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ABSTRACT

Insulin-like Growth Factor-1 Receptor signalling is essential for cell growth,
and also promotes migration, survival and cellular transformation, thus, linking
it to cancer progression. IGF-1R activity and signalling in cancer cells is
regulated by the C-terminal tail of the receptor. In particular the Tyr!250/1251 gg
their mutation to phenylalanine (FF) profoundly impairs IGF-1 signalling and
the crosstalk between Integrin and IGF-1R signalling that facilitates a migratory
phenotype in cancer cells. This thesis investigated the mechanisms of
adhesion-modulated IGF-1R signalling, the function of Tyr'250/1251  gnd
whether these mechanisms might influence the efficacy of IGF-1R-targeted
drugs.

Following the identification of FER kinase as a mediator of sensitivity to
IGF-1R kinase inhibition, we found that ectopic expression of FER enhanced
IGF-1R and SHC/MAPK pathway activation in an IGF-1R kinase-independent
manner. FER also specifically phosphorylated the IGF-1R on Tyr'250/1251 FER
activity was cell adhesion-dependent and FER expression correlated with a
migratory cancer phenotype. FER inhibition profoundly decreased IGF-1R and
SHC signalling and reduced cell migration in breast cancer cells.

The mechanisms and consequences of IGF-1R phosphorylation on
Tyr1250/1251 phosphorylation were investigated for their contribution to IGF-1R
function. It was established that IGF-1R, FER and FAK kinase activity may all
contribute to Tyr'250/1251 phosphorylation and that cell adhesion is required for
this phosphorylation. The consequence of Tyr!'25%/1251 phosphorylation was
further investigated using a phosphomimetic Y1250E/Y1251E (EE) and the
non-phosphorylatable FF IGF-1R mutant. These studies determined that

IGF-1R  phosphorylation on Tyr'?0/1251 |GF-1R enhanced IGF-1R

iv



internalisation and proteasomal degradation. Moreover, the WT and EE
receptors became rapidly internalised in response to IGF-1 ligation and
accumulated in the Golgi apparatus, while the FF mutant remained at the
plasma membrane or sites of cell adhesion. Importantly, Golgi-associated
IGF-1R signalling correlated with a migratory cancer cell phenotype, and
disruption of the Golgi apparatus impaired IGF-1-promoted SHC
phosphorylation and cell migration. In migratory cells, the formation of new
focal adhesion points caused a transient release of the IGF-1R from the Golgi-
apparatus to the membrane and lower IGF-1R Tyr'2%0/1251 phosphorylation.
Thus, phosphorylation on Tyr'25%/1251 gnables IGF-1R signalling from the
Golgi-apparatus, and Golgi-derived |IGF-1R signalling can support an
aggressive cancer phenotype.

Overall, this study identifies FER kinase and Tyr'259/1251 phosphorylation
as adhesion-dependent mechanisms that modulate IGF-1R signalling and
localisation in migratory cancer cells. The fact that the IGF-1R may be
activated by other kinases and is predominantly located in the Golgi in
migratory cells may explain the poor clinical efficacy of monoclonal antibodies

and kinase inhibitors that specifically target the surface IGF-1R.
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1 CHAPTER 1: INTRODUCTION



1.1 THE INSULIN AND INSULIN-LIKE GROWTH FACTOR FAMILY
Receptor tyrosine kinases (RTKs) transmit extracellular stimuli from their
ligands into specific intracellular signals to activate and regulate various
cellular functions, including growth and survival signals for cell proliferation.
Insulin (Ins) and Insulin-like Growth Factors (IGFs) are a highly
conserved family of hormone peptides. Upon binding to their cell surface
receptors (illustrated in Figure 1.1), they activate a signalling system that is
conserved from simple organisms to mammals (Barbieri et al., 2003, Eivers et
al., 2004). The cell surface receptors are the Insulin Receptors (IR-A and IR-
B), type I Insulin-like Growth Factor Receptor (IGF-1R), and the Insulin-
Receptor-Related Receptor (IRR) (Figure 1.1). The type Il Insulin-like Growth
Factor Receptor (IGF-2R), in mammals also known as cation-independent
mannose 6-phosphate receptor, exhibits no intrinsic kinase activity (Liu et al.,
1993) and is not officially a member of the Insulin Receptor family (Hernandez-
Sanchez et al., 2008). However, the receptor is important for the IGF signalling
axis as it has role in IGF-2 turnover (Liu et al., 1993). The two IR receptors are
the product of alternative splicing and while the IR-B is mainly expressed in
muscle, liver and adipose tissue, the IR-A is predominantly expressed in foetal
and cancer cells (Belfiore et al., 2009). Members of the IR family are all
expressed in the same cells, which allows the formation of hybrid receptors
(Soos et al., 1993, Bailyes et al., 1997, Belfiore et al., 2009). In addition to the
receptors and ligands, the Insulin and IGF signalling axis contains IGF binding

proteins (IGFBPs) (Figure 1.1).



1.1.1 Insulin, Insulin-like Growth factors and IGF binding proteins

Three ligands have been shown to activate members of the Insulin Receptor
family by binding to their extracellular domain. Insulin (Ins),
Insulin-like growth factor 1 (IGF-1) and Insulin-like growth factor 2 (IGF-2)
(Figure 1.1). Exclusively produced by the pancreas, the main function of Ins is
the regulation of the carbohydrate metabolism (Sussenbach et al., 1992).
While Ins preferentially binds to IR-B, IGF-1 and IGF-2 bind to the IGF-1R with
high affinity and a dissociation constant (Kd) of 1 nM and 3 nM respectively
(Steele-Perkins et al., 1988, Denley et al., 2005) (Figure 1.1). However,
although IGF-1 and Ins display a higher affinity for their respective receptors,
they can also activate the other receptors when the ligand concentration is
supra-physiological levels (Sepp-Lorenzino, 1998). The lower affinity of Ins to
the IGF-1R (a Kd 100-fold less) is due to the lack of the C-domain in Ins (Bayne
et al., 1989). While IGFs are single polypeptides containing A, B, C, and D
domains, Insulin contains separate A and B domains joined by disulfide bonds
(Sussenbach et al., 1992).

IGFs have a primary function in promoting growth, proliferation and
differentiation of cells, organs and organisms. The concentration of circulating
IGFs in plasma is normally in the ng/ml range and it is produced mainly by the
liver in response to Growth Hormones (GH) produced in the pituitary. However,
as it was demonstrated with liver IGF-1-deficient (LID) mice, liver-derived IGF-
1 is not essential for most tissues (Yakar et al., 1999). IGFs are also produced
locally in most tissues by fibroblasts, epithelial cells and macrophages (Ferber
et al., 1993, Chand et al., 2012, Barrett et al, 2015). Systemic
macrophage-derived IGF-1 is essential for the adoption of the M2 phenotype

of macrophages (Barrett et al., 2015), and local production of IGF-1 by
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macrophages in response to muscle injury is required for muscle regeneration
through myoblast proliferation and myoblast growth (Tonkin et al., 2015, Yu et
al., 2015). Macrophages may also be an important source of locally acting
IGFs in tumour environments and linked to tumour growth and recurrence
(Ireland et al., 2016, Quail et al., 2016, Liu et al., 2018a). In these
microenvironments, IGF-1 mediates anti-apoptotic signalling and promote
resistance to chemotherapeutics (Chapuis et al., 2010, Fox et al., 2013, Ireland
et al., 2016).

Only a small amount of IGFs are biologically active. In the bloodstream
and in local tissue most circulating IGF molecules (90%) are bound to one of
the six members of the IGFBP family (Allard and Duan, 2018) (Figure 1.1).
Binding IGF molecules with a higher affinity than the IGF-1R, the IGFBPs have
the distinct function of regulating ligand accessibility for the receptor and
thereby, modulating IGF-1R activity in cells locally. The most represented
IGFBP in human adult serum is IGFBP-3 with a concentration that is
approximately 5-fold higher than the other family members (Jones and
Clemmons, 1995, Rajaram et al., 1997).

About 75-80% of all IGF forms a complex with IGFBP-3 and the
glycoprotein acid labile subunit (ALS), whereas the remaining 20-25% are
bound to other IGFBP members. The formation of a binary complex of
IGFBP/IGF prolongs the half-time of circulating IGF molecules from 10 min to
approximately 25 min. The double complex can rapidly leave the capillaries
(Guler et al., 1989), but the addition of ALS to the complex increases the IGF
half-life time to about 16 hours maintaining a long-lasting reservoir of IGF
molecules in circulation (Rajaram et al., 1997). Proteases are needed to

release IGF molecules from the complex. Specific IGFBP proteases have been
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described including the pregnancy-associated plasma protein 1 (PAPP-A1)
and PAPP-A2 (Lawrence et al., 1999, Conover and Bale, 2007, Ning et al.,
2008), Adam 9 (Mohan et al., 2002), Adam 12 (Shi et al., 2000) as well as

Pappalysin-1 (Monget and Oxvig, 2016).
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Figure 1.1: Overview of the Insulin and Insulin-like Growth factor family.

Insulin and IGF hormone peptides bind to the members of the Insulin Receptor family
with different affinities. IGF-1R and both IRs contain an intrinsic kinase domain, which
is activated upon ligand binding to regulate cellular processes. The IGF-2R is a single-
chain polypeptide devoid of tyrosine kinase activity with an apparent role in IGF-2
degradation. To prolong their half-time circulating IGFs are bound to IGFBP. Specific
proteases release the IGFs from the complex allowing them to bind to the cell surface
receptors.



1.1.2 Receptor Evolution and Structure

The common Insulin/IGF-1R orthologue called decay accelerating factor-2
(Daf-2) receptor in Caenorhabditis elegans shares 35% similarity to IGF-1R
and 36% similarity to the IR (Kimura et al., 1997, Sepp-Lorenzino, 1998). Daf-2
controls development, growth, aging and resistance to stress (Kimura et al.,
1997).

Both the IR and the IGF-1R are tetrameric glycoproteins consisting of
two extracellular a-subunits and two intracellular -subunits connected though
disulphide bonds (illustrated in Figure 1.2). Translated as a single-chain
precursor (1.367 amino acids), the IGF-1R protein undergoes various
modifications during maturation in the endoplasmic reticulum (ER) and Golgi-
apparatus (Baserga et al., 1997, Sepp-Lorenzino, 1998, Adams et al., 2000)
(Figure 1.2). Upon translocation of the nascent protein into the ER the first 30
amino acid signal peptide is cleaved leaving a 1337 amino acid long ap-
proreceptor. To generate the mature az2B2 heterodimer, the proreceptor
undergoes further processes including N-linked glycosylations, proteolytic
cleavage on its R-K-R-R sequence and dimerization (Ullrich et al., 1986,
Marino-Buslje et al., 1999, Adams et al., 2000, Denley et al., 2005).

The a-subunit, responsible for ligand-binding, contains a cysteine rich
region and is located extracellular. The ligand-binding site of the IR and the
IGF-1R share 45-65% homology (Ullrich et al., 1986, Whittaker et al., 2001)
and are most similar in the cysteine-rich regions, which are involved in ligand
recognition and binding (Belfiore et al., 2009). The region between amino acid
223 and 274 of the IGF-1R ensures specificity of IGF-1 as its ligand (Gustafson
and Rutter, 1990, Keyhanfar et al., 2007). However, in conditions of excessive

ligand amounts, both IGF-1 and Insulin can activate the other receptor.
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The B-chain, consisting of an intracellular juxtamembrane domain,
tyrosine kinase domain (TK) and the C-terminal tail (Figure 1.2), is 627 amino
acids long. The IGF-1R transmembrane domain extends from residues 906-
929. The TK of the IR and the IGF-1R share 84% homology, while the
juxtamembrane domain exhibits 61% homology (Ullrich et al., 1986, Hubbard
et al.,, 1994, Prager et al., 1994). The TK domain contains a cluster of three
tyrosines Tyr'131, Tyr'135 and Tyr'136 (Tyr!13%1136) an ATP binding motif (976-
GQGSFG-981) and on position 1003 an ATP binding lysine (K), essential for
the Mg-ATP binding (Ullrich et al., 1986). Mutation of the ATP binding site
K10083 to alanine (A) or arginine (R) abolishes the tyrosine kinase activity and
the biological function of the IGF-1R (Tennagels et al., 1999, Scotlandi et al.,
2002). The C-terminal of the IGF-1R (amino acids 1225-1337) is 44%
homologous to the corresponding IR region making it the least similar domain
inthe IGF-1R and IR (Ullrich et al., 1986). Hence it is proposed that this domain
regulates key differences in the function of IR and IGF-1R (Miura et al., 1995b,
Miura and Baserga, 1997, Leahy et al., 2004, Kiely et al., 2005, Kelly et al.,

2012, Zheng et al., 2012).
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indicated with amino acid residues that are important for this study.



1.2 THE PHYSIOLOGICAL FUNCTION OF THE IGF-1R SYSTEM

In response of IGF-1 binding to the receptor, the IGF-1R induces various
signalling pathways and thereby regulating the cellular processes, including
cellular growth, survival and differentiation, aging and longevity and
metabolism. The two most well-characterized pathways activated by the
IGF-1R are the Phosphoinositide 3 kinase (PI3K) pathway (Figure 1.6) and the
Mitogen-Activated Protein Kinase-1 (MAPK) pathway (Figure 1.7) (Pollak,

2012).

1.2.1 IGF-1R promotes cell, organ and animal growth

It is believed that IGF-1 together with its receptor accounts for up to 70% of
embryonic growth and is therefore essential for the normal development of the
embryo and growth of animals (Baker et al., 1993). While in the early
embryonic phase foetal growth is mainly dependent on IGF-2 acting through
the IGF-1R and IR receptor, growth in the later foetal and postnatal phase is
predominantly regulated by IGF-1 (Baker et al., 1993). As children and adults
age, levels of plasma IGF-1 can be used as an indicator for body growth, with
high levels of IGF-1 generally correlating with greater size (Gourmelen et al.,
1984, LeRoith et al., 1991).

The endocrine disorder called Acromegaly is caused by the elevation of
GH levels which leads to an increase in IGF-1 secretion. Acromegaly is
characterised by the abnormal growth of hands, feet and head (Melmed,
2006). Pathological Acromegaly also results in the enlargement of visceral
organs and patients are at higher risk of morbidity and mortality due to
cardiovascular diseases (Dekkers et al., 2008, Holdaway et al., 2008). In

contrast, in pygmies and Laron dwarfs, disorders characterized by the small
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stature of humans are caused by a genetic defect in the growth hormone
receptor and these individuals display low levels of plasma IGF-1 (Amselem et
al., 1989, LeRoith et al., 1991, Baserga et al., 1997).

The essential function of IGF-1 in growth is not limited to humans, but
is also present in animals including dogs and mice. In mice, targeted disruption
of the IGF-1 or IGF-2 gene causes a 60% reduction in weight at birth and IGF-
1R null mice display 45% decrease in body weight compared to controls and
die at birth due to respiratory failure. These mice also exhibit organ hypoplasia
in muscle, development delays in ossification and abnormalities in the central
nervous system and the epidermis (Liu et al., 1993). Abnormalities found in
IGF-1R null mice are primarily caused by the elongation of the cell cycle (Sell
et al., 1994). Furthermore, fibroblasts derived from IGF-1R null mice (R cells)
show a reduction in growth rates compared to fibroblasts, where the igf-1rgene
was reintroduced (R* cells, (Sell et al., 1994). In contrast, the over-expression
of GH or IGF-1 in mice results in larger organs compared to controls (Palmiter

et al., 1982, Holdaway et al., 2008, Dekkers et al., 2008).

1.2.2 IGF-1R mediates cell survival and differentiation

Apoptosis is an innate process of programmed cell death that is triggered by
cellular damage, while also required for normal cell growth and mammalian
development. Dysregulation of apoptosis or cell death is implicated in the
development and abnormal growth of cancer cells. IGF-1 acting through the
IGF-1R promotes potent cell survival in response to many apoptotic stimuli
including hypoxia (Stoeltzing et al.,, 2003), overexpression of c-Myc
(Harrington et al., 1994), 1994), chemotherapeutic agents (Sell et al., 1995),

TNF-a (Wu et al., 1996), IL-3 withdrawal (O'Connor et al., 1997), p53 (Prisco
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et al., 1997) and UV radiation (McMahon et al., 2010). IGF-1-mediated cell
survival is also important for the recovery of cardiomyocytes after myocardial
infarction (O'Sullivan et al., 2011) as well as neuronal cells following ischemic
brain injury (Guan et al., 2003, Brywe et al., 2005).

IGF-1R-mediated cell survival is induced by the activation of
downstream signalling pathways including the PIBK/AKT, Ras/MAPK, p38 and
JNK (O'Connor, 2003). PI3K activation causes phosphorylation of Bad, a
member of the pro-apoptotic BCL-2 family. This IGF-1R-facilitated serine
phosphorylation inhibits Bad heterodimerization  with BCL-XL.
Heterodimerization of Bad and BCL-XL triggers the release of Cytochrome C
from the mitochondria leading to induction of a caspase cascade and
apoptosis (Datta et al., 1997). IGF-1 stimulates the phosphorylation of Bad
which prevents its interaction with BCL-XL and thereby mediates an
anti-apoptotic effect (Datta et al., 1997). The activation of PI3K also prevents
the translocation of FKHR into the nucleus. As a transcriptional enhancer,
FKHR is responsible for the transcription of multiple pro-apoptotic genes
(Biggs et al., 1999). Furthermore the PI3K-mediated activation of AKT results
in translocation of MDM2, a major inhibitor of the p53. Thus IGF-1 induced
signalling negatively regulates p53 targets (Carter et al., 2007). In addition to
IGF-1R-mediated activation of PI3K/AKT signalling to promote cell-survival, it
was recently reported that the translocation of the IGF-1R to the nucleus
induces the transcription of the pro-survival gene JUN (Aleksic et al., 2018).

Anti-apoptotic signalling from the IGF-1R requires the presence of
distinct residues located in the C-terminal tail including Tyr'2591251 gnd
His'2%3/Lys'2%4, Point mutations of these amino acids abolish the IGF-1 anti-

apoptotic effects (O'Connor et al., 1997), and ectopic expression of this domain
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induced apoptosis in cancer cells in vivo and inhibited tumorigenesis in nude
mice (Liu et al., 1998, Hongo et al., 1998).

Cell proliferation and differentiation are processes that are mutually
exclusive in most cell types. Growth-factors can inhibit differentiation to
stimulate cell proliferation. During development though, it is believed that the
balance between cell differentiation and cell proliferation can be regulated by
the activity of growth factors like IGF-1. Under certain conditions, IGFs may
induce both proliferation and differentiation in a wide range of cells including
osteoblasts (Wang et al.,, 2015), adipocytes (Boucher et al., 2016),
oligodendrocytes (Hsieh et al., 2004), neuronal cells (Ziegler et al., 2015) and
hematopoietic cells (Petley et al., 1999).

In hematopoietic cells, ectopic expression of IGF-1R allows the
normally IL-3-dependent murine 32D myeloid cell line, to grow independently
of IL-3. The additional expression of IRS-1 leads to cell proliferation, whereas
the addition of SHC results in cell differentiation (Valentinis et al., 1999). This
indicates that IGF-1 signals through different adapter proteins and signalling
pathways.

During bone fracture healing, IGF-1 is also involved in cell proliferation
and differentiation of mesenchymal cells, periosteal cells, osteoblasts,
osteoclasts and chondrocytes. Moreover, loss of IGF-1R from osteoblasts
highly effects the process of fracture healing (Wang et al., 2015).

The IGF-1R plays an essential role in the growth of skeletal muscle as
IGF-1 induces both myoblast proliferation and differentiation (Florini et al.,
1996). The same effect is observed, when IGF-1R is constitutively
overexpressed in myogenic cells. /n-vivo studies demonstrated that injury- and

exercise-induced muscle regeneration is accompanied by increased IGF-1
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expression (DeVol et al.,, 1990) and that IGF-1 expression in muscle can
reduce age-related muscle-atrophy (Barton-Davis et al., 1998).

The IGF-1R system contributes to the development of the central
nervous system and is also involved in recovery post-injury (Dyer et al., 2016).
IGF-1 promotes proliferation and survival of progenitor cells, neurons and
oligodendrocyte and is therefore crucial to the post-injury neuroprotection and
regeneration (Isgaard et al., 2007, Dyer et al., 2016). Due to its neuroprotective
role, IGF-1 may have potential to be used as therapeutic treatment for
neurodevelopmental disorders as well as treatment after injuries to the central
nervous system (Mangiola et al., 2015, Dyer et al., 2016, Costales and

Kolevzon, 2016).

1.2.3 IGF-1R axis in aging and longevity

Aging and the environmental and genetic regulation of the lifespan of
organisms are fundamental processes in life. There is evidence that IGF-1
signalling can accelerate aging mainly through the activation of the PI3K
pathway. In C. elegans, the mutation of the daf-2 (the IR/IGF-1R orthologue),
was found to extend the life-span by 2-fold (Kenyon et al., 1993). Similar
results were observed in Drosophila melanogaster (Tatar et al., 2001). Mouse
studies have revealed that either a reduction of the IGF-1R or the levels of
circulating IGF-1 are linked to an increase in life span (Brown-Borg et al., 1996,
Flurkey et al., 2002, Holzenberger et al., 2003). Whilst the involvement of the
IGF-1 system can be easily studied in model organisms including mice, C.
elegans or Drosophila melanogaster, its role in human aging is more difficult
to determine. However, emerging evidence indicates a correlation between

low IGF-1 levels and human lifespan. A longer lifespan is associated with lower
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levels of IGF-1 in an aging population that had a history of malignancy (Milman
et al.,, 2014). In families of Ashkenazi Jewish centenarians, where two
mutations in the IGF-1R (A37T and R407H) are enriched, reduced
IGF-1R-mediated activation of the PI3K pathway is proposed to increase the
lifespan of individuals (Tazearslan et al., 2011). A unique subgroup of
Ecuadorian individuals, characterized by a mutation in the growth hormone
receptor gene, have reduced levels of circulating IGF-1. This deficiency
confers a profound reduction in pro-aging signalling on this population, and is
associated with reduced occurrence of cancer and diabetes (Guevara-Aguirre

et al., 2011).

1.2.4 IGF-1R in metabolism and mitochondrial function

The IR/IGF-1R system controls metabolic homeostasis and the dysregulation
of this system is linked to metabolic disorders (Clemmons, 2012). Since IGF-
1 stimulates growth of all cell types in foetal development as well in
adolescence, its signalling through the IGF-1R has major impact on cellular
protein, carbohydrate or fat metabolism. These processes are tightly
coordinated with insulin and GH.

The major player in cellular metabolism and bioenergetics is the
mitochondrion. Its general function is to convert metabolites such as glucose
into Adenosine-tri-phosphate (ATP) to provide energy for cellular processes
(Sadaba et al., 2016). This process is known as oxidative phosphorylation
(OXPHOS). Reactive oxygen species (ROS) are a normal by-product of
OXPHQOS, which are neutralized by superoxide dismutase (SOD) and
eventually converted into water and oxygen (Mailloux, 2015) to avoid the

accumulation of cell damaging ROS (Zorov et al., 2014). As mitochondria hold
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an essential function in cells, their synthesis (mitochondrial biogenesis) and
regulation of their numbers and quality (mitochondrial fission and fusion) are
well-orchestrated and controlled processes within every cell. The importance
of mitochondrial quality control and mitochondrial homeostasis in the
maintenance of healthy tissues is well documented (Rambold and Lippincott-
Schwartz, 2011, Sadaba et al., 2016). Impaired mitophagy can lead to the
accumulation of dysfunctional mitochondria and oxidative stress, which is
associated with various diseases including neurodegeneration, diabetes, heart
disease and cancer (Ritov et al., 2005, Pieczenik and Neustadt, 2007, Ren et
al., 2010, Sheng et al., 2012, Sadaba et al., 2016, Macleod, 2020).

While the influence of IGF-1 signalling on carbohydrate
metabolism/glycolysis is well studied (reviewed by (Clemmons, 2012)), the
regulation of mitochondrial function by IGF-1 signalling is an emerging topic.
IGF-1 promotes mitochondrial biogenesis (Lyons et al., 2017). The
IGF-1R/PI3K axis was demonstrated to mediate biogenesis by inducing the
expression of key regulators of the process, PGC13 and PRC. When IGF-1R
signalling is supressed or the activation of PI3K pathway is inhibited, PGC1f3
and PRC expression are decreased, which leads to a reduction in
mitochondrial mass and biogenesis (Lyons et al., 2017). Furthermore IGF-1R
is reported to induce the expression of the mitophagy receptor BNIP-3 (Lyons
et al.,, 2017). BNIP-3 is inserted into the mitochondrial membrane and acts
through its LIR domain as adaptor protein for LC3 (Liu et al., 2014), which
subsequently leads to lysosomal degradation of dysfunctional mitochondria.
Inhibition or suppression of IGF-1R signalling causes reduced expression of

PGC1B and PRC, and BNIP-3 protein, resulting in impaired mitophagy, an

16



accumulation of dysfunctional mitochondria and the increased production of
ROS (Lyons et al., 2017).

Further evidence for essential IGF-1 signalling in maintaining healthy
mitochondria comes from our identification of an IGF-1 inducible mitochondrial
UTP importer, pyrimidine nucleotide carrier 1 (PNC1) that is required for
maintaining mitochondrial RNA and DNA (Floyd et al., 2007, Favre et al.,
2010). Suppression of PNC-1 correlates with high ROS production, and under
normal oxygen conditions, PNC1 suppression mediates an increase in
glycolysis for ATP production whilst also decreasing OXPHOS. Increased
ROS as a result of PNC1 suppression causes a profound induction of EMT in
MCF-7 and HelLa cells (Favre et al., 2010).

Taken together, there is strong evidence that IGF-1 signalling has a role
in mitochondrial protection and in maintenance of mitochondrial homeostasis

(also discussed in (Sadaba et al., 2016)).
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1.3 IGF-1 INDUCED MECHANISMS AND SIGNALLING PATHWAYS

1.3.1 How the IGF-1R kinase is activated

The IGF-1R is activated in response to IGF-1 binding to the a-dimer. The first
event induced by ligand binding is autophosphorylation on the tyrosine cluster
at positions 1131, 1135, and 1136 in the proposed order of 1135>1131>1136
(Figure 1.3). The autophosphorylation on the A-loop tyrosines allows ATP,
magnesium and the substrate to access the active site (Hubbard, 1997)
(Figure 1.3). To restrain IGF-1R kinase activity when IGF-1 is not present, IGF-
1R forms an auto-inhibitory conformation (Figure 1.3, Figure 1.4). IGF-1
binding and subsequent phosphorylation on Tyr''35 and Try''3' destabilizes
this auto-inhibition, whereas Tyr''3¢ phosphorylation subsequently stabilizes
the active conformation. Salt bridges between phosphorylated Tyr''3% and
Arg'128 as well as phosphorylated Tyr'136 with Arg''?® and Lys''38 maintain the

active kinase conformation of the IGF-1R (Favelyukis et al., 2001).

18



& GF1 S

N
Plasma
membrane
2

1

Inactive Ligand-
conformation binding =
conformational
change
2 er1 § 2 cr1 F 8 gr1 B 2 or1 F

e >< e 1131 P >< P P P

D D
P P
P

X

P r 1135 P

P

N
» 1136 P P

P

Substrate
3 4 5 6
A-Loop A-Loop A-Loop Phosphorylation
phosphorylation phosphorylation phosphorylation  of exogenous substrate

Tyr1135 Tyr1131 Tyr1136

Figure 1.3: Stages of IGF-1R tyrosine kinase activation.

(1) The IGF-1R is present in dimeric form at the cell membrane prior to ligand binding.
(2) IGF-1 binding induced a conformational change in the IGF-1R subunits, which
allows the trans-autophosphorylation of (3) Tyr''35, (4) Tyr''®, (5) Tyr''%. This leads
to increased access of ATP and the (6) subsequent phosphorylation of exogenous
substrate.
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Whereas other RTKs are activated upon receptor dimerization the members
of the Insulin receptor family are present as pre-formed dimers (Figure 1.3)
and therefore require a different mechanism in activation and restraining the
activation to prevent ligand independent receptor activity. Recent studies
showed that once the IGF-1R is phosphorylated and the kinase is active,
neither the ligand nor structures outside the kinase domain contribute to the
kinase activity (Kavran et al., 2014, Xu et al.,, 2018). It was furthermore
demonstrated that the two extracellular domains maintain an “inverted V-
shape” (Figure 1.4), leading to the conformational separation of the
transmembrane domain. Upon IGF-1 binding the transmembrane regions
dimerize resolving the auto-inhibitory conformation allowing
autophosphorylation (Kavran et al., 2014, Xu et al., 2018). This describes a
mechanism in which ligand binding is responsible for disrupting an inhibitory
structure rather than activating the receptor.

Each IGF-1R arm contains two ligand binding pockets and each binding
pocket is composed of interacting residues either located on the same af3- arm
or the interacting arm. The binding pockets are composed of the L1, CR, L2,
Fnlll-1, -2, -3 (domains of first dimer' domains of second dimer?) (Figure 1.4)
and are formed by the interaction of residues on the L12 and CR? domains and
aCT" and FNIII-11" (Williams et al., 1995, Mynarcik et al., 1996, Whittaker et al.,
2001, Whittaker et al., 2008, Smith et al., 2010, Li et al., 2019). Although
IGF-1R contains two IGF-1 binding pockets, the stoichiometry of IGF-1:IGF-1R
is 1:1. The binding of a ligand molecule to in pocket 1 decreases the affinity to
pocket 2, a mechanism that has been described as negative cooperativity (De
Meyts, 2004, Surinya et al., 2008). Li et al., recently discovered the reason for

the negative cooperativity, where liganded aCT interacts with unliganded aCT
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preventing the conformational rearrangement needed for binding of a second
IGF-1 molecule. In addition, the group described the interaction between
unliganded L1 and unliganded Fnlll-2 as stabilisation for the active IGF-1R
dimer formation (Li et al., 2019). Truncation of the intracellular domain disrupts
negative cooperativity indicating that the full length protein is needed for
optimal IGF-1 binding and activation of the receptor (De Meyts, 1994).
Whereas negative cooperativity for Insulin binding to the Insulin receptor is
abolished with Insulin concentrations greater than 100 nM, negative
cooperativity for IGF-1 binding to IGF-1R remains even with high
concentrations. Hence the dissociation curve is sigmoidal (Christoffersen et

al.,, 1994, De Meyts, 1994).
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Figure 1.4: Conformational changes in the IGF-1R upon IGF-1 binding.

Cartoon illustrating the ‘inverted V’ shape restraining the IGF-1R activity upon IGF-1
ligand binding. Ligand binding to one of the two ligand pockets composed of L12, CR?
and aCT' and FNIII-1'leads to the release of the autoinhibitory conformation allowing
the IGF-1R autophosphorylation (red strokes).
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1.3.2 The autophosphorylation site Tyr®° IGF-1R

In response to IGF-1 binding to the IGF-1R, the intrinsic tyrosine kinases
activity autophosphorylates the tyrosine cluster in the kinase domain (Figure
1.3). However, tyrosines outside the A-loop are phosphorylated by the IGF-
1R. Form the three tyrosines (Tyr®*3, Tyr®0 and Tyr%7) located in the
juxtamembrane domain of the IGF-1R (Figure 1.2) (Prager et al., 1994),
IGF-1R autophosphorylates Tyr®®°, which is important for signal transmission
as it critical for the recruitment of IGF-1R substrates. Although Tyr®° is not
required for the IGF-1R kinases activity, the mutation of the Tyr®° to
phenylalanine inhibits IGF-1-induced signalling and cellular transformation

(Miura et al., 1995a).

1.3.3 The function of the C-terminal tail in the IGF-1R

The IGF-1R and the IR are most distinguishable in the C-terminal region, and
it is proposed to be a regulatory domain that distinguishes features of
IGF-1R-specific signalling from IR signalling in cells. However, how the
contribution of the C-terminal tail to IGF-1R activity and function in normal cells

or cancer cells is still not understood.

1.3.3.1 Point mutations in the C-terminal tail impair IGF-1R functions
The Tyr'250/1251 in IGF-1R are not present in the corresponding region of the
human IR (Ullrich et al., 1986). Mutation to phenylalanine Y1250F/Y1251F
(FF) profoundly impairs IGF-1R activity in cells, but the exact role of these
residues in regulating the IGF-1R activity is still unknown (Figure 1.5).

R~ cells or other cells overexpressing the FF IGF-1R mutant are

refractory to cellular transformation (Miura et al., 1995b), and exhibit impaired
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cell survival (O'Connor et al., 1997) as well as the ability to support a metastatic
and invasive phenotype, mainly displayed by anchorage-independent growth
and reduced cell migration (Brodt et al., 2001, Kiely et al., 2005). The FF
mutant does not associate with the scaffolding protein RACK1 (Figure 1.5)
causing a loss of interaction with B1-Integrin which is required for
IGF-1-promoted cell migration (Kiely et al., 2005). Several components of the
migration machinery regulated by IGF-1, require RACK1 interaction with the
IGF-1R, including SHC, Src and Shp-2 (Kiely et al., 2005, Kiely et al., 2002,
Manes et al., 1999, Chang and Karin, 2001, Cox et al., 2015). Any
modifications in the adhesion complexes generally causes impaired IGF-1-
induced cell migration (Hermanto et al., 2002, Kiely et al., 2005, Taliaferro-
Smith et al., 2015).

The IGF-1R FF mutant, and even a single mutation of Y1251F cannot
mediate an anti-apoptotic signal when overexpressed in different cells
(O'Connor et al.,, 1997, Brodt et al., 2001). However, truncation of the
C-terminal tail at A1229 or A1245 does not abolish IGF-1R-mediated protection
from apoptosis, suggesting that their ability to transmit an anti-apoptotic effect
might be due to their modification such as phosphorylation (O'Connor et al.,
1997). The single mutation of Y1250F was also proposed to be involved in
IGF-1R internalisation. Truncation of the C-terminal tail A1229 IGF-1R and the
Y1250F IGF-1R both reduced IGF-1R internalisation (Miura and Baserga,

1997).

1.3.3.2 The regulation of IGF-1R kinase activity
Once the IGF-1R kinase domain is activated, it is proposed that the

extracellular domain, the transmembrane domain, and the C-terminal tail do
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not contribute further to IGF-1R activity (Kavran et al., 2014, Xu et al., 2018).
However, much evidence supports a function for the IGF-1R C-terminal tail in
regulating kinase activity.

The double Y1250F/Y1251F mutation is sufficient to profoundly reduce
SHC/Ras/MAPK activation (Leahy et al., 2004, Chen et al., 1998, Kiely et al.,
2005), which may be due to less Grb-2 interaction with SHC. Interestingly, the
mutation does not reduce IGF-1-induced PI3K/AKT activation, but rather
increases it, suggesting that IRS-1 interaction with the IGF-1R does not require
Tyr1250/1251 (L eahy et al., 2004, Kiely et al., 2005).

The IGF-1R FF mutant also exhibits significantly impaired IGF-1R
kinase activity in in vitro kinase assays. Immunoprecipitated IGF-1R FF mutant
is significantly less autophosphorylated in both serum-free cell cultures or in
the presence of exogenously added ATP compared to the IGF-1R WT. This
again supports the involvement of Tyr'2501251 jn |GF-1R kinase regulation
(O'Connor et al., 1997).

Two serines flank Tyr1250/1251 (Ser1248 gnd Ser'?%2), and these are
proposed to function in negative regulation of IGF-1R kinase activity by
restraining the kinase activity upon ligand binding (Kelly et al., 2012). Ser'2%?
is proposed as a priming phosphorylation site for GSK-33 to phosphorylate
Ser'?#  which phosphorylation would be inhibited by IGF-1 (through
AKT-mediated phosphorylation on Ser® and suppression of GSK-3B activity).
Phosphorylated Ser'?#® would allow the C-terminal tail to ‘wrap’ around the
kinase domain, which blocks the activation of the receptor. Upon ligand
binding, dephosphorylation of Ser'?*® would release the C-terminal tail from
the inhibitory position, thereby exposing the IGF-1R kinase domain for full

activation (Kelly et al., 2012). Mutation of Ser'?*® to alanine disrupts this
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regulatory mechanism leading to a locked active IGF-1R kinase and an
observed increase in cell growth and proliferation (Kelly et al., 2012).
Although substitution of Tyr'250 Tyr'251 with phenylalanines impairs
IGF-1R kinase activity (Figure 1.5), the mechanism of phosphorylation on this
phosphosite and its function in cell biology is still poorly understood. Indeed,
evidence of this phosphorylation in cells is lacking and all the work on
understanding their contribution to IGF-1R-mediated cellular transformation
and migration are dependent on studies with the FF or single mutants. A better
understanding of the function of these tyrosines and the IGF-1R C terminal tail
might also reveal essential details distinguishing IGF-1R from the Insulin
receptor function in cells. A major part of the work in this thesis was built on
the finding that Tyr'250 and Tyr'25" are phosphorylated in cells and that IGF-1R
activity enhances their phosphorylation (S. O’Shea PhD thesis, 2016). This
opens up new avenues for investigating the mechanisms and importance of

this phospho-site in the IGF-1R.
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Figure 1.5: Mutation of Tyr12%%1251 to phenylalanine impairs the IGF-1R function.

Ligand-activated IGF-1R, interacts with RACK1 and B1-Integrin. Upon
autophosphorylation, it induces the PI3K/AKT and the SHC/Ras/MAPK pathway,
facilitating different cellular processes. Mutation of Tyr'?5%1251 to phenylalanines
abolishes the interaction with RACK1 and reduces the activation of SHC/Ras/MAPK
signalling. Consequently, IGF-1R-mediated cellular functions are impaired.

27



1.3.4 IGF-1R signal transduction

Upon kinase activation the conformational changes and autophosphorylation
of the IGF-1R introduces specific binding sites for proteins recruited to the IGF-
1R upon ligand binding. These proteins interact with the IGF-1R either through
their Src homology 2 (SH2) or the protein tyrosine binding (PTB) domain. The
interaction with these specific adaptor proteins allows IGF-1R to activate a
wide range of downstream signalling pathways. The two best characterized
pathways induced by IGF-1R-mediated phosphorylation are the
Phosphoinositide 3 kinase (PI3K) pathway and the Mitogen-Activated Protein
Kinase-1 (MAPK) pathway (Myers et al., 1994, O'Connor, 2003). The
interaction with recruited proteins can alter the activity of IGF-1R and modulate
the signalling output (Buckley et al., 2002, Kiely et al., 2005, Taliaferro-Smith

et al., 2015, Yoneyama et al., 2018).

1.3.4.1 IRS and SHC as IGF-1R Adaptor Proteins

1.3.4.1.1 Insulin Receptor Substrate Family

Insulin Receptor Substrate (IRS) proteins are a family of cytoplasmic adaptor
proteins that are recruited to the autophosphorylated Tyr®50/Tyr%0 site in the
IGF-1R/IR and subsequently become phosphorylated on key tyrosines in their
C-terminal tail by the IGF-1R/IR kinase. IRS proteins act as scaffolding
proteins to recruit different signalling complexes (Sun et al., 1991). They
contain a PTB domain that recognizes the NPEY motif in the IGF-1R when
Try®%0 is phosphorylated and a pleckstrin homology (PH) sequence which is
essential for IRS binding to the receptor (Voliovitch et al., 1995, Yenush et al.,
1996). Tyrosine phosphorylated IRS proteins provide a docking site for

downstream effector proteins containing a SH2 domain (Sun et al., 1993),
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including the p85 domain of PI3K, Grb-2, SHP-2, Fyn, c-Crk, Crkll and Nck
(Pollak, 2008). However, multiple studies have demonstrated that the main
role of IRS proteins is to amplify IGF-1-mediated PI3K signalling (Figure 1.6).

The family consists of 6 members (IRS-1-6). Both IRS-1 and IRS-2 are
ubiquitously expressed in most cell types (White, 2002) and although IRS-1
and IRS-2 proteins share significant homology, they each have non-redundant
cellular functions. IRS-1 null mice exhibit a decrease (~70%) in size compared
to WT mice and are not able to recover throughout their lives, demonstrating
a main function of IRS-1 in organismal growth. Although they show
hyper-insulinemia, IRS-1 null mice do not develop insulin resistance (Araki et
al., 1994, Shaw, 2011). IRS-2 null mice show no significant reduction in size
but rather exhibit tissue-specific defects such as a decrease in brain size, due
to a reduction in neuronal proliferation, and infertility. They also develop insulin
resistance and diabetes (Withers et al., 1998, Shaw, 2011).

IRS-1 and IRS-2 also play a role in facilitation of tumorigenesis. Their
overexpression in the mouse mammary gland causes mammary hyperplasia
and tumorigenesis, potentially due to the constitutive activation of AKT and
ERK1/2 (Dearth et al., 2006). IRS-1 and IRS-2 are also distinguishable in
facilitating different aspects of cancer progression. It has been demonstrated
that the targeted deletion of IRS-2 leads to impaired metastasis of polyoma
middle T (PyMT) tumours (Nagle et al., 2004, Ma et al., 2006, Shaw, 2011). In
contrast, the loss of IRS-1 enhances metastasis caused by a compensatory
mechanism of increasing IRS-2 levels and activity (Ma et al.,, 2006).
Overexpression of IRS-1 cells in T47D-TA breast cancer cells that lack IRS
expression leads to enhanced proliferation, whereas the overexpression of

IRS-2 causes increased motility (Gibson et al., 2007, Shaw, 2011).
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1.3.4.1.2 The Src homology and Collagen (SHC) family of adaptor
proteins

The family of SHC adaptor proteins contains four members, which are
encoded by four distinct genes (Ahmed and Prigent, 2017). The most studied
SHC family member is SHCA (referred to as SHC) which is widely expressed
in human tissue (Pelicci et al., 1992). SHC contains a PTB domain as well as
a SH2 domain (Ahmed and Prigent, 2017) and is recruited, similar to IRS
proteins, to the activated IGF-1R where it binds to the receptor at Tyr%®0
(Gustafson et al., 1995) via its PTB domain. In response to IGF-1, SHC is
phosphorylated on its 3 tyrosine sites (Try23%240, Tyr37), SHC mediates
activation of the Ras/MAPK pathway by binding the Grb-2-SOS complex
(Figure 1.7) (Gotoh et al., 1997), but was also reported to mediate IR signalling
through binding of SH2-containing-Inositol Phosphatase (SHIP2). SHIP2
competes with Grb-2 for binding to SHC (Liu et al., 1997), and may also
activate the PI3K pathway (Gu et al., 2000).

Three isoforms of SHC are found in intracellular compartments; p46,
p52 and p66 SHC, each of which is implicated in distinct intracellular pathways.
The longest SHC isoform (p66 SHC) is linked to apoptosis in response to
oxidative stress (Migliaccio et al., 1999), whereas the shorter isoforms (p46
and p52) are involved in cell cycle progression and differentiation (Wary et al.,
1996, Stevenson et al., 1999). The isoforms p46 and p52 SHC are responsible
for amplifying IGF-1R-mediated induction of Ras/MAPK (Luzi et al., 2000),
whereas p66 SHC may inhibit the IGF-1R-meidated mitogenic response by
also binding Grb-2 (Pellegrini et al., 2005).

SHC was originally characterized as a cytoplasmic adapter protein.

However, recent studies have shown SHC is located in different intracellular

30



compartments where it may transmit signals. Translocation of p66 SHC to the
mitochondria is proposed in the regulation of oxidative stress (Nemoto et al.,
2006). Furthermore, nuclear localisation of p46 SHC was reported in both
hepatocytes and hepatic carcinoma (Yukimasa et al., 2005), despite the fact
that SHC isoforms lack a classical nuclear localisation (NLS) sequence.
Subcellular fractionation demonstrates that SHC is also present in endosomes
and the rough endoplasmic reticulum located within the perinuclear region (Di

Guglielmo et al., 1994, Lotti et al., 1996).

1.3.5 IGF-1R and adhesion signalling

Cell migration is an essential process in normal cells to facilitate organ and
tissue development as well as wound healing (Bitar, 1997, Emmerson et al.,
2012, Millarte and Farhan, 2012). Cell migration requires the interaction of
cells with the extra cellular matrix (ECM), which is mediated by the Integrin
receptor family (Huttenlocher and Horwitz, 2011). IGF-1-induced cell
migration, cancer cell growth as colonies and activation of the MAPK pathway
all require cells to receive an adhesion signal via Integrins (Brodt et al., 2001,
Hermanto et al., 2002, Kiely et al., 2005). The interaction of IGF-1R with
B1-Integrin can be facilitated by the scaffolding protein Receptor for activated
C kinase 1 (RACK1). This interaction enhances IGF-1R-mediated SHC and
Ras/MAPK activation as well as IGF-1-induced cell migration (Kiely et al.,
2002, Kiely et al., 2005). Although the interaction of RACK1 and IGF-1R does
not require activation of IGF-1R, the recruitment of 1-Integrin to the complex
does. In response to IGF-1R activation B1-Integrin displaces PP2A from Tyr3%2
RACK1 allowing B1-Integrin to join the complex (Kiely et al., 2006, Kiely et al.,

2008) (Figure 1.7). The release of PP2A also allows SHC activation, as PP2A
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has been described as a negative regulator of SHC (Ugi et al., 2002). Src also
associates with RACK1, and IGF-1 mediates the dissociation of Src from
RACK1 allowing Src become phosphorylated and activated (Adams et al.,
2011). RACK1 and IGF-1R was recently shown to associate with PTPa and to
promote its IGF-1-induced phosphorylation (Khanna et al.,, 2015). PTPa
induces Src activation by dephosphorylating its inhibitory site and thereby
enables Src to activate focal adhesion kinase (FAK) (Su et al., 1996, Zeng et
al., 2003). In turn the Src-FAK complex activates the PTPa on Tyr’® to
facilitate cytoskeleton remodelling, focal adhesion formation and

consequently, cell migration (Chen et al., 2006).

1.3.6 IGF-1 mediated activation of PI3K pathway

The PI3K pathway is the canonical evolutionally conserved signalling pathway
activated by both Insulin and IGF-1 to regulate metabolism, cell survival,
differentiation and cell proliferation (Fukushima et al., 2012, Hakuno and
Takahashi, 2018). From the three existing PI3K classes, designated I-lll, the
PISBK la class phosphorylates inositol-containing lipids known as
phosphatidylinositols (PtdIns) in response to RTK activation including IGF-1R
(Figure 1.6). PI3K consists of a heterodimer with a regulatory subunit (p85)
and a catalytic subunit (p110) (Vivanco and Sawyers, 2002). Ins/IGF-1
generally activate the PI3K pathway through p85 recognition of
phosphorylated tyrosine residues of IRS-1 via its SH2 domain (Myers et al.,
1994, Metz and Houghton, 2011). Direct binding of p85 to phosphorylated
Tyr'316 Jocated in the C-terminal tail of the IGF-1R has also been described.

P85 binding releases the inhibition of p110 by p85 which allows the activation
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of PI3K (Franke et al., 2003). Prolonged interaction of IRS-1 with IGF-1R leads
to sustained PI3K activation (Yoneyama et al., 2018).

Activation of PI3K coverts PtdIns (4, 5) P2 (PIP2) to PtdIns (3, 4, 5) P3
(PIP3) and is reversed by the PTEN phosphatase (Vivanco and Sawyers,
2002) (Figure 1.6). PIP2 conversion to PIP3 enables the recruitment of PH
domain-containing serine/threonine kinases, phosphoinositide-dependent
kinase-1 (PDK-1) and AKT, to the membrane. Activated by PI3K, PDK-1
phosphorylates AKT kinase on Thr3% (Chan et al., 1999, Hemmings and
Restuccia, 2012). Although not yet fully activated, AKT phosphorylated on
Thr308 is required for activation of the mammalian target of Rapamycin (mMTOR)
pathway.

MTOR is the catalytic subunit of mTORC1 (raptor) and mTORC2
(rictor), which are distinguishable by their unique accessory proteins and
activity. While mTORC1, which is sensitive to rapamycin consists of mTOR,
Raptor, mLST8, PRAS40 and Deptor, mMTORC2 is rapamycin insensitive and
composed of mTOR, Rictor, mSIN1, mLST8, Protor-1 and Deptor (Sengupta
et al.,, 2010). The mTORC1 complex mediates phosphorylation of p70
ribosomal S6 kinase (p70S6K) and eukaryotic translation initiation factor 4E
(elF4E)-binding protein (4EBP1), both of which are regulators of mRNA
translation, initiation and progression, subsequently leading to protein
synthesis, growth and cell division (Mader et al., 1995, Mendoza et al., 2011,
Fukushima et al., 2012). mTORC1 phosphorylates 4EBP1 which blocks its
inhibitory effect on mRNA translation (Beretta et al., 1996, Gingras et al.,
2001). Phosphorylated by mTORC1 on Thr39 p70SK6K promotes
progression through the G1 phase of the cell cycle. Activated p70S6K

subsequently phosphorylates S6 protein of the 40S ribosomal subunit, elF4B
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and Bad to prevent apoptosis (Jefferies et al., 1994, Myers et al., 1994, Harada
et al., 2001). mTORC2 regulates the cytoskeleton by stimulating F-actin stress
fibers, paxillin, RhoA, Rac1, Cdc42 and PKCa (Jacinto et al., 2004). mTORC2
complex also mediates an additional phosphorylation on Ser*”® in AKT,
causing the full activation of AKT kinase (Sarbassov et al., 2005, Fruman et
al., 2017) (Figure 1.6).

AKT is the primary mediator of PI3K-induced signalling and is both an
activator of proteins like IkKa and CREB as well as an inhibitor of proteins such
as Bad, procaspase-9, FOXO3a and GSK-33. By modulating the activity of
several components of the pro-apoptotic machinery, AKT can suppress cells
built-in potential for apoptosis and thereby mediate an essential survival signal.
AKT also phosphorylates FKHR, a member of the forkhead family of
transcription factors. Phosphorylation of FKHR inhibits its nuclear translocation
and thereby prevents the activation of FKHR downstream targets including
pro-apoptotic genes such as BIM and FASL (Biggs et al., 1999). By inhibiting
Glycogen Synthase kinase 3 (GSK-3[3), AKT prevents Cyclin D1 degradation,
leading to its accumulation and sustained IGF-1-induced cell proliferation

(Franke et al., 2003, Fukushima et al., 2012).
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Figure 1.6: IGF-1-mediated activation of the PI3K/AKT pathway.

Ligand binding to the a-subunit of the IGF-1R leads to the autophosphorylation of the
IGF-1R. Activation of the receptor triggers the activation of PI3K, which catalyses the
conversion of PIP2 to PIP3. Following the recruitment of PDK1 and AKT to the
membrane by PIP3, AKT is activated, which induces essential cellular processes
including cell growth, survival and transcriptional regulation.
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1.3.7 IGF-1-mediated activation of the Ras/MAPK pathway

Four MAPK cascades have been described in mammalian cells, each
containing three kinases that act in signalling cascades. The cascade initiated
by MAPK kinase kinase (MAP3K) includes a MAPK kinase (MAP2K) and a
terminal MAPK that is one of the extracellular signal-related kinases (ERK1/2,
ERKS5), Stress Activated Protein Kinase/Jun N-Terminal Kinase (SAPK/JNK)
or p38 a/B/y/d kinases (reviewed in (Baserga et al., 1997, O'Connor, 2003,
Montagut and Settleman, 2009)). This cascade is commonly presented in
simplified models as unidirectional signalling pathways. However, it should be
noted that there is greater complexity to the pathway, such as signalling
crosstalk and the association with other proteins (Chang and Karin, 2001,
Montagut and Settleman, 2009).

An activated IGF-1R can mediate activation of the Ras pathway by
inducing the exchange of GDP for GTP on the small GTPase Ras (Figure 1.7).
This is mediated by the recruitment of Son of Sevenless (SOS) to the
membrane, which allows the association of the guanine nucleotide exchange
factor (GEF) with Grb-2 via its SH3 domain (Pronk et al., 1994). Grb-2 in turn
contains a SH2 domain that can either recognise phosphorylated tyrosine
residues of IRS-1 or the adaptor protein SHC. However, even though the Grb2-
SOS complex can interact with both SHC and IRS-1, the interaction with SHC
is preferred (five-fold higher) over IRS-1 and therefore appears to be more
important for linking Grb2-SOS to the IGF-1R (Sasaoka et al., 1996). Once
located at the plasma membrane, SOS can trigger the exchange of GTP for
GDP on Ras (Chardin et al., 1993).

Upon Ras activation, Raf is recruited to the cell membrane triggering

the release of the 14-3-3 dimer, which destabilizes the auto-inhibitory state of
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Raf on both the N- and the C-terminus of Raf. Once released from its inhibitory
state Raf can be phosphorylated, which leads to the activation of its
serine-threonine kinase activity (Clark et al., 1997, Thorson et al., 1998,
Avruch et al., 2001, Malumbres and Barbacid, 2003). The activation of Raf
family members is followed by the phosphorylation of the MEK1/MEK2 dual-
specificity protein kinases, which in turn activates ERK1/2 (McKay and
Morrison, 2007). Subsequently ERK1/2 translocates to the nucleus and
regulates the activity of several transcription factors that induce genes required
for survival and proliferation and responsible for changing the phenotype of
cells, including the Ets family, STAT-3, c-FOS and c-Myc (Roberts and Der,
2007).

IGF-1R-mediated phosphorylation of SHC and activation of ERK1/2
requires IGF-1R internalisation facilitated by [-arrestin, occurring
independently of IRS-1 (Chow et al., 1998, Lin et al., 1998, Girnita et al., 2007,
Yoneyama et al., 2018). Furthermore, cooperation of IGF-1R and adhesion
signalling mediated by the scaffolding protein RACK1 promotes activation of
the MAPK pathways (Kiely et al., 2002, Hermanto et al., 2002). Crosstalk
between IGF-1R and adhesion complexes allows RACK1 to mediate IGF-
1-induced phosphorylation of FAK, Src and SHC for ERK1/2 activation (Kiely
et al., 2002, Kiely et al., 2005, Kiely et al., 2009).

While the Raf-MEK-ERK1/2 cascade is essential for normal
physiological processes like cell proliferation and survival, the deregulation of
this signalling pathway is frequently seen in several human cancers and
contributes to oncogenic features including enhanced proliferation and survival

(Montagut and Settleman, 2009).
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Figure 1.7: IGF-1-mediated activation of the Ras/ERK1/2 pathway.

Upon IGF-1R kinase activation, SHC is recruited to the receptor and activated. SHC
then binds Grb-2-SOS complex, which mediates the exchange of GDP to GTP on
Ras. Activated Ras recruits Raf kinase to the membrane. Following the translocation
of Raf to the membrane, it becomes activated and phosphorylates MEK and MKKs.
MEK activates ERK1/2 which translocates to the nucleus to regulate gene expression.
IGF-1-mediated ERK1/2 activation requires the integration of IGF-1R into adhesion
signalling, which is facilitated by RACK1.
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There is also evidence of an interplay between Ras/ERK1/2 and PISK/AKT
pathway. The activation/inhibition of one of the pathways may lead to the
inhibition/activation of the other pathway. In response to various stimuli
including IGF-1, activation of AKT has a negative effect on MAPK activation
by regulating phosphorylation on the auto-inhibitory site of Raf (Zimmermann
and Moelling, 1999, Dhillon et al., 2002, Mendoza et al., 2011). Conversely,
the inhibition of AKT activity up-regulates ERK1/2 phosphorylation in multiple
myeloma cells (Ramakrishnan et al., 2012). Recently a direct interaction of
MEK1/MEK2 of the MAPK cascade and AKT of the PISK/AKT pathway has
been also been reported. This interaction is regulated by specific serine
phosphorylation of MEK1/2 and was linked to the phosphorylation of FOXO1,

cellular migration and adhesion signalling in cells (Procaccia et al., 2017).
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1.4 ENDOCYTOSIS AND TRAFFICKING OF THE IGF-1R

Ligand induced endocytosis is a major regulator of IGF-1R signalling (Lin et
al., 1998, Chow et al., 1998, Sehat et al., 2007, Girnita et al., 2007, Romanelli
et al., 2007, Yoneyama et al., 2018, Crudden et al., 2019). The availability of
IGF-1R on the plasma membrane is regulated by synthesis and trafficking of
the receptor as well as ligand-induced receptor endocytosis. Small amounts of
basal IGF-1R internalise without ligand-binding. This ligand-independent
endocytosis is a slow process and is thought to be important for homeostasis
of RTKs (Goh and Sorkin, 2013, Crudden et al., 2019).

Ligand-induced endocytosis or retention on the membrane is regulated
by the recruitment of interacting proteins to IGF-1R. It has been suggested that
under patho-physiological conditions such as cancer, IGF-1R can recruit
several different proteins (Goh and Sorkin, 2013, Crudden et al., 2019). In
particular, adhesion-related proteins and kinases, shown to associate with the
IGF-1R such as E-cadherin (Nagle et al., 2018), 1-Integrin (Kiely et al., 2005),
FAK (Taliaferro-Smith et al., 2015), Src (Peterson et al., 1996) or the discoidin
domain receptor 1 (DDR1) (Belfiore et al., 2018) are most likely involved in
regulating IGF-1R endocytosis to modulate its signalling outcome.

IGF-1R endocytosis is initiated by vesicle formation on the membrane.
Recent studies have shown that endocytosis via clathrin-coated-pits (CCP) is
the fastest and predominate mode of IGF-1R internalisation. The formation of
CCPs involves the recruitment of proteins that contain an ubiquitin-interacting
motif, such as epsin, Eps15, or AP-2, to the activated receptor (Yoneyama et
al., 2018, Crudden et al., 2019). It has been suggested that once clathrin-
dependent endocytosis is saturated due to a large number of surface receptors

being activated, alternative endocytosis mechanisms support the IGF-1R
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internalisation (Backer et al., 1991, Prager et al., 1994, Sehat et al., 2008). A
clathrin-independent mechanism of endocytosis has been described for the
uptake of ligand-activated EGFR by micro- and macropinocytic vesicles. This
involves the reorganization of the cytoskeleton and dynamic membrane ruffling
(Haigler et al., 1979, Yamazaki et al., 2002, Sorkin and Goh, 2008). A similar
process could be possible for endocytosis of the IGF-1R. However,
clathrin-independent IGF-1R endocytosis could also involve the formation of
lipid rafts/caveolae, which are typically described as surface plasma
membrane invaginations. Indeed, IGF-1R has been shown to co-localise with
the phosphorylated version of caveolin-1, the main component of these lipid
rafts (Sehat et al., 2008).

By analysing IGF-1R mutants different domains of the receptor were
proposed to be either required for, or involved in the process of IGF-1R
internalisation. The kinase-inactive IGF-1R mutant (K1003R), and the
truncated A1245 IGF-1R are impaired in ligand-induced internalisation
(Marshall, 1985, Sehat et al., 2007). Tyr%0, located in the juxtamembrane
domain of the IGF-1R has also been linked to IGF-1R internalisation. One
study showed that mutation of the Tyr®® to phenylalanine did not modify
IGF-1R ubiquitination suggesting that this tyrosine may not be essential in IGF-
1R endocytosis (Sehat et al.,, 2007). However, in contrast Prager and
colleagues demonstrated reduced IGF-1R internalisation when Tyr®0 was
mutated (Prager et al., 1994). It was also suggested that phenylalanine
substitution of Tyr'?%°, located in the C-terminus of the IGF-1R, caused a

reduction in IGF-1R internalisation (Miura and Baserga, 1997).
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1.4.1 Ubiquitination of the receptor

Ubiquitination on the B-subunit of the IGF-1R is an important signal to initiate
IGF-1R endocytosis. Ubiquitination on the receptor is dependent on IGF-1R
kinase activity and requires the presence of the C-terminal tail (Marshall, 1985,
Sehat et al., 2007). While it is clear that the IGF-1R kinase activity is necessary
for the recruitment of interacting proteins facilitating internalisation and
ubiquitination, it is unknown whether the C-terminal is required for direct
ubiquitination on one of the three lysines or offers a binding site for an adaptor
protein/E3 ligase (Sehat et al., 2007).

Covalent binding of ubiquitin polypeptides to IGF-1R involves the
sequential action of E1, E2, and E3 components of the Ubiquitin system. Since
the E3 complex transfers the ubiquitin polypeptides to the IGF-1R, it confers
substrate specificity. For the IGF-1R, four E3 ligases have been described to
either directly or indirectly interact with IGF-1R to facilitate its ubiquitination.
Little is known about the most recently identified E3 ligase HRD1 (Xu et al.,
2015), whereas others are well studied. These include Nedd4 (Vecchione et
al., 2003, Monami et al., 2008), MDM2 (Girnita et al., 2003, Girnita et al., 2007,
Sehat et al., 2007, Worrall et al., 2017) and c-Cbl (Sehat et al., 2008) (Figure
1.8). Most studies report ubiquitination of the IGF-1R as a ligand-induced
process resulting in IGF-1R endocytosis. In response to IGF-1, IGF-1R
ubiquitination occurs within the first 5 min of stimulation, and K1138 and K1141
located within the kinase domain are believed to be the key lysine residues for
ubiquitination (Mao et al., 2011).

HRD-1 (Figure 1.8A) was demonstrated to downregulate IGF-1R
expression and may be an IGF-1R interacting protein, facilitating IGF-1R

degradation through the proteasome (Xu et al.,, 2015, Yan et al.,, 2016).
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Furthermore, low HRD-1 expression was associated with EMT and regulation
of breast cancer cell growth, migration and invasion in vivo and in vitro (Xu et
al., 2015). It was proposed that this downregulation of HRD-1 in cancer cells
increases levels of IGF-1R expression and activity, and therefore promotes an
IGF-1R-mediated EMT.

The E3 ligase MDM2 (Mouse double minute 2 homolog) (Figure 1.8B)
is regulating the activity of tumour suppressor p53 protein in the nucleus by
forming an inactivating complex. Different stress signals release p53 from the
complex leading to its activation (Worrall et al., 2017). Activation of p53 by
DNA damage causes cell cycle arrest, cell senescence or apoptosis (Jin and
Levine, 2001). Restrained nuclear localisation of p53 is regulated by PISK/AKT
activity. Once released from the complex with p53 upon p53 activation, MDM2
translocates to the cytoplasm. However, MDM2 translocation to the cytoplasm
is can also be mediated by lack of p53 expression, mutation of p53 or inhibition
of complex formation (Girnita et al., 2003, Worrall et al., 2017). Located in the
cytoplasm, MDM2 associates with the IGF-1R leading to its ubiquitination
(Girnita et al., 2003, Girnita et al., 2007, Worrall et al., 2017). MDM2-mediated
ubiquitination has been proposed to play a key role in IGF-1R internalisation
and endosomal sorting (reviewed in (Crudden et al., 2019)). Even though
MDM2 can facilitate ubiquitination on its own, its interaction with IGF-1R
requires the adaptor protein B-arrestin. B-arrestin has a well-established
function in G-Protein-Coupled Receptor (GPCR) trafficking (Lefkowitz and
Shenoy, 2005), which suggests similar endocytosis mechanisms for IGF-1R
and GPCR (reviewed in (Crudden et al., 2019)). The phosphorylation on
GPCR is induced by GPCR kinases (GRK), facilitating and regulating the

interaction of the transmembrane receptors with B-arrestin (Zheng et al.,
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2012). GRK2 and GSK6, were proposed from in silico studies to be serine
kinases for Ser'?#® and Ser'?®' in the IGF-1R. Phosphorylation of IGF-1R
induced by GRK6 leads to the transient recruitment of B-arrestin, whilst
increased GRK2/phosphorylation on Ser'?#® protects the IGF-1R from
degradation (Zheng et al., 2012).

Nedd4 mediated multi-ubiquitination (Figure 1.8C) of the IGF-1R
requires formation of a complex with the adaptor protein Grb-10 (Vecchione et
al., 2003, Monami et al., 2008). This complex multi-ubiquitinates the IGF-1R in
a ligand-dependent way to initiate receptor internalisation via either
clathrin-coated pits or caveolar compartments and causing downregulation of
the IGF-1R. The Grb-10/Nedd4 complex remains associated with the IGF-1R
in early endosomes (EE) and detaches from the receptor in order to be
recycled and not degraded, like the IGF-1R itself (Monami et al., 2008).

c-Cbl (Figure 1.8D) is an E3 ligase for EGFR, PDGFR, the colony-
stimulating factor-1 receptor and other RTKs (Lee et al., 1999, Levkowitz et
al., 1999, Zeng et al., 2005, Huang and Sorkin, 2005), and the IGF-1R(Sehat
et al., 2008). c-Cbl associates with the IGF-1R, mediates poly-ubiquitination of
the receptor and initiates its internalisation via caveolin/lipid rafts, as was
previously described (Sigismund et al., 2005). A model was presented where
MDM2 recruitment to the receptor occurs with low amounts of IGF-1 availability
(5 ng/ml) , leading to IGF-1R endocytosis via clathrin, while high
concentrations (50-100 ng/ml) initiate c-Cbl-mediated ubiquitination of the
receptor followed by endocytosis using the caveolin/lipid raft route (Sehat et
al., 2008).

The complex of MDM2/B-arrestin links K63-conjugated ubiquitin

polypeptide chains to the IGF-1R. This mode of ubiquitination is generally
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more associated with cell signalling, DNA repair and protein trafficking
(Spence et al., 1995, Hoege et al., 2002, Acconcia et al., 2009). c-Cbl attaches
K48-conjugated ubiquitin polypeptide chains to the IGF-1R, which is
suggested to initiate degradation of the receptor (Acconcia et al., 2009). Thus
it is possible that depending on the IGF-1 stimulus, different E3 ligases are
recruited to the receptor to initiate alternative trafficking routes for IGF-1R. This
could ensure that IGF-1R-mediated signalling is aligned with the cell’s

requirements.
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Figure 1.8: Interacting E3 ligases mediate IGF-1R ubiquitination.

(A) HRD1 is an IGF-1R-interacting E3 ligase, which initiates the ubiquitination and
downregulation of IGF-1R, which is proposed to supress IGF-1-induced proliferation
and metastasis. (B) The complex of MDM2/B-arrestin initiates K63-conjugated
ubiquitination of the IGF-1R in presence of low amounts of IGF-1, causing its
internalisation via clathrin-coated pits, signalling and endosomal sorting. (C) The
complex of Grb-10/Nedd4 multi-ubiquitinates IGF-1R to induce its internalisation via
clathrin-coated pits or caveolin/lipid rafts and thereby facilitates signalling. While Grb-
10/Nedd4 is recycled, IGF-1R undergoes degradation. (D) High concentrations of
IGF-1 recruit c-Cbl to the IGF-1R and addition of K48-linked ubiquitin polypeptides to
the receptor. This induces IGF-1R internalisation via caveolin/lipid rafts and
subsequent degradation.
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1.4.2 Modulation of IGF-1R signalling by endocytosis

IGF-1R endocytosis, the level of receptor retention on the plasma membrane
or induction of rapid recycling, may all modulate IGF-1R signalling. PISBK/AKT
activation requires IGF-1R plasma membrane retention, whereas the
phosphorylation of SHC and activation of Ras/MAPK require IGF-1R
endocytosis (Chow et al., 1998, Girnita et al., 2003, Romanelli et al., 2007,
Girnita et al., 2007, Sehat et al., 2007, Yoneyama et al., 2018) (Figure 1.9A).

Sustained AKT signaling can be induced from plasma
membrane-located IGF-1R, or the rapid recycling of the receptor back to the
membrane, and this is independent of newly synthesized receptor (Romanelli
et al., 2007). The retention of IGF-1R on the plasma membrane was recently
shown to be regulated by the recruitment of IRS-1 to the receptor (Yoneyama
et al., 2018) (Figure 1.9B). IRS-1 inhibits the binding of the adaptor protein AP-
2 to the receptor. As, AP-2 is an important adaptor for clathrin-mediated
endocytosis, this prolongs retention of IGF-1R on the membrane leading to
sustained activation of PIBK/AKT by IGF-1. Eventually a feedback signal from
mTORC1 triggers the degradation of IRS-1, allowing AP-2 to interact with IGF-
1R to initiate IGF-1R internalisation through CCP (Yoneyama et al., 2018).
This persistent PI3K activation has also been linked to regulation of IGF-1-
induced cell proliferation (Fukushima et al., 2012).

It has been reported that by blocking IGF-1R internalisation either
pharmacologically or by a reduction in temperature, SHC phosphorylation is
abolished (Chow et al., 1998). Consequently, Grb-2 is not recruited to SHC
leading to impaired IGF-1-induced MAPK phosphorylation (Chow et al., 1998).
This study and others also showed that IGF-1R internalisation does not reduce

IRS-1 activation, but rather, increases it (Girnita et al., 2007, Sehat et al., 2007,
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Sehat et al., 2008), causing the prolonged association of PI3K with the receptor
and the activation of AKT.

The IGF-1R C-terminal tail has been associated with ERK1/2 activation
(Yu et al., 2003, Girnita et al., 2003, Sehat et al., 2007, Girnita et al., 2007). As
activation of ERK1/2 is linked to IGF-1R internalisation mediated by
ubiquitination of the receptor (Girnita et al., 2007, Sehat et al., 2007), impaired
IGF-1R endocytosis is proposed to cause a reduction in ERK1/2 activation in
cells expressing a C-terminal tail mutant. Ubiquitination of the IGF-1R and the
induction of ERK1/2 correlated with the recruitment of B-arrestin to the receptor
(Lin et al., 1998, Girnita et al., 2007, Zheng et al., 2012, Worrall et al., 2017).
It was demonstrated that enhanced interaction of B-arrestin/MDM2 to the
IGF-1R in cells overexpressing either the adaptor protein or the E3 ligase
display sustained ERK1/2 activation.

In summary (Figure 1.9A), in normal cells IGF-1R is expressed at basal
levels with recruitment of IRS-1 and B-arrestin to the ligand-activated receptor.
This leads to the induction of PIBK/AKT and IGF-1R ubiquitination and
internalisation, followed by SHC/Ras/ERK1/2 induction. Overexpression of
IRS-1 in cells (Figure 1.9B) causes a retention of IGF-1R on the plasma
membrane and a sustained PISK/AKT activation, while the overexpression of
B-arrestin/MDM-2 (Figure 1.9C) sustains ERK1/2 signalling. Thus, IGF-1R
association with distinct interacting proteins can modulate its endocytosis and

signalling.
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Figure 1.9: Regulation of IGF-1R signalling by receptor endocytosis.

(A) The canonical model in which IRS-1 functions as a signalling mediator to induce
the PISK/AKT pathway, and B-arrestin/MDM-2 initiate IGF-1R ubiquitination followed
by internalisation and induction of SHC and ERK1/2. (B) The overexpression of IRS-
1 prolongs the IGF-1R retention on the cell surface by inhibiting AP-2 interaction with
the receptor, inducing sustained PI3K/AKT signalling. A feedback signal from
mTORCH1 eventually leads to the degradation of IRS-1, allowing AP-2 to initiate IGF-
1R internalisation via CCP. (C) The overexpression of either B-arrestin or MDM2
initiates IGF-1R ubiquitination and internalisation leading to a sustained ERK1/2

activation upon receptor activation with IGF-1.



1.4.3 The IGF-1R translocates to the nucleus

Emerging evidence indicates the presence of different RTKs in the nucleus of
cancer cells. These include family members of EGFR family (Lin et al., 2001,
Offterdinger et al., 2002, Wang et al., 2004), FGFR1 and 3 (Johnston et al.,
1995, Stachowiak et al., 2003), the IR (Kim and Kahn, 1993, Seol and Kim,
2003) and VEGFR (Feng et al., 1999, Mayo et al., 2001).These nuclear pools
of receptors are proposed to promote transcription of specific target genes
either as full or partially cleaved receptors. It was also reported that this might
occur independently of their respective ligands. Translocation of the IGF-1R to
the nucleus in cancer cells is induced by IGF-1/2 and insulin (Aleksic et al.,
2010, Codony-Servat et al., 2017, Aleksic et al., 2018). Nuclear IGF-1R was
shown to be more pronounced in various cancer cell lines, including breast
cancer cells and sarcoma cells, compared to normal cells (Deng et al., 2011).
Furthermore, nuclear IGF-1R has been linked to a poor outcome for cancer
patients and suggested to promote a more advanced tumour stage (Aleksic et
al., 2010, van Gaal et al., 2013, Codony-Servat et al., 2017, Aleksic et al.,
2018).

The level of IGF-1R nuclear translocation was found to be proportional
to the ligand-induced IGF-1R kinase activation, and the translocation was
inhibited using pharmacological inhibitors blocking the IGF-1R activation or
internalisation (Aleksic et al., 2010, Sehat et al., 2010, Aleksic et al., 2018).

Mechanisms of IGF-1R import into the nucleus are still unclear as IGF-
1R itself has no nuclear localisation sequence (NLS) (Sehat et al., 2010,
Aleksic et al., 2010). One proposal is that SUMOylation of the IGF-1R induced
by IGF-1R internalisation is important for the translocation (Sehat et al., 2010).

Packham et al. recently demonstrated that IGF-1R translocation is facilitated

50



by a specific subunit of dynactin p150¢ed, This study showed that IGF-
1-activated and internalised IGF-1R is transported within early endosome
antigen 1 (EEA1)-positive vesicles, and trafficked to the nucleus, where it is
positioned in the nuclear pore complex by B-importin and is subsequently
SUMOylated by RanBP2 for translocation into the nucleus (Packham et al.,
2015). Suppression of any of the proteins involved in this import, leads to a
significant decrease in nuclear IGF-1R. However, mutation of the SUMOylation
lysine sites on IGF-1R did not abolish accumulation of IGF-1R in the nucleus
(Sehat et al.,, 2010), suggesting that additional import mechanisms exist.
IGF-1R association with other proteins containing an NLS like IRS-1, which
was previously shown to translocate to the nucleus in response to IGF-1, could
also promote the import (Prisco et al., 2002). In addition, it has been suggested
that heterodimerization with the IR, which was shown to accumulate rapidly in
response to Insulin stimulation in the nucleus (Kim and Kahn, 1993) could
promote the import as well (Warsito et al., 2016) (Figure 1.10).

Nuclear IGF-1R was reported to bind to DNA to enhance transcription
(Sehat et al., 2010), for example, by mediating the recruitment of RNAPoI2
(Aleksic et al., 2018). Nuclear IGF-1R was demonstrated to regulate its own
expression in breast cancer (Sarfstein et al.,, 2012) and to bind to LEF1
transcription factor, which subsequently leads to upregulated protein levels of
cyclinD1 and axin 2, promoting cell proliferation (Warsito et al., 2012). In HeLa
cells, nuclear IGF-1R can increase the expression of SNAI2, which is part of
the SNAIL family and involved in EMT by suppressing E-cadherin expression
(Rukstalis and Habener, 2007). In prostate cancer cells nuclear IGF-1R
facilitates expression of JUN and FAM 21, which are linked promoting survival,

anchorage independent growth and cell migration, features that have been
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associated with advanced tumour stage (Aleksic et al., 2018). Nuclear IGF-1R
was also demonstrated to enhance proliferation of alveolar
rhabdomyosarcoma cells (Aslam et al, 2013) and contribute to
chemoresistance in sarcomas and hepatocellular carcinoma (Asmane et al.,
2012, Bodzin et al., 2012).

Overall the results from recent studies suggests that nuclear IGF-1R
facilitates an aggressive cancer phenotype. However, Aleksic et al. suggest
that the sites of IGF-1R binding to the DNA, and therefore the genes influenced
by nuclear IGF-1R might be cell type specific and that this could be defined by

nuclear structure and the chromatin organization (Aleksic et al., 2018).
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Figure 1.10: IGF-1R translocates to the nucleus in response to IGF-1.

Ligand binding to the IGF-1R induces the translocation of the membrane receptor to
the nucleus. Various mechanisms have been proposed for the import of the IGF-1R
to the nucleus. Nuclear IGF-1R can bind to DNA and enhance or initiate the
transcription of various genes, leading to cell survival, migration, EMT and cell cycle
progression.
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1.5 IGF-1R ACTIVITY IN CELLULAR TRANSFORMATION AND CANCER

Although the IGF-1R does not act as an oncogene, its activity can enhance all
the processes described as “Hallmarks of Cancer” (Hanahan and Weinberg,
2011), that define the progression of normal cells to a malignant state as a
multistep event. For human tumours to arise, cells need to be capable of
sustained proliferation signals, evading growth suppressors, resisting cell
death, limitless replicative potential, inducing angiogenesis, tissue invasion

and metastasis, reprogramming metabolism and evading the immune system.

1.5.1 IGF-1R facilitates cellular transformation

Cellular transformation is the profound change from normal cells into
tumorigenic cells, through which cells gain the capability for uncontrolled
survival and proliferation. Cells in the transformed stage can further undergo
malignant transformation where they acquire invasiveness and metastatic
potential. The process of cellular transformation requires oncogene activation
or the suppression/inactivation of tumour suppressors. In cancer models,
cellular transformation is indicated by the ability of cells to from colonies in soft
agar (anchorage-independent growth) and/or the ability to form tumours when
inoculated into mice.

IGF-1R was first reported to have an essential function in facilitating
oncogenic transformation and maintenance of the transformed phenotype by
the Baserga laboratory (Resnicoff et al., 1995, Baserga et al., 1997, Hongo et
al., 1998). Surprisingly, only low levels of IGF-1R are required for cellular
transformation, yet when expression levels of IGF-1R are decreased, or the
IGF-1R gene is targeted for disruption, tumour cells undergo apoptosis

(Resnicoff et al., 1995, Baserga et al., 1997, Hongo et al., 1998). Mouse
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embryonic fibroblasts derived from IGF-1R null mice (R cells) are refractory to
transformation by cellular and viral oncogenes (Sell et al., 1993) including
SV40 Large T antigen (Sell et al., 1993), activated Ras (Sell et al., 1994),
EGFR (Coppola et al., 1994) and PDGFR-3 (DeAngelis et al., 1995). PDGFR-
B was shown to interact with the E5 oncoprotein of the bovine papillomavirus
(BPV) and the interaction is needed for the E5 capability to transform cells.
Interestingly, R™ cells are also refractory to E5-BPV induced transformation,
which suggests an important crosstalk between growth factors and viral
oncogenes (Morrione et al., 1995). Conversely, transient overexpression of
IGF-1R in fibroblasts results in a ligand-dependent, highly transformed
phenotype, which includes the formation of tumours in nude mice (Kaleko et
al., 1990, Liu et al.,, 1993, Sell et al.,, 1994, Coppola et al., 1994). The
requirement for active IGF-1R to mediate cellular transformation is supported
by the fact that overexpression of either a kinase-inactive IGF-1R (K1003R) or
the related IR, do not result in transformation of R cells (Coppola et al., 1994,
Sell et al., 1994, Miura et al., 1995b).

IGF-1R availability and activity in facilitating transformation may be
regulated by many factors including subcellular localisation, degradation or
activity of interacting kinases or phosphatases. Proteins that have been linked
to regulation of IGF-1R-mediated transformation include AIRAPL, an ER-
associated degradation (ERAD) protein (Osorio et al., 2016), the adhesion-
related kinases FAK and Src (Peterson et al., 1996, Flossmann-Kast et al.,
1998, Ucar et al., 2012, Taliaferro-Smith et al.,, 2015), as well as the
phosphatases PTP1B (Buckley et al., 2002), PTPa (Khanna et al., 2015) and

Shp-2 (lvins Zito et al., 2004, Kiely et al., 2005, Carver et al., 2010).
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1.5.2 The IR-A and cancer

While the insulin-activated IR-B mediates mainly metabolic effects, the IR-A,
preferentially activated by IGF-2, mediates a mitogenic effect similar to IGF-1R
signalling (Vella et al.,, 2018). Overexpression of the IR was previously
associated with malignancies, with predominantly mitogenic, rather than
metabolic effects on malignant cells (Sciacca et al., 2003, Pandini et al., 2003,
Malaguarnera et al., 2011, Malaguarnera and Belfiore, 2014). Thus, it is
believed that signalling in malignant cells is mediated by the IR-A and a higher
IR-A:IR-B ratio (Vigneri et al., 2016). IR expression is associated with different
cancer types including liver cancer (Wang et al., 2012), prostate cancer (Cox
et al., 2009) and bladder cancer (Roudnicky et al., 2017). Interestingly, in a
subset of small cell lung cancer (11%) the IR-A was the only IR receptor
expressed (Jiang et al., 2014). Furthermore, IR expression has been linked to
breast cancer (Rostoker et al., 2015). One study shows that secreted IGF-2 by
both the epithelial as well as the stromal cells, activates both the IR-A and the
IGF-1R (Sciacca et al., 1999) and the inhibition of either IGF-2 or IR reduces
cell growth (Sciacca et al., 1999).

Activated IR-A/IGF-2 was recently associated with the stem cell like
capabilities including self-renewal, promoting cancer cell survival and
migration (Malaguarnera et al., 2011). Cancer stem cells (CSC) and stem-like
features are believed to be responsible for the initiation of cancer (cancer-
initiating cells, CIC), and the maintenance of uncontrolled growth, metastasis
and recurrence (Vella et al., 2018, Afify and Seno, 2019).

Like the IGF-1R, the IR was shown to regulate EMT and pluripotency
by activating several transcription factors (Zhao and Xu, 2010). The hybrid

formation of IR-A and the IGF-1R also has the potential to drive a stem-like
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phenotype, which causes resistance to cancer therapy. IR-A:IGF-1R hybrids
regulate pluripotency and self-renewal (Ziegler et al., 2014), and it was further
postulated that the hybrid receptors facilitate the resistance to anti-IGF-1R

inhibitor (Vella et al., 2018).

1.5.3 Cell Migration, Invasion and EMT

IGF-1R activity is required for maintenance of the transformed state, and may
further promote an aggressive cancer phenotype characterized by tumour cell
invasion and metastasis (Samani et al., 2007).

The initiation of directed cell migration is a complex process and
involves leading edge protrusion, adhesion to the ECM, and retraction of the
trailing end of the cell. It also engages the actin cytoskeleton through the
assembly and disassembly of actin filaments (Insall and Machesky, 2009,
Millarte and Farhan, 2012). Actin polymerization is a key mechanism in cell
migration and actin filament bundling on the plasma membrane (lamellipodia
and filopodia) is responsible for the formation of cell protrusions. Adhesion to
the ECM is mainly controlled by the Integrin adhesion receptor family (Seguin
et al., 2015). Cooperative signalling between the IGF-1R, Integrins and other
components of the adhesion machinery, including FAK and Src, has been
shown to facilitate migration and the EMT of cells (Peterson et al., 1996,
Flossmann-Kast et al., 1998, Kiely et al., 2002, Kiely et al., 2005, Ucar et al.,
2012, Taliaferro-Smith et al., 2015). IGF-1R has also recently been shown to
induce the transcription of FAM21 (Aleksic et al., 2018), which is reported to
be essential for cell migration. Indeed, inhibition of IGF-1R signalling or

internalisation causes a marked decrease in IGF-1-mediated induction of
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FAM21A transcription and this suppression of FAM21A led to decreased cell
migration (Aleksic et al., 2018).

EMT describes the process of cell transition from an epithelial to a more
mesenchymal phenotype. Although this transition is needed during embryonic
development, tissue regeneration and wound healing (Roche, 2018), it is used
by cancer cells to escape the tumour during metastasis and to acquire
stem-like features that render cells resistant to anoikis, the immune system
and cancer therapies (Nieto et al., 2016, Lambert et al., 2017, Moustakas and
de Herreros, 2017). EMT is reversible through the mesenchymal-to-epithelial
transition (MET), and can occur when metastasised cancer cells form
secondary tumours. Many characteristics of migration are involved in EMT,
including the disruption of cell-cell adhesion and cell polarity, rearrangement
of the cytoskeleton and dissociation of the cell-ECM adhesions (Roche, 2018).
Various external stimuli, including hypoxia and growth factors can initiate the
transcription of genes that induce EMT (EMT-markers). The expression of
specific proteins such as cadherin family members (Thiery, 2002) is controlled
by transcription factors which include SNAI1 and SNAI2, ZEB1 and ZEB2 and
TWIST1/2 (Li et al., 2017b, Roche, 2018).

IGF-1R involvement in EMT-mediated tumour metastasis and drug
resistance, is mainly linked to the overexpression of the receptor, increased
downstream signalling, and cross-talk with other pathways. It has been
reported that the combined actions of Src and IGF-1R induce Slug mediated
EMT, which activates a feedback loop and enhances IGF-1 production
(Sivakumar et al.,, 2009). Both downstream signalling pathways AKT and
ERK1/2 have been linked to IGF-1 induced-EMT in gastric cancer and their

suppression partially reverses IGF-1-induced EMT through the release of
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ZEB2 as transcriptional repressor of E-cadherin (Li et al., 2014, Liet al., 2017a)
The activation of ERK1/2 was shown to upregulate ZEB1 expression upon
IGF-1 stimulation inducing EMT of prostate cancer (Graham et al., 2008).
IGF-1-induced activation of AKT supresses GSK-3f through phosphorylation
on Ser®. GSK-3 can bind to Snail and Slug to meditate their degradation (Kim
et al., 2007), and hence, AKT-mediated GSK-3[ suppression stabilizes Snalil
(Zhou et al., 2004). It has also been reported that the translocation of IGF-1R
to the nucleus in HelLa cells enhances the expression of SNAI2, which initiates
EMT by suppressing E-cadherin expression (Rukstalis and Habener, 2007).
Taken together, these studies provide strong evidence for
IGF-1-promoted EMT and tumour metastasis that is also modulated by IGF-1R

signalling and trafficking.

1.5.4 IGF-1R mediates chemoresistance

One of the biggest challenges in the treatment of cancer is resistance to
chemotherapy, which leads to disease progression and mortality. In recent
years, IGF-1R has been associated with promotion of chemoresistance to a
broad range of cancer therapies. IGF-1R is proposed to contribute to drug
resistance through its crosstalk with other RTK signalling networks that
promote proliferation and upregulation of anti-apoptotic proteins (Liu et al.,
2014).

One significant example of this is the HER2-targeted drug,
Trastuzumab. The anti-HER2 receptor monoclonal antibody is used to treat
breast cancer with ErbB2-overexpression. However, development of drug
resistance is common and caused by increased levels of IGF-1R signalling,

which causes enhanced activation of the PIBK/AKT pathway. This was further
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linked to increased degradation of p27Kip1, which under normal conditions
induces cell cycle arrest (Lu et al., 2001, Lu et al., 2004). Moreover, under
normal conditions, HER2 and IGF-1R do not interact and the basal
phosphorylation of HER2 is not mediated by IGF-1R. However, HER2 and
IGF-1R can form heterodimers in breast cancer cells during the initiation of
drug resistance, which leads to IGF-1R-induced HER2 phosphorylation,
thereby conferring resistance to Trastuzumab on the tumour cells (Nahta et
al., 2005).

IGF-1R has also been shown to heterodimerize with EGFR. This
crosstalk between the two receptors leads to the IGF-1R-mediated activation
of mTOR, subsequently inducing EGFR protein synthesis. This mechanism
allows small cell lung cancer cells to proliferate in the presence of the EGFR-
inhibitor, Erlotinib (Jones et al., 2004, Morgillo et al., 2006, Kaulfuss et al.,
2009). IGF-1R-mediated resistance to EGFR inhibitors was also demonstrated
in primary human glioblastoma cells caused by sustained activation of the
PI3K pathway (Chakravarti et al., 2002).

However, IGF-1R also facilitates the resistance to conventional
chemotherapeutics. IGF-1R mediates resistance to cisplatin because
inhibition of IGF-1R enhances the efficacy of cisplatin (Singh et al., 2014,
O'Flanagan et al., 2016). O’Flanagan et al suggested, that IGF-1R kinase
inhibition delays DNA damage repair, sensitizing cells to the DNA damaging
and cytotoxic agents (O'Flanagan et al., 2016). Furthermore, inhibition of
IGF-1R activity, normally acting as a potent survival factor in Ewing’s sarcoma
(ES) causes cell cycle arrest in the Gi-phase and sensitised ES cells to
apoptosis induced by Doxorubicin and Vincristine, potentiating their cytotoxic

actions in Ewing’s sarcoma (Benini et al., 2001).
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1.5.5 IGF-1 system as target for cancer therapy

The widespread expression of the IGF-1R in different tissues, combined with
its actions in cellular transformation and facilitating aggressive cancer
phenotypes, mark the IGF-1R, its ligands and signalling pathway as promising
candidates for cancer therapy. Although preclinical studies targeting the
IGF-1R showed promising anti-tumour effects, numerous clinical trials ended
in disappointment (Osher and Macaulay, 2019). The disappointing efficacy of
IGF-1R inhibitors in clinical trials is mainly due to incomplete knowledge of the
complexity of IGF-1R kinase regulation, the crosstalk with other membrane
and cellular kinases, and the identification of features within the receptor that

may drive an aggressive phenotype.

1.5.5.1 Epidemiological data

It is well established that individuals in the general population who have
elevated serum IGF-1 levels are at a higher risk of developing certain cancer
types including prostate, breast, colon, lung and colorectal cancer (Hankinson
et al.,, 1998, Chan et al., 1998, Ma et al., 1999, Renehan et al., 2004, Key et
al., 2010, Travis et al., 2016). Levels of IGF-1 are regulated by GH and dietary
intake and individuals who are challenged with metabolic diseases like
diabetes are at higher risk of developing cancer (Clemmons, 2012).

Yoon et al., conducted a meta-analysis to investigate the association of
IGF-1, IGFBP-3 and their relative levels in colorectal cancer. Although their
study showed that the ratio of levels of IGF-1:IGFBP-3 does not correlate with
the occurrence of colorectal adenoma (CRA), high levels of IGF-1 were

associated with increased risk of advanced CRA (Yoon et al., 2015).
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Studies on prostate cancer also reported that circulating IGF-1 levels
correlate with risk (Cohen et al., 1993, Kanety et al., 1993). An in vivo study
showed that the proliferation of PC-3 cells is profoundly reduced in hosts with
an IGF-1 deficiency (Pollak, 1998), and increased invasive potential was
reported in DU-145 cells in response to exogenous IGF-1 (Saikali et al., 2008).
Moreover, prostate cancer epithelial cells are capable of responding to
autocrine IGF-1 (Grimberg and Cohen, 2000). One of the largest
epidemiological studies on prostate cancer was conducted by Travis et al.
(Travis et al., 2016). Again, this study showed that high levels of circulating
IGF-1 is associated with prostate cancer risk. Moreover, they reported that this
correlation is independent of cancer stage or grade (Travis et al., 2016).

An initial study on breast cancer conducted by Peyrat et al. (Peyrat et
al., 1993) reported higher levels of circulating IGF-1 in patients with breast
cancer compared to the control group. Several epidemiological studies
conducted since then, however, only associated a high risk of breast cancer
with circulating levels of plasma IGF-1 (Hankinson et al., 1998, Rinaldi et al.,
2010, Kaaks et al., 2014). One of the largest studies showed a clear correlation
between circulating IGF-1 and breast cancer risk in Estrogen Receptor positive
(ER*) tumours. Moreover, they demonstrated that the correlation was not
dependent on levels of IGFBP-3 or the menopausal status (Key et al., 2010).
These results were later also supported by Kaaks et al. (Kaaks et al., 2014).

Overall, epidemiological and experimental evidence to date suggest

that high levels of IGF-1 facilitates the risk of various types of cancers.
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1.5.5.2 IGF-1R targeting strategies

IGF-1R was the first RTK to be targeted with an inhibitory antibody in
preclinical studies (Arteaga et al., 1989). Although the neutralizing antibody
alR3 was shown to inhibit growth in both breast cancer cells in vitro and as
xenografts in immunodeficient mice, its potential for toxicity and to inhibit both
the IGF-1R and IR in normal tissue rendered it unsuitable for clinical trials
(Macaulay, 1992). Since then, multiple approaches have been investigated for
targeting the IGF-1/IGF-1R system including molecular approaches, anti-
IGF1R antibodies, small molecular tyrosine kinase inhibitors (TKIs), IGF-
1/IGF-2 ligand TRAPs and ligand neutralizing antibodies.

Nucleic acid-based approaches were leading the way in preclinical
experiments. Antisense-mediated downregulation of IGF-1 or IGF-1R was
reported to inhibit growth of murine tumours in vivo and to inhibit growth of
prostate cancer xenografts as drug (administered as the drug ATL1101), but it
apparently never progressed further (Trojan et al., 1993, Resnicoff et al., 1994,
Furukawa et al., 2010).

Following the discovery of RNA interference (RNAI) technology, this
approach was used to supress IGF-1R in various settings. Influenced by
secondary structures in the IGF-1R mRNA, suppression of IGF-1R using RNAI
causes high sensitivity to chemotherapy, ionizing radiation and targeted
agents in prostate, renal and oesophageal cancer in vitro and in vivo (Bohula
et al., 2003, Niu et al., 2007, Yuen et al., 2009, Turney et al., 2012, Zhao and
Gu, 2014). In clinical trials however, this approach, is challenged by the
instability of RNAi and by finding a suitable delivery mechanism (Soutschek et

al., 2004).
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Another approach to inhibit IGF-1R is based on the fact that as a
heterotetramer, the IGF-1R binds its ligands in a pocket formed by two
subunits. This mechanism was exploited to generate dominant negative
receptors that would dimerize with the wildtype IGF-1R to allow ligand binding
but to inhibit kinase activation (D'Ambrosio et al., 1996, Dunn et al., 1998,
Samani et al., 2004, Sachdev et al., 2004, Min et al., 2005). Although this
approach was effective in inducing apoptosis, inhibiting tumorigenesis and
metastasis in vivo the clinical application is limited by the regulation and the
biological complexity of gene transfer (Husain et al., 2015).

Monoclonal antibodies (mAb) that compete for binding of IGF-1 to the
a-subunit of IGF-1R were a logical approach. In addition to blocking IGF-1
binding and signalling, IGF-1R mAb also induce IGF-1R internalisation and
degradation (Sachdev et al.,, 2003). However, because the IGF-1R and
IR-A/IR-B form hybrids, targeting the IGF-1R signalling with this approach
leads to hyperglycemia due to the hybrid internalisation and degradation.
Another reason for hyperglycemia is that the blockage of IGF-1R causes an
endocrine response, inducing secretion of GH and IGFBPs which can impair
glucose tolerance (Pollak et al., 2004, Sachdev et al., 2006, Pandini et al.,
2007). Although IGF-1R-targeting antibodies that do not cause downregulation
of the IR have been tested, compensatory mechanisms have been reported
including the activation of IR-A by insulin or IGF-2 (Ulanet et al., 2010, Buck et
al., 2010, Bid et al., 2012, Feng and Dimitrov, 2012, Weinstein et al., 2014,
Forest et al., 2015), or through the crosstalk with other RTK such as EGFR
and MET (van der Veeken et al., 2009, Liu et al., 2018b). These approaches
showed initial success (Lacy et al., 2008, Tolcher et al., 2009), but only two

mADs targeting the IGF-1R are still in testing. One of them, Ganutiumab shows
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promising results in Ewing sarcoma and is currently being tested in dual
therapy with the Src inhibitor dasatinib in patients with rhabdomyosarcoma,
and in combination with chemotherapy in Ewing sarcoma (NCT03041701,
NCT02306161).

Small molecules have also been generated to inhibit the IGF-1R kinase
(TKIs). Only a few of these compounds have progressed to clinical trials after
showing promising results during preclinical evaluation (Table 1.1). Despite
this, the results from clinical trials were disappointing, mainly because of
toxicity and because they targeted both the IGF-1R and IR. Blocking the IR
system can lead to hyperinsulinemia and dose-limiting hyperglycemia (Weroha
and Haluska, 2008). However, there are reports of some success in Ewing
sarcoma patients and in cell models when the TKI were combined with other
chemotherapy drugs (O'Flanagan et al., 2016, Macaulay et al., 2016, Leighl et

al., 2017, Oza et al., 2018).
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Table 1.1: IGF-1R TKI used in clinical trials.

Mechanism | L 2" | Addi- | Clinical
(1C50) . .
Drug name of tional trial References
N IGF-1R
inhibition IR targets | phase
(Barata et
al., 2018,
Linsitinib ATP 35 |75 N/A Il Oza et al.,
(OSI1-906) competitive | nM | nM 2018,
Macaulay et
al., 2016)
MET, (Carboni et
ATP 1.8 | 1.7 | RON, al., 2009,
BMS-754807 competitive | nM | nM | Trka/B, | Haluska et
AurA/B al., 2011)
igﬁ ) (Cortes et
XL-228 ATP 1.6 | N/ AurA al., 2008,
competitive | nM | A ’ Toretsky et
SRC, al., 2001)
LYN v
(Girnita et
al., 2004,
AXL1717 Non-ATP 40 | N/ | Micro- I Aiken et al.,
(Picropodophyllin) competitive | nM | A tubules 2017,
Waraky et
al., 2014)
Non-ATP (Youngren
Masoprocol competitive et al., 2005,
(INSM-18, natural 31 | N/ HER2 I Ryan et al.,
nordihydroguaiaretic | product of uM | A 2008,
acid) Larrea Friedlander
divaricata et al., 2012)

1.5.5.3 Therapy resistance and failures

Despite all of the efforts and promising results in the preclinical evaluations,

inhibition of the IGF-1R alone failed in patient clinical trials, with the possible

exception of Ewing sarcoma (Tolcher et al., 2009, van Maldegem et al., 2016).

In response to IGF-1R inhibition, compensatory activity of other receptors

including the IR-A and IR-B as well as EGFR and MET can be activated (Qu

et al., 2017, Buck et al., 2010, van der Veeken et al., 2009, Liu et al., 2018b).

The complexity of IGF-1R signalling is another potential reason for the

inefficacy of drugs targeting it. For example, the adhesion kinase Src was
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reported to mediate resistance to IGF-1R kinase inhibitors. Src has been
shown to phosphorylate the IGF-1R autophosphorylation sites directly and can
therefore substitute for IGF-1R kinase activity (Peterson et al., 1996). Indeed,
in an ongoing clinical trial, Ganutiumab is being used in combination with the
Src inhibitor dasatinib, in patients with rhabdomyosarcoma (NCT03041701).

We recently identified components of the DNA damage response (DDR)
including ATM and Ataxia Telangiectasia and RAD3-related kinase (ATR) as
mediators of IGF-1R kinase inhibition. It was demonstrated that upon IGF-1R
inhibition with Linsitinib or BMS-754807, the DDR was induced in MCF-7 cells.
Hence, the combined inhibition of the IGF-1R kinase activity and ATR kinase
with VE-821 leads to synergetic cytotoxicity in these cells (O'Flanagan et al.,
2016).

Recently it was also proposed that influencing receptor endocytosis and
translocation to the nucleus enhanced the effects of chemotherapy and
targeted agent resistance (Codony-Servat et al., 2017, Aleksic et al., 2010,
Aleksic et al., 2018). Codony et al., observed that upon IGF-1R inhibition with
Ganitumab or Src inhibition with Dasatinib, IGF-1R accumulation in the
nucleus was increased (Codony-Servat et al., 2017). However, the inhibition
of IGF-1R internalisation decreased the translocation to the nucleus (Aleksic
et al., 2018).

Overall, although there is compelling evidence for the concept of
IGF-1/IGF-1R targeting as cancer therapy, ongoing research is still required to
understand the complexity of inhibiting the signalling pathways and the

variability of responses in different tumours.
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1.6 AIM OF THE STUDY

Although the IGF-1/IGF-1R system has been extensively investigated in
cellular processes in normal cells and cancer, knowledge about the regulation
of the receptor activity, the complexity of its induced signalling and its capability
to avoid effective targeting in cancer therapy is still missing. Our research
group and others established that crosstalk between IGF-1R and
adhesion-signalling is a key to modulating IGF-1R activity and/or signalling.
Furthermore, we established that Tyr2%0/1251 in the IGF-1R C-terminal tail are
essential residues for receptor activity and cooperation with adhesion
signalling. This thesis aims to investigate how adhesion-related signalling
modulates IGF-1R activity and how Tyr1251251 phosphorylation contributes to

these mechanisms.

The aims of the study are:

1) To investigate how the non-receptor kinase, FER influences IGF-1R
activation and whether it contributes to resistance to IGF-1R kinase
inhibition.

2) To generate a series of cancer cell lines harbouring CRISPR-mediated
knock-in of tyrosine and serine mutations in the igf-1r gene or
CRISPR-mediated knock-out of the igf-1r to study the function of the
C-terminal tail in IGF-1R function.

3) To establish how Tyr'250/1251 phosphorylation is controlled and how they

contribute to IGF-1R activity in cancer cells.

68



2 CHAPTER 2: MATERIAL AND METHODS
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2.1 MATERIAL

2.1.1 General chemicals and reagents

Unless it is stated otherwise, chemicals including sodium chloride and other
salts for the preparation of buffers were purchased from Sigma-Aldrich (Dublin,
Ireland). Bradford protein estimation reagent was purchased from Bio-Rad
Laboratories (Hercules, CA) and the pre-stained molecular weight markers
(10-250 kDa) was purchased from Fisher Scientific (Dublin, Ireland).
Amersham nitrocellulose membrane was also purchases from Fisher Scientific
(Dublin, Ireland). Recombinant IGF-1 and IGF-2 were from Pepro Technology
(Rocky Hill, NJ). For western blot detection of primary antibodies IRDYE-
conjugated secondary antibodies were purchased from LI-COR Biosciences
(Lincoln, NE). Paraformaldehyde (16%) and the 12 mm coverslips used for
immunofluorescence microscopy was purchase from Fisher Scientific. The
microscope slides were acquired from KB Scientific. Fluorophore conjugated
secondary antibodies used in the immunofluorescence microscopy were
purchased from Jackson Immuno Research (Cambridgeshire, UK). The
QuickChange Lightning site-directed mutagenesis kit was purchased from
Agilent Technologies (Santa Clara, CA). The IGF-1R Double Nickase Plasmid
(h) (sc-400084-NIC) was obtained from Santa Cruz Biotechnologies, Inc

(Dallas, Texas, USA).

2.1.2 Cell Culture reagents

Dulbecco’s Modified Eagles Medium (DMEM), Hams Nutrient F12 medium,
Roswell Park Memorial Institute media (RPMI)-1640 medium, foetal Bovine
Serum (FBS), L-Glutamine, penicillin/streptomycin antibiotics and trypsin-

EDTA were purchased from Sigma Aldrich (Dublin, Ireland). Zeocin,
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Lipofectamine and Lipofectamine 2000 were purchased from Invitrogen
(Paisley, UK). Puromycin was purchased from Calbiochem (La Jolla. CA). Cell
culture plates were supplied by Sarstedt (Nimbrecht, Germany). Migration

assay plates were purchased from Ibidi (Munich, Germany).

2.1.3 Antibodies

Table 2.1: List of antibodies.

Antibodies were used for immunofluorescence cytology (IF), immunoprecipitation
(IP), in-cell western (IW) and western blotting (WB) and are either monoclonal (m) or
polyclonal (p).

Antibody Target IF/WB/ z Ssede | @ame Catalogue
(Anti-) IP Ab Number
Cell
IGF-1RB WB |p |rabbit ifcﬁg'lggy 3027
(CST)
IGF-1Rp IF m | rabbit CST 9750
IGF-1Ra (a-IR-3) :\F’,W ' m | mouse /Cl\j‘;':’ki“hem GR11
IGF-1Rp WB m | mouse | Santa-Cruz |sc-81464
p-Tyr!'1351136 IGF-1R | WB p rabbit CST 3024
p-Tyr'¥" IGF-1R WB p | rabbit CST 3021
p-Tyr®0 IGF-1R WB p rabbit CST 4568
p-Tyr'2%0 IGF-1R WB p | rabbit Santa Cruz | sc-293102
p-Tyr'2%0 IGF-1R WB p | rabbit biorbyt orb43345
FER YI\:IB/ m | mouse | CST 4268
FER WB p | rabbit Santa Cruz | sc-28771
p-Tyr‘%2 FER WB p | rabbit abcam ab79573
p-Tyr3%” FAK WB p | rabbit CST 3283
p-Tyr?2% FAK WB p | rabbit CST 3284
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FAK WB m | mouse | SantaCruz | sc-1688
FAK WB p rabbit Santa Cruz | sc-558
p-Tyr4'® Src WB p | rabbit CST 2101
Src WB m | mouse |CST 2110
p-Thr2%2/Try204 ERK | WB p | rabbit CST 4377
I(EpT:; 4/2 MAPK) WB p rabbit CST 4696
p-Ser4’3 AKT WB p | rabbit CST 4060
AKT WB m | mouse |CST 2920
p-Tyr239/240 SHC WB p | rabbit CST 2434
BD
SHC WB mouse | Transdution | 610879
Labs
snail WB m | mouse | CST 3895
LC-3 WB m | rabbit CST 3868
Ubiquitin WB m | mouse | SantaCruz |sc-8017
BD
GM130 IF m | mouse | Transdution | 610822
Labs
B-actin WB m | mouse i:g:?ci A5441
a-Tubulin WB m | mouse | Santa Cruz |sc-23948
GAP-DH WB m | rabbit CST 2118

2.1.4 Chemical Inhibitors

BMS-754807 (cat# S1124-SEL) and AP26113 (cat# S7000-SEL) were
purchased from Stratech/Selleckchem (Munich, Germany), PF-573228
(cat#3239-10) was purchased from Tocris Bioscience (Bristol, UK), and PP2
(cat#529573-5mg) was purchased from Sigma/Merck (Darmstadt, Germany).

MG-132 (cat#474790) was purchased from Calbiochem/Merck

(Darmstadt, Germany). Brefeldin A (cat# B7651-5mg), Leupeptin (cat#L2884-

72



25 mg) and E64 (cat#E3132-5mg) were from Sigma/Merck (Darmstadt,
Germany). Chloroquine (cat#14774s) was purchased from Cell Signalling

(Danvers, MA, United States).

2.1.5 Mammalian Cell lines

MCF-7, MDA-MB-231 and DU-145 were originally obtained from American
Type Culture Collection (ATCC, Rockville, MA, USA). HS-578T and Cal-51 cell
lines were a kind gift from Almac Diagnostics, Craigavon (Northern Ireland).
R- cells (3T3-like mouse embryonic fibroblast cell line derived from the IGF-1R
knock-out mouse) were obtained from Professor Rosemary O’Connor’s

laboratory stocks and were originally generated by Sell et al. (Sell et al., 1994).

2.1.6 Mammalian Expression Vectors

Expression vector plasmids pcDNA3/pcDNA4 encoding the IGF-1R wildtype,
Y1250F/Y1251F and IGF-1R kinase inactive (K1003R, KR) were obtained
from Professor Rosemary O’Connor’s laboratory stocks. pSG5 plasmids
encoding FER kinase was obtained from Addgene. Point mutations in the IGF-
1R (Y1250E/Y1251E) or FER (D743R, DR) were introduced using

QuickChange Lightning site-directed mutagenesis Kkit.
2.2 METHODS

2.2.1 Cell culture, ligand stimulation and pharmacological
inhibitors

MCF-7, MDA-MB-231, HEK293T, HS-578T and R- cells were maintained in

DMEM. CAL-51 cells in a 50/50 mix of DMEM/Hams Nutrient F12 media.

DU-145 were cultured in RPMI. All media were supplemented with 10% (v/v)

heat inactivated Foetal Bovine Serum (FBS), 10 mM L-Glutamine, and 5 mg/ml
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penicillin/streptomycin. Cells were cultured at 37 °C in a humidified
atmosphere at 5% COq. All cells were determined to be free of mycoplasma
following the laboratory protocol.

For the analysis of IGF-1 stimulation in western blotting, cells were
seeded 20 hr prior to starvation and allowed to reach approximately 70%
confluency. Following serum-starvation for 4 hr, cells were stimulated with the
indicated concentration of IGF-1, IGF-2 and Insulin. In general, R cells and
HEK293T cells transiently expressing the IGF-1R (see below), were stimulated
with 10 ng/ml IGF-1 and cell lines with endogenous IGF-1R were stimulated
with 50 ng/ml IGF-1.

For analyses of detached cells (suspension), cells seeded on 10 cm
plates were cultured overnight (ON) in complete medium and then starved of
serum for 4 hr in total. After 3 hr, cells were enzymatically detached using
Trypsin/EDTA, and cultured in suspension (SUS) for 1 hr. Cells were then
stimulated with IGF-1, collected by centrifugation at 1000 rpm for 5 minutes,
washed with PBS and lysed.

For kinase inhibition experiments, BMS-754807, AP26113, PF-573228
and PP2 were added to cells for 1 hr, unless otherwise stated.

Cycloheximid was added to the cell cultures for 24 hr followed by a wash
of cell cultures for 6 hr or 8 hr. The appropriate vehicle was added to the control
sample (0 hr) The proteasomal or lysosomal inhibitors MG-132, Leupeptin,
E64 and Chloroquine were added to cell cultures for 4 or 6 hr and the
appropriate vehicle (DMSO, H20, EtOH) was added to control samples (0 hr).
Brefeldin A (BFA) was added to cells in either complete medium or serum-free

media for 4 hr.
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2.2.2 Generation and transfection of IGF-1R mutants

2.2.2.1 General plasmid transfection

Cells were transiently transfected with pcDNA3/pcDNA4 plasmid encoding the
IGF-1R WT or KR mutant, pSG5 plasmids encoding FER WT or DR and
pcDNA4 plasmid encoding IGF-1R WT, FF or EE mutants. For co-transfection
of IGF-1R and FER in HEK293T cells; cells were transfected using Calcium
Phosphate method: Cells were seeded 5 hr prior to transfection to give a
confluency of 70%. Plasmid encoding for FER (3 pg), together with 1 pg of
pcDNAS IGF-1R expressing plasmids were added to CaClz. The DNA/CaCl2
mixture was then added dropwise to 2x HBSS at a ratio of 1:1. Samples were
allowed to stand for 1-2 min and the solution was then distributed to the pre-
seeded cells in a dropwise manner. Cells were incubated ON to allow the
transfection to proceed. Cells were re-seeded for experiments and lysed 24 hr
later.

R~ cells were seeded 24 hr prior to transfection at a density of
approximately 1.0x108 cells/10 cm plate. Lipofectamine 2000 diluted in
OptiMem was used to transfect cells with relevant DNA plasmid (12-16 png).
After 24 hr cells were re-seeded for experiments at 48 hr post transfection. For
stable expression of pcDNA4 plasmids encoding the WT, FF or EE IGF-1R,
transfected R cells pools were cultured in selection medium supplemented
with 400 pg/ml Zeocin for 4 weeks to select cells expressing the plasmids only.

MDA-MB-231, MCF-7 and DU-145 cells were seeded 24 hr prior to
transfection to approximately 70% confluency in 6-well or 10 cm plates for
transfection with Lipofectamine 2000. All cell lines were transfected with
2 ug/6 well plate and 12 pg/10 cm plate of pcDNA4 plasmid. Cells were

re-seeded 24 hr post transfection for experiments.
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2.2.2.2 Plasmid transfection for CRISPR-mediated mutation in igf-1r

CRISPR induced mutation of the igf-1r gene in MCF-7 cells was conducted in
Prof. Shin-Ichiro Takahashi (University of Tokyo) by Dr. Fujii, who also
designed the gRNA sequences and the single-stranded oligo donor (ssOND)
(Table 2.2). MCF-7 cells were transfected with either U6p cloning plasmid
encoding for the Cas9 nuclease, the guide RNA, the GFP-tag and a second
U6Bp plasmid encoding for the respective ssOND (S1248A mutation and
Y1250F/Y1251F; Table 2.2) or, for control cells (CTL), with the U6p plasmid
encoding for the Cas9 nuclease, a scrambled RNA and the GFP-tag using
Lipofectamine LTX. According to the manufacturer’s protocol of the
transfection reagent, transfected cells were left for 48 hr following separation
of transfected cells from non-transfected cells using the GFP-tag and
fluorescence-activated cell sorting (FACS). Enriched cell pools were then
shipped from Japan to Ireland. After recovery, the MCF-7 pools were cultured
and separated into groups of ~10 cells/well of a 96-well plate to identify group
clones encoding IGF-1R with the selected mutation. Cells were allowed to
grow until confluent. DNA was extracted and a PCR was performed (Method
2.2.3) on ~50,000 cells while the remaining cells were frozen. Serial dilution
was used on three group clones positive for the particular mutation/controls to
obtain cells only encoding for the mutated IGF-1R or the wildtype IGF-1R. Cells
were again allowed to reach confluency and a PCR was performed on DNA
extracted from ~50,000 cells. Serial dilution followed by PCR was performed
twice on cells. Single cell clones positive for the mutation of interest were

recombined (MCF-7-KI: MCF-7-WT, MCF-7-FF).
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Table 2.2: Designed ssOND (full length) for DNA repair.

ssODN_S1248A
CATGTGGGCGTAAGGCTGTCTCTCGTCGAAGCTGGCGCGGAGGACC
AGCACCCCAGGGCCGGGGCCGTTCTCGGCCTTGTGTCCTGAGTGTC
TGTCGGGCAGTGGCAGGGAGGACGAGGAGGCCGAGGGGTCCAGGG
GGACGCTCTCCATGTTCTCTGGCTCCAGGTCCAGCTCCTCCGGCTCG
GGCAGCTTGTTCTCCTCGCTGTAGTAGAAtGCcGACCTCCCGGAAGCCA
GGCTCCATCTCCTCTTTGATGCTGCTGATGATCTCCAGGAAGGAAGG
CCTCATCTTGGGGTTATACTGCCAGCACATGCGCATCAGTTCAAACCT
GCAGCCAAGACACACGGGAGGGGGTCC
ssODN2_Y1250F_Y1251F

CATGTGGGCGTAAGGCTGTCTCTCGTCGAAGCTGGCGCGGAGGACC
AGCACCCCAGGGCCGGGGCCGTTCTCGGCCTTGTGTCCTGAGTGTC
TGTCGGGCAGTGGCAGGGAGGACGAGGAGGCCGAGGGGTCCAGGG
GGACGCTCTCCATGTTCTCTGGCTCCAGGTCCAGCTCCTCCGGCTCG
GGCAGCTTGTTCTCCTCGCTGaAGaAGAAGCctGACCTCCCGGAAGCCA
GGCTCCATCTCCTCTTTGATGCTGCTGATGATCTCCAGGAAGGAAGG
CCTCATCTTGGGGTTATACTGCCAGCACATGCGCATCAGTTCAAACCT
GCAGCCAAGACACACGGGAGGGGGTCC

IGF-1R knock-out cells were generated using CRISPR technology as
described in Chapter 4. The IGF-1R Double Nickase Plasmid (h) was obtained
from Santa Cruz Biotechnologies, Inc. and transfections carried out as
described in the manufacturer’s protocol. Selection of transfected cells was
achieved with Puromycin (0.5 pg/ml for MDA-MB-231 and MCF-7 cells, or 0.4
pag/ml for DU-145 cells). IGF-1R knock-out cell pools were selected by
immunoblotting for IGF-1R and then cloned by serial dilution. IGF-1R knock-

out (KO) clones were also subsequently pooled.

2.2.3 Genomic DNA extraction and genomic DNA PCR

CRISPR MCF-7 cells cultured in normal medium (~50.000 cells), were
harvested and transferred into a 1.5 ml eppendorf tube and centrifuged at
14.000 x g for 10 sec. The pellet was washed with PBS and the centrifugation

step was repeated. DNA was either extracted immediately following the Wizard
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genomic DNA extraction Kit (Promega cat#A1125). PCR was performed using
20 ng of extracted DNA diluted in 8 pl of nuclease free water, 1 ul of each
primer (Table 2.3) and 10 ul of the GoTag G2 Green Master Mix (Promega
cat# M7823). PCR was performed in 35 cycles (DNA denaturation 94°C for 30
sec, annealing: 55°C for 30 sec, extension: 72°C for 1 min). Fragment
amplification was assessed on 1.5 % Agarose gel and visualized under UV-

light. The expected band size is 500 base pairs (BP).

Table 2.3: Primer sequences used for PCR to verify the mutation in the igf-1r.

IGF-1R Forward primer sequence
WT GCTTCCGGGAGGTCTCC
S1248A GCTTCCGGGAGGTCGCA
Y1250F/Y1251F CGGGAGGTCAGATTCTTCTT

Reverse primer sequence
CTTAAAGGCCCATGTCAGTTAAGG

To verify the knock-out of the igf-7r in MDA-MD-231 and DU-145 cells, DNA
was extracted using the Wizard genomic DNA extraction Kit (Promega
cat#A1125). Designed primers, binding before and after the gRNA targeted
region were used to amplify the DNA via PCR. PCR was performed in 35
cycles (DNA denaturation 94°C for 30 sec, annealing: 55°C for 30 sec,
extension: 72°C for 1 min). Fragment amplification was assessed on 1.5 %
agarose gel and visualized under UV-light. Fragments were separated from
the rest of the agarose gel and DNA was extracted using the KeyPrep Spin
Gel DNA Clean Up Kit (Anachem # AM-113163). Extracted DNA was sent for

sequencing using the Eurofins genomics service (Ebersberg, Germany).
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Table 2.4: Designed primer pair used to verify the igf-1r knock-out.

Primer Exon 1
5’- GGG AGC GAA GAC TGA GTT TG -3’ (Fwd)
3’- GCG GGA CAA ACG CTT TGG -5’ (Rev)
Primer Exon 2
5’- AACTGTCAGTCTGCAACCCACA -3’ (Fwd)
3’- TGACCAGGGCGTAGTTGTAG -5’ (Rev)

2.2.4 SDS PAGE and western blotting

Cells were washed with ice-cold PBS twice and lysed immediately with cold
lysis buffer (20 mM Tris, pH 8, 50 mM NaCl, 50mM NaF, 1% NP40) containing
protease and phosphatase inhibitors for 30 min on ice, followed by
centrifugation at 14.000 rpm for 15 min at 4°C. Protein concentration of
samples was determined using a BSA standard curve in a Bradford assay.
Samples were denatured by boiling for 5 min with 5x SDS PAGE loading
buffer. Technical replicates of the same denatured samples (30 ug protein)
were separated on 8-10% gels to enable analysis of distinct IGF-1R phospho-
sites. Proteins were then transferred to nitrocellulose membranes that were
blocked for 1 hr at room temperature in 5% BSA in Tris-buffered saline-T (20
mM Tris, 150 mM NaCl and 0.05% Tween 20, pH 7.6 (TBS-T). Primary
antibodies were diluted at 1/1000 or 1/10000 dilution for B-actin in TBS-T
containing 5% milk or 5% BSA and incubated with membranes at 4 °C ON. To
detect distinct IGF-1R phospho-sites, each blot was incubated with rabbit
phospho-IGF-1R or mouse/rabbit total IGF-1R antibodies and a mouse
antibody detecting a protein input control (a-Tubulin, B-actin, GAP-DH). For
detection of p-Thr2%2/Tyr204/ERK, p-Ser*’3/AKT and p-Tyr239240/SHC, blots

were probed with a combination of rabbit antibody detecting the
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phosphorylated protein, and a mouse antibody detecting the total protein.
Immunoblots were subsequently probed with mouse antibodies to detect the
protein input control. IRDye-fluorophore-conjugated secondary antibodies
(1/10,000) were used for detection with the Odyssey Image Scanner System
and Image Studio™ quantification software was used for densitometry
measurements (LI-COR Biosciences). Each phospho-IGF-1R protein was
normalized to total IGF-1R, or first to the input control and then to total IGF-

1R. Other phosphoproteins were normalized to their respective total protein.

2.2.5 Phospho-Tyr'231251.antibody adsorption

The phospho-Tyr'?%0 IGF-1R antibody (biorbyt cat#orb43345) was adsorbed
to nitrocellulose membrane that was coated with non-phosphorylated SFYYS
peptide. Membranes dotted with peptide were allowed to dry completely and
blocked with PBS containing 1% BSA for 1 hr at RT. These membranes were
then incubated with the phospho-Tyr'2%0 antibody for 1 hr rotating at RT, and

the antibody recovered for subsequent use in western blotting.

2.2.6 Immunoprecipitation and in-vitro kinase assays

Cells were lysed and 0.5-1 mg of protein lysate was incubated with antibodies
detecting IGF-IR at 1/100 dilution, ON rotating at 4°C. Immune complexes
were obtained by adding 50 pl of pre-washed Protein G-Agarose beads to the
antibody-lysate mix for 2 hr with rotation at 4°C. Beads were washed three
times using lysis buffer and loading dye was added to the washed beads (2x)
before samples were boiled for 5 mins at 95°C, centrifuged at 14,000 rpm for
2 min, followed by SDS PAGE and western blotting. To investigate multiple
IGF-1R phospho-sites, denatured samples were split to load on separate gels.

The antibody detecting the phospho-site was then removed using stripping
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buffer (200 mM NaOH with 1% SDS) for 10 min at RT. Before incubation with
total IGF-1R (1/1000), blots were re-blocked with 5% BSA in TBS-T, incubated
with secondary antibody and re-scanned to ensure that stripping was
successful.

The ADP-GIoTM Kinase Assay kit (Promega) was used for in-vitro
kinase assays. For these kinase assays, protein input forimmunoprecipitations
of IGF-1R WT and FF were adjusted to be equivalent to EE. Beads with
immunoprecipitated IGF-1R were washed twice with kinase buffer (40 mM Tris
(pH 7.5), 20 mM MgClz2, 2 mM MnClz, 0.1 mg/ml BSA, 2 mM DTT, 100 yM
Sodium Vanadate) and then incubated with kinase buffer containing 150 yM
ATP (ADP-GIoTM Kinase Assay) and 2 mg/ml poly(Glu, Tyr) (4:1) (P0275;
Sigma) as an exogenous substrate for 30 min, with samples mixed every 10
min. Beads were centrifuged for 30 sec at 14,000 rpm and triplicates (5 pl) of
supernatant were added to a white 384-well plate for incubation with ADP-Glo
(5 pl per sample) for 60 min at room temperature. The ADP-Glo Kinase
detection reagent (10 pl) was added to each reaction for 30 min at room
temperature, and kinase activity measured with a luminometer (BioTek,

Winooski, USA).

2.2.7 Ubiquitination assay

R cells overexpressing the IGF-1R WT, FF or EE mutants were harvested in
1 ml ice-cold PBS from a 15 cm plate and 900 ul of cell solution was added to
a fresh eppendorf tube, leaving ~100 ul of cell solution for the whole cell lysate
(WCL) input analysis. Tubes were centrifuged for 2 min at 1000 rpm at 4°C,
and supernatants were discarded. The pellets of the WCL were lysed in NP40

lysis buffer as described earlier.
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To determine the ubiquitination profile on IGF-1R using an IP, the cell
pellets, were lysed in 80 ul of 1% SDS containing protease/phosphatase
inhibitors and 150 mM N-Ethymaleimide (NEM). To enhance cell lysis,
samples were resuspended with a 21 gauge needle attached to a 1 ml syringe
at least 10 times before boiling for 5 min at 95°C. After samples cooled to RT,
125 pl of covalent buffer containing (50 nM Tris, pH 8.0, 150 mM NaCl, 1%
Trition-X-100, 0.1% SDS plus protease/phosphatase inhibitors), and 150 mM
NEM was added. Samples were vortexed for 20 sec and centrifuged for 30 min
at 14,000 rpm at 4°C. The viscous pellet was removed with a wooden tooth
pick. The Bradford assay was performed on WCL and IP samples before

continuing with protocols for western blotting and immunoprecipitation.

2.2.8 Subcellular fractionation

Cytoplasmic and soluble nuclear extracts were prepared from R cells
overexpressing the IGF-1R WT, FF or EE. For the extraction of cytoplasmic
proteins (Lau et al., 2007), cells were first lysed on ice for 10 min with 80 ul
buffer A[10 mM HEPES, pH 7.9, 10 mM KCI, 1.5 mM MgClz, 0.34 M Sucrose,
10% glycerol 1 mM DTT and 0.1% (v/v) Triton-X-100]. Protease/phosphatase
inhibitors were added to buffer A. After centrifugation of samples at 4000 rpm
at 4°C for 5 min, supernatants containing the cytoplasmic fractions were
collected. Pellets containing the nuclear proteins were washed three times in
the buffer A without Triton-X-100, followed by centrifugation at 4000 rpm at
4°C for 5 min. Pellets were lysed in 50 yL of buffer B (0.2 mM EGTA, pH 8.0,
3 mM EDTA, pH 8.0 and 1 mM DTT) plus protease/phosphatase inhibitors, ON
in the cold-room on a vortex genie. After centrifugation of samples at 4000 rpm

for 5 min at 4°C, supernatants containing nuclear fractions were collected.
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Cytoplasmic, soluble, and insoluble nuclear extracts were prepared
(Tanaka et al., 2007) from R cells overexpressing the IGF-1R WT, FF or EE.
Cells lysed on ice for 10 min with 80 pl buffer A [10 mM Tris-HCI, pH 7.5, 1.5
mM  MgClz, 140 mM NaCl, 0.05% (v/iv) NP40] containing
protease/phosphatase inhibitors. After incubation the solution was added to a
fresh tube containing buffer A with 50% (v/v) sucrose, which causes the
separation into two phases. Tubes were then centrifuged at 12,000g for 10 min
at 4°C, to obtain nuclear and cytoplasmic fractions. Supernatants containing
the cytoplasmic fractions were collected. Pellets were washed three times in
buffer A and then lysed for 10 min on ice in 50 pl buffer B [10 mM Tris, 100 mM
NaCl, 1 mM EGTA, 300 mM sucrose, 50 mM NaF, 0.5% (v/v) Trion-X-100]
supplemented with protease/phosphatase inhibitors. Samples were
centrifuged at 2,000 g at 4°C for 5 min and the supernatant (nuclear soluble
fraction) and pellet (nuclear insoluble/chromatin fraction) were collected.

For both fractionation protocols described, protein concentration of the
cytosolic fraction was determined using the Bradford assay. All samples were
boiled in 5x SDS-PAGE sample buffer, and equal amounts for the cytosolic
fraction as well as equal volumes of the nuclear fraction (soluble and insoluble)
compared to the cytosolic fraction were subjected to electrophoresis on 10%
SDS-polyacrylamide gels. The purity of the fractions was confirmed by western

blotting a-tubulin as cytoplasm marker.

2.2.9 Quantitative PCR

R- cells transiently expressing WT, FF or EE IGF-1R were prepared for RNA
extraction 48 hr post-transfection. RNA was extracted using the PureLink RNA

Mini Kit (Thermo Scientific) according to the manufacturer’s protocol. To
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synthesize cDNA, 1 ug of RNA and the QuantiTect reverse transcription kit
(Qiagen) was used. Quantitative PCR was performed using the Roche
FastStart essential DNA Green Master Kit and the Lightcycler® 96 Instrument
(Roche Diagnostics). Actin was used as housekeeping control. The 2A-AACT
method (Livak and Schmittgen, 2001) was used to analyse data and to
determine relative mMRNA expression levels. IGF-1R mRNA expression values
were normalized to actin and expressed as fold-change relative to the WT IGF-

1R (set to 1). Primers used for to detect IGF-1R are displayed in Table 2.5.

Table 2.5: Primers used to detect the IGF-1R in gqRT-PCR.

Forward primer

5’- ATGTCCAGGCCAAACAGGAT -3’
Reverse primer

5'- CCTCCCACTCATCAGGAACG -'3.

2.2.10 Immunofluorescence

Transfected and un-transfected cells were plated on 12 mm glass coverslips
24 hr prior to the experiment. At the end of the experiment, cells were washed
with phosphate-buffered saline and fixed with 4% paraformaldehyde in PHEM
buffer for 60 min at RT. Aldehyde groups from PFA fixation were quenched
with 50 mM Ammonium Chloride for 20 min, and cells were permeabilized
using 0.1% Triton/PHEM for 5 min. PHEM buffer containing donkey serum
(5%) was used for blocking and dilution of antibodies. Coverslips were
incubated with primary antibodies at 4°C ON, washed three times with PHEM
followed by secondary antibody incubation. The primary antibodies (Material

2.1.3) were diluted as displayed in Table 2.6 and secondary antibodies or dyes
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to detect actin filaments as displayed in Table 2.7. The nuclei was stained with

Hoechst.

Table 2.6: Primary antibody dilution for immunofluorescence.

Detection Details Cell line Dilution
IGF-1R CST#9750 R cells 1/200
IGF-1R CST#3027 MCF-7 cells 1/200
IGF-1R | CST#3027 HS-578T, MDA-MB-231 1 4100
cells

. N R cells, MCF-7, HS-578T,
GM-130 cis-Golgi: MDA-MB-231 celis 1/200
biotinylated | cis- and trans-Golgi
Vicia network; Lectin Vector | R cells, MCF-7, HS-578T, 1/400
Villosa Laboratories MDA-MB-231 cells
(VVA) cat#B-1235-2

Table 2.7: Secondary antibodies and dyes used for immunofluorescence.

Fluorophore/Cyanine Dyes Dilution

Cy3-conjugated AffiniPure Anti-Mouse antibody 1/1000

Alexa Fluor 488-conjucated AffiniPure Anti-Rabbit antibody | 1/200

Alexa Fluor 594-conjucated Streptavidin 1/1000
Alexa Fluor 488-conjucated Streptavidin 1/200
Phalloidin TRITC Sigma cat# P1951 1/1000
Phalloidin AlexaFluor 405 ThermoFisher cat# A30104 1/40 (66uM)

Images were acquired using a SPOT charge-coupled device camera mounted
on a Nikon T600 fluorescent microscope or a Nikon DSFi1c camera attached
to the Leica DM LB2 microscope. For confocal microscopy, images were

acquired using an Olympus Fluoview FV1000 confocal laser scanning
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microscope (numerical aperture: 1.4) with a 60x-immersion objective.
Maximum intensity projections and z-stacks were processed using ImagedJ
software. Brightness and contrast were adjusted in Adobe Photoshop if
required.

To determine fluorescent intensity within the cells, Imaged software was
used. A line plot was drawn using the RGB profiler from ImagedJ to measure
the signal intensity per pixel (Y-axis) along the line (X-axis). Acquired intensity

was exported to GraphPad to generate the line plots.

2211 In-Cell Western Assays for IGF-1 receptor

Cells were seeded at 5x10* cells per well in 96-well tissue culture plates in
complete medium for 24 hr, washed three times with PBS, serum-starved for
4 hr followed by stimulation with 10 ng/ml IGF-1 for 10 min or left in serum-free
medium or complete medium. Cells were immediately fixed with 100 ul of a
freshly prepared 4% PFA/PHEM and incubated at RT for 30 min followed by
qguenching with 50 mM Ammonium Chloride for 20 min and 1x washed with
PHEM. Triton/PHEM (0.1%) was used to permeabilize cells in the wells used
for total receptor detection and wells for p-Ser4’3/AKT detection (stimulation
control) and secondary antibody control for 5 min at RT followed by a wash
with PHEM. All wells were then blocked for 1 hr with 50 pl of blocking buffer
(5% goat serum/PHEM). Primary antibody (IGF-1R IR3 for surface and IGF-
1RB cat#3027 for total receptor, or p-Ser4’3/AKT) was added for 2 hr with
gentle rocking followed by washing and incubation with secondary antibody.
Goat anti-Mouse IRDye® 680 (1/1000) (LI-COR Biosciences; cat#926-32220),
Goat anti-Mouse IRDye® 800 (1/1000) (LI-COR Biosciences; cat#926-32210)

or Goat anti-Rabbit IRDye® 800 (1/1000) (LI-COR Biosciences; cat#926-
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32211) were used to detect primary antibodies. Syto60 (Invitrogen) was also
included (1:10,000) as a cell-permeable nucleic acid stain that fluoresces at
680 nm, and is detected using the Odyssey infrared scanner. Cells were
washed five times with PHEM. Plates were dried, and intensity of IGF-1R
signal (surface and total levels) was quantified using the Image Studio™

quantification software with normalization to Syto60 levels.

2.2.12 Proliferation, Colony formation, adhesion, clonogenic

growth and migration

22121 Cell proliferation

For measurement of cell proliferation MCF-7, MDA-MB-231 and DU-145
knock-out cell lines and control cell lines were seeded in triplicate at 3.0x104
cells/well in 24-well plates. Cells were collected every 24 hr up to 96 hr. Media
was removed, cells were washed once with PBS and trypsinized. Cell numbers

were determined by triplicate counts using a Haemocytometer.

2.212.2 Colony formation

Cells were seeded in triplicate at 1.0x10* cells/well in 6-well plates in complete
media. After 14 days, cells were washed in PBS, fixed in 96% ethanol (EtOH)
and stained with 0.05% crystal violet (CV) in 20% EtOH, before extensive
washing in distilled H20. Colony formation was quantified using the Odyssey
infrared imaging system (LI-COR Biosciences). For DU-145 cells, media was
removed, cells were washed once with PBS and trypsinized. Cell humbers

were determined by triplicate counts using a Haemocytometer.
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22123 Adhesion assay

The wells of a 96-well plate were coated with 100 ul of fibronectin (Sigma, UK;
5 pg/ml) for 2 h at 37°C.The plates were washed extensively with PBS and
blocked with 100 pl of 2.5% bovine serum albumin/well for 1 hr before further
washing with PBS. MCF-7 cells (100 ul containing 5x10% cells) were added to
each coated well in triplicate and allowed to attach for the indicated times. The
medium was removed, the wells were washed with PBS, and attached cells
were fixed with methanol (MeOH) and stained with 0.05% CV, scanned and

quantified using the Odyssey infrared imaging system (LI-COR Biosciences).

22124 Clonogenic growth; soft agar assay

The wells of a 6-well plate were covered with 2 ml of 0.8% low-melting agarose
per well (Sigma #A9414-25g), which was left to solidify. Next, a second layer
of 0.4% agarose solution was slowly poured on top of this first one consisting
of 1 ml of the 0.8% agarose solution mixed with 1 ml of media containing cells.
Cell numbers were 2x10° of MCF-7-WT or MCF-7-FF cells, 2x10° MCF-7-CTL
cells or KO, 3,5x10° MDA-MB-231-CTL or KO cells or 2,5x10° DU-145-CTL or
KO cells. Cells are allowed to form colonies for 4-6 week and they were
supplemented with fresh media every 3-5 days. After 4-6 weeks, the media
was removed and cells are stained with 0.05% CV in 20% EtOH at 4°C ON
before being extensively washed with distilled H20 at 4°C for 3-4 weeks.
Clonogenic growth was quantified using the Odyssey infrared scanner (LI-

COR Biosciences, Cambridge, UK).

2.212.5 Migration; wound-healing assay
MDA-MB-231-CTL or KO and HS-578T cells were seeded in Culture-Insert 2

well 35 mm dish (70 pl per well) (ibidi Gmbh cat# 81176), at a concentration of
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4.0x10° cells/ml. Cells were allowed to attach in the respective chambers for
24 hr. The wound was generated by removal of the insert, allowing cells to
migrate. To assess migration of HS-578T cells in presence of the Golgi
disruptor BFA, cells were serum-starved for 4 hr, and DMSO (vehicle) or BFA
was added upon removal of the insert. The medium was then supplemented
with IGF-1 (50 ng/ml).

DU-145 CTL or KO cells were seeded in 6-well plates at a concentration
of 5x10° cells/ml 24 hr prior to wounding. The monolayer was scratched using
a sterile P20 tip (Time 0 h). Cells were allowed to migrate for 20 hr.

To assess migration of HS-578T cells in presence of AP26113,
HS-578T cells were seeded in 6-well plates at a concentration of
~3.5x10° cells/ml 24 hr prior to wounding. The monolayer was scratched using
a sterile P10 tip (Time 0 hr). AP26113 was added to the cells, while DMSO at
the appropriate volume was added to the control cells. Cells were allowed to
migrate for 15 hr.

All wound areas were photographed at 10x magnification with a Nikon
charge-coupled device camera connected to an inverted Nikon Eclipse TE 300
microscope at the indicated times. The drawing tool of Imaged was used to
assess the cell free area.

For immunofluorescence, HS-578T cells were seeded in Culture-Insert
2 well inserts placed on a coverslips (ibidi Gmbh cat# 80209) and allowed to
attach for 24 hr. The wound area was photographed at O hr and 6 hr of

migration. Subsequently, coverslips were recovered for immunofluorescence.
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2213 Statistical analysis

Western blot densitometry results were expressed as fold-change in the ratio
of phospho/total protein relative to the control condition (set to 1), which is
indicated as a white bar in each graph. Quantification of migration in a wound
healing assay was expressed as fold change in cell free area relative to time
0 hr of migration (set to 1).

For calculations comparing fold-change of each group to the control,
one-sample t-tests were used to test the null hypothesis that the expected ratio
was 1. For calculations comparing fold change of groups (# control condition)
independent two-sample t-tests were used. P-values were adjusted using
Benjamini-Hochberg correction for multiple testing. A 3x3 ANOVA was
conducted to examine the main effects of Group and Condition, and the
interaction between Group and Condition. Statistical significance was

determined as a P-value <0.05 and all tests were two-tailed.
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3 CHAPTER 3: NON-RECEPTOR TYROSINE
KINASE FER ACTIVATES IGF-1R IN
POINTS OF FOCAL CELL ADHESION

Orla Cox generated the data presented in Fig. 3.8A. Joanna Stanicka

generated data presented in Fig. 3.8B, 3.9A and 3.9C.

Results of this study were published in Oncogene in March 2018. The
publication is attached to the thesis.

DOI: 10.1038/s41388-017-0113-z

91



3.1 ABSTRACT

In clinical trials several drugs were tested to suppress IGF-1R activity in
cancer, but showed poor efficacy despite exhibiting promising results in cell
and animal models. The complexity of IGF-1R signalling and compensatory
mechanisms regulated by other cellular kinases is one possible explanation
for the lack of sucess. In a functional siRNA screen we sought to identify
cellular kinases that may influence IGF-1R activity in cells. From this screen,
the non-receptor tyrosine kinase FER was identified as a candidate mediator
of resistance to IGF-1R inhibition.

In this study we investigated the actions of FER in enhancing IGF-1R
activation and signalling in cancer cells. It was first observed that FER
enhances IGF 1R activation by phosphorylating it on the specific
autophosphorylation sites (Tyr®0, Tyr'131 Tyr1250/1251)  FER also enhances
IGF-1-mediated activation of SHC (Tyr23%/240)  ERK1/2 (Thr2%2/Tyr?%4) and the
activity of FAK. FER-enhanced activation of the IGF-1R is IGF-1R
kinase-independent, but is dependent on cell adhesion signals. In different
cancer cell types, FER and the IGF-1R associated at points of focal cell
adhesion where B1-Integrin is also located. FER (Tyr4%?), SHC and MAPK
phosphorylation and IGF-1R protein levels could all be reduced with the ALK
inhibitor, AP26113 that shows high specificity for FER kinase. Overall the data
demonstrate that FER enhances phosphorylation of catalytically active and
inactive IGF-1R in an adhesion-dependent manner. We conclude that
FER-mediated activation of IGF-1 signalling in cancer cells may facilitate

cancer progression and enable resistance to IGF-1R inhibition.
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3.2 INTRODUCTION

Various IGF-1R kinase inhibitors show poor efficiency in clinical trials (Osher
and Macaulay, 2019). It is believed that the complexity of IGF-1R signals may
mediate drug resistance and that the interplay with other cellular kinases may
act as compensatory mechanisms for signalling upon IGF-1R inhibition (Osher
and Macaulay, 2019). This compensatory signalling may come from activation
of the IR-A and IR-B, as well as EGFR and MET (Qu et al., 2017, Buck et al.,
2010, van der Veeken et al., 2009, Liu et al., 2018b).

Much effort is now focused on the identification of cellular kinases that
may modulate the effects of IGF-1R inhibition. The combined inhibition of
IGF-1R together with these modifying kinases has the potential to increase the
success of anti-tumour therapy.

Several years ago, the adhesion-associated kinase Src was identified
to directly phosphorylate IGF-1R autophosphorylation sites (Peterson et al.,
1996). It was also demonstrated that R~ cells, lacking the IGF-1R are deficient
in cellular transformation by src, indicating a close association between these
two kinases. Combined targeting of the IGF-1R and Src (Ganutiumab and
Dasatinib respectively) is currently in clinical trials treating patients with
rhabdomyosarcoma (NCT03041701).

In order to identify potential mediators of sensitivity or resistance to IGF-
1R kinase inhibition, we used a targeted RNAi screen and identified a number
of genes that either sensitise or desensitise cells to IGF-1R inhibition
(O'Flanagan et al.,, 2016). Among these was the non-receptor tyrosine
Fes-related (FER) kinase which was identified as a mediator of resistance to

the IGF-1R tyrosine kinase inhibitor, BMS-754807, in MCF-7 cells (Figure 3.1),
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as cells with FER suppressed were more sensitive to BMS-754807, suggesting
that FER may influence the IGF-1R kinase activity.

In addition, a previous study using peptide libraries identified FER as a
kinase that has the potential to phosphorylate specific tyrosines in the Insulin
and IGF-1 Receptors (Liu et al., 2012). Taken together these observations

indicate that FER could modulate IGF-1R activity.
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Figure 3.1: Z-Scores distribution from the tumour suppressor and oncogene
siRNA screen.

Potential mediators of sensitivity to BMS-754807 showed negative scores, while
positive scores indicate potential mediators of resistance. Scores for FER are
indicated as red triangles. Graph is representative of two independent screens, and
those Z-Scores which were robust across both screens were carried forward as
potential targets (O'Flanagan et al., 2016).
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FER, along with FES, belongs to a distinct subfamily of non-receptor tyrosine
kinases that possess Fes/CIP4 homology Bin-Amphiphysin-Rvs (F-BAR)
domains (Greer, 2002). FER activity has been described in several cancers,
including ovarian, lung, hepatic, prostate and breast and is reported to facilitate
tumorigenesis and chemoresistance by mediating microtubule instability and
enhancing cell migration, invasion and proliferation (Zheng et al., 2018,
Ivanova et al., 2013, Guo and Stark, 2011, Ahn et al., 2013, Fan et al., 2016,
Sangrar et al., 2015). FER was also shown to facilitate crosstalk between
growth factor receptors and cell-cell- or cell-matrix- adhesion complexes
(Greer, 2002) and to regulate a6- and B1-Integrin-dependent adhesion
(lvanova et al., 2013). FER modulates the distribution of a6- and B1-Integrin in
MDA-MB-231 cells, thereby regulating cell morphology and the actin
cytoskeleton. Hence, FER can mediate an aggressive cancer phenotype
characterized by cell migration and invasion (lvanova et al., 2013)

The aim of this study was to investigate whether FER modulates IGF-1R
signalling to promote an aggressive cancer phenotype. FER significantly
increases IGF-1R phosphorylation on specific autophosphorylation sites to
activate IGF-1-mediated SHC and MAPK pathways. Our data also showed that
FER was activated by IGF-1 and cell adhesion and that cell adhesion is
required for FER-mediated phosphorylation of the IGF-1R. In several cancer
cells, FER localises in points of focal adhesion where it associated with IGF-1R
and B1 Integrin. Pharmacological inhibition of FER activity led to reduced SHC
and ERK1/2 activation, a reduction of FER and IGF-1R localisation in focal
adhesion points and decrease in migration. We conclude that the adhesion

associated FER kinase is an important modulator of IGF-1R activity in cancer
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cells and propose that combined targeting of FER kinase activity may increase

the effect of IGF-1R inhibition.
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3.3 RESULTS

3.3.1 FER kinase enhances IGF-1R phosphorylation and IGF-1
mediated signalling

Suppression of FER by siRNA increased the responses to IGF-1R kinase

inhibition, suggesting that FER may enhance IGF-1R activity (O'Flanagan et

al., 2016). Therefore our first objective was to identify the mechanism through

which FER could modulate IGF-1R kinase activity.

FER kinase was transiently co-expressed with a catalytically active
IGF-1R (WT) or inactive (K1003R, KR) IGF-1R in HEK293T cells. The level of
autophosphorylation on Tyr®°  Tyr''31 and Tyr"1351136 |GF-1R and
phosphorylation on Tyr'2%0/1251 in presence of FER was then assessed by
western blotting of cell lysates. Increased levels of phosphorylation on Tyr®0,
Tyr'131 and Tyr12501251 byt not on Tyr'1351136 sites were observed in cells
transfected with either the IGF-1R WT or KR, when FER was present
compared to vector- transfected control (EV) (Figure 3.2A). This observation
with KR IGF-1R indicates that IGF-1R kinase activity is not required for FER-
mediated phosphorylation of Tyr%0, Tyr'131 or Tyr!2501251  However,
FER-enhanced phosphorylation of Tyr!1351136 |GF-1R was only observed with
IGF 1R WT indicating that phosphorylation of this tyrosine requires IGF-1R
kinase activity (Figure 3.2A).

Due to the endogenous levels of IGF-1R expressed by HEK293T cells
which possibly contributes to the phosphorylation of IGF-1R KR, we further
tested FER actions by co-expressing it with the IGF-1R WT or KR in R" cells,
which do not express the IGF-1R (Sell et al., 1994). Again, in R cells the
co-expression of FER and IGF-1R WT or KR resulted in enhanced IGF-1R

phosphorylation on Tyr%0, Tyr'13" and Tyr'25011251  Co-expression of FER did
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not enhance phosphorylation of Tyr''3%1136 in cells expressing the kinase-
inactive IGF-1R KR (Figure 3.2B). Thus, FER activates the IGF-1R

independent of its kinase activity in both HEK293T and R cell.
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Figure 3.2: FER kinase enhances IGF-1R phosphorylation.

(A) Immunoblotting for, and quantification of the indicated phosphotyrosines (p-Y) and
total IGF-1R in whole cell lysates (WCL) of HEK293T cells over-expressing: EV or
FER with EV, IGF-1R WT or KR. Quantification of phospho/total IGF-1R is expressed
as average fold-change + SEM relative to the control condition (set to 1; white bar).
Blots are representative of n=3 independent experiments. Significance was calculated
using a two-sided one-sample t-test. P-values are indicated by *<0.05, **<0.01,
***<0.001. (B) Immunoblotting for phosphotyrosines (p-Y) and total IGF-1R from WCL
of R cells overexpressing: EV or FER with EV, IGF-1R WT or KR.
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Due to FER-enhanced phosphorylation, independent of the IGF-1R kinase, we
next investigated whether this is induced in response to IGF-1 and whether
overexpression of FER also leads to enhanced signalling from ligand-activated
endogenous IGF-1R. Moreover, we investigated whether the effect is
dependent on the kinase activity of FER. First, we overexpressed both the FER
WT and a FER mutant, where the aspartate on position 743 in the activation
loop was mutated to an arginine (D743R; FER DR) in HEK293T cells. This
mutation was previously shown to abolish FER kinase activity (Cole et al.,
1999). We observed, that FER WT but not the kinase inactive DR mutant can
increase FAK activation (Tyr3%7), SHC phosphorylation on Tyr23%240 gnd
ERK1/2 phosphorylation (Thr2%2/Try2%4) (Figure 3.3). The phosphorylation on
AKT (Ser#’3) was not enhanced, indicating that FER dominantly activates the

SHC/MAPK pathway (Figure 3.3).
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Figure 3.3: FER induced signalling in a kinase-dependent manner.

ER on Tyr%%2 and total FER, IGF-1R, FAK
phosphorylated on Tyr®®” (p-Y397) and FAK, AKT phosphorylated on Ser*”3 (p-S473)
and total AKT, SHC phosphorylated on Tyr239/240 (p-Y239/240) and total SHC, ERK1/2
phosphorylated on Thr?®2 and Tyr?** (p-T202/Y204) and total ERK1/2 in WCL from
R WT (black bar) or FER DR (grey bar).
as the average fold-change + SEM in ratio
of phosphof/total protein relative to the control condition (white bar). Blots are
representative of n=3 independent experiments. Significance was calculated using a
two-sided one-sample or two-sample t-test. P-values are indicated by *<0.05, **<0.01,

***<0.001.
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To investigate whether FER also increased IGF-1-induced signalling, we
overexpressed EV, FER or FER DR mutant in HEK293T cells. The
phosphorylation on Tyr0, Tyr1131 Tyr1135/1136 gnd Tyr!250/1251 on |GF-1R was
significantly increased in response to IGF-1 (Figure 3.4A). The addition of FER
WT did not enhance basal or IGF-1-induced phosphorylation on Tyr%° and
Tyr113%/1136 of endogenous IGF-1R. However, the basal phosphorylation on
Tyr'13" and Tyr'250/1251 was increased in presence of FER. In response to
IGF-1, the ectopic overexpression of FER WT led to a significant increase in
phosphorylation on Tyr'250/1251 (Figure 3.4A). Phosphorylation on FAK (Tyr3%7
and Tyr®?%) was also enhanced by FER WT overexpression in basal conditions
as well as in response to IGF-1, but not by FER DR. Basal phosphorylation on
Tyr239/240 SHC in HEK293T cells was low and was not increased by stimulating
the endogenous IGF-1R with IGF-1. However, the overexpression of FER WT
but not the inactive FER DR significantly enhanced the basal phosphorylation
on SHC and in response to IGF-1 (Figure 3.4A). Following SHC activation,
ERK1/2 phosphorylation on Thr2%2/Tyr?%4 was increased in both basal
conditions and in response to IGF-1 by ectopic overexpression of FER WT.
Similar to the phosphorylation on Tyr'351136 |GF-1R signalling output of AKT
(phosphorylation on Ser43) was not enhanced by the overexpression of FER
WT. Moreover, it was observed that IGF-1 stimulation of the cells increased
the autophosphorylation on Tyr4%2 FER, which was not noticed with the FER
DR mutant, indicating that IGF-1 can mediate FER activation.

We further found that FER overexpression also causes increased basal

levels of Tyr1250/1251 phosphorylation in R- cells (Figure 3.4B).
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Figure 3.4: FER kinase enhances IGF-1R signalling.

(A) Immunoblotting for the indicated tyrosine-phosphorylated forms of IGF-1R (p-Y),
total IGF-1R, FAK phosphorylated on Tyr®®” (p-Y397) and Tyr®?® (p-Y925), total FAK,
AKT phosphorylated on Ser*’® (p-S473) and total AKT, SHC phosphorylated on
Tyr239240 (p-Y239/240) and total SHC and ERK1/2 phosphorylated on Thr2°2 and Tyr2%4
(p-T202/Y204) and total ERK1/2 in WCL from HEK293T cells overexpressing: EV,
FER WT or FER DR, serum starved and stimulate with 10 ng/ml IGF-1 for the
indicated times. Densitometry quantification is presented for EV and FER WT as the
average fold-change + SEM in ratio of phospho/total protein relative to the control
condition (white bar). Blots are representative of n=3 independent experiments.
Significance was calculated using a two-sided one-sample or two-sample t-test. P-
values are indicated by *<0.05, **<0.01, ***<0.001. (B) Immunoblotting for indicated
phosphotyrosines (p-Y), total IGF-1R, AKT phosphorylated on Ser*® (p-S473),
ERK1/2 phosphorylated on Thr?®2 and Tyr?®* (p T202/Y204), and total AKT and
ERK1/2 in WCL from R cells overexpressing: EV or FER with EV or IGF-1R WT,
serum starved and stimulate with 10 ng/ml IGF-1 for the indicated times.
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Overall we, conclude that FER enhances the phosphorylation on specific
autophosphorylation sites of catalytically active and inactive IGF-1R. FER
specifically enhances phosphorylation of IGF-1R on Tyr2%0/1251 " SHC and
MAPK in both basal and IGF-1-stimulation conditions in a FER kinase

dependent manner.

3.3.2 FER is an IGF-1- and adhesion-activated kinase

FER is ubiquitously expressed in the cytoplasm (Zirngibl et al., 2001).
However, in response to growth factor receptor activation, such as c-MET,
EGFR, PDGFR and FLT3 (Guo and Stark, 2011, Zheng et al., 2018,
Lennartsson et al., 2013, Voisset et al., 2010), FER was shown to be recruited
to the plasma membrane. Located on the plasma membrane FER is activated
FER by the growth factor stimulation and in turn associates and activates
adhesion-related proteins including the actin-binding protein cortactin (Kim and
Wong, 1998, Kim and Wong, 1995). Therefore we further investigated whether
IGF-1R kinase is required for FER activation by IGF-1, and whether adhesion
signalling is required for FER and FER enhanced IGF-1R activation.

It was apparent that IGF-1 stimulation of HEK293T cells resulted in
phosphorylation of FER at its autophosphorylation site Tyr4%? (Figure 3.5) in
the vector control (EV) cells which only expresse endogenous IGF-1R.
Overexpression of IGF-1R WT further increased phosphorylation on Tyr40?,
while overexpression of IGF-1R KR mutant did not increase Tyr4?
phosphorylation over endogenous IGF-1R (Figure 3.5). This indicates that

IGF-1-induced FER activation required a kinase active IGF-1R.

105



HEK293T
IGF-1R
EV WT KR

kDa 0 10 0 10 0 10 IGF-1 [min] 8
100{ _ # _ # _ B p-v402 FER 96
100 . - - - - FER Eh
[T =)
[ - -—si73AKT ST
= [« 1
- o
55 /0 . — - <7 0
42 S p-T202/
Y204 ERK

2 e - ERK

Figure 3.5: IGF-1-induced FER activation is IGF-1R kinase dependent.

Immunoblotting for p-Tyr*2 and FER, AKT phosphorylated on Ser*® (p-S473),
ERK1/2 phosphorylated on Thr?®2 and Tyr?** (p-T202/Y204), and total AKT and
ERK1/2 in WCL from HEK293T cells overexpressing: EV, IGF-1R WT or IGF-1R KR,
serum starved and stimulate with 10 ng/ml IGF-1 for the indicated times. Densitometry
quantification is presented as the average fold-change + SEM in ratio of phospho/total
protein relative to the control condition (white bar). Blots are representative of n=3
independent experiments. Significance was calculated using a two-sided one-sample
or two-sample t-test. P-values are indicated by *<0.05, **<0.01, ***<0.001.
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To investigate whether adhesion signalling is required for FER activation, we
overexpressed EV, FER and FER DR mutant in HEK293T cells and examined
FER activation in non-adherent compared with adherent cells. Cells detached
from the substratum (suspension) displayed decreased phosphorylation of
Tyr4%2 FER compared to attached cells (adhesion) (Figure 3.6A). We confirmed
this result in R- cells overexpressing IGF-1R WT as again, autophosphorylation

of Tyr42 FER was decreased when cell adhesion was lost (Figure 3.6B).

107



A B
HEK293T R-/IGF-1R
FER FER kDa ADH SUS
EV WT DR EV WT DR
100 e

kDa Adhesion Suspension P-Y402 FER
100 - - - p-Y402 FER 4qq - FER
100 R 100 - IGF-1R

130 p-Y397 FAK
ssj---...‘GAPDH =

130

p-Y397 FAK

FAK

i H

55 - a-tubulin

Figure 3.6: FER is an adhesion-activated kinase.

(A) Immunobilotting for FER phosphorylation on Tyr4%2 and total FER as well as FAK
phosphorylated on Tyr®*” in WCL of cell overexpressing EV, FER or FER DR. Cells
for suspension were detached from the substratum 1 hr prior to lysis. (B)
Immunoblotting for FER phosphorylation on Tyr*®2 and total FER, total IGF-1R, as
well as FAK phosphorylated on Tyr*®” and total FAK in WCL lysates of R cell
overexpressing IGF-1R WT. ADH: Adherent, SUS: suspension cells were detached
from the substratum 1 hr prior to lysis. n=1.
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The data showed that IGF-1-induced IGF-1R activation can enhance FER
activity and that FER is an adhesion- activated kinase. Therefore, we next
investigated whether adhesion signalling is required for FER-mediated
activation of the catalytically active and inactive IGF-1R and downstream
signalling. IGF-1R WT or KR were overexpressed, together with EV, FER or
FER DR mutant in HEK293T cells. As expected (Figure 3.2), in adherent cells,
FER overexpression increased IGF-1R phosphorylation on Tyr''3" and
Tyr125071251 in photh the kinase active and the kinase inactive IGF-1R, as well as
both SHC and ERK1/2 phosphorylation (Figure 3.7), and phosphorylation on
Tyr1135/1136 was not enhanced by FER overexpression. This effect, was again
dependent on FER kinase activity.

However, in the absence of adhesion signalling, FER-mediated
phosphorylation of all of the IGF-1R tyrosine residues was reduced in cells
expressing IGF-1R WT (quantification) or KR. SHC phosphorylation was also
considerably less, however, decreased ERK1/2 phosphorylation was only
observed with IGF-1R KR and the effect downstream from IGF-1R WT was
minimal (Figure 3.7).

Overall, these data demonstrate that FER kinase is activated by IGF-
1R and adhesion signals and that both the FER-enhanced phosphorylation of
IGF-1R as well as IGF-1-induced SHC signalling are dependent on adhesion

signalling.
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Figure 3.7: Adhesion signalling is required of FER-mediated IGF-1R activation.

Immunoblotting for the indicated tyrosine-phosphorylated forms of IGF-1R (p-Y), total
IGF-1R and FER, FAK phosphorylated on Tyr®” (p-Y397), total FAK, SHC
phosphorylated on Tyr23%240 (p-Y239/240) and total SHC and ERK1/2 phosphorylated
on Thr?2 and Tyr?%* (p-T202/Y204) and total ERK1/2 in WCL from HEK293T cells
overexpressing: EV, FER WT or FER DR in either IGF-1R WT or IGF-1R KR
conditions. Densitometry quantification for IGF-1R WT/EV or IGF-1R WT/FER in
adhesion and suspension is presented as the average fold-change of phospho/total
protein relative to the control condition (white bar). Blots are representative of n=2
independent experiments.
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3.3.3 FER, IGF-1R and B1-Integrin localise in points of focal
adhesion of cancer cells

Several studies indicate that FER promotes malignant progression and has
been linked to various cancer types including lung, prostate and renal cancer
(Zoubeidi et al., 2009, Wei et al., 2013, Ahn et al., 2013). FER is reported to
promote cell cycle progression (Pasder et al., 2006) as well as migration and
invasion in breast cancer through the regulation of a6- and (1-Integrin
(lvanova et al., 2013). Having established that FER significantly enhances
IGF-1R activation (Figure 3.2) and its signalling (Figure 3.4) in an
adhesion-dependent manner (Figure 3.7), we next investigated whether this is
solely a signal transduction phenomenon, or if physical interactions are
important using cancer cell lines expressing endogenous levels of IGF-1R and
FER.

We first identified breast cancer cell lines with high FER expression
levels which also express the IGF-1R (Figure 3.8A). The cell line panel
includes representatives of epithelial-like and mesenchymal-like cell lines, and
also MCF-10A as a normal epithelial breast cell line. We observed high FER
expression in breast cancer cell lines which exhibit an migratory/aggressive
phenotype, such as MDA-MB-231 and HS-578T cells, while ZR-751 and MCF-
7 cells, which are low-migratory cell lines, show lower FER expression (Figure
3.8A). This was also observed in the analysis of RNA-Seq expression profiles
of 78 breast cancer cell lines extracted from the study of Marcotte et al.
(Marcotte et al., 2016), which demonstrated that breast cancer cell lines with
high migratory capacity express FER at significantly higher levels than cell

lines with low migratory capacity (Figure 3.8B).
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We next analysed the low-migratory cell line MCF-7 cells and the highly
invasive triple negative breast cancer cell lines MDA-MB-231 and HS-578T for
their levels of B1-Integrin, in addition to FER and IGF-1R (Figure 3.8C). All
three breast cancer cell lines expressed endogenous levels of IGF-1R, FER
and B1-Integrin, with MDA-MB-231 cells expressing the highest and MCF-7
cells, the lowest levels of FER and B1-Integrin. It needs to be noted that MCF-
7 cells express IGF-1R at higher levels compared to MDA-MB-231 and HS-
578T cells which have rather low levels of IGF-1R (Figure 3.8A, C). To confirm
that endogenous FER kinase activity is also adhesion dependent, HS-578T
were detached from the substratum and phosphorylation of FER on Tyr4%2 was
analysed (Figure 3.8D). Results showed that Tyr4%? phosphorylation of

endogenous FER is also reduced in non-adherent cells.
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Figure 3.8: FER is highly expressed in migratory breast cancer cell lines.

(A) Immunoblotting for FER, IGF-1R, SHC phosphorylated on Tyr?3%240 and total SHC
in WCL of different breast cancer cell lines. Equal amounts of protein (~60 pg) were
loaded to compare the expression level. (B) RNA-Seq analysis of FER mRNA
expression in low compared to highly migratory breast cancer cell lines (n = 78). FER
mRNA expression is plotted on a log2 scale. Significance was calculated using a two-
sided one-sample or t-test. P-values are indicated by *<0.05, **<0.01, ***<0.001. (C)
Immunoblotting for FER, IGF-1R and B1-Integrin in WCL of MCF-7, MDA-MB-231 and
HS-578T cells (~30 pg of protein). (D) Immunoblotting for FER phosphorylated on
Tyr*%2 (p-Y402) as well as total FER, FAK phosphorylated on Tyr®®” (p-Y397), total
FAK in WCL of HS-578T cells. Suspension cells were detached from the substratum
1hr prior to lysis.
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We next looked at the localisation of FER and IGF-1R in the cell lines using
immunofluorescence co-staining and confocal microscopy. We found that both
FER and IGF 1R were localised at focal adhesions in both the low-migratory
MCEF-7 breast cancer cells (Figure 3.9A) and the migratory cell lines MDA-MB-
231 and HS-578T (Figure 3.9B).

To test the spatial localisation of FER, IGF-1R and B1-Integrin, cells
were immunofluorescently stained for these proteins and analysed by
microscopy (Figure 3.9C, D). The majority of IGF-1R in MCF-7 cells appeared
to be located on the cell surface where it accumulated in large adhesion
complexes, containing FER and f1-Integrin (Figure 3.9A, C). However,
although the majority of IGF-1R in the two migratory TNBC cell lines exhibited
a more intracellular staining pattern, IGF-1R was also clearly localised with
FER in the lamellipodia (Figure 3.9B, D).

We conclude that cells exhibiting a high migratory phenotype express
higher levels of FER, which is in agreement with previous studies (Ilvanova et
al.,, 2013). FER, IGF-1R and B1-Integrin all associate at points of focal cell
adhesion, indicating FER-mediated enhanced IGF-1R signalling is likely the
result of close physical proximity of these proteins. The localisation in close
proximity possibly facilitates a direct phosphorylation of FER on IGF-1R or FER

mediates another cellular kinase to phosphorylate IGF-1R.
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Figure 3.9: FER is located in points of focal adhesion where it co-localises
with IGF-1R and B1-integrin.

(A) Immunofluorescence of MCF-7 stained for FER (red) and IGF-1R (green). Images
were acquired using the Olympus Fluoview FV1000 confocal laser scanning
microscope and are representatives of n>3 independent experiment with a 20 ym
scale bar. (B) Immunofluorescence of MDA-MB-231 and HS-578T cells stained for
FER (red) and IGF-1R (green). Images were acquired using a 100x oil objective and
the Nikon DSFilc camera attached to the Leica DM LB2 microscope and are
representatives of n=2 independent experiment with a 20 ym scale bar. (C)
Immunofluorescence of MCF-7 stained for FER (red) and 31-Integrin (green). Images
were acquired using the Olympus Fluoview FV1000 confocal laser scanning
microscope and are representative of n>3 independent experiments with a 20 ym
scale bar. (D) Immunofluorescence of MDA-MB-231 and HS-578T cells stained for
FER (red) and B1-Integrin (green). Images were acquired using the Nikon T600
fluorescent microscope using a 40x objective and are representatives of n=1
experiment are shown with 50 ym scale bar.
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3.3.4 FER kinase activity can be inhibited by an ALK-inhibitor

Our data shows that ectopic expression of FER leads to hyperactivation of
IGF-1R and its cooperative signalling with adhesion pathways (Figure 3.2,
Figure 3.4 Figure 3.7). This may have significant implications for cancer
progression and therapy resistance and could be a possible explanation for
the lack of efficacy in targeting IGF-1R in cancer treatment. FER expression
was recently suggested to facilitate resistance to the anti-tumour agent
quinacrine, through an EGF-dependent activation of nuclear factor kB (Guo
and Stark, 2011). Moreover Ivanova et al. demonstrated by
immunohistochemistry that FER expression is associated with aggressive
breast cancer in patients (n=485) and inversely correlates with progression-
free survival of ovarian cancer patients (lvanova et al., 2013, Fan et al., 2016).

Therefore, we next sought to test pharmacological inhibition of FER in
breast cancer cells, and determine whether FER inhibition may also reduce
IGF-1R activity. As there is no specific FER kinase inhibitor available, we used
an inhibitor for the anaplastic lymphoma kinase (ALK) inhibitor, AP26113
(Brigatinib). AP26113 was shown to potently inhibit FER in in vitro kinase
assays, and FER was described as its next most selective target following ALK
(Zhang et al., 2016). A similar ALK inhibitor (TAE684) has been reported to
inhibit FES kinase that is structurally close to FER (Figure 3.10A) (Hellwig et

al., 2012).
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Figure 3.10: Structural similarities between TAE684 and AP26113 and c-FES
and FER kinase domains.

The indicated residues (blue) were determined to be involved in FES interaction with
TAEG684 as reported by Hellwig et al. 2012. The kinase domains for FES and FER
share 67.7% homology.
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To determine the potency of AP26113 on FER inhibition, we first conducted a
dose response over a range of concentrations of AP26113 (0.05-0.5 yM) in
HEK293T cells overexpressing FER (Figure 3.11). Concentrations as low as
0.05 uM, decreased FER autophosphorylation on Tyr4%2 and also reduced
FER-mediated phosphorylation of Tyr''3' or Tyr'2%0/125" |GF-1R in FER
overexpression. However, consistent with previous results the phosphorylation
of Tyr'13%1136 |GF-1R was not increased with FER overexpression (Figure 3.2,
Figure 3.4) and therefore the chemical inhibition of FER did not decrease the
phosphorylation on this site (Figure 3.11), indicating that IGF-1R kinase is not
affected by the AP26113. Moreover, FER kinase inhibitor potently suppressed
phosphorylation of SHC (Tyr23%240) and ERK (Thr2%2/Tyr2%4). We conclude that

AP26113 inhibits FER kinase and FER enhanced IGF-1R signalling.
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Figure 3.11: The ALK inhibitor, AP26113 inhibits FER activity and FER-
mediated IGF-1R activation.

Immunoblotting for the indicated tyrosine-phosphorylated forms of IGF-1R (p-Y), total
IGF-1R, FER phosphorylated on Tyr*? (p-Y402) as well as total FER, SHC
phosphorylated on Tyr239/240 (p-Tyr239/240) and total SHC, ERK1/2 phosphorylated
on Thr?2 and Tyr?** (p-Thr202/Tyr204) and total ERK1/2 in WCL of HEK293T cells
overexpressing EV or FER together with IGF-1R WT. Cells were treated with 0-0.5
UM of AP26113 for 2 hr prior to lysis. Densitometry quantification for IGF-1R-WT/FER
is presented as dose dependent fold change in ratio of phospho/total protein relative
to the control condition IGF-1R/EV 0 yM from n=1 experiments.
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We therefore next tested AP26113 on cells expressing endogenous levels of
FER, to exclude the possibility that the overexpression of FER might increase
the susceptibility of the cells to the drug. We used AP26113 in HS-578T cells
that express FER at high levels (Figure 3.8A, C) (Marcotte et al., 2016) to
inhibit FER kinase activity. Treatment of HS-578T cells with AP26113
(0.1-2 uM) resulted in inhibition of FER kinase autophosphorylation (Figure
3.12A), and decreased phosphorylation of SHC, Src and ERK1/2, without
affecting AKT phosphorylation. Interestingly, total levels of FER and IGF-1R
were also suppressed, following AP26113 treatment. In the case of FER, this
may be due to destabilisation of inactive FER, which has been previously
reported (Voisset et al., 2010).

We next wanted to test whether pharmacological inhibition of FER
kinase changes the localisation of FER and IGF-1R in cell focal adhesion
points (Figure 3.9) Therefore, we treated HS-578T cells with AP26113 and
observed a retraction of FER and IGF-1R from the cell surface and from focal
adhesion points (Figure 3.12B). This suggests that FER may be important in
modulating the localisation and possibly the distribution of IGF-1R in points of
focal adhesion along the lamellipodia, as it was suggested for a6- and B1-

Integrins as well (lvanova et al., 2013).
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Figure 3.12: AP26113 inhibits endogenous FER.

(A) Immunoblotting for FER phosphorylated on Tyr4%? (p-Y402) and total FER, total
IGF-1R, SHC phosphorylated on Tyr23%240 (p-Tyr239/240) and total SHC, ERK1/2
phosphorylated on Thr?®2 and Tyr®®* (p-Thr202/Tyr204) and total ERK1/2, AKT
phosphorylated on Ser*”® (p-Ser473) and AKT, and Src phosphorylated on Tyr*'® (p-
Y416) and total Src in WCL from HS-578T cells treated with 0-2 yM of AP26113 for 2
hr. Densitometry quantification is presented as dose dependent fold change in ratio
of phospho/total protein relative to the control condition (0 yM) from n=2 experiments
(B) Immunofluorescence of HS-578T cells treated with O yM or 0.5 yM of AP26113
for 2 hr, stained for FER (red) and IGF-1R (green). Images were acquired using a
100x oil objective and the Nikon DSFi1lc camera attached to the Leica DM LB2
microscope and are representatives of n=2 independent experiment with a 20 ym

scale bar.
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FER and IGF-1R were implicated in regulating migration of cells (Kiely et al.,
2005, Itoh et al., 2009, Yoneyama et al., 2012, lvanova et al., 2013), and the
involvement of SHC in migration has also been well studied (Ahmed and
Prigent, 2017). Here, we show that FER, SHC and MAPK pathway activation
(phosphorylation on FER, ERK1/2 and SHC) was impaired in HS-578T after
treatment with AP26113 (Figure 3.12A). Therefore, we next investigated
whether FER inhibition could alter cell motility. As expected, treatment of HS-
578T with AP26113, over the incubation time of 15 hr, caused reduced FER
and IGF-1R levels and SHC phosphorylation (Figure 3.13A), and indeed, these
cells exhibited reduced migration in a wound healing assay (Figure 3.13B).
Taken together, these data indicate that the pharmacological inhibition
of FER kinase activity using the AP26113-ALK inhibitor, is sufficient to inhibit
downstream signalling and disrupt FER and IGF-1R subcellular localisation

and migratory capacity of cancer cells.
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Figure 3.13: FER inhibition caused reduced migration of HS-578T.

(A) Immunoblotting for FER phosphorylated on Tyr“%? (p-Y402) total FER and total
IGF-1R, SHC phosphorylated on Tyr23%240 (p-Tyr239/240) and total SHC in WCL of
HS-578T cells untreated (0 yM) or treated with 0.5 yM AP26113 for 15 hr.
Densitometry quantification is presented as the average fold-change + SEM in ratio
of phospho/total protein relative to the control condition (white bar). Blots are
representative of n=3 independent experiments. Significance was calculated using a
two-sided one-sample or t-test. (B) Phase contrast images of HS-578T cells in a
wound healing assay cultured in control medium (0 yM) or with 0.5 yM AP26113,
taken at 0 hr and 15 hr of migration at 10x magnification with Nikon Eclipse TE 300
microscope. Images are representatives of n=3 independent experiments with a scale
bar of 250 ym. Image based assessment of the cell free area was determined using
Imaged and graphs present average fold change in the area relative to 1 at O hr of
migration. P-values are indicated by *<0.05, **<0.01, ***<0.001.
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3.4 DISCUSSION
The crosstalk of IGF-1R and adhesion signalling has previously been
proposed to facilitate tumour development (Hermanto et al., 2002, Kiely et al.,
2005, Cox et al., 2015). This work demonstrates that the non-receptor tyrosine
kinase FER, as a component of focal adhesions, enhances IGF-1R activation
and regulates adhesion-mediated signalling. FER enhanced phosphorylation
of catalytically active and inactive IGF-1R in an adhesion-dependent manner.
Our data also provides strong evidence that targeting FER pharmacologically
may sensitize cancer cells to IGF-1R inhibitor treatments (Figure 3.14).

FER was previously shown to be activated by growth factors (Kim et al.
1995) and FER interaction with other growth factors such as EGFR, c-MET,
PDGF and FLT3 (Guo and Stark, 2011, Fan et al., 2016, Voisset et al., 2010,
Lennartsson et al., 2013, Zhang et al., 2018) has been reported to enhance
their activity. The studies on EGFR and c-MET reported that FER
overexpression led to their ligand-independent activation and induction of
downstream signalling (Guo and Stark, 2011, Fan et al., 2016, Zhang et al.,
2018). FER overexpression significantly increased phosphorylation on key
sites of the IGF-1R in cells (Figure 3.2) and mediated ligand-independent
phosphorylation on Tyr250/1251 |GF-1R, SHC (Tyr23240) and ERK1/2
(Thr2%2/Tyr2%4) (Figure 3.4), indicating that FER can modulate IGF-1R in
conditions where either ligand binding or activation of the IGF-1R kinases is
inhibited. This is an important observation, as targeting the IGF-1R with TKI
(Table 1.1) as well as blocking the IGF-1 binding with mAb failed as anti-
tumour agents (Introduction 1.5.5.2).

There are two different mechanisms of action through which FER could
modulate the IGF-1R activation. As a cellular kinase recruited to the
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membrane upon growth factor receptor activation and reported to activate the
actin-binding protein cortactin (Kim and Wong, 1998, Kim and Wong, 1995),
FER could facilitate IGF-1R phosphorylation through the activation of other
adhesion-related kinase such as FAK and Src. Src has previously been shown
to phosphorylate IGF-1R (Peterson et al., 1996). However, in his study the
authors concluded that Src predominantly phosphorylates Tyr°, Tyr'13! and
Tyr113%/1136 in |GF-1R which would not explain the significantly increased
phosphorylation on Tyr'259/1251 |GF-1R we observed. Another focal adhesion
related kinase, which is clearly activated by FER, on both its tyrosine residues,
is FAK (Figure 3.3, Figure 3.4). FAK has been demonstrated to promote
IGF-1R function in cells and was linked to IGF-1R-mediated EMT, migration
and invasion of cancer cells (Taliaferro-Smith et al., 2015). Indeed, FAK was
shown to directly interact with IGF-1R in cancer cells (Andersson et al., 2009).
Furthermore, down-regulation of FAK leads to the degradation of IGF-1R, and
co-targeting FAK and IGF-1R increases the efficacy of anti-tumour agents
(Watanabe et al., 2008, Liu et al., 2007). Although, FER and IGF-1R co-
localise in points of focal adhesion (Figure 3.9), the fact that both FAK and Src
are located there as well makes it not possible to state whether FER mediated
IGF 1R activation is direct or indirect, through FAK or Src.

Association with IGF-1R can reciprocally activate FER kinase, as
indicated by autophosphorylation on Tyr4%? (Figure 3.5). A kinase impaired
mutant of FER is incapable of mediating IGF-1R phosphorylation or IGF-1R
signalling transduction (Figure 3.4). FER recruitment to points of focal
adhesion was reported to enhance FER activation (Kim and Wong, 1998, Kim
and Wong, 1995). Hence, FER-mediated phosphorylation of IGF-1R most

likely occurs in these distinct points along the lamellipodia (Figure 3.9). It has
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been shown that FER regulates cellular distribution of Integrins by
downregulating surface expression of a6- and B1-Integrin (lvanova et al.,
2013). The interplay between Integrin heterodimers and growth factors can
modulate the outcome for growth factor activation and signalling (lvaska and
Heino, 2011). Hence, modulations of surface expression of different Integrin
subunits can alter the growth factor signal. Our data showing the association
of FER, IGF-1R and 1 Integrin in points of focal adhesion suggests that their
close subcellular proximity may enhance their reciprocal activation.

We noticed that FER profoundly enhanced Tyr'2501251 |GF-1R
phosphorylation (Figure 3.2, Figure 3.4). Despite the fact that Tyr1250/1251 were
shown to be essential for the IGF-1R function in cells (Kiely et al., 2005,
O'Connor et al., 1997, Miura et al., 1995b), the role of phosphorylated
Tyr125011251 |GF-1R still remains to be identified. Mutational studies on the C-
terminal tail of IGF-1R suggested that flanking Ser'?*® has an important
function in conformational reorganization of the C-terminal (Kelly et al., 2012),
and that Tyr'2%0/125" may be involved in regulating or enhancing the IGF-1R
kinase activity (Kiely et al., 2005, O'Connor et al., 1997). In addition, Tyr1250/1251
was shown to be required for the full activation of SHC and ERK1/2 in response
to IGF-1 (Leahy et al., 2004, Kiely et al., 2005). Both pathways were also
demonstrated to require IGF 1R endocytosis (Chow et al., 1998, Girnita et al.,
2007, Sehat et al., 2007) and their activity has been linked to cell migration
(Montagut and Settleman, 2009, Ahmed and Prigent, 2017). FER was reported
to be involved in the dissociation of adherens junctions and focal adhesions
and thereby promoting cell migration (lvanova et al., 2013). This indicates that
FER possibly enhances IGF-1R activation at points of focal adhesions to

promote their turnover and thereby mediating SHC and ERK1/2
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phosphorylation through IGF-1R endocytosis. However, whether Tyr1250/1251
IGF-1R phosphorylation contributes to IGF-1R endocytosis and whether this
contributes to the IGF-1R function remains to be investigated.

FER is commonly expressed in various tissues and cells (Greer, 2002)
and was reported to be expressed at higher levels in malignant cells compared
to corresponding normal cells (Guo and Stark, 2011). Additionally a recent
study (Ilvanova et al., 2013) demonstrated that FER expression correlates with
aggressive breast cancer in patients (n=485). Considering, that FER is
described, here and elsewhere, as a modulator for growth factor signalling
facilitating an aggressive cancer phenotype, targeting FER may have a great
potential for a new therapeutic strategy and may increase the efficiency of
IGF-1R inhibitors. Although a FER-specific inhibitor had not yet been identified,
a recent screen for inhibitors targeting other FES related family kinases,
proposed putative candidates (Hellwig et al., 2012). Here, we introduce
AP26116, as a novel FER inhibitor that inhibits the catalytic activity of FER
kinase and signalling at nanomolar concentration. The inhibition of FER altered
the expression of IGF-1R on the membrane (Figure 3.12B). However, this
might be due to the alteration of focal adhesion complex formation containing
FER/IGF-1R/B1 Integrin, as described previously (lvaska and Heino, 2011,
Ivanova et al., 2013). As an anaplastic lymphoma kinase (ALK) inhibitor, it is
currently in phase 2 clinical trials for treating non-small cell lung cancer
(Brigatinib; ID: NCT02706626). Hellwig et al. reported that TAE684, another
ALK-inhibitor with high similarity to AP26113 (Figure 3.10) targets FES, which
has a kinase domain highly homologous to FER (Figure 3.10). The interacting
residues between TAE684 and FES kinase are conserved in FER kinase

(Figure 3.10) (Hellwig et al., 2012).
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In summary, this work presents a reciprocal positive regulation between
the adhesion-associated kinase FER and IGF-1R. In this context, FER acts as
a key signalling mediator of a crosstalk between adhesion and IGF-1R signals.
High FER expression could lead to hyperactivation of both adhesion and
IGF-1R complexes that, in turn, promote migration, invasion and potential
chemoresistance, facilitating a more aggressive cancer phenotype. In
conclusion, we propose that FER may be a potential biomarker of
adhesion-enhanced IGF-1R activity. In addition, the FER kinase inhibitor
presented in this work may target tumour cells addicted to IGF-1R/adhesion
signalling cross-talk, which are often cells with a more aggressive tumour

phenotype.
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Figure 3.14: Proposed model of how FER enhances phosphorylation on
catalytically active and inactive IGF-1R.

As a component of focal adhesion points, FER co-localises with IGF-1R and B1-
Integrin. This interaction of FER and IGF-1R leads to hyperactivation of IGF-1R
independently of the IGF-1R kinase. Additionally IGF-1 mediated signalling
transduction from both the catalytically active and inactive IGF-1R is increased, in the
presence of FER. The IGF-1R kinase independent hyperactivation and induction of
signalling by FER causes increased IGF-1R signalling in cancer cells, leading to
increased migration, invasiveness and chemoresistance.
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4 CHAPTER 4: SELECTION AND
CHARACTERIZATION OF MCF-7 CELL
CLONES WITH CRISPR-MEDIATED
KNOCK-IN OF TYROSINE AND SERINE
MUTATIONS IN THE IGF-1R AND
CRISPR-MEDIATED IGF-1R KNOCK-OUT
IN THREE CANCER CELL LINES

Dr. Fujii and Prof. Shin-Ichiro Takahashi designed the targeting sequence and
generated the original (uncloned) MCF-7 CRISPR knock-in cells.
Grant Godsmark and Stephanie Ward contributed to cell culture and genomic

PCR of MCF-7 cell clones.
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4.1 ABSTRACT

Although much information on IGF-1R function has been gained from
overexpressing receptor mutants in R cells and HEK293T cells, these cell
models are limited, mainly due to a potential interplay between IGF-1R and
other cellular proteins overexpressed in human cancer cells. Analysis of
IGF-1R mutants in human cancer cell lines could provide new insights into its
function in different cancer cell phenotypes.

Here CRIPSR/Cas9 technology was used to generate MCF-7 cells
expressing endogenous levels of IGF-1R carrying point mutations in
the -SFYYS- motif of the C-terminal tail. Following several rounds of
sub-cloning and identification of clones uniquely expressing the mutated
IGF-1R protein by PCR using specific primers, MCF-7 cells expressing the
Y1250F/Y1251F mutation were further tested to determine whether this
mutation altered IGF-1R signalling and clonogenic growth. These studies
demonstrated no significant signalling or growth difference between MCF-7
IGF-1R-WT cells and IGF-1R-FF mutant expressing cells, indicating that this
mutation did not alter the phenotype of these cells.

As an alternative approach CRISPR gene editing was used to delete
different regions of the igf-1r gene in MCF-7, MDA-MB-231 and DU-145 cells,
causing a knock-out of IGF-1R protein. Upon IGF-1 stimulation, the igf-1r
knock-out cells were deficient in the induction of downstream pathways. We
demonstrated that MCF-7 and DU-145 require IGF-1R to maintain their
clonogenic growth potential, while MDA-MB-231 IGF-1R knock-out cells still
formed colonies in soft agarose and displayed a more aggressive phenotype.

It was concluded that these igf-71r knock-out cell lines are useful models for
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subsequent expression of different IGF-1R mutants and to investigate IGF-1R

specific pathways in these cells.
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4.2 INTRODUCTION

Investigating IGF-1R function, and understanding its reciprocal cross-talk
with cellular kinases in human cancer cells is challenging. The main reason is
that studies using ectopically expressed IGF-1R mutants, which are needed
to study receptor function and signalling, are confounded by the already high
levels of IGF-1R present in most cancer cell lines.

The CRISPR/Cas9 system revolutionized the ability of scientists to edit
DNA in living cells (Cong et al., 2013). It is now commonly used to edit genetic
information and facilitate the study of gene functions and the effects of their
encoded products on biological processes (Pickar-Oliver and Gersbach,
2019). In nature, CRISPR/Cas9 is part of the prokaryotic adaptive immunity
mechanism and is used to cleave invading nucleic acids. A broad spectrum of
Cas endonucleases can be found in bacteria and archaea. The system uses
cellular DNA repair mechanisms- non-homologous end-joining (NHEJ) and
homology-directed repair (HDR) pathways. The CRISPR/Cas9 system relies
on a guide RNA, which directs the Cas nuclease to the specific region of
interest. Another key element is the Protospacer Adjacent Motif (PAM), which
is a) specific for each Cas nuclease, for example, for Cas9 the motif is -NGG-
and is b) limiting factor to induce the double strand breaks into the genome
(Pickar-Oliver and Gersbach, 2019).

While NHEJ is normally used to introduce gene knock-outs, HDR
serves to introduce point mutations into the gene of interest. Using NHEJ the
double strand break is repaired by small fragment insertions and deletions
(indel), which leads to indel-mediated frameshifts and therefore the loss of
gene expression (Pickar-Oliver and Gersbach, 2019). However, it was shown

that the Cas9 nuclease has significant off target effects (Fu et al., 2013, Pickar-
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Oliver and Gersbach, 2019). To reduce these off target effects a mutation in
the Cas9 nuclease was introduced (Cas9n), which leads to the introduction of
single strand nicks, instead of the double strand breaks. When paired together,
the single nickases introduce a double strand break again within a short
distance of each other. Since these Cas9n are also directed by guide RNAs
(two sequences), the off target effects are reduced (Gopalappa et al., 2018).
To insert specific point mutations into the target gene, the system relies on
HDR which is typically used with a lower efficiency in nature. In this instance,
the cells repair the double strand break based on the homologous sequence,
a single stranded oligo donor (ssOND) containing the point mutation
(Gopalappa et al., 2018).

R cells have been extensively and successfully used for expressing
and studying IGF-1R mutants in cell survival, clonogenic growth, cell migration,
as well as for detailed signalling studies (Miura et al., 1995b, Brodt et al., 2001,
O'Connor et al., 1997, Kiely et al., 2005, Blakesley et al., 1998). HEK293T cells
have also been used in some studies due to ease of transfection and protein
overexpression, but as shown in (Chapter 3), these cells express transfected
plasmids and their encoded proteins at high levels but also express
endogenous |IGF-1R, which can confound signalling studies and
protein-location studies. These cells are also not derived from human cancers
and lack several of the phenotypic features of specific cancers, such as breast
or prostate.

Therefore, to better understand IGF-1R activity and its regulation by
other kinases and adhesion proteins in cancer cells, and in order to develop
better ways to target the IGF-1R, it would be desirable to express and study

certain IGF-1R mutants in cancer cells where the endogenous wildtype
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receptor has been knocked-out. Therefore, we aimed to use CRISPR
technology to generate knock-in igf-1r mutations in cancer cells and also to
generate igf-1r knock-out cancer cells, in which we could subsequently
express different IGF-1R mutants.

Most of the mutation studies investigating the IGF-1R function were
conducted in R- cells. Two tyrosines Tyr!250/1251 |ocated in the C-terminal tail of
the IGF-1R are essential for the receptor function in transformed cells. When
R- cells overexpress an IGF-1R where Tyr'250/1251 gre mutated to phenylalanine
(FF), cells are refractory of cellular transformation, migration and invasion
(Miura et al., 1995b, Brodt et al., 2001, Blakesley et al., 1996, Kiely et al.,
2005). Moreover, IGF-1-mediated anti-apoptotic protection is abolished in R-
cells with an IGF-1R FF mutant (O'Connor et al., 1997). Recent results from
our group have shown that Tyr'2501251 can be phosphorylated in cells (S.
O’Shea PhD thesis, 2016) and that the adhesion associated kinase FER can
enhance this phosphorylation (Chapter 3). However, the specific contribution
of these tryosines to IGF-1R function in cancer cells is still unknown.
Expression of the Tyr'250/1251 FF mutant in cancer cells may reveal new insights
about the receptor function.

Tyr1250/1251 gre flanked by two serines (Ser'?*® and Ser'2%2). Mutation of
Ser'?48 to alanine (S1248A) was previously reported to enhance IGF-1R
kinase activity, autophosphorylation and PISK/AKT pathway activity leading to
enhanced cell growth (Kelly et al., 2012). Crystallographic analysis of IGF-1R
protein structure demonstrated that when Ser'?*® is phosphorylated, the
C-terminal tail is wrapped around the IGF-1R kinase domain and therefore
restrains its activity. However, once Ser'?*8 is dephosphorylated (as mimicked

by the S1248A mutation), the IGF-1R C-terminal tail is released from its
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autoinhibitory state and can be fully activated. Although IGF-1R activity is
elevated in R cells expressing the S1248A mutant these cells exhibit impaired
cell migration and also exhibit a faster and higher adhesion rate than control
cells (Kelly et al., 2012).

The aim of this study was to select and characterize MCF-7 cells
expressing IGF-1R knocked-in with mutations that have been previously linked
to altered IGF-1R activity (O'Connor et al., 1997, Leahy et al., 2004, Kiely et
al., 2005, Kelly et al., 2012): Ser'?*® |GF-1R was mutated to alanine and
Tyr125071251 |GF-1R were mutated to phenylalanine. A second aim was to
induce targeted deletions in the igf-1r gene to generate knock-out MCF-7,

MDA-MB-231 and DU-145 cell lines.
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4.3 RESULTS

4.3.1 CRISPR/Cas9 system introduced specific point-mutations in

the SFYYS motif of igf-1r
In order to introduce specific point mutations in the -SFYYS- motif a series of
guide RNAs (gRNAs) were designed (Figure 4.1A), that recruit Cas9
endonuclease to the nucleotide sequence encoding the —SFYYS- region in the
igf-1r. To introduce the mutation in the -SFYYS- domain, the components of
homology-directed repair (HDR) mechanism were supplied with single
stranded oligonucleotide (ssOND) as template to repair the double strand
break generated by Cas9 (two single nicks). These ssOND shown in Figure
4 1A, C (full length Table 2.2) were designed to substitute the serine 1248 (S)
with an alanine (A) and tyrosines 1250/1251 (YY) with phenylalanines (FF)
(Figure 4.1C). The design of targeting sequences (gRNAs) and the ssOND for
the DNA repair was carried out in Professor Shin-Ichiro Takahashi’s laboratory
at the University of Tokyo. In addition the transfection of MCF-7 cells with
plasmids encoding a) the gRNAs/Cas9/GFP and b) the ssONDs to introduce
the mutations in the igf-7r DNA was conducted in his laboratory (Figure 4.1).
The cloning vector U6p encoding the Cas9P'%4 system to introduce two single
DNA strand break that together cause a double strand break, also encoded a
GFP-tag (Figure 4.1A), which was initially used to sort and select the
transfected population of MCF-7 cells by flow cytometry (Figure 4.1E).

The second cloning vector encoded for the ssOND (Figure 4.1A), hence
introducing the point mutation (Figure 4.1D). The GFP-sorted MCF-7 pools
were then frozen and subsequently transferred to UCC for expansion,

sub-cloning and selection of clones expressing each of the knock-in mutants.
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Figure 4.1: Overview of experimental plan for CRISPR-mediated knock-in igf-1r
point mutations in MCF-7 cells.

(A) A combinations of plasmids encoding for a) the gRNAs, the Cas9 nuclease and
the GFP and b) the ssOND, carrying the mutation S1248A and Y1250F/Y1251F were
transfected into MCF-7 cells. (B) The guide RNAs (gRNA) directed the CAS9P%A
nuclease to the site of mutation, the SFYYS motif in the igf-1r. (C) The CASQP10A
nuclease introduced a DNA double strand break. (D) The components of HDR DNA
repair synthesised new DNA strands based on the ssONDs and thereby introduced
the S1248A mutation and the Y1250F/Y1251F mutation into the igf-1r gene. (E) To
enrich MCF-7 pools transfected with the plasmid combination, the cells were
subjected to FACS analysis using the GFP tag on plasmid a). The MCF-7 pools were
then send to Ireland.
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4.3.2 Cell cloning and genomic DNA PCR-based selection of
MCF-7 cells expressing IGF-1R knock-in mutations

To select MCF-7 cell clones that expressed only the edited igf-71r with the
specific point mutation and not the wildtype igf-1r, primer sets were designed
for PCR to exclusively bind to the target DNA sequence for each mutation
(Figure 4.2A, Table 2.3Table 2.4). Primers for amplification of the wildtype
(WT) igf-1r were also designed to monitor expression of the WT igf-1rin cells
expressing the mutants and confirm its absence (Figure 4.3, Table 2.3).
Although the GFP-expressing MCF-7 cell pools were already enriched for cells
carrying the Cas9 plasmid, cell cloning was required to select those few cells
that acquired the CRISPR-induced mutation (Figure 4.1). Cells were therefore
cultured in 10 cm plates and group clones (cell colonies of approximately ~10
cells) were selected using ring cloning (Figure 4.2A). These cells were
expanded in a 96 well plate, transferred to a 24 well plates, till they reached
confluency. Approximately 0.5x10° cells were used for genomic DNA
extraction and PCR (Figure 4.2B) to identify clones, which showed a strong
amplification of each of the mutated igf-1r sequence (Figure 4.2C, D). The rest
of the cells (1.5x10°) were collected as stocks (-80°C), ready to be expanded
again after the PCR. More than half of the group of clones contained cells
carrying the point mutations in the igf-1r (Figure 4.2C, D). Group clones
S1248A #50, #51#, #52 and group clones Y1250F/Y1251F #7, #71, #72 were

selected for further sub-cloning (Figure 4.3).
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Figure 4.2: Isolation and identification of group-clones containing cells
carrying the mutated region of the igf-1r.

(A) (B) Overview of experimental plan isolating and identifying group clones that
contain cells with point mutations in the igf-1r. (A) MCF-7 clones from Japan were
expanded and group clones were isolated using ring cloning. Genomic DNA of the
group clones (~50,000 cells) was isolated and the rest of the cells (~ 150,000 cells)
of each group clone was collected as stock. (B) The mutated region of the igf-1r was
amplified using PCR, 20 ng of DNA template and designed primers that specifically
bind to the mutated region. Expected DNA fragment at 500 BP. (C) Groups containing
cells with the S1248A mutation were identified and several groups were picked (purple
arrows) for further sub-cloning. (C) Groups containing cells with the Y1250F/Y1251F
mutation were identified and several groups were picked (orange arrows) for further
sub-cloning.
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Group cell clones were recovered from -80°C stocks, expanded and further
sub-cloned by serial dilution in 96 well plates. A second round of PCR analysis
(Figure 4.3A), this time using both the WT primer set and the primer set
amplifying the point mutation (Table 2.3), was performed. However, the PCR
with the WT (W) primer revealed that these sub-clones still contained cells
expressing igf-1r-wt (Figure S 4.1, Figure S 4.2.). Therefore the sub-cloning
was repeated twice more (Figure 4.3A). The final round of sub-cloning followed
by PCR analysis identified three MCF-7-knock-in clones (MCF-7-Kl) (sub
clones (3rd round)), that exclusively expressed the igf-1r with the S1248A
mutation (band in lanes A), and where the igf-1r wt gene (band in lanes W)
was not detected, (clones 52.02.02.07, 52.08.01.05, 52.08.01.07, Figure
4.3B). For the Y1250F/Y1251F mutation, six cell clones were identified after
diluting the initial group clone (Figure 4.3C). Again, PCR analysis
demonstrated that these cells express only the igf-1r FF mutant (band in lanes
F) and no WT igf-1r (band in lanes W). Mutant-positive clones were expanded
in culture and equal cell numbers of each clone were also subsequently pooled
to minimise potential for selecting clones with unique phenotypes that may not
reflect the original cell line. MCF-7-48A and MCF-7-FF cell pools were then
used to further investigate the function of the SFYYS domain of the IGF-1R in

MCF-7 cells.
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Figure 4.3: Isolation and identification of MCF-7 cell clones uniquely
expressing the igf-1r mutants.

(A) Overview of experimental procedure to isolate and identify cell clones that consist
of cells with point mutations in the igf-1r. MCF-7 group clones identified in Figure 4.2
were recovered from their -80°C stocks and separated in a 96-well plate using serial
dilution. The cells were allowed to expand and ~50.000 cells were used for genomic
DNA extraction, while the rest (~150.00 cells) was collected for stocks. The genomic
DNA (20 ng) was used as templet for PCR with the designed primers (Band in A or
F). A second PCR was performed to identify whether the sub-clones still contained
cells with igf-1r-wt (band in W) (Figure S 4.1, Figure S 4.2). The sub-cloning procedure
was repeated twice. (B) MCF-7-S1248A-clones and (C) MCF-7-1250F/Y1251F were
isolated in three rounds of serial dilution and identified using PCR and the WT primer
(W) or mutation specific primers (A or F). Expected DNA fragment at 500 BP. Cell
clones uniquely expressing mutated igf-1r were expanded and combined.
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4.3.3 MCF-7 cells expressing the IGF-1R FF knock-in mutation

exhibit similar signalling responses to parental MCF-7 cells
R- cells and MCF-7 cells overexpressing the Y1250F/Y1251F mutant IGF-1R
were previously shown to exhibit impaired kinase activity, and to be deficient
in integration of IGF-1 and adhesion signalling, anchorage-independent growth
and cell migration (Miura et al., 1995b, O'Connor et al., 1997, Leahy et al.,
2004, Kiely et al., 2005).

To test the function of the CRISPR-generated MCF-7 cell knock-in
(MCF-7-KI) Y1250F/Y1251F mutant and WT control (CTL), we first
investigated whether the mutation affects levels of IGF-1R protein expression.
As shown in Figure 4.4A MCF-7-FF cells expressed the mutant IGF-1R at
significantly lower levels than the wild type IGF-1R in MCF-7 parental cells
(WT). Figure 4.4A also shows that the Tyr'250/1251 phosphorylation was not
detectable in MCF-7-FF cells using a commercially available antibody specific
for this phospho-site. Although it was previously shown that the IGF-1R FF
mutation impairs IGF-1R kinase activity in R- cells (O'Connor et al., 1997) and
impairs downstream signalling in FL5.12 cells (Leahy et al., 2004), this was
not seen in MCF 7-FF cells compared to the MCF-7-WT cells (Figure 4.4B).
However, a general lower induction of autophosphorylation on Tyr®0, Tyr!131
and Tyr'1351136 was observed in MCF-7-FF cells, with significantly less
IGF-1-induced phosphorylation Tyr®° IGF-1R in the MCF-7-FF cells compared
to WT at 10 min. As expected, phosphorylation on Tyr250/1251 was abolished

in MCF-7-FF cells (Figure 4.4B).
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Figure 4.4: MCF-7 cells expressing the knock-in IGF-1R FF mutant display
normal IGF-1-mediated signalling.

(A) Immunoblotting for IGF-1R phosphorylated on Tyr!3%1136 (5-Y1135/1136) and
Tyr'25011281 (p-Y1250/1251) in WCL from MCF-7-KI parental (WT) or FF cells.
Densitometry quantification is presented as the average fold-change + SEM of the
ratio of total protein/B-actin relative to the control condition (white bar). Blots are
representative of n=3 independent experiments. Significance was calculated using a
two-sided one sample t-test. (B) Immunoblotting for phosphotyrosines (p-Y) and total
IGF-1R, AKT phosphorylated on Ser*’3 (p-S473) and total AKT, SHC phosphorylated
on Tyr?9240 and total SHC, ERK1/2 phosphorylated on Thr®2 and Tyr?%*
(p-T202/Y204) and total ERK1/2 in total lysates from MCF-7-KI WT and FF cells
serum-starved and stimulated with 50 ng/ml IGF-1 for the indicated times.
Densitometry quantification is presented as the average fold-change + SEM in ratio
of phospho/total protein relative to the control condition (white bar). Blots are
representative of n=3 independent experiments. Significance was calculated using a
two-sided one-sample or two-sample t-test. P-values are indicated by *<0.05, **<0.01,
“**<0.001.
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Previous studies also showed that R- cells expressing the IGF-1R FF mutation
are impaired in anchorage-independent growth, which is an indicator of cellular
transformation and/or tumourigenicity (Miura et al., 1995b). Furthermore,
although lung cancer cell lines stably overexpressing the IGF-1R-FF mutant
are impaired in colony formation in soft agar (Brodt et al., 2001), proliferation
of cells in monolayer cultures is not affected by IGF-1R-FF mutation. We
therefore tested both colony formation (plating efficiency) in monolayer
cultures as well as anchorage-independent colony formation in soft agarose of
MCF-7 cells with the IGF-1R-FF mutation. The results demonstrate that
MCF-7-FF cells were not impaired in normal growth (Figure 4.5A) and were
able to form colonies in soft agar (Figure 4.5B).

Thus mutation of Tyr'250/1251 js not sufficient to impair either of these

IGF-1R functions in MCF-7 cells.
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Figure 4.5: MCF-7 cells expressing knock-in Y1250F/Y1251F mutation do not
display impaired cell growth.

(A) MCF-7 cell proliferation in monolayer cultures was determined by seeding cells at
1000 cells per plate and allowing colonies to form for 14 days. Densitometry
measurements of crystal-violet-stained cells show the normalized mean+ SEM fold-
change of three replicate cultures. (B) Clonogenic growth in soft agar was used to
determine anchorage-independent growth of cells. Densitometry measurements of
crystal violet stained cells at 6 weeks is presented as normalized mean+ SEM fold-
change of 6 replicate cultures from n=2 independent experiments.
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4.3.4 CRISPR/Cas9 mediated knock-out of IGF-1R protein leads to

impaired IGF-1 signalling in three cancer cell lines
The CRISPR/Cas9 system was next used to generate igf-1r knock-out cancer
cell lines. For this MCF-7, MDA-MB-231, and DU-145 cell lines were chosen.
MCEF-7 cells express IGF-1R abundantly, are highly responsive to IGF-1 and
have been used to study IGF-1R signalling complexes. MCF-7 cells are also
sensitive to IGF-1R suppression (O'Flanagan et al., 2016, Lyons et al., 2017),
but are not migratory. MDA-MB-231 cells were chosen for their migratory
capacity and the possibility to investigate IGF-1 signals in promoting cancer
cell migration and invasion. DU-145 cells were also included as a prostate
cancer cell line, which are also highly migratory (Bowe et al., 2014). DU-145
cells are highly responsive to IGF-1 and have also been used to study IGF1-R
function in promoting prostate cancer progression (Aleksic et al., 2010, Aleksic
et al., 2018).

Commercially available CRISPR plasmids that employ a double nickase
system (Figure 4.6A) were used to introduce a deletion of a DNA fragment
leading to a frame shift and therefore loss of IGF-1R protein expression. The
double nickase system is a combination of two plasmids, both carrying the
information for the Cas9 endonuclease. Each plasmid encoded a different
guide RNA and contains a selection marker (Puromycin or GFP) (Figure 4.6A).
Two different plasmid combinations were obtained, where the guide RNAs are
targeting different regions in the igf-1r gene (Figure 4.6A). The guide RNAs of
HO target a region at the end of Exon 1 of the igf-1r, the guide RNAs of H1
target a region at the beginning of Exon 2 of the igf-1r (Figure 4.6B). MCF-7,
MDA-MB-231 and DU-145 cells were transfected with a control vector that

encodes for a non-targeting scrambled guide RNA, which does not recognize
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any DNA sequence, the HO- or H1 plasmid combinations (control; CTL cells).
Transfected cells, including the CTL cells, were split into two populations
(Figure 4.6A), expanded under puromycin selection pressure for 4-6 weeks

and screened for knock out of the IGF-1R by western blotting (Figure 4.6A).
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Figure 4.6: Overview of approach used to generate CRISPR-mediated igf-1r
knock-out in three cancer cell lines.

(A) A double nickase system was used, which is based on two gRNA targeting
sequences directing the Cas9 system to the igf-1r gene and inducing two fragment
deletions. Two different sets of gRNAs were used HO and H1. (B) HO contains gRNAs
targeting the end Exon 1 for the disruption of and H1 targeting the beginning of Exon
of the igf-1rfor the disruption. (C) MCF-7, MDA-MB-231 and DU-145 were transfected
with a control plasmid (CTL), the HO plasmids or the H1 plasmid. Cells were selected
and analysed for IGF-1R protein expression.
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As shown in Figure 4.7A MCF-7-HO or H1 and DU-145- HO or H1 cells retained
expression of the IGF-1R protein, however at lower abundance than the
IGF-1R in MCF 7 and DU-145 parental cells (CTL) (Figure 4.7A). In the HO or
H1 of the MDA MB 231 cells no IGF-1R protein was detectable (Figure 4.7A).

MCF-7, MDA-MB-231 and DU-145 HO, H1 and CTL cell lines were
separated using serial dilution (Figure 4.7B) to isolate single cell clones, where
the IGF-1R protein expression was completely abolished (Figure S 4.3).
Reduction or suppression of the IGF-1R reduces cell growth and proliferation
(Arteaga et al., 1989, Sell et al., 1994), therefore we tested the IGF-1R sub-
clones for their capability to proliferate over two weeks (MCF-7, Figure S 4.3A
MDA-MB-231 Figure S 4.3B, DU-145 Figure S 4.3C). Individual sub-clones of
each group (CTL, HO or H1) exhibited a similar proliferation rate with no major
outliers (Figure S 4.3A). Due to implication of the adhesion machinery (Cox et
al., 2015), images were taken of all sub-clones to visualise any changes in
morphology (Figure S 4.4). No change in morphology was observed in HO and
H1 cells compared to CTL in the MCF-7 (Figure S 4.4A) and MDA-MB-231
(Figure S 4.4B) cells. Yet, DU-145 HO cells displayed increased cell body size
compared to the controls. In contrast, the DU-145 H1 cells were more
elongated compared to the DU-145 CTL cells. The individual sub-clones within
each group (CTL, HO or H1), however, display no profound changes in
morphology. We pooled the sub-clones (Figure S 4.4) of each cell line to
reduce the potential selection for clones exhibiting an exceptional phenotype.

These combined IGF-1R knock-out cell clones were further analysed to

identify IGF-1R functions in MCF-7, MDA-MB-231 and DU-145 cells.
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Figure 4.7: CRIPSR-mediated igf-1r deletion leads to reduced IGF-1R protein
levels.

(A) Immunoblotting for total IGF-1R as well as AKT phosphorylated on Ser*® (p-
S473), ERK1/2 phosphorylated on Thr?°2 and Tyr%* (p-T202/Y204), and total AKT and
ERK1/2 from WCL of MCF-7, MDA-MB-231 and DU-145 cells transfected with
CRISPR/Cas9 CTL, HO or H1 plasmids. (B) Graphical explanation of cloning process
to isolate single cell clones from MCF-7, MDA-MB-231 and DU-145 CRISPR/Cas9
CTL, HO or H1 cell lines.
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We next confirmed that the IGF-1R was knocked out in MCF-7 cells by using
immunofluorescence. The IGF-1R can be observed in large focal cell adhesion
points, as shown in Figure 4.8A and in Chapter 3 for MCF-7 CTL cells. MCF-
7 HO or H1, cells however showed no IGF-1R staining. Western blot analysis
demonstrated that the expression of IGF-1R and the autophosphorylation on
Tyr1135/1136 IGF-1R was also abolished (Figure 4.8B). In addition, upon IGF-1
stimulation, AKT phosphorylation (Ser4’®) and ERK1/2 phosphorylation

(Thr202/Tyr204) were not induced in MCF-7 HO or H1 cells (Figure 4.8B).
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Figure 4.8: MCF-7 igf-1r knock-out cell lines display lack of IGF-1R and
IGF-1-mediated signalling.

(A) Immunofluorescence of MCF-7 CTL, HO or H1 cells cultured in complete medium
and stained for IGF-1R. Images were acquired using Nikon T600 fluorescent
microscope at 40x magnification. Scale bar is 50 um. (B) Immunoblotting for IGF-1R
phosphorylated on Tyr!135113¢ (5-Y1135/1136) total IGF 1R, AKT phosphorylated on
Ser*’? (p-S473), ERK phosphorylated on Thr?%2 and Tyr?** (p-T202/Y204), and total
AKT and ERK in WCL of MCF-7 CTL, HO or H1 cells serum-starved and stimulated
with 50 ng/ml IGF-1 for the indicated times. Densitometry quantification is presented
as the average fold-change + SEM in ratio of phosphof/total protein relative to the
control condition. Blots are representative of n=3 independent experiments.
Significance was calculated using a two-sided one-sample or two-sample t-test.
P-values are indicated by *<0.05, **<0.01, ***<0.001.
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We next examined MDA-MB-231 and DU-145 HO and H1 cells which indeed
demonstrated knock out of IGF-1R protein expression and impaired induction
of AKT signalling (phosphorylation on Ser4’3 AKT) (Figure 4.9A, B). DU-145
HO and H1 IGF-1R also lacked IGF-1-induced ERK1/2 signalling (Figure
4.9B).

Taken together, it is clear that CRIPSR-mediated fragment deletion in
the igf-1r gene abolished IGF-1R protein expression in cancer cell lines and
generation of IGF-1R knock-out cancer cells that are impaired in

IGF-1-induced signalling was successful.
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Figure 4.9: IGF-1R protein depletion and impaired IGF-1 signalling in igf-1r
knock-out cell lines.

(A) Immunoblotting for IGF-1R phosphorylated on Tyr!'3/113¢ (p-Y1135/1136) total
IGF-1R, AKT phosphorylated on Ser*”® (p-S473), ERK1/2 phosphorylated on Thr2®2
and Tyr?%4 (p-T202/Y204), and total AKT and ERK1/2 from WCL of MDA-MB-231 and
(B) DU-145 CTL, HO or H1 cells, serum-starved and stimulated with 50 ng/ml IGF-1
for the indicated times.
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4.3.5 Cancer cell lines respond differently to knock-out of the

IGF-1R protein
Igf-1r knock-out cells were deficient in IGF-1-mediated downstream signalling
(Figure 4.8, Figure 4.9), so the next objective was to investigate whether the
depletion of IGF-1R modifies IGF-1R-mediated cellular functions associated
with transformation (Resnicoff et al., 1995, Baserga et al., 1997, Hongo et al.,
1998, O'Connor, 2003, Kiely et al., 2005, Taliaferro-Smith et al., 2015, Cox et
al., 2015). It was also interesting to test whether there may be differences in
the three cells lines because it has previously been suggested that cellular
kinases and their substrates or EMT markers can modulate IGF-1R (Cox et
al., 2015, Osher and Macaulay, 2019).

We first investigated whether proliferation of MCF-7 HO and H1
knock-out cell lines was altered compared to the parental cell line (CTL) by
monitoring proliferation over a short time period of time (up to 96 hr in
monolayer culture) (Figure 4.10A). Cell proliferation within this time was not
significantly reduced in HO or H1 cells compared to CTL. We next performed
a colony formation assay, where cells are plated at a low density in monolayer
culture. As can be seen in Figure 4.10B, HO and H1 cells produced fewer
colonies in these conditions, potentially due to impaired cell-cell contact
mediated proliferation (Nelson and Chen, 2002, Nagle et al., 2018).

Cooperation of IGF-1 and adhesion signalling has been well reported
(reviewed in Cox et al., 2015). We therefore next tested whether cell adhesion
to plates coated with the ECM protein, Fibronectin, was impaired in IGF-1R
knockout cells. Fewer IGF-1R HO and H1 cells adhered to fibronectin
compared to CTL cells (Figure 4.10C), indicating that MCF-7 cells require the

presence of IGF-1R to enable adhesion to ECM. To assess anchorage-
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independent growth in these cells, a feature that is essential for tumour cells,
colony formation in a soft agarose assay was examined. As shown in Figure
4.10D, both igf-1r knock-out HO and H1 cells lost their ability to form colonies,
suggesting that the transformed phenotype has been reversed by knockout of
the IGF-1R. This concurs with previous studies in MCF-7 cells using IGF-1R

inhibitors and antisense strategies (Osher and Macaulay, 2019).
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Figure 4.10: MCF-7 IGF-1R knock-out cell lines are defective in proliferation,
adhesion and anchorage-independent growth.

(A) Cell proliferation of MCF-7 HO, H1 or CTL was assessed by counting three
technical replicates of each cell line on a daily base over the indicated time period.
Quantification is presented as the average fold-change + SEM in ratio to the initial cell
number (3.0x10%). Graphs present the combined data of n=3 independent
experiments. (B) Colony formation of MCF-7 HO, H1 or CTL was measured after 14
days using crystal violet staining. Quantification is presented as the average
fold-change + SEM in signal intensity. Graphs show the combined data of 6 replicates.
Significance was calculated using a two-sided two-sample t-test. (C) Capabilty of
MCF-7 HO, H1 and CTL cells to adhere to fibronectin over the indicated time.
Quantification was measured by crystal violet staining and is presented as the
average fold-change + SEM as ratio in signal intensity relative to control condition
(CTL). Graphs show the combined data of 6 replicates. Significance was calculated
using a two-sided one-sample t-test. (D) Anchorage-independent colony formation of
MCF-7 HO, H1 and CTL cells was assesed using crystal violet staining after 6 weeks
of growth. Quantification is presented as the average fold-change + SEM in signal
intensity. Graphs present the combined data of 6 replicates. Significance was
calculated using a two-sided one-sample t-test.

P-values are indicated by *<0.05, **<0.01, ***<0.001.
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A similar set of cell function assays were carried with MDA-MB-231 HO, H1
and CTL cells. Since MDA-MB-231 cells are highly migratory and IGF-1 is
known to stimulate cell migration (Kiely et al., 2005, Taliaferro-Smith et al.,
2015) we also performed wound healing assays.

Similar to observations with MCF-7 cells, there was no marked
difference in the proliferation of MDA-MB-231 HO, H1 cells compared to CTL
cells over 96 hr (Figure 4.11A). However, unlike MCF-7 cells, the MDA-MB-231
HO and H1 IGF-1R knockout cells did not exhibit reduced proliferation in colony
formation assays (Figure 4.11B). Furthermore, the number of colonies HO and
H1 MDA-MB-231 cells formed in soft-agarose was significantly higher than in
MDA-MB-231-CTL cells, indicating that they retained a transformed phenotype
in the absence of IGF-1R and that the knock-out of IGF-1R may have led to a
gain of function. Supporting this, the HO and H1 MDA-MB-231 cells also
exhibited a higher migratory capacity compared to CTL cells (Figure 4.11D),
suggesting that loss of IGF-1R may actually enhance the migration of
MDA-MB-231 cells.

To rule out that IGF-1R knock-out mediated gain of function was not
due to off target effects from the CRISPR/Cas9 system, we further validated
that the mutation was introduced at the correct region in the igf-1r. This was
achieved by designing specific primer sets (Table 2.4) that would bind before
and after the region targeted by the guide RNAs (Figure 4.6A). Genomic DNA
was extracted from the CTL, HO and H1 MDA-MB-231 cells. The amplified
fragments were extracted and analysed by sequencing. The gene analysis and
comparison of the MDA-MB-231-HO with the MDA-MB-231-CTL sequence
displayed the deletion of a DNA fragment in the igf-1r resulted in a frame shift

causing the loss of IGF-1R protein (Figure 4.7, Figure S 4.1). The gene
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analysis and comparison of the MDA-MB-231-H1 with MDA-MB-231-CTL cells
revealed that the depletion of IGF-1R was due to different small insertions and
deletions (indels) causing a frameshift mutation in the region of the igf-1r
compared to the CTL. This confirms that the mutations were introduced at the
targeted region and that the increased colony formation and increased
migration observed in the MDA-MB-231-HO and H1 cells Figure 4.11C, D are

due to the knock-out of IGF-1R expression.
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Figure 4.11: MDA-MB-231 IGF-1R KO cells are not impaired in monolayer cell
proliferation, but exhibit enhanced anchorage-independent growth and cell
migration.

(A) Cell proliferation of MDA-MB-231 HO, H1 or CTL was assessed by counting three
technical replicates of each cell line daily for 96 hr. Quantification is presented as the
average fold-change + SEM in ratio to the initial cell number (3.0x10%). Graphs
present the combined data of n=3 independent experiments. (B) Colony formation of
MDA-MB-231 HO, H1 or CTL was assessed after 14 days using crystal violet.
Quantification is presented as the average fold-change + SEM in signal intensity.
Graphs present the combined data of 6 replicates. Significance was calculated using
a two-sided two-sample t-test. (C) Anchorage-independent colony formation of MDA-
MB-231 HO, H1 and CTL cells was assessed using crystal violet staining after 6 weeks
of growth. Quantification is presented as the average fold-change + SEM in signal
intensity. Graphs present the combined data of 6 replicates. Significance was
calculated using a two-sided one-sample t-test. (D) Phase contrast images of wound
healing assay to assess migration capability of MDA-MB-231 HO, H1 and CTL cells.
Images were obtained with a Nikon Eclipse TE 300 microscope. Images are
representatives of n=2 and the scale bar is 200 ym. Image based assessment of the
cell free area was determined using ImagedJ and graphs present average fold change
in the area relative to 1 at 0 hr of migration.

P-values are indicated by *<0.05, **<0.01, ***<0.001.
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DU-145 HO, H1 and CTL cells were also assessed for proliferation, colony
formation, anchorage-independent colony formation and migration. Unlike
MCF-7 and MDA-MB-231 cells, DU-145-HO cells exhibited a profound
reduction in cell proliferation over 96 hr. However, this impaired cell
proliferation could be due to proliferation contact-inhibition after reaching
confluency in the plate, because DU-145-HO0 also exhibited an increase in cell
size (Figure S 4.4C, Figure 4.12D). Proliferation potential was further assessed
in colony formation assays in monolayer cultures. Here, DU-145-HO cells
exhibited no reduction in cell proliferation compared to the control cells (Figure
4.12B) and in contrast, DU-145-H1 grew significantly more than the DU-145
CTL cell line (Figure 4.12B). In the anchorage independent growth assays,
DU145-HO and H1 did not form colonies, indicating that IGF-1R knockout
reversed their transformed state (Figure 4.12C). Surprisingly, loss of IGF-1R
did not abolish the migratory feature of DU145 cells, in fact, DU-145-H1
displayed increased migration in a wound closure assays (Figure 4.12D).

As the DU-145-H1 cells displayed an increase proliferation rate and a
higher migratory capacity than the DU-145-CTL cells, which was unexpected
we validated the mutation again as described for the MDA-MB-231 cells. No
deletion was to be found in the beginning of the Exon 2 of the igf-1r in the
DU-145-H1 and the amplified sequence aligned perfectly with the respective
sequence of the DU-145-CTL igf-1r cell line.

The results show that knock-out of the IGF-1R in MCF-7, MDA-MB-231
and DU-145 cells accompanied by reduced IGF-1 signalling results in cell type
dependent effects on cell phenotype. Interestingly, IGF-1R knock-out in both
MCF-7 and DU-145 reversed their transformed phenotype, whereas it did not

in MDA-MB-231 cells. However, due to the fact that we could not confirm the
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mutation causing the loss of IGF-1R protein of the DU-145-H1 cells and to
keep the region of mutation consistent throughout the cell lines, we excluded

all H1 groups of the MCF-7, MDA-MB-231 and DU-145.
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Figure 4.12: DU-145 IGF-1R knock-out cells are impaired in anchorage-
independent growth but not in cell migration.

(A) Cell proliferation of DU-145 HO, H1 or CTL was assessed by counting three
technical replicates of each cell line daily 96 hr. Quantification is presented as the
average fold-change + SEM in ratio to relative the initial cell number. Graphs present
the combined data of n=3 independent experiments. (B) Colony formation of DU-145
HO, H1 or CTL was assessed after 14 days using crystal violet. Quantification is
presented as the average fold-change + SEM in signal intensity. Graphs present the
combined data of 6 replicates. Significance was calculated using a two-sided two-
sample t-test. (C) Anchorage-independent colony formation of DU-145 HO, H1 and
CTL cells was assessed using crystal violet staining. Quantification is presented as
the average fold-change + SEM in signal intensity. Graphs present the combined data
of 6 replicates. Significance was calculated using a two-sided one-sample t-test. (D)
Phase contrast images of wound healing assay to assess migration capability of DU-
145 HO, H1 and CTL cells. Images were obtained with a Nikon Eclipse TE 300
microscope. Images are representatives of n=2 and the scale bar is 200 ym. Image
based assessment of the cell free area was determined using ImagedJ and graphs
present the average fold change in the area relative to 1 at 0 hr of migration.
P-values are indicated by *<0.05, **<0.01, ***<0.001.
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4.4 DISCUSSION

The results here demonstrate that genome editing of human cancer cells using
CRISPR/Cas9 was successful in generating cell lines expressing IGF-1R point
mutations and for generating igf-1r knock-out cell lines. Introducing point
mutations into the IGF-1R sequence was possible and cells expressing IGF-
1R containing these mutations were successfully cloned and expanded in
culture.

Tyrosines 1250/1251 were previously shown to be important for the
IGF-1R function in cancer cells, yet, the data from this study suggests that their
function for MCF-7 cancer cells may be redundant. In line with previous studies
with expression of the Y1250F/Y1251F mutant in R- and other cells, it was
anticipated that the knock-in mutant MCF-7 cells would display impaired IGF-
1R activity, indicated by reduced activation and signalling, as well as loss of
cellular transformation. However, there were no significant differences in the
activity of the IGF-1R or in downstream signalling MCF-7-FF cells (Figure
4.4B). This suggests that Tyr'25/1251 might be redundant for the IGF-1R activity
in MCF-7 cells. However, it is also possible that other receptors or receptor
hybrids could mask the expected reduction in IGF-1R activity, when Tyr1250/1251
are mutated. Especially the expression of IR-A in MCF-7 cells could lead to an
hybrid formation of IGF-1R-FF/IR-A hybrids in MCF-7-FF cells. Activation of
the hybrid receptor and its derived signalling could compensate for the
impaired IGF-1R-FF activity. IGF-1-FF/IR-A hybrid formation could also
explain, the lack of an effect on the cellular functions that were attributed to the
IGF-1R when cells express the IGF-1R FF mutation. However, here other

receptors could compensate for the loss in IGF-1R function as well.
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Additionally, it is possible that Tyr'25%/1251 mediates a function in cells that is not
essential for MCF-7 cells.

Levels of IGF-1R-FF protein were significantly reduced compared to the
IGF-1R in MCF-7-WT cells. It is likely that the MCF-7-FF cells adapted to the
lack of Tyr250/1251 and deregulated other RTKs, as previously shown in MCF-7
cells (Lyons et al., 2017). The suppression of IGF-1R leads to lower levels of
IGF-1R protein expression and to increased activation of the Epidermal
Growth Factor Receptor (EGFR), which may compensate for the lack of IGF-
1R function (Lyons et al., 2017). However, other compensatory mechanisms
including signalling from the IR-A and IR-B as well as MET RTK could have
similar effect (van der Veeken et al., 2009, Buck et al., 2010, Qu et al., 2017,
Liu et al., 2018b). Further analysis, for example a total proteome profile for the
MCF-7-FF cells and MCF-7-WT cells, would be one option to test this concept.

Phosphorylation on specific amino acids is commonly used by RTKSs for
signal transduction. This can lead to structural changes required for the full
activity of the RTK, can serve as a binding domain for other proteins, or can
be a signal for specific trafficking. Recently, it has been shown (S. O’Shea PhD
thesis, 2016) and confirmed (Chapter 3) that Tyr'250/1251 gre phosphorylated in
cells. However, it is possible that the MCF-7 cells do not require the presence
of Tyr'250/1251 phosphorylation for IGF-1R function. This requires further
investigation under conditions where these tyrosines are phosphorylated to
determine whether their function as phosphotyrosines is important for MCF-7
cells.

Although the disruption of the igf-1r gene was successful and the IGF-
1R protein was depleted from MCF-7, MDA-MB-231 and DU-145 cells leading

to impaired signalling transduction in response to IGF-1, observations on cell
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phenotypes relevant to the IGF-1R were very different between these cell lines
(Table 4.1). For MCF-7 and DU-145 loss of IGF-1R impaired cellular
transformation (Figure 4.10, Figure 4.12, Table 4.1), whereas the MDA-MB-
231 cells remained competent in forming colonies in soft-agar (Figure 4.11,
Table 4.1). Furthermore, IGF-1R-deficient MDA-MB-231 cells retained their
migratory capacity (Figure 4.11, Table 4.1). However, migration is linked to the
activation of the Ras/MAPK pathway, and IGF-1R activation does not regulate
ERK1/2 signalling in MDA-MB-231 (Figure 4.9) (Stanicka et al., 2018). The
activation of this pathway may be regulated by other RTKs or the reduction in
IGF-1R activity could lead to compensatory activation of other RTKs, as it has
been previously suggested (van der Veeken et al., 2009, Buck et al., 2010, Qu

et al., 2017, Liu et al., 2018b).

Table 4.1: Summary of phenotypic behaviour of cell lines with an igf-1r knock-
out.

Phenotypical behaviour observed in MCF-7, MDA-MB-231 and DU-145 HO and H1
cell lines with an igf-1r knock-out compared to parental cell lines (CTL): Increase
compared to CTL indicated with4, decrease with¥, unchanged with =, not available
with N/A.

MCF-7 MDA-MB-231 DU-145

HO | H1  _HO | H1 __ HO | Hi

Proliferation > -> -> > \j >

Colony growth v \ > -+ > 4
Adhesion v v N/A N/A N/A N/A

Anchorage-
independent \A/ A 4 M1 A/ v
growth

Migration N/A N/A M 1) > 5

Two different plasmids targeting different regions in the DNA of igf-1r were
used to introduce deletions in the igf-1r sequence (Figure 4.6A). Although the

MCF-7, MDA-MB-231 and DU-145 HO and H1 cells were deficient in IGF-1R
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protein expression, we noticed differences between cells targeted with the two
plasmids in some of the functional assays performed (Table 4.1). This was
particularly evident with MDA-MB-231, and especially with the DU-145 knock-
out cell lines (Figure 4.11, Figure 4.12, Table 4.1). The gene analysis for the
DU-145-H1 cells compared to the DU-145-CTL cells showed that the targeted
region of the igf-1r was not mutated, and we were not able to identify the cause
for the loss of IGF-1R protein in these cells.

Off-target effects are reported to be rare, especially using a paired Cas9
nickase system (Gopalappa et al., 2018). However, this possibility cannot be
excluded. We designed specific primers to amplify the region in the DNA of the
IGF-1R targeted by the guide RNA (Figure 4.6) and isolated the amplified
region for sequencing. Using the Cas-OFFinder (Bae et al., 2014), we
searched for potential off-targets of the guide RNAs used. However, besides
the specific target region, no further off targets in the IGF-1R sequence were
identified. Further sequencing analysis may be required to ensure that the
Cas9 nuclease targeted the correct region.

We conclude that we successfully modified the IGF-1R -SFYYS- motif
in the igf-1r gene using CRISPR technology. However, as the cells displayed
no obvious phenotype, it is possible that these tyrosines are not essential for
MCEF-7 cell function. Importantly, we generated and characterized three cancer
cell lines deficient in IGF-1R expression. The data from these cell lines
indicates that IGF-1R function and its signalling outcome may be influenced
by the pre-existing cell phenotype, rather than IGF-1R influencing the cells
phenotype per se. The knock-out cell lines (in particular, HO knock-out) we

established here, will be useful tools for further investigation of the significance
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of IGF-1R in promoting cancer progression, and also for analysis of how

specific residues on IGF-1R influence its function in various types of cancer.
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4.5 SUPPLEMENTARY DATA

MCF-7-S1248A Group clone 50 (A primer set)
Subclone Ctll1|3(4|5/6|[7|8|9|10[11/12]|ct 13 14 |15 |16 |17 |18 (19|20 |21 22| 23| 24| 25| 26| 27

- _

MCF-7-S1248A Group clone 50 (W primer set)

Sub cIone [ 1 5[6 |78 [9[10]1]12] |cu[13[14[15]18 17 [18 19 [20]21[22] 23] 24] 25| 26] 27

. _

MCF-7-S1248A Group clone 51 (A primer set)
Subclone [ctijct|[1]2 3[4 [5]6 |78 |9[1011]12] [ctlcu[13]14[15[16]17[18[19]20|21]22]23 24

BP_
1000
500

MCF-7-S1248A Group clone 51 (W primer set)
[2]3]a[5][6[7]8[9]10]11]12] [ctlct[13]14[15[16[17[18[19[20[21]22]23 24

Sub clone [CU|CTI| 1
BP_

1000 | i
500w - -

MCF-7-S1248A Group clone 52 (A primer set)
Sub clone \Ctl [4]5]7]8[9]t0]11]13]14]15]16] [cu]17]18]10

MCF-7-51248A Group clone 52 (W primer set)

Subclone |Ctl|2 4[5 78 |9[10][11[13][14[15[16| [ct[17[18]19

Figure S 4.1: PCR-based identification of cell clones with exclusive
amplification of igf-1r with the S1248A mutation.

Group clones identified to contain cells encoding for the mutated IGF-1R were
separated. DNA was extracted and PCR was performed with both the forward
primer detecting the IGF-1R S1248A mutation as well as the WT IGF-1R in cells.
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MCF-7-Y1250F/Y1251F Group clone 07 (F primer set)
Subclone [ct[1 [ 2[3[4[5][6[7[8]a[10]11[12] [13[14]15]16[17[18[19]20[21]22]23][25] [40[a1

MCF-7-Y1250F/Y1251F Group clone 07 (W primer set)
Subclone [Ct|1 2|3 [4[5]6|7[8]9[10]11]12] [13]14]15[16]17]18]|19]20[21]22]23[25

40|41

MCF-7-Y1250F/Y1251F Group clone 71 (F primer set)

2(3/4|5|6|7|8|9|10/11[12 13(14 [15/16 |17 |23 | 24 |40 |41 |42 |43 45|46 |47

Sub clone |Ctl|1

MCF-7-Y1250F/Y1251F Group clone 71 (W primer set)

Subclone |cu[1 23 a5 67 8o [10[11]12] [13[14[15[16[17]23 24|40 [41[42 [43]45[46[47

MCF-7-Y1250F/Y1251F Group clone 72 (F primer set)
Subclone [ct[1[2[3[4[5]6[7[8]e[10[11[12 [13[14[15[16]17][18]19]40 4142 [cH

MCF-7-Y1250F/Y1251F Group clone 72 (W primer set)

Subclone [ct[1[2[3]4[5][6[7 [8]o[10]11]12] [13[14[15]16[17[18]18]a0 [a1]42

Figure S 4.2: PCR-based identification of cell clones with exclusive
amplification of igf-1r with the Y1250F/Y1251F mutation.

DNA was extracted from diluted group clones of MCF-7 cells identified to contain cells
encoding for FF point mutation. PCR was performed with both the forward primer for
detection of the IGF-1R Y1250F/Y1251F mutations as well as the WT IGF-1R in cells.
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Figure S 4.3: Identification of cell clones deficient in IGF-1R protein

expression.

Immunoblotting for IGF-1R
MDA-MB-231 CTL, HO or

in total cell lysates of (A) MCF-7 CTL, HO or H1 cells (B)
H1 cells and (C) DU-145 CTL, HO or H1 cells to assess

IGF-1R expression in single cell clones. Proliferation of the identified knock-out clones
of (A) MCF-7, (B) MDA-MB-231 and (C) DU-145 cells was assessed after 14 days.
Quantification shows total cell number obtained from three technical replicates of n=3
independent experiments. Summary tables present sub clones that were recombined.
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Figure S 4.4: Cell morphology is not affected by IGF-1R knock-out in MCF-7
and MDA-MB-231, but in DU-145.

Phase contrast images of (A) MCF-7 CTL, HO and H1 clones (B) MDA-MB-231 CTL,
HO and H1 clones and (C) DU-145 CTL, HO and H1 clones were acquired to assess
cell morphology. Images were obtained with a Nikon Eclipse TE 300 microscope. The
scale bar is 200 pym.
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5 CHAPTER 5: IGF-1 RECEPTOR ACTIVITY
IN THE GOLGI OF MIGRATORY CANCER
CELLS REQUIRES ADHESION-
DEPENDENT PHOSPHORYLATION ON
TYROSINES 1250 AND 1251

Sandra O’Shea and Geraldine Kelly generated data presented in Figure 5.1A.

Sandra O’Shea contributed to Figure 5.1B, 5.2, 5.4 and 5.6A.
Results of this chapter were published in May 2020 in Science Signaling. The

publication is attached to the thesis.

DOI: 10.1126/scisignal.aba3176
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5.1 ABSTRACT

Although Insulin-like growth factor (IGF-1) signalling promotes tumour growth
and cancer progression, therapies that target IGF-1 receptor (IGF-1R) have
shown poor clinical efficacy. This study addresses IGF-1R activity in cancer
cells and also how this differs from the closely related Insulin receptor (IR).
The IGF-1R C-terminal tail contains two tyrosines that are not present in the
IR, which have been shown to be essential for IGF-1—mediated cancer cell
survival, migration and tumorigenic growth. Here, we found that Tyr'2%° and
Tyr'251 (Tyr12501251) were autophosphorylated in a cell adhesion-dependent
manner. We investigated the consequences of this phosphorylation using a
phosphomimetic Y1250E/Y1251E (EE) and a non-phosphorylatable
Y1250/Y1251F (FF) IGF-1R mutant. Although fully competent in kinase activity
and signalling, the EE mutant was more rapidly internalised and degraded than
either the wild-type (WT) or FF receptor. IGF-1 promoted accumulation of WT
and EE IGF-1R within the Golgi apparatus, whereas the FF mutant remained
at the plasma membrane or sites of cell adhesion. Golgi-associated IGF-1R
signalling was found to be a feature of migratory cancer cells, and disruption
of the Golgi impaired IGF-1—induced phosphorylation of the adaptor protein
SHC and cell migration. Upon formation of new cell adhesions, IGF-1R
transiently re-localised to the plasma membrane from the Golgi. Thus overall,
phosphorylation at Tyr'2591251 promoted IGF-1R signalling from the Golgi to
support an aggressive cancer phenotype. This could contribute to the poor
clinical efficacy of antibodies that target IGF-1R on the cell surface and also

distinguish IGF-1R from IR signalling potential.
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5.2 INTRODUCTION

The Insulin-like Growth Factor—1 receptor (IGF-1R) and its ligands (IGF-1 and
IGF-2) are widely present throughout different cell and tissue types and play
essential roles in cell, organ, and organismal growth (Liu et al., 1993, Pollak,
2012). The IGF system is also linked to cancer risk, tumorigenesis, tumour
growth and survival, and in promoting cell migration in both normal and
transformed cells (Arcaro, 2013, Christopoulos et al., 2015, Brahmkhatri et al.,
2015, Osher and Macaulay, 2019). Numerous pre-clinical studies have shown
a clear effect of IGF-1R suppression or inhibition on limiting tumorigenesis,
tumour growth and metastatic potential (Arcaro, 2013, Brahmkhatri et al.,
2015, Osher and Macaulay, 2019). However, this has not been replicated in
large-scale clinical trials, wherein IGF-1R blocking antibodies and kinase
inhibitors show an overall poor efficacy (Brahmkhatri et al., 2015, Osher and
Macaulay, 2019). There are no predictive biomarkers for IGF-1R activity, and
there is limited understanding of the cellular signalling events that promote
resistance to or evasion of IGF-1R inhibitors.

Although IGF-1 signalling in cancer cells has been extensively studied,
it is still poorly understood how IGF-1R expression, abundance and signalling
output are influenced by oncogenic and adhesion signals in different cancers.
The amount of cell surface IGF-1R may not predict responses to ligand
stimulation in terms of downstream signalling output, as this appears to be
influenced by cell phenotype (Niepel et al., 2013). We and others previously
demonstrated that adhesion signals enhance IGF-1R activation and signalling,
and that Integrin signals are essential for IGF-1-promoted cancer cell
proliferation and migration (reviewed in (Cox et al., 2015)). Moreover, IGF-1R

association with E-cadherin and collagen DDR receptors can control receptor
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stability and signalling output (Nagle et al., 2018, Bajrami et al., 2018, Belfiore
et al., 2018).

Cooperation between B1-Integrin and IGF-1R signalling involves an
adhesion-dependent signalling complex composed of scaffolding proteins,
Focal adhesion kinase (FAK) and phosphatases that ultimately leads to
activation of mitogen-activated protein kinase (MAPK) pathways (Blakesley et
al., 1998, Hermanto et al., 2002, Kiely et al., 2002, Kiely et al., 2008). Mutation
of two tyrosines (Tyr'2%0 and Tyr'?%") in the C-terminal tail is sufficient to
abrogate IGF-1R function in facilitating cellular transformation, cell survival and
migration (Miura et al., 1995b, O'Connor et al., 1997, Brodt et al., 2001). This
Tyr125071251 gjte was also found to be essential for integrating IGF-1R and
adhesion signalling (Kiely et al., 2005). However, these tyrosines are not
present in the human insulin receptor (IR), which has an almost identical
kinase domain to the IGF-1R but shares less than 50% homology with the
C-terminal tail. We previously hypothesized that the function of these tyrosines
may distinguish IGF-1R and IR actions in cell growth and cancer. However,
despite the clear loss of IGF-1R function observed upon mutation of Tyr!2%0
and Tyr'251 (Tyr12%0/12%1) to phenylanines (Y1250F/Y1251F), and in silico
predictions for phosphorylation in cells, evidence for actual phosphorylation in
vivo has remained elusive, as has knowledge of how this phospho-site
functions. This has hindered efforts to understand how these IGF-1R tyrosines
facilitate tumorigenesis or may distinguish IGF-1R and IR signalling.

In this study, we established that the IGF-1R was autophosphorylated
on Tyr125071251 in cells at basal levels using mass spectroscopy and phospho-
specific antibodies, and this was further induced by IGF-1 and adhesion

signalling. The functions of Tyr'250/1251 phosphorylation were determined by
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using a phosphomimetic (EE mutant IGF-1R) which was found to be more
rapidly internalised and less stable than the wild type (WT) IGF-1R or the
Y1250F/Y1251F (FF) mutant. Upon IGF-1 stimulation both the WT and the EE
IGF-1R rapidly accumulated within the Golgi-apparatus, whereas the FF
mutant was retained on the plasma membrane. IGF-1R localisation in the
Golgi-apparatus was associated with migratory potential, and an intact
Golgi-apparatus was required for IGF-1R signalling in migrating cells. Overall,
the data indicate that Tyr'2591251 phosphorylation drives translocation of the
IGF-1R to the Golgi, where it contributes to a migratory phenotype. These
results distinguish IGF-1R and IR function, and may also explain the inefficacy

of targeting cell surface IGF-1R with monoclonal antibodies in several cancers.
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5.3 RESULTS

5.3.1 Phosphorylation of Tyr'?®® and Tyr'?®*! occurs in cells

First, to address the question whether the Tyr'2591251 site becomes
phosphorylated in cells, we used mass spectroscopy and phosphopeptide
analysis of IGF-1R immunoprecipitated from mouse embryonic fibroblasts
derived from IGF-1R knockout mice (R™ cells) transiently expressing the
receptor and either serum-starved or stimulated with IGF-1. The isolation of
IGF-1R phosphopeptides including Tyr'2501251 was less efficient than isolation
of other phosphopeptides from the receptor, which we attributed to the fact that
these tyrosines reside with a sequence, SFYYS, that also includes
phosphorylated serines (Zheng et al., 2012, Kelly et al., 2012), and would thus
be highly charged and difficult to capture. Following peptide extraction and
mass spectrometry analysis, a series of phosphopeptides was identified (ion
score >19) containing tyrosines that are known to be phosphorylated in
response to IGF-1, including Tyr®° and the kinase activation site tyrosines,
Tyr'31) Tyr'135 and Tyr''3¢ (Figure 5.1A). In addition, phosphopeptides were
captured from both serum-starved and IGF-1 stimulated cells demonstrating
phosphorylation on the Tyr'?0 site, with a higher score obtained from IGF-1
stimulated cells, indicating IGF-1 induced phosphorylation on this tyrosine
(Figure 5.1A).

We next employed an antibody specific for the phosphorylated
Tyr1250/1251 sjte to further assess Tyr'2%0/1251 phosphorylation over time in
response to either serum starvation or IGF-1. In phosphopeptide arrays, an
antibody postulated to recognize phosphorylated Tyr'?%° also detected

peptides containing either one of the single phosphorylated tyrosines
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(phosphorylated Tyr'?0 or phosphorylated Tyr'?%') or the doubly
phosphorylated site (S. O’Shea PhD thesis, 2016). We therefore concluded
that this antibody reacts with the Tyr!250/1251 phosphosite. We next compared
the profile of IGF-1-stimulated phosphorylation of the Tyr1250/1251 with the IGF-
1R autophosphorylation sites Tyr%0, Tyr''3" and Tyr''3%1136  This analysis
demonstrated that basal amounts of Tyr%0, Tyr!13" and Tyr!135/1136
phosphorylation were low and then rapidly induced by IGF-1 at 1-5 min. In
contrast, basal phosphorylation of Tyr'250/1251 was evident in serum-starved
cells, and IGF-1-induced phosphorylation accumulated more slowly than on
the other sites (Figure 5.1B). This result is consistent with the mass
spectrometry analysis indicating phosphorylation of Tyr250/1251 jn

serum-starved cells (Figure 5.1A).
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Figure 5.1: Tyr'?%1251 |GF-1R phosphorylation occurs in R cells.

(A) Phosphopeptides identified by mass spectroscopy from IGF-1R
immunoprecipitated from R- cells stably expressing WT IGF-1R following serum
starvation or 10 min exposure to IGF-1. Phosphorylated (p-) IGF-1R tyrosines are
indicated in red. (B) Immunoblotting for the indicated phosphotyrosines (p-Y) and total
IGF-1R, AKT phosphorylated on Ser*® (p-S473) and total AKT, ERK1/2
phosphorylated on Thr?®2 and Tyr?** and total ERK1/2 in WCL of R cells stably
expressing WT IGF-1R (R-/WT), serum-starved and stimulated with 10 ng/ml IGF-1
for the indicated times. Quantification of phospho/total IGF-1R is expressed as
average fold-change + SEM relative to 0 min of IGF-1 (set to 1). Blots are
representative of n=3 independent experiments.
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Although IGF-1 and Insulin display a higher affinity for their respective
receptors, they can activate the other receptor when the ligand concentration
is high. Therefore, we investigated whether Tyr'250/1251 phosphorylation was
influenced by ligand concentration in serum-starved R- cells expressing WT
IGF-1R stimulated with either 1, 10, 50, or 100 ng/ml IGF-1. From this it was
observed that Tyr'2591251 phosphorylation was induced in a dose-responsive
manner with highest amounts of phosphorylation achieved using 50 ng/mL

(Figure 5.2).
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Figure 5.2: IGF-1 induce Tyr'?5912%! |GF-1R phosphorylation in a dose
dependent manner.

Immunoblotting for the indicated phosphorylated forms of IGF-1R, total IGF-1R, AKT
phosphorylated on Ser*”® (p-S473), total AKT, ERK1/2 phosphorylated on Thr?°2 and
Tyr?%4 (p-T202/Y204), and total ERK1/2 in WCL of R/WT cells stimulated with IGF-1
at the indicated concentrations and times following serum starvation. Quantification
of phospho/total IGF-1R is expressed as average fold-change + SEM relative to the
control condition (set to 1). Blots are representative of n=3 independent experiments.
Significance was calculated using a two-sided one-sample t-test. P-values are
indicated by *<0.05, **<0.01, ***<0.001.
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We next examined phosphorylation of Tyr'25%1251 on endogenous IGF-1R in
several cancer cell lines (MDA-MB-231, Cal-51, HS-578T, and DU-145)
(Figure 5.3). Results show that again, Tyr'2591251 gre phosphorylated in serum-
starved cells and this was increased upon IGF-1 stimulation.

Overall, these data demonstrate that Tyr'259/125" phosphorylation is
present in cells at low basal amounts and is induced by IGF-1 in a

concentration- and time-dependent manner.
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Figure 5.3: IGF-1 induces Tyr'?591251 |GF-1R phosphorylation in cancer cells.

Immunoblotting for IGF-1R phosphorylated on Tyr''3%1136 (p-Y1135/1136), Tyr!2%0/1251
(p-Y1250/1251) and total IGF-1R in WCL of cancer cells serum-starved and
stimulated with 50 ng/ml IGF-1. Blots are representatives of n=3 independent
experiments.
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5.3.2 Adhesion signals and IGF-1R kinase activity are required for
Tyr12501251 phosphorylation
Tyr128071251  phosphorylation was enhanced by IGF-1, and because this
phosphorylation has not previously been demonstrated in cells, we next
investigated whether it is a bona fide autophosphorylation site in the IGF-1R.
The first approach was to determine whether Tyr'250/1251 phosphorylation could
be reduced in the presence of an IGF-1R kinase inhibitor. In serum-starved
cells, Tyr12501251 phosphorylation was not affected by the IGF-1R kinase
inhibitor BMS-754807 (Figure 5.4A). However, IGF-1-induced Tyr!250/1251
phosphorylation was abolished by the kinase inhibitor. To further test
autophosphorylation, we examined WT IGF-1R and a kinase-inactive IGF-1R
(K1003R, ATP-binding site mutant, KR), in the absence or presence of
exogenously added ATP to stimulate kinase activity. Although phosphorylation
on Tyr'2501251 was detectable on both the WT and KR receptors, this was
increased by exogenously added ATP on the WT but not on the KR receptor
(Figure 5.4B). This indicates that IGF-1R kinase activity was required for
maximal phosphorylation on Tyr'251251 The observation that phosphorylation
was evident with the KR mutant also suggests that other cellular kinases may

phosphorylate Tyr!250/1251,
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Figure 5.4: Tyr'?51251 |GF-1R phosphorylation is an IGF-1R
autophosphorylation site.

(A) Immunoblotting for the indicated phosphorylated forms of IGF-1R, total IGF-1R,
AKT phosphorylated on Ser*’® (p-S473) and total AKT from WCL of R/WT cells that
were serum-starved followed by stimulation with 10 ng/ml IGF-1 for the indicated
times. Cells were incubated with 300 or 1000 nM of BMS-754807 for 1 hr prior to
stimulation. Densitometry quantification is presented as average fold-change + SEM
in ratio of phospho/total protein relative to the control condition (white bar). Blots are
representative of n=3 independent experiments. Significance was calculated using a
two-sided one-sample t-test. (B) Immunoblotting for phosphorylated Tyr!!3%/1136
(p-Y1135/1136), Tyr'25%1251 (p-Y1250/1251) on IGF-1R immunoprecipitated from WCL
of R cells expressing either IGF-1R WT or KR mutant that were serum-starved and
stimulated with IGF-1. Immunoprecipitates were incubated with kinase buffer
containing ATP or not. The ratio of phospho/total protein was quantified using
densitometry and graphs present average fold-change + SEM relative to the control
condition (WT, O min IGF-1). Blots are representative of n=3 independent
experiments. Significance was calculated using a two-sided one-sample (-test.
Protein input is shown in immunoblots for each IGF-1R phosphotyrosine, total
IGF-1R, phosphorylated Ser*”® (p-S473) and total AKT, and ERK1/2 phosphorylated
on Thr2%2/Tyr2%4 (p-T202/Y204) and total ERK1/2. Blots are representative of n=3.
P-values are indicated by *<0.05, **<0.01, ***<0.001.
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Previous studies have shown that the Tyr'2501251 gite is required for
cooperative IGF-1R and adhesion signalling (Kiely et al., 2005) and that IGF-
1R kinase activity is influenced by adhesion signalling and adhesion-
associated kinases (Stanicka et al., 2018, Taliaferro-Smith et al., 2015)
(Chapter 3). Therefore, we asked whether adhesion-activated kinases (FER,
FAK and Src) contribute to Tyr'2501251 phosphorylation. To test this, we used
Cal-51 breast cancer cells in which IGF-1 and adhesion signalling are active
(Mahauad-Fernandez and Okeoma, 2017, Bajrami et al., 2018), and measured
IGF-1-induced phosphorylation on the Tyr'250/1251 and also the Tyr!135/1136 gjtes,
which are required for full kinase activation, in the presence of either the
IGF-1R kinase inhibitor BMS-754807, a FER kinase inhibitor (AP-26113,
Chapter 3), a FAK kinase inhibitor (PF-573228), or a Src kinase inhibitor (PP2)
(Figure 5.5). We observed that IGF-1-induced phosphorylation on both sites
was decreased by BMS-754807, AP-26113 and PF-573228 but not by PP2
(Figure 5.5). Thus, IGF-1R, FER or FAK inhibition can all suppress IGF-1R

autophosphorylation and full kinase activation.
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Figure 5.5: Adhesion kinases FER and FAK contribute to Tyr'?5Y125! |GF-1R
phosphorylation.

Immunoblotting  for  phosphorylated — Tyr'13113¢  |GF-1R  (p-Y1135/1136),
phosphorylated Tyr251251 |GF-1R (p-Y1250/1251), total IGF-1R, Src phosphorylated
on Tyr*'® (p-Y416) and total Src in WCL of Cal-51 cells that were serum-starved,
exposed to kinase inhibitors for 1hr BMS (IGF-1R inhibitor), AP-2 (FER inhibitor), PF
(FAK inhibitor), PP2 (Src-inhibitor) as described in text, and stimulated with 50 ng/ml
IGF-1. Densitometry quantification of phosphorylated Tyr'2%125" |GF-1R is presented
as average fold-change + SEM in ratio of phospho/total protein relative to the control
condition (white bar). Blots are representative of n=3 independent experiments.
Significance was calculated using a two-sided one-sample or two-sample t-test.
P-values are indicated by *<0.05, **<0.01, ***<0.001.
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We furthermore investigated, whether IGF-1-induced phosphorylation on
Tyr9%0, Tyr!131 Tyr1135/1136 gnd Tyr1250/1251 |GF-1R was dependent on adhesion
signalling, as IGF-1R autophosphorylation was reduced in cells that were
detached from the substratum (Chapter 3). IGF-1-stimulated phosphorylation
of the Tyr%0, Tyr!131 Tyr!1351136 gnd Tyr!250/1251 gjtes were reduced by
detachment of R cells expressing WT IGF-1R (Figure 5.6A), as well as of
Cal-51 and DU-145 cancer cells (Figure 5.6B). IGF-1-induced activation of
AKT and ERK1/2 was also reduced in detached cells compared to adherent
cells (Figure 5.6).

We conclude that both IGF-1R and adhesion signalling are essential for
maximal phosphorylation of the IGF-1R on Tyr'250/1251 'and confirm that overall

IGF-1R autophosphorylation and activation are enhanced by cell adhesion.
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Figure 5.6: Adhesion signalling is required for Tyr'2501231 |GF-1R
phosphorylation.

(A) Immunoblotting for the indicated phosphorylated forms of IGF-1R, total IGF-1R,
FAK phosphorylated on Tyr3®” (p-Y397), total FAK, AKT phosphorylated on Ser*”® (p-
S473), ERK1/2 phosphorylated on Thr2%2 and Tyr?%* (p-T202/Y204), and total AKT and
ERK1/2 in WCL of R/WT cells stimulated with 10 ng/ml IGF-1 for the indicated times
following serum starvation. Suspension cells were detached after 3 hr and left in
suspension for 1 hr. Densitometry quantification is presented as the average fold-
change = SEM in ratio of phospho/total protein relative to the control condition. Blots
are representative of n=3 independent experiments. Significance was calculated
using a two-sided one-sample or two-sample f-test. (B) Immunoblotting of
phosphorylated Tyr''3/1136 |GF-1R  (p-Y1135/1136), Tyr'?%1251 |GF-1R (p-
Y1250/1251), total IGF-1R, FAK phosphorylated on Tyr®’ (p-Y397), total FAK,
ERK1/2 phosphorylated on Thr2%?/Tyr2%4 (p-T202/Y204) and total ERK1/2 of cancer
cells serum-starved and stimulated with 50 ng/ml IGF-1 for indicated times. The blots
are representative of n=3 independent experiments.

P-values are indicated by *<0.05, **<0.01, ***<0.001.
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5.3.3 A Tyr'?591251 phosphomimetic mutant IGF-1R is fully active,
but rapidly turned over

The next question we asked was how the phosphorylation on the Tyr!250/1251
site contributes to IGF-1R function and signalling. To address this, we
generated a phosphomimetic for this site, a mutant IGF-1R with tyrosines
Tyr125071251 gypstituted by negatively charged glutamic acids (EE mutant).
When transiently transfected into either R™ cells or the three different cancer
cell lines in which the IGF-1R was knocked-out by CRISPR technology
(MCF-7, MDA-MB-231, DU-145 KO; Chapter 4), the EE mutant was
consistently expressed at significantly lower levels than either the WT IGF-1R
or FF mutant (Figure 5.7A). A similar pattern of lower expression was observed
in R cells stably expressing the EE mutant (Figure 5.7B), although mRNA
expression for the transfected WT, FF and EE constructs were similar (Figure
5.7C). Single mutation of either Tyr'2%0 or Tyr'?5! to glutamic acid was also
sufficient to impair receptor protein expression compared to WT IGF-1R, as

shown for MCF-7 in Figure 5.7D.
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Figure 5.7: Double or single mutations of IGF-1R Tyr'?5%125! to glutamic acid
cause lower IGF-1R protein expression, but do not affect mRNA levels.

(A) Immunoblotting for phosphorylated Tyr'1351136 (p-Y1135/1136) and Tyr'25912%1 (p-
Y1250/1251) IGF-1R and total IGF-1R in WCL of R’ cells and total IGF-1R in WCL of
MCF-7-KO, MDA-MB-231-KO and DU-145-KO cells expressing the WT, FF or EE
IGF-1R. Densitometry quantification is presented as the average fold-change + SEM
in IGF-1R protein relative to the control condition. Blots are representative of n=3
independent experiments. Significance was calculated using a two-sided one-sample
t-test. (B) Immunoblotting for IGF-1R in WCL of R- cells stably expressing IGF-1R
WT, FF or EE. Fold change in IGF-1R protein were measured by densitometry and
presented as mean+ SEM fold change relative to control condition (white bare; set to
1); significance as calculated using a two sided single sample t-test Blots are
representative of n=3. (C) IGF-1R mRNA expression in R cells transiently expressing
the IGF-1R WT, FF or EE was assessed by gqRT-PCR. CT values were normalized to
actin as housekeeping gene. Data is presented as mean+ SEM fold change relative
to control condition (set to 1; white bar). Significance was calculated from n=3
independent experiments using a single sample t-test (D) Immunoblotting for IGF-1R
in whole cell lysates of MCF-7-KO cells transiently expressing IGF-1R WT, 1250E,
1251E or EE. Fold change in IGF-1R protein was measured by densitometry and
presented as mean+ SEM fold change relative to the control conditions (set to 1).
Significance was calculated using a single sample t-test. Blots are representative of
n=3 independent experiments. P-values are indicated by *<0.05, **<0.01, ***<0.001.
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Although present at lower levels in cells, the EE mutant was functional and
mediated IGF-1-stimulated kinase activation and downstream signalling. Cells
expressing either the WT or EE IGF-1R exhibited similar IGF-1 stimulated AKT
and ERK1/2 activation (Figure 5.8A). The Y12501F/Y1251F (FF) mutant
exhibited lower IGF 1R and ERK1/2 activation than WT (Figure 5.8A), which
is consistent with previous studies (Leahy et al., 2004). Transient
overexpression of WT, FF or EE in MDA-MB-231-KO cells also demonstrated
that the activation of EE was comparable to WT IGF-1R, whereas it was higher

than FF (Figure 5.8B).
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Figure 5.8: The EE mutant exhibits similar IGF-1R and downstream activation
to WT receptor.

(A) Immunoblotting for the indicated phosphorylated forms of IGF-1R, total IGF-1R,
AKT phosphorylated on Ser*’? (p-S473), ERK1/2 phosphorylated on Thr2°2 and Tyr2%4
(p-T202/Y204) in WCL of R cell transiently overexpressing IGF-1R WT, FF or EE and
stimulated with 10 ng/ml IGF-1 for the indicated times following serum starvation.
Densitometry quantification is presented as the average fold-change + SEM in ratio
of phospho/total protein relative to the control condition (white bar). Blots are
representative of n=3 independent experiments. Significance was calculated using a
two-sided two-sample t-test. (B) Immunoblotting for phosphorylated Tyr!'3%1136 |GF-
1R (p-Y1135/1136) and total IGF-1R, AKT phosphorylated on Ser*”® (p-S473) and
total AKT in WCL of MDA-MB-231-KO cells transiently overexpressing the IGF-1R
WT, FF or EE and stimulated with 10 ng/ml IGF-1 for the indicated times following
serum starvation. Densitometry quantification shows the average fold-change + SEM
in ratio of phospho/total protein relative to the control (white bar). Blots are
representative of n=3 independent experiments. Significance was calculated using a
two-sided two-sample t-test. P-values are indicated by *<0.05, **<0.01, ***<0.001.
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It was demonstrated before, that the IGF-1R FF displayed lower IGF-1R kinase
activity than the WT IGF-1R (O'Connor et al., 1997). Thus we next used in vitro
kinase assays to compare the IGF-1R kinase activity of EE with WT and the
FF mutant. /n vitro EE kinase activity was similar to WT, whereas FF kinase

activity was lower than WT (Figure 5.9).
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Figure 5.9: IGF-1R EE mutant exhibits a similar kinase activity to the WT
IGF-1R.

Immunoblotting for total IGF-1R in WCL of R cells transiently overexpressing IGF-1R
WT, FF or EE used to determine protein input to IP for in vitro kinase assays followed
by immunoblotting of immunoprecipitated IGF-1R (all adjusted to EE protein level).
Kinase assay data are presented as average fold-change + SEM in kinase activity
(measured in relative luciferase units: RLU) relative to IGF-1R WT (set to 1). Blots are
representative of n=3 independent kinase preparations. Significance was calculated
using two-sided one-sample t-test. P-values are indicated by *<0.05, **<0.01,
***<0.001.
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The lower cellular abundance of the EE mutant compared to WT and FF
suggested that Tyr'2591251 phosphorylation may influence the translation or
stability of the IGF-1R protein. To rule out the possibility that low EE protein
was due to impaired protein synthesis, we used cycloheximide (CHX) to
suppress protein synthesis, and then assessed levels of newly synthesized
protein over time (Figure 5.10). From these experiments, it was clear that
levels of WT and both IGF-1R mutants were expressed at similar levels
following CHX exposure (Figure 5.10), thereby indicating similar protein

synthesis.
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Figure 5.10: IGF-1R mutants are synthesized at a similar rate to the WT
receptor.

Immunoblotting for IGF-1R in whole cell lysates of R- cells transiently expressing IGF-
1R WT, FF and EE cultured in control medium (0 hr) or medium with Cycloheximide
(50 pg/ml CHX) for 24 hr followed by culture in complete medium (chase) for 6 or 8
hr. Densitometry quantification is presented as the average fold-change + SEM in
IGF-1R protein relative to the control condition (white bar; WT IGF-1R UT). Blots are
representative of n=3 independent experiments. Significance was calculated using
one-way ANOVA.
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Since the reduced levels of IGF-1R EE protein were not due to impaired IGF-
1R synthesis, we next tested whether inhibition of proteasomal or lysosomal
activity could restore IGF-1R EE protein in cells. We observed that inhibition
of proteasomal activity with MG-132 for 6hr restored the EE 3 chain to protein
levels that were similar to WT and FF IGF-1R in control cells (0 hr), and in
addition, the pro-receptor was also recovered (Figure 5.11A). Lysosomal
inhibition with E64D+Leupeptin or Chloroquine (CQ), while successfully
inhibiting LC3 degradation, did not affect EE protein abundance (Figure 5.11B)
indicating that the EE mutant is not more susceptible to lysosomal degradation

than the WT receptor.
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Figure 5.11: Phosphorylation of Tyr'250/1251 |IGF-1R targets the receptor for
proteasomal degradation.

(A) Immunoblotting for total IGF-1R and SNAIL in WCL of R cells transiently
expressing IGF-1R WT, FF or EE cultured in control medium (0O hr) or medium
containing 10 yM MG-132 for 4 or 6 hr. Densitometry quantification is presented as
the average fold-change + SEM in IGF-1R protein relative to the control condition
(white bar; WT 0 hr). Blots are representative of n=3 independent experiments.
Significance was calculated using a two-sided one-sample or two-sample t-test. (B)
Immunoblotting for total IGF-1R and LC3 in WCL of R cells transiently expressing
IGF-1R WT, FF or EE cultured in control medium (0 hr), or medium containing either
2 UM Leupetin+ 2.6 yM E64D (Leu+E64D) or 50 M Chloroquine (CQ) for 4 or 6 hr.
Densitometry quantification is presented as average fold-change + SEM in IGF-1R
protein relative to the control condition (white bar; WT 0 hr). Blots are representative
of n=3 independent experiments. Significance was calculated using a two-sided one-
sample or two-sample t-test.

P-values are indicated by *<0.05, **<0.01, ***<0.001.
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Since the inhibition of the proteasomal activity recovered the IGF-1R EE
protein, it suggests that Tyr'250/125" |GF-1R phosphorylation enhances the
receptor degradation. Protein degradation of the IGF-1R is tightly linked to
ubiquitination (Sehat et al., 2007). We therefore tested whether
phosphorylation of Tyr'201251 |GF-1R increases IGF-1R ubiquitination. We
observed that significantly more ubiquitin was immunoprecipitated with the
IGF-1R EE mutant compared to the WT, and that the FF IGF-1R is less
ubiquitinated than the WT IGF-1R (Figure 5.12A), indicating that the EE IGF-
1R is degraded at higher rate than the WT or FF IGF-1R and that the FF is
degraded less than the WT. We further investigated whether stimulation of R
cells with high or low IGF-1 concentrations influenced the degradation of the
EE compared to the WT IGF-1R and FF. This demonstrated that IGF-1
stimulation at either high or low IGF-1 concentrations resulted in a similar
reduction in WT and EE receptor at 6 and 12 hours, whereas FF abundance
was not significantly reduced after 6 hours and was comparable to
unstimulated cells. Thus, the FF mutant appears to be protected from
degradation (Figure 5.12B).

Taken together, these results demonstrate that the IGF-1R EE mutant
is kinase active and responsive to IGF-1 but is less stable than WT. The data

suggest that Tyr12501251 phosphorylation accelerates IGF-1R protein turnover.
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Figure 5.12: Tyr'?%1251 phosphorylation facilitates IGF-1R protein turnover.

(A) Immunobilotting for ubiquitin on IGF-1R immunoprecipitated from WCL of R cells
transiently overexpressing WT, FF or EE IGF-1R followed by immunoblotting for
IGF-1R. Immunoblotting for total IGF-1R in WCL of R cells transiently overexpressing
IGF-1R WT, FF or EE used to determine protein input to IP for ubiquitination assay
(all adjusted to EE protein level). Densitometry quantification is presented as average
fold change + SEM in ratio of ubiquitin/IGF-1R protein relative to control condition
(white bar, IGF-1R WT). Blots are representatives of from n=3 independent
immunoprecipitations. (B) Immunoblotting for IGF-1R in WCL from R cells transiently
expressing IGF-1R WT, FF or EE stimulated with the indicated concentrations and
times of IGF-1 stimulation. Densitometry quantification is presented as average fold
change + SEM in IGF-1R protein relative to control condition. Blots are representative
of n=3 independent experiments. Significance was calculated using a two-sided one-
sample or two sample t-test. P-values are indicated by *<0.05, **<0.01, ***<0.001.
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5.3.4 Tyr12301251 hhosphorylation promotes IGF-1R translocation
to the Golgi apparatus

The EE mutant IGF-1R was highly active in signalling even with low levels of

protein (Figure 5.8, Figure 5.9), so we next investigated its sub-cellular

localisation to gain further insights into the function of IGF-1R Tyr1250/1251

phosphorylation. We also compared |GF-1-stimulated EE internalisation and

trafficking with the WT and FF receptors.

As expected, WT was mainly located on the cell membrane in serum-
deprived cells (Figure 5.13A; 0 min IGF-1; zoom b), however, we observed
that a pool of IGF-1R was located at the perinuclear region (Figure 5.13A; 0
min IGF-1; zoom a) of these cells. In IGF-1-stimulated cells, both WT and EE
receptors were visible in large vesicles. Over time these vesicles appeared to
accumulate at the perinuclear region and were less evident at the plasma
membrane (Figure 5.13A; 10 min IGF-1). These IGF-1R-containing vesicles
were less evident in cells expressing the FF mutant, in which the receptor was
predominantly located at the plasma membrane in both serum-deprived cells
and in IGF-1 stimulated cells (Figure 5.13A; 0 and 10 min IGF-1). The relative
translocation patterns of IGF-1R WT and EE from the membrane to perinuclear
region of the cells observed in Figure 5.13A were illustrated by showing the
intensity in fluorescence signal along a line that was drawn diagonally from cell
membrane to cell membrane through the nucleus (Figure 5.13B). In the
absence of IGF-1 (0 min), cells expressing the EE mutant exhibited a clear
peak in green fluorescence signal close to the nucleus (blue line). This peak
was less prominent in cells expressing WT and was not visible with the FF

mutant. Over time cells expressing either WT or EE displayed a shift in green
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signal towards the blue line and a reduction in green signal intensity at the

beginning of the line (representing the plasma membrane) (Figure 5.13B).
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Figure 5.13: Tyr'?%1251 phosphorylation promotes IGF-1R translocation to the

perinuclear region.

(A) Immunofluorescence of R cells transiently expressing WT, FF or EE IGF-1R
showing IGF-1R (green) and nuclei (blue) following serum starvation (0 min IGF-1) or
IGF-1 stimulation (5 and 10 min). Images are representative of n=4 independent
experiments with a 50 ym scale bar. (B) Staining intensity (Y-axis) of IGF-1R (green
line) in relation to the nuclear area (blue line) measured using the RGB plot profiler
from ImagedJ software. Representative cells were used to draw a line (X-axis) from

Distance pm

[membrane to membrane through nucleus]

the cell membrane through the nucleus to the membrane.
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Immunofluorescence analysis showed that both the IGF-1R WT and EE rapidly
translocated from the plasma membrane to the perinuclear region in response
to IGF-1. Therefore, we next assessed receptor internalisation using in-cell
western assays to quantify the ratio of IGF-1R present at the plasma
membrane relative to total receptor in cells stimulated with IGF-1. Whereas the
amounts of the receptor on the cell surface declined in response to IGF-1 in
cells expressing either the WT or EE receptors, the cell surface amounts of FF

receptors were not altered (Figure 5.14).
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Figure 5.14: IGF-1 induces surface depletion in the IGF-1R WT and the EE.

In-cell-western from R cells transiently transfected with WT, FF or EE IGF-1R probed
for total (TR) and surface (SR) IGF-1R. Densitometry quantification is presented as
average fold- change + SEM in IGF-1R surface protein relative to the control condition
(white bar; TR in WT). Graphs were generated from n=3 independent experiments.

Significance was calculated using a two-sided one-sample or two-sample t-test. P-
values are indicated by *<0.05, **<0.01, ***<0.001.
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To test whether WT and EE were being actively internalised into vesicles, we
used an antibody detecting the a-chain-IGF-1R (a-IR-3) that competes with
IGF-1 for binding to the a-subunit and is known to induce receptor
internalisation (Arteaga et al., 1989). R cells expressing the WT, FF or EE
IGF-1R were serum-starved for 4 hr and cultured with the a-IR-3 antibody for
30 min either at 37°C or on ice, which inhibits cellular processes, including
endocytosis (Figure 5.15). The cells were fixed and stained with a primary
antibody to detect the B-chain IGF 1R and secondary antibody staining against
a-IR-3 antibody and B-chain IGF 1R. Co-localisation of a-IR-3 with the B-chain
was demonstrated for the a-IR-3 antibody that was internalised in vesicles after
30 min at 37°C, in cells expressing the IGF-1R WT or EE mutant. For cells
expressing the FF mutant co-localisation of a-IR-3 with the B-chain was
observed at the plasma membrane (Figure 5.15).

We conclude that activated WT IGF-1R and EE mutant were rapidly
internalised into intracellular vesicles that accumulate at the perinuclear region
over time. The observation that the FF mutant neither accumulated within
vesicles nor underwent post-endocytotic trafficking suggests that
phosphorylation on Tyr1250/1251 jg required for internalisation and accumulation

of the IGF-1R at the perinuclear region.
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Figure 5.15: Receptor activation induces internalisation of IGF-1R WT and EE
into large vesicles.

(A), (B): Immunofluorescence of R cells transiently expressing the WT, FF or EE
IGF-1R that were serum for 4 hr or incubated with an antibody detecting the IGF-1R
a-chain (a-1R-3 100 ng/ml) for 30 min either on ice or at 37°C. Co-localisation of IGF-
1R a-IR-3 antibody (red) and IGF-1Rp (green) is indicated as a yellow signal. (A)
Multiple images were acquired using the SPOT charge-coupled device camera
mounted on a Nikon T600 fluorescent microscope. Representative images of n=2
independent experiments are shown with a 50 yM scale bar. (B) Multiple images (n=3)
of cells were acquired using the Fluoview FV1000 confocal laser scanning
microscope. Representative images from n=2 independent experiments. Scale bar is
50 ym.

210



Post-endocytic trafficking of surface receptors and proteins to the
Golgi-apparatus has been described as retrograde trafficking and a process
that may be important for cell signalling (Johannes and Popoff, 2008, Ye et al.,
2016). We therefore further investigated IGF-1R co-localisation with the
cis-Golgi marker GM130 in cells expressing WT, FF or EE mutant. The WT
and EE IGF-1R co-localised with GM130 at the cis-Golgi compartment over
time (Figure 5.16A). In addition, we used a biotin-VVA lectin, which labels
N-acetylgalactosamine and is a marker for both frans- and cis-Golgi
(co-localisation with GM130; Figure 5.16B), and co-localisation of WT and EE
IGF-1R was also evident (Figure 5.16C). The EE mutant was also observed at
the Golgi apparatus in serum-starved cells, suggesting that phosphorylation

on this site was sufficient in part, for IGF-1R translocation to the Golgi.
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Figure 5.16: Tyr'%%1251 phosphorylation mediates IGF-1R translocation to the
Golgi-apparatus.

(A) Immunofluorescence of R cells expressing WT, FF or EE IGF-1R that were either
serum-starved (0 min IGF-1) or stimulated with IGF-1 (5, 10, 30 min IGF-1) showing
IGF-1R in green, cis-Golgi (GM130) in red and the nucleus (Hoechst) in blue. Images
were acquired as 0.5 ym z stacks using the Fluoview FV1000 confocal laser scanning
microscope and are displayed as maximum intensity projection with a 50 ym scale
bar. Images are representatives of n=3 independent experiments. (B), (C):
Immunofluorescence of R cells expressing WT, FF or EE IGF-1R following IGF-1
stimulation for the indicated times showing (B) VVA (green), the Golgi apparatus
(VVA/GM130: red) (C) IGF-1R (green), the Golgi apparatus (VVA/GM130: red) and
the nucleus (blue). Multiple images (n=3) were acquired using a Nikon T600
microscope. Representative images of n=2 are shown with and (B) a 20 ym scale bar
and (C) a scale bar a 50 ym scale bar.
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To further test whether WT and EE IGF-1R were present in the Golgi
apparatus, we used Brefeldin A (BFA), to induce cis-Golgi fragmentation
(Lippincott-Schwartz et al., 1989) in R cells expressing the WT, FF or EE
receptors. Fragmentation of the cis-Golgi using BFA resulted in lower levels of
WT and EE mutant expression (Figure 5.17), whereas the IGF 1R FF mutant

was not affected.
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Figure 5.17: Disruption of the Golgi apparatus causes decreased levels of
IGF-1R WT and EE, but not FF mutant.

Immunoblotting for total IGF-1R in WCL of R cells transiently expressing IGF-1R WT,
FF or EE mutant cultured in control medium (0 hr) or medium containing 10 pyg/ml
Brefeldin A (BFA) for 4 and 6 hr. Densitometry quantification is presented as average
fold- change + SEM in IGF-1R protein relative to the control condition (white bar, WT
0 hr). Blots are representative of n=3 independent experiments. Significance was
calculated using a two-sided one-sample or two-sample t-test. P-values are indicated

by *<0.05, **<0.01, ***<0.001.
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Recently it was demonstrated that the IGF-1R translocates to the nucleus in
response to IGF-1 (Aleksic et al., 2010, Aleksic et al., 2018). The level of
IGF-1R nuclear translocation was found to be proportional to the
ligand-induced IGF-1R kinase activation. Furthermore the translocation was
inhibited using pharmacological inhibitors blocking the IGF-1R activation or
internalisation. We observed IGF-1 rapidly induced IGF-1R WT and EE
translocation into the perinuclear region and thus, tested whether Tyr!250/1251
phosphorylation may also be required for further translocation to the nucleus.
However, IGF-1R WT, FF and EE were all found in both the cytosolic as well
as the nuclear fraction, indicating that Tyr'250/125" phosphorylation is not
required for nuclear translocation (Figure 5.18A). Furthermore, IGF-1RWT, FF
and EE were observed in both the soluble phase as well as the insoluble phase
of the nucleus, suggesting that Tyr'250/1251 phosphorylation is not needed for
binding to the chromatin (Figure 5.18B).

Taken together these results indicate that IGF-1-induced internalisation
and accumulation of the IGF-1R in the Golgi apparatus requires

phosphorylation on Tyr250/1251 'however, translocation to the nucleus does not.
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Figure 5.18: Tyr'2%012%1 phosphorylation is not required for nuclear
translocation of the IGF-1R.

(A) Immunoblotting for IGF-1R in the cytosolic (C) and nuclear (N) fractions of R cells
overexpressing the IGF-1R WT, FF or EE mutant. Blots are representatives of n=2
independent experiment. (B) Immunoblotting for IGF-1R in the cytosolic fraction, as
well as the soluble and insoluble nuclear fraction of R" cells overexpressing the IGF-
1R WT, FF or EE mutant; n=1.
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5.3.5 Tyr12501251 phosphorylation and adhesion signals promote

IGF-1R presence in and signalling from the Golgi
The Tyr!250/1251 sjte is required to support a transformed phenotype, cancer cell
survival, cell migration, tumour growth and metastasis in vivo (Brodt et al.,
2001, Samani et al.,, 2007, Osher and Macaulay, 2019). Golgi-derived
signalling is implicated in cell migration (Millarte and Farhan, 2012), so we
hypothesized that Tyr'25%/1251 phosphorylation and IGF-1R Golgi location may
be a feature of migratory cancer cells.

To test this, IGF-1R localisation in low-migratory MCF-7 cancer cells
was compared with migratory MDA-MB-231 and HS-578T cells which also
exhibited relatively high IGF-1R Tyr!25%1251 phosphorylation levels (Figure 5.3).
The IGF-1R was evident at sites of focal adhesion in MCF-7 cells (arrows)
while in MDA-MB-231 and HS-578T cells it was also clearly located within the

Golgi apparatus (Figure 5.19).
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Figure 5.19: IGF-1R localises in the Golgi of migratory cancer cells.

Immunofluorescence of MCF-7, MDA-MB-231 and HS578T cells stained for IGF-1R
(green) and the cis-Golgi (GM130; red) or IGF-1R (green) and the cis/trans-Golgi
(VVA: red). Images were acquired using the Leica DM LB2 microscope. Images were
acquired using the Leica DM LB2 microscope and are representatives of n=3
experiments with a 20 ym scale bar.
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To test, whether disruption of the Golgi-apparatus would decrease the levels
of IGF-1R in these cells as well, as observed in (Figure 5.17), we fragmented
the cis-Golgi compartment with Brefeldin A (BFA). IGF-1R levels were reduced
by the Golgi fragmentation in MDA-MB-231 and HS-578T cells, whereas in
MCF-7 cells IGF-1R levels were not affected (Figure 5.20A). Furthermore,
while disruption of the Golgi with BFA did not alter the distribution of the IGF-
1R from the plasma membrane in MCF-7 cells, BFA caused dispersal of the
IGF-1R from the Golgi apparatus in MDA-MB-231 and HS-578T cells (Figure
5.20B). In these cells IGF-1R staining remained visible at the leading edge

within lamellipodia.
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Figure 5.20: Disruption of the Golgi reduces IGF-1R levels in migratory cell
lines.

(A) Immunoblotting for IGF-1R in whole cell lysates of MCF-7, MDA-MB-231 and HS
578T cells cultured in control medium (O hr) or medium containing 10 yg/ml Brefeldin
A (BFA) for 4 hr. Densitometry quantification is presented as average fold-change +
SEM in IGF-1R protein relative to the control condition (white bar; Ctl). Blots are
representative of n=3 independent experiments. Significance was calculated using a
two-sided one-sample t-test. (B) Immunofluorescence of MCF-7, MDA-MB-231 and
HS-578T cells cultured in control medium (0 hr) or 10 ug/ml Brefeldin A (BFA) for 4 hr
and stained for top panels: IGF-1R (green) and the cis-Golgi (GM130: red) or bottom
panels: IGF-1R (green) and the cis/trans-Golgi (VVA: red). Images were acquired
using the Leica DM LB2 microscope. Images are representatives of n=3 and with a
20 pym scale bar.

P-values are indicated by *<0.05, **<0.01, ***<0.001.
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Golgi-localisation of the IGF-1R associated with a migratory phenotype and
since we observed that levels of IGF-1R were profoundly decreased in these
cell lines, we next investigated whether IGF-1R signalling can derive from the
Golgi-compartment. While IGF-1-induced phosphorylation on Tyr!250/1251 was
detectable in both MCF-7 and HS 578T cells, the basal amounts of SHC
(Tyr239/240) - phosphorylation and IGF-1 induced SHC phosphorylation
(Tyr239/240) were impaired by BFA in HS-578T cells, but not in MCF-7 cells

(Figure 5.21).
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Figure 5.21: Disruption of the Golgi impairs IGF-1-induced SHC activation in
HS-578T.

Immunoblotting for phosphorylated Tyr''3®113¢ (p-Y1135/1136), Tyr'25125! |GF-1R
(p-Y1250/1251), total IGF-1R, FAK phosphorylated on Tyr®®” (p-Y397), total FAK,
SHC phosphorylation on Tyr?%¥240 and total SHC, AKT phosphorylated on Ser’?
(p-S473), total AKT, ERK1/2 phosphorylated on Thr2%2/Tyr204 (p-T202/Y204) and total
ERK1/2 in WCL of MCF-7 and HS-578T cells stimulated with IGF-1 for the indicated
time following 4 hr serum starvation. Densitometry quantification is presented as the
average fold-change + SEM in ratio of phospho/total protein relative to the control
condition. Blots are representative of n=3 independent experiments. Significance was
calculated using a two-sided one-sample or two-sample t-test. P-values are indicated
by *<0.05, **<0.01, ***<0.001.
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We found that the IGF-1R was expressed at the lamellipodia of cells, even
when the Golgi was disrupted (Figure 5.20), and that Tyr!250/1251
phosphorylation required adhesion signalling (Chapter 3, Figure 5.5 and
Figure 5.6). Therefore, we next investigated whether cell adhesion controls
IGF-1R localisation at the plasma membrane or Golgi in MCF-7 and HS-578T
cells. IGF-1R location and phosphorylation on Tyr!25%1251 was monitored over
time in response to the formation of nascent focal adhesion contacts in cells
that were allowed to attach to fibronectin-coated plates and coverslips.
Immunofluorescence showed that IGF-1R was present at the plasma
membrane in both cell types at 15 min after cell seeding (Figure 5.22A). At this
time phosphorylation on Tyr'250/1251 was low (Figure 5.22B). In MCF-7 cells the
IGF-1R was observed in focal adhesion points at 30 min post cell seeding and
it remained there for up to 60 min (Figure 5.22A). In HS-578T cells at 30 min
the IGF-1R appeared to have retracted from the plasma membrane to the
Golgi and be exclusively Golgi-located by 60 min (Figure 5.22A). In MCF-7
cells phosphorylation on Tyr1250/1251 remained low over time after cell adhesion,
whereas in HS-578T cells Tyr'250/1251 phosphorylation increased over time
after adhesion (Figure 5.22B). These results indicate that IGF-1R becomes
rapidly recruited to nascent focal adhesion points in HS-578T cells, and that
IGF-1R and adhesion-dependent Tyr'250/1251  phosphorylation promotes

subsequent translocation of the receptor to the Golgi.

223



Time [min] of adhesion
15 30 45 60 MCF-7 HS-578T
kDa 0 15 30 45 60 0 15 30 45 60 Time [min] of adhesion
100 [0 1% 10 O I O B p-v 1250/

e e : 1

100 {0 ENENEN . e IGF-1R
130 4 = s B P Y397 FAK
0/Phal 130-—-——-—:=——-"FAK

55 | - - —— — — — | D-S473 AKT

55 | e e — g w— W " .| AKT

P ——— p-T202/
42 1= ——— Y204 ERK

LPEE—$—2—3—$—1 + T T T [=hlS
371 |GAPDH

x25 *e
o . HS-578T

G
[
=)

*

Fold change
p-Y1250/1251 IGF-

& =T
o w o w

0 20 40 60[min]
Time of adhesion

Figure 5.22: Formation of nascent focal adhesion points recruits IGF-1R to the
membrane.

(A) Immunofluorescence of MCF-7 and HS-578T cells stained for IGF-1R (green),
GM-130 (red) and actin (Phalloidin: blue), after adhesion to 5 pyg/ml Fibronectin for
the indicated times. Images were acquired using the Leica DM LB2 microscope and
are representatives of n=3 experiments with the scale bar at 20 ym.
(B) Immunoblotting for Tyr'2%91251 |GF-1R (p-Y1250/1251), total IGF-1R, FAK
phosphorylated on Tyr®%" (p-Y397), total FAK, AKT phosphorylated on Ser*”® (p-
S473), total AKT, ERK1/2 phosphorylated on Thr202/Tyr2%4 (p-T202/Y204) and total
ERK1/2 in WCL of MCF-7 and HS-578T cells cultured on fibronectin (5 pyg/ml) for the
indicated times. Densitometry quantification is presented as the average fold-change
+ SEM in ratio of phospho-Tyr'2%125" |GF-1R/total IGF-1R relative to the control
condition (0 min of adhesion) over time. Blots are representative of n=3 independent
experiments. Significance was calculated using a two-sided one-sample t-test. P-
values are indicated by *<0.05, **<0.01, ***<0.001.
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Directed migration of epithelial cells requires the formation of leading edge
protrusions and repeated adhesion to the ECM, which involves the formation
of new focal adhesion points (Millarte and Farhan, 2012). We therefore
investigated whether the IGF-1R becomes recruited to focal adhesion points
in migrating cells. In a wound healing assay using HS-578T cells, large focal
adhesion points were visible at the leading edge of the migrating cells, 6 hr
post-wounding (Figure 5.23A). In agreement with observations in Figure 5.19A
immunofluorescence analysis showed that the IGF-1R was clearly located
within the protrusions of moving cells (Figure 5.23A). In these cell cultures it
was also clear that IGF-1R was predominantly located in the Golgi apparatus
within cells that were part of the high confluency monolayer. To test whether
Golgi apparatus is essential for IGF 1 promoted migration, cells were allowed
to migrate for 6 hr post-wounding in the presence or absence of BFA for 4 hr.
This demonstrated that IGF-1-stimulated HS-578T cell migration was

abolished by disrupting the Golgi (Figure 5.23B).
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Figure 5.23: Formation of adhesion points during migration releases IGF-1R
from the Golgi and disruption of the Golgi inhibits migration.

(A) Phase contrast images of HS-578T cells in a wound healing assay.
Representative images (n=3) were acquired using the Nikon Eclipse TE 300
microscope at 0 hr and 6 hr of migration (scale bar 250 pym). Cells were then fixed
and stained for IGF-1R (green), Golgi (GM-130: red) and actin (Phalloidin: blue).
Immunofluorescence images were acquired using a Leica DM LB2 microscope and
are representatives of n=3 with the scale bar at 20 ym. (B) Phase contrast images of
HS-578T cells in a wound healing assay cultured in serum-free control medium or
with BFA (10 pyg/ml) added, or with IGF-1 (50 ng/ml) or with both BFA+IGF-1 added
at 0 and 6 hr of migration. Images were obtained with a Nikon Eclipse TE 300
microscope and are representatives of n=3. Scale bar is 250 ym.
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To better understand what promotes IGF-1R localisation to Golgi, we further
assessed IGF-1R location in MCF-7 and HS-578T cells that were cultured to
either sub-confluence (with potential for cell migration and cell/matrix contacts)
or high confluence (favouring cell-cell adhesion). We observed that when cell-
cell adherence was high in MCF-7 cells, the IGF-1R was located at the plasma
membrane sites of cell-cell adhesion (Figure 5.24A) as has been previously
described (Nagle et al., 2018), whereas it was located at sites of focal cell
adhesion in sub-confluent cultures. In both MCF-7 cultures, basal
phosphorylation on  Tyr!2501251  was present and IGF-1 induced
phosphorylation of SHC (Tyr23%/240) was evident (Figure 5.24B). In contrast, in
sub-confluent HS-578T cells, the IGF-1R was located at the leading edge and
in Golgi with significant IGF-1-induced phosphorylation of Tyr'250/1251 gyident,
whereas in confluent cells, the IGF-1R was predominantly located in the Golgi
(Figure 5.24A), where constitutive Tyr'20/1251 phosphorylation was evident.
HS-578T cells growing under high-confluency conditions exhibited little
IGF-1-stimulated SHC phosphorylation (Figure 5.24B). However, induction of
phosphorylation on Tyr'13%1136 gnd activation of AKT and ERK1/2 was present,
confirming that the IGF-1R is likely to be active within the Golgi in these cells.

Taken together, these data indicate that phosphorylation on Tyr!250/1251
promotes accumulation of IGF-1R in the Golgi. Moreover, within the Golgi, the
IGF-1R is active and induces downstream signalling. On the other hand, cell-
ECM adhesion signals during cell migration enhance IGF-1-induced
phosphorylation on Tyr'2501251 resulting in the IGF-1R being predominantly

located both in Golgi and at the leading edge of migrating cells.
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Figure 5.24: Cell-ECM contact regulates phosphorylation on Tyr'25012%! |IGF-1R
in migratory cells.

(A) Immunofluorescence of MCF-7 and HS-578T cells cultured at the indicated
confluency and stained for IGF-1R (green)/Golgi (GM130: red), IGF-1R (green)/Actin
(Phalloidin: red). Immunofluorescence images were acquired using a Leica DM LB2
microscope and are representatives of n=3 with a scale bar of 20 ym. (B)
Immunoblotting for Tyr!'31136 |GF-1R (p-Y1135/1136), Tyr'®%125! |GF-1R (p-
Y1250/1251), total IGF-1R, FAK phosphorylated on Tyr®®” (p-Y397), total FAK, SHC
phosphorylated in Tyr23%240 (P-Y239/240), AKT phosphorylated on Ser*’® (p-S473),
total AKT, ERK1/2 phosphorylated on Thr2%2/Tyr?%* (p-T202/Y204) and total ERK1/2
from MCF-7 and HS 578T cells cultured to the same confluency as cells shown in
images, and stimulated with IGF-1following serum starvation. Densitometry
quantification is presented as the average fold-change + SEM in ratio of phospho/total
protein relative to the control condition (white bar). Blots are representative of n=3
independent experiments. Significance was calculated using a two-sided one-sample
or two sample t-test. P-values are indicated by *<0.05, **<0.01, ***<0.001.
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5.4 DISCUSSION

Although IGF-1 signalling has a well-described function in facilitating
tumorigenesis and promoting tumour growth, it is unresolved why levels of
IGF-1R expression do not correlate with activity in cancer cells, and why
IGF-1R-targeting drugs have been largely ineffective. Our findings here
(summarized in the model in Figure 5.25), explain a hidden activity of the
IGF-1R in promoting an aggressive cancer phenotype and evading therapy.
Adhesion-dependent phosphorylation of the IGF-1R on Tyr'2591251 promoted
receptor internalisation, accelerates receptor turnover and translocation to
Golgi from where it elicited signalling and was available for transport to and
from new focal adhesion sites in migrating cells.

Previous studies have reported that IGF-1R activity and signalling can
be modulated by cell adhesion signals (reviewed in (Cox et al., 2015)) and
directly by adhesion-associated kinases including FAK, Src and FER
(Peterson et al., 1996, Flossmann-Kast et al., 1998, Ucar et al., 2012,
Taliaferro-Smith et al., 2015, Stanicka et al., 2018). The presence of Tyr1250/1251
is necessary for the integration of IGF-1R and B1-Integrin signalling mediated
by their co-recruitment into a scaffolding complex containing RACK1, SHC and
other signalling mediators for activation of MAPK signalling (Hermanto et al.,
2002, Kiely et al., 2005). Loss of this interaction with mutation of the tyrosines
to phenylalanine results in impaired IGF-1-induced cell migration and tumour
growth in vivo (Brodt et al., 2001, Kiely et al., 2005). Our observations here,
that the phosphomimetic EE mutant (for Tyr250/1251 phosphorylation) became
more rapidly internalised and trafficked from the Golgi apparatus to the leading
edge of migrating cells, indicate that phosphorylation on this site is necessary

for cooperation with adhesion signalling. We found that IGF-1 also stimulates
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internalisation of WT IGF 1R to Golgi, demonstrating that this is an intrinsic
component of IGF-1R signalling when it is phosphorylated on these residues.
In migrating cells, the retraction of IGF-1R from focal adhesion (FA) points
mediated by phosphorylation on Tyr250/1251 ' may facilitate disassembly of FA
to promote migration of cells, and may also explain the impaired migratory
capacity of cells expressing the FF mutant, where the IGF-1R is retained at
the plasma membrane.

It is well documented that the outcome of RTK activation and signalling
can vary depending on receptor location (Disanza et al., 2009, Warren et al.,
2014, Yoneyama et al., 2018). Compartmentalization of RTK signalling may
facilitate recruitment of different effector proteins that might be dictated by a
specific cell phenotype. Emerging evidence suggests an important role for the
Golgi in oncogenic RTK signalling (Obata et al., 2017, Obata et al., 2018,
Frazier et al.,, 2019). Overexpressed or mutated MET causes ligand-
independent activation and signalling from MET in the Golgi, including
HERS3/ERBB3 phosphorylation (Frazier et al., 2019). Similarly, mutated forms
of the KIT receptor are retained in the Golgi where they are active and induce
downstream signalling (Xiang et al., 2007, Tabone-Eglinger et al., 2008,
Bougherara et al., 2009, Obata et al., 2018). VEGFR2, FGFR and EGFR are
also reported to be located at and induce signalling from the Golgi (Citores et
al., 2007, Warren et al., 2014, Ye et al., 2016). Our findings with the IGF-1R
add important knowledge to the understanding of Golgi-derived RTK
signalling, because we demonstrate that trafficking of this RTK to the
Golgi-apparatus is promoted by a specific adhesion and ligand-dependent
phosphorylation on Tyr'2591251 "|n migrating cells, IGF-1R was located at the

leading edge of nascent focal adhesions and was subsequently rapidly
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trafficked back to the Golgi. This suggests that a pool of Tyr!250/1251
phosphorylated IGF-1R is stored in the Golgi for signalling and fast trafficking
back to the membrane in migrating cells. Indeed, a similar trafficking route is
proposed for GOLM-mediated trafficking of ligand-activated EGFR in
hepatocellular carcinoma (Ye et al., 2016).

We have not however, established whether the IGF-1R is a cargo
protein, or whether it might participate in regulating secretion of proteins from
the Golgi, or what controls its trafficking out from the Golgi. Phosphorylation
on Tyr2501251 was low when the IGF-1R was recruited to the plasma
membrane, which  suggests that phosphatases may facilitate
dephosphorylation of Tyr!2501251  |eading to the release of IGF-1R from its
Golgi location. Once located at points of nascent focal adhesions, the IGF-1R
may promote the recruitment of other interacting partners and proteins leading
to the stabilization of focal adhesions. It is likely that the IGF-1R is
subsequently retracted from focal adhesions following IGF-1R phosphorylation
on Tyr1280/1251 An alternative possibility is that the IGF-1R trafficks to the Golgi
compartment as part of a multi-protein complex that is stored there for
signalling.

Golgi-derived oncogenic signalling may be especially active in cell
migration (Millarte and Farhan, 2012). Here, we observed that fragmentation
of the Golgi impaired cell migration in the presence of IGF-1. This was
associated with impaired SHC phosphorylation in migratory HS-578T cells, but
not in low-migratory MCF-7 cells. This is consistent with a previously described
requirement for an intact Golgi apparatus in activating the RAS pathway and
ERK signalling to establish cell polarity in migrating cells (Millarte and Farhan,

2012). The observation that impaired SHC phosphorylation was not observed
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in low-migratory cells suggests that different signalling outcomes can be
dictated by the same receptor dependent on its location and on cell phenotype,
as previously suggested (Niepel et al., 2013). Our data suggest that distinct
cell adhesion signals have an essential function in determining IGF-1R
autophosphorylation and location. Mesenchymal cancer cells exhibiting high
migratory capacity and aggressiveness are often deficient in E-cadherin, which
interacts with the IGF-1R and may retain it at cell-cell junctions in low-migratory
cells like MCF-7 cells (Nagle et al., 2018). Loss of E-cadherin would therefore
be likely to alter IGF-1R location and potentially facilitate IGF-1R interactions
with Integrins.

Activated intracellular and nuclear IGF-1R have previously been linked
to an aggressive cancer phenotype. For example, intracellular IGF-1R is more
abundant in malignant than benign epithelium in prostate cancer patient
tissues (Aleksic et al.,, 2018), and nuclear IGF-1R has been proposed to
facilitate breast, ovarian and prostate cancer (Aleksic et al., 2010, Deng et al.,
2011). Moreover, although abundance of the IGF-1R itself is not associated
with survival in breast cancer patients, high levels of IGF-1R phosphorylation
are linked to poor outcomes (Law et al., 2008). Our finding of Golgi-derived
IGF-1R signalling offers a mechanistic explanation for these effects, because
although the EE IGF-1R was expressed at lower levels in cells it retained high
activity.

In summary, phosphorylation-specific trafficking of the IGF-1R to the
Golgi and the association of this with aggressive cancer phenotype has
important consequences for IGF-1 signalling. Phosphorylated Tyr1250/1251 could

be a biomarker for identifying subsets of cancer that may not be targetable with
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anti-receptor antibodies but may be amenable to other therapies that would

target a signalling hub within the Golgi.
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Figure 5.25: Model for function of Tyr'2501251 phosphorylation in determining
IGF-1R location and signalling in the Golgi apparatus.

IGF-1 and adhesion signals promote Tyr'2%0/125" phosphorylation in both low or no-
migratory and migratory cells. In low or non-migratory cells, IGF-1R is predominantly
located at the plasma membrane or at stable focal adhesion points. However, in
migratory cells IGF-1R is predominantly located in the Golgi apparatus, and upon
induction of cell migration, translocates from the Golgi to the leading edge of cells.
Here, mediated by FAK, FER and IGF-1R kinase activity, Tyr'2%125! subsequently
becomes phosphorylated and returned to the Golgi where it mediates signalling
including phosphorylation of SHC.
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6 CHAPTER 6: GENERAL DISCUSSION

6.1 SUMMARY

Understanding IGF-1R kinase regulation and the complexity of its signalling
pathways is required before revisiting the therapeutic targeting of the IGF-1R
in cancer. IGF-1R signalling output may be influenced by cell-type and it can
be modulated by environmental changes (Pollak, 2012). Targeting the system
has been challenging because of compensatory signalling mechanisms and
cancer cells adapting to the loss of IGF-1R function (Osher and Macaulay,
2019). This thesis work, summarized in Figure 6.1, identifies two
adhesion-related mechanisms through which the IGF-1R activation and
function can be modified. First, it establishes the non-receptor tyrosine-kinase
FER as a novel cellular kinase for IGF-1R activation in cancer cells. Second,
it identifies the Golgi apparatus as a novel compartment for IGF-1R localisation
and signalling following rapid endocytosis that is dependent on
phosphorylation of two key tyrosines in the IGF-1R C-terminal-tail (Tyr!250/1251),
These findings provide valuable new insights into IGF-1R regulation in cancer
cells and also to our understanding of IGF-1R function in normal cells.

The Fes-related, F-BAR containing, cellular kinase FER enhanced
IGF-1R and SHC/MAPK pathway activation, even in conditions where the
IGF-1R is catalytically inactive. We observed that FER overexpression
specifically enhanced Tyr'2501251 |GF-1R phosphorylation either directly or
through protein complex formation with FAK. FER activation was facilitated by
IGF-1 and FER associated with IGF-1R and B1-Integrin at focal points of cell
adhesion. Tyr'25011251 in the IGF-1R was autophosphorylated in the presence

of adhesion-signalling and it was determined that both FER and FAK can also
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enhance this tyrosine phosphorylation in cancer cells. Using an IGF-1R
phosphomimetic, we established that IGF-1-induced  Tyr!250/1251
autophosphorylation was associated with the rapid translocation of IGF-1R to
the Golgi apparatus. Tyr'2501251 phosphorylation was also found to be high in
migratory cancer cell lines. In these cell lines IGF-1R is predominantly located
in the Golgi-apparatus and upon IGF-1 stimulation, this Golgi-localised
receptor was activated and could induce downstream signalling. Upon
formation of new focal adhesions and interaction with the ECM, either in the
process of cell adherence on substrate or during cell migration, the IGF-1R
was released from the Golgi to the plasma membrane. This coincided with low
levels of Tyr12501251 |GF-1R phosphorylation. Interestingly, in migratory cell
lines, IGF-1-induced phosphorylation on Tyr'2%0/1251 |GF-1R and subsequent
accumulation of IGF-1R in the Golgi-apparatus is influenced by cell-cell and
cell-ECM contacts, whereas in low or non-migratory cell lines, the IGF-1R is
predominantly located at the plasma membrane and this is independent of

cell-cell and cell-ECM contacts.
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Figure 6.1: Model for function of adhesion-activated FER and Tyr!250/1251
phosphorylation in promoting focal adhesion turnover and in determining
IGF-1R location and signalling in the Golgi apparatus.

(A) In migratory cell lines, IGF-1R is recruited to formations of new focal adhesion
points. It associates with B1-Integrin, FER and FAK, which in turn, mediate the
phosphorylation on Tyr'2%0/1251 |GF-1R. Rapid initiation of IGF-1R endocytosis leads
to activation of the MAPK pathway and results in translocation of the IGF-1R to the
Golgi which promotes sustained SHC activation to facilitate migration. (B) In cells with
low or no migratory capacity, where levels of FER are low, IGF-1R remains on the
surface inducing signalling from the membrane. The interaction with other proteins,
including E-cadherin, stabilizes the adhesion points and internalisation rate of the
IGF-1R is low.

238



6.2 ASSOCIATION OF FER AND IGF-1R IN POINTS OF FOCAL
ADHESION

6.2.1 FER enhances Tyr'?%%1251 |GF-1R phosphorylation to
destabilize focal adhesions and induce IGF-1R endocytosis

Recent studies have linked high FER expression to poor cancer patient
outcome (Greer, 2002, Ivanova et al., 2013, Stanicka et al., 2018, Zheng et al.,
2018). In our study, we investigated FER involvement in the regulation of
IGF-1R activation. Our data demonstrate that FER overexpression increased
IGF-1R activation, predominantly mediated by phosphorylation on Tyr1250/1251
IGF-1R and the activation of SHC and the MAPK/ERK1/2 pathway (Figure 3.3,
Figure 3.4). This adhesion-dependent autophosphorylation on IGF-1R was
further linked to rapid endocytosis of the IGF-1R and subsequent localisation
in the Golgi-apparatus (Chapter 5). Thus, the question arose whether FER
enhances phosphorylation on Tyr'251251 |GF-1R to promote IGF-1R
endocytosis.

FER is a member of the F-BAR (Bin-Amohiphysin-RVS) domain family.
Together with other family members, FER contains a single tyrosine kinase
module (Zirngibl et al., 2001, Greer, 2002, Itoh et al., 2005). F-BAR domain
proteins are most commonly reported to be involved in cytoskeleton
organisation acting in close proximity to the plasma membrane. They are also
linked to membrane-deformation and suggested to be involved in endocytosis
(Itoh et al., 2005). With their SH3 domain they can bind to dynamin (ltoh et al.,
2005), a small GTPase responsible for vesicle budding and scission of the lipid
bilayer from intracellular membranes during clathrin-mediated endocytosis
(Kamioka et al., 2004, Neumann and Schmid, 2013). IGF-1R endocytosis can

be clathrin-mediated and this suggests that the rapid vesicle formation that
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was observed in R cells stimulated with IGF-1 in Figure 5.13 may be enhanced
by FER kinase activity. This proposes that FER may enhance IGF-1R
phosphorylation on Tyr'2%0/1251 (mimicked by the EE mutant) to enable rapid
IGF-1R internalisation (Figure 5.13). It is, however, unlikely that FER itself
internalises in the distinct vesicles observed to contain IGF-1R WT and EE
mutant (Figure 5.13). FER was reported to be diffusely localised throughout
the cytoplasm, whereas Fes is localised in distinct cytoplasmic vesicles and in
the perinuclear region consistent with the Golgi (Zirngibl et al., 2001). Fes also
co-localises with Rabs, which are key GTPase proteins involved in regulating
endocytosis (Rab5B and Rab7) as well as exocytosis (Rab1A and Rab3A)
(Zirngibl et al., 2001), suggesting its potential role in both pathways. However,
while Fes may play a role in vesicular trafficking, this has not been suggested
for FER. Our data is consistent with this study by Zirngibl et al., because we
observed that FER localised in the cytoplasm and focal adhesion points, but
not in vesicles (Figure 3.9). The distinct localisation of IGF-1R in the
perinuclear region, subsequently established to be the Golgi apparatus (Figure
3.9, Figure 5.19), also showed no co-localisation with FER, again confirming
that FER does not localise in the Golgi compartment. This proposes, that FER-
mediated IGF-1R activation exclusively occurs at focal adhesion points. When
associated with IGF-1R in focal points of cell adhesion, FER specifically
enhanced Tyr'2%0/1251 |GF-1R phosphorylation to enable IGF-1R endocytosis
and its subsequent trafficking to the Golgi.

FER-enhanced IGF-1R Tyr!250/1251 phosphorylation and the initiation of
IGF-1R endocytosis may also be associated with enhanced SHC and ERK1/2
activation upon FER overexpression (Figure 3.4). Blocking IGF-1-induced

receptor internalisation using pharmacological compounds is known to inhibit
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vesicle transport, which prevents the activation of SHC (Chow et al., 1998). As
a consequence less Grb-2 is recruited to SHC which impairs MAPK activation.
ERK1/2 activation is also linked to IGF-1R endocytosis (Sehat et al., 2007,
Girnita et al., 2007), and is proposed to require the presence of the IGF-1R C-
terminal tail. Ligand-independent activation of SHC and ERK1/2, seen in
Figure 3.4A may be the result of increased ligand-independent Tyr!250/1251 |GF-
1R phosphorylation and therefore enhanced receptor endocytosis. Moreover,
FER did not enhance PI3K/AKT activation, which can be activated by plasma
membrane-located IGF-1R (Romanelli et al., 2007, Yoneyama et al., 2018).
Thus, our data suggest, that FER-mediated Tyr'2512%" |GF-1R
phosphorylation leads to IGF-1R endocytosis which activates SHC and MAPK

pathways.

6.2.2 The interplay of FER, B1-Integrin and the IGF-1R signalling
in focal adhesion dynamics

FER regulates actin cytoskeleton organisation by facilitating the
phosphorylation of the actin-binding protein cortactin in a growth-factor
dependent manner (Kim and Wong, 1998, Kim and Wong, 1995). FER is also
linked to destabilizing microtubules by phosphorylating CRMP2 (Collapsin
response mediator protein 2) on its C-terminal located tyrosine, which causes
bundling of microtubules to form Filopodia, while inhibition of FER increases
the stabilization of microtubules (Zheng et al., 2018). Furthermore,
overexpression of FER causes destabilisation of focal adhesions and major
changes in cell morphology (Rosato et al., 1998, lvanova et al., 2013), again
showing that an essential function of FER is as a facilitator of cytoskeleton

remodelling.
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Detachment of cells from the substratum and reattachment is required
for migration and is regulated by an interplay between Integrin and cadherin
signalling (Huttenlocher et al., 1998, Huttenlocher and Horwitz, 2011). FER
regulates a6- and B1-Integrin distribution in breast cancer cell lines (lvanova
et al.,, 2013) and inhibition of FER activity increases levels of 31- and a6-
Integrin on the cell surface, thereby promoting cell adhesion (lvanova et al.,
2013). Other studies have also reported FER regulation of focal adhesion
destabilization and cell migration (Rosato et al., 1998).

Cooperative B1-Integrin and IGF-1R signalling is essential for IGF-1
mediated cell migration (Hermanto et al., 2002, Kiely et al., 2005). This
interaction is mediated by RACK1 and requires the presence of Tyr1250/1251
IGF-1R (Kiely et al., 2005). Here, it was found that the IGF-1R is located within
protrusions of migrating cell at the leading edge of cells migrating into a wound
(Figure 5.23A). Furthermore, IGF-1-induced migration required an intact
Golgi-apparatus (Figure 5.23B), suggesting that the Golgi apparatus is
important for IGF-1-induced migration. We also observed that during cell
adherence, the IGF-1R is recruited to the plasma membrane, and that at this
time phosphorylation on Tyr'2501251 |GF-1R is low (Figure 5.22). The
attachment of cells to the substratum, either during cell adherence or
migration, can be regulated by 31-Integrin, which connects the ECM with the
actin cytoskeleton. Through this connection, Integrins can provide both a
structural function for cell adhesions but also act as signal transducers
(Huttenlocher et al., 1998, Hynes, 2002). B1-Integrin involvement in focal
adhesion turnover normally facilitates adhesion and de-adhesion from the
ECM to allow migration, however, in conditions of high cell-cell contact,

B1-Integrin-mediated signalling inhibits motile activity (Huttenlocher et al.,
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1998, Huttenlocher and Horwitz, 2011). Interestingly, we found that confluent
HS-578T cells, which are unable to migrate due to cell-cell contact inhibition of
migration, retain IGF-1R with high Tyr2591251 phosphorylation in the Golgi
apparatus (Figure 5.24). This suggests that membrane-derived B1-Integrin
signalling may be involved in the mechanisms that regulates IGF-1R release
and retention in the Golgi-apparatus.

The inhibition of Integrin-mediated migration can be accompanied by
higher expression of cadherin (Huttenlocher et al., 1998). The differential
expression of cadherins and Integrins are linked to the migratory phenotype of
cells during cellular processes, including development, tumour invasion and
metastasis (Hynes and Lander, 1992, Hamidi and lvaska, 2018, Yu et al.,
2019). Cadherins may modulate migration by increasing cell-cell adhesion
and/or transmitting signals to inhibit cell motility (Chen and Obrink, 1991, Chen
et al., 1997). Our data suggests that in mesenchymal cells exhibiting high
migratory capacity, the IGF1-R is recruited by $1-Integrin to the leading edge
of migrating cells. Upon IGF-1R and 31-Integrin interaction, or initiation of focal
adhesion disassembly during migration, Tyr'250/1251 |GF-1R is phosphorylated
and the IGF-1R traffics to the Golgi (Figure 5.22, Figure 5.23). In cancer cells
with no or low migratory capacity, such as MCF-7 cells, the expression of
cadherins on the cell membrane and cell-cell contacts may retain IGF-1R at
the cell-cell junctions (Figure 5.24) (Nagle et al., 2018), as rapid endocytosis
of the IGF-1R from focal adhesion points is not required. Thus the signalling
function of Tyr1250/1251 phosphorylation is not essential for MCF-7 cells. This is
reflected in a generally low Tyr'2501251 |GF-1R phosphorylation in MCF-7
compared to HS-587T cells (Figure 5.22) and the lack of a significant induction

of phosphorylation in these cells upon IGF-1 stimulation (Figure 5.22, Figure
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5.24). Furthermore, it also provides an explanation for why CRISPR-mediated

knock-in mutation of Tyr'250/1251 had minor effects on MCF-7 cells (Chapter 4).

6.2.3 FER overexpression in MCF-7 cells may enhance migratory
potential

High FER expression is associated with migratory capacity in several cell
models (lvanova et al., 2013). Our results from Chapter 3 suggests, that FER
might mediate the turnover of focal adhesion points by promoting IGF-1R
endocytosis. Figure 3.8A shows, that MCF-7 cells have low expression levels
of FER, which correlates with their low-migratory phenotype. MCF-7 cells also
exhibit high amounts of E-cadherin (Nagle et al., 2018), which, our data
suggests, may facilitate the retention of IGF-1R on the membrane. FER
overexpression leads to dissolution of cell-cell-adherens junctions by
decreasing the amount of B-catenin interacting with E-cadherin (Rosato et al.,
1998). This has important implications for cancer cell phenotype, as the
stabilization of the E-cadherin/B-catenin complex was suggested to suppress
EMT in colorectal cancer cells (Chen et al., 2016). Stabilization of E-cadherin
complexes on the membrane may supress B1- Integrin-mediated migration
(Huttenlocher et al., 1998). FER regulates B1-Integrin distribution on the cell
membrane and is thereby regulating adhesion and migration of cells (lvanova
et al., 2013). By influencing both B1-Integrin- and cadherin-mediated cell
adhesions, FER kinase can facilitate the turnover of focal adhesions. This
suggests, that FER overexpression in MCF-7 cells may have the potential to
promote the turnover of cell adhesion complexes and to enhance their
migratory capacity, as it has been observed with overexpression of RACK1

(Kiely et al., 2008). The common mechanism could be through enhancing the
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phosphorylation on Tyr'250/1251 [GF-1R. Moreover, FER overexpression could
promote accumulation of the IGF-1R in the Golgi apparatus in MCF-7 cells.
Although, the present study proposes a mechanism on how FER regulates
IGF-1R activity and contributes to the migratory phenotype of cancer cells, it
is limited and it could be of interest to further elucidate the interplay of FER,

IGF-1R and adhesion in facilitating cell migration.

6.3 THE GOLGI APPARATUS AS A SIGNALLING COMPARTMENT

6.3.1 Golgi-derived signalling facilitates cell migration

The recruitment of effector proteins to RTKs is essential for their signalling
outcome. Cell type-specific subcellular localisation of RTKs and their
compartmentalization provides an important mechanism for the recruitment
and activation of effector proteins, and therefore defines the outcome of
signalling. Although other cellular organelles, including the nucleus may act as
signalling compartments for the IGF-1R, our study identified the Golgi
apparatus as a novel compartment. Until recently the role of the Golgi was
limited to the secretion of newly synthesized proteins. However, emerging
evidence links it to the regulation of cellular processes such as cell polarization
(Kupfer et al., 1983), directional migration (Millarte and Farhan, 2012), stress
(Sasaki and Yoshida, 2015) and DNA repair (Farber-Katz et al., 2014).

The possibility that the secretion of proteins could be regulated by
plasma membrane receptors was first proposed after the observation that the
recruitment of ADP-ribosylation factor (ARF) to the Golgi was mediated by
receptor kinase activity (De Matteis et al., 2008). An associated signalling
network was subsequently identified, including the KDEL receptor and the Src

kinases (Bard et al., 2003). In a recent study, 159 signalling proteins were

245



determined to affect the morphology of the Golgi apparatus, including IGF-1R
and other growth factor receptors (Chia et al., 2012). Several cytoplasmic
kinases, including ROCK1 and PAK1 that are involved in regulating actin
dynamics were also identified. Furthermore, the presence of a wide range of
kinases and phosphatases in the Golgi apparatus indicate that the Golgi can
receive and transmit signals that influence cellular processes (Farhan et al.,
2010, Chia et al., 2012, Makhoul et al., 2018).

Previous reports suggest the Golgi apparatus as an important
compartment for signalling, during cell migration (Millarte and Farhan, 2012).
Directed migration of fibroblasts requires the relocation of the Golgi to the side
of the nucleus facing the leading edge (Kupfer et al., 1983). This process
enhances direct delivery of membrane components, such as Integrins to the
leading edge, thereby supporting cell polarization and directional motility (Bisel
et al., 2008, Millarte and Farhan, 2012, Saraste and Prydz, 2019). Suppression
of Golgi-proteins, including golgin-160 and GMAP210 leads to inhibition of cell
migration (Yadav et al., 2009), and proteins mediating cell migration including
MAPK and YSK1 are also localised at the Golgi (Preisinger et al., 2004, Farhan
et al., 2010).

Ras signalling is proposed to emanate from the Golgi apparatus
(Farhan and Rabouille, 2011, Mor and Philips, 2006, Kholodenko et al., 2010).
Chiu et al. showed that upon growth-factor stimulation (EGF and TGFa), Ras
is activated on the plasma membrane as well as at the Golgi apparatus. The
study also demonstrated that the kinetics of activation in the two compartments
is different. While Ras activation on the plasma membrane was rapid and
transient, Ras activation from the Golgi was sustained (Chiu et al., 2002). It

was suggested that Ras traffics between compartments, perhaps bound to
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another protein (Mor and Philips, 2006), and it was furthermore observed that
activated Ras in various subcellular locations differentially regulates
downstream signalling pathways (Chiu et al., 2002). MEK/Ras activity was also
shown to be required for the breakdown of cell-cell adhesions in response to
stimulus, including growth factor signalling (Khoury et al., 2001, Ahmed and
Prigent, 2017), which leads to the initiation of cell migration.

The role of SHC, the main activator of Ras, in mediating cell migration
has been well described (Ahmed and Prigent, 2017). SHC is crucial for
TGF-B-induced cell migration, and mutation of the three activating tyrosine
residues in p52-SHC (Tyr23%/2403317) jg sufficient to inhibit TGF-B-mediated cell
migration and invasion (Northey et al., 2008). Overexpression of SHC in
low-migratory MCF-7 cells (MCF-7/SHC) revealed an increase in the
association of SHC with B1-Integrin, but this was not sufficient to impact their
ability to migrate. However, increased migration was induced in the
MCF-7/SHC cells following stimulation with IGF-1 or EGF, demonstrating that
input from growth factor signalling is required for SHC-mediated migration
(Mauro et al., 1999).

There is emerging evidence that different RTKs, including MET, KIT,
VGFR2, EGFR and FGFR (Citores et al., 2007, Warren et al., 2014, Obata et
al., 2018, Frazier et al., 2019) also all use the Golgi apparatus as a signalling
compartment. This could, as described for Ras, modify their signalling
outcome. Various mechanisms have been described on regulation of RTK
localisation in the Golgi. Mutated and overexpressed MET was demonstrated
to signal from the Golgi, regulating transformation of cells and migration
(Hongo et al., 1998, Joffre et al., 2011, Kon et al., 2014) and cause
ligand-independent HER3/ERBB3 phosphorylation (Frazier et al., 2019). Upon
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ligand stimulation, EGFR interacts with Golgi-membrane protein-1 (GOLM1) in
Rab5-positive vesicles. This interaction of EGFR with GOLM1 anchors EGFR
to the Golgi, although EGFR is eventually recycled back to the membrane in a
Rab11-dependent manner (Ye et al., 2016).

Our study adds significantly to the current understanding of
Golgi-derived signalling. Similar to what has been proposed for Ras (Chiu et
al., 2002), a dynamic protein modification, in this case, the phosphorylation of
IGF-1R on Tyr'250/1251 " requlates IGF-1R cellular location. This mechanism
enables the IGF-1R to be active and to induce signalling from different cellular
compartments, including the plasma membrane, endosomes, or the Golgi
apparatus. High basal levels of Tyr'250/1251 (Figure 5.16, Figure 5.19, Figure
5.22) as well as IGF-1-induced phosphorylation on IGF-1R promotes
translocation to the Golgi This is also associated with cell migration and a
more migratory cancer cell phenotype (Figure 5.19, Figure 5.23).

Our data together with reports from the literature propose that
IGF-1R-induced SHC/Ras signalling may occur at the Golgi-apparatus to
promote cell migration and perhaps other cellular processes. We observed that
fragmentation of the Golgi apparatus abolishes IGF-1R mediated cell migration
in HS-578T cells (Figure 5.23). This is accompanied by loss of IGF-1-induced
SHC phosphorylation and reduced basal SHC phosphorylation (Figure 5.21),
indicating that SHC/Ras signalling may emanate from the Golgi apparatus.
Interestingly, this was not observed in MCF-7 cells (Figure 5.21, Figure 5.24),
suggesting a different location for SHC/Ras in these cells.

IGF-1-mediated activation of Ras signalling in the Golgi may also
mediate the release of vesicles from the Golgi to facilitate the rearrangement

of the actin cytoskeleton permissive to migration, or the signals that lead to the
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disassembly of focal adhesions, as has been proposed previously (Chiu et al.,
2002). We also demonstrated that when migratory cells are grown in cultures
with many cell-cell adhesions, IGF-1R is predominantly located at the Golgi
apparatus and the activation of SHC is impaired (Figure 5.24). This might be
caused, as described above, by B1-Integrin-mediated contact inhibition of
migration. The high basal phosphorylation of SHC in HS-578T cells, indicates
that IGF-1R localisation at the Golgi could also mediate sustained SHC
activation, as it has been described for Golgi-derived Ras signalling.

Taken together, this work proposes a complex network between
SHC/Ras and B1-integrin/IGF-1R. Together they regulate different cellular
processes dependent on their subcellular location, which is influenced by the
cellular phenotype and environmental conditions. This is the first study to

describe the Golgi-apparatus as a novel compartment for IGF-1R signalling.

6.3.2 Mechanism of anchoring and releasing IGF-1R from the
Golgi apparatus

This thesis work also opens up possibilities for new areas of investigation on
the mechanisms of action of Golgi-derived IGF-1R in key cellular processes.
The first question is how does Tyr'2%%125" promote Golgi accumulation of the
IGF-1R? IGF-1 enhances the already evident basal phosphorylation of
Tyr125071251 in cells (Figure 5.3, Figure 5.4 and Figure 5.8) leading to rapid
internalisation and translocation of the receptor to the Golgi (Figure 5.13,
Figure 5.16). This is also observed for the EGFR in hepatocellular carcinoma,
where the EGFR interacts with GOLM1 in Rab5-positive vesicles shortly after
EGF stimulation. This interaction anchors EGFR to the Golgi. Tyr!250/1251

phosphorylation could enable IGF-1R interaction with a Golgi membrane
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protein and thereby promote accumulation in the Golgi. Phosphorylation on
Tyr'250/1251 could be used as a docking site to recruit SH2 domain-containing
proteins. In addition we show here that the dephosphorylation of IGF-1R on
Tyr125011251 5 associated with release of the IGF-1R from its Golgi location. The
guestion arises, whether one of the identified, Golgi-associated phosphatases
(Farhan et al., 2010) is responsible for dephosphorylating the IGF-1R and
thereby releasing it from the Golgi compartment. Although, known IGF-1R
phosphatases including SHP2 (lvins Zito et al., 2004, Kiely et al., 2005, Carver
et al., 2010) and PTP-1B (Waélchli et al., 2000, Buckley et al., 2002) were not
included in Golgi phosphatases identified in a functional siRNA screening
(Farhan et al., 2010), a novel phosphatase may dephosphorylate Tyr1250/1251 jn
the IGF-1R. Furthermore, Ye et al, showed that the release of the EGFR from
the Golgi apparatus is dependent on Rab11 recruitment to the complex of
EGFR and GOLM1 (Ye et al., 2016). Therefore, it is possible, that Rab proteins
participate in IGF-1R dephosphorylation of Tyr'251251 and subsequently
release from the Golgi- compartment.

Since Golgi-derived IGF-1R signalling is proposed to associate with a
migratory cancer cell phenotype, it would be of great interest to further
investigate the mechanisms by which the IGF-1R is anchored to the Golgi and

the mechanisms of its release.

6.3.3 IGF-1R as a cargo protein in exocytosis and endocytosis

Our model for IGF-1R release from the Golgi to the leading edge of migrating
cells suggests that the IGF-1R could act as a cargo protein for other cell
membrane or cell adhesion proteins such as Integrins. Other growth factor

receptors have previously been demonstrated to modulate Integrin
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internalisation (Roberts et al., 2001, Mai et al., 2014) or to internalise together
with Integrin (Caswell and Norman, 2006, Muller et al.,, 2013). The
internalisation of B1-Integrin with cell membrane components was proposed
for the EGFR (Caswell et al., 2008). EGFR-mediated activation of the
Ras/MAPK pathway requires receptor endocytosis (von Zastrow and Sorkin,
2007), whereas, like the IGF-1R, PI3K activation occurs near or at the plasma
membrane (Haugh and Meyer, 2002). In lung cancer cells EGFR and
B1-Integrin recycle rapidly back to the membrane in a Rab-coupling protein-
dependent manner, which facilitates (1-Integrin-mediated migration. The
translocation of the IGF-1R to the Golgi apparatus following endocytosis,
however, suggests that IGF-1R and (1-Integrin are part of different
endocytosis pathways, because Integrins are known to undergo fast recycling
back to the membrane (Jones et al., 2006, Caswell and Norman, 2006,
Caswell et al., 2008, Ivaska and Heino, 2011).

IGF-1R internalisation was recently shown to be regulated by an
interaction with IRS-1 (Yoneyama et al., 2018). The prolonged interaction of
these proteins causes the retention of IGF-1R on the plasma membrane.
Overexpression of IRS-1 also partially inhibits B1-Integrin and EGFR
endocytosis, however, although the function of IRS-1 in B1-Integrin and EGFR
endocytosis has not been identified, it suggests that IRS-1 facilitates
endocytosis of proteins that are in close proximity to the IGF-1R (Yoneyama
et al., 2018). Thus it will be of interest to further investigate, whether the IGF-
1R internalises as part of a complex, or whether its internalisation also leads
to the endocytosis of other proteins.

The Golgi apparatus has a bidirectional trafficking function- anterograde

and retrograde. It is involved in the secretory transport of cargo proteins to the
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plasma membrane, but can also receive vesicles with cargo from the cell
surface. Endocytosis and exocytosis of membrane proteins is associated with
the Rab superfamily which contains 61 members (Pereira-Leal and Seabra,
2001). Rab proteins are small GTPases that regulate intracellular vesicular
transport and protein trafficking between compartments of the endocytic and
secretory pathway (Zerial and McBride, 2001). They mediate the formation and
budding of vesicles from the donor compartment and transport to the acceptor
compartment, where they facilitate the release of the vesicle cargo
(Wennerberg et al., 2005). Little is known about the interaction of Rab proteins
and IGF-1R. However, it is thought, that the endocytosis of IGF-1R, similar to
other RTKs, may be mediated by Rab5. Therefore, although not addressed in
this thesis, the involvement of Rab5 in the IGF-1R endocytosis is a clear
research area for future investigation.

Interestingly, both Rab5-mediated EGFR endocytosis and
Rab11-mediated EGFR recycling were proposed to be involved in the
GOLM-mediated EGFR anchorage to the Golgi and its release to the
membrane (Ye et al., 2016). Furthermore Rab6 has recently been described
to regulate several anterograde and retrograde trafficking pathways to and
from the Golgi apparatus (Fourriere et al., 2019). The latter study
demonstrates that exocytosis of proteins did not occur randomly at the cell
surface but is rather restricted to secretion hotspots in close proximity to focal
adhesion points, and is directed by microtubules. Since we observed a fast
recruitment of IGF-1R to nascent focal adhesion points which is associated
with lower levels of IGF-1R phosphorylation on Tyr'2591251 '|GF-1R could be a
cargo protein for the secretory pathway initiating the assembly of focal

adhesion points (Figure 5.22).
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During cell adhesion, dephosphorylated Tyr25%1251 |GF-1R transiently
relocated form the Golgi to the membrane, where phosphorylation on
Tyr125071251 was induced in a time-dependent manner and the active IGF-1R
became anchored at the Golgi again (Figure 5.22). Furthermore, IGF-1R was
recruited to the cell protrusions of migrating cells (Figure 5.23), indicating that
the release of active IGF-1R from its Golgi anchorage is regulated by the
dynamic formation of focal adhesion points. However, whether IGF-1R is
involved in the process of cargo proteins leaving the Golgi, either directly or
indirectly, needs to be further investigated.

Considering our results, that IGF-1R is released from the Golgi upon
the formation of new focal adhesions and in conditions of cell migration, it
would also be interesting to investigate complex formation of Rab proteins,

such as Rab11 and Rab6, with the IGF-1R.

6.3.4 IGF-1R localisation in the Golgi as a potential biomarker

The lack of validated predictive biomarkers to select suitable patients has been
cited as a reason for the failure of anti-IGF-1R agents in clinical trials. Despite
much research in the area, no biomarker has yet been found to predict a
positive outcome for the patient following IGF-1R inhibition (Simpson et al.,
2017).

The IGF-1R is almost ubiquitously expressed in human tissues
including cancer. However, mutations in the igf-1r are rarely reported in cancer
(Arcaro, 2013), so the IGF-1R is not a main driver of cancer development
(Vogelstein et al.,, 2013). Assessing IGF-1R levels alone shows no clear
correlation between the expression level or its autophosphorylation/activity

(Mukohara et al., 2009). In several breast cancer cell lines, the expression level
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of the IGF-1R is relatively low, which could result in lack of sensitivity to IGF-1R
targeted therapies.

IGF-1R in the nucleus has been proposed as a potential predictive
biomarker in sarcoma (Asmane et al., 2012). In this study tumours from 16
patients treated with different anti-IGF-1R Abs were assessed by routine
pathology to identify potential factors that modify the response. Nuclear
staining was associated with enhanced progression-free survival and overall
survival for all patients receiving IGF-1R-Ab therapy (Asmane et al., 2012).
However, in prostate cancers, plasma membrane IGF-1R was predominantly
found in benign glands, whereas in malignant epithelium IGF-1R was
internalised and mainly localised to the cytoplasm and the nucleus.
Furthermore, more advanced tumour stages were associated with nuclear
IGF-1R (Aleksic et al., 2018).

Our data suggests that Golgi-localised IGF-1R is linked with an
aggressive and migratory cancer cell phenotype and is regulated by the
Tyr125071251 phosphorylation. Moreover, Golgi-localised IGF-1R is active and
can induce signalling (Figure 5.21, Figure 5.24). Therefore, IGF-1R targeting
with monoclonal antibodies designed to prevent ligand binding or trigger
receptor internalisation and degradation are unlikely to be effective in cells
expressing Golgi-located IGF-1R. This problem is also proposed for the MET
receptor, which can avoid inhibition by monoclonal antibodies by being
localised and active in intracellular compartments, including the Golgi

apparatus (Kim and Kim, 2017, Frazier et al., 2019).

Therefore, one of the most significant findings in this thesis work may

be that Golgi-located IGF-1R is a potential biomarker to a) identify patients with
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a higher risk of an aggressive phenotype and b) to select a subset where it is
possible that anti-IGF-1R antibodies would not be effective. As a biomarker,
Golgi-localised IGF-1R could be assessed in routine immunohistochemistry
and pathology. However, the results presented in this thesis is limited to cell
lines and to test this concept further it will be necessary to assess IGF-1R
localisation in cohorts of benign tissue and malignant tumours from several
cancer types. This would also establish whether location of the IGF-1R in the

Golgi can be correlated with the patient’s clinical outcome.

6.3.5 The insulin receptor and the Golgi apparatus

It is still of great interest to establish what distinguishes IGF-1R and IR
signalling. A number of previous studies have also tried to address this (Tavare
et al., 1992, Kaliman et al., 1992, Blakesley et al., 1996, Esposito et al., 1997,
O'Connor et al., 1997, Chen et al., 1998, Hongo et al., 1998, Li et al., 1998,
Liu et al., 1998, Kiely et al., 2002, Leahy et al., 2004, Kiely et al., 2005). The
C-terminal tails of the IGF-1R and IR exhibit the greatest divergence in
sequence of any domain in these receptors. It has been proposed as a
regulatory domain and with potential to harbour key differences in function
between these receptors (Miura et al., 1995b, Miura and Baserga, 1997, Leahy
et al., 2004, Kiely et al., 2005, Kelly et al., 2012, Zheng et al., 2012). This study
shows that phosphorylated Tyr'2%0/1251 js |inked to IGF-1R endocytosis and
therefore activation of the SHC and MAPK pathways. Subsequently IGF-1R is
translocated to the Golgi and can induce IGF-1 signalling. As Tyr'250/1251 jg not
present in the IR C-terminal tail the question arises whether IR also has the
capacity to translocate to the Golgi. Although not addressed in this study, this

question retains considerable interest for future investigations.
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6.4 CONCLUSION

The communication between plasma membrane signalling and the Golgi
apparatus is essential for the regulation of multiple cellular processes including
cell migration. Taken together, results from our study describe a novel
trafficking route for the IGF-1R- from the plasma membrane to the Golgi
apparatus. Golgi-localised IGF-1R is active and can signal, and therefore we
present the Golgi-apparatus as a novel signalling compartment for the IGF-1R
in migratory cells. This also provides a reasonable explanation for why
targeting the IGF-1R on the cell surface showed poor efficacy in clinical trials
and may help future approaches in targeting the IGF-1R. With IGF-1R and
other oncogenic growth factor signalling occurring at the Golgi apparatus to
promote an aggressive cancer phenotype, its targeting has great potential in

cancer therapy.
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Abstract

IGF-1 receptor (IGF-1R) and integrin cooperative signaling promotes cancer cell survival, proliferation, and motility, but
whether this influences cancer progression and therapy responses is largely unknown. Here we investigated the non-receptor
tyrosine adhesion kinase FES-related (FER), following its identification as a potential mediator of sensitivity to IGF-1R
kinase inhibition in a functional siRNA screen. We found that FER and the IGF-1R co-locate in cells and can be co-
immunoprecipitated. Ectopic FER expression strongly enhanced IGF-1R expression and phosphorylation on tyrosines 950
and 1131. FER phosphorylated these sites in an IGF-1R kinase-independent manner and also enhanced IGF-1-mediated
phosphorylation of SHC, and activation of either AKT or MAPK-signaling pathways in different cells. The IGF-1R, B1
Integrin, FER, and its substrate cortactin were all observed to co-locate in cell adhesion complexes, the disruption of which
reduced IGF-1R expression and activity. High FER expression correlates with phosphorylation of SHC in breast cancer cell
lines and with a poor prognosis in patient cohorts. FER and SHC phosphorylation and IGF-1R expression could be
suppressed with a known anaplastic lymphoma kinase inhibitor (AP26113) that shows high specificity for FER kinase.
Overall, we conclude that FER enhances IGF-1R expression, phosphorylation, and signaling to promote cooperative growth
and adhesion signaling that may facilitate cancer progression.

Introduction

The insulin-like growth factor-1 receptor (IGF-1R) and its
signaling pathway have a well-described function in sus-
taining a transformed phenotype [1-4]. Igf-1r knockout
(Igf-1r ") mouse derived fibroblasts are refractory to
transformation by oncogenes [3]. The phosphorylated
receptor recruits IRS-1, IRS-2, or SHC to activate signaling
pathways that promote cell survival, proliferation, or
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motility [1, 5]. However, despite compelling evidence for
IGF-1R activity in facilitating cancer progression, efforts to
target the IGF-1R in cancer have resulted in poor efficacy
and clinical response [2, 6, 7]. Many reasons have been
proposed for this, including observations that expression of
IGF ligands and IGF-1R may not always correlate with
signaling activity [7-10]. This has confounded the identi-
fication of useful biomarkers for IGF-1R activity inhibition
in cancer cells.

Others and we have previously established that IGF-1R
kinase activity and signaling output are modulated by
adhesion-associated protein complexes [2, 5, 11]. This
cross-talk contributes to the mitogenic, migratory, and
invasive phenotype of breast, lung, cervical, and prostate
cancer [11-14]. Indeed, p1 Integrin ligation enhances IGF-
IR surface expression and localization to sites of focal
adhesion in prostate cancer cells [11]. A complex of IGF-1R
with Bl Integrin that includes the scaffolding protein
RACK1 and focal adhesion kinase, promotes MAPK
pathway activity [5, 15]. Furthermore, adhesion-activated
kinases SRC and FAK can directly phosphorylate IGF-1R
in vitro and enhance IGF-1R-induced invasiveness of breast
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FER activates the IGF-1 receptor at sites of cell adhesion

Fig. 1 FER associates with IGF-1R and enhances expression levels. a
Proximity ligation assay (PLA) showing protein interaction between
FER and IGF-1R in MCEF-7 cells. Cells were cultured on coverslips,
fixed, and probed with one of two rabbit anti-IGF-1R antibodies
(#3027, top panels or #9750, bottom panels) and mouse anti-FER
antibody (#4268), and then subjected to PLA as described in the
methods section. Negative controls are cells without primary antibody
subjected to PLA. Slides were examined by confocal microscopy using
a Zeiss LSM700 inverted confocal microscope equipped with a x 60
oil-immersion objective, numerical aperture 1.4. Z-projected images of
the collected Z-stack were performed and analyzed using the Olympus
Fluoview software. Each white spot (red in merged images) represents
a single interaction. The presented images are maximum intensity
projections of Z-stacks acquired from a representative of three inde-
pendent experiments. b  Western blot analysis of co-
immunoprecipitated IGF-1R and FER. The IGF-1R was immunopre-
cipitated from R + cells that were serum-starved (—), stimulated with
IGF-1 (10 min; 10 ng/ml; + ), or stimulated with IGF-1 in the presence
of BMS-754807 (BMS). Beads-and-lysates (B&L) and beads-and-
antibody (B&A) controls were included as well as cell lysates from the
immunoprecipitation inputs. Blots were probed with anti-IGF-1R and
anti-FER antibodies. The panel underneath shows the levels of P-1135/
1136 IGF-1R and P-AKT in total lysates used for immunoprecipitation
(as controls for BMS-754807 inhibition of IGF-1R kinase activity). ¢
Western blot analysis of IGF-1R and FER co-immunoprecipitated
from HEK293T cells. The IGF-1R was immunoprecipitated from cells
that were transfected with plasmids encoding IGF-1R wild type (IGF-
IR/WT (pcDNA3)), FER (WT (pSGS5-FER)), FER/Kinase Dead (FER/
KD; D743R mutant), an SH2-domain mutant of FER (R483Q; SH2),
or corresponding empty vector plasmids (EV), 48 h post transfection.
Beads-and-lysates (B&L) and beads-and-antibody (B&A) controls
were included as well as the immunoprecipitation inputs. The panel
below shows the levels of FER and IGF-IR in cell lysates used for
immunoprecipitation. d, e FER enhances IGF-1R protein expression
levels. HEK293T cells were co-transfected with empty vector
(pcDNA3-EV; EV, x-axis on graph) or IGF-IR/WT (IGF-1R, x-axis
on graph) plus either empty vector (pSG5-EV; EV, black bars on
graph) or FER/WT (FER, gray bars on graph). Cells were lysed and
immunoblotted for determination of IGF-1R and FER protein
expression with p actin as a loading control d. mRNA expression of
igf-1r was assessed by RT-qPCR using igf-/r-specific primers with
Ubiquitin C (UBC) as a control to normalize mRNA levels e. The
graphs show densitometry measurements of the average fold differ-
ence + SEM in IGF-1R protein expression: d, or average fold change
difference+ SEM in igf-/r mRNA expression: e, in FER-
overexpressing cells compared with EV controls. Data are from n 2
3 independent experiments, a two-way ANOVA with Bonferroni test
was applied. f Expression of IGF-1R WT and KD are both enhanced
by FER. Western blots were prepared with cell lysates from
HEK293T cells (40h post transfection) expressing either Empty
Vector (pcDNA3; EV), IGF-IR/WT or Vector encoding IGF-1R/
Kinase Dead (KD; K1003R mutant), as well as either empty vector
(pSGS5; EV) or FER. The blots were probed with anti-IGF-1R or anti-
FER antibodies with f actin as a loading control. The graph represents
densitometry measurements of average fold difference in IGF-1R
protein expression + SEM in cells expressing EV, IGF-1R/WT, or KD,
together with EV or FER from four independent experiments. Two-
way ANOVA with Bonferroni test was applied. g FER kinase activity
is not required for FER-mediated increased expression of IGF-1R.
After 40h of transfection, HEK293T cells expressing empty vector
(pcDNA3; EV), IGF-1R/WT, or IGF-1R/KD and/or empty vector
control for FER (pSGS5; EV), FER, or FER/KD, were lysed and
immunoblotted IGF-1R and FER expression. Densitometry measure-
ments of mean + SEM fold-difference in IGF-1R protein expression
from three independent experiments. A one-way ANOVA with Bon-
ferroni test was applied

cancer cells [12, 14, 16, 17]. All of these observations
indicate that the recruitment of the IGF-1R to adhesion
complexes can significantly modify IGF-1R activation and
signaling. However, it is not known whether adhesion sig-
nals are essential for IGF-1R activity in cancer progression
or therapy responses.

We addressed this question by screening for proteins that
modulate the cytotoxic response to IGF-1R tyrosine kinase
inhibition using a functional siRNA screen [18]. We iden-
tified the non-receptor tyrosine FES-related (FER) kinase as
a mediator of sensitivity to the IGF-1R tyrosine kinase
inhibitor, BMS-754807, in MCF-7 cells. FER, along with
FES, belongs to a distinct subfamily of receptor tyrosine
kinases that possess FES/CIP4 homology Bin-
Amphiphysin-Rvs (F-BAR) domains [19]. FER activity
has been described in several cancers, including lung,
hepatic, prostate, and breast and is reported to facilitate
tumorigenesis and chemoresistance by enhancing cell
migration, invasion and proliferation [20-23]. FER has
been shown to interact with the EGFR, PDGFR, FLT3, and
c-MET [21, 24-26] and proposed to facilitate cross-talk
between growth factor receptors and cell—cell or cell-matrix
adhesion complexes [19].

In this study, we investigated whether FER modulates
IGF-1R signaling in different cell lines. We found that FER
associates with and enhances IGF-1R expression and
activity at the plasma membrane and sites of cell adhesion.
FER significantly increases IGF-1R phosphorylation on key
tyrosines to enhance IGF-1-mediated activation of SHC and
MAPK pathways in an adhesion-dependent manner. We
conclude that FER kinase is an important modulator of IGF-
IR activity in cancer cells. This may be particularly
important in mesenchymal or migratory cancer cells where
cooperative growth factor and adhesion signaling could
facilitate cancer progression.

Results

FER associates with and enhances IGF-1R expression
levels

We identified FER as a modifier of responses to IGF-1R
kinase inhibition in an siRNA screen [18], which suggested
that FER may modulate IGF-1R activity. A previous study
using peptide libraries identified FER as a kinase that could
phosphorylate specific tyrosines in the Insulin and IGF-1
Receptors [27]. Both of these observations suggested that
FER could modulate IGF-1R activity. To investigate this we
first tested whether FER and the IGF-IR interact. Using
proximity ligation assays (PLA) with anti-FER and anti-IGF-
IR antibodies, we observed that FER and IGF-1R are clearly
found in proximity in MCF-7 cells (Fig. 1a). FER could also
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be co-immunoprecipitated with the IGF-1R from R + cells
(mouse embryonic fibroblasts derived from igf-Ir/~ mouse
with IGF-1R re-expressed) (Fig. 1b). This was evident in
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cells that were serum deprived or stimulated with IGF-1, and
in the presence of an IGF-1R kinase inhibitor BMS-754807
that suppressed IGF-1R autophosphorylation and IGF-
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Fig. 2 FER promotes phosphorylation of WT and kinase-inactive IGF-
IR and enhances signaling output. a, b Western blotting analysis of
IGF-1R phosphorylation in HEK293T a or R— b cells co-over-
expressing: EV (—) or FER (+ ) with EV, IGF-IR/WT (WT), or IGF-
1IR/KD (KD). Cells were lysed 48 h after transfection and western
blots were prepared to assess levels of P-Y950, P-Y1131, P-Y1135/
1136, and total IGF-1R. The levels of total FER were assessed as a
control for transfection efficiency. Densitometry measurements of
mean + SEM fold-difference in specific P-Y site as indicated on the x-
axis based on at n =3 independent experiments; Two-way ANOVA
with Bonferroni test. ¢ Western blotting analysis of IGF-1R phos-
phorylation in HEK293T cells co-overexpressing: EV, FER, or FER/
KD with IGF-1R/WT (WT) or IGF-1R/KD (KD). At 48h post
transfection, cells were serum starved for 4h, IGF-1 stimulated
(10 min; 10 ng/ml; 4 ) and subsequently lysed for western blots to
assess levels of P-Y950, P-Y1131, P-Y1135/1136, and total IGF-1R.
FER levels were assessed as a control for transfection efficiency. d
Western blotting analysis of IGF-1-mediated downstream signaling
pathways in HEK293T cells co-overexpressing: EV, FER, or FER/KD
with IGF-1IR/WT (WT) or IGF-1R/KD (KD). At 48 h post transfec-
tion, cells were serum starved for 4h prior to IGF-1 stimulation
(10 min; 10 ng/ml; 4 ). Western blots were prepared to assess levels of
P-SHC (Y239/Y240), P-FAK (Y397, Y925), P-SRC (Y416), and P-
AKT (S473). The levels of total FER were assessed as a control for
transfection efficiency. Densitometry measurements of mean + SEM
average fold difference in specific P-Y proteins/total protein levels as
indicated above the graph, based on n 23 independent experiments.
Statistical analysis was performed using two-way ANOVA with
Bonferroni test

induced activation of AKT (Fig. 1b bottom panel). The IGF-
1R and FER could also be co-immunoprecipitated from
HEK?293T cells that were co-transfected with IGF-1R and
either wild type FER (WT), kinase-inactive FER (KD), or a
SH2-domain mutant of FER (R483Q) (Fig. 1c). Interestingly,
in these experiments it was noted that levels of IGF-1R
expression were apparently higher in cells transfected with
FER than in vector-expressing controls.

We further tested the effects of FER on IGF-1R
expression in HEK293T cells. Co-transfection of plasmids
encoding FER and the IGF-1R resulted in a sixfold increase
in IGF-1R protein levels compared with levels in cells
transfected with IGF-1R and vector controls (Fig. 1d). This
increase in protein was not owing to enhanced transcription
because Igf-1r mRNA expression levels were lower in cells
expressing FER than in controls (Fig. le).

To test whether FER kinase activity was required to
enhance IGF-1R protein levels, we transiently expressed
IGF-1R in the presence of either FER/WT or FER/KD in
HEK?293T cells. Both FER/WT and FER/KD enhanced
IGF-1R protein levels (Fig. 1f). Furthermore, levels of both
IGF-1R/WT and kinase-dead IGF-1R (IGF-1R/KD) could
be increased by co-transfection with FER (Fig. 1g). Taken
together, these data indicate that FER and IGF-1R associate
in different cells, and that FER enhances IGF-1R protein
expression and steady state levels in a manner that is not
dependent on either IGF-1R or FER kinase activity.

FER enhances phosphorylation of the IGF-1R and its
signaling output

We next investigated whether FER influences IGF-1R
phosphorylation and kinase activity by co-expressing FER
with either IGF-1R/WT or IGF-1R/KD in HEK23T cells.
We observed that FER expression specifically enhanced
phosphorylation on Y950 (in the juxtamembrane region)
and on Y1131 (in the kinase activation loop) on both IGF-
1IR/WT and IGF-1R/KD (Fig. 2a). Thus, IGF-1R kinase
activity is not necessary for FER-enhanced phosphorylation
of the Y950 and Y1131 sites. Phosphorylation of Y1135/
1136 site in the kinase activation loop was evident with
IGF-1R/WT, in the presence of FER, but not with kinase-
inactive IGF-1R/KD (Fig. 2a), indicating that phosphor-
ylation on this site by FER is dependent on IGF-1R activity.

To exclude the possibility that the effects of FER on
phosphorylation of IGF-1R/KD were due to endogenous,
albeit low, levels of IGF-1R expression in HEK293T cells,
we carried out similar experiments in R— cells. We
observed that co-expression of FER with IGF-1R WT or
KD also enhanced phosphorylation on Y950 and Y1131.
Again, FER did not enhance phosphorylation on the Y1135/
1136 site in IGF-1R/KD (Fig. 2b). To test whether
enhanced phosphorylation of the IGF-1R by FER required
FER kinase activity, we co-expressed the IGF-1R/WT or
IGF-1R/KD with either FER or FER/KD. These experi-
ments demonstrated that enhanced phosphorylation of IGF-
IR (WT or KD) on Y950 and Y1131 was observed in both
serum-starved and IGF-1-stimulated cells. This was entirely
dependent on an active FER kinase because the kinase-
inactive FER/KD did not enhance IGF-1R phosphorylation
(Fig. 2¢).

As FER enhances phosphorylation of the IGF-1R inde-
pendently of IGF-1R kinase activity, we next asked whether
this phosphorylation enhances IGF-1 signaling responses.
Ectopic FER expression in HEK293T cells did not alter
IGF-1-stimulated activation of the PI3-K pathway, as
measured by phosphorylation of AKT on S473 (Fig. 2d).
This is likely resulting from the high basal levels of AKT
phosphorylation present in HEK293T cells that are not
reduced by serum starvation, with no further response to
IGF-1 stimulation. However, basal levels of SHC and FAK
phosphorylation are low in these cells, which is consistent
with their relatively weak adhesion to the substratum.
Overexpression of FER/WT, but not FER/KD, significantly
increased both basal and IGF-1-stimulated phosphorylation
of SHC and ERK1/2 (Fig. 2d). Importantly, in vector con-
trol cells, IGF-1 did not induce detectable phosphorylation
of Y239/240 on SHC, but IGF-1-induced phosphorylation
on these sites was evident in the presence of FER. Phos-
phorylation of FAK (Y397 and Y925) and SRC (Y416)

SPRINGER NATURE



J. Stanicka et al.

w

C

IGF-1R B1 Int

i

were also significantly enhanced by IGF-1 in FER/WT—
but not in FER/KD-expressing cells (Fig. 2d).

Overall these data demonstrate that FER enhances
phosphorylation of specific autophosphorylation sites on the
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FER activates the IGF-1 receptor at sites of cell adhesion

Fig. 3 FER, IGF-IR, and B1 integrin associate in adhesion complexes
that enhance FER activity. a-b Co-localization of IGFIR with f1
integrin and FER with 1 integrin. Confocal images of MCF-7 cells
grown for 24 h on coverslips and co-stained for FER (red) and IGF-1R
(rabbit antibody, green; a) Pl integrin (red) and IGF-1R (mouse
antibody, green; upper panels, b) and FER (red) and Bl integrin
(green; lower panels, b) using antibodies described in methods. Co-
localization is shown by the overlap of the fluorescent labels appearing
in yellow. Cells were photographed using an Olympus Fluoview
FV1000 confocal laser scanning microscope, and Z-stacks were
acquired and analyzed using Fluoview Olympus software. At least two
slices were acquired at different Z positions (Z1-Z2). Zoomed images
(a, b) are presented in their respective Z-planes. Individual slices were
0.5-pm. Scale represents 20 pm. ¢ MDA-MB-231 were grown on
coverslips coated with 5 pg/em? collagen I for 24h and immuno-
fluorescence staining was performed. IGF-1R (mouse, Millipore) and
B1-Integrin (rabbit, green) are shown in the upper panels and FER
(mouse) and P1-Integrin (rabbit, green) shown in the lower panels. A
yellow signal depicts areas of co-localization of the red and green
fluorescent labels. The nuclei were stained with Hoechst (blue). Ori-
ginal 40 x magnification, scale bars represent 200 um. d FER phos-
phorylation is enhanced by cell adhesion. At 40 h post-plasmid DNA
transfection, HEK293T cells expressing EV, IGF-1R/WT or IGF-1R/
KD were serum-starved for 4 h and stimulated with IGF-1 (10 min; 10
ng/ml; + ), lysed and immunoblotted for P-Y402 FER/ FER. P-AKT
and P-ERK1/2 were used as IGF-1 signaling controls. Densitometry
measurements of mean + SEM average fold difference in P-Y402 FER
in the above conditions based on three independent experiments; two-
way ANOVA with Bonferroni test. e, f Western blotting analysis of
EV, FER/WT, or FER/KD overexpressing HEK293T cells. 48 h post
DNA transfection, cells were lysed and immunoblotted for the indi-
cated phospho- and total protein levels. Densitometry measurements of
mean + SEM average fold difference in specific P-Y proteins/total
protein levels as indicated on the y-axis in the described above con-
ditions based on n23 independent experiments. One-way ANOVA
with Bonferroni test was applied

FER, IGF-1R, and 1 integrin associate in adhesion
complexes that enhance FER activity

The IGF-1R has previously been demonstrated to participate
in a signaling complex with Bl Integrin to promote cell
proliferation and motility [5, 15]. FER has also been
reported to regulate Pl integrin signaling [28], so we
hypothesized that FER is a component of a signaling com-
plex containing Integrin and IGF-1R. In agreement with our
observations in Fig. 1 from PLA and immunoprecipitation,
we observed that FER and IGF-1R strongly co-localize by
co-immunofluorescence in MCF-7 cells (Fig. 3a). Further-
more, as shown by confocal microscopy the majority of
surface IGF-1R in these cells is present at large complexes
that also contain FER and B1 Integrin (Fig. 3b) and vinculin
(Fig. S1). These complexes represent sites of focal cell
adhesion. In MDA-MB-231 cells FER and the IGF-1R were
also both observed to co-localize with 1 integrin at distinct
sites of cell protrusion and adhesion (Fig. 3c).

We next asked whether an activated IGF-1R affects FER
kinase activity, by measuring FER autophosphorylation on

Y402 in HEK293T cells transfected with empty vector,
IGF-1R/WT or IGF-1R/KD. IGF-1 strongly promoted FER
autophosphorylation in vector-expressing cells, which
indicates that activation of endogenous IGF-1R is sufficient
to enhance FER activity. FER autophosphorylation was
further increased in cells expressing IGF-1R/WT but not in
cells expressing IGF-1R/KD (Fig. 3d), thus confirming a
requirement for activated IGF-1R in FER activation.
Overexpression of FER/WT but not KD in HEK293T cells
increased the phosphorylation of SHC (P-Y239/240) and
ERK1/2 (P-T202/Y204) without any evident effect on
phosphorylation of AKT (Fig. 3e). FER/WT also promoted
a significant increase in phosphorylation of the focal
adhesion-associated kinases SRC (Y416) and FAK (on both
Y397 and Y925) (Fig. 3f).

Taken together, these results demonstrate that FER and
the IGF-1R are components of B1 Integrin-anchored adhe-
sion complexes that enhance activation and autopho-
sphorylation of FER in an adhesion- and IGF-1-dependent
manner. This suggests that the association of the IGF-1R
with FER enhances cooperative IGF and adhesion signaling
via the SHC, FAK and MAPK pathways and that these
receptors may reciprocally activate each other.

FER suppression reduces IGF-1R expression and
proliferation, and differentially affects cell
migration

Having observed clear effects of FER on enhancing IGF-1R
expression, phosphorylation, and signaling we next asked
whether suppression of FER would alter IGF-1R expression
and activity. To do this, we first screened a panel of siRNAs
that specifically target FER in different breast cell lines (Fig.
S2A). We observed a consistent suppression of FER with
all siRNAs tested (except siFER4). IGF-1R expression
levels were clearly reduced by most of these siRNAs in
MCF-7, MDA-MB-231 cells, and HS578T cells and
MCF10A cells (Fig. S2A). To investigate this further we
focused on two siRNAs (siFER2 which suppressed IGF-1R
significantly and siFER3 which suppressed IGF-IR to a
lesser extent) to further examine the effects of FER sup-
pression on IGF-1R expression in all four cell lines. Both
siFER?2 and 3 substantially decreased IGF-1R protein levels
at 48h post transfection in MCF-7, MDA-MB-231 and
HS578T cells (Fig. 4a), whereas Bl Integrin levels were
largely unaffected (Fig. 4a and Fig. S2B). Similar effects
were observed with MCF10A cells at 48 h (Fig. S2D) and
for all cell lines at 72 h post siRNA transfection (Fig. S2C
and D).

We next investigated the effects of siFER2 and 3 on IGF-
1 signaling in MCF-7 and MDA-MB-231 cells. In MCF-7
cells FER suppression had no effect on IGF-1-induced AKT
phosphorylation, but both siRNAs clearly reduced IGF-1-
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FER activates the IGF-1 receptor at sites of cell adhesion

Fig. 4 Suppression of FER with siRNA suppresses IGF-1R activity
and cell proliferation, but variably affects migratory potential. a
Suppression of FER with siRNAs affects IGF-1R levels: Protein
expression of the indicated proteins was analyzed by immunoblotting
in control (siNEG) cells and cells transfected with two different FER
siRNAs (siFER2 or 3), 48 h post transfection. Graphs show densito-
metry measurements of mean fold difference + SEM of IGF-1R
expression in siFER-transfected cells compared with siNEG controls,
from at least n =3 independent experiments; Statistical analysis was
performed using two-way ANOVA with Bonferroni test. b Western
blot analysis of IGF-1R downstream signaling in cells with FER
suppressed: At 48 h post transfection with siNEG or siFER, MCF-7,
and MDA-MB-231 cells were serum starved for 4 h prior to stimula-
tion with IGF-1 (10 ng/ml), for indicated times. Cell lysates were
assessed by SDS-PAGE and immunoblotting for expression of FER,
IGF-1R, P-AKT, P-ERK and non-phospho controls. Graphs of mean
fold difference + SEM of P-ERK and P-AKT expression are shown,
quantified by densitometry from three independent experiments. Sta-
tistical significance was analyzed by two-way ANOVA with Bonfer-
roni test. ¢ FER suppression causes decreased cell proliferation: At
24 h post transfection with siNEG or siFER, cells were plated in tri-
plicate at the same cell number and fixed and stained with crystal
violet every 24 h for a further 96 h. Staining intensity at each timepoint
was analyzed using an Odyssey scanner and densitometric measure-
ments from three separate experiments + SEM are shown. Statistical
significance was determined using a two-way ANOVA with Bonfer-
roni test. d FER siRNA 2 and 3 have variable effects on migration: At
24 h post transfection, siNEG, siFER2, and siFER3-transfected MDA-
MB-231 cells were seeded onto the upper part of a transwell chamber
in serum-free medium, and allowed to migrate towards serum for 24 h.
Cells that had migrated to the underside of the transwell membrane
(‘Membrane’), and cells that had migrated through the membrane
entirely and attached to the bottom of the well (‘Through migration’)
were fixed and stained with crystal violet and quantified using an
Odyssey scanner. Quantification of migration was first normalized to
cell proliferation (shown in graph on right), for each cell type. Data are
shown as percentage migration, of membrane or ‘through’ migration,
with siNEG total cell migration set as 100%. Images of the transwell
membrane- and ‘through’- migrated cells are shown, n=1 of three
experiments with similar results. e siRNA3-transfected cells have
decreased cell adhesion to fibronectin, whereas FER siRNA 2 does not
affect adhesion: MDA-MB-231 cells were seeded onto fibronectin
(FN; 5 pg/ml) or collagen I (Col; 10 pg/ml)-coated wells, 48 h post
transfection with siNEG or siFER2 or 3. Cells were fixed and stained
with crystal violet 20, 40, or 60 min later. Quantification of adherent
cells was measured using Odyssey scanning and densitometry. Data
are presented as fold-change of adhesion of siNEG cells, from three
independent experiments, statistical analysis was performed using the
Student’s z-test

stimulated phosphorylation of ERK1/2 (Fig. 4b). In MDA-
MB-231 cells phosphorylation of ERK1/2 is generally not
responsive to serum withdrawal or IGF-1, but IGF-1 indu-
ces strong phosphorylation of AKT. Here FER suppression
with both siRNAs reduced IGF-1-induced phosphorylation
of AKT (Fig. 4b). These data indicate that FER suppression
can suppress IGF-1 signaling responses. In line with this we
observed that cell proliferation rates in MCF-7 and MDA-
MB-231 cell lines were suppressed by both siFER2 and
siFER3 (Fig. 4c).

We next investigated the migratory potential of MDA-
MB-231 cells in Transwells with FER suppressed by

siFER?2 and siFER3. Surprisingly, we observed that siFER2
partially suppressed directional migration towards serum
(approximately 30%) while siFER3 greatly impaired cell
migration (by ~80%) (Fig. 4d). Interestingly, we noted that
the morphology of cells transfected with either siFER2 or
siFER3 was quite different (siFER2 caused cells to become
more spread while siFER3 caused cells to become more
spindle-like). These differences in morphology elicited by
siFER2 and 3 were consistently and reproducibly observed
in all cell lines transfected with these siRNAs (MCF-7,
MDA-MB-231, HS578T, and MCF10A cells) (Fig. S2E).
MDA-MB-231 cell adhesion to fibronectin was impaired by
siFER3, but not by siFER2 (Fig. 4e). Thus, our data show
that similar levels of FER suppression can result in different
effects on cell morphology and migratory potential.
Although we cannot explain these consistently different
siRNA effects, the data suggest they may be related to
suppressing essential FER function in the formation of
dynamic cell adhesion structures, such as lamellipodia,
which are necessary for cell migration.

Overall, we conclude that suppression of FER can reduce
IGF-1R levels, IGF-1 signaling and cell proliferation. The
data also indicate that similar suppression of FER does not
correlate with similar effects on IGF-1R expression or cell
phenotype, and FER suppression may result in different
effects on cell morphology and migratory potential.

Co-location of IGF-1R with FER in adhesion
complexes enhances IGF-1R activity

Next, we sought to investigate whether FER is required for
IGF-1IR activity in adhesion complexes. First, we investi-
gated the effects of FER suppression with siFER2 and
siFER3 on the association of IGF-1R and FER with f1
Integrin in MDA-MB-231 cells. In agreement with our
observations on cell morphology (Fig. S2E), we observed
that cells transfected with siFER2 were more spread with
fewer directional lamellipodia, while cells transfected with
siFER3 were elongated and spindle-like (Fig. 5a, b).
Although IGF-1R could be observed to co-localize with 1
integrin in adhesion complexes in control siNEG cells (Fig.
Sa top panels), as described for Fig 3a, b, these structures
and IGF-1R/B1 Integrin co-localization were less evident in
cells with FER suppressed (Fig 5a, b, c). As expected FER
levels were suppressed by siFER2 and 3, and less associa-
tion with p1 Integrin was also observed (Fig. 5b). In MCF-7
cells transfected with siFER2, cell adhesion sites appeared
to be smaller and less mature with considerably less vin-
culin, Bl integrin and IGF-1R present (Fig. S2A-C). These
immature adhesion sites were especially evident upon
confocal imaging of siFER2-transfected cells that were
stained for paxillin (Fig. S3B). Taken together, these data
indicate that suppression of FER with either siFER2 or
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FER activates the IGF-1 receptor at sites of cell adhesion

Fig. 5 Cell adhesion is required for FER-enhanced IGF-1R activity. a,
b Immunofluorescence of MDA-MB-231 with suppressed FER.
MDA-MB-231 were seeded onto coverslips coated with 5 pg/om2
collagen, 24 h post transfection with siNEG or siFER2 or 3. Cells were
allowed to attach for 24 h, fixed, and stained with IGF-IR or f1-
Integrin and FER. a MDA-MB-231 with suppressed FER showing less
co-localization of IGF-1R (red) with pl-Integrin (green) in adhesion
complexes indicated by a reduced yellow signal illustrated in siNEG
merged image compared with merged images of siFER2 and siFER3-
transfected cells. b MDA-MB-231 cells transfected with siFER2 or
3 show reduced FER staining (red), whereas B1-integrin (green) levels
are similar. Images in a and b also illustrate differences in cell mor-
phology between cells trasfected with siFER2 (more spread) and
siFER3 (elongated). Images are 40 x and the scale bars represent 200
um. ¢ Representative western blots of MDA-MB-231 cells transfected
with siNeg and siFer2 or 3 used for immunofluorescence staining. d
Immunofluorescence showing cortactin and IGF-1R co-localization in
MCF-7 cells. MCF-7 cells grown on coverslips for 24 h, fixed and
stained with anti-IGF-R (rabbit/mouse; green) and anti-cortactin
(mouse; red) antibodies. Slides were photographed using a confocal
laser scanning microscope Z-stacks were acquired and analyzed using
Fluoview Olympus software. At least two slices were acquired at
different Z positions (Z1-Z2). Zoomed images (a, b, c) are presented
in their respective Z-planes. Individual slices were 0.5 pm. Scale
represents 20 pm. e Suppression of cortactin in MCF-7 cells reduces
IGF-1R levels. MCF-7 transfected with negative control siRNA
(siNEG) or cortactin siRNA (siCTN) were analyzed for IGF-1R and
cortactin expression by western blotting. f MDA-MB-231 cells were
transfected with negative control siRNA (siNEG) or cortactin siRNA
(siCTN) and asessed for IGF-1R and cortactin expression. Cells were
immediately either cultured in the presence of DMSO (CTRL) or
Bortezomib (PROTEAS-i; 30nM) for 24 h. Expression of IGF-1R,
FER, and ubiquitin as a control for proteasome inhibition, were ana-
lyzed by western blotting. g Cell adhesion is required for FER-
mediated IGF-1R phosphorylation. IGF-1R phosphorylation and FER
signaling in HEK293T cells co-overexpressing: EV, FER/WT, or
FER/KD with IGF-1R/WT (left panels) or IGF-1R/KD (right panels)
as indicated. At 48 h post transfection, cells were transferred into
suspension culture for 2 h, lysed and immunoblotted to assess levels of
P-IGF-1R (Y1131, Y1135/6), IGF-1R, P-SHC (Y239/Y240), and P-
FAK (Y397) as a control for loss of adhesion signaling. The levels of
total FER were assessed as a control for transfection efficiency. The
experiments were performed three times with similar results, and the
graph represents quantification of Y1131 and Y1135/1136 (an average
of two of these experiments in cell over-expressing FER/WT (black
bars) or Empty Vector (grey bars)). h Loss of adhesion signaling
decreases autophosphorylation on FER. IGF-1R/WT-expressing
HEK?293T cells were cultured as described in g above. A reduced level
of P-Y402 FER was observed when cells were in suspension. P-Y397
FAK was used as a control for the loss of adhesion signals

siFER3 disrupts the formation of mature cell adhesions and
functional lamellipodia necessary for directional cell
migration.

As siRNAs targeting FER apparently have different
effects on cell morphology we also tested whether sup-
pressing a well-described substrate of FER; cortical actin
(cortactin, which has a role in both biosynthetic and recy-
cling trafficking pathways [29-31]) had any effect on IGF-
IR expression levels. We observed that the IGF-1R co-

localizes with cortactin at sites of cell adhesion in MCF-7
cells (Fig. 5d). SiRNA-mediated suppression of cortactin
reduced IGF-1R levels in both MCF-7 and MDA-MB-231
cells (Fig. Se, f). This could be prevented by proteasome
inhibition (shown for MDA-MB-231 cells in Fig. 5f).

To further test whether cell adhesion is required for FER-
enhanced IGF-1R activity we compared the effects of FER
on IGF-1R autophosphorylation and signaling in
HEK?293T cells that were adherent or maintained in sus-
pension. We observed that the FER-enhanced phosphor-
ylation of IGF-1R/WT and IGF-1R/KD on Y1131 was
completely abolished when cells were not allowed to adhere
(Fig. 5g). As expected, the phosphorylation of SHC and
FAK, evident in adherent cells expressing IGF-1R/WT and
FER/WT, was absent in non-adherent cells (Fig. 5g).
Phosphorylation on the Y1135/1136 site was reduced by
lack of adhesion, but in agreement with results in Fig. 2,
was not affected by FER. Interestingly, the effects of lack of
cell adhesion on IGF-1R were accompanied by a reduction
in FER autophosphorylation (Fig. 5h). This demonstrates
that adhesion signals enhance FER activity and its poten-
tiation of IGF-1R and SHC/ERK1/2 phosphorylation.

These observations suggest that FER promotes the
assembly of mature cell adhesions, which enhances the
phosphorylation and activity of the IGF-1R.

FER expression strongly correlates with EMT
markers in mesenchymal-like breast cancer, and its
activity can be suppressed by an ALK kinase
inhibitor

FER expression was previously associated with a poor
outcome in triple-negative breast cancer [28]. We explored
whether this may be related to FER function in enhancing
IGF-1R and adhesion signaling in breast cancer by first
analyzing available data sets from breast tumors and cell
lines. Kaplan—Meier (KM) survival plots derived from The
Cancer Genome Atlas (TCGA) data [32] demonstrated that
high expression of FER is associated with poor relapse-free
survival among breast cancer patients (P =0.00015; n=
3951; Fig. 6a, Fig. S4A). Following exclusion of systemi-
cally untreated patients, the hazard ratio (HR) rose to 1.63,
whereas the median survival almost halved with high FER
expression (65.1-34.82 months; P=0.91 x 107%; Fig.
S4A). FER expression influences the survival of patients of
Grade III, estrogen receptor-negative and HER2-positive
types of breast cancer (HR: 1.79; P =0.008; median sur-
vival decrease from 47.52 to 27 months). Further analysis
demonstrated that mesenchymal and mesenchymal stem-
like (MSL) were the subtypes most linked to high FER
expression, with decreased median survival of MSL patients
from 74 to 15.25 months (HR: 4.31; P = 0.00028; Fig. 6a).
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<« Fig. 6 High FER expression in mesenchymal breast cancer negatively

correlates with relapse-free survival. Pharmacological inhibition of
FER kinase abolishes its signaling. a Kaplan—-Meier plots were drawn
using data accessed through KM plotter, a publicly accessible interface
for TGCA survival data. All data sets were assayed using probe ID:
206412. P-value, hazard ratio (HR) and median survival were calcu-
lated and are displayed. b RNA-Seq analysis of FER mRNA expres-
sion compared in low and highly migratory or luminal, basal A, and
mesenchymal (basal B) breast cancer cell lines (n=78), extracted
from Marcotte et al. (2016). FER mRNA expression is plotted on a
log2 scale. ¢ table representing in situ analysis of correlation of FER
and expression of several mesenchymal genes in breast cancer cell
lines (n = 82), extracted from Marcotte et al. 2016. d Western blotting
analysis of FER protein expression and phosphorylation of SHC in a
panel of breast cancer cell lines. e Western blotting analysis of effects
of FER-i (AP26113) on IGF-1R/WT and EV or FER-co-expressing
HEK293T cells. At 48h post transfection cells were cultured with
AP26113 (0-500 nM) for 2 h, subsequently lyzed and immunoblotted
for the indicated phospho- and total protein levels. FER immunoblot
was included as an overexpression control. f Western blotting analysis
of effects of FER-i (AP26113) on endogenous FER and signaling in
HS578T cells. Cells were treated for 2h with 0-2 pM, subsequently
lyzed and immunoblotted for the indicated phospho- and total protein
levels. g, h Effects of FER-i on HS578T cell migration were assessed
by wound-healing assays as described in methods. Cell were pre-
treated with AP26113 prior to wounding and maintained in medium
containing 0.5 uM inhibitor for 15 h post-wounding. Cells were pho-
tographed with at 10 x magnification and the images represents one of
three independent experiments with similar results. After 15h of
exposure to AP26113 cells were lyzed and western blots prepared to
assess levels of Y402 FER, total FER and IGF-1R h

Cells of these subtypes have been described as less-
differentiated and to manifest a highly migratory/invasive
phenotype [33]. Interestingly, IGF-1R activity in tumors has
also been associated with a mesenchymal and stem-like
phenotype of cancer cells [7, 33].

In line with these observations, analysis of RNA-Seq
expression profiles of 82 breast cancer cell lines extracted
from the study of Marcotte et al. [34] demonstrated that
migratory and mesenchymal breast cancer cell lines express
FER at significantly higher levels than luminal cell lines (P
< 0.0001; Fig. 6b, Fig. S4C). Expression of FER was also
strongly correlated with expression of EMT markers,
including ZEB1/2, TWIST1/2, SNAI2 (SLUG) and VIM
(Pearson R ~ 0.4, P <0.0003; Fig. 6¢, S9). We also inves-
tigated whether FER expression correlates with these mar-
kers in patient samples using TCGA) RNA-Seq data from
1215 breast cancer patients. We found that FER expression
strongly correlated with ZEBI/2 (Pearson R: 0.6), TWIST]
and SNAI2 and other EMT markers (Fig. S4 B-E).

We also determined that FER expression in a panel of
breast cancer cell lines could be positively correlated with
phosphorylation of SHC (P-Y239/Y240) (Fig. 6d; S4F),
noting that several of these cell lines expressed the p66
isoform of SHC that is associated with REDOX stress and
more recently with coupling mechanical signals to activa-
tion of RhoA [35]. (The analysis of RNA sequencing

(RNA-Seq) and reverse phase protein array (RPPA) data
from 95 breast cancer patients, available from TCGA, fur-
ther demonstrated a positive correlation in phosphorylation
of SHC (P-Y317; Pearson R: 0.34; P=0.0008) and SRC
(P-Y416; Pearson R: 0.27; P=0.007) and expression of
FER (Fig. S4G).

All of the in silico analyses suggested an important
function for FER in breast cancer aggressiveness. There-
fore, we next sought to test the consequences of pharma-
cological inhibition of FER in breast cancer cells. As there
is no specific FER kinase inhibitor available, we opted to
test an inhibitor of the two anaplastic lymphoma kinase
(ALK), AP26113 (Brigatinib). This compound potently
inhibits FER in in vitro kinase assays and was described to
have FER as its next most selective target following ALK
[36]. A similar ALK inhibitor has been reported to inhibit
FES kinase, which is structurally similar to FER [37] (Fig.
S4H).

First, we tested AP26113 over a range of concentrations
(50-500 nM) in HEK293T cells overexpressing FER (Fig.
6e). Concentrations as low as 50nM, decreased FER
autophosphorylation on Y402 by ~ 80% and also reduced
FER-mediated phosphorylation of Y1131 in the IGF-1R.
Consistent with our findings (Fig. 2) the inhibitor did not
alter phosphorylation of Y1135/1136 in the IGF-IR (Fig.
6e). Moreover, this kinase inhibitor suppressed phosphor-
ylation of SHC and ERK1/2. This indicates that AP26113
inhibits FER kinase activity and FER-induced signaling.

We also tested AP26113 on breast cancers cells that
express endogenous levels of FER. HS578T cells were
chosen for these studies as a mesenchymal-like/highly
migratory breast cancer cell line with relatively high FER
levels [38] (Fig. 6d). Exposure of HS578T cells to AP26113
(100-500 nM) resulted in inhibition of FER kinase autop-
hosphorylation (Fig. 6f). Interestingly, FER levels were also
suppressed. This may be due to destabilization of inactive
FER as was previously reported [30]. AP26113 also
reduced phosphorylation of SHC, SRC, and ERKI1/2,
without affecting AKT phosphorylation. Phosphorylation of
the IGF-IR on Y950 and 1131 could not be detected in
these cells probably because of the reduction in IGF-1R
levels. We also asked whether AP26113 (0.5 puM) altered
the motility of HS578T cells over 15h in wound healing
assays. We observed consistently impaired ability to fill the
wound in the presence of AP26113 (Fig. 6g), and again, the
drug reduced FER expression levels and phosphorylation,
as well IGF-1R expression (Fig. 6h). Taken together, these
data indicate that FER kinase activity and its actions in
enhancing signaling pathways can be pharmacologically
inhibited by the AP26113 inhibitor. This inhibitor is cur-
rently being tested in phase 2 clinical trials as a therapy for
non-small cell lung cancer (ID:NCT02706626).
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Fig. 7 Schematic representing the role of FER in potentiation of
cooperative signaling between IGF-1R/P1 Integrin at sites of cell
adhesion. We propose that the non-receptor tyrosine kinase FER is an
important signaling node in cooperative signaling between the IGF-1R

Discussion

Cooperative IGF-1R and adhesion signaling has been pro-
posed to facilitate cancer progression [2, 5, 39]. Here, we
demonstrate that the non-receptor tyrosine kinase FER can
regulate IGF-1R expression levels, activity, and adhesion-
dependent signaling. FER has been reported to play a role in
cross-talk between different receptor systems including
cell—cell and cell-matrix complexes [19, 20]. Our findings
(summarized in the model in Fig. 7) indicate that FER acts
as an important node in such cross-talk between Integrin
and IGF-1R signaling and that FER can be reciprocally
activated by both IGF-1 and adhesion signaling.

Here, we show that FER and the IGF-1R strongly co-
localize in cells, an interaction that does not require either
FER or IGF-1R kinase activity. However, this interaction is
essential for FER-enhanced IGF-1R phosphorylation and
signaling. FER-induced phosphorylation of IGF-1R
requires cell adhesion signals. It has been reported that
FER regulates cellular distribution of Integrins by down-
regulating surface expression of a6 and Pl Integrins [20].
Cooperation of growth factor receptors with different
integrin heterodimers may positively or negatively impact

SPRINGER NATURE

and cell adhesion signaling. FER-IGF-1R axis has a direct effect on
IGF-1R steady state levels, its phosphorylation and signaling output.
(CTN - cortactin)

growth factor activation and signaling [40]. Hence, the
modulation of surface expression of different Integrin sub-
units can alter the growth factor signal. FER could facilitate
IGF-1R association with Integrin-adhesion complexes, thus
enhancing its phosphorylation and signaling output. We
observed that FER generally promotes autophosphorylation
of adhesion-associated kinases, SRC and FAK, and these
can, in turn, directly phosphorylate IGF-1R, when activated
by Integrin-mediated cell adhesion.

Although the role of FER in growth factor signaling has
been previously documented [21, 22, 24], this is the first
report of FER enhancing the expression levels and activity
of the IGF-1R. FAK suppression has also been reported to
decrease IGF-1R steady state levels [12, 16], again indi-
cating that adhesion complexes support IGF-1R expression.
The stability of other growth factor receptors can also be
enhanced by adhesion complexes. For example, c-MET
stability has been demonstrated to be dependent on Tensin-
4, an adapter that links Integrins to p actin [41]. Therefore,
we propose that the recruitment or localization of the IGF-
IR to sites of cell adhesions results in enhanced IGF-1R
stability. This could be mediated by the F-BAR domain of
FER, because its oligomerization facilitates the formation of
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lamellipodia [42, 43]. We observed that suppression of
cortactin, a substrate of FER, reduced IGF-1R steady state
levels. Cortactin has been previously documented to prevent
ligand-induced EGFR degradation and to enhance (2
adrenergic receptor (f2AR) recycling [29, 44]. On the other
hand, FER suppression was reported to accelerate EGFR
internalization [23]. Therefore, FER and adhesion-mediated
stability of IGF-1R could be achieved by either decreased
internalization, cortactin-mediated recycling, or decreased
IGF-1R proteostasis during biosynthesis. It is possible that
the effects of FER on enhancing IGF-1R expression by
regulating proteostasis could be mediated by FER altering
the glycosylation of the IGF-1R receptor, because FER has
been demonstrated to regulate laminin-binding glycan [45].
Indeed, impaired regulation of IGF-1R proteostasis asso-
ciated with loss of the tumor suppressor protein AIRAPL
has recently been associated with myeloid cell transforma-
tion and leukemia [46]. The FES protein, which is closely
related to FER, has also been associated with acute myeloid
leukemia where it can be activated by FL'T3 [18] to promote
cell survival. It is interesting to speculate that FES may
mediate some of its survival functions in myeloid leukemia
by enhancing the expression or activity of the IGF-1R. This
however remains to be tested.

An unexpected finding of our study was that siRNA-
mediated suppression of FER using different oligonucleo-
tides consistently reduced FER expression to apparently
similar levels while causing consistently different effects on
cell morphology and migratory potential. Our study and that
of Ivanova et al. [20] analyzed FER suppression in the
MDA-MB-231 breast cancer cell line, which displays a
mesenchymal phenotype. We noted that FER suppression
with siFER2 in our study produced a similar phenotype to
that described by Ivanova et al., with cells becoming more
spread and less migratory. However, other siRNAs, in
particular siFER3, which we also studied in detail, produced
different effects on cell morphology and migration. Inter-
estingly, the different siRNAs produced consistently similar
effects on cell morphology in different cell lines, which
suggests they selectively target certain isoforms or com-
plexes of FER. We could not establish whether different
isoforms were implicated because we only observed chan-
ges in one protein with the available antibody. However,
our data and previous reports on FER function in cell
adhesion complexes indicate that the alterations in cell
morphology elicited by siFER2 and siFER3 are both con-
sistent with disrupting the formation of lammelipodia. One
predicted outcome is that cells would become more spread
with weak adhesions and lack of directional lamellipodia
(observed with siFER2) and a second is that cells may not
properly form lamellipodia (observed with siFER3). An
additional possibility, suggested by the high levels of

p66SHC observed in breast cancer cell lines that also
express FER highly, is that p66SHC-mediated activation of
the RhoA pathway in fillopodia [35] may be affected by
FER suppression. Overall, our observations illustrate that
the use of selective siRNAs or shRNAs to investigate the
physiological responses to FER suppression is not entirely
straightforward.

A previous report demonstrated that that FER expression
is associated with aggressive breast cancer in patients (n =
485) and inversely correlates with progression-free survival
of ovarian cancer patients [24] [20]. Here, we analyzed a
large subset of TCGA clinical survival data, which also
shows that high FER expression (by RNA-Seq) correlates
with poor relapse-free survival in breast cancer patients (n
=3951). High expression of FER particularly increases the
HR in the mesenchymal-subtype cohort of breast cancer
patients (HR: 4.31). In support of this, we observed that
mesenchymal/highly migratory breast cancer cells express
FER at significantly higher level than their counterparts.
Considering the strong effects of ectopic FER expression on
IGF-1R phosphorylation, we propose that FER could
mediate potentiation of IGF-1 signaling, particularly in
cancers with an EMT or stem-like phenotype. This is con-
sistent with the observation that IGF-1R expression and
activation may be elevated in breast cancer stem cells [33].
IGF-1R activity has also been implicated in the self-renewal
of lung adenocarcinoma and chemoresistant colon cancer
stem cells [33], and may also facilitate the EMT transition
of breast, colon, prostate and lung cancer cells [2, 12, 47,
48].

As described here and elsewhere, the role of FER in
supporting an invasive phenotype highlights the need to
develop specific FER kinase inhibitors. Our results lead us
to propose that AP26113, which inhibits FER kinase and
signaling at nanomolar concentration, is an excellent can-
didate. AP26113 was developed as an ALK inhibitor and is
in clinical trials phase 2 for non-small cell lung cancer
(Brigatinib; ID: NCT02706626). TAE684, a similar ALK
inhibitor has been reported recently to target FES that
possesses a kinase domain highly homologous to FER [37].
Importantly, we observed that the residues required for
interaction between TAE684 and FES kinase, that were
identified by X-ray crystallography [37], are conserved in
FER kinase. Inhibition of FER using AP26113 may present
a useful therapeutic approach for mesenchymal-type breast
cancers. In support of this concept, a tyrosine kinase inhi-
bitor, PKC412 that was shown to specifically target a panel
of post-EMT breast cancer cells mainly acts through inhi-
bition of SYK and FER [49].

The ability of FER to mediate adhesion-enhanced
phosphorylation of catalytically active or inactive IGF-1R
in the presence of IGF-1R TKI (data not shown) could also
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provide a mechanistic explanation for the lack of efficacy of
IGF-1R TKIs in the clinic. This conclusion is supported by
reports that co-targeting the IGF-1R with SRC and FAK in
breast, lung, and pancreatic cancer models can synergisti-
cally decrease tumor growth [12, 14, 50]. Thus, co-targeting
IGF-1R and adhesion signaling could improve the efficacy
of IGF-1R inhibitors. We also propose that FER is a
potential biomarker for adhesion-enhanced IGF-1R activity
and its inhibition by AP26113 could effectively target
tumor cells that are addicted to cooperative IGF-1R and
adhesion signaling.

Materials and methods
Cell culture and IGF-1 stimulation

MCF-7, MDA-MB-231, MDA-MB-157, HEK293T, R
—/IGF-1R/WT ( + 1.5 pg/ml puromycin), Hs578T, R— and
R + cells were maintained in Dulbecco’s Modified Eagles
Medium (DMEM). MDA-MB-436 cells were cultured in a
50/50 mix of Leibovitz L15/RPMI media, and CALS1 cells
in a 50/50 mix of DMEM/Hams Nutrient F12 media.
HCC1806, ZR-75—-1 and HCC70 cells were maintained in
RPMI 1640. BT-549 cells were grown in RPMI 1640 with
0.0231U/ml Insulin. All media were supplemented with
10% (v/v) heat inactivated fetal bovine serum, 10 mM L-
Glutamine, and 5 mg/ml penicillin/streptomycin. MCF10A
cells were cultured as previously described [51]. Cells were
cultured at 37 °C in a humidified atmosphere at 5% CO,.
All cells were determined to be free of mycoplasma.

For analysis of non-adherent (suspension) cells, cells
were plated in duplicate on 10cm plates and cultured
overnight in complete medium. Cells from one plate of each
cell type enzymatically detached for 5 min, and cells
recovered by centrifugation (1000 RPM) for 5 min. Cells
were then washed with PBS and re-suspended in complete
medium (10 ml) in a 50 ml tube with occasional rotation for
a total of 4 h prior to harvesting for lysis.

For analysis of IGF-1 stimulation responses, cells were
cultured at seeding densities that allowed for an ~ 70%
confluency after 20 h. Cells were incubated in serum-free
medium for 4 h prior to stimulation with 10 ng/ml IGF-1
where appropriate. To terminate stimulation, cells were
placed on ice and washed immediately with ice-cold PBS.

Immunofluorescence and PLA and microscopy

Cells were seeded on serum-coated 10 mm glass coverslips,
washed with phosphate-buffered saline, fixed with 4%
paraformaldehyde in PHEM buffer for 30 min at 37 °C,
quenched with 50 mM Ammonium Chloride for 15 min,
and permeabilized using 0.1% Triton/PHEM for 5 min.
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Cells were then blocked for 30 min using 5% donkey
serum/PHEM, incubated for 1 h with the indicated primary
antibodies diluted 1:100 (unless specifically stated other-
wise in figure legends) in the blocking buffer and washed
with PHEM buffer. This was followed by incubation with
Alexa488- (1:200) or Cy3- (1:1000) conjugated secondary
antibodies with Hoechst.

For Duolink PLA (Sigma Aldrich) experiments, cells
were fixed, quenched, and permeabilized exactly in the
same manner as for the standard immunofluorescence.
Following this, cells were incubated with Duolink-blocking
buffer in a pre-heated humidity chamber for 30 min at +
37 °C. Primary antibodies anti-IGF-1R (#3027 (1:200) or
#9750 (1:100); Cell Signalling) and anti-FER (#4268
(1:200); Cell Signalling), were diluted in the Duolink-
blocking buffer and incubated on the cells in a humidity
chamber overnight. PLA anti-rabbit plus and anti-mouse
minus probes were used to label primary antibodies. The
probes were diluted 1:5 in a blocking buffer and slides were
incubated in a pre-heated humidity chamber for 1h at+
37 °C. The ligation stock (1:5) with ligase (1:40) was added
to the coverslips for 30 min at + 37 °C. The amplification
stock (1:5) with polymerase (1:80) was added to coverslips
for 100 min. The solution was removed and coverslips dried
at room temperature in the dark before mounting on slides
using a minimal volume of Duolink In Situ Mounting
Medium with DAPL

Images were acquired using a SPOT charge-coupled
device camera mounted on a Nikon T600 fluorescent
microscope (Kingston Upon Thames, UK). For confocal
microscopy, images were acquired using a Flouview
FV1000 confocal laser scanning microscope (numerical
aperture:1.4) with ax 60 oil or x 100 oil-immersion
objective. Maximum intensity projections and z-stacks
were processed and analyzed in Olympus Fluoview (FV10-
ASW 4.0 Viewer) where brightness and contrast were
adjusted.

SDS-PAGE and western blotting

Cellular protein extracts were prepared with a lysis buffer
(NP-40 as described previously [5]) for 30 min on ice.
Protein concentrations were determined via Bradford Assay,
and samples were then either denatured by boiling for 5 min
in 5 x loading buffer (2% w/v SDS, 8% v/v glycerol,
60 mM Tris-HCL, pH 6.8, 1.2% B-mercaptoethanol, and
0.2-0.4% Bromophenol Blue), or carried through to
immunoprecipitation studies. Proteins were resolved by
4-20% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE). Proteins were transferred to
nitrocellulose membrane and blocked for 1h at room tem-
perature in 5% milk in Tris-buffered saline-T (20 mM Tris,
150 mM NaCl and 0.05% Tween 20, pH 7.6). Primary
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antibodies were diluted in 5% milk in Tris-buffered saline-T
and incubated with membranes at 4 °C overnight. IRDYE-
conjugated secondary antibodies were used for detection
with the Odyssey Image Scanner System (LI-COR Bios-
ciences) and the Odyssey quantification software. Where re-
probes were necessary, membranes were incubated with
stripping buffer (200 mM NaOH, 1 % SDS) for 20 min at
room temperature. Membranes were then washed, blocked,
and incubated with appropriate antibodies.

Immunoprecipitation

Cell lysates were pre-cleared using Protein G-Agarose
beads with lysis buffer and inhibitors for 1 hat 4°C at a
rotor speed of 5 RPM, and were then recovered by cen-
trifugation at 3000 RPM for 3 min at 4 °C. Primary anti-
bodies were incubated at 4 °C for 1 h. Immune complexes
were obtained by adding 25 pl of pre-washed Protein G-
Agarose beads for 1h at 4 °C, and then recovered by cen-
trifugation at 1000 RPM for 3 min at 4 °C. Immunopreci-
pitates were washed three times with ice-cold lysis buffer
followed by centrifugation. In total, 2 x loading buffer was
added to each sample prior to boiling for 5 min. Samples
were separated by SDS-PAGE as described above.

DNA transfection and mutagenesis

Cells were transiently transfected with pcDNA3 plasmids
encoding WT or mutant IGF-1IR (IGF-1R/KD: K1003R)
and pSGS5 plasmids encoding FER kinase or kinase-dead
FER Kinase (D743R; KD) or SH2-domain mutant (R483Q;
SH2). The corresponding empty vector was transfected for
each plasmid as control. Mutagenesis of pSGS5 plasmid to
introduce D743R (FER/KD and R483Q (FER/SH2) was
carried out using the QuikChange Lightning site-directed
mutagenesis kit (Agilent, #210518).

For transfection of R— cells, cells were seeded at a
density of 1.5 x 10° cells/10cm tissue culture dish, in
antibiotic-free medium. Eighteen hours later, cells were
transfected with relevant DNA (10 ug) and Lipofectamine
2000 (diluted in OptiMem) per 10 cm tissue culture dish
and then incubated at 37 °C overnight. Transfected R— cells
were subsequently split in preparation for experiments to be
carried out 48 h after transfection. MCF-7 and MDA-MB-
231 cells were transfected in a similar manner to R— cells,
except for: seeding at 1.2 x 10° cells/10 cm and the use of
Lipofectamine; For co-transfection of IGF-1R and FER in
HEK 293-T cells; cells were transfected using Calcium
Phosphate. In brief, cells were seeded 5h prior to trans-
fection at a confluency of 70%. The pSGS5 vector encoding
FER (3pg) together with 1pg of pcDNA3 IGF-1R
expressing plasmids was added to CaCl2. The DNA/

CaCl, mixture was then added dropwise to 2 x HBSS at a
ratio of 1:1. Samples were allowed to stand for 1-2 min
after which the solution was distributed to the pre-seeded
cells. Cells were then cultured overnight and then re-seeded
for experiments and lysed 24 h later.

siRNA transfection

A non-targeting oligonucleotide, Silencer Negative siRNA
Control #2 (AM4311) from Ambion (Cambridgeshire, UK)
was used as a Negative Control. Individual oligos targeting
human FER kinase: siFER2 (S100287756; CAGATA-
GATCCTAGTACAGAA) and siFER3 (5102622067; 5'-
CAGAACAACTTAGTAGGATAA-3" were obtained from
Qiagen. Sequences for the other FER siRNAs from Qiagen
tested are listed in Supplementary Table 1, as well as those
of the SMARTpool ON-TARGETplus FER siRNA (L-
003129-00-0005), which was purchased from Dharmacon.
Transfections were performed using a final concentration of
20nM siRNA, except where otherwise noted, using
RNAIMAX, according to the manufacturer’s recommenda-
tions. In brief, cells were trypsinized and re-suspended in
antibiotic-free culture media with serum. siRNA oligonu-
cleotides were diluted in OptiMem media. RNAIMAX
transfection reagent was added to the siRNA solutions.
siRNA/RNAiIMAX complex was pipetted to six-well plate
and 6.5-8.5 x 10° cells per well were then added. Cells
were allowed to adhere overnight to the tissue culture plate.
24 h post transfection, the siRNA/RNAIMAX complex was
removed and cells were re-seeded for experiments.

Cell proliferation, migration, and adhesion assays
Proliferation

Cells were transfected as described above and re-seeded in
triplicate at 24 h post transfection (3.0 x 10* cells/well) in
24-well plates. Cells were collected every 24 h up to 96 h.
Media was removed, cells were washed once with PBS and
fixed with 96% Ethanol for 10 mins, followed by staining
with 0.05% crystal violet in 20% Ethanol for 30 min.
Staining was assessed using an Odyssey Scanner and
quantified using Licor Image studio Lite software (LI-COR
Biosciences).

Migration; wound-healing assay

HS578T cells were seeded in six-well plates at a con-
centration of 3.5 x 10° cells/ml 24 h prior to wounding. The
monolayer was scratched using a sterile P10 tip (Time 0O h).
Cells were allowed to migrate for 15h and photographed
using a 10 x objective at Time Oh and 15 h.
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Migration; transwell assay

Migration assays were performed using 6.5 mm transwell
inserts with 8.0 um membrane (costar#3422; Cambridge,
MA), according to the manufacturer’s recommendations. In
brief, 24h post transfection with siNEG, siFER2, or
siFER3 siRNAs, 2 X 10° MDA-MB-231 cells were seeded
onto the upper part of the transwell chamber in serum-free
medium, and allowed to migrate toward 10% serum in the
lower well of the chamber for 24 h. Cells were also added to
two additional wells without transwells to serve as cell
proliferation controls. These controls, cells that had migra-
ted to the underside of the transwell membrane (“Mem-
brane”), and cells that had migrated through the membrane
entirely and attached to the bottom of the well (“Through
migration”) were fixed and stained with 0.05% crystal violet
and scanned using the Odyssey scanner.

Adhesion assay

The wells of a 96-well plate were coated with 100 pl of
fibronectin (Sigma, UK; 5 pg/ml) or collagen I (Gibco,
Lifetechnologies, Grand Island, NY; 10 pg/ml) for 2h at
37°C, The plates were washed and blocked with 100 pl of
2.5% bovine serum albumin/well for 1h before further
washing with PBS. Cells (100 pl containing 5 x 10* cells)
were added to each coated well in triplicate and allowed to
attach for the indicated times. The medium was removed,
and attached cells were fixed with Methanol and stained
with 0.05% Crystal Violet, scanned and quantified as
described above.

RNA isolation and quantitative RT-PCR

Total RNA was isolated using the Trizol method and cDNA
synthesis was carried out by reverse transcription with equal
amounts of RNA (2 pg) using a cDNA synthesis kit (Invi-
trogen). Quantitative PCR was carried out using the
LightCycler instrument; Roche Molecular Biochemicals
(East Sussex, UK) with QuantiTect SYBR Green technol-
ogy (Qiagen, Crawley, West Sussex, UK) using the fol-
lowing  primers: (1) IGF-1R: Forward: 5-
ATGTCCAGGCCAAAACAGGAT-3; Reverse: 5'-
CCTCCCACTCATCAGGAACG-3' (2) FER: Forward: 5'-
GCTTCAGAAACGGCCATCAC-3"; Reverse: 5
AGCGTCTCCATGATGAGGTG-3'. The delta—delta CT
method was used to analyze data and determine relative
mRNA expression levels.

Bioinformatics analysis

TCGA RNA-Seq data (n=1215) was accessed from the
MD-Anderson Standardized data browser (bioinformatics.

SPRINGER NATURE

mdanderson.org/cancer/databrowser/). Correlation of gene
expression was calculated using Pearson’s product moment
correlation coefficient (r), statistical significance was
determined using a modified #-test (P).

To determine correlation between protein levels and
RNA levels in breast cancer, an RPPA dataset was down-
loaded, TCGA patient sample ID’s were then aligned to the
RNA-Seq matrix to ensure each pair corresponded to two
different assays conducted on the same primary sample.
Correlation was then calculated as for RNA-Seq analysis (n
=95).RNA-Seq data for an extended panel of breast cancer
cell lines was obtained from the supplementary material of
Marcotte et al. [34].

KM plotter analysis

The KM Plotter online survival analysis was used to
generate KM plots [32]. Gene expression data and relapse-
free and overall survival information are downloaded
from GEO (Gene Expression Omnibus; Affymetrix micro-
arrays only), EGA, and TCGA. Patient samples were
split into two groups according to median expression of
FER (ID: 206412). The two patient cohorts are compared
by a KM survival plot, and the HR with 95% confidence
intervals, median survival and log-rank P-value are
calculated.

Statistical analysis and densitometry

Densitometry of western blots was carried out by measuring
the intensity of immunolabelled protein bands using
Odyssey/Image Studio Light Software. Results were
expressed as ratio of phospho:total protein, or where rele-
vant as ratios to total loading controls. In order to simul-
taneously investigate several IGF-1R phosphorylation sites,
and FER/phospho-FER levels, technical replicates of
lysates were run in parallel on the same or separate blots. To
ensure consistent protein loading, each blot was probed with
a loading control (e.g., actin, tubulin, GAPDH or pan-
signaling proteins such as AKT, ERK1/2, or SHC), one of
which was included in each figure dataset as a representa-
tive of protein loading for those samples. For data analysis
of protein expression however, the respective protein
loading control for each sample on a particular blot was
used for normalization of protein expression. Changes in
ratio of phospho/pan-protein levels were expressed as fold
changes relative to the untreated control. Statistical sig-
nificance was determined using Student’s #-test using
Microsoft Excel or GraphPad Prism. Significance was
classified as a P-value of * <0.05, ** < (.01, *** <(0.001.
Where specified, one- or two-way analysis of variance
(GraphPad Prism) was used to determine significance, were
a P-value of < 0.05 was deemed significant. All graphs were
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produced using GraphPad Prism and are graphed using
standard error of the mean.
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IGF-1 receptor activity in the Golgi of migratory cancer
cells depends on adhesion-dependent phosphorylation
of Tyr'2°% and Tyr!2°!

Leonie Rieger, Sandra O’Shea, Grant Godsmark, Joanna Stanicka,
Geraldine Kelly, Rosemary O’Connor*

Although insulin-like growth factor 1 (IGF-1) signaling promotes tumor growth and cancer progression, therapies
that target the IGF-1 receptor (IGF-1R) have shown poor clinical efficacy. To address IGF-1R activity in cancer cells
and how it differs from that of the closely related insulin receptor (IR), we focused on two tyrosines in the IGF-1R
C-terminal tail that are not present in the IR and are essential for IGF-1-mediated cancer cell survival, migration, and
tumorigenic growth. We found that Tyr'?*® and Tyr'23" (Tyr'25%/12%%) were autophosphorylated in a cell adhesion-
dependent manner. To investigate the consequences of this phosphorylation, we generated phosphomimetic
Y1250E/Y1251E (EE) and nonphosphorylatable Y1250F/Y1251F (FF) mutant forms of IGF-1R. Although fully com-
petent in kinase activity and signaling, the EE mutant was more rapidly internalized and degraded than either the
wild-type or FF receptor. IGF-1 promoted the accumulation of wild-type and EE IGF-1R within the Golgi apparatus,
whereas the FF mutant remained at the plasma membrane. Golgi-associated IGF-1R signaling was a feature of
migratory cancer cells, and Golgi disruption impaired IGF-1-induced signaling and cell migration. Upon the for-
mation of new cell adhesions, IGF-1R transiently relocalized to the plasma membrane from the Golgi. Thus, phos-
phorylation at Tyr'25%1251 promoted IGF-1R translocation to and signaling from the Golgi to support an aggressive
cancer phenotype. This process distinguishes IGF-1R from IR signaling and could contribute to the poor clinical
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efficacy of antibodies that target IGF-1R on the cell surface.

INTRODUCTION

The receptor tyrosine kinase (RTK) insulin-like growth factor 1
receptor (IGF-1R) and its ligands (IGF-1 and IGF-2) are widely
present throughout different cell and tissue types and play essential
roles in cell, organ, and organismal growth (1, 2). The IGF system is
also linked to cancer risk, tumorigenesis, and tumor growth and
survival and to promoting cell migration in both normal and trans-
formed cells (3—-6). Many preclinical studies have shown a clear effect
of IGF-1R suppression or inhibition on limiting tumorigenesis, tu-
mor growth, and metastatic potential (3, 4, 6). However, this has not
been replicated in large-scale clinical trials, wherein IGF-1R-blocking
antibodies and kinase inhibitors show an overall poor efficacy (3, 4).
There are no predictive biomarkers for IGF-1R activity, and there is
limited understanding of the cellular signaling events that promote
resistance to or evasion of IGF-1R inhibitors.

Although IGF-1 signaling in cancer cells has been extensively
studied, it is still poorly understood how IGF-1R expression, abun-
dance, and signaling output are influenced by oncogenic and adhe-
sion signals in different cancers. Amounts of cell surface IGF-1R may
not predict responses to ligand stimulation in terms of downstream
signaling output, and this is apparently influenced by the cancer cell
phenotype, such as migratory versus nonmigratory (7). We and others
previously demonstrated that adhesion signals enhance IGF-1R ac-
tivation and signaling and that integrin-mediated signaling is essen-
tial for IGF-1 to promote cancer cell proliferation and migration
[reviewed in (8)]. Moreover, the association of IGF-1R with E-cadherin
and with discoidin domain receptors, which are RTKs activated by
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binding to collagen, can control receptor stability and signaling
output (9-11).

Cooperation between integrin B1 and IGF-1R signaling involves
an adhesion-dependent signaling complex composed of scaffolding
proteins, focal adhesion kinase (FAK), and phosphatases that ulti-
mately leads to activation of mitogen-activated protein kinase (MAPK)
pathways (12-15). Mutation of two tyrosines (Tyr'*** and Tyr'*") in
the C-terminal tail of IGF-1R is sufficient to abrogate the receptor’s
function in facilitating cellular transformation, cell survival, and
migration (16-18). These tyrosine residues were also found to be
essential for integrating IGF-1R and adhesion signaling (14). How-
ever, these tyrosines are not present in the human insulin receptor
(IR), which has an almost identical kinase domain to the IGF-1R but
shares less than 50% homology with the C-terminal tail. We previ-
ously hypothesized that the function of these tyrosines may distin-
guish IGF-1R and IR actions in cell growth and cancer (14, 17, 19).
However, despite the clear loss of IGF-1R function observed upon
mutation of Tyr'?*” and Tyr'®!' (Tyr'***!*!) to phenylanines
(Y1250F/Y1251F), and in silico predictions for phosphorylation in
cells (14, 16-21), evidence for actual phosphorylation in vivo has
remained elusive, as has knowledge of how this phospho-site func-
tions. This has hindered efforts to understand how these IGF-1R
tyrosines facilitate tumorigenesis or how this site may distinguish
IGF-1R and IR signaling.

In this study, using mass spectroscopy and phospho-specific anti-
bodies, we established that the IGF-1R was basally autophosphorylated
on Tyr'#1%! in cells, and this depended on IGF-1 and adhesion
signaling. We determined the functions of Tyr'***'#*! phosphoryla-
tion by using a phosphomimetic mutant (Y1250E/Y1251E, referred
to as the EE mutant) form of IGF-1R, which was more rapidly in-
ternalized and less stable than the wild-type (WT) IGF-1R or the
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Y1250F/Y1251F (FF) mutant. Upon IGF-1 stimulation, both the WT
and the EE mutant IGF-1R rapidly accumulated within the Golgi
apparatus, whereas the FF mutant was retained on the plasma mem-
brane. IGF-1R localization in the Golgi apparatus was associated
with migratory potential, and an intact Golgi apparatus was required
for IGF-1R signaling in migrating cells. Overall, the data indicate
that Tyr'?”>! phosphorylation drives translocation of IGF-1R to
the Golgi, where it contributes to a migratory phenotype. These re-
sults distinguish IGF-1R and IR function and may also explain the
inefficacy of targeting cell surface IGF-1R with monoclonal antibodies
in several cancers.

RESULTS

Phosphorylation of IGF-1R on Tyr occurs in cells

First, to address the question whether the Tyr'?*”***! site becomes
phosphorylated in cells, we used mass spectroscopy and phospho-
peptide analysis of IGF-1R immunoprecipitated from mouse embry-
onic fibroblasts derived from IGF-1R knockout (KO) mice (R- cells)
transiently expressing the receptor and either serum-starved or
stimulated with IGF-1. The isolation of IGF-1R phosphopeptides
including Tyr'?**'%! was less efficient than isolation of other
phosphopeptides from the receptor, which we attributed to the fact
that these tyrosines reside within a sequence (SFYYS) that also in-
cludes phosphorylated serines (20, 22), and would thus be highly
charged and difficult to capture. After peptide extraction and mass
spectrometry analysis, a series of phosphopeptides was identified
(ion score > 19) containing tyrosines that are known to be phos-
phorylated in response to IGF-1, including Tyr**® and the kinase
activation site tyrosines Tyr'"!, Tyr''*> and Tyr'"*° (Fig. 1A).
In addition, phosphopeptides were captured from both serum-
starved and IGF-1-stimulated cells with phosphorylation on the
Tyr'?*’ site, with a higher score indicating IGE-1-induced phos-
phorylation (Fig. 1A).

We next used an antibody specific for the phosphorylated Tyr
site to further assess Tyr!2°/12%1 phosphorylation over time in re-
sponse to either serum starvation or IGF-1. In phosphopeptide arrays,
an antibody known to recognize phosphorylated Tyr'>*° also detected
peptides containing either the single phosphorylated site or the
doubly phosphorylated site (fig. S1, A and B), and we therefore con-
cluded that this antibody reacts with the Tyr'?%'?! phosphosite.
We next compared the profile of IGF-1-stimulated phosphorylation
of the Tyr!2°0/1251 phosphosite with the IGF-1R autophosphorylation
sites Tyr®, Tyr'"*!, and Tyr'**"%_ This analysis demonstrated that
basal amounts of Tyr®*’, Tyr'"*!, and Tyr 11351136 phosphorylation
were low and then rapidly induced by IGF-1 at 1 to 5 min. In contrast,
basal phosphorylation of Tyr'?***#*! was evident in serum-starved
cells, and IGF-1-induced phosphorylation at this site accumulated
more slowly than it did at the other sites (Fig. 1B). This result is
consistent with the mass spectrometry analysis indicating phosphor-
ylation in serum-starved cells (Fig. 1A).

Although IGF-1 displays greater affinity for IGF-1R than for IR,
and insulin displays greater affinity for IR than for IGF-1R, each can
activate the other receptor when the ligand concentration is high.
Therefore, we investigated whether Tyr!2°/125! phosphorylation was
influenced by ligand concentration in serum-starved R- cells ex-
pressing WT IGF-1R stimulated with IGF-1 (either 1, 10, 50, or
100 ng/ml). From this, we observed that Tyr'***#*! phosphoryl-
ation was induced in a dose-responsive manner with the highest

1250/1251
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amounts of phosphorylation reached at 50 ng/ml (Fig. 1C). Insulin
did not induce phosphorylation on Tyr'?%'*! even at 100 ng/ml,
although it modestly induced phosphorylation of the kinase AKT,
which is known to mediate activation of the mammalian target
of rapamycin pathway, metabolism, growth, and survival, but not
phosphorylation of extracellular signal-regulated kinase (ERK),
known to promote mitogenic, differentiation, and migratory signals,
at this concentration (Fig. 1D). IGF-2 also induced Tyr!?*%/12°1 phos-
phorylation (Fig. 1D). We also observed phosphorylation on Tyr!2°0/1251
of endogenous IGF-1R in the cancer cell lines MDA-MB-231, Cal-51,
HS-578T, and DU-145 (Fig. 1E). Again, Tyr'***'*! phosphorylation
was observed in serum-starved cells, and this increased upon IGF-1
stimulation (Fig. 1E). Together, these data demonstrate that Tyr'**1%!
phosphorylation was present in cells at low basal amounts and was
induced by IGF-1 in a concentration- and time-dependent manner.

Adhesion signals and IGF-1R kinase activity are required
for Tyr'25%/1251 phosphorylation

Because IGF-1 enhanced phosphorylation of IGR-1R at Tyr
and this phosphorylation event had not previously been demon-
strated in cells, we next investigated whether it was a bona fide
autophosphorylation site in IGF-1R. The first approach was to deter-
mine whether Tyr'?**'%*! phosphorylation could be induced in the
presence of an inhibitor of IGF-1R kinase activity. In serum-starved
cells, Tyr'?%123! phosphorylation was not affected by the IGF-1R
kinase inhibitor BMS-754807 (Fig. 2A). However, IGF-1-mediated
enhancement of Tyr'**'?*! phosphorylation was abolished by the
kinase inhibitor, indicating that IGF-1-induced phosphorylation of
Tyr'2%12! yyas likely a result of autophosphorylation. To further
test autophosphorylation, we assessed autophosphorylation of
WT IGF-1R and a kinase-inactive form of IGF-1R (K1003R, an
adenosine triphosphate (ATP)-binding site mutant, referred to
henceforth as KR), in the absence or presence of exogenously added
ATP to stimulate kinase activity. Although phosphorylation on
Tyr' 13! was detectable on both the WT and KR receptors, this
was increased by exogenous ATP on the WT but not on the KR
receptor (Fig. 2B). This indicates that IGF-1R kinase activity was
required for phosphorylation on Tyr'*%'?*!, The observation that
phosphorylation was evident with the KR mutant and with WT
IGF-1R in serum-starved cells also suggests that other cellular kinases
may phosphorylate Tyr'?%12!,

Previous studies have shown that the Tyr site is required
for cooperative IGF-1R and adhesion signaling (14) and that IGF-1R
kinase activity is influenced by adhesion signaling and adhesion-
associated kinases (23, 24). Therefore, we asked whether adhesion-
activated kinases [feline sarcoma-related (FER), FAK, and Src]
contributed to Tyr'?**'#*! phosphorylation. To test this, we used
Cal-51 breast cancer cells, in which IGF-1 and adhesion signaling are
active (10, 25), and measured IGF-1-induced phosphorylation at the
Tyr'?%12%! site and at the Tyr'"**"% site, which is required for full
kinase activation, in the presence of either the IGF-1R kinase inhibitor
BMS-754807, a FER kinase inhibitor (AP-26113), a FAK kinase
inhibitor (PF-573228), or a Src kinase inhibitor (PP2) (Fig. 2C).
We observed that IGF-1-induced phosphorylation on both sites
was decreased by BMS, AP-26113, and PF-573228 but not by PP2
(Fig. 2C). Thus, inhibition of IGF-1R, FER, or FAK kinase activity
suppressed IGF-1R autophosphorylation and full kinase activation.
A requirement for adhesion signaling in full IGF-1R autophosphoryl-
ation was also observed with cells that were detached from the
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CRISPR technology, the EE mutant was consistently expressed at
significantly lower levels than either the WT or FF IGF-1R (Fig. 3A).
A similar pattern of lower receptor protein abundance was observed
in R- cells stably expressing EE IGF-1R (fig. S2A), although mRNA
expression across the transfected WT, FF, and EE constructs was
similar (fig. S2B). Single mutation of either Tyr1250 or Tyr1251 to glu-
tamic acid was also sufficient to impair receptor protein abundance
compared to WT IGF-1R (fig. S2C).

Although present in lower amounts in cells, the EE mutant was
observed to be functional and to mediate IGF-1-stimulated kinase
activation and downstream signaling. Cells expressing either WT or
EE IGF-1R exhibited similar IGF-1-stimulated AKT and ERK acti-
vation (Fig. 3B). The FF mutant exhibited lower IGF-1R and ERK
activity than WT IGF-1R (Fig. 3B), which is consistent with previous
studies (19). Transient overexpression of WT, FF, or EE IGF-1R in
MDA-MB-231 IGF-1R KO cells (MDA-KO) also demonstrated that
the activation of EE IGF-1R was comparable to that of WT IGF-1R,
whereas it was higher than that of FF IGF-1R (Fig. 3C). In vitro kinase
assays were used to compare the IGF-1R kinase activity of the EE
mutant with WT IGF-1R and the FF mutant. In vitro EE IGF-1R
kinase activity was similar to that of WT IGF-1R, whereas FF IGF-1R
kinase activity was lower than that of WT IGF-1R (Fig. 3D), as also
previously reported (17).

The lower cellular abundance of the EE mutant compared to
WT IGF-1R and the FF mutant suggested that Tyr'?%'*! phos-
phorylation influenced the translation or stability of the IGF-1R
protein. We first ruled out the possibility that low EE protein
was due to impaired protein synthesis by using cycloheximide
(CHX) to transiently suppress protein synthesis and then assess-
ing the amount of newly synthesized protein over time. In these
experiments, it was clear that similar amounts of WT IGF-1R
and mutant IGF-1Rs were restored after CHX exposure (Fig. 4A),
thereby indicating similar amounts of synthesis. We next tested
whether inhibition of proteasomal or lysosomal activity could re-
store EE IGF-1R protein in cells. The IGF-1R protein is synthesized
as a proreceptor that is processed to yield an extracellular o chain
and intracellular B chain. The functional receptor is a homodimer
of two a chains and two P chains that are joined by disulfide bonds.
Inhibition of proteasomal activity with MG-132 for 6 hours re-
stored the EE B chain to protein abundances that were similar
to those of WT IGF-1R and FF IGF-1R in control cells, and the
abundance of the pro form of the receptor was also recovered
(Fig. 4B). Lysosomal inhibition with E64D and leupeptin or chloro-
quine (CQ) did not affect EE protein abundance (Fig. 4C), indicat-
ing that the EE mutant was not more susceptible to lysosomal
degradation than WT.

We also investigated whether stimulation of R- cells with high
or low concentrations of IGF-1 influenced the degradation of the
EE and WT IGF-1R compared to the FF IGF-1R. This demon-
strated that IGF-1 stimulation at either high or low IGF-1 concen-
trations resulted in a similar reduction in amounts of the WT and
EE receptors at 6 and 12 hours, whereas the abundance of the FF
receptor was not significantly reduced after 6 hours and was com-
parable to its abundance in unstimulated cells (Fig. 4D). Thus, the
FF mutant was protected from degradation. Together, these results
demonstrate that the IGF-1R EE mutant was kinase active and
responsive to IGF-1 but was less stable than WT IGF-1R. The
data suggest that Tyr'****! phosphorylation accelerated IGE-1R
protein turnover.

Rieger et al., Sci. Signal. 13, eaba3176 (2020) 26 May 2020

Tyr'25%/1251 phosphorylation promotes IGF-1R translocation

to the Golgi apparatus

The EE IGF-1R mutant was highly active in signaling even with low
amounts of protein in the cells, so we next investigated its subcellular
location and compared IGF-1-stimulated internalization and traf-
ficking of the EE receptor with that of the WT and FF receptors.
Although, as expected, the WT receptor was mainly located on the
cell membrane in serum-deprived cells, we observed that a pool of
IGF-1R was located at the perinuclear region in these cells (Fig. 5A).
In IGF-1-stimulated cells, both WT and EE receptors were visible
in large intracellular vesicles. Over time, these vesicles appeared to
accumulate at the perinuclear region and were less evident at the
plasma membrane (Fig. 5A). These IGF-1R-containing vesicles were
overall less evident in cells expressing the FF mutant receptor, in
which the receptor was predominantly located at the plasma mem-
brane (Fig. 5A). The relative translocation patterns of WT and EE
IGF-1R in cells were illustrated by showing the intensity in IGF-1R
fluorescence signal along a line that was drawn diagonally from cell
membrane to cell membrane through the nucleus (Fig. 5B). Without
IGF-1, cells expressing the EE mutant exhibited a clear peak in IGF-1R
fluorescence signal close to the nucleus. This peak was less promi-
nent in cells expressing WT IGF-1R and was not visible in cells ex-
pressing FF IGF-1R. Over time, cells expressing either WT or EE
displayed a shift in IGF-1R fluorescence signal toward the nucleus
and a reduction in signal intensity near the plasma membrane.

Receptor internalization was also assessed using in-cell Western
assays to quantify the ratio of IGF-1R present at the plasma mem-
brane relative to total amount of the receptor in cells that were stim-
ulated with IGF-1. Whereas the amounts of the receptor at the cell
surface declined in response to IGF-1 in cells expressing either the
WT or EE receptors, the cell surface amounts of FF receptors were
not altered (Fig. 5C). To test whether WT and EE IGF-1Rs were
being actively internalized into vesicles, we used an antibody that
recognizes the o chain of IGF-1R (IRa) and is known to induce
IGF-1R internalization (3). R- cells expressing the WT, FF, or EE
IGF-1R were serum-starved for 4 hours and cultured with the IRa
antibody for 30 min either at 37°C (Fig. 5D) or on ice (fig. S3A) fol-
lowed by staining with an antibody detecting the B chain of IGF-1R
and immunofluorescence analysis for colocalization (Fig. 5D and
fig. S3B). The IRa-specific antibody was internalized in vesicles after
30 min in cells expressing the WT or EE IGF-1R, whereas colocal-
ization of IRa with the B chain was observed at the plasma membrane
in cells expressing the FF mutant. We conclude that activated WT
and EE IGF-1Rs were rapidly internalized into intracellular vesicles
that accumulated at the perinuclear region over time. The observa-
tion that the FF mutant neither accumulated within vesicles nor
underwent postendocytotic trafficking suggests that phosphorylation
on Tyr'#%'23! was required for internalization and accumulation of
IGF-1R at the perinuclear region.

Postendocytic trafficking of surface receptors and proteins to the
Golgi apparatus has been described as retrograde trafficking and a
process that may be important for cell signaling (26, 27). We therefore
further investigated IGF-1R colocalization with the Golgi marker
GM130 in cells expressing WT, FF, or EE IGF-1R. Over time, the WT
and EE IGF-1Rs colocalized with GM130 at the cis-Golgi compart-
ment (Fig. 6A). Colocalization of IGF-1R with a biotinylated form of
the lectin Vicia villosa (VVA), which labels N-acetylgalactosamine
and is a marker for both trans- and cis-Golgi, was also evident
(Fig. 6B). The EE mutant was also observed at the Golgi apparatus in
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Fig. 3. Exogenously expressed
Tyr‘25°' 1251 phosphomimetic (EE)
IGF-1Ris fully active. (A) Immuno-
blot of the indicated phosphoryl-
ated forms of IGF-1R and total
IGF-R1in R- cells and total IGF-1R
in IGF-1R knockout (KO) MCF-7,
MDA-MB-231, and DU-145 cells
transiently expressing the WT, FF
(Tyr' 91251 not phosphorylatable),
orEE(Th yr1 2501251 phosphomimetic)
forms of IGF-1R. (B) Immunoblot-
ting for the indicated phosphoryl-
ated forms of IGF-1R, AKT, and
ERK and total IGF-1R, AKT, and
ERK from R- cells transiently over-
expressing the WT, FF, or EE form
of IGF-1R and stimulated with
IGF-1 for the indicated times after
serum starvation. Significance was
calculated using a two-sided
two-sample t test. (C) Immuno-
blot of the indicated phosphoryl-
ated forms of IGF-1R and AKT
and total IGF-1Rand AKT in IGF-1R
KO MDA-MB-231 cells transiently
overexpressing IGF-1R WT, FF, or
EE and stimulated with IGF-1 for
the indicated times after serum
starvation. For (A) to (C), densi-
tometry quantification is present-
ed as the average fold change +
SEM in ratio of phosphorylated/
total protein relative to the con-
trol condition. n > 3 independent
experiments. Significance was cal-
culated using a two-sided two-
sample t test. (D) Immunoblot of
total IGF-1R from R- cells tran-
siently overexpressing IGF-TRWT,
FF, or EE used to determine pro-
tein input toimmunoprecipitate
for in vitro kinase assays followed
by immunoblotting of immuno-
precipitated IGF-1R (all adjusted
to EE protein amounts). Kinase
assay data are presented as aver-
age fold change + SEM in kinase
activity [measured in relative
luciferase units (RLU)] relative to
control condition (IGF-TRWT).n=
3 independent kinase prepara-
tions. Significance was calculated
using two-sided one-sample t test.
*P < 0.05; ***P < 0.001.

serum-starved cells, suggesting that phosphorylation on Tyr
was sufficient for translocation to the Golgi. To further test whether
WT and EE IGF-1Rs were present in the Golgi apparatus, we used
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expressing the WT, EE, or FF receptor. Fragmentation of the
cis-Golgi resulted in lower amounts of WT and EE receptors (Fig. 6C),
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Fig. 4. The IGF-1R EE mutant is
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ation on Tyr
Tyr'25%1251 phosphorylation and adhesion signals promote
IGF-1R presence in and signaling from the Golgi

The Tyrlzsm1251 site is required to support a transformed phenotype,
cancer cell survival, cell migration, tumor growth, and metastasis
in vivo (3, 18, 29). Because Golgi-derived signaling is implicated in
cell migration (30), we hypothesized that Tyr!'2°%/125! phosphoryl-
ation and IGF-1R Golgi localization may be a feature of migratory

Rieger et al., Sci. Signal. 13, eaba3176 (2020) 26 May 2020

cancer cells. To test this, we compared IGF-1R localization in non-
migratory MCF-7 cancer cells to that in migratory MDA-MB-231
and HS-578T cells, both of which also exhibited relatively high IGF-1R
Tyr' #9121 phosphorylation (Fig. 1E). Whereas the IGE-1R was evi-
dent at sites of focal adhesion (FA) in MCF-7 cells, it was also clearly
located within the Golgi apparatus in MDA-MB-231 and HS-578T
cells (Fig. 7A). IGF-1R abundance was reduced by the Golgi disruptor
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15 . 1250/1251 . . s .
. Fig. 5. Tyr phosphorylation promotes IGF-1R internalization and translocation
Ty 10 . to the perinuclear region. (A) Immunofluorescence of R- cells transiently expressing the IGF-1R
g L
% g = . WT, FF, or EE mutant showing IGF-1R (green) and nuclei (blue) after serum starvation (0 min)
é 2 05 o or IGF-1 stimulation (5 and 10 min). Images are representative of n > 4 experiments. (B) IGF-1R
@ staining intensity (green) in relation to the nuclear area (blue) measured using the RGB profiler
10 ng/ml . .
0.0 |GF-1 from ImagelJ software along a line drawn through the cell passing through the nucleus. (C) Results
TR 010 TR 0 10 TR 0 10 (min) of in-cell Western assay from R- cells transiently transfected with WT, FF, or EE IGF-1R probed
SR SR SR for total (TR) and surface (SR) IGF-1R. Densitometry quantification is presented as average fold
wT FF EE

change + SEM in IGF-1R surface protein relative to the control condition. n = 3 independent

experiments. Significance was calculated using a two-sided one-sample or two-sample t test. (D) Confocal microscopy showing R- cells transiently expressing the
WT, FF, or EE IGF-1R that were serum-starved for 4 hours or incubated with an antibody binding to the IGF-1R a chain (IRa). Colocalization of IGF-1R IRa antibody
[detected with secondary (2°) antibody, in red] and IGF-1Rp (green) is indicated as a yellow signal. Images are representative of n = 2 independent experiments, each
with n > 3 cells. *P < 0.05; **P < 0.01. Scale bars, 50 um.
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Fig. 6. Tyr'2>*'251 phosphorylation promotes IGF-1R translocation to the Golgi apparatus. (A) Immunofluorescence
of R- cells expressing WT, FF, or EE IGF-1R that were either serum-starved (0 min) or stimulated with IGF-1 (5, 10, and
30 min) showing IGF-1R (green), the cis-Golgi marker GM130 (red), and nuclei (blue). Scale bar, 50 um. Images are
representatives of n > 3 independent experiments. (B) Immunofluorescence of R- cells expressing WT, FF, or EE IGF-1R
after IGF-1 stimulation for the indicated times showing IGF-1R (green), the Golgi marker VVA (red or green) or GM130
(red), and nuclei (blue). Representative images of n = 2 independent experiments, with n > 3 images acquired for each
experiment, are shown. Scale bars, 50 um (IGF-1R and VVA) and 20 um (VVA/GM130). (C) Immunoblot for total IGF-1R
from R- cells transiently expressing WT, FF, or EE IGF-1R cultured in control medium (0 hours) or medium containing
the Golgi disruptor brefeldin A (BFA). Densitometry quantification is presented as average fold change + SEM in IGF-1R
protein relative to the control condition. n = 3 independent experiments. Significance was calculated using a two-sided

one-sample or two-sample t test. *P < 0.05.

BFA in MDA-MB-231 and HS-578T cells, but not in MCF-7 cells
(Fig. 7B). Furthermore, although disruption of the Golgi with BFA
did not alter the distribution of the IGF-1R at the plasma membrane
in MCF-7 cells, BFA caused dispersal of the IGF-1R from the Golgi
apparatus in MDA-MB-231 and HS-578T cells (Fig. 7C). In these
cells, IGF-1R staining remained visible at the leading edge within
lamellipodia. IGF-1-induced phosphorylation on Tyr!2°%/1251 was

Rieger et al., Sci. Signal. 13, eaba3176 (2020) 26 May 2020

detectable in both MCF-7 and HS-578T
cells, but basal amounts of SHC [Src
homology 2 (SH2) domain-containing]
phosphorylation and IGF-1-induced SHC
phosphorylation were impaired by BFA
in HS-578T cells, but not in MCF-7 cells
(Fig. 7D).

Because IGF-1R was observed at the
lamellipodia of cells even when the Golgi
was disrupted (Fig. 7C) and Tyr'#%/1%!
phosphorylation required adhesion sig-
naling (Fig. 2, C to E), we next investi-
gated whether cell adhesion controlled
IGF-1R localization at the plasma mem-
brane or Golgi in MCF-7 and HS-578T
cells. IGF-1R location and phosphoryl-
ation on TyrleO/ 1251 was monitored over
time in response to the formation of
nascent FA contacts in cells that were
allowed to attach to fibronectin-coated
plates and coverslips. Inmunofluorescence
showed that the IGF-1R was present at
the plasma membrane in both cell types
at 15 min after cell seeding (Fig. 8A). At
this time, phosphorylation on Tyr'*"/2!
was low (Fig. 8B). In MCF-7 cells, the
IGF-1R was observed in FAs at 30 min
after cell seeding, and it remained there
for up to 60 min (Fig. 8A). In HS-578T
cells, most of the IGF-1R had moved
from the plasma membrane to the Golgi
at 30 min and was exclusively Golgi-
localized by 60 min (Fig. 8A). In MCF-7
cells, phosphorylation on Tyr!?%12%!
remained low over time after cell adhe-
sion, whereas in HS-578T cells, Tyr'>1%!
phosphorylation increased over time after
adhesion (Fig. 8B). These observations
indicate that the IGF-1R was rapidly re-
cruited to nascent FAs in HS-578T cells
and that IGF-1R and adhesion-dependent
Tyr'?121 phosphorylation promoted
subsequent translocation of the receptor
to the Golgi.

Directed migration of epithelial cells
requires the formation of leading edge
protrusion and adhesion to the extra-
cellular matrix (ECM), which involves the
formation of new FAs (30). We therefore
investigated whether the IGF-1R was
recruited to FAs in migrating cells. At
6 hours after wounding a HS-578T cell
monolayer, large FAs were visible at the leading edge of the migrating
cells (Fig. 8C). In agreement with our earlier observations of IGF-1R
at sites of adhesion in both migratory and nonmigratory cells (Fig. 7A),
immunofluorescence analysis showed that the IGF-1R was clearly
located within the protrusions of moving cells (Fig. 8C). In these cell
cultures, it was also clear that the IGF-1R was predominantly located
in the Golgi apparatus within cells that were part of the high-confluency
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Fig.7. Tyr125°'1 Blis phosphorylated in Golgi-localized IGF-1R in migratory cancer cells. (A) Immunofluorescence
of MCF-7, MDA-MB-231, and HS578T cells stained to show IGF-1R (green) and either the cis-Golgi marker GM130 or
the cis/trans-Golgi marker VVA (red). Images are representative of n > 3 independent experiments. (B) Immunoblot
for IGF-1R from MCF-7, MDA-MB-231, and HS-578T cells cultured in control medium (0 hours) or medium containing
the Golgi disruptor BFA for 4 hours. Densitometry quantification is presented as average fold change + SEM in IGF-1R
protein relative to the control condition. n > 3 independent experiments. Significance was calculated using a two-sided
one-sample t test. (C) Immunofluorescence of MCF-7, MDA-MB-231, and HS-578T cells cultured in control medium
(0 hours) or medium containing BFA for 4 hours and stained for IGF-1R (green) and either GM130 or VVA (red). Images
are representatives of n > 3 independent experiments. (D) Immunoblot of the indicated phosphorylated forms of
IGF-1R, SHC, and AKT and total IGR-1R, AKT, and SHC in lysates from MCF-7 and HS-578T cells stimulated with IGF-1
for the indicated time after 4-hour serum starvation in the presence or absence (Ctl) of BFA. Densitometry quantification
is presented as the average fold change + SEM in ratio of phosphorylated/total protein relative to the control condition.
n > 3 independent experiments. Significance was calculated using a two-sided one-sample or two-sample t test.
*P < 0.05; **P < 0.01. All scale bars, 20 um.
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monolayer. BFA abolished IGF-1-
stimulated HS-578T cell migration
(Fig. 8D), indicating that the Golgi ap-
paratus is essential for IGF-1-promoted
cell migration.

To better understand what promoted
IGF-1R localization to the Golgi, we
further assessed IGF-1R localization in
MCEF-7 and HS-578T cells that were
cultured to either subconfluence, which
allows for cell migration and cell-matrix
contacts, or high confluence, which favors
cell-cell adhesion. We observed that when
cell-cell adherence was high in MCF-7
cells, the IGF-1R was located at the
plasma membrane sites of cell-cell adhe-
sion as previously described (9), whereas
it was located at sites of focal cell adhe-
sion in subconfluent cultures (Fig. 8E).
In these MCF-7 cultures, basal phos-
phorylation on Tyr'**'?*! was present,
and IGF-1-induced phosphorylation of
SHC was evident (Fig. 8F). In contrast, in
subconfluent HS-578T cells, the IGF-1R
was located at the leading edge and in the
Golgi with significant IGF-1-induced
phosphorylation of Tyr'**%'#! evident,
whereas in confluent cells, the IGF-1R
was predominantly located in the Golgi
(Fig. 8E), where constitutive Tyr!250/1251
phosphorylation was evident (Fig. 8,
E and F). HS-578T cells growing under
high-confluency conditions exhibited
little IGF-1-stimulated SHC phosphoryl-
ation (Fig. 8F). However, induction of
phosphorylation on Tyr'**'*¢ and ac-
tivation of AKT and ERK were present,
confirming that the IGF-1R was active
within the Golgi in these cells. Together,
these data indicate that phosphorylation
on Tyr'?”%! promoted the accumula-
tion of IGF-1R in the Golgi. Within the
Golgi, the IGF-1R was active and induced
downstream signaling. On the other
hand, cell-ECM adhesion signals during
cell migration enhanced IGF-1-induced
phosphorylation on Tyr'?%'%!, result-
ing in the IGF-1R being located both
in the Golgi and at the leading edge of
migrating cells.

DISCUSSION

Although IGF-1 signaling has a well-
described function in facilitating tumor-
igenesis and promoting tumor growth,
it is unresolved why the abundance of
IGF-1R does not correlate with its activity
in cancer cells and why IGF-1R-targeting
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Fig. 8. Tyr'25%1257 phosphoryla-
tion correlates with IGF-1R pres-
ence in the Golgi in migrating
cancer cells. (A) Immunofluores-
cence of MCF-7 and HS-578T cells
stained for IGF-1R (green), the
cis-Golgi marker GM130 (red), and
actin (blue) at the indicated times
after being cultured on fibronectin-
coated coverslips. Images are rep-
resentative of n > 3 independent
experiments. (B) Immunoblotting
for the indicated phosphorylated
forms of IGF-1R, FAK, AKT, and ERK
and total IGF-1R, FAK, AKT, and ERK
from MCF-7 and HS-578T cells cul-
tured on fibronectin-coated plates
for the indicated times. Densitom-
etry quantification is presented as
the average fold change + SEM in
ratio of phosphorylated/total IGF-1R
relative to the control condition
over time. n > 3 independent ex-
periments. Significance was calcu-
lated using a two-sided one-sample
t test. (C) Phase-contrast images of
HS-578T cells in a scratch wound
assay at the indicated time points,
and these cells were fixed and
stained for IGF-1R (green), GM130
(red), and actin (blue). Images are
representative of n = 3 independent
experiments. (D) Phase-contrast im-
ages of HS-578T cells in a wounding
assay in serum-free control medium
(no IGF-1) or in the presence of
IGF-1, with vehicle or BFA added at
0 and 6 hours after wounding. Im-
ages are representative of n =3
independent experiments. (E) Im-
munofluorescence of subconfluent
and confluent MCF-7 and HS-578T
cells stained for IGF-1R (green) and
either GM130 or actin (red). Images
are representative of n = 3 indepen-
dent experiments. (F) Immunoblot-
ting for the indicated phosphorylated
forms of IGF-1R, FAK, SHC, AKT, and
ERK and total IGF-1R, FAK, SHC,
AKT, and ERK from subconfluent
(SUB) and confluent (CON) MCF-7
and HS-578T cells stimulated with
IGF-1 after serum starvation. Densi-
tometry quantification is presented
as the average fold change + SEM
in ratio of phosphorylated/total
protein relative to the control con-
dition. n = 3 independent experi-
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ments. Significance was calculated using a two-sided one-sample or two sample t test. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars, 250 um (phase) and 20 um (fluores-
cence). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

drugs have been largely ineffective. Our findings here (summarized
in the model in Fig. 9) explain a previously hidden activity of the
IGF-1R in promoting an aggressive cancer phenotype and evading
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therapy. Adhesion-dependent phosphorylation of the IGF-1R on

Tyr1250/125

1

promoted receptor translocation from the plasma mem-

brane to the Golgi, whence it elicited signaling and was available for
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Fig. 9. Model for function of Tyr'250/1251

Golgi apparatus. IGF-1 and adhesion signals promote the phosphorylation of IGF-1R at Tyr
gratory and migratory cells. In nonmigratory cells, the IGF-1R is predominantly located at the plasma membrane or
at stable FA points. In migratory cells, the IGF-1R is predominantly located in the Golgi apparatus. Upon induction of
cell migration, IGF-1R translocates from the Golgi to the leading edge of the cell, subsequently becomes phosphorylated,
and returns to the Golgi, where it mediates signaling to downstream effectors, including SHC and ERK. Tyr

transport to and from new FA sites in migrating cells. Ligand- and
adhesion-stimulated Tyrlst/ 1251 bhosphorylation and receptor inter-
nalization also accelerated the turnover of the receptor.

Previous studies have reported that IGF-1R activity and signal-
ing can be modulated by cell adhesion signals [reviewed in (8)] and
directly by adhesion-associated kinases including FAK, Src, and
FER (23, 24, 31-33). The presence of Tyr'**'*! is necessary for the
integration of IGF-1R and integrin B1 signaling mediated by their
corecruitment into a scaffolding complex containing receptor for
activated C kinase 1(RACK-1), SHC, and other mediators that
stimulate MAPK signaling (12, 14). Loss of this interaction with
mutation of the tyrosines to phenylalanine results in impaired IGF-
1-induced cell migration and tumor growth in vivo (14, 18). Our
observations here, specifically that the phosphomimetic EE mutant
(for Tyr'?">! phosphorylation) was more rapidly internalized and
trafficked from the Golgi apparatus to the leading edge of migrating
cells, indicate that phosphorylation on this site is necessary for co-
operation with adhesion signaling. IGF-1 also stimulates the inter-
nalization of WT IGF-1R to the Golgi, demonstrating that this is an
intrinsic component of IGF-1R signaling when it is phosphorylated
on these residues. In migrating cells, the removal of IGF-1R from
FA points induced by phosphorylation on Tyr'*%'#*! may facilitate
the disassembly of FAs to promote the migration of cells and may
also explain the impaired migratory capacity of cells expressing the
FF mutant, wherein the IGF-1R is retained at the plasma membrane.

It is well documented that the outcome of RTK activation and
signaling can vary depending on receptor location (34-36). Com-
partmentalization of RTK signaling may facilitate the recruitment
of different effector proteins that might be dictated by a specific cell
phenotype. Emerging evidence suggests an important role for the
Golgi in oncogenic RTK signaling (37-39). Overexpressed or mutated
forms of the RTK MET cause ligand-independent activation and
signaling from MET, including the phosphorylation of the RTK human
epidermal growth factor receptor 3 (HER3; also known as ERBB3),

Rieger et al., Sci. Signal. 13, eaba3176 (2020) 26 May 2020

phosphorylation in determining IGF-1R location and signaling in the

Tyr'?”'%! In migrating cells, the IGE-1R
was located at the leading edge of nascent
FAs and was subsequently rapidly traf-
ficked back to the Golgi. This suggests
that a pool of IGF-1R phosphorylated at
12501251 i stored in the Golgi for sig-

naling and fast trafficking back to the

membrane in migrating cells. A similar
trafficking route is proposed for Golgi membrane protein 1-mediated
trafficking of ligand-activated EGFR in hepatocellular carcinoma (27).

We have not, however, established whether the IGF-1R is a cargo
protein, whether it might participate in regulating the secretion of
proteins from the Golgi, or what controls its trafficking out of the
Golgi. Phosphorylation on Tyr'?*%'?*! was low when the IGF-1R
was recruited to the membrane, which suggests that phosphatases
may facilitate the dephosphorylation of Tyr'**'?*!, leading to the
release of IGF-1R from its Golgi location. Once located at points of
nascent FAs, the IGF-1R may promote the recruitment of other in-
teraction partners and proteins, leading to the stabilization of FAs.
It is likely that the IGF-1R is subsequently removed from FAs after
phosphorylation on Tyr'?**'**!_ An alternative possibility is that
the IGF-1R traffics to the Golgi compartment as part of a multiprotein
complex that is stored there for signaling.

Golgi-derived oncogenic signaling may be especially active in cell
migration (30). Here, we observed that fragmentation of the Golgi
impaired cell migration in the presence of IGF-1. This was associated
with impaired SHC phosphorylation in migratory HS-578T cells
but not in nonmigratory MCEF-7 cells. This is consistent with a pre-
viously described requirement for an intact Golgi apparatus in
activating the RAS pathway and ERK signaling to establish cell
polarity in migrating cells (30). The observation that impaired SHC
phosphorylation was not observed in nonmigratory cells suggests
that different signaling outcomes can be dictated by the same receptor
depending on its location and on the cell phenotype as previously
suggested (7). Our data suggest that distinct cell adhesion signals
have an essential function in determining IGF-1R autophosphoryl-
ation and location. Mesenchymal cancer cells exhibiting high migra-
tory capacity and aggressiveness are often deficient in E-cadherin,
which interacts with the IGF-1R and may retain it at cell-cell junctions
in, for example, MCEF-7 cells (9). Loss of E-cadherin would there-
fore be likely to alter IGF-1R localization and potentially facilitate
interactions with integrins.

125071257 i both nonmi-
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Activated intracellular and nuclear IGF-1R have previously been
linked to an aggressive cancer phenotype. Intracellular IGF-1R is
more abundant in malignant than in benign epithelium in samples
from patients with prostate cancer (44), and nuclear IGF-1R has been
proposed to facilitate breast and prostate cancer (45, 46). Moreover,
although abundance of the IGF-1R itself is not associated with survival
in patients with breast cancer, high amounts of IGF-1R phosphoryl-
ation are linked to poor outcomes (47). Our finding of Golgi-derived
IGF-1R signaling offers a mechanistic explanation for these effects,
because although the EE IGF-1R was present in lower amounts in
cells, it retained high activity.

In summary, phosphorylation-specific trafficking of the IGF-1R
to the Golgi and the association of this with aggressive cancer pheno-
type has important consequences for IGF-1 signaling. Phosphorylated
Tyr' %1% could be a biomarker for identifying subsets of cancer
that may not be targetable with antibodies targeting the receptor
but may be amenable to other therapies that would target an IGF-
1R signaling hub within the Golgi. Moreover, this phosphorylation
site may distinguish IGF-1R and IR signaling in cells.

MATERIALS AND METHODS

Cell culture, ligand stimulation, and

pharmacological inhibitors

R- cells, MDA-MB-231, and HS578T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM). Cal-51 were cultured
in 50/50 mix of DMEM/Ham’s Nutrient F12 media. Prostate cancer
DU-145 cells were cultured in RPMI 1640. Media were supplemented
with 10% (v/v) heat-inactivated fetal bovine serum, 10 mM L-glutamine,
with penicillin/streptomycin (5 mg/ml) added. Cells were cultured
at 37°C in a humidified atmosphere at 5% CO,. All cells were deter-
mined to be free of mycoplasma by specific DNA staining and routinely
maintained in culture for up to 6 to 8 weeks for use in experiments.

For the analysis of IGF-1 stimulation in Western blotting, cells
were seeded 20 hours before starvation and allowed to reach about
70% confluency. Cells were serum-starved for 4 hours followed by
stimulation with the indicated concentrations of IGF-1, IGF-2, or
insulin. Generally, R- cells transiently expressing the IGF-1R were
stimulated with IGF-1 (10 ng/ml), and cell lines with endogenous
IGF-1R were stimulated with IGF-1 (50 ng/ml).

For the analysis of detached cells (suspension), cells seeded on
10-cm plates were cultured overnight in complete medium and then
starved from serum for 4 hours in total. After 3 hours, cells were
enzymatically detached and left in suspension for 1 hour. Cells were
then stimulated with IGF-1, centrifuged at 1000 rpm for 5 min,
washed with phosphate-buffered saline (PBS), and lysed. Kinase
inhibitors BMS-754807 (300 and 1000 nM; Stratech/Selleckchem,
catalog no. S1124-SEL), AP-26113 (500 nM; Stratech/Selleckchem,
catalog no. S7000-SEL), PE-573228 (9 uM; Tocris Bioscience, catalog
no. 3239-10), and PP2 (35 uM; Sigma/Merck, catalog no. 529573-5mg)
were added to cells for the last hour of 4-hour serum starvation.

The proteosomal or lysosomal inhibitors MG-132 (10 pM;
Calbiochem, catalog no. 474790), leupeptin (2 uM; Sigma/Merck,
catalog no. 1L2884-25mg), E64 (2.6 uM; Sigma/Merck, catalog no.
E3132-5mg), and CQ (50 uM; Cell Signaling, catalog no. 14774)
were added to cell cultures for 4 or 6 hours, and the appropriate
vehicle was added to controls (0 hours). The Golgi disruptor BFA
(10 pg/ml; Sigma/Merck, catalog no. B7651-5mg) was added to cells
in complete medium.

Rieger et al., Sci. Signal. 13, eaba3176 (2020) 26 May 2020

Generation and transfection of IGF-1R mutants

Cells were transiently transfected with pcDNA4 plasmid encoding
the WT IGF-1R or kinase-dead (K1003R) mutant and pcDNA4
plasmid encoding IGF-1R WT, FF, or EE mutants. R- cells were
seeded 24 hours before transfection at a density of about 1.0 x 10°
cells per 10-cm plate. Lipofectamine 2000 (Invitrogen, catalog no.
11668-019) diluted in Opti-MEM was used to transfect cells with
relevant DNA plasmid (12 to 16 ug). After 24 hours, cells were re-
seeded for experiments at 48 hours after transfection.

MDA-MB-231, MCF-7, and DU-145 cells were seeded 24 hours
before transfection to about 70% confluency in six-well or 10-cm
plates for transfection with Lipofectamine 2000. All cell lines were
transfected with 2 pg per six-well plate and 12 pg per 10-cm plate of
pcDNA4 plasmid. Cells were reseeded in new plates at 24 hours
after transfection for subsequent experiments.

IGF-1R mutants were generated using the QuikChange Lightning
Site-Directed Mutagenesis Kit (Agilent, #210518). The pcDNA4
plasmid encoding WT IGF-1R was used to generate the K1003R,
Y1250/Y1251 to phenylalanine (FF) and glutamic acid (EE) mutants.

IGF-1R KO cells were generated using CRISPR technology. The
IGF-1R Double Nickase Plasmid (h) (sc-400084-NIC) was obtained
from Santa Cruz Biotechnology Inc., and transfection was carried
out as described by the supplier protocol. Selection of transfected
cells was achieved using puromycin (0.5 pg/ml for MDA-MB-231
and MCEF-7 cells and 0.4 pg/ml for DU-145 cells). IGF-1R KO cell
pools were selected by immunoblotting for IGF-1R and then cloned
by serial dilution. IGF-1R KO clones were also subsequently pooled
to ensure that they represented the original cell cultures. These pools
were used for stable transfection of pcDNA4 plasmids encoding the
WT, FF, or EE IGF-1R followed by selection in medium supple-
mented with zeocin (400 pg/ml) over 4 weeks.

SDS-polyacrylamide gel electrophoresis

and Western blotting

Cells were washed with ice-cold PBS twice and lysed immediately
with cold lysis buffer [20 mM tris (pH 8), 50 mM NaCl, 50 mM NaF,
and 1% NP-40] containing protease and phosphatase inhibitors for
30 min on ice followed by centrifugation at 14,000 rpm for 15 min
at 4°C. Samples were denatured by boiling for 5 min with 5X SDS-
polyacrylamide gel electrophoresis (PAGE) loading buffer. Technical
replicates of the same denatured samples (30 pg of protein) were
separated on 8 to 10% gels to enable analysis of distinct IGF-1R
phospho-sites. Proteins were then transferred to nitrocellulose
membranes that were blocked for 1 hour at room temperature in
5% bovine serum albumin (BSA) in tris-buffered saline-T [20 mM
tris, 150 mM NaCl, and 0.05% Tween 20 (pH 7.6)] (TBS-T). Primary
antibodies were diluted at 1:1000 or 1:10,000 dilution for B-actin in
TBS-T containing 5% milk or BSA and incubated with membranes
at 4°C overnight. To detect distinct IGF-1R phospho-sites, each blot
was incubated with rabbit phospho-IGF-1R or mouse/rabbit total
IGF-1R antibodies and a mouse antibody detecting a protein input
control (tubulin). For detection of p-Thr**?/Tyr***/ERK, p-Ser*’*/
AKT and p-Tyr®**?* blots were probed with a combination of rabbit
antibody detecting the phosphorylated protein, a mouse antibody
detecting the total protein, followed by mouse antibodies to detect
the input control. IRDye-conjugated secondary antibodies (1:10,000)
were used for detection with the Odyssey Image Scanner System
(LI-COR Biosciences). Image studio quantification software was used
for densitometry. Each phospho-IGF-1R protein was normalized
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to total IGF-1R or first to the input control and then to total IGF-
IR. Other phosphoproteins were normalized to their respective
total protein.
Phospho-Tyr'2°%12%1 antibody adsorption and IGF-1R
phosphopeptide array
The phospho-Tyr'**” IGF-1R (Santa Cruz Biotechnology Inc., catalog
no. SC-293102 and Biorbyt, catalog no. orb43345) was adsorbed to
nitrocellulose membranes that were coated with nonphosphorylated
SFYYS peptide. Membranes dotted with peptide were allowed to
dry completely and blocked with PBS containing 1% BSA for 1 hour
at room temperature. These membranes were then incubated with
the phospho-Tyr'**° antibody for 1 hour rotating at room temperature
and the antibody recovered for subsequent use in Western blotting.
Custom-made Intavis CelluSpots peptide arrays (catalog no. 32.100)
containing 18—-amino acid peptide sequences of the IGF-1R and the
IR encompassing specific tyrosines and serines phosphorylated or
nonphosphorylated immobilized on glass arrays were used to analyze
the specificity of the commercial p-Tyr'**” IGF-1R antibody. The
phospho-Tyr'**® antibody (1/500) was incubated with slides that
were subsequently processed in the same way as Western blots.

Immunoprecipitation and in vitro kinase assays
Cells were lysed, and 0.5 to 1 mg of protein lysate was incubated
with antibodies detecting IGF-IR [IGF-IRB Antibody (C-20), catalog
no. sc-713, Santa Cruz Biotechnology Inc.; IGF-1Ra Antibody (eIR3),
catalog no. GR11L, Merck; IGF-IRB Antibody, catalog no. 3027, Cell
Signaling] at 1/100 dilution overnight rotating at 4°C. Immune
complexes were obtained by adding 50 ul of prewashed protein G
agarose beads to the antibody-lysate mix for 2 hours at 4°C. Beads
were washed three times using lysis buffer, and loading dye was added
to the washed beads (2x) before samples were boiled for 5 min at 95°C
and centrifuged at 14,000 rpm for 2 min followed by SDS-PAGE and
Western blotting. To investigate multiple IGF-1R phospho-sites,
denatured samples were split for two sets of gels. The antibody detecting
the phospho-site was then removed using stripping buffer (200 mM
NaOH with 1% SDS) and incubated with total IGF-1R (1:1000).
The ADP-Glo Kinase Assay kit (Promega) was used for in vitro
kinase assays. For kinase assay, protein inputs to immunoprecipita-
tions of IGF-1R WT and FF were adjusted to be equivalent to EE.
Beads with immunoprecipitated IGF-1R were washed twice with
kinase buffer [40 mM tris (pH 7.5), 20 mM MgCl,, 2 mM MnCl,,
BSA (0.1 mg/ml), 2 mM dithiothreitol, and 100 uM sodium vanadate]
and then incubated with kinase buffer containing 150 uM ATP
(ADP-Glo Kinase Assay) and poly(Glu, Tyr) (2 mg/ml) (4:1) (P0275,
Sigma) as an exogenous substrate for 30 min, with samples mixed
every 10 min. Beads were centrifuged for 30 s at 14,000 rpm, and
triplicates (5 pl) of supernatant were added to a white 384-well plate
for incubation with ADP-Glo (5 ul per sample) for 60 min at room
temperature. The ADP-Glo Kinase detection reagent (10 ul) was
added to each reaction for 30 min at room temperature, and kinase
activity was measured with a luminometer (BioTek).

Mass spectrometry

Mass spectrometry for phospho-peptide mapping of the IGF-1R
was carried out at the FingerPrints Proteomics Facility at the Uni-
versity of Dundee. IGF-1R was immunoprecipitated from R- cells
transfected with pcDNA3 IGF-1R WT and that were either serum-
starved or stimulated with IGF-1 were transferred as protein G agarose—
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bound protein precipitates to the Dundee facility, where they were
subjected to trypsin/AspN digestion and enrichment of phosphor-
peptides by titanium dioxide. Mass spectrometry was performed
using an Orbitrap Velos system.

Quantitative polymerase chain reaction

R- cells transiently expressing WT, FF, or EE IGF-1R were prepared
for RNA extraction 48 hours after transfection. RNA was extracted
using the PureLink RNA Mini Kit (Thermo Fisher Scientific) according
to the manufacturer’s protocol. To synthesize complementary DNA,
1 ug of RNA and the QuantiTect reverse transcription kit (Qiagen)
were used. Quantitative polymerase chain reaction was performed
using the Roche FastStart essential DNA Green Master Kit and the
LightCycler 96 Instrument (Roche Diagnostics). Actin was used as
housekeeping control. The 2 CT method was used to analyze data
and to determine relative mRNA expression levels. IGF-1R mRNA
expression values were normalized to actin and expressed as fold
change relative to the WT IGF-1R (set to 1). The following primer
set was used to detect IGF-1R: 5’ ATGTCCAGGCCAAACAG-
GAT'3 (forward) and 5’*CCTCCCACTCATCAGGAACG'3 (reverse).

Immunofluorescence

Cells were cultured on 12-mm glass coverslips, washed with PBS,
fixed with 4% paraformaldehyde in PHEM (60 mM PIPES, 25 mM
HEPES, 10 mM EGTA, 2 mM MgCl; pH 6.9) buffer for 60 min at
room temperature, quenched with 50 mM ammonium chloride for
20 min, and permeabilized using 0.1% Triton/PHEM for 5 min.
PHEM buffer containing donkey serum (10%) was used for blocking
and dilution of antibodies. Coverslips were incubated with primary
antibodies at 4°C, washed with PHEM three times followed by
secondary antibodies and Hoechst dye to stain nuclei. The following
reagents were used: IGF-1R in mouse cells (1/200), Cell Signaling,
antibody catalog no. 9750; for human cells, catalog no. 3027 (1/200
for MCF-7 cells and 1/100 for other cell lines); the cis-Golgi apparatus:
GM130 (1/200; D catalog no. 610822); cis- and trans-Golgi network:
biotinylated VVA (1/400; Lectin Vector Laboratories, catalog no.
B-1235-2). The following fluorophore-conjugated secondary anti-
bodies, Cy3-conjugated AffiniPure donkey anti-mouse antibody
(1:1000), Alexa Fluor 488-conjucated AffiniPure donkey (1/200),
Alexa Fluor 594-conjucated streptavidin (1:1000), and Alexa Fluor
488-conjucated streptavidin (1/200) were used for detection of pri-
mary antibodies. Phalloidin (tetramethyl rhodamine isothiocyanate,
Sigma, catalog no. P1951 or Alexa Fluor 405, Thermo Fisher Scientific,
catalog no. A30104) was used to detect actin, and Hoechst was used
to stain nuclei.

To assess internalization of activated IGF-1R, cells were serum-
starved for 4 hours and incubated with the IGF-1R a chain (IRa)
antibody for 30 min either on ice or at 37°C. Cells were then fixed
and stained with an antibody detecting the IGF-1R B chain (green).
Cells were then incubated with secondary antibodies detecting either
the IRa (red) or IGF-1R (green). IRa antibody bound or internal-
ized with surface-located IGF-1R appeared yellow.

Images were acquired using a SPOT charge-coupled device camera
mounted on a Nikon T600 fluorescent microscope or a Nikon DSFilc
camera attached to the Leica DM LB2 microscope. For confocal
microscopy, images were acquired using an Olympus Fluoview
FV1000 confocal laser scanning microscope (numerical aperture, 1.4)
with a 60x immersion objective. Maximum intensity projections and
z-stacks were processed in Image]. Brightness and contrast were
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adjusted in Adobe Photoshop if needed. To determine fluores-
cence intensity within the cells, Image] software was used to deter-
mine fluorescence signal intensity within the cells.

In-cell Western assays for IGF-1R

Cells were seeded at 5 x 10* cells per well in 96-well tissue culture
plates in complete medium for 24 hours, washed three times with
PBS, and serum-starved for 4 hours followed by stimulation with
IGF-1 (10 ng/ml) for 10 min or left in serum-free medium or com-
plete medium. Cells were immediately fixed with 100 ul of a freshly
prepared fixing solution (4% formaldehyde/PHEM) and incubated
at room temperature for 30 min followed by quenching with 50 mM
ammonium chloride for 20 min and washing with PHEM. Cells in
wells with complete medium or incubated with p-AKT/AKT and one
3X set of the secondary control antibody were permeabilized using
0.1% Triton/PHEM for 5 min and washed with PHEM. All wells were
then blocked for 1 hour with 50 pl of blocking buffer (5% goat
serum/PHEM). Primary antibody (IGF-1R IR3 for surface and Cell
Signaling IGE-1Rp catalog no. 3027 or p- Ser*’”’/AKT) was added
for 2 hours with gentle rocking followed by washing and incubation
with secondary antibody. Goat anti-mouse IRDye 680 (1:1000)
(Odyssey infrared imaging system, catalog no. 926-32220) or Goat
anti-rabbit IRDye 800 (1:1000) (Odyssey infrared imaging system,
catalog no. 926-32211) were used to detect primary antibodies. Syto60
(Invitrogen) was also included (1:10,000) as a cell-permeable nucleic
acid stain that fluoresces at 680 nm and was detected using the
Odyssey infrared scanner. Cells were washed five times with PHEM.
Plates were dried, and IGF-1R (surface and total levels) intensity
was quantified using the Image studio quantification software with
normalization to Syto60 levels.

Cell migration assays

HS578T cells were seeded in Culture-Insert 2 Well 35-mm plates
(ibidi GmbH, catalog no. 81176) (4.0 x 10° cells/ml, 70 ul per well).
Cells were allowed to attach for 24 hours in serum-free medium
containing either dimethyl sulfoxide (vehicle) or the Golgi disrup-
tor BFA (10 pg/ml) for 4 hours. The wound was generated by re-
moval of the insert, and the medium in respective dishes was then
supplemented with IGF-1 (50 ng/ml). Wounds were photographed
with a Nikon charge-coupled device camera connected with the
Nikon Eclipse TE 300 microscope (x10 magnification) after 0 and
6 hours of migration. For immunofluorescence, HS578T cells were
seeded in Culture-Insert 2 Well inserts on coverslips (ibidi GmbH,
catalog no. 80209) and allowed to attach for 24 hours The wound
area was photographed with a Nikon charge-coupled device camera
connected with the Nikon Eclipse TE 300 microscope at 0 and 6 hours
of migration. Subsequently, coverslips were recovered for immuno-
fluorescence.

Statistical analysis

Western blot densitometry results were expressed as fold change
in the ratio of phospho/total protein relative to the control condi-
tion (set to 1), which is indicated as a white bar in each graph. For
calculations comparing fold change of each group to the control,
one-sample ¢ tests were used to test the null hypothesis that the
expected ratio was 1. For calculations comparing fold change of
groups (# control condition), independent two-sample ¢ tests were
used. P values were adjusted using Benjamini-Hochberg correction
for multiple testing. A 3 x 3 analysis of variance (ANOVA) was con-
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ducted to examine the main effects of group and condition and the
interaction between group and condition in Fig. 4A. Statistical
significance was determined using a P value of <0.05, and all tests
were two tailed.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/13/633/eaba3176/DC1

Fig. S1. Immunoreactivity of phosphorylated Tyr'2*° IGF-1R antibody.

Fig. S2. Protein abundance and mRNA expression for WT and mutant IGF-1Rs stably expressed
in R- cells.

Fig. S3. WT and EE IGF-1Rs internalize in large vesicles upon IRa antibody stimulation.

View/request a protocol for this paper from Bio-protocol.
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How IGF-1R promotes cell migration

Signaling through the insulin-like growth factor 1 receptor (IGF-1R) promotes cancer %rggressmn heraples
that limit IGF-1R signaling have performed poorly. Rieger et al. found that the residues Tyr and Tyr , which are
required for IGF-1R to support cancer cell growth (see the Focus by Crudden and Girnita), underwent
autophosphorylation when cells were adherent. Experiments with IGF-1Rs containing phosphomimetic or
nonphosphorylatable substitutions at these sites demonstrated that IGF-1 induced IGF-1R translocation to the Golgi,
where it enhanced cell migration before being degraded or recycled to the plasma membrane. These findings show that
phosphorylation-dependent trafficking of IGF-1R promotes aggressive cancer cell behaviors and may explain why
targeting plasma membrane—localized IGF-1R is not effective.
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