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Abstract

Warburg Cinotti syndrome is described as a severe connective tissue disorder, with symptoms
related to the hearing system, vision, skin and joints. Exome sequencing of patients revealed
that two heterozygous variants (c.1829T>C; p.Leu610Pro and c.2219A>G; p.Tyr740Cys)
located within the discoidin domain receptor 2 (DDR2) tyrosine kinase domain were
responsible for this disease. We hypothesised that these two mutations may modify the
inactive conformation and result in constitutive DDR2 kinase activity as well as changed
cellular behaviour through enhanced matrix-induced signalling. In this project, constitutive
activities of DDR2-L610P and DDR2-Y740C were observed in both an overexpression system
using HEK293 cells and endogenous expression in patient primary fibroblasts. Biochemical
and enzymological analysis of soluble recombinant DDR2 kinase constructs revealed the
enhanced autophosphorylation and substrate phosphorylation rates found in DDR2-Y740C
compared to DDR2-WT. Compared to WT cells, altered cellular behaviours were found in
patient fibroblasts, including increased cell migration on 2D surfaces and enhanced cell-
induced collagen gel contraction. Intriguingly, neither of the changes was primarily
dependent on DDR2 kinase activity. Moreover, preliminary data revealed a potential
relationship between DDR2 and integrin-mediated focal adhesion. These results suggested a
kinase-independent role of DDR2 in regulating some of the functions of Warburg Cinotti
fibroblasts. Our data support the hypothesis of constitutive mutant DDR2 kinase activity and

changed cellular behaviour as the underlying mechanism of Warburg Cinotti syndrome.
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insulin-like growth factor 1
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insulin receptor-related receptor
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potassium phosphate monobasic
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lymphocyte cell-specific protein-tyrosine kinase
leukocyte receptor tyrosine kinase
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mitogen-activated protein kinase
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methanol

mesenchymal epithelial transition factor
magnesium chloride

matrix metalloprotease

manganese chloride

mitogen- and stress-activated kinase
muscle-specific kinase
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not available

sodium phosphate dibasic

13



NacCl
NaF
NaH;PO4
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NGF
Ni-NTA
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nTPM
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PARP1
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PCR
PDB
PDGFR
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PFA
Phe
PI3-K

PIK3C2a

PKD
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PTK7
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ROCK
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RTKs
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nerve growth factor
nickel-nitrilotriacetic acid
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poly(ADP-ribose)polymerase-1
Phosphate-buffered saline
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Polymerase chain reaction
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platelet derived growth factor receptor
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phosphoinositide 3-kinase

phosphatidylinositol-4-phosphate 3-kinase C2 domain containing a
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protein kinase D

phospholipase C like 2
phospholipase C-y1

proline-rich Akt substrate of 40 kDa
protein tyrosine kinase 7
phospho-tyrosine
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Ras-specific GTPase-activating protein
rearranged during transfection

Ras homolog family member A
Rho-associated protein kinase
receptor d’origine kinase

receptor tyrosine kinase like orphan receptor
ribosomal s6 kinase

receptor tyrosine kinases

related to receptor tyrosine kinase
stem cell factor

single-cell proteomics

single-cell RNA sequencing
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transmembrane
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Tyrosine-protein kinase receptor 3

ultraviolet

vascular endothelial growth factor receptor

Western blot

lysine deficient protein kinase

wildtype

yes-associated protein
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Chapter 1 Introduction

1.1 Cell-surface receptors

In the human body, a fundamental cellular process is to sense environmental information and
adapt to changes by altering cellular behaviours (Ullo and Case, 2023). To coordinate and
communicate information between organs and tissues, cells express various surface receptors
to sense and process different signals (Miller and Lappin, 2024). Extracellular signals include
electrical, mechanical, and chemical factors, of which chemical signals are the majority in
nature (Nair et al., 2019). Chemical signals consist of various ligand molecules, such as soluble
factors (hormones, proteins, sugars, etc.) and components from the extracellular matrix (ECM)
(Nair et al., 2019). Different ligands often bind to the extracellular region of the surface
receptors with distinct binding patterns, resulting in conformational change to the receptor
cytoplasmic region (Miller and Lappin, 2024). Once the ligand binding initiates activation of
the receptor intracellular domain, signals can be transmitted rapidly downstream, or

communication can occur between cells over a long distance (Ullo and Case, 2023).

The surface receptors responding to distinct ligand signals can be divided into four groups: ion
channel receptors, adhesion receptors, G protein-coupled receptors (GPCRs) and enzyme-
linked receptors (Ullo and Case, 2023). The ion channel receptors contain a special membrane-
spanning region that opens a pore in the plasma membrane upon ligand (i.e. neurotransmitter)
binding, allowing ions or lipid membrane-impermeable molecules to exchange (Li et al., 2014).
The adhesion receptors include cadherin and cell adhesion immunoglobulin-like cell adhesion
molecules (Ig CAMs) for cell-cell adhesion, sugar-binding selectins forimmune cell arrestment,
and integrins for cell-matrix attachment (Patel et al., 2003, Harjunpaa et al., 2019, Leitinger,
2011). These receptors act as a physical linker between the extracellular environment and
intracellular cytoskeleton proteins (Kim et al., 2011). For instance, integrins can transduce
intracellular signals through inside-out signalling to change their adhesiveness to the matrix
or sense ligand binding signals to recruit downstream proteins, such as focal adhesion kinase
(FAK) and Fyn, in an outside-in signalling direction (Luo et al., 2007, Pang et al., 2023). The
GPCRs, also known as seven-pass transmembrane (TM) domain receptors, contain seven TM-
spanning helices that pass through the plasma membrane seven times, connected via three
loops for extracellular signal detection and three loops to associate with the intracellular

heterotrimeric G protein (Rosenbaum et al., 2009). Ligand binding of GPCRs results in the
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activation and release of the G protein, which subsequently induces the production of
secondary messenger molecules to propagate the signals (Hilger et al., 2018, Rosenbaum et
al., 2009). Finally, the enzyme-linked receptors contain a catalysis site within the cytosolic
domain, with tyrosine kinase as the most common type (Miller and Lappin, 2024). Receptor
tyrosine kinases (RTKs) are single-span TM proteins that activate their intracellular kinase
domain upon ligand binding, delivering phosphorylation signals to downstream targets
(Lemmon and Schlessinger, 2010). This chapter will start with the general activation
mechanisms of typical RTKs and their kinase domain, followed by detailed information on an
atypical RTK subfamily, the discoidin domain receptors (DDRs). A severe connective tissue
disorder, Warburg Cinotti Syndrome, will be introduced at the end of this chapter, as
mutations within the kinase domain of a DDR subfamily member (DDR2) have been reported

to be responsible for this syndrome (Xu et al., 2018).
1.2 Receptor tyrosine kinases

1.2.1 The structure of RTKs

RTKs regulate several critical cellular processes, including proliferation, differentiation, cell
metabolism, cell survival, cell migration, and cell cycle control (Lemmon and Schlessinger,
2010). The general structure of RTKs consists of a ligand-biding extracellular domain (ECD), a
single-span TM segment, an intracellular catalytic tyrosine kinase domain with a short
unstructured carboxy (C-) terminal tail region, as well as an extracellular and intracellular
juxtamembrane (JM) region (Figure 1. 1) (Lemmon and Schlessinger, 2010). In humans, there
are 55 known RTKs with highly conserved topology, and the diversity in their ECD architecture
groups these RTKs further into 19 subfamilies (Lemmon and Schlessinger, 2010, Trenker and
Jura, 2020, Wendler et al., 2021). The ECDs from different RTK subfamilies contain discrete
structural domains with various sizes, providing a structural basis for the receptors to
recognise distinct protein ligands in the human body (Trenker and Jura, 2020). For example,
the EGFR ECD has four domains (DI-DIV) that form an autoinhibited conformation in the
absence of ligand, in which ligand binding reorients the ECD and leads to the formation of a

dimerisation arm between the ECDs from two EGFR monomers (Section 1.2.4). In most RTKs,
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ligand binding to the ECD triggers the dimerisation of receptor monomers, which in turn leads

to the close proximity of the intracellular kinase domains, facilitating transphosphorylation on
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Figure 1. 1 RTK subfamilies and their members

Schematic diagram showing the molecular architecture of 19 RTK subfamilies with their members indicated on
the top or bottom. Structural domains depicted by different shapes and colours are presented in the bottom
box. Erb, erythroblastic leukemia viral oncogene homologue; EGFR, epidermal growth factor receptor; HER,
human epidermal growth factor receptor; InsR, insulin receptor; IGF1R, insulin-like growth factor 1; InsRR,
insulin receptor related receptor; PDGFR, platelet derived growth factor receptor; CSF1R, colony-stimulating
factor 1 receptor; FlIt3, fms-like tyrosine kinase 3; VEGFR, vascular endothelial growth factor receptor; FGFR,
fibroblast growth factor receptor; PTK7, protein tyrosine kinase 7; Trk, tropomyosin receptor kinase; Ror,
receptor tyrosine kinase like orphan receptor; MuSK, muscle-specific kinase; Met, mesenchymal epithelial
transition factor; Ron, receptor d’origine kinase; Axl, tyrosine-protein kinase receptor UFO; Tyro3, tyrosine-
protein kinase receptor 3; Tie, tyrosine kinase with immunoglobulin like and EGF like domains; Eph, ephrin
receptor; Ret, rearranged during transfection; Ryk, related to receptor tyrosine kinase; ALK, anaplastic
lymphoma kinase; LTK, leukocyte receptor tyrosine kinase; STYK1, Ser/Thr/Tyr kinase 1. This figure was made
with PowerPoint and is adapted from (Lemmon and Schlessinger, 2010).
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tyrosine residues, the first step in RTK signal transduction (Lemmon and Schlessinger, 2010).
The TM segment also contributes to signalling transduction by stabilising receptor dimers and
altering the orientation of the intracellular JM region or the catalytic region into a signalling-
competent structure (Li and Hristova, 2006, Trenker et al., 2016). For example, introducing
simultaneous mutations to the amino (N-) terminal dimerisation motif in the TM domain of
EGFR abolished the receptor activity in response to EGF signals (Endres et al., 2013). The
intracellular JM region acts as a linker between the TM segment and the catalytic kinase
domain. Additionally, it can play an essential role in activating downstream proteins and/or
regulating kinase activity (Li and Hristova, 2006). The kinase domain has a highly conserved
architecture among most RTKs (Trenker and Jura, 2020). Autoinhibitory interactions and
intracellular phosphatase activities work together to maintain the kinase domainin an inactive
state in the absence of ligand stimulation (Lemmon and Schlessinger, 2010). An active
receptor undergoes autophosphorylation on its intracellular JM and kinase domain, in which
the phosphorylated tyrosine residues act as a docking site for cytoplasmic signalling proteins
containing Src homology-2 (SH2) or phosphotyrosine-binding (PTB) domains (Lemmon and
Schlessinger, 2010, Pawson, 2004). These molecules then activate downstream signalling
cascades to regulate different cellular processes (Heldin et al., 2016, Lemmon and Schlessinger,

2010).

1.2.2 The kinase domain structure and conformations

All protein kinases are highly dynamic proteins that are structurally conserved. This protein
family includes the tyrosine kinase domain in RTKs, the non-receptor tyrosine kinases, and the
serine/threonine kinases (Kornev and Taylor, 2010). Protein kinases are flexible proteins
consisting of two lobes: an N-lobe at the N-terminal end composed of a B-sheet with five
strands and a single a-helix (termed aC-helix), and a larger C-lobe at the C-terminal end,
consisting predominantly of a-helices and loops (McClendon et al., 2014). These two lobes
are connected by a linker, with the active site being sandwiched in the middle cleft (termed
catalytic cleft) (Endicott et al., 2012). Some key segments for kinase catalysis will be introduced
in this chapter. These include N-lobe motifs such as the aC-helix, the P loop (a glycine-rich
loop, Gly-rich loop), and the B3 strand. In the C-lobe, key regulatory segments include the

activation loop with a DFG (aspartic acid-phenylalanine-glycine, Asp-Phe-Gly) motif and the
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catalytic loop with an HRD (histidine-arginine-aspartic acid, His-Arg-Asp) motif (Endicott et al.,
2012).

The active kinases share a very similar conformation, where the N-lobe and C-lobe adopt a
‘packed’ conformation to position the ATP and peptide substrate. To achieve the active state
(Figure 1. 2A), the aC-helix moves to a closed position against the B-sheets of the N-lobe,
which is often called the ‘C-IN’ conformation, in which the conserved glutamic acid (Glu)
residue in the aC-helix interacts with the lysine (Lys) residue located on the B3 strand. This
interaction stabilises the position of the Lys residue to an optimal distance for coordinating
the a- and B-phosphate groups of adenosine triphosphate (ATP) (Endicott et al., 2012). The N-
terminus of the activation loop consists of a conserved DFG motif, which is the key coordinator
for ATP (Kornev et al., 2006). The Asp residue on the DFG motif faces into the active site and
chelates a Mg?* ion to interact with the a- and y-phosphate groups of ATP. In addition, the P
loop located in between the 1 and B2 strands also participates in stabilising the B- and y-
phosphate groups. By stabilising the ATP conformation with multiple interactions, the
phosphate groups are oriented out of the adenosine pocket for y-phosphate transfer to the
peptide substrate (Kornev et al., 2006, Endicott et al., 2012). To coordinate the peptide
substrate, the C-terminus of the activation loop moves to an extended conformation, which
is triggered by activation loop phosphorylation. Additional interactions between the Asp
residue of the HRD motif and a proton from the peptide substrate further stabilise the
catalysis reaction (Jura et al., 2011). Different from the conserved kinase active conformation,
the inactive kinases are often structurally diverse (Figure 1. 2B) (Noble et al., 2004, Kornev et
al., 2006, Jura et al., 2011). This is because the inactive kinase structure is not constrained by
catalytic requirements, allowing for different conformations to share a common theme
(Endicott et al., 2012). The aC-helix can rotate into a position away from the C-lobe, with the
interactions between Lys residue on the B3 strand and Glu residue on the aC-helix disrupted,
which is often called the ‘C-OUT’ conformation. Apart from this, the movement of the DFG
motif is a pivot point for determining the active or inactive state (Arter et al., 2022). In the
active kinase, the Asp residue of the DFG motif points into the active site to form the ‘DFG-IN’
configuration (Endicott et al., 2012). Conversely, in the inactive state, the DFG motif flips into
the ‘DFG-OUT’ configuration, with the Asp residue moving away from the ATP binding site
(Vijayan et al., 2015). Both DFG-IN and DFG-OUT configurations can be presented together
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with different aC-helix positions (i.e. C-IN or C-OUT), while only DFG-IN and C-IN together

forming an active kinase (Arter et al., 2022).
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Figure 1. 2 Kinase domain structure

Schematic diagram showing the active and inactive kinase conformation with key segments and residues
highlighted.

A. In the active kinase, the Lys residue on the 3 strand forms a salt bridge to the Glu residue on the aC-helix
(teal), which stabilises the Lys residue to coordinate ATP (yellow) a- and B-phosphates. The activation loop
(green) is phosphorylated, and the Asp residue of the DFG motif interacts with a Mg?* ion (silver circle) to
coordinate ATP. The P loop (purple) stabilises the ATP B- and y-phosphate groups. The Asp residue of the HRD
motif located on the catalytic loop (brown) interacts with a proton from the peptide substrate.

B. In the inactive kinase, the DFG motif flips to a DFG-OUT conformation, and the activation loop interacts with
the Asp residue on the HRD motif to stabilise the inactive conformation. Orientation of the aC-helix and P loop
disrupts the interaction between Lys and Glu residues.

This figure was made with PowerPoint and is adapted from (Jura et al., 2011)

1.2.3 The regulation of kinase domain activity in RTKs

The kinase domain catalytic activity is tightly regulated to avoid receptor activation in the
absence of ligand binding (Lemmon and Schlessinger, 2010). Within a receptor monomer,
intramolecular interactions are in place for cis-autoinhibition of the kinase domain (Hubbard,
2002). These can include the involvement of the kinase activation loop, intracellular JM

domain, and the C-terminal tail (Hubbard, 2002, Bayliss et al., 2015).

The activation loop contributes to kinase catalysis and contains between one and three
tyrosine residues as phosphorylation sites (Lemmon and Schlessinger, 2010). In the absence

of phosphorylation, the activation loop is locked to a position that blocks access for both ATP
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and peptide substrate (Figure 1. 2B) (Lemmon and Schlessinger, 2010). For example, the
middle tyrosine residue in the activation loop of InsR tyrosine forms hydrogen bonds with
adjacent residues in the active site, and cis-autophosphorylation (by its own kinase domain)
on this residue is prevented by the DFG-OUT conformation (Hubbard et al., 1994). Although
the unphosphorylated activation loop suppresses kinase catalytic activity in most kinases, the
specific ways it does this can vary. A different mechanism to the InsR kinase is employed by
the FGFR activation loop autoinhibition, in which the C-terminal end of the activation loop
interferes with the peptide substrate binding site without occluding the ATP-binding site
(Mohammadi et al., 1996). The cis-autoinhibition of kinase activity by the activation loop can
be released by ligand-induced dimerisation or conformational change, in which trans-
phosphorylation of activation loop results from close proximity of the kinase domains, which
triggers movement of the activation loop away from its inhibitory conformation (Figure 1. 2A)

(Lemmon and Schlessinger, 2010, Kavran et al., 2014).

Although the activation loop is a key structural element for regulating RTK activity, research
has shown additional cis-autoinhibition mechanisms contributed by regulatory elements
outside the kinase domain (Hubbard, 2004, Lemmon and Schlessinger, 2010). The intracellular
JM region varies in size and length between different RTK subfamilies and often contains
tyrosine residues (Hubbard, 2004). These residues serve as the docking site for downstream
signalling proteins but can also participate in forming autoinhibitory interactions in some RTKSs,
such as Eph, MuSK, and KIT (Lemmon and Schlessinger, 2010, Till et al., 2002, Wybenga-Groot
et al., 2001). In the EphB2 receptor, the JM region interacts with both the N-lobe and C-lobe
of the kinase domain, resulting in a kinked aC-helix with the Lys-Glu salt bridge being
disrupted and the activation loop being stabilised into the inactive conformation (Wybenga-
Groot et al., 2001). In the MuSK receptor, instead of direct contact with the kinase domain,
the JM region displays a different autoinhibitory mechanism by stabilising the interaction
between the MuSK kinase domain and a MuSK signalling repressor (Till et al., 2002). Structural
analysis of the KIT receptor cytoplasmic region revealed that the JM domain inserts into the
kinase active site and stabilises the inactive configuration (Mol et al., 2004). This cis-
autoinhibition on the JM region can be disrupted by ligand-induced dimerisation and trans-

autophosphorylation.
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The autoinhibitory role of the C-terminal tail was first reported in tyrosine kinase with TIE2
(Niu et al., 2002). The activation loop of TIE2 is not restrained in an inactive configuration,
whilst the P loop is positioned to block ATP binding (Shewchuk et al., 2000). In addition, the
tyrosine residues in its C-terminal tail block the peptide substrate binding site (Shewchuk et
al., 2000). Similar to the relieve of JM region autoinhibition by its autophosphorylation,
autophosphorylation of the C-terminal tail disrupts its interaction with the kinase domain and

results in an active kinase conformation (Niu et al., 2002).

1.2.4 RTK activation and downstream signalling

A crucial question in RTK research is how ligand binding to the receptor extracellular region
results in the phosphorylation of the intracellular kinase domain. For most RTKs, ligand
binding is thought to promote the dimerisation of receptor monomers, in which
autophosphorylation occurs between neighbouring RTKs (Lemmon and Schlessinger, 2010).
However, the particular dimerisation method varies between RTK family members, and not
all RTKs are activated by ligand-induced dimerisation. This section will include information for
canonical ligand-induced dimerisation, ligand-induced receptor conformational change,

ligand-induced oligomerisation, and downstream signalling.

Several ligand-induced receptor dimerisation models have been proposed. The most extreme
‘ligand-mediated’” model involves a bivalent ligand cross-linking the receptor monomers
without allowing them to interact directly (Lemmon and Schlessinger, 2010). For instance, the
dimeric nerve growth factor (NGF) is the ligand for TrkA, and TrkA dimerisation is
accomplished by NGF contact with the Ig2 domain from each monomer (Figure 1. 3A)
(Wehrman et al., 2007, Wiesmann et al., 1999). In contrast, receptor dimerisation can be
entirely ‘receptor-mediated, with no requirement for the ligand to participate in the dimer
interface (Lemmon and Schlessinger, 2010). EGFR dimer serves as a typical representation of
this model (Figure 1. 3B). The extracellular region of this receptor consists of four domains
(DI-1V), and the bivalent ligand contacts the DI and DIIl in one monomer, which unmasks the
dimerisation arm in DII. Instead of cross-linking two monomers with one bivalent ligand, a
‘back-to-back’ dimer is induced (Garrett et al., 2002, Ogiso et al., 2002, Burgess et al., 2003).
Alternatively, ligand binding can also cause an intermediate conformation with both ligand
and receptor involved in the dimerisation (Lemmon and Schlessinger, 2010). For example, the

KIT ligand (stem cell factor, SCF) binds to the membrane-distal domains (D1-3), subsequently
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leading to the reorientation of the membrane-proximal domains (D4 and D5). D4 and D5 then
form additional associations between receptor monomers (Figure 1. 3C) (Yuzawa et al., 2007,
Liu et al., 2007). In addition to these three classic models, the dimerisation of FGFR revealed
another mechanism that requires the involvement of both ligand (FGF) and an accessory
molecule, heparin (Figure 1. 3D) (Lemmon and Schlessinger, 2010). The extracellular region
of FGFR contains three Ig-like domains (D1-D3). A structural analysis presented a dimeric
complex with FGFR1c extracellular region: FGF2: heparin in a 2:2:2 ratio (Schlessinger et al.,
2000). Unlike NGF and SCF, FGF ligands are monomeric and contact both receptor monomers
in the dimer, with the attachments stronger with one than the other. The two monomers
interact directly through their D2 domain, further stabilising the dimerisation. Moreover,

heparin forms interaction with both two ligands and two monomers in the dimer complex.
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Figure 1. 3 Ligand-induced receptor dimerisation models

Schematic diagram showing the four ligand-induced receptor dimerisation models.

A. TrkA contains two Ig domains (grey) and one leucine-rich domain (orange) in its ECD region. Two receptor
monomers bind to NGF (red) without direct receptor-receptor contact.

B. EGFR contains two L domains (green) and two cysteine-rich domains (yellow) in its ECD region. Two receptor
monomers bind to EGF (red) and form a dimer with only receptor-receptor interactions through DIl domain.

C. KIT contains five Ig domains in its ECD region. SCFs (red) binding to D2 and D3 domains results in an
association formed by D4 and D5 domains between receptor monomers.

D. FGFR contains three Ig domains in its ECD region. The dimerisation of FGFR requires both FGF (red) and
heparin (pink) involvement. This figure was made with PowerPoint and is adapted from (Lemmon and
Schlessinger, 2010).

Ligand-induced dimerisation is a typical mechanism for most RTK activation, however, this is
not a universal process. Some RTKs, such as InsR, form ligand independent covalent dimers
(De Meyts, 2000). Ligand-binding dramatically changes both the receptor extracellular and

intracellular conformation to stabilise the active kinase configuration; however, the
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mechanism has not yet been completely understood (Yunn et al., 2023). Additionally, ligands
are also capable of inducing the formation of higher-order oligomers. For example, the Eph
receptor binds to the ephrin ligand expressed on the neighbouring cells instead of binding to
soluble ligands (Stein et al., 1998). Structural analysis of EphA2 revealed two interfaces
between adjacent receptors in an oligomer, including the ‘dimerisation” and ‘clustering’
interfaces (Himanen et al., 2010, Seiradake et al., 2010). Taken together, RTK activation can be
achieved in various ways, including ligand-dependent dimerisation, oligomerisation, and

ligand-induced conformational change.

Upon receptor activation, the kinase domain undergoes autophosphorylation to disrupt the
cis-inhibitory interactions (Section 1.2.3). This process stabilises the kinase into an active
conformation and subsequently enhances its catalytic activity. The phosphorylated tyrosine
residues then recruit signalling molecules containing SH2 or PTB domains (Lemmon and
Schlessinger, 2010). As one RTK often contains several autophosphorylation sites, different
SH2 and PTB domain-containing proteins can be recruited. This results in a complicated
signalling network downstream of a signalling RTK. In addition, signalling downstream of the
same receptor can vary depending on which ligand promotes receptor activation, as most
RTKs can bind and be activated by multiple ligands (Trenker and Jura, 2020). For example,
three ErbB receptors respond to a subset of 13 ligands, such as EGF, transforming growth
factor (TGF)-a, and epigen (Wieduwilt and Moasser, 2008). This allows the same receptor
expressed in different tissues to obtain various information from the environment. Moreover,
binding to different ligands results in distinct receptor dimer conformation and unique
phosphorylation states of tyrosines located on the C-terminal tail, which subsequently induce
different downstream signalling and cell responses (Trenker and Jura, 2020). For example,
EGFR binding to epigen forms a weaker dimer than when it binds to EGF and TGF-a (Freed et
al., 2017). This weakened dimerisation leads to more sustained signalling and induces cell
differentiation, compared to cell proliferation promoted by EGF-induced transient signalling
(Freed et al., 2017). Moreover, the downstream signalling pathways activated by different
RTKs are often overlapping (Lemmon and Schlessinger, 2010, Trenker and Jura, 2020).
However, specific effects in cellular responses to different RTK signals vary due to the
involvement of multiple positive and negative feedback mechanisms. For example, NGF

receptor activation promotes cell differentiation, whilst EGFR activation results in cell
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proliferation (Marshall, 1995). The mechanism by which RTKs utilise limited signalling

pathways to induce specific cellular responses remains poorly understood.

1.2.5 RTKs in disease

Dysregulated RTK signalling is the underlying cause of numerous human diseases, making
RTKs popular targets for therapeutic intervention (Du and Lovly, 2018). An extensive range of
inhibitors have been investigated based on structural and biochemical studies of RTKs (Pottier
et al., 2020). These inhibitors include monoclonal antibodies (mAbs) that target the receptor
extracellular regions to disrupt activation and small molecule inhibitors that block the function

of the kinase domain (Yamaoka et al., 2018).

The antibody development of the HER family presented a great example for targeting cancer-
related RTK abnormal activation (Fauvel and Yasri, 2014). Within this subfamily, HER2 and
HER3 undergo different activation mechanisms, in which the kinase-defective HER3 only
participates in ligand binding-induced dimerisation, whilst HER2 does not bind to extracellular
ligands but forms heterodimers with HER3 (Way and Lin, 2005). In breast tumours,
overexpression of HER2 is an indicator of poor prognosis (Rubin and Yarden, 2001). An
antibody called pertuzumab was designed to block ligand-induced HER2/HER3
heterodimerisation and inhibit HER3 signalling (Adams et al., 2006, Agus et al., 2002). In
addition, trastuzumab results in downregulation of HER2 expression levels on the cell surface
and directs the cells to the immune system for antibody-dependent cell-mediated cytotoxicity
of tumour cells (Cuello et al., 2001, Arnould et al., 2006). Interestingly, trastuzumab binding
can inhibit intracellular signalling pathways without blocking HER2 dimerisation with other
HER family members (Gajria and Chandarlapaty, 2011, McLarty et al., 2009). The investigation

of these inhibitors showed how mAbs can interfere with RTK activation and signalling.

Over the past few decades, six groups of small molecule inhibitors (Table 1. 1) have been
designed to target the kinase active site and prevent the phosphorylation of downstream
signalling proteins (Pottier et al., 2020, Roskoski, 2016). The ATP-competitive inhibitors bind
in the ATP binding site, with type | inhibitors targeting the active DFG-IN conformation and
type Il inhibitors targeting the inactive DFG-OUT conformation (Pottier et al., 2020). Although
these types of inhibitors have been clinically useful, the highly conserved kinase structure

often results in inhibitors being promiscuous and thus leading to off-target effects (Hanson et
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al., 2019). Both type Il allosteric inhibitors and type V covalent inhibitors are designed to be
potent and highly selective (Pottier et al., 2020). However, inhibitor resistance can rapidly arise
by activating by-pass signalling or the existence of additional RTK mutations (Yamaoka et al.,
2018). For instance, inhibition of HER2 leads to a compensatory upregulation of HER3 and
activation of downstream signalling molecules (Garrett et al., 2011). Applying allosteric
inhibitors can overcome the resistance induced by additional RTK mutations. For example,
allosteric inhibitor cetuximab, instead of the original first-line medicine gefitinib (type |
inhibitor), is more effective in treating non-small-cell lung cancer (NSCLC) with additional EGFR
mutation (T790M) (Kris et al., 2003, Jia et al., 2016). Thus, investigation of RTK and kinase
activation mechanisms contributes to the design of inhibitors to overcome potential

resistance.

Table 1. 1 Small molecule kinase inhibitors
Six groups of small molecule kinase inhibitors are shown with their binding site and examples indicated. NA, not
available. This is adapted from (Roskoski, 2016).

Type Binding Example

ATP-competitive inhibitor, binds to DFG-IN

. Dasatinib (Roskoski, 2016)
conformation

ATP-competitive inhibitor, binds to DFG-OUT

) Imatinib (Roskoski, 2016)
conformation

Il Allosteric inhibitor, binds next to the ATP-site Trametinib (Zhao et al., 2017)

W Allosteric |nh|b|t_or, nc_) effect on ATP or Asciminib (Das et al., 2022)
peptide binding

Bivalent inhibitor, binds to two kinase

. NA
regions

VI Covalent inhibitor Afatinib (Roskoski, 2016)

13 Discoidin domain receptors

The discoidin domain receptors, DDR1 and DDR2, are RTKs named after their extracellular
globular discoidin (DS) domain (Fu et al., 2013b, Leitinger, 2014, Agarwal et al., 2019). The DS
domain was first discovered as the discoidin | protein of the slime mould Dictyostelium

discoideum (Poole et al., 1981). The DDRs have several unique features that distinguish them
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from typical RTKs. Firstly, instead of binding to soluble growth factors like other RTKs, the DDRs
bind to different types of collagens, which are the most abundant proteins present in the ECM
(Shrivastava et al., 1997, Vogel et al., 1997, Kadler et al., 2007). By binding to large triple helical
collagens, the DDRs undergo ligand-induced activation (autophosphorylation) with unusually
slow kinetics (in the order of hours), while typical RTKs are activated within seconds to
minutes (Lemmon and Schlessinger, 2010, Shrivastava et al., 1997, Vogel et al., 1997).
Moreover, activation by canonical ligand-induced receptor dimerisation does not apply to the
DDRs, as they exist as constitutive non-covalently-linked dimers on the cell surface without
collagen stimulation (Noordeen et al., 2006, Mihai et al.,, 2009, Xu et al.,, 2014). These

characteristics suggest the atypical activation and regulation mechanisms of DDRs.

1.3.1 DDR tissue expression and functions

The DDRs are widely expressed in different tissues during embryo development and the adult
body (Leitinger, 2014, Franceschi et al., 2023, Cario, 2018). DDR1 is mostly found in epithelial
cells located in the brain, lung, kidney, spleen, and placenta (Di Marco et al., 1993, Johnson et
al., 1993, Laval et al., 1994, Perez et al., 1994, Leitinger, 2014), while DDR2 is highly expressed
in cells located in connective tissue cells of mesenchymal origin, such as found in skeletal and
heart muscle, cartilage, kidney, and lung (Lai and Lemke, 1994, Karn et al., 1993, Alves et al.,
1995, Leitinger, 2014). Based on the single cell RNA data from The Human Protein Atlas
(Appendix, Figure 7. 1), DDR1 and DDR2 mRNA expression was mostly exclusive in different
cell types, with only astrocytes showing comparable DDR1 and DDR2 mRNA expression levels.
In line with the protein level evidence introduced above, DDR1 and DDR2 showed overall high

MRNA expression levels in epithelial cells and mesenchymal cells, respectively.

During development, DDR1 and DDR2 play a key role in organogenesis and bone growth,
respectively (Leitinger, 2014). The DDR1 knockout mouse model displays multiple defects in
mammary gland development, including reduced cell motility, reduced collagen synthesis,
and hyperproliferative epithelium, all of which lead to branching abnormalities (Vogel et al.,
2001, Faraci-Orf et al., 2006). Further defects in kidney and inner ear structure can also be
observed in Ddr1 -/- mice (Gross et al., 2004, Meyer zum Gottesberge et al., 2008). In humans,
less is known about developmental disorders related to DDR1. Recent studies using
coexpression network analysis with a transcriptomic database from the human brain revealed

the possible role of DDR1 expression in schizophrenia and bipolar disorder by regulating
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oligodendrocyte precursor cells and astrocytes proliferation (Muntane et al., 2021, Aranda et
al., 2024). As DDR2 is expressed in connective tissue cells, such as fibroblasts and bone cells,
the Ddr2 -/- mice exhibit dwarfism with reduced chondrocyte proliferation (Labrador et al.,
2001). Moreover, DDR2 was found to regulate osteoblast differentiation and chondrocyte
maturation, which influences skeletal development through endochondral ossification (Zhang
et al., 2011). A recent study revealed the cell-autonomous functions of DDR2 in resting and
proliferative chondrocyte colonies and skeleton progenitor cells, in which DDR2 regulates
chondrocyte organisation, cell maturation and bone development (Mohamed et al., 2022,
Mariadoss and Wang, 2023). In humans, four DDR2 mutations have been identified to be
responsible for a rare genetic disorder called spondylo-meta-epiphyseal dysplasia with short
limbs (SMED-SL) (Bargal et al., 2009). These mutations lead to collagen binding-deficient DDR2
(E113K) or trafficking defects (T731l, 1726R, and R752C mutations), with DDR2 being retained

on the endoplasmic reticulum before being degraded (Ali et al., 2010).

Apart from their contribution to development, both DDRs are found in immune cells and
regulate certain immunological functions (Leitinger, 2014, Majo and Auguste, 2021). For
instance, DDR1 is expressed on activated T cells and can mediate T cell migration in a three-
dimensional (3D) collagen matrix (Kamohara et al., 2001, Hachehouche et al., 2010). Moreover,
DDR1 was found to enhance T lymphocyte migration in vitro and in vivo, by activating p38
MAPK and the RhoA/ROCK/MAPK/ERK (Ras homolog family member A/Rho-associated
protein kinase/mitogen-activated protein kinase/extracellular signal-regulated kinase)
pathway (El Azreq et al., 2016). Similarly, neutrophil migration in a 3D collagen matrix has
been shown to require functional DDR2 (Afonso et al., 2013). In addition to immune cell
migration, DDRs are also critical mediators for matrix metalloprotease (MMP) production and
activation (Leitinger, 2014, Majkowska et al., 2017, Mariadoss and Wang, 2023). MMPs in
humans consist of 23 family members that are zinc-dependent proteases, which can be
divided into groups of collagenases (MMP1, 8, 13, 18), gelatinases (MMP2, 9), stromelysins
(MMP3, 10, 11), matrilysins (MMP7, 26), enamelysins (MMP20), divers groups (MMP19, 21,
23A, 23B, 27, 28), and membrane type MMPs (MT-MMPs) (MMP14, 15, 16, 17, 24, 25) (Hey
and Linder, 2024). MMPs are able to cleave cell surface proteins and ECM components,
therefore play an essential role in physiological and pathological processes involving tissue

remodelling (Hey and Linder, 2024). DDR-regulated MMPs participate in tissue remodelling by
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degrading ECM components and facilitating cell migration or invasiveness (Leitinger, 2014,
Itoh, 2018). For instance, collagen IV induced DDR1 activation in MDA-MB-231 breast cancer
cells results in an upregulation of MMP2 and MMP9 secretion, which subsequently promoted
cancer cell invasion (Castro-Sanchez et al., 2011). DDR2 is required for collagen production
and MMP2 expression in dermal fibroblast cells, with both collagen and MMPs contributing
to tissue homeostasis and regeneration during wound healing (Olaso et al., 2002). Moreover,
DDR2 expression and activity was found to positively mediate collagen-induced MMP14 (MT1-
MMP) activation in fibroblast cells (Majkowska et al., 2017). Overall, both DDR1 and DDR2 can
control cell functions in different tissues, such as migration, proliferation, and differentiation
(Leitinger, 2014). Although studies have unmasked DDR functions in tissue development and
regeneration (i.e. in brain, skin, and bones) (Vilella et al., 2019, Cario, 2018, Mariadoss and
Wang, 2023), the primary investigations have been focused on pathological rather than
physiological conditions (Leitinger, 2014). An in-depth understanding of the DDR function in

adult tissues is crucial for future research.

1.3.2 DDR structure and domains

Like all RTKs, DDRs are single-span TM proteins with an intracellular tyrosine kinase domain
(Figure 1. 4) (Lemmon and Schlessinger, 2010, Leitinger, 2014). Although the DDR kinase
domains are most similar to that of the TrkA receptor (about 45% amino acid identity), their
extracellular regions do not contain any Ig-like domains or other structural motifs (fibronectin
domains or cysteine-rich domains) that are seen in many RTKs (Lemmon and Schlessinger,
2010, Leitinger, 2014). Instead, the DDRs contain two unique globular domains in the
extracellular region: the N-terminal DS domain which is connected to a DS-like domain (Figure
1. 4) (Carafoli et al., 2012, Carafoli and Hohenester, 2013). A poorly conserved extracellular
JM segment of about 50 (DDR1) or 30 (DDR2) amino acids links the DS-like domain with the
TM domain (Carafoli and Hohenester, 2013) (Figure 1. 4). The DS-like domain and extracellular
JM region contain several predicted N- and O-glycosylation sites (Figure 1. 4)(Carafoli and
Hohenester, 2013, Fu et al., 2013b, Leitinger, 2014). The intracellular region starts with a long
flexible JM segment of up to 171 (varies in length between DDR1 isoforms) or 142 (DDR2)
amino acids. This is followed by a tyrosine kinase domain and a very short C-terminal tail (eight
amino acids for DDR1, six amino acids for DDR2) with no tyrosine residues (Figure 1. 4)

(Leitinger, 2014, Fu et al., 2013b).
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The human DDR1 gene has 17 exons located on chromosome 6 (6p21.3), with five different
DDR1 isoforms (DDR1a-e) due to alternative splicing (Figure 1. 4) (Playford et al., 1996). The
extracellular and TM regions are identical between DDR1 isoforms, while their main
differences exist in the cytoplasmic regions (Leitinger, 2014). DDR1a and DDR1b are the most

common isoforms, and DDR1b has a 37 amino acid insertion in its intracellular JM region

DDR1a DDR1b DDR1c DDR1d DDR1e DDR2

N-terminus

6 6 6 6 6 6
[ B R

DS-like

Extracellular M
™

L | I e I S—

Intracellular JM

Tyrosine kinase

C-terminal tail

Figure 1. 4 DDR structure and isoforms

The DDRs consist of an extracellular DS domain followed by a DS-like domain, an extracellular J]M domain and a
TM domain. The intracellular part is composed of a flexible intracellular JM domain and a catalytic tyrosine
kinase domain with a very short C-terminal tail. The green and orange symbols represent predicted N- and O-
glycosylation sites. There are five isoforms of DDR1: DDR1a, b, ¢, d, and e. The intracellular J]M domain of DDR1b
and DDR1c contain extra 37 amino acids (compared with DDR1a), which are shown in yellow blocks. The
tyrosine kinase domain of DDR1c comprises of additional 6 amino acids (shown in yellow). DDR1d and DDR1e
exhibit incomplete or inactive kinase domains, respectively. Only a single isoform exists for DDR2. This figure
was made with PowerPoint and is adapted from (Leitinger, 2014).

compared to DDR1a (Alves et al., 1995). In addition to DDR1b, DDR1c has six extra amino acids
inserted in its kinase domain, making it the longest DDR1 isoform (Alves et al., 1995). In
contrast to DDR1a-c, which are full-length functional receptors, DDR1d and DDRle are
inactive truncated proteins lacking the entire kinase domain (DDR1d) or parts of the
intracellular JM segment and the ATP binding site (DDR1e). The human DDR2 gene has 19
exons located on chromosome 1 (1g23.3), and no alternatively spliced DDR2 isoforms have

been identified (Figure 1. 4) (Leitinger, 2014, Carafoli and Hohenester, 2013).

As mentioned above, most RTKs are stimulated by soluble proteins, such as growth factors

(e.g. EGF), proteoglycan (e.g. agrin), and hormones (e.g. insulin) (Trenker and Jura, 2020).
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However, DDRs are activated by different types of collagen (see below) (Vogel et al., 1997,
Shrivastava et al., 1997). Collagens are the most abundant structural proteins in the ECM,
compared to other ECM components, including elastin, proteoglycans, laminin, and
fibronectin (Frantz et al., 2010, Kular et al., 2014). During early investigation, it was believed
that these matrix components had only a structural function (i.e. being responsible for the
biophysical properties of different types of matrices) (Piez, 1997). However, further research
has revealed that some matrix components, including collagen, play a signalling role by
directly interacting with cell-surface receptors (Hynes, 2009). Both DDRs are considered
adhesion molecules due to their ability to binding collagen. For example, DDR1-null mice
showed significantly reduced mesangial cell adhesion to collagen (Curat and Vogel, 2002). In
chondrocytes, DDR2 was found to mediate direct cell attachment to collagen-containing fibrils
(Woltersdorf et al., 2017). Besides DDRs, there are three more collagen receptors: collagen
binding B1 integrins, glycoprotein VI, and leukocyte-associated immunoglobulin-like receptor-
1 (Leitinger, 2011). These receptors have diverse structures and recognise specific collagens

via different motifs. Here, | introduce the molecular basis for DDR to recognise collagens.

DDR1 and DDR2 have a high amount of homology in their DS (59% amino acid identity) and
DS-like domain (51% amino acid identity) (Carafoli and Hohenester, 2013). The structures of
these two globular domains are established at atomic level resolution (Carafoli et al., 2012,
Carafoli et al., 2009, Ichikawa et al., 2007), and the first structure was obtained for unliganded
DDR2 DS domain (Ichikawa et al., 2007). DDRs bind to fibrillar and non-fibrillar collagen via
their DS domains. Unlike fibrillar collagens (I-1ll) that both DDR1 and DDR2 can recognise,
some non-fibrillar collagens can only bind to one of the DDR receptors (Shrivastava et al., 1997,
Vogel et al., 1997). For instance, DDR1, but not DDR2, recognises and binds to basement
membrane collagen IV, whilst DDR2 binds to collagen X (Leitinger and Kwan, 2006, Shrivastava
et al., 1997, Vogel et al., 1997). Native-folded collagen consists of three polypeptide a chains
that coil around one another to form a triple helical structure, which is required for DDR
binding (Shrivastava et al., 1997, Vogel et al., 1997, Brodsky and Persikov, 2005). Studies have
mapped the DDR binding sites in fibrillar collagen and identified the minimal binding sequence
as being GVMGFO (O is hydroxyproline) (Agarwal et al., 2002, Leitinger et al., 2004, Farndale
et al., 2008, Konitsiotis et al., 2008, Xu et al., 2011). This allowed the development of a

collagen-mimetic peptide with the sequence of GVNIeGFO (methionine to norleucine (Nle)
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substitution for increased DDR2 binding), which was then used to co-crystallise with the DDR2

DS domain (Carafoli et al., 2009). Later, the crystal structure of a tandem complex of DDR1

Collagen

T -
To cell membrane

Figure 1. 5 Crystal structure of DDR1 DS and DS-like domains

This composite structure was generated by superposing DDR1 DS/DS-like domains (PDB: 4AG4) (Carafoli et al.,
2012) onto the DDR2 DS domain binding to a collagen peptide (PDB:2WUH) (Carafoli et al., 2009). The side
chains of essential collagen residues (Met21 of the leading chain and Phe23 of the middle chain) are shown.
Disulfate bounds are shown in yellow. The N-linked glycans are shown in green. The DDR1 N-terminus is
indicated. The dashed line represents the extracellular J]M domain. This figure is taken from (Leitinger, 2014).

DS/DS-like domain with an anti-DDR1 antibody fragment was also determined (Carafoli et al.,
2012). From the structures (Figure 1. 5), the DS domain comprises in total eight B-strands
forming two antiparallel B-sheets (Carafoli et al., 2009). The N- and C-terminus of the DS
domain are linked at the bottom of the barrel structure by a disulphide bond (Figure 1. 5)
(Carafoli and Hohenester, 2013). The collagen binding region at the top of the barrel structure
consists of five protruding loops, forming an amphipathic trench for the binding of the
GVMGFO motif (Carafoli et al., 2009). The amino acid residues at the periphery binding trench
are less conserved than the main binding residues, therefore resulting in different DDR

specificities to non-fibrillar collagens (Xu et al., 2011, Leitinger, 2014).
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From a structural perspective, the DDR1 DS-like domain shares a similar B-barrel fold with the
DS domain, though their sequences are not conserved (Figure 1. 5) (Carafoli et al., 2012). The
anti-DDR1 antibody used for crystallising binds to the DS-like domain and prevents DDR kinase
activation without blocking collagen binding (Carafoli et al., 2012). The flexible extracellular
JM segment allows the projection of DDR globular domains far from the cell surface, which

could potentially allow the DS domain to reach the ECM environment (Carafoli et al., 2012).

Like most single-span TM proteins that dimerise through specific motifs (SmxxxSm, x is any
amino acid, and Sm can be glycine, alanine, serine, or threonine) (Li et al., 2012), DDRs contain
a GxxxA motif and an additional dimerisation motif, a leucine-based ‘zipper’ in their TM
domain segment (Noordeen et al., 2006). Introducing alanine to valine substitution to the
GxxxA motif did not disrupt DDR dimerisation, whilst mutations designed to disrupt helix
interactions through the leucine zipper severely disrupted DDR1 dimerisation and collagen-
induced phosphorylation (Noordeen et al., 2006). The large intracellular JM region contains
several tyrosine residues (seven for DDR1 and four for DDR2), and two tyrosines (Tyr569 and
Tyr586) in the DDR1b JM region have been shown to play an important autoinhibitory role in
regulating the kinase activity (see Section 3.1) (Sammon et al., 2020). Most structural analyses
for DDR kinases focused on DDR1, showing a typical kinase structure with a small N-lobe and
a bigger C-lobe (Section 1.2.2). Due to the high conservation of their kinase domains (Figure
1. 6), DDR1 and DDR2 have similar kinase structures and key catalysis elements. The DDR1 N-
lobe contains elements such as the P loop, the catalytically essential Lys residue in the B3
strand, and the aC-helix (Figure 1. 6). The DDR1 C-lobe contains an activation loop with three
tyrosine residues. DDR1 kinase domain was found to be stable in the inactive DFG-OUT
conformation, making it promiscuous to many inhibitors (Hanson et al., 2019). The middle
tyrosine residue (Tyr796) on the DDR1 activation loop interacts with adjacent Asp (Asp766) to
stabilise the inactive conformation (Sammon et al., 2020). In addition, an in vitro study using
recombinant DDR2 cytosolic region revealed the important autoinhibitory role of the DDR2
middle tyrosine residue of the activation loop (Tyr740) (Yang et al., 2005). As no tyrosine
residues exist on the DDR C-terminal tail, the intracellular JM region and the activation loop

are the only two autoinhibitory motifs known for DDR1 (Sammon et al., 2020).
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P loop

DDR1 GDGPPRVDFPRSRLRFKEKLGEGQFGEVHLCEVDSPQDLVSLDFPLNVRKGHPLLVAVKI 656
DDR2 GKDVAVEEFPRKLLTFKEKLGEGQFGEVHLCEVEGMEKFKDKDFALDVSANQPVLVAVEKM 609
*.' :***' * ******************:. s s o * Kk *:* .:*:*****:
aC-helix
DDR1 LRPDATENARNDFLKEVKIMSRLKDPNITIRLLGVCVQDDPLCMITDYMENGDLNQFLSAH 716
DDR2 LRADANKNARNDFLKEIKIMSRLKDPNIIHLLAVCITDDPLCMITEYMENGDLNQFLSRH 669
* % **.**********:************:**_**: ********:************ *
Catalytic loop
DDR1 QLEDKAAEGAPGDGQAAQGPTISYPMLLHVAAQTASGMRYLATLNFVHRDLATRNCLVGE 776
DDRZ2 EPPNS-—-—-—————-— SSSDVRTVSYTNLKFMATQIASGMKYLSSLNFVHRDLATRNCLVGK 720
. . *:'k* * .:*:*‘k****:**::**‘k******‘k****‘k*:
Activation loop
DDR1 NFTIKIADFG Y CILMGKFTTASDVWAFGVTLWEV 836
DDR2 NYTIKIADFG p 4 SILLGKFTTASDVWAFGVTLWET 780

hehkkhkhkkhhhkhkhhhkdhdrhkehhhhkhoehhhbhkhrhkhbhkhhhkekh dkedhhkkhhhkhhkhkhhhhdthhik

Figure 1. 6 Sequence alignments of DDR1 and DDR2 kinase domains

Part of the sequences of DDR1 kinase domain (amino acid 598 to 836) and DDR2 kinase domain (amino acid
550 to 780) were aligned using Clustal Omega. Key conserved elements are indicated with different colours.
The conserved Lys residue on the B3 strand, the Glu residue on the aC-helix, the HRD motif on the catalytic
loop, the DFG motif on the activation loop, and the activation loop middle tyrosine residue (Tyr796 for DDR1
and Tyr740 for DDR2) are indicated in red. Sequence numbers are shown to the right. “*’ (asterisk); fully
conserved residue. “’ (colon); conserved substitutions. “’ (period); less well conserved substitution.

1.3.3 DDR activation and regulation

As described above, DDRs exist as constitutive non-covalent dimers in the absence of collagen,
therefore the typical activation mechanism through ligand-induced receptor dimerisation
does not apply to DDRs (Noordeen et al., 2006, Lemmon and Schlessinger, 2010, Xu et al.,
2014). DDR dimer formation is likely to occur during the early stages of biosynthesis, before
transportation to the cell surface (Noordeen et al., 2006). Multiple contacts in the extracellular,
TM, and intracellular region are found within a DDR dimer, with the most important
interaction identified as the strong helix-helix association via the leucine zipper motif of the
TM domain, as described above (Section 1.3.2) (Noordeen et al., 2006). This self-association

was later confirmed as the strongest among all the RTK TM interactions (Finger et al., 2009).

As a dimeric RTK in the absence of ligands, as is the case for the DDRs, the InsR is activated
through the ligand-induced conformational change of its extracellular and intracellular regions
(Section 1.2.4). However, for the DDRs, collagen binding only leads to limited structural
changes to the DS domain, and little contribution was found within the extracellular JM region

to DDR activation, ruling out the possibility that DDRs undergo similar activation as the InsR
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(Carafoli and Hohenester, 2013). Another possible activation mechanism for RTKs is through
the formation of ligand-induced higher-order oligomers, as seen in Eph receptors (Section
1.2.4). Indeed, recent studies have observed DDR1 cluster formation upon collagen binding
(Corcoran et al., 2019, Yeung et al., 2019). Corcoran et al. have dissected DDR1 activation into
two stages and explained the possible mechanism for the slow kinetics of DDR activation. In
the first stage, DDR1 is redistributed into small clusters within five minutes of collagen binding.
In the second stage, which requires 45-60 minutes of collagen stimulation, further aggregation
occurs and results in dense clusters (Corcoran et al., 2019). This could allow phosphorylation
to happen between neighbouring DDR dimers, as has been shown biochemically (Juskaite et
al., 2017). However, the DDR activation does not require the fibrillar collagen structure (higher
order ligand conformation); instead, collagen-mimetic peptide (GVMGFO), which mimics
single triple helices of collagen, can also induce receptor activation with a similar slow kinetics
(Xu et al., 2011). Thus, the DDR clustering is unlikely to be triggered by the fibrillar collagen
structure. It remains unclear how collagen binding triggers DDR oligomerisation. Nevertheless,
a mutagenesis study showed that the DDR2 DS/DS-like domain contains binding site for an
allosteric inhibitor, in which the binding abolished DDR2 extracellular domain oligomerisation
and kinase activation (Grither and Longmore, 2018). Therefore, the DS/DS-like domain

interface could play an essential role in regulating DDR clustering.

Both the intracellular JM region and activation loop has been shown to stabilise the DDR1
inactive conformation (Canning et al., 2014, Sammon et al., 2020). Studies have shown that
DDRs may require association with Src as a binding partner for full kinase activation (Dejmek
et al., 2003, Lu et al.,, 201143, Ikeda et al., 2002, Yang et al., 2005). Thus, the ligand binding

induced Src recruitment could be essential for DDR activation.

In general, RTK signals are regulated through receptor internalisation and lysosomal
degradation to avoid aberrant and prolonged activation (Lu et al., 2011a). However, the DDRs
undergo slow activation, and the signal can be detected for days, suggesting that rapid
degradation is unlikely to happen in DDRs (Shrivastava et al., 1997, Vogel et al., 1997).
Whether DDRs are internalised upon collagen binding remains controversial. Studies have
shown DDR1b-YFP (DDR1 tagged with yellow fluorescent protein) was co-localised with an
overexpressed endosomal marker, and the dynamin-dependent endocytosis inhibitor could

block ligand-induced DDR1b-YFP endocytosis (Mihai et al., 2009, Yeung et al., 2013). Fu et al.
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used a biochemical assay to demonstrate the internalisation of DDR1b-Myc (Fu et al., 2014).
Due to the sustained DDR activation signals, the authors proposed that collagen binding
results in DDR internalisation, in which the receptor activation occurs on endosomes but not
on cell membranes (Mihai et al., 2009, Fu et al., 2014). However, Corcoran et al. were able to
image collagen binding induced-DDR1b (untagged) clustering on the cell surface, and the
autophosphorylation took place exclusively on the cell membrane (Corcoran et al., 2019).
Thus, further investigations are required to clarify the difference between these studies and

the role of endocytosis in DDR signal regulation.

Another receptor signalling regulatory mechanism, ectodomain shedding, reduces the
availability of ectodomains of cell surface proteins (Clark, 2014). This process occurs at or near
the plasma membrane, in which the receptor ectodomains are cleaved by a protease to
regulate the number of available receptors for ligand binding (Miller et al., 2017, Itoh, 2021).
DDR1 ectodomain has been reported to shed upon collagen binding which may enable
termination of DDR1 regulated signalling (Vogel, 2002, Shitomi et al., 2015). Constitutive DDR1
ectodomain shedding has also been investigated in multiple studies (Alves et al., 1995, Fu et
al., 20134, Shitomi et al., 2015). Fu et al. showed constitutive DDR1 shedding in COS1 cells and
T47D breast cancer cells is mediated by overexpressed MMP14 (Fu et al., 2013a). However,
they failed to verify endogenous MMP14-regulated DDR1 shedding in HCC1806 cells (Fu et al.,
2013a). Similarly, Shitomi et al. later demonstrated that endogenous MMP14 cannot mediate
constitutive or collagen-induced DDR1 shedding in A431 cells, indicating a possibility that the
findings from Fu et al. study were affected by experimental conditions (i.e. overexpression)
(Shitomi et al., 2015). Instead of MMP14, Shitomi et al. found the ADAM metallopeptidase
domain 10 (ADAM10) can promote collagen-induced DDR1 shedding, which subsequently
terminates DDR1 signalling (Shitomi et al., 2015). Intriguingly, the collagen binding potential
of the DDR1 DS domain is not diminished by shedding, which could still regulate collagen
structure (Abbonante et al., 2013). Indeed, a recent study showed that DDR1 ectodomain
shedding results in a highly organised and aligned stromal ECM within the tumour
microenvironment of breast cancer, which excludes immune cells from accessing the tumour
targets (Sun et al., 2021, Leitinger, 2022, Liu et al., 2023). This points out the additional role
of DDRs in disease progression and tissue remodelling, in addition to receptor activation-

induced downstream signalling (Leitinger, 2022).
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1.3.4 DDR downstream signalling

Like other RTKs, ‘classical’ DDR downstream signalling starts from the recruitment of SH2 and
PTB domain-containing proteins to the intracellular phosphorylated tyrosine residues
(Leitinger, 2014). There are up to 15 tyrosines in the DDR1 intracellular region, with eight
located in the kinase domain and the rest in the intracellular JM region (five in DDR1a, seven
in DDR1b/c). The DDR2 contains ten tyrosines in the kinase domain and four in the
intracellular region. However, among all these tyrosine residues, only three on the DDR1 JM
region (Tyr513 on DDR1b/c; Tyr569 and Tyr586 on DDR1b) and three on the DDR1 and DDR2
activation loop (Tyr792, Tyr796, and Tyr797 on DDR1; Tyr736, Tyr740, and Tyr741 on DDR2)
have been demonstrated in cell experiments as collagen-induced phosphorylation sites (lwai
et al., 2013b, Lemeer et al.,, 2012, Xu et al., 2014, Sammon et al.,, 2020). The current
explorations of the proteins that can be recruited to the DDRs remain incomplete, with most
studies focused on DDR1. Nevertheless, several binding partners have been identified for
DDR1, such as ShcA, non-catalytic region of tyrosine kinase adaptor protein 2 (Nck2), Src
homology region 2 domain-containing phosphatase (SHP)-1, and SHP-2, etc (Vogel et al., 1997,
Koo et al.,, 2006, Abbonante et al., 2013, Wang et al., 2006). Lemeer et al. identified an
extended range of potential proteins that bind to DDR1 using a library of phospho-peptides
generated based on the potential DDR1 tyrosine phosphorylation sites (Figure 1. 7) (Lemeer
et al., 2012). Very little is known about DDR2 signalling, with only ShcA, SHP-2, Nck1, Lyn, and

phospholipase C like 2 (PLCL-2) being shown to interact with DDR2 intracellular region (lkeda
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Figure 1. 7 DDR1 phosphosites interaction with binding partners

The DDR1b intracellular region is presented with the JM region in grey (DDR1b-specific insert in yellow), the
kinase domain in blue, and the activation loop in green. The potential phosphorylation sites are indicated by
circles with ‘P’, where a red P indicates the biochemically verified sites. Binding partners with SH2 and PTB
domains were identified by phosphotyrosine peptide pulldowns in human placenta tissue (Lemeer et al., 2012).
PLC-y1 (phospholipase C-y1), RasGAP (Ras-specific GTPase-activating protein), SHIP-1/2 (SH2-containing 5'-
inositol phosphatase-1/2), SFK (Src family kinases), Stat (signal transducers and activators of transcription), PI3-
K (phosphoinositide 3-kinase). This figure was made with PowerPoint and is adapted from (Leitinger, 2014).

et al., 2002, Iwai et al.,, 2013b). Detailed information on which signalling pathway these
adaptor proteins are involved in remains poorly understood. Current knowledge of DDR-
related pathways exhibits distinct signalling outcomes for a single type of DDR, depending on
the ligand used for stimulation and cell type (Leitinger, 2014, Itoh, 2018). For instance, DDR1b-
dependent MAPK activation in human embryonic kidney (HEK) cells can be stimulated with
collagen 1V instead of collagen | (Ongusaha et al., 2003). Furthermore, the core signalling
molecule in MAPK pathway, Erk 1/2, can be activated by DDR1 in smooth muscle cells,
mammary epithelium, transfected HEK cells, and megakaryocytes (Abbonante et al., 2013,
Hilton et al., 2008, Lu et al., 2011a, Ongusaha et al., 2003); whilst its activity is likely to be
repressed by DDR1 in mesangial cells (Curat and Vogel, 2002). Limited research has been
conducted on DDR2-regulated signalling pathways. Nevertheless, in chondrocytes, DDR2 has
been shown to activate p38 and c-Jun N-terminal kinase (JNK) to induce interleukin-12

expression (Poudel et al., 2013), while activates p38 and Erk 2 for upregulating MMP13
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expression (Xu et al.,, 2005, Xu et al., 2007). Moreover, deletion of DDR2 disrupted the
FAK/YAP/TAZ (focal adhesion kinase/yes-associated protein/transcriptional coactivator with

PDZ-binding motif) signalling in mesenchymal lineage cells (Pagani et al., 2022).

Besides recruiting downstream proteins, crosstalk between surface receptors also contributes
towards signalling (Volinsky and Kholodenko, 2013, Natarajan and Berk, 2006). For instance,
collagen-induced DDR2 activation can be promoted by the insulin signalling pathway (Iwai et
al., 2013a). Crosstalk was also identified between DDRs and the major collagen receptor, f1
integrin (Leitinger, 2014). Although B1 integrin has no contribution to DDR activation, integrin-
mediated cellular functions have been shown to be positively and negatively regulated by
DDRs in a cell type-dependent manner (Leitinger, 2014). For example, suppression of a2f1
integrin-mediated cell functions (migration, spreading, and adhesion) in Madin-Darby canine
kidney (MDCK) cells are regulated by DDR1 through different downstream signalling
molecules (Wang et al., 2006, Wang et al., 2005, Yeh et al., 2009). However, in pancreatic
cancer cells, both a21 and DDR1 contribute to the upregulation of JNK-mediated N-cadherin
expression, which in turn promotes epithelial to mesenchymal transition (EMT)-like cell
scattering (Shintani et al., 2008). Furthermore, overexpression of DDR1 and DDR2 in HEK cells
positively regulates integrin-mediated cell adhesion to collagen | (Xu et al., 2012). A recent
study using Caenorhabditis elegans utse-seam tissue showed collagen IV-induced DDR2
activity strengthens integrin-mediated cell adhesion (Park et al., 2023). In cancer associated
fibroblasts (CAFs), DDR2 was found to control B1 integrin activity through Ras-related protein
1 (RAP1) mediated talinl and kindlin2 activation (Bayer et al., 2019). Similarly, B1 integrin-
regulated cell migration can be promoted by DDR1 interaction with the focal adhesion protein,

talin (Borza et al., 2022).

1.3.5 DDRs in disease

Besides their regulation of embryo development mentioned in Section 1.3.1, both DDRs have
been found to contribute to human disease progression and have been studied in many
disease models, such as animal models for cancer, osteoarthritis, and fibrotic disease (Borza
and Pozzi, 2014, Wu et al., 2022, Xiao et al., 2021, Coelho et al., 2019). As DDRs positively
contribute to disease progression, discovering small-molecule inhibitors against DDR
activation is an important topic. Besides the broad-range inhibitors which target many kinases

in their DFG-IN or DFG-OUT conformation, several selective and potent DDR inhibitors have
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been developed (Elkamhawy et al., 2021, Shenoy et al., 2023, Liu et al., 2024). However, no
DDR-specific inhibitors have been investigated clinically, given that the pathological roles of

DDRs and their downstream signalling pathways remain less well understood.
Cancer

Overexpression and increased activity of DDRs have been observed in various types of cancer,
such as NSCLC, breast, ovarian, and pancreatic cancers (Valiathan et al., 2012). The altered
DDR functions are likely to play a role in tumorigenesis, as well as promoting metastasis,
chemotherapy resistance, and prosurvival signals (Valiathan et al., 2012, Cader et al., 2013,

Ongusaha et al., 2003).

The high expression of DDRs has been reported in multiple cancers, such as lung, breast, and
ovarian cancers, in which the expression is often linked to poor patient prognosis and
progression to malignancy (Valiathan et al., 2012). Thus, several studies have proposed DDR
expression as a prognostic biomarker (Ben Arfi et al., 2022, Quan et al., 2011, Romayor et al.,
2022, Fan et al., 2016). Indeed, DDR1 knockdown showed reduced glioblastoma invasiveness
(Ma et al., 2018) and the percentage of malignant melanomas (Reger de Moura et al., 2019).
Although the understanding of DDR overexpression in cancers remain incomplete, a few
factors that could potentially regulate DDR cancer expression have been suggested, including
the loss of DDR suppressor miRNA, a hypoxia environment, and the involvement of a cancer-
promoting tetraspanin (Deng et al., 2017, Ren et al., 2014, Yang et al., 2017). The dysregulated
DDR expression can lead to altered receptor phosphorylation. For instance, a
phosphoproteomic study of NSCLC showed that both DDRs are among the most
phosphorylated RTKs (Rikova et al., 2007). DDR-mediated signalling has been shown to
regulate multiple cellular processes (Valiathan et al., 2012). In breast cancer cells that express
DDR2, collagen stimulation to DDR2 results in Erk2-mediated SNAIL1 phosphorylation, which
in turn promotes cancer cell migration and invasion (Zhang et al., 2013). Thus, the application

of small-molecule DDR inhibitors in cancer therapy could be attractive.

It is important to note that the specific roles that DDR play in cancer tissue could be cell-type
dependent. For instance, DDR1 overexpression in breast cancer cells was linked to increased
metastasis in one study (Gadiya and Chakraborty, 2018), whilst another study showed DDR1

expression in tumour surrounding tissues led to reduced breast cancer metastasis (Takai et al.,
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2018). Moreover, upregulated collagen Il expression through DDR1 signalling was found to
maintain the non-linear ECM organization and cellular dormancy of head and neck squamous
cell carcinomas (Di Martino et al., 2022). These studies suggest that DDR roles in cancer
progress may be muti-faceted, and DDRs may have tissue-specific or cancer-specific different
roles, which could bring difficulties in taking DDRs as treatment targets for cancer therapy
(Trono et al., 2024). Apart from the DDR-mediated signalling and cell functions that include
pro-tumour and anti-tumour roles in cancer, DDRs can also regulate tumour immune exclusion
in a kinase-independent way (Sun et al., 2021, Liu et al.,, 2023). Liu et al. showed that
constitutive DDR1 ectodomain shedding results in a highly organized stromal ECM, which
subsequently interrupts immune cell access to the tumour core (Liu et al., 2023). This indicates
that applying a small-molecule kinase inhibitor might not be sufficient to reverse DDR-

regulated cancer progression.

Fibrotic disease

In lung fibrotic diseases, such as idiopathic pulmonary fibrosis (IPF), both DDR1 and DDR2
have been identified as potential therapeutic targets (Avivi-Green et al., 2006, Borza et al.,
2018). DDR1-deficient mice were found to be protected from bleomycin-induced lung
inflammation and fibrotic scarring (Avivi-Green et al., 2006). Similarly, DDR2-null mice are also
protected from this acid-induced lung fibrosis (Jia et al., 2018, Zhao et al., 2016a). Jia et al.
proposed a mechanism that DDR2 expressed in IPF fibroblasts protects the cells from
apoptosis (Jia et al., 2018). However, Zhang et al. found that DDR2 TGF-B1-induced fibroblast

activation (Zhao et al., 2016a).

In liver fibrosis, DDR2 plays a controversial role in regulating this disease. In a chronic liver
injury model, DDR2-deficient mice were more susceptible to fibrosis compared to the
wildtype (WT), indicating a protective role of DDR2 against chronic liver injury (Olaso et al.,
2011). However, DDR2 was found to promote liver fibrosis by mediating hepatic stellate cell
activation and proliferation in an acute liver injury model (Olaso et al., 2001). Moreover,
increased DDR2 expression was associated with increased MMP2 expression, collagen
deposition and ECM remodelling in an experimental alcoholic liver model (Luo et al., 2013).
Taken together, these studies suggest DDR2 may play a pathogenic role in early live fibrosis,

but act to be protective in chronic liver disease.
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Osteoarthritis

Osteoarthritis is a chronic condition that leads to long-term pain. Current treatment mainly
focuses on pain relief but not managing disease progression (Pulsatelli et al., 2013). In both
mouse models and osteoarthritis patients, there is an observed increase in DDR2 expression
linked to the extent of cartilage damage (Xu et al., 2007, Sunk et al., 2007). The increase in
DDR2 expression was found to promote the expression of MMP-13, a key enzyme that cleaves
collagen and degenerate cartilage (Xu et al., 2007). In a mouse model, DDR2 reduction or
deletion could lessen cartilage degeneration (Xu et al., 2010, Manning et al., 2016). In addition,
Schminke et al. found DDR1-deficient mice showed typical signs of osteoarthritis, thus
proposing this as a novel osteoarthritis model (Schminke et al., 2014). It is important to note
that although DDR1 could be protective for osteoarthritis, complete DDR1 knockout can result
in a compensatory expression of DDR2 in chondrocytes (Schminke et al., 2014). Taken together,
these studies suggest DDR2 as a therapeutic target for osteoarthritis management, however,

further tests using DDR-specific inhibitors are required.

1.4  Warburg Cinotti Syndrome

Connective tissue, primarily composed of ECM components with sparse cells, is one of the
basic tissues that provides internal support to the human body (Kamrani et al., 2024).
Disorganised ECM composition or structure could potentially be the underlying cause of
various connective tissue-related diseases (McKee et al., 2019). In 2006, a case study from
Warburg et al. first described a series of new symptoms seen in a blepharophimosis patient
(Warburg et al., 2006), making it different from the existing symptoms such as Penttinen
syndrome, hereditary mucoepithelial dysplasia, and mucopolysaccharidoses (Johnston et al.,
2015, Halawa et al.,, 2015, Zhou et al., 2020). This new syndrome is characterised by
blepharophimosis, progressive corneal vascularisation, deafness, acroosteolysis, and
subcutaneous tissue wasting in the face, hands, and feet (Warburg et al., 2006). Later in 2013,
Cinotti et al. reported a new patient case with similar pathological features (Cinotti et al.,
2013). This new disease was then named ‘Warburg Cinotti Syndrome’, and a more detailed
case report was published in 2018 (Xu et al., 2018). Xu et al. provided a more extended clinical
description (Table 1. 2) of Warburg Cinotti syndrome, with a total of six patients included in
the study (Xu et al., 2018). The discovery of several features, including keloid-like plaques,

excessive contractures, and acroosteolysis, made it a connective tissue-related disease (Xu et
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al., 2018). Exome sequencing was performed to identify potential variants shared by Warburg
Cinotti patients, with two heterozygous missense variants (c.1829T>C; p.Leu610Pro and
€.2219A>G; p.Tyr740Cys) located on DDR2 identified as being responsible for the disease (Xu
et al., 2018). These two novel variants are both located in the DDR2 tyrosine kinase domain
and affect conserved amino acid residues. Endogenous DDR2 proteins from healthy control
(WT) cells and patient cells with different Warburg Cinotti variants were examined using ELISA
and Western blotting, with increased DDR2 phosphorylation signals seen in both patient
samples without additional collagen stimulation treatment (Xu et al., 2018). Moreover,
dasatinib treatment blocked the DDR2 phosphorylation signals from both WT and patient cell
samples (Xu et al., 2018). This suggests that the identified Warburg Cinotti variants could be

gain-of-function mutations associated with enhanced DDR2 kinase activity and signalling.
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Table 1. 2 A selection of Warburg Cinotti syndrome clinical features
DDR2 variants are shown in short names (L610P, p.Leu610Pro; Y740C,p.Tyr740Cys). ‘+’ and ‘-
‘ represent ‘presence’ and ‘absence’ of symptoms, with degree indicated with extra ‘+. NR,
not reported. This table is adapted from (Xu et al., 2018).

Patient 1 2 3 4 5 6
(Warburg  (Cinotti (Xu et (Xu et (Xu et (Xu et
Described by et al,, et al,, al., al., al., al.,
2006) 2013) 2018) 2018) 2018) 2018)
Age 63 64 37 14 9 41
DDR2 variant L610P Y740C Y740C Y740C Y740C L610P
Corneal
L +++ +++ ++ + + NR
vascularisation
Conductive hearing
+ - - NR NR +
loss
Skin with little
. + NR + + NR +
subcutaneous tissue
Keloid-like plaques + + + - - +
Contractures ++ +++ ++ + + +
Acroosteolysis + + + - - +
Thin nose + + + + + +
Loss of toes/toenails + + + - - +
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1.5 Hypothesis and aims

The study showing preliminary evidence for DDR2 activation in WT and Warburg Cinotti
patient cells (Xu et al., 2018), left a few questions open about the underlying cellular and
biochemical mechanisms of disease induction. First, it is unclear whether and how these two
variants lead to changes in DDR2 kinase catalysis. Second, it is not clear whether the patient
cells harbour constitutive DDR2 activation in cells and how collagen binding regulates DDR2
signalling in these cells. Third, it remains unexplored whether these DDR2 variants lead to
changes in cellular processes and how they could link to clinical features. Finally, DDR-specific
inhibitors should be tested to verify whether any changes are due to altered DDR2 kinase
activity. Answering these questions could provide an extended understanding of DDR2 kinase
regulation, DDR2 downstream signalling and pathological roles and provide new treatment
options for Warburg Cinotti Syndrome. The main hypothesis for this project is that the
Warburg Cinotti DDR2 variants result in constitutive kinase activity as well as changed cellular

behaviours through enhanced DDR2 receptor signalling.

1.5.1 Chapter aims

Chapter 3: 1) To analyse WT and mutant DDR2 kinase catalytic parameters using purified
soluble recombinant constructs in vitro; 2) To analyse full-length WT and mutant DDR2
activities in transfected cells; 3) To establish whether a DDR-specific inhibitor blocks mutant

DDR2 activities in vitro and in transfected cells.

Chapter 4: To analyse mutant DDR2 functions in cell-based functional assays and test the DDR-

specific inhibitor in patient-derived human dermal fibroblast (HDF) cells.

Chapter 5: To explore DDR2-regulated signalling molecules in patient-derived HDF cells.
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1 Cell culture reagents

HEK293 cells and Cos-7 monkey fibroblast-like kidney cells were obtained from American
tissue culture collection (ATCC), US. Primary human dermal fibroblast (HDF) cells, isolated
from a healthy donor (control cells) or the Warburg-Cinotti Syndrome patients’ biopsy, were
obtained through collaboration from Dr Cecilie Bredrup, Haukeland University Hospital,
Norway. Spodoptera frugiperda 9 (Sf9) cell stock was maintained by Valerie Good at the

baculovirus facility at Imperial College London.

Dulbecco’s modified eagle medium/nutrient mixture F-12 (DMEM/F-12), Opti-MEM reduced
serum medium without phenol red, Pen Strep (10,000 U/mL penicillin, 10,000 pug/mL
streptomycin), L-Glutamine 200 mM (100X), heat inactivated fetal bovine serum (FBS) and 0.5%
trypsin-EDTA (10X) were from Gibco, ThermoFisher Scientific, UK. Insect Xpress medium was
from Lonza, Belgium. Enzyme-free cell dissociation solution and 0.4% trypan blue solution

were from Sigma-Aldrich, UK.

6-, 12- and 24-well tissue culture plates and 100 mm tissue culture dishes were purchased
from VWR, UK. 25 cm? tissue culture flasks (T25) and 75 cm? tissue culture flasks (T75) were

from Sarstedt, Germany. Corning polystyrene roller bottles were from Corning, US.

Polyethylenimine Max (PEl Max) was from Polysciences, US. Lipofectamine 3000 and Cellfectin

Il were from ThermoFisher, UK.
Dimethyl sulfoxide (DMSO) was from Sigma-Aldrich, UK

Collagen | from rat tail (#C7661) and collagen | solution from bovine skin (#C4243) were

purchased from Sigma-Aldrich, UK

2.1.2 Molecular biology reagents

Polymerase chain reaction (PCR) and sequencing primers were from Invitrogen, UK. In-Fusion
HD enzyme premix, cloneAmp HiFi PCR premix and PrimeScript reverse transcriptase were
purchased from TakaraBio, Japan. Fast SYBR green master mix (2X) and Applied Biosystems

MicroAmp optical 96-well reaction plates were from ThermoFisher, UK.
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All restriction enzymes, CutSmart buffer, Q5 High-Fidelity DNA polymerase, 5X Q5 reaction
buffer, 10 mM deoxynucleotide triphosphates (dNTPs), T4 ligase, 10X T4 ligase buffer, 6X gel
loading dye, 100bp DNA ladder and 1 kb DNA ladder were purchased from New England
Biolabs (NEB), UK.

Stellar™ competent cells were from TakaraBio, Japan. DH5a chemically competent cells were
from ThermoFisher, UK. NEB 5-alpha competent cells (high efficiency) were from NEB, UK.
Lysogeny broth (LB) agar, LB broth and ampicillin were from Sigma-Aldrich, UK.

UltraPure agarose and SYBR safe DNA gel stain were from ThermoFisher, UK.

NucleoSpin Gel and PCR clean-up kit were from Macherey-Nagel. QlAquick gel extraction kit,
RNeasy Mini kit and QlAprep Miniprep, Midiprep, Maxiprep kits were purchased from Qiagen,

Germany.

Endoglycosidase H (Endo H), 10X glycoprotein denaturing buffer and 10X G5 buffer were
purchased from NEB, UK

2.1.3 Buffer chemicals, solutions and reducing agents

Trizma base (Tris), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), glycine,
sodium dodecyl sulfate (SDS), glycerol, ethylenediaminetetraacetic acid (EDTA), sodium
phosphate monobasic (NaH.POs), sodium phosphate dibasic (Na;HPO4), potassium
phosphate monobasic (KH2PO4), sodium chloride (NaCl), potassium chloride (KCl), magnesium
chloride (MgCl;), manganese chloride (MnCl;) and sodium fluoride (NaF) were purchased
from Sigma-Aldrich, UK. Bovine serum albumin (BSA) and Tween-20 were from ThermoFisher,

UK.

Hydrogen chloride (HCI), acetic acid, sodium hydroxide (NaOH), methanol (MeOH), ethanol

(EtOH) and isopropanol were from Sigma-Aldrich.

B-mercaptoethanol was from Sigma-Aldrich, UK. Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) and dithiothreitol (DTT) were purchased from ThermoFisher, UK.

48



2.1.4 Protein purification buffers

2.1.4.1 Small-scale protein expression test buffers

Small-scale Sf9 cells lysis buffer 1, regular: 50 mM NaH;PO4 pH 8.0, 300 mM NaCl, 5 mM
imidazole, 1% (v/v) Tween-20, with 133 units/mL DNase | (NEB, UK) and 1 cOmplete EDTA-
free protease inhibitor cocktail tablet (Roche, Switzerland) per 50 mL, freshly added before

use.

Small-scale Sf9 cells lysis buffer 2, modified: Sf9 cells lysis buffer 1, with pH adjusted to 7.5
with HCI.

Small-scale Sf9 cells lysis buffer 3, modified: Sf9 cells lysis buffer 1, with pH adjusted to 7.0
with HCI.

Small-scale Sf9 cells lysis buffer 4, modified: Sf9 cells lysis buffer 1 (pH 8.0), with 10% (v/v)

glycerol.

Small-scale Sf9 cells lysis buffer 5, modified: Sf9 cells lysis buffer 1 (pH 8.0), with 2% (v/v)

Tween-20.

Small-scale nickel-nitrilotriacetic acid (Ni-NTA) wash buffer: 50 mM NaH,PQs, 300 mM NacCl,
15 mM imidazole, 0.05% (v/v) Tween-20, pH 8.0.

2.1.4.2 Large-scale protein purification buffers

Large-scale Sf9 cells lysis buffer: 500 mM NaCl, 50 mM Tris pH 7.5, 0.2% (v/v) Tween-20, with
0.05 U/mL benzonase (Sigma-Aldrich, UK) and 1 cOmplete EDTA-free protease inhibitor

cocktail tablet per 50 mL, immediately added before use.

HisTrap wash buffer: 500 mM NaCl, 50 mM Tris pH 7.5.

HisTrap elution buffer: 500 mM NaCl, 50 mM Tris pH 7.5, 500 mM imidazole.

Dialysis buffer (for C3 cleavage experiments): 50 mM Tris pH 8.0, 200 mM NaCl, 0.5 mM TCEP.
Gel filtration buffer: 200 mM NaCl, 25 mM HEPES pH 7.5, 0.5 mM TCEP.

2.1.5 Peptides and inhibitors

Axltide insulin receptor substrate 1 (IRS-1) derived peptide with the amino acid sequence of

KKSRGDYMTMQIG was purchased from GenScript Biotech, Netherlands. Synthetic triple-
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helical collagen-derived integrin-selective peptides, as well as the control non-receptor
binding peptide GPP10 (Table 1), were obtained from Prof Richard Farndale, Cambridge. These
peptides were custom synthesised by (N-(9-fluorenyl)methoxycarbonyl) (Fmoc) chemistry as
a C-terminal amide in the Applied Biosystems Pioneer automated synthesizer with TentaGel R

RAM resin and purified as described (Raynal et al., 2006).

Dasatinib was purchased from Selleckchem, US. VU6015929 DDR-specific inhibitor was from
Insight Biotechnology, UK. Both inhibitors were dissolved in DMSO with stock concentrations
of 2.48 mM and 1 mM, respectively. The stocks were aliquoted into small volumes and stored
at -80°C.

Table 2. 1 Sequences of synthetic triple-helical collagen-derived integrin-selective peptides
and control peptide (Xu et al., 2012, Xu et al., 2011)

Name Sequence
GFOGER GPC(GPP)s-GFOGER-(GPP)sGPC-NH.
GLOGER GPC(GPP)s-GLOGER-(GPP)sGPC-NH;
GMOGER GPC(GPP)s-GMOGER-(GPP)sGPC-NH;
GAOGER GPC(GPP)s-GAOGER-(GPP)sGPC-NH>
GLOGEN GPC(GPP)s-GLOGEN-(GPP)sGPC-NH;
GPP10 GPC(GPP)10-GPC-NH;

2.1.6 Protein assay buffers
25X cOmplete protease inhibitor stock solution: 1 cOmplete EDTA-free protease inhibitor

cocktail tablet dissolved in 2 mL sterile MilliQ water.

Mammalian cell lysis buffer: 150 mM NaCl, 50 mM Tris pH 7.4, 1 mM EDTA, 1% (v/v) IGEPAL
CA-630 (substitution for Nonidet P-40), with 1X cOmplete protease inhibitor, 5 mM NaF, 1 mM

sodium orthovanadate immediately added before use.

Recombinant protein lysis buffer: 50 mM NaH;PO. pH 8.0, 300 mM NaCl, 10 mM imidazole,
1% (v/v) IGEPAL CA-630, with 1 cOmplete EDTA-free protease inhibitor cocktail tablet per

50 mL, freshly added before use.

0.5 M sodium phosphate buffer, pH 8.0: 19.82 mM NaH,P04, 480.2 mM Na;HPOA4.
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2X binding/wash buffer: 100 mM sodium phosphate buffer pH 8.0, 600 mM NacCl, 0.02% (v/v)

Tween-20.

2X sample buffer: 125 mM Tris pH 6.8, 2% (w/v) SDS, 25% (v/v) glycerol, 0.02% (w/v)

bromophenol blue (BPB), with 2% (v/v) B-mercaptoethanol if reducing buffer used.

5X sample buffer: 300 mM Tris pH 6.8, 10% (w/v) SDS, 50% (v/v) glycerol, 0.1% (w/v) BPB, with

10% (v/v) B-mercaptoethanol if reducing buffer used.

ADP-Glo™ kinase assay kit and ADP-Glo™ Max kinase assay kits were purchased from Promega,

usS.

ATP for kinase buffer 1 and 2 was from Sigma-Aldrich. ATP for ADP-Glo™ assay was from
Promega, US.

Kinase buffer 1 (for 1 mM ATP reaction): 10 mM MnCl;, 10 mM MgCl,, 200 mM NaCl, 25 mM
Tris pH 7.5, 100 uM DTT, 0.1 mg/mL BSA.

Kinase buffer 2 (for 20 mM ATP reaction): 20 mM MnCl,, 20 mM MgCl;, 200 mM NacCl, 25 mM
Tris pH 7.5, 100 uM DTT.

ADP-Glo™ kinase buffer: 25 mM Tris pH 7.5, 1 mM MnCl,, 5 mM MgCl,, 200 mM NaCl,
100 uM DTT, 0.1 mg/mL BSA.

ADP-Glo™ Max kinase buffer: 25 mM Tris pH 7.5, 1 mM MnClz, 15 mM MgClz, 200 mM NaCl,
100 uM DTT, 0.1 mg/mL BSA.

2.1.7 Gel running and Western blotting reagents

30% Acrylamide/Bis-acrylamide (Acry/Bis), ammonium persulfate (APS) and N,N,N’,N’-
Tetramethyl ethylenediamine (TEMED) were purchased from Sigma-Aldrich, UK. Blue
prestained protein standard ladder (11-250 kDa) was from NEB, UK.

1X Tris-Acetate-EDTA (TAE) buffer: 40 mM Tris pH 8.5, 0.1% (v/v) acetic acid, 1.3 mM EDTA.

1X Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPQO4, 1.8 mM
KH,POg4, pH 7.4.

SDS-PAGE resolving gel: 375 mM Tris pH 8.9, 7.5-10% (v/v) Acry/Bis, 0.1% (w/v) SDS, 0.04%
(w/v) APS, 0.2% (v/v) TEMED.
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SDS-PAGE stacking gel: 125 mM Tris pH 6.8, 3% (v/v) Acry/Bis, 0.1% (w/v) SDS, 0.04% (w/v)
APS, 0.2% (v/v) TEMED.

SDS running buffer: 25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS.
SDS blotting buffer: 25 mM Tris, 192 mM glycine, 20% (v/v) MeOH, 0.01% (w/v) SDS.

InstantBlue Coomassie stain was purchased from Abcam, UK. Intercept (PBS) blocking buffer
and NewBlot Nitro stripping buffer were from LI-COR, UK. Amersham Protran 0.2 um

nitrocellulose membrane was from Cytiva, UK.

2.1.8 Flow cytometry and immunofluorescence reagents

37% formaldehyde solution, paraformaldehyde (PFA) and Triton X-100 were from Sigma-
Aldrich, UK. Vectashield Vibrance antifade mounting medium with DAPI was from Vector

Laboratories, US. Zombie NIR™ fixable viability dye was from Biolegend, US.
FACSWASH buffer: 1% BSA (w/v) in PBS.

FACSFIX buffer: 2% formaldehyde (v/v) in PBS.
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2.1.9 Antibodies

Table 2. 2 List of primary antibodies

Western blot (WB), flow cytometry (FC), immunofluorescence (IF), gel contraction assay (GC)

(Y527) (#2105)

Host Dilution
Name / catalogue number Manufacturer Application
species | factors
Monoclonal anti-pY, clone 4G10
Sigma-Aldrich, UK | Mouse 1:666 WB
(#05-321)
Custom-made by
Polyclonal anti-phospho- Biomatik
Rabbit 1:666 WB
DDR1/DDR2, anti-pY569/521 (Sammon et al.,
2020)
Custom-made by
Polyclonal anti-phospho- Biomatik
Rabbit 1:666 WB
DDR1/DDR2, anti-pY586/538 (Sammon et al.,
2020)
Monoclonal anti-phospho-
DDR1/DDR2, pY796/740 Bio-Techne, US Rabbit 1:666 WB
(#MAB25382)
Polyclonal anti-DDR2, N-terminal
epitope Bio-Techne, US Goat 1.666 WB
(#AF2538)
Polyclonal anti-DDR2, C-terminal
epitope Invitrogen, UK Rabbit 1:1000 WB
(#PA5-79144)
Monoclonal anti-DDR1, C-
terminal epitope Santa-Cruz, US Mouse 1:500 WB
(#sc-374618)
Monoclonal anti-FLAG M2
Sigma-Aldrich, US | Mouse 1:200 FC, IF
(#F3165)
Polyclonal anti-phospho-Src
Cell Signaling, US | Rabbit 1:500 WB
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Monoclonal anti-Src (32G6)

Cell Signaling, US | Rabbit 1:500 WB
(#2123)
Monoclonal anti-Akt pan specific
Bio-Techne, US Mouse 1:1000 WB
antibody (#MAB2055)
Polyclonal anti -phospho-Akt
Bio-Techne, US Rabbit 1:1000 WB
(5473) (#AF887)
Monoclonal anti-phospho-Erk1
(T202/Y204)/Erk2 (T185/Y187) Bio-Techne, US Rabbit 1:1000 WB
(#MAB1018)
Monoclonal anti-Erk1/Erk2
Bio-Techne, US Mouse 1:1000 WB
(#MAB1576)
Monoclonal anti-phospho-p38
MAPK (T180/Y192) (D3F9) Cell Signaling, US | Rabbit 1:1000 WB
(#4511)
Monoclonal anti-p38 MAPK
Cell Signaling, US | Rabbit 1:1000 WB
(D13E1) (#8690)
Monoclonal anti-alpha-Tubulin
Sigma-Aldrich, US | Mouse 1:2000 WB
(DM1A) (#T6199)
1:500 for
Monoclonal anti-alpha-smooth
WSB,
muscle actin (1A4) ThermoFisher, UK | Mouse WSB, IF
0.5mg/mL
(#14-9760-80)
for IF
In-house
Monoclonal anti-integrin beta 1
produced (Xu et | Mouse | 10 ug/mL FC, GC
(P5D2)
al., 2012)
Monoclonal anti-integrin alpha 1 Millipore
Mouse | 10 pug/mL FC
(FB12) (#HMAB1973) Chemicon, UK
Monoclonal anti-integrin alpha 2
AbD Serotec, UK | Mouse | 10 pg/mL FC

(AK7) (#MCA743)
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Table 2. 3 List of secondary antibodies and fluorescent dyes

Host Dilution
Name Manufacturer Application
species | factors
IRDye 680RD anti-mouse IgG
LI-COR, US Goat 1:17,500 WB
(#926-68070)
IRDye 680RD anti-goat IgG
LI-COR, US Donkey | 1:17,500 WB
(#926-68074)
IRDye 800CW anti-mouse 1gG
LI-COR, US Goat 1:17,500 WB
(#926-32210)
IRDye 800CW anti-rabbit IgG
LI-COR, US Donkey | 1:17,500 WB
(#926-32213)
AlexaFluor 488 anti-mouse IgG1 ThermoFisher,
Goat 1:500 IF
(#A-21121) UK
AlexaFluor 488 anti-mouse IgG (H+L) | ThermoFisher,
Goat 1:500 IF
(#A-11001) UK
Sigma-Aldrich,
Anti-mouse IgG-FITC (#F9006) Goat 1:500 FC
us
Rhodamine Phalloidin (#00027) Biotium, US - 1:200 IF
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2.2 Cloning

2.2.1 Site-directed mutagenesis and subcloning

The mutant constructs, including point mutants DDR2-Y740C and DDR2-L610P, as well as
insertion mutant Flag-GS-DDR2 were generated using the PCR QuickChange mutagenesis
method (Liu and Naismith, 2008). The plasmid pS-DDR2, consisting of the WT DDR2 cDNA
cloned into the pSP72 vector (Promega, US) (Leitinger, 2003), was used as the cloning
template. All primer designs were based on the principles shown in Figure 2. 1. The primers

are shown in Table 2. 4.

DDR2 cDNA DDR2 cDNA
EcoRl \ EcoRlI
pSP72 Xhol pSP72 Xhol
45 bp
J__|
N -
20 bp overlap

Figure 2. 1 Schematic diagram illustrating different types of mutagenic primers used.

All constructs can by analytically digested with EcoRI and Xhol, the two enzymes used to clone the DDR2 cDNA
constructs into the cloning vector pSP72.

A. Both forward and reverse primers for missense mutants were designed with the mutated bases (*) in the
middle.

B. For the insertion of the Flag tag and short flexible linker, the short tags were directly encoded in the primers,
with the 3’ regions of the insertion included in the forward primer and the 5’ region in the reverse primer. The
red regions depict the annealing part of the primers and the green regions the insertion. The primer pair has a
20-base overlap region.
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Table 2. 4 Primer sequences
Mutagenic bases are shown in green. Flag-tag insertion are shown in red.

Primer Forward primer (5’-3’)
Application
Name Reverse primer (5’-3’)
CTGTACAGTGGTGACTGTTACCGGATCCAGG
DDR2Y740C
CCTGGATCCGGTAACAGTCACCACTGTACAG
GGCTGTGAAAATGCCCCGAGCAGATGCC
DDR2L610P
GGCATCTGCTCGGGGCATTTTCACAGCC QuickChange
GATGACGATAAGAGTGGTTCTGGATCAGGTTCGC Mutagenesis
CAGCTATATGCCGCTATCCTC
FlagGS
GAACCACTCTTATCGTCATCGTCCTTATAGTCATTA
ACCTGAGCTTTTGCAGAACTCA
AAGTTCTGTTTCAGGGCCCGGTGCCCCACTATGCA
spOPIN- GAG
In-Fusion cloning
DDR2 ATGGTCTAGAAAGCTTTACTCGTCGCCTTGTTGAA
GGAGCAG
CACCATGGACCTGCTCTCAG
DDR2RT Genotyping
TGTAGTGAACTTGCCCAGCA
DDR2DS1 | GTTTCTGCAGATTGACTTGCAC
DDR2SEQ1 | ACTACCATGAAGGTCCACTGC
DDR2SEQ2 | GGCTGCAGCGGTGTTGTGAA
Sanger sequencing
DDR2SEQ3 | CTCAAGGACCCAAACATCATCCA
TAATACGACTCACTATAGGG
T7P
(Provided by GeneWiz)
Sanger sequencing for
DDR2SEQ5 | CCTAACTTTCAAAGAGAAGCTGG
HDF cells genotyping
CCAAGAACTTCCGTCTGTCC
MMP2
TGAACCGGTCCTTGAAGAAG
TGGACGCAGGTTCTCCAAAC
SMAD3 gPCR
CCGGCTCGCAGTAGGTAAC
CTGCCATGTACGTCGCCATTCA
ACTG2
GACATTGTGGGTGACGCCATCA
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GCTACTCAAGCTGATTTGATGGA
CTNNB2
GGTAGTGGCACCAGAATGGATT
ACTGACTCAGAAGCCTTGG
TNC
ATTTCTGGCACTTTCTCGC
CTGCACAGATGACAACGAGTGTC
LTBP2
AGAGTGTAGCCAGGGTAGCAGA
TGGCTATTCCTTCGTTACTACTGCT
ACTA2
CATCAGGCAACTCGTAACTCTTCTC
GGTGGTCTCCTCTGACTTCAACA
GAPDH
GTTGCTGTAGCCAAATTCGTTGT

The primers for DDR2-Y740C and DDR2-L610P contained the mutated bases in the middle to
maximise the priming efficiency. The primers designed for the Flag-containing construct were
based on the chimera insertion (Li et al., 2011). The insertion site of the Flag tag was located
three amino acids after the predicted signal peptide cleavage site. After obtaining the pS-Flag-
GS-DDR2-WT construct (WT DDR2 with Flag tag insertion, cloned into pSP72), this plasmid
was then used as a template for point missense mutant generation (Flag-GS-DDR2-Y740C and
Flag-GS-DDR2-L610P). The PCR reactions included 10 ng template cDNA, 0.3 uM forward and
reverse primers and 1X cloneAmp HiFi PCR premix (25 pL total reaction volume). The reactions

were carried out in a G-Storm thermal cycler (Somerset, UK) with the following programme:

Step Condition Cycle
Initial denaturation 98°C, 3 minutes -
Denaturation 98°C, 10 seconds
Annealing 55°C, 15 seconds X20
Elongation 72°C, 1 minute
Final elongation 72°C, 10 minutes -
Hold 12°C -

The PCR products were digested by adding 20 U of Dpnl enzyme and incubated at 37°C for
1 hour, to destroy the template DNA. All digested products were then mixed with 1X gel

loading dye and analysed on 0.8% agarose gel containing 1x SYBR safe DNA gel stain, at 100 V
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for 30 minutes along with the 1 kb DNA ladder. 1X TAE buffer was used to dissolve the agarose
gel powder and also acted as the agarose gel running buffer. Products (PCR mix) with correct
sizes were then transformed into Stellar™ competent cells using the heat-shock protocol. In
brief, 2.5 pL of PCR product was mixed with 25 uL E.coli and incubated on ice for 30 minutes.
The mixture was then heated to 42°C for 45 seconds, followed by two minutes incubation on
ice. Cells were spread onto LB agar plates containing 100 pg/mL ampicillin and grown
overnight (for a maximum of 18 hours) at 37°C in an incubator (Memmert, Germany). At least
three single colonies were picked from the plates and further grown in LB broth containing
100 pg/mL ampicillin at 37°C overnight, with shaking at 200 rpm in a Stuart shaking incubator
(Cole-Parmer, UK). Cells were pelleted at 1,000 xg for 30 minutes at 4 °C in a CR-412 benchtop
centrifuge (Jouan, US) the next morning, and the plasmid DNAs were extracted and purified
using QlAprep Miniprep kit according to the manufacturer’s protocol. DNA concentration was

measured on a Nanodrop ND-1000 Spectrophotometer (ThermoFisher, UK).

In order to validate the size of the cDNA contained in the plasmids, 500 ng purified DNA was
incubated with 10 U EcoRI-HF and 10 U Xhol enzymes (in CutSmart buffer) at 37°C for 1 hour,
followed by analysing the fragments on 0.8% agarose gel (described as above). The constructs
with expected size were then subjected to Sanger sequencing (conducted by GeneWiz, UK) to
verify the existence of the desired mutation, as well as that no unwanted PCR-generated
mutations were contained in the cDNA. All primers used for DNA sequencing are shown in
Table 2. 4. Correct cDNA constructs were then subcloned into the mammalian expression
vector pcDNA™3.1/Zeo (ThermoFisher, UK). To this end, 1-2 ug cDNA and pcDNA™3.1/Zeo
vector was digested with 20 U EcoRI-HF and 20 U Xhol enzymes (in CutSmart buffer) at 37°C
for at least 3 hours. The products were then separated on a 0.8% agarose gel (described above)
until the loading stain reached the bottom line of the gel. DNA bands were visualized, and
relevant bands isolated under a 180 W ultraviolet (UV) transilluminator (UViTec STX-20.M, UK)
using a scalpel. The DNA fragments were extracted from the gel pieces and purified using a
QlAquick gel extraction kit according to the manufacturer’s instructions. After measuring the
DNA fragment concentrations, the ligation reaction was performed as an overnight incubation
at 16°C, using 3:1 (insert: vector) molar ratio with 0.04 U/mL T4 ligase and 1X T4 ligase buffer.
Each ligation mixture was transformed into Stellar™ competent cells, followed by bacterial

culturing and Miniprep purification (described above). Sanger sequencing was then
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performed again to verify the construct’s identity. The DNA constructs produced were pc-
DDR2-WT, pc-DDR2-Y740C, pc-DDR2-L610P, pc-Flag-GS-DDR2-WT, pc-Flag-GS-Y740C and pc-
Flag-GS-DDR2-L610P.

In order to obtain larger amounts of DNA for mammalian cell transfection 10 ng of the correct
constructs in pcDNA 3.1 vector were transformed (described above) into 25 uL DH5a
competent cells or NEB 5-alpha competent cells followed by colony-picking and liquid
bacterial culture as described above. QlAprep Midiprep or Maxiprep kit was then used to
purify the DNAs from 50 mL or 100 mL bacterial cultures according to the manufacturer’s

instructions.

2.2.2 In-Fusion cloning

In order to obtain baculovirus expression of soluble DDR2 kinases, constructs were cloned into
POPINF vector or other pOPIN vectors for optimal expression (Berrow et al., 2007). The
constructs generated are shown in Table 2. 5. All pOPIN vectors were provided by the Oxford
Protein Production Facility (OPPF; the current name is Protein Production UK; Link:
https://www.rfi.ac.uk/projects/protein-production-uk/). The pOPIN vectors enable the
expression of proteins in multiple hosts, including mammalian cells, E.coli and insect cells. The
vectors all contained sequences encoding a Hise-tag together with a human rhinovirus (HRV)
3C protease cleavage site, which allows nickel affinity purification and further removal of the
Hise-tag by 3C protease. For optimization of DDR2-L610P protein expression, all the pOPIN
vectors except pOPINF contained additional tags (Figure 2. 2, Table 2. 5) before the 3C
cleavage site to increase protein stability or solubility. The In-Fusion cloning technique
(TakaraBio, Japan) was used to produce the pOPIN-constructs, which encoded the DDR2 JM4
segment with the kinase domain (residues 518-855) of WT or mutant DDR2. To achieve this,
pc-DDR2-WT, pc-DDR2-Y740C and pc-DDR2-L610P were used as the PCR templates. Primers
(Table 2. 4) contained 15 bases 5’ end overlap with the linearised vector, were all designed
using the online In-Fusion tool (Link: https://www.takarabio.com/learning-
centers/cloning/primer-design-and-other-tools). The same procedures for PCR and Dpnl
parental DNA digestion were performed as in Section 2.2.1. The digested PCR products were
then purified using NucleoSpin Gel and PCR clean-up kit according to the manufacturer’s
instructions. 50 ng of the purified product was then incubated with 100 ng linearized pOPIN

vector, together with 1X In-Fusion HD enzyme premix. This 10 pL reaction was performed at
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50°C in a water bath for 15 minutes. After this, 2.5 uL mixture was transformed into 25 pL
Stellar™ competent cells as described in Section 2.2.1. The same bacterial culture, DNA
purification, analytical digestion and Sanger sequencing steps were performed as in Section

2.2.1.

GST
6xHis or 6xHis with { SUmMo
MBP

T7 Promoter I DDR2 Residue 518-855

—p— i)
f

HRV 3C cleavage site

Figure 2. 2 Schematic diagram illustrating the key fragment locations on the pOPIN construct.
DDR2 JM4-kinase cDNA (encoding DDR2 residues 518-855) was inserted after the 3C cleavage site. The part
labelled in orange encodes a His6-tag with or without other fusion tags, as listed in Table 2. 5.

Table 2. 5 List of pOPIN constructs and their protein constructs name
Glutathione S-transferase (GST), ubiquitin-like modifier (SUMO), maltose-binding protein (MBP)

DNA construct name Tag Protein construct name
pOPINF-DDR2-WT-K DDR2-WT-K
pOPINF-DDR2-Y740C-K Hise-tag DDR2-Y740C-K
pOPINF-DDR2-L610P-K DDR2-L610P-K
pOPINJ-DDR2-L610P-K Hise-GST-tag His-GST-DDR2-L610P-K
pOPINS3C-DDR2-WT-K His-SUMO-DDR2-WT-K
Hise-SUMO-tag
pOPINS3C-DDR2-L610P-K His-SUMO-DDR2-L610P-K
pOPINM-DDR2-WT-K His-MBP-DDR2-WT-K
Hiss-MBP-tag
pOPINM-DDR2-L610P-K His-MBP-DDR2-L610P-K
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2.3 Soluble DDR2 construct expression

2.3.1 Viral amplification and small-scale protein expression test

To obtain soluble DDR2 constructs DDR2-WT-K, DDR2-Y740C-K and DDR2-L610P-K expression
in the baculovirus system, 1 g of linearised ORF1629 Bacmid (provided by lan Jones,
University of Reading) and 1 pug of the pOPIN constructs were co-transfected into Sf9 cells
grown at 1 x 10° cells/well in a 6-well plate. The cells were cultured in Insect Xpress medium
without antibiotics, and Cellfectin Il was used for transfection according to the manufacturer’s
protocol. The cells were incubated at 27°C for seven days in a static Innova® 42 incubator (New
Brunswick Scientific, UK), followed by using a pipette to harvest the supernatant as Po virus
for further Sf9 cells infection. In order to amplify P1 virus, 10 mL of the Sf9 cells at 1 x
106 cells/mL were grown in a 125 mL Erlenmeyer flask and infected with 100 pL Po virus
solution. The infected cells were incubated in an INFORS HT Multitron shaker at 27°C, 120 rpm
for seven days. The supernatant containing P1 virus was then separated from the cells pellet

by 4°C centrifugation at 3,000 xg for 15 minutes.

A small-scale protein expression test was conducted using the P1 virus before further virus
amplification. 10 mL of the Sf9 cells cultured at 1 x 10° cells/mL in a 125 mL Erlenmeyer flask
were infected with 10 pL or 100 pL Py virus solution. During the 27°C, 120 rpm incubation,
1 mL infected Sf9 cells were removed and pelleted at 14,000 xg for 1 minute on days 2, 3 and
4. The cell pellets were then lysed with 210 pL regular Sf9 lysis buffer (Section 2.1.4.1) at room
temperature for 30 minutes, before being pelleted at 14,000 xg for 10 minutes at 4°C. Ni-NTA
agarose beads (Qiagen, Germany) were washed twice with sterile MilliQ water and then
resuspended with an equal volume of 1X PBS (Section 2.1.7) to generate a 50% bead slurry.
All wash steps were performed by centrifuging at 3,000 xg for 1 minute and discarding the
supernatant. 40 uL of this 50% Ni-NTA bead were then incubated with the cell lysates on a
tube rotator at low speed for 30 minutes at room temperature. Beads were then washed twice
with Ni-NTA wash buffer (Section 2.1.4.1), before being boiled with 2x reducing sample buffer
for 5 minutes. The mixture was then cooled down to room temperature and centrifuged
briefly to pellet the beads. The supernatant was separated on a 10% SDS-PAGE gel along with
the blue prestained protein standard ladder in SDS running buffer (Section 2.1.7). The gels
were stained with at least 25 mL InstantBlue Coomassie stain for 15 minutes, followed by

washing with MilliQ water and imaging on an Odyssey FC imager (LICOR, US).
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For constructs with sufficient soluble protein expression levels (DDR2-WT-K and DDR2-Y740C-
K), P2 virus was amplified using a 50 mL Sf9 cell culture following the same procedures as for
P1 virus amplification. A small-scale expression test (as above) was performed again with Sf9

cells infected with P, virus to confirm the ability to generate soluble proteins.

2.3.2 Large-scale protein purification

For large-scale protein production, 10 uL of the P; virus solution was added to each mL of the
Sf9 cell suspension (0.5-1 L, at 1 x 108 cells/mL) in a Corning roller bottle. The cells were
cultured at 27°C, with shaking at 120 rpm for three days, before being pelleted at 3,000 xg for
15 minutes at 4°C. The cell pellets were then frozen at -80°C for at least 1 hour before cell lysis.
30 mL of the large-scale Sf9 cell lysis buffer (Section 2.1.4.2) was used to resuspend a 500 mL
cell culture pellet on ice, before sonicating on ice for 10 minutes (9 seconds on and 9 seconds
off, 50% amplitude) on a Fisherbrand Q500 sonicator (with probe, ThermoFisher, UK). The
sonicated lysates were then centrifuged at 30,000 xg for 1 hour at 4°C, followed by filtration
through a 0.45 um cellulose acetate filter (Sartorius, UK). On an AKTA Pure chromatography
system (GE Healthcare, US), a 1 mL HisTrap HP column (GE Healthcare, US) was equilibrated
using HisTrap wash buffer (Section 2.1.4.2), before running the clear protein lysates at 4°C
with the flow rate of 1 mL/minute. The column was then washed with HisTrap wash buffer
until the UV 280 nm absorbance reached the baseline. A further column cleaning was
performed by combining HisTrap wash buffer and 3% HisTrap elution buffer (Section 2.1.4.2)
before the final elution step with 100% HisTrap elution buffer. Protein concentration was

measured on a Nanodrop ND-1000 Spectrophotometer (ThermoFisher, UK).

To remove the Hise-tag, 1 U HRV 3C protease (ThermoFisher, UK) was added to each 0.1 mg
purified protein. The mixture was then transferred to a 3,500 MWCO SnakeSkin dialysis tubing
(ThermoFisher, UK) and dialysed in 4-5 L of the dialysis buffer (Section 2.1.4.2) overnight at
4°C. Dialysis buffer was changed to fresh buffer 3-4 hours before the next purification step.
The dialysed protein solution was loaded onto the 1 mL HisTrap HP column at 4°C with a flow
rate of 1 mL/minute. The protein without Hisec-tag was collected in the flow-through, followed
by concentrating to 500 pL with a 10,000 MWCO Vivaspin centrifugal concentrator (Sartorius,
UK).
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Final purification was performed on a Superdex™ 200 Increase 10/300 GL column (GE
Healthcare, US) by size exclusion chromatography. The column was first equilibrated with at
least 50 mL gel filtration buffer (Section 2.1.4.2), before running the protein samples at
0.75 mL/minute flow rate. Protein fractions were collected and concentrated using a 10,000

MWCO Vivaspin concentrator (as described above) before snap-freezing in liquid nitrogen.

2.3.3 Optimization experiments for increasing DDR2-L610P-K protein solubility

Construct DDR2-L610P-K failed to produce soluble protein in initial experiments. To check for
protein expression and the presence of aggregated DDR2-L610P-K, cell pellets after lysis and
Ni-NTA washes were checked on 10% SDS-PAGE along with the material obtained with Ni-NTA
purification. To achieve this, cell pellets were resuspended with 15 pL 2x reducing sample
buffer and sonication for 5 minutes (10 seconds on 10 seconds off) in a water sonicator (VWR,
US), before boiling at 100°C for 5 minutes. 10 pL of the Ni-NTA washes were mixed with 2.5 uL

5X reducing sample buffer prior to boiling (as above).

The bands indicated potential DDR2-L610P-K expression were only observed from the cell
pellet fractions, suggesting most of the DDR2-L610P-K protein molecules were insoluble with
the current expression system or purification method. In order to establish whether changing
the purification method could overcome this problem, procedures after the step of pelleting
the Sf9 culture were optimized. The cell pellets were either lysed immediately or frozen at -
80°C for 1 hour before lysis to increase protein extraction efficiency. Sf9 cells lysis buffer was
also modified (see Section 2.1.4.1) in an attempt to increase protein solubility and to reduce
protein aggregation. The modifications included a range of different pH, addition of glycerol

or higher concentration of detergent (Hofmann et al., 2018, Vagenende et al., 2009).

2.3.4 Recombinant DDR2-L610P-K protein production in mammalian cells and in vitro

functional analysis

As soluble DDR2-L610P-K was unable to be obtained via the baculovirus expression system,
the pOPIN constructs encoding DDR2-L610P-K with various fusion tags were then expressed
in HEK293 cells, in order to check whether soluble protein could be detected in the cytosol.
Expressing DDR2-L610P-K in HEK293 cells allowed the protein to be immunoprecipitated from
mammalian cells for in vitro autophosphorylation assays to confirm the recombinant DDR2-

L610P-K kinase is catalytically active. 3 pug of the pOPIN constructs were transfected with 9 pg
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of PEl into HEK293 cells grown in a 6-well plate (Section 2.10). After two days of incubation,
cells were collected and frozen at -80 °C for at least 1 hour, before lysing with recombinant
protein lysis buffer (Section 2.1.6) at 4°C on a spin rotor. The cells were then pelleted through
4°C centrifugation at 6,000 xg for 30 minutes. During the spin, 50 uL cobalt-based immobilized
metal affinity chromatography (IMAC) Dynabeads™ (ThermoFisher, UK) were prepared
according to manufacturer’s instructions. 300 pL of clear lysates were then diluted with 2X
binding/wash buffer (Section 2.1.6), before incubating with the Dynabeads at room
temperature on a spin rotor for 5 minutes. The beads were then washed 4 times with 1X
binding/wash buffer (Section 2.1.6) on a DynaMag™ magnet (ThermoFisher, UK) according to
the manufacturer’s protocol. The beads/protein mixtures were either resuspended with 40 uL
PBS and boiled with 15 pL 5X sample buffer for 5 minutes, or they were incubated in 40 uL
kinase buffer 1 with or without 1 mM ATP (Section 2.1.6) at room temperature for 30 minutes
before boiling with 20 uL 5X sample buffer. The samples were then analysed on 10% SDS-PAGE
followed by Western blotting (Section 2.5).

24 Recombinant kinase protein autophosphorylation assay

To find autophosphorylation differences between constructs, purified soluble recombinant
protein DDR2-WT-K, DDR2-Y740C-K as well as DDR1-WT-K (provided by Douglas Sammon,
previous lab member) at 0.1 and 1 UM concentration were incubated at 20°C in kinase buffer
1 (Section 2.1.6) with or without 1 mM ATP for up to 60 minutes. A longer time course (up to
180 minutes) experiment was performed with 100 uM DDR1-WT-K and DDR2-WT-K in the
presence of 20 mM ATP in kinase buffer 2 (Section 2.1.6). To establish whether DDR2 JM4 and
kinase regions undergo protein concentration dependent autophosphorylation, DDR2-WT-K
at 125-1000 nM concentration were incubated with 1 mM ATP in kinase buffer 1 (Section 2.1.6)
at 20°C for 10 or 30 minutes. The reactions were either terminated by boiling samples with
5X reducing sample buffer followed by analysis on 10% SDS-PAGE and Western blotting
(Section 2.5), or by mixing with 80 mM EDTA solution as well as non-reducing 5X sample buffer

(no SDS) and analysis on 7.5% native-PAGE followed by Coomassie staining (Section 2.6)

2.5 Western blotting

Protein samples were separated on SDS-PAGE gels (7.5% or 10%) using a Mini-PROTEAN tetra
vertical electrophoresis tank (BioRad, UK) with SDS running buffer (Section 2.1.7) at 120 V for

1.5 hours. The sample containing gels were then transferred onto 0.2 um nitrocellulose
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membrane using a Mini Trans-Blot tank with SDS blotting buffer (Section 2.1.7) on ice at
200 mA for 1 hour. The membranes were blocked with Intercept (PBS) blocking buffer at room
temperature for 1 hour, before primary antibody overnight incubation at 4°C. Primary
antibodies (Table 2. 2) were prepared in Intercept blocking buffer with 0.2% (v/v) Tween-20.
Membranes were then washed 3 times for 10 minutes with PBS containing 0.1% (v/v) Tween-
20 (PBS-T), followed by secondary antibody incubation at room temperature for 1 hour in the
dark. Secondary antibodies (Table 2. 3) were prepared in 0.1% PBS-T. Membranes were then
washed 4 times with 0.1% PBS-T for 5 minutes in the dark. The blot images were obtained on
an Odyssey Fc imager using the 700 or 800 nm channel. Intensity quantification was

performed using ImageStudio Lite software (LICOR, US).

2.6 Native gel electrophoresis

Native-PAGE gels were prepared with 7.5% resolving gel and 3% stacking gel without SDS
addition (Section 2.1.7). Samples were prepared (Section 2.4) and separated on the gel in
non-SDS running buffer at 90 V for 3 hours at 4°C. Gels were then stained with at least 25 mL
InstantBlue Coomassie stain for 15 minutes at room temperature, followed by washing with

MilliQ water and imaging on the Odyssey FC imager (700 nm channel).

2.7 Protein kinase kinetic analysis

To investigate the catalytic differences between soluble DDR2 constructs, ADP-Glo™ assays or
ADP-Glo™ Max assays were performed. The ADP-Glo assay measures the luminescent signals
from kinase reaction-produced ADP and allows a wide range of ATP concentration (up to 1 mM
for ADP-Glo™, up to 5 mM for ADP-Glo™ Max) to be used. The reactions were done in 25 pL
volumes, where 0.1 uM of the recombinant DDR2 protein was independently incubated with
a range of Axltide peptide concentration (0-1.04 mM) in the presence of a fixed ATP
concentration (1 mM), or a range of ATP concentration (0-5 mM) in the presence of a fixed
Axltide peptide concentration (520 uM). The reactions were performed at room temperature
(21°C to 24°C) in 96-well Cellstar® plates (Greiner, Germany) and stopped at indicated times
(up to 40 minutes). Either ADP-Glo™ kinase buffer or ADP-Glo™ Max kinase buffer (Section
2.1.6) was used to dilute the reagents. After the indicated reaction time, 25 pL of the ADP-
Glo™ reagent was added and incubated for 40 minutes, followed by 60 minutes incubation
with 50 pL Kinase detection reagent. An ADP standard curve was generated by mixing pure

ATP and ADP in the reaction according to manufacturer’s protocol. Luminescence signals were
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then measured on a Spark® plate reader (Tecan, Switzerland). The luminescence readings
were converted to ADP concentrations according to the ADP standard curve. The initial rates
at each ATP or peptide concentration were determined by linear regression (hM*min) and
plotted as specific activity (nM*mint*mg?). The data was fitted with the Michaelis-Menten

equation using GraphPad Prism 9 software.

ICso values of type-Il kinase inhibitor dasatinib as well as DDR-specific inhibitor VU6015929
were also investigated using the ADP-Glo™ assay. The 25 uL reactions were performed by
incubating 0.1 uM of the recombinant DDR2 protein with a range of inhibitor concentrations
(0.28 nM-50 uM for dasatinib, 0.056 nM-10 uM for VU6015929) in the presence of ATP
(100 uM or 1 mM) and Axltide peptide (250 uM). The same incubation time and procedures
were used as described above. The data were plotted as the percentage of inhibition, with

ICso calculated using GraphPad Prism 9 software.
2.8 Mammalian cell culture

2.8.1 Cell passaging

HEK293, Cos-7 and primary human dermal fibroblast (HDF) cells were cultured in complete
medium, consisting of DMEM/F-12 medium with 10% (v/v) FBS, 2 mM L-Glutamine, 100 U/mL
penicillin and 100 pg/mL streptomycin. Cells were grown in T25 or T75 flasks under the
condition of 5% CO,, 100% humidity, 37°C. Cell passaging was performed once the cells
reached 90-95% confluency. HEK293, COS-7, and HDF cells were diluted 1:5, 1:10, or 1:3,
respectively, for passaging. Cell medium was removed, followed by PBS rinsing. Thereafter,
0.5 mL (into T25) or 1.5 mL (into T75) of the 0.5% trypsin-EDTA solution was then added to
the cells and incubated for 1-3 minutes at room temperature (HEK293 cells) or 37°C (Cos-7
and HDF cells). The trypsinization was then stopped by adding 4.5 mL (into T25) or 13.5 mL

(into T75) complete medium, followed by seeding the cells into new flasks.

2.8.2 Cell freezing and thawing

Cells were grown in T75 flasks to full confluency before being collected by trypsinization
(Section 2.8.1). The cells were then centrifuged at 300 xg for 5 minutes, followed by
resuspending in 2-3 mL freezing medium (complete medium with 10% DMSO). 500 uL of the
cell solution was then aliquoted into Nunc™ Cryogenic tubes (ThermoFisher, UK), and frozen

overnight at -80°C prior to transfer into liquid nitrogen.
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Cells from liquid nitrogen storage were quickly thawed in a 37°C water bath, and then
immediately diluted into 10 mL complete medium. The cells were then centrifuged at 300 xg
for 5 minutes and resuspended with fresh complete medium, before being transferred into a

culture flask.

2.8.3 Cell seeding

Cells were trypsinized and resuspended into complete medium as described in Section 2.8.1.
HEK293 cells were 1:4 diluted with complete medium and seeded into 6-well plates (2 mL/well)
for DDR2 autophosphorylation assay and flow cytometry. Cos-7 cells were 1:13 diluted and
seeded into 24-well plates (0.5 mL/well) for immunofluorescence assay. HDF cells were either
1:3 diluted and seeded into 100 mm dishes for autophosphorylation assay, or were seeded

with specific cell numbers for indicated experiments.

2.8.4 Cell counting

A 20 pL aliquot of cells collected as described in Section 2.8.1 was mixed with an equal volume
of 0.4% trypan blue. The mixtures were then loaded onto a haemocytometer (Assistant,

Germany), and the cells were manually counted using an Olympus CKX41 microscope.

29 Primary cell genotyping

To confirm the identify of control and mutant HDF cells, total RNAs were extracted from
primary HDF-WT, HDF-Y740C and HDF-L610P cell lines using RNeasy Mini kit according to
manufacturer’s protocol. Total RNA concentrations were measured on a Nanodrop ND-1000
Spectrophotometer. RNA samples were kept on ice during experiments and stored in -80°C to
prevent degradation. For reverse transcription from RNA to cDNA, 500 ng of the total RNA
was mixed with 1X PrimeScript RT mastermix in a 10 uL volume. The reactions were
performed in a pegSTAR thermal cycler (VWR, US) with the following programme: 37°C for 40

minutes, 85°C for 5 seconds and 4°C on hold.

cDNA products were then used as templates for target fragment amplification. Primers (Table
2. 4) were designed to amplify the DDR2 sequence that encodes the protein sequence starting
before residues Leu610 and ending after Tyr740. A 50 pL reaction was performed by mixing
250 ng cDNAs in 1X Q5 reaction buffer, together with 200 uM dNTPs, 0.5 uM forward and
reverse primers as well as 0.02 U/pL Q5 High-Fidelity DNA polymerase. The reactions were

performed in a peqSTAR thermal cycler (VWR, US) with the following programme:
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Step Condition Cycle
Initial denaturation 98°C, 30 seconds -
Denaturation 98°C, 10 seconds
Annealing 68°C, 30 seconds X35
Elongation 72°C, 20 seconds
Final elongation 72°C, 2 minutes -
Hold 4°C -

The products were checked on 1.5% agarose gel along with 100bp DNA ladder, followed by
bands isolation and gel purification (Section 2.2.1). Sanger sequencing was performed as

described in Section 2.2.1.

2.10 DDR2 autophosphorylation assay

The collagen stimulation assays were performed either with DDR2-expressing HEK293 cells or
primary HDF cells. HEK293 cells were transfected with 2 ug (WT) or 3 pug (mutants) full-length
DDR2 constructs in pcDNA3.1 vector using the PEI transfection method. PEl is a stable
positively charged polymer (Boussif et al., 1995) which can condense DNA into particles and
bind to negatively charged cell surface. PEl stock was prepared in sterile MilliQ water with the
concentration of 1 mg/mL. PEl stock was diluted into 100 pL Opti-MEM and incubated at room
temperature for 5 minutes, before being added to 100 uL DNA containing Opti-MEM. The
optimal ratio was 3:1 of PEl to DNA (w/w). The mixture was then incubated at room
temperature for 20 minutes, followed by dropwise addition to the cells. Transfected HEK293
cells were further cultured for 24 hours and then serum starved for 16 hours by replacing the
culture medium with serum free medium (SFM). SFM consisted of DMEM/F-12 medium with
2 mM L-Glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin. HDF cells growing in

100 mm dishes were serum starved when 80% confluency was observed.

Collagen stock was prepared by using a stock solution that contained collagen | from rat tail
in 0.1 M acetic acid. Cells were stimulated with SFM containing 10 pug/mL (HEK293 cells) or 20
ug/mL (HDF cells) collagen | and 10 mM HEPES pH 7.2. Vehicle control groups were incubated
in SFM together with 1 mM (HEK293 cells) or 2 mM (HDF cells) acetic acid and 10 mM HEPES

pH 7.2. The reactions were carried out at 37°C for 90 minutes (HEK293 cells) or 4 hours (HDF

69



cells). For inhibitor experiments, cells were treated with SFM containing 100 nM VU6015929
inhibitor or 0.01% DMSO (vehicle control) at 37°C for 45 minutes before collagen stimulation.
After simulation, cells were harvested on ice followed by lysing with mammalian cell lysis
buffer (Section 2.1.6) for 40 minutes. The cells were then pelleted by centrifuging at 14,000 xg
for 10 minutes at 4°C. The supernatants were transferred to fresh tubes and analysed
immediately by Western blotting or stored at -20 °C for further analysis. 10 pL of the cell
lysates was mixed with 2.5 pL of the 5X reducing sample buffer and boiled at 100°C for 5

minutes, before being checked by Western blotting (Section 2.5).

2.11 Deglycosylation assay

To monitor the extent of oligosaccharide processing of the full-length DDR2 proteins, Endo H
was used to deglycosylate the immature proteins. The digested proteins had smaller sizes that
can be observed via Western blotting. HEK293 cells were transfected and lysed as described
in Section 2.10. 18 pL cell lysates was boiled with 1X glycoprotein denaturing buffer at 100°C
for 5 minutes, before being divided into 2 fresh tubes. Samples were then incubated with 1X
G5 buffer and 10 U of Endo H at 37°C for 3 hours. Control samples were incubated under the
same condition but with 1X G5 Buffer alone. After the incubation, all samples were boiled
with the appropriate amount of 5X reducing sample buffer for 5 minutes, followed by analysis

on SDS-PAGE and Western blotting (Section 2.5)

2.12 Flow cytometry

To confirm the surface expression of the full-length DDR2 constructs expressed in HEK293 cells,
Flag-GS-DDR2 constructs were generated (Section 2.2.1) and used in this assay due to the lack
of antibodies binding to native DDR2 on the cell surface. Flag-GS-DDR2 constructs were single-
transfected (Section 2.10) or co-transfected with a construct encoding non-tagged DDR2-WT
into HEK293 cells. For co-transfection, 0.75 ug of pc-DDR2-WT was mixed with 2.25 g pc-
Flag-GS-DDR2 mutant construct, before being transfected with 9 pg PEI. Cells were collected
after 2 days of transfection by incubating with 1 mL cell dissociation solution at room
temperature and then pelleted by centrifuging at 300 xg for 5 minutes at 4 °C. All the steps
were performed on ice or at 4°C afterwards. The cell pellets were resuspended in FACSWASH
buffer and divided into fresh tubes, followed by further centrifugation at 300 xg for 5 minutes.
The pellets were then resuspended and incubated with either FACSWASH alone (secondary

antibody only staining) or the same buffer containing mouse anti-Flag M2 antibody (Table 2.
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2) for 30 minutes. Cells were then washed twice with FACSWASH by centrifuging at 300 xg for
5 minutes with the supernatant discarded. Anti-mouse IgG-FITC antibody (Table 2. 3) was
diluted in FACSWASH and incubated with cells for 30 minutes in the dark. This was followed
by one wash with FACSWASH and one wash with PBS. The cells were then incubated with
1:1,000 Zombie NIR™ dye in PBS for 20 minutes in the dark, before being washed once with
FACSWASH and then fixed with FACSFIX. Data were collected on a BD Accuri C6 plus (BD Life
Science, US) using BD Accuri C6 Plus software and further analysed by Flowjo software (BD

Life Science, US).

HDF cells were also analysed by flow cytometry to confirm the surface expression level of
integrin receptors. HDF cells grown in T75 flasks were collected by trypsinization, followed by
incubating in complete medium at 37°C for 30 minutes to enable receptor recycling back to
the plasma membrane. Cells were pelleted the same way as described above. Anti-integrin
beta 1 P5D2, anti-integrin alpha 1 FB12 and anti-integrin alpha 2 AK7 (Table 2. 2) diluted in
FACSWASH were used for primary antibody incubation. The same procedures for secondary
antibody and Zombie dye incubation as well as cell fixing were used as described above. Data
were collected on a BD LSRFortessa cell analyzer (BD life science, US; from the Flow Cytometry
Facility, Imperial College London) using BD FACSDiva software and further processed using

Flowjo software.

2.13 Phospho-array assay

To determine potential differences in phosphorylation levels of a specific set of signalling
molecules, a kinase profile assay from Bio-Techne was used. HDF cells were grown in 100 mm
dishes and stimulated with or without collagen before lysis, as described in Section 2.10. The
cells were lysed, followed by protein concentration measurements using the Pierce BCA
protein assay kit according to the manufacturer’s instructions. The lysates were then analysed
using the Proteome Profiler human phospho-kinase array kit. The assay was performed
according to the manufacturer’s instructions. In brief, 270 ug cell lysates were incubated
overnight with membranes that contained capture or control antibodies. The membranes
were washed to remove unbound proteins, before being incubated with a mixture of
biotinylated detection antibodies. Signals were produced by further incubation with IRDye
800CW Streptavidin (LICOR, US) and captured on an Odyssey FC imager. Spot intensities were

analysed using ImageStudio Lite software.
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2.14 Quantitative PCR

Total RNA extraction from HDF cells and cDNA reverse transcription were performed as
described in Section 2.9. Quantitative PCR (qPCR) reactions were prepared by mixing 23 ng
cDNA, 0.2 uM forward and reverse primer (Table 2. 4), and 1X Fast SYBR green master mix in
a total volume of 10 pL in a MicroAmp® Fast 96-well reaction plate. The reactions were carried
out in a 7500 Fast Real-time PCR system (ThermoFisher, UK) using 7500 Fast software with the

following programme:

Step Condition Cycle

Holding stage 95°C, 20 seconds -

95°C, 3 seconds
Cycling stage X40
60°C, 30 seconds

95°C, 15 seconds -

Melt curve stage 60°C, 1 minute -

(continuous) 95°C, 15 seconds -

60°C, 15 seconds -

Cr values were exported into Excel, and the comparative Cr (AAC7) were calculated by
normalizing the Cr values of the target gene to the endogenous reference (GAPDH) gene,
followed by further calculating the relative-fold change of target gene expression levels from
the patient samples versus the expression obtained from the control samples using the 2-25¢T

methods (Livak and Schmittgen, 2001).

2.15 Immunofluorescence imaging

To confirm the surface expression of Flag-tagged DDR2 constructs, Cos-7 cells were seeded
onto 13 mm coverslips (VWR, US) and cultured in 24-well plates (Section 2.8.3). When cells
reached ~40% confluency, 500 ng DNA constructs were mixed with 1 uL P3000 reagent and
1 uL Lipofectamine 3000 in 50 puL Opti-MEM medium at room temperature for 10 minutes,
before being added dropwise to the cells. After 2 days of incubation, cell-containing coverslips
were washed with ice-cold PBS followed by incubating with anti-Flag M2 antibody in 5%
BSA/PBS on ice for 1 hour. The coverslips were then washed for 3 times with PBS and the cells

were fixed with 4% PFA/PBS at room temperature for 15 minutes. Cells were then washed 3
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times with PBS before being blocked with 5% BSA/PBS at room temperature for 1 hour. The
secondary antibody incubation was performed by incubating cells with AlexaFluor 488 anti-
mouse IgG1 in 5% BSA/PBS at room temperature for 1 hour in the dark. Cells were then
washed with PBS for final 3 times followed by mounting the coverslips onto the microscope
slides (ThermoFisher, UK) with Vectashield Vibrance antifade mounting medium (with DAPI).
The slides were allowed to dry at room temperature overnight in the dark before being
transferred into 4°C storage boxes. Widefield images were acquired using an Olympus BX51

microscope with Simple-PCl acquisition software. Images were prepared using FlJI software.

To observe the alpha smooth muscle actin (a-SMA) expression levels, HDF cells were seeded
at 10,000 cells/cm? density onto the coverslips. The coverslips were washed with ice-cold PBS
on the next day, followed by fixing the cells with 4% PFA/PBS at room temperature for 15
minutes. The cells were then washed with PBS for 3 times and then permeabilized with 0.1%
Triton X-100/PBS (v/v) at room temperature for 10 minutes. Cells were then washed 3 times
with PBS before being blocked with 5% BSA/PBS at room temperature for 1 hour. The primary
antibody incubation was performed by incubating cells with anti-alpha-smooth muscle actin
1A4 in 5% BSA/PBS at room temperature for 1.5 hours. Cells were then washed for 3 times
with PBS and incubated with AlexaFluor 488 anti-mouse IgG (H+L) as well as Rhodamine-
coupled phalloidin in 5% BSA/PBS at room temperature for 1 hour in the dark. Cells were then
washed and mounted the same way as described above. Widefield images were acquired
using a Zeiss Axio Observer microscope (in the Facility for Imaging by Light Microscopy,
Imperial College London) equipped with an EC Plan-Neofluar 10X/0.30 Ph1 objective and Zen
pro software (Zeiss, Germany). Images were prepared using Zen 3.5 blue edition software

(Zeiss, Germany).

2.16 Wound healing assay

The wound healing assay was performed using 2 well culture inserts (#80209, ibidi GmbH,
Germany) to create 500 um cell-free gaps. The 24-well plates were either used directly with
the inserts or coated with collagen | before usage. The coating was performed by adding
500 pL of the 20 pg/mL collagen prepared in 0.1 M acetic acid to the wells of the 24-well plate,
followed by incubating at room temperature for 1 hour. The coating solution was then
removed, and the wells were washed twice with sterile PBS. The coated plate was dried

completely before applying the inserts. The inserts were manually attached to each well
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centre, followed by seeding 5,000 HDF cells per insert well in a volume of 70 uL. The cells were
then allowed to reach full confluency (around 20 hours) before being serum-starved by
replacing the culture medium with SFM for 24 hours. After serum starvation, the inserts were
carefully removed with a pair of tweezers, and the cells were gently washed twice with SFM.
For normal conditions, SFM medium with 0.5% FBS (v/v) was used during the wound closure
incubation period. For inhibitor treatment, cells were incubated with 0.5%FBS/SFM and
100 nM VU6015929 inhibitor or 200 nM dasatinib. 0.01% DMSO in 0.5% FBS/SFM was used
as the vehicle control. Widefield images were acquired using a Zeiss Axio Observer equipped
with an EC Plan-Neofluar 10X/0.30 Ph1 objective after 0, 10 and 24 hours of insert removal.
The wound sizes were measured using FlJI software with the Scratch/Wound assay macro
(designed by Facility for Imaging by Light Microscopy, Imperial College London). Data were

presented as the percentage of closure, and the images were prepared using FlJI software.

2.17 Cell morphology imaging

The HDF cells were seeded on coverslips as described in Section 2.16 and allowed to reach
around 90% confluency before serum starvation. After 24 hours incubation with SFM, cells
were either incubated with 0.5% FBS/SFM and 200 nM dasatinib or 0.01% DMSO (vehicle
control) for 4 days. Widefield images were acquired using an EVOS XL Core imaging system
(ThermoFisher) at the same area on the coverslips daily during the incubation. Images were

prepared using FlJI software.

2.18 Collagen gel contraction assay

HDF cells were embedded into 3D collagen gels to create models of analysing fibroblast-
induced collagen contraction. Firstly, a gel formation test was performed with NaOH titration
to find the optimal volume required to generate a well-solidified gel. 3 mg/mL collagen |
solution from bovine skin (stock purchased in 0.01 M HCl with a pH of 2.0) was diluted in SFM
to the final concentration of 1 mg/mL in a volume of 600 pL. 1-8 puL of 1 M NaOH was added
to each tube containing collagen, followed by mixing and immediately transferring 500 L to
pre-labelled 24-well plate. The gels were allowed to solidify at 37°C for 1 hour. After incubation,
the least volume of NaOH required to generate a solidified gel was chosen as the standard for

further gel contraction assay.
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HDF cells were trypsinized and counted as described in Section 2.8. For each individual gel,
50,000 cells were mixed into the solution containing 1 mg/mL collagen | (from 3 mg/mL stock)
and a pre-determined volume of NaOH in a volume of 600 pL on ice, followed by transferring
500 pL to the 24-well plate. The gels were allowed to solidify at 37°C for 1 hour. For the floating
model, gels were released immediately after the one hour of solidification. This was
performed carefully using a P10 pipette tip and then the gels were transferred to a 12-well
plate containing 1.5 mL 0.5% FBS/SFM in each well. For the stressed matrix model, 0.5 mL of
the 0.5% FBS/SFM was added on top of the gels retained in the 24-well plate and incubated
for 2 days with the culture medium changed daily, before processing as described in the
floating model. For inhibitor and antibody treatments, gels were incubated in 0.5% FBS/SFM
containing 100 nM VU6015929 inhibitor or 200 nM dasatinib or 10 pug/mL anti-integrin beta
1 P5D2 antibody. 0.01% DMSO in 0.5% FBS/SFM was used as a vehicle control for the inhibitor

experiment.

To acquire images of the gels, culture medium was removed carefully with the gel remaining
at the centre of the well. Plates were placed on a black surface, and images were collected
from the top of the plates using an iPhone 11 Pro (Apple, US). Phone holder with a flexible
arm was used to stabilise the iPhone, which allowed the pictures to be taken with a consistent
distance above the plate. Build-in level tool from iPhone was used to ensure the phone was
positioned horizontally without an angle. Fresh culture medium (prepared as above) was
added to the gels after the imaging for further incubation. Images were acquired at various
time points indicated in each experiment. Gel areas were measured using the ‘Freehand
selections’ and ‘Measure’ functions in FlJI software. Gel area size was normalized to the area
size of the culture well border from the same image, and the data was presented as the
percentage of the original gel area obtained on day zero (Figure 2. 3). Images were prepared

using FlJI software.
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Example images

Orange circle area = Al
Purple circle area = A2

x 100%

Contraction (%) =
Al/A2

Yellow circle area = B1
Red circle area = B2

Figure 2. 3 Example images and equation used for collagen gel contraction assay quantification.

Gel areas were circled using the ‘Freehand selections’ in FlJI software, as shown in the example images. The
culture well border was also circled, and the area size was used for data normalization. The percentage of
contraction was calculated based on the equation shown on the right-hand side.

2.19 Cell adhesion assay

Wells in a 96-well Immulon® 2HB plate (ThermoFisher, UK) were coated with 50 uL 10 pg/mL
collagen | in 50 mM Tris pH 7.5, 100 mM NacCl solution or 10 pg/mL of various of integrin-
specific collagen peptides as well as non-receptor binding peptide GPP10in 0.01 M acetic acid
at 4°C overnight. The plate was then washed twice with 150 pL PBS and blocked with 50 pL
0.1% BSA/PBS (w/v) for at least 1 hour at room temperature. During the blocking, HDF cells
were trypsinized and counted as described in Section 2.8. Cells were then washed once with
Opti-MEM and resuspended in an appropriate volume of 0.1% BSA/Opti-MEM. Calcein-AM
cell-permeant dye (ThermoFisher, UK; 6uM final concentration) was then added to the cell
suspension and incubated at 37°C for 40 minutes in the dark. After the incubation, cells were
washed twice with 0.1% BSA/Opti-MEM and resuspended in 0.1% BSA/Opti-MEM to reach
the desired cell density. The blocked plate was washed twice with PBS, followed by adding
40 uL 0.1% BSA/Opti-MEM to each well. 40 pL (around 3.5x10* cells) of the labelled cells were
then added to the coated wells and further incubated at 37°C for 1 hour in the dark. The plate
was then washed carefully four times with PBS using a multichannel pipette. After the final
wash, 100 uL PBS were added to each well, and 40 uL of the labelled cells were added to the
uncoated well for total fluorescence detection. Fluorescence signals (absorbance at 485 nm,
emission at 520nm) were measured on a Spark® plate reader. Data were normalized to the

total fluorescence reading and presented as the percentage of cell adhesion.
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2.20 Statistical analysis

GraphPad Prism 9 was used to perform the comparison tests and establish the statistical
significance between groups. Different tests were used as stated in the figure legends. A p-

value smaller than 0.05 was judged as ‘significant’.
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Chapter 3 Investigation of Warburg Cinotti Syndrome related DDR2 mutant
activities

3.1 Introduction

RTKs play fundamental roles in multiple cellular processes, including cell proliferation,
differentiation, migration and metabolism (Lemmon and Schlessinger, 2010, Diwanji et al.,
2019). The catalytic activity of these receptors is tightly controlled by several auto-inhibitory
mechanisms, which prevent unwanted signalling (Hubbard, 2002, Du and Lovly, 2018). In
general, receptor dimerisation or oligomerisation upon ligand binding juxtaposes the
cytoplasmic tyrosine kinase domains, facilitating trans-phosphorylation of tyrosine residues
located in the juxtamembrane region and activation loop to release the autoinhibition

(Hubbard and Miller, 2007, Maruyama, 2014).

The kinase activation loop acts as a main autoinhibitory motif that has been first characterised
by the structural study of InsR (Hubbard et al., 1994). The InsR kinase contains three tyrosine
residues on the activation loop, with the key one, Tyr1162, positioned in the kinase active site
and forming hydrogen bonds with neighbouring arginine and aspartic acid residues in the
catalytic loop. Those interactions maintain the activation loop in a DFG-OUT conformation to
block ATP binding, which prevents cis-autophosphorylation. This autoinhibition is released
upon trans-phosphorylation of the activation loop, resulting in a conformation that
coordinates ATP and permits substrate binding (Hubbard et al., 1994, Hubbard, 1997). DDR2
kinase is highly homologous to the kinase domain of the InsR, and the highly conserved
activation loop tyrosine residue Tyr740 (Tyr796 in DDR1) was found to inhibit DDR2 cis-
autophosphorylation (Yang et al., 2005). Structural analysis of DDR1 kinase revealed that the
Tyr796 adopts a conserved pseudosubstrate position and forms a hydrogen bond with the
catalytic loop Asp766 (Canning et al., 2014, Sammon et al., 2020). Phosphorylation or
mutation of this key tyrosine is considered to free the activation loop, which then adopts the
‘active’ configuration (Yang et al., 2005, Iwai et al., 2013b). The aC-helix located in the kinase
N-lobe also reorients, enabling the conserved Glu residue (Glu625 in DDR2) to interact with
the Lys residue (Lys608 in DDR2) in the B3-strand, which then stabilises ATP binding (Hubbard,
1997, Knighton et al., 1991).
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Apart from the tyrosine kinase domain that is directly responsible for RTK catalytic activity,
RTK activity can be regulated by structural elements outside the kinase domain. For instance,
the JM region of some RTKs can act as an autoinhibitory element through a variety of
mechanisms (Mori et al., 1993, Baxter et al., 1998, Binns et al., 2000). For DDR1, the last
quarter of the intracellular JM segment (residues 566 to 591), located closest to the kinase
domain, was found deeply inserted into the kinase active site in inactive DDR1, which
reinforced the autoinhibition of the activation loop (Sammon et al., 2020). This important JM
segment, named JM4, is very highly conserved between DDR1 and DDR2, indicating a similar
activation mechanism involving the JM4 segment for both DDR1 and DDR2 in kinase
autoinhibition (Figure 3. 1). In contrast to JM4, the other JM segments are much less well

conserved between DDR1 and DDR2.

548 855
Leu610 Tyr740

™ JM1-3 IM4 Tyrosine kinase
518 543
521 538
DDR2_HUMAN VPHYAEADIVNLQGVTGGNTYSVPAV
DDRl_HUMAN VPHYAEADIVTLQGVTGGNTYAVPAL
DDRZ_Goat VPHYAEADIVNLQGVTGGNTYSVPAV
DDR2_Mouse VPHYAEADIVNLQGVTGGNTYCVPAV

DDR2 A.C. Frog VPHYAEADIVNLQGVTGGNTYSVPATI

kkhkkhkhkkhkhkkhkhkk Kk hhkkhkhkkhkkkhkkhkkk Khk*ko

Figure 3. 1 The JM4 region is highly conserved.

Top, the DDR2 cytosolic region (amino acid 400 to 855) is shown as a schematic diagram with amino acid
boundaries of the JM4 and the kinase indicated. TM, transmembrane domain.

Bottom, sequence alignment of the human DDR2 (UniprotkB Q16832) JM4 region. Alignment (Clustal Omega)
was performed with paralog human DDR1 (Q08345) and DDR2 sequences from other species. Goat; Capra
hircus (AOA452FL91). Mouse; Mus musculus (Q62371). African clawed (A.C.) frog; Xenopus laevis
(AOA1L8GGWO). “*’ (asterisk); fully conserved residue. “’ (colon); conserved substitutions. *’ (period); less well
conserved substitution.

Point mutations in the cytoplasmic domain of RTKs can lead to constitutive receptor activity,
which is the underlying cause of numerous diseases. For example, hypochondroplasia-
associated gain-of function mutation Asn540Lys in the FGFR3 kinase domain results in
increased receptor phosphorylation and substrate phosphorylation (Bellus et al., 1995). This
mutation leads to a release of the restriction on the N-lobe movement and provides an

optimal position of the DFG motif (Mohammadi et al., 1996, Hubbard, 2002). Point mutation
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Val665Ala on the kinase domain of PDGFRB leads to ligand-independent receptor activity,
which has been reported to be responsible for the Penttinen syndrome (Johnston et al., 2015).
Patients with Penttinen syndrome suffer from a series of premature ageing and skin-related
symptoms similar to what has been described in the Warburg Cinotti syndrome cases
(Warburg et al., 2006, Cinotti et al., 2013, Xu et al., 2018, Johnston et al., 2015, Aggarwal et
al., 2022). In a recent report, Xu et al. performed exome sequencing for the Warburg Cinotti
syndrome patient samples and discovered two gain-of-function mutations, Leu610Pro and
Tyr740Cys, located on the DDR2 kinase domain, which are thought to be disease-causing
mutations (Xu et al., 2018). Limited protein and biochemical studies were included in the
report. Therefore, more evidence of how these two mutants would affect the DDR2 kinase

catalytic activity is required, in order to get a deeper mechanistic understanding.

In this chapter, the hypothesis to be addressed was that the Warburg Cinotti syndrome related
DDR2 mutants (Leu610Pro and Tyr740Cys) have higher intrinsic kinase activity than WT DDR2
kinase and result in constitutive activation of the receptor. The aims were: (1) to obtain the
soluble DDR2 kinase constructs; (2) to determine the catalytic parameters of WT and mutant
DDR2 kinases; (3) to analyse the mutant DDR2 activities in the presence and absence of
collagen stimulation; (4) to establish whether commercial kinase inhibitors block the mutant

DDR2 kinase activities.
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3.2 Results

3.2.1 Locations of Warburg Cinotti mutants on DDR2 kinase domain

The Warburg Cinotti syndrome related missense variants affect highly conserved residues
(Leub10, Tyr740) located on the DDR2 tyrosine kinase domain (Figure 3. 2A). Only one
experimentally determined DDR2 kinase structure is available in the Protein Data Bank (PDB,
code: 7AYM), and this structure solved the DDR2 kinase region only, without the JM4 region
(Nawrotek, 2020). The locations of DDR2-L610 and DDR2-Y740 are shown in Figure 3. 2B. The
structural analysis was conducted with the help of Dr Alessia David, Imperial College London.
Leu610 locates close to the conserved Lys608 of the B3 strand that forms a salt bridge with
aC-helix residue Glu625 in the active kinase conformation. The leucine to proline mutation is
predicted to be structurally damaging and to affect the correct folding on the kinase N-lobe
(Figure 3. 3A). This mutation affects the folding stability of the domain, and the predicted
change in folding energy is AAG- 3 Kcal (ELASPIC prediction tool: http://elaspic.kimlab.org/).
Misfolding of the mutant protein could lead to early degradation (Goldberg, 2003). However,
if the mutant protein is produced, the insertion of a proline at this position may affect the
positioning of the aC-helix relative to the activation loop and the rest of the N-lobe. Tyr740 is
the key tyrosine residue located on the activation loop (Figure 3. 2B), which contributes to
kinase autoinhibition (Yang et al., 2005). It forms hydrogen bond interactions with Asp710 and
Arg714 to maintain the activation loop position (Figure 3. 3B). Substitution to cysteine
abolishes these hydrogen bonds, thus likely affecting the conformation of the activation loop.
Both substitutions are predicted to be damaging evolutionarily by sequence-based tools (SIFT

tool: https://sift.bii.a-star.edu.sg/; CADD tool: https://cadd.gs.washington.edu/snv) (SIFT

score =0, CADD score =31 for L610P; SIFT score =0, CADD score =30 for Y740C).
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610 740
DDRZ Human VAVKMLRADANKNARNDFLKEIK---SRNLYSGDYYRIQGR
DDR1 Human VAVKILRPDATKNARNDFLKEVK---SRNLYAGDYYRVQGR
DDR2 Goat VAVKMLRADANKNARNDFLKEIK---SRNLYSGDYYRIQGR
DDRZ:Mouse VAVKMLRADANKNARNDFLKEIK---SRNLYSGDYYRIQGR
DDR2 A.C. Frog VAVKMLRADANKNARNDFLKEIK---SRNLYSGDYYRIQGR
DDRZ:EleCtriC Eel VAVKMLRADANKNARNDFLKEIK---SRNLYSGDYYRIQGR
DDRZ_Fruit Fly VAVATLRPGANDHLRKEFRSKAK---NRSAYASDYCQLEGF

* k k * k * = ke sk .k * ke Kkhk  ee ek

aC-helix

Activation loop

PDB code: 7AYM

Figure 3. 2 Warburg Cinotti syndrome affected DDR2 amino acid conservation and location.

A. Sequence showing Warburg Cinotti syndrome related human DDR2 (UniprotkKB Q16832) kinase region.
Alignment (Clustal Omega) was performed with paralog human DDR1 (Q08345) and DDR2 sequences from
other species. Goat; Capra hircus (AOA452FL91). Mouse; Mus musculus (Q62371). African clawed (A.C.) frog;
Xenopus laevis (AOA1L8GGWO). Electric eel; Electrophorus electricus (AOAAWA4EQ84). Fruit fly; Drosophila
melanogaster (Q59DZ7). ‘*’ (asterisk); fully conserved residue. “:’ (colon); conserved substitutions. “’ (period);
less well conserved substitution.

B. Crystal structure of DDR2 kinase domain. Figure generated with PyMOL using PDB code 7AYM. The activation
loop is shown in green. The aC-helix is shown in cyan and labelled with ‘aC’. Residues that are mutated in
Warburg Cinotti Syndrome, are labelled as ‘Leu610’ and ‘Tyr740’, with Leu610 in blue located before the aC-
helix and Tyr740 in brown on the activation loop.
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Figure 3. 3 Warburg Cinotti syndrome variants are predicted to be damaging by structural analysis.

A. p.L610P mapped on experimental structure 7AYM. The aC-helix is shown in cyan. Leu610 is presented in blue
on the left and pro610 in red on the right.

B. Left: WT Tyr740 (in brown) forms hydrogen bonds with Asp710 and Arg714 (both in yellow). The activation
loop is presented in green. Right: Hydrogen bonds are destroyed due to the substitution with Cys740.
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3.2.2 Production of recombinant soluble DDR2 kinase

A recent study defined the kinetic parameters of DDR1 kinase (Sammon et al., 2020); however,
similar information for DDR2 is still lacking. To investigate the catalytic activities of both DDR2
WT and mutant kinases, several recombinant DDR2 constructs were designed for in vitro
studies. Previous studies from our lab showed a production difficulty for soluble cytosolic
DDR1 constructs via several bacterial expression systems (B Leitinger lab, unpublished), which
was later overcome by generating the soluble DDR1 kinase protein from baculovirus-infected
Sf9 cells (Sammon et al., 2020). Thus, all soluble DDR2 proteins were obtained using the same
baculovirus expression system. The constructs generated were: DDR2-WT-K, DDR2-Y740C-K
and DDR2-L610P-K. These expression constructs (DDR2 residues 518-855) contained either

the WT or mutant DDR2 kinase together with the highly conserved JM4 segment.

The cDNAs encoding DDR2 intracellular JIM4 region as well as the kinase domain (Figure 3. 1)
were first cloned into the pOPINF vector using In-Fusion cloning method (Figure 3. 4A, B). The
pPOPINF vector contains sequences encoding a Hiss-tag, a HRV 3C cleavage site, and the
baculovirus ORF1629 gene (Figure 2. 2). The pOPINF constructs were co-transfected with
linearised ORF1629-deficient bacmid into Sf9 cells for baculovirus production. The Pg virus
successfully replicated as the bacmid function was restored by recombination with the
ORF1629-containing pOPINF constructs (Zhao et al., 2003). Following Pg virus production, it
was used for P1 virus amplification and protein expression was assessed as shown in Figure 3.
4C. 10 or 100 pL of the Py virus suspension was used to infect 10 mL of the Sf9 cells. During
the incubation, 1 mL of the infected Sf9 cells was taken on day 2, day 3 and day 4 for small-
scale protein purification. Hise-tagged DDR2 proteins were extracted from the cells and
subsequently pulled down using Ni-NTA beads. Non-specific protein binding was removed by
washing the beads in buffer containing low concentration of imidazole. Protein/beads were
then boiled in sample buffer and analysed on SDS-PAGE with Coomassie staining. Both DDR2-
WT-K and DDR2-Y740C-K showed clearly visible protein bands on all incubation days (Figure

3. 4C). However, there were no expected bands observed for DDR2-L610P-K.
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Figure 3. 4 Generation of soluble recombinant DDR2 kinase constructs.

A. Schematic diagram showing the recombinant DDR2 construct consisting of the JM4 region (in yellow) and
the kinase domain (in blue, with the activation loop shown green). B. Analytical digestion of the pOPINF
constructs. PCR reactions were performed to amplify the sequences encoding DDR2 JM4 and kinase domain
(DDR2-K constrcuts). The PCR products were then cloned into the pOPINF vector. DNA Minipreps were
generated and verified by analytical digestion. All pOPINF constructs were digested with Xbal and analysed on
0.8% agarose gel. The expected band sizes for DDR2 inserts (coding for residue 518-855) are ~1.4 kb and ~4.8
kb for the pOPINF vector. DNA sequences were verified by Sanger sequencing.

C. Expression test to verify soluble DDR2-K construct production. Hiss-tagged DDR2 proteins were extracted
from the Py virus infected Sf9 cells and purified using Ni-NTA beads. Purified proteins were then boiled in sample
buffer and analysed by SDS-PAGE with Coomassie staining. The positions of molecular weight markers (in kDa)
are shown on the left. Recombinant DDR2 proteins were found with the size around 39 kDa (red arrow). 1V,
infection volume (in uL).

Since DDR2-WT-K and DDR2-Y740C-K bands were observed, P, virus for DDR2-WT-K and
DDR2-Y740C-K were amplified and used for large-scale protein production. 1 L of Sf9 cells
were infected with 10 pL virus per mL of cells for 3 days. Cells were then harvested and lysed,
followed by centrifugation and subsequent filtration to remove cell debris. Clear lysates were
loaded onto a HisTrap HP column which was then washed to remove low affinity protein
interactions (Figure 3. 5A, Figure 3. 6A). Hiss-tagged proteins were then eluted with buffer

containing 500 mM imidazole. Protein fractions were analysed on SDS-PAGE with Coomassie
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staining (Figure 3. 5B, Figure 3. 6B), showing production of the soluble DDR2 proteins with
expected size around 40 kDa. The fractions containing DDR2-WT-K or DDR2-Y740C-K were
then combined and dialysed overnight, and the Hiss-tag was cleaved with C3 protease during
dialysis. After C3 cleavage, the proteins without Hiss-tag were then loaded again onto the
HisTrap HP column, with the flow-through containing soluble DDR2 proteins collected (Figure
3. 5C, Figure 3. 6C). This process was named reverse His-Trap purification, with any non-
cleaved material remaining on the HisTrap column. Contaminating proteins were eluted from
the column as fractions. Both fractions and flow-through were checked on SDS-PAGE, with the
proteins with the expected molecular weight seen from the flow-through samples (Figure 3.
5D, Figure 3. 6D). In the final purification step, the flow-through of the reverse His-Trap was
concentrated and purified by gel filtration. Pure DDR2 proteins were eluted with a sharp peak
presented in the chromatography diagrams (Figure 3. 5E, Figure 3. 6E). The fractions
containing proteins with expected size (Figure 3. 5F, Figure 3. 6F) were combined and

concentrated, followed by aliquoting and snap-freezing in liquid nitrogen.
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Figure 3. 5 Large-scale purification of soluble recombinant DDR2-WT-K.

Cell lysates were loaded onto a HisTrap HP column on an AKTA pure system.

A. The His-Trap chromatogram is shown with UV absorbance (A;s0, mAU) in black and conductance (mS/cm) in
orange. The column was washed until the UV reading reached the baseline.

Proteins were eluted with buffer containing 500 mM imidazole.

B. Aliquots of His-Trap fractions (5-11 in A.) and purification flowthrough were boiled in sample buffer and
analysed on 10% SDS-PAGE with Coomassie staining.
Continued on the next page.
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Figure 3.5. continued

C. The reverse His-Trap purification was performed with cleaved His-Trap purified proteins. The chromatogram
is shown with UV absorbance (Azso, mAU) in black and conductance (mS/cm) in orange. The recombinant DDR2-
WT-K protein was collected from the flowthrough. Contaminant proteins that bound to the column were eluted
with buffer containing 500 mM imidazole.

D. Aliquots of reverse His-Trap fractions (1-3 in C.) and purification flowthrough were boiled in sample buffer
and analysed on 10% SDS-PAGE with Coomassie staining.

E. Gel filtration (size exclusion chromatography) was performed with the reverse His-Trap purified protein.
Chromatogram from gel filtration is shown with UV absorbance (A;s0, mAU) in black.

F. Aliquots of gel filtration fractions (17-21 in E.) were boiled in sample buffer and analysed on 10% SDS-PAGE
with Coomassie staining. The position of molecular weight markers (in kDa) are shown on the left. Recombinant
DDR2-WT-K protein was found with the size around 39 kDa. FT, flowthrough.
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Figure 3. 6 Large-scale purification of soluble recombinant DDR2-Y740C-K.

Cell lysates were loaded onto HisTrap HP column on an AKTA pure system.

A. The His-Trap chromatogram is shown with UV absorbance (A;s0, mAU) in black and conductance (mS/cm) in
orange. The column was washed until the UV reading reached the baseline. Proteins were eluted with buffer
containing 500 mM imidazole.

B. Aliquots of His-Trap fractions (5-10 in A.) and purification flowthrough were boiled in sample buffer and
analysed on 10% SDS-PAGE with Coomassie staining.

Continued on the next page.
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Figure 3.6. continued

C. The reverse His-Trap purification was performed with cleaved His-Trap purified proteins. The chromatogram
is shown with UV absorbance (Azso, mAU) in black and conductance (mS/cm) in orange. The recombinant DDR2-
Y740C-K protein was collected from the flowthrough. Contaminant proteins that bound to the column were
eluted with buffer containing 500 mM imidazole.

D. Aliquots of reverse His-Trap fractions (5-7 in C.) and purification flowthrough were boiled in sample buffer
and analysed on 10% SDS-PAGE with Coomassie staining.

E. Gel filtration (size exclusion chromatography) was performed with the reverse His-Trap purified protein.
Chromatogram from gel filtration is shown with UV absorbance (A;s0, mAU) in black.

F. Aliquots of gel filtration fractions (17-20 in E.) were boiled in sample buffer and analysed on 10% SDS-PAGE

with Coomassie staining. The position of molecular weight markers (in kDa) are shown on the left. Recombinant
DDR2-Y740C-K protein was found with the size around 39 kDa. FT, flowthrough.

3.2.3 Recombinant DDR2-L610P-K protein is unstable

The absence of soluble DDR2-L610P-K protein production from the initial expression test
(Figure 3. 4C) brought us to the question of whether the protein was unable to be generated
in Sf9 cells or was lost during the Ni-NTA purification. Cell pellets containing insoluble cellular
materials and aliquots of the first wash fraction from the Ni-NTA purification were analysed
together with the Ni-NTA purified samples on SDS-PAGE followed by Coomassie staining.
Strong bands with the expected size of DDR2-L610P-K were found in cell pellet samples (Figure
3. 7A), indicating the insolubility of the DDR2-L610P-K protein with the current expression
system or lysis conditions. In an attempt to rescue the proteins from the insoluble fractions,
adjustments of lysis pre-treatment as well as different buffer compositions were applied.
Infected Sf9 cells were either frozen for 1 hour or immediately lysed in a variety of lysis buffers
aiming to reduce protein aggregation (Figure 3. 7B, C). However, none of the approaches led
to an increase in DDR2-L610P-K solubility, as the protein was still only found in the insoluble

pellet fractions.
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Figure 3. 7 Recombinant DDR2-L610P-K is insoluble when expressed in Sf9 cells.

A. Expression test to verify His-DDR2-L610P-K construct production. Protein was extracted from the P, infected
Sf9 cells and purified using Ni-NTA beads. The cell pellets (sonicated), aliquots of the first wash during protein
purification, and the purified proteins were boiled in sample buffer and analysed by SDS-PAGE with Coomassie
staining. The protein purified from DDR2-WT-K P; virus infected Sf9 cells was included as a positive control. The
protein purified from non-infected Sf9 cells was included as a negative control (-).

B. C. To increase the recombinant protein solubility, different approaches were applied during the Ni-NTA
purification. The cells were either frozen before lysis or lysed immediately in a variety of lysis buffers.
Continued on the next page.

91



Figure 3.7. continued.

The cell pellets (sonicated) and the purified proteins were boiled in sample buffer and analysed by SDS-PAGE
with Coomassie staining. The protein purified from non-infected Sf9 cells was included as a negative control (-).
The positions of molecular weight markers (in kDa) are shown on the left. Bands with expected size of
recombinant His-DDR2-L610P-K protein are indicated with a red asterisk (*). P, cell pellet; W, first wash; Ni, Ni-
NTA purified protein.

The usage of fusion tags in recombinant protein production has the well-known advantages
of increasing protein stability and solubility (Esposito and Chatterjee, 2006). Therefore,
pOPIN-vectors with additional tags were used to generate the recombinant DDR2-L610P-K
protein. DDR2-WT-K was also cloned into the same pOPIN vectors as positive controls. The
fusion tag-encoding sequence was located in between the Hiss-tag and the HRV C3 cleavage
site (Figure 2. 2), enabling the cleavage after the first His-Trap purification. The new constructs
were expressed in the same way as described before. P virus passages were used to assess
protein expressions, which was performed by analysing the cell pellet fractions and Ni-NTA
purified products together on SDS-PAGE with Coomassie staining (Figure 3. 8, Figure 3. 9).
Proteins with expected size were observed only in the insoluble pellet fractions for both GST-
tagged and SUMO-tagged constructs (Figure 3. 8), whereas MBP-tagged DDR2-L610P-K
showed a detectable level of soluble protein production (Figure 3.9, day 3 samples). However,
the bands detected for soluble and insoluble MBP-tagged DDR2-L610P-K were still much
weaker than those detected for the corresponding DDR2-WT-K constructs. Since some soluble
protein was detected in the MBP-tagged DDR2-L610P-K expression test, the large scale protein
production was attempted. To this end, the P, virus for MBP-tagged DDR2-L610P-K was
amplified and used for large-scale protein production. The same cell lysis and filtration
methods were used as described before. His-Trap purification was performed with the protein
eluted into fractions (Figure 3. 10A). Dialysis was then performed with the eluted His-Trap
fractions pooled together and incubated with or without C3 protease. However, precipitates
were observed from both of the dialysed samples the following morning, indicating the
cleavage by C3 protease was not the reason of protein precipitation. The dialysed sample with
precipitates was centrifuged to obtain the supernatant for reverse His-Trap purification
(Figure 3. 10C), in case the precipitated material was not related to DDR2-L610P-K. The
precipitates were boiled with sample buffer and analysed together with the aliquots of His-
Trap fraction samples on SDS-PAGE. Unfortunately, a clear band with the expected size

(around 80 kDa) was found in the precipitate sample, indicating a loss of soluble DDR2-L610P-
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K protein (Figure 3. 10B). Analysis of the flowthrough from the reverse His-trap purification
showed no protein with the expected molecular weight found for DDR2-L610P-K, which
confirmed the loss of soluble DDR2-L610P-K during overnight dialysis. (Figure 3. 10D). To this
point, we concluded that the recombinant DDR2-L610P-K protein obtained from the
baculovirus expression system was unstable and could therefore not be obtained and used for

the following in vitro kinase assays.
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Figure 3. 8 Expression test for GST-tagged and SUMO-tagged DDR2-L610P-K generated in Sf9 cells.
Expression test to verify soluble His-GST-DDR2-L610P-K and His-SUMO-DDR2-L610P-K construct production.
Proteins were extracted from the P; virus infected Sf9 cells and purified using Ni-NTA beads. The cell pellets
(sonicated) and the purified proteins were boiled in sample buffer and analysed by SDS-PAGE with Coomassie
staining. The protein purified from DDR2-WT-K P; virus infected Sf9 cells was included as a positive control. The
positions of molecular weight markers (in kDa) are shown on the left. Bands with expected size of recombinant
His-GST-DDR2-L610P-K or His-SUMO-DDR2-L610P-K protein are indicated with a red asterisk (*). IV, infection
volume (in pL); P, cell pellet; Ni, Ni-NTA purified protein.
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Figure 3. 9 Expression test for MBP-tagged DDR2-L610P-K generated in Sf9 cells.

Expression test to verify soluble His-MBP-DDR2-WT-K and His-MBP-DDR2-L610P-K construct production.
Proteins were extracted from the P virus infected Sf9 cells and purified using Ni-NTA beads. The cell pellets
(sonicated) and the purified proteins were boiled in sample buffer and analysed by SDS-PAGE with Coomassie
staining. The protein purified from non-infected Sf9 cells was included as a negative control (-). The positions of
molecular weight markers (in kDa) are shown on the left. Bands with expected size of recombinant His-MBP-
DDR2-L610P-K protein are indicated with a red asterisk (*). IV, infection volume (in uL); P, cell pellet; Ni, Ni-NTA
purified protein.
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Figure 3. 10 Large-scale purification of soluble recombinant DDR2-L610P-K.

Cell lysates were loaded onto HisTrap HP column on an AKTA pure system.

A. The His-Trap chromatogram is shown with UV absorbance (A2so, mAU) in black and conductance (mS/cm) in
orange. The column was washed until the UV reading reached the baseline. Proteins were eluted with buffer
containing 500 mM imidazole.

B. His-Trap purified proteins were dialysed overnight with or without C3 protease. Precipitates were found in
both dialysed samples. Aliquots of His-Trap fractions (3-7 in A.) and dialysis precipitates (DP1 for precipitates
collected from dialysis samples with C3 protease cleavage, DP2 for precipitates collected from dialysis samples
without C3 protease incubation) were boiled in sample buffer and analysed on 10% SDS-PAGE with Coomassie
staining.

C. The reverse His-Trap purification was performed with cleaved His-Trap purified proteins. The chromatogram
is shown with UV absorbance (Azso, mAU) in black and conductance (mS/cm) in orange.

D. Aliquots of reverse His-Trap fractions (2-3 in C.) and purification flowthrough were boiled in sample buffer
and analysed on 10% SDS-PAGE with Coomassie staining. The positions of molecular weight markers (in kDa)
are shown on the left. Bands with expected size of recombinant His-MBP-DDR2-L610P-K protein are indicated
with a red asterisk (*). FT, flowthrough; DP, dialysis precipitates.
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In the hope that using a mammalian cell expression system can help obtain small-scale soluble
DDR2-L610P-K protein for simple in vitro assays, all pOPIN constructs generated before were
transfected into HEK293 cells, followed by protein extraction and purification. Hiss-tagged
proteins were isolated from the cell lysates with cobalt-based immobilised metal affinity
chromatography (IMAC) Dynabeads. As before, cell pellet samples, purification flowthrough
and purified materials were analysed on SDS-PAGE followed by Western blotting. Similarly,
most of the Hises-tagged DDR2-L610P-K protein was found from the insoluble pellet fraction,
but both Hise-tagged DDR2-WT-K and DDR2-Y740C-K showed clearly visible soluble protein
production (Figure 3. 11A). GST-tagged DDR2-L610P-K exhibited minor soluble protein
production (Figure 3. 11A), whereas greater soluble levels were observed from both SUMO
and MBP-tagged DDR2-L610P-K proteins, with the highest soluble protein production seen
from SUMO-tagged DDR2-L610P-K (Figure 3. 11B). SUMO-tagged DDR2-WT-K construct was
then made as a control for the use in in vitro kinase assays. Again, the SUMO-tagged constructs
as well as the Hiss-tagged DDR2-WT-K and DDR2-Y740C-K were individually expressed in
HEK293 cells followed by cell lysis and protein purification with IMAC Dynabeads as described
above to obtain the purified soluble recombinant proteins for further analysis. To assess the
ability of the mutant and WT constructs to carry out autophosphorylation, these small-scale
purified proteins, still bound to the Dynabeads, were stimulated by ATP and analysed by
Western blotting with phospho-tyrosine (pY) specific antibodies (Figure 3. 12). Clear in vitro
phosphorylation of His-tagged and SUMO-tagged DDR2-WT-K was observed for both JM4
phosphorylation (anti-pY521 blot) and activation loop phosphorylation (anti-pY740 blot). For
His-tagged DDR2-Y740C-K, only JM4 phosphorylation was detected, but the activation loop
phosphorylation signal was missing. The DDR2-Y740C protein has no Y740 available for
phosphorylation; therefore, it is not surprising that no phosphorylation was detected with
anti-pY740 antibody. However, this antibody cross-reacts with other activation loop tyrosines
(Y736, Y741), and higher concentrations of DDR2-Y740C-K on blots show anti-pY740 signals
(see Figure 3.16). For the SUMO-tagged DDR2-L610P-K, only minimal phosphorylation of JM4
tyrosine Y521 was seen and no phosphorylation observed on the activation loop (Figure 3.
12). This indicates a loss of kinase functions of this particular recombinant DDR2-L610P-K
construct. Taken together, the recombinant DDR2-L610P-K protein was unstable, with a loss
of kinase function, in agreement with the structural analysis which predicted the reduced

protein folding stability (Section 3.2.1).
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Figure 3. 11 Expression test for fusion-tagged DDR2-L610P-K in mammalian cells.

A. B. Constructs encoding His-tagged DDR2-WT-K, His-tagged DDR2-Y740C-K, His-tagged DDR2-L610P-K, GST-
tagged DDR2-L610P-K, SUMO-tagged DDR2-L610P-K, MBP-tagged DDR2-WT-K and MBP-tagged DDR2-L610P-K
were independently transfected into HEK293 cells. The His-tagged proteins were then isolated from the cell
lysates with cobalt-based immobilized metal affinity chromatography (IMAC) Dynabeads. The cell pellets (after
sonication), aliquots of the first wash during protein purification, and the purified proteins were boiled in sample
buffer and analysed by Western blotting with anti-DDR2 antibody. The purified DDR2-WT-K protein was included
as a positive control. The sample purified from non-transfected cells was included as a negative control (Mock).
The positions of molecular weight markers (in kDa) are shown on the left. P, cell pellet; FT, flowthrough, HP,
purified protein.
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Figure 3. 12 In vitro kinase activity of soluble recombinant DDR2 kinase constructs.

Constructs encoding His-tagged DDR2-WT-K, SUMO-tagged DDR2-WT-K, SUMO-tagged DDR2-L610P-K and His-
tagged DDR2-Y740C-K were independently transfected into HEK293 cells. The His-tagged proteins were then
isolated from the cell lysates with cobalt-based immobilized metal affinity chromatography (IMAC) Dynabeads.
The purified proteins were then stimulated with 1 mM ATP in kinase buffer for 30 minutes at 23°C. Samples
were boiled in sample buffer and analysed by SDS-PAGE and Western blotting with the JM4-specific and
activation loop-specific anti-pY antibodies, as indicated. Total DDR2 levels were detected using an anti-DDR2
antibody. The sample purified from non-transfected cells was included as a negative control (Mock). The
positions of molecular weight markers (in kDa) are shown on the left. Experiments were repeated three times
with similar results. CL, cell lysate; HP, purified His-tagged protein.

Note that DDR2-Y740C-K does not react with the activation loop antibody because this antibody mainly reacts
with phosphorylated Y740 and cross-reacts with other activation loop tyrosine residues (phosphorylated Y736,
Y741). The His-Y740C-K protein expression level was not high enough on this blot for the antibody to bind to
the other activation loop tyrosines.
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3.2.4 DDR2 kinase has similar activation mechanism as DDR1 kinase

A recent study from our lab showed that DDR1 kinase is first phosphorylated in the JM4
segment, followed by activation loop phosphorylation (Sammon et al., 2020). To investigate
whether DDR2 undergoes the same activation steps as DDR1, the DDR2-WT-K protein was
assessed for its ability to autophosphorylate in vitro. Previously generated recombinant
DDR1-WT-K protein (received from Douglas Sammon, Leitinger lab) was included in this assay
to compare potential kinase catalytic differences between DDR1 and DDR2. The DDR1 and
DDR2 constructs were incubated at 1 uM in the presence of 1 mM ATP over a time course (0-
60 minutes) at 20°C. Reactions were stopped by boiling the samples at each time point,
followed by Western blotting with pY specific antibodies. Tyrosine residues located in the
kinase-preceding JM4 region (Y569 and Y586 for DDR1, Y521 and Y538 for DDR2), as well as
the activation loop of the kinase domain (Y796 in DDR1, corresponding to Y740 in DDR2;
Figure 3. 13A), are highly conserved, and the phospho-specific antibodies that react with
relevant DDR1 tyrosine residues also react with respective DDRR2 residues. Phosphorylation
was observed from all three tyrosine residues on both DDR1-WT-K and DDR2-WT-K proteins,
reflecting successful kinase activation (Figure 3. 13B). For DDR1 kinase, phosphorylation
increased at Y569 and Y586 over time, while only minimal phosphorylation was observed
from the activation loop tyrosine (pY796) (Figure 3. 13B), in agreement with the previous
study (Sammon et al., 2020). On the other hand, DDR2 kinase exhibited faster activation than
DDR1 kinase, with clear activation loop phosphorylation observed within 5 minutes (anti-

pY740; Figure 3. 13B).
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Figure 3. 13 DDR2 kinase has similar activation mechanism as DDR1 (1 puM protein autophosphorylation
assay).

A. Schematic diagrams showing the location of JM4 and activation loop tyrosine residues in DDR1-WT-K and
DDR2-WT-K constructs.

B. The in vitro autophosphorylation assay was performed by incubating 1 uM protein constructs with 1 mM ATP
in kinase buffer 1 at 20°C over a 60 minutes time course. The reactions were stopped at indicated time points
by boiling with sample buffer. Samples were then analysed by SDS-PAGE and Western blotting with the JM4-
specific and activation loop-specific anti-pY antibodies. Total DDR levels were detected using anti-DDR1 or anti-
DDR2 antibodies. The positions of molecular weight markers (in kDa) are shown on the left. Experiments were
repeated three times with similar results.

To further establish the autophosphorylation differences, the constructs were incubated at
100 pM in the presence of 20 mM ATP over a longer time course (0-180 minutes). The samples

were either analysed on native-PAGE with Coomassie staining or boiled to be analysed by
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Western blotting with phospho-specific antibodies. Native-PAGE separates the proteins
according to their charge, which allowed us to identify protein forms with different numbers
of tyrosines in the phosphorylated form. Similar as above, DDR1-WT-K underwent slow
activation towards the fully phosphorylated form (Figure 3. 14, left panels), again, in
agreement with the published DDR1 kinase study (Sammon et al., 2020). The second
phospho-form was clearly observable around 30 minutes of ATP stimulation, and the final
state was observable at 180 minutes. Moreover, the DDR2-WT-K showed quicker activation
which the conversion to the final phosphorylated form seen from 30 minutes of ATP
incubation (Figure 3. 14, right panels). Taken together, these data demonstrate that DDR2
kinase follows the same activation mechanism as DDR1, but with a higher

autophosphorylation rate.
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Figure 3. 14 DDR2 kinase has similar activation mechanism as DDR1 (100 uM protein autophosphorylation
assay).

The in vitro autophosphorylation assay was performed by incubating 100 uM protein constructs with 20 mM
ATP in kinase buffer 2 at 20°C over a 180 minutes time course. The reactions were stopped at indicated time
points by adding 80 mM EDTA (for native-PAGE) or boiling with sample buffer (for SDS-PAGE). Samples were
either separated by native-PAGE with Coomassie staining (upper image) or analysed by SDS-PAGE and Western
blotting with the JM4-specific and activation loop-specific anti-pY antibodies (lower image). Different DDR
phosphorylated forms are indicated with red arrows. Total DDR1 levels were detected using an anti-DDR1
antibody. The positions of molecular weight markers (in kDa) are shown on the left. As limited DDR1-WT-K was
available, there was only enough material to perform this experiment once.
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Protein phosphorylation can occur through an intramolecular (in cis) reaction or an
intermolecular (in trans) reaction. The cis-autophosphorylation is not affected by increasing
protein concentrations, however, a higher trans-autophosphorylation level can be observed
with an increase in protein concentration (Reinhardt and Leonard, 2023). Previously, the DDR1
JM4 region and activation loop were proven to undergo cis-autophosphorylation and trans-
autophosphorylation, respectively (Douglas Sammon and Birgit Leitinger, unpublished data).
To establish whether DDR2 JM4 and the activation loop exhibit the same behavior, the DDR2-
WT-K construct at 125-1000 nM were incubated with 1 mM ATP at 20°C for 10 or 30 minutes
(Figure 3. 15A). No significant differences in JM4-specific pY521 and activation loop-specific
pY740 signals were found across all protein concentrations (Figure 3. 15B). This indicated both
DDR2 JM4 region and activation loop autophosphorylation occurs intramolecularly (in cis), in
contrast to what was observed in DDR1 where only JM4 was observed to be phosphorylated

in cis.
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Figure 3. 15 DDR2 JM4 and activation loop both undergo protein concentration independent
autophosphorylation.

A. The soluble DDR2-WT-K was titrated from 125-1000 nM and incubated with 1 mM ATP in kinase buffer 1 at
20°C for 10 or 30 minutes. The sample incubated with kinase buffer 1 in the absence of ATP was included as a
negative control (-). The reactions were stopped by boiling with sample buffer. Samples were then analysed by
SDS-PAGE and Western blotting with the JM4-specific and activation loop-specific anti-pY antibodies. Total DDR2
levels were detected using anti-DDR2 antibodies. The positions of molecular weight markers (in kDa) are shown
on the left.

Continued on the next page.
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Figure 3.15 continued

B. Quantification of the JM4 specific anti-pY521 and activation loop specific anti-pY740, signals normalised to
respective anti-DDR2 signals. The anti-pY signal is expressed as a percentage of the sum of all bands on a blot,
with mean and standard error of the mean shown (n=3). No statistically significant differences (ns) were found
between any groups. One-way ANOVA with Tukey’s multiple comparisons test.

3.2.5 DDR2-Y740C kinase is more active than DDR2-WT kinase

To investigate any potential differences in autophosphorylation rates between DDR2-WT-K
and DDR2-Y740C-K, further in vitro kinase assays were performed. Both proteins were
incubated at 0.1 mM in the presence of 1 mM ATP over a time course. As DDR2
phosphorylates itself more rapidly (Figure 3. 13, Figure 3. 14), the time course was shortened
to 0-15 minutes. Again, DDR2-Y740C-K showed phosphorylation of both JM4 tyrosine (Y521
and Y538, data not shown for anti-pY538 blot) and activation loop tyrosine (Y736 and Y741),
revealing kinase activation (Figure 3. 16A). The rate differences can be observed within 2
minutes of ATP addition, showing significantly quicker DDR2-Y740C JM4 and kinase activation
at early time points of 15s, 30s, and 1 minute (Figure 3. 16B). Furthermore, the DDR2-Y740C-
K activation loop phospho-signal plateaued after 2 minutes, but the signal for the WT protein
was more linear across the time course (Figure 3. 16B, right). This indicated that DDR2-Y740C-
K rapidly achieved complete activation loop phosphorylation, which is in line with our initial
hypothesis that the tyrosine substitution disrupts the autoinhibitory structure, and hence

allows much faster phosphorylation of other kinase tyrosines.
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Figure 3. 16 DDR2-Y740C-K autophosphorylates quicker than DDR2-WT-K.

A. Schematic structure of the recombinant DDR2 constructs. JM4 tyrosines (Y521, Y538) and activation loop
tyrosines (mutated to C740 in DDR2-Y740C-K) are labelled. The soluble DDR2-WT-K and DDR2-Y740C-K proteins
were incubated at 0.1 uM in the presence of kinase buffer and 1 mM ATP for the indicated time course (0-15
minutes) at 20 °C. Protein was then boiled in sample buffer and analysed by SDS-PAGE and Western blotting.
The molecular weight of the molecular markers is shown in kDa on the left side of each blot. Experiments were
repeated three times with similar results.

B. Quantification of the JM4 specific anti-pY521 and activation loop specific anti-pY740, signals normalised to
respective anti-DDR2 signals. The anti-pY signal is expressed as a percentage of the sum of all bands on a blot,
with mean and standard error of the mean shown (n=3). Statistically significant differences (P < 0.05)
Continued on the next page.
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Figure 3.16. continued

between the DDR2-WT-K and DDR2-Y740C-K signals are indicated by asterisks (left graph, *P = 0.0389, t = 0.25
min; *P = 0.0270, t = 0.5 min; *P = 0.0400, t = 1 min. Right graph, **P = 0.0067, t = 0.25 min; *P = 0.0170, t =
0.5 min; **P = 0.0099, t = 5 min). Two-way ANOVA with 5idak’s multiple comparisons test.

The rapid kinase autophosphorylation observed from the mutant protein DDR2-Y740C-K
raised the question of whether any differences in the abilities to phosphorylate substrate can
be seen between this kinase and WT DDR2 kinase. Therefore, a kinetic analysis of the DDR2-
WT-K and DDR2-Y740C-K substrate phosphorylation using the ADP-Glo™ assay was
performed. Axltide peptide, a derivative of IRS-1, was used as the substrate peptide in this
assay, as it can function as a DDR2 substrate in vitro (lwai et al., 2013b). The soluble kinase
proteins were incubated with Axltide peptide and ATP, followed by measuring the reaction-
formed ADP that correlated with kinase activity. To find the optimal incubation temperature
and check the potential impact of temperatures on DDR2 kinase activities, the kinase proteins
were incubated with 200 uM Axltide peptide in the presence of 1 mM ATP. These reactions
were carried out at 21, 30, and 37°C over a 40 minute time course. The initial rates were
determined and plotted as specific activity (nmol min? mg?). DDR2-Y740C-K showed
significantly higher specific activities than DDR2-WT-K across all three incubation
temperatures (Figure 3. 17). Furthermore, while the different incubation temperatures did
not change the DDR2-WT-K specific activity, DDR2-Y740C-K exhibited significantly higher
activity at 30°C compared with 21°C (Figure 3. 17). To avoid reaching saturation of kinase

activity, the following in vitro experiments were performed at 21°C.

107



1500

‘T’" Xk Xk %k NS = 21°C
g’ 111 3 30°C
< 1000- ° Em 37°C
£ -}
E o
©
£ 500
£
(/7]
0- T
<& S
N W
V O
& ¥
Q &
Q

Figure 3. 17 Temperature impacts on DDR2-WT-K and DDR2-Y740C-K substrate phosphorylation rates.

In vitro kinase activity of DDR2-WT-K and DDR2-Y40C-K was assessed at different temperatures (21°C, 30°C, and
37°C) using the ADP-Glo™ assay. Initial velocities were determined by incubating 0.1 uM kinase proteins with
200 uM Axltide peptide and 1 mM over a 40 minutes time course (0, 10, 20, 40 minutes). Data are shown as
specific activity (SA) with mean and standard error of the mean shown (n=3). Statistically significant differences
(P <0.05) between DDR2-WT-K and DDR2-Y740C-K signals are indicated by asterisks (*P = 0.0287; **P = 0.0054;
ns, non-significant). Two-way ANOVA with Tukey’s multiple comparisons test.

Kinetic analysis was then performed using the ADP-Glo™ or ADP-Glo™ Max assays. The
proteins were independently incubated with a range of Axltide peptide concentrations (0-
1.04 mM) in the presence of a fixed ATP concentration (1 mM; Figure 3. 18A), or a range of
ATP concentrations (0-5 mM) in the presence of a fixed Axltide peptide concentration
(520 uM; Figure 3. 18B). ADP production after different incubation times (0-40 minutes) was
then quantified. The initial rates at each ATP or peptide concentration were again determined
and plotted as specific activity (nmol min't mg?). All the experimental conditions in this assay
were previously determined for DDR1 kinase by Douglas Sammon from Leitinger Lab. The
DDR2-Y740C-K displayed higher specific activities only towards peptide but not ATP substrate,
when compared with DDR2-WT-K (Figure 3. 18). Moreover, DDR2-WT-K showed around 4-
fold higher K value towards peptide substrate compared with DDR2-Y740C-K, with little
difference in Kn towards ATP substrate (Table 3. 1). Although substrate affinity was not
directly measured, a lower Km, could suggest a higher protein to substrate affinity. The Km
differences suggested that DDR2-Y740C-K had higher peptide affinity than DDR2-WT-K, but
there was no difference in ATP affinity between the two proteins. This can be explained based
on the kinase structure, where DDR2-Y740C only loses the ability of stabilising the activation
loop but the ATP binding site is likely not affected by the mutation of the activation loop

Tyr740. When comparing the catalytic parameters (Table 3. 1) of DDR2-WT-K to the published
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data for DDR1 (Sammon et al., 2020), the unphosphorylated DDR2-WT kinase has similar
catalytic rates to the fully phosphorylated DDR1-WT kinase, which is in agreement with the
earlier in vitro autophosphorylation analysis (Figure 3. 13, Figure 3. 14). Taken together, the
mutant DDR2-Y740C kinase showed much higher activities in both kinase

autophosphorylation as well as substrate phosphorylation compared with DDR2-WT kinase,

which is consistent with our initial hypothesis.
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Figure 3. 18 Determination of DDR2-WT-K and DDR2-Y740C-K catalytic activities.
In vitro kinase activity of DDR2-WT-K and DDR2-Y40C-K was assessed using the ADP-Glo™ assay. Initial velocities

were determined at 20°C.
A. over a range of Axltide peptide concentrations (0-1.04 mM) in the presence of a fixed ATP concentration

(1 mM), or B. over a range of ATP concentrations (0-5 mM) in the presence of a fixed Axltide peptide
concentration (520 uM). Data were then fitted with the Michaelis-Menten equation. Mean and standard error

of the mean shown (n=3). SA, specific activity.
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Table 3. 1 Apparent K..: and K, values for AxItide peptide and ATP.
Kinetic parameters for the Axltide peptide and ATP were calculated by fitting initial rate data (mM min-1) with

the Michaelis-Menten equation. The mean and 95% confidence intervals are shown for 3 independent
experiments. Parameters of DDR1-WT-K and fully phosphorylated DDR1-WT-K were obtained from (Sammon et
al., 2020). ND, not determined; NA, not available.

Kinetic Fully phosphorylated
Substrat DDR2-WT-K DDR2-Y740C-K DDR1-WT-K
B parameter DDR1-WT-K
29.0 333 4.2
K int ND
e (M%) 1 30-382) | (27.1-41.1) (3165
0.2 0.06 0.1
Peptide Km (MM ND
P i) (0.1-0.5) (0.03-0.1) (0.08 - 0.2)
Vma"_ 2.9 3.3 NA NA
(nmol mint)
70.3 76.6 6.2
K int ND
(M) | et 1003) | (54.3-128.2) (5-7.8)
2.0 1.5 0.2
ATP Km (MM ND
(mb} (1.0-4.3) (0.6 - 4.8) (0.08 - 0.3)
Vma", o 7.0 7.7 NA NA
(nmol min™)

3.2.6 Full-length Warburg Cinotti DDR2 mutants are constitutively active in the absence of

collagen stimulation

Following the confirmation of upregulated kinase specific activities in mutant DDR2-Y740C-K,
the full-length DDR2 receptor proteins were assessed in cell-based assays for their abilities to
autophosphorylate in basal state and following collagen binding. Therefore, full-length DDR2
constructs were produced in a mammalian expression vector: DDR2-WT, DDR2-Y740C and
DDR2-L610P. These constructs were individually expressed in HEK293 cells, which were then
stimulated with soluble collagen | at 37°C for 90 minutes. The cells were harvested and lysed,
followed by separating the lysates on SDS-PAGE and analysing by Western blotting with pY-
specific antibodies (anti-4G10) as well as anti-DDR2 antibody. A marked increase in
phosphorylation level was seen from the stimulated DDR2-WT compared with the
unstimulated control, indicating the successful detection of collagen-induced receptor
activation (Figure 3. 19A), in line with published literature (Vogel et al., 1997, Shrivastava et
al., 1997, Leitinger, 2003, Leitinger et al., 2004, Leitinger and Kwan, 2006, Konitsiotis et al.,
2008, Ali et al., 2010). Interestingly, even though recombinant DDR2-L610P-K showed no
catalytic activity when expressed as soluble proteins (Figure 3. 12), collagen-independent

phosphorylation was seen in both full-length DDR2-Y740C and DDR2-L610P, and collagen
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stimulation did not lead to a significant increase in phosphorylation levels, indicating the

constitutive activities of both mutant receptors (Figure 3. 19A).

DDR2 was found as three molecular forms, which expressed equally in the wild-type
constructs, as expected (Konitsiotis et al., 2008, Leitinger, 2003, Noordeen et al., 2006).
However, both mutant DDR2s showed much lower proportion of the higher molecular form,
even though clear phosphorylation was still observed (Figure 3. 19A, left lower panel). We
reasoned that the mutant proteins had higher proportion of immature DDR2 protein,
compared with WT DDR2. This was then verified by EndoH digestion. The cell lysates were
incubated with EndoH, which deglycosylates the immature, high-mannose glyco-forms in N-
linked glycosylated proteins, and results in a visible shift of the protein size that can be
detected by SDS-PAGE and Western blotting. The proteins that have undergone complete
glycosylation with mature, complex glycans, should be resistant to EndoH digestion (Freeze
and Kranz, 2010). As expected, only the lowest molecular weight bands of all three DDR2
constructs shifted to lower molecular weight forms after EndoH digestion, indicating the
presence of the immature DDR2 proteins (Figure 3. 19B). These data showed that for both of
the DDR2 mutant constructs, the majority of protein molecules were present as immature

biosynthetic precursors.
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Figure 3. 19 Full-length DDR2-Y740C and DDR2-L610P are constitutively active in the absence of collagen
stimulation.

A. Left: DDR2-WT, DDR2-Y740C, DDR2-L610P were transfected into HEK293 cells. Transfected cells were cultured
for 24 hours, and then serum staved for at least 16 hours. After starvation, the cells were stimulated with
10 pg/mL soluble collagen | at 37°C for 90 minutes. Cell lysis was performed with the lysates boiled in sample
buffer and analysed by SDS-PAGE and Western Blotting with anti-pY antibody. Total DDR2 levels were then
detected using an anti-DDR2 antibody. The positions of molecular weight markers (in kDa) are shown on the
left. Right: Quantification of the anti-pY (4G10) antibody signals, normalised to respective anti-DDR2 signals.
Statistically significant differences (P < 0.05) between signals are indicated by asterisks (**P = 0.0060; ***P =
0.0007; ****P < 0.0001; ns, non-significant). Two-way ANOVA with Tukey’s multiple comparisons test.

B. DDR2-WT, DDR2-Y740C, DDR2-L610P were transfected into HEK293 cells. The cells were lysed after 2 days of
transfection. The lysates were treated with EndoH (H) or left untreated (-), followed by boiling in sample buffer
and analysed by Western Blotting with anti-DDR2 antibody. Clear shifts of the lowest band are detected (circled
with red). Bands that are resistant to EndoH digestion are mature glyco-forms of DDR2, EndoH sensitive forms
relate to the immature biosynthetic precursor forms. The positions of molecular weight markers (in kDa) are
shown on the left.
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3.2.7 Warburg Cinotti mutants can express on cell surface

Although mutant DDR2s showed constitutive activities in the absence of collagen, the
relatively low expression of the mature proteins brought us the question of whether the
mutant DDR2-Y740C and DDR2-L610P proteins had any additional trafficking issues with
reaching the cell surface. To analyse whether the disease mutants are able to reach the cell
surface, immunofluorescence was used. For this assay. Cos-7 cells expressing Flag-tagged
DDR2 constructs (Figure 3. 20A) were used, as there is no commercially available antibody
that can bind to the native conformation of the DDR2 extracellular region. Flag-DDR2-WT,
Flag-DDR2-Y740C and Flag-DDR2-L610P were singly expressed in Cos-7 cells and the surface
staining was performed with anti-Flag antibody to indicate the presence of DDR2. All three
constructs were found to be expressed on the cell surface (Figure 3. 20B). | next used flow
cytometry to test whether the mutant DDR2s expressed similar amounts of surface proteins
as the WT. Therefore, the Flag-tagged DDR2 constructs were either independently expressed
or co-expressed with the untagged DDR2-WT in HEK293 cells. This co-expression was
designed to check whether the formation of heterodimers with WT DDR2 could increase the
mutant DDR2 surface expression levels. Cells were labelled with anti-Flag and then a FITC-
conjugated secondary antibody, followed by analysis with flow cytometry. Interestingly, both
mutants showed comparable levels of surface expression as WT DDR2, when expressed as
single proteins, and the co-expression with untagged DDR2-WT did not result in any increase
of the mutants’ surface expression (Figure 3. 21). These data demonstrated that DDR2-Y740C
and DDR2-L610P are expressed on the cell surface, despite the fact that smaller proportions

of mature protein were observed by Western blotting.
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Figure 3. 20 Surface expressed DDR2-Y740C and DDR2-L610P are detected by immunofluorescence.

A. Schematic structure of the Flag-tagged full-length DDR2 construct. The Flag tag was fused to the N-terminus
of the construct, with a short linker between the Flag tag and DDR2.

B. Flag-DDR2-WT, Flag-DDR2-Y740C and Flag-DDR2-L610P were singly transfected into Cos-7 cells. Cells were
subsequently stained with anti-Flag antibody, followed by AlexaFluor 488 anti-mouse IgG1 secondary antibody.
Scale bar = 50 um. Widefield images were acquired using an Olympus BX51 microscope with Simple-PCI
acquisition software.
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Figure 3. 21 Surface expressed DDR2-Y740C and DDR2-L610P are detected by flow cytometry.
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Flag-DDR2-WT, Flag-DDR2-Y740C and Flag-DDR2-L610P were singly transfected into HEK293 cells. Untagged
DDR2-WT was expressed on its own or co-expressed with Flag-DDR2-Y740C or Flag-DDR2-L610P. Cells were
subsequently stained with anti-Flag antibody, followed by FITC-labelled anti-mouse-Fc antibody and analysed
by flow cytometry. The filled grey histograms represent secondary antibody only staining, while the open
histograms represent anti-Flag and secondary antibody staining.

115



3.2.8 DDR2 kinase inhibitors can block both recombinant and full-length DDR2 activity

Thus far, | showed that recombinant soluble DDR2-Y740C-K and both full-length mutant
DDR2s had higher phosphorylation activities than the respective WT proteins. | next
established whether commercial kinase inhibitors can block the excess activities. The ATP
competitive type-l kinase inhibitor dasatinib as well as DDR-specific inhibitor VU6015929
were tested (Jeffries et al., 2020). Unlike the highly selective VU6015929, dasatinib is a non-
selective kinase inhibitor that has been shown to block DDR2 kinase activity (Day et al., 2008,
Jeffries et al., 2020). For the in vitro assays, proteins were independently incubated with a
range of dasatinib concentrations (0.28 nM-50 uM) or a range of VU6015929 concentrations
(0.056 NM-10 uM) in the presence of ATP (100 uM or 1 mM) and 250 uM Axltide peptide.
Again, ADP production was recorded using the ADP-Glo™ assay. Both DDR2-WT-K and DDR2-
Y740C-K could be inhibited by dasatinib with similar ICso (Figure 3. 22A, Table 3. 2). The I1Cso
of dasatinib for DDR2-WT was also previously determined in a study using TR-FRET assay with
100 uM ATP, showing a very similar value of 1.4 + 0.3 nM (Day et al., 2008); compare with
3.5nM and 1.4nM obtained here for DDR2-Wt-K and DDR2-Y740-K respectively). The DDR-
specific inhibitor VU6015929 could also block soluble DDR2 kinase activities (Figure 3. 22B,
Table 3. 2). This inhibitor was then assessed for its ability to block autophosphorylation of
full-length DDR2 constructs expressed in HEK293 cells. After transfection, cells were treated
with or without 100 nM of the YU6015929 inhibitor at 37°C for 45 minutes before collagen
stimulation. This was then followed by cell lysis and Western blotting analysis with pY-specific
antibodies as well as anti-DDR2 antibody. Inhibitor treatment abolished the collagen-induced
receptor activation (Figure 3. 23). Taken together, these data demonstrated the abilities of
commercial kinase inhibitors to block the substrate phosphorylation induced by soluble
DDR2-WT and DDR2-Y740C kinases, and collagen-induced autophosphorylation from the full-

length WT and mutant DDR2 proteins.
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Figure 3. 22 Dasatinib and VU6015929 block both DDR2-WT and DDR2-Y740C kinase abilities to
phosphorylate substrate.
DDR2-WT-K and DDR2-Y40C-K were independently incubated with a range of A. dasatinib concentrations
(0.28 nM -50 uM) or B. VU6015929 concentrations (0.056 nM-10 uM) in the presence of fixed ATP
concentrations (100 uM or 1 mM for dasatinib test, 100 uM for VU6015929 test) and Axltide peptide
concentration (250 uM) at 20 °C. ADP production was recorded using ADP-Glo™ assay. Data is shown as
percentage of inhibition. n=3; mean and standard error of the mean shown.

Table 3. 2 IC5 values from the dasatinib and VU6015929 inhibitor assays for blocking DDR2-WT-K and DDR2-
Y740C-K kinase abilities to phosphorylate substrate.

ATP DDR2-WT-K DDR2-Y740C-K
100 uM ICso 3.5nM 1.4nM
(Dasatinib)
1 mM 10.0 nM 2.0nM
100 pM 1Cs0 213.3nM 520.9 nM
K (VU6015929) : :
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Figure 3. 23 DDR-specific inhibitor VU6015929 can block collagen-induced full-length DDR2 activation in the
overexpression system.

Upper image: DDR2-WT, DDR2-Y740C, or DDR2-L610P were singly transfected into HEK293 cells. Transfected
cells were cultured for 24 hours, and then serum staved for at least 16 hours. After starvation, the cells were
treated with or without 100 nM VU6015929 (VU) inhibitors for 45 minutes before being stimulated with
10 pg/mL soluble collagen | at 37°C for 90 minutes. Cell lysis was performed with the lysates boiled in sample
buffer and analysed by SDS-PAGE and Western Blotting with anti-pY antibody. Total DDR2 levels were then
detected using an anti-DDR2 antibody. The positions of molecular weight markers (in kDa) are shown on the
left. n=1.

Lower chart: Quantification of the anti-pY antibody, signal normalised to respective anti-DDR2 signals.
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3.3 Discussion

Gain-of-function missense variants in the kinase domain of RTKs can lead to aberrant receptor
signalling, which is the underlying cause of numerous human disorders (McDonell et al., 2015,
Neben et al.,, 2019, Stefl et al.,, 2013). Those mutations mostly cluster in evolutionally
conserved residues that are tightly involved in the regulation of kinase catalytic activity
(Medves and Demoulin, 2012, Lahiry et al., 2010, lzarzugaza et al., 2009). For example,
missense variant in FGFR3 kinase domain (Lys650Glu) leads to ligand independent receptor
activation and causes thanatophoric dysplasia Il (lwata et al., 2000). In endothelial-specific
receptor tyrosine kinase, TIE2, mutations (Arg849Trp, Tyr897Ser) result in multiple cutaneous
and mucosal venous malformations (Wouters et al., 2010). RTK gain-of-function variants are
also seen in cancers, for example multiple kinase domain activating mutations in EGFR are
characterised in non-small cell lung cancer cases (Wang et al., 2011). For Warburg Cinotti
syndrome, a severe connective tissue disorder (Warburg et al., 2006, Cinotti et al., 2013), two
missense variants located on the DDR2 tyrosine kinase domain were identified as disease-
causing variants, but limited protein studies were conducted in the original report (Xu et al.,
2018). In this chapter, biochemical assays using recombinant soluble protein kinase constructs
revealed the increase of kinase catalytic activity found in DDR2 carrying the Tyr740Cys
mutation. Furthermore, ligand-independent receptor activation was observed in transiently
transfected mammalian cells expressing the full-length TM proteins of DDR2-Y740C and DDR2-
L610P.

First, the prediction of the structural effects of Leu610Pro and Tyr740Cys mutations was
performed based on the experimentally determined DDR2 kinase structure (PDB code: 7AYM)
(Nawrotek, 2020). Both mutations were identified to be damaging to the kinase autoinhibitory
conformation. Leu610 is located at the end of the kinase B3 strand (Figure 3. 3), where the
proline substitution is disfavoured. In most cases, introducing proline into a-helices or B-
sheets, especially at their centre, breaks the secondary structure of the protein (Choi and
Mayo, 2006). However, the natural presence of proline residues at the edge strands of the B-
sheet is believed to help avoid aggregation (Richardson and Richardson, 2002, Shamsir and
Dalby, 2007). Despite the instability predicted from the proline substitution in DDR2-L610P,
the location of this mutation before the aC helix reduces the flexibility of the nearby

regulatory motifs due to the conformational rigidity of proline (Melnikov et al., 2016). In a
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previous study, recombinant DDR2 cytosolic protein expressed in Sf9 cells was used to
demonstrate the autoinhibitory role of the Tyr740 residue in DDR2 kinase activity (Yang et al.,
2005). This led us to perform in vitro kinase assays with soluble recombinant DDR2 kinase
proteins containing the Warburg Cinotti syndrome mutants. While the structural analysis was
performed with the DDR2 kinase only structure (i.e in the absence of any regulatory elements
outside the kinase domain), and the Yang et al study used soluble recombinant protein of the
entire DDR2 cytosolic region (Yang et al., 2005), | designed the recombinant constructs for in
vitro analysis to contain the regulatory DDR2 JM4 region in addition to the kinase domain. The
constructs were cloned into the pOPIN vector and expressed in the baculovirus system.
Previously, OPPF helped our lab perform an initial screening with several DDR1 constructs
cloned in pOPINF vector, including different length of JM region (JM1 to JM4) with the DDR1a
or DDR1b kinase domain, and expressed in E. coli, mammalian, and baculovirus system
(unpublished data). Only the constructs containing the DDR1 kinase domain together with the
JM4 region showed sufficient expression in the baculovirus system. Thus, the important role
of JM4 in DDR1 catalytic activity was characterised (Sammon et al., 2020). The JM1 to JM3
region is located away from the kinase domain, with poor conservation between DDR1 and
DDR2. As the essential JM4 segment is a highly conserved region (Figure 3. 1), protein
constructs of DDR2 JM4 and kinase domain (DDR2-K constructs) were expressed, and the in
vitro results can be directly compared with our previous DDR1 study (Sammon et al., 2020).
We were especially interested to characterise DDR2 Leu610Pro, in which the mutant kinase
behaviour is less clearly predictable compared with DDR2 Try740Cys. However, the
recombinant DDR2-L610P-K construct with the pOPINF vector failed to be purified as a soluble
protein when expressed in the baculovirus system (Figure 3. 4C). OPPF provided us with other
pOPIN vectors that contain additional fusion tags before the HRV 3C cleavage site. The GST
tag (pOPINJ) was shown to help protein folding and stabilise protein structure (Terpe, 2003,
Harper and Speicher, 2011). The SUMO (pOPINS3C) and MBP (pOPINM) tags are useful protein
solubility partners (Paraskevopoulou and Falcone, 2018, Fox et al., 2003). However, even with
the help of these fusion tags, no soluble DDR2-L610P-K construct could be obtained from the
baculovirus system. (Figure 3. 7-Figure 3. 10). Furthermore, the SUMO-tagged DDR2-L610P-K
construct was successfully purified as a soluble protein when expressed in mammalian cells,
but the kinase lost its function (Figure 3. 11, Figure 3. 12). While this recombinant protein

showed instability, ligand-independent phosphorylation signals could be detected from the
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full-length DDR2-L610P TM receptor expressed in mammalian cells (Figure 3. 19). A possible
explanation could be that expressing the full-length form might help protein folding, especially
when the damaging residue is located away from the N-terminal portion of the protein, which

may fold sooner after protein translation (Zhang and Ignatova, 2011, Waudby et al., 2019).

The regulatory role of JM4 region to DDR1 kinase domain catalytic activity has been
investigated in detail (Sammon et al., 2020). This JM4 region was shown to bind tightly to the
DDR1 kinase domain in the inactive state, and act as an autoinhibitory segment. Multi-step
autophosphorylation is required for complete DDR1 kinase activation. In this case, the JM4
needs to be phosphorylated first in order to move away from the kinase active site. This is
then followed by activation loop phosphorylation and results in a fully activated DDR1 kinase
domain (Sammon et al., 2020). A similar mechanism also exists in PDGFRA and c-Kit kinase
activation, where the JM region phosphorylates before the activation loop (Liang et al., 2016,
Mol et al., 2003). In this chapter, DDR2 kinase was shown to undergo the same two-step
activation as DDR1 (Figure 3. 13, Figure 3. 14). However, DDR2 kinase showed much quicker
activation loop phosphorylation, compared with DDR1, in in vitro data (Figure 3. 13, Figure 3.
14). The slow DDR1 activation loop phosphorylation occurs intermolecularly, and the
activation loop is atypically stable in the inactive conformation (Sammon et al., 2020, Hanson
et al.,, 2019). In contrast, both JM4 and activation loop in DDR2-WT-K are autophosphorylated
via an intramolecular mechanism (Figure 3. 15). Moreover, in the Yang et al., 2005 study,
recombinant DDR2 cytoplasmic region showed cis-autophosphorylation (i.e. an
intramolecular reaction) (Yang et al., 2005), in agreement with the data provided in this thesis
chapter. Taken together, this may explain why DDR2 activation loop phosphorylation occurs

with rapid kinetics.

In most RTKs, phosphorylation on activation loop tyrosines stabilises the loop in a
conformation for optimal ATP and substrate binding (Hubbard and Till, 2000), with a few
exceptions seen in EGFR (Tyr845) and KIT (Tyr823), where the role of activation loop tyrosine
is only to stabilise the open conformation (Maruyama, 2014, Klug et al., 2018). In DDR2,
Tyr740 forms hydrogen bonds with neighbouring residues so that the activation loop stays in
the position that blocks the binding of peptide substrates (Figure 3. 3B). The DDR2-Y740C-K
construct exhibited significantly quicker autophosphorylation on both JM4 and activation loop

tyrosine residues, with the differences from the DDR2-WT-K construct seen within 1 minute
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of the reaction (Figure 3. 16). Moreover, rapid kinetics of peptide substrate phosphorylation
by the Y740C construct was found (Figure 3. 18, Table 3. 1), indicating an overall higher kinase
catalytic activity caused by the Tyr740Cys mutation. It remains unclear whether the higher
catalytic rate of DDR2-Y740C-K predominantly relies on quick kinase autophosphorylation or
on higher intrinsic kinase enzymatic activity. In future studies, the fully phosphorylated DDR2-
WT-K construct could be produced and purified for further ADP-Glo assays, as was done for
DDR1 (Sammon et al., 2020); using the fully phosphorylated form in substrate
phosphorylation assays would eliminate any confounding effects of kinase

autophosphorylation during the substrate phosphorylation reactions.

DDRs are unique RTK family members that present on cell surface as constitutive dimers and
undergo slow collagen-induced receptor activation (Shrivastava et al., 1997, Vogel et al., 1997,
Noordeen et al., 2006, Mihai et al., 2009, Xu et al., 2014). In the absence of collagen, DDR1 is
found on the cell surface as punctate clusters, which then redistribute into dense clusters
upon collagen stimulation (Corcoran et al., 2019, Yeung et al., 2019). Unlike DDR1, DDR2 was
not found to form clusters post-collagen binding (Yeung et al., 2019), but the absence of
suitable antibodies that bind native DDR2 on the surface of cells limits current insight into
potential DDR2 ligand-independent and ligand-dependent clustering. Collagen-induced DDR1
clustering results in trans-phosphorylation between DDR1 dimers (Yeung et al., 2019, Juskaite
et al., 2017). The detailed mechanism of how clustering leads to DDR activation is still poorly
understood. It will be interesting to investigate the potential differences in clustering between
full-length WT and mutant DDR2 proteins. Flag-tagged DDR2 constructs used for
immunofluorescence analysis in Figure 3. 20 showed evidence of DDR2 protein surface
expression, and these constructs could be used in more detailed imaging analysis. Alternative
protein-labelling systems, such as SpyCatcher-SpyTag system, which can avoid the use of

antibodies in labelling could be applied for more precise imaging (Zakeri et al., 2012).

One of the initial hypotheses for this study is that Warburg Cinotti DDR2 mutants lead to
constitutive receptor activation due to the gain-of-function nature of these two mutants.
When the recombinant DDR2 constructs were expressed in HEK293 cells for in vitro kinase
assay, ATP-independent phosphorylation signals were observed on JM4 Tyr521 from His-
DDR2-Y740C-K (Figure 3. 12, top panel). This can be considered as a clue for constitutive

mutant kinase activity. Moreover, full-length TM receptors were expressed in HEK293, where
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both DDR2-L610P and DDR2-Y740C exhibited collagen-independent autophosphorylation, as
expected (Figure 3. 19B). Surprisingly, only a small proportion of mutant DDR2 proteins were
seen as the mature form by Western blotting, which was also confirmed by EndoH digestion
(Figure 3. 19C). Similarly, PDGFRB gain-of-function mutation, Val665Ala, showed a reduced
amount of mature protein seen in Western blotting analysis, which was later shown to be
associated with deficient cell surface expression (Johnston et al., 2015, Nedelec et al., 2022).
However, here, comparable surface expression levels were seen from the mutant DDR2s to
that of WT DDR2 (Figure 3. 21). It is possible that the loss of mature DDR2-Y740C and DDR2-
L610P in cell lysates is linked to reduced protein solubility in non-ionic detergent, leading to
loss of protein that is loaded onto the SDS-PAGE gel. A possible approach to increase the
protein extraction is to lyse the cell pellet in SDS loading buffer with B-mercaptoethanol and
boil it for 15 minutes before loading the sample onto a gel. Proteins associated with the
cytoskeleton often result in decreased solubility in detergent (Hommelgaard et al., 2004).
DDR1 was found to co-localise with linear invadosome, which is an F-actin structure and aligns
along collagen fibrils (Juin et al., 2012, Juin et al., 2014). In another study, an interaction
between DDR1 and cytoskeletal protein talin was observed (Borza et al., 2022). However, not
much information exists in the literature addressing the co-localisation of DDR2 with the
cytoskeleton. In future studies, interactions between Warburg Cinotti syndrome DDR2

mutants and cytoskeletal components could be investigated.

An extensive range of tyrosine kinase inhibitors have been developed to target the disease-
associated dysregulated receptors and non-receptor kinases (Grimminger et al., 2010, Bhullar
etal., 2018). A wide range of commercial inhibitors originally developed for breakpoint cluster
region Abelson (Bcr-Abl) tyrosine kinase (Desogus et al., 2015), such as dasatinib, imatinib,
and nilotinib, have been reported to cross-react and block both DDR1 and DDR2 kinase activity
with low ICso (Day et al., 2008). However, distinct mutations of the same receptor can react
differently to certain inhibitors. Conventional type Il inhibitor imatinib and regorafenib were
shown to effectively target JM domain mutations on KIT (Val559Ala and Val560Asp) but was
resisted by KIT activation loop mutation Asp816Val (Sandoval-Perez et al., 2022). Other
activating mutations in PDGFRA or FLT3 also exhibited resistance to type Il inhibitors (Klug et
al., 2018). Applications of type | inhibitors such as dasatinib can target active kinase

conformation caused by gain-of-function mutations (Laurini et al., 2013). However, off-target
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inhibitions are difficult to avoid with these broad-range ATP-competitive inhibitors, as the
kinase ATP binding site is extremely well conserved (Hanson et al.,, 2019, Lemmon and
Schlessinger, 2010). Therefore, type | inhibitor dasatinib and DDR2-specific inhibitor
VU6015929 were tested for recombinant and full-length DDR2s. For both inhibitors, similar
ICso values were seen between WT and Y740C kinases for the in vitro assay and notable full-

length receptor inhibition was observed from cell experiments (Figure 3. 22, Figure 3. 23).

In this chapter, full-length DDR2 autophosphorylation capabilities were assessed in transiently
transfected cells. The overexpression system is a straightforward tool for basic cell biology
studies, which have been used broadly for RTK signalling investigation (Prelich, 2012).
However, this overly simplistic model can obliterate possible protein crosstalk and, on the
other hand, exaggerate weak interactions (Gibson et al., 2013, Dumont et al., 2002). For
example, low level phosphorylation signals were observed from full-length DDR2-WT without
collagen stimulation, which is likely due to receptor overexpression (Figure 3. 19A). Therefore,

mutant receptor behaviours in cells endogenously expressing DDR2 must be assessed.

In summary, the soluble recombinant DDR2-Y740C kinase has been shown to exhibit higher
catalytic activity than WT kinase, and the constitutive activity of both Warburg Cinotti

syndrome-associated full-length DDR2 mutants has been demonstrated.
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Chapter 4 Investigation of Warburg Cinotti Syndrome related DDR2 variants
in patient primary dermal fibroblasts

4.1 Introduction

In Chapter 3, ligand-independent autophosphorylation of both Warburg Cinotti variants
DDR2-L610P and DDR2-Y740C was demonstrated. However, the behaviour of the mutant
DDR2 proteins in the context of endogenous cell expression was not assessed. DDR expression
in the human body varies among different cell types: while DDR1 is mainly expressed in
epithelial cells and activated T cells, DDR2 is mainly found in cells of connective tissues, such
as fibroblasts and mesenchymal cells (Alves et al., 1995, Chetoui et al., 2011, Makino et al.,
2013). Warburg Cinotti syndrome, as described earlier, is a rare but severe connective tissue
disorder. Patients suffer from symptoms such as progressive corneal vascularisation, acro-
osteolysis, and various dermatological conditions (Warburg et al., 2006, Cinotti et al., 2013).
The first few signs of this syndrome, such as keloid-like plaques on the skin, can occur as a
mild condition in childhood that slowly progresses to a more severe condition throughout

adulthood (Xu et al., 2018, Ours et al., 2022).

Fibroblasts, primary residents in connective tissues, are widespread across different organs
and tissues and synthesise key ECM components such as collagens, fibronectin and
microfibrillar proteins (Plikus et al., 2021, Lendahl et al., 2022). Fibroblasts also contribute to
ECM structure remodelling by secreting enzymes such as MMPs and MMP inhibitors (Lu et al.,
2011b). During dermal wound healing, after the initial inflammatory stage, fibroblasts migrate
into the wounded area through ECM and differentiate into myofibroblasts (activated
fibroblasts), which are tightly involved in the formation of new tissue but also pathological
contracture formations (Muller et al., 2012, Tomasek et al., 2002, Van De Water et al., 2013).
Keloid-like lesions and severe contractures, which are known to harbour myofibroblast cells
(Nangole and Agak, 2019, Shin and Minn, 2004), have been reported in multiple Warburg

Cinotti patient cases (Xu et al., 2018, Ours et al., 2022).

Multiple RTKs have been reported to be essential in regulating fibroblast functions and wound
repair progress (Muller et al., 2012). For example, a gain-of-function mutation in the PDGFRB
kinase activation loop leads to enhanced dermal cell proliferation and migration, promoting

the formation of granulation tissue after acute injury (Chiara et al., 2004, Krampert et al.,
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2008). For the FGFR study in the injured palatal tissue, basic FGF was widely expressed at the
wounded site, and strong expression of FGFR1 was found in myofibroblast nuclei (Kanda et al.,
2003). DDRs also participate in tissue homeostasis and skin disease progression (Cario, 2018).
Increased DDR1 expression and phosphorylation levels were found in keloid tissue-derived
fibroblasts (Chin et al., 2000). In addition, DDR2 has been shown to regulate the proliferation,
migration, and activation of dermal fibroblasts, as shown in a DDR2 knockout (KO) mouse

model (Olaso et al., 2002).

In this chapter, primary HDF cells isolated from Warburg Cinotti patient biopsies were used to
investigate the role of mutant DDR2 proteins in regulating cell functions. It was hypothesised
that Warburg Cinotti mutants result in constitutive DDR2 activities as well as changed cellular
behaviour in patient fibroblasts. The aims were: (1) to analyse DDR2 phosphorylation status
and test the efficacy of the DDR-specific inhibitor in patient HDF cells; (2) to determine patient

HDF cell behaviours via functional cell models.

4.2 Results

4.2.1 Ligand-independent DDR2 phosphorylation in patient HDF cells can be blocked by
VU6015929

To investigate Warburg Cinotti DDR2 mutants at an endogenous expression level, | obtained
primary HDF cells through collaboration with Dr Cecilie Bredrup, Haukeland University
Hospital, Norway. The cells were either isolated from a healthy donor (control cells) or from
Warburg Cinotti Syndrome patients’ biopsies. Informed consent was obtained. After receipt
of the cells, verification of the DDR2 heterozygous mutation state was performed. Total RNA
was isolated from all three cell groups, followed by reverse transcription and PCR amplification
of the DDR2 transcript region that encodes the protein region starting before residue 610 and
ending after residue 740. The PCR products were then subjected to Sanger sequencing (Figure
4. 1). As expected, no changes, compared with the reference sequence, were found at the
target region in the healthy donor’s sample (Figure 4. 1A). DDR2 heterozygous missense
substitutions were found in the patient samples, with the expected single substitution in each

sample and no additional substitutions in the other locus (Figure 4. 1B, C). In the following
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context, HDF cells from the healthy donor are named as WT cells, and cells from Warburg

Cinotti patients 1 and 2 referred to as L610P and Y740C cells, respectively.

A
Healthy donor Healthy donor
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Figure 4. 1 Verification of Warburg-Cinotti syndrome associated DDR2 heterozygous mutations by Sanger
Sequencing.

Total RNA was extracted from three HDF cell groups: cells from a healthy donor, Warburg Cinotti patient cells
carrying the L610P variant, and Warburg Cinotti patient cells carrying the Y740C variant. Reverse transcription
was performed, followed by PCR amplification of the DDR2 transcript region that encodes the receptor kinase
domain. The PCR products were analysed by Sanger Sequencing. Amino acid regions from Val607 to Asp613 and
from Ser737 to lle743 are shown in this figure (left and right, respectively).

A. Wild-type DNA sequence shown for healthy donor with no extra peaks at either locus.

B. A heterozygous missense substitution (c.1829T>C) was confirmed from the patient cells with L610P variant.
No additional peaks were found at the c.2219A (Y740) location.

C. A heterozygous missense substitution (c.2219A>G) was confirmed from the patient cells with Y740C variant.
No additional peaks were found at the ¢.1829T (L610) location.
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I then confirmed the DDR2 expression and autophosphorylation in HDF cells. The DDR-specific
inhibitor VU6015929 was also tested in this assay. A challenge in using Western blotting to
study DDR2 from primary cells was the low endogenous protein expression levels. | attempted
to concentrate DDR2 proteins by immunoprecipitation (IP). However, this was unsuccessful,
possibly due to the low affinity between DDR2 and the antibody (data not shown). To obtain
optimal amounts of DDR2 protein for Western blotting detection, HDF cells were cultured in
various sizes of culture plates/dishes and lysed in different volumes of lysis buffer. For total
DDR2 signal detection, | tested the same anti-DDR2 antibody as used in the HEK293 cell
experiment (Figure 3. 23). Preliminary experiments showed that DDR2 expression could only
be detected when cells were grown in two to three 100 mm culture dishes and lysed in a total
volume of 40 puL of lysis buffer. | then optimised stimulation conditions by incubating HDF cells
with SFM containing 10, 20, or 100 pg/mL collagen | for 2, 4, or 8 hours at 37°C. A pan anti-pY
antibody (anti-4G10) and the activation loop-specific anti-pY antibody (anti-pY740) were
tested for Western blotting detection. Weak but detectable phosphorylation signals were
observed among all stimulation conditions (data not shown). The anti-pY740 antibody was
chosen to focus on DDR2-specific phosphorylation signals. Among all the stimulation
conditions, the optimal signals from Western blotting with anti-pY740 antibody were
observed from HDF cells stimulated with SFM containing 20 pug/mL collagen | for 4 hours at
37°C. For inhibitor treatment, the same condition used in the experiment with HEK293 cells
(Figure 3. 23) was applied to HDF cells. Therefore, the above conditions were used for the
DDR2 autophosphorylation assay with HDF cells. In brief, HDF cells were grown in multiple
100 mm culture dishes and serum starved for 24 hours before treatment. Then, the cells were
pre-treated with 100 nM VU6015929 for 45 minutes at 37°C before being stimulated with 20
ug/mL collagen | for 4 hours at 37°C. The cells were then lysed and analysed on SDS-PAGE
followed by Western blotting with the anti-pY740 antibody and the anti-DDR2 antibody
(Figure 4. 2A). A significant increase in DDR2 phosphorylation level was seen from the
stimulated WT cells compared with the unstimulated control, as expected, and the inhibitor
treatment blocked collagen-induced DDR2 phosphorylation (Figure 4. 2B). For Y740C and
L610P cells with no collagen stimulation, the DDR2 phosphorylation levels were higher than
unstimulated WT cells (Figure 4. 2B). However, these differences were not statistically
significant, which may be due to the weak signals on the Western blots obtained for the anti-

pY740 antibody (Figure 4. 2A). Upon collagen stimulation, DDR2 phosphorylation levels were
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significantly upregulated in Y740C cells (Figure 4. 2B). It is important to note that the anti-
pY740 antibody cannot detect very well the phosphorylation signals from DDR2-Y740C protein
due to the tyrosine-to-cysteine substitution. Thus, the DDR2 autophosphorylation signals in
Y740C cells detected by Western blotting are likely predominantly from the WT DDR2 present
in the cells. However, whilst the detection of Y740C phosphorylation signals may have been
missing in this experiment, the top band from the total DDR2 signal was stronger in
unstimulated Y740C samples in the absence of inhibitor (Figure 4. 2A, bottom panel, lane 5)
compared with unstimulated DDR2-WT without inhibitor treatment (Figure 4. 2A, bottom
panel, lane 1), which indicated a high proportion of phosphorylated DDR2s were presented
in Y740C cells in the absence of collagen stimulation. Protein phosphorylation often results in
a visible mobility shift from the lower molecular band to the higher band in Western blotting
analysis due to the addition of phosphate groups and a decreased protein binding with SDS
(Lee et al., 2019). A previous study has shown that both DDR1 and DDR2 are able to
phosphorylate adjacent DDRs in trans (Juskaite et al., 2017). Therefore, the top DDR2 band in
lane 5 could represent a mixture of constitutively phosphorylated DDR2-Y740C and DDR2-WT
activated by DDR2-Y740C in trans (Figure 4. 2A, bottom panel, lane 5). DDR2 phosphorylation
level in L610P cells were not increased upon collagen stimulation (Figure 4. 2B), in line with
the constitutive DDR2-L610P autophosphorylation obtained in experiments with HEK293 cells
(Figure 3. 19). The appearance of the total DDR2 bands from WT and L610P cell samples were
very similar, and the top DDR2 bands in unstimulated L610P cells in the absence of the
inhibitor (Figure 4. 2A, bottom panel, lane 9) were not as strong as in unstimulated Y740C
cells. Moreover, DDR2 in Y740C cells reacted to collagen stimulation better than in L610P cells
(Figure 4. 2B). These data suggested that the patient cells carrying different Warburg Cinotti
mutations responded to collagen stimulation differently. For both patient cell groups, DDR2
phosphorylation was sensitive to inhibitor treatment, with both basal and collagen-induced
phosphorylation being reduced compared with respective untreated samples (Figure 4. 2B).
Taken together, HDF cells received from our collaborator expressed the expected DDR2
variants, and constitutive DDR2 activation was observed in L610P cells and indicated in Y740C
cells. Moreover, DDR2 autophosphorylation in patient HDF cells could be blocked by the DDR-
specific inhibitor VU6015929.
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Figure 4. 2 DDR2 autophosphorylation in WT and Warburg Cinotti patient cells.

HDF cells were serum-starved prior to 100nM inhibitor/vehicle treatment at 37°C for 45 minutes, followed by
stimulation for 4 hours with 20 ug/mL collagen I/vehicle.

A. Cells were then lysed, and the proteins were analysed by SDS-PAGE and Western blotting with activation
loop-specific anti-pY antibody as well as anti-DDR2 antibody. The position of molecular weight markers (in kDa)
is shown on the left.

B. Quantification of the anti-pY activation loop antibody signals, normalised to respective anti-DDR2 signals.
The normalised signal is expressed as a percentage of the sum of all bands on a blot, with mean and standard
error of the mean shown (n=3). Two-way ANOVA with Tukey’s multiple comparisons test was performed. WT (-)
Col 1 vs WT (+) Col I; p=0.0277 (*). Y740C (-) Col | vs Y740C (+) Col I; p=0.0003 (***). Y740C (-) Col | (-) inhibitor
vs Y740C (-) Col | (+) inhibitor; p=0.0537 (ns). Y740C (+) Col | (-) inhibitor vs Y740C (+) Col | (+) inhibitor; p<0.0001
(****). L610P (-) Col | vs L610P (+) Col I; p=0.3263 (ns). L610P (-) Col I (-) inhibitor vs L610P (-) Col | (+) inhibitor;
p=0.0469 (*). L610P (+) Col | (-) inhibitor vs L610P (+) Col | (+) inhibitor; p=0.0032 (**).
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4.2.2 Investigation of patient cell migration on two-dimensional surfaces

Fibroblast migration towards the wounded area has been described as one of the essential
cellular behaviours that participate in normal wound healing or disease progression (Gomes
et al., 2021). For example, enhanced fibroblast migration was found in lungs with fibrotic
lesions derived from IPF patients (Barkauskas and Noble, 2014). A study using human foreskin
fibroblasts showed that DDR2 is required for fibroblast migration on two-dimensional (2D)
surfaces, regardless of the adhesive ligand used for surface coating (Herrera-Herrera and
Quezada-Calvillo, 2012). Another study found that DDR2 kinase activity is partially involved in
CAFs migration through 3D Matrigel (Barcus et al., 2021). However, the correlation between
DDR2 kinase activity and fibroblast migration rate remains poorly understood. Therefore, to
establish whether Warburg Cinotti patient HDF cells exhibit a higher migration rate than WT
cells, a wound healing assay on 2D surfaces was performed. Although the 3D migration system
provides a highly in vivo-like environment, this system often requires the design of 3D matrices,
which can be time-consuming (Wu et al., 2018). The wound healing assay on a 2D surface is a
cost-effective method, and the ‘wound’ can be introduced by either manually removing cells
with a pipette tip (scratch-wound assay) or creating a cell-free gap using commercial inserts.
However, the wound size and shape obtained from the scratch-wound assay varies, while the
commercial insert can create a linear cell-free area with a consistent width of around 500 um
(Figure 4. 3A) (Radstake et al., 2023). Therefore, the HDF cells were seeded into the insert
wells attached to an uncoated or collagen I-coated cell culture plate and grown in complete
medium until full confluency. To suppress cell proliferation, the HDF cells were cultured in SFM
for 24 hours preceding the insert removal. After removing the insert, cells were cultured in
medium containing a decreased amount of serum to minimise cell proliferation and maintain
cell viability. Images of the cell-free gap area were taken at 0, 10, and 24 hours, followed by
quantification of the cell-free gap area using FlJI software with a custom-made macro (Section
2.1.6). For cells growing on the non-coated surface, L610P cells exhibited significantly faster
gap closure than WT cells starting from 10 hours, while Y740C cells showed a significantly
higher gap closure rate only at 24 hours (Figure 4. 3C). For cells grown on the collagen-coated
surface, there were no differences in gap closure rate between the WT and mutant cell groups
(Figure 4. 4B). Moreover, WT cells displayed a significantly quicker gap closure on the collagen-

coated surface compared with its gap closure rate on the non-coated surface (Figure 4. 5A).
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Both mutant cells exhibited similar gap closure rates on the surface with or without collagen
coating (Figure 4. 5B, C). These data suggested that WT and mutant HDF cells migrate at
similar rates in a collagen-rich environment, but L610P cells have increased migration

potential in a weak adhesive environment (in the absence of a coated matrix).
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Figure 4. 3 HDF cells wound healing assay on a non-collagen-coatedplate.
Continued on the next page.
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Figure 4.3. continued

A. Images showing the ibidi culture insert used for the wound healing assay. Images are from
https://ibidi.com/culture-inserts/25-25-culture-inserts-2-well-for-self-insertion.html.

B. HDF cells were seeded into commercial wound healing inserts, placed into a 24-well cell culture plate and
allowed to grow until full confluence. 24 hours of serum starvation was performed before removing the inserts.
The cells were then allowed to migrate at 37°C, with widefield images taken at 0, 10, and 24 hours using a Zeiss
Axio Observer equipped with an EC Plan-Neofluar 10X/0.30 Ph1 objective. Representative images are shown
with the cell-free gap areas indicated with green lines. The cell-free gap areas were analysed using FlJI software
with a macro obtained from the Facility for Imaging by Light Microscopy (FILM) at Imperial College London. The
macro package can be downloaded from: https://www.imperial.ac.uk/medicine/facility-for-imaging-by-light-
microscopy/software/fiji/.

C. The cell-free gap area from different time points is expressed as a percentage of the area at 0 hours with
mean and standard error of the mean shown (n=3). Two-way ANOVA with Tukey’s multiple comparisons test
was performed. Statistically significant differences between WT and L610P gap closure percentages were found
at both 10 and 24 hours (***, p=0.0003; ****, p<0.0001). *, p=0.0268 statistically significant difference was
found between WT and Y740C gap closure percentage.
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Figure 4. 4 HDF cells wound healing assay on a collagen-coated plate.

A. HDF cells were seeded into commercial wound healing inserts, placed into a collagen-coated 24-well cell
culture plate and allowed to grow until full confluence. 24 hours of serum starvation was performed before
removing the inserts. The cells were then allowed to migrate with widefield images taken at 0, 10, and 24 hours
using a Zeiss Axio Observer equipped with an EC Plan-Neofluar 10X/0.30 Ph1 objective. Representative images
are shown with the cell-free gap areas indicated with green lines. The cell-free gap areas were analysed using
FlJI software with a macro obtained from the Facility for Imaging by Light Microscopy (FILM) at Imperial College
London.

B. The cell-free gap areas from different time points is expressed as a percentage of the area at 0 hours with
mean and standard error of the mean shown (n=3). Two-way ANOVA with Tukey’s multiple comparisons test
was performed. No significant differences were found between WT and mutant gap closure percentage at 10
and 24 hours.
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Figure 4. 5 Comparisons of gap closure percentages between cells migrating on non-collagen-coated and on
collagen-coated surfaces.

Comparisons of the gap closure percentages between WT cells (A) or Y740C cells (B) or L610P cells (C) migrating
on non-collagen-coated (Col-) and on collagen-coated (Col+) surfaces. Two-way ANOVA with Sidak’s multiple
comparisons test was performed. For WT cells, no significant difference was found at 10 hours of gap closure.
*, p=0.0129 statistically significant difference was found at 24 hours of gap closure. For Y740C and L610P cells,
no significant differences were found at both 10 and 24 hours of gap closure.
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| then tested whether the increased HDF cell migration is dependent on DDR2 kinase activity.
Cells were seeded into the inserts attached to an uncoated culture plate. Following insert
removal, cells were cultured in medium containing 100 nM VU6015929, or 0.01% DMSO
(vehicle control), over the imaging time. Again, when treated with vehicle control, L610P cells
showed significantly quicker gap closure compared to the WT cells at 24 hours (Figure 4. 6B),
but the differences were not as pronounced as obtained in the previous set of experiments
with untreated cells, and there were no differences in gap closure rate of Y740C cells
compared with WT cells (compare with Figure 4. 3C). For cells treated with VU6015929, no
significant differences were found between the WT and mutant cell groups (Figure 4. 6B). |
then compared the gap closure rate for each cell group cultured in vehicle control and
VU6015929 medium (Figure 4. 7A-C). An increase in WT gap closure rate with VU6015929
treatment was observed, but the differences were not statistically significant (Figure 4. 7A).
Similar gap closure rates were seen from L610P cells cultured with or without VU6015929
(Figure 4. 7C). These data suggested that the differences between WT and L610P migration
on the non-coated surface (Figure 4. 3C) are not mediated by DDR2 kinase activity. However,
Y740C cells exhibited a significantly higher gap closure rate at 24 hours with VU6015929
treatment compared with the vehicle treatment group (Figure 4. 7B). This unexpected
increase indicated that DDR2 kinase activity may negatively regulate Y740C cell migration.
However, further experiments would be needed to confirm whether these results are

consistently obtained.
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Figure 4. 6 HDF cells wound healing assay on a non-collagen-coated plate in the presence of 100 nM
VU6015929.

A. HDF cells were seeded into commercial wound healing inserts, placed into collagen-coated 24-well cell
culture plate and allowed to grow until full confluence. 24 hours of serum starvation was performed before
removing the inserts. The cells were then cultured in medium solution containing 0.01% DMSO or 100 nM
VU6015929 and allowed to migrate with widefield images taken at 0, 10, and 24 hours using a Zeiss Axio
Observer equipped with an EC Plan-Neofluar 10X/0.30 Ph1l objective. Representative images are shown with
the cell-free gap areas indicated with green lines. The cell-free gap areas were analysed using FlJI software with
a macro obtained from the Facility for Imaging by Light Microscopy (FILM) at Imperial College London.

B. The cell-free gap areas from different time points is expressed as a percentage of the area at 0 hours with
mean and standard error of the mean shown (n=3). Two-way ANOVA with Tukey’s multiple comparisons test
was performed. *, p=0.0101 statistically significant difference of the gap closure percentage between WT and
L610P cells cultured in DMSO medium was found at 24 hours. No significant differences were found between
cells cultured in VU6015929 medium.
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Figure 4. 7 Comparisons of gap closure percentages between cells cultured in DMSO medium and 100 nM

VU6015929 medium (non-coated surface).

Comparisons of the gap closure percentages between WT cells (A) or Y740C cells (B) or L610P cells (C) cultured
in DMSO medium and medium containing 100 nM VU6015929. Two-way ANOVA with Sidak’s multiple
comparisons test was performed. For WT and L610P cells, no significant differences were found at both 10 and
24 hours of gap closure. For Y740C cells, no significant difference was found at 10 hours of gap closure. **,
p=0.0074 statistically significant difference was found at 24 hours of gap closure.
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As the increased L610P cell migration on the non-coated surface was not regulated by DDR2
kinase activity, | then asked whether blocking other kinase activities using the broad kinase
inhibitor dasatinib could reduce the L610P gap closure rate. In addition, testing inhibitors
other than VU provides insight into whether applying inhibitors in this wound healing assay is
sufficient to induce any changes in gap closure rate. The wound healing assay on an uncoated
surface was performed with the medium containing 200 nM dasatinib, or 0.01% DMSO
(vehicle control), over the imaging time. Due to time constraints, this assay was only
performed once. The optimal dasatinib concentration was chosen based on a preliminary
experiment (data not shown). Cell migration across 24 hours of incubation was inhibited in all
three cell groups, with notable cell loss seen in Y740C and L610P cells (Figure 4. 8). These data
suggested that dasatinib-targeted kinase activity is required for HDF cell migration to occur on

the non-coated surface.

When performing the experiment, | observed cell morphology changes that are not noticeable
in Figure 4. 8. To further investigate the morphology change, cells were then cultured in the
medium containing 200 nM dasatinib or 0.01% DMSO, and images were recorded in the same
area on the culture wells for four days. Similar to what was observed in the wound healing
assay (Figure 4. 8), both mutant cells showed an obvious cell number reduction on day one,
with L610P cells being more sensitive to dasatinib treatment than Y740C cells (Figure 4. 9).
WT cell numbers were also somewhat reduced by the inhibitor treatment as observed on day
one, with no apparent changes in cell numbers over the course of the experiment when
cultured in the presence of dasatinib. This is in contrast to both mutant cell groups, which
exhibited visible increases in cell numbers under dasatinib treatment conditions, starting from
day two (Figure 4. 9). Moreover, after four days of dasatinib treatment, Y740C cells had grown
to full confluency, similar to the vehicle treatment group (Figure 4. 9, day four images). These
data suggested that both patient cells might be able to become resistant to dasatinib
treatment and recover from the dasatinib-induced proliferation stop. However, the data
presented here are preliminary, and cell proliferation assays would be required to confirm this

observation.
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Figure 4. 8 HDF cells wound healing assay on a non-collagen-coated plate with 200 nM dasatinib treatment.
HDF cells were seeded into commercial wound healing inserts, placed into collagen-coated 24-well cell culture
plate and allowed to grow until full confluence. 24 hours of serum starvation was performed before removing
the inserts. The cells were then cultured in medium solution containing 0.01% DMSO or 200 nM dasatinib and
allowed to migrate with widefield images taken at 0, 10, and 24 hours using a Zeiss Axio Observer equipped
with an EC Plan-Neofluar 10X/0.30 Ph1 objective. Representative images are shown with the cell-free gap areas
indicated with green lines. The cell-free gap areas were analysed using FlJI software with a macro obtained from
the Facility for Imaging by Light Microscopy (FILM) at Imperial College London. The cell-free gap areas from
different time points is expressed as a percentage of the area at 0 hours (n=1).

140



Vehicle 200nM Dasatinib

WT Y740C L610P wWT Y740C L610P

Day 0 -

Day 1

Day 2

Day 3

Day 4

Figure 4. 9 HDF cell morphology change upon 200 nM dasatinib treatment.

HDF cells were seeded onto coverslips and allowed to grow until full confluence. 24 hours of serum starvation
was then performed. The cells were then cultured in medium solution containing 0.01% DMSO (vehicle) or
200 nM dasatinib. Widefield images were taken using an EVOS XL Core imaging system at the same area on
the coverslips daily for four days. Experiment was performed once.

4.2.3 HDF cells expressing DDR2-Y740C exhibit increased collagen gel contraction

During the wound healing process, fibroblasts are the major players in the proliferation and
remodelling stages, and fibroblast-induced tissue contraction enables wound closure
(Bainbridge, 2013). However, excessive contraction can lead to scarring and even contracture
formation (Van De Water et al., 2013, Chitturi et al., 2015), as seen in Warburg Cinotti
syndrome patient cases (Xu et al., 2018, Ours et al., 2022). Therefore, | examined the HDF cells’
ability to contract collagen gels, as a mimic for tissue contraction, to check whether this
cellular behaviour is exaggerated in patient HDF cells, compared with WT cells. The in vitro

models of fibroblast-populated collagen matrix contraction were considered valid mimics of
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real-life tissue contraction (Ngo et al., 2006, Levi-Schaffer et al., 1999, Garbuzenko et al., 2002).
There are three standard models for performing collagen gel contraction assays that are
widely used: the floating, the attached, and the stressed matrix models, as illustrated in Figure
4. 10 (Howard et al., 2003). In the floating matrix model, gels are mechanically released from
the culture plate immediately after polymerisation, leaving the gel floating and contracting
without restriction. In contrast, gels are kept adhesive to the culture plate in the attached and
stressed matrix models, thereby building up isometric tension in the horizontal dimension
(Zhangetal., 2022). The compaction in the attached matrix model only happens in the vertical
dimension due to mechanical resistance (Toki et al., 2013). However, in the stressed matrix
model, gels are released two days after the initial attaching period, allowing rapid contraction
to dissipate the isometric tension. These three models are widely used as a mimic for certain
aspects of the in vivo processes, i.e., the initial wound contraction, the granulation tissue
contraction, and the end of wound contraction, respectively (Zhang et al., 2022, Howard et al.,
2003). The gels from the attached matrix models are not released from the culture plate,
making it difficult for data collection. Thus, the floating and the stressed matrix models were
used to investigate Warburg Cinotti patient HDF cell collagen gel contractility. The HDF cells
were embedded into collagen gels, which were then polymerised at 37°C for 1 hour. The gels
were then released immediately (floating model) or remained attached (stressed model) for
two days before releasing, followed by culturing in the medium with a decreased amount of
serum for the indicated time at 37°C. Daily images were taken from the top of the gels, which
were then analysed by measuring the gel area with FlJI software (Figure 2. 3). The data was
presented as the percentage of the original area at the start of the assay (day zero). In the
floating matrix assay, the Y740C cell-populated gels showed strong contraction from 10 hours
of gel releasing (Figure 4. 11). Among all the groups, Y740C gels contracted the most, while
L610P gels contracted the least (Figure 4. 11B). However, there were no significant differences
when either of them was compared with the WT group (Figure 4. 11B). When the stressed
matrix model was applied (Figure 4. 12), significantly enhanced gel contraction was seen from
both mutant cell-populated gels compared to the WT gels across all time points, with Y740C
cells showing a large increase in gel contraction compared with WT cells (Figure 4. 12B). These

data suggested both disease mutant HDF cells exhibit high gel contractability in the model
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representing the end stage of wound healing, during which the scarring and contracture could

form.

Floating matrix Attached matrix Stressed matrix

Release 1hr after

polymerization Isometric tension Isometric tension
2 days l
1-3 days 1-5 days Release N
1-5 days l
‘Initial wound ‘granulation tissue ‘End of wound
contraction’ contraction’ contraction’

Figure 4. 10 Schematic diagram of three collagen gel contraction assay models.

Three standard models for collagen contraction assay are illustrated. In the floating matrix model, 3D collagen
gel matrices populated with cells are manually released from the culture plate immediately after gel
polymerization, which mimics the initial wound contraction. In contrast, gel matrices remain attached to the
culture plate in the attached matrix model to mimic the granulation tissue contraction. In the stressed matrix
model, gels are kept attached for two days before being released from the culture plate, which mimics the end
of wound contraction. An adaptation of Figure 11 from (Howard et al., 2003).

143



Release immediately
after polymerization

1-3 days

SR>

‘Initial wound
contraction’

B
100
= 804
2
c®
25 60
Qc
£D
S 6 40-
0% - L610P
X 204 - WT
-~ Y740C
0 1 1 1
0 1 2 3
Time (Days)

Figure 4. 11 Collagen gel contraction by HDF cells in the floating matrix model.

A. HDF cells were embedded into a 3D collagen gel matrix, which was then manually separated from the well
plate surface immediately after gel polymerisation. Images were taken using an iPhone 11 Pro at regular
intervals, up to 3 days after gel releasing. Images from one of the three biological replicate experiments are
shown. Gel areas were measured using the ‘Freehand selections’ and ‘Measure’ functions in FlJI software.

B. Gel area size was normalised to the area size of the culture well border from the same image, and the data
are presented as the percentage of the original gel area obtained on day zero, with mean and standard error of
the mean shown (n=3). Two-way ANOVA with Tukey’s multiple comparisons test was performed. No significant
differences were found between WT and Y740C gel contractions and between WT and L610P gel contractions
at all time points.
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Figure 4. 12 Collagen gel contraction by HDF cells in the stressed matrix model.
A. HDF cells were embedded into a 3D collagen gel matrix, which was incubated for two days at 37°C before
being separated from the well plate surface. Images were taken using an iPhone 11 Pro at regular intervals, up
to 5 days after gel releasing. Images from one of the three biological replicate experiments are shown. Gel areas
were measured using the ‘Freehand selections’ and ‘Measure’ functions in FlJI software.
B. Gel area size was normalised to the area size of the culture well border from the same image, and the data
are presented as the percentage of the original gel area obtained on day zero, with mean and standard error of
the mean shown (n=3). Two-way ANOVA with Tukey’s multiple comparisons test was performed. Statistically
significant differences between WT and L610P gel contractions were found among all time points (**, p=0.0063,
p=0.0029, p=0.0026, p=0.0018, and p=0.0085, respectively). p<0.0001 statistically significant differences were
found between WT and Y740C gel contractions at all time points (****, p<0.0001).
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4.2.4 DDR2-Y740C expressing HDF cells induced collagen gel contraction via a DDR2 kinase

activity-independent manner

| then examined whether DDR2 kinase activity is required for fibroblast-induced collagen gel
contraction in the stressed matrix model. To this end, | applied the DDR-specific inhibitor
VU6015929. HDF cell-populated collagen gels were cultured in the medium with a decreased
amount of serum and containing either 100 nM VU6015929 or 0.01% DMSO during the two-
day period where the gels were attached to the wells. Gels were then released from the wells
and incubated with the same medium as before releasing for five days (Figure 4. 13). For WT
cell-populated gels, the gel areas were significantly larger in the wells with inhibitor addition,
compared to the wells incubated with vehicle control (Figure 4. 14A). This was particularly
noticeable on day five where the gel area increased from 60% (vehicle control) to 80% (with
inhibitor) of the original gel area (Figure 4. 14A). L610P cell-populated gel contraction was
also reduced with VU6015929, but with high variance between replicates, as seen in the
inhibitor-treated group (Figure 4. 14C). The differences of contraction between inhibitor and
DMSO-treated L610P gels were not statistically significant. These data suggested that DDR2
kinase activity is involved in fibroblast-induced gel contraction with a stressed matrix model,
as observed from the data with WT cells and indicated by the data obtained from the L610P
cells. Surprisingly, no differences in Y740C gel areas were observed with or without DDR-
specific kinase inhibitor treatment across all time points (Figure 4. 14B). As HDF cell
autophosphorylation assay showed that VU6015929 inhibitor does block Y740C kinase
activity (Figure 4. 2B), the absence of gel size change in inhibitor-treated Y740C gel suggested
that factors other than constitutive DDR2 kinase activity primarily promote Y740C cell
contractility. It is important to note that DDR2-Y740C protein could still be involved in
mediating the increased gel contraction, as kinase-independent signalling has been

demonstrated for both DDR1 and DDR2 (Juin et al., 2014, Barcus et al., 2021).
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Figure 4. 13 Collagen gel contractions by HDF cells in the stressed matrix model in the presence of 100 nM
VU6015929.

A. HDF cells were embedded into a 3D collagen gel matrix, which was incubated for two days at 37°C before
being separated from the well plate surface. Gels were incubated with medium containing 0.01% DMSO
(vehicle) or 100 nM VU6015929 for both the initial attached period and the period in which the gel was floating
in the medium. Images were taken using an iPhone 11 Pro at regular intervals, up to 5 days after gel releasing.
Images from one of the three biological replicate experiments are shown. Gel areas were measured using the
‘Freehand selections’ and ‘Measure’ functions in FlJI software.

Continued on the next page.
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Figure 4.13. continued

B. Gel area size was normalised to the area size of the culture well border from the same image, and the data
are presented as the percentage of the original gel area obtained on day zero, with mean and standard error of
the mean shown (n=3). Two-way ANOVA with Tukey’s multiple comparisons test was performed. In DMSO
group, p<0.0001 statistically significant differences were found between WT and Y740C gel contractions among
all time points (****, p<0.0001). Statistically significant differences were found between WT and L610P gel
contractions on day 4 and 5 (*, p= 0.0137, p= 0.0251). In VU6015929 group, statistically significant differences
were found between WT and Y740C gel contractions at all time points (***, p=0.0005 ; ****, p<0.0001)
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Figure 4. 14 Comparisons of the gel contraction between cells cultured in DMSO medium and 100 nM
VU6015929 medium. (stressed matrix model)

Comparisons of the gel contraction between WT cells (A) or Y740C cells (B) or L610P cells (C) cultured in DMSO
medium and medium containing 100 nM VU6015929. Two-way ANOVA with Sidak’s multiple comparisons test
was performed. For WT cells, significant differences were found between WT and Y740C gel contractions among
all time points (*, p=0.0372, p=0.0208; ***, p=0.0004, p=0.0004; **** p<0.0001). For Y740C and L610P cells,
no significant differences were found at all time points.
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During wound healing and contraction, fibroblasts respond to signals of the tissue
microenvironment and differentiate into myofibroblasts, which is the predominant cell type
present in the granulation tissue (Li and Wang, 2011, Tomasek et al., 2002). These two cell
types can be easily distinguished, as myofibroblasts are known for adapting smooth muscle-
like features, in particular, expressing the o-SMA protein (Tschumperlin, 2013). An
intermediate fibroblast phenotype, termed proto-myofibroblasts, is known to exhibit
myofibroblast morphological characteristics, such as expressions of stress fibre containing
cytoplasmic actin, but in the absence of a-SMA expression (Tomasek et al., 2002). It is possible
that the strongly enhanced contraction seen in Y740C cell-populated gels (Figure 4. 12, Figure
4. 13) may be due to the HDF fibroblasts having transitioned to proto-myofibroblasts or
differentiated into myofibroblasts. To investigate whether the Y740C HDF cells comprises a
proportion of differentiated myofibroblasts before being embedded into collagen gel, a-SMA
gene and protein expression levels in HDF cells were assessed. HDF cells were either grown
on coverslips and stained for a-SMA and F-actin or lysed to extract total RNA and proteins for
gPCR and Western blotting analysis, respectively. For IF analysis, a similarly low proportion of
cells expressing a-SMA were observed from both WT and Warburg Cinotti patient cell groups
(Figure 4. 15A). However, a significant reduction of a-SMA gene expression was seen in Y740C
cells compared with WT cells (Figure 4. 15B). Likewise, Y740C cells also showed a trend of
producing less a-SMA protein than WT cells, as observed by Western blotting (Figure 4. 15C).
However, the differences were not statistically significant. Altogether, data suggested that it is
unlikely that fibroblast to fully differentiated myofibroblasts transition occurred in Y740C cells
before embedding the cells into gels. Next, | asked whether the broad-range kinase inhibitor
dasatinib could block Y740C gel contraction in the stressed matrix model. HDF cells were
embedded into 3D collagen gels and cultured in the medium with a decreased amount of
serum and containing 200 nM dasatinib, or vehicle control, for a two-day attached period and
then a five-day period in which the gels were floating in the medium. Both WT and mutant-
embedded gels with dasatinib treatment failed to contract at all (Figure 4. 16B). Cell viability
was checked after dasatinib treatment, and neither HDF cell group showed apparent cell
death (data not shown). This suggested that dasatinib-targeted kinase activities are required

for fibroblast-induced gel contraction.
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Figure 4. 15 Investigations of myofibroblast features.

A. HDF cells grew on coverslips were stained with anti-alpha-smooth muscle actin 1A4 antibody, followed by
AlexaFluor 488 anti-mouse IgG (H+L) as well as Rhodamine-coupled phalloidin staining. Scale bar = 100 pum.
Widefield images were acquired using Zeiss Axio Observer microscope equipped with an EC Plan-Neofluar
10X/0.30 Ph1 objective and Zen pro software. Images were prepared using Zen 3.5 blue edition software.

B. Total RNA was extracted from HDF cells, followed by reverse transcription and gqPCR analysis. AACt values
were calculated by normalising the Cr values of the ACTA2 gene to GAPDH. Data are presented as relative fold
change of ACTA2 gene expression levels from the patient samples versus the expression obtained from the WT
cells using the 22T methods. The final data is shown with mean and standard error of the mean (n=5). One-
way ANOVA with Dunnett’s multiple comparisons test was performed. WT vs Y740C; p=0.0152 (*).

C. HDF cell lysates were analysed by SDS-PAGE and Western Blotting with anti-alpha-smooth muscle actin 1A4
antibody and a-Tubulin antibody. The position of molecular weight markers (in kDa) is shown on the left.
Quantification of the a-SMA signals normalised to respective Tubulin signals. The normalised signal is expressed
as a percentage of the sum of all bands on a blot, with mean and standard error of the mean shown (n=3).
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Figure 4. 16 Collagen gel contractions by HDF cells in the stressed matrix model in the presence of 200 nM

dasatinib.
A. HDF cells were embedded into a 3D collagen gel matrix, which was incubated for two days at 37°C before

being separated from the well plate surface. Gels were incubated with medium containing 0.01% DMSO
(vehicle) or 200 nM dasatinib for both the initial attached period and the period in which the gel was floating
in the medium. Images were taken using an iPhone 11 Pro at regular intervals, up to 5 days after gel releasing.
Images from one of the three biological replicates are shown. Gel areas were measured using the ‘Freehand
selections’ and ‘Measure’ functions in FlJI software.

Continued on the next page.
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Figure 4.16. continued

B. Gel area size was normalized to the area size of the culture well border from the same image, and the data
are presented as the percentage of the original gel area obtained on day zero, with mean and standard error of
the mean shown (n=3). Two-way ANOVA with Tukey’s multiple comparisons test was performed. Statistically
significant differences between WT (-) dasatinib and Y740C (-) dasatinib gel contractions were found among all
time points (****, p<0.0001). No statistically significant differences were found between WT (+) dasatinib and
mutants (+) dasatinib gel contractions.

4.2.5 Investigation of B1 integrin activities in Patient HDF cells

Integrins are key ECM-binding receptors, which are obligate heterodimers comprising an a
and a B subunit, in which combinations of two subunits generate 24 isoforms (Barczyk et al.,
2010). Four isoforms containing the B1 subunit are collagen-binding receptors known to have
cross-talk with DDRs (Leitinger, 2014, Leitinger, 2011). Several B1 integrins were also reported
to play an important role in fibroblast-induced collagen contraction, myofibroblast
differentiation, and dermal homeostasis (Schiro et al., 1991, Carracedo et al., 2010, Leask,
2013). To determine whether 1 integrin function is involved in HDF cell-induced collagen gel
contraction, the B1 integrin function blocking mAb P5D2 (Xu et al., 2012) was used in the
stressed matrix contraction assay. This experiment was only performed once, using WT and
Y740C cells, due to the high amount of antibody needed in the experimental set-up. In brief,
WT or Y740C-populated gels were incubated with medium containing 10 ug/mL P5D2
(saturation concentration for blocking B1 integrin function) for the initial attached period, as
well as the period in which the gels are floating in the medium. In the absence of P5D2
antibody treatment (Figure 4. 17B, left), both WT and Y740C cell-populated gels contracted
to a similar extent as observed in earlier contraction experiments (Figure 4. 12B). With
antibody treatment, gels containing either WT or Y740C cells underwent minor contraction
(Figure 4. 17B, right), indicating that HDF cell-induced gel contraction requires functional f1
integrins in both WT HDF cells and Y740C HDF cells.
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Figure 4. 17 Collagen gel contractions by HDF cells in the stressed matrix model in the presence of 10 pg/mL
P5D2 antibody.

A. HDF cells were embedded into a 3D collagen gel matrix, which was incubated for two days at 37°C before
being separated from the well plate surface. Gels were incubated with medium solution containing 10 pg/mL
BSA (control) or 10 pg/mL P5D2 antibody for both the initial attached period and the period in which the gel
was floating in the medium.

Images were taken using an iPhone 11 Pro at regular intervals, up to 5 days after gel releasing. Images from
one of the three biological replicates are shown.

B. Gel areas were measured using the ‘Freehand selections’ and ‘Measure’ functions in FlJI software. Gel area
size was normalized to the area size of the culture well border from the same image, and the data are presented
as the percentage of the original gel area obtained on day zero (n=1).
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Next, | asked whether B1 integrin activities were changed in patient HDF cells, compared to
WT cells. Collagen-binding B1 integrins recognise and bind to specific amino acid motifs in
fibrillar collagens. Synthetic triple-helical peptides encompassing various integrin binding
motifs have been used for affinity studies and to evaluate the function of distinct collagen
binding integrins in various cell-based assays (Xu and Kirchner, 2021). The a2B1 integrin binds
to GXOGER motifs, in which the binding affinity decreases in order for x=F>L>M>A (Siljander
et al., 2004). For al1B1 integrin, the most potent ligand was identified as the GLOGEN motif
(Hamaia et al., 2012). Cell adhesion to collagen-mimetic peptides of various affinity towards
distinct collagen-binding integrins provides insights into integrin activity (Siljander et al., 2004,
Xu et al., 2012). A previous study using cell adhesion assays onto wells coated with integrin-
binding peptides of varying affinity showed that DDR overexpression and/or activation
enhances al1B1 and a2pB1 integrin-induced cell adhesion (Xu et al., 2012). Therefore, five f1
integrin binding-peptides were used to measure integrin activities in HDF cells. GFOGER,
GLOGER, GMOGER, and GAOGER are a2B1 integrin binding-peptides with the affinity
decreasing in order, while GLOGEN has high affinity to al1B1 integrin. 96-well plates were
coated with collagen | or B1 integrin-binding peptides, followed by incubating calcine-AM-
stained HDF cells at 37°C for 40 minutes. The plate was washed four times to remove non-
adherent cells before recording the fluorescence signal. As expected, the adhesion of both
WT and mutant cells to collagen | and the high-affinity peptides a2B1-binding peptides
GFOGER and GLOGER was similar for all tested cell groups (Figure 4. 18). Cell adhesion to
a2B1-binding GMOGER and GAOGER was to a similar extent for WT and Y740C cells. However,
Y740C cells displayed a significantly increased adhesion to alf1 ligand GLOGEN compared
with WT cells (Figure 4. 18). This showed a higher a1B1 integrin activity in Y740C cells than in
WT cells. In contrast, compared with WT cells, L610P cells exhibited significant decreases in
cell adhesion to a2B1 integrin ligands GMOGER and GAOGER, and to al1B1-binding peptide
GLOGEN (Figure 4. 18), indicating that both a1B1 and a2p1 activity were lower in L610P cells,
compared with WT cells. To determine whether the differences seen in cell adhesion were
due to altered B1 integrin expression, flow cytometry was used to analyse B1 integrin surface
expression levels. HDF cells were stained with antibodies against al, a2, and B1 integrin
subunits, followed by a FITC-labelled secondary antibody. Flow cytometry analysis showed

that all three cell groups expressed comparable levels of al, a2, and B1 subunits, with slightly

154



lower a2 expression found in L610P cells (Figure 4. 19). These data suggested that mutant

HDF cells both exhibited changed integrin activity without regulating their expression levels.

100 %k %k

B WT
B Y740C
Hm L610P

Cell Adhesion (%)

Coll GFOGER GLOGER GMOGER GAOGER GLOGEN GPP

Figure 4. 18 Mutant HDF cells exhibited changed adhesion to medium- and low-affinity integrin-specific
collagen peptides.

Immulon® 2HB plate was coated 10 pg/mL collagen | or 10 ug/mL B1 integrin-specific collagen peptides as well
as non-receptor binding peptide GPP10 at 4°C overnight. The plate was then washed and blocked. Calcein-AM
labelled HDF cells were allowed to adhere to the plate at 37°C for 40 minutes. Non-adherent cells were removed
by washing. Fluorescence signals (485/520 nm) were measured using a Spark® plate reader. Data were
normalized to the total fluorescence reading and presented as the percentage of cell adhesion.
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Figure 4. 19 HDF cell surface expressed collagen-binding integrin subunits detection by flow cytometry.
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HDF cells were stained with anti-integrin 1 mAb P5D2, anti-integrin al mAb FB12 or anti-integrin a2 mAb AK7
antibodies, followed by FITC-labelled anti-mouse-Fc antibody and analysis by flow cytometry. The filled grey
histograms represent secondary antibody only staining, while the open histograms represent anti-integrin and
secondary antibody staining.
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4.3 Discussion

In Chapter 3, | discovered that the soluble DDR2-Y740C kinase has higher catalytic activity
than DDR2-WT kinase. Additionally, a full-length DDR2 study using an overexpression system
revealed that DDR2-L610P and DDR2-Y740C lead to ligand-independent receptor activation.
In this chapter, the constitutive DDR2 autophosphorylation was found in patient HDF cells
(Figure 4. 2). Previous studies have shown that DDR2 regulates several cellular processes of
fibroblasts, such as proliferation, migration, and fibroblast-induced contraction (Olaso et al.,
2002, Olaso et al., 2011). Thus, | speculated that the constitutive DDR2 activity in patient HDF
cells might result in changed cellular behaviours. The cell functions were investigated by
wound healing (migration) assays and collagen gel contraction assays, with altered cellular
behaviours observed in patient cells (Figure 4. 3, Figure 4. 4, Figure 4. 12). My data suggested
that constitutive DDR2 activity in patient HDF cells was not the main factor that drove the
changed patient HDF cell functions (Figure 4. 6, Figure 4. 13). Thus, as an additional target,
the activity of collagen-binding receptor B1 integrin was assessed in HDF cells (Figure 4. 18,

Figure 4. 19).

In this chapter, patient HDF cell lysates were analysed by Western blotting with anti-pY740
and anti-DDR2 antibodies. The cells were lysed in the lysis buffer with a non-ionic detergent,
which previously showed impaired mutant DDR2 extraction from HEK293 cells (Figure 3. 19A).
Although the DDR2 extraction from WT or mutant HDF cells was sufficient to detect total DDR2
and phosphorylated DDR2 by Western blotting, it would be beneficial to test HDF cell lysis in
SDS loading buffer with B-mercaptoethanol to see if this method allows better detection of
DDR2 by Western blotting. Concentrating endogenously expressed DDR2 proteins with anti-
DDR2 antibody and IP was unsuccessful, presumably due to low affinity of the antibody for
DDR2. A recent study has been able to immunoprecipitate DDR2 from lung fibroblasts (Ling et
al., 2024). The anti-DDR2 antibody used in this study was not available when | performed IP;
thus, it would be interesting to test this antibody in our cell system. Custom-made anti-pY
antibodies against the JM4 region of DDRs, anti-pY569/538 and anti-pY586/538, were tested
for detecting DDR2-specifc phosphorylation, with only weak signals obtained from Western
blotting results. It was important to use an antibody that detects DDR-specific
phosphorylation signals; hence | used the anti-pY740 antibody. Other phospho-proteins, such

as FAK can migrate to the same region on SDS-PAGE as DDR2, which could cause signals to be
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mistaken for one another (Herrera-Herrera and Quezada-Calvillo, 2012). The anti-pY740
antibody is the only commercially available antibody that has been used to detect DDR-
specific phosphorylation (Sala et al., 2022, Barcus et al., 2021). In Chapter 3, although the anti-
pY740 antibody was mainly targeting the tyrosine that has been mutated to cysteine in the
DDR2-Y740C-K soluble construct, phosphorylation signals were still detectable from the in
vitro autophosphorylation experiment (Figure 3. 16A); hence, this antibody must cross-react
with other phosphorylated activation loop tyrosines (Y736, Y741). Here, the phosphorylation
signals obtained from the Y740C patient cells would be predominantly from DDR2-WT but
could also contain signals from phosphorylated DDR2-Y740C activation loop tyrosines.
Alternative approaches can be considered for detecting DDR2 autophosphorylation. For
instance, Xu et al. used a commercial human phospho-DDR2 DuoSet IC Elisa kit and
successfully detected DDR2 phosphorylation signals from HDF cells (Xu et al., 2018). In this
assay, an immobilised DDR2 capture antibody binds to DDR2 proteins regardless of their
phosphorylation status, and a pY-specific antibody is used to detect phosphorylation signals
from DDR2. The DDR2 antibody tested in my IP experiments did not provide high affinity to
native DDR2, as very little DDR2 enrichment was observed in IP samples over cell lysate
samples (data not shown); this commercial kit could be suitable for concentrating and
detecting DDR2 phosphorylation. Alternatively, a small HiBiT tag could be knocked into
immortalised control or patient HDF cells by using the CRISPR/Cas9 technique. This tag can be
detected by an antibody or bind to a larger subunit LgBiT, resulting in a reconstituted luciferase

enzyme complex that generates bright luminescence (Schwinn et al., 2020).

In the wound healing assay, patient cells exhibited a significantly higher gap closure rate
compared with WT cells on the non-coated 2D surface (Figure 4. 3C), whilst all three cell
groups showed similar gap closure rates on a collagen-coated surface (Figure 4. 4B). It is
known that optimal cell-to-substratum adhesiveness and cell contractile forces contribute to
maximal cell migration, under conditions which are suitable for forming new adhesion and
breaking the trailing attachment (Tschumperlin, 2013). As discussed in Chapter 3, DDR2-L610P
and DDR2-Y740C may have reduced protein solubility in non-ionic detergent (Figure 3. 19),
indicating potential increases associations between the variant DDR2 proteins and the
cytoskeleton. Thus, changed assembly and disassembly of the cytoskeleton or focal adhesion

in patient cells may mediate HDF cell migration on the uncoated surface. Moreover, the DDR-
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specific kinase inhibitor VU6015929 failed to block migration on the non-coated surface in all
three HDF cell groups (Figure 4. 6), demonstrating that DDR2 kinase activity is not the critical

regulator in HDF cell migration.

The gap closure of WT HDF cells was quicker on the collagen-coated surface than on the non-
coated surface (Figure 4. 4C). This aligns with the finding that immobilised collagens can
promote HDF migration by forming optimal integrin binding (Li et al., 2004). However, the gap
closure rates of both mutant cells were similar on either non-coated or collagen-coated
surfaces (Figure 4. 5B, C). It remains unclear why their migration rates were unaffected by the
substratum they walked on. Fibroblasts are known to produce their own matrix to support the
connective tissue (Fisher et al., 2008, Malakpour-Permlid et al., 2021). It is possible that
patient cells secrete more matrix than WT cells on a non-coated surface, in which the secreted

matrix provides support for mutant cell migration.

Interestingly, | observed a significant activity reduction of collagen-binding receptor 1
integrin in L610P cells compared with WT cells (Figure 4. 18). As discussed above, cell
migration is mediated by cell-to-substratum adhesiveness (Tschumperlin, 2013), where strong
adhesion can result in weak cell migration. It is possible that L610P cell migration is mediated
by the downregulated alfl and a2B1 integrin adhesion activities. Integrin activation is
regulated by the binding of talin and other scaffolding proteins, which facilitates integrin
clustering and recruits other signalling proteins such as FAK and Src (Tadokoro et al., 2003,
Hynes, 2002, Kenny and Connelly, 2015). A study has shown that fibroblast migration on
fibronectin requires B1 integrin-recruited FAK activation (Zhao et al., 2016b). FAK is a non-
receptor tyrosine kinase that undergoes phosphorylation in multiple steps to become
catalytically active (Acebron et al., 2020). In brief, the FAK intramolecular autoinhibitory
interactions are first disrupted to allow transphosphorylation to happen on Tyr397, followed
by recruitment of Src kinase to further phosphorylate Tyr576 and 577, which results in a fully
activated FAK (Zhou et al., 2021). Several studies have shown inhibition of FAK and Src
phosphorylation by dasatinib treatment (Caccia et al., 2010, El Sayed et al., 2018, Tsukahara
et al., 2017). Dasatinib treatment inhibited both WT and mutant cell migration on the non-
coated surface (Figure 4. 8). This suggested that dasatinib may target the focal adhesion
signalling pathways in HDF cells, resulting in the migration stop and cell morphology change.

Interestingly, mutant cells showed resistance to continuous dasatinib treatment, and a clear
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increase in mutant cell confluency was observed after two days of the treatment (Figure 4. 9).
It remains unclear why mutant HDF cells reacted differently than WT cells to the long-term
dasatinib treatment. However, dasatinib-induced FAK activation was observed in c-Myc-
driven hepatocellular carcinoma (HCC), suggesting a paradoxical effect of dasatinib treatment
in various disease models (Liu et al., 2018). Thus, it will therefore be important in future to

explore the dasatinib effect in FAK activation using Warburg Cinotti patient samples.

In the collagen gel contraction assay, Y740C cells-populated collagen gels displayed strongly
enhanced contraction in the stressed matrix model (Figure 4. 12B), compared with WT cells.
However, the enhanced contraction caused by Y740C cells could be blocked only by broad-
range kinase inhibitor dasatinib (Figure 4. 16B), but not the DDR-specific inhibitor VU6015929
(Figure 4. 14B). This suggested that dasatinib-targeted kinases are involved in regulating
Y740C cell contraction. As discussed above, dasatinib can target proteins from B1 integrin
signalling pathways. DDR1 expression levels have been shown to positively promote the
interactions between B1 integrin and fibrillar collagen, which then subsequently recruited
integrin binding partners and signalling molecules (Staudinger et al., 2013). Thus, it is possible
that DDR2 in Y740C cells interacts with B1 integrin or its downstream signalling factors
differently than in WT and L610P cells. Therefore, this relationship may play a role in the
promotion of fibroblast-induced collagen gel contraction. From the cell adhesion assay, an
increase in alPB1 integrin activity was observed in Y740C cells (Figure 4. 18). a1B1 has been
shown as an important regulator for fibroblasts to myofibroblast differentiation (Rodriguez et
al., 2009). This again emphasises the necessity of future research to focus on DDR2 and
integrin-mediated focal adhesion. Apart from this, it would also be interesting to perform
single-cell RNA sequencing (scRNA-seq) and single-cell proteomics (SCP) of HDF cells after
incubating the cells in stressed gel contraction models, which would allow the investigation of

HDF cells in response to mechanical forces (Ahmad and Budnik, 2023).

Primary cells from patient biopsies serve as a powerful tool to study molecular phenotypes,
enabling a rational decision of which signalling pathway or cell functions to be further
investigated in immortalised cell lines (Pan et al., 2009). However, not only does a limited
lifespan lead to experimental inconvenience, but the cell characteristics may also change
along with subsequent passages (Richter et al., 2021). Hence, HDF cells used in this report

were limited to early culture passages to avoid potential genetic alterations caused by cell
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culture (Neumann et al., 2010). One major limitation of these experiments is that WT cells
were only obtained from a single donor, and primary cells derived from different donors can
behave conflictingly even if they are identified as healthy (Kawecki et al., 2022). It is important
to increase the diversity of control samples and minimise donor variability. Moreover, the
patient cells were also obtained from single donors due to the rarity of the Warburg Cinotti
syndrome. It was not possible to obtain biopsies from additional patients to expand the
sample diversity. Alternatively, a better option would be using CRISPR/Cas9 with immortalised
primary cells to engineer the DDR2 mutations into WT HDF cells. This approach allows the
analysis of endogenously expressed DDR2 WT and mutations in the same genetic background,
which would provide evidence that any biochemical or functional difference was conclusively
due to the DDR2 mutations and not contingent on other concomitant variations. In addition,
knocking down DDR2 expression in immortalised WT cells and identifying phenotype changes
would provide insights into the cellular functions of the mutants. | was expecting to obtain
immortalised HDF cells from our collaborator; however, due to technical difficulties, cell
immortalisation was not finished before the end of this project. Besides the potential cell
experiment, introducing heterozygous mutations using CRISPR/Cas9 generating mouse

models of Warburg Cinotti syndrome would facilitate studies more relevant to humans.

In summary, constitutive DDR2 receptor activation has been demonstrated in patient HDF cells,
in which the phosphorylation can be abolished by the DDR-specific inhibitor. Patient cells
exhibited changed cell behaviours, with L610P cells migrating quicker on the non-coated
surface and Y740C cells inducing enhanced collagen gel contraction, both compared to WT
cells. Moreover, B1 integrin activities were different in patient cells than WT cells. Cell
functional analysis in the presence of DDR2-specific inhibitor showed that DDR2 is not the
only regulator in changed patient HDF cell behaviour (i.e. migration, cell-induced gel
contraction), and whether DDR2 are involved in integrin-mediated focal adhesion remains to

be determined.
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Chapter 5 Regulation of signalling by Warburg Cinotti Syndrome DDR2
variants in patient primary dermal fibroblasts

5.1 Introduction

In previous chapters, it was shown through DDR2 autophosphorylation assays that Warburg
Cinotti DDR2 variants showed constitutive receptor activation in both the DDR2
overexpression system (Chapter 3) and patient HDF cells (Chapter 4). Moreover, | discovered
that HDF cells carrying different Warburg Cinotti variants displayed varying B1 integrin
activities and the ability to induce collagen gel contraction. It is yet to be determined if these
two variants influence different signalling pathways or regulate the expression levels of
specific genes. Gain-of-function mutations in RTKs often induce aberrant downstream
signalling transduction (Lahiry et al., 2010, Montor et al., 2018). For example, lung cancer-
related EGFR missense mutation leads to receptor hyperphosphorylation which subsequently
activates canonical EGFR signalling pathways (Red Brewer et al., 2013). Although my data
suggested the DDR2 kinase activity was not the primary factor in causing changes in HDF cell
functions, DDR1 and DDR2 have been shown to regulate other proteins in a kinase-
independent way (Juin et al., 2014, Ling et al., 2023). Unlike RTKs that are well studied, less is
known about DDR2 downstream proteins. Studies have shown that DDR2 can regulate the
activities of some common signalling molecules (i.e. Src, Akt, and p38) and the expression
level of MMPs (i.e. MMP2) (lkeda et al., 2002, Jia et al., 2018, Zhu et al., 2021, Yu et al., 2021).
Thus, exploring the phosphorylation status or expression levels of key signalling molecules in

patient HDF cells is therefore important.

In this chapter, cell lysates and RNAs extracted from both WT and Warburg Cinotti patient HDF
cells were used to investigate selected signalling molecule activities and gene expression
levels. It was hypothesised that DDR2 variants induce enhanced cell signalling and regulate
gene expression in Warburg Cinotti patient cells. The aims were: (1) to analyse a group of key
signalling molecules’ expression or phosphorylation status using a phospho-array kit or
Western blotting; (2) to analyse the gene expression levels of selected genes known to

influence cell signalling.
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5.2 Results

5.2.1 Determination of signalling molecules’ phosphorylation or expression levels in HDF

cells

Considering the time and cost-effectiveness, a commercial membrane-based phospho-array
kit was used to explore the phosphorylation/expression of signalling molecules in HDF cells.
This kit contains membranes with phospho-specific antibodies targeting serine/threonine and
tyrosine phosphorylation sites in 37 common signalling proteins. It also detects protein
expression levels of B-catenin and heat shock protein 60 kDa (Hsp60). In brief, target-specific
antibodies are embedded as duplicates on the membranes which capture the signalling
proteins from the cell lysates. Then, a phospho-/protein- specific antibody cocktail is applied
for the detection of phosphorylation/total expression levels. Information on signalling
proteins and their phosphorylation sites can be found in Appendix (Table 7. 1). HDF cells were
cultured in complete medium until 80% confluency, followed by 24 hours serum starvation
with SFM. Cells were then stimulated with or without collagen | for 4 hours before lysis. Cell
lysates were applied to the membranes, followed by antibody incubation, wash steps, and
signal acquisition using the manufacturer’s protocol. Average pixel intensity from the
duplicate spots were determined and normalised against an average background signal from
each membrane (Figure 5. 1). Although the signals for most of the tested sites were weak,
both positive (Figure 5. 1, p1-3) and negative (Figure 5. 1, n1-2) reference spots showed
expected intensity, indicating a valid assay was performed. For samples from different cell
lines, data obtained at each tested site was very similar, with small changes seen in B-Catenin
expression and Erk 1/2 phosphorylation (Figure 5. 2). WT and L610P cells expressed similar
levels of B-Catenin, while a higher expression was seen in Y740C cells without collagen
treatment (Figure 5. 2, 1). Moreover, B-Catenin expression was slightly enhanced in WT cells
stimulated with collagen, compared with untreated WT samples (Figure 5. 2, 1, grey bars). In
contrast, Y740C cells treated with collagen expressed less B-Catenin than those without
collagen treatment (Figure 5. 2, 1, orange bars). The B-Catenin expression was unaffected in
L610P cells by collagen treatment (Figure 5. 2, 1, blue bars). In the untreated cells, the levels
of Erk 1/2 phosphorylation were identical in WT and Y740C samples but slightly lower in L610P
samples (Figure 5. 2, 2). Upon collagen treatment, the phosphorylation in Erk 1/2 increased

slightly in WT and L610P cells, whereas it decreased in Y740C cells (Figure 5. 2, 2). This assay,
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acting as an initial screening for the identification of potential downstream factors, was only
performed once and provided preliminary data. As mentioned above, DDR2 signalling is much
less explored than other RTKs. Although the phosphorylation/ expression levels of some
signalling molecules were found somewhat different in WT and mutant cells, the results from
this experiment did not highlight any obvious changes and therefore did not allow the

identification of relevant downstream proteins for DDR2.
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Figure 5. 1 Detection of phosphorylation or expression status of selected signalling molecules by phospho-
array.

HDF cells were grown in multiple 100 mm dishes and serum starved for 24 hours before being incubated with
or without 20 ug/mL collagen | for 4 hours at 37°C. Cells were then lysed and the cell lysates were applied to
the phospho-array kit following the manufacturers’ protocol. This experiment was only performed once.
Phospho-array blots are shown with capture antibodies spotted in duplicates. p1-3 indicate the location of
positive control spots and n1-2 indicate the location of negative control spots. 1 indicates the location of -
catenin capture spots, and 2 indicates the location of phospho-Erk1/2 capture spots. Col -, without collagen
treatment; Col + with collagen treatment.
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Figure 5. 2 Quantification of phosphorylation or expression signal intensity of selected signalling molecules
by phospho-array.

Quantifications of the mean spot pixel intensity are shown. B-catenin and phospho-Erk1/2 signals are indicated
with red arrows and the same numbers as labelled in Figure 3A. Col -, without collagen treatment; Col + with
collagen treatment.
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The single experiment using the commercial kit produced inconclusive results, making it
difficult to rule out any natural variation in the tested samples. Thus, four common signalling
molecules (Src, Akt, Erk 1/2, p38) were chosen to further investigate their protein expression
and phosphorylation levels in HDF cells through Western blotting. Previous studies have
identified Src as the binding partner for DDR2, in which DDR2 activation and signalling require
Src activity (Ikeda et al., 2002, Yang et al., 2005, Terai et al., 2015). Akt is a major regulator of
cell survival, and decreased Akt activation has been found in DDR2-null fibroblasts with
greater apoptosis (Song et al., 2005, Jia et al., 2018). Erk 1/2 was included in this investigation
as the initial screening provided some changes in different cell lines or treatment conditions,
as described above. Moreover, DDR2 can upregulate MMP2 and MMP14 expression in HCC
cells via Erk2/SNAIL1 signalling (Xie et al., 2015). The MAPK family member, p38, is the key co-
ordinator in various cellular responses (Han et al., 2020). DDR2 activated p38/MAPK pathway
has been shown to be involved in osteonectin (ON) mediated osteoblast mineralisation (Zhu
et al.,, 2021). To assess these four signalling molecules, HDF cells were grown to 80%
confluency in complete medium, and then further incubated in SFM for 24 hours. Cells were
then lysed after serum starvation, and the lysates were analysed on SDS-PAGE, followed by
Western blotting with phospho-specific antibodies and antibodies to detect total protein
(Figure 5. 3). However, in contrast to what was expected, given that constitutive DDR2
activation of Warburg Cinotti mutants was found in patient cells and key molecules were
studied as the downstream of DDR2, there were no significant changes in phosphorylation or
expression of any of the selected signalling molecules in either of the patient cells, compared
to the WT sample. It is possible that the signalling molecules selected in this investigation
were not affected by Warburg Cinotti DDR2 variants. However, as discussed in Chapter 4, the
sample diversity was limited due to narrowed donor selection. Due to time constraints, the
phosphorylation and expression of signalling molecules were only assessed in HDF cells
without collagen treatment. It will be important in future to stimulate HDF cells with collagen
and check whether there is an increase of phospho-Src/phospho-Erk/phospho-Akt or
phospho-p38. DDR-specific inhibitor treatment should also be included to verify that any
changes are due to DDR2 signalling. Moreover, further assessment of DDR2 signalling using
CRISPR/Cas9-engineered HDF cells is required to confirm whether there are any differences

in the activation of these signalling molecules in cells with constitutive DDR2 activation.
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Figure 5. 3 Protein phosphorylation and expression analysis of key DDR2 downstream signalling molecules.
Left panels: HDF cell lysates were analysed by SDS-PAGE and Western Blotting with antibodies against phospho-
sites or total protein of selected signalling molecules. Cell lysates were checked on different blots for the
detection of each signalling molecule. Phosphorylation signals and total expression signals for each molecule
were detected from the same blots by either stripping the membranes and re-probing with the other antibody
or using coincubation with antibodies from different species. The position of molecular weight markers (in kDa)
is shown on the left.

Right panels: quantification of the phosphorylation signals, normalised to respective total protein signals, which
was then normalised to respective tubulin signals. The normalised signal is expressed as a percentage of the
sum of all bands on a blot, with mean and standard error of the mean shown (n=3). One-way ANOVA with
Dunnett’s multiple comparisons test was performed.

No significant differences were found between WT and Y740C samples and between WT and L610P samples.
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5.2.2 Determination of selected gene expression levels in HDF cells

Changes in cellular gene expression patterns associated with ligand-induced or mutation-
driven RTK activation are now supported by an increasing number of studies (Frattini et al.,
2004, Barbosa et al., 2021, Vasudevan et al., 2015). Therefore, a group of genes (CTNNB, TNC,
SMAD3, MMP2, MMP14, TIMP1, and ACTG2) were selected to investigate whether their
expression levels are changed in patient HDF cells. The CTNNB gene was included in this
analysis as it encodes B-Catenin, whose expression was seemingly upregulated in non-
collagen-stimulated Y740C cells compared with WT cells (Figure 5. 2). Studies have shown that
the tenascin-C (TN-C; TNC gene) and tissue inhibitor of metalloproteinases 1 (TIMP1)
expression levels were elevated in HDF cells derived from a systemic sclerosis patient biopsy
(Bhattacharyya et al., 2016, Kikuchi et al., 1997). Moreover, overexpression of the TN-C
downstream factor, mothers against decapentaplegic homolog 3 (SMAD3), was found to
increase TN-C promoter activity in another study (Jinnin et al., 2004). In the case of
Dupuytren’s disease (DD), a fibrotic condition that leads to progressive flexion of the fingers
(Shaw et al., 2007), similar to what is a key characteristic in Warburg Cinotti patients (Xu et al.,
2018), knockdown of MMP2 and MMP14 inhibit DD patient cell-induced collagen gel
contraction (Wilkinson et al., 2012). As mentioned in Chapter 4, fibroblasts can respond to
signals from the environment of the wounded area and differentiate to myofibroblasts (Li and
Wang, 2011, Tomasek et al., 2002). Interestingly, y-2 actin (ACTG2) gene expression level was
found to be upregulated by fibroblast to myofibroblast transdifferentiation (Untergasser et al.,
2005). To study potential differential gene expression levels between WT and Warburg Cinotti
patient HDF cells, cells were cultured in complete medium to 80%-90% confluency before cell
lysis and total RNA extraction. This was followed by reverse transcription and qPCR analysis.
Relative gene expression levels were computed as fold changes (Chapter 2, Section 2.14)
compared to WT samples (Figure 5. 4). Compared with WT cells, no significant changes in
CTNNB and TNC gene expression levels were observed from patient samples, although Y740C
cells appeared to show reduced TNC expression (Figure 5. 4A, B). Y740C cells exhibited
significantly upregulated gene expression, compared with WT cells, for SMAD3, MMP14,
TIMP1, and ACTG2, while there were no significant changes in MMP2 levels (Figure 5. 4C, E-
G). For L610P cells, the only change, compared with WT cells, was for the MMP2 gene, whose

expression was found to be significantly increased (Figure 5. 4D). These data indicated that

168



select genes encoding proteins highly involved in ECM remodelling or myofibroblast
transdifferentiation were elevated in patient HDF cells, but the two patient cell groups showed

a very different expression pattern when compared to one another.
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Figure 5. 4 Selected gene expression analysis in WT and Warburg Cinotti patient cells.

HDF cells were grown in multiple 100 mm dishes and serum starved for 24 hours before the extraction of total
RNA. Total RNA was extracted from HDF cells, followed by reverse transcription and qPCR analysis. AACt values
were calculated by normalizing the Cr values of the target gene to GAPDH. Data are presented as relative fold
change of target gene expression levels from the patient samples versus the expression obtained from the WT
cells using the 22T methods(Livak and Schmittgen, 2001). The data are shown with mean and standard error
of the mean (n=4 or n=5). One-way ANOVA with Dunnett’s multiple comparisons test was performed. SMAD3,
WT vs Y740C; p<0.0001 (****). MMP2, WT vs L610P; p=0.0178 (*). MMP14, WT vs Y740C; p=0.0016 (**). TIMP1,
WT vs Y740C; p=0.0153 (*). ACTG2, WT vs Y740C; p=0.0101 (*).
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This Chapter presented preliminary data to explore the downstream effects of Warburg Cinotti
DDR2 variants in HDF cells. Although no significant changes were observed in the
phosphorylation or expression levels of selected signalling molecules, the assessment of gene
expression provides an interesting avenue for further analysis. Due to time constraints, | was
unable to pursue this further. The following experiment should focus on verifying gene-related
protein production and activation levels and performing inhibitor treatment on HDF cells to

confirm whether the differences are due to DDR2 activity-mediated signalling.

5.3 Discussion

In Chapter 3 and Chapter 4, constitutive DDR2 activities caused by Warburg Cinotti variants
(DDR2-L610P and DDR2-Y740C) were demonstrated in transiently transfected HEK293 cells
and patient HDF cells. However, patient cells carrying individual DDR2 variants exhibited
distinct changes in cellular behaviour, suggesting that different signalling pathways or unique
changes in gene expression patterns are involved in regulating patient cell functions. In this
chapter, the phosphorylation and expression of key signalling molecules from common
pathways were assessed using a commercial phospho-array kit (Figure 5. 1) and Western
blotting (Figure 5. 2), with no significant changes seen between WT and patient samples.
However, the two patient samples displayed distinct changes in gene expression levels
compared to one another (Figure 5. 3). My data suggested that although DDR2-L610P and
DDR2-Y740C are both gain-of-function mutations and lead to the same genetic disorder, these
individual mutations may regulate different gene expressions. Further studies are required to
establish whether the data generally apply to HDF cells from these Warburg Cinotti syndrome

patients.

In the gene expression study, the MMP2 expression levels were significantly upregulated in
L610P cells but not Y740C cells, compared to the WT sample (Figure 5. 3D). MMP2 is a
gelatinase involved in the secondary degradation of collagen and facilitates cell migration by
ECM remodelling (Nikolov and Popovski, 2021). In cardiac fibroblasts, MMP2 has been found
to stimulate collagen | expression through FAK activation (Hori et al., 2012). Moreover,
reduced collagen expression by knocking down MMP2 in lung fibroblasts can be rescued by
the addition of recombinant active MMP2 (Bates et al., 2015). As discussed in Chapter 4,

L610P cells showed an increased gap closure rate on the non-coated 2D surface compared to
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WT cells (Figure 4. 3C), which could be due to enhanced collagen production. Here, the

upregulation of MMP2 in L610P cells supports this speculation.

As described and discussed in Chapter 4, enhanced Y740C cell-induced gel contraction
compared to WT cells (Figure 4. 12B) could be linked to fibroblasts’ transition to activated
myofibroblasts, which express various contractile proteins (Hinz et al., 2001, Torr et al., 2015).
A previous study has shown that assembled F-actin and increased cell contractility reduced
MMP2 expression in fibroblasts (Howard et al., 2012). Together with the finding that Y740C
cells expressed less MMP2 than L610P cells, this suggests the possibility that the MMP2
expression was inhibited in Y740C cells by increased F-actin (Figure 4. 15A) or contractile
protein generation. However, future studies are required to assess MMP2 protein expression,

as well as potential increases in MMP2 activity.

SMAD3, TIMP1, ACTG2, and MMP14 expression levels were significantly increased in Y740C
cells compared to WT (Figure 5. 3). These data provided possible explanations for enhanced
Y740C gel contraction compared to WT (Figure 4. 13B). Upregulation of the ACTG2 gene
indicated a potential increase in cytoplasmic y-actin expression level (Figure 5. 3G), which acts
as an indicator for fibroblasts to proto-myofibroblasts transition (Hinz et al., 2004) and
subsequently enhanced Y740C cell-populated gel contraction. The upregulation of SMAD3
and TIMP1 gene expression (Figure 5. 3C, F) indicates the potential involvement of TGF-B1
signalling in Y740C cells-induced contraction (Figure 4. 13B). TGF-B1 binds to TGF-B receptor
| (TBRI) and induces phosphorylation on the receptor-activated SMADs, including SMADS3,
which then transmits signals to the nucleus (Kim et al., 2018). In addition, TGF-B1 has been
reported to induce TIMP1 expression, which then activates FAK signalling (Park et al., 2015).
Moreover, differentiation from fibroblasts to myofibroblasts can also be induced by TGF-f1
activation (Vallee and Lecarpentier, 2019). Although further investigations for SMAD3 and
TIMP1 protein expression are needed, TGF-B1 pathway could be an interesting direction for

signalling research in Warburg Cinotti syndrome.

Another significant gene upregulation in Y740C cells was MMP14 (Figure 5. 3E). DDR2, but
not B1 integrin, has been reported to mediate collagen-induced MMP14 gene expression in
rheumatoid arthritis synovial fibroblasts (RASF) (Majkowska et al., 2017). Corneal

vascularisation and reduced vision are symptoms recorded in the recent case report of
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Warburg Cinotti syndrome (Xu et al., 2018). MMP14 was shown to be secreted by corneal
fibroblast via exosomes to vascular endothelial cells, which then potentiate angiogenesis (Han
et al., 2015). It is important to further study MMP14 protein expression and activity and
determine the potential role or MMP14 in Warburg Cinotti Syndrome-induced corneal

vascularisation.

My data for signalling pathway investigation did not show significant changes between WT
and patient cell groups. As discussed in Chapter 4, Warburg Cinotti variants should be
engineered into WT fibroblasts using the CRISPR/Cas9 technique to reduce donor-to-donor
variability. Moreover, high-throughput methods such as scRNA-seq and SCP should be used to

study DDR2 downstream factors more efficiently (Ahmad and Budnik, 2023).

In summary, while | was unable to identify differences in DDR2 downstream signalling, distinct
gene expression patterns have been revealed in different Warburg Cinotti patient cells.
Whether the protein levels and biological activities encoded by these tested genes are
affected, and the roles of the genes/proteins in Warburg Cinotti syndrome disease progression

remain to be determined.
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Chapter 6 Final discussion

This thesis provides future directions for understanding the molecular mechanisms of
Warburg Cinotti syndrome. My data demonstrate that DDR2-L610P and DDR2-Y740C are
constitutively active on the cell surface. Autophosphorylation and substrate phosphorylation
rates are enhanced in DDR2-Y740C kinase compared with WT DDR2 kinase. My data also show
that patient HDF cells have altered cellular behaviours compare to the WT cells, including
increased migration rate on non-coated 2D surfaces and enhanced cell-induced collagen gel
contraction, in which neither change is primarily dependent on DDR2 kinase activity.
Moreover, preliminary data suggest a potential relationship between DDR2 and integrin-

mediated focal adhesion.

6.1 DDR2 kinase undergoes in cis activation loop autophosphorylation

In Chapter 3, structural analysis revealed the autoinhibitory role of the DDR2 kinase activation
loop. Phosphorylation of the activation loop is considered the first step of kinase activation,
in which the reaction can be accomplished in cis or in trans (Li and Miller, 2006, Reinhardt and
Leonard, 2023). For nearly all RTKs, including DDR1, activation loop phosphorylation occurs in
trans, with evidence from both structural and biochemical assessments (Lemmon and
Schlessinger, 2010, Pellicena and Kuriyan, 2006, Binns et al., 2000, Sammon et al., 2020). The
long exploration of InsR kinase autophosphorylation presented both in cis and in trans
observations with kinetic analysis (Frattali et al., 1992, Shoelson et al., 1991), while activation
loop trans-autophosphorylation was later confirmed by analysing the crystal structure of IGFR
kinase (100% conserved activation loop) (Wu et al., 2008, Hubbard, 2013). For DDR2,
belonging to the same RTK subfamily as DDR1, and containing a kinase that is highly
homologous to InsR kinase, we would expect the activation loop to undergo trans-
autophosphorylation (Bargal et al., 2009, Leitinger, 2014). However, cis-autophosphorylation
was reported for the entire DDR2 cytosolic region (Yang et al., 2005), which was confirmed by
my results, analysing specifically autophosphorylation of the activation loop middle tyrosine
residue (Figure 3. 15). My results also showed faster autophosphorylation and substrate
phosphorylation of DDR2 kinase compared with DDR1 kinase (Figure 3. 13 and Figure 3. 14)
(Sammon et al., 2020). Collagen-induced receptor activation for both DDR1 and DDR2 is

extraordinarily slow (Shrivastava et al., 1997, Vogel et al., 1997). How DDR2 exhibits a slow
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overall activation, while its kinase displays a much higher autophosphorylation rate than DDR1

kinase is therefore an important question.

Whether and how kinase activation loop autophosphorylation can occur in cis remains highly
controversial. Nevertheless, cis-autophosphorylation models for protein kinase D (PKD),
glycogen synthase kinase 3B (GSK-3), and p38a have been proposed. Different from the
catalysis-promoting dimer formation found in most kinase trans-autophosphorylation models,
PKD forms an inhibitory homodimer, in which the dimer dissociation is subsequently followed
by activation loop cis-autophosphorylation (Reinhardt et al.,, 2023). Unlike PKD
autophosphorylation that is regulated by its homodimer, both GSK-3B and p38a accomplish
the intramolecular autophosphorylation with the help of protein-binding partners, heat shock
protein 90 kD (Hsp90) and transforming growth factor-B-activated protein kinase 1-binding
protein (TAB1), respectively (Lochhead, 2009, Lochhead et al., 2006, Ge et al., 2002). Based
on the investigation between DDR2 and Src (Yang et al., 2005), it is possible that Src acts as
the binding partner for DDR2 activation loop cis-autophosphorylation. Indeed, the JM4
residues Y569 and Y586, which are highly conserved between DDR1 and DDR2, have been
identified as potential phosphosites that interact with Src (Lemeer et al., 2012). Thus, Src
recruitment in cells could become a rate-limiting step for collagen-induced DDR2 activation.
However, whether Src activity is essential for DDR1 or DDR2 activation in cells remains unclear.
Future studies could investigate this further by using a Src knock-down or knock-out model to

clarify the effect of loss of Src activity on DDR1 and DDR2 activation mechanisms.

6.2 Catalytic-independent functions of DDR2 kinase and potential issues in kinase

inhibitor application for Warburg Cinotti syndrome

Protein kinases regulate essential cellular processes, primarily by their ability to catalyse
phosphorylation (Ardito et al., 2017). However, compelling evidence suggests that catalytic-
independent protein kinase functions are also crucial, which can result in sufficient biological
outputs (Kung and Jura, 2016, Rauch et al., 2011). In Chapter 3, biochemical experiments
using transiently transfected cells revealed ligand-independent receptor activation for DDR2-
L610P and DDR2-Y740C (Figure 3. 19). In agreement with this finding, constitutive DDR2
activation was confirmed in Warburg Cinotti syndrome-derived HDF cells, in which a DDR-

specific inhibitor VU6015929 can abolish the phosphorylation (Figure 4. 2). However, although
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DDR2 kinase activity did participate in regulating HDF cell-induced collagen gel contraction of
DDR2-WT and DDR2-L610P cells (Figure 4. 14A), the application of the DDR-specific inhibitor
VU6015929 failed to induce gel size changes in Y740C cell-populated gels (Figure 4. 14B). This
suggests that DDR2-Y740C might mediate cell functions in a kinase activity-independent way.
While there is very little known about kinase-independent roles of DDR2, the non-catalytic
function of DDR2 has been identified in regulating breast cancer cell invasion and resulting in
kinase inhibitor resistance, but the underlying mechanism remains unclear (Barcus et al.,
2021). Furthermore, a recent study found that DDR2 remains functional in IPF lung fibroblasts
in the absence of its kinase activity, and that a2 integrin expression is regulated by the

presence of DDR2 (Ling et al., 2023).

It is important to note that, besides the ligand-independent phosphorylation caused by the
two Warburg Cinotti mutants studied in this thesis, the DDR2 kinase is likely to adopt the
active conformation for both mutants, as predicted in Figure 3. 3. Structural transitions upon
stimulation or inhibition have been proven to support non-catalytic kinase functions (Kung
and Jura, 2016). For instance, activation loop phosphorylation-induced Erk2 conformational
change is essential for Erk2 to activate topoisomerase lla and poly(ADP-ribose)polymerase-1
(PARP1) in a non-catalytic manner (Shapiro et al., 1999, Cohen-Armon et al., 2007). Based on
the structural studies of a serine/threonine kinase, inositol-requiring enzyme type 1 (IRE1),
the kinase active conformation induces ‘back-to-back’ dimer/oligomerisation, which is
essential for activating its RNase domain (Korennykh et al., 2009). In this case, applying type |
ATP-competitive inhibitors stabilises the kinase active conformation, which then promotes the
activation of signalling pathways (Korennykh et al., 2009, Papa et al., 2003). For EGFR, several
studies have shown that loss of kinase activity does not result in equivalent phenotypes to the
ablation of receptor expression, indicating a kinase activity-independent role for EGFR to
participate in signalling transduction (Luetteke et al., 1994, Miettinen et al., 1995). Moreover,
EGFR is found to interact with sodium/glucose cotransporter (SGLT1) without relying on
receptor kinase activity, thus facilitating glucose uptake into cancer cells and consequently
preventing cancer cell death (Weihua et al., 2008). Hereby, inhibitors that successfully block
EGFR kinase activities cannot disrupt the receptor association with SGLT1, which fails to

reduce cancer cell viability (Ren et al., 2013).
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In Chapter 5, the expression and/or phosphorylation levels of a small range of signalling
molecules were assessed, with no significant changes observed from the mutant cell samples
compared to the WT cells (Figure 5. 2 and Figure 5. 3). Future studies should utilise techniques
such as proteomics, phosphoproteomics, and transcriptomics to obtain extensive information
on DDR2-mediated protein signalling. A recent study published after the completion of my lab
work revealed that collagen stimulation leads to the formation of DDR2/phosphatidylinositol-
4-phosphate 3-kinase C2 domain containing a polypeptide (PIK3C2a) complex in IPF patient-
derived fibroblasts, where fibroblast activation and apoptosis are regulated by DDR2/PIK3C2a
signalling (Ling et al., 2024). These findings provide an interesting avenue for future signalling

research in Warburg Cinotti patient HDF cells.

As mentioned above, kinase inhibitor treatment might not be suitable for targeting RTKs that
regulate disease progression in a kinase activity-independent fashion. Indeed, only dasatinib
treatment significantly reduced mutant HDF cell-induced gel contraction (Figure 4. 16),
potentially because dasatinib targets multiple kinases in its DFG-IN conformation (Roskoski,
2016). However, applying less selective inhibitors might result in unexpected effects on off-
target proteins (Hantschel, 2015). Furthermore, inhibitor-caused paradoxical pathway
activation is worth considering as a mechanism for kinase inhibitor resistance. For instance, a
lung cancer cell line that carries the neurofibromatosis type 1 (NF1) splice site mutation
displays dasatinib resistance by triggering a bypass pathway with increased Ras and Erk
activity (Beauchamp et al., 2014). For Src protein, low-affinity ATP-competitive inhibitors
abolish Src kinase activity but also induce Src association with FAK by stabilising an active Src
conformation (Higuchi et al., 2021). Inhibitor washout and Src-FAK complex formation
together initiate FAK-mediated signalling (Higuchi et al., 2021). As discussed in Chapter 4,
unexpected FAK activation induced by dasatinib in c-Myc-driven HCC can be suppressed by a
combination treatment of dasatinib and FAK inhibitors (Liu et al., 2018). To discover
appropriate treatments for Warburg Cinotti syndrome, it will be paramount to further

investigate DDR2 signalling targets and explore the potential of using inhibitor cocktails.

6.3 DDR2 association with cytoskeleton and focal adhesion

The cytoskeleton is a highly dynamic network that consists of three major types of

components: microfilaments (actin), intermediate filaments, and microtubules (tubulin)
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(Hohmann and Dehghani, 2019). It stays coordinated in normal cells and not only provides
mechanical support but also acts as a platform for intracellular transportation (Wickstead and
Gull, 2011). As the backbone of cells, the cytoskeleton is involved in multiple cellular processes,
including adhesion, migration, and contraction (Balta et al., 2020, Tang and Gerlach, 2017).
Dysregulated cytoskeleton undergoes dramatic remodelling in disease progression, leading to
changes in cell behaviour and microenvironment homeostasis (Li et al., 2023). In Chapter 3,
reduced Warburg Cinotti mutant protein solubility in non-ionic detergent implies the
increased association between the mutant DDR2 variants and the cytoskeleton (Figure 3. 19).
However, this finding should be further explored, in particular in patient HDF cells where the

mutant DDR2 proteins are co-expressed with WT DDR2.

The unusually large intracellular JM region of DDRs likely provides high flexibility to the
receptor cytoplasmic region, making it a suitable site for intermolecular interactions (Carafoli
and Hohenester, 2013). For instance, DDR1, when stimulated by collagen, associates with the
non-muscle myosin IIA heavy chain (NMIIA) and regulates cell spreading and migration (Huang
et al., 2009). This association can also transmit cell-generated contractile forces to collagen,
leading to collagen mechanical remodelling (Coelho et al., 2017). Although there is no
evidence that DDR2 can associate with myosin motor, a recent study has shown that DDR2
can stabilise actin fibres and promote B1 integrin activation at focal adhesions in lung
fibroblasts (McGowan, 2023). My data also showed enhanced a1fB1 integrin activity in DDR2-
Y740C cells compared to WT cells (Figure 4. 18). The mechanism behind DDR2-mediated 1
integrin activation remains poorly understood but appears to be related to inside-out
signalling (Bayer et al., 2019). Integrin activation can occur through two mechanisms: outside-
in and inside-out signalling (Harburger and Calderwood, 2009). The outside-in signalling
occurs through a integrin binding to collagen, leading to conformational changes and
reorientation of both o and B integrin domains for recruiting adhesion complexes (Pang et al.,
2023, Michael and Parsons, 2020). The integrin activation by inside-out signalling is
accomplished by B integrin interactions with scaffolding proteins and cytoskeleton proteins,
such as talin and vinculin, which increase the integrin affinity to collagen (Pang et al., 2023,
Klapholz and Brown, 2017). In CAFs, DDR2 has been found to control B1 integrin activation
through inside-out signalling, in which the talin activation and recruitment to integrins are

regulated by DDR2-mediated RAP1 activation (Bayer et al., 2019). Future studies should
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establish whether DDR2 is associated with integrin or focal adhesion-related scaffolding and
cytoskeleton proteins. Together with the proteomic analysis, inhibitors against focal adhesion-
related proteins could be tested together with DDR-specific inhibitor VU6015929 in Warburg
Cinotti patient HDF cells. This approach could provide a lower chance for inhibitor resistance

than using broad-range kinase inhibitor dasatinib (Lovly and Shaw, 2014).

6.4 Summary

In conclusion, this thesis has provided insights into DDR2 activation and highlighted the future
direction for understanding the molecular mechanisms of Warburg Cinotti Syndrome. As
discussed in Chapter 4, both the WT and mutant HDF cells were from single donors, making
it difficult to give solid conclusions. Thus, future studies should focus on: 1) using genome
editing techniques to introduce single Warburg Cinotti DDR2 variants into immortalised WT
HDF cells and mice (mouse knock-in model); 2) the kinase-independent role of DDR2 in
regulating Warburg Cinotti Syndrome; 3) the signalling molecules that have been regulated by
Warburg Cinotti DDR2 variants; 4) the relationship between Warburg Cinotti DDR2 variants

and integrin/focal adhesion.
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Figure 7. 1 Single cell RNA expressions for DDR1 and DDR2.

Data and figures were generated by The Human Protein Atlas based on normalized single cell RNA (nTPM,
normalise transcripts per million) values for DDR1 (A.) and DDR2 (B.). Images are available from version
23.0.proteinatlas.org.

URL for DDR1: https://www.proteinatlas.org/ENSG00000204580-DDR1/single+cell+type.

URL for DDR2: https://www.proteinatlas.org/ENSG00000162733-DDR2/single+cell+type.
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Table 7. 1 Signalling protein names and their phosphorylation sites

CREB, cAMP-response element binding protein; eNOS, endothelial nitric oxide synthase; Chk-2, checkpoint
kinase-2; JNK, Jun N-terminal kinase; Lck, lymphocyte cell-specific protein-tyrosine kinase; MSK, mitogen- and
stress-activated kinase; PRAS40, proline-rich Akt substrate of 40 kDa; PYK, Pyruvate kinase; RSK, ribosomal s6
kinase; WNK, lysine deficient protein kinase 1.

Signalling protein name

Phosphorylation site

Akt 1/2/3 T308
Akt 1/2/3 S473
CREB S$133
EGFR Y1086
eNOS S1177
ERK1/2 T202/Y204, T185/Y187
Chk-2 T68
c-Jun S63
Fgr Y412
GSK-3a/B $21/S9
GSK-3B S9
HSP27 578/582
p53 S15
p53 S46
p53 $392
INK 1/2/3 T183/Y185,T221/Y223
Lck Y394
Lyn Y397
MSK1/2 $376/5360
p70 S6 Kinase T389
p70 S6 Kinase T421/S424
PRAS40 T246
p38a T180/Y182
PDGFRpB Y751
PLC-y1 Y783
Src Y419
PYK2 Y402
RSK1/2 $221/5227
RSK1/2/3 $380/5386/5377
STAT2 Y690
STAT5a/b Y694/Y699
WNK1 T60
Yes Y426
STAT1 Y701
STAT3 Y705
STAT3 S727
B-Catenin -
STAT6 Y641
HSP60 -
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