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ABSTRACT

Receptor tyrosine kinases (RTK) are a family of cell surface receptors consisting of
55 members. RTKs regulate intracellular signaling pathways that control
fundamental cellular processes including differentiation, proliferation, and survival.
The functionality of RTKs is necessary for the development and homeostasis of
many tissues. In human pathologies, such as cancer, aberrant RTK signaling is a
common feature. Gamma-secretase-mediated regulated intramembrane proteolysis
is a proteolytic cleavage of RTKs in two sequential proteolytic events: a sheddase-
mediated ectodomain shedding followed by the release of a soluble intracellular
domain by a gamma-secretase cleavage.

The aims of my thesis were to characterize the gamma-secretase-mediated
cleavage of RTKs, with a focus on identifying the prevalence of cleavage among
RTKs and developing novel methods to identify signaling pathways associated with
the process. The results of this thesis indicate that at least half of the RTKs are
subjected to gamma-secretase cleavage. In total, 12 new gamma-secretase targets
were identified. Many of the identified new gamma-secretase target RTKs, for
example AXL and TYRO3, presented cleavage-dependent effect on cell growth. My
research also demonstrated that the signaling of TYRO3 full-length receptor and
soluble intracellular domain of TYRO3 is different as observed with our novel
systems biology methods.

Together, these findings represent for a first time an approach to determine the
prevalence of gamma-secretase cleavage among RTKs. Moreover, this study
presents novel methods and tools for identifying still largely unknown RTK cleavage
associated signaling pathways. The RTK processing via proteolytical cleavage has
indications for the functionality of RTKs in both normal tissues and cancer. The
results of this thesis can provide new insights into the regulation of the functions of
RTKs and can be used to develop new strategies to treat cancers.

KEYWORDS: receptor tyrosine kinase, RTK, gamma-secretase, regulated
intramembrane proteolysis, intracellular kinase domain, shedding, proteomics
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TIVISTELMA

Ihmisen genomi siséltdd 55 reseptorityrosiinikinaasia (RTK). RTK:t ovat solu-
kalvolla sijaitsevia signalointiproteiineja. RTK:t signaloivat solunsisdisten signa-
lointireittien vélitykselld ja sditelevdt elintdrkeitd solutapahtumia, kuten solujen
lisdéntymistd, erilaistumista ja selviytymistd. RTK ovat tirkeitd monien kudosten
kehittymisessd, ja niiden epidnormaalia toimintaa on todettu monissa sairauksissa,
kuten sydvissd. Gamma-sekretaasivilitteinen sdddelty solukalvonsisdinen
proteolyysi on mekanismi, jolla RTK:t katkaistaan proteolyyttisesti. Tdma on
kaksivaiheinen tapahtuma. RTK:n solunulkoinen domeeni katkaistaan ensin
ADAM-nimisten proteiinien toimesta ja titd seuraa gamma-sekretaasin tekema
solukalvon sisdisen osan irrottaminen solukalvolta.

Tamén véitoskirjan tavoitteena oli karakterisoida RTK:iden gamma-sekretaasi-
katkeamista. RTK:iden katkeamisen yleisyyden selvittiminen, sekd menetelmien
kehitys, joilla paremmin pystytddn tunnistamaan RTK:iden katkeamiseen liittyvaa
signalointia, olivat tarkemman tutkimuksen kohteena. Selvitimme, etti puolet
ihmisen RTK:ista on kohteena gamma-sekretaasi-vilitteiselle katkaisulle ja
tunnistimme yhteensa 12 uutta kohdetta. TYRO3 ja AXL RTK:iden kohdalla solujen
kasvun lisddntyminen liittyi ndiden RTK:iden katkeamiseen. Liséksi viitoskirja-
tutkimuksessani pystyimme osoittamaan, ettd TYRO3 RTK:n katkeamisesta
muodostuvan liukoisen osan aikaansaama signalointi eroaa merkittavasti kokopitkén
TYRO3:n aikaansaamasta signaloinnista.

Tutkimuksessa tehdyt havainnot osoittavat, ettdi RTK:iden katkeaminen on
yleistd ja uudenlaiset analysointimenetelmit auttavat aikaisempaa paremmin
tunnistamaan uusia signalointireittejd katkeaville RTK:ille. Tutkimuksen tulokset
RTK:iden katkeamisesta sekd sen signaloinnista laajentavat ymmarrystimme
RTK:iden signaloinnista ja tulosten antamaa tietoa voidaan kayttdd uusien
syopdhoitojen kehittimisessa.

AVAINSANAT: reseptorityrosiinikinaasi, RTK, gamma-sekretaasi, sdddelty solu-
kalvonsisdinen proteolyysi, solunsisdinen kinaasidomeeni, proteomiikka.
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1 Introduction

Receptor tyrosine kinases (RTK) are cell surface receptors that mediate extracellular
signals into activation of a range of intracellular signaling pathways regulating
central cellular processes such as differentiation, proliferation, and survival. RTKs
have essential roles in embryonic development and maintaining the homeostasis of
adult tissues. In human pathologies, including cancer, aberrant RTK signaling is a
common feature.

TYRO3, AXL and MER (TAM) are a subfamily of RTKs that are generally
expressed in immune, hematopoietic, reproductive and nerve cells. They mediate
phagocytosis of apoptotic cells and viruses and have a role in termination of
inflammation. In contrast to many other RTKs, TAMs are not essential for
embryonic development but are specialized in maintaining homeostasis in adult
tissues that are subject to continuous renewal. Additionally, TAM RTKs regulate the
innate immune system, dampening inflammatory responses to prevent chronic
inflammation and  autoimmunity. Gamma-secretase-mediated  regulated
intramembrane proteolysis (RIP) is a process where RTKs are cleaved in two
sequential proteolytical cleavage events: a sheddase-mediated ectodomain shedding
followed by the release of soluble intracellular domain by a gamma-secretase
cleavage.

Although many aspects of RTK signaling have been extensively studied, the role
of gamma-secretase-mediated RIP in RTK signaling is largely unexplored. The focus
of this study was to characterize the prevalence of gamma-secretase cleavage in
RTKs as well as cellular signaling generated from TYRO3 cleavage.

13



2 Review of the Literature

2.1 Receptor tyrosine kinases

Receptor tyrosine kinases (RTK) are cell surface receptors that mediate extracellular
growth factor signals from outside of the cell to inside of the cell via
phosphorylation-dependent signaling cascades. The phosphorylation of proteins is a
post-translational modification that is mediated by protein kinases. Protein kinases
catalyze the transfer of a y-phosphate group from adenosine triphosphate (ATP) to
specific amino acid residues of the receiver protein (Figure 1). Amino acids that are
phosphorylated include tyrosine, serine, and threonine residues. In the human
genome, 55 RTKs are found, which are divided into 19 subfamilies (Figure 2)
(Wheeler and Yarden, 2015).

211 RTK structure and activation

All human RTKs share a roughly similar structure (Figure 1). The N-terminal
extracellular domain contains the ligand binding site and is connected to a single
pass transmembrane domain anchoring RTKs to the cell membrane. The
transmembrane domain in turn is connected to a tyrosine kinase activity containing
intracellular domain (ICD), including the activation loop and regulatory element
(Lemmon and Schlessinger, 2010).
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Figure 1. Common signaling pathways activated by RTKs. RTKs are activated by ligand binding
followed by receptor dimerization and kinase domain activation. ADP, adenosine
diphosphate; ATP, adenosine triphosphate; DAG, diacylglycerol; GRB2, growth factor
receptor-bound protein 2; IP3, inositol trisphosphate; JAK, Janus kinase; P,
phosphorylated amino acid residue; PI3K, phosphatidylinositol 3-kinase; PIP2,
phosphatidylinositol-2-phosphate;  PIP3, phosphatidylinositol-3-phosphate; PLC,
phospholipase C; SOS, son of sevenless; STAT, signal transducer and activator of
transcription.

RTKs mediate signals that control cell differentiation, proliferation, survival, and
migration among other cellular processes. Signaling of RTKs is initiated by
activation of the intracellular kinase domains of the RTKs by binding of extracellular
ligands to RTKs. This induces receptor dimerization. Following the dimerization,
the activation loop is either autophosphorylated or phosphorylated by the
dimerization partner (Hubbard and Till, 2000). This leads to the phosphorylation of
C-terminal tails of RTKs and to the activation of intracellular signaling pathways.
Known ligands for RTKSs are listed in the Figure 2.
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Figure 2. Human RTKs. Top: Known ligands for receptor tyrosine kinases. Middle: Schematic

21.2

structures of RTKs. Bottom: Names of RTKs. Targets for approved cancer drugs are
marked with red. Data have been collected from GeneCa database (FICAN West, 2020)
and from a book edited by Wheeler and Yarden 2015. ALKAL, ALK and LTK ligand; ANG,
angiopoietin; AREG, amphiregulin; ARTN, artemin; BDNF, brain derived neurotrophic
factor; BTC, betaregulin; CSF, colony stimulating factor; GAS, growth arrest specific;
EGF, epidermal growth factor; EPG, epigen; EREG, epiregulin; FGF, fibroblast growth
factor; GNDF, glial cell derived neurotrophic factor; FLT3LG, FLT3 ligand; HB-EGF,
heparin-binding EGF-like growth factor; HGF, hepatocyte growth factor; IGF, insulin like
growth factor; IL, interleukin; KITLG, KIT ligand; LRP, LDL receptor related protein; MST,
macrophage stimulating; NGF, nerve growth factor; NRG, neuregulin; NRTN, neurturin;
NTF, neurotrophin; PDGF, platelet derived growth factor; PGF, placental growth factor;
PSPN, persephin; VEGF, vascular endothelial growth factor; WNT, wingless-type MMTV
integration site.

RTK signaling pathways

The activation of intracellular, RTK associated, signaling pathways is mediated
through the binding of phosphotyrosine-binding (PTB) or Src-homology 2 (SH2)
domain containing downstream signaling proteins to the phosphorylated docking
sites at the RTK ICDs (Blume-Jensen and Hunter, 2001). Janus kinase/signal
transducer and activator of transcription (JAK/STAT) pathway, mitogen-activated
protein kinase (MAPK) pathway, phosphatidylinositol 3-kinase (PI3K)/AKT
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pathway and phospholipase C gamma (PLC-y) pathway are the main signaling
pathways that RTKs activate (Figure 1).

STAT signaling pathway can be activated by directly activating STATSs or by
JAK phosphorylation (Blume-Jensen and Hunter, 2001). Phosphorylation activates
STATs leading to their dimerization, nuclear translocation, and activity as
transcription factors. MAPK pathway is activated by the recruitment of multiple
growth factor receptor-bound protein 2 (GRB2) molecules. This leads to activation
of RAS by son of sevenless (SOS) (Lemmon and Schlessinger, 2010). PI3K pathway
is activated by binding PI3K via its SH2 domains to RTKSs. This induces the
conversion of phosphatidylinositol-2-phosphate (PIP2) into phosphatidylinositol-3-
phosphate (PIP3) (Blume-Jensen and Hunter, 2001). Furthermore, PI3K can be
activated directly by RAS binding to PI3K (Blume-Jensen and Hunter, 2001).
Following PIP3 formation, AKT is recruited to cell membrane together with its
activator kinase PDK1 leading to AKT activation by phosphorylation (Blume-Jensen
and Hunter, 2001). The PLC-y pathway is activated by RTKs phosphorylating PLC-
v and activated PLC-y converts PIP2 into inositol trisphosphate (IP3) and
diacylglycerol (DAG) (Rhee, 2001; Lemmon and Schlessinger, 2010).

213 RTKs as drug targets

The activity of RTKSs is normally tightly controlled in their physiological roles
governing embryonic development and maintaining adult tissue homeostasis.
Aberrant signaling of RTKs is often observed in carcinogenesis. Cancer cells can
become addicted to specific activating alterations in the sequence of RTKs or in RTK
copy mumber (Du and Lovly, 2018). The defective down-regulation of RTK
signaling can also participate in the altered RTK signaling (Bache et al., 2004).
Hence, multiple cancer drugs that specifically inhibit RTK signaling have been
developed and introduced to clinical use (Carvalho et al., 2016; Roskoski, 2019,
2020).

RTKSs that currently have approved cancer-treatment drugs against them are
shown in red in Figure 2. The drugs are divided in two major classes: Monoclonal
antibodies that prevent the binding of ligands, block the dimerization of RTKs,
promote endocytosis and degradation or enhance immunological mechanisms that
depend on antibodies, and tyrosine kinase inhibitors that prevent kinase-dependent
signaling by competing with ATP in binding to the kinase domain of the RTKs
(Zwick et al., 2002; Fauvel and Yasri, 2014; Roskoski, 2019, 2020).

The approved cancer-treatment drugs against RTKs have proven to be rather
effective but development of resistance is quite often observed in patients (Yamaoka
et al., 2018). Additionally, side effects from these drugs occur in most patients with
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symptoms from mild to severe and up to a potentially life threatening (Hansel ez al.,
2010; Vogel et. al., 2016, Yamaoka et al., 2018).

The resistance against the treatments can occur through the acquired genomic
mutations that enable bypassing target inhibition through defective binding of the
drugs, for example. Additionally, downstream effectors in the same signaling
pathway or alternative survival pathways can be activated that will also lead to
resistance against treatments (Fauvel and Yasri, 2014; Boumahdi and de Sauvage,
2020). These mechanisms of resistance emerge either because of the selection of rare
pre-existing genetic alterations upon drug treatment or through the acquisition of
additional mutations during treatment.

In addition to these genetic mechanisms of drug resistance, non-mutational
mechanisms in the emergence of resistance have been observed (Ramirez et al.,
2016, Luskin et al., 2018, Boumahdi and de Sauvage, 2020). Even with the most
effective cancer therapies that lead complete response, small populations of cancer
cells often survive (Sharma ef al., 2010, Kurppa ef al., 2020). These drug-tolerant
cells can be the drivers of cancer relapse if treatment is discontinued, for example
due to severe adverse effects. These residual cells are also proposed to act as a
reservoir of slow-cycling cells that may eventually acquire genetic mutations that
lead to drug resistance (Ramirez et al., 2016; Luskin ef al., 2018; Boumahdi and de
Sauvage, 2020).

2.2 TYRO3, AXL, MER family of RTKs

TYRO3, AXL, and MER (TAM) receptors are a subfamily of RTKs. TAMs were
among the last RTKSs to be identified (Lai and Lemke, 1991; O’Bryan et al., 1991;
Graham et al., 1994; Lai et al., 1994). TAM receptors are transmembrane type I
protein glycoproteins and share a common structure with other RTKs. The
extracellular domain is constructed of two immunoglobulin-like (Ig-like) domains
and two fibronectin type III domains (Figure 3). The extracellular domain mediates
receptor activation through ligand binding to the Ig-like domains and subsequent
receptor dimerization (O’Bryan et al., 1991; Graham et al., 1994; Lai et al., 1994;
Heiring et al., 2004; Sasaki et al., 2006; Lemke and Rothlin, 2008; Allen et al., 2010;
Lew et al., 2014). The transmembrane domain anchors TAM receptors to the cell
membrane and the intracellular domain contains the tyrosine kinase activity. During
the evolution of kinases, TAM RTKs appeared among the last RTKs (Manning et
al., 2002). For example, no TAM representatives are found in Drosophila or C.
Elegans.

TAM RTKs are expressed in immune, hematopoietic, reproductive and nerve
cells. They mediate phagocytosis of apoptotic cells and viruses and have a role in
termination of inflammation (Lemke, 2013). In contrast to other RTKs, TAM RTKs
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are not essential for embryonic development. TAMs are specialized in maintaining
homeostasis in adult tissues that are subject to continuous renewal. The knockout
mice of all three TAM RTKs are viable but demonstrate severe autoimmunity and
chronic inflammation reflecting the loss of TAM activity in tissues that are subject
to regular challenge and renewal. The reason for severe autoimmunity and chronic
inflammation has been attributed in part to impaired function of natural killer and
dendritic cells (Lu et al., 1999; Lu and Lemke, 2001; Rothlin et al., 2007; Ji et al.,
2013).

2.21 Ligands of TAM RTKs

TAM receptors have a unique mechanism of activation. Growth arrest-specific
protein 6 (GAS6) and protein S (Figure 3), the two TAM ligands, have two structural
features important for their activities (Manfioletti ez al., 1993; Stitt et al., 1995; Mark
et al., 1996). The C-terminus of these two ligands is constructed of a sex hormone
binding globulin (SHBG) domain that mediates the binding of ligand to TAM RTK
immunoglobulin-like (Ig) domains. This binding induces the dimerization of
receptor and the activation kinase domain (Nyberg et al., 1997; Tanabe et al., 1997;
Evenas et al., 2000; Sasaki et al., 2002, 2006). The N-terminus harbors the gamma-
carboxyglutamic (Gla) domain that is rich in glutamic acid residues that are gamma-
carboxylated in a vitamin K-dependent reaction (Huang et al., 2003; Li et al., 2004).
Gamma-carboxylation is required for Gla domains to be able to bind to
phosphatidylserine in a Ca?’-dependent manner. Phosphatidylserine is normally
confined to the cytosol facing side of the plasma membrane. However, in apoptotic
cells, as well as in platelets, phosphatidylserine is displayed on the extracellular face
of the plasma membrane (Van Meer et al., 2008; Suzuki et al., 2013; Segawa et al.,
2014). Interaction with phosphatidylserines by Gla domains is crucial for GAS6 and
Protein S in activation of TAM RTKs. Phosphatidylserine on the plasma membrane
is also recognized by phagocytes (Ravichandran, 2010).

GAS6 and Protein S dimerization is required for binding to TAM receptors.
GAS6 can function as a ligand for all three TAM RTKSs (Figure 4) (Ohashi et al.,
1995; Stitt et al., 1995; Mark et al., 1996, Nagata et al., 1996). Of the three TAM
RTKSs, AXL activation is solely dependent on GAS6 as AXL does not bind and is
not activated by Protein S (Lew et al., 2014; Tsou et al., 2014). In addition to binding
to GAS6, full AXL activation requires binding of GAS6 to exposed
phosphatidylserine via Gla domain and presence of extracellular Ca**, which is
required for proper interaction between the Gla domain and phosphatidylserine (Lew
et al., 2014). In contrast, without a Gla domain, the activation of TYRO3 and MER
by GAS6 is notably weakened while it does not activate AXL at all (Lew et al.,
2014).
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Figure 3. General structures of TAM receptors and their ligands. GAS6 and Protein S bind to
immunoglobulin (Ig) domains of TAM RTKs via C-terminal Sex hormone-binding
globulin (SHBG) domains. This induces TAM RTK dimerization and activate tyrosine
kinases. N-terminal gamma-carboxyglutamic (GLA) domains of dimeric ligands that are
gamma-carboxylated by a vitamin-K-dependent reaction, bind to phospholipid
phosphatidylserine. Phosphatidylserine is expressed on the surface of apoptotic cells.
Phosphatidylserine is normally confined to the inner side of the membrane. (Modified
from Lemke and Rothlin 2008). EGF, epidermal growth factor; FNIII, fibronectin type IlI;
GASBG, growth arrest specific; TAM, TYRO3, AXL, MER.

Protein S is a selective TAM RTK ligand. It binds and activates TYRO3 and
MER but not AXL (Figure 4) (Stitt et al., 1995; Prasad et al., 2006; Lemke and
Rothlin, 2008; Uehara and Shacter, 2008; Zhong et al., 2010; Lew et al., 2014; Tsou
et al., 2014). The selectivity of Protein S for TYRO3 and MER over AXL has been
observed to be due to the differences in the TYRO3 and MER N-terminal Ig-like
domains compared to the Ig-like domains of AXL (Lew ef al., 2014).
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Figure 4. Ligand-mediated activation of TAM receptors. All three TAM RTKs are activated by
GAS6. Protein S activates Tyro3 and Mer but not Axl. Simultaneous presence of
phosphatidylserine and calcium ions (Ca?*) is required for full activation of any of TAM
RTKs by GAS 6 or Protein S. Phosphatidylserine binds to the Gla domain of the ligands.
Gla-less GAS6 does not activate AXL while TYRO3 and MER are partially activated.
GAS6 can bind to two different domains on distinct AXL molecules, thus resulting in
receptor homodimerization and almost complete activation. In TYRO3 and MER, GAS6
can only bind to one GAS6-binding domain. Full TYRO3 and MER receptor activation is
achieved by increasing local concentrations of TYRO3 and MER by the presence of
phosphatidylserine-presenting membrane. (Adapted from Lew et al. 2014) Gla, gamma-
carboxyglutamic.

222 Signaling of TAM receptors

The signaling pathways associated with TAM RTKs are outlined in Figure 5. The
activation and phosphorylation of TAM kinase domains, in majority of cases, leads
to activation of PI3K/AKT, Phospholipase C, or MAPK downstream signaling
pathways (Figure 5) (Ling et al., 1996; Braunger et al., 1997; Goruppi et al., 1997;
Wen et al., 2001; Son et al., 2007; Tibrewal et al., 2008; Weinger et al., 2008;
Keating et al., 2010; Lijnen et al., 2011; Ou et al., 2011). The majority of PI3K
signaling is mediated through a Grb2 binding site in C-terminal tail of TAM
receptors that is autophosphorylated and bound by SH2 domain of Grb2. In contrast,
in the sentinel cells of the immune system such as macrophages and dendritic cells,
TAM RTK crosstalk with cytokine receptors, like type I interferon receptor, results
in preferential activation of JAK/STAT signaling pathway over the activation of
PI3K pathway (Zong et al., 1996; Rothlin et al., 2007; Lemke and Rothlin, 2008).
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Figure 5. Signaling pathways associated with TAM RTKs in normal and cancer cells. Examples of
these pathways are described in the text (Modified from Graham et al., 2014). ACK1,
activated Cdc42 kinase 1; ATF1, activating transcription factor 1; BAD, BCL-2-
associated agonist of cell death; CREB, cAMP-responsive element-binding protein;
EGFR, epidermal growth factor receptor; EMT, epithelial-to-mesenchymal transition;
FAK1, focal adhesion kinase 1; FLT3, FMS-like tyrosine kinase 3; JAK, Janus kinase;
MCL1, myeloid cell leukemia 1; MITF, microphthalmia-associated transcription factor;
MMP9, matrix metalloproteinase 9; NF-kB, nuclear factor-kB; PUMA, p53 upregulated
modulator of apoptosis; STAT, signal transducer and activator of transcription; WWOX,
WW domain-containing oxidoreductase.

Many of the additional TAM signaling pathways are selectively associated with
specific TAMs instead of all TAMs. These include the activation of AXL to regulate
the epithelial-mesenchymal transition (EMT), TYRO3 signaling through MITF to
bypass senescence in primary melanocytes, and a proposed mechanism to mediate
survival signals in cancers cells through activated MER and Cdc42-associated kinase
1 (ACK1), among others (Mahajan et al., 2005; Linger et al., 2008; Zhu et al., 2009;
Vuoriluoto et al., 2011; Graham et al., 2014).

The differential activation of separate signaling pathways is thought to be
important for differential activation of separate TAM RTK-mediated biological
functions. Depending on the context, TAM RTKSs can activate various signaling
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pathways that regulate cell survival, differentiation, proliferation, and inhibition of
pro-inflammatory responses of the immune system. Examples of TAM signaling
associated with cancer are discussed in section 2.2.3.1

2.2.3 TAM RTKs in cancer

TAM RTKs have been observed to be overexpressed in various types of cancer
(Graham et al., 2014; Burstyn-Cohen and Maimon, 2019) For example, TAM
overexpression has been observed in leukemias, gliomas, colorectal cancer, breast
cancer, gastrointestinal stromal tumors, melanoma, thyroid cancer, pancreatic
cancer, and prostate cancer (Graham et al., 1994, 2006; Craven et al., 1995; Berclaz
etal.,2001; Wu et al., 2004; Sainaghi ef al., 2005; Mahadevan et al., 2007; Hong et
al., 2008; Hutterer et al., 2008; Zhu et al., 2009; Koorstra ef al., 2009; Gjerdrum et
al., 2010; Keating et al., 2010; Avilla et al., 2011; Song et al., 2011). While TAMs
are overexpressed, they are relatively rarely amplified or mutated in cancers. Hence
TAM receptors are not viewed as classical oncogenes that would initiate cancer and
drive cellular proliferation. TAM RTKs rather seem to have a role in cancer cell
maintenance. They may for example prevent apoptosis of cancer cells due to
environmental stresses arising within tumors (Lee-Sherick ef al., 2013; Linger et al.,
2013). It can be implicated that tumors become addicted to TAM receptors and
cannot survive without them.

2.2.3.1 Cancer cell-associated cellular functions

Cellular functions associated with TAM RTKSs in cancer cells include cell survival,
invasion, migration, proliferation, and resistance to treatment (Graham et al., 2014;
Nguyen et al., 2014). For example, in melanoma at least one of the TAM receptors is
usually overactive (Tworkoski et al., 2011) and in metastatic melanoma patients TAM
RTK expression associates with poor prognosis (Zhu et al., 2009; Schlegel et al., 2013;
Miiller et al., 2014). The general role of TAM RTKs is to mediate survival of
melanoma cells (Zhu et al., 2009; Tworkoski et al., 2013; Miller et al., 2016) but
specific phenotypes, exhibited by melanoma cells, are associated with different TAM
receptors. The invasive and migratory melanoma cell type has been associated with
AXL signaling most likely through STAT3 (Tworkoski et al., 2011), while TYRO3
and MER signaling via PI3K/AKT pathway results in a proliferative melanoma cell
phenotype (Zhu et al., 2009; Demarest ef al., 2013; Tworkoski et al., 2013).

In contrast, in lung cancer cells it has been indicated that AXL promotes a
proliferative phenotype while the cell migratory phenotype is governed by MER
(Linger et al., 2013). Furthermore, AXL expression in breast cancer, renal cell
carcinoma (kidney cancer) and pancreatic cancer associates particularly with the
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metastasis of tumor than with the growth of the primary tumor (Gjerdrum et al.,
2010; Song et al., 2011; Rankin et al., 2014). Generally, TAM RTKs stimulate
MEK/ERK, PI3K/AKT, JAK/STAT, p38, NF-kB and FAK/RAC pathways (Figure
5) (Graham et al., 2014; Nguyen et al., 2014).

2.2.3.2 Modification of the immune response to an immunosuppressive
form

The interaction between tumor cells and host cells in the tumor microenvironment has
an effect on tumor growth and metastasis (Quail and Joyce, 2013). Especially, the host
immune cells are known to interact with tumor and influence tumor growth. In addition
to promoting tumor progression directly in cancer cells, TAM RTKs can indirectly
promote tumor progression by inhibiting the anti-tumoral effects of the immune cells.
The expression of TAM receptors in immune cells can lead to modification of the
tumor microenvironment to be immunosuppressive leading to immune evasion of
cancer cells by both TAM receptor and cell type -specific mechanisms (Graham et al.,
2014; Paolino and Penninger, 2016). Generally, MER expression has been associated
with macrophage-mediated functions while TYRO3 and AXL expression is associated
with antigen presenting dendritic cells (Seitz et al., 2007). Additionally, cancer cells
have been observed to be less immunogenic when they are expressing TAM RTKs,
the reason likely being that they are more capable of efferocytosis, a cellular process
that leads to destruction of antigens that would normally trigger immune responses
(Nguyen et al., 2014; Kasikara et al., 2017).

An example of an immune-modulatory function of TAM RTKs is the
upregulation of immune checkpoint molecules, such as programmed death ligands
(PD-L), that leads to evasion from immune response (Kasikara et al., 2017; Skinner
et al., 2017; Lee-Sherick et al., 2018; Tsukita et al., 2019). The TAM-mediated
upregulation of PD-L expression has been observed in leukemia, lung
adenocarcinoma and head and neck carcinoma and regulates T cells and CD11b+
monocytes/macrophages contributing to immunosuppressive tumor
microenvironment (Skinner et al., 2017; Lee-Sherick et al., 2018; Tsukita et al.,
2019). The suppression of T cells has been indicated to be additionally regulated by
TAM receptors through immunosuppressive myeloid derived suppressor cells
(MDSC) (Holtzhausen et al., 2019).

The activity of MER within the immune cells of the tumor microenvironment is
proposed to quench the activity of the immune cells and generate a tumor-supportive
environment (Cook ef al., 2013). In contrast, AXL and MER activity in CD11b+
lamina propria macrophages is reported to lead to decreased inflammation in lamina
propria and inhibition of colorectal cancer progression in an in vivo mouse model
(Bosurgi et al., 2013). All TAM receptors have been observed to be required for anti-
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metastatic activity manifested by natural killer cells (Paolino et al., 2014). The
activity of natural killer cells is suppressed by TAM expression in tumors by
signaling through Cbl-b, which can be abolished by inhibition of TAM or Cbl-b in
in vivo mouse models (Paolino et al., 2014).

The examples of opposing outcomes of TAM RTKs illustrate the complexity of
TAM signaling in different cancer models. Partnering with different signaling
molecules can in part explain the divergent outcomes in cancers. Other possible
reasons could be the diverse impact the immune cells have on various cancer models
or distinct ligand-receptor interactions and differential TAM expression.

2.2.3.3 The role of TAM ligands

Ligand activation of TAM RTKs has been observed in tumor cells in multiple studies.
GASG6 and Protein S have been observed to be expressed in cancer cells, which can
lead to autocrine activation of receptors and promote oncogenic properties (Sun et al.,
2003, 2004; Hutterer et al., 2008; Che Mat et al., 2016; Abboud-Jarrous et al., 2017,
Sadahiro et al., 2018; Wu et al., 2018). Another source for ligand-mediated TAM
activation in cancer cells are the immune cells, such as tumor-infiltrating leucocytes
(Loges et al., 2010). Interestingly AXL expression levels have been observed to be
upregulated by Protein S, leading to increased proliferation and migration of cancer
cells, although AXL has not been observed to be activated by this ligand (Lew ef al.,
2014; Tsou et al., 2014; Abboud-Jarrous et al., 2017). The mechanism of this Protein
S -mediated regulation of AXL expression is still unknown.

Besides activating the TAM RTKSs of cancer cells, GAS6 and Protein S can have
an effect on the immune suppressive nature of the tumor microenvironment. For
example, TYRO3 and MER have been observed to promote polarization of host
macrophages towards anti-inflammatory M2-phenotype that is induced by secretion
of Protein S by melanoma cells (Ubil et al., 2018; Myers et al., 2019). In contrast,
the activation of human CD8+ T cells results in upregulation of Protein S and MER
expression in these cells and results in induction of T cell proliferation and activation
of cytotoxicity (Peeters et al., 2019). This phenomenon has been shown to lead to
expansion of tumor infiltrating lymphocytes and an anti-tumor effect. This T cell
activation is reduced in the context of high TAM expression in tumor cells that
results in high consumption of Protein S (Peeters ef al., 2019).

In addition to GAS6 and Protein S, phosphatidylserine in tumor
microenvironments can enhance the tumor-supportive environment. As tumors often
exhibit multiple apoptosis-inducing conditions such as hypoxia, and chemotherapeutic
stress, apoptotic cells are abundant within tumors. These cells contribute to high levels
of phosphatidylserine and increased inflammatory tumor microenvironment (Ran et
al., 2002; Kasikara et al., 2017). The combined effect of TAM ligands and the
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phosphatidylserine can lead to full autocrine and paracrine activation of TAM RTKs
in tumor cells. This can result in increased aggressiveness of the tumor due to observed
effects that TAM RTKSs mediate in cancer cells (Hutterer ef al., 2008; Graham et al.,
2014). It can be speculated that phosphatidylserine enhanced TAM receptor activation
supports the survival of cancer cells that express TAM RTKs. This results in selection
of these TAM expressing cells with promoted oncogenic properties. Therefore, it is
likely that the ligand/phosphatidylserine-mediated TAM receptor signaling in tumors
can provide a mechanism to connect apoptosis with cell proliferation leading to more
aggressive form of cancer.

2.2.34 TAM RTKs as cancer drug targets

In cancer, the dual role of TAMs makes these RTKSs interesting targets for treatment.
For example, metastatic melanoma is treated by kinase inhibition of the overly active
RAS/RAF/MEK pathway, in cases with mutations in BRAF or NRAS, or immune
checkpoint inhibition by antibodies. Rapidly developing resistance against the kinase
inhibitors of BRAF and MEK is regularly observed, even when BRAF and MEK
inhibitors are used as combination (Miller et al., 2016). Immune checkpoint
inhibitors such as CTLA-4, PD-1 and PD-L1 antibodies, although approved for
clinical use, manifest toxicity, and lack of response in some patients (Boutros et al.,
2016; Botticelli et al., 2017). The pharmacological inhibition of TAM receptors
could combine the advantages of both treatments on one by removing the
immunosuppressive characteristics of TAM expressing immune cells and inhibit the
pro-tumorigenic effects manifested by TAM expression on the tumor cells. On the
same time the inhibition of TAM RTKs could possibly reduce the adverse effects
associated with current treatments. Indeed, it has been shown in multiple preclinical
cancer models that TAM inhibition inhibits tumor growth both by a direct effect on
cancer cells, as well as by releasing the suppressing effect of the innate immune cells
on the attack of adaptive immune cells against cancer cells (Holtzhausen et al., 2019;
Myers et al., 2019). Additionally in the in vivo mouse models, pharmacological
inhibition of TAM receptors has been shown to be beneficial when combined with
both current treatments: the kinase inhibitors or immunotherapies, such as anti-PD-
1 antibodies (Miller et al., 2016; Holtzhausen et al., 2019; Kasikara et al., 2019;
Yokoyama et al., 2019).

2.3 Regulated intramembrane proteolysis by
gamma-secretase

Besides the canonical signaling executed by RTKs through signaling pathways,
fragments of RTKs are detected in the cellular compartments like mitochondria and
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Figure 6. Ectodomain shedding of RTKs. The cleavage at the extracellular juxtamembrane domain
results in the release of the ectodomains of RTKs. ADAM10 or ADAM17 are sheddases
that mediate the cleavage. The exposure of phosphatidylserine on the cell surface can
result from the activation of RTKs by ligands. This results in a conformational change in
ADAM17 that facilitates the access to the cleavage site in RTKs. (Adapted from Merilahti
and Elenius 2019). ADAM, a disintegrin and metalloproteinase; RTK, receptor tyrosine
kinase.

nucleus. These fragments of RTKSs can be produced by proteolytic cleavage resulting
in the release of the fragments from the membrane. These soluble ICDs of RTKs can
be generated from full-length membrane receptors by two sequential proteolytical
cleavages. This process is called gamma-secretase-mediated regulated intramembrane
proteolysis (RIP) (Brown ef al., 2000). RIP best known for its role in the cleavage of
amyloid B-protein precursor (APP) in Alzheimer’s disease, and the dependency of
Notch signaling on the cleavage of Notch (De Strooper et al., 1998, 1999; Wolfe, 2020).
The cleavage of Notch is followed by the translocation of Notch ICD to nucleus to
activate transcription factors that express genes critical to development of all metazoans
and to the maintenance of adult tissues homeostasis (Kopan and Ilagan, 2009).

The cleavage of the extracellular domain of RTKs and its release into
extracellular space, is the first step in RIP. Alpha-secretases, such as matrix
metalloproteinases, beta-secretases and the disintegrin and metalloproteinase
(ADAM) family of proteases are proteases responsible for shedding of the
ectodomain. This proteolytic cleavage takes place near the cell membrane in the
extracellular juxtamembrane domain of the RTK (Figure 6). Secondary cleavage
event follows the ectodomain shedding. Gamma-secretase complex cleaves RTKs at
the transmembrane domain and results in the release of an ICD fragment from the
membrane (Figure 7).
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Figure 7. Gamma-secretase-mediated cleavage of RTKs. Gamma-secretase complex gains
access to the RTK after the shedding of the ectodomain. Conformational changes are
induced in the subunits of gamma-secretase following the binding of the RTK to the
gamma-secretase complex. This results in translocation of substrate to the active site
of gamma-secretase. Soluble ICD is released into the cytoplasm following the cleavage
of the RTK substrate at the transmembrane domain (Adapted from Merilahti and
Elenius 2019). RTK, receptor tyrosine kinase.

2.31 The family of ADAM proteases

In humans a disintegrin and metalloproteinase (ADAM) family of membrane
proteases consists of 22 members with 12 having proteolytical activity (Weber and
Saftig, 2012; Lichtenthaler et al., 2018). ADAMI10 and ADAM17 are the principal
ADAM sheddases in humans. They cleave multiple substrates with diverse
functions. In contrast, other ADAMs have more limited substrate repertoire and are
less well studied (Reiss and Saftig, 2009; Dreymueller et al., 2015).

The ADAM protease family has a general conserved domain structure and
ADAMI10 and ADAM17 share a most related structure (Figure 8 A). The N-terminal
domain is followed by a metalloproteinase domain containing the active site. The
disintegrin-like domain and the membrane proximal domain (MPD) are located
before a short stalk region and the transmembrane domain (Maskos et al., 1998;
Disterhoft et al., 2013; Seegar et al., 2017). In ADAM 17 the stalk region contains
a conserved motif (CANDIS; conserved adam seventeen dynamic interaction
sequence), which has a role in the regulation of ADAM17 activity (Diisterhoft et al.,
2014). The C-terminus contains the phosphorylation sites. In other ADAMs, MPD
is replaced by a cysteine rich domain and an EGF-like domain.
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Figure 8. Schematic presentation of A) ADAM17 and B) gamma-secretase complex. CANDIS,
conserved adam seventeen dynamic interaction sequence; MPD, membrane proximal
domain; APH-1, anterior pharynx defective-1; PEN-2, presenilin enchancer-2; CTF, C-
terminal fragment; NTF, N-terminal fragment.

2.3.2 Gamma-secretase complex

Presenilin, nicastrin, anterior pharynx defective-1 (APH-1) and presenilin
enchancer-2 (PEN-2), generate the functional gamma-secretase complex (De
Strooper, 2003). Presenilin is proteolytically cleaved to N- and C- terminal fragments
to achieve a catalytically active gamma-secretase (Figure 8B). Two isoforms for
presenilin and three for APH-1 are found in human proteome resulting in multiple
combinations for gamma-secretase complex (De Strooper, 2003).

Nicastrin is responsible for binding to substrates in their free N-termini. It acts
as a size limiting step excluding substrates with too large N-termini (Bai et al., 2015;
Sun et al., 2015; Bolduc et al., 2016; Fukumori and Steiner, 2016). The requirement
for the prior ectodomain cleavage by sheddases is explained by this interaction
between nicastrin and gamma-secretase substrate that controls the correct binding of
gamma-secretase on substrates.

Presenilin is responsible for enzymatic activity of gamma-secretase. It cleaves
type I transmembrane proteins as substrates (Merilahti and Elenius, 2019; Giiner and
Lichtenthaler, 2020). During the substrate binding step and during the cleavage,
substantial conformational changes have been observed in gamma-secretase
complex (Fukumori and Steiner, 2016). The binding of substrates to gamma-
secretase complex is mediated through a substrate binding site. Following the
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binding, substrates are relocated to a docking site near or partially overlapping with
the catalytic site. The movement of the substrate from the binding site to the catalytic
site is required for a successful cleavage to take place (Fukumori and Steiner, 2016).

2.3.3 Substrate recognition by gamma-secretase

Over 150 substrates have been identified for gamma-secretase (Hemming et al.,
2008; Javier-Torrent et al., 2019; Merilahti and Elenius, 2019; Giiner and
Lichtenthaler, 2020; Liu ef al., 2020). Human proteome contains about 2500 single
span membrane proteins (Bernhofer et al., 2016; Lomize et al., 2017) indicating that
potential substrates greatly exceed the so far identified ones. RIP cleavage requires
identification of substrates, scissile bond cleavage at the protease active site and
release of the proteolytic product (Langosch et al., 2015).

If compared to cleavage functionality of soluble enzymes, gamma-secretase
cleavage is a quite slow process (Kamp et al., 2015). The overall reaction rate can
be regulated by the strength of the interaction between gamma-secretase and its
substrate, while substrate binding and processing affect the rate of proteolysis.

A structural motif that is conserved in the transmembrane domain is a probable
requirement for the recognition of substrates by gamma-secretase. For substrate
recognition, or for substrate cleavage site, no conserved amino acid sequence has
been identified (Beel and Sanders, 2008). Substrate recognition is assumed to be
based on a combination of the interactions, the strength of interactions between
gamma-secretase and substrate transmembrane domain, the ectodomain length
following the shedding, and relative subcellular localization between gamma-
secretase and substrate (Hemming et al., 2008; Funamoto et al., 2013; Bolduc et al.,
2016; Meckler and Checler, 2016; Sannerud et al., 2016).

Transmembrane proteins with ectodomain lengths from 12 to 35 amino acids can
serve as substrates for gamma-secretase complex (Funamoto et al, 2013).
Additionally, gamma-secretase can directly cleave some substrates without prior
shedding. The ectodomains of these substrates are required to be naturally short
enough to bypass the size exclusion step manifested by the nicastrin (Laurent ef al.,
2015; Schauenburg et al., 2018).

Most of the interactions between the substrate and the gamma-secretase complex
are associated to the N- and C-termini of presenilin. In PEN-2 and nicastrin, additional
interactions have been detected as well (Fukumori and Steiner, 2016). Amino acids in
the N-terminus of the substrate are subject for the interactions with nicastrin and PEN-
2, leading to a proposition that an interaction between nicastrin and PEN-2 takes place
as substrates enter gamma-secretase complex (Fukumori and Steiner, 2016; Zhou et
al., 2019). Nicastrin has been shown to act as a gatekeeper. It obstructs the entrance of
substrates with too large ectodomains into gamma-secretase (Bai et al., 2015; Sun et
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al., 2015). Despite these advances, the complete picture of mechanisms, on how
gamma-secretase recognizes substrates, remains to be elucidated.

234 Regulation of substrate RIP

Ectodomain shedding and following cleavage by gamma-secretase complex are
irreversible events. This is in contrast to many other signaling mechanisms in cells
that are transient and reversible. Tight regulation for gamma-secretase cleavage is
therefore needed.

Main factors regulating RIP include

o Initial selection of substrates by ectodomain shedding before gamma-
secretase cleavage

e  Subcellular localization of sheddases, substrates and gamma-secretase
complex

Not all the potential membrane proteins that have been reported to be subjected to
ectodomain shedding undergo gamma-secretase cleavage. For example, TIE2 has been
identified to shed its ectodomain but no gamma-secretase cleavage had been reported
(Reusch et al., 2001). The explanation for this could be that specific subcellular
location or molecular context are required for further cleavage by gamma-secretase
(Bolduc et al., 2016; Fukumori and Steiner, 2016; Meckler and Checler, 2016;
Sannerud et al., 2016). In addition, the half-life of the soluble ICD could be so brief
that it would prevent the observations of ICD without the usage of reagents that induce
the gamma-secretase cleavage or inhibit the degradation of ICDs (Méitti et al., 2006).
ERBB?2 has been recently identified as a gamma-secretase substrate with cleavage
requiring activation of beta2-adenergic receptors with catecholamines, and shedding
by ADAMI10 (Liu et al., 2020). This identification of ERBB2 as a gamma-secretase
substrate can be seen as an example of a requirement for a specific molecular context.

2.3.4.1 Regulation by ADAM10 and ADAM17

As the shedding of ectodomains is a prerequisite for gamma-secretase cleavage, all
circumstances affecting the activity or the expression of sheddases can in principle
control the overall gamma-secretase cleavage process. In many cancers, the
expression of ADAMs is upregulated. Many effectors affecting ADAM expression
have been identified, such as cytokines and growth factors (Murphy, 2008, 2009).
For example, higher amounts of the ectodomain of ERBB4 is identified from the
serum of the breast cancer patients than from the serum of the healthy individuals
(Hollmén et al., 2012). Additionally, it has been reported that in breast cancer tissue,
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more ADAMI17 is present than in paired samples of adjacent, histologically normal
breast tissue (Maitta et al., 2006).

It has been observed that ADAMI17 in its mature form is mainly localized
intracellularly. Only a small fraction of ADAMI17 resides on the cell surface due to
constitutive internalization (Lorenzen et al., 2016). In addition, the majority of the
intracellular ADAM17 resides in the endoplasmic reticulum (ER) in an inactive
precursor form. ADAM17 maturation takes place in the Golgi apparatus. Inactive
Rhomboids 1 and 2 (iRhom) mediate the ADAM 17 trafficking from ER to Golgi
(Maretzky et al., 2013; Li et al., 2015; Grieve et al., 2017). The iRhoms have also
been linked to regulation of substrate selectivity and shedding activity of ADAM17,
in addition to cell surface stability of ADAM17. Phosphofurin acidic cluster sorting
protein 2 (PACS-2) also participates with trafficking and sustaining cell surface
presence of ADAMI17 (Dombernowsky et al., 2015). At the cell surface, tissue
inhibitor of metalloproteinases 3 (TIMP3) regulate ADAM17. TIMP3 binds to the
catalytic domain of ADAM17 (Xu ef al., 2012). In contrast, TIMP1 and TIMP3 can
regulate ADAM10 (Murphy, 2011). In addition, integrin betal has been reported to
interact with ADAMI17. This interaction results in inhibition of the activity of cell
surface ADAM17 (Bax et al., 2004; Gooz et al., 2012).

One aspect of the regulation of shedding is the requirement of phosphatidylserine
exposure at the outer layer of the plasma membrane. The ADAMI17 membrane-
proximal domain interacts with phosphatidylserine and leads to change in the
conformation of ectodomain of ADAM17 (Figure 6). Following the conformational
change, the catalytic site of ADAM17 is able to interact with substrate cleavage sites
(Diisterhoft ef al., 2015; Sommer et al., 2016). As a general rule, it has been proposed
that ADAMI10 is operating constitutively, while ADAM17 needs to be activated
(Grotzinger et al., 2017).

ADAMI10 has been shown to reside in a same multiprotease complex with
gamma-secretase (Chen et al,, 2015). It is plausible that other multiprotease
complexes exist where other sheddases reside with gamma-secretase as well. Indeed,
ADAMI17 has not been found to immunoprecipitate with ADAM10 (Chen et al.,
2015). If gamma-secretase and sheddases reside in the same complex, it can result
in more optimal processivity of the total cleavage event. The shed substrates could
efficiently bind to gamma-secretase complex for a more efficient ICD release than
if gamma-secretase and sheddases did not reside in the same complex. However,
research in this area is still limited and further studies are needed.
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2.34.2 Regulation of shedding by post-translational modification of
substrates

A form of post-translational modification, O-glycosylation, of substrates, may take
part in regulation of shedding of membrane proteins (Goth et al., 2015). Substrates
are cleaved at the membrane-proximal extracellular juxtamembrane domain, and O-
glycosylation takes frequently place in the same place. As an example, in many
ADAMI17 substrates, glycosylation of the extracellular juxtamembrane domain
reduces ADAMI17-mediated shedding. Glycosylation has also been shown to alter
the location of the ADAMI17 cleavage sites in some cases, by making original
cleavage sites uncleavable (Goth et al., 2015). It can be speculated that shedding is
regulated to some extent by selective GalNac transferase isoform expression as only
one or few GalNac transferase isoforms control the specific sites of O-glycosylation
(Bennett et al., 2012; Kong et al., 2015).

2.3.4.3  Subcellular localization in regulation of RIP

Differently composed gamma-secretase complexes by different presenilins have
been shown to be directed to distinct subcellular localizations (Meckler and Checler,
2016; Sannerud et al., 2016). Gamma-secretase complexes with presenilin-2 are
found in late endosomes or lysosomes while gamma-secretase complexes with
presenilin-1 are distributed more diffusely at the cell membranes (Sannerud et al.,
2016). The lipid composition of the membrane has been observed to affect the
activity and localization of gamma-secretase. Gamma-secretase complexes with
presenilin-1 have been shown to reside in the membrane areas called lipid rafts and
the activity of gamma-secretase to be dependent on the composition of lipids
(Vetrivel et al., 2004; Urano et al., 2005; Osenkowski et al., 2008; Wakabayashi et
al., 2009). All in all, for a successful RIP cleavage, proper compartmentalization,
and spatial distribution of gamma-secretase along with its substrates are required.

24 Cleavage of receptor tyrosine kinases

ADAMI10 and ADAMI17 are mostly responsible for the ectodomain shedding of
RTKs (Table 1). In total 11 out the 20 RTKs with identified sheddase have been
reported to be shed by ADAM10 or ADAM17. It is noteworthy that six out of these
20 RTKs have been reported, in general terms, to be shed by metalloproteinases. It
is therefore possible that these RTKs can also be shed by ADAM10 or ADAM17. In
total 29 out of 55 human RTKs have been indicated to be substrates for gamma-
secretase (Table 1).
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Table 1.

RTK

AXL
CSF1R
EPHA2
EPHA3
EPHA4
EPHAS
EPHA7
EPHB2
EPHB3
EPHB4
EPHB6
ERBB2
ERBB4
FGFR3
FGFR4
IGF1R
INSR
MER
MET

MUSK
PTK7
RYK
TIE1
TRKA
TRKB
TYRO3
VEGFR1

VEGFR2
VEGFR3

Gamma-secretase-mediated cleavage in RTKs. Proteases responsible for ectodomain
cleavage are also listed.

SHEDDASE

ADAM10/ADAM17
ADAM17
MT-MMP

Metalloprotease
ADAM19

ADAM10

ADAMS

ADAM10
ADAM17
Metalloprotease

ADAM17
ADAM17
ADAM10/ADAM17

ADAM17
Metalloprotease
Metalloprotease
Metalloprotease
Metalloprotease

ADAM8/ADAM10/
ADAM17

ADAM17

REFERENCE FOR
SHEDDASE

(Miller et al., 2016)
(Rovida et al., 2001)
(Sugiyama et al., 2013)
(Javier-Torrent et al., 2019)
(Yumoto et al., 2008)

(Litterst et al., 2007)

(Guaiquil et al., 2010)

(Liu et al., 2020)
(Rio et al., 2000)
(Degnin et al., 2011)

(Kasuga et al., 2007)
(Thorp et al., 2011)

(Foveau et al., 2009;
Schelter et al., 2010)

(Na et al., 2012)
(Halford et al., 2013)
(Marron et al., 2007)

(Pandiella, 1999)
(Tejeda et al., 2016)

(Guaiquil et al., 2010;
Raikwar et al., 2014)

(Swendeman et al., 2008)

REFERENCE FOR GAMMA-
SECRETASE CLEAVAGE

(Bae et al., 2015)
(Wilhelmsen and van der Geer, 2004)
(Merilahti et al., 2017)
(Javier-Torrent et al., 2019)
(Inoue et al., 2009)
(Merilahti et al., 2017)
(Merilahti et al., 2017)
(Litterst et al., 2007)
(Merilahti et al., 2017)
(Merilahti et al., 2017)
(Merilahti et al., 2017)
(Liu et al., 2020)

(Ni et al., 2001)
(Degnin et al., 2011)
(Merilahti et al., 2017)
(McElroy et al. 2007)
(Kasuga et al., 2007)
(Merilahti et al., 2017)
(Foveau et al., 2009)

(Merilahti et al., 2017)
(Na et al., 2012)
(Lyu et al., 2008)

(Marron et al., 2007)

(Merilahti et al., 2017)

(Tejeda et al., 2016)

(Merilahti et al., 2017)
(Cai et al., 2006)

(Ablonczy et al., 2009)
(Merilahti et al., 2017)

In many cases, RTK activation by ligand binding has been reported to be a
prerequisite for these transmembrane proteins to be cleaved by gamma-secretase. In
addition, basal gamma-secretase cleavage is also observed. With CSF1R, EPHB2,
ERBB4, FGFR3, RYK, VEGFR1 and VEGFR2, ligand-induced cleavage has been
detected (Ni et al., 2001; Glenn and van der Geer, 2007; Litterst et al., 2007; Lyu et
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al., 2008; Rahimi et al., 2009; Cai et al., 2011; Degnin et al., 2011). The activation
of downstream signaling kinases is the likely explanation for cleavage of the RTKs
following the ligand activation. Downstream signaling kinases, in turn, activate
shedding by phosphorylating the cytoplasmic tail of ADAM10 or ADAM17. The
kinases that have been observed to phosphorylate ADAM10 or ADAM17 include
PLK2, MAPKs and PKC (Grotzinger et al., 2017; Miller et al., 2017).

Changes of ion concentrations across the cellular membranes and activation of
other membrane receptors, that are not gamma-secretase substrates, have been
observed to activate gamma-secretase cleavage as well. For CSF1R, EPHB2 and
ERBBA4 these types of cleavage activation mechanisms have been observed (Litterst
et al., 2007; Glenn and van der Geer, 2008; Hollmén et al., 2012).

2.4.1 Subcellular trafficking of the cleaved RTK ICD

The ICDs released by gamma-secretase cleavage have been found in multiple
subcellular compartments. The ICDs have been observed to localize to nucleus,
mitochondria or remain in the cytosol. For the most studied cleavable RTK, ERBB4,
nuclear localization has been detected by multiple in vitro and in vivo methods and
models (Ni ef al., 2001; Maitti et al., 2006; Muraoka-Cook et al., 2006; Sardi et al.,
2006; Hoeing et al., 2011). Cells naturally trafficking ERBB4 ICD to their nuclei
include mammary epithelial cells and different breast cancer cell types. In breast
cancer tissue increased ERBB4 nuclear localization has been observed compared to
normal breast tissue and nuclear localization of ERBB4 is associated with worse
prognosis than cell surface localization (Srinivasan et al., 2000; Junttila et al., 2005).
RTK ICDs or C-terminal epitopes of RTKs, whose subcellular localization has been
determined are listed in Table 2. Subcellular localizations of RTK ICDs have been
observed with both endogenous and overexpression models. However, observations
on the localization of INSR and PTK7 ICDs have been done with overexpression of
ICD constructs, which may have an effect on interpretation of these findings.
(Kasuga et al., 2007; Na et al., 2012).

Mechanisms governing the ICD translocation to various cellular compartments
are largely unknown, but for ERBB4 ICD, the nuclear localization has been observed
to be promoted by modification by small ubiquitin-like modifier (SUMO). The
increased nuclear localization is likely due to inhibition of nuclear export of ERBB4
ICD back to the cytosol and increased activity of the kinase domain of ERBB4
following the sumoylation of ERBB4 (Sundvall et al. 2012; Knittle et al. 2017).

Additionally, RTK ICDs can be translocated to proteasome for swift degradation
after the cleavage. This downregulation of RTKSs is further discussed in section 2.4.3.
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Table 2. Reported subcellular localizations of RTK ICDs. IF, immunofluorescence; IHC,
immunohistochemistry; SCF, subcellular fractionation.

RTK | SUBCELLULAR | DETECTED | DETECTION | CELLULAR | REFERENCES
LOCALIZATION | v viTRO/ | METHOD | EXPRESSION

IN VIVO
AXL Nucleus In vitro IF Endogenous (Lu etal., 2017;
Merilahti et al.,
2017)
EPHB2 Cytosol In vitro SCF Endogenous (Xu et al., 2009)
EPHA3 Cytosol In vitro IF Endogenous (Javier-Torrent et
al., 2019)
EPHA4 Nucleus In vitro, in IF Endogenous | (Inoue et al., 2009)
vivo

ERBB2 Nucleus In vitro, in IF Endogenous (Liu et al., 2020)

Vivo
ERBB4 Mitochondria, In vitro, in | IF, IHC, SCF | Endogenous (Ni et al., 2001;
nucleus vivo Vidal et al., 2005;
Naresh et al., 2006;
Hoeing et al., 2011)

-

FGFR3 Nucleus In vitro IF Overexpression (Degnin et al.,
2011)
INSR Nucleus In vitro IF Overexpression (Kasuga et al.,
2007)
PTK7 Nucleus In vitro IF Overexpression | (Na et al., 2012)
RYK Nucleus In vivo IF, SCF Endogenous (Lyu et al., 2008)
TRKA Nucleus In vivo IHC Endogenous (Bonacchi et al.,
2008)
VEGFR1 Cytosol In vitro IF, SCF Endogenous (Cai et al., 2006)

24.2 Cellular functions actively regulated by RTK ICDs

Following the release from the cell membrane, ICDs of RTKs can function as
signaling molecules with multiple observed activities (Figure 9). The functions
depicted in the Figure 9 are mostly collected from research on ERBB4 and examples
are discussed below.
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Figure 9. Cellular functions regulated by gamma-secretase-mediated cleavage of RTKs.
(Adapted from Merilahti and Elenius 2019). ADAM, a disintegrin and metalloproteinase;
NMDA, N-methyl-D-aspartate; RTK, receptor tyrosine kinase.

2421 Development and growth regulated by ERBB4 ICD signaling

Multiple developmental processes and organ differentiations have been suggested to
be regulated by ERBB4 ICD localizing into the nucleus. The nuclear localization of
ERBB4 ICD has been observed to induce the differentiation of mouse mammary
gland as well as maturation of fetal lungs (Muraoka-Cook et al., 2006; Thor et al.,
2009; Hoeing et al., 2011; Zscheppang et al., 2011b, 2011a; Paatero et al., 2014).
These processes may require ERBB4 ICD interaction with the transcription factor
STATS leading to activation of beta-casein promoter or ERBB4 ICD interaction with
the transcription factor YAP and estrogen receptor beta (Williams et al., 2004;
Hoeing et al., 2011; Zscheppang et al., 2011a, 2011b). ERBB4 ICD — hypoxia-
inducible factor 1 alpha (HIF-1o) interaction has been shown to result in
stabilization of HIF-1o and increase transcription mediated by HIF (Paatero et al.,
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2012). In addition, HIF-1¢ has been found to regulate ERBB4 endocytosis and
ERBB4-mediated differentiation of mammary epithelial cells (Paatero et al., 2014),
implying a complementary regulation by these two proteins.

ERBB4 ICD has been associated with estrogen-responsive gene expression.
Estrogen receptor alpha and ERBB4 ICD together localize to estrogen-inducible
gene promoters. For example, the expression of stromal cell-derived factor 1 (SDF-
1) and the expression of progesterone receptor are regulated by this ERBB4 ICD
localization (Zhu et al., 2006). In addition, ERBB4 is expressed in estrogen receptor-
positive breast cancers (Junttila ef al., 2005). The survival or proliferation of estrogen
receptor-positive breast cancer cells may be promoted by ERBB4 ICD as
overexpression of the isoform of cleavable ERBB4 increases the growth of breast
cancer cells both in in vitro and in vivo (Junttila et al., 2005; Sundvall ef al., 2010,
2012; Paatero et al., 2014; Wali et al., 2014). This increase in growth can be
suppressed with an antibody blocking the ERBB4 cleavage (Hollmén et al., 2009).

24.2.2 Neural development and neural functions regulated by RTK
ICDs

The soluble ICDs of EPHA3, EPHA4, EPHB2, ERBB4 and RYK have been
observed to participate in the regulation of neural development and neural functions.
ERBB4 ICD formation is essential for governing the astrogenic differentiation
during the development in mouse (Sardi ef al., 2006). In this context, ERBB4 ICD
interacts with N-COR and TAB2 (a co-repressor and an adaptor protein). The ICD
escorts these proteins to the nucleus. In the nucleus, the repression of astrocytic-
associated gene expression is induced in vitro and in vivo (Sardi et al., 2006). In
addition to regulation of astrogenesis, inhibition of ligand induced gamma-secretase
cleavage of ERBB4 has been shown to hinder the maturation of oligodendrocytes in
vitro (Lai and Feng, 2004).

Wnt3-dependent neuronal differentiation has been indicated to be dependent on
gamma-secretase cleavage of RYK RTK and in neural progenitor cells, Wnt
activation is required for nuclear localization of RYK ICD, in vitro (Lyu et al., 2008).
RYK ICD accumulates to nuclei throughout the cortical development promoting
differentiation of undifferentiated cells to neurons (Lyu et al., 2008). This nuclear
localization of RYK ICD is reported to be dependent on SMEK1 and SMEK?2
proteins (Chang et al., 2017). The proposed mechanism includes that RYK ICD is
escorted to the nucleus by SMEK1 and SMEK2. RYK ICD and both SMEKs
associate with DLX1/2 intergenic regulation element in chromatin. This interaction
regulates the DLX1/2 transcription and in mouse primary cortical neural stem cells
leads to neuronal differentiation (Chang et al., 2017).
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The ICDs of EPHA3, EPHA4 and EPHB2 are associated with the regulation of
neural functions. The functions associated with EPHA3 and EPHA4 ICD suggest of
the existence of an interesting dual-regulatory role of the same RTK that manifests
opposing effects dependent on the source of activation. The gamma-secretase-
mediated cleavage of EPHA3 has been proposed to manifest ligand independent
signaling of EPHA3 ICD leading to axon growth in cultured mouse hippocampal
neurons, while EPHA4 ICD increases the number of dendritic spines in cultured rat
primary neurons (Inoue et al., 2009; Javier-Torrent et al., 2019). This is in contrast
with proposed ligand induced retraction of axons and dendritic spines mediated by
EPHA3 and EPHAA4, respectively (Inoue ef al., 2009; Javier-Torrent et al., 2019).

The gamma-secretase-mediated cleavage of EPHB2 has been observed to generate
an ICD that phosphorylates N-methyl-D-aspartate receptor (NMDAR). The
phosphorylation increases the cell surface expression of NMDAR in cultured rat
primary neurons (Xu et al., 2009). It can be speculated that EPHB2 ICD has an effect
on learning and memory through NMDAR as NMDAR is an ionotropic glutamate
receptor expressed in the mammalian central nervous system. The regulation of
NMDAR by Src kinase family-mediated phosphorylation plays crucial roles in cellular
signaling, learning and memory. (Salter and Kalia, 2004; Paoletti et al., 2013).

2.4.2.3  Regulation of apoptosis by ERBB4 ICD

In breast cancer cells, ERBB4 has been shown to induce apoptosis. ERBB4 ICD
localizes to mitochondria in SKBr3 cells where it may act as a proapoptotic protein
(Naresh et al., 2006). A BH3 domain is found in the ERBB4 ICD that is similar to
BH3-only type BCL2 (prototype antiapoptotic protein) protein family. In
accordance, when ERBB4 transmembrane domain is mutated to prevent gamma-
secretase cleavage, mitochondrial ICD translocation and apoptosis are down-
regulated (Vidal et al., 2005; Naresh et al., 2006). ERBB4 ICD interacts with BCL2
and overexpression of BCL2 leads to reduction of apoptosis induced by ERBB4 ICD
(Naresh et al., 2006). Moreover, p53 repressor MDM2 has been observed to be
phosphorylated by ERBB4 ICD promoting the ubiquitination of MDM?2 and leading
to increase in the levels of pS3 and its transcriptional target Cyclin-dependent kinase
inhibitor 1 in vitro (Arasada and Carpenter, 2005). These results indicate that there
are multiple mechanisms by which ERBB4 ICD can regulate apoptosis.

2424 Regulation of angiogenesis and vascular and cellular
permeability by VEGFR ICDs

The gamma-secretase cleavage of two VEGFR RTKSs provide an interesting example
of how the cellular context affects the regulation of gamma-secretase cleavage.
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Gamma-secretase-mediated cleavage of VEGFR1 has been observed to be increased
by pigment epithelium-derived factor (PEDF) that results in inhibition of VEGF-
induced endothelial cell permeability and endothelial tube generation (Cai et al.,
2006, 2011). In retinal microvascular endothelial cells, the VEGFR1 ICD formation
is associated with decreased VEGFR1 phosphorylation (Cai et al., 2011). While
VEGFRI1 is considered to be a negative regulator of angiogenesis (Roberts et al.,
2004), the shedding of the ectodomain of the VEGFRI, prior to gamma-secretase
cleavage, could also explain the results above. The shed ectodomain of VEGFRI
could sequester ligands that activate pro-angiogenic VEGFR2 such as VEGFA. This
mechanism is further discussed in section 2.4.3. These speculations are supported by
observations of gamma-secretase cleavage of VEGFRI1 in leukemic cells, a rare
example of non-endothelial cell type naturally expressing VEGFR1 (Rahimi et al.,
2009).

In retinal pigment epithelium cells, VEGFR2 has also been identified to be
cleaved by gamma-secretase (Ablonczy et al., 2009). The cleavage has been shown
to be induced by a VEGFRI1 agonist, PEDF, and leads to reduced cellular
permeability, induced by VEGF-E, a VEGFR2 agonist. This PEDF-dependent effect
is achieved only by indirect processing of VEGFR2 by a gamma-secretase cleavage
but not of VEGFRI1.

243 Downregulation of RTK functions by RIP

While gamma-secretase cleavage creates active signaling fragments that add
diversity to cell signaling, cleavage also represents a putative mechanism for RTK
turn-over and degradation. The ectodomain generated from shedding and ICD
generated from gamma-secretase cleavage can participate in downregulation of RTK
signaling. This is manifested by releasing the ligand-binding capacity containing
extracellular domain from the membrane and by the degradation of the active kinase
domain. Overall, it can be expected that the kinetics of ICD inactivation by
dephosphorylation and the kinetics of ICD degradation have a central role in
determining the functional outcome of ICD generation.

For CSF1R, IGF1R, MET and TIE1, rapid degradation after gamma-secretase
cleavage have been observed (Wilhelmsen and van der Geer, 2004; Marron et al.,
2007; McElroy et al., 2007; Foveau et al., 2009). MET RTK is constitutively shed
and cleaved by gamma-secretase. Interestingly, a non-cleavable, mutant version of
MET accumulates to the cell membrane and manifests invasive growth of the cells
through ligand-independent signaling (Foveau ef al., 2009).

The fate of the extracellular fragments generated by shedding are largely
unknown apart from some examples of TYRO3, AXL, MER and TRKB with
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indicated roles in neutralizing respective ligands (Sather et al., 2007; Miller et al.,
2016; Orme et al., 2016; Tejeda et al., 2016; Xu et al., 2018).

244 Implications of RTK cleavage in cancer

Alteration of RTK-mediated signaling by gamma-secretase cleavage can have an
effect on processes relevant to tumor growth. Thus, in principle tumor formation can
be regulated by any possible defects in RIP or in the regulation of the cleavage
process.

In humans, most RTKs are classified as targets for one or several currently
approved cancer drugs as described in section 2.1.3 (Figure 2). RTKs that are targets
for cancer drugs are often targets for gamma-secretase cleavage as well (Table 1). It
is conceivable that the modulators of gamma-secretase, by regulating the RTK
cleavage, could affect the tumor promoting effects of RTKSs. It has been shown that
gamma-secretase inhibitors may have an anti-tumor effect in tumor models (Golde
etal.,2013).

Many clinical trials have also been executed with gamma-secretase inhibitors
(ClinicalTrials.gov, 2020; McCaw et al., 2020) Although the role of RTKs is
uncertain, as most effects of these inhibitors have been connected to their capability
to block the signaling of Notch (Rahimi et al., 2009; Golde et al., 2013; McCaw et
al., 2020). The tested first-generation gamma-secretase inhibitors have proven to be
anti-tumorigenic, but adverse effects of these inhibitors have not been bearable. The
vast amount of already identified gamma-secretase substrates makes it difficult to
develop inhibitors that would be selective only for the desired target. Another cause
for the observed adverse effects can be that other membrane proteases such as
rhomboids are induced to cleave gamma-secretase substrates as a result of gamma-
secretase inhibition (Urban and Moin, 2014).

The relevance of RTK cleavage as a mechanism for resistance to RTK-targeted
therapies has not been extensively studied. In principle, several possible mechanisms
exist on how the sensitivity of cancer cells to current therapies targeting RTKs can
be affected by RTK processing. Not only are the structures that can mediate
interactions with therapeutic antibodies depleted by the ectodomain shedding but
shedding also creates decoy receptors that can bind the antibodies in the extracellular
space. This binding neutralizes the antibody-mediated therapeutic effect from cells
still expressing intact RTKs. The other class of RTK targeted drugs, tyrosine kinase
inhibitors, could still be functional despite the release of the ICD from the membrane.
Targeting the shedding of gamma-secretase substrates could be an additional target
for cancer treatment (Miller et al., 2017). On the other hand, recent evidence
indicates that this may not be achievable as the inhibition of shedding also reduces
the production of decoy receptors and stabilize the cell surface localized active RTKs
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(Miller et al., 2016). It has been shown that the resistance to MEK inhibitors in
melanoma patients is associated to reduced shedding of RTKs such as AXL, MET
and ERBB4 (Miller ef al., 2016). This reduction in shedding was observed to be due
to the inhibition of ADAMI10 by increased amount of TIMP-1 on cell surface.
Furthermore, in KRAS mutant colorectal cancer, the reduced ADAM17-mediated
MET shedding mediates resistance to MEK inhibitors (Van Schaeybroeck et al.,
2014).
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3 Aims

The specific aims of this study were following:

1. Determining the prevalence of gamma-secretase-mediated RIP among
RTKs.

2. Identification of biological functions and signaling pathways associated with
gamma-secretase cleavage of RTKs.
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4 Materials and Methods

4.1 Expression plasmids (I-11)

Plasmids used in this study are listed in Table 3. All the plasmids were cloned with
Gateway cloning method from pDONR221, pDONR223 or pENTR223 plasmids to
the expression plasmids described in the Table 3 or by using common molecular
cloning methods.

Gamma-secretase cleavage mutants (AGS), and nuclear localization signal
mutants (ANLS) for AXL and TYRO3, and ADAM cleavage mutant (AADAM) for
TYRO3 were generated using synthetic DNA fragments (Integrated DNA
technologies). Synthetic DNA fragments contained the mutations as indicated below.
NEBuilder Hifi DNA Assembly Master Mix (New England Biolabs) was used to ligate
synthetic DNA fragments to plasmids according to the manufacturer’s instructions.

The AXL AGS mutant (amino acids 453YVLLGAVV459 replaced by
45311IGPLIF459) and ANLS mutant (R474A/R475A) have been previously
described (Lu et al., 2017). To generate a plasmid encoding TYRO3 AGS mutant,
an [449A mutation was introduced. To generate a plasmid encoding TYRO3 ANLS
mutant, a R452A/K453A double mutation to the putative NLS site that closely
resembles that of AXL (Migdall-Wilson et al., 2012), was introduced. To generate a
plasmid encoding TYRO3 AADAM mutant, predicted cleavage sites with highest
predicted cleavage site probabilities for both ADAM10 and ADAM17 cleavage (4.2)
were selected and P408A/L409P and G419P mutations were introduced.

Table 3. Expression plasmids used in this study.

INSERT BACKBONE PURPOSE USED IN
ALK pDEST-eGFP-N1 Mammalian expression |
AXL pDEST-eGFP-N1 Mammalian expression |
AXL pLX302, pDEST-eGFP-N1 Mammalian expression |

AXL AGS pDEST-eGFP-N1 Mammalian expression |
AXL ANLS pDEST-eGFP-N1 Mammalian expression |
CSF1R pDEST-eGFP-N1 Mammalian expression |
DDR1 pLX302 Mammalian expression |
DDR2 pDEST-eGFP-N1 Mammalian expression |
EGFR pcDNA3.1-HA Mammalian expression |
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EPHA1
EPHA2
EPHA3
EPHA4
EPHAS5
EPHA7
EPHA8
EPHB1
EPHB2
EPHB3
EPHB4
EPHB6
ERBB2
ERBB3
ERBB4
FGFR1
FGFR2
FGFR3
FGFR4
FLT3
INSR
IRR
LTK
MER
MUSK
PDGFRA
PDGFRB
PTK7
RET
RON
ROR1
ROR2
ROS
TIE1
TIE2
TRKA
TRKC
TYRO3

TYRO3 AADAM
TYRO3 AGS

TYROS3 NLS
TYRO3 shRNA
VEGFR3
REV
HIV-1 GAG/POL
VSV G

pLX302
pDEST-eGFP-N1
pDEST-eGFP-N1
pDEST-eGFP-N1
pDEST-eGFP-N1
pDEST-eGFP-N1
pMAX-DEST
pDEST-eGFP-N1
pDEST-eGFP-N1
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The expression plasmid encoding ERBB4-HA has been previously described (Maatta et al. 2006).
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4.2 ADAM10 and ADAM17 cleavage site prediction
(I1)

The prediction of ADAMI10 and ADAM17 was done using a method based on
Lahdesmaki et al., 2008. Published cleavage sites for ADAM10 and ADAM17 were
collected from literature (Caescu et al, 2009; Tucher et al., 2014). Possible cleavage
sites were predicted with a sliding window analysis calculating the probability of a
sequence window of 10 residues having an ADAM cleavage based on the positional
relative frequencies of amino acid residues collected from the literature with a Oth
order Markov chain. The probability for not having an ADAM cleavage site was
calculated from the same sequence windows with Oth order Markov chain using the
relative frequencies of amino acid residues in proteins as determined by Uniprot
(Bateman et al, 2021) as positional frequencies. The sequence windows with at least
2 times higher probability for having an ADAM cleavage site than not having an
ADAM cleavage site and cleavage sites residing within 35 amino acids from the
transmembrane were considered as probable cleavage sites.

4.3 Cell culture and transfections (I-1l)

Cells used in this study are listed in Table 4. Growth media were supplemented with
10% (wt/vol) fetal calf serum (FCS) (Promocell), 50 U/ml penicillin and 50 pg/ml
streptomycin (Sigma-Aldrich), MCF-7 cell medium was additionally supplemented
with 1 nM 17-B-estradiol (Sigma-Aldrich), and 1 pg/ml insulin (Sigma-Aldrich).

Cell transfections were done using HilyMAX (Dojindo), jetPRIME (Polyplus-
transfection) or FUGENE 6 (Promega) transfection reagents according to the
manufacturer’s instructions.

Table 4. Cell lines used in the study.

CELL LINE TYPE SPECIES MEDIUM USED IN
A431 Epidermoid carcinoma cell Human DMEM |
line
HEK293 and Embryonic kidney cell line Human DMEM |
HEK293T
MCF-7 Mammary adenocarcinoma Human RPMI 1640 |
cell line
MDA-MB-231 | Mammary adenocarcinoma Human DMEM |
cell line
NIH-3T3 Fibroblast cell line Mouse DMEM |
PC-3 Prostate cancer cell line Human RPMI 1640 |
WM-266-4 Melanoma cell line Human DMEM Il
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4.3.1 Generation of stable TYRO3 knock-down cell lines by
lentiviral transduction (Il)

PLKO.1-puromycin plasmid (containing the shRNA described below in detail)
(Sigma-Aldrich), pMDLg/pRRE (Addgene plasmid #12251), pMD2.G (Addgene
plasmid #12259) and pRSV-Rev (Addgene plasmid #12253) (gifts from Didier
Trono) were used to produce lentiviral vectors.

For stable downregulation of TYRO3, TYRO3 targeted shRNA
TRCN0000231528 (CCGGTTGGTATCTCAGGTCTGAATCCTCGAGGATTCA
GACCTGAGATACCAATTTTTG) (MISSION, Sigma-Aldrich) was used. Control
shRNA (Addgene plasmid #1864) was a gift from David Sabatini (Sarbassov et al.,
2005). HEK293T cells were used to produce shRNA-carrying lentiviruses. Third
generation lentiviral packaging system (Addgene) was used with pRSV-Rev,
pMDLg/pRRE, pMD2.G plasmids in addition to the shRNA encoding plasmid. For
every 24 h, post-transfection the growth medium was changed. Virus-containing
medium was collected after 48 h and 72 h, filtered and titered. Viruses were used to
infect WM-266-4 cells at a multiplicity of infection of 2 in the presence of 8 pug/ml
polybrene (Sigma-Aldrich). Cells were maintained in the presence of 1 pg/ml
puromycin (Sigma-Aldrich) to select the cells that stably express the plasmid
containing shRNA and puromycin resistance gene.

4.4 Screening of novel gamma-secretase
substrates (I)

HEK?293 or MCF-7 cells were transfected with RTK expression plasmids. On the
next day, cells were treated with or without 5 uM GSI IX (Calbiochem) for 4 h. The
gamma-secretase cleavage was induced with 100 ng/ml phorbol 12-myristate 13-
acetate (PMA) (Sigma-Aldrich) for 20 min. Western analysis was used to observe
the GSI-stimulated accumulation of C-terminal fragments.

4.5 Primary Antibodies (I-II)

Primary antibodies used in this study are listed in Table 5. Antibodies were used to
detect the indicated proteins or their epitope tags by Western blotting,
immunoprecipitation, or immunofluorescence.
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Table 5. Primary antibodies used in this study. IF immunofluorescence; IP, immunoprecipitation;
WB, Western blotting; CST, Cell Signaling Technology; SCBT, Santa Cruz Biotechnology.

ANTIGEN CAT# COMPANY TYPE APPLICATION | USED IN
Actin Sc-1616 SCBT Goat polyclonal WB |
Actin MA1-744 | Thermo Fisher | Mouse monoclonal WB Il
Scientific
AXL 8661 CST Rabbit monoclonal IF, WB |
GFP Sc-9996 SCBT Mouse monoclonal WB |
HA 2367 CST Mouse monoclonal WB |
HSP90 Ab13495 Abcam Rabbit polyclonal WB |
MEK1/2 4694 CST Mouse monoclonal WB |
Na/K ATPase Ab76020 Abcam Rabbit monoclonal wB |
Phosphotyrosine | Mab3090 Upstate Mouse monoclonal WB Il
(4G10)
TYRO3 5585 CST Rabbit monoclonal IF, WB I, 1l
Phospho- 44463 CST Rabbit monoclonal WB 1
AXL/MER/TYRO3
Tubulin T7816 Sigma-Aldrich | Mouse monoclonal WB
V5 Sc-81594 SCBT Mouse monoclonal WB |
V5 800076 CST Mouse monoclonal IF Il
V5 13202 CST Rabbit monoclonal IF, IP, WB Il

46  Inhibitors (I-I)

The inhibitors used in the study are listed in Table 6.

Table 6. Inhibitors used in the study.

REAGENT APPLICATION COMPANY USED IN
GSI IX Inhibition of gamma- Calbiochem I, 1l
secretase
ALLN (N-Acetyl-Leu- Inhibition of Calbiochem |
Leu-Nle-Cho) proteasomes
TAPI-0 Inhibition of ADAM17, Calbiochem |
ADAM10
PMA (Phorbol 12- | Stimulation of gamma- Calbiochem I, 1l
myristate 13-acetate) secretase cleavage

4.7 Immunofluorescence and confocal microscopy
(I-11)

Endogenous AXL was detected from A431 cells. The cells were grown on coverslips

and treated for 4 h with or without 5 uM GSI IX. Methanol was used to fix the cells.
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Cells were stained with anti-AXL (8661; Cell Signaling Technologies) and
AlexaFluor 488 goat anti-rabbit (Molecular Probes). Ectopically expressed AXL or
TYRO3 were detected from NIH- 3T3 cells that were transfected with GFP-tagged
constructs. Cells were cultured on coverslips and 3% paraformaldehyde was used to
fix the cells. Cells were permeabilized with 0.1% Triton X-100.

WM-266-4 TYRO3 knock-down cells with ectopic V5-tagged TYRO3 wild-
type or TYRO3 cleavage mutant expression were cultured on coverslips and starved
without serum overnight. Cells were fixed with 3% paraformaldehyde, and
permeabilized with 0.1% Triton X-100. Cells were stained with anti-V5 (13202; Cell
Signaling Technologies) and AlexaFluor 555 goat anti-rabbit (Molecular Probes).

The nuclei of the cells were stained with 4’ ,6-diamidino-2-phenylindole (DAPI)
(Sigma-Aldrich). Mowiol 40-88 (Sigma-Aldrich) was used to mount the cells on
glass slides.

Images were acquired with Zeiss LSM 780 (I) or with Zeiss LSM 880 (II)
confocal microscope and Zen software (Zeiss). ImagelJ software version 1.51 (I) or
version 1.53c (II) was used to analyzed microscopy images. Coloc2 plugin (I) or
EzColocalization plugin (II) (Stauffer er al, 2018) was used to analyze
colocalization. Nuclear localization of AXL or TYRO3 was estimated by measuring
the percentage of AXL- or GFP-specific pixels colocalizing with DAPI of all AXL-
or GFP-specific pixels within the cells (I). Nuclear localization of TYRO3 was
calculated using Pearson correlation coefficient (Manders et al., 1992) by measuring
the V5-specific pixels colocalizing with DAPI (1).

4.8 Gene silencing (1)

Endoribonuclease-prepared siRNA (esiRNA) was used to downregulate the
expression of ADAM10, ADAM17, AXL and PSENI. The esiRNA nucleotides used
are listed in Table 7.

Table 7. siRNA and esiRNA oligonucleotides.

TARGET CAT# COMPANY SPECIES USED IN
Control (eGFP) EHUEGFP Sigma Aldrich |
ADAM10 EHU129311 Sigma Aldrich Human |
ADAM17 EHUO075381 Sigma Aldrich Human |
AXL EHUO081461 Sigma Aldrich Human |
PSEN1 EHUO073361 Sigma Aldrich Human |

49



Johannes Merilahti

49  Celllysis (I, 1)

For Western blotting and immunoprecipitation experiments, cells were lysed using
lysis buffer (0.1% Triton X-100, 10 mM Tris-Cl pH 7.4, 1 mM EDTA, 5 mM NaF,
10 ug/ml aprotinin, 10 pg/ml leupeptin, 1 mM Na3VO4, 2 mM phenylmethane
sulfonyl fluoride, and 10 mM Na4P207). After the lysis, lysates were centrifuged,
and the supernatants were used for analyses. Bradford protein assay (Bio-Rad) was
used to measure protein concentration of the supernatants.

For mass spectrometry samples, cells were lysed using phosphoproteomics lysis
buffer (6 M Guanidine hydrochloride, 100 mM Tris-HCI pH 8.5, 5 mM Tris(2-
carboxyethyl)phosphine (TCEP), 10 mM chloroacetamide) or affinity enrichment
lysis buffer (70 mM Octyl-B-D-glucopyranoside, 25 mM Tris-HCI pH 7.5, 150 mM
NaCl, Pierce protease and phosphatase inhibitor mini tablet according to
manufacturer’s instructions). After the lysis, lysates were centrifuged, and the
supernatants used for analyses. Bradford protein assay (Bio-Rad) was used to
measure protein concentration of the supernatants.

4.10 Immunoprecipitation and Western blotting (I-11)

Immunoprecipitation was used in analyses of interaction or post-translational
modification (5.5-5.6). Protein G agarose (GE Healthcare) was used to pre-clear cell
lysates at 4 °C for 1 hour. Antibodies recognizing the protein of interest and 50 pl
protein G agarose were used for immunoprecipitation from pre-cleared cell lysates
at 4 °C overnight. To remove non-specific binding, protein G agarose beads were
washed with lysis buffer for five times. To elute and denature the precipitated
proteins samples were heated at 95 °C for 5 minutes in Laemmli loading buffer.

Western blotting was used to analyze the presence and abundance as well as the
phosphorylation of endogenous and ectopically expressed proteins in cell lysates.
Immunoprecipitates were analyzed by Western blotting as well. Cell lysate proteins
were denatured by heating samples to 95 °C for 5 minutes in Laemmli loading buffer.
SDS-PAGE was used to separate equal amounts of samples. After SDS-PAGE,
samples were transferred to nitrocellulose membranes. Primary antibodies, as
indicated in Table 5, were incubated with the membranes, followed by incubation
with either horseradish peroxidase (HRP)-conjugated (Santa Cruz Biotechnology) or
IRDye-conjugated (LI-COR) anti-goat, anti-mouse and anti-rabbit secondary
antibodies. Actin, HSP90, MEK1/2, RNA polymerase Il or tubulin recognizing
antibodies were used to control loading. Signals were visualized using the Odyssey
CLx imaging system (LI-COR) or enhanced chemiluminescence with SuperSignal
West Pico chemiluminescent substrate (Thermo Fischer Scientific).
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4.11 Subcellular fractionation (1)

MDA-MB-231 cells were treated with or without 5 uM GSI IX. WM-266-4 TYRO3
knock-down cells with ectopic TYRO3 wild-type or TYRO3 cleavage mutant
expression were starved overnight without serum. Subcellular fractionation kit (Cell
Signaling Technologies) was used to perform subcellular fractionation according to
the manufacturer’s instructions. Samples were analyzed by Western blotting.

4.12  Cell proliferation assay (l)

NIH-3T3 cells transfected with RTKs, as indicated in original publication, were
plated on 96-well plates at a density of 3000 cells per well in 12 replicates. Cells
were grown for 72 h with or without the presence of 5 uM GSI IX in DMEM + 1%
FCS. For every 24 h, growth medium was replaced with fresh medium with or
without GSI IX. WST-8 reagent (Nippon Genetic) and measurement of absorbance
at 450 nm (Thermo Scientific Multiskan FC Microplate Photometer) was used to
estimate the number of viable cells.

413 Real-time RT-PCR and RNA-sequencing (Il)

WM-266-4 TYRO3 knock-down cells were transiently transfected with pEZY-Myc-
His plasmids encoding TYRO3 wild-type, TYRO3 AGS mutant or TYRO3 AADAM
mutant. pEZY-Myc-His plasmid encoding GFP was used as a control. In all analyses,
WM-266-4 transfectants were starved without serum overnight before cell lysis and
total RNA extraction. Total RNA was extracted using NucleoSpin Triprep kit or
NucleoSpin RNA Plus kit (Macherey-Nagel) for Real-time RT-PCR and RNA-
sequencing, respectively, according to manufacturer’s instructions.

The quality of the RNA samples was ensured using Advanced Analytical
Fragment Analyzer. The sequencing library was created with 300ng of sample with
TruSeq Stranded mRNA HT Kit (Illumina) and indexed with IDT for Illumina
TruSeq RNA UD Indices according to manufacturer’s protocol. Genome-wide
strand specific RNA-sequencing (RNA-seq) was performed at Turku Bioscience
center sequencing core with Illumina HiSeq3000 using 75 bp paired-end reading.

For generation of cDNA libraries, reverse transcription was performed using
SensiFAST cDNA Synthesis Kit (Bioline) for 1000 ng of total RNA. For the real-
time reverse-transcriptase polymerase chain reaction (RT-PCR) analysis of WM-
266-4 transfectant samples, qPCR Assay Design tool (Eurofins Genomics) was used
to design primers and probes. The primers and probes used are listed in Table 8.
B2M, PPIA, GADPH, GUSB were used as reference genes from PrimeTime Std
qPCR Assays (Integrated DNA Technologies). TagMan Universal Master Mix 11
(Thermo Fisher Scientific) was used in the reactions with primers and probes.
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Reactions were performed with A QuantStudio 12 K Flex Real-Time PCR System
thermal cycler (Thermo Fisher Scientific). Technical triplicates per each biological
sample were performed in all reactions.

Table 8. Primers and probes used in RT-PCR reactions
TARGET |SPECIES | LEFT PRIMER RIGHT PRIMER PROBE
DLG1 Human | ACCAACTCTTCT | GAGGAGAAGATG | CCAGACACCAGCATCTCC
TCTCAGCC GAGAAGGAA AGCCAGATAC
NOL3 Human | GTTGAAGAAAG | CTTGGGACACTTA | TCACGGTACACAGAAGAA
CGGAGAGTC GGCATTG GGAACCACCA
MTOR Human | TGCCTTTGTCAT | GGAAATGAGGAA | TGAAACTGAAAGATCCAG
GCCTTTC ATGGGTTGA ACCCTGATCCAAACCC
CMTM7 | Human | AATCCCTTCTAC | GTGCATGTGTTTG | CTTGTGTCTCCTCTCCATC
TTCACTCCTC TGTGTTT TCTGCCTTTGTT
4.14  Preparation of mass spectrometry samples (Il)

WM-266-4 TYRO3 knock-down cells were transiently transfected with pEZY-Myc-
His plasmids encoding TYRO3 wild-type, TYRO3 GS mutant or TYRO3 ADAM
mutant. pEZY-Myc-His plasmid encoding GFP was used as a control. In all analyses,
WM-266-4 transfectants were starved without serum for overnight before cell lysis
and proceeding to affinity enrichment or to protein digestion to peptides.

4.14.1  Affinity enrichment

WM-266-4 transfectants were subjected to protein crosslinking with 2 mM dimethyl
3.,3’-dithiobispropionimidate (DTBP) for 10 minutes. Crosslinking reaction was
quenched with 50 mM Tris-HCI pH 7.5 before cell lysis. Equal amounts of WM-
266-4 cell lysates were pre-cleared with Pierce protein G magnetic beads (Thermo
Fisher Scientific) at 4 °C for 1 hour and subjected to affinity enrichment with Pierce
anti-c-myc magnetic beads (Thermo Fisher Scientific) at 4 °C overnight. Proteins
bound to beads were washed five times with 5XTBS-T buffer (125 mM Tris, 750
mM NaCl, 0.25% Tween-20) and one time with water. Proteins were heated at 95 °C
for 10 minutes in elution buffer (6 M guanidine hydrochloride, 100 mM Tris-HCI
pH 8.5, 10 mM Tris(2-carboxyethyl)phosphine (TCEP), 10 mM chloroacetamide) to
elute, denature and alkylate the enriched proteins.

4.14.2 Protein digestion to peptides

Proteins enriched in affinity enrichment or lysed WM-266-4 transfectants were
digested with lys-C (New England BioLabs) (enzyme/protein ratio 1:100) for 1 hour
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at 37 °C before diluting samples with 50 mM NH4HCO; to ten-fold followed by
digestion with trypsin (Thermo Fisher Scientific) (enzyme/protein ratio 1:100) at
37 °C overnight.

4.14.3 Sample desalting

Digested peptides were acidified to a pH 3 with trifluoroacetic acid (TFA) and
desalted using Sep-Pak tC18 96-well plate (Waters). Plate was activated with 100%
methanol and conditioned with 0.1% TFA, 80% acetonitrile (Thermo Fisher
Scientific) before sample binding to the plate. Samples were washed with 0.1% TFA
and eluted with 0.1% formic acid, 50% acetonitrile. For total protein analysis, 10%
of peptide samples of WM-266-4 transfectants were taken as separate samples. All
samples were dried in Hetovac vacuum centrifuge (Heto Lab Equipment) and stored
dry in -20 °C until analysis with mass spectrometer.

4.14.4 Phosphopeptide enrichment

Phosphopetides were enriched from desalted and dried peptides using Pierce High-
Select TiO, phosphopeptide enrichment kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. After elution, phosphopeptides were dried with
Hetovac vacuum centrifuge and stored as dry in -20 °C until analysis with mass
spectrometer.

4.15  Mass spectrometry (Il)

Dried peptide samples were resuspended in 0.1% formic acid and sample
concentrations were measured using Nanodrop 1000 (Thermo Fisher Scientific).
Equal amounts of samples were analyzed on an Easy-nLC 1000 coupled to an
Orbitrap Fusion Lumos instrument (Thermo Fisher Scientific). Peptides were loaded
on in-house packed 100 pm X 2 cm precolumn packed with ReproSil-Pur 5 um 200
A C18-AQ beads (Dr. Maisch Gmbh) using 0.1% formic acid in water (buffer A)
and separated by reverse phase chromatography on a 75 wm X 15 cm analytical
column packed with ReproSil-Pur 5 um 200 A C18-AQ beads (Dr. Maisch). All
separations were performed using a 60 min gradient ranging from 8% buffer B (80%
acetonitrile in 0.1% formic acid) to 21% in buffer B in 28 min and to 36% buffer B
in 22 min and ramped to 100% buffer B in 5 min at flow rate of 300 nl/min. The
washout followed at 100% buffer B for 5 min.

All MS spectra were acquired on the orbitrap mass analyzer and stored in
centroid mode. For data-dependent acquisition experiments full MS scans were
acquired from 300 to 1600 m/z at 120,000 resolution with fill target of 7 x 10° ions
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and maximum injection time of 50 ms. The most abundant ions on the full MS scan
were selected for fragmentation using 1.6 m/z precursor isolation window and beam-
type collisional-activation dissociation (HCD) with 30% normalized collision energy
for a cycle time of 3 seconds. MS/MS spectra were collected at 15,000 resolution
with fill target of 5 x 10* ions and maximum injection time of 100 ms. Fragmented
precursors were dynamically excluded from selection for 35 seconds.

4.16  Protein identification and data analysis (ll)

MS/MS spectra were searched with Metamorpheus (version 0.0.304) (Solntsev et
al., 2018) against human proteome containing known post-translational
modifications (downloaded from Uniprot at 19.2.2019). Mass spectrometry files
were calibrated, possible post-translational modifications were searched, and
peptides and proteins were identified and quantified using FlashLFQ algorithm
(Millikin et al., 2018). Constant modification of cysteine carbamidomethylation was
set as constant modification and methionine oxidation was set as variable
modification. All other possible modifications were set using G-DPM search in
Metamorpheus. Search results were filtered to a 1% FDR at PSM level. Peptides
were accepted with search engine score above 5 and with identifications in at least
three samples.

417  Statistics (I-Il)

Cell proliferation data analyses, colocalization data analyses and RT-PCR data
analyses were done using R and RStudio (I) or GraphPad Prism (II). ComBat
algorithm was used to process the data from cell proliferation assays to remove the
batch effect between repeated samples (Johnson ef al., 2007). Nonparametric Mann-
Whitney U-test (two-group comparisons) or Kruskal-Wallis test (multiple
comparisons) were used to calculate P-values and P-values were adjusted using false
discovery rate correction, when needed. Results with P-values lower than 0.05 were
considered  significant. Heatmaps were generated with  Morpheus
(https://software.broadinstitute.org/morpheus)

4.18 (RI’II;IAseq and mass spectrometry data analysis

Quality check of the RNAseq reads was done with FastQC (Babraham
Bioinformatics). PRINSEQ (Schmieder & Edwards, 2011) and Trimmomatic
(Bolger et al, 2014) were used for quality and adapter trimming. Pseudoalignment
was done with kallisto (v 0.46.0; Bray et al, 2016) to human transcriptome (Ensembl
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v96; Yates et al, 2020) to retrieve TPM (transcripts per million) values. Batchelor
package (Haghverdi et al, 2018) was used to correct the batch effect between
experiment 1 and experiments 2 and 3 and the library size was used to normalize
TPM values. DeSeq2 (Love et al. 2014) was used for differential expression between
the control treatment and different variants of TYRO3.

The sum of intensities of all detected proteins in the sample was used to
normalize the interactome, phosphoproteome and proteome data. To estimate the P-
value for differential expression from the cumulative density function, a probability
density function was fitted with Epanechnikov kernel to median normalized
intensities of different treatments.

For further analyses, transcripts, and proteins from proteome and
phosphoproteome data with fold change over 1.5 or under -1.5 and FDR adjusted P-
value lower or equal than 0.05 were chosen. For interactome data, only proteins with
fold change over 1.5 was chosen for further analyses as interactome data contains
only positively enriched proteins. The transcripts and proteins significantly different
from the control treatment in all TYRO3 variants were considered as full-length
TYRO3-mediated signaling. The transcripts and proteins significantly different from
the control treatment in the wild-type TYRO3, but not in the non-cleavable variants
of TYRO3 were considered as TYRO3 ICD-mediated signaling.

4.19  The inference of regulatory complexes and the
combination of them (II)

A combination score was used to determine the pair-wise association between two
proteins, phosphosites or transcripts. The combined score is derived from the
multiplication of the correlation and the stoichiometry score of the mathematical
formulations (II, Figure 1A). Spearman correlation was used calculate the correlation
score for all the possible protein, phosphosite or transcript combinations and ranked to
derive scores from 1 to 0 in equal increments. The stoichiometry score for all the
possible protein, phosphosite or transcript combinations was calculated by dividing the
third quartile value (Qs) of relative abundances with the first quartile (Q:) value and
ranked to derive scores from 1 to O in equal increments, similarly. For non-zero-
inflated and zero-inflated data, two versions of the stoichiometry score were devised.
In the non-zero-inflated version of the stoichiometry score, the relative abundance in
the samples where proteins, phosphosites and transcripts are present are only
considered. In the zero-inflated version of the stoichiometry score, missing values in
the same sample of only one of the protein, phosphosite or transcript is punished by
inflating the stoichiometry score and missing values in the same sample of both
proteins, phosphosites or transcripts is rewarded by deflating the stoichiometry score.
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The regulatory complex inference analysis utilizes the nearest neighbor concept
to find the highest scoring (sum of the combined score between all three members)
three-member networks for all proteins, phosphosites or transcripts in the list. Next,
the regulatory complex inference analysis combines and trims the networks based
on common network members and combined scores in the following order:

1. Networks with two common members are combined until additional two
complexes with two common members cannot be found.

2. Networks with only one common member are combined if the size of
both networks is under than or equal to 4 and the network score is higher
than or equal to 2.

3. Networks with two common members are again combined until
additional two complexes with two common members cannot be found.

4. Iftwo out of three members are already present in another complex, two
out of the three members of the remaining three-member networks are
removed.

5. If the remaining three-member networks still have a common member,
these three-member networks are joined. A protein, phosphosite or a
transcript is allowed to be a member for more than one regulatory
complex.

For the combination of the regulatory complexes into larger modules, the same
strategy that was used for the derivation of the regulatory complexes in the first
place, was used with a few modifications. Regulatory complexed were combined by
using the median value of all complex members in each sample. Absolute value of
the Spearman correlation was used to allow equal combination of upregulated and
downregulated regulatory complexes.

4.20 Validation of regulatory complexes and their
combination (Il)

STRING, PhosphoSitePlus and ChEA3 databases (Lachmann et al., 2018; Hornbeck
et al., 2019; Szklarczyk et al., 2019) were used to acquire data on known protein-
protein interactions, kinase substrate phosphosite relationships and transcription
factor target gene relationships, respectively. Interactome, phosphoproteome and
transcription data acquired from the publications of Batth et al, Karayel et al and
ArchS4 database (Batth et al., 2018; Lachmann et al., 2018; Karayel et al., 2020),
were used for validations. For the validation score, the sum of all protein-protein
interactions, kinase substrate phosphosite relationships or transcription factor target
gene relationships in the modelled regulatory complexes was used. The validation
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score was compared to the sum of all protein-protein interactions, kinase substrate
phosphosite relationships or transcription factor target gene relationships in
randomly modelled regulatory complexes of same size as in the modelled data to
derive an empirical probability density function from 1000 rounds of simulation. To
fit the simulated data into the empirical probability density function, an
Epanechnikov kernel was used. The corresponding P-values were drawn from the
empirical cumulative distribution function. The complexes were modelled with
either correlation score, stoichiometry score or the combined score to assess the
effect of different scores on the accuracy of the modelled regulatory complexes.
Additionally, the median score of the modelled complexes in different datasets from
the one used for the initial modelling was derived to assess the conservation of the
different scores in each data type.

Data on annotated signaling pathways was acquired from PathwayCommons
(Cerami et al., 2011). The validation data for the combination was acquired from the
LinkedOmics database (Vasaikar et al., 2018). A combination of either proteomics,
transcriptomics, methylomics, phosphoproteomics, protein array or acetylation data
from the same samples were modelled and combined. The sum of co-occurrences of
two complex members from two different combined complexes in the same pathway
annotation for all the combined complexes was used as a validation score. The
validation score was compared to the sum of co-occurrences of two complex
members from two different randomly combined complexes in the same pathway
annotation for all the combined complexes to derive an empirical probability density
function from 10000 rounds of simulation. An Epanechnikov kernel was used to fit
the simulated data into the empirical probability density function. The empirical
cumulative distribution function was used to draw the corresponding P-values. The
conservation of the different scores in regulatory complexes modelled with different
scores and combined with different scores was assessed by modelling and combining
a dataset and assessing the median score for the combination of the modelled
complexes in another dataset.

4.21  Transcription factor prediction (I1)

An enrichment analysis to specifically find a transcription factor for each
transcriptome regulatory complex was prepared. Annotations from the ChEA3 data
resource (Keenan et al, 2019) were used. The target gene annotations for the
transcription factors present in the dataset with at least 5 transcripts were only
considered. The enrichment analysis was created to follow the three steps:

1. The annotation of most enriched in all the members of all the complexes
is given to the complexes with highest enrichment score from the
annotation (the number of transcripts found in the annotation divided by
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the number of transcripts in the complex). The annotation and complexes
are removed. The same process is repeated for the remaining dataset until
no complex remains. If more than one annotation provides the same
overall and complex specific enrichment, all annotations are attached to
every complex with equal probability. A P-value for the category fitness
of the enrichment is calculated by randomly assigning the same number
of transcripts as the size of the complex to the annotation and calculating
their respective enrichment. For 10000 rounds of analyzed enrichment
from simulated random complexes a probability density function is fitted
with an Epanechnikov kernel and the corresponding P-values are drawn
from the empirical cumulative distribution function.

2. Secondary transcription factor predictions are made by assessing if the
transcription factor assigned to different complexes in the modelled
datasets also fit additional regulatory complexes other than the ones to
what they have been assigned to, in the first step with the highest
enrichment score. If the P-value for the transcription factor assigned
during the first step is more than 0.05, the secondary transcription factor
is given as the primary transcription factor for that complex. P-values are
acquired similarly for the secondary transcription factors. If more than one
annotation provides the same complex specific enrichment with a P-value
lower than 0.05, all annotations are given with equal probability to the
complex.

3. For the remaining unannotated complexes, all annotations are re-searched
to find the first one with the highest enrichment score and P-value lower
than 0.05 for that complex. If more than one annotation provides the same
complex specific enrichment with a P-value lower than 0.05, all
annotations are given with equal probability to the complex.

4.22  Subcellular location and function prediction (ll)

For the prediction of subcellular location, the annotations of subcellular locations
were acquired from the knowledge, experiments and text mining channels of
COMPARTMENTS database (Binder ef al, 2014). The enrichment score (relative
frequency) of each annotation for each interactome complex was calculated. To
derive a P-value for the enrichment of each annotation in each regulatory complex,
1000 random sets of equal size from all possible proteins identified in the
interactome data was drawn. The respective enrichment of each of these randomized
sets was derived and an Epanechnikov kernel was used to fit a probability density
function to the enrichment scores. The P-values for the enrichment were drawn from
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the corresponding empirical cumulative distribution function. Annotations with a P-
value lower or equal to 0.05 were considered significant. The subcellular location
annotation with a highest enrichment score and lowest P-value were selected.

For the prediction of the biological process involved with the inferred pathway,
the Gene Ontology resource (Ashburner et al, 2000) annotations for biological
processes were acquired from the MSigDB v7.3 (Liberzon et al, 2011). The
enrichment score (relative frequency) of each annotation for each pathway was
calculated. To derive a P-value for the enrichment of each annotation in each
pathway, 10000 random sets of equal size from all possible proteins, transcripts and
phosphorylated proteins identified as significantly altered in the condition were
drawn. The respective enrichment of each of these randomized sets was derived and
an Epanechnikov kernel was used to fit a probability density function to the
enrichment scores. The P-values for the enrichment were drawn from the
corresponding empirical cumulative distribution function. Annotations with a P-
value lower or equal to 0.05 were considered significant. The function annotation
with a highest enrichment score and lowest P-value were selected. Contextually
irrelevant annotations, such as specific functions of certain non-skin tissues or non-
melanoma cell types, were ignored.
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5 Results

5.1 Screen to identify gamma-secretase cleaved
RTKs (1)

RTKSs have been reported to undergo gamma-secretase-mediated cleavage (Merilahti
and Elenius, 2019). For most of the human RTKSs there is no published information
on whether they are susceptible to gamma-secretase cleavage.

To identify human RTKs that are subjected to gamma-secretase-mediated
cleavage, a human kinome-wide RTK screen was established. The screening was
based on the accumulation of membrane bound C-terminal fragments (CTF) of
RTKs as a response to gamma-secretase inhibitor (GSI IX) (I, Figure 1B). PMA was
used to induce the cleavage as PMA is a known stimulator of shedding (Huovila et
al., 2005). Accumulation of CTFs was observed by Western analysis on cells that
were transiently transfected with plasmids encoding human C-terminally epitope
tagged RTKs. The CTFs with sizes consistent with the expected size of the CTFs
were regarded as positive identifications. The screen was successfully validated by
analyzing the ERBB family of RTKs (I, Figure 1C). ERBB4 has been documented
as the only gamma-secretase substrate among ERBB RTKs (Ni et al., 2001).
Consistently, only ERBB4 demonstrated accumulation of CTF in Western analysis.

5.2 Novel gamma-secretase substrates identified
(1)

The screen to identify novel gamma-secretase substrates covered 45 out of the 55

human RTKs. Nine RTKs were excluded due to not being adequately expressed in

the experimental setup. STYK 1 was excluded because our approach was not efficient

in detecting cleavage of membrane proteins with very short ectodomains.

In total, 21 RTKs out of the 45 analyzed RTKs were shown to react to GSI
treatment with accumulation of CTF (I, Figure 1C, D, Figure 2). Additionally, six
RTKs not included in the screen have been previously identified as gamma-secretase
substrates (Cai et al., 2006; McElroy et al., 2007; Lyu et al., 2008; Ablonczy et al.,
2009; Foveau et al., 2009; Tejeda et al., 2016). All in all, 27 out of 55 human RTKs
were identified as gamma-secretase substrates (RTK names in red; I, Figure 2). Our
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Figure 10. Schematic presentation of RTK families with 12 novel cleavable RTKs. RTKs that were
identified as gamma-secretase substrates are indicated in red. Gamma-secretase
cleavage-promoted increased cell proliferation was observed with AXL, MER and
MUSK. The ICDs of AXL and TYRO3 were observed to localize to cell nucleus.

results identified 12 new gamma-secretase substrates (Figure 10; I, Figure2; RTK
names with asterisks) including the whole TAM subfamily (Figure 10). Supporting
the validity of the findings, all nine RTKSs that had been previously reported to be
gamma-secretase substrates, were also identified in the screen (Ni ef al, 2001;
Wilhelmsen and van der Geer, 2004; Kasuga et al., 2007; Litterst et al., 2007;
Marron et al., 2007; Inoue et al., 2009; Degnin et al., 2011; Na et al., 2012; Bae et
al., 2015).
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5.3 AXL is shed by ADAM10 and cleaved by
gamma-secretase (l)

The findings of the gamma-secretase substrate screen were further characterized by
experimentation with endogenously expressed AXL in A431, MDA-MB-231 and
PC-3 cells. Endogenous AXL was observed to react to treatments with GSI IX or
PMA by enhanced CTF accumulation (I, Figure 3A, D). Inhibition of ADAM-
mediated shedding by TAPI-0, a chemical ADAM inhibitor, (I, Figure 3A) and by
RNA interference of ADAM10 was shown to suppress the cleavage of endogenous
AXL, while RNA interference of ADAMI17 did not (I, Figure 3B). Additionally,
RNA interference targeting presenilin-1 promoted accumulation of CTF similarly to
the effect acquired with GSI IX (I, Figure 3C).

Gamma-secretase-cleaved RTK ICDs have been observed to form soluble
intracellular signaling units or become degraded in the proteasomes. To characterize
the fate of endogenous AXL ICD, MDA-MB231 cells were subjected to proteasome
inhibition and to subcellular fractionation to membrane and cytosolic fractions.
Inhibition of proteasomal activity resulted in the accumulation of AXL ICD (I,
Figure 3D). AXL ICD was observed to be present in the cytosolic fraction and the
presence in the cytosol was dependent on gamma-secretase inhibitor GSI IX (1,
Figure 3E). The cytosolic ICD fragment was slightly smaller than similarly sized
AXL fragment in the membrane fractions. The soluble ICDs are expected to have
smaller molecular weight than the membrane-anchored CTF generated by shedding
of the ectodomain as the ICDs released as a result of gamma-secretase cleavage lack
the transmembrane domain and the extracellular juxtamembrane domain of CTF (],
Figure 1A).

54 Growth promoted by the RTKs can be
dependent on gamma-secretase-cleavage (l)

In NIH-3T3 fibroblasts, AXL overexpression has been shown to enhance the growth
of the cells (O’Bryan ef al., 1991; Burchert ef al., 1998). The functional significance
of cleavage for the novel gamma-secretase substrates identified in our screen was
characterized in NIH-3T3 cells. Cells were transfected with plasmids encoding each
of the 12 novel gamma-secretase substrates. Cells were cultured in the presence or
absence of GSI IX for 72 hours. Growth was analyzed by measuring the number of
viable cells using a cell proliferation assay (I, Figure 4A). Ectopic expression of
AXL, EPHB6, MUSK, TYRO3 or VEGFR3 significantly promoted growth.
Gamma-secretase inhibition suppressed the enhanced growth in the case of TYRO3,
AXL and MUSK (Figure 10; I, Figure 4A). The growth of the control cells, or cells
expressing other cleavable RTKs was not significantly affected by the gamma-
secretase inhibition.
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Constructs encoding gamma-secretase cleavage resistant TYRO3 or AXL
mutants (TYRO3 AGS and AXL AGS) were used to validate the functional data
acquired from analyses with the chemical inhibitor GSI IX. Expression of a AGS
mutant of either receptor reduced the growth of transfected NIH-3T3 cells as
compared to control cells expressing respective wild-type receptors (I, Figure 4D,
Supplemental Figure 2D).

5.5 ;I;?;RO3 cleavage mutants and their validation

To further characterize the cleavage-dependent signaling promoted by TYRO3 in a
more natural cellular context, WM-266-4 human melanoma cells naturally
expressing TYRO3 (II, Supplemental Figure 3) were chosen. To replace the
endogenous TYRO3 with cleavage-resistant ectopic mutant receptors, the
endogenous TYRO3 was knocked down by TYRO3 targeted shRNA followed by
overexpression of different TYRO3 constructs by transfection. In addition to
TYRO3 AGS construct, an ADAM cleavage-resistant TYRO3 AADAM construct
was generated. The sites for TYRO3 AADAM mutations were designed based on the
predicted ADAM10 and ADAM17 cleavage sites (II, Figure 4B).

To validate the functionality of cleavage mutants, WM-266-4 TYRO3 knock-
down cells transfected with constructs encoding the TYRO3 AGS or TYRO3
AADAM mutants were starved overnight in a medium with 0% FCS. Cells were
subjected to subcellular fractionation, TYRO3 immunoprecipitation or direct
Western analyses. Ectopic expression of TYRO3 wild-type receptor in the
background with knocked down endogenous TYRO3 was used as a control. TYRO3
cleavage mutants were tyrosine phosphorylated in a similar manner as wild-type
TYRO3 (I, Figure 5B). The phosphorylation of AADAM mutant was observed to
be slightly higher compared to others.

TYRO3 cleavage mutants were also observed to be localized to cell membrane
in subcellular fractionation (II, Supplemental figure 3). As a downstream signaling
target, TYRO3 has been shown to activate STAT3 by phosphorylation (Tsai et al.,
2020). STATS3 activation via phosphorylation was observed with TYRO3 cleavage
mutants and with wild-type TYRO3, indicating similar downstream signaling (II,
Figure 5B). Together these results indicated that TYRO3 cleavage mutants were
functionally similar to wild-type TYRO3 except for the resistance to ADAM- or
gamma-secretase-mediated cleavage.
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5.6 Subcellular localization of the ICDs of TYRO3
and AXL (I-11)

Cellular functions linked to gamma-secretase cleavage of RTKs are often associated
with the localization of the RTK ICD into the nucleus and its interaction with
effectors such as transcription factors (Williams et al., 2004; Paatero et al., 2012).
To study whether the gamma-secretase-dependent, cell growth-inducing effects
displayed by TYRO3 and AXL were due to nuclear localization of ICDs, NIH-3T3
cells were transfected with constructs encoding TYRO3 and AXL with mutated
nuclear localization signals (TYRO3 ANLS and AXL ANLS) in addition to the
respective AGS constructs.

NIH-3T3 cells with ectopic expression of AGS and ANLS mutants of AXL and
TYRO3 were imaged with confocal microscopy. Indeed, nuclear localization was
observed with wild-type AXL (Figure 10; I, Figure 4B, C). The nuclear localization
of AXL was greatly decreased with AGS and ANLS mutants (I, Figure 4B, C).
Similar effect was observed with GSI IX on endogenously expressed AXL in A431
cells (I, Figure 3F, G). In contrast, no significant nuclear localization was observed
with wild-type TYRO3, or with its AGS and ANLS mutants (I, Supplemental Figure
2B, C). AXL and TYRO3 ANLS mutants also demonstrated no difference in
reduction of growth of transfected NIH-3T3 cells as compared to respective wild-
type controls. This indicates that in contrast to gamma-secretase-dependent
generation of soluble ICDs, the translocation of the ICD to the nucleus is not
necessary for TYRO3- or AXL-promoted growth in NIH-3T3 cells.

Interestingly a C-terminal epitope of TYRO3 was also observed to localize into
the cell nucleus in WM-266-4 cells with rescued TYRO3 expression in the
background of knocked down endogenous TYRO3 (Figure 10; II, Figure 5C, D).
The nuclear localization was observed to be dependent on gamma-secretase cleavage
as mutations disrupting ADAM cleavage or gamma-secretase cleavage abolished
nuclear localization.

5.7 Comparing signaling by full-length TYRO3 and
TYROSJ ICD using cleavage-resistant receptor
constructs (I1)

In melanoma, at least one of the TAM receptors is usually overactive (Tworkoski et
al., 2011). TYROS3 signaling via PI3K/AKT pathway has also been shown to result
in increased proliferation of melanoma cells (Zhu et al., 2009; Demarest et al., 2013).
In our analyses, TYRO3 was identified as a gamma-secretase substrate and TYRO3-
mediated increased proliferation of NIH-3T3 cells was dependent on gamma-
secretase cleavage (I). However, the cellular signaling and cellular functions
dependent on the RIP-produced soluble TYRO3 ICD are not known.
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Figure 11. Schematic presentation of the signaling mediated by TYRO3 wild-type and different
TYRO3 cleavage mutants. ADAM, a disintegrin and metalloproteinase.

To be able to compare molecular signaling events induced by full-length TYRO3
to signaling promoted by the soluble TYRO3 ICD in the melanoma cell context, the
different TYRO3 constructs were expressed in the WM-266-4 cells with knocked-
down endogenous TYRO3 expression. Cellular signaling portrayed by wild-type
TYRO3 and by both TYRO3 cleavage mutants was considered as signaling mediated
by full-length TYRO3 and to contain canonical TYRO3 associated signaling
cascades of RTKs. The AADAM mutant can only signal by this manner. Cellular
signaling portrayed only by wild-type TYRO3 was considered as signaling mediated
by TYRO3 ICD (Figure 11).

5.8 Soluble TYRO3 ICD manifests differential
TYROS3 phosphorylation as compared to full-
length receptor (Il

RTKs are activated by phosphorylation of the kinase domain at specific tyrosine
residues (Hubbard and Till, 2000; Lemmon and Schlessinger, 2010). To characterize
the phosphorylation status and phosphorylation levels of TYRO3 amino acids, WM-
266-4 TYRO3 knock-down cells transiently expressing TYRO3 cleavage mutants
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Figure 12. Summary of the differential downstream signaling stimulated by TYRO3 ICD and full-
length TYRO3. ADAM, a disintegrin and metalloproteinase; ICD, intracellular domain.

were starved overnight, and phosphorylation status of cellular peptides were
identified and quantified using mass spectrometry. Wild-type WM-266-4 cells with
endogenous TYRO3 expression were used as a control. Multiple phosphorylation
sites were identified including two novel phosphosites (Y742 and Y849) (IL,
Supplemental Figure 4).

By comparing the data obtained with the different TYRO3 constructs (Figure
11), it was observed that phosphorylation of full-length TYRO3 was relatively
increased at the amino acid Y681 while phosphorylation of the soluble TYRO3 ICD
was increased at Y742 and Y849 (II, Supplemental Figure 4). Interestingly,
differential serine phosphorylation was observed as well. Phosphorylation of full-
length TYRO3 was observed to be elevated at amino acid S869 located at the C-
terminal tail of TYRO3 and phosphorylation of soluble TYRO3 ICD was observed
to be elevated at S472 located at the intracellular juxtamembrane area.
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5.9 Differential downstream signalin%stimulated by
TYRO3 ICD and full-length TYROS (ll)

To identify downstream signaling events dependent on TYRO3 cleavage, WM-266-
4 TYRO3 knock-down cells transiently expressing the TYRO3 cleavage mutants
were starved in 0% FCS overnight and subjected to interactome, phosphoproteome,
total proteome, and transcriptome analyses (II, Figure 6). The collected different
omics datasets were subjected to our novel unbiased analysis method to identify
gamma-secretase cleavage-dependent TYRO3 signaling pathways (II, Figure 1B).

Different signaling pathways were observed to be activated by TYRO3 ICD or
full-length TYRO3 (Figure 11) In total, 46 pathways were significantly associated
with TYRO3 ICD and 51 pathways with the signaling of the full-length TYRO3
(Figure 12; II, Supplemental Table 1, 2). Pathways involving various cellular
processes including processes associated with the pathogenesis of cancer were
identified (II, Figure 7).

Interestingly, given the role TYRO3 in melanoma by being overly active and
mediating suppression of immune responses in cancers (Zhu et al., 2009; Demarest
et al.,2013; Graham et al., 2014; Paolino and Penninger, 2016), a notable difference
was observed in the number of pathways related to cell growth, cell cycle, cell
motility and immune response between the cells expressing the TYRO3 ICD and
full-length TYRO3 (Figure 12; II, Figure 7). For example, TYRO3 ICD was
observed to regulate a pathway that contained proteins, transcripts and
phosphorylation of proteins known to associated with cell motility or cell migration
(11, Figure 8A).

The results suggesting that TYRO3 ICD regulates signaling pathways predicted
to functionally associate with immune responses (II, Figure 7, Supplemental Figure
6A) were further examined by measuring mRNA expression levels of the separate
members of the transcriptional complexes from visualized signaling pathways (11,
Supplemental Figure 6A). The mRNA expression levels of NOL3, DLG1, CMTM7
and mTOR were measured with real-time RT-PCR from the WM-266-4 cells
expressing the different TYRO3 constructs (II, Supplemental Figure 6B). The results
indicated that transcription of NOL3 and DLGI was upregulated and transcription of
CMTM7 and mTOR was downregulated as a response to TYRO3 ICD signaling as
compared to full-length TYRO3 (II, Supplemental Figure 6B). All other differences
except the difference in the expression of mTOR were statistically significant. These
observations are consistent with the results obtained with our analysis method from
the collected omics datasets as well as with observations that interferon signaling is
often downregulated in melanoma (Alavi et al., 2018).

Full-length TYRO3-associated signaling, but not TYRO3 ICD-associated
signaling, was also indicated to upregulate tyrosine phosphorylation of MER at Y682
aswell as Rab1B at Y5, Rab11A/B at Y8 and Rab14 at Y8 (11, Figure 8B). In addition
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to tyrosine phosphorylation, Rab11B was contained as a part of proteome complex
included in the same pathway indicating that the expression of Rab11B is connected
to its own phosphorylation (II, Figure 8B). Similarly, in the same pathway proteins
and phosphorylation of proteins known to associate with cytoskeleton organization
were identified in almost all regulatory complexes (11, Figure 8B). For the most part
of these molecules in regulating cell motility or cytoskeleton organization, no
interplay has been described, indicating that our unbiased pathway analysis provides
identifications of novel signaling modules. Taken together, these results suggested
that TYRO3 ICD and full-length TYRO3 activate overlapping as well as unique
signaling pathways.

68



§) Discussion

6.1 Over half of the RTKs are gamma-secretase
substrates

Our screen of gamma-secretase-mediated cleavage of RTKs represented the first
comprehensive analysis about the prevalence of cleavage among RTKs. In total, 45
out of 55 human RTKs were examined for gamma-secretase-mediated cleavage and
12 RTKs were identified as novel gamma-secretase targets. Moreover, all tested
RTKs that had been previously published as gamma-secretase substrates, were also
identified to be cleavable. Together with previously published data, the results from
the screen indicated that 27 out of the 55 RTKs are cleavable by gamma-secretase.
Recently, EPHA3 and ERBB2 have also been identified as gamma-secretase
substrates (Javier-Torrent et al., 2019; Liu et al., 2020). In total, over half of the
RTKSs can be targets for gamma-secretase cleavage. These results indicate that the
occurrence of this event is common but not a feature that is universally exploited by
every human RTK.

Interestingly neither of the most recently reported gamma-secretase substrates,
EPHA3 and ERBB2, were observed as cleavable RTKSs in our screen. While positive
identifications of gamma-secretase substrates could be gathered from our screen, a
screen cannot exclude the non-targets as absolutely non-cleavable. Consistently,
there has not been published identifications of proteins that are not substrates for
gamma-secretase, besides the exception of integrin beta 1 (Hemming et al., 2008).
Additional gamma-secretase substrate identifications are still possible. It is likely
that for the novel substrates to be cleaved by gamma-secretase, it would require
specific subcellular location or molecular context (Bolduc et al., 2016; Fukumori
and Steiner, 2016; Meckler and Checler, 2016; Sannerud et al., 2016). In accordance,
both additional gamma-secretase substrate identifications following our screen
required specific cellular conditions and specific cells to be subjected to gamma-
secretase-mediated RIP (Javier-Torrent et al., 2019; Liu et al., 2020).

No consensus sequence for gamma-secretase cleavage could be identified from
additional new substrates identified in our screen. This was in agreement with the
previous findings (Beel and Sanders, 2008). The current view is that instead of
substrates harboring any specific consensus sequence, the recognition of substrates
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is based on a combination of the number of interactions and the strength of
interactions between the gamma-secretase and substrate, the length of the remaining
receptor following ectodomain shedding, and the relative subcellular localization
between gamma-secretase and substrate (Hemming et al., 2008; Funamoto et al.,
2013; Bolduc et al., 2016; Meckler and Checler, 2016; Sannerud et al., 2016).

6.2 Inhibition of cleavage as an approach to study
gamma-secretase cleavage of substrates

The identified gamma-secretase substrates and functions associated with RTK ICDs
have been observed with multiple endogenous and overexpression models in vitro
and in vivo. (Giiner and Lichtenthaler, 2020). The majority of experiments regarding
RTK ICDs have been done with the aid of inhibitors of gamma-secretase and/or
sheddases. We analyzed the effect of gamma-secretase cleavage of 12 novel RTKs
identified in our screen for the growth of cells. The transfected cells were cultured
with or without the presence of gamma-secretase inhibitor GSI IX. The growth
inducing effect of ectopic expression of multiple RTKs was associated with the
gamma-secretase cleavage in the cases of MUSK, TYRO3 and AXL.

Although the inhibitors themselves can be specific in inhibition, it is conceivable
that some off-target effects might be observed due to gamma-secretase and
sheddases having multiple other substrates. Over 150 substrates have been identified
for gamma-secretase (Giiner and Lichtenthaler, 2020) and over 100 substrates just
for ADAM10 and ADAM17 together (Lichtenthaler ez al., 2018). Our results did not
show any apparent off-target effects of gamma-secretase inhibition as the growth of
NIH-3T3 cells without the ectopic expression of cleavable RTKs was not affected
by the presence of GSI IX. However, it cannot be overruled that functional
consequences observed by the inhibition of components associated with RTK
cleavage can be, at least partially, due to combination of the inhibition of the
cleavage of other substrates as well.

6.3 Gamma-secretase cleavage mutants as tools
for research on cleavage

Some of the experiments regarding subcellular localization of soluble ICDs and
functionality of ICDs have been done, in addition to inhibitors of cleavage, with
overexpression of ICD constructs containing just the intracellular domain part of the
whole RTK (Kasuga et al., 2007; Na et al., 2012; Lu et al., 2017). In principle,
overexpression of an ICD construct generates an ectopic protein that is not under the
same regulation as endogenously emerging ICDs. Only minute amounts of ICDs are
normally generated when compared to the levels of full-length receptors, while
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expression from the ICD constructs can be comparable to the expression of full-
length RTKSs. Thus, it is possible that inaccurate interpretations emerge for the [CD
signaling and functionality.

A more advantageous approach to the research of the functionality and
localization of soluble ICD, is the usage of mutants against gamma-secretase
cleavage. Cleavage-resistant substrates can circumvent the complications associated
with other methods by specifically affecting only the cleavage of one substrate and
avoiding the creation of additional proteins to cells.

In addition to our work, only few studies exist where cleavage-resistant mutant
constructs of RTKs have been used (Vidal et al., 2005; Na et al., 2012; Lu et al.,
2017). The likely reason is that no apparent strategy for designing cleavage mutants
has been available, as no conserved recognition sequences or conserved cleavage
sites have been identified for the gamma-secretase complex. Also, actual
identifications of cleavage sites are rare (Litterst et al., 2007; Na ef al., 2012; Javier-
Torrent et al., 2019). Although cleavage sites are mentioned in publications, often
they are only the approximations of the cleavage area (Degnin et al., 2011; Lu et al.,
2017), or the proposed cleavage sites are based on the sequence similarities of
transmembrane domains to substrates with published, documented cleavage sites.
(Vidal et al., 2005; McElroy et al., 2007).

Mutation of sites where gamma-secretase complex is interacting with the
substrate (Fukumori and Steiner, 2016; Fukumori et al., 2020) could be a viable
strategy for efficient generation of gamma-secretase cleavage-resistant mutants.
With our gamma-secretase cleavage mutant of TYRO3 (1449A), the mutation site
near the cytoplasmic end of the transmembrane domain is indeed in the area of most
prominent interactions with presenilin-1 C-terminal fragment (Fukumori and
Steiner, 2016; Fukumori et al., 2020). It can be speculated that although this mutation
is not likely at the actual site for gamma-secretase cleavage of TYRO3, this TYRO3
mutant is cleavage-resistant due to attenuation of interactions between the substrate
and presenilin. Further possible sites for mutations are located in the extracellular
end of the transmembrane domain and in the extracellular juxtamembrane area near
the transmembrane domain, where interactions with nicastrin and presenilin N-
terminal fragment, and with PEN-2 are observed, respectively (Fukumori and
Steiner, 2016; Fukumori et al., 2020).

6.4 Shedding mutants as tools to study soluble
ICD signaling

The significance of the first cleavage in the process of generation soluble ICDs, the
shedding, is often overlooked when addressing the prevention of cleavage by
mutations. Previously only some ADAM cleavage mutants have been generated
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(Houri et al., 2013; Chen et al., 2014; Riethmueller et al., 2016; Feuerbach et al.,
2017) with none in the context of research on RTK cleavage.

In the context of studying the signaling of soluble ICDs, the prevention of
shedding could be more appropriate than the prevention of gamma-secretase
cleavage. Shedding is the prequisite for the whole RIP process to proceed and
averting the cleavage at the level of shedding essentially locks the RTK in a state of
full-length receptor signaling. Hindering the cleavage at the level of gamma-
secretase cleavage can lead, in principle, to unwanted non-specific signaling
mediated by membrane bound CTFs generated from shedding. These CTFs remain
at the membrane longer than normal CTFs as they are not down-regulated by further
gamma-secretase cleavage. Normally these constructs are transient intermediate
products of RIP with half-life expected to be short.

In contrast to the gamma-secretase complex, both ADAMI10 and ADAM17
recognize conserved cleavage site sequences (Tucher ef al., 2014). For the substrates
with still unknown cleavage sites, ADAM10 and ADAM17 cleavage sites can be
predicted abolishing the need to experimentally identify the sites of shedding. In this
study, shedding mutants, based on prediction of possible cleavage sites in TYRO3,
were generated and were functionally verified to be cleavage resistant.

The most advanced approach and closest to preserving the endogenous
functionality and regulation of the target protein, would be to use the ADAM
cleavage mutants in combination with the CRISPR (clustered regularly interspaced
short palindromic repeats) technique (Cong et al., 2013). This would enable the
creation of RIP resistant endogenous version of the respective receptor.

6.5 }/Ca[r)iability in the nuclear localization of TYRO3

Nuclear localization of soluble ICDs have been observed for multiple RTKs.
Additionally, biological functions associated with soluble RTK ICDs are often
associated with the nuclear localization of the ICD (Muraoka-Cook et al., 2006;
Sardi et al., 2006; Lyu et al., 2008; Hoeing et al., 2011). Our results indicated that
TYRO3 ICD translocates to the nucleus following the gamma-secretase cleavage in
WM-266-4 cells. This localization was not observed with ectopic expression in NIH-
3T3 cells, although nuclear localization was observed with another TAM RTK,
AXL. Endogenous expression of TYRO3 is very low in NIH-3T3 cells (Yanagihashi
et al., 2017) while AXL is expressed at high level. It is plausible that factors
governing nuclear localization depend on the context of the cellular background.
Nuclear translocation could require specific conditions tailored for each molecule.
Similarly, specific conditions or specific cell types have been observed to be a
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requirement the cleavage of some RTKs (Javier-Torrent et al., 2019; Liu et al.,
2020).

6.6 Differences in phosphorylation between the
full-length TYRO3 and TYRO3 ICD

Tyrosine phosphorylation has been identified as an absolute requirement for
functionality and activation of RTKs (Hubbard and Till, 2000; Lemmon and
Schlessinger, 2010). In our phosphoproteomic analyses, full-length TYRO3 and
soluble TYRO3 ICD were observed to be differentially phosphorylated mainly at the
phosphosites of tyrosine residues. Tyrosine phosphorylation of full-length TYRO3
was observed to be elevated at amino acid Y681, while tyrosine phosphorylation of
soluble TYRO3 ICD was elevated at amino acids Y742 and Y849. The Y681 is the
proposed conserved TYRO3 autophosphorylation site located in the activation loop
of kinase domain. However, this site has only been identified through sequence
similarity with other TAM RTKs (Ling et al., 1996; Linger et al., 2008; Onken et
al.,2017). The phosphorylation of this site is required for full kinase activation. This
indicates that full-length TYRO3 signals through canonical RTK signaling, as was
to be expected. The novel phosphorylation site Y742 lies in the area harboring
additional autophosphorylation sites indicating similar functionality in the activation
of TYRO3 (Shao et al., 2017). Y849 is located in the C-terminal tail of TYRO3 that
contains the interactions sites for SH2 containing downstream signaling proteins,
such as Grb2 or p85, that have shown to be phosphorylated by TAM RTKs (Braunger
et al., 1997; Goruppi et al., 1997; Georgescu et al., 1999; Weinger et al., 2008).

The knowledge on the functionality of serine and threonine residues that are also
subject to modification by phosphorylation, is quite limited for RTKs. Serine
phosphorylation of RTKs have been implicated to be connected to downregulation
of RTK activity. Especially, elevated phosphorylation of serine residues at the
intracellular juxtamembrane area and C-terminal tail of RTKSs are associated with a
decrease in the kinase activity of EGFR, ERBB4, IGF1R, INSR, MET and PDGRB
RTKs (Gandino et al., 1994; Lewis et al., 1994; Barbier et al., 1999; Bioukar ef al.,
1999; Feinmesser et al., 1999; Kelly et al., 2012; Haryuni et al., 2019). Our
phosphoproteomic results indicated that serine phosphorylation of full-length
TYRO3 was elevated at amino acid S869 located at the C-terminal tail and serine
phosphorylation of soluble TYRO3 ICD was elevated at S472 located at the
intracellular juxtamembrane area. Whether the phosphorylation of these residues
contribute to the downregulation of TYRO3 kinase activity is not known and
requires further experimentation.
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6.7 Unbiased identification of gamma-secretase
cleavage-dependent TYROS signaling
cascades using multiomics data

Gamma-secretase-mediated cleavage of RTKs creates an additional layer of
signaling for RTKs. In contrast to canonical RTK signaling cascades, soluble ICDs
themselves can translocate to various cellular compartments such as the nucleus and
mediate signaling (Merilahti and Elenius, 2019; Giiner and Lichtenthaler, 2020).
Gamma-secretase mediated cleavage of RTKs was identified 20 years ago by
identification of ERBB4 cleavage and nuclear localization of its ICD (Ni et al.,
2001). To date, 29 RTKs have been identified as gamma-secretase substrates but
very little is still known about the biological functions associated with the RIP of
RTKs. Most of the functions for RTK ICDs have been identified by experiments
considering ERBB4.

The research on cell signaling pathways using different omics methods has
created the need for accurate modeling of the large amount of data that has been
acquired to gain better understanding of cellular signaling events. Here we created a
novel unbiased method to interpret signaling pathways from one-time-point
multiomics data (II, Figure 1, 2, 3). Gamma-secretase cleavage-associated signaling
of TYRO3 was used as an example for such data analysis approach.

Most analysis methods are based on the previous knowledge and include the
gene set enrichment analysis (Subramanian et al., 2005) and multiple topology-based
methods that use previous data to infer pathway networks (Ma et al., 2019).

Modeling that is based on previous knowledge has some major caveats:

1. Previous knowledge is often incomplete so that available databases do not
contain all the observed genes, proteins, transcripts, or post-translational
modifications.

2. The uneven acquirement of previous knowledge leads to skewed results
that favor already discovered and extensively researched relationships.

3. Molecular associations are often context-dependent indicating that the
associations found in a different context may not universally apply.

Robust methods that are independent on previous knowledge have been mainly
based on the correlation between different genes, proteins, transcripts, and post-
translational modifications (Langfelder and Horvath, 2008; Care et al., 2019). More
sophisticated methods that utilize machine learning such as regressions, Bayesian
networks and ODE models only solve single molecular association problems such
as gene regulatory networks (Chen and Mar, 2018; Pratapa et al., 2020). Most
accurate interpretations of the cellular signaling have been acquired with methods
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that are tracking the changes in time-course data (Chen and Mar, 2018; Koksal et al.,
2018), but the availability of this kind of data is often limited.

The results acquired from our multiomics analyses indicate that without prior
knowledge about the signaling of soluble TYRO3 ICD, relevant biological
associations can be identified. Moreover, cellular signaling known to be mediated
by the full-length TYRO3, such as activation of STAT signaling (Lemke and
Rothlin, 2008; Mirea et al., 2020), was observed in these analyses, indicating the
validity of the acquired TYRO3 results. The advantages of our analysis method
include its independence on previous knowledge, robustness, making it easily
scalable to other omics data types and low computational demand.

Since the unbiased multi-omics pathway analysis is based on the inherent
variation between samples in the omics data, the quality of the omics data is a
limiting factor to the analysis. If the data contains a lot of technical variation, missing
values and lacks repetitions, it will lead to loss of model accuracy. The
nonparametric formulation and a zero inflated version of the stoichiometry score
were devised to aid solving two of these limitations. Additionally, the choice of cut-
offs for the data to be modelled will affect the final modelled pathways as the
correlation, stoichiometry and combined scores are ranked and hence dependent on
the choice of the signaling molecules included in the dataset. Moreover, including or
omitting proteins, phosphosites or transcripts from the data used for the analysis will
have an influence on the interpreted final pathways. For accurate interpretation of
the multiomics pathways, the multiomics data should be acquired from the same
samples.

6.8 Differential signaling of TYRO3 ICD and full-
length TYRO3

Signaling pathways observed to be differentially regulated by TYRO3 ICD and full-
length TYRO3 contained pathways with predicted functions in cell growth, cell
cycle, cell motility and adhesion, immune response, chromosome organization, cell
death and cell differentiation. Many of these functions are connected to the
progression and therapeutic response of melanoma or are regulated by TYRO3-
mediated signaling. For example, TYRO3 has been indicated to have a role in the
proliferation, tumorigenesis, and invasion of melanoma cells (Zhu et al., 2009;
Tworkoski et al., 2011; Demarest et al., 2013; Shao et al., 2018).

The NOL3, DLG1 and CMTM?7 genes that were identified to be transcriptionally
regulated by TYRO3 ICD have not been previously identified to have a role in
melanoma. Nevertheless, it can be mentioned that high expression of NOL3
(https://www.proteinatlas.org/ENSG00000140939-NOL3/pathology/melanoma) and
DLGI (https://www.proteinatlas.org/ENSG00000075711-DLG1/pathology/melanoma)
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in addition to low expression of CMTM7 (https://www.proteinatlas.org/
ENSG00000153551-CMTM7/pathology/melanoma) associate with poor survival in
melanoma (Uhlen et al., 2017). These results indicate that the formation of TYRO3
ICD and the effects the ICD manifests on gene expression might affect the
aggressiveness of melanoma.

Interestingly, full-length TYRO3-associated tyrosine phosphorylation was
observed with the MER RTK and the Rab proteins 1B, 11A/B, and 14. The MER
tyrosine phosphorylation site is conserved among RTKs and is linked to activation
of MERTK (Schulze ef al., 2005; Sugiyama et al., 2019), suggesting that MER is
activated by TYRO3. Tyrosine phosphorylation is rarely observed with Rab proteins
(Waschbiisch and Khan, 2020). Only Rab7, Rab24 and Rab34 have been indicated
to be subjects for tyrosine phosphorylation, These Rab proteins have suggested roles
in regulation of membrane protein recycling (Ding et al., 2003; Lin et al., 2017; Sun
et al., 2018). The Rab proteins Rab1, Rab14 and Rabl11 are involved in trafficking
from ER to Golgi, Golgi to endosome and recycling endosome to plasma membrane,
respectively (Hutagalung & Novick, 2011). These results indicate that full-length
TYRO3 signaling could take part in receptor crosstalk, by activation of other TAMs
and in membrane trafficking of TYRO3 itself.

This research represents the first study on the gamma-secretase cleavage-
dependent signaling of TYRO3 ICD and provides an important first step for studying
the gamma-secretase cleavage associated RTK signaling on a systemic level. Future
experimentation should involve the validation of the acquired results. In addition,
the systemic level approach, as presented in this study, should be expanded to other
cleavable RTKs. This would allow the identification of possible common signaling
themes and further advance the knowledge on gamma-secretase cleavage-mediated
signaling of RTKs.

6.9 Biological relevance of the findings

The majority of the cleavable RTKs have no identified cellular function for their
soluble ICDs. Additional research is also needed for the expansion of our current
understanding of RTK ICD signaling that is largely based on studies on one RTK,
ERBB4 (Carpenter and Liao, 2013; Merilahti and Elenius, 2019). Furthermore, the
knowledge about the biological relevance of gamma-secretase-mediated cleavage of
RTKs is mostly based on in vitro observations (Merilahti and Elenius, 2019; Giiner
and Lichtenthaler, 2020). Therefore, comprehensive in vivo validations of the in vitro
findings are needed. Additional identifications of regulatory mechanisms critical for
the cleavage could greatly advance this objective, as specific genetic and molecular
interferences with the cleavage event would be more achievable.
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In addition, our understanding of the regulation of substrate identification and
functionality of gamma-secretase complex is almost solely based on the research
focused on APP and Notch cleavage (Wolfe, 2020). Verification of these findings
among RTKs could provide a better selection of tools for the development of
treatments that specifically target the gamma-secretase-mediated cleavage of RTKSs.
A better understanding of the mechanisms on how gamma-secretase substrates are
identified and distinguished from nonsubstrates, is also needed for the development
of more specific inhibitors against RTK cleavage (Golde et al., 2013; McCaw et al.,
2020).
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V4 Conclusions

This thesis aimed to characterize an additional signaling mechanism for RTKSs: the
gamma-secretase-mediated cleavage of RTKs. The focus was on finding the
prevalence of this cleavage process among RTKs and on characterizing molecular
signaling events specifically stimulated by the gamma-secretase-mediated cleavage.
TAM receptors, in particular TYRO3, were used as examples of RTKs with
previously unknown roles as targets for gamma-secretase cleavage.

Based on the results of this study, following conclusions can be made:

1. Gamma-secretase cleavage is common for RTKs. Over half of the RTKs
are currently identified as gamma-secretase substrates.

2. Soluble RTK ICDs, generated from gamma-secretase cleavage, exert
biological functionality such as regulation of cellular growth.

3. The signaling that is associated with the soluble RTK ICDs after gamma-
secretase cleavage is different from signaling associated with the full-
length receptors. Indications for this were observed by studying TYRO3
signaling in melanoma cells.

Together these results provide new insights into gamma-secretase-mediated
cleavage of RTKs. The findings of this thesis, the identified molecular mechanisms,
and the prevalence of cleavage among RTKs, can provide new understanding on the
processes that regulate biological functions of RTKs in both healthy tissues and
cancer.
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