparing LMK235 (blue line) and control (grey) (Right).
(D) Morphologic factor FSC and SSC of DN1, DN2 and DN3 from the DMSO and LMK235-

treated cells are compared in the histograms.
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Appendix E. LMK235 elevates y6 vs aff fate determination

The surface expression of TCRyd were compared between LMK235 and DMSO from several
development stage, including fetal liver progenitors at day4 (A), and at day 9 (B) of OP9-
DLI1 coculture. (A) After the conventional DN1-4 are demarcated, CD44++ and CD44+ are
divided, and then the expression of TCRYd is compared between DMSO and LMK235 in
histogram. (B) After the conventional DN1-4 are demarcated. For DN1 population, the cell
is plotted as CD27 versus TCRyo (right-above). The histogram (right-below) plotted by
TCRy6 and CD27 are shown the comparison between DMSO and LMK235.
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