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ABSTRACT

The Met Receptor Tyrosine Kinase (RTK) is frequently selected for mutations that result
in loss of exon 14, within the intracellular juxtamembrane (JM) domain, in cancers of lung
and brain origin. In this work, | have explored the mechanisms through which loss of exon
14 in the Met RTK (MetAex14) enhances phosphorylation of a key tyrosine residue
(Y1349) in the carboxyl-tail (C-tail) required for downstream signalling to lower
concentrations of ligand, Hepatocyte Growth Factor (HGF). | discovered in the WT Met
RTK, that the formation of an anti-parallel dimer occurs within an a-helical structure in the
carboxyl terminal portion of the juxtamembrane domain (JM-C) and through structure
function analyses determined that is essential for ligand induced tyrosine phosphorylation
of Met Y1349. Existing crystallography structures indicate that Y1349 is initially cis-
docked onto the C-lobe of the Met kinase domain. In this arrangement this Met activation
dimer is not conducive to phosphorylating Y1349. Modelling predicted that a ligand
induced tetramer of the Met RTK may occur and this could facilitate access of Y1349 to
phosphorylation. | established that MetAex14 was able to form a tetramer under low
dosage of HGF, supporting the enhanced Met signaling observed downstream from
MetAex14 in an HGF-dependent manner. Small Angle X-ray Scattering (SAXS) revealed
that an isolated exon 14 peptide is predominantly unstructured. Although a structure
prediction algorithm, AlphaFold, predicted that exon 14 may be capable of forming a
tetrameric B-sandwich structure exhibiting dihedral symmetry. Using Phos-tag and
Immunoprecipitation- Mass Spectrometry (IP-MS) techniques, | found that exon 14 in Met
displays basal levels of phosphorylation. Specifically, these were identified as Threonine

977. Collectively my data suggest that exon 14 may act as a regulatory element and/or
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rate-determining 'rheostat’ in HGF-induced multimeric Met kinase assembly and
activation.

To identify regulators of Met RTK surface protein levels | utilized a Kinome/FDA-approved
drug targeted CRISPR screen. My observations point to negative Met regulators being
linked with the cell cycle. This is particularly evident when Protein Phosphatase 2A (PP2A)
and Checkpoint kinase 1 (Chk1) were disrupted, leading to a decrease in Met protein
levels on the cell surface. An inverse relationship between Met and Cyclin B1 protein
levels was also observed in different cancer cohorts.

Overall, my research enhances our understanding of the role of exon 14 skipping in Met

signaling and highlights the potential for Met-targeted strategies in cancer treatment.
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RESUME

Le récepteur tyrosine kinase (RTK) du récepteur Met est fréquemment choisi pour des
mutations qui entrainent la perte de I'exon 14, au sein du domaine intracellulaire
juxtamembranaire (JM), dans les cancers d'origine pulmonaire et cérébrale. Dans ce
travail, j'ai exploré les mécanismes par lesquels la perte de I'exon 14 dans le récepteur
Met RTK (MetAex14) renforce la phosphorylation d'un résidu clé de tyrosine (Y1349)
dans la queue carboxyle (C-tail) nécessaire a la signalisation aval vers des
concentrations plus faibles du ligand, le facteur de croissance hépatocytaire (HGF). J'ai
découvert dans le récepteur Met RTK de type sauvage que la formation d'un dimére
antiparallele se produit dans une structure a-hélicoidale dans la partie terminale
carboxyle du domaine juxtamembranaire (JM-C) et grace a des analyses de structure
fonctionnelle, j'ai déterminé que c'est essentiel pour la phosphorylation de la tyrosine
induite par le ligand de Met Y1349. Les structures de cristallographie existantes indiquent
que Y1349 est initialement en position cis-dockée sur le lobe C du domaine kinase de
Met. Dans cet agencement, ce dimere d'activation de Met n'est pas propice a la
phosphorylation de Y1349. La modélisation a prédit qu'un tétramére induit par le ligand
du récepteur Met RTK pourrait se former et cela pourrait faciliter I'accés de Y1349 a la
phosphorylation. J'ai établi que MetAex14 était capable de former un tétramére sous
faible dosage de HGF, ce qui soutient la signalisation accrue de Met observée en aval de
MetAex14 de maniére dépendante de HGF. La diffusion des rayons X a petit angle (SAXS)
a révélé qu'un peptide d'exon 14 isolé est principalement non structuré. Bien qu'un
algorithme de prédiction de structure, AlphaFold, ait prédit qu'un tétramere de type -

sandwich pouvait se former avec une symétrie diédrale. En utilisant des techniques Phos-
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tag et Immunoprécipitation-Spectrométrie de masse (IP-MS), j'ai constaté que I'exon 14
de Met présente des niveaux basaux de phosphorylation. Plus précisément, il s'agissait
de la thréonine 977. Collectivement, mes données suggérent que I'exon 14 pourrait agir
comme un élément régulateur et/ou un 'rhéostat' déterminant le taux dans l'assemblage
et I'activation multimerique du kinase Met induits par HGF. Pour identifier les régulateurs
des niveaux de protéines de surface du récepteur Met RTK, j'ai utilisé un criblage
CRISPR ciblant la kinome/les médicaments approuvés par la FDA. Mes observations
indiquent que les régulateurs négatifs de Met sont liés au cycle cellulaire. Cela est
particulierement évident lorsque la protéine phosphatase 2A (PP2A) et la kinase de point
de contrdle 1 (Chk1) sont perturbées, ce qui entraine une diminution des niveaux de
protéines de Met a la surface cellulaire. Une relation inverse entre les niveaux de
protéines de Met et de la cycline B1 a également été observée dans différentes cohortes
de cancers.

Dans I'ensemble, mes recherches améliorent notre compréhension du réle du saut d'exon
14 dans la signalisation de Met et mettent en évidence le potentiel des stratégies ciblant

Met dans le traitement du cancer.
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PREFACE

This thesis is written in the traditional format, which is divided into six chapters:

Chapter 1: Literature Review

Chapter 2: Structural Basis of Met Exon 14 Skipping in Cancers

Chapter 3: A Pooled Kinome/Druggable CRISPR Screen Identifies Cell Cycle
Control of the Met RTK

Chapter 4: General Discussion

Chapter 5: Materials and Methods

Chapter 6: Bibliography

CONTRIBUTION TO ORIGINAL KNOWLEDGE

In the second chapter of my work, | elucidated the molecular mechanisms of Met exon 14
skipping in JM-N, also provided insights into the structural basis of Met activation through
an antiparallel a-helical JM-C dimer.

In the third chapter of my work, | undertook a CRISPR screen to explore regulators of Met
protein levels, a pursuit that has led to significant discoveries. Additionally, | successfully
optimized the Phos-tag technique to examine Met phosphorylation, overcoming the
previous hurdles encountered when analyzing high molecular weight proteins. For the
first time, | discovered that Met is internalized in the M phase, a process that remained
uncharacterized until now. Furthermore, | discerned that the exon 14 region undergoes
phosphorylation when the cells are arrested at M phase.

Together, my research has contributed to a more comprehensive understanding of Met

regulation in cancers.
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CHAPTER 1 - LITERATURE REVIEW



1.1 General mechanisms of RTK activation

Ligand binding to the extracellular ectodomains of RTK triggers conformational
reorganization inducing receptor dimerization and activation of the protein kinase activity
in the intracellular domains. Subsequently, the activated kinase domain of each monomer
undergoes trans-autophosphorylation of tyrosine residues in the opposing monomer C-
terminal domain, JM region, and/or activation loop, further facilitating engagement of

signalling complexes and enhancing downstream signaling activation (Figure 1.1).
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Figure 1.1 RTK activation by ligand induced dimerization

Activation of most receptor tyrosine kinases is dependent on ligand binding, which
induces conformational changes in the extracellular domain, leading to the formation of a
dimer interface in the catalytic domain. Subsequently, this dimerization event triggers the
phosphorylation of the kinase activation loop. The phosphorylation enables the binding of
ATP and the tyrosine substrate to the catalytic groove, resulting in the transfer of the
gamma phosphate from ATP to the tyrosine residue.

In contrast to the majority of RTKs that exist as inactive monomers, the insulin receptor

(INSR) and insulin-like growth factor 1 receptor (IGF1R) exhibit a unique characteristic of



constitutive disulfide-linked dimerization (Wybenga-Groot et al., 2001). Investigations
have shed light on the existence of inactive pre-dimers and higher oligomeric states in
certain RTKs, including EGFR (Nagy et al., 2010; Saffarian et al., 2007), where larger

clusters form within the cellular membrane.

1.2 RTK extracellular dimerization mechanisms

RTKs can be classified into various subfamilies based on the organization and sequence
similarity of their extracellular domains (ECDs). These include the epidermal growth factor
receptor (EGFR) family, the fibroblast growth factor receptor (FGFR) family, the vascular
endothelial growth factor receptor (VEGFR) family, the platelet-derived growth factor
receptor (PDGFR) family, the insulin receptor (IR) family, the tropomyosin receptor kinase
(Trk) family, and many others (Lemmon & Schlessinger, 2010). Each RTK subfamily is
characterized by distinct ECD architectures and functional domains, which determine
their specific ligand-binding properties and activation mechanisms. The diversity of ECD
architectures is essential for the ability of RTKs to recognize and respond to a wide range
of extracellular signals and regulate diverse cellular processes.

Ligand binding to the ECDs of RTKs is a critical step for receptor activation, as it induces
receptor dimerization, which is necessary for the activation of the intracellular kinase
domains and the initiation of downstream signaling events. The mechanisms of ligand-
induced dimerization and activation of RTKs are highly diverse, ranging from ligand-
mediated dimerization to receptor-mediated dimerization, with various intermediate

mechanisms in between.



1.2.1 Receptor-mediated dimerization

Receptor-mediated dimerization occurs without the ligand making any direct contribution
to the dimer interface. Instead, the receptor ECDs make direct contacts with each other,
leading to dimerization and activation. This mechanism is observed only in the EGFR
family and insulin receptors, where the ligand-induced conformational changes in the
ECDs expose a dimerization arm that engages with a complementary interface on the
adjacent receptor molecule. The cryo-electron microscopy (cryo-EM) structures of EGFR
(Huang et al., 2021), HER2, and HER3 ECDs in their homo/hetro-dimeric forms (Bai et
al., 2023; Diwaniji et al., 2021) have provided detailed insights into the molecular basis of

receptor-mediated dimerization and activation.

1.2.2 Ligand-mediated Dimerization

In contrast to receptor-mediated dimerization, ligand-mediated dimerization involves the
binding of a bivalent ligand to two receptor molecules, leading to the formation of a dimeric
complex and cross-activation. This mechanism is observed in various subfamilies of
RTKs such as Axl (Sasaki et al., 2006), Eph (Lisabeth et al., 2013), FIt1 (Wiesmann et al.,
1997), KIT (Liu et al., 2007), TrkA (Franco et al., 2020) as well as Met (Emiko Uchikawa

etal.,, 2021).



1.2.3 Mixed dimerization mechanisms

Some RTKs exhibit a mixed dimerization mechanism, where both the ligand and the
receptor contribute to the dimer interface. For example, the FGFR family employs a
combination of ligand- and receptor-mediated interactions for dimerization. The crystal
structures of the FGFR ECDs bound to their ligands have revealed a unique symmetric
dimer arrangement, where the ligand contributes to the dimer interface through both its
N- and C-terminal regions, while the receptor ECDs also make direct contacts with each
other (Pellegrini et al., 2000; Stauber et al., 2000).

Indirect activation of receptor tyrosine kinases introduces a distinct paradigm in the
mechanisms of RTK activation. The Ret (rearranged during transfection) receptor serves
as an exemplar of this phenomenon, as it requires the presence of homodimeric ligands
from the glial-derived neurotrophic factor (GDNF) family. However, activation of Ret
occurs only subsequent to the binding of these ligands to a GDNF-family receptor-a
(GFRa) chain. This ligand-receptor complex facilitates Ret dimerization and subsequent

activation (Schlee et al., 2006).

1.3 Hepatocyte growth factor

HGF, alternatively known as scatter factor (SF), is a ligand that binds exclusively to Met
(Bottaro et al., 1991; Giordano et al., 1989; Naldini, Vigna, et al., 1991). HGF is a unique
kringle-containing ligand for Met, a transmembrane receptor. HGF is a heparin-binding
protein that stimulates the proliferation, migration, and differentiation of various cellular

targets, including hepatocytes, epithelial cells, melanocytes, endothelial, and



hematopoietic cells (Bottaro et al., 1991; Matsumoto & Nakamura, 1996; Weidner et al.,

1990).

K1(122-207)

K4(382-468)

. SPH(496-728)
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Figure 1.2 Structure of HGF

The structural organization of hepatocyte growth factor/scatter factor is composed of
distinct domains. The cryo-EM structure HGF using PDB:7MO7. The N-terminal domain
represents the amino-terminal region, while K1-K4 denote the kringle domains 1-4.
Additionally, the serine proteinase homology domain is abbreviated as SPH. Following
proteolytic cleavage at R494/V495, the ligand generates a and 3 subunits and connects
through C487 and C604.

Initially, HGF/SF was identified as two separate molecules, each exhibiting unique

biological properties. HGF was first uncovered as a hepatotropic factor instrumental in rat



hepatocyte regeneration (Matsumoto & Nakamura, 1996; Nakamura et al., 1989), while
SF was characterized as a growth factor that facilitates the movement and positioning of
cells released from fibroblast cells, acting solely on epithelial cells (Stoker et al., 1987;
Weidner et al., 1990). Nonetheless, upon thorough analysis, these ligands were found to
be indistinguishable based on various parameters, such as growth, motility, and binding
affinities (Naldini, Weidner, et al., 1991).

The HGF gene is situated on chromosome 7g21.1 and spans 70 kilobases, containing 18
exons and 17 introns. According to nucleotide sequencing, the gene is expected to
produce a 728-amino-acid protein (Nakamura, 1991; Nakamura et al., 1989)..

HGF is synthesized as a precursor, pro-HGF, which must be cleaved. The initial 54 amino
acid of the pro-HGF molecule can be partitioned into a signaling sequence and a pro-
sequence, with the first 29 amino acids being hydrophobic and characteristic of a
signaling sequence. The remaining amino acids constitute the pro-sequence (Montesano
et al., 1991; Tashiro et al., 1990). The pro-HGF molecule exhibits approximately 27 to 40%
homology with plasminogen (Miyazawa et al., 1989). In-vitro, a trypsin-like protease,
Factor Xlla of the blood coagulation system can activate HGF through a cleavage reaction,
cleaving the chains at an Arg-Val site, which is vital for its biological activity (Naka et al.,
1992; Peek et al., 2002).

The mature HGF molecule forms a heterodimeric molecule consisting of an a-chain (69
kDa) and a B-chain (34 kDa) covalently linked through a disulfide bond (Stamos et al.,
2004). The a and B chains contain potential sites for N-linked glycosylation and form an
interchain bridge at specific cysteine residues that is homologous with plasminogen. The

HGF a chain contains four kringle structures, also present in plasminogen, albeit with five



kringle structures (Nakamura et al., 1989). These kringle structures may be involved in
protein-protein interactions, though their precise biological role remains elusive. The first
kringle domain of the a-chain is sufficient for receptor binding, although certain residues
in the B-chain are essential for HGF's structure, regulation, and activity (Stamos et al.,
2004). The N-terminal region (amino acids 32-121) has a 5-strand -pleated sheet, a 2-
strand B-pleated sheet, and an a-helix region, while the first kringle domain (amino acids
122-207) has three disulfide bridges and a 2-strand anti-parallel (B-pleated sheet
(Gherardi et al., 2003).

The B chain of HGF also demonstrates homology to certain proteases involved in
fibrinolysis and blood coagulation like plasminogen within its serine protease domain;
however, differences exist in the active site residues of the two molecules, with HGF
featuring glutamine and tyrosine residues instead of the histidine and serine residues
observed in plasminogen. Therefore HGF lacks serine protease activity (Nakamura &
Mizuno, 2010). (Figure 1.2)

The HGF gene encodes multiple mRNA species that produce at least three distinct
proteins: the full-length HGF molecule and two truncated isoforms (NK1 and NK2), which
contain the N-terminal domain (N) linked in tandem with the first one (K1) or two (K1+K2)
kringle domains, respectively. Both NK1 and NK2 directly bind to Met and retain some
degree of scatter activity. The NK1 domain's interaction with heparin stabilizes receptor
binding, and specific residues within NK1 contribute to receptor activation (Lokker et al.,
1992). The components of HGF have varying properties. NK1 retains almost all of the
mitogenic potency of full-length HGF, while the N domain retains heparin binding

properties and mediates heparin-stimulated ligand oligomerization but has little mitogenic



activity. In contrast, the K1 domain does not bind heparin but can stimulate DNA synthesis
and MAP kinase activity in HGF-responsive cells at concentrations of 30 nM or more
(Rubin et al., 2001).

The NK2 domain acts as a Met antagonist, inducing cell motility without mitogenesis, but
not facilitating Met dimerization due to its monomeric nature, which explains its Met

antagonism (Schwall et al., 1996; Tolbert et al., 2010).

1.4 Structure-function insights of the Met receptor tyrosine kinase

The Met proto-oncogene receptor, encoded by the MET gene located on chromosome
7931 (Park et al., 1987), is a member of the subclass IV receptor tyrosine kinase gene
family. Expressed in both epithelial and endothelial cells, the MET gene synthesizes a
150 kDa polypeptide in normal cells, which subsequently undergoes glycosylation,
forming a 170 kDa precursor protein (Mondino et al., 1991). This precursor protein is
processed at the cell surface into two linked chains, a 50 kDa chain and a 145 kDa chain,
which ultimately form the mature heterodimeric Met protein through disulfide bond
formation (Stamos et al., 2004).

As a single-pass transmembrane protein, Met displays several key structural features
(Gherardi et al., 2012). The extracellular domain of Met facilitates HGF binding (Stamos
et al., 2004), while the transmembrane helix and juxtamembrane region precede the
tyrosine kinase domain, which shares conserved features with other RTKs. The C-
terminal regulatory tail of Met contains a unique bidentate substrate binding sites involved
in regulating the downstream signaling cascade (K. A. Furge et al., 2000), enabling Met

to play a critical role in regulation of cellular growth and development. (Figure 1.3)
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Figure 1.3 Structure of Met receptor tyrosine kinase

The structural organization of Met is composed of the SEMA domain, Cysteine-rich
domain, Immunoglobulin repeats (lg-repeats), transmembrane (TM), Juxtamembrane
(JM) kinase domain (Tyr_kinase) and C-tail. Following proteolytic cleavage at R307/S308,
the receptor generates a and [ subunits and re-connected through disulfide bonds
through C282-C408 and C298-C363. Three-dimensional model depicting the Met
structure was developed by adapting CryoEM structure of Met extracellular domain
(PDB:7MQ7) and connecting the missing structures through Alphafold ( AF-P97523-F1-
model_v4).
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1.4.1 Extracellular domain of the Met receptor

1.4.1.1 Met activation by HGF

Met has a unique extracellular domain that consists of a semaphorin (SEMA) domain
followed by a PSI domain (Stamos et al., 2004). The SEMA domain is similar to the
semaphorin domain of plexins and semaphorins, which are important for axon guidance
(Neufeld et al., 2012). In contrast, the PSI domain is related to the identically named
domain found in plexins and integrins (de Jong & Dijkstra, 2003; Gherardi et al., 2004;
Kozlov et al., 2004). These domains are followed by four immunoglobulin-like domains,
with the fourth domain being highly conserved and referred to as the Met-related
sequence (MRS) domain (Gherardi et al., 2006).

In physiological settings, the primary method of activating Met is through HGF. The first
212 residues of the Met receptor SEMA domain play a critical role in binding with the
HGF/SF ligand (Stamos et al., 2004). While the details of this binding process have only
recently begun to emerge, it is clear that the SEMA domain of Met is vital for HGF/SF-
mediated activation (Gherardi et al., 2006).

An examination of the structure of the Met ectodomain initially revealed a complex
composed of the Met SEMA and PSI domains along with the HGF/SF -chain (Stamos
et al., 2004). Binding of the HGF/SF ligand involves certain residues from the region
responsible for forming the active site in serine-proteases (Gherardi et al., 2006). For the
appropriate Met binding site to be established in the 3-chain of the two-chain HGF/SF,
the N-terminus produced by proteolysis must be inserted into an activation pocket

(Gherardi et al., 2003). Although this new N-terminus does not directly interact with Met,
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it does exert an allosteric influence by organizing the "active site" in a manner similar to
the activation of serine proteases (Gherardi et al., 2006).

An initial in vitro study demonstrated that the HGF 3-chain exhibits low-affinity binding to
Met, but a secondary high-affinity binding site for Met is located within the NK1 fragment,
which consists of the N-terminal hairpin and the first kringle domain(K1) of HGF (Lokker
et al., 1992). Additionally, a 2:2 HGF:Met complex in solution could also be structurally
identified (Chirgadze et al., 1999; Gherardi et al., 2006; Lietha et al., 2001).

A recent study further revealed the structural basis of HGF-mediated Met activation using
cryo-EM. The results showed that HGF activates Met asymmetrically, inducing
dimerization and activation. Cryo-EM analysis shows the first HGF (HGF-A) is the primary
activator, five of the six HGF domains (N, K1, K2, K3, and SPH) facilitate HGF-Met
association. Notably, mutations that disrupt K1-SEMA or SPH-SEMA interaction
completely prevent HGF-induced Met activation, while mutations affecting N-SEMA, K2-
SEMA, or K3-SEMA interaction only partially preserve activity necessary for Met
dimerization and activation, while a second HGF (HGF-B) typically adopts a flexible
conformation, with only the SPH domain interacting with the SEMA domain of a second
Met (Met-B). HGF-B plays a more ancillary role (E. Uchikawa et al., 2021). (Figure 1.4)
In summary, the cryo-EM-derived HGF:Met complexes provide insight into the structural
basis of HGF-mediated Met activation, indicating that HGF activates Met asymmetrically
and induces dimerization and activation. HGF and its isoforms have distinct properties,
with the K1 and SPH fragment containing the most important binding sites for Met.
Heparin and heparan sulfate play a critical role in facilitating Met activation and

downstream signaling (E. Uchikawa et al., 2021).
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Figure 1.4 Dimerization mechanisms of Met

Structure of HGF bound to the extracellular domain of Met (PDB: 7MO7) (Emiko
Uchikawa et al., 2021). The cryo-EM structure illustrates the binding mode of HGF and
Met, demonstrating that HGF:A binds to the SEMA domain and participates in the Met
A:B dimer interface, while HGF:B solely binds to Met:B.

1.4.1.2 Met regulation by other proteins

Additional non-canonical ways of Met activation by various proteins have been explored.

CD44 and its isoform CD44v6 have been identified as important co-receptors in the

activation of Met by HGF. In certain contexts, CD44v6 can play an important role in the

context of HGF-induced Met activation and subsequent Ras/MAPK signaling in a wide
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array of primary and malignant cells (Orian-Rousseau et al., 2002). The extracellular
domain of CD44 was found to enhance Met autophosphorylation, while its cytoplasmic
tail forged a connection with downstream signaling events, particularly Ras activation, via
the recruitment of an intricate cytoskeletal remodeling apparatus comprised of Ezrin,
Radixin and Moesin (ERM) actin cytoskeletal binding proteins and Son of Sevenless
(SOS), a guanine nucleotide exchange factor for Ras. A subsequent study by the same
group (Orian-Rousseau et al., 2007) reinforced the indispensability of ERM proteins
tethered to both CD44v6 and F-actin in the orchestration of HGF-induced Ras activation.
CD44v6 can play a critical role in HGF-induced motility and invasion in various types of
cancer, including malignant peripheral nerve sheath tumors (Su et al., 2004). Furthermore,
direct binding of HGF and vascular endothelial growth factor (VGEF) to CD44v6 highlights
its significance in HGF signaling (Volz et al., 2015). These findings suggest that CD44
and its isoforms, particularly CD44v6, are important co-receptors that contribute to the
complex interplay between HGF, its co-receptors, and Met signaling in cancer
development and progression. Targeting these co-receptors may represent a promising
strategy for the development of effective cancer therapies (Lai et al., 2009).

In parallel, the interplay between integrins and the Met receptor also plays a crucial factor
in various cellular processes that contribute to cancer progression. a6p34 Integrin serves
as an alternative coreceptor for Met, which contributes to HGF-mediated Met activation
and provides additional docking sites for Shc and PI3K. This interaction links activated
Met to the Ras/MAPK and PI3K pathways, exerting considerable influence over survival,

proliferation, and migration (Ahn et al., 2013; Hemler, 2001).
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Furthermore, the study by Mitra and colleagues provided insights into the mechanisms
underlying the activation of Met in ovarian cancer cells and its impact on cancer invasion
and metastasis. They found that fibronectin and a5B1-integrin could activate Met
independently, leading to downstream signaling pathways that promote invasion and
metastasis. The inhibition of either fibronectin or a5B1-integrin could decrease Met
activation and impede cancer cell invasion and metastasis, highlighting their potential as
therapeutic targets (Mitra et al., 2011).

In addition to aforementioned-studies, Met could maintain breast cancer cell survival
through a kinase-independent interaction with integrin a3p1 (Tesfay et al., 2016).

Taken together, these findings further underscore the complexity of the relationship
between integrins and Met and suggest that Met can regulate cell survival through integrin

interactions that are not mediated by kinase signaling.

1.4.2 Juxtamembrane domain of the Met receptor

One of the unique features of the Met receptor is its juxtamembrane domain, which is the
longest among all 58 receptor tyrosine kinases, but remains structurally uncharacterized
(Ma, 2015) (Figure 1.5 a & b). This domain is partially encoded by the MET exon 14 region
in the MET gene. MET exon 14 alterations at RNA splice acceptor or donor sites have
been recently described as a distinct mechanism of Met oncogenesis, leading
to Met exon 14 skipping (MetAex14) (P. K. Paik et al., 2015). Two sites are of significance

reported in the literature: S985 and Y1003.
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Figure 1.5 Structural features of Met juxtamembrane domain

The Met juxtamembrane domain is long compared to other RTKs and is likely disordered.
(a) Extended confirmation was predicted by AlphaFold (AF-P97523-F1-model_v4).

(b) The AlphaFold predicted alignment error heatmap features a high position error in the
juxtamembrane region, indicating a disordered region by the red box

(c) Crystal structure of the Met Y1003 region (green) bound to Cbl. PDB: 3BUX. The
electrostatic potential surface of Cbl was colored red and blue for negative and positive
charges, respectively, while white color represents neutral residues.

Serine 985 phosphorylation site on Met receptor tyrosine kinase has garnered attention
for its potential to modulate downstream signaling pathways and cellular responses.
Extensive research on this subject has revealed that regulation of S985 by various
proteins, including PKC, PP2A, and PKG I, can regulate Met activity in a diverse array of
contexts (Hashigasako et al., 2004; Wu et al., 2016). For instance, PKC-mediated
phosphorylation of S985 has been shown to reduce the ability to activate Met in response
to HGF, whereas dephosphorylation of S985 by PP2A has been found to amplify Met
activity (Hashigasako et al., 2004). Additionally, recent studies have demonstrated that
PKGII-mediated phosphorylation of S985 can abrogate HGF-triggered cellular activities

in gastric cancer cells by decreasing activation of downstream signaling pathways (Wu et

al., 2016). Despite promising findings, the underlying molecular mechanisms of S985
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phosphorylation-mediated Met regulation remain unclear and warrant further
investigation to fully comprehend the implications of this process in physiological and
pathological conditions.

Cbl ubiquitin ligase negatively regulates several RTKs by promoting their ubiquitination
and subsequent degradation. When Cbl is uncoupled from RTKs, it can lead to enhanced
RTK stability and prolonged signalling. Phosphorylation of Y1003 in exon 14 of Met
creates a binding site for the tyrosine kinase binding (TKB) domain of Cbl (Figure 1.5 c),
which promotes the ubiquitination of Met enhancing its inclusion into multivesicular bodies
through ESCRT ubiquitin recognizing proteins and subsequent degradation of Met in the
lysosome terminating downstream signaling (Peschard et al., 2001; P. Peschard et al.,
2004; Peschard & Park, 2003). Met receptor variant Y1003F, which cannot be
phosphorylated at Y1003, escape ubiquitination and exhibit prolonged signalling and
oncogenic properties in fibroblast and epithelial cells in the presence of HGF. These
mutants are internalized and still undergo endosomal trafficking but are inefficiently
targeted for degradation, resulting in sustained stability and activation of the Met Y1003F
mutant and downstream signals, such as the MAPK pathway. Cbl-dependent
ubiquitination is critical for targeting the Met receptor to the lysosomal sorting machinery
and turning off Met signaling through protein degradation, although it is not required for
Met internalization.

In addition to loss of Y1003, the loss of the E3 ligase Cbl in gastric cancer is associated
with increased Met expression and activation (Lai et al., 2012) and Met endocytosis plays
a direct role in promoting tumorigenesis by facilitating Met activation and downstream

signaling (Joffre et al., 2011).
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Overall, these provide valuable insights into the understanding of Met regulation and by
S985 and Y1003 phosphorylation as well as raise the importance of exon 14 skipping in

the juxtamembrane region.

1.4.3 Kinase domain of the Met receptor

The kinase domain of the Met receptor exhibits a bi-lobal architecture observed in many
other kinases. Its structure has been solved by crystallography which has provided
insights into the conformational changes and interactions that regulate the activity of the
human Met kinase and acts as a template for designing inhibitors that target this kinase.
The Met kinase domain shares 44% sequence identity with the kinase domains of insulin
receptor (IR) kinase and 41% fibroblast growth factor (FGF) receptor kinase (Bolanos-
Garcia, 2005). However, the crystal structure of Met kinase demonstrates specific
characteristics that distinguish it, such as the absence of a functionally relevant salt bridge
and a unique 310 helix adjacent to the core Met kinase domain (Bolanos-Garcia, 2005).
Additionally, the orientation of the Met N-terminal juxtamembrane region formed an
extension into an a-helix, which seems to be part of the structural elements involved in

kinase activation.
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Figure 1.6 Structural features of Met kinase domain

(a) The crystal structure of the Met receptor tyrosine kinase domain in complex with ATP
(PDB: 3DKC) reveals that amino acids contacting ATP are colored in red, Magnesium is
colored in blue.

(b) Structure comparison of the Met receptor tyrosine kinase domain between the active
state (PDB: 3Q6U, shown in green) and the inactive state (PDB: 2G15, shown in gray).
In the active state (3Q6U), an extended activation loop is observed, along with an ordered
P-loop (colored red). In contrast, the inactive state (2G15) exhibits a closed activation
loop and a disordered P-loop (colored yellow).

The activation of Met through HGF binding results in the phosphorylation of specific
tyrosine residues within the kinase domain, such as Y1234 and Y1235 in the activation
loop. This phosphorylation leads to the stabilization of an open conformation that enables
ATP-binding (Gherardi et al., 2012).

In the active form, the ATP molecule is the source of phosphate being transferred to the
tyrosine substrates. The adenine ring position between V1092 and M1211 plays a crucial

role in determining separation of the kinase lobes in the active form (Schiering et al.,
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2003). The A-loop also plays a crucial role in substrate recognition and catalysis, the
intricate details of the A-loop of Met are critical for its enzymatic activity, as its disengaged
state enables the binding of a peptide substrate. The conformation of the A-loop in this
state exposes pY 1230 to solvent, while pY1234 and pY 1235 stabilize it through a network
of interactions. Tri-phosphorylation of the A-loop does not seem critical for Met enzymatic
activity (Miller et al., 2001) as the non-phosphorylated tyrosine residues from the A-loop
also play a role in stabilizing the A-loop through interactions with neighboring residues.
However, several mutations within PRC (papillary renal carcinomas) contribute to
stabilizing the active conformation of the A-loop, with D1228N/H mutations being
particularly important (Bardelli et al., 1998). In addition, the crystal structure of Met kinase
suggests that phosphorylation of Y1194 might also contribute to the establishment of the
active conformation by contacting the pivot point of the C-terminal a-helix (Bolanos-Garcia,
2005) (Figure 1.6 a).

In the inhibited form, the ATP- and peptide-substrate-binding sites of the
unphosphorylated wild-type Met are obstructed by the A-loop (Miller et al., 2001) (Figure
1.6 b). The A-loop is stabilized by several interactions, including phosphorylation of
tyrosine residues, interactions with other protein domains, and interactions with the
peptide substrate.

The detailed understanding of the kinase domain's structure has provided valuable insight
for designing inhibitors. Various inhibitors have been developed to target the Met kinase,
such as SU11274, which differentially affects the kinase activity and subsequent signaling
of various mutant forms of Met (Berthou et al., 2004; Ma et al., 2005). The basis for the

sensitivity or resistance to SU11274 in terms of the position of these mutations has been
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discussed (Berthou et al., 2004; Zimmer et al., 2010). Additional mechanisms participate
in the regulation of the activity of the Met kinase domain, such as the binding of scaffolding
and adaptor proteins that modulate signal transduction (Gherardi et al., 2012; Organ &
Tsao, 2011). The development of new inhibitors has been facilitated by the detailed

understanding of the Met kinase domain structure and activation mechanisms.

1.4.4 Carboxy-terminus of the Met receptor

The activation of the Met receptor by HGF, which triggers the formation of homodimers is
considered to enable trans-phosphorylation of tyrosine residues within the carboxy
terminal tail of Met. This phosphorylation event creates a docking site for adaptor proteins,
which subsequently activate downstream signaling pathways (detailed in section 1.5).
Phosphorylation of tyrosine residues Y1349 and Y1356 in the C-terminal tail of Met allows
for the binding of intracellular signal transducers (Fixman et al., 1996; Fournier et al., 1996;
Ponzetto et al., 1993; Zhu, Naujokas, Fixman, et al., 1994), These transducers dock onto
the tyrosine phosphorylated sequence using SH2, MBD, and PTB domains.

SH2 domains are found in 121 proteins within the human proteome and are typically
composed of around 100 amino acid modules (Liu et al., 2012a). These domains contain
a positively charged binding pocket with an FLVR amino acid motif, including a critical
arginine residue that binds to the negatively charged phosphotyrosine on their interacting
proteins. The specificity of binding is usually determined by the residues +1 to +6
downstream from the phosphotyrosine, although non-canonical binding mechanisms
have also been reported (Kaneko et al., 2010; Liu et al., 2012b). For instance, Cbl can

recognize residues at both the carboxy and amino terminal of pTyr through two known
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motifs, (N/D)XpY(S/T)XXP and DpYR, which have been identified in Met RTK (P.

Peschard et al., 2004; Wagner et al., 2013) (Figure 1.7 a).

Figure 1.7 Structural differences of PTB and SH2 domain

(a) PDB: 1SHC Shc PTB domain complexed with a TrkA receptor phosphopeptide, (nmr,
minimized average structure).

(b) PDB: 1TZE Grb2 SH2 domain complexed with a pYVNV substrate. Electrostatic
potential surface of Shc and Grb2 is colored red and blue for negative and positive
charges, respectively, and white color represents neutral residues.

PTB domains, on the other hand, are structurally unrelated to SH2 domains and are found

in 60 proteins within the human proteome (Kaneko et al., 2012). These domains consist

of approximately 160 amino acid modules that can bind their substrates in a pTyr-

dependent or -independent manner to the NPxpY motif (Forman-Kay & Pawson, 1999).

In the pTyr-dependent mechanism, the binding pocket is basic and positively charged,

with key arginine and lysine residues that participate in hydrogen bonding with the

negatively charged phosphate group in pTyr. In the pTyr-independent binding, although
the tyrosine residue is required, the binding pocket is less basic and shallow, forming

hydrogen bonds with unphosphorylated tyrosine in the NPxY motif (Wagner et al., 2013)

(Figure 1.7 b).



In the inactive state, the non-phosphorylated residues Y'3*9VHV adopts an extended
conformation similar to phosphopeptides bound to typical SH2 domains (Schiering et al.,
2003) (Figure 1.7 a).

The residues N'33ATY forms a type | B-turn, similar to the structure found in Shc-PTB
domain-binding peptides (NPXY) (Bolanos-Garcia, 2005). NMR structure analysis of the
PTB domain of a Shc-peptide complex reveals a type | B-turn structure at the C-terminal
region of a B-strand (Trub et al., 1995). Although the conformation of this B-turn is
strikingly similar to Met N'%3ATY B-turn, docking the PTB domain with Met would be
predicted to result in clashes with the kinase C lobe, suggesting N'353ATY is unlikely to

be important for recruiting downstream effector proteins.
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Figure 1.8 Structural features of Met carboxy-terminal tail

(a) Lck kinase SH2 domain substrate pYEEI (brown) superimposed with Met-Y34°VHV
(green).

(b) Grb2 SH2 domain substrate pYVNV (brown) superimposed with Met-N"3%3ATY
(green).
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In contrast, the Grb2 SH2 domain binds specifically to the phosphorylated Y13%6VNV motif
and forms hydrogen bonds with the asparagine residue in the SH2 domain. The Y13%VNV
motif forms a type Il B-turn, which differs from the type | B-turn found in phosphopeptides
that bind to Grb2 (Schieri