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Abstract

Investigating the mechanism of ARPC5/L driven Lymph
node retention of malignant B cells in Chronic Lymphocytic
Leukemia and Mantle Cell Lymphoma

Mariah Nawwab Abdullah

The immune system is a complex network that can roughly be divided into
innate and adaptive immunity. This system consists of blood cells
(hematopoietic) which are able to sense the presence of pathogenic
particles and cooperate to eliminate these agents. Innate immunity provides
the first-line defense and is essential for infection control. However, it is not
always sufficient to eliminate infectious pathogens. Adaptive immunity has
evolved to provide a second line of defense which increases the protection
mechanism against infectious organisms. It consists predominantly of
subtypes of T- and B- cells. Antigen recognition activates B cells by
triggering a series of events that activate several pathways by initiating
kinase phosphorylation cascades and, eventually, gene expression. More
recently, these pathways are being investigated as a central pathological
mechanism in B cell malignancies. Clinically, a variety of BCR-related
signaling pathways promote malignancy progression in Chronic
Lymphocytic Leukemia (CLL) and Mantle Cell Lymphoma (MCL) by
accumulating those malignant B cells in survival areas for proliferation.

In our lab, a previous phosphoproteomic study has shown that the Arp2/3
complex member ARPC5L showed a selective enrichment over its isoform
ARPCS5 after BCR stimulation. From this finding, we predicted that ARPC5
paralogues may regulate actin organisation after BCR activation. These
isoforms may influence BCR signaling and control the migration/adhesion
of malignant CLL and MCL cells. Characterizing ARPC5/L in MCL cell lines
may indicate their selective role in BCR signaling. Their functionality may
provide evidence of ARPC5/L influencing actin dynamics in BCR signalling.

In MAVER-1 cells, BCR signalling seems to manipulate ARPC5/L
expression and protein distribution. Although ARPC5/L functionality is not
essential for BCR signaling, a noticeable slowness in cell migration
indicates to isoform requirement for malignant cell mobility. These findings
provide a foundation for further exploration of ARPC5/L role in controlling
cytoskeletal events in B cells to give further information on the
pathophysiology of MCL cells.
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Chapter 1.  Main introduction

1.1 B cell development:

The development of hematopoietic cells occurs through a process called
Hematopoiesis in which hematopoietic pluripotent stem cells are
differentiated and committed to a specific lineage [1], and give rise to
different blood cells including B lymphocytes (Figl-1). The maturation from
stem cells to mature B lymphocytes is marked by specific expression of the
genes coding for immunoglobulin heavy chain of the B cell receptor (BCR).
The development process initiates in the bone marrow when hematopoietic
stem cells differentiate into a common lymphoid progenitor which further
differentiates to progenitor (pro-B cells) [2]. Iga (CD79a) and IgB (CD79b),
transmembrane proteins accompanying mature B cell receptors and
required for their signaling, are expressed on the surface of the pro-B cells
[3]. To give diversity of antigen recognition, the genes responsible for the
antigen-recognition site of the BCR are rearranged. This process is
catalysed by recombination-activating genes (RAG1 and RAG2), which
then generates the rupture of double chains of DNA in specific recognition
sites between the gene segments coding for variable (V), diversity (D), and
joining (J) regions of the heavy chain (IgH). This process continues until a
mature protein can be expressed, at which stage pro-B cells differentiate to
late pro-B cells [4]. Differentiation to the pre-B cell stage is coupled with
expression of a surrogate light chain that enables expression of the BCR on
the cell surface, and V/J gene rearrangement of the Ig light chain, and

ultimate formation of the intact BCR (Fig 2). At this stage constitutive
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signaling throught the BCR encourages proliferation and pre-B cells
significantly increase their number [5]. Of note, the double DNA breaks of
the IgH and IgL diversity genes occurs randomly in order to enable the BCR
repertoire to be highly diverse and recognise a variety of foreign antigens.
This means BCR on each mature B cell recognises only one specific epitope

sequence within the antigen [6].

With the expression of intact BCR on pre-B cell membranes, the cells then
differentiate to immature B cells (Figl-2) [5]. At the immature B cell stage,
expressed BCR is tested for autoreactivity, and those cells found self-
reactive are processed via three main mechanisms: receptor edition,
apoptosis, and anergy. The strength of autoantigen-BCR interaction
determines which mechanism is utilized. BCR which expresses high affinity
to surrounding self-antigens in the bone marrow are subjected to receptor
editing in which the IgL chain undergoes another round of rearrangement
[7]. If immature B cells fail to achieve receptor editing, they go through clonal
deletion (Apoptosis) [7, 8]. Weak interaction (low affinity) to autoantigens
results in receptor anergy, a state in which the BCR fails to signal efficiently
[9]. Anergic B-cells together with the clones of B cells that lack interaction
with autoantigens (naive B cells) migrate to the periphery and become so-

called differentiated transitional B cells [10].

Transitional B cells express BCR in the form of surface IgM and IgD [11],
and give rise to different mature naive B cell subsets: marginal zone B cells,

conventional B cells (B2) or, B1 B cells which differ in their location, cell
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surface phenotype, and antigen specificity [12]. Anergic B cells die in the
periphery because of the lack of appropriate survival signals [13]. On the
other hand, naive B cells migrate to secondary lymphoid organs where they

look for foreign antigen to bind.

If an antigen is recognised, mature activated cells differentiate into plasma
cells or memory cells. During this differentiation in germinal centers of lymph
node, cells are subjected to both Somatic Hypermutation (SHM) and class
switch recombination (CSR) processes. In SHM, B cells experience
mutation in both the heavy and light immunoglobulin variable region genes
to increase receptor affinity to foreign antigen. The CSR process produces
secretable antibody isoforms by removing a specific gene segment/s from
the heavy chain immunoglobulin that can then optimally act to opsonise
foreign antigens and/or make them for destruction by phagocytes [14, 15].
If B cells fail to find cognate antigen within approximately ~5-6 weeks, they
die from neglect [16]. Defects in BCR formation and/or their signaling restrict
normal B cell maturation which clearly emphasises the role of BCR

components and their signaling in B cell development.
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Bone marrow Spleen
WV-DJ recombinaticn Pre-BCR BCR BCR
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Figure 1-1: B cell development. Human B cells arise in primary lymphoid tissue
(Bone marrow) and further develop in secondary lymphoid tissue (e.g. Human
lymph nodes and spleen). The development starts when stem cell differentiates to
lymphoid progenitor and ends when mature B cell is formed. Through the steps of
development, the transmembrane Iga (CD79a) and IgB (CD79b) and BCR
maturation occur. Pro: Progenitor, Pre: precursor, BCR: B cell receptor. Adapted
from [17].

Llight chain

/pre
g surrogate light
chain

Ig Heavy chain Ig Heavy chain Ig Heavy chain

Figure 1-2: Pre-BCR and BCR structure. The Pre-BCR and BCR are disulfide-
linked tetramers composed of two identical heavy and two identical light chains. In
Pre-BCR, the IgH p is formed followed by the formation of a surrogate light chain
consisting of the non-covalently associated polypeptides VpreB and lambda5. The
BCR in mature B cells comprises Ig heavy and Ig light chains (either VpreB or
lambdab). S-S: disulfide bonds, 1g: Imunoglubuline, Pre: Precourser, BCR: B cell
receptor. Adapted from [18]
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1.2 BCR signaling in B cells:

BCR signaling plays an essential role in determining the fate of B cells. The
complexity of the signal permits many distinct outcomes, including survival,
tolerance, apoptosis, proliferation, and differentiation into either antibody-
producing cells or memory B cells. The outcome of the response is
determined by the maturation state of the cell, the nature of the antigen, the
magnitude and duration of BCR signaling, and signals from other receptors

such as CD40 [19].

The signalling components in mature B cells contribute to the
phosphorylation of kinases in a cascade pattern, leading to BCR activation
and final signalling results. Since the BCR consists of the two heavy and
light chain immunoglobulins that do not have signaling sequences, they are
accompanied by two transmembrane proteins Iga\lgB (CD79A\CD79B)
which transduce signals from surface BCR to inside the cells via
immunoreceptor tyrosine activation motifs (ITAM) within their cytoplasmic

tails (Fig1-3).

BCR engagement initiates three major signaling pathways: the
phosphoinositide 3-kinase (PI3K) pathway, the phospholipase C-y (PLCy2)
pathway, which causes calcium mobilization, and the Ras pathway which
leads to extracellular signal-regulated kinase (ERK) activation [20]. Upon
BCR ligation with antigens, BCR are aggregated into lipid microdomains to
form microcluster shapes where the two tyrosine residues within the ITAM

motif are phosphorylated [21]. ITAM phosphorylation is enabled by Lyn (
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which gets activated by CD45 [22] ) and Fyn, which reside within the lipid
rafts [23, 24]. This binding process promotes the recruitment and
phosphorylation of proteins such as spleen tyrosine kinase (Syk). Syk is
predominantly responsible for BCR signaling propagation [25], and
signalosome formation. Lyn also phosphorylates the co-receptors
CD19/CD21 [26]. What follows is the recruitment of PI3Kdelta (PI3Kd),
which gets activated by CD19, and generates phosphatidylinositol 3,4,5
trisphosphate (PIP3) from phosphatidylinositol 4,5 bisphosphate (PIP2) [27,
28]. This allows formation of the signalosome consisting of scaffolding
proteins, including B-cell linker protein (BLNK), and pleckstrin homology
domain-containing proteins such as Bruton’s tyrosine kinase (BTK) an
PLCy2 [29]. Recruited scaffolding proteins are, in turn, phosphorylated by

the proximal kinases Lyn and Syk [30].

BTK becomes activated by association with the plasma membrane and
BLNK, and phosphorylates PLCy2, a step necessary for the latter’s lipase
activity [31]. Fully activated PLCy2 hydrolyses PIP2 to generate the second
messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3
in turn binds to the IP3 receptor located on the endoplasmic reticulum and
results in calcium release from internal stores [32]. Together, released
calcium and DAG cause protein kinase C (PKC) isoform activation,

essential for NF-kB pathway activation [33].

DAG also stimulates PKC to phosphorylate RasGRP3, a Ras guanine

nucleotide exchange factor (RasGEF) [34]. RasGRP3 in combination with
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Grb2-Sos, activated by BLNK, activates Ras [35, 36], which eventually

stimulates the Raf/MEK/ERK signaling cascade [37].

Erk1/2 phosphorylation plays an important role in cell proliferation and the
prevention of apoptosis through the regulation of several transcription
factors [38, 39]. PIP3 generated by activated PI3Kd recruits and activates
AKT [40], crucial for cell growth and proliferation through the mTOR protein
complex [41]. Ultimately transcription factors get activated to connect BCR

signaling to gene transcription [42].

BCR engagement with antigen also results in actin cytoskeleton
reorganization to induce immunological synapse (IS) formation and arrest
of cell movement through VAV2. VAV2 stimulates formation of active Rho
family GTPases (GTP-RAC and GTP-CDC42) to induce cytoskeleton
rearrangement (see sectionl.7) [43, 44]. This has the effect of initiating
BCR internalisation. Following receptor ligation, a small population of BCR
are inductively phosphorylated and selectively retained at the cell surface
where they serve as a foundation for the assembly of signaling molecules
and contribute to endocytosis of a larger population of non-phosphorylated
receptors [45, 46]. The endocytosis of this large population of BCR is
required to present antigen peptides to T cells [47]. Since B cells are
considered antigen-presenting cells, they internalise ligand-BCR complexes
via clathrin-coated pits and present the ligand on their surface in conjunction
with MHC class Il proteins [48]. Of note, the ligand-BCR internalization is

sensitive to inhibition of the Arp2/3 complex, indicating the necessity of this
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complex for this process [49]. Internalisation of BCR is followed by its
trafficking to lysosomes, degradation of the associated ligand to peptides,
and loading of these peptides on to major histocompatibility complex class
II (MHC II) proteins which are then expressed on the cell surface ready for
interaction with T cells [49]. Presentation of peptides to cognate CD4* T
helper cells allows the recruitment of these helper cells to facilitate complete
B cell activation through the interaction of CD40 on B cell surface and

CD40L on T cells surface [50, 51].
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Figure 1-3: B cell receptor pathway. The BCR is composed of an
immunoglobulin M molecule linked to an Iga/lgB heterodimer. BCR signaling is
triggered upon antigen engagement, and signal initiation occurs when the tyrosine
residues in the cytoplasmic ITAM portion of Iga/lgp are phosphorylated by kinases
Lyn. This event results in the formation of a signalosome, composed of kinases
and adaptor proteins, such as Syk, Btk, BLNK, Grb2, and Sos. Downstream signal
propagation advances through activation of various pathways: Specifically, Syk
phosphorylates the adaptor protein BLNK which allows BLNK to assemble Btk,
PLCy2, and Grb2. When these molecules are recruited, Syk can phosphorylate Btk
to activate PLCy2. Following its activation PLCy2 generates IP3, which induces
calcium influx from the intracellular stores in the ER. DAG in combination with
released calcium activates PKC and Ras and eventually MEK/ERK. In addition,
phosphorylation of the CD19 co-receptor by Lyn causes PI3Kd activation which
phosphorylates PIP2 to generate PIP3 to activate AKT. Syk also phosphorylates
VAV?2 to stimulate the bond change within Rho family GTPases (RAC and CDC42)
and induce cytoskeleton rearrangement. Ag: Antigen, BCR: B cell receptor, ER:
Endoplasmic reticulum, ITAM: Immunoreceptor tyrosine-based activation motif.
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1.3 Actin cytoskeleton reorganisation:

The cytoskeleton refers to a system of filaments in eukaryotic cells which
exists to serve a variety of functions including the ability to change cell
shape and facilitate cell movement. The cytoskeleton is broadly divided into
three main filaments: Actin filaments, Microtubules, and intermediate
filaments. The Actin filaments are composed of a network of actin filaments
(F actin) that are polymerised from actin monomers, or globular actin (G

actin) [52].

Actin filaments have two ends, a barbed end, and a pointed end. The
polymerisation process develops when G-actin monomers added on to the
barbed ends of existing F-actin. These monomers are all added to the
filament in the same orientation. G-actin monomers are also added in the
other direction (to the pointed ends of F-actin) but the rate of growth is
slower and is not stable, which allows the overall growth of actin filaments
towards the barbed end [53]. The difference in actin filament growth rate in
both directions mainly relies on ATP-actin and ADP-actin activity. ADP-actin
is associated with pointed ends of F-actin, and more readily dissociates from
this end of the actin filament compared to ATP-actin that is associated with
barbed ends. The balance between ADP-actin and ATP-actin is important
because it also governs, respectively, net loss of actin monomers from the

pointed end and net addition of monomers at the barbed end [54].
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1.4 Actin polymerisation factors:

Actin filament polymerisation and depolymerisation are controlled by many
accessory proteins termed Actin Binding Proteins (ABPs) which regulate the
growth of actin filaments in space and time. These ABPs are classified into
a number of families according to their primary functions such as filament
nucleation proteins, severing, capping, and crosslinking proteins [55].
Formins are a class of actin nucleators that mediate the formation of the
linear actin bundle. Formins are activated by Rho family GTPases to derive
actin polymerisation at the barbed end [56]. In B cells, when the antigen
receptor is activated, uptake of the antigen needs the activity of formins that
are present near receptor foci that then produce the linear filaments required
for internalisation [49]. Another actin nucleator is the Arp2/3 complex, which

will be described in detail later in this chapter.

A variety of stimuli lead to reorganisation of actin filaments, and this includes
BCR stimulation [57]. This remodelling of actin provides a force that is

needed for proper B cell activation [58].

1.5 Actin cytoskeleton controls BCR signaling:

The actin cytoskeleton plays a role in regulating BCR signaling and B cell
activation. Evidence has shown that perturbation of the actin cytoskeleton
by cytochalasin D (an inhibitor of actin polymerisation), induces a rapid and
sustained elevation of intracellular calcium flux [59]. Moreover, follow up
studies report that disruption of the actin cytoskeleton after BCR stimulation

leads to prolonged activation of the MAP kinase pathway, elevates
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sustained Ca?* signaling, and enhances activation of the transcription

factors NF-kB and NFAT [60].

Prior to antigen engagement of the BCR, actin filaments contribute to the
prevention of spontaneous stimulation. Association of the BCR with cortical
actin maintains its steady state in resting B cells. This cortical actin network
consists of branched actin filaments that are held together by ABPs and
tethered to the plasma membrane through the interaction with ezrin /radixin/
moesin [ERM] proteins [61]. ERM proteins bind this network to lipid rafts
located within the plasma membrane [62]. A role of ezrin in this regard is to
establish a barrier to BCR diffusion, particularly within actin-rich areas of the
cell membrane because BCR located in actin-rich regions is observed to
exhibit slower diffusion than those located actin-poor regions of B cell
membranes [63]. Any signaling in this environment by BCR is likely to be

tonic in nature, and not lead to activation of the cell.

Disruption of the ezrin-defined actin network, by antigen engagement of the
BCR, removes constraints to BCR diffusion and leads to initiation of
intracellular signaling, possibly as a result of microcluster formations of
multiple BCRs [64] [63, 65]. Under these conditions, ezrin undergoes
transient dephosphorylation associated with rapid actin depolymerisation
and detachment of cortical actin networks from the plasma membrane [66].
This disassembly frees BCR from the barriers, permitting them to collide
and interact with each other and form microclusters [64] that ultimately

amplify BCR signaling [67]. Disassembly of cortical actin networks is
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followed by actin reassembly [68] at the outer edge of the membrane
allowing the B cell to increase the contact zone with antigen. This expansion
of the B cell contact surface also enables an increase in the number of
antigen-engaged BCR [69], which eventually leads to contraction of the cell.
In this latter process, BCR microclusters coalesce with each other, resulting
in the formation of a central cluster to bring BCR-antigen complexes

inwards and facilitate antigen internalisation [48, 70] (Fig 1-4).

Thus, the transition in the function of actin remodelling from controlling BCR
diffusion, to driving B-cell spreading and contraction, and finally facilitating
BCR microcluster formation ultimately leads to initiation of BCR downstream

signaling.
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Figure 1-4: Actin cytoskeleton role in preventing spontaneous BCR
stimulation and facilitating their antigen-based stimulation. A- ERM proteins
hold the cortical actin to the plasma membrane to reduce the BCR diffusion and
prevent their clustering. B- upon antigen ligation, ERM deactivated associated with
cortical actin depolymerisation and detachment from the plasma membrane
allowing BCR interaction, clustering, and B cell spreading to gather more antigen.
De novo actin repolymerised after BCR clustering to reduce the B cell
size(contraction) facilitating BCR-antigen internalisation. BCR: B cell receptor,
ERM: ezrin /radixin/ moesin. Adapted from [71, 72].
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1.6 Arp2/3 complex identification and characterisation:

The Arp2/3 complex is a ubiquitous and key component of the actin
cytoskeleton in cells. The Arp2/3 complex is a 220 kD seven-protein
complex. It contains two actin-related proteins, five other protein subunits,
and is an important regulator of cellular motility by giving rise to actin
polymerisation of new filaments [73]. The complex was first discovered in
the protozoon Acanthamoeba, followed by a finding that determined the
predicted amino acid sequence of all seven subunits referred to as Arp2,
Arp3, p41-Arc, p34-Arc, p21-Arc, p20-Arc, and p16-Arc (ARPC1-5). Each of
these subunits has homology in diverse eukaryotes, implying that the
structure and function of the complex has been conserved through evolution

[74] (Fig 1-5).

Two types of actin nucleation factors are functioning to generate new actin
filaments in cells, formins and the Arp2/3 complex. Both nucleation factors
cooperate to form the cortical cytoskeleton at the plasma membrane of a
cell [75]. Formins nucleate actin filament directly from actin monomers and
produce unbranched filaments. However, Arp2/3 nucleates new actin
filaments from the sides of pre-existing filaments (mother filament) at a 70°
angle (called the Y-branching nucleator) and produce branched network
and lamellipodial cell protrusions. The pointed end of the new branch is
capped by the Arp2/3 complex, and growth of the actin filament will be from

its barbed end [76].
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Figure 1-5: Cryo-electron microscopy (CryoEM) structure of human Arp2/3
complex with bound NPFs. Arp2/3 complex contains two actin-related proteins
and five other protein subunits. Arp2, Arp3, and (ARPC1-5). Taken from Protein
data bank with accession number 6UHC.
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1.7 BCR signalling induces Arp2/3 complex activation:

The Arp2/3 complex is considered the essential molecular machine for
nucleating actin filament assembly. It is a central player in regulating both
the initiation of actin polymerisation and promoting the formation of
branched F-actin filaments. The complex is activated by conformational
change within the Arp2 and Arp3 subunits [77]. These changes stimulate
weak spontaneous filament nucleation activity, but in order for efficient actin

assembly in the cell to occur other factors are needed.

VAV2, a guanine exchange factor, is phosphorylated by Syk when it is
located at the plasma membrane [78]. VAV2 stimulates exchange of GDP
to GTP within Rho family GTPases (Rac and CDC42) [79]. These small
GTPases bind nucleation-promoting factors (NPFs) via Rac binding
domains, and facilitate phosphorylation of these factors by Lyn and Btk [80],
possibly by recruiting NPFs to the plasma membrane [80] where Lyn and

Btk are present.

Type | NPFs (WASp, N-WASp, WAVE, WASH, WHAMM, and JMY), when
phosphorylated, bind directly to the Arp2/3 complex to induce
conformational change that facilitates efficient actin assembly [77, 81],
which eventually enhances IS formation [82, 83]. These proteins bring
individual actin molecules together with the Arp2/3 complex via a conserved
carboxy-terminal Verprolin and Cofilin, Acidic (VCA) domain [84]. The
juxtaposition of the Arp2/3 complex with monomeric actin stimulates

dissociation of the NPF, and this allows elongation of the actin filament.
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Induction of actin polymerisation by BCR signaling is mainly achieved by
WASp family and WAVE proteins [85]. WASp and its paralogue N-WASp
are expressed in blood cells. WASp and N-WASp exhibit ~50% homology
but have distinct functions. WASp deficiency causes Wiskott-Aldrich
syndrome, an immune deficiency condition resulting from B cells that are
unable to perform their normal function. This indicates that despite the
structural and functional homology that exists between WASp and N-WASp,
the latter is not able to perform all the functions performed by WASp [86].
Both NPFs are important for B cells where they act to connect BCR signaling

to the actin cytoskeleton.

Actin polymerisation in response to BCR activation is facilitated by WASp
through phosphorylation by Btk. This occurs at the plasma membrane in
conjunction with Vav, and is dependent on the presence of PIP2 [80]. The
critical role of Btk is demonstrated by experiments where B cells are treated
with a Btk inhibitor to inhibit the rate of BCR internalisation, BCR trafficking
to the late endosome, and efficiency of BCR-mediated antigen presentation

[87].

WASp and N-WASp exist in autoinhibited forms. The two regions, GTPase
binding domain (GBD) and VCA interact with each other to keep the inactive
auto-inhibitory conformation [88]. When BCR engages with antigen, the
interaction of CDC42 with WASp occurs through the GTPase binding
domain (GBD) that leads to a conformational change of WASp. PIP2

cooperates with CDC42 and facilities WASp and N-WASp activation,
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possibly by enhancing their recruitment to the plasma membrane [89].
When WASp and N-WASp reach the cell membrane, they become
phosphorylated by Lyn and Btk on tyrosine residues [80]. However, further
investigation is needed to fully clarify the mechanism of WASp and N-WASp
activation. WAVE is comprised of five subunits in B cells. This complex
undergoes changes from an inactive to active state when BCR is engaged.
GTP-Rac generated from such engagement binds to WAVE to permit it's
access to the Arp2/3 complex and catalyze actin polymerisation. The WAVE
complex contributes to the formation of membrane protrusions during B cell

mobility [90].

In contrast to type | NPFs, type Il NPFs. such as cortactin and HS1, are
weaker activators of the Arp2/3 complex. This is because these proteins fail
to promote conformational change in the Arp2/3 complex [77].
Nevertheless, cortactin does promote the association of the Arp2/3 complex
with F-actin, and this results in partial activation of the complex [91].
Cortactin binds to the Arp2/3 complex via a motif located near to its N
terminus, and to actin filaments via a region of central repeat domains that
help target Arp2/3 complexes to branch points [92]. Cortactin binds to
filamentous actin instead of actin monomers, and, in contrast to WASp and
NWASp, creates de novo branches within filaments [77, 93]. Importantly,
Cortactin and N-WASp are able to bind simultaneously to the Arp2/3
complex where N-WASp is released after nucleating an actin filament and
cortactin remains associated with the complex at the branch point [94], to
stabilise and protect the filament from disassembly from coronin 1B
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associated actin disassembly [95, 96]. Interestingly, the ability of cortactin
to stabilise actin filaments is dependent on the presence / absence of
particular paralogues (namely ARPC5, ARPC5L, ARPC1A and ARPC1B)
within the Arp2/3 complex (see section 1.12) [97]. In B cells, the activation
of the Arp2/3 complex occurs through interaction with nucleation-promoting
factors such as WASP, N-WASP, and cortactin, all of which can bind the

complex directly [98-100].

In addition to WASp and cortactin, another important actin remodeling
regulator in B cells is Haematopoietic lineage cell-specific protein 1 (HS1).
HS1 is a paralogue of cortactin, and functions as an actin-binding protein
[101, 102]. HS1 is exclusively expressed in hematopoietic cells and, like
cortactin, it promotes actin polymerisation. It is a Lyn kinase substrate that,
when overexpressed and highly phosphorylated in CLL cells, is associated
with poor prognosis [103]. HS1 can also bind the Arp2/3 complex in a similar
way as cortactin, but may not have the same capability to facilitate the
formation of branched actin filaments due to weaker actin binding affinity
[104]. Both WASp and HS1 are known to interact with actin filaments and
stimulate their assembly, pointing at a potential relationship between BCR

signaling and actin cytoskeleton dynamic.

HS1 is connected to B cell signaling via a C-terminal Src homology 3 (SH3)
domain [105]. As mentioned previously (in section 1.6), in B cells and after
BCR crosslinking, HS1 phosphorylation by Lyn promotes Arp2/3 complex-

mediated actin polymerisation. Unlike cortactin, HS1 does not require the
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central repeat domains that mediate F-actin binding. When these domains
are deleted in HS1, this protein maintains a significant F-actin binding
activity but fails to bind the Arp2/3 complex. On the other hand, the deletion
of the coiled-coil region of HS1 abolishes F-actin binding ability and
significantly reduces the ability to activate the Arp2/3 complex for actin
nucleation and actin branching. These observations indicate that both
repeat domains and the coiled-coil region act synergistically in the
modulation of the Arp2/3 complex-mediated actin polymerization [106]

(Fig1-6).

Thus, type | NPFs function as primary activators of the Arp2/3 complex
through their ability to recruit G-actin to the proximity of the Arp2/3 complex.
In constrast, the more crucial role of class Il NPFs is to stabilise nascent
filamentous actin (F-actin), and subsequently both types of NPFs contribute
actively in the organisation of the actin networks that are generated by the

now active Arp2/3 complex.
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Figure 1-6: Arp2/3 complex activation by type | NPFs and type Il NPFs.
Multiple domains exist in type | NPFs and type Il NPFs. A) Type | NPFs including
WASp exist in an autoinhibited form by the interaction of GBD domine with VCA
domine. During the B cell activation process, PIP2 binds to B rejoin and/or WH1
and CDC42 binds to the GBD domain causing the requirement of WASp to the cell
membrane and its activation. of the WASp. B) In the activated WASp, the V domine
binds to actin monomers, and C, A rejoins bind to the Arp2/3 complex leading to
their activation. C) Type Il NPFs (Cortactin) activated by Src kinases binds to
filamentous actin by actin-binding repeats and Arp2/3 complex through the N
terminus acidic domain. NPF: Nucleation-promoting factors, GBD: GTPase-
binding domain, V: Verpolin, C: Central, A Acidic. Adapted from [107, 108].
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1.8 Arp2/3 complex function in BCR singling:

In human B cell lines, during stimulation and after initial cell spreading, F-
actin in immunological synapses forms a highly dynamic pattern composed
of actin foci interspersed with linear filaments. The foci are generated by
Arp2/3-produced branched-actin filaments and stochastically associated
with antigen clusters to mediate antigen-BCR internalisation. Moreover, for
B cell signaling propagation, BCR microcluster centralisation is essential
and a study has shown that using the Arp2/3 complex activity inhibitor CK-
666, the centralisation of BCR micro clusters is abolished pointing at the
requirement of Arp2/3 complex for centralisation of BCR-Ag microclusters.
Interestingly, B cells treated with the Arp2/3 complex inhibitor, CK-689
exhibited significantly lower phospho-CD79 levels suggesting that the
Arp2/3 complex also contributes to amplifying proximal BCR signaling [82].
Inhibition of Arp2/3 complex activity impaired the ability of primary B cells to
increase their cell surface levels of CD69 after BCR stimulation [82],
indicating the role of the Arp2/3 complex in modulating the activation state

of B cell.

Thus, these findings emphasize the indispensable role of Arp2/3 complex-
dependent actin remodeling in B cell responses including initiation and

amplification of BCR signaling.

1.9 Arp2/3 complex subunits:

As mentioned previously, Arp2/3 is a seven-protein complex. The protein

subunits contribute differentially within the Arp2/3 complex leading to the
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maintenance of Arp2/3 structural integrity and actin nucleation activity.
Within the complex, Arp2 and Arp3 are critical for actin assembly since they
bind to ATP for actin nucleation [109] and mimic the actin monomers to
initiate actin filament formation [84]. WASp stabilises ARPC2/p34-
dependent closure of the complex, keeping Arp2 and Arp3 close to each
other which results in a conformational change within the complex for its
activation [110]. Depletion of ARPC2/p34 leads to loss of all Arp2/3 complex

subunits [97]. ARPC2/p34 and ARPC4/p20 subunits interact tightly with

each other making substantial contact with the mother filament. They are
necessary for the assembly of the complex since they hold the structural
integrity of the complex while the remaining subunits are located more
peripherally within the complex [111, 112]. Interestingly, when the BCR
engages with antigen, ARPC2 is localised to the IS and is essential for the
production of actin foci in these synapses [49]. ARPC3/p21 forms a bridge
between the mother filament and Arp3 [113] and increases the efficiency of
the filament nucleation. ARPC3/p21 and ARPC1/p41 coupled Arp3 and
Arp2 respectively, likely represent the two VCA-binding sites on the Arp2/3
complex [101]. Moreover, ARPC1/p41 has another paralogue ARPC1B and
actin assembly and disassembly are greatly affected by the composition of
the complex with either paralogue [97]. For example, Arp2/3 complexes
containing ARPC1B are better at promoting actin assembly than complexes
with ARPC1. ARPCI1B is also required for T cell activity. One study has
shown that cytotoxic T lymphocyte function is impaired by the depletion of

ARPC1B in terms of cell migration and actin reorganisation across the
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immune synapse. Moreover, the presence of ARPCI1B is crucial for T cell
receptors (TCR) at the cell surface where they are required for signaling and

proliferation upon engagement [114].

In the complex, ARPC5/p16 has shown interaction with Arp2, ARPC4, and
ARPCL1. Depletion of ARPC5 leaves only traces of ARPC1 in Arp2/3
complex, emphasising the importance of ARPC5 for either ARPC1
association/ expression within the Arp2/3 complex, or for maintaining its
stability within this complex [115]. While ARPC1 and ARPC5 are
dispensable for branch formation by the Arp2/3 complex, they are important
for filament nucleation since it has been reported that the Arp2/3 complex
with the ARPC1 and ARPC5 deletion shows 85-fold less Arp2/3 nucleation
activity than the intact complex. This evidence indicates the requirement for
ARPC1 and ARPC5 by the Arp2/3 complex for actin nucleation activity

[115].

Taken together, these findings suggest that individual Arp2/3 complex
subunits perform separable functions in actin filament formation and

organisation and may be differentially regulated in cells.

1.10 ARPCS5 paralogue:

The molecular mechanism underlying the roles of Arp2/3 complex subunits
regulating the function of the complex is incomplete. For the purpose of this

thesis, | will focus on the roles of ARPC5 and its paralogue ARPC5L.
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ARPC5 and ARPCSL can be incorporated into the Arp2/3 complex, in a
either/or configuration. These proteins are encoded by different genes that
share a ~ 67% sequence identity [116]. In terms of tissue distribution, the
two paralogues show differences. ARPC5 was found to be highly enriched
in the spleen and thymus, while ARPC5L shows a ubiquitous expression
with more abundance in the brain [116]. Within cells, both paralogues have
been found in lamellipodia and cytosolic puncta in conjunction with the
Arp2/3 complex [74]. The sequence differences between the two
paralogues are spread throughout their length, and many are surface-
exposed [112]. This raises the hypothesis that these differences between
ARPC5 and ARPCS5L function to alter the properties of the Arp2/3

complexes these paralogues find themselves within (Tablel.1).

As indicated above, actin nucleation by the Arp2/3 complex differs
depending on which ARPC5 paralogue is present. In 2017, a study has
shown that these paralogue diversities determine the actin filament
dynamics within cells [97]. Cells depleted with either paralogue and infected
with vaccinia virus show different actin properties. When ARPCS5 is missing
in cells the movement of vaccinia virus is faster than it is in cells missing
ARPC5L. Furthermore, Arp2/3 complexes containing ARPC5L are more
efficient at stimulating actin polymerisation when activated by the VCA
domain of N-WASp compared to complexes containing ARPCS5.
Interestingly, actin branches assembled by Arp2/3 complexes containing
ARPC5 are more susceptible to coronin mediated disassembly than those
complexes induced by ARPCS5L, and this function relies on cortactin since
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cortactin preferentially stabilies ARPC5L containing complexes in actin

filaments to protects them from coronin-mediated disassembly [97].

These findings suggest that the Arp2/3 complex in higher eukaryotes is a
family of complexes with different properties. Understanding how ARPC5
paralogues affect Arp2/3 complex behaviour in BCR signaling and ultimately

regulate B cell function is still unclear.

ARPC5

ARPCS5L

Genetic locus

1925

9033

Protein length

151 amino acids

153 amino acids

Localisation Lamellipodia Lamellipodia
Tissue distribution Spleen, thymus Brain
Molecular weight 16kDa 17kDa

Table 1-1: Characterisation of ARPCS5 paralogues. Upon their discovery,
ARPCS5 paralogues were characterised structurally and in terms of tissue

distribution.
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1.11 CLL and MCL pathophysioloqy:

CLL and MCL are classically considered indolent and aggressive
neoplasms, respectively. They are mainly identified by the uncontrollable
accumulation and proliferation of mature B cells that may involve the bone
marrow, blood, lymphoid tissues, and extranodal sites. The clinical evolution
of both malignancies is very heterogeneous, with subsets of patients having
stable disease for long periods, while others require immediate intervention.
These two tumors differ in their genomic alterations, molecular pathways,
and clinical behavior. However, the pathogenesis of the two entities
integrates the relevant influence of BCR signaling, tumor cell
microenvironment interactions, and some genomic alterations that
configure the evolution of the tumors and offer new possibilities for

therapeutic intervention [117].

The malignant cells of CLL are likely derived from normal CD5* B cells.
[118]. This is supported by a recent study comparing gene expression in
CLL cells with that in normal CD5* B cells where they found high similarity
between the two [119]. Additionally, all CLL is derived from monoclonal B
lymphocytosis, a pre-cursor condition where clonal expansion of CD5* B
cells is observed. In contrast, the cell of origin in MCL is different, arising
from follicular mantle B cells which are able to express CD5 on their cell
surface. A defining feature of MCL cells is presence of the t(11;14) (q13;
g32) chromosomal translocation which leads to overexpression of cyclin

D1 and unregulated proliferation of the malignant cells [118].
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Importantly, BCR is an important driver of malignant cell survival and
proliferation in both CLL and MCL. With respect to CLL, analysis of IgHV
gene sequences lead to the discovery of common BCR structures between
patients, and that changes in the level of mutation (defined as mutated when
greater than 2% from germline sequence, and unmutated when less than
2% from germline sequence) configured reactivity of the expressed BCR.
CLL cells with unmutated IGHV were more polyreactive than CLL cells with
mutated IGHV. Unmutated CLL is associated with progressive disease and
B cells that have not undergone the germinal centre reaction. On the other
hand, cases of mutated CLL bear mutation of IgHV genes that have been
subjected to SHM as part of the germinal centre reaction. Patients with
mutated CLL generally have disease with behaves in an indolent fashion
[120]. This distinction of GC naive versus experienced cells is supported by
studies showing that unmutated CLL is derived from CD5* CD27- B cells
while mutated CLL is derived from CD5* CD27* B cells [119]. CD27

expression is upregulated on memory, or GC-experienced, B cells.

With respect to MCL cells, approximately 15%—40% of patients with MCL
have malignant B cells that carry IGHV hypermutations, and, similar to CLL,
there is a strong bias in the repertoire of IGHV gene usage. Furthermore, in
10% of MCL cases stereotyped complementarity-determining region 3 (VH
CDR3) sequences have been recognized. Together, this data suggests that
BCR is also a driver of disease pathogenesis in, at least, a subgroup of MCL

patients.
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1.11.1 MCL and CLL chromosomal and genetic abnormality:

MCL is characterized by developing pathognomonic chromosomal
translocation, such as t (11;14) (g13; q32), which causes a fusion of the
cyclin D1 gene on chromosome 11 to the immunoglobulin heavy chain
promoter on chromosome 14. This fusion is a diagnostic hallmark of the
disease, as abnormal cyclin D1 expression plays a major role in
dysregulating the G1/S phase transition of the cell cycle, and therefore
increases cell proliferation. The disease can be stable and asymptomatic
for long periods, but some tumors may acquire additional genetic alterations
which facilitate progression of the disease to more aggressive behaviour
with a poor prognosis [121]. TP53 is often mutated in MCL, and as a tumor
suppressor gene that pauses cell cycle progression and induces apoptosis
depending on levels of genomic and cellular stress, its dysfunction can lead

to greater genetic instability. [122].

A subset of MCL does not carry the t(11;14) translocation despite having
similar pathological and clinical characteristics [123]. These cases
overexpress the transcription factor SOX11 [124], and/or a combination of
SOX11 mutation and cyclin D1 overexpression [125]. SOX11 acts as an
oncogene in MCL promoting malignant cell growth and regulating broad
transcriptional programs that induce cell proliferation. One direct target of
SOX11 is the Paired box transcription factor PAX5, a regulator for B cell
differentiation whose downregulation is required for plasma cell

development [126]. PAX5 regulates expression of BLIMP1, which is a
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master regulator of B cell differentiation to plasma cells [127, 128]. SOX11
upregulates expression of PAX5 which then suppresses expression of
BLIMP1, and this maintains the differentiation status of MCL cells. This
shows that SOX11 actively contributes in MCL pathogenesis and can serve
as a specific biomarker for the diagnosis of MCL irrespective of the cyclin

D1 presence.

In CLL, by applying classical cytogenetic techniques, it is revealed that
clonal chromosome abnormalities have been identified in more than 80% of
the cases. Four main chromosomal abnormalities are usually observed in
CLL cytogenetic analysis, trisomy of chromosome 12 and deletions of
chromosomal regions 11q, 17p, and 13qg which usually affect the
progression and future prognosis of the disease [129]. The most frequent
chromosomal abnormality observed in CLL is deletion of 13q14 resulting in
loss of expression of DLEU7 and miR15/16a. DLEUY is a master inhibitor
for the NF-kB pathway [130], and functions by physically interacting and
inhibiting B-cell maturation antigen (BCMA) and transmembrane activator
and calcium-modulator and cyclophilin ligand (TACI) [131]. BCMA and TACI
are receptors for B-cell activating factor (BAFF) and A Proliferation-Inducing
Ligand (APRIL), respectively. miR15 and miR16a regulate expression of
Bcl2. Importantly, mouse studies where syntenic regions of 13q14 have
been deleted, or APRIL expression upregulated, lead to development of
CLL-like disease. Whereas BAFF overexpression does not result in
neoplastic transformation of cells, it does accelerate development of CLL-
like disease in mouse models. Deletion of 11922 is associated with
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dysfunction of the ATM gene, whereas deletion of 17p13 is associated with
dysfunction of TP53, both lead to genomic instability and, ultimately, more
aggressive disease behaviour. [132, 133]As mentioned previously in MCL,
TP53 mutations in CLL well-established prognostic markers and inform on
the appropriate course of treatment for patients as their major role in cell

cycle control [134].

1.11.2 CLL and MCL Microenvironment support:

The fact that CLL/MCL cells are long-lived in vivo but rapidly undergo
apoptosis in vitro clearly indicates they rely on the microenvironment to
provide survival signals [135]. Malignant cells recirculate between
peripheral blood and tissues, mainly lymph nodes and bone marrow, where
they receive these survival and proliferation signals. These crucial
interactions mainly occur in the proliferation centres of lymph nodes which
contain a variety of follicular dendritic cells (FDC), a variable number of T
cells, and other stromal cells. CLL cells crosstalk with activated T cells, for
example, via CD40/CD40L interaction to promote cell survival [136] and
receive secretion of several cytokines essential for cell proliferation such as
IL-4 and IL-10 [137]. Stromal cells provide adhesive ligands and other
factors that support CLL/MCL cell survival. For example, interaction
between a41 on CLL and VCAM-1 on stromal cells mediate the adhesion
of the former to the latter cells [138]. Moreover, microenvironment support
provides migration signals to these malignant cells where a4p1 helps them

to migrate into proliferation centres.
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Stimulation of BCR may also occur during these interactions, thereby
stimulating CLL/MCL cell activation and proliferation if sufficient T cell help
is available [139]. Establishment of BCR signaling as a key player in the
pathogenesis of B cell malignancies has resulted in development of
therapies that target components of the signaling pathway that is intitiated
following BCR engagement. Some of these therapies, such as ibrutinib,
have shown clinical success in treating CLL and MCL, where lymphnode-
resident tumour cells are released into circulation to an important role for

BCR signaling in maintaining malignant cell residency within tissues [140].

Tumour cells in proliferation centres can expand in number are result in
lymphadenopathy, splenomegaly and/or bone marrow suppression. Rai and
Binets systems of stage classification in CLL link tissue involvement with
more severe disease and potential aggressive behaviour depending on the
extent of microenvironment-induced activation of NFkB, AKT and MAPK
pathways [141]. [142]. Taken together, it is clear that microenvironmental
support is critical for supplying survival and proliferation signals to CLL and
MCL cells, therefore, disruption of these signals is likely to improve disease

outcomes.

1.12 BCR signaling in CLL and MCL:

It is widely accepted that the majority of B cell malignancies remain highly
dependent on abnormal activation of BCR signaling which controls
neoplastic B cell growth, their proliferation, and inhibits their death [143,

144]. The key factors of aberrant BCR signaling are abnormalities in BCR
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expression and/or changes in the activity of proteins within the signaling

pathway [118, 143].

The role of BCR in CLL and MCL pathogenesis was discovered in studies
that some cases have identical or quasi-identical amino acid sequences of
the complementary determining region 3 (CDR3) within IGHV. This
indicates strong antigen-driven selection and is explained by the propensity
of the malignant cells in these diseases to use a restricted, or stereotyped,
repertoire of IGHV gene segments [145, 146]. This repertoire of IGHV gene
segments is shown to have reactivity with autoantigens where somatic
hypermutation determines specificity, and with respect to CLL, created
subgroups of patients where disease outcome is different (mutated CLL has
good prognosis whilst unmutated CLL has poor prognosis) [147, 148]. This
holds true also for MCL where there is biased usage of specific Ig heavy

chain genes IGHV3-21, IGHV4-34, and IGHV3-23 [149, 150].

Recently, Syk, BTK, and PI3K were found constitutively activated in cells
from a subgroup of patient in malignancies, and that this was associated
with poor prognosis indicating constant BCR engagement [25, 151]. Such
BCR engagement likely participates development of lymphadenopathy
where BCR signals encourage malignant cells to remain within lymphoid
tissues. [152]. Thus, treatments targeting BTK (ibrutinib) and PI3Kd
(idelalisib) cause release of the malignant cells in CLL and MCL into the
periphery [153], which could lead to a rapid and sustained reduction of

lymphadenopathy and ultimately suppresses disease progression [154,
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155]. Combination of Ibrutinib affects a4p1, integrin-mediated adhesion and
retention of malignant cells caused by BCR induced activation is disrupted
[156]. With Idelalisib the arrest process of cells which occurs because of
BCR stimulation is suppressed through upregulating sphingosine-1-
phosphate receptor 1 (S1PR1) [140]. Moreover, according to the Food and
Drug administration, BCR inhibitors are considered as second line treatment
for CLL and MCL [157], whereas Chemotherapy treatment is the first line
treatment. In combination with chemotherapy, Patients with CLL and MCL
are often treated with immunotherapy drug rituximab to keep the
leukemia/lymphoma in remission [158, 159]. Rituximab is a monoclonal
antibody that selectively binds to CD20 protein expressed on the surface of
B cells [160]. The interaction between CD20 and Rituximab facilitates the

destruction of those malignant cells by immune cells.

Therefore, it is reasonable to target these kinases activity to at least prevent

malignancy progression and improve survival rate.

1.13 Normal / CLL and MCL B cell migration:

Migration and trafficking of normal B cells is regulated via the interplay
between chemokine networks and BCR signaling. Migration of malignant
and normal B cells to the bone marrow and secondary lymphoid tissues is
controlled by CC and CXC chemokines such as CCL21 and CXCL12. These
chemokines bind to their receptors on B cells, CCR7 and CXCR4
respectively, and modulate intracellular pathways integral to chemotaxis

[161]. For example, the interaction of malignant cells through CXCR4 and
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CXCL12, which is secreted mainly by nurse-like cells facilitates the
activation of PI3K-Akt, Raf/Ras/MEK1/2/ERK1/2, leading to key survival

pathways [162].

Genes mutations affect CLL/MCL cells migration. Neurogenic locus notch
homolog protein (NOTCHL1) is a member of notch receptors family that are
involved in B cell migration. It is frequently mutated in CLL/MCL cells and
could influence their migration [163]. In glioma, a study has shown that
NOTCH1 requires Arp2/3 complex activity to maintain stem cell phenotype
as Arp2/3 complex regulate these malignant cells migration and thus
invasion [164]. This study indicates to the link between NOTCH1 and Arp2/3
complex in solid tumor, and can be also investigated in CLL/MCL cells to

further explain the migration phenotype in these cells.

The exact mechanism controlling migration/retention of CLL and MCL cells
within lymphoid tissues is not fully clarified but BCR signaling may play a
role because of its known function in reprogramming normal B cell migration
[165]. Therefore, it is important to understand how BCR signaling and what
are the components that affect malignant cell trafficking through lymphoid

tissues to regress these diseases' progression.

1.14 ARPCS5 paralogue in human cancer:

Only a few studies have highlighted the active role of ARPCS5 paralogues in
cancer progression and more investigations are needed to demonstrate
how each paralogue influents actin dynamic in a variety of cancers. Apart

from the vaccinia virus study on ARPC5 paralogues which has been done
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in Hela cells, human cervical carcinoma cell line, another study has
demonstrated the contribution of ARPC5 in head and neck squamous cell
carcinoma (HNSCC) progression. Immunohistochemistry results show that
the levels of ARPC5 expression were significantly higher in invasive cancer
cells, and genome-wide gene expression analysis and bioinformatics study
pointed out that ARPC5 is a candidate target of tumor-suppressive
microRNA-133a (miR-133a) which is frequently observed downregulated in
cancer cells. Restoration of miR-133a or silencing ARPC5 revealed
significant inhibition of cell migration and invasion in HNSCC cell lines [166].
In addition, in Multiple Myeloma (MM), a malignancy of plasma cells, the
expression level of ARPC5 highly determines the disease prognosis.
ARPCS5 level is significantly increased in relapsed MM cells compared to
baseline MM cells, and patients with ARPC5 high expression are associated
with poor overall survival [167]. Based on genomic data derived from the
Cancer Cell Line Encyclopaedia (CCLE), a collection of information from
947 human cancer cell lines (114), shows a variety between ARPC5
paralogues mMRNA expression with ARPC5L being highly expressed in B
cell malignancies [168]. Potentially these paralogues could function in
regulating actin dynamics in the same way as was described using a
Vaccinia virus actin motility model (see section 1.10) or as characterised in

other types of cancers (as mentioned up in this section).

These discoveries are expected to be extremely important in B cells since
ARPCS5 paralogues could influence how the actin cytoskeleton responds to
BCR stimulation, and understanding their functional role provides a
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comprehensive picture of the molecular mechanism underpinning B cell

activation.

1.15 ARPCS5 paralogue in MCL:

ARPCS5 paralogues seem to have an important function in MCL. An open
investigation had been done in our lab on the proteomics approach to
globally characterise active BCR signaling in JeKo-1 cells, MCL cell lines.
Using anti-phospho-tyrosine (p-Tyr) beads to immunoprecipitate phospho-
tyrosine proteins and their associations we found that among 856 proteins
that precipitated seven percent showed differential accumulation within
BCR-stimulated compared to unstimulated cells which considered as a
responsive group of proteins. Specifically, the strong enrichment of
phospho-tyrosine associated ARPCS5L in stimulated cells compared to
unstimulated cells. (Figl-7) [169]. As shown in that study, analysis of the
peptide sequence of ARPC5L using the PHOSIDA and PhosphoSitePlus
databases revealed that this protein did not contain tyrosine residues within
consensus phosphorylation sites of known tyrosine kinases. This suggests
that the representation of ARPC5L within the group of BCR responsive
proteins is not because it is directly phosphorylated. More likely, ARPCS5L is

associated with tyrosine-phosphorylated proteins [170, 171].
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Figure 1-7: A strong enrichment of phospho-tyrosine associated ARPC5L
after BCR stimulation in Jeko-1 cells. Jeko-1 cells were left untreated or treated
with 20ug/ml of anti-lgM antibody for 15minutes. Lysates from both conditions were
combined and subjected to immunoprecipitation using phospho-tyrosine antibody
beads. Proteins in red and yellow are those categorized as changing. Proteins
shown in green are members of the Arp2/3 complex (that are unchanged). Taken
from [169].
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1.16 Hypothesis and aims:

The finding in section 1.15 points to a selective role of ARPC5L in BCR
signaling among other Arp2/3 complex subunits. ARPC5L and its paralogue
ARPCS5 are unstudied proteins in BCR signaling, therefore, | decided to
dedicate the work of this thesis to characterise the functional role of these
paralogues in BCR signaling that furthermore suggest a distinct link
between BCR signaling and the actin cytoskeleton. Moreover, since one of
the major issues in MCL and CLL is the residency of malignant cells within
the lymph nodes seeking for survival signalling and the enrichment of
ARPC5L as a member of cytoskeleton proteins after BCR stimulation, it
would be rational to understand the biology of these paralogues in MCL/CLL
and target the cytoskeleton to effectively suppress malignant cells retention
within the survival area specially such BCR inhibitors including idelalisib is

reported with complicated site effects.

ARPCS5 paralogue could reciprocally interact with BCR signaling and may
have functional importance for B cell biology. Following the proteomic

finding (Figl.7), | aimed in this study to

characterise ARPCS5 isoforms after BCR stimulation, speculating that
BCR signaling governs actin dynamics through manipulating ARPC5

paralogue.

ARPCS5 paralogue could influence BCR signaling, thus determining the
functional role of ARPC5 isoforms in BCR signaling is crucial to

provide a novel insight into malignant CLL and MCL cells activation.
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Chapter 2:  Material and Methods

2.1 Tissue culture

2.1.1 Cell lines:

The details of cell lines used in this thesis including origin, growth pattern,
and doubling time are listed in Table 2.1. Both the suspension cell line
(MAVER-1) and adherent cell line (HelLa) were purchased from the
American-type culture collection (ATCC). Cell lines were cultured in a
vented culture flask in a sterile tissue culture cabinet at 37° and 5% CO:..
MAVER-1 cells were grown in Roswell Park Memorial Institute Medium
(RPMI-1640) (Sigma life science, UK) which was supplemented with L-
glutamine (2mM). Hela cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) with GlutaMAX™  Pyruvate, and glucose. All growth
mediums were premixed with 100lU/ml penicilin and 100 pg/ml
streptomycin (Sigma Aldrich, USA), and 10% fetal bovine serum (FBS) (Life

Technology, USA).

Cell Line Cell type Patient Doubling Karyotype
age/sex time (h)
MAVER-1 Mantle Cell | 77/Male 24h t(11;14)
Lymphoma
HelLa Adenocarcinoma 31/Female 24h t(1q;3q)

Table 2-1: Features of cells lines used in this study.

53



2.1.2 Maintenance of cell lines

MAVER-1 cells were passaged every three days to maintain optimal growth
reaching 16 passages before discarding. They were split by re-suspending
the cells 1:3 in a fresh RPMI-1640 medium. Hela cells passaged 1.5 every
3-5 days reaching about 24 passages and then discarded. These cells were
split by aspirating the growth medium and washing twice with sterile PBS.
2ml of Trypsin-EDTA solution (Sigma Aldrich, UK) was added to the cells
and returned to the incubator with 5%CO2 and 37° until cells are detached.
Fresh DMEM medium was added to the cells suspension and mixed gently.
An appropriate volume of cells suspension is transferred into a new flask
with adding a fresh volume of DMEM to reach the desired dilution for optimal

growth.

2.1.3 Cell viability and live-cell count

Assessment of cell viability and count were done by using a plastic SD100
cell counting chamber (Nexcelom Biosciences, UK) with using trypan blue
dye (Sigma Aldrich, UK) which is only able to stain dead cells and not live
cells. Cells were diluted to 1:1 with trypan blue and 20ul of the mix loaded
into the chamber. Both cells viability (%) and count were measured through
Nexcelom apparatus (Nexcelom Biosciences, UK) and Cellometer Auto T4

software.
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2.1.4 Mycoplasma test

As a quality control, every six weeks our lab required testing for Mycoplasma
infection which could affect cells’' growth and/or their biological function. The
test run used an eMycoTM Mycoplasma PCR Detection Kit (ver. 2.0) (Life
Diagnostics, iNtRON Biotechnology, Korea) following the manufacturer’s

protocol guidelines.

2.1.5 Buffers

Phosphate-buffered saline (PBS-): 137mM NacCl, 2.7mM KCI, 10mM Na2

HPO4, 1.8 mM KH2POa.

Phosphate-buffered saline (PBS+): Dulbecco's Phosphate Buffered
Saline, with MgCl2 and CaCl2, liquid sterile-filtered, suitable for cell culture

(Sigma-Aldrich D8662).

5X Reducing Sample Buffer 15% Sodium dodecyl sulfate: 312.5mM

Tris-HCL PH 6.8, 50% Glycerol, 15% SDS, 16% [ -Mercaptoethanol.

50x Tris-Acetate —EDTA (TAE) Buffer: To Make 1 L - 242 g Tris-Base,

57.1 mL Acetic Acid, 100 mL 0.5 MEDTA.

RIPA  Lysis  Buffer: 150mM NaCl, 1.0% (v/v) NP-40, 0.5% (w/v)

Sodiumdeoxycholate, 0.1% Sodium dodecyl sulfate, 50 mM Tris pH 8.0.

1x Turbo-Transfer buffer: 200ml 5xTurbo-Transferring buffer, 200 ml

100% pure Ethanol, 600ml distal water.
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10X Gel running Tris-Glycine-SDS (TGS) Buffer: To make 1L, 10xTG

buffer (BioRad, UK, 161771), 10g SDS.

Tween- Tris Buffer Saline(T-BST): 20mM Tris, 150mM NacCl, 0.1% Tween.

1x FACS buffer in PBS: 1%BSA, 4mM EDTA, 0.15mM NaN3

Lysis buffer (ColP): 10mM Tris/HCL PH7.5, 150mMNaCl, 0.5mMEDTA,

0.5%NP-40.

Dilution/ Wash buffer: 10mM Tris/HCL PH7.5, 150mMNacCl, 0.5mMEDTA.

Glycine-elution buffer: 200mMglycine PH:2.5.

2.2 BCR stimulus

One of the ways to study the biology of B cells is to stimulate these cells
through their IgM/BCR activation. BCR can be activated in vitro through
crosslinking the Fc domain within IgM receptor by commercially available
Anti-human IgM antibody which induce signalling pathway required for B
cell activation. This experiment was generally performed to measure the
phosphorylation level of significant kinases as well as the protein,
transcription, and distribution level of ARPC5 and ARPC5L after BCR

stimulation.

2x108 MAVER-1 cells were re-suspended in 200ul of RPMI and plated in 48
well plates. The cells were stimulated with 20ug/ml of unlabeled Goat F(ab)2
Anti-human IgM antibody (Southern Biotech, UK) and incubated at 37° for

indicated timepoints. The cells were collected after the ending of each time
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point and added to pre-cooled 1.5ml Eppendorf tubes with ice-cold PBS and

lysates were prepared.

2.3 Cycloheximide (CHX) treatment

Cycloheximide can be used to block protein translation and hence
determine protein level stability. This is useful for knockdown studies. The
aim was to determine the protein stability of ARPC5/L. 5x10® MAVER-1 cells
were re-suspended in 500ul of RPMI and plated in 24 well plates. 100ug/mi
of CHX was added to the cells and the cells were incubated for different
timepoint at 37°. The cells were collected after each time point and added

to pre-cold 1.5ml Eppendorf and lysates were prepared.

2.4 Knockdown studies by small interfering RNA (siRNA)

Protein knockdown can be achieved by using siRNA. The siRNA is a short
single oligo complementary to specific messenger RNA (mMRNA) used to
destroy this mMRNA and prevent protein translation (gene silencing). In this
experiment, the aim is to knockdown ARPC5 and ARPCS5L protein level for
functional studies using siRNA. MAVER-1 cells were transfected through
two rounds of transfection to achieve the maximum possibility of transfection
efficacy. These cells were transfected by nucleofection. 8x10°
cells/condition were washed twice with sterile pre-warm PBS at 37°. For
each transfection, the cells were resuspended in 100 pl of nucleofection
solution V at 20° (Lonza Group, Switzerland) which was premixed with 60nM
of the siRNA as a final concentration (Table 2.2). Cells were transferred into

a sterile cuvette and program X-01 was used for nucleofection using the
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Amaxa nucleofector (Lonza Biologics plc, UK). Immediately following the
nucleofection, the cells were transferred to 2ml of pre-warmed fresh RPMI
1640 medium within 6 well plates and maintained for 24h under optimum
culture conditions. After 24h 2ml of pre-warmed fresh RPMI 1640 medium
was added to the cells to enhance their growth. The next day, the procedure
of transfection was repeated on previously transfected cells with 8x10° cells/
condition and cells were cultured in the same optimal conditions. After 24h
of transfection, cells were ready for performing a further experiment, and
thus the total time from starting the first hit of the knockdown until the cells

be ready for the experiment is 96 hours.
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Target Target sequence Oligonucleotide feature

Protein

NT UGGUUUACAUGUCGACUAA | ON-TARGETYplus Nontargeting
siRNA #1 D-001810-01-20

ARPC5 | GCAGGCAGCAUUGUCUUGA | ON-TARGET plus SMART pool
siRNA J012080-05

ARPC5 | GUGUGGAUCUCCUAAUGAA | ON-TARGETplus SMARTpool
siRNA J012080-06

ARPC5 | GAAUAUGACGAGAACAAGU | ON-TARGETplus SMARTpool
siRNA J012080-07

ARPC5 | GCAGUUCAAUCUCUGGACA | ON-TARGETplus SMARTpool
siRNA J012080-08

ARPC5L | UCGACGAAUUUGACGAGAA | ON-TARGETplus SMARTpool
siRNA J014690-17

ARPC5L | CUUAGCAGUAGGAGGACUA | ON-TARGETplus SMARTpool
siRNA J014690-18

ARPC5L | GCGUUGACUUGUUAAUGAA | ON-TARGETplus SMARTpool
siRNA J014690-19

ARPC5L | GAUCCAAGGGCUGUGGUAA | ON-TARGETplus SMARTpool
siRNA J014690-20

Table 2-2: siRNA sequences for control siRNA and ARPC5 isoforms. All
siRNAs including a non-targeting control (NT) were purchased from Dharmacon
(GE Healthcare UK Limited, Buckinghamshire). siRNAs against ARPC5 and
ARPCS5L were purchased as pools of 4 individual sSiRNAs (smartPOOL®).
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2.5 Western blotting (WB)

2.5.1 Preparation of cells lysate

MAVER-1 cells were washed once with cold and sterile PBS and
centrifuged at 1500rpm for 5 minutes at 4° to remove the medium. The cells
were lysed with 100yl of Radio immunoprecipitation (RIPA) buffer
supplemented with 1x HALT Phosphatase and protease inhibitors (Thermo
Scientific, UK). The cells were lysed directly in the 1.5 Eppendorf tubes. The
lysate was incubated on ice for 10 minutes and centrifuged at 14000rpm for
10minutes at 4°. The supernatant was transferred into a fresh pre-cold

Eppendorf tube and stored at -20° for further use.

2.5.2 Protein concentration quantification

The concentration of proteins was calculated by using Bio-Rad laboratories
DC protein assay kit (Bio-Rad Laboratories Ltd, Hertfordshire, UK). In brief,
following the manufacturer’s instructions, Sul of Bovine Serum Albumin BSA
as the standards and the sample were added separately to 96well plate
followed by adding 25ul of premixed 20pl of reagent S with 980l of reagent
A, and 200 pl of reagent B. After incubation in dark for 15 minutes,
absorbance readings were taken at 490nm. Proteins concentrations were
quantified by comparison with the standards curve prepared with BSA
standards. Measurements of concentrations were considered reliable if
there were a linear doubling of absorbance with doubling of protein standard

concentrations.
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2.5.3 Gel electrophoresis

Samples were run in 4-15% gradient Mini Protein TGX Precast Gel (BioRad,
UK) and 50ug of protein lysate was loaded. Proteins were premixed with 1x

sample buffer and boiled for 5min at 95-100 C°.

2.5.4. Protein transfer

The gel was then transferred onto Amersham™ Protran® nitrocellulose
membrane with a pore size of 0.45 uM (Sigma Aldrich, UK) using a Trans-
blot turbo transfer system (BioRad, UK). Proteins were transferred for 10min

at 1.3 Amp using the recommended transfer buffer.

2.5.5 Protein detection:

Membrane was then incubated in 5% of milk (Marvel, UK) mixed with T-BST
to block unspecific binding for 45 minutes on a rocker. Membranes were
placed in 50 ml falcon tubes with 2 ml of primary antibody solution and rolled
overnight at 4°C (Table 2.3). The membrane was washed in T-BST for 5
min three times. A secondary antibody was added according to the species
and detection system and incubated for one hour. The membrane was
washed 3 times (5min each) with T-BST on a rocker. Visualising of bands
was performed by scanning the blot through Odyssey infrared scanner
(LICOR-Bioscience, USA) or ChemiDoc™ Touch Imaging System (BioRad,

UK).
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Primary Host Dilution | Buffer Supplier Catalog
Antibody species number
ARPC1A Rabbit 1:250 5%Milk | Sigma HPA004334
in
TBST
ARPC2/p34- | Rabbit 1:2000 5%Milk | Millipore 07-227
Arc in
TBST
ARPC3/p21- | Mouse 1:1000 5%Milk | BD- 612234
Arc in Transduction
TBST lab
ARPCA4 Rabbit 1:1000 5%Milk | Sigma SAB1100901
in
TBST
ARPC5/ Mouse 1:1000 5%Milk | Synaptic 305011
in Systems
pl6-ARC TBST
ARPC5L Rabbit 1:1000 5%Milk | Abcam 169763
in
TBST
Arp2 Rabbit 1:2000 5%Milk | Abcam 129018
in
TBST
Arp3 Mouse 1:1000 5%Milk | Sigma A5979
in
TBST
p-Syk Rabbit 1:1000 5%BSA | Cell 2711
(Tyr525-526) in Signalling
TBST
t-Syk Mouse 1:1000 5%BSA | Cell 80460
in Signalling
TBST
p-Lyn Rabbit 1:1000 5%BSA | Cell 2731
(Tyr507) in Signalling
TBST
t-Lyn Mouse 1:1000 5%BSA | Santa Cruz 7274
in
TBST
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p-Plcy2 Rabbit 1:1000 5%BSA | Cell 3871
(Tyr1217) in Signalling
TBST
t- Plcy2 Rabbit 1:1000 5%BSA | Cell 3872
in Signalling
TBST
p-AKT Rabbit 1:1000 5%BSA | Cell 9271
(Serd73) in Signalling
TBST
t-AKT Mouse 1:1000 5%BSA | Cell 2920
in Signalling
TBST
p-BTK Rabbit 1:1000 5%BSA | Cell D9T6H
(Tyr223) in Signalling
TBST
t-BTK Mouse 1:1000 5%BSA | Cell D6T2C
in Signalling
TBST
p-Erk  (1/2) | Mouse 1:2000 5%BSA | Santa Cruz 7383
(Tyr204) in
TBST
p44/42 Rabbit 1:3000 5%BSA | Cell 9102
MAPK in Signalling
(Erk1/2) TBST
GAPDH Rabbit 1:20000 | 5%Milk | Proteintech 10494-1-AP
in
TBST
c-Myc Rabbit 1:1000 5%Milk | Cell 18583
in Signalling
TBST
B-Actin
Mouse 1:20000 | 5%Milk | Sima Aldrich | A1978
in
TBST

Table 2-3: Immunoblotting primary antibodies.

p-Phosph, t-Total.
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2.5.6 Immunoblotting secondary antibodies

Depending on the primary antibody species and desired detection system,
membrane blots were incubated with IRDye® 680RD or 800CW (LICOR-
Bioscience, USA) or_ HRP secondary antibody (Invitrogen, UK) for 1hour
diluted 1:10.000 or 1:1000 respectively. The secondary antibody was diluted

in the same buffer as the one used in the primary antibody.

2.6 Surface marker quantification

2.6.1 Surface marker quantification using CyTof

The aim of this experiment is to test the effect of ARPC5/L on surface
receptor expression in MAVER-1 cells. Following adjusting MAVER-1 cell
count to a 5 x 10° cells/ml, they were washed with 300ul PBS followed by
room temperature (RT) centrifuging at 550xg for five minutes and the
supernatant were discarded. The cells were resuspended in 300uL of room
temperature PBS-Cisplatin solution (1:1000 in PBS) to stain the dead cells
and centrifuged at (550g/3mins/RT) and washed with 500uL ice-cold Cell
Staining Buffer (Maxpar® CSB) to remove extra staining of Cisplatin and by
centrifugation removing as much supernatant from the sample to avoid
unnecessary dilution of the antibody’s concentration in later addition. The
cells then resuspend with 45 ul of CSB and 5 p FcX Fc blocker was added
to them to block antibody from falsely binding to Fc receptor and incubated
on ice for 10 minutes. The cells then mixed with 5ug/ml of CD45 antibody
tagged with metal and incubated for 30 minutes on ice. The cells then

washed twice with CSB by centrifugation at 550xg/4° for three minutes and
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supernatant was discarded. The cells were resuspended with 300pl of cold
CSB and pooled with the other cells (with different condition) in one tube.
The cells then spined down at (550g/3minutes/4°) and the supernatant was
removed as much as possible for the next staining step. The tube was mixed
with 5pug/ml of antibodies cocktail made in CSB (23ul antibodies cocktail and
77ul CSB for each condition) and incubated on ice for 30 minutes. The cells
were washed twice with cold CSB and once with PBS and fixed with 300l
of cold Paraformaldehyde (PFA) 5X Fix | buffer for each condition. The cells
then were washed once with PBS and resuspended with Intercolator-Ir
solution mixed with Fix and Perm buffer to detect singlet cell by DNA
staining and incubated for one hour at RT. Cells were then run through mass

cytometry and analysed using Cytobank ™ software.
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Metal CD markers
1 149Sm CCR4 (CD194)
2 141Pr CCR6 (CD196)
3 167Er CCRY7 (CD197)
4 163Dy CXCR3 (CD183)
5 175Lu CXCR4 (CD184)
6 153Eu CXCR5 (CD185)
7 154Sm CD62L
8 174Yb CD49d
9 172Yb IgM
10 146Nd IgD
11 142Nd CD19
12 143Nd CD5
13 144Nd CD38
14 171Yb CD20
15 173Yb HLA-DR
16 150Nd CD43
17 151FEu CD69
18 155Gd CDA45RA
19 152Sm CD21
20 159Th CD22
21 164Dy CD23
22 166Er CD24
23 158Gd CD27

Table 2-4: Mass Cytometry antibodies. Each antibody was tagged with metal to
upon detection. The antibody with tagged metals were purchased from
(FLUIDIGM, UK).
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2.6.2 IgM surface marker quantification using Flow Cytometry
2.6.2.1 Conjugation of anti-human IgM antibody with Alexa Fluor dye

Unlabelled Goat F(ab)2 Anti-human IgM antibody (Southern Biotech, UK)
was labeled with Alexa-488 fluor using Alexa Fluor™ 488 Antibody Labeling
Kit (Thermo Fisher Scientific, A20181, UK) to visualise the antibody bound
to IgM receptor in FACS machine. Briefly, Sodium Bicarbonate was
resuspended in 1ml of deionized water to reach the solution concentration
of 1M. 1:10 (100 pl) dilution of the solution volume was added to the Anti-

human IgM antibody and 100 pl of this antibody mix was added to the vial

of Alexa Fluor® dye. The mix was inverted and incubated for 1 hour in dark
at room temperature (RT). 1.5 ml of the resin bed was prepared after
assembling the purification column and centrifuged at 1100xg for 3 minutes
at RT. The mix of the antibody with dye was added to the column and
centrifuged at 1100xg for 5 minutes at RT to collect the labeled antibody.
The concentration of the labeled antibody was measured using the

Nanodrop system.
2.6.2.2 Surface IgM quantification

MAVER-1 cells concentration was adjusted to 3x10° cells/ml in all the
conditions. 100ul of cell suspension was stimulated in 48 well plates with
5ug/ml of labeled anti-human IgM pre-mixed with 100uM of Primaquine to
block receptor recycling. At the end of each time point cells were added to
1.5 eppendorf tubes which already have 100 pl of ice-cold FACS buffer, and

the volume was separated into two 1.5 eppendorf tubes (Unquenched and
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Quenched) which were prepared for each time-point on ice. For time point
0, 200 pl of cells suspension were added to unquenched tube on ice and
stimulated with 5ug/ml of labeled anti-human IgM pre-mixed with 200uM of
Primaquine and mixed gently. 100 pl of ice cells suspension were
transferred to the time-point O quenched tube. As a negative control,

unstimulated cells were prepared for each condition.

Cells then were subjected to centrifugation at 1500rpm for 5 minutes and
the supernatant was taken off. Cells resuspended with 100ul cold FACS
buffer containing 2.5ul of Alexa 488 antibody (Thermo Fisher Scientific, Cat:
A11094, UK) and added to only quenched tubes and incubated in the dark
for 30min on ice. Incubation of quenched tubes with Alexa 488 antibody
prevents any surface IgM from getting measured during sample reading and
hence the measurement in quenched tubes will be only for internalised IgM
receptors. Unbound antibodies were removed by adding 200 pl of cold
FACS buffer and centrifugation at 1500rpm for 5 minutes. After the
supernatant was taken off, cells were resuspended in 500 pl of cold FACS
buffer prior FACS analysis_using Attune ™ flow cytometer (Life Technologies

Ltd, Paisley UK).

2.7 Analysis of stimulated IgM induced intracellular calcium flux

To test the BCR efficacy, intracellular calcium level can be measured.
During BCR signling, calcium is released from endoplasmic reticulum to
catalyse the signaling pathway reaction. In this experiment, the effect of

ARPC5/L on Calcium release was measured using the fluorophore dye,
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Fluo4-AM (Life Technologies Ltd,Paisley, UK) as a calcium indicator.

MAVER-1 cells at 6x106 cells/ml were incubated with 2 yM Fluo4 -AM for 20
minutes at 37°C. These cells were washed and resuspended in 1ml of warm
RPMI medium-1640 and incubated for another 20 minutes at 37°C. The
cells were placed in a heat block with shaking at 1100 rpm for 5 minutes at
37°C before the first one-minute acquisition which determined the basal
fluorescence of non-stimulated cells, followed by the addition of 20 pg/ml
goat F(ab')2 anti-human IgM and data acquisition recorded for 10 minutes.
Data were acquired on a BD FACSCalibur and analyzed using Flowjo

software.

2.8 Adhesion assay

The performance of this experiment was to measure the adherence ability
of MAVER-1 cells to their legends under silencing of ARPC5/L level. 96 well
plates (Greiner bio-one) were coated overnight at 4° with a mix of 100l of
(PBS+) with 10pg/ml Fibronectin, 1ug/ml VCAM-1, 5 pg/ml anti- IgM,
combination of 10ug/ml Fibronectin with 5 pg/ml anti- IgM, combination of
1pg/ml VCAM-1 with 5 pg/ml anti- IgM, and 100ul of PBS- mixed with

1%BSA (as a negative control). The next day, the plates were washed twice

with PBS-. 4x106 cells/2ml of MAVER-1 cells were resuspended with RPMI-
1640 medium containing 1% BSA and 10 pg/ml Calcein-AM (C1430,
Thermo Scientific, UK) to stain living cells and incubated in dark at 37°C for
one hour. The cells then subjected to centrifugation for 5 minutes at

1500rpm to remove unbound Calcein-AM and resuspended with 1ml the
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same medium. After saving 600ul of cells suspension for calibration and the
positive control in the incubator, 100ul of cell suspension was added to the
96 well plates in technical duplicate and incubated for 30 minutes at 37°C.
After finishing the 30 minutes timepoint, 100ul of PBS- was added to the
wells and the plate subjected to the upside-down centrifugation at 100rpm
for 2minutes to remove non adherent cells. This step was repeated one
more time. 100ul of positive control (cells in uncoated well) were added to
the well. For the calibration, the cells added to the well and topped up with
PBS- to reach the final volume of 100 ul in a specific amount in each well
shown in table 2.5. The microplates were read at absorbance 495/515nm
using an Omega microplates reader instrument. The number of adherent
cells in each condition was quantified by a comparison with the standard

curve prepared with a calibration (Table 2.5).
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Cell PBS- Number
suspension of cells
50 pl 50 pl 100000
40 pl 60 pl 80000
30 pl 70 ul 60000
20 ul 80 pl 40000
10 pl 90 pl 20000
5 ul 95 pl 10000
2 ul 98 ul 4000
1l 99 ul 2000

Table 2-5: Number of cells added in calibration for adhesive cells

quantification.

2.9 Molecular biology

To determine the effect of BCR signaling on ARPCS5/L transcription, q-PCR

technique was used to quantify mRNA level of these proteins.
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2.9.1 Primer design for q-PCR

Using NCBI (primer design blast) website, Primers for ARPC5\L were
designed with the specific condition including amplicon size from (100-
300bp), a continent of (50%-55%) GC, and optimum melting temperature is
between (60°-63°). The specificity of these primers was confirmed using the
same website. The primers were purchased from Integrated DNA
Technology (IDT) (Table2.6). The primers for GAPDH and Egrl were used

as reference gene and positive control respectively.

Name Description Sequence
ARPC5 forward primer GTCGGGATTGGGATGTCGAA
ARPC5 Reverse primer GTCATGTTTCCTTGCCGCAG
ARPC5L forward primer AACCTTGGCGGACAACTGAA
ARPCS5L Reverse primer GCTGGAGAGGCACATCTTGA
GAPDH forward primer CCTCTGACTTCAACAGCGACA
GAPDH Reverse primer TGGTCCAGGGGTCTTACTCC
Egrl forward primer ACAGCAACCTTTTCTCCCAG
Egrl Reverse primer CCAATAGACCTTCCACTCCAG

Table 2-6: Primer sequences of q-PCR. Purchased from Invitrogen.
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2.9.2 Total RNA extraction

Cells were harvested from the experiment in section 2.2.3 in 1.5 Eppendorf
tubes. Total RNA was isolated from these cells using an RNAeasy mini kit
(Qiagen, UK). Following the manufacturer’s instructions, in brief, the cell
pellet was lysed with 350ul of RNA lysis buffer, the whole solution was
transferred to the Zymo Spin IlI-C column and centrifuged at 12000g for
1min. The flow-through was mixed with 350ul of 70%Ethanol and
transferred to Zymo Spain II-C column followed by centrifugation for
30seconds at 12000g. At this stage, RNA was attached to the column and
then washed with 700ul of RW1 wash buffer followed by two washes with
500ul of RPE washing buffer. RNA was transferred to a 1.5 nuclease-free
Eppendorf tube and eluted with 30ul of elution buffer and centrifuged at
12000g for one minute. The isolated RNA was then immediately stored at -

80Cr° for further assessment.

2.9.3 Measuring RNA purity and quantity

Nanodrop 2000 spectrophotometer machine was used to assess RNA purity
and quantity (Thermo scientific, UK). Isolated RNA is considered pure if the
absorbance ratio 260/280nm is ~2. A value less than 1.7 indicates high
protein contamination. Additional absorbance was taken at 230/260 and a
considered ratio fill within 2. A lower value than expected indicated

contamination which might be absorbed in 230nm.

73



2.9.4 Synthesis of complementary DNA (cDNA) from RNA

To synthesize cDNA from Isolated RNA, 1pg of RNA was mixed with 1pl of
oligo T and heated at 70° for 5 minutes. This mix was then mixed with 1l
of nucleotides Dntp (mix of nucleotides), 1ul Reverse Transcriptase
(RTase), 0.5ul RNAse, 4 uLof 5X RT buffer, and top up with Nuclease free
H20 to reach the final volume of 20ul. The sample was incubated for one
hour at 42° followed by incubation at 95° for five minutes. Synthesized cDNA

was then stored at -20 until further use.

2.9.5 Quantitative Polymerase Chain Reaction (q-PCR)

A master mix was prepared from 4pl of evagreen dye (Biorad), 1ul of
respective primers, and 13l of nuclease-free H20. 2ul of c-DNA was added
to the 96 well PCR plate with 18 ul of master mix. The sample in 96 well
PCR plate was run using g-PCR instrument AriaMx (Agilent, UK). The
machine took in the beginning 1 cycle include warming the sample at 95°for

10 minutes followed by 40 cycles including 3 steps as shown in table 2.7.

Step Seconds Temperature
Denaturing 10 95°
Annealing 15 60°
Extension 20 72°

Table 2-7 Steps followed in g-PCR for amplicon replication.
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2.9.6 Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to separate DNA fragments. The
procedure was an electrical field where DNA fragments are separated
based on their size because usually, a high percentage is used for small
fragment size, and a low percentage is used for large fragment size. In this
experiment, the use of agarose gel was to confirm the specificity of the
primers used in this technigue by measuring the amplicon band which
expected to have a size between 100-300 bp as designed in section 2.9.1.
2% of agarose gel was used by weighing 2g of agarose and mixing it with
100 ml of 1X TAE buffer. The agarose was melted by heating it in a
microwave and leaving it to cool down but not to solidify. At this moment 5pl
of sybr safe (Invitrogen) was added to the agarose gel to stain the DNA, and
the gel was poured into the tray slowly and allowed to solidify for 1 hour.
The gel was then transferred to an electrophoresis tank and filled with 1X of
TAE. Carefully, samples (the remnant samples taken from g-PCR plate after
running in the g-PCR machine) were mixed with1x of loading dye and 10ul
of this mix loaded into the gel. 5 ul of the 100Bp ladder was added as well.
Samples were then run at 100 volt for 35 minutes and the gel was visualised

using blue light.
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2.10 Lentiviral constructs for ARPC5/L overexpression tagged with a

fluorescent protein.

The constructs were designed using a plasmid designing tool (Vector
builder) to study ARPCS5/L distribution following BCR stimulation. The

plasmid maps are provided in the appendix (Fig A4).

2.10.1. Plasmid DNA Maxi prep

The bacteria containing the construct for ARPC5/L overexpression were
injected into 300 mL of LB Broth containing the appropriate antibiotic. In a
bacterial shaker incubator, the bacteria were allowed to grow overnight at
37°C. Bacteria were pelleted using centrifugation (10 minutes, 3000xg) and
then processed or kept at -20°C. Plasmid DNA was extracted from bacterial
pellets according to the manufacturer's instructions using a

PureLink®HiPure Plasmid Maxiprept kit (Invitrogen, K210007).

2.11 Live Hela cell transfection

2.11.1 Hela cell transfection using CRISPR methodology

For ARPC5/L localisation, three vectors were designed and kindly granted
by Takashi Yamamoto group [172] to endogenously tag ARPC5 and
ARPCSL proteins. The vectors sequences and the gene locus targeted by
the Cas9 are provided in the appendix (FigAl, A2, and A3). Live Hela cells
were cultured in 6 well plate until reaching healthy 40% confluency level.
The cells were transfected with 2ug of three vectors at the same time, the

PITCh donor vector carries the mNeonGreen or mKATE tag sequence, the
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all-in-one CRISPR vector contains the guide RNA (sgRNA) to direct the
Cas9 protein to bind and cleave a particular DNA sequence and the CtIP
vector was used as a strong enhancer for the other vectors (Fig 3.1). After
incubating the cells in an optimal culture environment for 2 days, the
expression and incorporation of tagged protein into the Arp2/3 complex was
validated using tagged fusion protein immunoprecipitation assay (section

2.12).

2.11.2 Transient transfection and cell compartment labelling in Hela

cells expressing ARPC5 mNEON green

Cell compartments were labeled in Hela cells (knock-in) expressing ARPC5
MNEON green, either through transient transfection or direct labeling. For
transient transfection, Hela cells were plated in a confocal imaging dish and
transfected with appropriate plasmid. The next day the cells were subjected
for imaging. For direct labeling ER, Mitochondria, cell Membrane, and Actin,
the cells were labeled according to the manufacturing instructions and
imaged. Table 2.8 shows the details for each marker used for each

compartment. Airyscan LSM-900 microscopy was used for the imaging.
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Marker Organelle Detection Type Manufacturing
EEAl Early 561nm plasmid Supplied in the
endosome Lab
Rab7 Late endosome | 561nm plasmid Supplied in the
Lab
Membrane Membrane 590nm Direct Lipilight Idylle
labeling
SiR-Actin Actin 640nm Direct Cyotoskeleton,
labeling Inc
Endoplasmic | ER 580nm Direct Abcam, 139482
reticulum labeling
(ER)
Mitochondria | Mitochonderia | 633nm Direct EMD Millipore,
labelling SCT137

Table 2-8 Markers used for live imaging.

2.12 Immunoprecipitation of mNeonGreen-Fusion Proteins using

mNeonGreen-Trap A

We followed the protocol that was supplied with the mNeonGreen-Trap

beads_A (Chromotek, UK), briefly 1x107 of Hela cells were washed with cold
sterile PBS- and subjected for centrifugation at 1500rpm for five minutes.
The pellet was resuspended in 200yl ice-cold lysis buffer and incubated for
30 minutes with extensively pipetting every 10 minutes. The cell lysate was
centrifuged at 20.000xg for 10 min at +4°C, 30ul was saved for the input
condition and the remaining volume was transferred to precooled tube.
300yl of dilution buffer was added to the lysate. The mNeonGreen-Trap

beads were vortexed and 25ul of beads were added into 500ul ice-cold

78



dilution buffer. The mix was subjected to centrifugation at 2.500xg for 2 min
at 4°C. The diluted lysate was added to equilibrated mNeonGreen-Trap

beads_ A beads and incubated for one hour at 4° with gentle mixing.

The mix was then centrifuged at 2.500x g for 2 minutes at 4°C and the
precipitated beads were washed with resuspending in 500 ul ice-cold
dilution buffer and subjection to centrifugation at 2.500x g for 2 min at 4°C.
The precipitated beads were resuspended with 50ul 2xSDS-sample buffer
and boiled for 10min at 95°C. The beads then were collected by
centrifugation at 2.500xg for 2 min at 4°C and the gel was run with the

supernatant.

2.13 Microscopy

2.13.1 TIRF microscopy

Marinas spinning disc imaging system (3i) with an attached motorised TIRF
module was used to do total internal reflection fluorescence (TIRF) imaging.
The TIRF objective was a Plan-Apochromat 100x/1.46 oil (Zeiss). A
Hamamatsu ORCA Flash 4.0CMOS camera with 2x binning was used to

capture the images.

2.13.2 Airyscan laser scanning microscopy (LSM)

A Zeiss LSM 800 or LSM 900 imaging system with a 63x oil or 10x objective
was used to image the samples. The number of acquisition tracks, laser
wavelengths (405nm, 488nm, 561 nm, 640 nm), and emission detection

window were all determined automatically using Zen software (Ziess) by
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selecting the desired fluorophores from the pre-loaded library and selecting

the smartest setup.

2.14 Live cell protein distribution measurement using TIRF

microscopy

For protein distribution measurement, MAVER-1 cells overexpressing
ARPC5-GFP or ARPC5L-GFP were plated on an imaging dish pre-coated
with 20pg/ml of anti-IgM overnight at 4°C. Following 3 minutes of
stimulation, the cells imaged until 20 minutes of stimulation using TIRF

microscopy. The protein distribution was analysed using ImageJ software.

2.15 Cell spreading assay

Four compartment imaging dishes (Cellvis, D35C4-20-0-N) were coated
with 10ug/ml F(ab’)2 anti-human IgM (Southern biotech, UK) overnight at
4°C. 2x10° of MAVER-1 cells were incubated with 1uM SirActin for 45
minutes at 37°C. Cells were then allowed to spread by incubating them on
imaging dishes for 30 minutes at 37°C. Cells were imaged using an Airyscan
LSMB00 microscope and analysed at 30 minutes of cell spreading using

ImageJ software.

2.16 Migration assay

2.16.1 Pillar forests device preparation and cell loading

The pillar forests are Polydimethylsiloxane (PDMS)-based setups in which

arrays of micrometre-sized pillars connect two closely neighbouring
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surfaces. This technique mimic 3D cell environment. The advantages of 2D
cell migration tests are combined with the precise determination of 3D
environmental parameters in this new technique. The device used for cell
migration was prepared following the published protocol involving
Fabrication of Pillar forests, cutting and dicing the PDMS device. [173].
Accurate preparation of the PDMS device is required since changing the
pillar shape, size, height, and inter-pillar distance can manipulate
microenvironmental parameters. Luckily, this device was kindly prepared
and granted by Dr. Anne Reversat who actively contributed to discovering
it. Figure 2.1 shows a diagram of the pillar forest device pore size 5um |

used in this study.

RPMI-1640 medium was added to the device and incubated for one hour at
37°C. Cells were stimulated either with 10ug/ml of anti-lgM or anti-lgG,
loaded into the entry hole in the device, and incubated for four minutes.
Images were taken every minute for 30 minutes using an Airyscan LSM-900

microscope. Single-cell movement was tracked using ImageJ software.
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Figure 2-1: Pillar forests to study cell migration. A) Overview of a pillar forest
device (with two entry/exit holes) attached to a Petri dish. B) Top view onto the
pillar forest area, showing the cell migrating through location the manually punched
holes in the pillar array. The diagram was adapted with permission from [173]
(figurel).

2.17 Statical analysis

In this study the error bar within each graph is represented by standard error
of mean (SEM) to measure the variability in the sample means as a result
of experimental biological repeats. The SEM was obtained using GraphPad
Prism software. The statistical analysis was generated using GraphPad
Prism software based on the number of comparisons within the
experimental study (student’s t-Test, One-way ANVOA). The result value is

considered statistically significant if the P value is 0.05 or less.
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Chapter 3: ARPCS5 isoform characterisation and
identifying their distribution during BCR signaling
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3.1 Introduction:

The Arp2/3 complex nucleates new actin filaments from the sides of pre-
existing ones and thus produces a branched actin network. In B cells, F-
actin in synapses generates a highly dynamic pattern composed of actin
foci formed by the Arp2/3 complex [49] . ARPC5 and ARPCS5L as complex
isoforms that can be integrated into the complex resulting in two different
subcomplexes [49]. The role of the Arp2/3 complex within a cell is
considerably dependant on which ARPC5 paralogue is included in the

complex [97].

A phospho-proteomic study shown in section 1.16 in figure 1.5 indicates a
link between induction of phosphorylation signaling cascades in B cells and
cytoskeletal reorganization. In that expriment, the strong enrichment of
phospho-tyrosine associated ARPC5L but not ARPC5 indicates to selective
use of one paralogue rather than the other after BCR signaling activation
[169]. This points to a functional distinction between these two paralogues
in B cell biology. However, it is still undefined how BCR signaling control
actin dynamic through influencing the isoforms. Understanding the
relationship between BCR signaling and cytoskeleton organisation might
provide an explanation for CLL and MCL cells behaviour in motility and
retention through Arp2/3 isoform manipulation. Thus, it is important to
investigate these isoforms by determining their localisation, identifying their

expression level after BCR stimulation, and observing whether these
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phenotypes are different between the isoforms to explore their different

contribution to B cell function.

3.2 Aim of this chapter

To characterise the ARPC5 isoform expression level and distribution after
BCR stimulation in MAVER-1 cells. Charctrisation of the isoform addresses
the question whether BCR signalling controlling the isoforms via
manipulating their expression. This investigation could be a foundation to

determine the functionality of the isoform with MAVER-1 cells.
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3.3 Result

3.3.1: Establish mNeonGreen ARPC5 knock-in Hela cells using the

LoADed PITCh system.

In this investigation, | decided to tag endogenous ARPC5 and ARPC5L with
fluorescent proteins to determine the cellular localization of the isoforms.
Determining the cellular localization of the isoforms provides information
about protein characterization and ultimately their function. The tagging
process was achieved using the selective genome editing way (gene knock-
in) [172]. The technique is based on using local accumulation of DNA
double-strand break (DSB) repair molecules called (LOAD system). The
repairing way for the DNA break was through microhomology-mediated
end-joining (MMEJ) repair. Three vectors were used for transfection at the
same time, the PITCh donor mNeonGreen vector carries the tag sequence,
the all-in-one CRISPR vector contains the guide RNA (sgRNA) to direct the
Cas9 protein to bind and cleave a particular DNA sequence and the CtIP
vector was used as a strong enhancer for (MMEJ) (Fig 3.1). these vectors
were kindly prepared and granted by Takashi Yamamoto group [172]. To
transfect these vectors, Hela cells and MAVER-1 cells were selected to be
host cells. Hela cells were chosen to confirm the functionality of the
constructs as they are convenient to use by being an adherent epithelial cell
line that is easy to transfect with one or multiple vectors. Unfortunately,
MAVER-1 cells did not survive after sorting the transfected cells which limits

the localisation study of ARPCS5 only in Hela cells.
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After the three vectors were transfected into HeLa cells and the recovery of
cells in an optimal culture environment (2 days), the expression and
incorporation of tagged protein into the Arp2/3 complex was validated. In
the beginning, the aim was to tag both ARPC5 and ARPC5L with fluorescent
proteins but was only successful in ARPC5 tagging as the red signal was
not detectable in the confocal microscopy and the immunoprecipitation

experiment did not show any pulldown of mKate2 fused ARPC5L signal.

| pulled down mNeonGreen-proteins and their association from Hela knock-
in cells lysates using mNeonGreen beads. Lysates from control Hela cells
that did not express mNeonGreen-tagged ARPC5 were used as a negative
control by subjecting them as well to the pulldown process. Both control and
expressing Hela cells showed the presence of endogenous ARPC5 protein
at a molecular weight of 16kDa. However, only expressing Hela cells
showed mNeonGreen fused with ARPC5 signal at a molecular weight ~
43kDa (Fig 3.2b). To further confirm the specificity, the blot was incubated
with other Arp2/3 complex proteins antibodies (Arp2, Arp3, ARPC1A, and
ARPC?2). According to the study [97], all these protein members are bound
to ARPC5 and subsequently subjected for co-immunoprecipitation which is
what we can infer from (Fig3.2c). The cells were placed into glass bottom
imaging dishes and imaged using spinning disk confocal microscope which
showed live Hela cells expressing green fluorescent on ARPC5 protien

(Figure 3.2a).
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These observations indicate the specific successful tagging of ARPC5 with

mNeonGreen and thus these Hela cells could be used for localisation

studies.
GENE A locus GENE B locus
X D
MMEJ /. MMEJ
o [eancreen |- oo o I ==
EPITCH-gRNA target sequence CMV
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sgRNA (GENE A) Cas9
MS2-CtIP vector
All- in-one- CRISPER vector

Figure 3-1: Schematic of double gene knock-in with the enhanced PITCh
system. Two independent loci were targeted by a single-donor vector containing
green and red fluorescent protein genes flanked by specific microhomologous
arms for each gene locus. Douple gene knock-in was achieved by co-transfection
of the integrated donor vector, all-in-one CRISPR vector, and MS2-CtIP vector.
U6, Human U6 promoter, CBh, chicken beta-actin short promoter, CMV,
cytomegalovirus promoter. Adapted from [172].
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Figure 3-2: Generation mNeonGreen ARPCS5 knock-in HelLa cells using the
LoADed PITCh system. Hela cells were transfected with three vectors (PITCh
donor mNeonGreen vector, CRISPR vector, and CtIP vector). A) Spinning disk
confocal microscopy showing Hela cell expressing mNeonGreen-tagged ARPCS.
B) mNeonGreen-Trap pulldowns from HelLa cells lysate expressing mNeonGreen-
tagged ARPC5 using mNeonGreen beads. C) Co-IP of Arp2/3 complex proteins in
Hela cells lysate. IP: immunoprecipitation.

89



3.3.2: Determine endogenous ARPCS localisation with mNeon-Green-

ARPCS.

Establishing Hela cells expressing mNeon-Green endogenous ARPC5
facilitates the determination of ARPC5 localisation to Hela cell
compartments. | labeled the compartments either with plasmid transfection
as in EEA1-RFP and Rab7-RFP as markers for early and late endosomes
respectively or used fluorescent dye protein as in labeling the plasma
membrane, actin, mitochondria, and endoplasmic reticulum. Figure 3.3
shows Hela cells expressing mNeonGreen endogenous ARPC5 knock-in
Hela cells with organelle markers. This qualitative figure indicates strong
localisation of ARPC5 to actin while there is partial localisation to the early
endosome while it does not seem to indicate the presence of ARPC5 in the

other compartments.
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Figure 3-3: Determine ARPCS localisation in mNeonGreen ARPC5 knock-in
Hela cells._Using the indicated organelle marker to identify ARPC5 localization.
Hela cells were put in confocal imaging dishes and allowed to spread, and
organelles were labeled as indicated. Images were obtained on a Zeiss LSM 900
system. Images were background subtracted, adjusted for brightness and contrast
using ImageJ software. Scale bar: 6um. in merged images magenta color;: ARPC5,
cyan color: compartment marker. PM: Plasma membrane, Mito: Mitochondria, ER:
Endoplasmic Reticulum.

3.3.3: Determine the concentration of Anti-Human IgM antibody used

for BCR stimulation in MAVER-1 cells.

Antigenic stimulation of the BCR is a central part of CLL cell biology. In vivo,
this stimulation is a major driver of the proliferation and survival of CLL cells.
[25, 151]. Receptor stimulation of lymphocyte cells can induce strong or
weak signals that determine the response outcome of that cell [174].
Therefore, in this investigation, before deciding to understand how BCR
signaling influences the ARPC5 paralogues, it is important to accurately
determine the right and appropriate quantity of antigen. In-vitro, crosslinking
of the BCR with either immobilized or soluble bivalent anti-IgM F(ab’)2
fragments, induces BCR signaling and ultimately B cell activation [175]. |
decided to determine the appropriate concentration of anti-lgM F(ab’)2
fragments in two-time points (5 and 60) minutes attempting to determine a
strong BCR signaling and the maximum phosphorylation status of
downstream kinases such as ERK and Akt after BCR stimulation, kinases
which act as downstream effectors of BCR signaling and these kinases are

traditionally used as markers for BCR activation [176, 177].
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The fact that CLL cell lines are either unable to induce BCR signaling or
continuously induce signaling even in the absence of BCR stimulation [178],
makes them hard to use as a model to study BCR signaling. MCL cells lines
are responsive to BCR stimulation and mimic in vivo kinases
phosphorylation in CLL make them a good model in understanding BCR
signaling and the effect of this signaling on isoform expression. Thus, I
decided to use MAVER-1 cells (MCL cell lines) as a model to better
understand the behaviour of the isoforms during signalling because these

cells respond to BCR stimulation like in vivo CLL cells.

Cultured MAVER-1 cells were stimulated with different anti-lgM F(ab’)2
fragments concentrations for 5 and 60 minutes. Lysates were prepared from
collected cells and subjected to western blotting (Fig 3.4 A&B). At
concentration 20ug/ml of anti-lgM F(ab’)2 fragments at 5 and 60 minutes,
the maximum phosphorylation level of ERK and AKT was observed which
indicates that this concentration is sufficient to induce appropriate and

strong BCR signaling.
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Figure 3-4: Determine the concentration of anti-lgM F(ab’)2 fragments used
for BCR stimulation in MAVER-1 cells. MAVER-1 cells were incubated at 37°
with different anti-lgM antibody concentrations for two-time points as indicated. A)
A western blot image showing phospho-kinases and total-kinase levels before and
after BCR stimulation. B) Quantification analysis of the western blot images. All
WB images were visualised and band intensity quantified using the LI-COR
imaging system. All experiments n=3, statistics performed using PRISM (SEM).
Statistical tests performed are one-way ANOVA’s with Dunnetts multiple
comparison post-test. SEM: standard error mean.

3.3.4 ARPC5 protein level is reduced after BCR stimulation while

ARPCS5L protein level is unchanged.

In this experiment, | aimed to determine the effect of BCR stimulation on the
ARPCS5/L expression level. Understanding the connection between BCR
stimulation and ARPC5/L expression level manipulation explores one

possible way that BCR signaling is controlling actin dynamics.

MAVER-1 cells were conjugated with 20ug/ml of anti-lgM F(ab’)2 fragments
for different time points (15,30, and 60 minutes). Since actin reorganisation
after BCR stimulation is a fast process [179], it is important to determine the
paralogues expression in such shorter time points. To detect if the level of
the isoforms is changing when BCR is stimulated, they were compared with
their level before BCR stimulation (Ominutes). p-AKT measurement was
used as a positive control for the experiment to show successful BCR

signaling induction.

The experiment showed a slight trend toward reduction of ARPCS level in
15 and 30 minutes while this level is significantly reduced in 60 minutes after

BCR stimulation. The level of ARPC5L is unchanged in the same time points
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of BCR stimulation (Fig 3.5 A&B). The phenotype was confirmed with only
focusing on testing the level of the isoforms in 60 minutes after BCR

stimulation (Fig 3.5 C&D).

This novel observation from the experiment suggests that BCR signaling
influences the expression level of ARPC5 paralogues by selective reducing

of one paralogue and maintaining the other one.
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Figure 3-5: ARPC5 protein level is reduced after BCR stimulation while
ARPCS5L protein level is unchanged. MAVER-1 cells were incubated with
20pg/ml of anti-IgM antibody. The stimulation reaction was stopped by adding cold
PBS and the lysates were prepared for WB. A) WB images show the level of
ARPCS5/L before and after different time points of BCR stimulation as indicated. B)
Quantification analysis of western blotting. C) WB images show the level of
ARPCS5/L before and in 60 minutes after BCR stimulation. D) Quantification
analysis of WB images. p-AKT was used as a positive control for BCR stimulation.
GAPDH is used as a loading control for WB. All WB images were visualised and
band intensity quantified using the LI-COR imaging system. All experiments n=3,
statistics performed using PRISM (SEM). Statistical test performed is one-way
ANOVA'’s with Dunnetts multiple comparison post-test in B and paired T-test in D.
WB: Western blot. SEM: standard error mean.
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3.3.5 ARPC5/L mRNA level is unaffected after 60 minutes of BCR

stimulation.

The reduction of ARPCS5 level after BCR stimulation raised the question of
what the underlying reason could be. At the cellular level, the reduction of
any protein level can be connected to reduced synthesis or a higher
degradation rate. Therefore, | decided to investigate the ARPC5 isoforms
production level by measuring the mRNA level of the isoforms before and

after BCR stimulation.

MAVER-1cells were incubated with anti-lgM F(ab’)2 fragments for 60
minutes. g-PCR was used to synthesise cDNA from isolated RNA. | used
the NCBI (primer design blast) website to construct the primers with the
appropriate conditions indicated in section 2. The primer specificity for Early
growth response (Egr) was confirmed by Dr. Andrew Duckworth who used
it in his study and kindly supplied it to me for use in the experiment. The
MRNA level of Egr was used as a positive control for BCR signaling
induction since its level is upregulated after 60 minutes of BCR stimulation

[180].

After testing the specificity of the primers by visualising (Fig 3.6), the cDNA
level for the isoforms was quantified by dividing the cDNA of each isoform
by the cDNA level of GAPDH which was used as a reference gene in this

experiment.

The mRNA level of ARPC5/L was unaffected after BCR stimulation (Fig3.7).

This excludes the possibility that the reduction of ARPCS5 protein level is due
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to less protein synthesis. It was also attempted to test whether the ARPC5

protein reduction is due to degradation, but experimental variation made it

hard to achieve a conclusion.
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Figure 3-6: An image of an agarose gel showing the specificity of the
primers used in qPCR. The gel was visualized using blue light. UT: untreated,

T: treated.
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Figure 3-7: ARPC5/L mRNA level is unaffected after 60 minutes of BCR
stimulation. MAVER-1 cells were incubated with 20ug/ml of anti-lgM antibody for
60minutes, and RNA was extracted from zero and 60 minutes. After cDNA was
synthetised, it was amplified using gPCR. Egr mRNA expression level was used
as a positive control for BCR signaling and GAPDH was used as a reference gene.
Egr: Early growth response. The experiment was done in (n=3), the statistic was
achieved using PRISM (SEM). The statistic test performed was paired T-test. SEM:
standard error mean.

3.3.6 ARPC5 has a faster turnover than ARPC5L in MAVER-1 cells.

Part of the characterisation of proteins is to identify their stability. In this test,
| decided to determine ARPC5/L turnover. Understanding the differences in
protein stability may give indications as to their differential function in actin

reorganisation.

In this experiment, | treated MAVER-1 cells with 100ug/ml of Cycloheximide,
a protein translation blocker to test the turnover rate of ARPC5/L. in Western
blot on the prepared lysates both isoforms seem to be stable in shorter time
points (Figure 3.8 A&B). In longer time points, however, ARPC5 seemed to
be degraded after 12 hours while ARPC5L was stable in the same time

points (Figure 3.8 C&D). c-Myc was used as a positive control.
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Figure 3-8: ARPC5 has a faster turnover than ARPC5L. MAVER-1 cells were
treated with 100ug/ml of CHX and incubated at 37 for a different time. A) A western
blot image showing ARPCS5/L level before and after CHX treatment addition for
shorter time points (2,4, and 6 hours). B) Quantification analysis of the western blot
images in A. C)) A western blot images showing ARPC5/L level before and after
CHX treatment addition for longer time points (12 and 24hours). D)Quantification
analysis of the western blot images in C. c-Myc is used as a positive control for
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proteins translation blocking. B-actin is used as a loading control. All WB images
were visualised, and band intensity quantified using LI-COR imaging system. A
was done experiments N=7, and C was done N=3. Error bar represents SEM using
PRISM. SEM: standard error mean. CHX: Cycloheximide.

3.3.7 An increase of ARPC5 paralogue protein expression when the

expression of the other is reduced.

To enable studies into the functional roles of ARPC5 isoforms, MAVER-1
cells were treated with small interference RNA (siRNA). Figure 3.9 showed
that | was able to significantly reduce the expression of ARPC5 and
ARPCS5L with the use of pooled siRNA oligonucleotides (Fig 3.9 a). In
addition, | noticed that when the expression of one of the paralogues is
reduced upon transfection, an increase is observed in the protein
expression of the other paralogue, thus potentially pointing at a possible

compensation mechanism between the paralogues (Fig 3.9b).
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Figure 3-9: An increase of ARPC5 paralogue protein expression when the
expression of the other is reduced. A. Western blot analysis of ARPC5/L
proteins within lysates of MAVER-1 cells treated with the indicated siRNAs against
NT, ARPC5, and ARPC5L. GAPDH is used as a loading control. B) Quantification
of western blot analysis. Compendium of N=3 experiments using siRNA to ARPC5
and ARPCS5L. Error bars represent the standard error of the mean. Statistical
analysis was performed using paired T-test. NT: non-targeting control, kd:
knockdown.
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3.3.8 ARPC5/L isoforms show a distinct localisation after BCR

stimulation in MAVER-1 cells overexpressing ARPC5/L.

In B cells, BCR stimulation induces sequential events including actin
cytoskeleton reorganisation. In this test, | aimed to determine ARPC5/L
distribution within the cell membrane at BCR activation site. Thus, to
understand if ARPC5/L are redistributed upon BCR stimulation, MAVER-1

cells are stably overexpressing ARPC5 and ARPC5L-GFP.

MAVER-1 cells overexpressing ARPC5-GFP or ARPC5L-GFP were plated
on an imaging dish pre-coated with 20ug/ml of anti-lgM and imaged using
TIRF microscopy. Three minutes after BCR stimulation, both ARPC5 and
ARPC5L were spread across the cell membrane with a distinct
accumulation in the centre area. 20 minutes after BCR stimulation as the
cell were fully spread, ARPCS5 relocalised from the center toward the edge
while ARPCS5L is continued to be distributed within all of the spread area
(Fig 3.11A &B). For the quantification, the centre area was defined as half
of the total cell area from the point of the center (inner ring) while considering

the other half the edge of the cell (outer ring) (Fig 3.10).
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Figure 3-10: A diagram showing the different areas of the MAVER-1 cell
selected for ARPC5 and ARPCSL distribution analysis. Manual determination
of the cell area. == center point of the cell, = the distance between the center point
and the edge of the cell, area of the center area (inner ring), and = area of the
edge area (outer ring).

Depleting the respective other isoform in each overexpressing cell (ARPC5L
knockdown in ARPC5 overexpressing cells) did not change the phenotype

observed in wildtype (Fig 3.11B).

By dividing the total fluorescent intensity in three minutes by 20 minutes, |
noticed that there is no difference in isoform fluorescent intensity between
the overexpressed paralogues (Fig 3.11C). To confirm BCR stimulation
within analysed cells (positive control for BCR stimulation), the total area of
the cell was measured in three and 20 minutes which showed an increase

in cell area size indicating cell spreading after BCR stimulation (Fig 3.11D).

These experiments suggested that after BCR stimulation, the level of
overexpressed ARPC5 and ARPCS5L are not changing, but their distribution

is significantly different within the cell membrane. Such a finding possibly
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points to different the isoform's contributions in actin reorganisation as the

BCR signaling is proceeding.
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Figure 3-11: ARPCS5/L are distributed differently after BCR stimulation in
MAVER-1 cells overexpressing ARPC5/L. MAVER-1 cells were added to the
imaging dish pre-coated with 20ug/ml of anti-IgM, allowed to settle for two minutes,
and imaged. A)TIRF images of MAVER-1 cells overexpressing ARPC5/L in
indicated time points after BCR stimulated. B) A guantification analysis of the
integrated density of ARPC5/L in the center and the edge of the cell. C) The ratio
of integrated density of the ARPC5 and ARPCS5L in 3 and 20 minutes of BCR
stimulation. D) The total cells area measurement in 3 and 20 minutes after BCR
stimulation was used as a positive control for BCR stimulation and cell spreading.
ImageJ software was used for the analysis. Cells were background subtracted,
bright/ contrast adjusted, and corrected for bleaching using (simple method).
Images of cells were taken using spinning disk confocal microscopy N=3. Number
of analysed cells 15 cells. The statistic was performed using PRISM (SEM),
statistical test used is paired T-test in A,B,and C. in D one-way ANOVA’s with
Tukey’s multiple comparison Test. TIRF: Total internal reflection fluorescence.
SEM: standard error mean. wt: wildtype. kd: knockdown.
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3.4 Discussion:

In this chapter, | investigated the effect of BCR stimulation on the behaviour
of ARPC5/L in MAVER-1 cells. A principal finding is the role of BCR
signaling in regulating ARPC5 and its paralogue ARPC5L expression level
and their distribution. ARPC5 is downregulated after BCR stimulation and
seems to redistribute toward the periphery of B cell synapse whereas
ARPCS5L expression level remain stable, and the distribution does not
change after BCR stimulation. This provides a potential explanation for
relative enrichment of ARPC5L in the phospho-proteome after BCR
stimulation that our group observed previously (Fig 1.7). Moreover, the
distinction in the isoforms turnover rate indicates to their different properties
that could contribute to actin dynamics. This data gives rise to the possibility
that BCR signaling controls actin dynamic through manipulating ARPC5 and

ARPCS5L expression levels.

Upon BCR stimulation, the ARPCS5 level is reduced while the level ARPC5L
IS maintained. In the previous proteomic study, only ARPCS5L is strongly
enriched with phosphotyrosine (Fig 1.5) pointing toward an important
function of ARPC5L in B cells after BCR engagement. Moreover,
differences in isoform distribution after BCR stimulation, with ARPC5
accumulation at the edge of the cell membrane and ARPCS5L being
distributed within the cell membrane emphasize the selective ability of BCR
signaling to manipulate ARPC5/L distribution within the actin cytoskeleton.

Maintaining ARPC5L within the centre and the edge of the contact
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membrane could imply the contribution of ARPC5L in mediating stabilisation
of BCR central cluster formation. The preference of BCR signaling to
stabilise and sustain ARPC5L over ARPC5 could be due to its known more
efficient property in promoting actin polymerisation than ARPC5 [97]. Such
a process could be essential for the signal activation and the merger of BCR

micro clusters into the central cluster during B cell activation [70].

The quantification of the mRNA level of ARPC5 excludes the possibility of
less ARPCS5 transcription underlying the protein level reduction after BCR
stimulation. The novel result of using cycloheximide treatment suggests
different isoforms have different turnover properties that could affect actin
stabilisation. Shorter ARPC5 half-life than ARPC5L indicates that ARPC5
could be degraded after BCR stimulation leading to its level reduction when
B cells are activated. Moreover, analysing the amino acid sequences of
ARPC5 and ARPCS5L using the sequence alignment tool website showed
that the amino acid sequence of ARPC5 contains five lysine residues that
are replaced with another amino acid at the same positions within the
ARPCS5L amino acid sequence (Fig 3.11). The presence of these lysine
residues potentially enhances the possibility that ARPC5 more susceptible
for ubiquitin-mediated protein degradation when compared to ARPC5L.
This possibility was subjected for testing through the inhibition of either
ubiquitin-proteasomal or lysosomal pathways. However, due to

experimental difficulties, the conclusion could not be achieved.
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Figure 3-12: Comparison of the amino acid sequence of ARPC5 and ARPC5L.

The maintenance of one of the paralogues could be pivotal for the cell. The
fact that when one paralogue expression is depleted, an increase in the
other paralogue is observed suggests possible compensation or distinctive
function between the paralogues within the B cell. However, the role of
these isoforms in B cells and during BCR signaling is unclear. Therefore,
the work in the next chapter will be dedicated to understanding the

functional role of ARPC5 and ARPC5L in BCR signaling.
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Chapter 4. Determine the functional role of ARPC5
isoforms in BCR signalling
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4.1 Introduction

Finding differences in turnover and localisation between ARPC5 and
ARPCS5L after BCR crosslinking point to separate functional role in BCR
signaling. The ARPCS5 isoforms are unstudied proteins whose role in B cell
biology is unknown. This chapter, therefore, examines the functional role of
these proteins in BCR signaling and in the downstream events particularly

cell adhesion and migration.

At the molecular level, actin networks are required in multiple steps during
BCR signaling including BCR receptors internalisation, B cell spreading,
and they greatly affect the signaling outcomes such as B cells adhesion and
migration [85, 181]. With respect to CLL cells, cells trafficking occurs
between various blood tissues to ensure access to the support they need
from stromal cells [182]. When these malignant lymphocytes are retained in
the nodes, this leads to lymphadenopathy, a sign of progressive disease
and poor prognosis [183]. Although this process is vital and its mechanism
very important, little is known about the dynamics of CLL cell retention,
migration, and the influence of the actin cytoskeleton on retentions of these

cells into the lymph node microenvironment.

The generation of branched actin networks during B cells activation occurs
through the activation of the Arp2/3 complex which consists of 7 different
subunits. ARPC5 and ARPC5L are paralogues that share 67% homology,
and they are part of this complex. It is well known that these paralogues

differentially influence the actin nucleating activities of the Arp2/3 complex
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through the selective ability of cortactin to stabilise the ARPC5L isoform

within the Arp2/3 complex, forming actin branching [97].

4.2 Aim of this chapter

To establish the role of ARPC5 and ARPCS5L in B cell biology by
investigating their function in MAVER-1 cells in the presence of BCR
signaling, and then examining how these paralogues affect MAVER-1 cell
adhesion and migration. the investigation in this chapter provides insight
into the pathological behaviour of malignant MCL cells signalling/migration

that could be beneficial for future therapeutic options.
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4.3 Result

4.3.1 Cell surface markers level are unchanged after ARPC5/L

depletion in MAVER-1 cells.

This investigation was dedicated to determining the role of ARPC5/L on the
phenotypic changes of surface markers expression in MAER-1 cells. Cell-
surface proteins including activation markers, chemokines markers, and
adhesion receptors are required for B cell function in the absence or
presence of BCR signaling. The actin cytoskeleton is required for surface
markers stability on the cell surface and their internalisation [184], and thus
it is important to explore the role of the isoforms in cell surface marker

expression.

To determine the surface expression of MAVER-1 cells, a new technology,
mass cytometry was used which can detect up to 40 antibodies binding to
cell-surface proteins of multiple samples in one go without interference or

overlap between different samples.

After the ARPC5/L knockdowns, samples were barcoded before pooling,
and subsequent staining according to the protocol. The samples were then
analysed by mass cytometry. Figure 4.1 shows the gating strategy for non-
targeted MAVER-1 cells (NT), ARPC5 knockdown, and ARPC5L
knockdown. For NT, the barcode used was a combination of metals 1*°In
and *8Y, for ARPC5 knockdown the barcode combination was *'®*Ho and
*89y and for ARPCS5L *'%°Ho and %°In. These combinations were tagged to

CD45 antibodies. CD45, commonly known as Leukocyte Common Antigen,
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is strongly expressed on all blood cells except for mature erythrocytes and
plasma cells. The bivariate dot blot and drawn gate indicate the population
of cells that were then taken forward for further analysis using Cytobank

software.
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Figure 4-1: Manual gating strategy to identify live MAVER-1 cells (NT)._ Using
mass cytometry to gate on live singlets cells. The gating strategy was based on
barcoding multiple samples with metals combinations NT (}*°In and *#°Y), ARPC5
(**%°*Ho and *#°Y), ARPCS5L (*'%Ho and **®In) CD45 positive cells. The gating and
the surface markers expression were identified using Cytobank software. NT: non-
targeting.
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Analysis of surface antigen expression on NT and ARPC5/ARPC5L
knockdown MAVER-1 cells revealed each population to be highly similar.
There was no overall phenotypic change in the wild-type cells compared to
the knockdown cells (Figure 4.2) which rule out an effect of ARPC5/L on

MAVER-1 cells surface antigen expression.
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Figure 4-2: The surface expression markers (CD) are unchanged with
ARPC5/L depletion in MAVER-1 cells. Following knockdowns hits, MAVER-1
cells from different conditions were prepared for mass cytometry analysis using
antibodies panel. Samples from the three different conditions were differentially
barcoded prior to the mass cytometry analysis. The Cytobank software was used
to analyse the phenotypes of each condition. NT:non-targeting, CD: cluster
differentiation.
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4.3.2 Surface IgM expression and receptors internalisation are

unaffected when ARPC5 paralogue is depleted.

After having tested the effect of ARPC5/L on surface antigen expression on
MAVER-1 cells in the absence of BCR stimulation, | decided to monitor the
internalisation of the B-cell receptor after BCR stimulation. The
internalisation of activated receptors by endocytosis has an important role
in regulating the duration and the intensity of downstream signaling events

[185].

Actin dynamic plays a role in BCR trafficking, in particular, Arp2/3 complex-
mediated branched actin network regulating BCR internalisation [49].
Therefore, by using Flow cytometry technology, | planned to look at the
influence of ARPC5/L depletion on the levels of BCR internalisation in the

MAVER-1 cells at various time points after BCR crosslinking.

Anti-IgM F(ab’)2 fragments were labelled with Alexa-488 so they can be
used in Flow cytometry. BCR on MAVER-1 cells were incubated with this
antibody for specific time points. Two technical repeats were generated from
each time point. The first sample is to show the total amount of BCR within
the cell (on surface and internal), and the second sample is to show only
the internalised receptors by quenching the surface receptors in that sample
using anti-Alexa-488. Figure 4.3 exhibits the gating strategy | used to gate
on live MAVER-1 cells based on forward scatter (the size of the cell) and

the side scatter (the granularity).
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Figure 4-3: Manual gating strategy to identify live MAVER-1 cells in Flow
cytometry. Using flow cytometry to gate on live cells based on the FS (the size of
the cell) and the SS (the granularity). The gating strategy was identified using
Flowjo software. FS: forward scatter. SS: side scatter.

Measuring the surface expression of BCR at zero minutes of BCR binding
to anti-lgM F(ab’)2 shows no difference in receptors expression between
the wild type and the knockdown samples (Figure 4.4A). the level of surface
BCR was then tracked on the MAVER-1 cells over time (Figure 4.4b),
showing the ability of MAVER-1 cells to internalise BCR even with ARPC5/L
knockdowns. This experiment excludes a functional effect of ARPC5/L in

BCR internalisation after BCR stimulation.
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Figure 4-4: Surface IgM expression and receptors internalisation are
unaffected when ARPCS5 paralogue is depleted._ MAVER-1 cells were treated
with the indicated siRNA and stimulated with 20ug/ml of anti-lgM antibody
conjugated with Alexa-488 for indicated time points. Half of the cells from each
condition were incubated with anti-Alexa-488. IgM expression was determined on
the gated live cells. A) The mean fluorescence intensity (MFI) of the surface IgM
expression at zero minutes of BCR stimulated cells. B) Percentage of IgM receptor
internalisation upon BCR stimulation. The surface expression o BCR was
determined using Flowjo software. The experiment was done in (N=3), the statistic
was achieved using PRISM (SEM) one-way ANOVA'’s with Dunnett's multiple
comparison test. SEM: standard error of the mean. NT: non-targeting. Kd:
knockdown.
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4.3.3 ARPC5/L knockdown does not impair BCR-induced MAVER-1

spreading.

To further investigate the role of ARPC5 and ARPCS5L in BCR signaling, |
investigated how depleting these paralogues affected BCR-induced cell
spreading. The role of ARPC5 and ARPC5L was tested by looking at the
ability of MAVER-1 cells to spread on anti-lgM-coated coverslips following

the knockdown of these paralogues with siRNA.

Following the protocol for ARPC5/L knockdowns, MAVER-1 cells were
labeled with 1uM/ml of SiR-actin for 45 minutes, and then settled on
coverslips precoated with anti-IgM. Cells were imaged after 30 minutes of
BCR cross-linking, anti-lgG was used as a negative control for this
experiment (Fig 4.5a). The quantification was performed by measuring the
total area of the cell in each condition using ImageJ software (Fig 4.5b).
Figure 4.6 shows there was no noticeable disruption in the ability of BCR

signaling to the spreading of MAVER-1 cells after ARPC5/L knockdown.
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Figure 4-5: ARPC5A/L knockdown does not impair BCR-induced MAVER-1
spreading. A) Confocal image of MAVER-1 cells After ARPC5/L depletion and
BCR stimulation., MAVER-1 treated with indicated siRNA and Actin was labeled
with SiR-actin for 45 minutes. Cells were placed on coverslips precoated with anti-
IgM and the negative control was treated with anti-lgG. Images were taken for each
condition after 30 minutes of BCR stimulation using Zeiss LSM 800 system. B)
Quantification of cell spreading by measuring the total area of the cell after 30
minutes using ImageJ software.The statistical analysis used was Prism One-way
ANOVA with Dunnett’'s multiple comparison test. Error bars indicate th standard
error of the mean and represent 3 independent experiments N=3. NT: non-targeted
control. Kd: knockdown.
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4.3.4 ARPC5/L depletion does not affect Calcium (Ca?*) flux mediated

by BCR stimulation.

Anti-lgM-induced calcium mobilisation can be used as an indicator of
receptor signaling activity [6]. To test if this phenomenon is altered with
ARPC5/L knockdown in MAVER-1 cells, | used Fluo-4-AM, a cell-permeable
indicator that increases in fluorescence upon binding to released Ca?*. After
the knockdown of ARPC5 and ARPC5L, MAVER-1 cells were incubated
with Fluo-4-AM dye for 20 minutes. The fluorescence of Fluo-4-AM-loaded
cells was initially measured in non-stimulated cells, and then again,
following the addition of 20 ug/ml goat F(ab')2 anti-IgM. A rise in Fluo-4-AM
fluorescence over baseline after BCR crosslinking indicated intracellular

calcium release.

Figure 4.6 shows the intracellular calcium release in NT MAVER-1 cells and
ARPCS5/L knockdown cells. This figure showed that NT MAVER-1 cells
are responded to BCR crosslinking in a similar way to that observed in cells
where the ARPC5 paralogues had been knocked down, suggesting that

ARPCS5/L are not indispensable for Ca?* release upon BCR cross-linking.
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Figure 4-6: ARPCS5/L reduction does not affect Calcium (Ca2+ ) flux mediated
by BCR stimulation._Following knockdown hits, MAVER-1 cells were incubated
with 2 uM Fluo4 —AM for 20 mints. Acquisition of the first one minute was performed
without stimulation followed by the addition of 20ug/ml of anti-IgM to the same
samples, and the acquisition was taken for 10minutes. Data were acquired on a
Flow cytometry and analysed using Flowjo software. NT: non-targeting kd:
knockdown.
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4.3.5 ARPC5/L knockdown does not affect kinases phosphorylation

level after BCR stimulation.

BCR engagement with antigen plays a crucial role in determining the fate of
B cells by permitting many distinct outcomes including survival, proliferation,
apoptosis, and differentiation [19]. Some of these pathways promote actin
reorganisation suggesting the vital connection between BCR signaling and

actin dynamic.

In this experiment, | aimed to understand the effect of ARPC5/L on BCR
signaling mediated by BCR stimulation. | measured the phosphorylation
level of major proximal and distal kinases, activated after BCR engagement.
MAVER-1 cells were incubated with anti-IgM after depleting ARPC5 and
ARPCS5L. The incubation periods used in this investigation were 5 and 60
minutes according to the different time points in which some kinases reach
their maximum phosphorylation level upon BCR stimulation. The total level

of these kinases is used as loading control for western blotting.

This test showed no significant changes in the phosphorylation dynamic of
the kinases (Fig 4.7A) across the conditions used in this experiment

(Fig4.7B).
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Figure 4-7: ARPC5/L knockdown does not affect the kinases phosphorylation
level after BCR stimulation._A) Western blot analysis of ARPC5/L within lysates
of MAVER-1 cells treated with the indicated siRNAs followed by BCR stimulation
with anti-IgM antibody for 5 and 60 minutes. The Western Blot images were taken
using the Li-COR Odyssey system. B) Protein levels were quantified by dividing
the phosphorylated kinase level by the total level of the kinase. Statistical analysis
was done using Prism software. Error bars indicate the standard error of the mean
(SEM) and represent 3 independent repeats N=3. NT: None- targeted control, kd
knockdown, p: phosphorylated kinase, t: total kinase.
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4.3.6. MAVER-1 cells adhesion ability is not disrupted with ARPC5/L

depletion.

The adhesion process in B cells is crucial for forming a central cluster of
antigen receptors [186], and BCR signaling propagation. The involvement
of the actin cytoskeleton is vitally important for successful adhesion
formation [85]. Actin nucleating complex Arp2/3 is crucial for the generation

of the actin ring and centripetal membrane flow for B cell adhesion [82].

| decided to measure the effect of ARPC5 isoforms, as Arp2/3 complex
subunits in MAVER-1 cells adhesion. The selection of integrins ligends to
be subjected to testing is based on their expression of the cognate integrin
on MAVER-1 cells. MAVER-1 cells highly express Very Late Antigen-4 VLA-
4 (asPi-integrin). The best-described ligands for VLA-4 are VCAM-1 and
Fibronectin which are released by the surrounded stromal cells [187]. This
integrin has been implicated in homing and retention of hematopoietic cells
through binding to its ligends [188]. Moreover, BCR signaling promotes
adhesion in B cells through controlling the integrin activity in particular a431

integrin [181].

Following ARPC5 and ARPC5L knockdown, MAVER-1 cells were stained
with Calcein-AM, cell dye for one hour and replated into 96 well plates that
were pre-coated with Fibronectin, VCAM-1, anti-IgM, ligends combinations,
and BSA as a negative control. After incubation for 30 minutes, cells were
subjected to washing steps to remove non-adherent cells. The stained cells

also were added to non-coated wells for the calibration (shown in section 2)
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and to the positive control. Using the FLUO star Omega microplate reader

system, the absorbance reading was taken.

Figure 4.8 showed a successful adhesion ability of MAVER-1 cells through
a4Ba-integrin activity. The experiment revealed that this adhesion ability is
not impaired with  ARPC5 and ARPCS5L depletion factoring out their

functional effect on these cells' adhesion.
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Figure 4-8: MAVER-1 cells adhesion ability is not disrupted with ARPC5/L
depletion. MAVER-1 cells were stained with calcine-AM and added to 96 well
plates which were pre-coated with different ligend combinations as indicated. After
30 minutes of incubation with the ligends at optimal conditions, cells were washed,
and the number of stained cells was counted using FLUO star Omega microplate
reader system. Statistical analysis was performed using Prism One-way ANOVA
(Tukey’s multiple comparison test). Error bars indicate the standard error of the
mean and represent 4 independent experiments N=4. FN: Fibronectin, VCAM-1:
Vascular cell adhesion protein 1, BSA: Bovin serum albumin, +Ve: Positive control,
-Ve: Negative control.
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4.3.7. Silencing of ARPC5 and ARPC5L impairs migration of MAVERL1

cells.

BCR stimulation is reported to arrest B cell migration [189]. Since this
chapter aims to understand the functional role of ARPC5/L in BCR signaling
including cell migration, it was necessary to test the impact of BCR

crosslinking on the migration of MAVER-1 cells.

To assess cell migration, | decided to use the method of "pillar forests" that
mimic 3D cell environment. The pillar forests are Polydimethylsiloxane
(PDMS)-based setups in which arrays of micrometre-sized pillars connect
two closely neighbouring surfaces. The advantages of 2D cell migration
tests are combined with the precise determination of 3D environmental
parameters in this new technique [173], applicable for leukocyte migration
studies [190]. Accurate preparation of the PDMS device is required since
changing the pillar shape, size, height, and inter-pillar distance can
manipulate microenvironmental parameters. Luckily, this device was kindly
prepared and granted by Dr. Anne Reversat who actively contributed to
discovering it [173]. Figure 2.1 shows the PDMS device with a specific
design including the pore size 5um | used in this study. The information of

device preparation is stated in a detailed fashion in [173].

Following ARPC5 and ARPC5L knockdowns, MAVER-1 cells were either
directly added or treated first with (anti-lgM or anti-lgG) and added to the
device. In both ways, cells were incubated in the device at 37° for four

minutes allowing them to enter the pillar and start to migrate. Images were
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taken every minute over 30 minutes using widefield Zeiss microscope
system. The images taken were adjusted for brightness and contrast and
the analysis of the cell tracking was performed using Track mate (simple lab
tracker) that allows cell tracking according to the time and distance using

ImageJ software.

Figure 4.9 A&B shows the tracked cells after 30 minutes of imaging. Figure
4.9 ¢ shows the quantifications of the migration speed which indicate
MAVER-1 cells are free migratory cells meaning they are capable to migrate
in the absence of chemokines. Knockdown of either isoform significantly
slows the speed of the free migration indicating the requirement of ARPC5/L
for the migration of MAVER-1 cells. BCR stimulation inhibited the migration
of these cells, and depletion of ARPC5 or ARPC5L does not impair the BCR-
mediated cell arrest. In this experiment, treating the cells with anti-IgG was
used as a positive control pointing to the selective migration arrest of these

cells to the BCR stimulation with anti-IgM.

Taken together, these results suggest the role of ARPC5/L in MAVER-1
cells migration. Crosslinking of BCR arrests these cells' migration

regardless of ARPC5/L expression.
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Figure 4-9: Depletion of ARPC5/L impair the free migration of MAVER-1 cells.
MAVER-1 were cells treated with siRNA and left free or stimulated with (anti-lgM
or anti- IgG). Cells were added to the chamber and incubated for four minutes to
allow them to settle in the chamber. A&B) showing the snapshot of adjusted Bright
and contract images of five minutes and 30 minutes tracked cells (in yellow), the
images were taken every one minute over 30 minutes using Widefield Ziess LSM
900 system. C) is the tracks analysis of cell mean speed using Trackmate (Simple
Lab Tracker) method in Imaged software. The experiment was independently
repeated three times (N=3). The error bar represents the SEM using PRISM and
the statistical analysis was performed is one-way ANOVA'’s with Dunnetts multiple
comparison test. SEM: standard error mean. kd: knockdown.
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4.4 Discussion :

BCR signaling plays a crucial role in B cell activation which is initiated via
the interaction of BCR with a specific antigen. It was found that the actin
cytoskeleton changes dramatically during B-cell activation, and its
reorganisation regulates BCR signaling in different stages of B-cell biology
[191]. Since ARPC5 and ARPCS5L are isoforms contributing to actin
formation, in this chapter, | investigated their functional role in BCR signaling

using MAVER-1 cells.

When BCR signaling is induced, B cells go through multiple changes
facilitating their activation. It is shown that in T cells, Arp2/3 complex is
required for maintaining surface TCR levels via regulating TCR endosome
trafficking [192], and in B cells the complex is required for antigen-BCR
complex internalisation [49]. These findings suggested the possibility that
the isoforms as members of the Arp2/3 complex might be required for BCR
trafficking either in their maintenance on the B cell surface or their
internalisation. Upon antigen encounter, B cells undergo a spreading
response and actin plays an essential role in this process. Inhibition of
Arp2/3 complex alters BCR induced spreading in B cells [82]. A cytoplasmic
free calcium level induced by BCR signaling is strongly connected to the
generation of actin-based membrane protrusion, essential for B cell
spreading and adhesion [193]. Moreover, BCR engagement leads to

different kinases phosphorylation required for B cell activation and survival.
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Some of these kinases induce actin reorgnaisation pointing to the link

between BCR signaling and actin dynamic.

Although Arp2/3 complex is important for these changes, in my study,
depletion of ARPC5 and ARPCS5L did not affect these processes. This
suggests that the Arp2/3 complex with the respective other isoform can still
fulfil these functions to same degree. These observations opened the

window for the necessity for further investigation.

The functional effect of ARPC5 and ARPC5L in MAVER-1 cells adhesion
and migration was tested. A role for ARPC5/L isoform specificity in adhesion
induction was excluded by measuring the ability of a41 integrin to induce
MAVER-1 cells adhesion through binding to its ligands FN and VCAM-1 with

and without BCR stimulation.

To test the effect of the isoforms on cell migration, MAVER-1 cells were
tracked through “pillar forest” champers that mimic the confined migration
of lymphocyte in tissue. ARPC5 and ARPC5L were shown to functionally
affect MAVER-1 cells migration to similar degree, depletion of either isoform
slowed the migration down. This was somewhat surprising since in [97]
showed that ARPC5 isoforms differently affect actin polymerisation. BCR
stimulation arrested both wildtype and knockdown cells indicating the strong
controlling ability of this signaling on cell migration regardless of knockdown

effect.
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Chapter 5:  General Discussion
The main aim of this study is to determine the functional differences
between ARPC5 and ARPCS5L in BCR signaling. The studies in this thesis
further the previous findings which showed enrichment of ARPC5L in the
phosphoproteomic study [169] (Figl.5). | found that following 60 minutes of
BCR engagement, ARPC5 levels are downregulated while the ARPC5L
level remains constant. Moreover, a change in ARPC5 and ARPC5L
distribution in cells is observed within 20 minutes of BCR stimulation where
there is selective distribution of ARPC5 toward the edge of the cell
membrane while ARPC5L remains diffused within the membrane. ARPC5
was shown to have a faster turnover than ARPC5L, and isoform depletion
by siRNA leads to an increase of the protein level of the other respective
isoform. Depletion of either paralogue significantly reduces the migration
ability of B cells. Together these findings show BCR engagement induces a
change in expression and distribution of ARPC5 and ARPCS5L activity,
however, the specific functional role of either ARPC5 paralogues in BCR

signaling could not be elucidated.

To my knowledge, there are no reports characterising ARPC5 paralogues
in CLL, MCL, or even within global B cell activation. Thus, the work
presented in this thesis is of interest within this field because it attempts to
make a connection between ARPCS5 paralogues and BCR signaling
specifically in the malignant cells of MCL. BCR engagement activates
signaling pathways important to the behavior of normal and malignant B-

cells [141]. This is particularly true of CLL and MCL where BCR signals

138



facilitate the growth and survival of malignant clones in these diseases. My
work shows that BCR engagement induces differences in the turnover rate
and a switch in ARPC5/L expression in the knockdown study that support

the possibility of a role for these paralogues in MCL and CLL.

Findings in chapter 3 show that ARPC5 paralogues have differential protein
expression and distribution following BCR stimulation. This evidence
suggests that BCR signaling selectively requires ARPC5L activity during
signaling induction. The reduction of ARPCS5 levels in the face of maintained
ARPC5L levels is in agreement with findings of a previous
phosphoproteomic study (Figl.5) performed in this lab. Here the high
enrichment of ARPCS5L that occurs in cells responding to BCR signaling
supports the notion that such signaling maintains the level of ARPC5L. The
lack of tyrosine residues associated with consensus phosphorylation sites
within the amino acid sequence of this protein suggests that it is likely to be
associated with proteins that are tyrosine phosphorylated rather than being
directly phosphorylated itself. A possible explanation for why ARPC5L
levels are maintained is through BCR-induced down-regulation of ARPC5
which may be analogous to experiments in the thesis showing that siRNA
knockdown of ARPCS5 leads to an increase in expression of ARPC5L. This
apparent compensation of isoform expression points at diversity in function

of the two paralogues despite their sequence homology.

In my work to characterise endogenous ARPC5 and ARPCSL | initially used

Hela cells, human cervical carcinoma cells, because they are convenient to
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use and easy to transfect in comparison to the MCL cell line | used in this
thesis (MAVER-1 cells). Thus, the technical difficulties in tagging
endogenous ARPCS isoforms via CRISPER in MAVER-1 cells limited my
observations of endogenous protein in those cells. Nevertheless,
overexpression of either isoform in MAVER-1 cells was achieved
successfully, and this allowed me to see different patterns of ARPC5 and
ARPCS5L distribution in the cell membrane during BCR signaling observed
that ARPC5L becomes spread across the membrane in MAVER-1 cells
responding to BCR engagement, and this allows the hypothesis that
ARPCS5L selectively could be required for BCR signaling stabilisation by
contributing to the formation of central BCR clusters, required for signaling
propitiation [70]. This is an attractive hypothesis that further supports
isoforms functional variation in BCR signaling ARPC5 expression is
downregulated is not a result of changes in gene transcriptions because g-
PCR analysis of ARPC5 mRNA shows no change during BCR signaling.
Because of experimental difficulties, | could not confirm that ARPC5 down-
regulation after BCR stimulation due to higher protein degradation because
of technical difficulties with the assay, but the evidence | present of the faster
turnover of ARPC5 compared with ARPC5L observed in this study suggests
this possibility. This suggestion is supported by studies of ARPC5
degradation in T lymphocyte cells [194]. Here ARPCS5 is subjected to
degradation in order to maintain the anergic state in T cells. The anergic
state is crucial to keep the peripheral tolerance and avoid autoimmunity, this

study indicated that ARPC5 becomes ubiquitinated by GRAIL (genes
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related to anergy in lymphocytes), a family of E3 ubiquitin ligases that are
required to sustain anergy in T cells. Downregulation of ARPC5 leads to
less localisation of this isoform within immune synapse formed by T cells,

and that greatly affects the responsive state of these T cells [194].

These findings collectively support the notion that BCR signaling, by
maintaining the ARPC5L levels could exploit this paralogue for its distinct
properties within the Arp2/3 complex. Arp2/3complexes containing ARPC5L
are more efficient in promoting actin polymerisation than those containing
ARPC5 and cortactin preferentially stabilises the complexes containing
ARPCS5L over complexes containing ARPC5 against coronin-mediating
actin depolymerisation [97]. This may be particularly relevant in CLL where
high levels of cortactin and its paralogue HS1 in malignant cells correlate to
poor outcomes in this disease [195]. Importantly, both cortactin and HS1

are key substrates of Lyn in the signaling pathway induced by BCR [196].

Several lines of evidence support the concept that CLL and MCL are greatly
dependent on BCR. Understanding the mechanism in which BCR signaling
works may provide a clear insight into the pathogenesis of CLL and MCL
[197, 198]. As actin cytoskeletal proteins, the Arp2/3 complex plays a role
in the regulation of actin polymerisation [199], and subsequently controlling
BCR signaling [82]. Thus, it is important to understand how Arp2/3 proteins
subunits including ARPC5 and ARPCS5L with their divergent properties
affect BCR signaling. As shown in chapter 4, the functional role of ARPC5/L

isoform specificity is not determined in BCR signaling. Knockdown of either
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paralogue had no discernable effect on either BCR internalisation and
MAVER-1 cells spreading, or on BCR induced signaling (ie intracellular Ca?*
flux and phosphorylation of BCR pathway mediators). However, using a
unique assay of adhesion-free migration, | showed that these paralogues
are required for B cell migration. The speed of MAVER-1 cell movement in
the system | used is significantly reduced with siRNA depletion of either
paralogue. However, the reduction of ARPC5L seemed to have a greater
effect than the reduction of ARPC5. These results indicate the requirement
of MAVER-1 cells for Arp2/3 complex generally and for ARPC5 paralogues
specifically for actin dynamics that allow B cells to migrate. | found that BCR
engagement inhibits MAVER-1 cell migration in my system, and the siRNA-
mediated knockdown of ARPC5/ARPC5L seems to not have any effect on
this phenomenon. This shows that although ARPC5 and ARPCSL play roles
in B cell migration, they do not seem to mediate BCR arrest of migration.
The contact of anti-lIgM with BCR seems to control the migration of those
cells regardless of the expression of the isoforms indicating the strong

influence of BCR signaling on MAVER-1 cell migration.

The ability of MAVER-1 cells to adhere to the adhesion ligends (FN-VCAM-
1) was also tested. MAVER-1 cells highly express o431 integrin and the
majority of cell adhesion occurs through this receptor/integrin. The
stimulation of this receptor-mediated cell adhesion occurs by either directly
binding to its legend (outside-in signaling) or through BCR stimulation-
induced a4p1 activation make it ready to bind to its ligends (inside-out
signaling) [181]. Either mechanism of a4p1integrin activation involves the
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cytoskeleton, but | found no contribution of ARPC5/L isoform specificity to
MAVER-1 cell adhesion capability through this integrin regardless of how it

was activated.

Although my experiments did not show ARPC5/L involvement with BCR
internalisation, this does not rule out the role of these paralogues in antigen
presentation to T cells that is necessary for the full activation of B cells which
leads to their differentiation. Actin dynamics are required in multiple steps
of the BCR signaling pathway [179], and the Arp2/3 complex plays a role in
this signaling and B cells response [49, 82]. The findings, shown in chapter
three suggest the need for further investigation in ARPC5 and ARPC5L
function in the multiple signaling steps of BCR signaling, and this includes

antigen presentation.

In general manners, ARPC5/L functionality within the indicated steps in the
signaling pathway was not elucidated due to certain limitations. For
example, depletion of either ARPC5/L isoform levels does not alter surface
receptor's stability presumably BCR induction is also needed which could
provide a clearer picture of paralogue contribution. A limitation of my study
is that BCR stimulation mediated BCR internalisation was performed on a
plastic surface which is considered a stiff surface. A study has shown that
Arp2/3 activity is critical for the uptake of antigens only from soft substrates,
such as plasma membrane sheets (PMSs), which promote mechanical
antigen extraction similar to that occurring with live antigen-presenting cells

[49]. However, testing the paralogue functionality in this thesis in a given
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experimental environment confidently excludes their contribution in BCR
signaling and opens the way to test their functionality in another possible
context. One of the inherent limitations of my experimental design was the
use of only one cell line of MCL. A study in our lab (unpublished data) shows
kinases upregulation and downregulation differences between MAVER-1
cells and Jeko-1 cells line as a result of anti-lgM stimulation. These
differences could affect the cytoskeleton dynamic and could participate in

determining the role of ARPC5/L in BCR signaling globally in MCL and CLL.

For the future work, it could be interesting to investigate the importance of
ARPCS5 isoform interaction with other Arp2/3 complexes in BCR signaling,
or generally in B cell activation. A study has shown that mutation within the
ARPCL1 binding site to ARPC5 results in unregulated nucleation activity of
the Arp2/3 complex when WASp is not present. This observation may
indicate the necessity of proper physical contact of ARPC1 with ARPC5 as
ARPCS5 functions, by keeping ARPCL1 less active to hold the Arp2/3 complex
in an inactive state, suppressing spontaneous nucleation activity until WASp
activity is induced to trigger a conformational change within the Arp2/3
complex [200]. Thus, it is worth testing whether this contact site between
ARPC1 and ARPCS is crucial to prevent spontaneous actin nucleation by
Arp2/3 complex in B cell and how it could manipulate BCR signaling by

affecting Arp2/3 complex nucleation activity.

Since the single isoforms knockdown did not determine the functional

differences in BCR signaling, the need for the double ARPC5/L depletion as
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an effective positive control has become apparent. That double paralogue
depletion may clearly explain if both isoforms are collaborating, or if they
are functionally distinct in BCR signaling. A study of Arp2/3 complex partial
subunits expression shows that ARPC5 (without isoform specification)
functionality is important for the complex nucleation activity and the
expression/stability of other Arp2/3 complex protein ARPC1. The same
study excludes ARPC5 contribution in maintaining the structural integrity of
the complex and branch actin formation [115]. Thus, this observation
suggests that the Arp2/3 complex remains intact with ARPC5 paralogues
depletion which supports the notion of the double ARPC5/L depletion and
makes it feasible. Thus, these limitations can be exploited and taken into

consideration for future work.

As mentioned earlier the HS1, a homolog of cortactin is highly expressed in
CLL and cortactin selectively stabilise ARPC5L to maintain the long actin
filament generated by Arp2/3 complex containing ARPC5L but not ARPCS5.
It worth to test if the functionality of HS1 is similar to cortactin in relation to
ARPCS5L. Moreover, actin cytoskeleton influences cell stiffness that could
greatly affect it's function. A study has shown that CLL cells have higher
stiffness when compared with cells from healthy individuals [201]. This work
could be further investigated to explore the effectiveness of ARPC5
paralogues as actin relating proteins on CLL/MCL cells stiffness and
whether this biophysical alteration is correlated with the clinical symptoms

of CLL and MCL and diseases outcomes.
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In conclusion, in this thesis, | characterised the expression and the
distribution of the ARPCS5 isoforms in a B cell line which show the controlling
ability of BCR signaling on the cytoskeleton dynamic and supports the link
between them. These novel observations led me to further investigate their
functional role in BCR signaling since the BCR signaling pathway actively
contributes to the pathogenesis of CLL and MCL and ARPC5/L as actin
rearrangement proteins could affect this pathway. The potential specifc
mechanism of action of ARPC5 isoforms was not revealed by the
experiments performed in this study, however, the isoform-specific
differences we did find provide the groundwork for further exploration of
Arp2/3-controlled cytoskeletal events in B cells to give further information

on the pathophysiology of MCL and CLL cells.
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Appendix

Supplementary figures

ATGAACATCTCGGEAAGCAGCTETGEAMGCCCTAACTCTGOAGATACATCTAGT
GACTTTAAGGACCTTTGGACAAMACTAAAAGAATGTCATGATAGAGAAGTACAA
GETTTACAAGTAALAGTAACCAAGCTAAAACAGGAACGAATCTTAGATGCACAA
AGACTAGAAGAATT CTTCACCAAAAAT CAACAGCTGAGGGANCAGCAGAAAGTC
CTTCATGAAACCATTAAAGTTT TAGAAGATC GG TTAAGAGCAGECTTATGTGATC
GCTGTGCAGTAACTGAAGAACATATGCGEAMARAMCAGCAAGAGT TTGAAAATA

CTTCCTGCTCAAGACACCGATTCCBCTACATTCCACCCAACACACCAGAGAATT
TTTGGEAMGTTGETTTTCCTTCCACTCAGACTTGTATGRAAAGAGGTTATATTAL
GEAAGATCTTEATCCTTGTCCTCETCCAAAAAGACETCAGCCTTACAAC GLAAT
ATTTTCTCCAAAAGGCAAGGABCAGAAGACATAGSsattagoategactgigeetictagHy
ccagocatctgttgtttgococto: ttocttgace Jtccit

TCCGECAGCAGAATCTTAAACTTATTACAGAACTTATGAATGAAA
ACAGGAAGAAAATAAAAAGCTTTCTGAACAACTCCAGCAGAAAATTGAGAATGA
TCAACAGCATCAAGCAGCTGAGCTTGAATGTGAGGAAGACGTTATTCCAGATTC
ACCGATAACAGCCTTCTCATTTITCTGGCGTTAACCEGCTACGAAGAAAGEAGAL

CCCCCATGTCCGATACATAGAACAAACACATACTARATT GGAGCACTCTGTETG
TECAAATGAAATGAGAAAAGTTTCCANGTCTTCAACTCATCCACAACATARTCCT
ARTGAAAATGAMATTCTAGTAGCTGACACT TATGACCAAAGTCAATCTCCAATGS
CCAMAGCACATGEAACAAGCAGCTATACCOCTGATAAGTCATCTTTTAATTTAGE
TACAGTTGTTGCTGAAACACTTGGACTTGETGT TCAAGAAGAATCTGAMACTCA

AGGTCOCATGAGCCCCCTTGGTGATGAGCTCTACCACTGTCT! AAATC
ACAAGAAACAGCCTTTTEAGGAATCTACAAGAAATACTGAAGATAGTT TARGATT
TTCAGATTCTACTTCAAMGACTCCTCCTCARGAAGAATTACCTACTCGAGTGTCA
TCTCCTGTATTTGGAGCTACCTCTAGTATCAAAAGTGETTTAGATT TGAATACAA
GTTTETCCCCTTCTCTT TTACAGCCTGEGAAAAAAAAACATCTGAAAACACTCCC
TITTAGCAACACTTGTATATCTAGATTAGAAAAAACTAGATCAAAATCTOAAGATA
GTGCCCTTTTCACACATCACAGTCTTGEETCTGAAGTGAACAAGATCATTATCC
AGTCATCTAATAAACAGATACTTATAAATAAAAATATAAGT GAATCCCTAGGTGA
ACAGAATAGGACTCGAGTACGETARAGATTCTAACACTGATARRCATTTGRAGCC
CCTGAAATCATTGEGAGGECCGAACAT COAARAGGAAGAAAACT GAGEAA A

fa=las 390 il icggoctattggt
ATACTCT
CapX gacag3 EacCaggtyieg <hi]
393990 -gatgtag
copCepegoiergateogaant: Dpog gecgty
3 togat
calzggcg!gami:mmm Jattge el gtgangg: ncg

teoptopepraggoicicgatyagety agga

ioggetosaacaatytoogACIaCaatpgEeICAIAAtag6IgtiaNaTipagopApISgRIgHogaaD

geppapgosteogpageipeaggategregegpricogggogtatatpetoegeatgictigaceascictatca
focg

GTEAACATGAAGTAAGCTGCCCCCAAGCTTCTT TTGATAAAGAARATGCTTTCC

CTTTTCCAATGGATAATCAGT TTTCCATGAATGGAGACTETGT GATGGATARACT
TCTGGATCTETCTGATCGATTT TCAGCTATTCAGCGTCAAGAGAAAAGCCAAGE
ARGTGAGACTTCTAAAAACAAATT TAGGCAAGTGACTCTTTATGAGGCTTTGAAG
ACCATTCCAAAGGGECTT TTCCTCAAGCCGTAAGGCCTCAGAT GGCAMCTGCAC

GTTGCCCAAAGATTCCCCAGEEEAGCCCTETTCACAGEAATGCATCATCCTTS

AGCCCTTGAATAMATGCTCTCCAGACAATAAACCATCATTACAAATAAAAGAAGA
ARATGCTGTCTTTAAAATTCCTCTACGTCCACGT GAAAGT TTGEAGACT GAGAAT
GTTTTAGATGACATAAAGAGT GCTGGETTCTCATGAGCCAATARAMATACARACCA
GETCAGACCATGEAGGATGTCAACTTGCATCAGTTCTTCAGTTAAATCCATGTA
GAACTGGETAAAATAAAGTCTCTACAAAACAACCAAGATGTATCCTT TGARAATAT
CCAGTGGAGTATAGATCCGGGAGCAGACCTTTCTCAGTATAAAATGGATGTTAC
TETAATAGATACAAAGEATGGCAGTCACTCAAAATTAGEAGGACAGACAGTGE

ACATGGACTGTACATTGGTTAGTGAAACCETTCTCTTAAAAAT GAAGAAGCAAG

AGCAGAAGGGAGAAAAAAGT TCAAAT GAAGAARAGAMAAAT GAATGATAGCTTGE
ARGATATGTTT GATCGGACARCACAT GAAGAGTATGAATCCTGTTTGGCAGACA
GTTTCTCCCAAGCAGCAGAT GAAGAGGAGBAATT GTCTACTGCCACAAAGARALD

‘gagetiggitgacggeaatticy joitge 0 0
ggactgtcoppet gt cog
siagiggaaace; tegtccgagg icgaticoacen
coge sttttocggpacgoogpciggs

cac
atcoatagt Jecgts 23 infel pcgaty
aagtpgiosty 0DDaa; Jttegocagttaat
gt ticaticagotoopgtic

TACACACTCATGET GATAAACAAGACAAAGT CAAGCAGAAAGCGTTTGTGGAGT
CGETATTTTAAAGETGATGAAAGAGAGACTAGCTTGCAMMATTTTCCTCATATTGA
GETEETTCEGAAMAAAGAGGAGAGAAGAMMACTGCTTGEGECACACGTGTAAGS
ARTGTGAAATTTATTATGCAGATATGOCAGS, AGAA ARMGABATTGE

caatacgggatastacogoge paaaacgticticggggcgasaa
caccagegtitcigpg Jaagpcaaaatye ppoa3taappgegacacggaa
facgogege gogt
coar Jeoptggttgitocgg taccaacts g
ooty od il gogtiog

A1:CtIP vector sequence. The vector is used as a strong enhancer for

(MMEJ) in tagging ARPC5/L.
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CCGCECCCTATAGTGAGTCGTATTACACTAGCTCACTGGCCETCGTTTTACAAC
GTCGTGACTGGEEAAAACCCTEECETTACCCAACTTAATCGCCTTGCAGCACAT

CCCCCTTTCGCCAGCTEGOGTARTAGCGAAGAGGCCCGLACCGATCGCCCTTC
COAACAGTTGOGCAGCCTGAATGGCGAATGECGCCTETAGTAATATTTTCTCCT
TACGCATCTGTGOGETATTTCACACCOCATATGETEIACTCTCAGTACAATCTG
CTCTGATGCCGCATAGTTAAGCCAGCCOCGACACCCGOCAMCACCCELTGACE
CGLCCTGACGGGECTTGTCTGCTOCOGECATCCGCTTACAGACAAGCTGTGACT
GTCTCCGGEAGCTECATGTGTCAGAGETT TTCACCGTCATCACCGAAMCGCGE
GAGACGAAAGEGCCTCGTGATACGCCTATTTTTATAGGT TAATCT CATGATAAT

AATGETTTCTTAGACGTCAGGTGECACTTT TCEGEEARATETGLGLGEAACCT

CTATTTGTTTATT TT TCTARATACATT CAMATATGTATCOGCTCATGAGACARTAR
COCTGATAAATGCTTATAATAATATTGAAAAAGGAAGACTATGAGTATTCAACAT
TTCCGTGTCGCCCTTATTCCCTTTTITGOGGCATTTTGCCTTCCTGTITITGCTC

ACCCAGAAACGCTGETGAAAGTAAAAGATECTGAAGATCAGTTGGETGCACGA
GTGEEETTACATCGAACTGEATCTCAACAGCGETARGATCCTTGAGAGTTTTCGE
COCGAAGAACGTTTTCCAATGATGAGCACTT TTAMAGTT CTGCTATGTGGLGEG
GTATTATCCCGTATTGACGCCGEECAMGAGCAACT CEGTCGCCGCATACACTA
TTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGEA
TGEGECATGACAGTAAGAGAAT TATGCAGTGCTGCCATAAC CATGAGTGATAACAL
TGCGGECCAACTTACTTCTGACAACCATCGGAGGACCGAAGGAGCTAACCECTT
TITTGCACAACAT GG GEATCATGTAACTCGLCTTGATCGTTGG GAACCGEAG

CTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAAT

GECAACAACGTTGOGCAAACTATTAACTGEOGAACTACTTACTCTAGCTTCCOG
GUAACAATTAATAGACTGGATGGAGGEC GRATAAAGTTGCAGGACCACTTCTEY

GLTCGGCOCTTCOGGCTEECTGETTTAT TGO TGATAMATCTGGAGCOGETGAG
CETGEETCTOGOGETATCATTGCAGCACTGGEGCCAGATGGTAAGCCCTCCD

GTATCGTAGTTATCTACACGACGGOLAGTCAGGCAACTATGEAT GAACGAAATA
GACAGATCGCTCAGATAGGTELCTCACTGATTAAGCATT GLTAACTGTCAGACT
ARGTTTARACATATATACTTTAGATT GAT TTAAAACTTCATT TTTAATTTAAAAGEA
TOTAGGTGAMGATCCTTTT TGATAATCTCAT GACCAAAATOCCTTAACGTGAGTT
TTCGTTCCACTGAGCGT CAGACCCCOTAGAAAAGATCAMAGEATCTTCTTGAGA
TOCTTTTTTTCTGOGLGTAATCTGCTCOTTECAAACAAALAAAACCACCGCTACCA
GUGETGETTTGTTT GLCGGATCAAGAGCTACCAACTCTTT T TCOGAAGGTAACT
GGCTTCAGCAGAGCGCAGATACCARATACTGTTCTTCTAGTGTAGCCGTAGTTA
GECCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTOGCTCTGCTAATC
CTGTTACCAGTGECTGCTGCCAGTGECGATAAGTCGTETCTTACCGEGETTGEA
CTCAAGACGATAGTTACCGEATAAG G GLAGCGETCGEECTGAACGGEGEET
TOGTECACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCT
ACAGCOTGAGCTATGAGAAAGCOCCACGCTTCCCGAAGGGAGAAAGGLGEAC
AGGTATCCGGTAAGCGECAGEETCGGAACAGGAGAGCGLACGAGGLAGCTTC
CAGGEEEAMCGOCTGETATCTTTATAGTOCTETCGEGTT TCGOCACCTOTGA

CTTGAGCETCEATTTTTGTGATGCTCOETCAGGEEEECEEAGCCTATEEARMNA
CGOCAGCAACGCGGOCTTTTTACGGETTCCTGGLCTTTTGCTGGCCTTTITGCTCA
CATGTTCTTTCCTGOGTTATCOCCTEAT TCTGTGGATAACCGTATTACCGCCTTT
GAGTGAGCTGATACCGCTCGLOGCAGCOGAACGACCEAGCGLAGCGAGTCAG
TEAGCGAGCAAGCEEAAGAGLGOCCAATACGCARACCGOCTCTCCCCEOGLG

A2: PITCh donor vector (CANX-mNeonGreen, PARP1-mKate?) vector

TTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTEGEAMGCGE
GCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAG
GCTTTACACTTTATGCTTCCGECTCGTATGTTGTGTGGAATTGT GAGCGGATAA
CAATTTCACACAGEAAMCAGCTATGACCATGATTACGCCATGOTATT TAGSTET
GCTTCGATATCGATCGETT TG GgaaatttigaacagateaccaagaaacagaaageeacgaGoaT
CCATGETGAGTAAGGGAGAGGAAGATAATATGECCTCCCTTCCCGOTACGCAL
GAACTCCACATCTTCGGEETCAATCAACGGETGTTGACTTCGACATGGTGEGECCA
GEGCACCEGLAATCCCAATGACGGATACGAAGAACTCAATTTGAAGAGTACAA
AGGGCGATCTCCAATTCTCACCTTGGATTCTGGTTCCCCACATTGGATACGEAT
TTCATCAGTACCTECCGTACCCCGATGGEEATGAGCCCATTTCAGGCTGCAATG
GTAGATGETAGCGGTTACCAAGTACACCGAACTATGCAATTTGAGGACGETEC
CTCACTGACAGTGAACTATCGETATACTTACGAAGGAAGCCACATCAAGGGAGA
GGECACAGGTCAAAGGAACCGGATTTCCAGCOGACGGGCCAGTCATGACAAACT
COCTGBACCGCCGCAGATTGETGCCGCAGCAAAAAGACCTATCCARATGACAAS
ACCATTATCTCGACATTCAAATGGAGCTACACCACCGGAAACGGCAAACGCTAT
CGETCTACCGCCAGGACAACCTACACATT TGCAAAACCTAT GG CGCARACTAT
CTGAAAAACCAGCCGATGTATETGT TCCGAAAGACGGAATTARAACACTCGAAA
ACAGAACTAAACTTTARAGAGT GECAGAAMGCCTTTACCGACGTANTGEGLATG
GACGAGCTGTATAAGTGAagagagtysaacaatciaagagotipatoiggattct CCAAACGAT
COATATCGAAGCACATGGCOGCTTACCTGGTGCTTCGATATCGATCGT T TGGatc
tpcipsascigasaticaatitaagaccicecigip GEEATCCATGETGAGC GAGCTGATTAAGD
AGAACATGCACATGAAGCTGTACATGEAGGGCACCET GAACAACCACCACTTC
AAGTGCACATCCEAGGECEAAGGECAAGCCCTACGAGEGLACCCAGACCATGEA
GAATCAAGGCGETCGAGGGECGECCCTCTCCCCTTCGOCTTCGACATCCTGGCT
ACCAGCTTCATGTACGGCAGCAAMACCTTCATCAACCACACCCAGGGCATCCC
CGACTTCTTTAAGCAGTCCTT COCCGAGGGCTTCACATGGGAGAGAGTCACCA
CATACGAMGACGGGGGEGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGA
CEECTECCTCATCTACAACGTCAAGATCAGAGGEETGAACTTCCCATOCAACT
GCCCTETGATGCAGAAGAAAACACTCGGLTEGGAGGLCTCCACCGAGACCCT
GTACCCCGOTGACGGLGGOCTGEAAGGCAGAGCCGACATGGCCCTGAAGCTE
GTGGEECGGGEGCCACCTGATCTGCAACTTGAAGACCACATACAGATCCAAGAA
ACCCGCTAAGAACCTCAAGATGCCOGGCGTCTACTATGTGGACAGAAGACTEE
ARAGAATCAAGGAGGELOGACALAGAGACCTACGTCGAGCAGCACGAGGETGEEE
TETGECCAGATACTGCGACCTCCCTAGCAMMCTGEEGCACAGATGAaaDogs
gaggtsgecgagtoacacogyipgctetgCoAAAC GATCGATATCGAAGCACCTAGGLGAC
GAAGAAGTGCTTCGATATCGATCGT TT Ghatpgcaaaapoipataspetpgetyaagapeatic
stcgtGGGGATCC

seguence. The vector is used to tag ARPC5/L.
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ARPC5 locus

gtecattgt tcgtgtcttgact[;caagaaaaac tgtgta{gtctgﬂcaggaagtgga:tatctgcc tcgggagtgggaattgetggtacaa

caggtaacaagcacagaactgalpgttctttttgacacatkagacégtccttcacctaatagacggagccctcacccttaacgaccatgtt

5

ARPCS mRNA
... >
ARPCS mRNA
143 , 150 155
e wval An Leu Thr Ala A Thr  wal
ARPCS
140 145 150
]l! Val A Leu Thr Ala A Thr Val
ARPCS
ARPCS_sgRNA|
ARPCS_sgRNA

agaccaaaacaaccaaatgccaccget8393 8415 = 2300 rarcrgrttetotecagotttgecticttgetttttcatatctgtaaagaa
: . : g . : . : i

tctggtrttgttggtttacggtggcgacgggacacccatcgtagacaaagagagtcgaaacggaagaacgaaaaagtatagacatttctee

ARPCS mRNA

Top 3 potential off-target sites (analyzed by COSMID)

Cuery Ends with
Result DQuery tag Search result type Mismatch RG Chr Pasition Strand  Cutsite  Score

PCAAAAAAGACTETETAGTCGGEE — hit Query: hit: Chr7:2576698-
SCAMGAMAAACTGETETAGT CNGE — guery GLAAGAAAMACTGTGTAGTINGS ACAAABAAGACTETGTAGTCEGE Mo indel 3 Wes 2576720
CAAATARAAAATETETAGTCAGE — hit Query: hit: Chrl2:95819167-

GAMMAACTGTGTAGTCNGE - guery GLAAGAAMAACTGTGTAGTCNGG GAMATAAAAMMTGTGTAGTCAGE Ma indel 3 Yes 95819189

GEAMACTGTETAGTCAGE - hit Query: hit: Del 17, or Chri:42290564-

ASAMACTGTETAGTCNGG — query GLAGAAAMACTGTGTAGTCNGG GLAGGGAMACTGTGTAGTCAGE Del 18 2 Yes 42280585 42260570

ARPCSL locus

ttagcagtaggaggactaggctF:catte}taagagttct[acagmﬂagaaagactg|:t[aaaaaaaataaaaagactcatg

aatcgtcatcctcctgatccgak;gtaatlattctcaagaatgtcgdtctttctgacaaar_tttt tttatttttctgagrac

W

135 .
Leu  Ala

Co.ol40
val Gly Gly Leu Gly Ser Ilz Il

ARPCSL

145

ARPCSL mRNA

\ P 150
Val Leu Thr Ala  Ar

Lys Thr Val

\/

ARPCSL mRNA

" 85 i L S0 " L i a5 L L i 100, "
Leu Ala Val Gly Gly Lew Gly Ser Ile  lie Val Leu Thr Ala Arg Lys Thr Val
ARPCSL
|ARPCSL ERN}\
ARPCSL_sgRNA
ttaccttgagaagaat 124876903 .. 124,876,925 = 14,786 .. 14,808 = 23bD yarggaccatcttcctaggaactcccaagt

aatggaactcttcttaagacctacgggtccgaccacttcttecctaactgttacctggtagaaggatccttgagggttca

v

Top 3 potential off-target sites (analyzed by COSMID)

Query Ends with

Result Query tag Search result bype Mismateh RG Chr Pasition Strand  Cutsite  Score
TACTTTAAGAAGTCTTATAATGE — hit Cuery: hit: Chrl:312735115-
[TGCTGTAAGAACTCTTATAANGG — query TGCTGTAAGAACTCTTATAANGG TACTITAAGAAGTCTTATAATGG Mo indel 3 Yes 32735137 32735121 11
[TCTGAAAGTACTCTTATAAAGG — it Query: hit: Chr3:54383200- -
[TCTGTAMGAACTCTTATAANGE - guary TCTGTAAGAACTCTTATAMNGG TCTGAAMGTACTCITATAAMGG Del 19 2 Yes  S43E3I2L S43B3206 1.Jj
[TGCTTTAGGAATCTTATAATGG — hit Query: hit: Chri2:30562267- -
[[GCTGTAAGAATCTTATAANGS - query TGCTGTAAGAATCTTATAANGG TGCTITAGGAATCTTATAATGS Del 9 2 Yes 31562288 32562273 17

A3: ARPC5/L gene locus targeted by sgRNA and Cas?9.
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A4: ARPC5/L plasmid map for ARPC5/L overexpression.
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Ab5: Snapshot of MAVER-1 cells sorting using FACS Aria ll. A) MAVER-
1 cells sorted for ARPC5 overexpression accompanied with GFP. B) MAVER-1
cells sorted for ARPC5L overexpression accompanied with GFP.
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