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Abstract
A new type of Receptor Tyrosine Kinase (RTK) signalling has been
uncovered, referred to as “tier 2” signalling. This signalling is mediated by an
interaction between the proline-rich motifs in RTKs and the SH3 domains of
binding proteins and can occur in absence of ligand stimulation. Investigating
the impact of these interactions in various organisms can lead to better

understanding of the complex cell signalling landscape.

In this study, an SH3-mediated interaction between FGFR2 and CRKL
was established using biochemical and biophysical techniques. This interaction
lead to increased FGFR2 autotransphosphorylation. Furthermore, FGFR2 was
able to phosphorylate CRKL. Both proteins were shown to be important for cell
migration under non-stimulating conditions. The downstream signalling
landscape was investigated using Reverse Phase Protein Array (RPPA), which
showed that CRKL helps mediate signalling through the AKT pathway even in

absence of cell stimulation.

To determine whether this interaction is evolutionarily conserved,
Caenorhabditis elegans model organism was employed. The animal contains
FGFR orthologue EGL-15, and CRKL orhologue CED-2. A direct interaction
between the EGL-15 PRNPLP proline-rich motif and CED-2 was found using
Microscale Thermophoresis (MST), while a genetic interaction between egl-15
and ced-2 was established in the living animal using CRISPR/Cas9 generated
genetic mutants. Separately, the SH3 domains of CED-2 were found to be
essential for engulfment, Distant Tip Cell (DTC) migration, and normal brood

size maintenance.
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This study demonstrates that an interaction between FGFR2 and CRKL
can influence cell signalling under non-stimulating conditions. The results also
establish a similar interaction between C. elegans orthologues EGL-15 and
CED-2, suggesting a novel role of EGL-15 in control of apoptotic germ cell

engulfment.
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Chapter 1 Introduction

1.1 Receptor tyrosine kinases

One family of transmembrane receptors are receptor tyrosine kinases
(RTKs): proteins that can catalyse the phosphorylation of tyrosine amino acid
residues. The RTK family has 58 known members (Robinson et al., 2000).
Canonically, these proteins recognise and bind an extracellular polypeptide
ligand and become active by autophosphorylation of specific cytoplasmic
tyrosine residues. The resulting phosphorylated tyrosine (pY) residues act as
docking sites for downstream signalling proteins. Bound substrate proteins are
then phosphorylated and activated by the RTK, which leads to downstream

signalling cascade activity (Lemmon and Schlessinger, 2010).
1.1.1 General structure and function of RTKs

RTK family members share a set of common structural features: an
extracellular domain which recognises polypeptide ligands, a transmembrane
helix, and a cytoplasmic domain (Figure 1-1 A) (Yarden and Axel, 1988;
Hubbard and Till, 2000). In order to recognise a wide variety of ligands, the RTK
extracellular domain shows the most variety within the family. The extracellular
region can contain cysteine-rich domains, EGF-like domains, fibronectin type llI-
like domains, immunoglobulin (Ig)-like domains, or other domain types
(Lemmon and Schlessinger, 2010). The intracellular portion of the RTKs contain
a juxtamembrane region, a tyrosine kinase domain, and a carboxy-terminal (C-

terminal) region (Hubbard and Till, 2000). The overall RTK structure and some
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signalling pathways are conserved in many organisms, from Caenorhabditis

elegans nematode worms to humans (Robinson et al., 2000).

The main function of RTKs is to activate downstream signalling by
phosphorylating target proteins. They do so by using their intrinsic enzymatic
activity which involves the transfer the y-phosphate from ATP to the tyrosine
hydroxyl group of substrate proteins. The catalytic kinase domain of the RTK
comprises an amino-terminal lobe containing a five-stranded 3-sheet and one
a-helix, and a carboxy-terminal lobe made up of a-helices (Hubbard et al., 1994;
Hubbard, 1999). Ligand-induced receptor dimerisation leads to conformational
changes which allow activation of the catalytic kinase domain (Schlessinger,
1988; Schlessinger, 2000). The activation loop, which in the inactive state
blocks the active site of the catalytic domain, is trans-phosphorylated on key
tyrosine residues by the other receptor molecule in the dimer, thus releasing
inhibition (Hubbard et al., 1998; Lemmon and Schlessinger, 2010). The active
kinase domain can then phosphorylate tyrosine residues within the other
intracellular domains of the receptor, which provides docking sites for pY-
recognising domains such as SRC homology 2 (SH2) and Phosphotyrosine-
binding (PTB) domains that are present within RTK-binding proteins (Figure 1-1

B and C) (Anderson et al., 1990; Matsuda et al., 1990; Gustafson et al., 1995).
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+«~—Extracellular domain

-~ Juxtamembrane region

Tyrosine Kinase Domain

<«—Tyrosine kinase domain C

/Active site

+«— C-terminal tail “—Activation loop

Figure 1-1. A schematic depiction of general RTK family protein structure
and activation mechanism. A) A cartoon depiction of general features of
RTKs. C-terminal tail can contain multiple proline-rich motifs. B and C)
General schematic of the activation of the catalytic tyrosine kinase site of
the receptor. Two inactive tyrosine kinase domains are brought together by
ligand-induced receptor dimerisation. The nearby active site within the
dimer phosphorylates a tyrosine residue (red) in a neighbouring activation
loop. C) Phosphorylated activation loop no longer blocks the active site of
the kinase domain, allowing further receptor activation by
transphosphorylation, as well as phosphorylation of binding partner
proteins.

In summary, ligand binding activates RTKs by enabling the dimerisation of
the receptor and autotransphosphorylation of tyrosine residues. This allows
downstream effector recruitment and activation of signalling cascades, which

will be discussed in more detail in section 1.3.2.

1.2 Fibroblast growth factor receptor family

Fibroblast Growth Factor Receptors (FGFRs) are a family of RTKs which are
stimulated by Fibroblast Growth Factor (FGF) ligands. FGFRs are essential
during development, as they regulate cell proliferation, migration and

differentiation, while in adults they assist tissue repair and participate in
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neuronal signal transduction (Turner and Grose, 2010). There are 22 different
FGFs which are highly conserved amongst vertebrates (Ornitz and Itoh, 2001),
and 4 different FGFR receptors (FGFR1-4), with alternative splicing of FGFR1-3

generating “b” and “c” isoforms (Powers et al., 2000).

1.2.1 Structure of FGFRs

FGFR family proteins show a structure common to RTKs — they are
comprised of an extracellular domain, a trans-membrane region, and an
intracellular region (Johnson et al., 1991; Miki et al., 1992; Lemmon and
Schlessinger, 2010). The extracellular domain of FGFRs contains three Ig-like
domains, referred to as D1-D3. The FGF ligand binds to the region
encompassing D2 and D3 domains (Plotnikov et al., 1999). Alternative splicing
gives rise to two isoforms of FGFR1-3 with different D3 domains, known as Ilib
and llic (Johnson et al., 1991). Splicing is regulated at tissue level, with Illb
isoforms found in epithelial lineages and llic isoforms found in mesenchymal
cell lineages (Werner et al., 1992; Miki et al., 1992; Chellaiah et al., 1994).
Alternative splicing alters ligand preferences for each isoform and allows
crosstalk between epithelial and mesenchymal tissues (Dell and Williams,
1992). For example, FGF8 expressed in epithelium can activate the FGFR2llIc
isoform that resides in the mesenchyme, but it cannot bind the FGFR2IIIb
isoform present in epithelial tissues (Orr-Urtreger et al., 1993). While FGF9 is
needed in both the mesenchyme and the epithelium during lung development
(del Moral et al., 2006). During limb bud development, FGF10 expressed in the
limb bud mesenchyme bulge signals to the nearby epithelial cells of the
ectoderm. The signal is received by the epithelial FGFR2I1lb isoform, which
induces the formation of the apical ectodermal ridge (AER). FGF8, and later

FGF4, 9, 17 are expressed in the developing AER. These ligands are
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recognised by mesenchymal FGFR1lllc and FGFR2IlIc to sustain mesenchyme

proliferation in the limb bud and FGF10 expression (Ornitz and Itoh, 2015).

1.2.2 Signalling from FGFRs

Upon ligand binding, FGFR receptors dimerise non-covalently. FGF binding
to FGFRs is assisted by heparin sulphate proteoglycans (HSPGs) present on
the cell surface (Yayon et al., 1991). The heterotetrameric FGF-FGFR complex
is stabilised by ligand-heparin, ligand-receptor, receptor-heparin and receptor-
receptor interactions which combine to enable the autotransphosphorylation of

kinase domains and activation of the receptor (Schlessinger et al., 2000).

FGFRs can activate several downstream signalling pathways (Figure 1-2).
FGFR substrate 2 (FRS2) can bind the juxtamembrane domain of an active
FGFR via its PTB domain (Ong et al., 2000). FRS2 is then phosphorylated by
the receptor, which leads to recruitment of growth factor receptor-bound 2
(GRB2) and Src homology region 2 domain-containing phosphatase-2 (SHP2)
(Hadari et al., 1998). GRB2 further mediates the recruitment of guanosine
nucleotide exchange factor (GEF), son-of-sevenless (SOS) (Rozakis-Adcock et
al., 1993). This leads to RAS activation, and eventually induction of MAPK/ERK
signalling pathway (Dent et al., 1992; Kouhara et al., 1997). GRB2 can also
associate with GRB2-associated binding protein 1 (GAB1), which in turn allows
recruitment of PI3K and activation of the AKT pathway (Ong et al., 2001).
RSK2, PLCy, STAT, and p38 MAPK pathways can also be activated by FGFRs
under certain conditions (Mohammadi et al., 1991; Tanaka et al., 1999; Hart et
al., 2000; Kang et al., 2009). Due to their ability to activate cell growth

promoting pathways, FGFR family members are prominent oncogenic proteins.
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Figure 1-2. The most common FGFR regulated signalling pathways.
FRS2a binds to FGFR directly, and recruits GRB2, leading to activation of
MAPK and AKT pathways. PLCy1 recruitment and activity leads to PIP2
hydrolysis to IPs and DAG. The latter can recruit PKC to the
plasmamembrane, thus enabling PKC activity, which induces MAPK
pathway. CRKL can directly bind active FGFR, but downstream signalling
is unknown. FGFRs can also activate STAT signalling pathway.
Transcription factors activated downstream of FGFR include STAT
transcription factors, and ETS transcription factor family (which includes
Etv4, Etv5, Spry, Sef transcription factors). AKT signalling inhibits FOXO1
transcription factor, which promotes cell survival.

1.3 Fibroblast Growth Factor Receptor 2 (FGFR2)

FGFR2 is a member of the FGFR family. It shares the common family
structure with other FGFRs. There are two alternatively spliced FGFR2
isoforms: FGFR2IIIb (epithelial) and FGFR2Ilic (mesenchymal), which show
different preferences for FGF ligands (Table 1-1) (Orr-Urtreger et al., 1993;
Ornitz et al., 1996; Ornitz and Itoh, 2015). This allows for specific crosstalk

between epithelial and mesenchymal tissues during development and
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organogenesis, including limb bud and lung development (Ornitz and Itoh,

2015).

Table 1-1 Ligand preferences of FGFR2 isoforms

Receptor isoform FGFR2IIIb FGFR2Illlc
FGF1, FGF3, FGF7, FGF1, FGF2, FGF4,
FGF10, FGF22 FGF5, FGF6, FGF8,
Ligand FGF9, FGF15/19,
FGF16, FGF17, FGF18,
FGF20

1.3.1 Specific roles in normal cell signalling and diseases

FGFR2 plays a role in development, and aberrant receptor function can lead
to congenital disorders. FGFR2 gain of function missense mutations are found
in Apert syndrome, Pfeiffer syndrome, Crouzon syndrome, Jackson-Weiss
syndrome, Beare-Stevenson syndrome and Saethre-Chorzen syndrome (Jabs
et al., 1994; Gorry et al., 1995; Park et al., 1995; Rutland et al., 1995; Przylepa
et al., 1996; Wilkie, 1997; Paznekas et al., 1998). These congenital skeletal
disorders are characterised by craniosynostosis (premature fusion of skull
sutures) and short-limbed bone dysplasia. During normal development, FGFR2
mediates proliferation, differentiation and apoptosis of osteoprogenitor cells (N.
Su et al., 2014). Premature cell differentiation caused by excess signalling
downstream of mutant FGFR2 is suspected to cause this premature fusion

(Azoury et al., 2017).

FGFR2 has also been found to play a role in a variety of cancers. Mutations
have been found in invasive breast cancer, and missense mutations are present
in melanoma and endometrial uterine cancer (Hunter et al., 2007; Katoh, 2008;
Reintjes et al., 2013). These missense mutations often occur at the D3 Ig-like

domain of the receptor, which alters ligand specificity — while normally a
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mesenchyme-expressed FGFR2 receptor could only recognise epithelial FGF
ligands, altered ligand specificity allows the receptor to recognise mesenchymal
FGF, thus creating an autocrine loop where tight control of FGFR2 activation is
lost. Alternatively, missense mutations are also detected in the tyrosine kinase
domain, which allow receptor activation independent of ligands (Katoh, 2008).
FGFR2 gene amplification is found in triple-negative breast cancer and diffuse-
type gastric cancer (Turner and Grose, 2010; Deng et al., 2012). Furthermore,
in gastric cancer overexpression of FGFR2 positively correlated with lymph
node metastases (X. Su et al., 2014). In stomach cancer, FGFR2 variant “K-
sam’”, containing a C-terminal truncation, has been detected (Itoh et al., 1994;
Hattori et al., 1996; Ueda et al., 1999). Excessive FGFR2 signalling is the major
driver of cancers mentioned above. Several canonical FGFR2 signalling

pathways will be discussed in section 1.3.2.

1.3.2 Canonical downstream signalling pathways mediated by

FGFR2

1.3.2.1 MAPK1/2 pathway

FGFR2 can regulate cell proliferation, differentiation, migration and death
via the MAPK pathway. Once FGFR2 is activated, GRB2 associates with
FGFR2-bound, tyrosine-phosphorylated FRS2 via its SH2 domain, and recruits
SOS via proline-rich motif — SH3 interactions (Kouhara et al., 1997). This allows
SOS to act as a GEF to RAS (Chardin et al., 1993). Activated RAS recruits RAF
and leads to its phosphorylation (Marais et al., 1995). Active RAF in turn leads
to serine phosphorylation and activation of MEK1/2 (MAP2K1/2), which is
followed by phosphorylation of ERK1/2 (MAPK1/2) (Pelech and Sanghera,

1992; Zheng and Guan, 1993). Active ERK1/2 activates cytosolic proteins like
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RSK1/2 to perpetuate downstream signalling, and also translocates to the
nucleus where it activates transcription factors that regulate the expression of

genes needed for cell growth and survival (Yoon and Seger, 2006).
1.3.2.2 PI3K/AKT pathway

FGFR2 signalling can promote cell cycle progression and regulate the
balance between cell growth and death via the PIBK/AKT/mTOR pathway
(Ornitz and Itoh, 2015). The PI3K regulatory subunit p85 facilitates recruitment
to the active receptor and thus to the plasma membrane, while the p110 subunit
catalyses phosphatidylinositol-4,5-biphosphate (PIP2) conversion to
phosphatidylinositol-3,4,5-triphosphate (PIP3) (Whitman et al., 1988). Increased
PIPs concentration in the membrane leads to PDK-1 and AKT recruitment,
resulting in AKT phosphorylation (Alessi et al., 1997; Franke et al., 1997). Active
AKT in turn can activate a myriad of proteins that promote cell growth (Kane et

al., 1999; Kandel et al., 2002; Basu et al., 2003).

1.4 Non-canonical “tier 2” signalling and its consequences

So far, only canonical FGFR2 signalling has been discussed, which involves
an FGF ligand binding to the receptor in order to activate its tyrosine kinase
activity. pY residues present on the RTK can recruit SH2 domain-containing
proteins, leading to their activation by phosphorylation and facilitation of
downstream signalling. However, FGFR2 has been shown to be capable of
mediating signalling that occurs under non-stimulated conditions when no ligand
is bound to the receptor. In this type of signalling, proline-rich motifs present in

the C-terminal tail of FGFR2 play a central role.
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The C-terminal region of FGFR2 has important regulatory functions. A
FGFR2 splice variant with shortened C-terminal tail has been shown to enhance
cell transformation (Cha et al., 2008). FGFR2 lacking the C-terminal tail was
shown to be constitutively active, and it has been found in several breast and
gastric cancer cases. (Gartside et al., 2009). The functional importance of the

tail was shown later.

The C-terminal tail of FGFR2 is comprised of 58 amino acids and contains
two proline-rich sequences which include at least one PXXP (where X is any
amino acid) motif known to be recognised by SH3 domains. Dimeric GRB2 was
shown to bind two FGFR2 molecules at their C-terminus and form a
heterotetrameric complex. The interaction is mediated by GRB2 SH3 domain
binding to the proline-rich motif which is found at the very C-terminus of the
FGFR2 C-terminal tail. In this heterotetramer, phosphorylation of tyrosine
residues within the FGFR2 C-terminal region is inhibited, thus abrogating
recruitment of proteins via SH2 and PTB domains. The inhibition is released
when FGFR2 is stimulated by an extracellular ligand. GRB2 is then

phosphorylated and released (Lin et al., 2012).

The phospholipase PLCy1 can compete for the GRB2 binding proline-rich
site on the C-terminal tail of FGFR2. When the GRB2 concentration in cell is
reduced, the PLCy1 SH3 domain binds the FGFR2 proline-rich region and can
be activated without phosphorylation under non-simulated conditions (no ligand
is bound to FGFR2) (Timsah et al., 2014). Active PLCy1 catalyses the
hydrolysation of PIP2to inositol-1,4,5-triphosphate (IPs) and diacylglycerol
(DAG) (Bong and Rhee, 1995). The former assists in calcium ion release from
cellular stores, and the latter leads to activation of protein kinase C (PKC) and

other downstream signalling pathways (Klint and Claesson-Welsh, 1999; Tiong
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et al., 2013). Under non-stimulated conditions and GRB2 depletion, active
PLCy1 reduces PIP2 levels, which leads to PTEN inhibition and increase in AKT
phosphorylation and activation. This promotes cell growth and migration, as well

as tumour formation (Timsah et al., 2016).

1.5 Protein domains

CRKL adaptor protein, which will be discussed in section 1.6, contains
SH2 and SH3 domains, and no catalytic domains. To better understand how

CRKL can function, these domains will be discussed in this section.

1.5.1 SH2 domain

The SH2 domain can recognise short peptide sequences which contain a
phosphotyrosine (pY) residue (Sadowski et al., 1986). The domain structure is
comprised of two a-helices flanking an antiparallel B-sheet (Huang et al., 2008).
An arginine residue within the first binding pocket located on the 3-sheet is
indispensable for binding, as it is required to form hydrogen bonds with
phosphate oxygens of the pY, while the second binding pocket recognises
adjacent residues to aid binding affinity and specificity (Zhou et al., 1993;
Waksman and Kuriyan, 2004). The residues surrounding pY are very important,
as they can greatly enhance domain affinity. Select residues in position range
between -6 and +6 from the pY can confer SH2 binding specificity

(Filippakopoulos et al., 2009).

1.5.2 SH3 domain

The SH3 domain can recognise short peptide sequences which contain at
least one proline residue (Pawson, 1995). The SH3 domain is made up of -

strands which form either two antiparallel B-sheets or a B-barrel, with loops
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playing a role in binding partner recognition. The peptide ligand forms a left-
handed polyproline type Il (PPIll-type) helix containing three residues per turn. In
order to bind proline-rich motifs two SH3 binding pockets are lined with
hydrophobic aromatic residues, while the third and fourth binding pockets are
more variable and aid in specificity (Feng et al., 1994). This allows for a huge
variety of SH3 domains and the respective proline-rich motifs they recognise
(Teyra et al., 2017). The SH3 domain can recognise and bind proline-rich motifs
at two different orientations (Lim et al., 1994). There are two main classes of
proline-rich motifs recognised by the SH3 domains. Class | motifs contain a
positively charged residue (arginine or lysine) N-terminally from the prolines
(+xxPxxP), while in class Il motifs, the positively charged residue is C-terminal
to the prolines (PxxPx+) (Kay et al., 2000). However, studies have shown that
different SH3 domains can bind a big variety of different proline-rich motifs, and

new classes of motifs are being defined (Teyra et al., 2017)

1.6 Human CRK family

CT-10 Regulator of Kinase (CRK) proteins are a family of adaptor proteins,
first discovered in a chicken tumour, where a viral oncogene (p47929-¢k) which
increased global tyrosine phosphorylation, even though it lacked catalytic
domains (Mayer et al., 1988). CRK proteins are found in many organisms,
ranging from pre-metazoans, to Caenorhabditis elegans nematode worms,
Drosophila, mice and humans (Shigeno-Nakazawa et al., 2016). CRK family
proteins help regulate cell proliferation, migration and adhesion, apoptosis,
gene expression, as well as phagocytosis of apoptotic cells and endocytosis of

parasitic organisms, and are indispensable during development (Feller, 2001).
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There are three CRK family member proteins in humans. CRK-I and CRK-II
are alternatively spliced products of one gene (Matsuda et al., 1992), while
CRKL is encoded by a separate gene (ten Hoeve et al., 1993). CRK-Il and
CRKL share a common SH2-SH3N-SH3C domain structure, with domains
connected via linkers, whereas CRK-I lacks the SH3C domain (Figure 1-3)
(Reichman et al., 1992). CRK family proteins help facilitate signalling from
various receptors, such as RTKs and integrins. The majority of CRK-mediated
signalling pathways are thought to follow the same scenario: CRK binds
phosphorylated tyrosine residues of upstream proteins via the SH2 domain,

while the SH3N domain binds downstream effectors (Birge et al., 2009).
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Figure 1-3. Cartoon representation of CRK family protein structures. Y221
and Y207 are commonly researched phosphorylation sites of CRK-II and
CRKL.

Despite the common structure and pathways, proteins within the family
mostly have unique roles and cannot fully compensate for each other during
development. During mouse embryo development, single mutants of either
CRKL or CRK-II show distinct lethal developmental defects (Guris et al., 2001;
Park et al., 2006). CRK family proteins are essential for cardiac and neural crest

development in the embryo, as well as development of neuromuscular synapse
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- conditional knockouts in mice showed that together, CRK and CRKL are
involved in neuronal migration within the hippocampus, cerebellum and cerebral
cortex during brain development (Park and Curran, 2008). CRKL deletion in
mice causes cardiovascular and craniofacial defects resulting in embryonic
lethality, which were postulated to be caused by aberrant neuron behaviour
after their migration from neural crest (Guris et al., 2001). In the adult organism
some functions of CRK-II and CRKL can overlap, such as maintenance of cell
structure or Reelin signalling pathway (Matsuki et al., 2008; Park and Curran,

2008).
1.6.1 CRKL structure

CRKL shares the SH2-SH3N-SH3C structure of CRK family. CRKL has
been found to be important in signalling pathways such as those activated by
hematopoietic cytokine receptor activation, T-cell stimulation, and integrin-
mediated adhesion (Birge et al., 2009). As an adaptor protein, its function is

defined by its binding partners, which will be discussed next.

CRK family SH2 domain recognises and binds the pY-x-x-P motif (Zhou
et al., 1993). The SH2 domain is the module which allows CRKL to detect active
signalling “inputs” to propagate downstream signalling. The adaptor protein has
been shown to bind a variety of proteins with pY residues, including RTK
FGFR1, B-integrins, and CBL (Uemura and Griffin, 1999; Moon et al., 2006).
Functional consequences of these interactions will be discussed in section

1.6.2.

The SH3N domain is the major proline-rich motif binding module of
CRKL. The exact proline-rich motif sequence preference for CRKL has not been

well defined, but for the SH3N domain of CRK-II it is P-x-x-P-x-K/R, which
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belongs to Class Il proline-rich motif family (see section 1.5.2) (Knudsen et al.,
1994; Teyra et al., 2017). The SH3N domain has been shown to be essential for
normal CRKL function as it facilitates binding to effectors such as DOCK1 and
C3G (Birge et al., 2009). It has also been shown to be required for CRKL-
mediated oncogenesis in hon-small cell lung carcinoma (NSCLC) harbouring
22011.21 amplification (a region where CRKL gene resides) (Cheung et al.,

2011).

A stretch of 50 amino acids forms a linker between the SH3N and the
SH3C domains. It contains tyrosine residues which are targets for
phosphorylation by tyrosine kinases. The most notable and most researched
phosphorylation site is Y207 (Figure 1-3), which was first discovered as a
BCR/ABL phosphorylation site (Ten Hoeve et al., 1994). So far it is unclear how
exactly tyrosine phosphorylation affects CRKL. It has been shown that removal
of this phosphorylation site does not affect CRKL binding to binding partners
such as SOS or C3G, which bind via the SH3N domain (De Jong et al., 1997).
In the paralogue CRK-II, it has been shown that pY221 (equivalent to pY207)
acts as an intramolecular binding site to the SH2 domain of the protein. Y221
phosphorylation is autoinhibitory towards CRK-II, as it occludes the SH3N
proline-rich motif binding site and prevents the protein from propagating
downstream signalling (Rosen et al., 1995). Structural studies have shown that
in CRKL, when the SH2 domain is bound to pY207, it is unable to bind other
proteins, while the SH3N domain is still able to form interactions with
downstream signalling proteins (Kobashigawa and Inagaki, 2012). Regardless
of the phosphorylation state of CRKL, the SH3C domain does not interact with

the other domains (Jankowski et al., 2012).
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The SH3C domain function of CRKL is the most elusive. It shows the
canonical beta-barrel fold SH3 domain structure, with an antiparallel three-
stranded B-sheet which packs orthogonally against an antiparallel B-sheet
consisting of two strands (Harkiolaki et al., 2006). However, it is unable to bind
PPII-type sequences, as the SH3C domain does not contain a strictly
conserved tryptophan at position 38, which leads to a different binding groove
shape and lack of hydrophobic stacking potential (Muralidharan et al., 2006;
Jankowski et al., 2012). Furthermore, the domain does not contain negatively
charged residues that normally promote binding to positively charged arginine

or lysine residues found in many proline-rich motifs (Jankowski et al., 2012).

However, the SH3C domain has been shown to be functionally
important. The domain is essential for the adhesion of hematopoietic cells and
fibroblast transformation (Senechal et al., 1996). It was also shown to bind
CD34, which is a transmembrane protein required for adhesion in
lymphohematopoietic cells (Felschow et al., 2001). Later Harkiolaki et al shed
some doubt on whether this interaction occurs, but the assays used might not
have been optimal for detecting the CD34-CRKL interaction (Harkiolaki et al.,
2006). The SH3C domain also contains a nuclear export signal (NES)
sequence, which is unsurprising as CRKL has been detected in the nucleus as
well as the cytoplasm (Rhodes et al., 2000). It is however unclear how exactly
CRKL nuclear import/export is regulated. The paralogue CRK-II has been found
to interact with CRM1 (Exportin-1), a nuclear export factor, via the SH3C

domain (Smith et al., 2002).

Furthermore, the SH3C domain of CRKL acts as a protein dimerisation
domain. SH3C domains from each monomer exchange single N-terminal (3-

strands to allow dimerisation. During the dimerisation the NES sequence is
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exposed. It is unclear what is the physiological importance of NES exposure or

CRKL dimerisation (Harkiolaki et al., 2006).
1.6.2 CRKL roles in signalling pathways and disease

1.6.2.1 Upstream receptor binding partners

As an adaptor protein, CRKL can propagate cell signalling by binding to
receptors directly. There are several receptor tyrosine kinases which are known
to bind CRKL directly to facilitate signalling (Figure 1-4; Figure 1-5). CRKL has
been found to be an important downstream effector of anaplastic lymphoma
kinase (ALK), which is a receptor tyrosine kinase (An et al., 2016). CRKL is
required for ALK-mediated RAP1 activation and subsequent cell proliferation,
but it is unclear which CRKL domains can bind the receptor (Schonherr et al.,
2010). Unsurprisingly, CRKL is a key signalling protein in NSCLC mediated by
EMLA4-ALK fusion protein that enables cancer cell proliferation and survival (An
et al., 2016). An interaction between CRKL and EGFR has been detected as
well, although signalling consequences of this interaction are unclear (Ronan et
al., 2016). The CRKL SH3N domain can bind the proline-rich region of ABL
non-receptor tyrosine kinase (Senechal et al., 1996; Senechal et al., 1998).
Unsurprisingly, CRKL is also able to bind the BCR/ABL fusion protein, which is
a key oncogenic driver in Philadelphia chromosome-positive CML (Uemura et
al., 1997). CRKL has also been seen in FGFR family signalling. Specifically, in
cells stimulated by FGF8, FGFR1 and FGFR2 can bind CRKL (Moon et al.,
2006). The CRKL interaction with FGFR1 is dependent on pY463 site on the
receptor, while FGFR2 binding site is unknown (Seo et al., 2009). In this

context, CRKL allows activation of RAC1, CDC42 and PAK, which in turn assist
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RAF1 and MEK1 activation by RAS. This enables CRKL-mediated, FGF8

induced cell migration (Figure 1-5) (Seo et al., 2009).
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Figure 1-4. Known CRKL binding partners and their binding domains.
Several interactions that are yet unclear are noted with a question mark.

1.6.2.2 Other upstream binding partners

In some cases, CRKL is recruited to the active receptor indirectly through
scaffolding proteins (Figure 1-4). Scaffold proteins can bind receptors directly
and recruit many downstream proteins due to abundance of phosphorylated
amino acid sites, various motifs and other binding modules. This allows
exponential amplification of downstream signalling. BCARL1 (p130Cas) is the
major CRKL-binding scaffold protein. It contains 15 pY-x-x-P motifs, which is
the consensus binding motif for CRKL SH2. BCARL is found to be highly
phosphorylated in cancers, as it can be activated by many transmembrane
receptors, integrin-mediated adhesion and even mechanical stretching (Defilippi
et al., 2006). In theory, one hyper-phosphorylated BCAR1 could recruit many
different CRK/partner complexes, to facilitate cell growth and migration, but it

remains to be experimentally confirmed. It has been shown that BCAR1 is able
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to recruit ABL to focal adhesions via CRKL (Salgia et al., 1995). BCAR1-bound
CRKL can also recruit C3G, as indicated by RAP1 activation (Defilippi et al.,
2006). Upon interacting with CRKL, C3G GEF activity is stimulated. C3G aids in
removing GDP from RAPL1, allowing it to spontaneously reload with GTP and
become active (Gotoh et al., 1995). In turn active RAP1 can facilitate
downstream signalling. RAP1 signalling can regulate cell growth, cytoskeletal
reorganization and cell adhesion (Birge et al., 2009). For example, in
hematopoietic cell lines upon erythropoietin and interleukin-3 stimulation, this
interaction leads to activation of MAPK/ERK signalling, and subsequent
activation of ELK-1 transcription factor. That in turns leads to c-fos expression
and promotion of cell survival. In this context, only the SH2 and the SH3N
domains of CRKL are essential (Nosaka et al., 1999). Interestingly, in some
cases CRKL-dependent RAP1 activation is also dependent on SRC (Cheung et
al., 2011). GABL is another scaffold protein which can recruit CRKL. When
phosphorylated by hepatocyte growth factor (HGF)-stimulated c-MET receptor,
GAB1 can bind CRKL, leading to C3G recruitment and RAP1 activation
(Sakkab et al., 2000). DAB1, a protein essential for Reelin signalling during
neuron migration and positioning in brain development, is known to recruit
CRKL (Ballif et al., 2004). This leads to recruitment and activation of C3G,
resulting in RAP1 downstream signalling activation, and this downstream
signalling cascade is essential for Reelin function (Matsuki et al., 2008; Bock

and May, 2016).
1.6.2.3 Downstream CRKL binding partners

Recruitment of CRKL to the plasma membrane proximal region by active
receptors or scaffold proteins allows the adaptor protein to recruit several

different downstream effectors in order to activate different signalling pathways
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which result in cell growth, migration and adhesion (Figure 1-4). CRKL can
associate with C3G via the SHN3 domain — proline-rich motif interaction, and

this complex has been detected in numerous cell types (Feller, 2001).

CRKL can associate with another GEF complex comprised of DOCK1
(Dock180) and ELMO proteins via its SH3N domain. Once this tripartite
complex is formed, ELMO is tyrosine-phosphorylated, enabling its GEF
function. Active DOCK1/ELMO complex allows RAC1 to release GDP, which
leads to GTP binding and subsequent RAC1 activity that promotes cell polarity

establishment and migration (Birge et al., 2009).

CBL is another known CRKL binding partner (Ronan et al., 2016). In
hematopoietic cells the interaction between CRKL and CBL occurs upon
stimulation with thrombopoietin, stem cell factor, and interleukin-2 (Nosaka et
al., 1999). It also occurs in BCR/ABL-transformed CML cells (Uemura et al.,
1997). HGF-stimulated c-MET RTK can also phosphorylate CBL and facilitate
CBL-CRKL interaction. It is thought that CRKL could present proteins to CBL for
ubiquitination, and thus protein degradation (Feller, 2001). Several signalling

pathways mentioned in these sections are summarised in Figure 1-5.
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Figure 1-5. A cartoon depiction of several known CRKL signalling
pathways. CRKL participates in cell signalling via RAP1 (solid arrows) or
RACL1 (dashed arrows) signalling pathways. Different receptors can recruit
CRKL directly or via other adaptor proteins. CRKL binds to C3G or
DOCK1/ELMO guanyl nucleotide exchange factors, leading to their
activation. Resulting RAP1 and RAC1 activity leads to cell proliferation and
survival, as well as actin cytoskeleton rearrangement.

1.6.2.4 Negative regulation of CRKL

Not much is known about negative regulation of CRKL. SASH1 tumour
suppressor has been shown to inhibit CRKL in cell lines from pancreatic,
colorectal and hepatocellular cancer. It can bind the CRKL SH3N domain via a
proline-rich motif, which leaves CRKL unable to bind downstream effectors such
as C3G (Franke et al., 2019). CBL-B is also a potential negative CRKL
regulator. It has been shown that the CRKL-CBL-B interaction reduces CRKL

affinity for C3G binding (Liu, 2014).
1.6.2.5 CRKL roles in cancer

CRK family members can facilitate cell transformation. However, CRKL

shows stronger oncogenic activity than CRK-II (Kobashigawa and Inagaki,
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2012). CRKL has been found to be an essential gene in a number of cell lines
derived from small and non-small cell lung carcinomas, CML, lymphocytic
leukaemia and glioblastoma (Luo et al., 2008; Lin et al., 2015). Overexpression
has been found in invasive ductal carcinoma (breast cancer) and ovarian
cancer (Zhao et al., 2013), pancreatic cancer (Fu et al., 2015), and endometrial
cancer (Cai et al., 2017). CRKL was shown to have a prominent role in
rhabdomyosarcoma (RMS), where it shows high expression in RMS cell lines,
xenografts and human tumour samples. (Yeung et al., 2013). CRKL has a very
important role in CML, as deletion of CRKL-binding proline-rich motif in
BCR/ABL, the main driver of CML, reduces fibroblast transforming activity by
half (Senechal et al., 1996). CRKL is also very highly phosphorylated (pY207) in
Philadelphia-positive CML patients (Oda et al., 1994). CRKL phosphorylation
status is a prognostic marker in patients treated with imatinib, a BCR/ABL

inhibitor (La Rosée et al., 2008).

Recently CRKL was found to be overexpressed in laryngeal squamous
cell carcinoma (Kostrzewska-Poczekaj et al., 2020). Overexpression has been
found to correlate with tumour stage and decreased patient survival (Bian et al.,
2018; Kostrzewska-Poczekaj et al., 2020). CRKL expression is also higher in
metastases compared to primary tumour (Lin et al., 2015). Interestingly, CRKL
can facilitate oncogenic signalling even when protein levels are normal. In the
case of ALK-rearranged NSCLC, where the upstream activator (ALK) of CRKL
is overexpressed, CRKL contributes to cancer signalling even at normal levels,
as over-active ALK was enough to result in increased signalling downstream of

CRKL (An et al., 2016).

To summarise, the CRKL adaptor protein has roles in a variety of

signalling pathways depending on cellular context. Regardless of the upstream



23
recruiter, the most common CRKL-recruited proteins are C3G and
DOCK1/ELMO GEFs which activate RAP1 and RACL1 respectively. There is a
plethora of unexplored upstream and downstream roles of CRKL which should

be studied due to the prevalent role of CRKL in cancer.

1.7 Aims of the project

The “tier 2” signalling mediated by the RTK proline-rich motif interactions
with SH3 domain containing proteins in the absence of extracellular ligand
binding has been implicated to have roles in normal cell signalling and cancer
(Timsah et al., 2014; Timsah et al., 2016). It is imperative to gain more insight
and see whether the interplay between FGFR2, GRB2 and PLCy1 in absence
of extracellular stimulants is a unique feature of these proteins, or whether the
“tier 2” signalling can also occur with other proteins in human cells. Proline-rich
motifs are present in a number of receptor tyrosine kinases. If present at the C-
terminal tail of the RTK, they are likely to be easily accessible to other proteins
and act as “sticky arms” (Williamson, 1994). Thus, many receptors (such as
EGFR, INSR, RET, etc) can potentially employ “tier 2” signalling. Furthermore, it
is also unknown whether this type of signalling is evolutionarily conserved in
other organisms. The focus of this project was to gain further insight into this

“tier 2” signalling phenomenon.

The first aim of this project was to establish a proline-rich motif — SH3
domain-based interaction between CRKL adaptor protein and RTK proteins.
First, CRKL binding to proline-rich C-terminal tails of 53 receptor tyrosine kinase
proteins was investigated using a dot blot technique which evaluated direct
interaction between purified receptor tyrosine kinase C-terminal tails and CRKL

SH3 domains. Next, | focused on FGFR2 was to investigate further the
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interaction between FGFR2 and CRKL using biophysical methods and pulldown
experiments. The effects of this interaction on cell migration and downstream

signalling were also investigated.

The second aim of this project addressed whether “tier 2” signalling is
conserved in other organisms. This was done by assessing the in vivo
consequences of the FGFR2 and CRKL interaction using the Caenorhabditis
elegans model organism. The CRISPR/Cas9 gene editing technique was used
to produce mutants of egl-15 and ced-2, the sole FGFR and CRK orthologues in
C. elegans respectively. The impact of deletion of the EGL-15 (FGFR2) proline-
rich motifs and CED-2 (CRKL) SH3 domains were investigated to observe their

effects on apoptotic germline cell engulfment, DTC migration and fecundity.
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Chapter 2 Methods

2.1 Plasmid DNA preparation

Bacteria were grown in 5 mL of LB broth (Merck) with appropriate
antibiotic overnight in a 37°C shaking incubator. The next day bacteria were
spun down at 15,000 RPM for 10 minutes in a tabletop centrifuge. The pellet
was retained. QlAprep spin Miniprep kit (Qiagen) was used to extract plasmids

according to manufacturer’s instructions.

2.2 Bacteria transformation

20 pL of competent DH5a bacteria (New England Biolabs (NEB)) were
thawed on ice. 100 ng of plasmid DNA was added, and the bacteria were
incubated on ice for 30 minutes. Bacteria were then heat-shocked in 42°C water
bath for 45 seconds, and chilled on ice for 2 minutes. 500 pL of room-
temperature LB broth media was added, and bacteria were incubated at 37°C in
a shaking incubator for 1 hour. Bacteria were then spread on a pre-warmed LB

agar plate containing appropriate antibiotics and incubated at 37°C overnight.

2.3 Site-directed mutagenesis

Mutations in plasmids were introduced using the PCR-based site-
directed mutagenesis method. Primers were designed using PrimerX website:
each primer contained 11-15bp regions flanking the mutation, with up to 60%
G/C content (with the exception of one set of primers with 80% G/C content).
Reagents, including plasmids and mutagenic primers were put together in a

PCR tube (Table 2-1)
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Table 2-1. Site-directed mutagenesis reaction mixture

Volume
Reagent (uL)
dNTP (20 mM) (NEB) 1
Nuclease-free water (IDT) 11
Betaine (Sigma) 5
10x reaction buffer (Agilent) 2.5
Plasmid template (250 ng/uL) 1
Forward primer (0.6 uM) (IDT) 1.5
Reverse primer (0.6 uM) (IDT) 1.5
Pfu Ultra 1l (Agilent) 2

PCR programmes and DNA primers (with mutation nucleotides in bold)

used for site-directed mutagenesis can be found in Appendix A.

PCR was followed by an addition of 1 uL Dpnl (NEB) restriction enzyme
and at least 1 hour incubation at 37°C to digest methylated parental DNA.
Presence of plasmid DNA was detected by running the reaction on an agarose

gel. The plasmid DNA was then transformed into DH5a E. coli bacteria.

2.4 Human cell maintenance

HEK293T and SkBr3 cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco). H520 cell line was grown in RPMI medium (Gibco).
All maintenance media was supplemented with 10% Foetal Bovine Serum
(FBS) (Sigma-Aldrich) and 1% Penicillin-Streptomycin (Gibco). The cells were
maintained in tissue culture flasks (Corning) and kept in a 37°C humidified
incubator with 5% CO:2 and passaged two times a week, at a ratio of 1:10 for

HEK293T cell line, and a ratio of 1:4 for SkBr3 and H520 cell lines.
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2.5 Knockdown cell line generation

The cells were seeded onto 6-well plates to achieve 50-70% confluency
on the day of transfection. 2 ml of media (with FBS, but without penicillin-
streptomycin) was added into wells, along with 2 pL of Polybrene (Santa Cruz)
and 20 pL of viral particle solution containing either shRNA against CRKL or
control shRNA (viral particles were kind gift from Dr Chi-Chuan Lin, University of
Leeds, while proprietary shRNA constructs were purchased from Santa Cruz
Biotechnology). The plates were incubated overnight. Next day, media was
replaced with fully supplemented media. Transduced cells were selected using

puromycin (2.5 pg/ml for SkBr3 cell line, 10 pg/ml for HEK293T cell line).

2.6 Transient transfection of human cell lines

Lipofectamine 2000 (Thermo Fisher) was used to transfect human cell
lines according to manufacturer’s instructions. In brief, 1-10 pug of plasmid DNA
was mixed with equal volume of Lipofectamine 2000 in 400 pL OPTI-MEM
(Gibco) medium and incubated at room temperature for up to 20 minutes before
being added to cells which were at 80% confluency. The cells were incubated
overnight. The media was replaced the next day and after confirming protein

expression, the cells were used for experiments.

2.7 Human cell starvation/stimulation and lysis

To starve cells, 70%-90% confluent cells were grown in serum-free
DMEM medium for 12-17 hours. The cells were then either kept as starved or
stimulated with DMEM (+FBS) or FGF9 (Biotechne) (0.1 pg/ml) for 15 minutes.

For basal conditions, cells were grown overnight with DMEM medium containing
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1% FBS. The cell medium was then removed, and the cells were washed with
ice-cold Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma). Cell lysis
buffer (20 mM HEPES pH 7.5 (Sigma-Aldrich), 150 mM NacCl (Sigma-Aldrich),
1% NP-40 (Sigma-Aldrich), 1 mM NasVOa4 (Sigma-Aldrich), 10% glycerol
(Thermo), Pierce Protease and Phosphatase Inhibitor (Thermo)) was added to
the plates, and the cells were scraped into an Eppendorf tube and left to lyse on
ice for 10 minutes. The tubes were then spun down at 15,000 RPM for 10
minutes in a tabletop centrifuge to spin down the debris. The supernatant was
transferred into a fresh Eppendorf tube and either used for experiments or

stored at -80°C.

2.8 Protein concentration measurement

Coomassie Assay reagent (Thermo Scientific) was used to determine
protein concentration in cell lysates, and the absorbance was measured at 595
nm. Purified protein concentration was measured using Nanodrop 2000

(Thermo Scientific), and the absorbance was measured at 280 nm.

2.9 SDS-PAGE

20-50 pg of protein was used for analysis. The samples were mixed with
2x sample buffer (Biorad) and boiled in a 95°C heat block for 10 minutes. The
samples were loaded onto 4-20% mini-PROTEAN precast gels (Biorad), along
with a size marker (Color Prestained Protein Standard, Broad Range. NEB). 1x
SDS-PAGE running buffer (10x: 30.3 g Tris-Base (Sigma-Aldrich), 144 g glycine
(Sigma-Aldrich), 10 g SDS (Sigma-Aldrich) in 1 L distilled H20; pH 8.3) was

used to fill the tank. The gels were run at 140 V for 1 hour.
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2.10 Western blot

Proteins on an SDS-PAGE gel were transferred onto a PVDF membrane
(Biorad) using a wet transfer method. Sponges and filter papers were soaked in
1x transfer buffer (10x: 30.3 g Tris-Base (Sigma-Aldrich), 144 g glycine (Sigma-
Aldrich) in 1 L distilled H20, pH 8.3; 1x: 100 ml 10x transfer buffer, 200 ml of
methanol (Sigma-Aldrich); 700 ml distilled H20 ). PVDF membrane was
activated by soaking in methanol. Transfer was run at constant 100 V for 1
hour. Alternatively, proteins were transferred onto a membrane with the iBlot2
(Thermo) dry blotting system using PVDF stacks. If needed, the membrane was
stained with Ponceau S (Sigma) and visualised with G:BOX (Syngene). The
stain was washed off with TBST (20 mM Tris (Sigma-Aldrich), 150 mM NacCl,
0.1% Tween 20 (ChemCruz)) and blocked using 5% BSA (Thermo) in TBST for
1 hour at room temperature. Primary antibody was diluted in 5% BSA in TBST
(1:1000 ratio) and the membrane was incubated with primary antibody overnight
at 4°C with rocking. The next day membrane was washed by with TBST for 10
minutes on a rocker. After three washes membrane was incubated with a
solution of HRP-conjugated secondary antibody (1:2000 ratio) in 5% BSA in
TBST for 1 hour at room temperature. Membrane was then washed three times
with TBST. Proteins were detected using Clarity Western ECL substrate
(Biorad) to visualise HRP-conjugated secondary antibodies. G:BOX (Syngene)
was used to capture images. Antibodies used for western blotting are listed in

Appendix A.
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2.11 Co-immunoprecipitation

1 pg of anti-CRKL rabbit antibody was added to the cell lysate containing
0.5-1 mg of protein in 500 pl total volume. 1 pg of normal rabbit IgG was used
as IgG control. The samples were incubated overnight at 4°C with rotation. The
following day 20 pL of Protein A/G PLUS Agarose (Santa Cruz Biotechnology)
was added to each tube and incubated at 4°C with rotation for 3 hours. Beads
were washed by adding 100 pl of cell lysis buffer and spinning down at 4°C,
4000 RPM for 5 minutes in a tabletop centrifuge. The washing step was
repeated three times. After washing and removing supernatant, 20 pL of sample
loading buffer was added to each tube. Proteins were then eluted by boiling for

10 minutes and analysed using SDS-PAGE and western blot.

2.12 Protein expression and purification

Starter cultures of bacteria inoculated from glycerol stocks were grown
overnight in a 37°C shaking incubator with appropriate antibiotic. The following
day the starter culture was inoculated into the final culture volume of LB broth
(Merck) containing selective antibiotic. The flasks were incubated at 37°C with
shaking until optical density at 600 nm reached 0.6-1.0. Protein expression was
induced by adding 0.1 mM IPTG. Following IPTG addition bacteria were
incubated overnight in a 20°C shaking incubator. The next day cells were
pelleted and resuspended in cell lysis buffer (20 mM Tris pH 8.0, 150 mM NacCl,
1mM B-mercaptoethanol (Sigma-Aldrich)). The lysate was then sonicated on

ice, and debris was spun down at high speed for 30 minutes.

For small-scale protein purification, 50 ml of bacteria culture was used.

To purify GST-tagged proteins, Glutathione Sepharose beads (GE healthcare)
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were used. 400 pL of bead slurry was put in a column and washed with 1 ml of
distilled water, followed by a wash with 2 ml of cell lysis buffer (20 mM Tris pH
8.0, 150 mM NaCl, 1mM B-mercaptoethanol (Sigma-Aldrich)). Bacterial cell
lysate was then added to the column, and the column was incubated for 1 hour
with rotation at room temperature. All unbound protein was washed off with the
cell lysis buffer. To elute GST-tagged protein, 1 ml of buffer B (20mM Tris pH
8.0, 150 mM NacCl, 20 mM glutathione (Sigma-Aldrich), 5 mM [3-
mercaptoethanol) was added to the column and allowed to elute. The eluate
was then dialysed in 500 ml of buffer (20 mM HEPES pH 7.5, 100 mM NacCl, 0.5
mM tris(2-carboxyethyl)phosphine (TCEP) (Sigma-Aldrich)) and left stirring at
4°C for 4 hours. This was repeated once. Concentration of the purified protein

was then determined.

For large-scale protein purification, 1 L of bacteria culture was used.
Proteins were purified from bacteria cell lysate using Akta protein purification

system (purification done by Dr Chi-Chuan Lin, University of Leeds).

For proteins used for MST, the GST tag was cleaved off using thrombin
(1 unit/uL). Thrombin was added to purified protein and incubated overnight.
The next day, proteins of interest were obtained using Akta protein purification

system (work done by Dr Chi-Chuan Lin, University of Leeds).

2.13 GST- pulldowns

Glutathione Sepharose beads were used for GST-pulldowns. Beads
were washed by adding five gel bed volumes of lysis buffer (20 mM Tris pH 8.0,
150 mM NacCl, 1mM B-mercaptoethanol (Sigma-Aldrich)) and spun down in a

tabletop centrifuge at 4000 RPM for 5 minutes. The wash was repeated two
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more times, followed by addition of bacterial cell lysate and incubation overnight
at 4°C with rotation. The following day the beads were washed five times with
the lysis buffer. For buffer exchange, mammalian cell lysis buffer was used to
wash beads. Mammalian cell lysate containing 0.5-1 mg of protein was then
added to the beads and incubated at 4°C overnight with rotation. The beads
were then washed three times with mammalian cell lysis buffer. Two gel bed
volumes of 2xSDS loading buffer were added to the beads, and the tubes were
put in a 95°C heating block for 10 minutes to denature protein. The supernatant

was analysed by SDS-PAGE and western blot.

2.14 In vitro kinase assay

Glutathione Sepharose beads were used for this assay. GST-CRKL
protein was bound to the beads as described previously (2.13). For buffer
exchange, a buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM j3-
mercaptoethanol, 0.005% Triton X-100 (Sigma-Aldrich)) was used to wash the
beads once. 100 ng of purified FGFR2cyto (kind gift from Dr Chi-Chuan Lin)
was added to each sample, along with 5mM ATP (Sigma-Aldrich) and 10 mM
MgClz (Sigma-Aldrich) for phosphorylation samples; and 1 pL of recombinant
shrimp alkaline phosphatase (rSAP, NEB) for unphosphorylated control to
ensure dephosphorylation. The tubes were incubated overnight at 4°C with
rotation. The following day the beads were washed three times with the buffer.

The sample was then boiled and analysed by SDS-PAGE and western blot.
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2.15 In vitro kinetic kinase assay

The assay was performed by Dr Chi-Chuan Lin, similar to in vitro kinase
assay described above (2.14). FGFR2cyto concentration was 100 nM, CRKL

concentration was 10 pM.

2.16 In vitro protein phosphorylation for mass spectrometry

GST-CRKL was immobilised onto Glutathione Sepharose beads and
phosphorylated using FGFR2cyto (as described in 2.14) in a tabletop protein
purification column. FGFR2cyto was then washed off. Non-phosphorylated and
phosphorylated GST-CRKL was eluted and purified as described previously
(2.12). The samples were concentrated by centrifugation with Amicon Ultra
centrifugal filters (Merck), and pure protein was submitted to Leeds Mass

Spectrometry facility for analysis (analysis carried out by Rachel George).

2.17 Dot blot

2 pL of purified MBP-tagged C-terminal tail peptides (kind gift from Dr
Chi-Chuan Lin) were spotted onto a nitrocellulose membrane. The membrane
was left to dry and then blocked with 3% BSA in HBST (140 mM NacCl (Sigma-
Aldrich), 1.5 mM Na2HPOa4 (Sigma-Aldrich), 50 mM HEPES pH 7.5 (Fisher)) for
30 minutes. Solution of 1 pug/ml prey protein in HBST was added onto the
membrane and incubated for 2 hours at room temperature. The membrane was
washed with HBST for 10 minutes three times. Primary antibody (in 3% BSA in
HBST) was added, and the membrane was incubated at room temperature for 2
hours. The membrane was then washed again three times and incubated with a

secondary antibody (in 3% BSA in HBST) for 1 hour at room temperature. After
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three washes with HBST, the protein signal was detected using Clarity ECL

substrate (Biorad) and imaged with G:Box (Syngene).

2.18 Microscale thermophoresis

For MST, buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl and 0.5
mM TCEP was used. In each tube, concentration of Atto*# labelled protein was
constant (100 nM), while the second unlabelled protein was serially diluted over
16 dilution series. Solution with labelled and unlabelled proteins was transferred
to capillaries (Monolith) and inserted into MST instrument (Monolith NT.115) for
detection. Blue LED was used for MST, with power setting adjusted to obtain

200-1600 fluorescence counts. Each scan ran for 3 repeats.

2.19 Wound-healing assay

HEK?293T cells growing in a 10 cm culture dish were transfected as
described previously (2.6). The next day cells were seeded in a 96-well plate
and left to settle overnight in serum-containing media. The following day,
scratches were made in each well using Woundmaker96, and wells were
washed once with DPBS. The media was changed to DMEM (+1% FBS) to
mimic basal conditions. As the interest of this project was to look at
FGFR2/CRKL signalling under non-stimulating conditions, some experiments
were done under basal conditions. 1% FBS was used for these conditions,
rather than total starvation in media without FBS, because in vivo, minor
presence of growth factors is expected. 0.03 uM SU5402 (Sigma-Aldrich) RTK
inhibitor was also used where noted (with equivalent volume of DMSO in “-
SU5402” controls). Cell migration was captured for 12 hours using Incucyte

system (Essen Bioscience) under normal cell maintenance incubation
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conditions as described before (2.4). Image J was used to determine the area of

the wound for data analysis.

2.20 RAP1 and RAC1 activity assay

Cell lysates were prepared as described (2.7). Active RAP1 and RAC1
kits (Cell Signalling Technology) were used for GTP-bound RAP1 and RAC1

detection according to manufacturer’s instructions.

2.21 RPPA assay

SkBr3 cells were grown in 10 cm dishes until 80-90% confluent. Media
was then replaced with DMEM (1% FBS) (for basal conditions), or DMEM (-
FBS) for starved/stimulated conditions. 0.03 uM SU5402 (or equal volume of
DMSO as control) was also added. The cells were left to incubate overnight.
The next day, cells with stimulated conditions were incubated with FGF9 for 15
minutes. Cell lysates were obtained as described before (2.7), but a different

cell lysis buffer was used (Table 2-2).
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Table 2-2. RPPA cell lysis buffer

2x buffer solution

Reagent Volume (ml)
Triton X-100 5
0.5 MHEPES pH 7.4 50
0.5 M EGTA (Sigma) pH 7.5-8 1
1 M NaCl 75
1 M MgCl2 0.75

1x lysis buffer
Reagent Volume (ml)
2X buffer solution 5
100 mM NazVOa 0.1
100 mM TSPP (Sigma-Aldrich) 1
1 M NaF (Merck) 1
Pierce Protease and
Phosphatase Inhibitor 1 tablet
Glycerol 1
Distilled H20 1.9

Cell lysates containing 2 mg/ml protein were used for the RPPA assay.
The assay was done by Host and Tumour Profiling unit in Cancer Research UK
Edinburgh Centre at University of Edinburgh, utilising Quanterix and Innopsys

RPPA platforms. Antibodies used in this assay are listed in Appendix C.

2.22 RPPA data analysis

The initial data normalisation was done by Kenneth Macleod (Host and
Tumour Profiling unit in Cancer Research UK Edinburgh Centre at University of
Edinburgh), with protein-specific signal being normalised to total protein signal
to produce a ratio of protein abundance. For phospho:total heatmap, ratio of
phosphorylated to total protein was calculated from protein abundance data. For
heatmap generation, ratio was converted to Z-score, with an average Z-score
then generated for each antibody and condition from three repeats. Heatmaps

were generated with R studio, using the pheatmap package.
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Chapter 3 Investigating the interaction between FGFR2 and

CRKL

3.1 Introduction

In absence of extracellular stimulation, “tier 2” signalling, based on
interactions between RTK proline-rich motifs and SH3 domains of binding
proteins, can regulate cell signalling, as demonstrated by interplay between
FGFR2, GRB2 and PLCy1 (Timsah et al., 2014). It is important to find more
proteins which can behave in a similar way to gain more insight into this type of
signalling. A good candidate for this Is human CRKL adapter protein. It is known
to bind several tyrosine kinases via its SH3 domain, with ABL being the best
documented (Senechal et al., 1996; Uemura et al., 1997). Downstream, CRKL
can activate RAP1 and RAC1, GTPase proteins which are responsible for
induction of cell growth, adhesion and motility (Gotoh et al., 1995; Hasegawa et
al., 1996). Due to this, CRKL is a known oncogene with an important role in
tumour metastasis. CRKL overexpression has been seen in many different
cancer types and correlates with poor prognosis (see section 1.6.2.5). However,
knowledge of the exact CRKL function and binding partners is lacking. It is
crucial to uncover more CRKL binding partners, which could allow development
of better cancer therapeutics. The goal of this Chapter is to find SH3 domain
mediated CRKL interactions with RTKSs, establish their biochemical features and

physiological consequences.

3.2 A screen for CRKL SH3-binding RTKs

To identify whether CRKL was able to bind to a subset of RTKs, a screen

using the dot-blot technique was performed. RTK C-terminal tails tagged with
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maltose-binding protein (MBP) tag were cloned, expressed and purified by Dr
Chi-Chuan Lin (University of Leeds). MBP-tagged peptides were dotted onto a
nitrocellulose membrane and incubated with GST-tagged CRKL?*S"3 peptide
(residues 115-303), which contains SH3N and SH3C domains of CRKL, but not
the SH2 domain, to ensure that the potential interaction is mediated by the SH3
domains. Binding was then visualised using an anti-GST antibody. Dot intensity
visualisation by western blotting showed that the CRKL?S"3 construct can bind
a variety of peptides with differing affinities (Figure 3-1). The CRKL2*SH3
construct bound to the C-terminal tails of a number of RTKs, but not to the
MBP-tag alone (positions 50-53). The most prominent interaction was observed
with LMTK1 (AATK), a protein which has been proposed to function in neuron
development (Raghunath et al., 2000). The second strongest interactor was
Ephrin receptor EphA4, which has roles in development (Richter et al., 2007);

and with ROS1, another RTK involved in development (Acquaviva et al., 2009).
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Figure 3-1. Dot blot screen of CRKL SH3 interactions. MBP-tagged C-
terminal tails of protein kinases (numbered) were dotted onto the
membrane and incubated with GST-CRKL?*SH3 construct. Binding was
detected using anti-GST antibodies.

The dot-blot also revealed that CRKL can bind to the FGFR2 C-terminal
tail, as well as the C-terminal tail of FGFR2-C2, which is an FGFR2 splice
variant known as “K-sam C2”. This variant contains a shorter, modified C-
terminal tail and is expressed in gastric cancer (Itoh et al., 1994; Hattori et al.,
1996; Ueda et al., 1999). FGFR2 was chosen for further experiments for several
reasons. It has been shown previously that the FGFR2 C-terminus is involved in
cell signalling under basal conditions, as well as cancer (Gartside et al., 2009;
Ahmed et al., 2010; Lin et al., 2012; Timsah et al., 2014). CRKL is also known
to bind FGFR2, but the interacting domains have not been discerned (Seo et

al., 2009). Furthermore, Caenorhabditis elegans orthologues of both proteins
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are known to physically interact, which provided the opportunity for the potential
use of the nematode as a model organism to investigate in vivo relevance of the

interaction (Lo et al., 2010).

3.3 CRKL binds FGFR2 in vitro

In order to see how FGFR2 and CRKL interaction affects cell signalling, it
was important to confirm that these proteins interact in cells. To identify a
suitable cell line for experimentation the following lines were tested: H520
NSCLC cell line, SkBr3 breast cancer cell line, and HeLa cervical cancer cells.
These cell lines were clinically relevant, as CRKL has been reported to be
overexpressed in cancer types that these cells were derived from (Zhao et al.,
2005; Kim et al., 2010; Zhao et al., 2013). The presence of endogenous FGFR2
and CRKL proteins in the cell lysates of H520, SkBr3 and HelLa cells was
confirmed using western blotting (Figure 3-2). H520 and SkBr3 cells were
chosen to be used in further experiments due to strong levels of FGFR2 and

CRKL expression and their clinical relevance.
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Figure 3-2. Expression levels of FGFR2 and CRKL in different cell lines. 50
pg of protein was run in each lane, and protein levels were detected by
western blotting.

The interaction between full length CRKL and full length FGFR2 in cells
was confirmed by co-immunoprecipitation (co-IP). Anti-CRKL antibody was
incubated with whole cell lysate and then immobilised onto protein A/G agarose
beads. IP eluent was then run on a western blot and probed for FGFR2 and
CRKL. The anti-CRKL antibody precipitated CRKL in a complex with FGFR2 in
both H520 and SkBr3 cells under serum-starved conditions or in the presence
of FGF9 (Figure 3-3). Note that while in H520 cell lysates there are two bands
detected by anti-FGFR2 antibody, SkBr3 cell lysates show one band, indicating
that the protein could be differently post-translationally modified in different cell
types. Furthermore, it was difficult to detect FGFR2 in the input controls.
Although 20 pg of protein in the input sample was enough to detect CRKL,
perhaps FGFR2 was not detected due to its low levels in the lysate, as

transmembrane proteins are difficult to solubilise. The results indicate that
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FGFR2 and CRKL can be found within the same complex in H520 and SkBr3

cells.
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Figure 3-3. CRKL and FGFR2 form a complex in cells. Co-
immunoprecipitation shows that anti-CRKL antibody pulls down CRKL
from cell lysates, and FGFR2 along with it in starved and FGF9-stimulated
(A) H520 cells and (B) SkBr3 cells. N =2

3.4 CRKL?®" can bind FGFR2 C58 with strong affinity

Microscale thermophoresis (MST) was employed to investigate the

affinity between the CRKL SH3 domains and the FGFR2 C-terminal tail
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containing proline-rich motifs. The FGFR2 peptide containing the last 58
residues of the C-terminal tail (hereby referred to as FGFR2 C58) was cloned,
purified, and Atto*#-labelled by Dr Chi-Chuan Lin (University of Leeds). The
GST-tagged CRKL>SH3 construct was expressed in E. coli, purified and GST
tag was cleaved off. The binding affinity between these two peptides was then
measured. The MST data are shown in Figure 3-4. The CRKL SH3 domains
can bind the FGFR2 C58 with the dissociation constant (Kd) of 2.510 uM +
0.264 pM. The Kq is within the range of SH3-PxxP interactions (between 5 —
100 uM; Pawson et al, 1995), and stronger than previously documented FGFR2
interaction with PLCy1 (= 40 uM, (Timsah et al., 2014)), but weaker than
FGFR2 binding to GRB2 (= 0.1 uM, (Lin et al., 2012)). MST data, combined with
co-IP results suggest that CRKL and FGFR2 form a complex in cells that is, at

least in part, mediated by the SH3 domain interaction with the proline-rich motif.
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Figure 3-4. CRKL SH3 domains bind FGFR2 C-terminal tail. A) Peptide
sequence of FGFR2 C-terminal tail (top) and domain structure of
CRKL?*SH3 construct (bottom) used in MST. B) MST binding curve of
CRKL SH3 domain construct and FGFR2 C-terminal tail peptide. Atto*88-
labelled FGFR2 C58 peptide was at a constant concentration of 100 nM,
while unlabelled CRKL?*SH3 was serially diluted (1:2) over 16 capillaries,
with a maximum concentration of 362 uM. Each sample cappilary was
scanned three times to obtain AFnorm[%o], Which was plotted against
variable concentration of CRKL>SH2 and fitted into the law of mass action
to obtain the dissociation constant (Kd). Ka = 2.510 uM £ 0.264 pM.

3.5 SH3C s not involved in binding to FGFR2

To establish which domain(s) of CRKL binds to FGFR2, several point
mutations in a GST-CRKL full length construct were introduced (Figure 3-5).
The mutants were designed to abolish binding of the individual domains through
substituting residues which are known to be important in the recognition of
ligands. The R21/39A mutations in the CRKL SH2 domain substitute the
positively charged arginine residues which bind to phosphorylated tyrosine

residues on the SH2 domain ligands. The W160L and W275L mutations
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disrupts the hydrophobic proline-rich motif binding pocket of the SH3N and the
SH3C domains respectively. While the Y207F mutation replaces a
phosphorylatable tyrosine residue, which prevents SH2 domain binding in that

region.

R21/39A W160L Y207F  W275L

Voo v
—— J

Figure 3-5. CRKL point mutant constructs. The mutations shown abolish the
function of the respective domain, while the tyrosine mutation abolishes
phosphorylation of Y207 residue.

The GST-CRKL constructs were expressed in E. coli and immobilised
onto Glutathione Sepharose beads. The beads were incubated with the purified
intracellular region of FGFR2 (FGFR2cyto) (cloning, expression and purification
of FGFR2cyto was done by Dr Chi-Chuan Lin, University of Leeds). Binding of
the GST-CRKL constructs to FGFR2cyto was investigated in vitro in the
presence of phosphatase (to ensure no phosphorylation occurs) and visualised
using western blotting (Figure 3-6). Only the GST-CRKL W275L mutation did
not diminish pulldown of FGFRZ2, indicating that the SH3C domain is not
involved in binding to the receptor. Since all the other mutations reduce the
interaction between CRKL and FGFR2cyto, these data imply that the interaction
can be mediated by multiple sites on CRKL. Hence, the CRKL SH2 and SH3N

domains, as well as the intact Y207 site are required for binding to FGFR2.
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Figure 3-6. CRKL SH3C domain is not necessary for interaction with
FGFR2. GST-tagged CRKL mutants were used to pull down FGFR2cyto
construct containing the intracellular portion of the receptor. The reaction
was performed under dephosphorylating conditions, by adding
recombinant shrimp alkaline phosphatase (rSAP). R21/39A — SH2 mutant,
W160L — SH3N mutant, Y207F — Y207 phosphosite mutant, W275L —
SH3C mutant. N = 2.

3.6 FGFR2 C24 region is required for CRKL binding

In order to find the CRKL binding site on FGFR2 C-terminal tail, a GST
pulldown assay was performed. GST-tagged FGFR2 C58 peptide was
expressed in E. coli and immobilised onto Glutathione Sepharose beads. Two
additional constructs were used, representing the first 24 residues (C24) and
the last 34 residues (C34) of FGFR2 C-terminal tail to more precisely identify
the region of interaction. The constructs were used to pull down full length
CRKL from lysates of HEK293T and H520 cell lines, which express CRKL

endogenously. The cells were starved overnight in DMEM media and left
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starved or stimulated with DMEM containing 10% FBS for 15 minutes. The
results are shown in Figure 3-7. The FGFR2 C-terminal tail can bind to CRKL
from cell lysates under both starved and stimulated conditions. The results
suggest that CRKL can bind the C58 construct, as well as C24 and C34

constructs.
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Figure 3-7. FGFR2 C24 construct is the primary CRKL binding site. GST-
tagged FGFR2 C-terminal tail constructs were used to pull down CRKL
from (A) H520 and (B) HEK293T cell lysates which were starved or
stimulated with foetal bovine serum (FBS). C) Sequences of C58, C24 and
C34 FGFR2 C-terminal tail constructs, with proline residues highlighted. N
= 3 for each cell line. LE — long exposure, SE — short exposure.
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3.7 CRKL can form dimers

Although the SH3C domain of CRKL does not mediate binding to
FGFR2, it could still be functionally relevant. It has been shown before that
CRKL can dimerise via its SH3C domain (Harkiolaki et al., 2006). MST was
used to confirm these results using purified full-length CRKL and CRKL?*SH3
constructs (Figure 3-8) (protein purification, tagging and MST was done by Dr
Chi-Chuan Lin, University of Leeds). The MST data reveals that full length
CRKL will interact with other CRKL molecules in solution. The profile of the
binding curve obtained suggests that that CRKL self-assembly occurs to form
tight dimers (Kd dimer = 0.093 pM * 0.008 uM). CRKL?*SH3 construct also forms a
tight dimer (Kd dimer = 0.129 pM = 0.0999 uM). The Kag dimerisation is stronger
compared to previously predicted CRKL SH3C dimerisation affinity of 6.1 pM,
as determined by sedimentation equilibrium analytical ultracentrifugation
(Harkiolaki et al, 2006). The MST binding data is biphasic. A second binding
curve showing a different behaviour (AFnorm[%o0] Value increasing rather than
decreasing over change in concentration) can be fit to the CRKL?*SH3 binding
data, giving a lower affinity Ka = 7.89 + 1.19 uM. This binding occurs when
protein concentration is increasing, suggesting that there might be a secondary
binding event that could represent oligomerisation. Low abundancy of higher-
order CRKL complexes have been seen before (Harkiolaki et al., 2006). The
reason for the potential secondary binding event so far is unclear, but the Kq is

higher than that for FGFR2 binding.
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Figure 3-8. CRKL can form dimers and potentially oligomers. MST was
used to determine the dimerisation of CRKL. Each sample capillary was
scanned three times to obtain AFnom[%o], Which was plotted against
variable concentration of CRKL?SH? and fitted into the law of mass action
to obtain the dissociation constant (Kad). Full-length CRKL dimer (red) has
Ka of 0.093 + 0.008 uM, CRKL?*SH3 construct dimer (green) K¢ = 0.129 +
0.0999 uM, CRKL?SH3 construct potential oligomer (blue) Ka = 7.89 + 1.19
HM.

3.8 Dimeric CRKL enhances autophosphorylation of FGFR2
The Kq of dimerisation for CRKL (Figure 3-8, Kd = 0.093 + 0.008 uM) is
stronger than that of CRKL-FGFR2 interaction (Figure 3-4, Ka= 2.510 pM %
0.264 uM), therefore, depending on protein concentrations, CRKL can bind
FGFR2 as a dimer. This interaction of the CRKL adaptor protein could mimic
what has previously been observed for the interaction between FGFR2 and
GRB2. In the absence of extracellular stimuli dimeric GRB2 forms a
heterotetramer with an FGFR2 dimer, holding the receptor in a dimeric state
and preventing full activation in absence of ligand activation. Once FGFR2 is
activated, it phosphorylates GRB2 to facilitate protein release (Lin et al., 2012).
In order to investigate the importance of CRKL dimerisation for FGFR2 function,

an in vitro kinase assay was performed to measure autophosphorylation of
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FGFR2cyto. FGFR2cyto construct contains all intracellular parts of the FGFR2
receptor: juxtamembrane domain, tyrosine kinase domain, and the C-terminal
tail, as well as a His tag. FGFR2cyto was incubated with either full-length
CRKL, CRKL R21/39A mutant lacking functional SH2 domain, or CRKL>SH3
construct. ATP/MgCl2 was present to allow receptor phosphorylation. FGFR2
phosphorylation was visualised by western blotting using pY99 antibodies,
which detect all phosphoryolated tyrosine residues, and quantified using
densitometry (Figure 3-9) (assay done by Dr Chi-Chuan Lin, University of
Leeds). The CRKL concentration in these reactions was 10 uM, which is well
above the apparent Kad dimer for the constructs, ensuring CRKL dimerisation in
solution as well as interaction with FGFR2. It is worth noting that at this
concentration, CRKL?S3 could also be oligomeric rather than dimeric . FGFR2
phosphorylation was quantified as a percentage of phosphorylated protein
compared to total protein (the latter represents 100%). In the absence of CRKL,
FGFR2 phosphorylation does not exceed 30% of total protein. When FGFR2 is
incubated with full-length CRKL, phosphorylation reaches 58% within 5 minutes
of ATP addition, 68% after 10 minutes, 77% after 20 minutes, and 88% after 40
minutes. Using CRKL SH2 domain mutant (R21/39A) did not markedly change
the phosphorylation compared to wild-type CRKL. 61% of FGFR2 was
phosphorylated after 5 minutes, 68% phosphorylated after 10 minutes, 73%
phosphorylated after 20 minutes, and 74% phosphorylated after 40 minutes. To
show that the increase in phosphorylation of FGFR2 was due to presence of
CRKL SH3 domains, the CRKL?SH3 construct was used. Phosphorylation of
FGFR2 in these conditions reached 64% after 5 minutes, 77% after 10 minutes,
85% after 20 minutes and 88% after 40 minutes after the addition of ATP.

Taken together, these results show that the presence of CRKL, which is
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potentially in a dimeric state, can strongly enhance overall FGFR2
phosphorylation, and that it is the two SH3 domains of CRKL that are required

for this function.
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Figure 3-9. CRKL enhances FGFR2 phosphorylation. Timed in vitro kinase
assay was performed to measure FGFR2 phosphorylation. Full length
CRKL, CRKL R21/39A (CRKL-R/A) and CRKL?>SH3 constructs were used
for the assay, along with FGFR2cyto. (A) CRKL/CRKL?SH3 was visualised
by Ponceau staining, while western blotting was used to visualise total
(IB:His) and phosphorylated (IB:pY99) FGFR2cyto. (B) Percentage of
FGFR2 phosphorylation was quantified using densitometry. N = 2. (C)
Constructs used in this assay. CRKL WT — full length CRKL protein, CRKL
R/A — full length protein containing R21/39A point mutations to disable
SH2 domain binding, CRKL-2xSH3 — construct containing SH3N and
SH3C domains of CRKL, FGFR2cyto — cytoplasmic portion of FGFR2
protein, containing a juxtamembrane domain (black line), tyrosine kinase
domain (green box) and C-terminal tail (cyan line).
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3.9 CRKL is phosphorylated by FGFR2

CRKL enhances FGFR2 phosphorylation. The next step was to see
whether active FGFR2 can in turn phosphorylate CRKL. CRKL has several
known phosphorylation sites, but the most investigated site is Y207 due to its
importance in CML (Oda et al., 1994; Ten Hoeve et al., 1994; La Rosée et al.,
2008). An in vitro kinase assay was performed, where GST-tagged CRKL and
the single mutant constructs shown in Figure 3-5, were immobilised onto
Glutathione Sepharose beads and incubated with FGFR2cyto and ATP/MgCl2
(for phosphorylating conditions) or shrimp alkaline phosphatase (rSAP) (for
dephosphorylating conditions). The assay was analysed by western blotting.
This allowed assessment of CRKL Y207 phosphorylation in the presence of the
receptor, as well as binding of phosphorylated or non-phosphorylated CRKL to
FGFR2 (Figure 3-10). In the presence of ATP/MgClz, CRKL SH2 domain
mediated binding to phosphorylated FGFR2. These results suggest that when
FGFR2 is active and phosphorylated, CRKL can bind phosphotyrosine sites, as
well as proline-rich motifs. CRKL Y207 phosphorylation was undetectable in the
Y207F mutant, as expected. When FGFR2 phosphorylation was absent, only
the CRKL SH3C domain was not essential for binding, because under
dephosphorylating conditions (+rSAP; addition of recombinant shrimp alkaline
phosphatase), GST-CRKLW?75L pound to FGFR2 as strongly as wild-type GST-
CRKL. The CRKLY297F mutant was unable to bind FGFR2 under either
condition. This suggests that the Y207 residue, regardless of its
phosphorylation status, could somehow be required for CRKL binding to
FGFR2. This could be due to Y207 being required for the formation of correct
CRKL tertiary structure which would enable SH2 or SH3 domains binding to

FGFR2. The results suggest that CRKL could have different binding site
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preferences on FGFR2, which is dependent on both FGFR2 and CRKL

phosphorylation status.
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Figure 3-10. In vitro kinase assay to evaluate CRKL and FGFR2
phosphorylation. GST-tagged CRKL and point mutants were used to
determine which CRKL domains are required for interaction with
phosphorylated (pY653/654 in full-length protein) or non-phosphorylated
FGFR2cyto construct, and if the interaction is required for CRKL Y207
phosphorylation. The experiment was done under phosphorylating
(+ATP/MgCl2) and dephosphorylating (+rSAP) conditions. R21/39A — SH2
mutant, W160L — SH3N mutant, Y207F — Y207 phosphosite mutant,
W275L — SH3C mutant. N = 2.

After investigating the Y207 phosphorylation site using antibodies, mass
spectrometry was used to identify other possible FGFR2 phosphorylation sites
on CRKL. An in vitro kinase assay method was used to phosphorylate GST-
CRKL by the FGFR2cyto construct (with addition of ATP and MgCl2). After
phosphorylation, the GST-CRKL protein was eluted and used for intact protein

mass measurement as well as protease digestion followed by mass
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spectrometry (MS/MS) (MS done by Biomolecular Mass Spectrometry facility,
University of Leeds). The mass of full-length proteins was measured, which
enabled the comparison of the mass of unphosphorylated GST-CRKL and
phosphorylated GST-CRKL allowing determination of the total number of

phosphorylatable sites.

The results of intact protein mass measurement are shown in Figure
3-11. There are two peaks present in the non-phosphorylated protein sample
(Figure 3-11A). Peak A has a mass of 59641 Da, while peak B has a mass of
59773 Da. The difference in mass between the peaks is 131.26 Da. The lower
molecular weight peak could be GST-CRKL protein that has lost the N-terminal
methionine residue. In the presence of FGFR2cyto, ATP and MgClz, there are
four peaks found in the mass measurement (Figure 3-11B). A portion of GST-
CRKL is not phosphorylated in this sample, as peaks A and C have the same
molecular mass as peaks A and B in the non-phosphorylated sample. There is
an 80 Da shift between peaks A and B, as well as between peaks C and D. This
suggests that there is one residue on GST-CRKL which has been

phosphorylated, adding 80 Da to its molecular mass.
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Figure 3-11. GST-CRKL intact protein mass measurement. Peaks showing the mass of (A) non-phosphorylated, and (B)
phosphorylated GST-CRKL construct.
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Next, the precise sites of phosphorylated tyrosine residues were
mapped. The purified GST-CRKL protein was digested by proteases, and the
resulting peptides were analysed by MS/MS. Peptides from digestion showed
good coverage along the whole protein (Appendix B). Three sites were found on
GST-CRKL, corresponding to CRKL residues Y48, Y198 and Y207 (Figure
3-12). Y48 resides in the SH2 domain, while Y198 and Y207 both are in the
linker region connecting the two SH3 domains. As determined by intact protein
measurement (Figure 3-11B), it is likely that only one of the residues could be
phosphorylated on one molecule of CRKL at a time. All three residues of CRKL

are previously unreported FGFR2 phosphorylation sites.
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Figure 3-12. Mapping of GST-CRKL phosphorylation sites. Protein digestion
followed by MS/MS was used to detect post-translational modifications in
GST-CRKL construct. Each peak represents the mass of a charged
peptide obtained, while colour denotes the charge for the peptide (b/blue if
the charge is on the N-terminus, y/z/red if the charge is on the C-terminus).
Mass differences between peaks are then used to determine the identity of
the amino acid sequence in reference to CRKL sequence. Y with arrows
represents the distance between two peaks which indicate the presence of
phosphorylated tyrosine, while 2+Y arrows represent non-phosphorylated
tyrosine residue. (A) phosphorylation of Y48 site; (B) phosphorylation of
Y198 site, (C) phosphorylation of Y207 site. MS result generation, analysis
and image generation were performed by Rachel George, University of

Leeds Mass Spectrometry facility.
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3.10 CRKL and RTK signalling assists cell migration

CRKL is an important regulator of cell migration (Feller, 2001; Birge et
al., 2009; Lin et al., 2015). In order to see if the CRKL interaction with FGFR2 is
important for this function, a wound healing assay was performed. HEK293T
cells were used, in which native CRKL was knocked down using shRNA
targeting several CRKL regions. A scrambled shRNA was used as control (Ci
cells). Knockdown efficiency was quantified by western blot densitometry
(Figure 3-13). Densitometry results show that CRKL expression was reduced in
HEK293T CRKL shRNA cells (Figure 3-13B). Expression of the paralogue
protein CRK-1l was not affected strongly in CRKL knockdown cells (Figure
3-13B), ensuring that any effects seen in the following experiments are only due
to differences in CRKL expression. Other potential off-target effects were not

investigated.
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Figure 3-13. CRKL knockdown quality control in HEK293T. CRKL
expression was knocked down by short hairpin RNA. The expression
levels were detected by (A) western blotting and (B) quantified by
densitometry by normalising to a-Tubulin. N =1

As HEK293T cells do not express FGFR2, experimental cells were
transfected with FGFR2-GFP construct for transient expression, while cells
expressing GFP alone were used as a control. The experiment was done under
basal conditions, using DMEM media containing 1% FBS. Wound closure was
measured after 12 hours and the percentage of wound closure was calculated
(Figure 3-14). Ci GFP control cells established a baseline for expected wound
closure, with 30.88% of the wound closed after 12 hours. When CRKL is

knocked down in these cells, the wound closure percentage dropped to 21.95%,
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which is lower, indicating that CRKL has an important role in HEK293T cell
migration. SU5402 inhibitor was also used in this assay. It can competitively
bind the ATP-binding pocket of FGFR2 and several other RTKs (VEGFR2,
FGFR1, PDGFRpB and EGFR). This inhibits canonical RTK signalling and
downstream protein phosphorylation (Mohammadi et al., 1997; Cunningham et
al., 2020). After treatment with SU5402, Ci GFP and CRKL shRNA GFP cells
show a wound closure of 10.77% and 9.24% respectively. The results show that
CRKL is partially needed for HEK293T cell migration under basal conditions,
and that this migration is mediated by canonical RTK signalling, as there is no
difference between Ci GFP and CRKL shRNA GFP cell migration when cells
are treated with SU5402. When FGFR?2 is introduced to the cells, Ci FGFR2-
GFP cells show a wound closure of 34.37% under basal conditions, while CRKL
ShRNA FGFR2-GFP cells show a wound closure of 27.65%. As with GFP
control cells, the difference suggests that CRKL is partially responsible for cell
migration in FGFR2-GFP-containing cells. When cells are treated with SU5402,
Ci FGFR2-GFP cells show 15.10% wound closure, while CRKL shRNA FGFR2-
GFP cells show 10.99% wound closure, which is lower than that of untreated
cells. The results show that CRKL is involved in HEK293T cell migration, but it

is unclear whether FGFR2 involvement in cell migration is significant.
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Figure 3-14. Roles of CRKL and FGFR2 in cell migration under basal
conditions. Migration of HEK293T cells with or without CRKL and/or
FGFR2 was measured. Ci — control shRNA cells, GFP — cells transfected
with GFP, CRKL shRNA — cells with CRKL knockdown, FGFR2-GFP —
cells transfected with FGFR2-GFP. SU5402 was also used as an FGFR2
(and other RTK) inhibitor. Experiment was performed under basal
conditions (1% FBS). A) Representative images of the wound healing
assay. B) Quantification of the wound closure percentage. N = 2.
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3.11 RAP1 and RAC1 activation in HEK293T cells

To activate downstream signalling pathways, CRKL binds to C3G and
DOCKI/ELMO GEFs in order to activate RAP1 and RAC1 GTPases,
respectively (Knudsen et al., 1994; Tanaka et al., 1994; Sakkab et al., 2000). It
is unclear whether FGFR2 can activate RAP1 or RAC1, but bFGF (FGF2), a
ligand for the receptor, has been shown to activate RAC1 when promoting
fibroblast migration (Kanazawa et al., 2010). The first step to investigate what
occurs downstream of FGFR2/CRKL was to evaluate RAP1 and RAC1
activation. Commercial pulldown kits to detect active, GTP-bound RAP1 and
RACL1 proteins were utilised. HEK293T cells were used, in which CRKL
expression was knocked down using shRNA, with control cells (Ci) containing
scrambled shRNA. Cells were also transfected with FGFR2-GFP-containing
plasmid, or GFP-containing plasmid as a control, but there was a mixed
population of GFP and non-GFP cells. The experiment was performed under
basal conditions (DMEM +1% FBS). SU5402 inhibitor was used to inhibit
FGFR2 signalling. Active RAP1 was detected using a commercial kit, which
employs a GST-tagged RalGDS RBD domain that selectively binds active,
GTP-bound RAPL1. Cell lysate was incubated with either GTPyS (a GTP
analogue that is highly resistant to hydrolysis) as a positive control, and GDP as
a negative control to force RAP1 to be active or inactive, respectively. The
pulldown experiment was visualised by western blotting, and the relative
abundance of GTP-RAP1 (compared to total RAP1 in input) was determined

using densitometry (Figure 3-15).

In HEK293T Ci control cells, RAP1 showed higher relative activation in

cells containing FGFR2-GFP compared to GFP only (0.76 £ 0.51 vs 0.42 +
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0.26, respectively). The presence of SU5402 had no significant effects on these
cells. When CRKL was knocked down, active RAP1 abundance in HEK293T
CRKL shRNA GFP cells was 0.55 + 0.35, while adding SU5402 inhibitor
resulted in lower relative GTP-RAP1 abundance of in HEK293T CRKL shRNA
cells containing GFP. HEK293T CRKL shRNA cells expressing FGFR2-GFP
and treated with SU5402 showed no significant difference in active RAP1
abundance. The levels of RAP1 activation between repeats was highly variable,
as it can be seen from high standard deviation and showed no statistical
significance. The results could indicate that RAP1 activation in these cells is

highly transient.
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Figure 3-15. RAP1 activation in HEK293T cells. Ci — control shRNA cells,
GFP — cells transfected with GFP, CRKL shRNA — cells with CRKL
knockdown, FGFR2-GFP — cells transfected with FGFR2-GFP. A) RBD
domain of RalGDS was used to pull down GTP-bound (active) RAP1 and
run on a western blot, followed by visualisation using anti-RAP1
antibodies. B) Band intensity was quantified using densitometry, and
relative GTP-RAP1 abundance, including standard deviation, was
calculated. N = 3. Ns — not significant.

To evaluate RAC1 activation, a commercial kit was used, which utilised a
GST-tagged PAK1 PBD domain that selectively bound active GTP-bound RAC1
(Figure 3-16). GTP-bound RAC1 was visualised and quantified as described
above. In HEK293T Ci GFP cells, relative RAC1 activation was 0.71, while
treatment of these cells with SU5402 increased relative RAC1 activation to
1.23. In HEK293T Ci cells containing FGFR2-GFP, relative abundance of GTP-
RAC1 was 1.34, which was reduced to 0.70 after SU5402 treatment. HEK293T

CRKL shRNA cells expressing GFP with or without SU5402 treatment showed
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relative active RAC1 abundance of 0.41 and 0.43, respectively. HEK293T
CRKL shRNA cells expressing FGFR2-GFP showed relative active RAC1
abundance of 0.31, while treatment of these cells with SU5402 resulted in
relative GTP-bound RAC1 abundance of 0.45. Unfortunately, due to time
constraints a third repeat could not be performed, thus so far, no conclusions

can be drawn about RAC1 activation.
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Figure 3-16. RACL1 activation assay in HEK293T cells. Ci — control sShRNA
cells, GFP — cells transfected with GFP, CRKL shRNA — cells with CRKL
knockdown, FGFR2-GFP - cells transfected with FGFR2-GFP. A) PBD
domain of PAK1 was used to pull down GTP-bound (active) RAC1 and run
on a western blot, followed by visualisation using RAC1 antibodies. B)
Band intensity was quantified using densitometry. N = 2. Ns — not
significant. LE — long exposure, SE — short exposure.
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3.12 RAP1 and RACL1 signalling in SkBr3 breast cancer cells

RAP1 and RAC1 activation by FGFR2/CRKL was also investigated in
SkBr3 cells. First, CRKL expression was knocked down to generate SkBr3
CRKL shRNA cells (Figure 3-17). CRKL protein level was visualised using
western blotting and quantified by densitometry. Obtained SkBr3 CRKL shRNA
cells express ~24% less CRKL than SkBr3 Ci control cells. CRK-II levels were
also checked to ensure that sShRNA targets CRKL selectively. Interestingly,
knocking down CRKL in SkBr3 cells lead to higher CRK-II expression (by

~28%).

A

RKL shRNA

SkBr3 Ci
SkBr3
C

kDa
34— S s IB:CRKL

34— . W=. | B:Crk-ll

55— S " IB:a-Tubulin

B CRKL CRK-II
45 1 70 -

N N w w
(4] o (9]
L

Relative abundance
o

o
Relative abundance

(9] o
"
o

o
o

Ci shRNA Ci shRNA

Figure 3-17. CRKL knockdown quality control in SkBr3 cells. CRKL
expression was knocked down by short hairpin RNA. The expression
levels were tested by (A) western blotting and (B) quantified by
densitometry. N =1
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RAP1 activation in SkBr3 cells was detected and quantified as previously
described (Figure 3-18). First, RAP1 activation was evaluated in cells grown
under basal conditions (DMEM 1% FBS), as with HEK293T cells (Figure 3-18,
A and B). SU5402 acts as an FGFR2-specific inhibitor in these cells, as it is the
only inhibitor target present in this cell line. In SkBr3 Ci cells relative average
abundance of GTP-bound RAP1 was 8.79 (-SU5402) and 5.91 (+SU5402).
When CRKL was knocked down, RAP1 activation decreased to 0.63 in
untreated SkBr3 CRKL shRNA cells. Relative GTP-bound RAP1 abundance
was slightly higher in same cells treated with SU5402 (1.53). The results were

not statistically significant, likely due to high variance between measurements.

RAP1 activation was also investigated in SkBr3 cells that were either
starved, or stimulated with FGF9 (FGFR2-activating ligand) (Figure 3-18, C and
D). In starved SkBr3 Ci cells, average relative GTP-RAP1 abundance was 1.27,
which increased to 2.48 after SU5402 treatment. In FGF9-stimulated SkBr3 Ci
cells, active RAP1 abundance was 2.11, while in same cells treated with
SU5402 the abundance was 1.92. Knocking down CRKL reduced RAP1
activation. Starved SkBr3 CRKL shRNA cells showed average GTP-RAP1
abundance of 0.05, while the same cells treated with SU5402 showed active
RAP1 abundance of 0.14. Relative abundance of GTP-RAPL1 in SkBr3 CRKL
shRNA cells stimulated with FGF9 was 0.27, and the same cells treated with
SU5402 showed an average abundance of active RAP1 of 0.39. The results
were not significant, but they could point to a conclusion that CRKL is likely to
be required for RAP1 activation in SkBr3 cells under starved and stimulating

conditions, but the relationship with the FGFR2 receptor is unclear..
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Figure 3-18. RAP1 activation in SkBr3 cells. A) RBD domain of RalGDS was used to pull down GTP-bound (active) RAP1 from SkBr3
cells (Ci — control; CRKL shRNA — CRKL knockdown) grown under basal conditions and run on a western blot, followed by
visualisation using RAP1 antibodies. B) Band intensity was quantified using densitometry. N = 2. C) Pulldown was also done in cells
that were either starved or stimulated with FGF9. D) Densitometry was used to quantify relative abundance of active protein. N = 2.
Ns — not significant, * - p < 0.05.
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RACL1 activation was also investigated in SkBr3 cells (Figure 3-19).
Although RAC1 was expressed in these cells, no active GTP-bound RAC1

could be detected. The results suggest that RACL1 is not activated in SkBr3 cells

under experimental conditions used.
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Figure 3-19. RAC1 activation in SkBr3 cells. PBD domain of PAK1 was used
to pull down GTP-bound (active) RAC1 and run on a western blot, followed
by visualisation using anti-RAC1 antibodies. The experiment was done in
SkBr3 cells (Ci — control, CRKL shRNA — CRKL knockdown) grown under
(A) basal conditions in DMEM media containing 1% FBS or (B) starved in
serum-free media and left starved or stimulated with FGF9.

3.13 CRKL-dependent signalling in SkBr3 breast cancer cells

FGFR2 has previously been shown to play important roles in multiple
intracellular signalling pathways (see section 1.3). In order to investigate if

CRKL also functions in these pathways, Reverse Phase Protein Array (RPPA)
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was employed. This assay is based on the dot-blot method, and utilises
antibodies to detect levels of total and phosphorylated proteins in cell lysate. A
wide selection of antibodies was adopted, which allowed inclusion of not only
pathways in which FGFR2 or CRKL participate, but also other pathways not
known to be regulated by these proteins to explore the possibility that they can
be regulated by FGFR2/CRKL signalling. SkBr3 Ci (control) and SkBr3 CRKL
shRNA (CRKL knockdown) cells were used. The cells were grown under
starved (-FGF9), stimulated (+FGF9) or basal (1% FBS) conditions and either
left untreated, or treated with SU5402 FGFR2 inhibitor. Signal for relative
protein expression (normalised to total protein signal) from three biological
repeats was converted to a Z-score and presented as a clustered heatmap
(Figure 3-20). SkBr3 Ci and SkBr3 CRKL shRNA cells, regardless of treatment,
formed two distinct clusters representing the two cell types, which suggests that

CRKL presence has an effect on these signalling pathways.

The relative protein phosphorylation heatmap (Figure 3-20A) revealed
that overall, SkBr3 Ci cells have increased phosphorylation in three separate
groups of proteins. The first group (2) contains mMTOR (pS2481 and pS2448)
and AMPKa (pT172). In this group, mTOR shows higher phosphorylation in
control cells under most conditions, while AMPKa shows only a small increase
in Ci cells under a few conditions, and also higher phosphorylation in SkBr3
CRKL shRNA cells under a few conditions.The next cluster (3) consists of AKT
(pS308 and pS473), GSK-3-B (pS9), HSP27 (pS78), PTEN (pS380/T382/T383),
RAF1 (c-RAF) (pS259), p70 S6 Kinase (pT412/S424), and PKCa (pT638).
These proteins show an increased phosphorylation under all SkBr3 Ci cell
treatment conditions. The last group (4) of proteins showing increased

phosphorylation levels in SkBr3 Ci cells (except for -FGF9 -SU5402 cells)
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contains c-JUN (pS73), c-ABL (pY245 and pY412), and p21 CIP/WAF1
(pT145). A group of proteins shows increased phosphorylation in both SkBr3 Ci
and CRKL shRNA cells under several different conditions, and it (1) consists of
SAPK (INK) (pT183/Y185), RB (pS807/S811), and STAT3 (pY705). In SkBr3
CRKL shRNA cells, there are three separate clusters of proteins that show
increased protein phosphorylation levels. The first group (5) contains MEK 1/2
(pS217/221), p44/42 MAPK ERK1/2 (pT202/158, pY204/187), Bim (pS69),
HSF1 (pS303/307), and RAF1 (c-RAF) (pS338). Proteins from this cluster show
increased phosphorylation under 1% and +FGF9 conditions with or without
SU5402. The next group (6) of proteins show increased phosphorylation in
SkBr3 CRKL shRNA cells under all treatments: p90 S6 Kinase (RSK1-3)
(pT359/S363), B-catenin (pS33/S37/T41), Cyclin D1 (pT286), PDK1 (pS241), c-
MYC (pT58/S62). When cells are starved or stimulated (-FGF9 or +FGF9),
relative phosphorylation of Rb (pS780), YAP (pS127), Src family proteins
(pY416), STATS (pY694), FAK1 (pY397), PLCy1 (pY783), p38 MAPK
(pT180/Y182), and STAT3 (pS727) is increased, forming a separate cluster (7).
In this heatmap, SkBr3 Ci -FGF9 -SU5402 cells form one cluster. Another group
is formed by all other SkBr3 Ci cells, which can be divided further into two
different sub-groups — one consisting of SkBr3 Ci -FGF9 +SU5402 cells, as well
as SkBr3 Ci +FGF9 cells with or without SU5402 treatment, and another sub-
group consisting of SkBr3 Ci cells grown under basal conditions (1% FBS) with
or without SU5402 treatment. SkBr3 CRKL shRNA cells form more defined
clusters, where cells were grouped by their growth conditions (1%, +FGF9 or -
FGF9), with SU5402 treatment having only minor effects on protein

phosphorylation.
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A heatmap portraying Z-scores for total protein (or phospho-protein)
levels follows a similar trend as the phospho:total heatmap, where overall,
SkBr3 Ci and SkBr3 CRKL shRNA cells form two distinct groups where proteins
show mirroring increases and decreases in protein expression and
phosphorylation (Figure 3-20B). Proteins in the first cluster (1), containing
MTOR, Profilin, BIM, p38 (MAPK), CHK1 (pS345), PKA substrate (pRRXS/T),
FAK1, SMAD2/3 (pS465/S423/S467/S425), PLCy1, NFkB p105/p50, GSK-3-83,
RAF1 (c-RAF), HSP27, BAD (pS112), AKT, ILK1, p44/42 MAPK (ERK1/2), AKT
substrate (pRXXS/T), S6 ribosomal protein (pS235/S236), GRB2, B-Tubulin,
SHP2 (pY542), HSF1, PDK1, SHC (pY239/240), show increased proteins levels
in SkBr3 CRKL shRNA grown under starved (-FGF9) or stimulated (-FGF9)
conditions with or without SU5402. The next group (2) consists of proteins that
show increased levels in SkBr3 CRKL shRNA cells grown under all conditions:
RB, p70 S6 kinase, PTEN, BCL-XL, ATM/ATR Substrate pS/T, SAPK
(JNK1/INK2), RAS, B-RAF, and PKCa. The third cluster (3) contains c-JUN (N-
term), c-ABL, Calmodulin, GAPDH, and p21 CIP/WAF1. These proteins show a
small increase in their level in SkBr3 CRKL shRNA cells grown under all
conditions, as well as SkBr3 Ci cells grown under select few conditions. The
next group (4) of proteins show increased levels in SkBr3 Ci cells regardless of
treatment. These proteins include c-MYC, Aurora A/B/C (pT288/T232/T198),
STAT1 (pS727), and STAT3. SMAD1/5 (pS463/S465), Cortactin, BID, and p53
form the next cluster (5): these proteins show increased levels in SkBr3 Ci and
CRKL shRNA cells under basal conditions (1%), as well as few other select
conditions. The next group of proteins (6), consisting of AMPKa, GSK-3a/f3
(pS21/S9), MNK1 (MKNK) (pT197/202), PKC (pan, pS660), MMP21, RhoA, and

STATG6 (pY641), show increased levels in starved (-FGF9) SkBr3 Ci and CRKL
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shRNA cells untreated with with SU5402, among few other select conditions
depending on protein. The following cluster (7) contains NFkB p65 (pS536),
FOXO3a, Cyclin D1, and Ubiquitin. These proteins mostly show an increased
level in non-stimulated (-FGF9) SkBr3 Ci cells with or without SU5402. The last
group (8) of proteins show increased levels in SkBr3 Ci cells regardless of
treatment. The group encompasses FOXO1, XIAP, CRKL, PI3-Kinase p110a,
YAP1, STATS5, B-Catenin, COOL1/BPIX, CHK2 (pT68), B-actin, SRC, IRS1
(pS636/639), LKB1, MEK1/2, Histone H2A.X (pS139), p90 S6 kinase (Risk1-3).
Here, SkBr3 Ci -FGF9 +/-SU5402 cells form a separate group, while SkBr3 Ci
+FGF9 +/-SU5402 and SkBr3 Ci 1% +/-SU5402 cells form another cluster,
further sub-divided into cells treated with +FGF9 or 1%. While for SkBr3 CRKL
shRNA cells, cells grown under 1% FBS form a separate cluster, while SkBr3
CRKL shRNA +FGF9 +/-SU5402 and SkBr3 CRKL shRNA -FGF9 +/-SU5402
cell form another group, further sub-divided into cells grown with or without

FGFO.

The results show that overall, SkBr3 cell signalling landscape shows
changes influenced by presence of CRKL, while different growth conditions (1%
FBS, +/-FGF9) or FGFR2 signalling/inhibition (-/+ SU5402) also can influence

SkBr3 Ci and SkBr3 CRKL shRNA cell signalling.
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Figure 3-20. Changes in cell signalling between SkBr3 Ci and SkBr3 CRKL shRNA cells under different treatments. RPPA was
utilised to detect phosphorylated and total protein levels in three biological repeats, and Z-score was generated to produce the
heatmaps. A) Heatmap depicting a ratio between phosphorylated and total protein to determine changes in protein phosphorylation.
B) Heatmap depicting total protein levels, and levels of phosphorylated proteins for which a total protein antibody was not available
(thus it shows overall abundance of phosphorylated proteins relative to total protein).
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3.14 Discussion

3.14.1 CRKL SH3 domains can bind various RTK C-terminal

tails

CRKL adaptor protein is a known oncogene that is found to be
overexpressed in multiple cancers (Senechal et al., 1996; Luo et al., 2008;
Yeung et al., 2013; Zhao et al., 2013; Fu et al., 2015; Lin et al., 2015; Cai et al.,
2017). Presence of CRKL is associated with more aggressive and invasive
cancer stages (Lin et al., 2015; Bian et al., 2018; Kostrzewska-Poczekaj et al.,
2020). However, not much is known about how CRKL is activated. Filling this
knowledge gap would allow development of new cancer therapeutics.
Furthermore, it has been established that SH3 domains bind directly to the
proline-rich motifs in RTKs to mediate intracellular signalling (Ahmed et al.,
2010; Lin et al., 2012). SH3 domains of the CRKL adapter protein are known to
be crucial for cell transformation (Senechal et al., 1998; Uemura and Griffin,
1999). The purpose of this Chapter was to establish the importance of CRKL

SH3 domain interaction with FGFR2 proline-rich motif in intracellular signalling.
3.14.2 Dot blot reveals multiple CRKL binding partners

To screen for potential receptor tyrosine kinases which CRKL SH3
domains could bind, a dot-blot technique was utilised. It allowed to probe for
interactions between RTK C-terminal tails and purified CRKL-2xSH3 domain
construct. The strongest CRKL interaction was with LMTK1 (AATK). The kinase
is proposed to play a role in neuronal differentiation and apoptosis induction
(Raghunath et al., 2000). However, LMTKL1 is a non-receptor tyrosine kinase,

thus it was not taken forward for further investigation. Second strongest CRKL
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interactor was ROS1, an orphan receptor that is a known oncogene most often
found as a fusion protein (Acquaviva et al., 2009). CRKL also showed very
strong interaction with EphA4, an RTK which can detect membrane-bound
ligands in neighbouring cells to perpetuate contact-dependent signalling and is
important in nervous system development (Richter et al., 2007). Investigating an
interaction between CRKL and ROS1 would be particularly interesting. ROS1 is
an established oncogene, with its C-terminal portion being fused to other
proteins, forming fusions such as FIG-ROS, SLC-ROS, TPM3-R0OS1
(Acquaviva et al., 2009). It could be that CRKL is one of the downstream
effector proteins of ROS1, allowing activation of oncogenic pathways for cell
proliferation, migration and invasion. Investigating this interaction could pave
way for more ROS1-positive lung cancer therapeutics. Overall, the dot-blot
revealed a multitude of potential CRKL SH3-domain binding partners, revealing

many interactions that can be investigated in the future.
3.14.3 CRKL can bind FGFR2 C-terminal tail

FGFR2 was identified as one of the interactors with the SH3 domains of
CRKL in the RTK dot-blot screen. It was chosen to be taken forward for further
experiments for several reasons. The C-terminal tail of this receptor has already
been shown to be important for cell signalling (Ahmed et al., 2010), and a
potential interaction between FGFR2 and CRKL has already been established
in humans (Seo et al., 2009), as well as C. elegans model organism (Lo et al.,

2010), but not looked into further in either case.

The experiments demonstrated that CRKL and FGFR2 can bind via SH3
domain — proline-rich motif interaction. FGFR2 and CRKL were found to be in

the same complex in cells (Figure 3-3) and were shown to be able to physically
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interact with moderate affinity in the context SH3 domain — proline-rich motif
interactions (Figure 3-4, Ka=2.510 uM % 0.264 pM). It appears that for this
interaction CRKL SH3C domain is dispensable (Figure 3-6; Figure 3-10).
However, these results are not conclusive. In the absence of FGFR2 or CRKL
phosphorylation, CRKL SH2 domain was still required for interaction with
FGFR2, as the R21/39A mutant lacking the functional SH2 domain showed
weaker binding to FGFR2 compared to full length CRKL (Figure 3-6). Loss of
Y207 phosphorylation site on CRKL also affected binding to FGFR2 under non-
phosphorylating conditions, as the CRKL Y207F mutant construct showed
weaker binding to FGFR2 compared to wild-type CRKL (Figure 3-6). It could be
that these mutations impaired normal CRKL protein folding, thus leaving other
domains non-functional. While for CRKL, the SH3 domain binding site on
FGFR2 is likely to be the proline-rich motif within the C24 peptide (Figure 3-7).
Confidence in this CRKL binding region is reinforced by dot-blot results (Figure
3-1), where CRKL?>SH3 construct could bind FGFR2-C2 variant, which still
retains the “C24” region of the tail. The exact protein regions used for CRKL-
FGFR2 interaction should be investigated further. To establish the FGFR2
proline-rich region to which CRKL can bind, full-length CRKL protein and C58
FGFR2 peptides, in which individual proline residues are mutated to alanine,
could be used in MST to determine binding. MST should also be used to
establish which CRKL domain is required for FGFR2 C-terminal tail binding.
Full-length CRKL could be used, along with R21/39A mutation to prevent SH2
domain binding, combined with either W160L mutation to disable SH3N, or
W275L mutation to disable SH3C domains. Using these double mutants, along
with FGFR2 C58 peptide, would give a definite answer on which SH3 domain of

CRKL mediates the interaction with FGFR2 proline-rich motif. Furthermore, it
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would be interesting to visualise the FGFR2 and CRKL interaction in living cells.
For that, fluorescently-tagged FGFR2 and CRKL proteins could be expressed in
human cells and Fluorescence Resonance Energy Transfer (FRET) could be
used to establish co-localisation using confocal microscopy. The effect of
aforementioned FGFR2 and CRKL mutations on the interaction and its

localisation in living cells could also be investigated using the same method.

3.14.4 CRKL can dimerise and enhance FGFR2

phosphorylation

The finding that CRKL SH3C domain is not required for FGFR2 binding
is unsurprising. It has been postulated that the SH3C domain is likely to be
unable to bind known proline-rich motifs due to the lack of a conserved
tryptophan, as well as negatively charged residues within the binding pocket.
Instead, the SH3C domain was found to act as a dimerisation domain for CRKL
proteins (Harkiolaki et al., 2006). CRKL can dimerise as measured by MST
(Figure 3-8), and the dimerisation affinity (K¢ = 0.093 £ 0.008 uM for full-length
protein) was found to be stronger than that reported before (Kda = 6.1 uM)
(Harkiolaki et al., 2006). Potential CRKL oligomers were also detected in the
MST experiment (Ka= 7.89 £ 1.19 uM), which also corroborates previous report
(Harkiolaki et al., 2006). So far it is unclear whether CRKL oligomerisation
occurs in cells. If oligomerisation does occur, CRKL oligomers could potentially
act as signalling hubs to bring different proteins within close proximity to

enhance signalling activation.

It appears that CRKL binds to FGFR2 as a dimer, as Kd for CRKL
dimerisation is stronger than the Kq for CRKL-FGFR2 binding (0.093 uM and

2.510 uM respectively). If CRKL bound to FGFR2 is a dimer, it is then likely that
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CRKL dimer can bring two molecules of FGFR2 together. Previously, GRB2
was shown to dimerise and form a heterotetramer with two FGFR2 molecules
(Lin et al., 2012). Dimeric CRKL enhanced autotransphosphorylation between
FGFR2 receptors (Figure 3-9). This establishes CRKL as a potentially important
regulator of FGFR2 phosphorylation. One way this could happen is that CRKL
dimer would form via the SH3C domains, while each SH3N domain would bind
a separate molecule of FGFR2 at the C-terminal tails to bring two receptor
molecules within close proximity to enhance receptor phosphorylation (Figure
3-21). The next step is to further characterise CRKL-induced FGFR2
phosphorylation. In FGFR2-GRB2 heterotetramer, GRB2 enhances
phosphorylation of a subset of FGFR2 tyrosine residues, but sterically hinders
any downstream signalling activity. GRB2 is released only when an extracellular
ligand binds and fully activates FGFR2 (Lin et al., 2012). It would be interesting
to see whether CRKL has the same function as GRB2. Alternatively, CRKL
dimer could enhance ligand bound FGFR2 phosphorylation efficiency leading to
stronger receptor activation. If that is the case, downstream kinase studies
could be performed to see whether enhanced receptor phosphorylation leads to
enhanced downstream (MAPK and PI3K/AKT pathway) signalling. This newly
discovered CRKL function can have potential roles in cancer. If CRKL enhances
FGFR2 activity, overexpression of the adapter protein could lead to increased
forced dimerisation and trans-activation of FGFR2, which would then lead to
canonical downstream FGFR2 signalling and increased cell growth and
invasion (Schlessinger, 2014; Ségaliny et al., 2015). It would also be interesting
to see whether this CRKL-enhanced FGFR2 dimerisation could activate the
receptor in absence of stimulus. To investigate this, CRKL could be

overexpressed in cells which also contain FGFR2 mutant lacking functional
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ligand recognition domain to prevent ligand induced FGFR2 activation while
keeping the kinase domain functional. Downstream MAPK/ERK and AKT

signalling activation could be then measured as an output of FGFR2 function.

FGFR2 C-
terminal tails

Dimeric CRKL
Figure 3-21. Dimeric CRKL can enhance FGFR2 activation. CRKL dimerises
via SH3C domains, while individual SH3N domains interact with proline-

rich motif within the FGFR2 tail. This binding brings two FGFR2 molecules
within close proximity, which enhances FGFR2 phosphorylation.

3.14.5 CRKL Y48, Y198 and Y207 residues are phosphorylated

by FGFR2

CRKL has several tyrosine residues that can be phosphorylated, but the
most documented one is Y207, which is phosphorylated in CML by BCR/ABL
(Oda et al., 1994). Using an in vitro kinase assay, FGFR2 was found to
phosphorylate CRKL Y207 (Figure 3-10). This kinase assay was combined with

GST-pulldown study to see which CRKL domains are required for binding to
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dephosphorylated or phosphorylated FGFR2. Functional CRKL SH2 domain
was required to bind phosphorylated FGFR2, while the SH3 domains were not
necessary (Figure 3-10). The results show that CRKL can bind active
(phosphorylated) FGFR2 receptor via both SH3 and SH2 domains, suggesting
that CRKL has the potential to bind both inactive and active (phosphorylated)

FGFR2 receptor, much like GRB2.

CRKL tyrosine phosphorylation on other residues by FGFR2 was
detected using mass spectrometry. CRKL was found to be phosphorylated on
Y48, Y198 and Y207 residues (Figure 3-12). It is likely that only one site can be
phosphorylated at one time, as indicated by intact protein mass measurement
(Figure 3-11). It is currently unclear how CRKL phosphorylation could affect its
function. Y48 site is within the SH2 domain. Perhaps its phosphorylation could
distort the domain structure and prevent SH2 from binding other pY residues.
Y198 and Y207 residues are within the linker between SH3 domains. Their
phosphorylation could be a part of adaptor protein function of CRKL. The
adaptor protein can bring multiple proteins together in close proximity to activate
downstream signalling. Having pY residues would allow CRKL to recruit SH2
domain-containing proteins, while SH2 and SH3 domains already allow it to
recruit pY-containing and proline-rich motif-containing proteins, respectively.
Alternatively, pY residues within the linker could act as a ligand for CRKL’s own
SH2 domain. Such self-binding occurs in CRK-II, and it was shown to block
SH3N binding pocket, thus acting an inhibition mechanism (Rosen et al., 1995).
However, it was shown that the SH3N binding pocket is not blocked in CRKL if
SH2 is bound to phosphorylated tyrosine (Jankowski et al., 2012). Perhaps
instead phosphorylation could be a method for regulating CRKL signalling.

Once CRKL binds an upstream receptor, it would be phosphorylated. Resulting
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SH2 binding to pY of the linker between the SH3 domains, could lead to a
conformational change in which SH3N is primed for enhanced proline-rich motif
binding. This aspect of CRKL signalling is an interesting potential venue to
explore. Determining the structure of CRKL phosphorylated on Y48, Y198 and
Y207 residues could give insight on how phosphorylation could affect CRKL
functions, including binding to FGFR2 and other upstream and downstream
binding partners, as well as dimerisation. Biological relevance of
phosphorylation should also be investigated. Once downstream signalling
induced by CRKL is defined, effect of loss of any of the phosphorylation sites

could be investigated.

3.14.6 CRKL and FGFR2 role in cell migration and downstream

GTPase activation

As CRKL is known to be involved in cell migration, wound closure was
measured as a phenotypical outcome of CRKL/FGFR2 interaction. It was found
that CRKL is partially responsible for RTK-mediated migration of HEK293T
cells, as cell migration was reduced in CRKL shRNA cells compared to Ci cells
when cells contained either GFP or FGFR2-GFP, with no SU5402 inhibitor
present. When the cells were treated with SU5402 inhibitor, wound closing was
reduced to similar levels under all conditions, suggesting that SU5402 could
inhibit not only FGFR2, but also other RTKs which help regulate cell migration.
Furthermore, the experiment was performed under basal conditions (1% FBS),

indicating that cell migration can occur without strong receptor stimulation.

RAP1 and RACL1 signalling pathways, both of which can be activated by
CRKL, are major contributors to cell migration (Bauer et al., 2007; Y.L. Zhang et

al., 2017). Their activation was measured under the same conditions as
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HEK293T cell migration (Figure 3-15, Figure 3-16). The results were highly
variable, and no statistical significance was observed. This means that
migration phenotype cannot be connected to RAP1 or RACL1 signalling
pathways. These results pointed out a few flaws in the method used. For these
experiments, HEK293T cells were used. They do not express FGFR2, thus
FGFR2-GFP was transiently expressed in cells. The level of FGFR2-GFP
expression could not be finely controlled and might have been highly variable
between different conditions and repeats, which could have resulted in a high
variance in RAP1 and RAC1 activation outcomes. A complete CRKL knockout
should also be considered, which could be done using CRISPR/Cas9 system.
Furthermore, SU5402 is an inhibitor that is not particularly specific to FGFR2 —
it can also inhibit VEGFR2, FGFRL1 (present in HEK293T at high levels),
PDGFRpB and EGFR. This could have had unintended effects RAP1 and RAC1
activation. These issues could be remedied by adjusting the assay conditions: a
HEK293T cell line stably expressing FGFR2 could be generated, and to ensure
FGFR2 tyrosine kinase activity inhibition, FGFR2 Y656/657F kinase dead
mutant could be used instead of SU5402 inhibitor. However, there is also a
possibility that CRKL is not solely responsible for RAP1 and RACL1 activation in
these cells, as HEK293T CRKL shRNA cells did not show a strong reduction in

GTP-RAP1 and GTP-RAC1 (Figure 3-15, Figure 3-16).

To remedy shortcomings of using HEK293T cells, the SkBr3 breast
cancer cell line, which expresses FGFR2 endogenously, was also used. A
wound healing assay was attempted, but these cells did not migrate well, and
had a low CRKL knockdown efficacy. Active RAP1 pulldown assay revealed
that overall, RAP1 activation is highly variable, suggesting that it is transient.

RAP1 was found to be GTP-bound in SKBR3 Ci cells under all conditions:
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starved (-FGF9), basal (1% FBS) and stimulated (+FGF9), with SU5402
inhibitor also having minor effects on RAP1 activation (Figure 3-18). Data from
SkBr3 Ci cells suggests that RAP1 can be activated via signalling that is not
purely dependent on cell stimulation. Under all conditions, SkBr3 CRKL shRNA
cells show severely reduced RAP1 activation. The differences in RAP1
activation between control (SkBr3 Ci) and CRKL knockdown cells (SkBr3 CRKL
shRNA) show statistical significance under starved (-FGF9) and stimulated
(+FGF9) conditions, similar to the results shown in HEK293T cells. It is still clear
that reduction of CRKL expression strongly impacts RAP1 activation. The
results indicate that in SkBr3 cells, CRKL could be required for RAP1 activation,
and that this activity is likely to be stimulation independent. RAP1 activation in
cells grown under basal (1% FBS) conditions show no significant differences,
perhaps due to the possibility that RAP1 could be activated via other pathways
that do not involve CRKL. It is also unclear whether FGFR2 is involved in
CRKL-mediated RAP1 activation. If FGFR2 is indeed involved, it would be likely
that FGFR2-CRKL interaction would be mediated by proline-rich motif — SH3
domain interaction, as RAP1 activation does not seem to require stimulation. To
see whether FGFR2 is required for CRKL to activate RAP1, a SkBr3 cell line
stably expressing FGFR2 mutant lacking the C58 C-terminal tail, which normally
contains CRKL-binding proline-rich motifs (or a more precise mutation once the
exact CRKL binding site on FGFR2 has been established) could be generated

and used for active RAP1 pulldown experiments.

RAC1 activation was also investigated in SkBr3 cells. Although RACL1 is
expressed in SkBr3 cells, no active RAC1 was pulled down (Figure 3-19). The

results suggest that RACL1 is not activated in SkBr3 cells by FGF9.
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These results allow a few conclusions to be drawn. First, even a weak
CRKL knockdown can result in strong reduction of active RAP1 levels,
indicating that in SkBr3 cells CRKL is almost solely responsible for RAP1
signalling. CRK-II can also activate RAP1 (Ling et al., 2003), but higher
expression of this adaptor protein in SkBr3 CRKL shRNA cells did not lead to
higher abundance of GTP-RAP1, suggesting that this protein is not involved in
RAP1 activation. High variability in active RAP1 in both HEK293T and SkBr3
cells suggests that perhaps RAP1 activation is very transient. Overall, measure
of RAP1 or RACL1 activation does not seem to be a suitable method of

investigating signalling consequences of FGFR2-CRKL interaction.

3.14.7 Role of CRKL in regulating downstream signalling

pathways

RPPA allowed to evaluate the effects of CRKL signalling on a variety of
signalling pathways in SkBr3 cells. There were clear differences in clustering
between control (SkBr3 Ci) and CRKL knockdown (SkBr3 CRKL shRNA) cells.
Broad overview of the change in phosphorylated and total protein levels
suggested a model showing major differences in signalling pathways between
SkBr3 Ci and SkBr3 CRKL shRNA cells (Figure 3-22). In cells containing CRKL,
signalling appears to be biased towards AKT signalling pathway (Figure 3-22A).
Furthermore, elevated levels of phosphorylated GSK-3-8 and PTEN were
detected as well at the PTM sites associated with reduced protein function, thus
preventing these proteins from inhibiting AKT signalling (Vazquez et al., 2000;
Beurel et al., 2015). STAT5 expression is also increased in these cells, which
contributes to increased PI13-K p110a expression (Schmidt et al., 2014).
However, AKT activation is dependent on growth conditions. AKT appears to be

most active in SkBr3 Ci -FGF9 -SU5402 cells, as both T308 and S473 sites are
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phosphorylated. Interestingly, in SkBr3 Ci cells stimulated with FGF9, both with
or without SU5402, the T308 site of AKT is not highly phosphorylated,
suggesting that in these cells AKT is not fully active. In non-starved SkBr3 Ci
cells, grown either under basal conditions (1% FBS) or stimulated with FGF9, c-
ABL is also phosphorylated, and thus is active (Brasher and Van Etten, 2000).
c-ABL can also potentially contribute to AKT activity (Atfi et al., 2005). These
cells also show increased levels of p21 CIP/WAF phosphorylation (caused by
AKT signalling), which promotes DNA synthesis (Li et al., 2002). SkBr3 Ci cells
show increased expression of proteins which promote cell growth and survival,
including SRC, STATS5, YAP, XIAP and Cyclin D1. The RPPA results for SkBr3
Ci cells suggest that cell signalling normally associated with cell stimulation can
also be activated under low (basal, 1% FBS) stimulation or starvation (-FGF9)

conditions.

The results from SkBr3 CRKL shRNA cells suggest that reduced CRKL
expression affects cell signalling. Under basal (1%) or stimulating (+FGF9)
conditions, these cells show an upregulation of MAPK/ERK signalling pathway
(Figure 3-22B), as evident by increased phosphorylation of c-RAF, MEK1/2,
ERK1/2, and RSK1-3. Under +FGF9 conditions (but not basal conditions), this
signalling is further reinforced by increased levels of phosphorylated SHP2 and
SHC2, as well as increased GRB2 expression. Because MAPK pathway is not
activated under starved conditions, and inhibition of canonical FGFR2 signalling
does not have a strong effect on protein phosphorylation levels, it could be that
this signalling is mediated by activation of other receptors. For example, it could
be FGFRS3, which can also be activated by FGF9. Interestingly, PLCy1
signalling is increased in both starved (-FGF9) and stimulated (+FGF9) SkBr3

CRKL shRNA cells (Figure 3-22C). Due to SU5402 having no severe effect on
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PLCy1 activation under starved or stimulated conditions, and the fact that
PLCy1 is more active under starved conditions, it could be that in the absence
of CRKL, the phospholipase could be activated via non-canonical signalling.
This suggests that CRKL could act similarly to GRB2 in attenuating aberrant
phospholipase activity (Timsah et al., 2014). Changes seen in SkBr3 CRKL
shRNA cells shows several pro-survival mechanisms: inactivation of pro-
apoptotic BIM, suppression of DNA damage pathway by reducing RB activity,
as well as increased expression of BCL-XL anti-apoptotic protein and inhibition

of pro-apoptotic CHK2.

Next, it would be interesting to see whether FGFR2 is required for the
cell signalling pathways found up- or down-regulated in the RPPA assay. A
mutant FGFR2 constructs could be introduced into SkBr3 Ci and CRKL shRNA
cells, which would have kinase-dead FGFR2, FGFR2 lacking the CRKL-binding
C-terminal tail, or both mutations. This would allow to see if signalling pathways
dependent on CRKL are also dependent on FGFR2, and whether they are

dependent on canonical or non-canonical FGFR2 signalling.
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Figure 3-22. Cell signalling pathways activated in SkBr3 cells. A) Proteins
within the AKT signalling pathway show increased phosphorylation and
expression levels in SKBr3 cells in the presence of higher CRKL levels. B)
Proteins within the MAPK/ERK signalling pathway that show increased
phosphorylation and expression levels in SkBr3 CRKL shRNA cells grown
under basal (1% FBS) and stimulated (+FGF9) conditions. C) Src family,
FAK1 and PLCyl phosphorylation is increased in SkBr3 CRKL shRNA
cells grown under starved (-FGF9) and stimulated (+FGF9) conditions.
(PTM — post-translational modification)

Overall, the RPPA results suggest that CRKL participates in signalling
via the AKT pathway. Once CRKL levels are reduced, AKT signalling is
reduced, while MAPK/ERK signalling is upregulated. Furthermore, AKT
signalling can occur when cells are starved, while MAPK/ERK signalling
requires stimulation. These findings are not surprising, as CRKL-induced AKT
activation has been described before (J. Zhang et al., 2017). SkBr3 Ci and
SkBr3 CRKL shRNA cell lines promote growth and cell survival by upregulating
the expression or activation of different sets of pro-survival proteins.

Interestingly, RPPA findings suggest that role of CRKL in SkBr3 cell signalling is
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opposite to that of CRKL in NSCLC (AALE cell line). Lung cancer cells
overexpressing CRKL showed RAP1-dependent upregulation of MAPK/ERK
pathway, with no changes to AKT signalling (Cheung et al., 2011). RAP1 can
indeed activate MAPK pathway by activating B-RAF in a cell-type specific
manner (Ohtsuka et al., 1996). This suggests that the role of CRKL in cell

signalling could be dependent on cellular context as well.

The results propose a hypothesis on how the “CRKL-dependent
signalling switch” could occur (Figure 3-23). In SkBr3 cells, CRKL is required for
RAP1 activation. Active RAP1 can activate PI13-K/AKT signalling (Tsygankova
et al., 2001), and inhibit c-RAF function and subsequent MAPK/ERK pathway
activation (Kitayama et al., 1989). This is enforced by the RPPA results, where
in SkBr3 Ci cells c-RAF in more phosphorylated at S259, which enables 14-3-3
to bind c-RAF and inhibit its function (Light et al., 2002), while in SkBr3 CRKL
shRNA cells c-RAF is phosphorylated at S338, which is an activating PTM
(Chong et al., 2001). When CRKL is knocked down, RAP1 is not activated, and
in turn PI3-K/AKT signalling is inactive, while MAPK/ERK signalling is
upregulated due to unhindered c-RAF activity. Alternatively, the change
between MAPK/ERK and PI13-K/AKT signalling pathway could be due to
increased CRK-II expression in CRKL knockdown cells. Thus, to confirm the
hypothesis, perhaps a new variant of CRKL knockdown cells should be

generated, in which CRK-II expression is unchanged.
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Figure 3-23. CRKL-regulated cell signalling switch. CRKL can activate
RAPL1 (possibly via C3G). Active RAP1 can in turn activate PI3-K/AKT
signalling pathway, while simultaneously inhibiting c-RAF, and thus the
MAPK/ERK signalling pathway. Gray — CRKL/RAP1, blue — c-RAF/ERK
signalling axis, pink — AKT signalling axis, green arrow — activation, red
line — inhibition.

The RPPA assay acts as a starting point in investigating the signalling
consequences of FGFR2-CRKL interaction — it revealed which proteins can be
affected by CRKL presence under starved, stimulated and basal conditions.
This would allow to refine the RPPA antibody list for future experiments. Next,
to determine how FGFR2 proline-rich motif and CRKL SH3 domain direct
interaction can affect cell signalling, RPPA should be repeated with additional
cell lines that include mutant FGFR2 lacking the intact CRKL SH3 binding
domain. Assays such as colony formation and MTT survival assay could be
used to see whether signalling via CRKL-RAP1-AKT pathway gives SkBr3 cells
a survival advantage (or disadvantage) over SkBr3 cells lacking CRKL and
signalling via the MAPK/ERK pathway. It would also be interesting to see

whether CRKL-induced AKT signalling also occurs in other cell lines.

3.15 Conclusions

This Chapter focused on the interaction between the FGFR2 proline-rich
motif and CRKL SH3 domains, and its consequence for downstream signalling.

FGFR2 proline-rich motif within the C24 peptide is the potential CRKL binding
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site, while the CRKL SH3C domain is not required for this interaction.
Furthermore, CRKL was shown to dimerise, and dimeric CRKL was shown to
enhance FGFR2 phosphorylation. Active FGFR2 in turn can phosphorylate
CRKL at three distinct sites, although the function of phosphorylated CRKL is
still unknown and require further investigation. FGFR2-CRKL signalling that is
independent of FGFR2 kinase activity was also found to be a likely contributor
to HEK293T cell migration. In HEK293T cells, role of CRKL in RAP1 and RAC1
is unclear, while in SkBr3 cells CRKL was important for RAP1, but not RAC1
activity. Investigating downstream signalling in SkBr3 cells revealed that loss of

CRKL leads to a change in active signalling pathways.
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Chapter 4 Interaction between Caenorhabditis elegans EGL-15
(FGFR) and CED-2 (CRKL)

4.1 Introduction

4.1.1 Caenorhabditis elegans (C. elegans)

The nematode worm C. elegans is a small, non-parasitic, free living
organism. The animal is easy to maintain, and its transparency allowed
mapping of the cell lineage by microscopy (Sulston et al., 1983). C. elegans
was also the first multicellular organism to have its whole genome sequenced,
revealing that up to 80% of human genes are conserved in the animal (Markaki
and Tavernarakis, 2010). Hence, it has been invaluable in facilitating our
understanding in various aspects of human biology. C. elegans have a short
lifespan and fast reproductive cycle, which is hugely beneficial for generating
mutant animals as well as research fields that require long observation time
(e.g. ageing) (Zhang et al., 2020). Egg development starts inside the mother
and continues after it has been laid. Once hatched, the animals undergo four
larval stages (L1 — L4). If the animals are starved during the L2 stage, they can
switch their developmental programme from L3 to “dauer” larva, where
development is arrested. Once they encounter a food source, the development
continues into the L4 stage (Byerly et al., 1976). Adult C. elegans are self-
fertilising hermaphrodites, allowing easy propagation of genetic mutants. Male
nematodes arise at a low frequency (Honda, 1925), enabling genetic crosses to
generate strains containing multiple mutations or transgenes. These features
establish C. elegans as a great model organism to investigate molecular biology

(Brenner, 1974).
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4.1.2 C. elegans reproductive system

The hermaphrodite reproductive system (Figure 4-1) is comprised of
three parts: the germline, the somatic gonad and the egg-laying apparatus
(Kimble and Hirsh, 1979). The hermaphrodite germline contains male and
female gametes. While oocytes are produced continually, there is a limited
supply of sperm that has been produced during the L4 stage (Ward et al.,
1981). The somatic gonad, which controls gametogenesis, includes the uterus,
the spermatheca, the spermatheca-uterine valve, the distal tip cells and the
gonadal sheath (Hirsh et al., 1976; McCarter et al., 1997). The egg-laying
apparatus consists of the uterus, the vulva and their respective muscles and
neurons (Hirsh et al., 1976; Sulston and Horvitz, 1977). Several reproductive

system features relevant to this work will be discussed below.

Gonad arms
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germ cell o

__Distal Tip Cell
(DTC)

Germ cells
Spermatheca Uterus

N [ 7~
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Figure 4-1. Caenorhabditis elegans adult hermaphrodite reproductive
system. A) The gonad in the intact animal shows two U-shaped gonad
arms (dark blue), connected by the uterus. B) Closer look at the
reproductive system. DTC, loop region containing apoptotic germ cells,
and vulval muscles are key features relevant to this work.
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4.1.2.1 Distal Tip Cell

The tip of each gonad arm has a somatic cell called the Distal Tip Cell
(DTC) (Figure 4-1) (Hall et al., 1999). It is required for mitosis promotion and
inhibition of meiosis of the germ cells during development and in adulthood
(Kimble and White, 1981; Crittenden et al., 2003). The DTC is also responsible
for leading the elongation of gonad arms during development (Figure 4-2A)
(Cecchetelli and Cram, 2017). Both gonad arms start elongation at the ventral
side of the animal, near the site of the future vulva. The DTC leads arm
elongation towards anterior or posterior of the animal during L2/L3 stages
(Phase 1). During the mid-L3 stage, the arms make a turn towards the dorsal
side, followed by a second turn (Phase 2). During the L4 stage the gonad arms
migrate along the dorsal side back towards the centre of the body and ceases
migration upon reaching it, resulting in a characteristic U-shape of the gonad
(Phase 3). Several signalling pathways linked to cytoskeletal arrangement in the
DTC are required for correct migration (Figure 4-2B) (Nishiwaki, 1999; Cram et

al., 2006; Cecchetelli and Cram, 2017).
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Figure 4-2. DTC migration in C. elegans. A) Gonad migration during
development occurs in three steps to yield the characteristic U-shape.
Phase 1 is green, phase 2 is yellow, phase 3 is red. B) Proteins essential
for DTC migration. Solid arrows are direct interactions, while dashed
arrows represent indirect interactions.

4.1.2.2 Programmed germ cell death

Programmed cell death occurs in C. elegans as a part of normal
development. 113 somatic cells undergo apoptosis in the embryo, with 18
additional cells doing so in L2 stage (Wang and Yang, 2016). In the adult
animal, half of the germline cell population undergoes cell death (programmed
or stress-induced) close to the gonad loop (Gumienny et al., 1999). Germline
cell apoptosis is thought to have two functions: to act as quality control, and to
act as nurse cells, providing additional cytoplasm and organelles to developing

oocytes (Gumienny et al., 1999; Huelgas Morales and Greenstein, 2018).
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There are three distinct programmed cell death phases. The cell commits
to death during the specification phase. The apoptotic programme is then
activated during a killing phase, followed by the execution phase during which
the apoptotic cells are engulfed by nearby cells (Horvitz, 1999). In the germline,
engulfment is performed by gonadal sheath cells belonging to the somatic
gonad, which surround the gonad arm (Gumienny et al., 2001). Engulfing cells
recognise apoptotic signals exposed on the cell surface, leading to activation of
cell signalling which results in actin cytoskeleton rearrangement and
phagosome maturation (Wang et al., 2007; Fullard et al., 2009; Neukomm et al.,
2011). There are two partially redundant engulfment pathways (Figure 4-3).
One is mediated by ced-1, ced-6 and ced-7, while another pathway centres
around ced-2, ced-5 and ced-10 (Gumienny et al., 2001). An additional
pathway, abl-1 negatively regulates corpse clearance by inhibiting abi-1

(Hurwitz et al., 2009).
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Figure 4-3. Apoptotic germline cell engulfment pathway. C. elegans genes
are in lower case italics, while their human orthologues are named after “/”.
Ced-1/ced-6/ced-7 pathway is highlighted in pink, while ced-2/ced-5/ced-
10 pathway is highlighted in blue.
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4.1.2.3 Vulval muscles

Vulva muscles are an essential part of the egg-laying apparatus. During
development, at the L1 stage, the mesoderm (M) blast cell divides and gives
rise to two (left and right) sex myoblast (SM) cells. During the L2 stage the SMs
migrate towards the site of the future vulva present in the centre of the
developing gonad. After reaching their final position, SMs divide and form vulval
and uterine muscles (Sulston and Horvitz, 1977). The muscles are an essential
part of the egg-laying process — in mutants lacking developed vulval muscles
the eggs are trapped inside the hermaphrodite, resulting in a “bag of worms”

phenotype (Burdine et al., 1998).
4.1.3 EGL-15 (FGFR)

C. elegans have a single FGFR, which is encoded by the egl-15 gene.
egl-15 is an essential gene which has multiple roles in development (DeVore et
al., 1995). Protein structure is highly conserved between EGL-15 and
mammalian FGFRs — it comprises three Ig repeats in the extracellular region, a
transmembrane portion, and an intracellular region containing a juxtamembrane
region, a split tyrosine kinase domain, and a C-terminal tail containing proline-
rich motifs (Borland et al., 2001). As with its human FGFR orthologues, EGL-15
is subjected to alternative splicing in several regions. Mutually exclusive splicing
of exon 5 results in two isoforms, called EGL-15(5A) and EGL-15(5B)
(Goodman et al., 2003). These isoforms are functionally different and will be
discussed below. The EGL-15 C-terminal tail is also subject to alternative
splicing, producing several different tail variants (WormBase, release WS280).
EGL-15 structure is summarised in Figure 4-4. There are several key

differences between the proteins. First, in EGL-15, alternative splicing leads to
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different variants of an EGL-15 — specific insert between 1G1 and 1G2 Ig-like
repeats, while in FGFR2, it is the D3 (third Ig-like repeat) that is subjected to
alternative splicing. However functionally, different variants have the same
function — alternative splicing changes the receptors affinity for different ligands.
The second key difference lies in the C-terminal tail. EGL-15 generally contains
a longer C-terminal tail than FGFR2. While the exact position of proline-rich
motifs, and the motifs themselves are not generally conserved (see Appendix D
for the alignment), the very C-terminus of both proteins does contain multiple
proline-rich motifs which could act as binding regions for SH3 domain -
containing proteins, and thus the functional role of the C-terminal tails of these

proteins is conserved.
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Figure 4-4. EGL-15 and FGFR2 protein structure. EGL-15 extracellular
domain contains of three Ig-like repeats (IG 1-3), with an EGL-15-specific
insert and an acid box between 1G1 and IG2. EGL-15-specific insert has
two variants (5A and 5B), produced by alternative splicing of exon 5, which
determines ligand specificity. FGFR2 extracellular domain also contains
three Ig-like repeats (D1-3), with D3 being subjected to alternative splicing
at the pink area, and an acid box. Intracellular portion of both proteins
consists of a juxtamembrane domain, a kinase domain, and a C-terminal
domain containing phosphorylatable tyrosine residues important for
signalling, as well as a C-terminal tail containing proline-rich motifs.

4.1.3.1 EGL-15 isoforms

The EGL-15(5A) isoform is involved in cell migration. The isoform is
primarily found in the M lineage, which gives rise to SMs (Kuroyanagi et al.,
2006; Lo et al., 2008). EGL-15(5A) is essential for the migration of SM cells

during gonad development (Goodman et al., 2003). At the end of the L1 stage,



104
two SM cells migrate to the centre of the gonad (Sulston and Horvitz, 1977),
where they divide and give rise to vulva muscles essential for egg-laying. The
FGF orthologue EGL-17 is a ligand for EGL-15(5A), and acts as a
chemoattractant for the migrating SMs (Burdine et al., 1998; Chen and Stern,
1998; Branda and Stern, 2000). SEM-5, an orthologue of human GRB2, is
required for downstream signalling in SM migration (Clark et al., 1992). It can
directly bind EGL-15 to activate downstream signalling. SEM-5 binds Y1009
and Y1087 phosphorylated tyrosine residues present in the EGL-15 Type-I C-
terminal tail via the SH2 domain. This leads to activation of LET-60, an
orthologue of RAS (DeVore et al., 1995; Chen and Stern, 1998), and
downstream MAPK signalling cascade (Figure 4-5). EGL-15(5A) is also
required for migration and branching of several neurons - it assists in the
outgrowth of several axons during development and maintains correct axon
position during adulthood. Interestingly, this function requires let-756, which is
typically the ligand for the EGL-15(5B) isoform (Bulow et al., 2004).
Furthermore, EGL-15(5A) and its ligand EGL-17 are important in regulating
canal-associated neuron (CAN) migration, although the downstream pathway
regulating this function is not yet clear, as let-60/RAS, which normally signals

downstream of EGL-15, is not required for this function (Fleming et al., 2005).



105

EGL-17 LET-756

Cytosol

Figure 4-5. Known EGL-15 RTK signalling pathway. EGL-15 can be
activated by two different FGF ligands. Direct binding of SEM-5 SH2 to pY
of EGL-15 triggers the downstream MAPK signalling cascade, where
SEM-5 recruits SOS-1, leading to activation of LET-60/RAS. LET-60 then
activates downstream LIN-45/MEK-2/MPL-1 signalling cascade, which is
assisted by KSR-1 scaffolding protein. SOC-1 is also recruited to active
EGL-15, in turn recruiting PTP-2 to assist in EGL-15 signalling. Negative
regulators of EGL-15 signalling are in orange.

The EGL-15(5B) isoform is essential for C. elegans development and is
expressed in the hypodermis (Lo et al., 2008). EGL-15(5B) is activated by the
LET-756 FGF ligand, and loss of either the ligand gene, or the 5B isoform is
lethal (Goodman et al., 2003). Due to this phenotype, the exact signalling
pathway of the 5B isoform has not been found. It is however, known that SEM-5
is required for this function, but it could be recruited to EGL-15 via a different
binding site than pY1009/pY1087 (Lo et al., 2010). The LET-756, EGL-15 and
SEM-5 signalling pathway is also required for muscle arm extension during

development, which leads to formation of the neuromuscular junction between
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body wall muscles and motor axons (Dixon et al., 2006), as well as fluid
homeostasis (Sasson and Stern, 2004). CLR-1 receptor tyrosine phosphatase
is a negative regulator of EGL-15, which prevents over-activation of the RTK
receptor, and in turn overactivation of LET-60, to maintain fluid levels within the
pseudocoelomic space, although the exact mechanism of how this is achieved
is unknown (Kokel et al., 1998; Schutzman et al., 2001; Huang and Stern,

2004).CED-2

CED-2 is the sole CRK-family orthologue in Caenorhabditis elegans. Its
SH2-SH3N-SH3C structure is conserved, showing equal similarity to both
human CRK-Il and CRKL proteins (Figure 4-6). The adaptor protein is required
for several processes requiring actin cytoskeleton remodelling. ced-2 is
essential for DTC migration during gonad development, midbody degradation,
and engulfment of apoptotic germline cell corpses (Reddien and Horvitz, 2000;

Chai et al., 2012).

CED-2 MTTNGFDPFEWRSFYFPGMSREEAHKLLGEPQVSIGTFLMRDSS-RPGEYSLTVREADEGNAVCHYLIERGEPKE - -- - -
CRKL MSSARFDSSDRSAWYMGPVSRQEAQTRLQGQ- -RHGMFLVRDSSTCPGDYVLSVSE - - -NSRVSHYIINSLP--------
CRK-IT MAG-NFDSEERSSWYWGRLSRQEAVALLQGQ--RHGVFLVRDSSTSPGDYVLSVSE - - -NSRVSHYIINSSGPRPPVPPS
*: **_ : ::* :**:** * * **:**** **:* *:* * .. *.**:*:
CED-2 ----- DGTAAAGVKIANQSFPDIPALLNHFKMRVLTEASLLAAYK-==---=-=--=ecmommn KPIIEVVVGTFKFTGER
CRKL mmmmm- - NRRFKIGDQEFDHLPALLEFYKIHYLDTTTLIEPAPRYPSPPMGSVSAPNLPTAEDNLEYVRTLYDFPGND
CRK-II PAQPPPGVSPSRLRIGDQEFDSLPALLEFYKIHYLDTTTLIEPVSRS------- RQGSGVILRQEEAEYVRALFDFNGND
UK DEOE S pEERReRr ok ok pokr : * ok R
CED-2 ETDLPFEQGERLEILSKTNQDWWEARNALGTTGLVPANYVQIQMEFHN-DRTS-KGASQSSIGSSGGGAERF - - -SSAST
CRKL AEDLPFKKGEILVIIEKPEEQWWSARNKDGRVGMIPVPYVEKLVRSSP------ HGKHGNRNSNSYGIPEPAHAYAQPQT
CRK-II EEDLPFKKGDILRIRDKPEEQWWNAEDSEGKRGMIPVPYVEKYRPASASVSALIGGNQEGSHPQPLGGPEPG-PYAQPSV
FAREER KD R OR R R K ok ckrak | kR * . LK OUE HI.
CED-2 SSD-------------- NIELQPRLPAKAKVTFDRVPNAYDPTQLRVKKGQTVLVTQKMSNGMYKAELDGQIGSVPHTYL
CRKL TTPLPAVSGSPGAAITPLPST-QNGPVFAKAIQKRVPCAYDKTALALEVGDIVKVTRMNINGQWEGEVNGRKGLFPFTHV
CRK-II NTP-------------- LPNL-QNGPIYARVIQKRVPNAYDKTALALEVGELVKVTKINVSGQWEGECNGKRGHFPFTHV
.l . P T O R sk oEy Rk ke
CED-2 RFTAVSE------
CRKL KIFDPQNPDENE -

CRK-II RLLDQQNPDEDFS

Figure 4-6. Alignment of CED-2, CRKL and CRK-II proteins. Overall SH2-
SH3-SH3 structure is conserved with good similarity, while linker regions
are more variable between proteins.
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4.1.3.2 CED-2 in DTC migration

CED-2 is needed in the DTC for correct gonad arm migration (Figure
4-2). Although the exact mechanism has not been found, loss-of-function alleles
of ced-2 show a partially penetrant DTC migration defect (Reddien and Horvitz,
2000). In this phenotype, the gonad arm, after making two turns during phase 2,
makes an additional turn and instead of migrating towards the centre of the

animal during phase 3, it migrates towards the anterior/posterior end.
4.1.3.3 CED-2 in apoptotic cell engulfment

CED-2 plays an essential role in the apoptotic cell engulfment pathway
(Figure 4-3). There are several genes which encourage the CED-2/CED-5/CED-
12 complex formation. Two pathways have been shown to directly lead to CED-
2 activation. MOM-5/Frizzled becomes active upon recognising an apoptotic
cell. The active receptor potentially enables APR-1/APC to interact with CED-2,
while also directs GSK-3 signalling towards the CED-10/RAC pathway (Cabello
et al., 2010; Neukomm et al., 2011). PAT-3 and INA-1 integrins can recruit
CED-2 through SRC-1 and modulate CED-2 activity in cell corpse engulfment
(Hsu and Wu, 2010; Neukomm et al., 2011). Downstream, CED-2 interacts with
CED-5 (human DOCK1 orthologue), which in turn binds CED-12 (human ELMO
orthologue) (Gumienny et al., 2001). The CED-2/CED-5/CED-12 GEF complex
then activates CED-10 (human RACL1 orthologue) by allowing GTP loading, to

enable engulfment (Reddien and Horvitz, 2000).
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4.2 Aims

The aim of this Chapter was to see whether “tier 2” signalling could be
investigated in an animal model. In order to do that, the interaction between the
C. elegans EGL-15 proline-rich motifs and the CED-2 SH3 domains was
investigated using biochemical and phenotypic assays. The first goal was to
determine which proline-rich motif of EGL-15 is responsible for CED-2 binding.
Next, precise proline-rich motif and SH3 domain deletions were generated using

CRISPR/Cas9 to investigate the phenotypic consequences of this interaction.
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4.3 Materials and methods

4.3.1 Caenorhabditis elegans maintenance

N2 (Bristol) strain was used as wild-type. The animals were maintained
by growing them on Nematode Growth Media (NGM) plates (3 g/L NaCl
(Sigma-Aldrich), 17 g/L agar (Sigma-Aldrich), 2.5 g/L peptone (Sigma-Aldrich),
1 mM CaClz (Sigma-Aldrich), 5 mg/L cholesterol (Sigma-Aldrich), 1mM MgSOa4
(Sigma-Aldrich), 25 mM KPOa4 (Sigma-Aldrich) buffer) seeded with OP50 E. coli

strain as food source and kept at 20°C.
All strains used in this project are listed in Appendix A.
4.3.2 Generation of mutant C. elegans using CRISPR/Cas9

Mutant animal strains were generated using the CRISPR/Cas9 gene
editing system (Arribere et al., 2014). crRNA targeting the gene region of
interest was designed using “Custom Alt-R CRISPR-Cas9 guide RNA” online
tool from Integrated DNA Technologies (IDT) (targeting sequences can be
found in Appendix A). To form a Cas9:crRNA:tracrRNA ribonucleoprotein
complex (RPN), equimolar amounts of crRNA (IDT) and tracrRNA (IDT) were
mixed and incubated at 95°C for 5 minutes, followed by incubation at room
temperature for 5 minutes. Then, 27 uM of Cas9 protein (expressed and purified
by Dr Kin Man Suen or purchased from IDT) and 27 uM of crRNA:tracrRNA
duplex were mixed and incubated at room temperature for 5 minutes. The final
injection mix contained 17.5 uM Cas9 protein, 17 uM crRNA:tracrRNA duplex
(against target gene and dpy-10 gene), 6 uM ssDNA target repair template, 0.5
MM dpy-10 ssDNA repair template (repair sequences can be found in Appendix
A). dpy-10 was used as a co-injection marker to help finding the jackpot brood

(Paix et al., 2015).
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4.3.3 C. elegans microinjection

The CRISPR/Cas9 injection mix was injected into C. elegans adult
hermaphrodite gonads. The injection mix was loaded into pulled glass capillary
needles. Animals were mounted on a 2% agarose pad which contained a drop
of Halocarbon oil 700 (Sigma-Aldrich) on top. Zeiss Axiovert 10 microscope was
used for injections. For each strain, around 20 hermaphrodites were injected.
The injected animals were recovered via addition of recovery buffer (5 mM
HEPES (Fisher) pH 7.2, 3 mM CacCl2 (Sigma-Aldrich), 3 mM MgCl2 (Sigma-
Aldrich), 66 mM NaCl (Sigma-Aldrich), 2.4 mM KCI (Sigma-Aldrich), 4% glucose
(Sigma-Aldrich)) on top of mounted hermaphrodites immediately after injection.
The animals were then allowed to recover for 10 minutes, after which M9 buffer
(3 g KH2PO4 (Sigma-Aldrich), 6 g Na2HPO4 (Sigma-Aldrich), 5 g NaCl (Sigma-
Aldrich), 1 ml 1 M MgSO4 (Sigma-Aldrich), distilled H20 to 1 litre) was added.
The nematodes were then left until they were swimming briskly, then more M9
was added to aid recovery. Recovered animals were singled onto seeded NGM

plates.
4.3.4 C. elegans CRISPR/Cas9 mutant screening

Once the progeny of injected nematodes reached L4 stage, the plate
containing the most animals with “dumpy” and “roller” phenotypes was dubbed
as the “jackpot brood”. 96 F1 progeny from the “jackpot brood” were singled
onto seeded NGM plates and allowed to lay eggs overnight. The following day
genomic DNA was extracted from F1 hermaphrodites using proteinase K

digestion method.
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4.3.5 C. elegans genomic DNA (gDNA) extraction

Genomic DNA was extracted using a proteinase K digestion method. The
reaction mixture consisted of 7.5 pL nuclease free water (IDT), 2 puL 5xHF buffer
(NEB), 0.5 pL Proteinase K (NEB). A single adult hermaphrodite was
transferred into each reaction tube. The samples were then frozen at -80°C,
followed up by an incubation at 65°C for 30 minutes, and 95°C for 20 minutes.

The gDNA was then used for PCR.
4.3.6 C. elegans polymerase chain reaction

PCR was used for genotyping CRIPSR/Cas9 mutants. The PCR mix
consisted of 8.38 pL nuclease-free water, 2.5 puL 5xHF buffer (NEB), 0.625 pL
each PCR primer (IDT), 0.25 pL of 2.5mM dNTP stock (NEB), 0.125 pL Phusion
DNA polymerase (NEB), 1 pyL of C. elegans gDNA. The list of primers and PCR
programmes used for mutant screening can be found in Appendix A. The PCR
products were run on 2% agarose gels, at 100 V for 30-50 minutes. Each

mutant strain was back-crossed with N2 three times.
4.3.7 Genetic crosses

To generate double mutant strains, males were generated from egl-15
mutant strain (as the gene is in the X chromosome). To increase the frequency
of males, a few plates containing 10 L4 stage hermaphrodites each were heat-
shocked at 35°C for 3 hours. The plates were then kept in the 20°C incubator
and checked daily for appearance of male progeny. For the genetic crosses, 9
egl-15 mutant males were put onto an NGM plate containing food, along with 3
ced-2 mutant hermaphrodites (L4 stage) and left to mate for two days, after
which the males were removed. 16 F1 progeny were singled onto NGM plates,

and once they reached adulthood, they were allowed to lay eggs overnight. The
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next day, gDNA from F1 parents was extracted (as described in 4.3.5) and
subjected to screening for egl-15 and ced-2 mutations (as described in 4.3.6
and Appendix A). 16 F2 progeny from F1 animals heterozygous for mutations in
both genes were singled onto NGM plates and allowed to self-fertilize. The F2
mothers were left to lay eggs overnight. The next day F2 animals were
subjected to screening for egl-15 and ced-2 mutations. This time, progeny from
F2 hermaphrodites homozygous for both mutations were retained as a new
double mutant strain. Mutant homozygosity was checked in F3 animals to

confirm the generation of a new double mutant strain.
4.3.8 C. elegans RNA interference

HT115 E. coli bacteria (C. elegans RNAI collection (Ahringer))
expressing either dsRNA control or dSRNA against genes of interest were
inoculated in LB broth (Merck) containing 1 mM ampicillin (Alfa Aesar) and
grown overnight. Expression of dsSRNA was induced the next morning with 0.5
mM IPTG for 4 hours. Induced bacterial cultures were then seeded onto NGM

plates supplemented with 1 mM ampicillin and 0.5 mM IPTG.

For RNAI experiments, adult hermaphrodites were put on RNAI plates
and left to lay eggs for a few hours. The mothers were then removed, and
experimental animals were fed with RNAIi from hatching before being taken

forward for staining.
4.3.9 C. elegans acridine orange staining and microscopy

A 35 mm NGM plate containing non-starved adult hermaphrodites was
stained with 500 pL 0.02 mg/ml acridine orange solution (Thermo Fisher) in M9.
The plate was incubated at 20°C in the dark for 2 hours. Stained animals were

then transferred onto a fresh NGM plate containing food and incubated at 20°C
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for 2 hours to destain. Nematodes were then mounted on a 5% agar pad (on a
glass slide) and immobilised in a drop of 1 mM levamisole (Merck). Animals
were visualised using Zeiss Axioplan microscope, and images were taken with

Retiga 2000R (Q Imaging) camera.
4.3.10 C. elegans brood size assay

Gravid C. elegans adults were dot-bleached to generate a semi-
synchronised population. Once the animals reached L4 stage they were singled
onto seeded NGM plates and allowed to lay eggs for two days. The mothers
were then transferred to new seeded NGM plates to finish laying eggs. The F1

progeny were left to grow until L4-adulthood stages and counted.
4.3.11 Plasmid DNA preparation

Bacteria were grown in 5 ml of LB broth with appropriate antibiotic
overnight in a 37°C shaking incubator. The next day bacteria were spun down
at 15,000 RPM for 10 minutes in a tabletop centrifuge. The pellet was retained.
QIAprep spin Miniprep kit (Qiagen) was used to extract plasmids according to

manufacturer instructions.
4.3.12 EGL-15 pro-3 cloning

An oligonucleotide encompassing the PRNPLP proline-rich motif was
ordered from IDT. Complementary primers were used to amplify the gene
fragment and to introduce BamHI and Notl restriction sites. The PCR reaction
consisted of 0.4 uL 10 mM dNTP, 1 pL 10 uM forward primer, 1 uL 10 uM
reverse primer, 200 ng oligo template, 2 pL Phusion DNA polymerase (NEB),
nuclease-free water up to 20 uL. The PCR product was run on an agarose gel
to confirm successful PCR reaction. The DNA bands were then extracted using

QIAquick gel extraction kit (Quiagen) according to the manufacturer's
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instructions. The purified PCR product, as well as pGEX-4T-2 plasmid DNA
were digested with BamHI and Notl. Reaction consisted of 100 ng
oligonucleotide or 300 ng of plasmid, 5 pL Cutsmart buffer (NEB), 1 uL BamHI-
HF (NEB), 1 uL Notl-HF (NEB), nuclease-free water up to 50 pL. Digestion
reactions were purified by gel-extraction using QIAquick gel extraction kit
(Qiagen). Ligation was done using NEB quick ligation kit. The reaction
contained: 1:3 molar ratio of vector:insert, 10 pL quick ligase reaction buffer, 1
pL quick ligase, nuclease-free water up to 20 pL. The mix was incubated at

room temperature for 5 minutes and transformed into DH5a bacteria (NEB).
4.3.13 ced-2 cloning (work done by Dr Kin Man Suen)

C. elegans mRNA was a gift from Dr Kin Man Suen. cDNA was reverse-
transcribed using First Strand cDNA synthesis protocol (E6300) (NEB) with
random primers. ced-2 was then PCR-amplified using primers listed in

Appendix A. ced-2 was cloned into a pGEX vector using BamHI and Notl sites.
4.3.14 Bacteria transformation

20 pL of competent DH5a bacteria (NEB) were thawed on ice. 5 L of
ligation reaction was added, and bacteria were incubated on ice for 30 minutes.
Bacteria were then heat-shocked in 42°C water bath for 45 seconds, and chilled
on ice for 2 minutes. 500 pL of room-temperature LB broth was added, and
bacteria were incubated in 37°C shaking incubator for at least 1 hour. Bacteria
were then spread on a pre-warmed LB agar plate containing 100 pg/mL

ampicillin and incubated at 37°C overnight.
4.3.15 C. elegans synchronisation

C. elegans were synchronised by using hypochlorite solution. Gravid

adults were washed off a plate with 1ml of sterile water. 1.5 ml of hypochlorite
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solution (3 ml of 4.99% NaClIO (Sigma-Aldrich), 1 ml of 10 M NaOH (Sigma-
Aldrich), 6 ml sterile distilled H20) was then added, and the animals were left to
dissolve for 5 minutes to release eggs. The tubes were spun down at 2000
RPM for 2 minutes in a centrifuge and supernatant was removed. 5 ml of sterile
distilled water was added, and tubes were spun down again. This wash was
repeated twice. After two washes with sterile water, the eggs were then washed
once with M9. Finally, the falcon tubes were filled up to 10 ml with M9 and left to
incubate overnight at 20°C with rocking. Next morning, the solutions were

checked for hatched larvae.
4.3.16 C. elegans lysis

Synchronised hatched larvae were put onto seeded NGM plates.
Synchronised adult hermaphrodites were washed off the plate with M9. Tubes
were spun at 2000 RPM for 1 minute, M9 was removed and fresh M9 was
added to wash. This was repeated several times until M9 was clear. For last
wash, cold TBST (20 mM Tris (Sigma-Aldrich), 150 mM NacCl, 0.1% Tween 20
(ChemCruz)) was added instead. The animals were resuspended in as little
TBST as possible and frozen by dropping the mix into liquid nitrogen. The
frozen balls containing the hermaphrodites were then ground into powder with
mortar and pestle. Frozen “C. elegans powder” was then thawed on ice, and the
solution was sonicated to break down the animals further. The lysate was then

spun down at 15,000 RPM for 10 minutes, and supernatant was collected.
4.3.17 Protein concentration measurement

Coomassie Assay reagent (Thermo Scientific) was used to determine

protein concentration in lysates, and the absorbance was measured at 595 nm.



116

4.3.18 Protein expression and purification

C. elegans protein expression and purification was performed as

described in section 2.12.
4.3.19 GST- pulldown

Glutathione Sepharose beads were used for GST-pulldowns. Beads
were washed by adding five gel bed volumes of lysis buffer (20 mM Tris pH 8.0,
150 mM NacCl, 1mM B-mercaptoethanol (Sigma-Aldrich)) and spun down in a
tabletop centrifuge at 4000 RPM for 5 minutes. The wash was repeated two
more times, followed by addition of bacterial cell lysate and incubation overnight
at 4°C with rotation. The following day the beads were washed five times with
the lysis buffer. For buffer exchange, buffer that was used for C. elegans lysis
(TBST (20 mM Tris (Sigma-Aldrich), 150 mM NacCl, 0.1% Tween 20
(ChemCruz)) was used to wash beads. C. elegans lysate containing 1 mg of
protein was then added to the beads and incubated at 4°C overnight with
rotation. The beads were then washed three times with C. elegans lysis buffer.
Two gel bed volumes of 2xSDS loading buffer were added to the beads, and
the tubes were put in a 95°C heating block for 10 minutes to denature protein.

The supernatant was analysed by SDS-PAGE and western blot.
4.3.20 SDS-PAGE

Samples for analysis were mixed with 2x sample buffer (Biorad) and
boiled in a 95°C heat block for 10 minutes. The samples were loaded onto 4-
10% Bis-Tris precast gels (Invitrogen). NuPage MOPS SDS running buffer

(Novex) was used to fill the tank. The gels were run at 150 V for 45 minutes.
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4.3.21 Western blotting

Proteins from the SDS-PAGE gel were transferred using wet transfer
method onto a PVDF (Biorad) membrane. 1x Transfer buffer (10x: 30.3 g Tris-
Base (Sigma-Aldrich), 144 g glycine (Sigma-Aldrich) in 1 L distilled H20, pH 8.3;
1x: 100 ml 10x transfer buffer, 200 ml methanol (Sigma-Aldrich), 700 ml distilled
H20) was used to fill the tank, and proteins were transferred at 100 V for 1 hour.
To visualise GST, the membrane was stained with Ponceau S (Sigma) and
visualised using G:BOX (Syngene). The stain was washed off with TBST,
followed by blocking with 5% BSA (Fisher Scientific) in TBST. The membrane
was then incubated with primary antibody (in 5% BSA TBST; 1:1000 ratio)
overnight. Next day, the blot was washed three times with TBST for 10 minutes,
followed by 1 hour incubation with secondary antibody (in 5% BSA TBST).
Finally, the blot was washed three times with TBST for 10 minutes before
imaging. For imaging, the protein bands were visualised using HRP-conjugated
secondary antibodies, which were detected by Clarity Western ECL (Biorad)

using G:BOX (Syngene).

4.3.22 Microscale thermophoresis (work done by Dr Chi-Chuan
Lin)

For MST, buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl and 0.5
mM TCEP was used. GST-CED-2 was expressed in E. coli and purified,
followed by GST-tag cleavage with thrombin. EGL-15 peptides were purchased
from Genscript and labelled with Atto*e8. In each tube, the concentration of
labelled protein was constant (100 nM), while the second protein was serially
diluted over 16 dilution series. Solution with labelled and unlabelled proteins

was transferred to capillaries (Monolith) and inserted into Monolith NT.115
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machine for detection. Blue LED was used for MST, with power setting adjusted

be within 200-1500 fluorescence counts. Each scan ran for 3 repeats.
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4.4 Results

4.4.1 C. elegans egl-15 mutant generation

After establishing that the human FGFR2 proline-rich motif and CRKL
SH3 domains directly interact in Chapter 3, C. elegans model organism was
used to investigate whether the interaction is evolutionarily conserved. These
nematodes have a single FGFR family kinase called EGL-15, as well as a
single adaptor protein CED-2, which is orthologous to human CRKL and CRK-II.
Mutations for these proteins were introduced in N2 (wild-type Bristol strain)
using CRISPR/Cas9. Gene editing using CRISPR/Cas9 in C. elegans is an
extremely robust technique to generate and screen for gene deletions or small
precise mutations with relative ease (Arribere et al., 2014). CRISPR/Cas9
allows gene editing at a native gene level, ensuring that mutant protein is

expressed at regular level and in correct tissues.

Protein sequences of the EGL-15 C-terminal tail and CED-2 full-length
protein are shown in Figure 4-7. Each of the three proline-rich motifs were
deleted in EGL-15, while whole SH3 domains were deleted in CED-2. Mutations
were detected by PCR amplification followed by restriction digestion, or by size-
difference alone, and sequenced to confirm correct mutation. The methods for
mutation screening are summarised in Appendix A. All strains were generated
successfully, and nucleotide deletions introduced were accurate (Figure 4-8). All
single mutant strains had no visible debilitating phenotypes and normal
development timing. The CRISPR/Cas9 generated strains and alleles are

summarised in Table 4-1.
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A EGL-15 C-terminal tail, type IV

LTMTNETIEGSQEFN@QFFSERSTASGPVSPMESFQKKRKHRPLSAPVNLPSEPQHTICDDYESNFSVEPPNDPNHLYCN
DNMLKNHIITPETSQLYIHKVLNEPIGNGYVRODKLARAVSGVANQSLDSALGSPAWPSYDRPSNKASCLDQTHQYYNTT

SKIQYLHFTFDDPDCMTRSRDSAIFEESYHPNYIQSHPLYSKIIIKKNMTPRNPLPTKETIV

B CED-2

MITNGFDPFEWRSFYFPGMSREEAHKLLGEPQVSIGTFLMRDSSRPGEYSLTVREADEGNAVCHYLIERGEPKEDGTAAAG
VKIANQSFPDIPALLNHFKMRVLTEASLLAAYKKPITEVVVGTFKEFTGERETDLPFEQGERLEILSKTNODWWEARNALGT
TGLVPANYVQIQMEFHNDRTSKGASQSSIGSSGGGAERFSSASTSSDNIELQPRLPAKAKVTFDRVPNAYDPTQLRVKKGQ

TVLVTQKMSNGMYKAELDGQIGSVPHTYLRFTAVSE

Figure 4-7. Protein sequences. A) The sequence of EGL-15 type IV C-
terminal tail (present in isoforms H and P as per WormBase). The proline-
rich regions which were deleted are highlighted in bold. B) CED-2 full
length sequence. The SH2 domain is highlighted in blue, the SH3N
domain is highlighted in green, the SH3C domain is highlighted in orange.
The SH3N and SH3C domains were deleted to generate CED-2 strains
used for further experiments.
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Figure 4-8. Sequencing results of generated mutants. All mutants were
generated using CRISPR/Cas9 combined with homology-directed repair.
A) EGL-15 PVNLPSE motif deletion to generate egl-15(jez10) allele, B)
EGL-15 PPNDP motif deletion to generate egl-15(jez8) allele, C) EGL-15
PRNPLP motif deletion to generate egl-15(jez20) allele, D) CED-2 SH3N
domain deletion to generate ced-2(jez45) allele, E) CED-2 SH3C domain
deletion to generate ced-2(jez50) allele.



122

Table 4-1. CRISPR/Cas9 generated strains bearing egl-15 and ced-2

mutations.

Strain name | Genotype Mutation

LAD28 egl-15(jez10) EGL-15(APVNLPSE)

LAD20 egl-15(jez8) EGL-15(APPNDP)

LAD23 egl-15(jez20) EGL-15(APRNPLP)

LAD24 ced-2(jez45) CED-2(ASH3N)

LAD25 ced-2(jez50) CED-2(ASH3C)

LAD26 ced-2(jez45) 1V, egl-15(jez20) X | CED-2(ASH3N);
EGL-15(APRNPLP)

LAD27 ced-2(jez50) IV; egl-15(jez20) X | CED-2(ASH3C);
EGL-15(APRNPLP)

4.4.2 Direct EGL-15 and CED-2 interaction

The goal of this Chapter was to establish whether the C-terminal tail of
EGL-15 interacts with CED-2, as well as to determine the potential role of this
interaction in C. elegans. The EGL-15 C-terminus is subject to alternative
splicing, producing a variety of different tail variants (WormBase, release
WS280). There are three different proline-rich motifs that can be present within
the tail. To determine which EGL-15 proline-rich motif binds CED-2, an MST
assay was employed (work done by Dr Chi-Chuan Lin). Full-length GST-tagged
CED-2 protein (cloned by Dr Kin Man Suen) was expressed in E. coli, purified,
and the tag was cleaved off using thrombin. Atto*®-tagged EGL-15 peptides,
each containing a single proline-rich motif, were purchased from GenScript.
Peptide sequences can be found in Appendix A. Binding of full-length CED-2
protein to each of the proline-rich motif was measured using MST (Figure 4-9).
PVNLPSEP and PPNDP proline-rich motif-containing peptides were unable to
bind CED-2. Only the peptide containing the PRNPLP proline-rich motif of EGL-

15 can bind CED-2 (K4 = 3.5 + 0.8 pM).
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Figure 4-9. CED-2 binds EGL-15 PRNPLP proline-rich motif. Binding
between CED-2 and EGL-15 proline-rich motif containing peptides was
measured using MST. CED-2 is unable to bind EGL-15 PVNLPSEP (A) or
EGL-15 PPNDP (B) containing peptides. C) CED-2 binds the EGL-15
PRNPLP containing peptide, Ka = 3.5 = 0.8 uM.
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To further establish an interaction between CED-2 and EGL-15, a
pulldown assay was performed. A peptide containing EGL-15 PRNPLP proline-
rich motif (GST-Pro3) was cloned, expressed in E. coli and purified (the peptide
sequence can be found in Appendix A). The peptide was then immobilised onto
Glutathione Sepharose beads, followed by an incubation with whole animal
lysates. The pulldown was then analysed using western blotting with anti-CED-2
antibody (Figure 4-10; work for this figure was done by Jasmine Bensilum under
my supervision). The polyclonal antibody produces multiple bands on a blot,
indicating that it can potentially recognise multiple proteins, thus ced-2(e1752)
strain was used as a negative control. The e1752 allele contains a premature
stop codon within the SH3N domain of CED-2 and does not produce a full-
length protein. Unfortunately, the GST control pulls down CED-2 from whole
animal lysate non-specifically. Due to this, even if there is a band representing
CED-2 in the GST-Pro3 lane, it cannot be stated that CED-2 can bind EGL-15

peptide under these experimental conditions.

GST GST-Pro3 Input

~ ~ ~
R 3 R
TN TN TN
N 9T N $9T N ©°U
Z 0~ Z O~ Z O -
30KDa - IB:CED-2

D Ponceau
a
(GST)
Figure 4-10. GST pulldown to show EGL-15 Pro-3 peptide (containing
PRNPLP motif) and CED-2 interaction. Anti-CED-2 antibodies were
used to probe for CED-2, while Ponceau stain was used to visualise GST-

tagged peptides. Unfortunately, CED-2 is pulled down by GST control,
rendering this experiment inconclusive.
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4.4.3 EGL-15 PRNPLP motif and CED-2 SH3 domains have roles in

engulfment of apoptotic germline cells

The PRNPLP proline-rich motif was identified as the binding site of CED-
2 by MST (Figure 4-9), therefore it was chosen to be investigated further. C.
elegans strain LAD23, which contains the egl-15(jez20) allele, was used for the
following experiments in this Chapter (EGL-15(APRNPLP) in figures). Strains
harbouring ced-2(n1994) and ced-2(e1752) alleles were obtained from CGC to
use as negative controls, as both alleles are ced-2 loss-of-function mutants

lacking intact SH3 domains.

EGL-15 has established roles in fluid homeostasis and vulva
development. The egl-15 impairment or loss-of-function phenotypes are obvious
and debilitating (e.g., lethality and “bag of worms”; section 4.1.3). However,
EGL-15(APRNPLP) animals did not show any of these “classical”’ egl-15 mutant
phenotypes. To investigate the outcome of the interaction between EGL-15 and
CED-2, the approach was first to look at CED-2 related phenotypes in mutant
nematodes. CED-2 is essential for engulfment of cells undergoing physiological
apoptosis (Figure 4-3). In adult animals, CED-2 present in gonadal sheath cells
is required for signalling pathways that enable those cells to engulf apoptotic
germline cells (Hedgecock et al., 1983). The protein is also needed for correct
DTC migration during C. elegans gonad development (Reddien and Horvitz,
2000). Thus, germline cell engulfment and gonad morphology were evaluated in
C. elegans. Acridine orange (AO) dye was used to visualise engulfed germline
cell corpses (Figure 4-11). In apoptotic cells, AO binds double stranded DNA
and produces green fluorescence (excitation at 502 nm, emission at 525nm),
and it preferentially stains cells which are being engulfed, thus it was used as

an engulfment-specific dye. This can be seen as bright green spots in the death
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zone near the gonad bend, as observed for wild-type N2 nematodes (Figure
4-11A). Representative gonad images are displayed in Figure 4-11A. ced-
2(e1752) and CED-2(ASH3C) nematodes also display a DTC pathfinding
defect, which will be discussed later (section 4.4.4). The distribution of values is
shown on a violin plot (Figure 4-11B). Wild-type (N2) animals establish a normal
range, where there are between 0-7 engulfed cells. As expected, two ced-2
loss-of-function alleles (ced-2(el1752) and ced-2(n1994)) show a severe
reduction in engulfed germ cell numbers that is statistically significant compared
to wild-type. CED-2(ASH3N) and CED-2(ASH3C) single mutants also show
severe reduction in engulfment, establishing these alleles as ced-2 loss-of-
function. The EGL-15(APRNPLP) single mutant seems to show an unusual
engulfment phenotype. While 86.18% of the animals show an engulfed corpse
number that falls within the wild-type range, there are several nematodes in the
population showing an increase in engulfment numbers. 21 out of 152 scored
EGL-15(APRNPLP) animals had a high (>7) number of engulfed corpses. The
EGL-15(APRNPLP) single mutant and CED-2(ASH2N);EGL-15(APRNPLP)
double mutant animals have two representative images, with the top one
showing no engulfment and the bottom one displaying very high engulfed
corpse numbers. To see whether loss of EGL-15 PRNPLP motif had a
significant effect on engulfment, an F-test was used. This statistical test
determines whether two populations show the same variance (null hypothesis).
Indeed, there was significant difference in variance of engulfed apoptotic cell
number between the wild-type and EGL-15(APRNPLP) animals (Figure 4-11B).
This suggests that the EGL-15 PRNPLP motif could be required for normal,
tightly controlled cell engulfment in the gonad. CED-2(ASH3N);EGL-

15(APRNPLP) double mutant shows a loss-of-function rescue phenotype. The
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F-test determined that the variance in engulfed cell numbers was not
significantly different from wild-type (p = 0.09), but it was significantly different (p
= 1.47 * 107) compared to EGL-15(APRNPLP) animals (Figure 4-11B).
However, the CED-2(ASH3C);EGL-15(APRNPLP) double mutant still appears
to show a severe impairment in engulfment, which is almost identical to CED-
2(ASH3C) single mutant (Figure 4-11B). The results show that in CED-2, both
SH3N and SH3C domains are required for functional engulfment (Figure 4-11).
It was also established that the PRNPLP proline-rich motif of EGL-15 is required
for maintaining correct engulfment function (Figure 4-11B). Furthermore, there
is a genetic interaction between the SH3N domain of CED-2 and the PRNPLP
motif of EGL-15, as combined loss of these protein regions restored apoptotic

cell engulfment to wild-type range (Figure 4-11).

It is important to note that the width of the violin plot is not a proportional
representation of how many animals had a certain number of engulfed cell
corpses, as the results for engulfment loss-of-function are heavily skewed
towards zero. To separately evaluate the number of hermaphrodites with fully
non-functional engulfment function, a bar chart was produced, which shows the
percentage of the animals showing no cell engulfment (Figure 4-11C). In wild-
type (N2), 12.08% of the animals show no engulfment. CED-2 loss of function
alleles ced-2(e1752) and ced-2(n1994) show a severe dysfunction of
engulfment, with 79.61% and 95.00% of nematodes showing no engulfment
respectively. 80.41% CED-2(ASH3N) hermaphrodites show no engulfment,
while in CED-2(ASH3C) strain engulfment is impaired in 71.43% of animals.
EGL-15(APRNPLP) strain shows no engulfment in 25.00% of scored animals.
In double mutant strains, 34.57% of CED-2(ASH3N);EGL-15(APRNPLP)

animals showed engulfment dysfunction, while the number in CED-
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2(ASH3C);EGL-15(APRNPLP) is 72.67%. The results show that both SH3
domains of CED-2 are required for engulfment to take place. EGL-
15(APRNPLP) animals do not show a large increase in the percentage of
nematodes showing impaired engulfment compared to N2, suggesting that this
strain is similar to wild-type when it comes to the “no engulfment” phenotype.
CED-2(ASH3N);EGL-15(APRNPLP) double mutant showed a slight rescue of
engulfment compared to ced-2 loss of function strains, indicating a potential
genetic interaction between these two genes. However, removing both the
CED-2 SH3C domain and the EGL-15 PRNPLP motif did not rescue engulfment

impairment, indicating that there is no genetic interaction between these alleles.
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Figure 4-11. CED-2 SH3N domain and EGL-15 PRNPLP motif are required
for CED-2 loss of function phenotype. (A) Representative images of
AO-stained C. elegans gonad arms. EGL-15(APRNPLP) and CED-
2(ASH3N);EGL-15(APRNPLP) strains have two examples — one for low
engulfment (top), and one for high engulfment (bottom). Scale bar — 5 pum.
(B) Violin plots representing distribution (with mean and standard
deviation) of AO staining results. 150 animals were scored for each strain
(except 20 for ced-2(e1994) and 97 for CED-2(ASH3N)) over at least 3
different experiments. F-test was used as a statistical test. Ns — not
significant, *** - p < 0.001 (C) Bar chart showing the percentage of animals
in each strain which had no apoptotic germline cell engulfment.

4.4.4 Aberrant gonad morphology of ced-2 mutants

While recording the numbers of engulfed apoptotic germline corpses,
gonad morphology was also noted (Figure 4-12). As expected, all gonads in
wild-type animals were normal. In ced-2(el1752) mutants, an extra gonad arm
turn occurs at a frequency of 0.66%. ced-2(n1994) mutants were not scored
due to their scrawny morphology, where the gonad arms were difficult to

visualise. 4.12% of CED-2(ASH3N) mutants and 14.29% of CED-2(ASH3C)
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animals showed an extra gonad turn. Gonad morphology was normal in EGL-
15(APRNPLP) nematodes. Interestingly, CED-2(ASH3N);EGL-15(APRNPLP)
double mutants also showed normal gonad morphology. While CED-
2(ASH3C);EGL-15(APRNPLP) double mutants had a low frequency of the
gonad morphology defect phenotype (5.33%; Figure 4-12). The results suggest
that CED-2 SH3N and SH3C domains are involved in correct DTC pathfinding.
Furthermore, CED-2(ASH3N);EGL-15(APRNPLP) double mutants showed a

rescue phenotype, suggesting a genetic interaction between ced-2 and egl-15.
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B Strain Total Morphology | % with morphology
animals defect defect
N2 149 0 0.00%
ced-2(e1752) 152 1 0.66%
ced-2(n1994) 20 N/A N/A
CED-2(ASH3N) 97 4 412%
CED-2(ASH3C) 189 27 14.29%
EGL-15(APRNPLP) | 152 0 0.00%
CED-2(ASH3N); .
EGL-15(APRNPLP) | 188 0 0.00%
CED-2(ASH3C); .
EGL-15aPRNPLP) [ 190 8 %8

Figure 4-12. Effect of ced-2 and egl-15 mutations on normal gonad
morphology. (A) Nomarski images showing the gonad morphology in
wild-type (N2), ced-2 and egl-15 mutant strains. Gonad turns are indicated
by curved arrows. Scale bar — 5 um. (B) Quantification of gonad
morphology defect phenotype. The defect observed was an extra gonad
arm turn. The phenotype was not scored in ced-2(n1994) mutants due to
difficulties visualising the gonad. The animals were scored over at least 3
different experiments.

4.4.5 Brood size in mutant animals

Physiological apoptosis of germ cells is thought to act as quality control,

as well as provide additional cytoplasm and organelles to the developing
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oocytes (Huelgas Morales and Greenstein, 2018). However, no clear
connection between dysfunction of apoptotic germline cell engulfment and
brood size has been established. In order to investigate whether perturbation of
engulfment can affect brood size, progeny number was counted (Figure 4-13).
Wild-type (N2) nematodes showed an average brood size of 285.0 + 55.5. Loss
of function ced-2(el1752) animals show a significantly reduced brood size (162.9
+ 65.5). CED-2(ASH3N) mutants had an average brood size of 227.7 + 55.8,
which is significantly different from wild-type, while CED-2(ASH3C) mutants
showed an average brood size of 254.7 + 40.7, which was not significantly
different from wild-type animals. EGL-15(APRNPLP) mutants had an average
brood size of 276.3 + 36.9. CED-2(ASH3N);EGL-15(APRNPLP) animals
showed an average brood size of 280.7 + 29.6, while CED-2(ASH3C);EGL-
15(APRNPLP) double mutants had an average brood size of 252.7 + 54.2;
neither of which is significantly different from wild-type average brood. The
results show that functional CED-2 is needed for maintenance of brood size.
The SH3N domain appears to be required for this function. Furthermore, loss of
the EGL-15 PRNPLP sequence in the CED-2(ASH3N) mutant background
restores normal brood size numbers, suggesting that egl-15 and ced-2

genetically interact in brood size maintenance.
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Figure 4-13. Quantification of C. elegans brood size. N = 15 for each strain
(including outliers). Ns — not significant, * p < 0.05, * p<0.01, **p <
0.001.

4.4.6 RNAI screen

As AO staining and brood size results hinted at a potential genetic
interaction between ced-2 and egl-15, an RNAIi experiment was conducted to
see whether egl-15 is involved in the engulfment signalling pathway (Figure
4-14). C. elegans were fed with RNAI bacteria from L1 stage onwards and
stained with AO at day 1 of adulthood. The N2 strain was used as a wild-type
control, with EGL-15(APRNPLP) as the experimental strain. RNAIi against
several genes in the apoptotic cell engulfment pathway was used. mom-5 and

ina-1 are two different “inputs” upstream of ced-2, while ced-10 is the central
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effector essential for apoptotic cell engulfment by neighbouring cells (Figure

4-14A).

The distribution of engulfed corpse number is shown as a violin plot in
Figure 4-14B. In the wild-type control animals fed with bacteria expressing the
empty RNAI vector (EV), the number of engulfed corpses ranged between 0
and 6, similar to previous AO staining results, while EGL-15(APRNPLP)
nematodes fed with the same bacteria showed a range of 0-8 engulfed cell
corpses. The variance between these phenotypes was significant. Knocking
down ina-1 using RNAI in N2 did not affect the engulfment range (0-6), while in
EGL-15(APRNPLP) animals grown on ina-1 RNAI bacteria the range was 0-13.
The variance between these populations under ina-1 RNAI was also significant.
RNAi-mediated reduction of mom-5 expression in both strains resulted in similar
engulfment range: 0-9 in both N2 and EGL-15(APRNPLP) animals, and the
variance shows no statistical significance between the strains. In wild-type
nematodes fed with bacteria expressing ced-10 RNAI, the engulfment range
varied between 0 and 6. In EGL-15(APRNPLP) animals fed with the same

bacteria, the engulfment range was 0-7, with no statistically significant variance.

To separately evaluate the effect of RNAi-mediated gene knockdown on
engulfment function, a bar chart was produced which shows the percentage of
hermaphrodites with non-functional engulfment (Figure 4-14C). 13.04% of
control animals fed with EV RNAI bacteria showed no engulfment, while in EGL-
15(APRNPLP) mutants fed with EV RNAI, 46.00% of animals showed no
engulfment. When ina-1 expression was knocked down using RNAI, 62.50%
and 51.35% of N2 and EGL-15(APRNPLP) animals (respectively) showed no
engulfment. RNAi-mediated knockdown of mom-5 resulted in 54.43% of N2

nematodes without engulfment of apoptotic germline cells, while in EGL-
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15(APRNPLP) 62.50% of animals lacked engulfment. 73.33% of N2 animals
fed with ced-10 RNAI bacteria showed no engulfment, while in EGL-
15(APRNPLP) it was 42.86% of nematodes. Please note that the screen could
not be fully completed due to time constraints — while the previous AO staining
up to 150 animals were screened per strain, in the RNAI screen, there were up
to 50 animals scored per strain. Overall, the results suggest that egl-15 could
have roles in the engulfment pathway, with egl-15 and mom-5 potentially being
in the same pathway due to lack of additive effects, but the experimental
method requires refinement to obtain a better answer (see section 4.5.8 for

discussion).
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Figure 4-14. EGL-15 has a potential role in canonical apoptotic cell
engulfment pathway. A) A part of the apoptotic germline cell engulfment
pathway. CED-2/CED-5/CED-12 complex formation is mediated by
multiple upstream activators, leading to activation of CED-10 and eventual
cell engulfment. B) AO staining results from wild-type and EGL-
15(APRNPLP) animals treated with RNAI. The nematodes were fed with
RNAI bacteria from hatching and AO-stained at young adulthood. Ns — not
significant, * p < 0.05, ** p < 0.01, *** p < 0.001. C) Bar chart representing
the percentage of animals in which engulfment was non-functional.

4.4.7 CED-2 dimerisation

CRKL, a human orthologue of CED-2, can dimerise, and in the previous
Chapter it was shown that dimerisation might play a part in enhanced receptor
activation (Figure 3-9). CED-2 dimerisation has not yet been investigated in
published work. To see whether CED-2 can dimerise, GST-tagged recombinant
CED-2 protein was expressed in E. coli and purified. The GST tag was cleaved
off using thrombin. Some protein was fluorescently labelled using Atto*8. 100
nM of Atto*#8-labelled protein, as well as varying concentrations of unlabelled

CED-2 were then used to measure dimerisation dissociation constant by MST
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(Kd dimer = 11.3 + 0.4 uM)(Figure 4-15). The results confirm that CED-2 can
dimerise under MST conditions, although with much lower Kd dimer than CRKL
(Figure 3-8, Kd = 0.093 pM = 0.008 uM). Furthermore, Kd dimer for CED-2 is
larger than that for EGL-15 proline-rich motif binding (Ka = 3.5 £ 0.8 uM, Figure

3-4), suggesting that CED-2 is unlikely to bind EGL-15 as a dimer.

-80 ——-+——rmr———rrr———rrr——rrrr——r T ——rrrr———rrrm
1 10 100 1000 10000 _ 100000 1000000  1E7
Concentration (nM)

Figure 4-15. CED-2 can form dimers in solution. Dimerisation of CED-2 was
measured using MST. Kd dimer = 11.3 £ 0.4 uM.
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4.5 Discussion

The functions of EGL-15 and CED-2 proteins have been previously
reported (DeVore et al., 1995; Reddien and Horvitz, 2000; Goodman et al.,
2003; Chai et al., 2012). However, the information gained on these functions
often relies on EMS-generated mutants with premature stop codons which
leave a truncated protein that is partially functioning or non-functioning (Reddien
and Horvitz, 2000; Goodman et al., 2003). Therefore, there is a need to
investigate C. elegans protein function using more precise mutations, as even a
small part of the protein can have a big impact on protein function. For example,
it has been shown in humans that a proline-rich motif in FGFR2 is important in
normal cell signalling, as well as cancer development (Ahmed et al., 2010; Lin
et al., 2012; Timsah et al., 2014). In CRKL, SH3 domains have differing
functions: SH3N is the main interactor with proline-rich motif-containing
proteins, while the SH3 domain acts as a dimerisation module (Harkiolaki et al.,
2006). So far in C. elegans research, most commonly used egl-15 and ced-2
strains contain premature stop codons which delete the whole C-terminal tail of
EGL-15 and disable both SH3 domains of CED-2. Usage of CRISPR/Cas9 in C.
elegans has enabled the generation of precisely edited mutants. This allowed
investigation of the importance of the proline-rich motifs in EGL-15 in C.

elegans, as well as the functional importance of the SH3 domains in CED-2.
4.5.1 egl-15 proline-rich motif mutants have no apparent phenotype

The EGL-15 C-terminal tail undergoes alternative splicing, and many
different variants have been detected (WormBase, release WS280). The tail
can have three potential proline-rich motifs: PVNLPSEP, PPNDP and PRNPLP

(Figure 4-8). Deletion of either of these motifs did not produce any obviously
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debilitating phenotypes (e.g. “bag of worms”, lethality) as seen in egl-15 loss-of-
function mutants (Goodman et al., 2003), suggesting that these motifs are not
involved in canonical EGL-15 signalling. egl-15 is also known to be involved in
several other processes. However, the phenotypes of these are not clearly
apparent. This includes CAN neuron migration (Fleming et al., 2005), muscle
arm extension (Dixon et al., 2006), and fluid homeostasis (Sasson and Stern,
2004). So far, ced-2 is not known to be involved in these functions, and as the
focus of this project was to look into the interaction between EGL-15 and CED-
2, these egl-15-related phenotypes were not investigated in detail. It would be
interesting to see whether animals lacking any of the proline-rich motifs would

show phenotypes related to these other EGL-15 roles.
4.5.2 EGL-15 PRNPLP proline-rich motif is the CED-2 binding site

A physical interaction between EGL-15 and CED-2 has been shown
before using the yeast two-hybrid method (Lo et al., 2010). The Type-IV EGL-15
C-terminal tail, to which CED-2 binds, contained a unique PRNPLP proline-rich
motif, while PYNLPSEP and PPNDP motifs were present in all four tail types
used in the study (Lo et al., 2010). As CED-2 is comprised of both SH2 and
SH3 domains, the protein could bind the EGL-15 C-terminal tail on
phosphorylated tyrosine residues or proline-rich motifs. The PRNPLP proline-
rich motif of EGL-15 was found to be the binding site for full-length CED-2
protein, and this interaction is likely to be mediated by the SH3 domains,
because the peptides used in MST were not phosphorylated (Figure 4-9). The
interaction is moderately strong (Kd = 3.5 £ 0.8 uM) for a SH3-proline-rich motif
interaction, on par with the established binding range (Pawson, 1995),
suggesting that it is possible for this interaction to occur in vivo. Interestingly,

the binding affinity between the C. elegans proteins is very similar to the binding
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affinity between human FGFR2 C-terminal tail and CRKL?*SH3 construct (Figure
3-4, Kgd = 2.510 pM £ 0.264 uM). A GST pulldown was also attempted to show
the interaction by pulling down CED-2 present in animal lysate with GST-Pro3
peptide (Figure 4-10). This was, however, unsuccessful due to non-specific

binding of CED-2 to the GST tag.

4.5.3 EGL-15 PRNPLP motif has potential roles in germ cell

engulfment

After establishing a direct interaction between the EGL-15 PRNPLP motif
and CED-2, the functional consequences were investigated. CED-2-related
phenotypes were investigated in the EGL-15(APRNPLP) mutant. When
engulfment of apoptotic germ cells was measured, the EGL-15(APRNPLP)
mutant strain showed a significantly different variance in engulfed apoptotic cell
number compared to wild-type hermaphrodites (Figure 4-11). The results
appear to indicate that EGL-15(APRNPLP) animals are unable to tightly control
the number of engulfed cells. The PRNPLP motif could be involved in regulating
engulfment, and when it is deleted, gonadal sheath cells could become
overactive and engulf an excessive number of germ cells, perhaps by losing
their ability to distinguish between apoptotic and non-apoptotic cells. Wild-type
egl-15 could be selectively expressed in gonad sheath cells in EGL-
15(APRNPLP) mutant background to see whether correct EGL-15 function is
indeed required in sheath cells to regulate engulfment. Alternatively, the
PRNPLP proline-rich motif could be required for physiological apoptosis, and
loss of it has induced excessive cell death. EGL-15 involvement in physiological
apoptosis would not be surprising, as active RAS/MAPK signalling, which the
RTK can activate, is known to be required for its induction (Gumienny et al.,

1999). Wild-type egl-15 could be selectively expressed in the germline of EGL-
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15(APRNPLP) animals to see if it can rescue the “loss of tight engulfment
control” phenotype. Furthermore, wild-type and EGL-15(APRNPLP) could be
used in an RNAI screen, utilising knockdowns of various activators (pax-2, egl-
38) and inhibitors (lin-35) of C. elegans physiological apoptosis to establish a

potential role of EGL-15 in physiological apoptosis signalling pathway.
4.5.4 CED-2 SH3 domains are required for engulfment

In human cells, the two CRKL SH3 domains have differing functions. The
SH3N domain binds to downstream effectors DOCK1 and C3G (Birge et al.,
2009), and it is important for oncogenic function of CRKL in NSCLC (Cheung et
al., 2011). While SH3C is lacking structural features to enable proline-rich motif
binding (Jankowski et al., 2012), it can act as a dimerisation point for CRKL
(Harkiolaki et al., 2006). This CRKL dimerisation can also enhance activation of
FGFR2 (Figure 3-9). However, for C. elegans CED-2, only loss-of-function
mutants containing premature stop codons have been used for research
previously (Reddien and Horvitz, 2000). It was worthwhile to see whether the
two CED-2 SH3 domains had separate roles in CED-2 function. Deletion of
individual SH3 domains resulted in similar CED-2 loss-of-function phenotypes:
80.41% of CED-2(ASH3N) and 71.43% of CED-2(ASH3C) animals showed no
engulfment of apoptotic germline cells, which was very similar to established
ced-2(e1752) loss-of-function allele mutants (79.61%) (Figure 4-11C). This
established both CED-2 SH3 domains as important regions of CED-2 for its

function in engulfment.
4.5.5 CED-2 SH3 domains are involved in DTC pathfinding

The two SH3 domains are also important for CED-2 function in DTC

pathfinding during gonad development (Figure 4-12). It has been previously
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reported that loss of CED-2 function leads to abnormal cell morphology, with a
frequency of 39% in ced-2(e1752) and 38% in ced-2(n1994) mutants (Reddien
and Horvitz, 2000). Unfortunately, the same frequency was not observed in ced-
2(el752) strain, in which only 0.66% of the animals exhibited this phenotype,
while ced-2(1994) were not scored. SH3 domain deletion mutants also did not
reach the previously reported frequency of gonad morphology defects. The
aberrant gonad phenotyped showed an extra gonad arm turn in 4.12% of CED-
2(ASH3N) mutants, and in 14.29% of CED-2(ASH3C) mutants (Figure 4-12).
These results establish CED-2 SH3 domain mutants as loss-of-function alleles
with a minor role in DTC pathfinding. During DTC migration, CED-5 present at
focal adhesions recruits CED-2 and CED-12 to form a GEF complex, which
allows activation of CED-10 and in turn downstream signalling, enabling correct
migration (Gumienny et al., 2001). The weak effect of loss of CED-2 function
can be due to multiple factors. First, CED-2/CED-5/CED-12 is not the only
complex which activates CED-10 — it can also be activated by integrins, as well
as UNC-73 (DeBakker et al., 2004). Integrins can also activate SRC-1 and MIG-
2 without any involvement of CED-10 (Wong and Schwarzbauer, 2012). Overall
DTC migration is regulated by several different pathways, making CED-2
partially dispensable for this function. It could also be that one SH3 domain can
partially compensate for loss of the other. Previous work implied that CED-2
could be interacting with CED-5 via its SH2 domain, rather than the SH3 (Kang
et al., 2011). If that is the case, then the remaining SH3 domain (either N or C)
could be able to interact with CED-12, still forming the GEF complex. The next
step in determining the precise function of CED-2 in engulfment and DTC
migration would involve biochemical studies. Interactions between recombinant

CED-2 protein constructs (including either point mutants which would disable
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functions of each domains, or constructs lacking whole domains) and potential
CED-2 interactors such as CED-12, CED-5, GSK-3, APR-1 and SRC-1 (Figure
4-3; (Neukomm et al., 2011)) could be investigated utilising either MST or
pulldown assays. This would allow to fine-tune already existing knowledge of
the CED-2 signalling pathway which was built primarily from genetic

interactions.

45.6 Functional CED-2 is needed for brood size maintenance

Physiological apoptosis in the C. elegans gonad is thought to act as a
quality control for embryos, as well as provide cytoplasm and organelles such
as mitochondria to the developing oocytes (Huelgas Morales and Greenstein,
2018). However, so far it is unknown whether the presence of unengulfed cell
corpses would affect the quality of oocytes. Brood size was measured in ced-
2(el1752) loss of function animals (Figure 4-13). Indeed, loss of ced-2 function
significantly reduced brood size to an average of 162.9 + 65.5 progeny
(compared to 285.0 + 55.5 in wild-type hermpahrodites). There is however a
possibility that ced-2(e1752) contains some other background mutations that
can affect brood size. To have more confidence in the hypothesis, the brood
size of ced-2 SH3 domain mutants generated by CRISPR/Cas9 was also
measured. It appears that the SH3N domain of CED-2 is indeed required to
maintain a brood size — CED-2(ASH3N) mutant animals had an average brood
size of 227.7 £ 55.8, which is significantly different from wild-type. However, the
reduction of brood size is not a direct consequence of impaired apoptotic germ
cell engulfment. Although CED-2(ASH3C) hermaphrodites showed a severe
engulfment impairment phenotype, the average brood size in these animals
(254.7 £ 40.7) was not significantly different from wild-type, rendering the initial

hypothesis incorrect. Therefore CED-2 could be acting in the germline or
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oocytes to allow correct embryo development. This could be tested by germline-
specific expression of full-length CED-2 in CED-2(ASH3N) animals.
Alternatively, CED-2 could be needed for survival in developing egg or during
any of the larval stages. To see if that is the case, the number of hatched CED-
2(ASH3N) mutant eggs could be measured, while a development assay would
be employed to see whether the animals tend to encounter lethality at certain

larval stages.

4.5.7 EGL-15 PRNPLP deletion rescues CED-2(ASH3N) loss of

function phenotypes

To establish if there is a genetic interaction between the EGL-15
PRNPLP proline-rich motif and the CED-2 SH3 domains, ced-2;egl-15 double
mutants were generated. CED-2 related phenotypes, as well as brood size,
were measured in these animals. In single mutant CED-2(ASH3N)
hermaphrodites, engulfment of apoptotic germ cells is severely impaired. EGL-
15(APRNPLP) single mutant animals show an aberrant engulfment of germ
cells, where the distribution of engulfed cell values is significantly different from
that of wild-type C. elegans. However, in CED-2(ASH3N);EGL-15(APRNPLP)
double mutant, the distribution of engulfed cell values is not statistically
significant compared to wild-type, indicating that this strain shows a rescue
phenotype (Figure 4-11B). Furthermore, if only the total impairment of
engulfment (zero corpses engulfed) is considered, the double mutant shows a
rescue phenotype as well: in CED-2(ASH3N) mutants, 80.41% of nematodes
show no engulfment, in EGL-15(APRNPLP) 25.00% lack cell corpse
engulfment, and in the CED-2(ASH3N);EGL-15(APRNPLP) double mutant
34.57% show no engulfment (Figure 4-11C). The CED-2(ASH3N);EGL-

15(APRNPLP) animals also showed no gonad morphology defect (0%,
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compared to 4.12% in CED-2(ASH3N)), further reinforcing that loss of EGL-15
PRNPLP rescued engulfment and DTC pathfinding defects of CED-2(ASH3N)
hermaphrodites (Figure 4-12B). A similar result was also observed using the
brood size assay (Figure 4-13). CED-2(ASH3N);EGL-15(APRNPLP) double
mutants had an average brood size that is similar to wild-type, and significantly
different to CED-2(ASH3N) single mutant, suggesting that loss of the EGL-15
PRNPLP in the CED-2 SH3N deletion background rescued the CED-2 loss of

function phenotype.

The next step would be to see whether CED-2 and EGL-15 interaction
and rescue occurs within the same tissue, which would imply that the proteins
participate in a signalling pathway together. Although the physical interaction
between EGL-15 and CED-2 has been established (Lo et al., 2010), (Figure
4-9), it is unclear whether this interaction can occur in vivo. So far, EGL-15
expression has been visualised in the hypodermis, intestine, vulva muscles and
several neurons (Mounsey et al., 2002; Huang and Stern, 2004; Bilow et al.,
2004; Lo et al., 2008; WormBase release WS280). But presence of EGL-15 in
tissues harbouring CED-2 cannot be fully ruled out. egl-15 transcript has been
detected in the somatic gonad precursor cells (Mathies et al., 2019; WormBase
release WS280), which give rise to somatic gonad cells such as the DTC and
sheath cells (Kimble and Hirsh, 1979). Thus, it is important to see whether
EGL-15 spice variant containing the PRNPLP proline-rich motif is present in the
somatic gonad tissue within adult C. elegans. For this, CRISPR/Cas9 could be
used to add a fluorescent tag to EGL-15, and confocal microscopy could be
used to visualise the tissues where this isoform is expressed. Alternatively, full-
length EGL-15 isoform containing the PRNPLP motif could be expressed in

specific tissues (gonadal sheath for engulfment, and DTC for gonad



148
morphology) in a CED-2(ASH3N);EGL-15(APRNPLP) double mutant
background to see if CED-2 loss-of-function phenotype could be induced again.
Furthermore, it would be interesting to see if EGL-15 ligands EGL-17 and LET-
756 are required for apoptotic cell engulfment. As the ligands are important for
development, auxin-inducible degron system could be used to deplete EGL-17
and/or LET-756 in L4 or young adult animals, followed by recording engulfed

apoptotic cell number in day-1 adult nematodes.

In contrast to the SH3N deletion strain results, loss of the EGL-15
PRNPLP in the CED-2(ASH3C) mutant background did not rescue ced-2 loss-
of-function phenotypes of this allele. AO staining results in the double mutant
showed that the CED-2(ASH3C);EGL-15(APRNPLP) strain still acts as a CED-2
loss-of-function (Figure 4-11B, C). Gonad morphology in the double mutant was
also defective in 5.33% of animals (Figure 4-12). However, an interaction
between the two proteins cannot be ruled out completely. Several CED-
2(ASH3C);EGL-15(APRNPLP) double mutants showed a strange phenotype
(Appendix E), where the animal did not have a functional reproductive system
and could not produce any progeny. To investigate this further, nematodes
DAPI stained to visualise the aberrant phenotypes of the reproductive system.
The development of the gonad throughout life could also be tracked, to gain
insight on how the development of the reproductive system goes wrong in those
animals, which could then hint at potential pathways and genes involved in this
case. Furthermore, wild-type egl-15 and ced-2 could be selectively expressed in
germ line and somatic gonad precursors of CED-2(ASH3C);EGL-15(APRNPLP)
animals to see whether the reproductive system development dysfunction could

be rescued.
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The loss of EGL-15 PRNPLP proline-rich motif rescued multiple CED-2
loss of function phenotypes when combined with the loss of CED-2 SH3N
domain — namely apoptotic germline cell engulfment, DTC migration and brood
size defects. This indicates that the PRNPLP motif could be required for CED-2
loss-of-functions phenotypes to occur, suggesting that it could be a binding site
for direct negative regulators of CED-2 signalling, or alternatively for proteins
participating in a parallel pathway which indirectly negatively regulates CED-2
signalling. However, this negative regulation only occurs when the SH3N
domain of CED-2 is deleted, which indicates that the two SH3 domains of CED-

2 have different roles in the biological function of the protein.
4.5.8 EGL-15 might be involved in engulfment pathway

As a genetic interaction was established between the EGL-15 PRNPLP
motif and the CED-2 SH3N domain, it is possible that EGL-15 can be involved
in apoptotic cell engulfment pathway. The RNAIi focused-screen in which ina-1,
mom-5 or ced-10 were knocked down, was not very conclusive, likely due to the
complexity of the engulfment pathway. The variance between wild-type and
EGL-15(APRNPLP) animals fed with control RNAIi (EV) bacteria is significantly
different, corroborating the previous AO staining results (Figure 4-11B).
Strangely, EGL-15(APRNPLP) hermaphrodites fed with control RNAI bacteria
showed a higher dysfunction in engulfment (46.00%) than wild-type animals
(13.04%), or even EGL-15(APRNPLP) hermaphrodites fed with OP50 bacteria
(25.00%, Figure 4-11C). This could be due to several reasons. Firstly, it could
be due to the fact that a smaller number of animals was scored in this RNAI
screen compared to previous AO staining assay (up to 72 per strain). It could
also be that the EGL-15(APRNPLP) strain is more sensitive to RNAI bacteria in

general, because these mutants showed a more severe engulfment defect
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phenotype under control RNAI. RNAi-mediated knockdown of ina-1 in wild-type
hermaphrodites changed the variance of engulfed cell corpses significantly, as
well as increased the number of animals with dysfunctional engulfment. During
ina-1 RNAI, EGL-15(APRNPLP) showed a significantly different variance in
engulfed number of cells compared to both wild-type animals grown under
same RNAI, and EGL-15(APRNPLP) fed with control RNAI bacteria, while total
number of hermaphrodites showing no engulfment was similar. These results
show that reduction of ina-1 function in both wild-type and EGL-15(APRNPLP)
animals can affect the range of the number of engulfed germline cell corpses,
perhaps indicating that EGL-15 could signal parallel to integrins. When mom-5
is knocked down, the variance in engulfed corpses between wild-type and EGL-
15(APRNPLP) does not differ significantly. Interestingly, for both strains, the
variance is not significant compared to controls either. These results suggest
that perhaps mom-5 and egl-15 could act in the same pathway, as there are
seemingly no additive phenotypic effects. Furthermore, the percentage of
animals with dysfunctional engulfment during mom-5 RNA. is similar between
wild-type and EGL-15(APRNPLP) animals (54.43% and 62.50%, respectively).
Results for ced-10 RNAI are perplexing. There is no significant difference in
variance of the engulfed cell number between strains grown on ced-10 RNAI
and same strains fed with control RNAI bacteria. However, the percentage of
animals with no engulfment is very high for wild-type (73.33% compared to
13.04% control), while for EGL-15(APRNPLP) animals it is similar to control
(42.86% under ced-10 RNAI vs 46.00% control). Results for ced-10 RNAI are
very inconclusive, most likely due to very low number of animals that were
scored (15 N2 and 14 EGL-15(APRNPLP)). These findings need to be

reinforced with a higher number of nematodes. But the result still suggests that
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EGL-15 could be involved in apoptotic cell engulfment pathway through CED-2
and CED-10, which has never been investigated before, establishing a new role
for EGL-15 protein. To fully establish whether EGL-15 has a role in engulfment
signalling, RNAI against more genes and double RNAI against combination of
genes within the pathway should be tested, with more animals scored for each

condition.

This work did not touch upon the function of CED-2 in engulfment of
somatic cells. In the embryo, 113 somatic cells undergo programmed cell death,
and 18 additional cells do so during the L2 stage. CED-2/5/12 pathway
activation allows neighbouring cells to engulf apoptotic somatic cells (Wang and
Yang, 2016). In the future, the importance of separate CED-2 SH3 domains, as
well as the involvement of EGL-15 (and PRNPLP motif specifically) for somatic

cell engulfment should be investigated.
4.5.9 CED-2 can dimerise

In human cells, CRKL has been shown to dimerise via its SH3C domains
(Harkiolaki et al., 2006). In previous Chapter it was also shown that CRKL dimer
can interact with FGFR2 and enhance its phosphorylation (Figure 3-9).
Determining whether CED-2 can dimerise is imperative to be able to interpret
potential interaction mechanism with EGL-15. In this Chapter, the formation of
CED-2 dimer was shown (Figure 4-15), with the Kd dimer 0f 11.3 £ 0.4 uM. It
would be interesting to see if CED-2 also uses SH3C domains to dimerise, and
whether dimerisation occurs in vivo. Although the dimerisation dissociation
constant for CED-2 is weaker than that for CRKL (Kd dimer = 0.093 uM + 0.008
MM), dimerisation would be dependent on the cellular context. Furthermore, Kgd

dimer for CED-2 is also weaker than Kg of CED-2 interaction with EGL-15 peptide
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containing PRNPLP motif (Ka = 3.5 + 0.8 uM), suggesting that CED-2 is unlikely
to bind EGL-15 as a dimer. However, even if CED-2 dimerisation is not relevant
when it comes to CED-2 interaction with EGL-15, dimerisation could still be an

important part of CED-2 signalling in any of its roles.

4.6 Conclusions

In this Chapter, several new findings on C. elegans EGL-15 and CED-2
proteins were described. The EGL-15 PRNPLP proline-rich motif was
established as a CED-2 binding site, although this direct interaction has not yet
been shown in vivo biochemically. However, a genetic interaction has been
shown between the EGL-15 PRNPLP proline-rich motif and the CED-2 SH3N
domain that affects engulfment of apoptotic germline cell corpses, DTC
pathfinding and brood size maintenance. It was also discovered that both SH3N
and SH3C domains of CED-2 are important for normal function, but in a newly
established role of CED-2 in brood size maintenance, only an intact SH3N
domain is required. While these findings suggest that EGL-15 proline-rich motif
could be important for signalling, it is unclear how this signalling is initiated. The
roles of EGL-15 ligands EGL-17 and LET-756 are unclear. Thus, it is also
unclear whether the PRNPLP proline-rich motif is important “tier 2” signalling in
C. elegans. As “tier 2” signalling in human cells is described as occurring
without receptor stimulation, it could be difficult to investigate whether it
happens in the animals — loss of receptor-stimulating ligand genes can have
severe consequences to nematode development and health. Thus, the next
step would be to first see whether EGL-17 and LET-756 are involved in EGL-15
PRNPLP motif function. Loss of EGL-17 can cause a “bag-of-worms” phenotype

(Burdine et al., 1998), while loss of LET-756 can be lethal (Goodman et al.,
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2003). To overcome these severe phenotypes, auxin-inducible degron system
could be used to induce degradation of EGL-15 ligands during adulthood when
germline cell engulfment occurs and when embryos are produced to investigate
the engulfment and brood size phenotypes, as well as specifically during the
second turn of the gonad to investigate ligand involvement in the DTC migration
function. Alternatively, once EGL-15 presence is established in the gonadal
sheath, germ cells or DTC, EGL-15 lacking the extracellular domain could be
selectively expressed in these tissues to see whether ligand-induced signalling
is required for EGL-15 phenotypes in cell engulfment, DTC migration and brood

Ssize maintenance.
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Chapter 5 Conclusions and future directions

This work focused on “tier 2” RTK signalling that is mediated by interactions
between proline-rich C-terminal tails of RTKs and SH3 domains of binding
partner proteins, in absence of extracellular stimulus. These interactions were
found to be involved in some cancers (Gartside et al., 2009; Timsah et al.,
2016). It is crucial to find more proteins that could participate in this “tier 2”
signalling in order to further establish its importance in normal cell signalling, as
well as cancer. CRKL, an adaptor protein containing SH2 and SH3 domains,
was chosen for this work. This protein is an established oncogene, but
knowledge of its upstream binding partners is lacking. Thus, it was a good
candidate for this project. Chapter 3 focused on the FGFR-CRKL interaction,
while the purpose of Chapter 4 was to determine whether this interaction is

evolutionarily conserved in C. elegans model organism.

5.1 Novel interactions between CRKL SH3 domains and RTK

C-terminal tails

A dot-blot screen showed that CRKL can bind proline-rich C-terminal tails of
various RTKs. Many of these interactions are novel, thus this assay can act as
a starting point in expanding our knowledge of CRKL involvement in various

RTK signalling pathways in development and disease.
5.1.1 Interaction between FGFR2 and CRKL

Chapter 3 was focused on establishing the interaction between FGFR2 and
CRKL, as well as the impact of this interaction on intracellular signalling. The
results uncovered various aspects of this interaction. CRKL was shown bind

FGFR2 via its SH2 and SH3N domains, suggesting that binding can occur to
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both active (phosphorylated) and inactive (non-phosphorylated) receptor.
Dimeric CRKL enhanced FGFR2 autotransphosphorylation, thus potentially its
activation. In turn, active FGFR2 was shown to phosphorylate CRKL on multiple
sites. The next big question is how do these findings connect? There are
several potential scenarios. For example, dimeric CRKL could constitutively
bind two molecules of FGFR2, forming a heterotetramer and hindering full
FGFR2 activation, as it occurs within the FGFR/GRB2 heterotetramer (Lin et al.,
2012). It could also be that CRKL-induced FGFR2 dimerisation leads to
aberrant receptor activation even in absence of activating FGF ligand. In that
case, CRKL could act similar to PLCy1 (Timsah et al., 2014). Although CRKL
does not seem to bind to the same proline-rich motif of FGFR2 as GRB2
(Ahmed et al., 2010), the motifs are within close proximity, which makes steric
hindrance a possibility. Thus, CRKL and GRB2 could compete for binding of the
FGFR C-terminal tail, and if CRKL outcompetes GRB2, it could lead to
uncontrolled receptor activation and downstream signalling, potentially even in

the absence of extracellular stimulus.
5.1.2 Downstream signalling pathways

Establishing the effect of FGFR2 and CRKL interaction on downstream
signalling pathways was complicated. Activation of RAP1 and RAC1 pathways
was investigated first, as they are well known downstream effectors of CRKL
(Gotoh et al., 1995; Birge et al., 2009), but the results were highly variable and
inconclusive. However, RPPA revealed a global change in cell signalling in cells
with lowered CRKL expression, where in a broad sense, cell signalling occurs
through the AKT pathway, while CRKL knockdown causes the switch towards

MAPK signalling pathway. This dataset provides an overview on how CRKL
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presence can shape cell signalling which can act as a guidance tool for more in-

depth research of CRKL signalling.

5.2 Interaction between EGL-15 and CED-2

The results in Chapter 4 have shown that the interaction between EGL-15
and CED-2 is evolutionarily conserved in Caenorhabditis elegans. Physical
interaction between EGL-15 and CED-2 proteins was shown using a biophysical
assay, while phenotypic assays showed a genetic interaction between egl-15
and ced-2, suggesting that in vivo these genes could participate in same or
similar pathways. Surprisingly, the results show that EGL-15 PRNPLP motif
could act as a negative regulator of CED-2 signalling (when SH3N domain is
deleted), which is opposite from what was found in human cells, where CRKL
was found to increase FGFR2 phosphorylation. It was discovered that the EGL-
15 PRNPLP proline-rich motif is physiologically relevant in these animals,
showing that it has a novel role in regulating apoptotic germ cell engulfment,

DTC migration and normal brood size maintenance.

In conclusion, this work shows that the interaction between FGFR2 and
CRKL is evolutionarily conserved. Furthermore, these interactions in both
human cells and C. elegans nematode animals are mediated by the proline-rich
motif within the RTK C-terminal tail and the SH3 domains of the adapter protein.
However, it is yet unclear whether the “tier 2” signalling could be evolutionarily
conserved, as the involvement of EGL-15 ligands in apoptotic cell engulfment,
DTC migration and brood size has not yet been investigated. Thus further work

is required to establish the presence of “tier 2” signalling in other organisms.
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Primer purpose

Primer sequence

egl-15(jez10) mutant detection

5'- TGA CAC TTG GTG GAA CTC CC -3'

5'- AAT TCG GGT TTG CTC ATG CT -3'

egl-15(jez20) mutant detection

5'- TGC TCA ACG AAC CAA TCG GA -3’

5'- ACT GAG CAT AAG TGT GGA GAA GG -3'

egl-15(jez8) detection

5'- AAC ACA CAATTT GCG ACG AC -3’

5'- TCT GCA ACC CAT TAC ACC AA -3’

egl-15 “pro3” oligo

5'- TAT ATC CAG TCA CAT CCA CTC TAC TCG AAA
ATC ATA ATC AAA AAG AAC ATG ACG CCT CGC
AAC CCG TTG CCG ACA AAG GAA ACT ATT GTC -3'

egl-15 pro3 cloning

5'- GCG GGA TCC TAT ATC CAG TCA -3’

5'- TAA AGC GGC CGC GAC AAT AGT -3°'

ced-2(jez45) detection

'- CCG TGA AGA GGC TCA CAA GT -3’

'- AAC GAA CCA GGATTG GTG GG -3’

ced-2(jez50) deletion detection

'- TGC GCC TTT AAACTT GTG TCG -3'

5
5
5'- GGC GGA AAA GGC AAC GAA AA -3
5
5

'- ACA CGA ATT GGG GTT CGG TG -3'

ced-2 amplifying from cDNA

5- ATG ACG ACA AAC GGG TTC GA -3

5-TTATTC GCT GAC GGC GGT GA -8

ced-2 cloning to pGEX

5’- CGC GGA TCC ATG ACG ACA AAC GGG TTC GA -3’

5’- AAG GAA AAA AGC GGC CGC TTATTC GCT GAC GGC GGT GA
-3

egl-15(jez10) repair

5'- ATT CCA GAA AAA GAG AAA ACA TCG CcCcC TCT
TTC AGC TGT AGA TCA AAA CGT AAT TTC GTA CAT
AAC GTA TTT A -3'

egl-15(jez8) repair

5'- TTT GCG ACG ACT ATG AGT CCA ATT TTT CTG
TAG AAA ATC ATC TCT ACT GCA ATG ACA ATA TGC
TGA AAA A -3’

egl-15(jez20) repair

5'- TCT ACT CGA AAA TCA TAA TCA AAA AGA ACA
TGA CGA CAA AGG AAACTATTG TCT AAC TTC
GTT TTT GAC T -3’

ced-2(jez45) repair

5’- TCATTT TAA AAT GCG AGT TTT GAC TGA GGC AAG CCT GCT
GGC CGC CTA CAA GAA GTT TCA CAA TGA CAG AAC CTC AAA
AGG CGC CAG TCA ATC GTC GAT CGG AAG CAG CG -3

ced-2(jez50) repair

5’ - CGATTT TTA TCA TGA AAA ACA TCT CCT AAA CCG AAA AAA
AAA TTC AAT ATT TCA GAG CGAATAAAATCG TTTTTT TTT TCT
AAATTT TTAACCTTG AAATTT ATT GAT TC -3’

CRKL R21A mutation generation

5’- GGC CGG TGT CTG CGC AGG AGG CGC AG -3

5'- CTG CGC CTC CTG CGC AGA CAC CGG CC -3

CRKL R39A mutation generation

5'- GGT ATG TTC CTC GTC GCG GAT TCT TCC ACC
TGC -3

5'- GCA GGT GGA AGA ATC CGC GAC GAG GAA
CAT ACC -3'

CRKL W160L mutation generation

5'- GAA GCC TGA AGA ACA GCT GTG GAG TGC
CCG GAA C -3’

5'- GTT CCG GGC ACT CCA CAG CTG TTC TTC AGG
CTT C -3’

CRKL Y198F mutation generation

5'- GAA TTC CAA CAG TTT TGG GAT CCC AGA ACC
-3

5'- GGT TCT GGG ATC CCA AAACTG TTG GAA TTC
-3

CRKL Y207F mutation generation

5'- GAA CCT GCT CAT GCA TTT GCT CAA CCT CAG
ACC -3’

5'- GGT CTG AGG TTG AGC AAA TGC ATG AGC
AGG TTC -3

CRKL W275L mutation generation

5- GAA TAT AAATGG CCA GCT GGA AGG CGA AGT
GAA CG -3

5'- CGT TCACTT CGC CTT CCA GCT GGC CAT TTA
TAT TC -3'
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Thermocycler reaction programmes

Purpose

Programme

egl-15 pro-3 cloning

98°C (30s) -> [98°C (10s) -> 64°C (30s) ->
72°C (10s)]x25 -> 72°C(5min)

egl-15(jez10) and egl-15(jez8) detection

95°C (5min) -> [95°C (10s) -> 60°C (15s) -
> 72°C (3min)]x32 -> 72°C (5min)

egl-15(jez20) detection

98°C (5min) -> [98°C(10s) -> 68°C (15s) ->
72°C (1min30s)]x35 -> 72°C (5min)

ced-2(jez45) detection

95°C (5min) -> [95°C (10s) -> 62°C (15s) -
> 72°C (1min)]x32 -> 72°C (5min)

ced-2(jez50) detection

950C (5min) -> [95°C (10s) -> 62.5°C (15s)
-> 72°C (1min30s)]x32 -> 72°C (5min)

CRKL site-directed mutagenesis

92°C (30s) -> [92°C (30s) -> 65-68°C
(Imin) -> 68°C (8min)]x18 -> 68°C (10min)

Annealing temperatures: R21A — 68°C, R39A
W275L — 65°C.

— 67°C, W160L — 68°C, Y207F — 65°C,

CRISPR/Cas9 guide RNA sequences

Purpose

Sequence

egl-15 PVNLPSE targeting

ACGTTTTGATCTACCTCTGA TGG

egl-15 PPNDP targeting

GTAGAGATGATTCGGATCATTGG

egl-15 PRNPLP targeting

TTTGTCGGCAACGGGTTGCG AGG

ced-2 pre-SH3N targeting

CCGACGACAACCTCAATGAT AGG

ced-2 post-SH3N targeting

AAACTATGTACAAATTCAGA TGG

ced-2 pre-SH3C targeting

AACGTCACTTTGGCTTTTGC TGG

ced-2 post-SH3C targeting

ACGATTTTATTCGCTGACGG CGG

Proteins expressed and purified

Protein Tag Plasmid origin

CRKL 2xSH3 GST Addgene (#36403)

FGFR2 C58 GST Dr Chi-Chuan Lin, University of Leeds
FGFR2 C24 GST Dr Chi-Chuan Lin, University of Leeds
FGFR2 C34 GST Dr Chi-Chuan Lin, University of Leeds
CRKL GST | Addgene (#36400)

Peptide sequences

FGFR2-C58 -

TTNEEYLDLSQPLEQYSPSYPDTRSSCSSGDDSVFSPDPMPYEPCLPQYPHINGSVKT

FGFR2-C24 - TTNEEYLDLSQPLEQYSPSYPDTR

FGFR2-C34 - sSCcSSGDDSVFSPDPMPYEPCLPQYPHINGSVKT

EGL-15 prol - QKKRKHRPLSAPVNLPSEVDQNPQHTICDD

EGL-15 pro2 - TICDDYESNFSVEPPNDPNHLYCNDNMLKN

EGL-15 pro3 - YIQSHPLYSKIIIKKNMTPRNPLPTKETIV
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Plasmids
Plasmid Name | Purpose Source
pGEX-4T-2 EGL-15 Pro3 cloning; CED-2 cloning
FGFR2-GFP FGFR2-GFP expression Ahmed et al, 2010
Antibodies
Antibody (Primary) Manufacturer, catalogue number
CED-2 Novus Biologicals, 42090002
GST CST, #2625

FGFR2 (Bek C-8)

Santa Cruz Bioctechnology, Sc-6930

CRKL (Mouse)

CST, #3182

CRKL (Rabbit) CST, #38710

Rabbit 1IgG CST, #2729

a-Tubulin CST, #2144

p-Y (pY99) Santa Cruz Biotechnology, sc-7020
His-tag CST, #2365

CRKL pY207 CST, #3181

Phospho-FGF Receptor pY653/654 CST, #3471

CRK-I CST, #3492

RAP1

CST, #8818 (Antibody included in the kit)

RAC1

CST, #8815 (Antibody included in the kit)

Antibody (secondary)

Manufacturer, catalogue number

Anti-Rabbit IgG (HRP conjugated)

CST, #7074

Anti-Mouse IgG (HRP conjugated)

CST, #7076

C. elegans mutant detection

Mutant

Detection method

egl-15(jez10)

PCR amplified. Mboll restriction enzyme
cut.

egl-15(jez8)

PCR amplified. Dpnll restriction enzyme
cut.

egl-15(jez20)

PCR amplified. BsaHI restriction enzyme
cut.

ced-2(jez45)

PCR amplified. Size difference

ced-2(jez50)

PCR amplified. Size difference

C. elegans strains

3221'2 Genotype Source

N2 Caenorhabditis Genetics Center
(Bristol)

LAD28 egl-15(jez10) This study

LAD20 egl-15(jez8) This study

LAD23 egl-15(jez20) This study

LAD24 ced-2(jez45) This study

LAD25 ced-2(jez50) This study

LAD26 ced-2(jez45) 1V, egl-15(jez20) X This study

LAD27 ced-2(jez50) 1V; egl-15(jez20) X This study

CB3257 | ced-2(el752) IV Caenorhabditis Genetics Center
MT4952 | ced-2(n1994) IV Caenorhabditis Genetics Center
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Figure B-1. Peptide coverage of GST-CRKL construct. Non-phosphorylated
(A) and phosphorylated (B) GST-CRKL was digested and undergone
MS/MS to detect post-translational modification of tyrosine
phosphorylation.
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Appendix C
List of antibodies chosen from RPPA antibody list
Antibody Type Pathway, Function
FAK1 rabbit Adhesion, VEGF Signalling
FAK1 P Y397 rabbit Adhesion, VEGF Signalling
ATM/ATR Substrate P SIT . Cell Cycle Control, DNA
rabbit Repair
Aurora A/B/C P T288/T232/T198 rabbit Cell Cycle
Bad P S112 rabbit Apoptosis, Akt Signalling
CrkL P Y207 rabbit Adaptor Proteins
Chaperones, MAPK
HSP27 (HSPB1) P S78 rabbit Signalling, Stress pathway
MEK1/2 rabbit MAPK Signalling
MEK1/2 P S217/221 rabbit MAPK Signalling
MAPK Signalling,
MNK1 (MKNK) P T197,7202 rabbit Translational Control
PI3 Kinase p110-alpha bbit E;Szz[;:]at|dylln03|tol signalling
Calcium, cAMP, Lipid
PKC (pan) P S660 (beta-2) rabbit Signalling, PKC Signalling
Bim rabbit Apoptosis
Integrin Signalling, cAMP
Rapl rabbit Signalling
Cytokine Signalling, Jak/Stat
Stat5 rabbit Signalling
Cytokine Signalling, Jak/Stat
Stat5 P Y694 rabbit Signalling
Akt P T308 rabbit Akt Signalling, Metabolism
. . Lipid Signalling, Metabolism,
S6 Ribosomal protein P S235,5236 rabbit Trgnslagonal gontrol
p44/42 MAPK (ERK1/2) rabbit MAPK Signalling
p44/42 MAPK (ERK1/2) P
T202/T185,Y204/Y187 rabbit MAPK Signalling
Sre ErbB Signalling, VEGF
rabbit Signalling, Adhesion
Akt rabbit Akt Signalling, Metabolism
Akt P S473 rabbit Akt Signalling, Metabolism
beta-actin rabbit Housekeeping, Cytoskeleton
NFKB 065 S536 inflammatory and immune
P rabbit responses
Chkl P S345 rabbit Cell Cycle Control
Chk2 P T68 rabbit Cell Cycle Control
c-Jun P S73 MAPK Signalling, Stress
rabbit pathway
o-Mve MAPK Signalling,
y rabbit Transcription Factors
E-Cadherin rabbit Adhesion
Rb rabbit Apoptosis, Cell Cycle Control
Metabolism, Translational
4E-BP1P 137,746 rabbit Control, mTOR signalling
beta-Catenin rabbit Wnt Signalling
beta-Catenin P S33,S37,T41 rabbit Wnt Signalling
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PTEN

Akt Signalling, Lipid Signalling,

rabbit Metabolism
. Protein Degradation,
Ubiquitin (P4D1) mouselgG1l | Housekeeping
Tumor Suppressor, Phospho-
PTEN P S380,T382,T383 Inositol Signalling, Akt
rabbit Signalling
Cyclin D1 mouselgG2a | Cell Cycle Control
MAPK Signalling, Stress
SAPK/INK (INK2) rabbit pathway
. Lipid Signalling, Metabolism,
p70 S6 Kinase P T421,5424 rabbit Translational Control
LKB1 rabbit mTOR Signalling
Akt Signalling, Metabolism,
GSK-3-alpha/beta P S21/S9 Whnt Signalling, Hedgehog
rabbit Signalling
Stat6 P Y641 ' C_ytoklr_le Signalling, Jak/Stat
rabbit Signalling
pS3 P S15 rabbit Apoptosis, Cell Cycle Control
038 MAPK PT180,Y182 _ MAPK Signalling, Stress
rabbit pathway
MAPK Signalling, Stress
P38 MAPK rabbit pathway
mTOR Signalling,
MTOR P S2448 Translational Control,
rabbit Metabolism
mTOR Signalling,
MTOR Translational Control,
rabbit Metabolism
Statl P S727 ' C_ytoklr_le Signalling, Jak/Stat
rabbit Signalling
p21 CIP/WAF1 mouselgG2a | Cell Cycle Control
MAPK Signalling, Ras
Raf P S259 rabbit Signalling
Calcium, cAMP, Lipid
PLC-gammal P Y783 rabbit Signalling
i Akt Signalling, Lipid Signalling,
PDK-1P S241 rabbit Metabolism
p90 S6 kinase (Rsk1-3) P T359,S363 rabbit MAPK Signalling
i Akt Signalling, Lipid Signalling,
PDK-1 rabbit Metabolism
. Lipid Signalling, Metabolism,
p70 S6 Kinase rabbit Translational Control
i MAPK Signalling,
c-Myc P 758,562 rabbit Transcription Factors
SAPK/INK P T183.Y185 _ MAPK Signalling, Stress
rabbit pathway
Rb P S807,S811 rabbit Apoptosis, Cell Cycle Control
Rb P S780 rabbit Apoptosis, Cell Cycle Control
MAPK Signalling, Ras
Raf P S338 rabbit Signalling
Cytokine Signalling, Jak/Stat
Stat6 rabbit Signalling
Statl P Y701 _ C_ytoklr_le Signalling, Jak/Stat
rabbit Signalling
. ErbB Signalling, VEGF
Src (family) P Y416 rabbit Signalling, Adhesion
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Smad2/3 P S465/S423,5467/S425

cell growth, apoptosis,
morphogenesis, development

rabbit and immune responses
cell growth, apoptosis,
Smad1l/5 P S463/S465 morphogenesis, development
rabbit and immune responses
Cyclin D1 P T286 rabbit Cell Cycle Control
AMPK alpha rabbit Metabolism
AMPK alpha P T172 rabbit Metabolism
Bcl-xI rabbit Apoptosis
Bid rabbit Apoptosis
Bim P S69 rabbit Apoptosis
MAPK Signalling, Stress
c-Jun N-term rabbit pathway
p53 rabbit Apoptosis, Cell Cycle Control
Akt Signalling, Metabolism,
GSK-3-beta P S9 Whnt Signalling, Hedgehog
rabbit Signalling
IRS-1 rabbit Metabolism, Insulin Signalling
Akt Signalling, Metabolism,
GSK-3-beta Wnt Signalling, Hedgehog
rabbit Signalling
CrkL mouselgG1l | Adaptor Proteins
Chaperones, MAPK
HSP27 (HSPBI) mouselgG1l | Signalling, Stress pathway
Calcium, cAMP, Lipid
PKC-alpha mouselgG2b | Signalling, PKC Signalling
Ras MAPK Signalling, Ras
mouselgG1l | Pathway, GNBPs
Cytokine Signalling, Jak/Stat
Statl ; .
mouselgG1l | Signalling
IRS-1 P S636/639 rabbit Metabolism, Insulin Signalling
Calcium, cAMP, Lipid
PLC-gammal rabbit Signalling, PKC Signalling
SHP2 P Y542 rabbit Tyrosine Phosphatases
Cytokine Signalling, Jak/Stat
Stat3 rabbit Signalling
XIAP rabbit Apoptosis
NFKB p105/p50 _ inflammatory and immune
rabbit responses
inflammation, apoptosis,
Calmodulin muscle contraction and
mouselgG1l | intracellular movement
- actin binding proteins, cell
Profilin (C56B8) rabbit motility
ILK1 (4G9) rabbit cell adhesion, migration
Grb2 rabbit adapter protein, Ras signalling
Cooll/betaPix rabbit focal adhesions
B-Raf [EP152Y] rabbit MAPK signalling
HSF1 [EP1711Y] P S303/307 . Heat shock factor,
rabbit transcriptional activator
YAP1 [EP1674Y] _ trgnscrlptlona}l co-activator,
rabbit Hippo signalling
MMP21 [EP1277Y] rabbit matrix metalloprotease
Heat shock factor,
HSF1[EP1710Y] rabbit transcriptional activator
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Histone H2A.X P S139 [EP854(2)Y] rabbit cell cycle, DNA Damage repair
Cytokine Signalling, Jak/Stat
Stat3 P Y705 rabbit Signalling
cell migration, adhesion,
RhoA (67BC) rabbit proliferation and differentiation
scaffold protein, MAPK
Shc P ¥239/40 rabbit Signalling
FOXO3a (75D8) rabbit apoptosis, Notch signalling
Histone H2A.X rabbit Chromatin Regulation
Cell Cycle regulation, (maybe
FOXO1 (C29H4) apoptosis), regulates
rabbit adipogenesis
coordinate actin
Cortactin (H222) reorganization during cell
rabbit movement
transcriptional co-activator,
YAP P S127 rabbit Hippo signalling
Stat3 P S727 Cytokine Signalling, Jak/Stat
rabbit Signalling
Akt substrate P (RXXS/T) (110B7E) b Q‘gt:t')%rl‘iz:,'r']”g' Lipid Signalling,
PKA substrate P (RRXS/T) (100G7E) rabbit cAMP Signalling
cell proliferation,
differentiation, apoptosis, cell
c-Abl P Y245 adhesion, and stress
rabbit responses
cell proliferation,
c-Abl P Y412 (247C7) differentiation, apoptosis, cell
adhesion, and stress
rabbit responses
c-Abl rabbit Tyrosine Kinases
beta-Tubulin rabbit Housekeeping, Cytoskeleton
Calcium, cAMP, Lipid
PKC-alpha P T638 rabbit Signalling, PKC Signalling
GAPDH mouselgG2b | Housekeeping
MAPK Signalling, Ras
Rafl (C-12) rabbit Signalling
p21 CIP/WAF1 p T145 rabbit Cell Cycle Control
p90 S6 kinase (Rsk1-3) rabbit MAPK Signalling
mTOR Signalling,
MTOR P S2481 Translational Control,
rabbit Metabolism
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Figure D-1. Alignment of FGFR2 and EGL-15 C-termini. Full-length FGFR2
and EGL-15 protein sequences were aligned, while the image was taken
for the C-terminal portion. FGFR2 residues representing the “C58” C-
terminal tail used in this work is shown by a black line above, with proline

residues highlighted with a red star. EGL-15 proline-rich motifs used in this

work are highlighted with a green line, while another proline-rich motif not
used in this study is highlighted with a gray line.
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Appendix E

Figure E-1. Rare phenotype of CED-2(ASH3C);EGL-15(APRNPLP). This animal was found during a brood size assay. It was capable
of feeding, and moved normally, but did not lay any eggs.



