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ABSTRACT 

In the selection leading to cancer, cancer cells make use of the normal extracellular 
signaling to gain a growth advantage over normal cells. These signals are, in part, 
generated by plasma membrane receptors. G Protein Coupled Receptors (GPCRs) and 
Receptor Tyrosine Kinases (RTKs) are major transducer of signals across the plasma 
membrane.  Each cell surface receptor family possesses unique structural 
characteristics and leads to specific signaling outcomes in the cell. However, there is 
extensive overlap in the signaling proteins and pathways used to produce these effects. 
Among them, β-arrestins, molecules previously considered to be associated 
exclusively with GPCRs are also involved in modulating signaling through a classical 
RTK, the insulin-like growth factor type 1 (IGF-1R). The overall objective of this 
thesis is to investigate the function and determine potential utility of the β-arrestins as 
molecular targets in cancer. This is based on the underlying hypothesis that the 
signaling complexes coordinated by β-arrestins and involving kinases and ubiquitin 
ligases contribute to tumorigenesis and the progression of cancer and could be 
targeted in therapies. Paper I identified the antimicrobial cathelicidin peptide LL-37 
as a natural agonist for the IGF-1R. LL-37 binding to the receptor resulted in 
phosphorylation and ubiquitination of IGF-1R, and β-arrestin dependent signaling 
activation. This signaling activation was limited to the MAPK/ERK pathway without 
affecting the other main IGF-1R signaling pathway through PI3K/AKT, indicating 
that LL-37 may act as a β-arrestin biased agonist for the IGF-1R, sustaining the 
invasive phenotype. Paper II investigated the β-arrestin-IGF-1R binding mechanism 
and reveal the missing links that to functionally portray a prototypical RTK, the IGF-
1R, as a GPCR: GRK dependent phosphorylation of IGF-1R serine residues as the 
underlying mechanism for β-arrestin binding. While highlighting the cross-talk 
between the IGF-1R and GPCR at the level of GRKs, this study identified the 
molecular basis of IGF-1R biased signaling to be dependent on β-arrestin/IGF-1R 
interaction controlled by GRKs. Paper III investigates the paradox of agonist-like 
IGF-1R downregulation following treatment with antagonist anti-IGF-1R antibodies. 
The results show that this process is governed by β-arrestin1 recruitment to the IGF-
1R, initiating receptor ubiquitination and degradation. Yet, this β-arrestin1 
recruitment to the IGF-1R initiates a wave of ERK signaling activation, demonstrated 
to have a protective role for the cancer cells. Paper IV reveals that β-arrestin1 
mediated IGF-1R signalling is crucial for H-Ras induced transformation.  The 
mechanism underlying this process is impaired intensity and spatial distribution of 
activated MAPK/ERK signalling in the absence of β-arrestin1. 
 
     In conclusion, this thesis demonstrates that β-arrestins play a central role in IGF-
1R function, controlling ubiquitination/degradation of the receptor, and receptor 
signaling. This study, focusing on β-arrestins as central molecules in modulation of 
the intracellular signaling, may provide new clues in the search for new molecular-
designed treatments of cancer.  

Key words: IGF-1R, β-arrestins, GRKs, biased agonist, cancer therapy. 
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1 INTRODUCTION 
 
1.1 RECEPTOR SIGNALING AND CANCER 

       Cancer has become the most severe disease to affect human health. The character 
of this disease is uncontrolled growth which progresses to limitless expansion to other 
body tissues. In early studies, tumor transformation was considered to be solely driven 
by genetic mechanisms, with carcinogens inducing mutations in essential genes, 
leading to abnormal growth of normal cells. Today, tumor development is accepted to 
be a more complex process defined by at least  six hallmarks (Hanahan and Weinberg 
2000): a reduced dependence on exogenous growth factors, an acquired resistance to 
growth inhibitory signals, an ability to multiply indefinitely (immortalization), a 
reduced susceptibility to apoptosis; an ability to generate new blood vessels 
(angiogenesis), an acquisition of invasiveness and metastatic capability, an aptitude to 
evade elimination by the immune system and an acquisition of genomic instability 
(Hanahan and Weinberg 2000). Recently, followed expending research on cancer 
mechanistic concepts, two emerging hallmark capabilities: reprogramming of energy 
metabolism and evading immune destruction, are added to the list(Hanahan and 
Weinberg 2011). 

 
In the selection leading to cancer, cancer cells make use of normal extracellular 

signaling systems for proliferation, migration and/or antiapoptosis to create a growth 
advantage over the normal cells. These signals are transmitted across the plasma 
membrane by receptors. These cell surface receptors can be divided into four classes: 
enzyme-linked receptors (receptor functions as an enzyme or is associated with one), 
G-protein coupled receptor (GPCR), intracellular hormone receptor and integrins. The 
majority of enzyme-linked receptors are receptor tyrosine kinases (RTKs), which are 
well-known regulators for a wide range of biological processes and also for 
tumorigenesis and metastasis The main focus of this thesis is to discuss the cross talk 
between RTKs and GPCRs. 
 
1.2 GPCR 

      The G protein-coupled receptors (GPCRs) represent the largest (>2000) family of 
plasma membrane receptors and mediate a large proportion of physiological functions. 
GPCRs play critical roles in various physiological functions controlling the growth, 
proliferation, differentiation and death of multiple cell types. This enables GPCRs to be 
the target of significant therapeutic research and development and almost half of the 
drugs in clinical use today are targeting GPCRs. Aside from multiple regulatory roles in 
physiological functions, studies also indicate that GPCRs are important regulators for 
cancer development and metastasis (Balkwill, F, Semin. Cancer Biol , 2004), although 
the mechanism is as yet unclear. 
       
     The GPCRs are characterized by a structural motif of seven transmembrane -
spanning regions across the cell membrane. Three families of proteins mediate the 
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function of the GPCR: the heterotrimeric G proteins, the G protein–coupled receptor 
kinases (GRKs) and the β-arrestins.  
        
     Agonist binding to the receptor activates heterotrimeric G proteins leading to 
canonical second-messenger signaling (Lefkowitz 1998). These activated receptors act 
as substrates for G protein-coupled receptor kinases (GRKs). The phosphorylation of 
activated receptors by GRKs promotes β-arrestins binding, which terminates further G 
protein signaling and causes receptor desensitization. The GRKs and β-arrestins were 
originally discovered as molecules that desensitize G protein–mediated signaling. 
However, over the past decade the formulation of GRKs and β-arrestins as simply a 
desensitization system has proven insufficient to explain many cellular events. In fact, 
β-arrestins have emerged as remarkably versatile adaptor molecules that regulate 
receptor endocytosis and also serve as signal transducers (Kim, Ahn et al. 2005). Thus, 
when β-arrestins terminate G-protein signals, they also initiate other signaling 
activation in the cell (Reiter and Lefkowitz 2006, DeWire, Ahn et al. 2007). 
 
1.2.1 G proteins 

      Heterotrimeric G proteins which are coupled to GPCRs consist of three subunits: α, 
β and γ. They transduce signals from the plasma membrane to the cytosol through a 
cycle of guanine nucleotide exchange and hydrolysis. In basal conditions, Gα-GDP 
associates with Gβγ and together they bind the cytoplasmic tail of the GPCRs. Upon 
ligand activation, conformational changes occur within the GPCR activating its 
function as a guanine-nucleotide exchange factor (GEF) promoting the exchange of 
GDP for GTP on the Gα subunit. This process initiates the dissociation of Gα from the 
Gβγ heterodimer (Neves, Ram et al. 2002). Following dissociation, free Gα-GTP and 
Gβγ subunits interact with distinct effector proteins to transduce and amplify the 
signaling triggered by ligand binding to the receptor. The list of effectors interacting 
with  Gα subunit include adenylyl cyclases (Simon, Strathmann et al. 1991, Sunahara 
and Taussig 2002) phospholipase C isoforms (Park, Gurney et al. 1993), phospholipase 
A2 and multiple calcium, potassium, sodium channels (Ikeda, Sunose et al. 1996), 
generating small-molecule second messengers to induce a range of biological 
outcomes. Additionally, free Gβγ dimers directly interact with multiple effectors 
including adenylyl cyclase, phosphoinositide 3-kinase, phospholipase C. The free Gβγ 
subunits also trigger the GRKs activating a feed-back mechanism, by targeting these 
enzymes to the activated receptor and subsequently terminating G-protein signaling 
(Pitcher, Payne et al. 1995, Smrcka 2008) .  
 
1.2.2 GRKs 

 
     GRKs and β-arrestin mediate desensitization of GPCR (Freedman and Lefkowitz 
1996, Shenoy and Lefkowitz 2005). This process occurs in two major steps. Firstly, 
agonist-occupied receptors are phosphorylated by GRKs on serine or threonine residues 
within the C terminus or third intracellular loop of GPCRs (Pitcher, Tesmer et al. 
1999). The phosphorylated residues represent high-affinity binding sites for β-arrestins, 



 

  3 

moving from the cytosol to the plasma membrane. The binding of β-arrestins inhibited   
G protein coupling (Daaka, Pitcher et al. 1997, Lefkowitz 1998, Ferguson 2001). The 
consequence of this process is the decrease of second messenger concentration, due to 
Gα uncoupling and increasing second messenger degradation (Perry, Baillie et al. 
2002). 
       
      There are seven isoforms of GRKs (GRK1–GRK7) and they belong to the larger 
family of serine/threonine kinases. The GRKs are structurally related and considering 
the sequence homology, the members of the GRK family can be divided into three 
main groups: the visual GRK subfamily (GRK1 and GRK7) which are expressed in 
visual sensorial cells, the GRK2,GRK3 subfamily and the GRK4 subfamily (GRK4, 
GRK5 and GRK6) which are both ubiquitously expressed in a variety of tissues, with 
the exception of GRK4 whose expression is limited to testis cells (Penela, Ribas et al. 
2003). GRK-mediated phosphorylation has been considered as a central process leading 
to β-arrestins binding and desensitization. However, the distinct GRK isoforms 
phosphorylate different GPCRs with different functional outcomes. By using small 
interfering RNAs (siRNA) technology, Kim and colleagues demonstrated that GRK2 
and -3 were primarily responsible for angiotensin II 1a receptor (AT1aR) 
desensitization, β-arrestins recruitment and functional uncoupling in an agonist 
dependent manner (Kim, Ahn et al. 2005). Similar data is observed in the study of 
vasopressin 2 receptor (V2R) desensitization (Ren, Reiter et al. 2005). On the other 
hand, GRK5 and 6 have also been implicated in desensitization of several receptors in 
vivo and or in vitro. Simon and colleagues revealed that it is GRK6 which mediates β2-
adrenergic receptor (β2AR) desensitization in uterine smooth muscle and 
neuroblastoma cells (Willets, Challiss et al. 2002, Simon, Robin et al. 2003). Moreover, 
GRK6 is responsible for D2-like dopamine receptors desensitization. Thus, the GRK 
isoforms responsible for mediating receptor desensitization can vary in distinct 
receptors or the tissues, emphasizing the notable diversity of the GRK regulatory 
system. 
 
1.2.3 β-arrestins 

     In mammals, the arrestin family contains four members: two visual proteins arrestin 
1 and arrestin 4; two non-visual arrestins 2 and 3 (also known β-arrestin 1 and β-
arrestin 2). The expression of arrestin 1 and 4 is limited to the rod and cone 
photoreceptors, respectively and are specialized to bind to rhodopsin. β-arrestin1 and 2 
are ubiquitously expressed in a variety of tissue. (Gurevich and Gurevich 2006) 
 
1.2.3.1 Structure  

 
       Study of crystal structures of arrestins  reveal that arrestins are elongated molecules 
with two domains (N-domain and C-domain) and an extended carboxy-terminal tail 
that makes a strong contact with the body of the C-domain (Hirsch, Schubert et al. 
1999) The most distinctive feature of arrestin conformation is the polar core embedded 
between the N and C domains of the molecule. The main function of this unique polar 
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core is to regulate the affinity of arrestins binding to the phosphorylated receptor 
(McDowell, Nawrocki et al. 1993). Interestingly, both N- and C- domain contain 
elements to bind to activated receptors (Pulvermuller, Schroder et al. 2000). 
Furthermore, recent studies found out the distinct residues 49–90 in the N-domain and 
237–268 in the C-domain of visual arrestins and homologous regions in arrestin2 are 
responsible for their receptor preference (Vishnivetskiy, Hosey et al. 2004). 
                                                  
1.2.3.2 Function of β-arrestins in GPCR signaling 

 
      Arrestins are soluble, predominantly cytoplasmic proteins. The initial discovery of 
β-arrestins in GPCR signaling was as an adaptor protein for the termination of G-
protein-mediated signaling (receptor desensitization) following the β-arrestins binding 
to phosphorylated receptor. β-arrestins also interact with cytosolic effectors clathrin and 
the AP2 adaptor protein to trigger receptor internalization into clathrin-coated 
pits(Goodman, Krupnick et al. 1996, Lin, Krueger et al. 1997) leading to receptor 
degradation machinery. Recent studies show that β-arrestins function as signaling 
transducers promoting interactions with the receptor- β-arrestins complex of numerous 
signaling proteins including such as c-Src and JNK, linking GPCRs to a variety of 
signaling pathways (Lefkowitz and Shenoy 2005). 
 
     Almost all cell membrane receptors (including GPCRs) exhibit the common 
properties to internalize from plasma membrane to cytoplasm in response to ligands 
(Drake, Shenoy et al. 2006). Many well-characterized GPCRs utilize β-arrestins as 
endocytic adaptors via clathrin-coated pits (CCPs) (Freedman and Lefkowitz 1996, 
Goodman, Krupnick et al. 1998). Mechanistically, following receptor activation, β-
arrestins bind to GRK-phosphorylated receptors and serve as adaptors, linking the 
receptors to elements of the endocytotic machinery, such as clathrin, the clathrin 
adaptor AP2 , the small G protein ADP-ribosylation factor 6 and its guanine nucleotide 
exchange factor ADP ribosylation factor nucleotide-binding site opener  and N-
ethylmaleimide-sensitive fusion protein (Laporte, Oakley et al. 1999, Ng, McDonald et 
al. 1999, Claing, Chen et al. 2001, Shenoy, Drake et al. 2006).  
     
     Many studies have confirmed the essential role of β-arrestins in GPCR 
internalization and endocytosis. Overexpression of β-arrestins promoted agonist-
stimulated β2AR internalization (Ferguson, Downey et al. 1996). Agonist-stimulated 
internalization of heptahelical receptors were impaired in mouse embryonic fibroblast 
cells isolated from β-arrestin 1and 2 double knockout embryos (Shenoy, McDonald et 
al. 2001). Similar outcome were demonstrated in HEK293 cells by using small 
interfering RNA (siRNA) targeting β-arrestins (Wei, Ahn et al. 2003). 
 
       More recently, studies that characterized a direct interaction between β-arrestins 
and clathrin have increased insight into the mechanism of GPCR endocytosis. 
Mutagenesis and truncation analysis have shown that multiple residues in both N- and 
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C-terminal regions of β-arrs1 function to regulate basal interaction with clathrin 
(Harrington, Coon et al. 2010). 
   
     β-arrestins also interact with mouse double minute 2 protein (Mdm2), an E3 
ubiquitin ligase, leading to ubiquitination of β-arrestins. The ubiquitination of β-
arrestins controls the stability of the receptor/ β-arrestins complex, which in turn 
controls receptor endocytosis (Shenoy, McDonald et al. 2001). Overexpression of 
Mdm2 enhanced β-arrestin ubiquitination and stabilizes β-arrestins and its binding to 
the β2AR complex, supporting their colocalization in endosomes (Shenoy, Modi et al. 
2009). Moreover, ubiquitinated β-arrestins exhibited enhanced clathrin binding 
compared to non-ubiquitinated β-arrestins. This indicated that the β-arrestins 
ubiquitination might serve as an efficient binding platform, which facilitates multiple 
interactions (Shenoy, Barak et al. 2007). 
 
      The differences in the ubiquitination of receptor-bound β-arrestins and the specific 
molecular character of a serine/threonine motif within the receptor C-tail, determine the 
stability of GPCR- β-arrestins complexes. Based on the stability of the receptor / β-
arrestins complex, two classes (A and B) of endocytosis patterns were described for 
GPCRs (Shenoy and Lefkowitz 2003). For example, AT1aR or V2R forms tight 
complexes with ubiquitinated β-arrestins2 within endocytic vesicles. These complexes 
are also associated with sustained mitogen-activated protein kinase (MAPK) activity.  
Receptors that show this pattern of β-arrestins recruitment are defined as ‘class B’ 
receptors. By contrast, β2AR induces transient ubiquitination of β-arrestins2 and forms 
only transient receptor/arrestins complexes at the plasma membrane. Such receptors are 
referred as ‘class A’ receptors (Oakley, Laporte et al. 2000). Notably, replacing the 
β2AR carboxyl tail with that of either the AT1aR or the V2R, or alternatively fusing 
ubiquitinto the C terminus of β-arrestins 2 converts β2AR–β-arrestin complexes from 
class A to class B, with stable signalosomes (Shenoy and Lefkowitz 2005). Recently, 
deubiquitination of β-arrestin by the deubiquitinating enzyme ubiquitin-specific 
protease 33 (USP33) was proven as another essential process to determine stability of 
receptor and receptor- β-arrestins complex subcellular localization (Shenoy, Modi et al. 
2009) 
 
1.2.3.3 New roles of β-arrestins: activation of the intracellular signaling 

 

      Although β-arrestins proteins were discovered in the context of inhibition of 
receptor-activated signaling, it was recently discovered that they also initiate signaling 
waves from the receptors they ‘desensitize’. The list of kinases and other signaling 
proteins that bind to β-arrestins isoforms include adapters for Src-family tyrosine 
kinases, ERK, JNK (c-Jun N-terminal kinase) and p38 MAPK modules. 
 
     The first report of this paradigm was described for β2AR , in which β-arrestins 
scaffold the tyrosine kinase c-Src to the agonist-activated receptor, leading to activation 
of extracellular signal-regulated kinase (ERK1/2) (Della Rocca, Maudsley et al. 1999), 
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This finding has subsequently led to the discovery of the new field of G protein-
independent, β-arrestins -dependent signaling via GPCRs. 
 
      Among β-arrestins -dependent signaling pathways, MAPK/ERK activation is the 
best characterized. Multiple approaches including mutant receptors,  modified ligands, 
siRNA inhibition of β-arrestins and specific inhibitors of protein kinase A or C have all 
been used to prove the mechanisms leading to ERK activation by GPCRs (Shenoy and 
Lefkowitz 2003, Lefkowitz and Whalen 2004, Lefkowitz and Shenoy 2005). The ERK 
activation via β-arrestins has different dynamics from G protein-activated. β-arrestins -
mediated ERK activation is slower to peak around after 5-10 min ligand stimulation 
and persists longer, around 30 min to 1 h and in most of the cases is localized in the 
cytosol. By contrast, G protein-mediated ERK activation is rapid, transient, and 
translocates to the nucleus, leading to transcriptional activation and proliferation. These 
very different characteristics strongly suggest distinct physiological outcomes activated 
by the two pathways. 
 
      Remarkably, different β-arrestins and GRK isoforms exhibit specialized, sometimes 
opposite functions on β-arrestins-dependent ERK activation. For the type 1A receptor 
(AT1AR), β-arrestin 2 is the activator of the  β-arrestins -dependent ERK signaling, 
whereas β-arrestin 1 acts as an inhibitor (Ahn, Shenoy et al. 2004) for the protease-
activated receptor 2, neurokinin-1 receptor, parathyroid hormone receptor and β2AR 
(Ge, Shenoy et al. 2004, Shenoy and Lefkowitz 2005, Gesty-Palmer, Chen et al. 2006), 
both β-arrestin 1 and 2 isoforms promote ERK activation. This complexity is further 
increase by the abilities of β-arrestin 1 and 2 to form homo- and heterodimers of β-
arrestins; it has been suggested that some receptors use β-arrestin homodimers for 
signaling, whereas others require heterodimers (Storez, Scott et al. 2005). 
 
     GRK isoforms also impact on the ERK activation induced by β-arrestins. For 
example, GRK5 or -6 are required for β-arrestins -dependent ERK activation by 
AT1AR, V2R and β2AR (Kim, Ahn et al. 2005, Ren, Reiter et al. 2005, Shenoy and 
Lefkowitz 2005). Indeed, when either GRK5 or 6 were depleted using siRNA, the β-
arrestins dependent ERK activation was completely abolished. Conversely, GRK2 and 
-3 tend to attenuate the β-arrestins -dependent ERK.  
 
1.2.3.4 Other signaling activation 

      In addition to ERK activation, β-arrestins have the ability to scaffold various other 
key protein controling various signaling pathways. For example, β-arrestins are 
reported to scaffold AKT, PI3 kinase and phosphodiesterase 4 (PDE4) upon activation 
of the dopamine receptors (Beaulieu, J.M. et al. Cell, 2005). Additionally, β-arrestins 
interact with the inhibitor of nuclear factor κB (NF-κB) (IκB) resulting in IκB 
stabilization and eventual inhibition of the NF-κB activity (Witherow, Garrison et al. 
2004). β-arrestins 1was also demonstrated to be involved in stress fiber formation 
induced by the small guanosine triphosphatase Ras (RhoA) pathway (Barnes, Reiter et 
al. 2005)  
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1.2.3.5 β-arrestinestin Gene Knockouts 

Considering the various roles of β-arrestins in the regulation and control of important 
receptors and signaling molecules, one would expect that genetic ablation of arrestins 
would have significant phenotypic consequences. β-arrestin1 knockout (−/−) mice 
display altered cardiac responsiveness to β-adrenergic receptor stimulation(Conner, 
Mathier et al. 1997).  β-arrestin 2 knockout (−/−) mice demonstrate enhanced morphine 
analgesia(Bohn, Lefkowitz et al. 1999). However, a β-arrestin1/2 double knockout is 
embryonic lethal (Luttrell, Roudabush et al. 2001). Similarly, knockouts (−/−) of kurtz, 
the β-arrestin analog in Drosophila, display a broad lethal phase during embryogenesis 
(Roman, He et al. 2000). 

 
As neither knockout displays such extreme abnormality, this implies that there is a 

functional redundancy between these two proteins. This hypothesis is supported by the 
fact that the two genes show extensive tissue expression overlap (Sterne-Marr, 
Gurevich et al. 1993) and functional redundancy in that they bind many receptors with 
comparable affinity (Gurevich and Benovic 1995).  

 

Fig 1. GPCR signaling activation. (A) G-protein dependent paradigm. Ligand binding stimulates 
heterotrimeric G protein diassociation and induces signaling activation. The receptor is phosphorylated 
by GRKs which recruit βarrestin binding. This GRK/βarrestin complex terminates G-protein signaling 
(desensitization). (B)  β-arrestin dependent paradigm. β-arrestins not only induce desensitization of G 
protein–signaling but also mediate signaling. 
 
 
 
 

A B 
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1.2.4 β-arrestin biased signaling of GPCRs 

      Ligands bind to the relevant receptor with distinct affinity and exhibit intrinsic 
efficacy contributing to biological effects. Based on their  affinity and efficacy, ligands 
of GPCR are classified into three classes: agonists (full or partial), inverse agonists (or 
antagonists) and neutral antagonists (Samama, Cotecchia et al. 1993). In this paradigm, 

full and partial agonists stabilize an active conformation, whereas inverse agonists 
stabilize an inactive one; by contrast, neutral antagonists do not affect the equilibrium 
between the two conformations. However, recently, substantial evidence challenges this 
concept. It has been show that the ability of ligands to selectively stabilize receptor 
conformations exhibit "imbalanced efficacies"(Kenakin 2002, Christopoulos, 
Christopoulos et al. 2003). For the GPCR it has been demonstrated that selected ligands 
can induce only G-protein signaling but no phosphorylation of GPCR with subsequent 
β-arrestin recruitment and receptor internalization (Whistler and von Zastrow 1998). 
On the other hand, few ligands have abilities to induce recruitment of β-arrestins and 
receptor internalization but fail to stimulate G-protein signaling. This indicates that G-
protein activation is not sufficient and is not necessary for β-arrestins recruitment and 
activation(Wei, Ahn et al. 2003, Gesty-Palmer, Chen et al. 2006). Based on the above 
evidence the concept of biased agonism was developed where ligand stimulation 
stabilize only a subset of the receptor conformations and selectively activate a subset of 
intracellular signaling pathways (Reiter, Ahn et al. 2012). 
    
     The signaling activation, either balanced or biased, is a property of ligand-receptor 
interaction. Therefore, in addition to biased ligands, biased mutant receptor were 
created and use to prove the concept of “β-arrestins-biased” signaling. A biased mutant 
of AT1aR (DRY/AAY) defective in activating G-protein signaling, was reported to 
initiate β-arrestins ERK activation upon stimulation with either full agonist or β-arrestin 
biased agonist (Wei, Ahn et al. 2003). Furthermore, different GRKs isoforms have been 
reported to govern β-arrestins recruitment, thus controlling the balanced or biased 
signaling activation. For instance, type 1A receptor (AT1AR)(Kim, Ahn et al. 
2005),V2R(Ren, Reiter et al. 2005) and β2AR(Shenoy, Drake et al. 2006) requires 
GRK5 and GRK6 for desentization, endocytosis and β-arrestins mediated signaling. 
Whereas, in V2R (Ren, Reiter et al. 2005) and H1 histamine receptor (Iwata, Luo et al. 
2005), GRK2 negatively regulated receptor function. These results indicate that GRKs 
are important regulators of β-arrestins biased signaling of GPCR. 
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1.3 TYROSINE KINASE RECEPTORS 

 
      The receptors tyrosine kinases (RTKs) are a related family of about 60 cell surface 
receptors with similar structural and functional characteristics. RTKs are membrane 
proteins with an extracellular ligand-binding domain and an intracellular tyrosine 
kinase domain. Excepting the dimer structure of the insulin receptor (IR) family, all 
known RTKs (e.g. EGFR, PDGFR) are expressed as monomers at the cell surface. The 
growth factors are unable to cross the cell membrane and they exert their effects via 
binding to cell surface receptors, most of them RTKs. Following interaction of 
polypeptide growth factors with their specific transmembrane receptors, a cascade of 
intracellular signals results in the activation or repression of various subsets of genes 
(Schlessinger 2000, Jimenez, Shvartsman et al. 2012). Although they are few compared 
with the large number of GPCRs, RTKs receive particular interest for targeted therapy 
in cancer. Among them, IGF-1R is considered as one of the most attractive target for 
cancer therapy. This is due to the essential role the IGF-1R plays in cancer 
development. IGF-1R is responsible for the transformation, proliferation and metastasis 
of malignant cells, and maintains the malignant phenotype (Baserga 1995, Baserga 
2000, Girnita, Wang et al. 2000, Girnita, Girnita et al. 2003), (Baserga 1995, Baserga 
2000, Yu and Rohan 2000, Baserga 2005). 
 
 
1.3.1 IGF system 
       The insulin-like growth factor (IGF) system is critical for normal growth and 
development as well as for metabolism regulation. The IGF system is also implicated in 
several human diseases other than cancer, including diabetes, metabolic syndromes, 
endocrinology disorders, psoriasis and arteriosclerosis.  
 
       The IGF system consists of two ligands (IGF-1 and IGF-2), three cell membrane 
receptors (IGF-1R, IR and IGF-2R) and six high-affinity IGF binding proteins (IGFBP-
1-6). Additionally, new members of the IGF family have been described, like the 
insulin receptor related receptor (IRR) (Dandekar, Wallach et al. 1998) (Zhang and 
Roth 1991) and the IGF-1R/IR hybrid receptor (Treadway, Morrison et al. 1989, 
Frattali, Treadway et al. 1992). 
 
 
1.3.2 The IGF ligands  
 
      The IGF ligands, IGF-1 and IGF-2 are major growth factors, while insulin mainly 
regulates glucose uptake and cellular metabolism. IGF-1 and 2 are named for their 
primary structural homology to proinsulin and were isolated and sequenced in 1978 
(Rinderknecht and Humbel 1978, Rinderknecht and Humbel 1978). IGF-1 and IGF-2 
share a 62% homology in amino acid sequence, and there is a 40% homology between 
the IGFs and proinsulin (Furstenberger and Senn 2002). Most of the circulating IGF is 
produced by hepatocytes in response to growth hormone stimulation (Arany, Afford et 
al. 1994, Olivecrona, Hilding et al. 1999) and of which more than 90% are bound to 
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IGFBP-3. Multiple tissues are also able to synthesize IGFs , which can act locally in 
autocrine or paracrine loops, in addition to their endocrine modes (Cohen and 
Rosenfeld 1994).      
 
      Serum IGF-1 levels increase following the secretion from the liver to the 
bloodstream. In turn, increasing IGF-1 negatively regulates the hypothalamus and 
pituitary gland, reducing GH secretion from the anterior pituitary gland (Rosen and 
Pollak 1999).  
 
      Liver-specific disruption of the IGF-1 gene in mice did not affect growth, 
development and sexual maturation, assumed to be because the autocrine/paracrine IGF 
circuits are sufficient for normal growth and development (Werner, Shalita-Chesner et 
al. 2000). Unlike IGF-1 mRNA, IGF-2 mRNA levels in all tissues are high during late 
fetal and prenatal periods, and decline thereafter. In humans, however, IGF-2 can be 
detected in the circulation at adult stages (Yu and Rohan 2000).  
 
       Deletion of the paternally imprinted IGF-2 gene results in low fetal weight 
(Constancia, Hemberger et al. 2002). Both IGF-1 and IGF-2 can bind to IGF-1R. 
However, IGF-I binds with higher affinity to IGF-1R while IGF-2 binds to IGF-1R 
with lower affinity than IGF-1. IGF-II also binds to IGF- II R (Federici, Porzio et al. 
1997, Le Roith 2003).  
      
1.3.3 IGF binding proteins (IGFBPs) 
 
     Normally about 99% of IGF in circulation is bound to the IGF-binding proteins 
(IGFBPs) and less than 1% is free (Fuglsang, Lauszus et al. 2003). IGFBPs are the 
most important factor to regulate bioavailability and activity of IGFs in circulation and 
local tissue. This family includes sex proteins IGFBP1–6 which bind the IGFs with 
high affinities (Clemmons 1998, Rosenfeld, Hwa et al. 1999). The regulation function 
of IGFBPs to IGFs exerts two effects. One is to act as “transport proteins” and prolong 
the half-life of IGF-1and IGF-2 in circulation (Zapf 1995); on the other hand, they can 
also reduce the activity of IGFs by competitively inhibiting IGF binding to their 
receptors (Gockerman, Prevette et al. 1995, Baxter 2000). The capacity of binding 
affinity can be reduced when local proteases cleave IGFBPs into fragments and release 
IGF-1. The status of phosphorylation and the adhesion to cell surface can influence the 
binding affinities as well.  
 
      Among the IGFBPs, an early study reported that IGFBP-3 can regulate IGF-1 
signaling by acting as a competitive inhibitor for IGF-1 (Collett-Solberg and Cohen 
1996). On the other hand, IGFBP-3 is also reported to have an IGF-independent 
inhibitory effect on cell growth which is mediated through a specific cell membrane 
receptor (Firth, McDougall et al. 2002). In addition, in specific contexts, 
overexpression of IGFBPs (e.g. IGFBP-2 and IGFBP-5) is associated with increased, 
rather than decreased, IGF action; adverse effects on cancer prognosis (Pollak 2008). 
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1.3.4 IGF receptor 
     The IGF1R and IR are members of the tyrosine kinase family of membrane 
receptors. The IR exists in two splice variant isoforms: IR-B recognizes only insulin, 
but IR-A, which is the isoform most commonly expressed in tumors, recognizes all IGF 
system ligands (Belfiore, Frasca et al. 2009).  
 
      The human IGF-1R gene encodes for a single chain 180 kDa 1367 amino acid 
precursor. Cleavage of the precursor generates α and β subunits which are glycosylated 
and dimerized. These subunits, through disulfide bonds, form a tetramer (β-α-α-β) that 
is transported to the plasma membrane  (Carlberg, Dricu et al. 1996, Jansson, Hallen et 
al. 1997, Wang, Xie et al. 1999).  The two entirely extracellular α subunits contain the 
IGF binding site, while the two β subunits span the membrane and in the intracellular 
region contain the tyrosine kinase domain (Steele-Perkins, Turner et al. 1988). The α-
subunit contains 706 amino acids and has L1 and L2 homologous domains containing 
cysteine-rich domains for  ligand binding (Andersen, Kjeldsen et al. 1990, Gustafson 
and Rutter 1990, Kjeldsen, Andersen et al. 1991, Schumacher, Mosthaf et al. 1991, 
Zhang and Roth 1991). These regions are the most hydrophilic sequences of the 
extracellular domain and are likely to be exposed on the surface of this domain and 
function in defining ligand specificity (Ullrich, Gray et al. 1986). The β-subunit 
contains 627 amino acid residues and has three domains: the extracellular, 
transmembrane and intracellular domains. The extracellular domain of the β-subunit is 
196 amino acids in length, while the transmembranous domain is 24 amino acids in 
length, located at position 906-929. The intracellular part of the β-subunit can be 
divided into a juxtamembrane, a tyrosine kinase (TK) and a C-terminal domain.  
 
      The TK domain exhibits the highest homology between the IGF-1R and IR (84%) 
and the juxtamembranous domain  shares 61% homology, whereas the C-terminal 
domain  shares only 44% (Ullrich, Gray et al. 1986). Within the TK domain a cluster of  
three tyrosine residues, located at position 1131, 1135 and 1136, is critical for receptor 
autophosphorylation (LeRoith, Werner et al. 1995).  
 
      Furthermore, tyrosine residue 950 is the binding site for insulin receptor substrates 
(IRS1-4) and a catalytic lysine in position 1003 are essential for ATP binding (Hanks, 
Quinn et al. 1988). Mutation analysis approaches facilitate understanding of the 
function of distinct residues in IGF-1R signaling. Mutation at Y950 preserves the 
mitogenic effect in response to IGF- 1 with lower level. Mutation at the lysine 1003 
results in a non-functional receptor, whereas, mutations at the three tyrosine residues of 
the activation loop result in a completely inactive receptor (Baserga 2000).  
 
      The C-terminal domain (1229-1337) of IGF-1R is essential for IGF-1R signaling.  
However, its function in normal and malignant cells is not fully understood. Mutation 
analysis studies and recent data facilitate to understand the function of these residues in 
IGF-1R signaling transduction and transformation. C-terminal truncated IGF-1R does 
not affect IGF-1R tyrosine phosphorylation as well as the phosphorylation of IRS1 and 
AKT activation (Sehat, Andersson et al. 2008). However, C-terminal mutated IGF-1R 
decrease β-arrestin1 dependent ERK activation (Girnita, Shenoy et al. 2007, Zavros, 
Waghray et al. 2007) and inhibit IGF-1R ubiquitination (Sehat, Andersson et al. 2007), 
which suggest that C-terminal domain is critical for β-arrestin1 dependent signaling. On 
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the other hand, truncation at residue 1229 or 1245 maintains receptor’s mitogenesis 
function in response to IGF-1 but such receptors are no longer transforming (Baserga, 
Hongo et al. 1997). Truncation of IGF-1R at residue 1290 has no effect on the 
mitogenicity or the transforming ability of the IGF-1R. These results indicate that the 
IGF-1R domain essential for transformation may be present between residues 1245 to 
1290. Serine 1248 has been reported to be required for RACK1 binding (Kiely, Sant et 
al. 2002). Serines 1250/1251 restore IGF-1R mitogenesis function (Leahy, Lyons et al. 
2004). while mutation at residues 1289-1294 is sufficient to abolish transforming 
ability of IGF-1R, however no information about the effect on signaling is reported 
(Baserga 2004). 
 
       As a consequence of high homology of IGF-1R and 1R, hybrid receptors can be 
formed by an insulin α/β hemireceptor and an IGF-1 α/β hemireceptor, in cells 
expressing both of them. These hybrid receptors have high affinity to bind IGF-1 and 
IGF-2 similar to IGF-1R but very low affinity to bind to insulin. The biological 
response elicited by these hybrid receptors can vary, depending on the ligands involved 
and the specific IR-A or IR-B isoforms (Pandini, Frasca et al. 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.3.5 Receptor activation and signaling  
 
1.3.5.1 Phosphorylation 
        Phosphorylation of IGF-1R was considered to be the central process driving 
receptor signaling. IGF-1 binding to α-subunit of the IGF-1R causes receptor 
conformational changes which initiate auto-phosphorylation of the activation loop at 
tyrosines 1136, 1135 and 1131 in the intracellular β subunit (Favelyukis, Till et al. 
2001). In unstimulated state, the activation loop (a-loop), containing the critical 
tyrosine (Y) residues 1131, 1135 and 1136, behaves as a pseudo-substrate that blocks 
the active site. Y1135 in the a-loop is bound in the active site preventing the substrate 
access and occluding the ATP binding site as well. After ligand binding, the three 
tyrosines of the a-loop are transphosphorylated by the dimeric subunit partner. Initial 

Fig2. Cartoon of IGF-1R structure. 
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phosphorylation of Y1135 induces stable structure followed by phosphorylation of 
Y1131 and Y1136. The catalytic kinase activity is increased due to opening of the a-
loop (Favelyukis, Till et al. 2001). The conformation changes of the a-loop allow ATP 
binding and the access of substrate proteins.  
 
1.3.5.2 Ras/Raf/MAPK 
      Ras is a single small GTPase molecule related in structure to the Gα subunit of 
heterotrimeric G proteins. G proteins possess the ability to switch the cycle of inactive 
nucleotide guanosine diphosphate (GDP) bound and active guanosine triphosphate 
(GTP) bound states. In basal conditions, Ras stays in the GDP bound status and is 
inactive, while upon extracellular stimuli, Ras binds to GTP in a signal emitting 
configuration. This signal is terminated when GTP is hydrolyzed by using its intrinsic 
GTPase-activating proteins and return back to inactive state. This cyclic GDP/GTP 
process is catalyzed by guanine nucleotide exchange factors (GEFs) (Vetter and 
Wittinghofer 2001). 
 
      In the context of IGF-1R signaling, following phosphorylation of the activated 
IGF-1R, Src Homology 2(SH2)-containing protein Src homology collagen( Shc) 
becomes activated by phosphorylation and recruits the growth factor receptor-binding 
protein 2 (Grb2). Grb2 interacts with the son of sevenless (SOS), a GEF at the plasma 
membrane, to stimulate GDP dissociation and its rapid replacement by GTP, whose 
intracellular concentration is much higher than that of GDP (Scheffzek and Ahmadian 
2005). Once Ras binds GTP, the effector loop is able to interact with alternative 
signaling partners, termed Ras effectors. The most important effector is Raf kinase. Raf  
can phosphorylate serine/threonine residues. The interaction between Ras and Raf 
recruits the Raf kinases (A-RAF, B-RAF and C-RAF) to the plasma membrane(Chong, 
Vikis et al. 2003, Wellbrock, Karasarides et al. 2004) . Among the three Raf kinases, B- 
RAF binds best to Ras(Weber, Slupsky et al. 2000) and is the most active in 
phosphorylating MEK in vitro (Emuss, Garnett et al. 2005) and in transforming 
NIH3T3 cells in culture (Papin, Denouel-Galy et al. 1998). 
 
      The association of Raf with Ras results in configuration change of Raf kinase, 
which leads to the activation of a second kinase known as MEK as well as Raf . MEK 
phosphorylates and activates a mitogen-activated protein kinase (MAPK) which were 
originally termed "extracellular signal-regulated kinases" (ERKs). This signaling 
cascade is called MAPK pathway. MAPK pathways contain three-tiered kinase 
modules: ERK1 and ERK2 are at the bottom of this cascade and are considered as 
MAPKs. They are phosphorylated by a dual specificity kinase termed MAP2 kinase 
(MAPKK). Similarly, MAP3 kinase (MAPKKK), like Raf, is the kinase responsible for 
phosphorylation of MAP2 kinase which is activated at the membrane and initiates the 
cascade.  
 
      MAPK groups include 4 distinct cascades: 1) extracellular signal-regulated kinase 1 
and 2 (ERK1/2); 2) c-Jun N-terminal kinase 1 to 3(JNK1-3); 3) p38MAPK α, β, γ, 
and δ (p38α-δ); and 4) ERK5 (also known as Big MAPK1). The ERK1/2 cascade 
transmits mostly mitogenic signals, whereas the p38 and JNK cascades transmit mainly 
stress signals. ERK5 seems to play a role in both mitogenic and stress-response 
processes.  

http://en.wikipedia.org/wiki/Guanosine_diphosphate
http://en.wikipedia.org/wiki/Guanosine_triphosphate
http://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase_kinase
http://en.wikipedia.org/wiki/Mitogen-activated_protein_kinase
http://en.wikipedia.org/wiki/Extracellular_signal-regulated_kinases
http://en.wikipedia.org/wiki/Extracellular_signal-regulated_kinases
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     Activation of ERK kinases have been identified to phosphorylate about 200 distinct 
substrates and regulate various ERK1/2 dependent cellular processes in cytoplasm, 
cytoskeleton and nucleus(Yoon and Seger 2006). Translocation of activated ERK to the 
nucleus has been proved to be the most essential function of MAPK signaling on the 
regulation of proliferation, differentiation, and oncogenic transformation. The main 
effectors of ERK activated in the nucleus are transcription factors. One of the best-
studied ERK1/2-activated transcription factors is Elk1, an immediate early gene 
(IEG)(Marais, Wynne et al. 1993). The phosphorylation of Elk1 results in up-regulation 
and stabilization of the growth regulated gene c-Fos, which is important for 
proliferation and differentiation. Stabilization of c-Fos is achieved only when ERK1/2 
activation is sustained long and strong enough and subsequent c-Fos significant 
expressed(Eferl and Wagner 2003).  
 
        ERK activation also enhances transcription of the cyclin D1 gene and induces 
phosphorylation of the pRb which is tumor suppressor gene followed the release of the 
E2F-1 transcription factor to promote G1 to S phase progression(Murphy, MacKeigan 
et al. 2004).  
 
      The mechanism of translocation of activated ERK to the nucleus is still unclear. 
The early studies demonstrated that molecules transfer into the nucleus through 
specialized nuclear pores (NPCs) which allow free diffusion of small molecules and 
proteins (up to 40 kDa) to the nucleus (Nigg 1997). Later data shows that ERK1/2 
translocation seems to be mediated by binding to protein importin7(Lorenzen, Baker et 
al. 2001). Recent studies illustrated that the dissociation of two threonine and tyrosine 
residues of ERK allows the nuclear translocation signal (NTS) domain of ERK to 
interact with importin7 preceding nuclear translocation(Zehorai, Yao et al. 2010). 
 
     Aside from the regulation of cell proliferation in nucleus, ERK activation is also 
sustained in cytoplasm to induce distinct signaling activation. The Mnk1 kinase, a 
cytoplasmic substrate of ERK1 and ERK2, activates the translation initiation factor 
eIF4E, following the activation of cellular machinery responsible for protein synthesis. 
Additionally, ERK activation can be regulated by cytoskeletal elements. It was reported 
that the interaction of microtubule and actin filaments with ERK1/2 resulted in 
restricted nuclear entry of activated ERK1/2(Smith, Smedberg et al. 2004). 
 
 
1.3.5.3 PI3K/AKT  
 
     Phosphorylation of tyrosine residues of the β subunit of IGF-1R recruits adaptors 
such as IRS family proteins, which bind to the regulatory p85 subunit of 
Phosphatidylinositol 3-kinases (PI3Ks) and initiate the activation of AKT. 
 
     IRS1 has three domains: an N-terminal pleckstrin homology (PH) domain, a 
phosphotyrosine-binding domain (PTB) and a C-terminal domain (Wang, Myers et al. 
1993). PI3K are heterodimeric kinases that are composed of an 85 kDa regulatory (p85) 
and a 110 kDa catalytic subunit (p110). Interaction of p85 and IRS1 allow the 
activation of catalytic p110 subunits of PI3K. Activated PI3K phosphorylates the lipid 
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phosphatidyl-inositol bisphosphate (PIP2) to generate phosphatidyl-inositol 
trisphosphate (PIP3). These phospholipids function as ligands for pleckstrin-homology 
(PH) domain-containing proteins to the inner surface of the cell membrane. AKT/PKB 
is a serine threonine kinase which interacts with these phospholipids causing its 
translocation to the inner membrane and activation by the 3-phosphoinositide-
dependent protein-kinases (PDKs). PDK1 phosphorylates AKT on threonine 308 in the 
a-loop of the kinase domain, while PDK2 phosphorylates serine 473 of AKT to 
regulate its efficiency of activation. The AKT signaling activation controls numerous 
cellular processes including cell proliferation and anti-apoptosis signals. 
 
      Phosphorylation of AKT activates mTORC1 signaling, which regulates protein 
synthesis by activating p70S6K and inactivating 4EBP1 (Inoki, Li et al. 2002). p70S6K 
is a positive effector to regulate protein synthesis and cell size(Ruvinsky and Meyuhas 
2006). Upon phosphorylation by mTORC1, 4EBP1 dissociates from the cap-binding 
protein (eIF4E) and initiates the formation of the 4F translational initiation complex 
(eIF4F) complex to start the translation of  the oncogenic cap-mRNAs, including MYC, 
HIF-1, cyclin-D1 and Bcl-XL(De Benedetti and Graff 2004). On the other hand, 
mTORC1 mediates negative feedback to AKT through IRS1degradation (Harrington, 
Findlay et al. 2004). mTORC2 has PDK2 activity and can phosphorylate AKT on 
Ser473. AKT could also activate NF-κB by regulating activity of IκB resulting in 
increased transcription of pro-survival genes. 
 
      Activation of AKT plays an essential role in anti-apoptosis via mitochondrial 
effectors. In the absence of Bad phosphorylation, cytochrome c is released from 
mitochondria by proapoptotic proteins such as Bax from the inhibitory control of Bcl2, 
and activates caspases 3 and 9 followed by degradation of DNA which occurs in the 
apoptosis process (Bouchard, Rouleau et al. 2003). When Bad is phosphorylated by 
activated AKT, Bcl2 dissociated from Bad-Bcl2 complex and inhibit Bax to release 
caspases exerting anti-apoptotic effect (Hanahan and Weinberg 2000). In addition to 
Bad, AKT activation also inhibits other pro-apoptotic proteins, including caspase 9, 
survival transcription factor CREB, glycogen synthase kinase- 3β(GSK-3β), as well as 
forkhead transcription factors (FOXO) (Vanhaesebroeck and Alessi 2000). 
 
     Another essential event involved in the anti-apoptosis function of activated AKT is 
related to Mdm2 regulation. Activated AKT can phosphorylate Mdm2 at serines 166 
and 186 following mitogen-induced activation (Zhou, Liao et al. 2001).        
Phosphorylation on these sites is necessary for translocation of Mdm2 from the 
cytoplasm into the nucleus. Expression of constitutively active AKT promotes nuclear 
entry of Mdm2, diminishes cellular levels of p53 and decreases p53 transcriptional 
activity.  
 
     PI-3K/AKT activation is regulated by the phosphatase and tensin homolog (PTEN) 
signaling pathway. PTEN dephosphorylates the PIP2 and PIP3 second messengers on 
the 3’-position of the inositol ring of PI-3K leading to its inhibitory effect on AKT 
activation(Downes, Perera et al. 2007). Thus, PTEN acts as a potent regulator of IGF-
1R signaling. 
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1.3.6 Ubiquitination  
         
      IGF-1R is classified as an RTK and accordingly tyrosine phosphorylation was 
considered to be the central process governing IGF-1R signalling. However, during the 
last decade, we and others have challenged this view by demonstrating the involvement 
of ubiquitination in IGF-1R function (Girnita, Girnita et al. 2003). 
 
     Ubiquitination (or ubiquitylation) of proteins requires the action of three enzymes. 
The first one is ubiquitin-activating enzyme (E1) that binds the 76 amino acid protein 
ubiquitin(Ub) in an ATP dependent manner to generate a high energy E1-ubiquitin 
intermediate. The second one constitutes ubiquitin-conjugating enzyme (E2), acting as 
a carrier protein linking to E1 ubiquitin complex with its cysteine residue.  The third, 
the ubiquitin ligase (E3) play a central role in ubiquitination. They recognize specific 
substrates and facilitates ubiquitin transfer from the E2 to the substrate resulting 
ultimately in the covalent attachment of Ub to the ɛ-amino group of a lysine (Lys) 
residue in the target protein (Bonifacino and Weissman 1998, Glickman and 
Ciechanover 2002). Two major classes of E3s have been identified: HECT 
(homologous to E6AP C-terminus) domain E3s form a catalytic ubiquitin intermediate 
on a cysteine residue before E2 transfer(Scheffner and Staub 2007). The second class of 
E3s, which contains RING-type (i.e. Mdm2, c-Cbl) facilitates the direct transfer of Ub 
from E2 onto the substrate (Fang, Jensen et al. 2000). RING E3 ubiquitin ligases play 
an essential role in the regulation of many biological processes and defects in some of 
them are involved in cancer development. Furthermore, some RING E3 ligases are 
frequently overexpressed in human cancers. Another subclass of RING ubiquitin 
ligases cullin RING ligases (CRLs) composed of multi-subunit E3 ligases E3 enzymes. 
CRLs are multicomponent E3 ligases composed of a RING domain-containing protein 

Fig3.Classical IGF-1R signaling. 
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(RBX1 or RBX2), a regulatory cullin, and a substrate-binding adaptor (Zimmerman, 
Schulman et al. 2010). 
 
      Different types of ubiquitination modification control the fate of substrate proteins. 
Mono- ubiquitination, in which a single ubiquitin molecule is attached to a single site 
on a protein, results in receptor endocystosis and signal transduction(Robzyk, Recht et 
al. 2000). In contrast, old or damaged cytosolic proteins are labeled with a poly-
ubiquitin chain, in which several ubiquitin moieties are added to the target protein to 
form poly-ubiquitin chains, is recognized for degradation by the proteasome. In 
addition to these types of ubiquitination, different ubiquitin -linkage topologies are 
associated with diverse biological functions. For instance,   Lys48-linked ubiquitin 
chains initiate targeted degradation by the 26S proteasome(Thrower, Hoffman et al. 
2000, Petroski and Deshaies 2003, Rodrigo-Brenni, Foster et al. 2010). Lys63 or -
linked ubiquitin chains may regulate signaling pathways (Deng, Wang et al. 2000, 
Kanayama, Seth et al. 2004), DNA repair(Spence, Sadis et al. 1995) and protein 
location(Hoege, Pfander et al. 2002). Recycling of ubiquitin is regulated by specific 
deubiquitinating enzymes (DUBs) that catalyze the removal of Ub-moieties from 
ubiquitinated proteins. DUBs as regulators for ubiquitination reactions are suggested to 
play important role in the regulation of various cellular processes, including sorting of 
membrane receptors (Clague and Urbe 2006). 
 
      Proteins modified by ubiquitination are degraded through both the proteasome and 
lysosomal pathways in mammalian cells (Hicke 1999). The 26S proteasome is the 
common form of proteasome and contains one 20S core particle structure and two 19S 
regulatory caps. Polyubiquitinated proteins are recognized by19S regulatory subunits 
and are transferred to the catalytic core of 20S core in an unfolded form resulting in 
degradation. Degradation of several mammalian receptors is impaired by inhibitors of 
the  proteasome as well as by agents blocking the lysosomal degradation (Bonifacino 
and Weissman 1998, Glickman and Ciechanover 2002).   
 
      Three distinct E3 ligases, Nedd4; Mdm2 and Cb1, have been proven to be 
important for IGF-1R ubiquitination(Girnita, Girnita et al. 2003).  Nedd4 is a member 
of the HECT domain E3 ligases and Nedd4 mediated IGF-1R ubiquitination requires 
the adaptor protein Grb10 for receptor internalization (Vecchione, Marchese et al. 
2003). c-Cbl and Mdm2 are members of RING finger group of E3 ligases. In the case 
of Mdm2 mediated IGF-1R ubiquitination, β-arrestin1 is the adaptor protein to bring 
Mdm2 to activated receptor for ubiquitination (Girnita, Shenoy et al. 2005) and 
degradation (Girnita, Girnita et al. 2003). 
 
1.3.7 Mdm2 
 
   Mdm2(murine double minute-2) is a well-known oncoprotein which suppresses p53 
activity. In unstressed conditions, Mdm2 monoubiquitinates p53 leading to export of 
p53 from the nucleus to the cytosol followed by degradation by the proteasome. 
Overexpression of Mdm2 results in reduces of p53 level and activity(Kubbutat, Jones et 
al. 1997), whereas loss of Mdm2 induces apoptosis mediated by p53(de Rozieres, 
Maya et al. 2000). P53 transcriptionally activates many target genes, one of which is 
the Mdm2 gene. Because Mdm2 inhibits p53 activity, this forms a negative feedback 
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loop that tightly regulates p53 function. In turn, decreased p53 activity results in 
decreased Mdm2 to constitutive levels. Mdm2 can also ubiquitinate itself and induce its 
own degradation. Upon DNA damage, p53 is phosphorylated and acetylated to inhibit 
interactions with Mdm2 leading to cell cycle arrest through increased expression of 
tumor suppressor protein ARF. By contrast, ARF interacts with Mdm2, blocking 
Mdm2 shuttling between the nucleus and cytoplasm. Sequestration of Mdm2 in the 
nucleolus thus results in activation of p53 (Ganguli and Wasylyk 2003). 
 
      Mdm2 has been found to associate with certain cell surface receptors and regulate 
their functions (Shenoy, McDonald et al. 2001)). It was shown that under conditions 
when p53 was inhibited, Mdm2 was redistributed and bound to the IGF-1R (Girnita, 
Girnita et al. 2003). Mdm2 was proven to ubiquitinate the IGF-1R and degrade it in a 
proteasome-dependent manner , eventually leading to cell death (Girnita, Girnita et al. 
2003). This action of Mdm2 explains earlier results that inhibition of wild-type p53 
unexpectedly leads to downregulation of the IGF-1R (Girnita, Girnita et al. 2000). On 
the other hand, an increased distribution of Mdm2 to the cell nucleus to interact with 
p53 may indirectly increase the expression of IGF-1R since less cytoplasmic Mdm2 
will be available to ubiquitinate and degrade the receptor. Reciprocally, the IGF-1 
system has been shown to influence the activity of Mdm2. IGF-1 was demonstrated to 
regulate Mdm2 activity by inhibiting the association between p19ARF and Mdm2 in a 
p38 MAPK-dependent manner (Heron-Milhavet and LeRoith 2002). Thus, when IGF-1 
was used to rescue the cells from UV-induced DNA damage, the p53 protein was 
degraded through the Mdm2-mediated pathway. Other studies indicate that expression 
of phosphorylated AKT increases Mdm2-mediated ubiquitination of p53 (Mayo and 
Donner 2001). The serum-induced increase in p53 ubiquitination was blocked by a 
PI3K inhibitor, suggesting that phosphorylated AKT enhances the ubiquitination-
promoting function of Mdm2, determining reduction of p53 protein.  
 
1.4 β-arrestin paradigm in IGF-1R  

 
     It has been shown that β-arrestin1 is acting as a scaffold protein for recruitment of 
the E3 ligase Mdm2 to the activated IGF-1R followed by receptor ubiquitination and 
degradation(Girnita, Shenoy et al. 2005). Co-immunoprecipitation studies discovered 
that IGF-1R, β-arrestin and Mdm2 complex were associated upon IGF-1 treatment. 
Furthermore, addition of β-arrestin1 in vitro to IGF-1R, E1, E2, and Mdm2 greatly 
enhances IGF-1R ubiquitination. On the other hand, depletion of β-arrestin1 by siRNA 
inhibit IGF-1R ubiquitination in melanoma cell lines. Consistently, the cells expressing 
dominant negative Mdm2 exhibit reduced IGF-1R ubiquitination (Girnita, Girnita et al. 
2003) .This Mdm2/β-arrestin mediated IGF-1R ubiquitination machinery and its 
functional consequences are also supported by previous findings. For example, 
microinjection of a β-arrestin 1 antibody was observed to specifically inhibit IGF-1 
mitogenic actions but had no effect on epidermal growth factor or insulin action(Dalle, 
Ricketts et al. 2001). 
 
      β-arrestins have been discovered to play important roles in the transduction of 
several signaling pathways stimulated by GPCRs (Lefkowitz 2004, Lefkowitz and 
Shenoy 2005). Moreover, some previous studies have suggested involvement of β-
arrestin in MAPK signaling activation by the IGF-1R (Dalle, Ricketts et al. 2001). 
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Recent studies  demonstrate that β-arrestin1 involvement in IGF-1-induced signaling to 
ERK1/2 is dependent on Mdm2 mediated  β-arrestin1 ubiquitination (Girnita, Shenoy 
et al. 2005). In this process, β-arrestin1 was shown to bind to the C terminus of the 
IGF-1R and become ubiquitinated by the Mdm2 E3 ligase.  
 
      Taken together, β-arrestin1 plays a dual role in regulation of IGF-1R: ubiquitination 
and receptor down-regulation as well as IGF-1R/β-arrestin1 mediated signaling 
activation of the MAPK pathway, which is consisted with the dual regulatory role of β-
arrestin1 in GPCR mediating desensitization and downstream MAPK signaling 
activation (Lefkowitz 2004, Lefkowitz and Shenoy 2005, Shenoy, Drake et al. 2006).  

 
 
 
 
 
 
 
1.5 ROLE OF IGF-1R IN CANCER 
 
1.5.1 IGF-1R and oncogenes  
 
     The IGF-1R gene is constitutively expressed in most cells. The IGF-1R promoter , 
which is CG-rich and lacks TATA and CCAAT elements, exhibits a high basal 
transcriptional activity. IGF-1R level is regulated by physiological conditions including   
nutritional factors (Olchovsky, Song et al. 1993), hormonal stimulation , the 
developmental stage(Zhou and Bondy 1992) ,and cellular factors including 
transcription factor (Werner and Roberts 2003), oncogenes (Kim, Park et al. 1996) and 
suppressor genes(Maor, Abramovitch et al. 2000) . 
 

Fig4.βarrestin paradigm mediated IGF-1R signaling. A. βarrestin recruit to activated IGF-1R 
and induces receptor internalization in a clathrin coat manner. B. βarrestin binding recruits 
Mdm2 to the activated IGF-1R resultings in receptor ubiquitination and degradation. C. 
βarrestin- dependent ERK activation. 

 



 

20 

       Tumor suppressors, including the breast and ovarian cancer susceptibility gene 
1 (BRCA1), p53, and the Wilms’ tumor protein-1 (WT1) are reported to control IGF-
1R transcription level(Sarfstein, Maor et al. 2006). Among them, the p53 and IGFs axis 
connection attracts most interest from researchers. P53 acts as a tumor suppressor 
factor to suppress almost 90% IGF-1R promoter activity as well as endogenous IGF-1R 
mRNA levels (Prisco, Hongo et al. 1997). By contrast, mutant p53 clearly enhances 
IGF-1R gene expression (Idelman, Glaser et al. 2003). In addition, wild-type p53 
reduce the IGF-1R phosphorylation in response to IGF-1, while mutant p53 increases 
receptor phosphorylation (Ohlsson, Kley et al. 1998). 
 
      WT1, a member of this family, has been shown to bind to the IGF-1R promoter and 
to suppress activity (Werner, Hernandezsanchez et al. 1995). Consistently, loss of WT1 
activity in Wilms' tumour and related malignancies may result in transcriptional 
derepression of the IGF-1R gene(Gerald, Rosai et al. 1995). Pathologic fusion of the 
Ewing gene EWS to WT1 (t(11;22)(p13;q12)(EWS/WT1)) has been shown to abrogate 
the tumour suppressor function of WT1 and to generate an oncogenic chimeric protein 
capable of binding and activating the IGF-1R promoter (Karnieli, Werner et al. 1996). 
       
      Some of the oncogenes increasing the IGF-1R promoter activity can also affect 
IGF-1R action by nontranscriptional mechanisms. For instance, transformation of 
human cells by the Src oncogene of the Rous sarcoma virus results in constitutive 
phosphorylation of the receptor β-subunit to enhance receptor mediated 
signaling(Werner and Le Roith 2000). 
 
1.5.2 Transformation 
 
     The involvement of the IGF-1R in malignant transformation was first observed in 
Mouse embryo fibroblasts (MEFs) derived from homozygous IGF-1R null mice (R- 
cells)  (Sell, Rubini et al. 1993) . R- cells are resistant to transformation by several 
oncogenes, including the SV40 T antigen, activated H-Ras, bovine papillomavirus E5 
protein, human papillomavirus E7 protein, Ewing's sarcoma fusion protein, activated c-
Src and others (Baserga, Hongo et al. 1997). The only two proteins  known so far to 
sustain oncogenic properties in the absence of IGF-1R is v-Src (Valentinis, Morrione et 
al. 1997) and constitutively active Gq13α  (Liu, Blakesley et al. 1997). Cellular 
transformation and progression of several types of sarcoma, including 
rhabdomyosarcoma, synovial sarcoma, leiomyosarcoma, Ewing’s sarcoma and 
osteosarcoma are influenced by IGF-1R (Rikhof, de Jong et al. 2009). 
 
1.5.3 Proliferation and anti-apoptosis 
 
      IGF-1R mediated MAPK/PI3 K activation has been proven to support cancer 
progression through enhancement of mitogenesis or suppression of apoptosis(Baserga, 
Peruzzi et al. 2003).Promoting cell cycle and escaping from cell cycle arrest is the 
common character of tumor cells. IGF-1R mediated MAPK promotes Cyclin D1 
expression while AKT activation prevents Cyclin D1 nuclear export and degradation by 
inhibiting GSK-3β activity (Diehl 2002). This cell cycle progression in breast cancer 
cells can be reduced by PI3K inhibitors. Activity of c-myc, a transcription gene 
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promoting survival, can be stimulated by activation of NF-κB followed by AKT 
activation (Datta, Brunet et al. 1999).  
 
1.5.4 Migration and metastasis 

 
      Cancer metastasis is composed of multiple processes, including tumor cell 
adhesion, migration, extracellular matrix (ECM) proteolysis and invasion (Miyata Y, 
Prostate, 2003).  Accumulated studies support the IGF axis regulatory role in each of 
these processes both in vitro (LeBedis, Chen et al. 2002, Fizazi, Yang et al. 2003) and 
in vivo(Lopez and Hanahan 2002, Lay, B et al. 2005, Sakatani, Kaneda et al. 2005).  
 
     Proteolytic activities of the matrix metalloproteinase (MMP) system are essential for 
malignant cell migrated through the ECM and the basement membrane. The IGF 
system plays a role in the regulation of MMPs group (MMP-2, MMP-9 and MMP-14) 
and promotes tumor invasion. Overexpression or inhibition of IGF-IR modifies MMP-2 
expression levels in a liver metastasis model (Yoon and Hurta 2001). IGF-1 
dramatically increases MMP-9 activity and enhanced cell migration through vitronectin 
in breast cancer cell line(Zhang and Brodt 2003). This metastasis advantage driven by 
IGF-1R can be reduced by an IGF-1R inhibitor in uveal melanoma xenografted mice. 
The expression and activity of MMP-2 also decreases in uveal melanoma cells as well 
as in tumors (Girnita, All-Ericsson et al. 2006). 
 
      IGF-1 is reported to induce angiogenesis by stimulating the migration and 
morphological differentiation of endothelial cells (Lee, Bae et al. 2000). Another direct 
effect of IGF on angiogenesis is demonstrated in mice with vascular endothelial cells 
knockout IGF-1R or IR, in which remarkable reduction of retinal vessel formation is 
observed (Economou, Andersson et al. 2008). IGF-1 and insulin are both involved in 
regulation of vascular mediators VEGF (Grulich-Henn, Ritter et al. 2002). 
 
           
1.6 TARGETING IGF-1R IN CANCER  
 
     Targeting IGF-1R and its signaling pathway has become an attractive strategy for 
anti- cancer therapy. Overall, several approaches have been developed to target the 
IGF-1R axis: small-molecule tyrosine kinase inhibitors (TKI), antibodies targeting IGF-
1R and antibodies that target IGF ligands(Cohen, Baker et al. 2005, Goetsch, Gonzalez 
et al. 2005, Giles, Rizzieri et al. 2007, Haluska, Shaw et al. 2007, Higano 2007, Yin, 
Vreeland et al. 2007, Lacy, Alsina et al. 2008, Pollak 2008, Karp, Pollak et al. 2009, 
Ranchal, Gonzalez et al. 2009).  
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                                     Anti-IGF-1R antibodies 
 
product Class company development indication ref 
IMC-A12  fully human IgG1 

mAb against IGF-
1R extracellular 
domain 

ImClone  (New York) Phase II Head-and-
neck cancer 

(Barnes, 
et al. 
2007) 

R1507  fully human mAb 
against IGF-1R 
extracellular 
domain 

Genmab 
(Copenhagen)/Roche 
(Basel) 

Phase II Solid tumors, 
including 
sarcoma 

(Pappo, 
al. 2011) 

MK-0646  humanized IgG1 
antibody against 
IGF-1R 
extracellular 
domain 

Merck Phase II Metastatic 
colon cancer 

(Reidy-
Lagunes, 
et al. 
2012) 

AMG 479 fully human mAb 
targeting IGF-1R 
extracellular 
domain 

Amgen Phase II Advanced 
solid tumors 

(Rosen, 
et al. 
2012) 

AVE1642 humanized IgG1 
mAb against IGF-
1R extracellular 
domain 

Sanofi-Avensis Phase II Multiple 
myeloma 

(Moreau, 
et al. 
2011) 

                            Anti-IGF-1R small molecule /Tyrosine kinase inhibitor 
 

 

BMS-
536924 

Small molecule 
TKI 

Bristol-Myers Squibb undergoing 
phase I  

 (Wittman 
et al. 
2005) 

OSI-906 Small molecule 
TKI 

OSI pharmaceuticals preclinical  (Mulvihil
et al. 
2009) 

PPP Small molecule 
TKI 

Axelar Phase I/II trial  (Ekman, 
et. Al. 
2011) 

BMS-
754807 

Small molecule 
TKI 

Bristol Myers Squibb preclinical  (Kolb, et 
al. 2011) 

 
 

Table 1. Targeting IGF-1R strategies 
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1.7 EWING’S SARCOMA 
 
      Ewing’s sarcoma (ES) is the second most common malignant bone tumor in 
children and  young people. This malignancy is characterized by rapid growth and a 
high potential to develop metastases.  
 
      The genetic feature of ES is the chromosomal translocation causing fusion of the 
EWS gene with the ETS family of transcription factors FLI1 gene. In normal 
conditions, EWS gene locus on chromosome 22 band q12 while FLI 1gene is located 
on chromosome 11 band q24 (Peter, Couturier et al. 1997), other ETS family members 
are also reported to combine with the EWS gene include ERG (chromosome 21), ETV1 
(chromosome 7), and E1AF (chromosome 17) (Balamuth and Womer 2010). The 
fusion of EWS-FLI1 lacks a stable structure and contains a high proportion of 
disordered regions, which act as an aberrant transcription factor to alter several cellular 
processes(Erkizan, Uversky et al. 2010). Overall, the aspect of cellular regulation by 
EWS-FLI1 include cell cycle regulation and DNA repair by affecting CDKs, p53 
function, cell adhesion and migration via interaction with integrin, and heparin-binding 
proteins, regulate apoptotic genes (Hancock and Lessnick 2008).  
 
     The importance of IGF-1R and receptor signaling pathway to tumorgenesis in ES 
has been widely demonstrated (Scotlandi, Benini et al. 1998). Notably, IGF-1R 
expression is necessary for EWS-FLI-mediated transformation in MEFs (Toretsky, 
Kalebic et al. 1997).  
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2 MATERIALS AND METHODS 
 
2.1 REAGENTS 
 Polyclonal antibodies against IGF-1R (H-60), β-arrestin1 (K-16) and GAPDH (FL-
335) and Monoclonal antibodies against ubiquitin (P4D1), GRK2 (C-9), GRK6 (XX-4) 
were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Polyclonal 
antibodies against phosphorylated (p)AKT (S473), AKT, pERK1/2, ERK1/2, pIGF1R 
and IGF-1R were from Cell Signaling Technology (Danvers, MA, USA). Polyclonal 
antibody against phospho-serine and Dynabeads protein G were from Invitrogen 
(Carlsbad, CA, USA). Polyclonal antibody against flag and anti-flag M2-agarose were 
from Sigma (St. Louis, MO, USA). LL-37 (purity of 98%) was obtained from 
Polypeptide Laboratories, Hillero¨ d, Denmark. Insulin like Growth Factor-1(IGF-1) 
was from Sigma (Sigma Aldrich, St Louis, MO, USA). 
 
2.2 CELL CULTURE 
The Human Embryonic Kidney 293T cell line (HEK 293T) was obtained from ATCC 
(via LGC Promochem, Boras, Sweden).  HEK 293T was grown in DMEM 
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin 
(PS). BE and DFB, skin melanoma cells, were cultured in RPMI medium supplemented 
with 10% FBS and 1% PS. The mouse embryonic fibroblast (MEF), MEF cell with 
targeted disruption of IGF-1R gene (R-) and Δ1245 mouse cell lines (IGF-1R KO cells, 
stably transfected with IGF-1R with C terminus truncated at position 1245) were a kind 
gift from Dr. Renato Baserga (Thomas Jefferson University, Philadelphia, PA, USA) 
and are as previously described (Dews, Prisco et al. 2000). These cell lines were 
cultured in DMEM supplemented with 10% FBS and 1% PS in the presence of G-418 
(Promega, WI, USA). Ewing’s sarcoma cell lines SKES, RDES, CADO and A673 
were obtained from ATCC (via LGC Promochem, Boras, Sweden). SKES was grown 
in McCoy’s 5A medium supplemented with 10% (vol/vol) fetal bovine serum (FBS). 
RDES, CADO were cultured in RPMI medium supplemented with 10% (vol/vol) 
FBS. A673 and SKBR3 were grown in DMEM supplemented with 10% (vol/vol) 
FBS. MCF-7 and ZR75-1 human breast cancer cell lines, were grown in Dulbecco’s 
modified Eagle’s medium supplemented with 10% fetal bovine serum and 1% 
penicillin-streptomycin. 
 
2.3 SMALL INTERFERING RNAS (SIRNAS) AND TRANSFECTION 
Chemically synthesized, double-stranded siRNAs were purchased from Dharmacon, 
Inc. (Pierce, IL, USA). The siRNA sequences targeting  endogenous GRKs are: GRK2, 
5’-GGAAGAAUGUGGAGCUCAAtt-3’; GRK3, 5’-GCAGCAAGAAGUAACGGA 
Att-3’; GRK5, 5’-CGUCUACCGAGAUCUGAAAtt-3’; GRK6, 5’-GAGAAAAAGC 
GGAUCAAGAtt-3’. The siRNA sequence that was used to deplete endogenous 
βarrestin-1 levels was 50-AAAGCCUUCUGUGCUGAGAAC-30. A non-silencing 
RNA duplex (50-AAUUCUCCGAACGUGUCACGU-30), as the manufacturer 
indicated, was used as a control. The siRNA targeting human IGF-1R sequence 50-
GCAGACACCUACAACAUCAUU-30 (Natalishvili, Axelson et al. 2009). 
The cells were transfected at 40–50% confluency in 6-well plates, using DharmaFECT 
transfection reagent (Pierce) or Lipofectamine RNAiMAX (Invitrogen, CA, USA) 
according to the manufacturer’s instructions.  
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2.4 PLASMIDS AND TRANSFECTION 
The plasmid encoding full length IGF1R-YFP was previously described (Blanquart, 
Gonzalez-Yanes et al. 2006). Various mutants were constructed from IGF1R-YFP 
plasmids using the QuikChange XL II kit (Agilent Technologies, CA, USA). 
βarrestin1-CFP plasmid was obtained from Dr. Carsten Hoffmann, Wuerzburg 
University, Germany (Hoffmann, Ziegler et al. 2008). The plasmids expressing human 
GRK2 and GRK6 (Kim, Ahn et al. 2005), the β-arrestin1-flag plasmid and GFP-β-
arrestin1 (Shenoy and Lefkowitz 2003) were a kind gift from Dr. Robert J. Lefkowitz. 
Cells cultured at 90% confluency in 6-well plates were transfected with plasmids using 
Lipofectamine 2000 (Invitrogen, CA, USA) according to the manufacturer’s 
instructions. The plasmid expressing β-arrestin1-flag was a kind gift from Dr. Robert 
J.Lefkowitz (Duke University Medical Center/Howard Hughes Medical Institute, 
Durham, NC). 
 
2.5 IMMUNOPRECIPITATION 
To measure protein-protein interaction or receptor phosphorylation /ubiquitination, the 
cells were cultured in 6-well plates and lysed with 500 µl lysis buffer (110 mM KOAc, 
0.5% (v/v) Triton X-100, 100 mM NaCl, buffering salts pH 7.4). The protein 
concentration was determined by bicinchoninic acid assay (Pierce, IL, USA). 1 µg 
antibody and 10 µl Dynabeads protein G (Invitrogen, CA, USA) were added to 500 µg 
of protein. After overnight incubation at 4°C, the immunoprecipitates were collected 
and dissolved in the sample buffer for SDS-PAGE. 
 
2.6 SDS-PAGE AND WESTERN BLOTTING  
Protein samples were dissolved in LDS sample buffer (Invitrogen, CA, USA). Samples 
were analyzed by SDS-PAGE with 4-12% Bis-Tris gel (Invitrogen, CA, USA). 
Following separation, the proteins were transferred to nitrocellulose membranes for 1 h 
at 100 V. Membranes were then blocked for 1 h at room temperature in a solution of 
5% (w/v) skimmed milk powder and 0.1% (v/v) Tween 20 in Tris-buffered saline 
(TBS), pH 7.5 (TBS-T). Incubation with appropriate primary antibody was performed 
overnight at 4°C. After washing, the membrane was incubated with a horseradish 
peroxidase-labelled for 1 h. The detection was made with ECL substrate (Pierce, IL, 
USA) and exposure to x-ray film. 
 
2.7 IN VITRO BINDING ASSAY 
Cell lysates contained β arrestin1-flag  was purified by anti-flag M2 agarose with 
overnight incubation at 4°C following PBS wash for 4 times. On the other hand, the 
cells transfected with IGF-1RYFP were lysed as described above. 500 μl lysate was 
added to the beads-β arr1-flag complex and incubated overnight at 4°C. The pellet was 
collected by centrifugation at 6,000 g for 1 min and washed three times with 1xTBS 
buffer in a spin cup column (Pierce, IL, USA), whereupon the pellet was dissolved in 
sample buffer for SDSPAGE. WB analysis probing with anti-IGF-1R identified IGF-
1R YFP while flag detection was used as a loading control.  
 
2.8 CONFOCAL MICROSCOPY 
The cells were serum starved for 8 h before stimulation. After washing three times 
with PBS, the cells were fixed with 4% paraformaldehyde diluted in PBS containing 
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calcium and magnesium before confocal analysis. The cells were immunostained with 
appropriate primary antibody overnight and secondary ALEXA 594/488 (Invitrogen) 
for 1 h. For living cell image, the cells were maintained in HBS buffer (150 mM 
NaCl, 10 mM HEPES, 10 mM glucose, 2.5 mM KCl, 4 mM CaCl2, 2 mM MgCl2, 
pH 7.4) and placed on a stage top incubator with 37°C and 5% CO2. Confocal 
experiments were performed on a Leica TCS SP5 confocal microscope (Leica 
Microsystems, Germany). 
 
2.9 FÖRSTER RESONANCE ENERGY TRANSFER (FRET)  

Fluorescence resonance energy transfer (FRET) is a technique based on the following 
principles: when a suitable pair of fluorophores is brought into close proximity (1-10 
Å) of one another, excitation of the donor-fluorophore results in a transfer of energy 
to the acceptor-fluorophore, resulting in an increase of the acceptor emission signal 
and a decrease in donor-emission. The most common pair of chromophore is yellow 
fluorescence protein (YFP) and cyan fluorescence protein (CFP).  The FRET 
efficiency is measured and used to identify interactions between the labeled 
complexes. In our study, in order to investigate the interaction between mutant IGF-
1R and βarrestin1, we induced mutant IGF-1R-YFP and βarrestin1-CFP plasmids into 
HEK 293T cells and measure the nonradiative energy transfer from a CFP donor to a 
YFP acceptor.  To validate the FRET in single cells, we performed acceptor 
photobleaching(Dinant, van Royen et al. 2008)by using Leica TCS SP5 confocal 
microscope and FRET wizards in Leica Application Suite Advanced Fluorescence 
(LAS AF) software. To measure the kinetics of β-arr1 binding to the IGF-1R, the 
transfected cells were measured with FRET in cell populations via a Tecan Infinite 
M1000 monochromator based reader (Tecan, Switzerland)(Kraft, Olbrich et al. 2001). 
2.10 CELL VIABILITY ASSAY 
The cell proliferation can be acquired by measuring of DNA content or apoptotic 
markers by radioactive, luminescent or fluorescent assays. In our experiments, cell 
viability was measured by PrestoBlue Cell Viability Assay (Invitrogen, CA, USA), 
which acts as a cell viability indicator by using the reducing power of living cells to 
quantitatively measure the proliferation of cells. The cell number was calculated by 
Countess® (Invitrogen, CA, USA) before plating cells to 96 well plate. The cells were 
cultured overnight in the absence of serum and then stimulate with ligands. 
Fluorescence was measured via Tecan Infinite M1000 monochromator based reader 
(Tecan, Switzerland). 
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3 AIMS OF THE STUDY 
 
The specific aims of this thesis were: 
 

• To investigate the mechanism of β-arrestin/IGF-1R interaction. 
 

• To investigate the effects of β-arrestin/IGF-1R interaction on receptor 
expression and signaling. 
 

• To investigate the roles of β-arrestin in tumorigenesis and to evaluate 
its potential utility as therapeutic target. 
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4 RESULTS AND DISCUSSION 
 
4.1 PAPER I 

 
Identification of the cathelicidin peptide LL-37 as agonist for the type I insulin-like 
growth factor receptor. 

      Antimicrobial peptides, AMPs, are important components of the innate immune 
system in most living organisms since they exhibit broad antimicrobial function 
against bacteria, fungi, yeast and viruses. LL-37, a C terminal peptide cleaved from 
the human cathelicidin antimicrobial protein-18, is expressed in leukocytes and 
epithelial cells. LL-37 displays broad antimicrobial activity via targeting the 
microbial cell membrane. Over the last years, the repertoire of known biological 
functions for LL-37 expanded to include immunomodulation, apoptosis and 
carcinogenesis.  Based on the  hypothesis  that LL-37 exerts its oncogenic effects 
through activation of specific signaling pathways,  in this study we aimed to explore 
if and how LL-37 contributes to the signaling involved in tumor development. 
 
      Firstly, by using an ELISA approach, we investigated the interaction between LL-
37 and growth factor receptors which are well known to be involved in tumor 
progression. Among several growth factor receptors tested, IGF-1R showed the 
highest affinity for LL-37, therefore we explored whether this interaction occurred in 
a cell system. By using such a system we could confirm the LL-37/IGF-1R 
interaction as well as the outcomes on IGF-1R dependent signaling activation. Using 
cell lines expressing endogenous or ones transgenically modified to overexpress IGF-
1R, we confirmed that LL-37 binding triggers receptor tyrosine kinase 
phosphorylation in a dose dependent manner. Moreover, receptor phosphorylation 
induces downstream MAPK/ERK signaling activation. Intriguingly, LL-37 had no 
effect on AKT signaling, in contrast to IGF-1R signaling activation by IGF-1, which 
activates both pathways. By investigating the mechanism of this signaling 
dissociation, we found that the C-terminal domain of IGF-1R is required for LL-37 
dependent ERK activation. As previous studies demonstrated that the C-terminus is 
important for β-arrestin1 recruitment to the IGF-1R and for IGF-1R ubiquitination in 
response to IGF-1 (Girnita et al., 2005), we investigated the effects of LL-37 on IGF-
1R/ β-arrestin1 association and receptor ubiquitination. The results demonstrated that 
following LL-37 stimulation IGF-1R ubiquitination is clearly increased. In addition, 
in response to LL-37, stable β-arrestin1/IGF-1R complexes were revealed by confocal 
microcopy. Conversely, when the β-arrestin1 level was downregulated by siRNA, 
LL-37 induced ERK phosphorylation was severely impaired. Thus, our data 
demonstrates that LL-37 binding to IGF-1R activates MAPK/ERK signaling and this 
process is dependent on β-arrestin1 recruitment and IGF-1R ubiquitination.   
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       In the last set of experiments, we explored the biological outcomes of LL-37 
induced IGF-1R signaling activation. In the absence of PI3K/AKT signaling, LL-37 
induced ERK activation has a minor effect on cell proliferation, however it promotes 
cell migration and invasion. We further demonstrated that LL-37/IGF-1R/ β-arrestin1 
/ERK specifically support the invasive phenotype since inhibition of any component 
of this axis completely abrogated the LL-37 and IGF-1 induced migration/invasion of 
breast cancer cells.  
       
Main findings: 

• This study identifies the first natural biased agonist for the IGF-1R (to our 
knowledge the first natural biased agonist for a RTK) and fully supports the 
concept of biasing signaling at the IGF-1R. 

• The results indicate that a migratory/invasive phenotype  could be promoted 
by peptides  generated by an inflammatory process within the tumor  
surrounding tissue. 

 

4.2 PAPER II 
Selective recruitment of G protein-coupled receptor kinases (GRKs) controls 
signaling of the insulin-like growth factor 1 receptor 
 
     G Protein-Coupled Receptors (GPCR) and Receptor Tyrosine Kinases (RTK) are 
major transducers of signals across the plasma membrane.  Each cell surface receptor 
family possesses unique structural characteristics and leads to specific signaling 
outcomes in the cell. However, there is extensive overlap in the signaling proteins and 
pathways used to produce these effects. Among them, β-arrestins, molecules 
previously considered to be associated exclusively with GPCRs, were also 
demonstrated to be involved in modulating signaling through a classical RTK, 
insulin-like growth factor type 1 (IGF-1R), with the same major outcomes as for 
GPCRs: they shut down the receptor and redirect signaling to MAPK/ERK pathway. 
Yet, the mechanism of β-arrestin1 recruitment is unclear. Using as a model the GPCR 
signaling, β-arrestins binding to activated receptors proceeds only after G protein-
coupled receptor kinase (GRK) phosphorylation of distinct serine/threonine residues 
following, we investigated the regulatory roles GRKs on expression and function of 
the IGF-1R. 
 
      In the initial screening, the roles of the four widely expressed GRKs (2, 3, 5, and 
6) on IGF-1R signaling were investigated by suppressing their expression with 
specific small interfering RNA (siRNA) and close monitoring of the dynamics of 
IGF-1 mediated activation of the two key downstream IGF-1R signaling pathways, 
the Ras/Raf/MEK/ERK pathway and the PI3K/AKT pathway. The results suggested 
that downregulation of GRK5/6 abolishes IGF-1-mediated ERK and AKT activation, 
whereas GRK2 inhibition increases ERK activation and partially inhibits AKT 
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signaling. Conversely, overexpression experiments demonstrated that GRK6 
enhanced β-arrestin1–mediated ERK signaling and ligand induced IGF-1R 
degradation while overexpression of GRK2 decrease ERK activation and prevented 
receptor degradation.  
 
     Overall, these results indicated GRKs as mediators of β-arrestin recruitment to the 
IGF-1R therefore we functionally validated this process by demonstrating that GRKs 
co-immunoprecipitate with IGF-1R and phosphorylate serine residues within the C-
terminal domain of the IGF-1R, in this way creating binding sites for β-arrestin1. 
GRK dependent β-arrestin1 recruitment to the IGF-1R was demonstrated in different 
experimental models, including confocal microscopy and co-immunoprecipitation. 
Following mutation analysis that identified and validated serines 1248 and 1291 as 
the major GRK serine phosphorylation sites on IGF- 1R, we investigated the 
functional outcomes of β-arrestin1 recruitment to these phosphorylated residues.  
 
      Mutation of the two identified residues demonstrated clear differences in 
behaviour that mirrored the alterations seen after manipulation of the GRKs 
expression. This unambiguous correspondence between the effects from specific 
GRKs inhibition/overexpression and mutation analysis of specific serine residues, 
advocates substrate specificity at the level of individual residues: GRK2 
phosphorylates serine 1248 whilst GRK6 phosphorylates serine 1291. When the 
S1291D mutant mimicking S1291 phosphorylation was expressed, a prolonged β-
arrestin/IGF-1R interaction was observed, similar to the pattern observed after GRK6 
overexpression. Likewise, IGF-1R S1291D demonstrated a very high in vitro binding 
affinity for β-arrestin1 corresponding to the increased IGF-1R/β-arrestin co-
immunoprecipitation from cells overexpressing GRK6. Finally, IGF-1R degradation 
was considerably increased by either GRK6 or S1291D mutation.  In the opposite 
manner, phosphorylation of S1248 either by GRK2 overexpression or mimicking it 
by mutation to S1248D results in a rapid and transient β-arrestin/IGF-1R association 
preventing IGF-1R degradation. 
 
     In the context of cancer, the C-terminus of the IGF-1R has been extensively 
studied (Baserga 2000, Baserga 2005) therefore identification of GRK 
phosphorylated serines as β-arrestin1 binding sites within this domain deserves 
particular consideration. The IGF-1R C-terminus was proven essential for malignant 
transformation. Moreover, ectopic competitive expression of the C terminal domain is 
inhibitory to tumor cell survival (Hongo, Yumet et al. 1998). A receptor truncated at 
1245 is mitogenic but no longer transforming, whilst truncation beyond 1311 has no 
effects on the transforming abilities of the IGF-1R. If an additional 10 amino acids 
were deleted started at 1291, the receptor lost its transforming abilities (Liu, Zong et 
al. 1993). Intriguingly, deletion of a further 20 amino acids (Δ1271) restored the 
transforming abilities which were lost again after further deletion of at least 21 AA 
(Δ1250). These findings are remarkable for the fact that mutations in this domain, 
although preserving the RTK activity, abrogate the receptor transforming abilities 
(Baserga 2005), clearly indicating that kinase activity is not enough to sustain or 
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maintain the malignant phenotype. These results also suggest that there are at least 
two domains (and/or signals originating from them), implicated in malignant 
transformation: one including serine 1291, narrowed to 1289-1294 and one including 
S1248 (1245-1271) involved in mediating both positive and negative signals (Baserga 
2005). There is no information on the signaling originating from the 1289 – 1294 
sequence while serine 1248 has been reported to be required for RACK1 binding 
which integrates IGF-1R and integrin signaling with positive effects on IGF-1R-
mediated cell motility and proliferation, but inhibitory effects on cell survival (Kiely, 
Sant et al. 2002, Baserga 2005). Our results fully support this model of positive and 
negative signals, as we demonstrated that GRK6 dependent phosphorylation of S1291 
prolonged ERK signaling at the cost of IGF-1R degradation whereas GRK2 through 
S1248 exerts protective effects on receptor degradation while limiting the extent of 
ERK phosphorylation. In addition, our results reveal two possible signaling pathways, 
originating from S1248 and /or S1291 of the IGF-1R that could contribute to the 
transforming potential of the C-terminus: G-protein signaling, desensitized by the 
GRK mediated β-arrestin binding and the second wave of β-arrestin signals for the 
S1291.    
 
Main findings: 
 
• Identification of the GRK2 and GRK6 as serine kinases for the IGF-1R.  

• Identification of serine 1248 and 1291 as the major β-arrestin1 binding sites on 
IGF-1R.  

• GRKs generate β-arrestin1 biased signaling at the IGF-1R: distinct 
phosphorylation patterns resulting in different functional activities of recruited 
β-arrestin1 to the IGF-1R. 

 

4.3 PAPER III 
 
β-arrestin biased agonism as a novel mechanism of action for the IGF-1R targeting 
antibodies in Ewing’s sarcoma. 
 
     Over the last decades, IGF-1R has received particular attention as a key factor 
involved in the development and progression of human cancers. Thus, IGF-1R 
molecular targeted therapy has become an exciting approach for the treatment of the 
most aggressive forms of cancer, including breast, prostate, lung, melanoma and 
Ewing’s sarcoma.  
 
     The IGF-1R is the target of small molecules and antibodies in current clinical trials 
and which have demonstrated some clinical efficacy in Ewing’s sarcoma (ES).  All 
anti-IGF-1R antibodies used in clinical trials were designed to prevent the ligand-
receptor interaction; however they also induce receptor downregulation. The aim of 
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this study was to investigate the paradox of receptor downregulation by anti-IGF-1R 
antibodies in Ewing’s sarcoma cell lines.  
 
      IGF-1R mediated downstream PI3K/AKT and Ras/MAPK/ERK signaling 
activation are the key pathways to aid tumor cells gaining a growth advantage. Firstly, 
we confirmed the functional activity of the IGF-1R and in 4 Ewing’s sarcoma cell 
lines and investigated their sensitivity to anti-IGF-1R antibodies. Targeting IGF-1R 
by specific antibodies, results in an overall decrease in cell number in all tested ES 
cell lines. Intriguingly, the magnitude of this effect was essentially identical in the 
presence or absence of serum, evidence against a simple ligand blocking mechanism 
for the antibody.  Since receptor downregulation has been described for all IGF-1R 
targeting antibodies, we also investigated the effect and the mechanism of the anti-
IGF-1R antibodies induced receptor degradation. We confirmed that anti-IGF-1R 
antibodies induced rapid receptor degradation within 12 hours, with the antibodies 
being more efficient than IGF-1 at equivalent molar concentrations. By isolating the 
IGF-1R from cells treated or not with the targeting antibodies, we identified 
ubiquitination as the main process triggering receptor downregulation.  
 
     As previous studies demonstrated β-arrestin1 as a key molecule controlling 
agonist-induced IGF-1R ubiquitiantion, we tested whether β-arrestin1 is involved in 
the process of antibody-induced receptor degradation. Co-immunoprecipitation 
experiments demonstrated β-arrestin1 recruitment to the receptor following antibody 
treatment while the dependency of this process on IGF-1R/β-arrestin1 interaction was 
demonstrated in transgenically modified cell lines, expressing IGF-1R defective in 
binding β-arrestin1. Moreover, the crucial role of β-arrestin1 in mediating the effects 
of anti-IGF-1R antibodies was validated in β-arrestin1knock out cell lines, which 
were insensitive to antibody treatment regarding both cell proliferation and receptor 
downregulation. 
 
     It has been previously demonstrated that in addition to receptor degradation, β-
arrestin1 binding to IGF-1R is sufficient to trigger activation of the MAPK/ERK 
signaling pathway, an effect which is not dependent on the IGF-1R kinase activity. 
Accordingly, we investigate the effects of anti-IGF-1R antibodies on signaling 
activation. Intriguingly, our results demonstrate that anti-IGF-1R antibodies can 
induce a clear activation of ERK signaling even in the absence of IGF-1R tyrosine 
phosphorylation or activation of AKT, a process mediated by β-arrestin1. Moreover, 
this signaling activation by the IGF-1R targeting antibody was demonstrated to have 
a protective role for the ES cells, pointing out this pathway as a possible target for a 
combination anti-cancer therapy. This hypothesis was tested and confirmed in 
experiments in which ES cells were treated with anti-IGF-1R antibodies in the 
presence or absence of MAPK inhibitors, indicating a strategy to improve 
responsiveness to anti-IGF-1R therapy, appropriate for clinical settings. 
 
      Main findings:  
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• In this study, we reveal the mechanism of action of anti- IGF-1R antibody 
induced receptor downregulation. 

• We propose the concept of β-arrestin1 biased signaling at the IGF-1R and 
identify anti-IGF-1R antibodies as the first engineered biased agonists. 

• We identified and validates a potential co-target, MAPK,  to improve anti-
IGF-1R antibody based therapy. 

 

4.4 PAPER IV 
 
β-arrestin1 mediated IGF-1R signalling in the Ras induced transformation of 
mammalian cells. 

       β-arrestin1, known primarily as a regulator of GPCR signaling, interacts with the 
IGF-1R and has been shown to be involved in IGF-1R signaling in cancer. β-arrestin 
has been shown to bring Mdm2, an E3 ubiquitin ligase, to the IGF-1R resulting in 
receptor ubiquitination and subsequent activation of the MAPK/ERK signalling 
cascade. Recently, this β-arrestin1 dependent IGF-1R signalling and degradation 
occur under the control of differential action of the GRKs. 

     The IGF-1R is well documented in various experimental models to be an 
important factor in cell transformation, tumour progression, protection from apoptosis 
and metastasis. In the absence of IGF-1R, most oncogenes, including activated Ras, 
are unable to induce malignant transformation, suggesting that some signalling 
pathways activated by IGF-1R are essential for transformation. In this study, we 
aimed to investigate the role of β-arrestin1 mediated signaling in oncogene induced 
transformation in mouse embryonic fibroblasts (MEFs). 

     MEFs and MEFs lacking β-arrestin1 (MEF KO) cells were stably transfected with 
powerful oncogenes like H-RasV12, PyMT or v-Src and cultured in serum free and 
anchorage independent conditions to assess cellular transformation. Results show that 
all oncogenes easily transform MEFs. However, in the absence of β-arrestin1, only 
PyMT and v-Src transfected MEF KO cells increased proliferation and colonies 
formation in soft agar, whereas H-RasV12 failed to transform MEF KO cells as 
demonstrated by lack of self-sufficiency for proliferation and no colony formation in 
soft agar. This suggests that β-arrestin1 is required for Ras mediated activation of one 
or several oncogenic pathways. 

     Oncogene H-RasV12 once activated has the property to retain the GTP loading, 
resulting in prolonged activation of the downstream Raf, MEK1 and MAPK/ERK 
signalling cascade. By investigating the IGF-1 mediated ERK and PI3K/AKT 
signalling activation in H-RasV12 transfected KO cells we found that in KO cells 
ERK activation was impaired and diminished early (after 10 min) relative to MEF 
control cells transfected with the same oncogene. 
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As the Ras/Raf/MEK/ ERK cascade is initiated by the Ras-GTP loading, we 
measured the activated Ras levels in the presence or absence of β-arrestin1. Using 
Raf-beads as bait in a pull-down assay, we found that Ras activation in response to 
IGF-1 was impaired in the absence of β-arrestin1.  

     Translocation of activated ERK to nucleus has been proved to be the most 
essential function of MAPK signaling in the regulation of proliferation and oncogenic 
transformation.  

     Considering impaired ERK activation occurred in Ras transfected KO cells, and 
taking into consideration the β-arrestin1 function as scaffold of the MAPK pathway 
components, we also investigated the subcellular distribution of activated ERK. 
Using alternative experimental approaches including confocal microscopy and 
subcellular fractionation, we found that activated Ras oncogene induces clear nuclear 
translocation of activated ERK in response to IGF-1 in the MEF cells, whereas in 
absence of β-arrestin1, active ERK remains localized mostly at the membrane and 
does not translocate to the nucleus. 

Main findings: 

• This study indicates that β-arrestin1-dependent signalling of the IGF-1R is 
required for malignant transformation of cancer cells and could be targeted for 
cancer therapy. 
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