
Title Interrogating regulated intramembrane proteolysis of IGF-1R, and
its role in cell migration

Authors O'Donoghue, Jordan Christopher

Publication date 2023

Original Citation O'Donoghue, J. C. 2023. Interrogating regulated intramembrane
proteolysis of IGF-1R, and its role in cell migration. MRes Thesis,
University College Cork.

Type of publication Masters thesis (Research)

Rights © 2023, Jordan Christopher O'Donoghue. - https://
creativecommons.org/licenses/by-nc-sa/4.0/

Download date 2026-08-27 09:57:04

Item downloaded
from

https://hdl.handle.net/10468/15933

https://hdl.handle.net/10468/15933


1 
 

Ollscoil na hÉireann, Corcaigh 

National University of Ireland, Cork 

 

 

 

Interrogating regulated intramembrane proteolysis of 

IGF-1R, and its role in cell migration 

 

Thesis presented by 

Jordan Christopher O’Donoghue, BSc 

For the degree of  

MSc Biochemistry by Research 

 

University College Cork 

School of Biochemistry and Cell Biology 

Head of school: Professor Justin McCarthy 

Supervisors: Professor Justin McCarthy, Professor Rosemary O’Connor 

 

2023 

  



2 
 

Table of Contents 
Declaration ............................................................................................................................... 5 

Abstract .................................................................................................................................... 6 

Chapter 1:................................................................................................................................. 8 

Introduction ............................................................................................................................. 8 

1.1 IGF-1R structure and activation ..................................................................................... 9 

Figure 1: Diagrammatic depiction of IGF-1R structure .................................................. 11 

1.2 IGF-1R signal transduction ........................................................................................... 12 

1.2.1 Classical signalling pathways downstream of IGF-1R ............................................... 12 

Figure 2: Ras/Raf/MEK/ERK signalling apparatus is activated downstream of IGF-1R .. 15 

Figure 3: PI3K/Akt pathway affects an array of downstream effectors following IGF-1R 

activation. ...................................................................................................................... 19 

1.2.2 IGF-1R and adhesion signalling ................................................................................. 20 

Figure 4: Overview of IGF-1R adhesion complex composition and signalling outputs .. 24 

1.3 IGF-1R internalisation and endocytic trafficking.......................................................... 25 

Figure 5: Intracellular fates of internalised receptor tyrosine kinases .......................... 28 

1.4 Nuclear IGF-1R ............................................................................................................. 29 

1.4.1 Transcriptional activity of nuclear IGF-1R ................................................................. 30 

1.4.2 Nuclear IGF-1R potentiates DNA damage resistance and genomic instability ......... 31 

1.5 The gamma-secretase complex ................................................................................... 32 

1.5.1 Gamma-secretase complex assembly ....................................................................... 34 

1.5.2 Regulated intramembrane proteolysis and proteolytic processing of IGF-1R.......... 35 

Figure 6: Predominant proteolytic steps of regulated intramembrane proteolysis ...... 37 

1.6 Aims and objectives ..................................................................................................... 38 

Figure 7: Potential consequences of receptor regulated intramembrane proteolysis . 39 

Chapter 2:............................................................................................................................... 42 

Materials and Methods .......................................................................................................... 42 

2.0 Study design ................................................................................................................. 43 

2.1 Polymerase chain reaction and site directed mutagenesis ......................................... 44 

Table ............................................................................................................................... 45 

2.2 DpnI restriction digest .................................................................................................. 45 

2.3 Preparation of chemically competent DH5α E.coli bacteria ........................................ 46 

2.4 Bacterial transformation and plasmid extraction ........................................................ 46 

2.5 Plasmid sequencing ...................................................................................................... 47 

2.5 Mammalian cell culture ............................................................................................... 48 

2.5.1 General cell maintenance ......................................................................................... 48 

file:///C:/Users/jordanodonoghue/Documents/117362286%20-%20Jordan%20Christopher%20O'Donoghue.docx%23_Toc160014521
file:///C:/Users/jordanodonoghue/Documents/117362286%20-%20Jordan%20Christopher%20O'Donoghue.docx%23_Toc160014522
file:///C:/Users/jordanodonoghue/Documents/117362286%20-%20Jordan%20Christopher%20O'Donoghue.docx%23_Toc160014542
file:///C:/Users/jordanodonoghue/Documents/117362286%20-%20Jordan%20Christopher%20O'Donoghue.docx%23_Toc160014543


3 
 

2.5.2 Pharmacological/ligand-stimulation assay protocol ................................................. 48 

Table :Pharmacological agents/ligands utilised: ............................................................ 49 

2.5.3 Cell lysis and lysate preparation ............................................................................... 49 

2.5.4 Wound healing assay protocol .................................................................................. 50 

2.6 Cellular fractionation ................................................................................................... 51 

2.7 SDS-PAGE, western blotting and antibodies utilised ................................................... 52 

Table ............................................................................................................................... 53 

2.8 Crystal violet cell detachment assay ............................................................................ 54 

2.9 Western blot densitometry and statistical analysis ..................................................... 54 

2.10 Wound healing assay statistical analysis ................................................................... 55 

Table ............................................................................................................................... 56 

Table ............................................................................................................................... 56 

Chapter 3:............................................................................................................................... 57 

Results .................................................................................................................................... 57 

3.1 Site-directed mutagenesis and mutant validation ....................................................... 58 

Table 1: PCR cycle parameters ....................................................................................... 58 

Figure 1: Successful amplification of a IGF-1R K1003R-GFP kinase dead mutant 

construct ........................................................................................................................ 60 

Figure 2: Validation of IGF-1R K1003R-GFP kinase dead mutant via ERK 

phosphorylation ............................................................................................................. 62 

3.2 Validation of IGF-1R C-terminal fragment generation by pharmacological agents ..... 63 

Figure 3: IGF-1R regulated intramembrane proteolysis can occur in a kinase 

independent fashion ...................................................................................................... 65 

3.3 Ligand activation of IGF-1R induces a significant accumulation of IGF-1R CTF ........... 66 

Figure 4: Receptor tyrosine kinase activation catalyses regulated intramembrane 

proteolysis ...................................................................................................................... 68 

3.4 Metalloprotease-dependent ectodomain shedding is required for IGF-1R CTF 

generation .......................................................................................................................... 69 

Figure 5: Metalloprotease inhibition with batimistat suppresses IGF-1R CTF 

accumulation .................................................................................................................. 70 

3.5 Clathrin-mediated endocytosis may be a pre-requistite step for IGF-1R proteolysis . 71 

Figure 6: Inhibition of clathrin-mediated endocytosis suppresses CTF accumulation .. 73 

3.6 - IGF-1R CTF undergoes nuclear translocation in a clathrin dependent manner ........ 74 

Figure 7: IGF-1R CTF can undergo nuclear translocation ............................................... 76 

Figure 8: Nuclear translocation of IGF-1R CTF is clathrin-mediated endocytosis 

sensitive ......................................................................................................................... 77 

3.7 Effects of pharmacological agents on cell migration ................................................... 78 

file:///C:/Users/jordanodonoghue/Documents/117362286%20-%20Jordan%20Christopher%20O'Donoghue.docx%23_Toc160014565
file:///C:/Users/jordanodonoghue/Documents/117362286%20-%20Jordan%20Christopher%20O'Donoghue.docx%23_Toc160014566


4 
 

Figure 9: Validation of wound healing assay utilising BMS-754087 (reversible IGF-1R 

inhibitor) ........................................................................................................................ 80 

Figure 10: Inhibition of gamma-secretase does not suppress IGF-1 induced migration

 ....................................................................................................................................... 81 

Figure 11: Inhibition of clathrin-mediated endocytosis does not suppress IGF-1 induced 

migration ........................................................................................................................ 82 

Figure 12: Long-term treatment with DAPT and Pitstop leads to HeLa cell cytotoxicity

 ....................................................................................................................................... 84 

Figure 13: Inhibition of ectodomain shedding suppresses IGF-1 induced cell migration

 ....................................................................................................................................... 85 

Chapter 4:............................................................................................................................... 86 

Discussion............................................................................................................................... 86 

4.1 Discussion ..................................................................................................................... 87 

4.2 Future perspectives ..................................................................................................... 91 

4.3 Conclusion .................................................................................................................... 93 

Figure 14: Diagrammatic overview of our proposed framework for IGF-1R RIP and CTF 

localisation ..................................................................................................................... 95 

Acknowledgements ............................................................................................................ 96 

Bibliography ........................................................................................................................... 98 

 

  

file:///C:/Users/jordanodonoghue/Documents/117362286%20-%20Jordan%20Christopher%20O'Donoghue.docx%23_Toc160014588
file:///C:/Users/jordanodonoghue/Documents/117362286%20-%20Jordan%20Christopher%20O'Donoghue.docx%23_Toc160014589


5 
 

Declaration 
This is to certify that the work I am submitting is my own and has not been submitted 

for another degree, either at University College Cork or elsewhere. All external 

references and sources are clearly acknowledged and identified within the contents. 

I have read and understood the regulations of University College Cork concerning 

plagiarism and intellectual property. 

- Jordan Christopher O’Donoghue 

  



6 
 

Abstract 
The IGF-1R has long been implicated in numerous malignant characteristics of 

cancers including enhanced proliferation, insensitivity to apoptosis, 

chemoresistance, increased migratory and invasive capacity, epithelial-to-

mesenchymal transition, and metabolic augmentation. IGF-1R, much like other 

receptor tyrosine kinases, has been characterised as a substrate for gamma-

secretase-mediated regulated intramembrane proteolysis (RIP). This proteolytic 

pathway begins with ectodomain shedding, mediated by sheddases, which produces 

a soluble fragment in the extracellular space. Following ectodomain shedding, a 

membrane anchored C-terminal fragment (CTF) is produced which is then cleaved by 

gamma-secretase at the internal juxtamembrane region to produce a soluble 

intracellular domain (ICD). Classically, RIP was thought to be a means by which cells 

would terminate receptor signalling, however contemporary research indicates a 

more nuanced role. It is now understood that the fragments generated through RIP 

can retain signalling of the full-form receptors and, in some instances, may acquire 

novel functionality. Although the RIP of IGF-1R has been outlined, the underlying 

dynamics of this pathway and the consequences of such remain to be elucidated. 

With this in mind, we endeavoured to identify the regulatory mechanisms underlying 

IGF-1R RIP and subsequently aimed to identify potential functions of the fragments 

produced. 

 

Firstly, we generated a GFP-tagged K1003 IGF-1R point mutant, termed a kinase dead 

mutant, which lacks the ability to catalyse trans-autophosphorylation of the IGF-1R 

kinase domains thus preventing downstream signal transduction. Trans-

autophosphorylation is a critical step in the activation of receptor tyrosine kinases 

during which the kinase domain of one intracellular domain catalyses the 

phosphorylation of tyrosine residues within the other intracellular domain. With this 

tool, we validated the cleavage of IGF-1R and the production of its CTF via transient 

transfection of HEK293T cells with plasmids expressing either wild-type or K1003R 

kinase dead mutant forms of IGF-1R C-terminally tagged with GFP. We subsequently 
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identified receptor kinase activation as a potential driver of IGF-1R RIP and 

determined that ligand stimulation significantly catalyses the accumulation of IGF-1R 

CTF. This was accomplished via transient transfection of HEK293T cells with plasmids 

expressing the aforementioned IGF-1R forms. Following this, we elucidated clathrin-

mediated endocytosis as a probable regulatory pre-requisite step for IGF-1R RIP by 

gamma-secretase. Furthermore, our data indicates that ectodomain shedding of IGF-

1R is likely catalysed in a metalloprotease dependent fashion, consistent with other 

receptor tyrosine kinases. We also confirmed that the CTF can undergo nuclear 

translocation in a clathrin-mediated endocytosis dependent manner, consistent with 

the translocation of the holoreceptor.  Utilising wound healing assays, conducted in 

Hela cells, our data indicates that gamma-secretase inhibition by DAPT (a small 

molecule gamma-secretase inhibitor) alone does not antagonise IGF-1-induced cell 

migration. Similarly, the administration of Pitstop alone does not impinge upon IGF-

1 induced cell migration. Interestingly, the administration of batimistat (a broad 

spectrum metalloprotease inhibitor) significantly suppresses cell migration in the 

presence of IGF-1.  

 

Collectively, our data provides a framework for the construction of the IGF-1R RIP 

cascade. Following ligand-binding it appears that IGF-1R undergoes metalloprotease-

dependent ectodomain shedding leading to loss of the extracellular alpha-chains. 

The CTF, which remains in the plasma membrane, then undergoes clathrin-mediated 

endocytosis and packaging into early endosomes. Following internalisation, the CTF 

is cleaved by gamma-secretase to generate a soluble ICD. Our data also demonstrates 

that IGF-1R CTF undergoes nuclear translocation in a clathrin-mediated endocytosis 

dependent fashion. Lastly, data gathered from our wound healing assays indicates 

that IGF-1R ectodomain shedding is likely a required event for the efficient IGF-1-

induced migration of cells, possibly through the proteolytic augmentation of focal 

adhesion complexes containing IGF-1R.  
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1.1 IGF-1R structure and activation 
The IGF-1R functions as a hetero-tetrameric receptor tyrosine kinase comprised of 

two alpha and two beta-chains joined by disulfide bonds. Numerous oncogenic 

mutations have been identified within the IGF-1R and, while the functions of many 

such mutations still require characterisation, IGF-1R overexpression has been 

identified as critical indicator of reduced patient survival (Wang et al., 2023). For 

instance, head and neck squamous cell carcinoma patients presenting with IGF-1R 

overexpression had a marked reduction in overall survival . Three ligands have been 

identified for IGF-1R. IGF-1 is the primary ligand, however IGF-1R can also bind IGF-2 

and insulin to varying degrees (LeRoith, Holly and Forbes, 2021). Each alpha-chain is 

710 amino acid residues in length and is confirmed to contain two leucine rich 

domains (L1/2), a cysteine-rich domain (CR), three fibronectin-like domains (FnI/II/III) 

and an α-C-terminal tail (α-CT) (Kavran et al., 2014; Li et al., 2019)(Figure 1 A). Each 

beta-chain contains a small extracellular protrusion (196 residues) composed of two 

fibronectin-like domains (FnII/III), an alpha-helical transmembrane domain (23 

residues) and a large intracellular component (Girnita et al., 2014; Kavran et al., 

2014)(Figure 1A). The intracellular portion of the beta-chain is subdivided into three 

regions, those being an intracellular juxtamembrane region (~40 residues), a kinase 

domain (~267 residues) and a C-terminal domain (~101 residues) (Girnita et al., 2014; 

Kavran et al., 2014). The kinase domains of the beta-chains contain ATP-binding 

motifs (residues 976-981) and a critical catalytic lysine residue at position 1003 which 

is crucial for ATP binding and coordination by the receptor (Hanks, Marie Quinn and 

Hunter, 1985; Girnita et al., 2014).  

 

Crystallographic analysis of IGF-1 binding to IGF-1R elucidated the structural basis by 

which ligand binding induces receptor activation. In the absence of ligand, IGF-1R 

alpha-chains assume an autoinhibited Λ-shaped conformation which spatially 

segregates the beta-chains thus preventing proximity-dependent trans-

autophosphorylation (Li et al., 2019)(Figure 1B). It was determined that IGF-1 binds 

the alpha-chain L1/α-CT domains, surrounded by the L2 and CR domains, thus 

disrupting autoinhibition and inducing a conformational change (Xu et al., 2018; Li et 
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al., 2019). Once autoinhibition has been lifted, IGF-1R components rearrange into a 

Γ-shaped confirmation (Li et al., 2019). This rearrangement orients the beta-chains in 

such a way that the kinase domains can catalyse trans-autophosphorylation thus 

producing various phospho-tyrosine docking sites for downstream signalling 

apparatus (Girnita et al., 2014; Li et al., 2019). Three critical tyrosine residues, 

Tyr1131/1135/1136, reside within the kinase domain of the beta-chain. More 

specifically, these residues are present in the activation loop of the kinase domain. 

Phosphorylation of these residues leads to stabilisation of the activation loop which 

is an essential step in receptor activation (Favelyukis et al., 2001). Once such residues 

are phosphorylated, IGF-1R activates a diverse range of downstream signalling 

pathways, many of which are central to carcinogenesis. 
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Figure 1: Diagrammatic depiction of IGF-1R structure 

A) Schematic outlining the general structural organisation of the IGF-1R. The α-chain 

is found in the extracellular space while the β-chain traverses the plasma membrane. 

The α-chain contains two leucine-rich domains (L1/2), a cysteine-rich domain (CR), 

two fibronectin-like domains (Fn1/2), an insert domain (ID) and an α C-terminal tail 

(α-CT). The β-chain consists of two fibronectin-like domains (Fn2/3), a 

transmembrane domain (TM), a kinase domain and a C-terminal tail. B) Cartoon 

depiction of the proposed 3D confirmation that the IGF-1R assumes as a 

heterotetramer once implanted in the plasma membrane. Figure taken from (Kavran 

et al., 2014).   
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1.2 IGF-1R signal transduction 
The IGF-1R is considered a major driver of carcinogenesis and malignant 

transformation due to its broad array of signalling outputs. IGF-1R signalling 

underlies many of the malignant hallmarks of cancer including potentiation of 

epithelial-to-mesenchymal transition; enhanced proliferation; increased migration 

and metastatic capacity; insensitivity to apoptosis and therapeutic resistance (Kucab 

and Dunn, 2003; Li et al., 2017; Yuan et al., 2018; Hua et al., 2020a; Wang, Mak and 

Cheung, 2022). Due to its pleiotropic signalling activities, IGF-1R has been implicated 

in the pathogenesis of multiple cancers with overexpression being observed across 

lung, breast, gastrointestinal, prostate and brain cancer, among many others (Trojan 

et al., 2007; SUN et al., 2015; Yeo et al., 2015; Sun, Sun and Shen, 2017).  

 

1.2.1 Classical signalling pathways downstream of IGF-1R 
As previously mentioned, ligand-induced IGF-1R trans-autophosphorylation 

generates numerous phospho-tyrosine residues within the beta-chains of the 

receptor. These residues serve as docking sites for the induction of multiple signalling 

pathways through direct binding of pathway components, or via indirect activation 

through cytoplasmic adaptors (Girnita et al., 2014; Mayer and Yu, 2018). Insulin 

receptor substrate (IRS) proteins bind to phospho-tyrosine residues via their 

phospho-tyrosine binding domains, located at their N-terminus. IRS-1 and IRS-2 are 

the most ubiquitously expressed IRS family members and serve as integral scaffolding 

proteins for the subsequent activation of various pathways (Mardilovich, Pankratz 

and Shaw, 2009). Crucially, IRS proteins also contain binding domains for 

downstream effectors in which tyrosine residues are phosphorylated by IGF-1R, 

namely phosphatidyl-inositol-3 kinase (PI3K) and Growth factor receptor-bound 

protein 2 (Grb-2) (Mardilovich, Pankratz and Shaw, 2009).  

 

The binding of downstream effectors to IRSs/IGF-1R leads to activation of signal 

transduction, with the two most prominent pathways being the PI3K/Akt and 

Ras/Raf/MEK/ERK pathways. The Ras/Raf/MEK/ERK pathway is well characterised as 

a driver of cellular proliferation across numerous cancer types (Kim and Choi, 2010). 
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This pathway is activated downstream of IGF-1R via Shc binding to phospho-tyrosine 

residues (Song et al., 2004)(Figure 2). Shc subsequently recruits Grb-2 and SOS to the 

IGF-1R to form a heterotrimeric scaffolding complex which physically interacts with 

Ras (Song et al., 2004)(Figure 2). This physical interaction induces Ras GTPase activity, 

catalysing GDP dissociation thus allowing GTP binding (Simanshu, Nissley and 

McCormick, 2017; Bandaru, Kondo and Kuriyan, 2019). Ras-GTP is then responsible 

for the activation of Raf, which is a cytoplasmic serine/threonine kinase, through 

binding to the “conserved region 1” domain (Rukhlenko et al., 2018; Terrell and 

Morrison, 2019). Raf activation leads to the phosphorylation of MEKs on key 

regulatory serine residues, catalysed by the interaction of a Raf proteins C-terminal 

catalytic domain with MEKs regulatory catalytic subdomain (Guo et al., 2020). MEKs 

are unique, dual-specificity, threonine/tyrosine kinases which phosphorylate ERKs 

thus liberating them from cytoplasmic anchors which otherwise spatially segregate 

ERKs from their downstream targets. Following this, ERKs also undergo homo-

dimerisation and nuclear translocation (Guo et al., 2020)(Figure 2).  

 

The terminal outcome of this pathway is enhanced cellular proliferation and cell 

growth, primarily due to ERK1/2 translocation to the nucleus wherein they alter the 

transcriptional profile of the cell (Maik-Rachline, Hacohen-Lev-Ran and Seger, 2019). 

Although a huge range of ERK substrates have been identified, the most common 

targets in the context of the nucleus are c-Myc and c-Fos (Chuang and Ng, 1994; 

Maik-Rachline, Hacohen-Lev-Ran and Seger, 2019) . ERK1/2 mediate phosphorylation 

of c-Myc on Ser62 which is a key regulatory serine that rescues c-Myc from 

ubiquitination by Mdm2, and subsequent proteasomal degradation (Sears et al., 

2000). This sustains c-Myc protein levels thus facilitating c-Myc transcriptional 

activity which is intimately linked to malignant transformation (Meyer Natalie and 

Penn, no date; Adhikary and Eilers, 2005). Active Myc catalyses the degradation of 

p27, a cell cycle inhibitor, via upregulating the expression Skp2. Skp2 mediates p27 

ubiquitination and subsequent proteasomal degradation following p27 

phosphorylation on Thr-187, which is partly induced by CDK1/2 (García-Gutiérrez et 

al., 2019). This suppression results in the formation of the CDK1/cyclin B complex 
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which is a driver of mitosis within the cell cycle (Santamaría et al., 2007). ERK1/2 both 

upregulate the expression of c-Fos and phosphorylate c-Fos on its C-terminal 

transactivation domain thus enhancing its activity (Monje et al., 2005). Importantly, 

beyond its independent roles in carcinogenesis, c-Fos is also a component of the 

multifunctional AP-1 transcription factor complex in a heterodimer with c-Jun (Wang 

et al., 2017; Wu, Nicoll and Ingham, 2021). AP-1 proteins have broadly been 

implicated in many of the pathogenic mechanisms pertinent to cancer including cell 

cycling and proliferation, apoptosis, lipid biosynthesis and migration/metastasis (Wu, 

Nicoll and Ingham, 2021). ERKs are also active in a much wider range of pathways 

encompassing pyrimidine biosynthesis via CAD complex activation; chromatin 

remodelling through Histone H3/HMG-14 phosphorylation; TSC1/2 complex 

regulation and spatio-temporal cyclin-D1 regulation (Chambard et al., 2007).  
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Figure 2: Ras/Raf/MEK/ERK signalling apparatus is activated downstream of IGF-

1R 

Diagrammatic overview of the Ras/Raf/MEK/ERK signalling cascade. This cascade is 

initiated via the trimeric SHC/GRb2/SOS complex binding to phospho-tyrosine 

residues generated on the IGF-1R following ligand activation. ERKs are the terminal 

effectors of the pathway which undergo nuclear translocation wherein they augment 

the transcriptional profile of the cell. Figure created utilising Biorender. 
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The second most prominent signalling pathway downstream of IGF-1R is the PI3K/Akt 

pathway. PI3K/Akt signalling is activated downstream of IGF-1R signalling, namely 

through a physical interaction between PI3K and phosphorylated IRS1/2 (Park et al., 

2010; Costa et al., 2012)(Figure 3). Importantly, PI3K can also be activated through 

physical interaction with other proteins such as activated Ras therefore its activation 

is not constrained to specific receptor (P Rodriguez-Viciana et al., 1994). Due to the 

activation of Akt, this pathway has far-reaching effects in the context of intracellular 

signalling related to cell survival and metabolic augmentation in particular.  

 

Although PI3K/Akt signalling is classically considered as the “survival pathway” it is 

increasingly apparent that this pathway intersects with many other oncogenic 

pathways (Mundi et al., 2016). PI3Ks are lipid kinases which phosphorylate 3’-OH 

groups of inositol rings on inositol-containing phospholipids present in the inner 

leaflet of the plasma membrane (Mundi et al., 2016; Liu et al., 2018). While PI3Ks are 

divided in four classes, class 1 PI3Ks are the most implicated class in cancer due to 

their coupling with receptor tyrosine kinases. Class 1 PI3Ks can be further subdivided 

into class 1a and 1b, with class 1a being the most well characterised in the context of 

pro-tumourigenic signalling. This class of PI3Ks contains a p85 regulatory subunit and 

a p110 catalytic subunit (Liu et al., 2018). The p110 catalytic subunit is composed of 

an amino-terminal adaptor-binding domain which interfaces with the p85 regulatory 

subunit, a Ras-binding domain, a protein kinase C homology-2 domain which 

mediates PI3K binding to the inner plasma membrane, and intermediary alpha-

helical domain and a carboxy-terminal catalytic domain  (Walker EH et al., 1999; Liu 

et al., 2018). The regulatory p85 domain contains numerous binding domains 

including a Src-homology 3 domain which binds proline rich motifs is signalling 

partners; two Src-homology 2 (SH2) domains which bind phosphotyrosine residue on 

signalling adaptors; a breakpoint-clustered homology domain and an inter-SH2 

domain which has autoregulatory functions (Zhao and Vogt, 2008; Liu et al., 2018).  
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In the absence of physical interaction with signalling partners, the inter-SH2 domain 

binds to the p110 subunit thus locking PI3K in an autoinhibitory confirmation. 

Physical interaction of signalling partners with the p85 subunit, via the numerous 

binding domains, induces a conformation rearrangement leading to disinhibition (Liu 

et al., 2018). Alternatively, Ras binding to the p110 Ras-binding domain can bypass 

the p85 regulatory subunit. This occurs following Ras activation downstream of 

receptor tyrosine kinase or G-protein coupled receptor signalling (P Rodriguez-

Viciana et al., 1994). Following activation, this PI3K sub-class mediates the 

phosphorylation of phosphatidyl-inositol-4,5-bisphosphate (PIP2) thus generating 

phosphatidyl-inositol-3,4,5-trisphopshate (PIP3) (Mundi et al., 2016)(Figure 3).  

 

Akt is the primary effector downstream of PI3K activation. Akt is a serine/threonine 

kinase which has been widely implicated in multiple carcinogenic pathways due to 

the wide menagerie of proteins subject to Akt-mediated phosphorylation (Vivanco 

and Sawyers, 2002; Mundi et al., 2016). Akt contains three principal domains those 

being an amino-terminal pleckstrin-homology (PH) domain, a central kinase domain 

and a carboxy-terminal regulatory region with a hydrophobic sub-domain (Mundi et 

al., 2016; Truebestein et al., 2021). PIP3, generated by the action of PI3K, serves as a 

binding site for Akt leading to Akt localisation to the plasma membrane via Akt’s PH 

domain (Figure 3). Following localisation to the plasma membrane, Akt undergoes a 

dual phosphorylation on Thr308 (catalysed by PDK1) and Ser473 (mediated by 

mTORC2), both of which are essential for proper activation of Akt (D. Sarbassov and 

et al, 2005; Truebestein et al., 2021). Akt is believed to assume an autoinhibitory 

conformation in the absence of phosphorylation, induced by the binding of the PH 

domain with the kinase domain, however the dual phosphorylation is thought to 

disrupt this structure thus alleviating the inhibition (Truebestein et al., 2021).  

 

The most eminent effect of Akt is enhanced cell survival and insensitivity to 

apoptosis, which is accomplished through various means. Akt phosphorylates the 

BH3-only protein BAD on Ser136 which generates a 14-3-3 binding site. Through this, 
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14-3-3 can sequester BAD therefore preventing its binding to Bcl-2/Bcl-xL thus 

suppressing apoptosis (Datta et al., 2000; Manning and Cantley, 2007). Akt further 

enhances apoptotic resistance by suppressing the expression of various BH3-only 

proteins. One way in which this occurs is the Akt-mediated phosphorylation of FOXO 

transcription factors in the nucleus (Manning and Cantley, 2007). Intra-nuclear 

localisation of FOXO proteins induces the expression of key BH3-only proteins such 

as BIM, along with components of apoptotic cascades such as Fas ligand (Manning 

and Cantley, 2007). Lastly, in the context of cell survival, Akt can promote the 

degradation of p53 thus preventing its activity as a pro-apoptotic transcription factor 

in response to cellular stress and oncogenic signalling (Shen and White, 2001). Akt 

catalyses the dual phosphorylation of MDM2, and E3 ubiquitin-ligase, on two 

regulatory serine residues (Ser166/Ser186) which promotes the nuclear 

translocation of MDM2 (Mayo and Donner, no date). Once within the nucleus, 

MDM2 ubiquitinates p53 leading to p53 nuclear exclusion and subsequent 

proteasomal degradation (Zhou et al., 2001). As a result of p53 degradation, the 

expression of cell cycle suppressors (namely p21) and pro-apoptotic BH3-only 

proteins, specifically Puma and Noxa, are inhibited (Manning and Cantley, 2007).  

 

Beyond its well defined role in cell survival, Akt is relevant to other aspects of 

tumorigenesis including; increased anabolic signalling through mTORC1 disinhibition 

leading to enhanced cell growth and translation; cell cycle progression and 

promotion of cell proliferation through GSK3β phosphorylation and synergistic 

signalling with the Ras/Raf/MEK/ERK pathway; metabolic reprogramming through 

GSK3 and glucose transporter-4 control; increased migration and invasion through 

ERK1/2 cross-talk and potentiation of angiogenesis through HIF-1α and VEGF 

regulation. All such activities of Akt are comprehensively reviewed within (Vivanco 

and Sawyers, 2002; Manning and Cantley, 2007; Mundi et al., 2016).  
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Figure 3: PI3K/Akt pathway affects an array of downstream effectors following IGF-

1R activation. 

IGF-1R Phospho-tyrosine residues serve as binding sites for insulin-receptor substrate 

(IRS) proteins which serve as adaptor proteins for the activation of phosphatidyl-

inositol 3 kinase (PI3K). PI3K activates Akt in a phosphatidyl-inositol-3-dependent 

manner which subsequently phosphorylates numerous downstream effectors. 

Forkhead transcription factors (FOXO TFs), tuberous sclerosis complex 1/2 (TSC1/2), 

mammalian target of rapamycin complex 1 (mTORC1) and glycogen synthase kinase 

3-β (GSK3β) are some of the notable downstream targets. Figure generated utilising 

Biorender. 
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1.2.2 IGF-1R and adhesion signalling 
Beyond the typical signal transduction activities of IGF-1R, outlined previously, the 

receptor’s role in cell migration, invasion and metastasis, is partly regulated by IGF-

1R adhesion signalling (Cox et al., 2015). IGF-1R has been characterised as a 

prominent component of focal adhesion complexes alongside adaptor proteins such 

as FAK, Src, RACK1, Shc, PDLIM2 and integrin protein family members (Cox et al., 

2015). 

 

Integrins are α-β heterodimeric cell surface proteins which recognise and bind to the 

extracellular matrix thus leading to intracellular signal transduction. Integrins span 

the plasma membrane and thus exert their intracellular effects through the 

cytoskeleton (Hynes, 2002). Importantly, integrins also co-localise with various 

receptor tyrosine kinases including FGFR, EGFR, Met, ErbB2 and indeed IGF-1R 

(Takada, Takada and Fujita, 2017). It is believed that integrin binding to such 

receptors can augment their activity in various instances. The α6β4 integrin receptor 

binds to the extracellular matrix laminin family of proteins and has been widely 

implicated in the metastasis and poor prognosis of numerous cancers (Mercurio and 

Rabinovitz, 2001; Lu et al., 2008). Interestingly, α6β4 integrin has been shown to bind 

IGF-1R in MCF-7 cells. This interaction seems to drive proliferation of such cells thus 

correlating with a more aggressive phenotype (Fujita et al., 2012). Furthermore, IGF-

1R was found to associate with αvβ3 integrin and ligand-occupancy of this integrin 

appears to enhance IGF-1R signalling to drive DNA synthesis and cell migration 

(Takada, Takada and Fujita, 2017). Cooperative IGF-1R-integrin signalling remains 

poorly characterised however it does appear as though the interaction of these 

receptors coincides with a more malignant cancer phenotype.  

 

Src is a non-receptor tyrosine kinase comprised of 536 amino acid residues in 

humans. The notable components of Src include an N-terminal myristolated glycine 

residue, a “unique domain”, an SH3 domain, an SH2 domain, an SH2-kinase linker 

region, a tyrosine-kinase domain and a short regulatory C-terminal region (Roskoski, 
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2015). Src is primarily regulated by two key tyrosine residues those being Tyr416 

(located in the kinase domain) and Tyr527 (situated in the C-terminal region). 

Approximately 95% of Src rests inactivate in the cell due to phosphorylation on 

Tyr527. When this residue is phosphorylated Src is maintained in an auto-inhibitory 

structure through the intramolecular interaction of the C-terminal region with the 

SH2 domain (Bjorge, Jakymiw and Fujita, 2000; Roskoski, 2015). Dephosphorylation 

of this residue alleviates the auto-inhibition of Src. Similarly, phosphorylation of 

Tyr416 (present in the activation loop of the kinase domain) appears to induce Src 

activation. This residue is also considered a candidate residue for intermolecular 

phosphorylation which may be a means by which IGF-1R induces Src activation 

(Bjorge, Jakymiw and Fujita, 2000). Evidence from non-small cell lung carcinoma 

suggests that IGF-1R and Src may reciprocally phosphorylate one another to induce 

a feedback loop which enhances the activity of both kinases (Min et al., 2015). Src 

has also been implicated in numerous other cancers including breast cancers and 

various sarcomas (Chen et al., 2015; Luo et al., 2022). The activities of Src across 

these cancers converges on insensitivity to apoptosis, increased metastatic potential 

and potentiation of epithelial-to-mesenchymal transition. Such activities culminate 

in a more aggressive metastatic phenotype, in part driven by adhesion signalling 

(Chen et al., 2015; Chuang et al., 2022; Luo et al., 2022).  

 

Another major downstream effector partly activated by IGF-1R/adhesion signalling is 

focal adhesion kinase (FAK). FAK is a non-receptor tyrosine kinase composed of 1052 

amino acid residues and contains 3 principal domains those being an N-terminal 

FERM domain (residues 35-362), a kinase domain (residues 411-686) and a C-

terminal FAT domain (functions as a protein-protein interacting domain) (Martínez, 

Navajas and Lietha, 2020). FAK exists in the cytosol as an inactive monomer with an 

autoinhibited conformation maintained by the intramolecular interaction of the 

FERM domain with a region of the kinase domain (Martínez, Navajas and Lietha, 

2020). Tyr397 is a critical regulatory residue located in the inter-FERM/kinase region 

of FAK. When this tyrosine is un-phosphorylated, FAK assumes its autoinhibited 

conformation (Brami-Cherrier et al., 2014). Other critical regulatory residues include 
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Tyr576/577 (located in the kinase domain) and Tyr925 (found in the FAT domain) 

(Martínez, Navajas and Lietha, 2020). FAK activation occurs through FAK 

autophosphorylation on Tyr397, found to be induced by FAK oligomerisation 

mediated through FAK/integrin interactions (Goñi et al., 2014). This phosphorylation 

event unveils a binding site for Src family kinase (SFKs) via their SH2 domains. SFK 

binding to FAK subsequently catalyses the phosphorylation of various tyrosine 

residues including Tyr576/577/925 (based on the specific family member) (Lietha et 

al., 2007). Tyr576/577 lie within the kinase activation loop of FAK hence, the 

phosphorylation of these residues by SFKs induces full activation of FAK kinase 

activity (Lietha et al., 2007). Crucially, the phosphorylation of Tyr576 also shelters the 

kinase domain from the binding of the FERM domain thus sustaining FAKs open dis-

inhibited conformation (Lietha et al., 2007).  

 

FAK activity has been identified as a driver of various malignant characteristics of 

cancer. FAK has been implicated in cell survival and proliferation through cooperative 

signalling with the PI3K/Akt pathway and nuclear translocation of FAK promoting 

MDM2-dependent degradation of p53 (Lim et al., no date; Sonoda et al., 2000; 

Chuang et al., 2022). FAK signalling is also seen to drive cellular proliferation via cyclin 

upregulation and FAK-activated YAP/TAZ-mediated cellular proliferation in the 

context of IGF-1 signalling (Zhao, Pestell and Guan, 2001; Rigiracciolo et al., 2020). 

Furthermore, FAK also modulates cytoskeletal organisation, cell migration, 

angiogenesis and mechanotransduction, all of which are reviewed by (Chuang et al., 

2022). IGF-1R-RACK1 complexes are seen to form at sites of cell adhesion in 

coordination with β1-integrin. These complexes serve as a platform for the 

integration of adhesion signalling and IGF-1R activation through ligand binding (Kiely 

et al., 2005; Zhang et al., 2006). FES-related tyrosine kinase (FER) is another 

downstream signalling component which is thought to drive cell-adhesion 

dependent IGF-1R-mediated cell survival, proliferation and migration (Stanicka et al., 

2018). FER is found to co-localise with IGF-1R independent of receptor interactions 

with adhesion complexes however, FER may enhance IGF-1R association with 

integrin-adhesion complexes which may then augment receptor signalling (Stanicka 
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et al., 2018). Herein, FER overexpression was seen to enhance IGF-1R expression and 

phosphorylation at Tyr950 and Tyr1131. Furthermore, FER enhanced Src and FAK 

activation thus indirectly promoting the phosphorylation of various tyrosine residues 

of the IGF-1R kinase domain (Stanicka et al., 2018). Cumulatively, the reciprocal 

phosphorylation of IGF-1R and FER by one another prompted the activation of 

multiple signalling nodes and pathways including FAK, PI3K/Akt and MAPK/ERK 

pathways all of which are drivers of oncogenesis (Stanicka et al., 2018).  

 

Evidently, IGF-1R is involved in a diverse range of signalling nodes that are integrated 

with adhesion signalling receptors and molecules. Collectively, these activities 

amount to a more migratory and proliferative molecular phenotype which is 

relatively insensitive to cell death programmes. Integrating this information with the 

typical signalling of IGF-1R, via pathways previously described, it becomes clear that 

IGF-1R is a major cornerstone in various pathophysiological pathways which underlie 

and drive many of the hallmarks of cancers. 
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Figure 4: Overview of IGF-1R adhesion complex composition and signalling outputs 

IGF-1R co-localises with integrins (namely β1-integrin) at sites of cell adhesion 

wherein integrins bind components of the extracellular matrix. FAK/RACK1 interplay 

mediates focal adhesion turnover, which is permissive to cell migration. FAK is also 

involved in signalling which drives metastasis and EMT. Adhesion signalling 

potentiates the activation of the MAPK/ERK and PI3K/Akt pathways, in part, through 

reciprocal activation of FES-related tyrosine kinase. Cooperative IGF-1R/adhesion 

signalling is believed to contribute to the malignancy of various cancers. Figure 

created utilising Biorender. Adapted from Cox et al. 2015.  
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1.3 IGF-1R internalisation and endocytic trafficking 
Various mechanisms are employed by cells as a means of internalising proteins 

localised to the plasma membrane. Clathrin-mediated endocytosis (CME) and 

Caveolin-mediated endocytosis (CavME) are the most prominent modes for the 

internalisation of activated receptors at the cell surface, classically considered a 

means of signalling cessation (Goh and Sorkin, 2013). Thought both pathways are 

pertinent to receptor internalisation, they are mechanistically distinct in several ways 

(Elkin, Lakoduk and Schmid, 2016). CME involves the formation of clathrin-coated 

pits (CCPs) at the plasma membrane into which cargo is clustered for internalisation. 

The clathrin shell of CCPs is principally composed of clathrin triskelia, each of which 

is comprised of three clathrin heavy chains with associated clathrin light chains 

(Mettlen et al., 2018). The nucleation and assembly of the clathrin shell is catalysed 

by the heterotetrameric adaptor protein 2 (AP2) complexes. AP2 serves a dual role 

as a cargo-recognition protein and scaffold which links the clathrin coat to the lipid 

bilayer. Alongside AP2, various other proteins (collectively called “clathrin associated 

sorting proteins) assemble to facilitate cargo coordination and clathrin 

oligomerisation (Elkin, Lakoduk and Schmid, 2016; Mettlen et al., 2018). Fission of 

CCPs from the plasma membrane is catalysed by dynamin GTPase which is recruit to 

mature CPPs through SH3-containing adaptor proteins which bind dynamin’s proline-

rich domain (Schmid and Frolov, 2011). Once dynamin is correctly oriented in a collar-

like structure around the “neck” of mature CPPs, GTP hydrolysis is initiated thus 

leading to CCP release from the plasma membrane (Schmid and Frolov, 2011). Free 

CCPs then undergo clathrin-shedding therefore allowing subsequent fusion with 

early endosomes for cargo release (Mettlen et al., 2018).  

 

As previously stated, the second predominant mode of internalisation is CavME. The 

primary protein responsible for CavME is caveolin, of which there are three isoforms 

(caveolin-1/2/3). Caveolin-1/2 are neigh-ubiquitously active at plasma membranes 

across cell types whereas caveolin-3 is primarily expressed in muscle cells (Kumari, 

Mg and Mayor, 2010). Caveolin proteins are small integral membrane proteins which 

are situated in the inner leaflet of the plasma membrane. Membrane anchoring of 
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caveolin proteins is mediated by their cytosolic amino-terminal domain which binds 

to cholesterol thus stabilising their membrane localisation (Parton and Del Pozo, 

2013). This region is thought to possess an alpha-helical hairpin-like structure which 

may contribute to membrane curvature. Importantly, this region is also involved in 

protein-protein interactions and therefore is also important in the functionality of 

caveolin proteins (Parton and Del Pozo, 2013). In terms of CavME initiation, caveolin 

proteins associate with cavin protein family members to induce membrane curvature 

(Nassar and Parat, 2015). The formation of caveolae is also heavily influenced by 

membrane composition and is determined to require enrichment in both 

sphingolipids and cholesterol (Elkin, Lakoduk and Schmid, 2016). Membrane regions 

rich in these lipids coincidentally mediate receptor clustering and thus it is believed 

that receptor clustering into so-called “lipid rafts” rich in cholesterol may be a pre-

requisite step in CavME (Kumari, Mg and Mayor, 2010; Parton and Del Pozo, 2013). 

The intermediate steps of CavME are not as well characterised as with CME however, 

the liberation of mature invaginated caveolae is catalysed by dynamin GTPase in a 

similar manner to that of CME (Henley et al., 1998).  

 

IGF-1R internalisation occurs following ligand-induced activation via both CME and 

CavME, with CME considered the predominant mode of internalisation, consistent 

with the internalisation of other receptor tyrosine kinases. Internalisation via CME is 

the most rapid form of receptor turnover from the plasma membrane following 

ligand-induced activation. Once CME is saturated, CavME may then mediate receptor 

internalisation as an auxiliary mode (Goh and Sorkin, 2013; Davis et al., 2018a; Rieger 

and O’Connor, 2021). Internalisation through CME first requires the binding of 

proteins containing ubiquitin-interacting motifs. Next, the receptor undergoes poly-

ubiquitination thus forming a scaffold for the coordination of receptors into clathrin-

coated pits (Rieger and O’Connor, 2021). The ubiquitination of IGF-1R is thought to 

occur on Lys1138/Lys1141 which are situated in the kinase domain of the receptor 

beta-chain. This involves the formation of Lys-48 and Lys-29-linked polyubiquitin 

chains. The importance of these residues was validated using a site directed 

mutagenesis approach wherein alteration of these lysine residues to arginine 
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suppressed IGF-1R internalisation (Mao et al., 2011). Importantly, IGF-1R also 

contains a key NPxY motif which interacts with the phosphotyrosine-binding motifs 

of several adaptor proteins. These adaptor proteins then bind to and recruit the 

adaptor protein 2 (AP2) heterotetrameric complex which catalyses CME as previously 

described above (Goh and Sorkin, 2013).  

 

Classically, receptor internalisation was considered a pre-requisite step for 

termination of receptor signalling and subsequent receptor degradation via the 

lysosome (Rieger and O’Connor, 2021). Advances in cell biology have now elucidated 

a diverse set of intracellular fates for internalised receptors. Receptors which have 

undergone ubiquitination and internalisation are sorted by a complex termed the 

ESCRT (Endosomal Sorting Complexes Required for Transport) complex. Following 

ESCRT recognition, receptors are packaged into endocytic vesicles which contain a 

diverse distribution of membrane associated proteins, including Rab-proteins, which 

modulate the destinations and fates of vesicles (Katzmann, Babst and Emr, 2001; 

Cullen and Steinberg, 2018). Internalised IGF-1R may undergo trafficking back to the 

membrane to continue signalling, undergo Tyr1250/1251 phosphorylation-

dependent localisation to the Golgi apparatus, or undergo CME-dependent nuclear 

translocation (Packham et al., 2015a; Aleksic et al., 2018; Rieger et al., 2020; Rieger 

and O’Connor, 2021). As a result of its divergent trafficking, IGF-1R at distinct 

subcellular compartments may gain access to new sets of substrates in order to elicit 

non-canonical effects. Indeed, IGF-1R localisation to the nucleus and Golgi apparatus 

coincides with an altered transcriptional landscape (in the case of the nucleus) and a 

more malignant, aggressive and migratory phenotype (in the case of both organelles) 

(Lin et al., 2017; Aleksic et al., 2018; Poreba and Durzynska, 2020; Rieger et al., 2020; 

Martin et al., 2022a).  
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Figure 5: Intracellular fates of internalised receptor tyrosine kinases 

Following internalisation via either clathrin or caveolin-mediated endocytosis, 

receptor tyrosine kinases face a diverse range of fates. Internalised receptors firstly 

aggregate at early endosomes from which smaller vesicles bud enriched with 

different Rab protein family members. Signals present in the relevant cargo and the 

assortment of Rab proteins associated with the vesicular membrane determine the 

fate of the cargo in question. From early endosomes cargo can undergo recycling to 

the cell surface through the rapid recycling pathway. Cargo can also undergo 

translocation to subcellular locations including the golgi apparatus or the nucleus. 

Lastly, cargo may be shuttled to the lysosome for degradation. Figure created utilising 

Biorender. 
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1.4 Nuclear IGF-1R 

IGF-1R nuclear translocation was initially characterised in 2010 in tumour cells 

(Aleksic et al., 2010a). Since then, nIGF-1R has been characterised in a range of non-

malignant and cancerous cells by various research groups (Sarfstein et al., 2012; 

Solomon-Zemler, Sarfstein and Werner, 2017; Martin et al., 2022a). It was found that 

both the alpha and beta-chains localise to the nucleus in a clathrin-mediated 

endocytosis dependent fashion, however caveolin-1 depletion did not impact 

translocation (Aleksic et al., 2010a). IGF-1R nuclear translocation has also been 

reported to be contingent on SUMOylation of the receptor C-terminal tail (Sehat et 

al., 2010). Side directed mutagenesis revealed that lysine 1025/1100/1120 are 

required for trafficking to the nucleus however it was determined that mutation of 

these sites did not impinge upon receptor endocytosis nor its activation of the 

Ras/Raf/MEK/ERK and PI3K/Akt pathways (Sehat et al., 2010). Sehat and colleagues 

proposed a mechanism through which the IGF-1R enters the nucleus which seems to 

be dependent on the SUMOylation they previously identified. Initially, IGF-1R 

undergoes clathrin-mediated endocytosis into EEA1+ vesicles. Next, the receptor 

undergoes endosomal escape after which it binds the dynactin-p150Glued subunit. 

Lastly, IGF-1R sequentially interacts with importin-β and RanBP2 which mediate 

transport through the nuclear pore complex in a SUMOylation-dependent manner 

(Sehat et al., 2010; Packham et al., 2015b). Interestingly, IGF-1R appears to enter the 

nucleus as hetero-dimers consisting of one alpha and one beta-chain, instead of its 

hetero-tetrameric holoreceptor form (Packham et al., 2015b). It has also been 

determined that IGF-1R inhibition suppresses nuclear translocation, consistent with 

the phosphorylation status of the beta-chain (Aleksic et al., 2010a). A potential 

clinical significance of nuclear IGF-1R (nIGF-1R) has been elucidated in multiple 

studies. Multivariate analysis revealed that renal clear-cell carcinoma patients with a 

high incidence of pervasive IGF-1R nuclear translocation had shorter survival times 

(Aleksic et al., 2010). Research also indicates that IGF-1R nuclear translocation 

correlated with higher pathological grade in patient prostate cancer samples (Aleksic 

et al., 2018).  
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1.4.1 Transcriptional activity of nuclear IGF-1R 
ChIP-seq analysis in 2D in vitro cancer cell lines revealed that nIGF-1R co-localises 

with RNA polymerase II, specifically at gene promoters for JUN and FAM21 (Aleksic 

et al., 2018). It was also determined that IGF-1R can, in fact, promote the recruitment 

of RNA polymerase II to these promoters and thus acts as a transcriptional co-

regulator (Aleksic et al., 2018). The recruitment of RNA polymerase II requires IGF-

1R binding to chromatin which appears to involve both the receptor alpha and beta-

chains (Mills et al., 2021). FAM21 is a component of the WASH complex and thus is 

involved in endosomal trafficking as well as actin polymerisation/cytoskeletal 

remodelling (Gomez and Billadeau, 2009; Zech T, 2011). JUN (c-Jun) is an oncogenic 

transcription factor that also functions as a component of heterodimeric AP-1 

complexes. AP-1 complexes have been intimately linked to a vast array of malignant 

drivers as previously outlined in section 1.2.1 (Wu, Nicoll and Ingham, 2021). 

Together, these target genes indicate a pro-migratory functionality for nIGF-1R which 

coincides with the emergence of a more acutely malignant phenotype. Indeed, 

FAM21 and c-Jun depletion reduced the migratory capacity of cells thus indicating a 

pro-migratory role of nIGF-1R (Aleksic et al., 2018). Transcriptional regulation of cell 

cycle associated genes appears to be another function of nIGF-1R. The expression 

levels of cyclin D1, cyclin A, CDK2 and p27 were analysed in IGF-1R-/- knockout cell 

lines. Cells were transfected with either Wild-type IGF-1R or a mutant IGF-1R in which 

Lys1025/1100/1120 were altered to arginine, thus abolishing SUMOylation (Sehat et 

al., 2010; Lin et al., 2017). Wild-type IGF-1R underwent nuclear translocation and 

significantly increased the expression of cyclin D1/cyclin A/CDK2 while suppressing 

the expression of p27 (Lin et al., 2017). Altered gene expression coincided with 

enhanced cell cycle progression and therefore cell proliferation. The mutant IGF-1R 

showed minimal activity in the context of transcriptional regulation along with cell 

cycling (Lin et al., 2017). 

 

Nuclear IGF-1R has also been identified as a transcriptional coregulator through LEF-

1 binding thus culminating in the control of LEF-1/TCF target genes. Genes encoding 
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Wnt signal transduction components are common target genes for LEF-1. Through 

upregulation of such components, nIGF-1R may potentiate cell migration, metastasis 

and cancer stem cell maintenance (Zhan, Rindtorff and Boutros, 2017; Poreba and 

Durzynska, 2020). Interestingly, the IGF-1R gene is also under the control of LEF-1 

and thus nuclear translocation of the IGF-1R may induce an auto-regulatory positive 

feedback loop (Poreba and Durzynska, 2020). SNAI2 is described as a target of nIGF-

1R transcriptional activity through indirect means. nIGF-1R was shown to 

phosphorylate histone H3 thus facilitating SMARC4 binding to chromatin. This 

augmentation of chromatin remodelling is thought to underlie enhanced SNAI2 

expression, which has been identified as a driver of an aggressive and migratory 

phenotype (Packham et al., 2015a; Alves et al., 2018). Collectively, it appears as 

though the transcriptional activities of nIGF-1R converge on cell migration, 

metastasis and the emergence of an aggressive phenotype.  

 

1.4.2 Nuclear IGF-1R potentiates DNA damage resistance and genomic 

instability 
Beyond its multifaceted role in transcriptional regulation nIGF-1R is also observed as 

an enhancer of DNA damage tolerance in cells and therefore a potential driver of 

genomic instability (Poreba and Durzynska, 2020). The predominant target of nIGF-

1R in this context is proliferating cell nuclear antigen (PCNA). PCNA is described as an 

integral component of the DNA damage tolerance (DTT)-pathway. The DDT-

pathways allows DNA replication to occur in the presence of DNA damage through 

two predominant mechanisms those being trans-lesion synthesis and template 

switching (Andersen, Xu and Xiao, 2008; Bi, 2015). The promotion of such 

mechanisms is catalysed by phosphorylation-dependent post-translational 

modification of PCNA, namely the sequential mono and poly-ubiquitination of PCNA 

by DDT-dependent E3 ubiquitin ligases (Andersen, Xu and Xiao, 2008; Leung et al., 

2019). The ubiquitination of PCNA promotes the binding of other proteins which 

contribute to the DDT-pathway and thus the ubiquitination of PCNA is a mediary step 

in overcoming DNA damage (Leung et al., 2019; Poreba and Durzynska, 2020). PCNA 

has been identified as a substrate for nuclear IGF-1R-mediated phosphorylation 
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which subsequently catalyses the covalent modification of PCNA as previously 

described, though this process has been identified in an embryonic context thus the 

translatability of this finding remains to be seen (Waraky et al., 2017). Crucially, PCNA 

is categorised as a pathological driver and an indicator of poor prognosis in various 

cancers. PCNA expression is seen to correlate with pathological grade, TNM stage 

and the proportion of metastases (Smith et al., 2015; Ye et al., 2020). Through the 

modulation of this specific nuclear substrates, nIGF-1R may contribute to the 

mutational burden of cancers and thus potentially increase oncogene activation and 

the disruption of tumour suppressive/onco-protective proteins.  

 

1.5 The gamma-secretase complex 
Proteolytic cleavage has been identified as a regulatory mechanism for numerous cell 

surface receptors, with NOTCH being among the most notable. Cleavage at the cell 

membrane, typically by gamma-secretase, was classically considered to be a means 

of signalling cessation. It is now understood that receptor cleavage plays a more 

nuanced role in receptor signalling (Chen et al., 2015; Carpenter et al., 2013). 

Importantly, both the insulin receptor and IGF-1R have both been characterised as 

gamma-secretase substrates, however the function of IGF-1R cleavage remains to be 

seen (McElroy et al., 2007; Kasuga et al., 2007). The gamma-secretase complex (GSC) 

is a transmembrane heterotetrametric multiprotein complex that possesses aspartyl 

protease activity (Gertsik, Chiu and Li, 2015). The individual proteins which comprise 

the complex are presenilin, nicastrin, anterior pharynx defective 1 (APH-1) and 

presenilin enhancer 2 (PEN-2) (Bergmans and De Strooper, 2010; Zhang et al., 2014; 

Gertsik, Chiu and Li, 2015). Mature GSCs are found to contain each component in a 

1:1:1:1 stoichiometry, and full functionality of the complex necessitates one of each 

component (Strooper, 2003; Sato et al., 2007; Zhang et al., 2014). The GSC cleaves 

type 1 integral membrane proteins during a proteolytic cascade termed regulated 

intramembrane proteolysis (Lichtenthaler, Haass and Steiner, 2011). Nicastrin is a 

single-pass transmembrane glycoprotein which regulates substrate recognition by 

the gamma-secretase complex following substrate ectodomain shedding (Gertsik, 

Chiu and Li, 2015). Once the ectodomain of a gamma-secretase substrate is shed a 
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small stub of the substrate projects into the extracellular space which is subsequently 

recognised by nicastrin thus allowing substrate coordination into the GSC active site 

(Shah et al., 2005). It has been proposed that the amino acid sequence of Nicastrin’s 

substrate recognition domain may augment substrate processing (Pamrén et al., 

2011).  

 

APH-1 is ~29kDa with seven transmembrane domains having been identified. APH-1 

contains a critical GXXXG motif within the 4th transmembrane domain which is 

involved in GSC assembly (Gertsik, Chiu and Li, 2015). Humans possess two APH-1 

genes encoding for APH-1a/APH-1b, however the APH-1a transcript can undergo 

alternative splicing to produce a short (APH-1aS) or a long (APH-1aL) isoform 

(Shirotani et al., 2004). The incorporation of different APH-1 isoforms into GSCs 

appears to modulate differential cleavage of the same substrate as is the case with 

the production of different amyloid-β peptides in a study conducted in 2009 

(Serneels et al., 2019). Microscopic analysis herein indicates that different APH-1 

isoforms may alter the confirmation of the presenilin component of GSCs and thus 

spatially augment substrate processing (Serneels et al., 2019). Both presenilin-1 (PS1) 

and presenilin-2 (PS2) are expressed by humans as proteins of ~50kDa with nine 

transmembrane domains each (with PS1 being more abundant) (De Strooper and 

Annaert, 2010; Gertsik, Chiu and Li, 2015). Presenilins are synthesised as a full-length 

protein which is very unstable and thus is either rapidly degraded or incorporated 

into a GSC. Presenilin incorporation into a GSC induces an intramolecular 

endoproteolytic event in a cytosolic loop region between transmembrane domain six 

and seven within presenilin to generate a presenilin N-terminal fragment (PS-NTF) 

and presenilin C-terminal fragment (PS-CTF) (Ratovitski et al., 1997; De Strooper and 

Annaert, 2010; Gertsik, Chiu and Li, 2015). PS-NTF contains a key catalytic aspartate 

at position 257 within transmembrane domain six while PS-CTF contains the sister 

residue at position 385 in transmembrane domain seven (Michael S. Wolfe*, 1999). 

These residues were identified as the critical mediators of PS1/2 aspartyl protease 

activity through site directed mutagenesis. Conversion of these residues to alanine 

abolished the catalytic activity of PS1/2 and therefore the activity of GSCs as well 
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(Gertsik, Chiu and Li, 2015). The final component of GSCs is presenilin enhancer-2 

(PEN-2) which is a protein of ~10kDa with two transmembrane domains (Gertsik, 

Chiu and Li, 2015). PEN-2 is integral to the catalysis of PS1/2 endoproteolysis 

confirmed through RNA interference of PEN-2. In the instance where PEN-2 was 

knocked-down, there was a marked reduction of PS1-NTF/CTF while it appeared as 

though the PS1-FL holoprotein was stabilised alongside nicastrin and APH-1 (Takasugi 

et al., 2003). Further research determined that PEN-2 has auxiliary roles beyond its 

modulation of presenilin posttranslational modification. A study utilised a mutant 

form of PS1 which is catalytically active however it does not undergo endoproteolysis 

to interrogate alternative roles for PEN-2. This PS1 mutant was expressed in mouse 

embryonic fibroblasts which lacked any PEN-2 production (PEN-2 -/-). The mutant 

PS1 was able to bond with nicastrin and APH-1 to form a trimeric complex however 

this complex lacked proteolytic activity (Bammens et al., 2011). Another research 

group produced data which suggests that PEN-2 expression levels may influence the 

ratio of GSCs which contain PS1 vs PS2 and thus may modulate the processing of 

cellular gamma-secretase substrates (Placanica et al., 2009). Evidently, PEN-2 fulfils 

a multifaceted role in the regulation of GSCs beyond its archaic role in presenilin 

cleavage.  

 

1.5.1 Gamma-secretase complex assembly 
The contemporary model for the assembly of mature GSCs is a multi-step process 

involving the formation of numerous intermediate complexes. Initially, APH-1 

interacts with immature nicastrin within the endoplasmic reticulum wherein 

nicastrin undergoes N-linked glycosylation (LaVoie et al., 2003). Next, the full-length 

presenilin (either PS1 or PS1) holoprotein is incorporated into the complex through 

binding with APH-1 (Lee et al., 2004). APH-1 is critical for the formation of this 

intermediate heterotrimeric complex, mediated through a GXXXG (G denotes a 

glycine residue, X represents any amino acid) motif present in the fourth 

transmembrane domain of APH-1 (Lee et al., 2004). This motif mediates helix-helix 

interactions within the plasma membrane interior, specifically the packing of 

nicastrin and presenilin (Lee et al., 2004). The importance of this motif is underlined 



35 
 

by the fact that site directed mutagenesis of the critical Gly122 leads to suppression 

of Notch cleavage due to a deficiency in mature, catalytically active GSCs (Lee et al., 

2004). Lastly, PEN-2 is incorporated into the complex which subsequently 

orchestrates the intramolecular endoproteolysis of PS-FL into the catalytically active 

PS-NTF/CTF as previously described (Zhang et al., 2014; Gertsik, Chiu and Li, 2015). 

Crucially, the final step of complex assembly, that being presenilin activation, 

necessitates the correct assembly of all prior complex components (Gertsik, Chiu and 

Li, 2015).  

 

1.5.2 Regulated intramembrane proteolysis and proteolytic processing of 

IGF-1R 
Regulated intramembrane proteolysis (RIP) is a proteolytic cascade which typically 

involves two key steps. The first step is the catalysis of type 1 integral membrane 

protein ectodomain shedding by sheddases. Ectodomain shedding is usually 

catalysed by members of the ADAM (a disintegrin and metalloprotease) protein 

family, although other protein families such as matrix metalloproteases have also 

been identified as sheddases (Steiner, Fluhrer and Haass, 2008; Carpenter and Liao, 

2013a). The removal of the ectodomain (extracellular portion) from the target 

protein produces a small extracellular projection >30 residues in length which is 

subsequently recognised by nicastrin (Brown et al., 2000). Next, once the substrate 

has been properly oriented within the GSC it is then cleaved by gamma-secretase’s 

aspartyl protease activity to produce a soluble intracellular domain (ICD) (Steiner, 

Fluhrer and Haass, 2008). The cleavage of receptor tyrosine kinases through RIP 

appears to be a common event across protein families, with many of the ICDs 

undergoing nuclear translocation (Carpenter and Liao, 2013a). IGF-1R has been 

characterised as a substrate for gamma-secretase mediated RIP leading to the 

generation of a ~52kDa ICD (McElroy, Powell and McCarthy, 2007). Though the 

precise sheddase(s) responsible for IGF-1R ectodomain shedding remain(s) to be 

identified, the most likely mediator is ADAM17 (Hoa et al., 2012). Though the IGF-1R 

holoreceptor can undergo nuclear translocation wherein it acts as a transcriptional 
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regulator as previously described, the localisation of the IGF-1R ICD remains to be 

fully elucidated. 

It is possible that cancers may pervert RIP as a means of driving carcinogenesis since 

many receptor ICDs retain signalling of the holoreceptor but may also attain non-

canonical localisation and activity (Carpenter and Liao, 2013a). Sheddase activity, 

especially ADAM family members, is enhanced by numerous signalling cascades 

which are frequently hyper-activated in cancers such as Ras/Raf/MEK/ERK and 

Protein kinase K/mTORC1 pathways (Miller, Sullivan and Lauffenburger, 2017). It has 

also been proposed that enhanced ectodomain shedding, and hence increased ICD 

production, may be an adaptive response to therapeutics (Miller, Sullivan and 

Lauffenburger, 2017). Most therapeutics intercede at the level of ligand-binding in 

an effort to suppress receptor signalling; however, ICDs which retain signalling 

potential lack vulnerability to such therapeutics. Hence, RIP of receptor tyrosine 

kinases may be a pernicious driver of carcinogenesis which has historically been 

overlooked.  
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Figure 6: Predominant proteolytic steps of regulated intramembrane proteolysis 

Regulated intramembrane proteolysis begins with ectodomain shedding of type 1 

integral membrane proteins catalysed by sheddases, namely metalloproteases. 

Ectodomain shedding forms a soluble ectodomain and a membrane anchored C-

terminal fragment which subsequently undergoes proteolysis by gamma-secretase 

complexes in the plane of the membrane. Gamma-secretase action cleaves C-

terminal fragments within the intracellular juxtamembrane region thus liberating a 

soluble intracellular domain. Figure created utilising Biorender. 
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1.6 Aims and objectives 
Current research demonstrates that regulated intramembrane proteolysis (RIP) has 

an important role in cell regulation of cell-surface to intracellular and nuclear 

signalling. For example, the translocation of RIP-generated ICDs to subcellular 

locations such as the nucleus wherein they can act as transcriptional regulators and 

maintain signalling activity (Carpenter and Liao, 2013; Chen and Hung, 2015). It has 

been proposed that RIP of receptor tyrosine kinases may contribute to 

chemoresistance as well as metastasis, proliferation and epithelial-to-mesenchymal 

transition (EMT), however the precise function of this pathway remains to be 

elucidated, particularly in the context of cancers (Lal and Caplan, 2011; Phillips, 2014; 

Miller et al., 2016; Miller, Sullivan and Lauffenburger, 2017). Various cancers enhance 

the expression of sheddases (namely ADAM family proteins and matrix 

metalloprotease family members) therefore increasing potential flux through the RIP 

cascade (Mochizuki and Okada, 2007; Miller, Sullivan and Lauffenburger, 2017). 

Contemporary IGF-1R targeted therapies provide little to no clinical benefit to 

patients and many therapies fail to pass clinical trials. Therapies available for 

targeting IGF-1R include monoclonal antibodies, small molecular tyrosine kinase 

inhibitors and hormone-based therapies (Chen and Sharon, 2013). These drugs are 

often used in combination and, unfortunately, contemporaneous administration of 

these therapies alongside agents targeting partner pathways including EGFR, mTOR 

and oestrogen receptor has proven ineffective to a large degree (Chen and Sharon, 

2013). Perhaps one of the means through which IGF-1R evades inhibition via 

therapeutics is through the production of an active CTF/ICD lacking an easily 

targetable region such as the alpha-chain ligand binding domain (in the case of 

neutralising and inhibitor antibodies) (Figure 7). 
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Figure 7: Potential consequences of receptor regulated intramembrane proteolysis 

Due to the structural alterations of receptors throughout the process of regulated 

intramembrane proteolysis, the action of various therapeutic agents may be 

impeded. Biological agents, generally monoclonal antibodies, prevent ligand binding. 

The soluble ectodomains of receptors may function as decoy receptors which bind 

antibodies in the extracellular space prior to them reaching the desired target. 

Similarly, loss of receptor ectodomains deprive antibody therapeutics of an actionable 

epitope to exert the effects. Lastly, structural alterations of receptors may lead to the 

augmentation of, or complete loss of, the specific binding site for small molecule 

chemotherapeutics thus greatly hindering their therapeutic potential. Figure created 

utilising Biorender. 
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A major facet of how IGF-1R contributes to the malignant progression of various 

cancers is through its role in cell migration and metastasis. IGF-1R activation is 

intimately linked with the activation of ERK1/2, Akt and the AP-1 transcription factor 

complexes (Abd et al., no date; Qiao, Sheng and Pardee, 2008; Wang et al., 2017; 

Guo et al., 2020; Wu, Nicoll and Ingham, 2021). EMT is also associated with 

metastatic progression and chemoresistance. IGF-1R has been frequently cited as a 

driver of EMT (Li et al., 2017; Mittal, 2017). Further compounding this, specific IGF-

1R adhesion complexes comprised of integrins and major adhesion signalling 

proteins such as Src and FAK have been widely reported in numerous cancers. Many 

IGF-1R signalling partners in such complexes are inextricably linked with cell 

migration and metastasis (Chen et al., 2015; Svalina et al., 2016; Chuang et al., 2022; 

Obr et al., 2022). Lastly, the activity of various families of proteases, namely matrix 

metalloproteases (MMPs) are seen to underlie the early stages of the metastatic 

cascade, namely degradation and remodelling of the ECM and tumour cell 

extravasation into circulation (‘Kleiner et al, 1999; Reunanen N, 2013). Crucially, 

increased MMP expression (primarily the expression of MMP-2/9) has been 

attributed to IGF-1R activity in numerous cancers (Samani et al., 2007). Considering 

IGF-1Rs integration with numerous signalling pathways, its association with other key 

proteins such as integrins and the degree of redundancy and crosstalk between IGF-

1R downstream signal transduction and other receptor tyrosine kinases, 

therapeutically targeting IGF-1R remains a considerable clinical challenge moving 

forward.  

 

IGF-1R was characterised as a gamma-secretase substrate in 2007 but little work has 

been conducted on the proteolysis of the IGF-1R, and its possible functions in cancer, 

since this discovery. Herein, we aimed to interrogate the regulation of IGF-1R 

proteolysis through the RIP cascade, determine potential pathway components and 

relevant regulatory steps. We also endeavoured to define potential consequences of 

IGF-1R proteolysis in the context of cell migration using a cancer cell model due to 

findings in the literature converging on receptor fragmentation and IGF-1R 
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subcellular translocation as a driver of metastasis and a potentiator of a more 

malignant phenotype. 
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2.0 Study design  
Initially, work conducted by McElroy et al. 2007 was partly replicated with further 

densitometry analysis performed. This was performed in parallel with the site 

directed mutagenesis of IGF-1R to generate a GFP tagged kinase dead mutant. 

Following confirmation of IGF-1R inactivation via the K1003R point mutation, CTF 

accumulation in response to ligand stimulation was investigated. Having confirmed 

significant accumulation of IGF-1R CTF in response to ligand stimulation, we next 

interrogated the effects of ectodomain shedding on CTF generation utilising 

batimistat, a broad-spectrum metalloprotease inhibitor. Once we confirmed that 

inhibition of ectodomain shedding suppressed CTF accumulation, we next sough to 

investigate the effect of receptor internalisation on CTF accumulation following 

ligand stimulation. A panel of pharmacological agents targeting various components 

of the endocytic pathway were utilised which revealed a dependence on clathrin-

mediated endocytosis for CTF generation following ligand stimulation. Next, we 

interrogated the effects of ligand stimulation on IGF-1R CTF nuclear translocation and 

whether inhibition of clathrin mediated endocytosis attenuated this translocation.  

 

Lastly, we sought to investigate what influence IGF-1R proteolysis and trafficking may 

have on HeLa cell migration based on our western blot analysis. Initially we 

administered an IGF-1R kinase inhibitor (BMS-754807) to confirm that suppression 

of cell migration was feasible while using our optimal concentration of IGF-1 (50nM) 

over 20 hours. Next, we administered DAPT and Pitstop alone before attempting to 

combine them however a combination treatment was not viable due to profound 

cytotoxicity. Lastly, we administered batimistat alone and discovered that 

ectodomain shedding of IGF-1R seems to be important for cell migration. 

  



44 
 

2.1 Polymerase chain reaction and site directed mutagenesis 
The IGF-1R K1003R-GFP kinase dead mutant (KDM) was generated using the KOD hot 

start DNA polymerase PCR kit (Sigma Aldrich). Custom overlapping primers were 

designed to introduce a point mutation in the nucleic acid sequence encoding for 

K1003 in the wild-type receptor. Custom primers were synthesised by IDT. Primer 

sequences are listed below.  

 

Forward: 5’ CTGAAACCAGAGTGGCCATTAGAACAGTGAACGAGGCCGCAAGCA 3’ 

Reverse: 5’ TGCTTGCGGCCTCGTTCACTGTTCTAATGGCCACTCTGGTTTCAG 3’ 

 

Primers spanned the region containing K1003 within the IGF-1R kinase domain. 

Primers were designed to incorporate a single point mutation in the K1003 codon 

resulting in a K1003R point mutation. PCR reactions were created according to the 

manufacturer’s instructions (outlined below) however the PCR reactions were also 

supplemented with 5% DMSO to aid in backbone melting and the dissolution of DNA 

secondary structures which could reduce PCR efficiency. PCR reactions were 

performed over a temperature gradient ranging from 73 - 81°C. This was done in 

order to optimise primer annealing and thus further optimise the PCR. The PCR was 

set to progress for 25 cycles to allow for sufficient generation of our desired 

amplicon. Cycle programme was created based on manufacturers protocol: 7 

minutes was calculated to be the required extension time based on manufacturers 

recommendations of 25 seconds per Kb. PCR negative control followed the same 

formulation and cycle parameters however no template DNA was added. PCR 

products were resolved using a 0.5% agarose gel with 5 µL of safeView dye (NBS 

Biologicals) according to standard protocol in 1X Tris-borate buffer (89 mM borate, 

89 mM Tris, 2 mM EDTA pH 8.3) supplemented with 5µL SafeView to aid with DNA 

fragment visualisation. The agarose gel was subsequently imaged using a Gel Dock 

EZ Imager (BioRad). 
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Table 1: PCR reaction composition 

  

PCR reaction composition and relevant concentrations of corresponding components. 

PCR negative control followed the same formulation however template DNA was 

omitted. An additional 1µL of PCR grade water was supplemented in its place. 

 

2.2 DpnI restriction digest 
DpnI restriction digest was employed in order to isolate the PCR amplicon from the 

parental E.coli DNA. E.coli DNA naturally has methyl adducts which are removed 

through the process of PCR. DpnI specifically cleaves DNA at methylated sites hence 

DpnI only cleaved the residual parental E.coli DNA which had not undergone PCR 

amplification. To a 200µL Eppendorf, 1µL of PCR product, 2µL of Cutsmart restriction 

enzyme buffer (New England Biolabs), 0.5µL of DpnI and 17.5µL of sterile 

(autoclaved) deionised water were added. In parallel, an enzyme control solution was 

also prepared which contained all the relevant components as above however, 1µg 

of parental plasmid DNA was added in place of PCR product (deionised water volume 

was adjusted accordingly to a maximum of 20µL). The solutions were incubated at 

37°C for 2 hours. Following incubation, 3.5µL of 6X agarose gel loading dye (0.25% 

bromphenol blue, 0.25% xylene cyanol, 30% glycerol) was added to both solutions. 

12µL of these solutions was loaded into a 1% agarose gel prepared using 1X TAE (40 

mM Tris-acetate, 1 mM EDTA) containing 5µL of SafeView Dye (NBS Biologicals). The 

agarose gel was resolved at 100V for 60 minutes using 1X TAE buffer supplemented 

with 5µL SafeView Dye to aid with DNA fragment visualisation. 1Kb hyper ladder 

(Bioline) was resolved alongside the samples as a means of determining fragment 
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size. Once resolution was completed the gel was visualised using the BioRad Gel Dock 

EZ imager nucleic acid programme.  

 

2.3 Preparation of chemically competent DH5α E.coli bacteria 
A DH5α E.coli (New England Biolabs) aliquot was thawed on ice and subsequently 

streaked onto an LB plate. This plate was incubated overnight at 37°C to promote 

colony outgrowth into easily isolatable single colonies. A single colony was isolated 

from the plate and subsequently inoculated in 5mL of LB media over at 37°C with 

shaking. Following incubation, 3mL of the 5mL culture was removed and inoculated 

into 200mL of LB broth. The 200mL culture was incubated, for approximately 2 – 3 

hours, until an optical density (at 595nm) of 0.6 – 1 was obtained. Once this threshold 

was reached, cells were harvested via centrifugation at 3000g for 15 minutes at 4°C. 

Supernatant was discarded and the remaining cell pellet was resuspended in ~70mL 

of cooled 0.1M MgSO4 solution. Cells were once again centrifuged, as above, after 

which the remaining pellet was resuspended in a solution ice-cold 0.1M CaCl2 with 

15% (v/v) glycerol. 50µL aliquots of bacterial cell solution were placed in 1mL 

Eppendorf’s which were subsequently stored at -80°C. 

 

2.4 Bacterial transformation and plasmid extraction 
Following amplification of the desired amplicons, PCR product was transformed into 

chemically competent DH5α E.coli cells. First, a 50µL aliquots of cells were thawed 

on ice for approximately 20 minutes. Next, 0.5 - 1µg of DNA was added to the 

bacterial solution which was then gently mixed to disperse the DNA. This bacterial 

solution was then incubated on ice for 30 minutes prior to a heat shock treatment at 

42°C for 45 – 60 seconds. Once the cells had been heat shocked, 1mL of Super 

Optimal Broth was added to the Eppendorf. Bacterial cells were then incubated at 

37°C with vigorous rocking for 1 hour. Following such incubation, between 5 – 20µL 

of bacterial cell solution was plated on pre-warmed LB agar plates supplemented 

with kanamycin (30µg/mL). Bacterial plates were subsequently placed in an 

incubator overnight at 37°C.  
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In order to isolate small amounts of plasmid DNA for analysis, individual cultures 

were isolated from the bacterial plates and placed in 5mL cultures of LB media 

supplemented with 5µL of kanamycin. Kanamycin was utilised to eliminate any non-

transformed bacteria. Bacteria which had undergone successful transformation 

would survive due to the presence of the kanamycin resistance gene in the plasmid 

backbone. Bacterial cultures were then placed in an incubator overnight at 37°C with 

vigorous shaking. QIAprep Spin Miniprep kit (Qiagen) was used for plasmid extraction 

using the protocol outlined in the manufacturer’s instructions. Once the protocol was 

complete, the yield and purity of the isolated plasmid DNA was validated via a 

Nanodrop spectrophotometer standard nucleic acid analysis protocol. For large scale 

plasmid extraction, 1mL of 5mL bacterial cultures was placed into 50mL of autoclaved 

LB broth supplemented with 50µL of kanamycin. 50mL cultures were then incubated 

overnight at 37°C with vigorous shaking. In order to isolate large amounts of plasmid 

DNA, the GenElute HP Plasmid Midiprep Kit (Sigma Aldrich) was employed as per 

manufacturers protocol.  

 

2.5 Plasmid sequencing 
Plasmid sequencing was proceeded by small scale plasmid isolation as outlined 

previously. In order to validate the incorporation of the correct mutation in the IGF-

1R gene, 80 - 100µg of plasmid DNA was mixed with 6µL of EGFP-N primer (BD 

Biosciences) and 6µL of custom designed internal primers (procured from IDT). 

 

Custom primer sequences: 

Forward: 5’ TTCCATGATGACCAGTGTTGGCTG 3’ 

Reverse: 5’ CAGCCAACACTGGTCATCATGGAA 3’ 

 

This combination of primers facilitated correct sequencing of 1000bp either side of 

the mutation site thus facilitating high fidelity overlapping sequencing to occur. This 
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resulted in increased confidence in the sequencing data. Plasmid DNA solution was 

sent for Sanger sequencing by Eurofins Genomics.  

 

2.5 Mammalian cell culture 

2.5.1 General cell maintenance 

Three human derived cell lines were utilised throughout this project, all of which 

were routinely tested for the presence of mycoplasma infection. Human Embryonic 

Kidney 293T cells (HEK293T)(ATCC), MCF-7 cells (human epithelial breast 

adenocarcinoma cells)(ATCC) and HeLa cells (human epithelial cervical 

adenocarcinoma cells)(ATCC) were all maintained using high glucose Dulbecco’s 

Modified Eagles Medium (DMEM) supplemented with 10% foetal bovine serum, 1% 

penicillin/streptomycin cocktail, 1% glutamine and 1% non-essential amino acid 

mixture. Cells were stored in a humidified incubator at 37°C with 5% CO2. Cells were 

passaged on a 3-day basis at a ratio of 1:4 (cell suspension: fresh media) utilising 

Trypsin-EDTA in order to detach cells from the dish. Stock cultures were kept in 10cm 

plastic dishes.  

 

2.5.2 Pharmacological/ligand-stimulation assay protocol 
For assays involving ligand stimulation combined with pharmacological agents, and 

subsequent lysate generation, HEK293T and HeLa cells were seeded into 6-well 

dishes at a density of 500,000 cells per well (determined via use of a 

haemocytometer). In the case of HeLa or MCF-7 cells, no transfections were 

performed due to their intrinsic expression of IGF-1R. HEK293T cells were transfected 

with either the wild-type IGF-1R with a C-terminal GFP-tag or the IGF-1R K1003-GFP 

mutant 24-30 hours after cell seeding. Transfection was accomplished using a 

calcium phosphate precipitation protocol, as described by Jordan et al – 1996, with 

4µg of plasmid DNA transfected per well. Cells were incubated for ~16 hours with 

DNA precipitate after which expended media was replaced with fresh DMEM.  
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Relevant pharmacological agents were administered to HeLa/MCF-7 cells ~24-30 

hours following seeding. Contrastingly, HEK293T cells were treated with relevant 

agents ~48 hours following seeding. If ligand stimulation was to be performed, cells 

were serum starved for 4 hours utilising high glucose supplemented DMEM lacking 

10% foetal bovine serum. During this period, relevant pharmacological agents were 

administered for 2 hours. Lastly, IGF-1 was administered, at outlined concentrations 

in order to induce IGF-1R activation, for 10 minutes after which cells were lysed.  

Table 2: Pharmacological agents/ligands utilised 

 

 

2.5.3 Cell lysis and lysate preparation 
Cells were lysed using a RIPA lysis buffer (10mM Tris-HCL pH 8, 1mM EDTA, 0.5mM 

EGTA, 1% Triton X-100, 0.1% Sodium deoxycholate, 0.1% SDS, 140mM NaCl) 

supplemented with a cOMPLETE protease inhibitor cocktail (Sigma – 11697498001) 

and sodium orthovanadate (phosphatase inhibitor)(Sigma – 13721-39-6). To each 

well, 200µL of RIPA lysis buffer was added in which the cells were incubated for 30 

minutes on ice with gentle rocking. Following incubation, cells were scraped into 

1.5mL Eppendorf’s and centrifuged at 13,200rpm at 4°C for 15 minutes to separate 

the cellular debris from the liquid supernatant. After centrifugation, 200µL of 

supernatant was isolated and placed in a fresh Eppendorf. If necessary, highly viscous 

lysates were sonicated at level 2 for three 5 second intervals.  

 

A Bicinchoninic acid assay (BCA) kit (Pierce BCA protein assay kit – 23225) was used 

to normalise lysate concentrations. Bovine serum albumin standards provided within 

the kit were serial diluted to yield standard solutions ranging in concentration from 
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0 - 1500µg. 20µL of such standard solutions were placed into defined well on plastic 

96-well plates. Similarly, 2µL of cell lysate supernatant was placed within defined 

sample wells. In parallel, a BCA stain solution was prepared, using “reagent part A” 

and “reagent part B” provided within the kit, at a ratio of 1:50 (part A: part B).  To 

each standard and sample well, 200µL of BCA stain solution was added using a 

multichannel pipette. Plates were then incubated for 30 minutes at 37°C to facilitate 

colour development. After incubation, absorbance readings of the target wells were 

obtained at 562nm using a Tecan spectrophotometer. Absorbance values obtained 

from the standard wells were utilised to construct a standard curve in excel against 

which sample absorbances were compared to determine their protein concentration. 

Lysate concentrations were normalised by diluting a calculated volume of 

supernatant in deionised water. To this solution, 15µL of Laemmli buffer (5% SDS, 

50% glycerol, 0.1% bromophenol blue, 250mM Tris-HCL pH 6.8, 5% 2-

mercaptoethanol) (all chemicals obtained from Sigma) was added. The lysate 

preparations were then boiled for 5 minutes at 95°C prior to storage at -20°C.  

 

2.5.4 Wound healing assay protocol 
HeLa cells were seeded in 24-well dishes at a density of 500,000 cells per well (cell 

count was calculated via haemocytometry). Cells were allowed to adhere for ~24 

hours prior to serum starvation for 4 hours using high glucose supplemented DMEM 

lacking 10% foetal bovine serum. Following an initial serum starvation, DMEM was 

removed at which point the circular wounds were inflicted. This was accomplished 

by attaching a p200 pipette tip to the laminar flow hood aspirator. The p200 tip was 

impressed into the cell plane with the vacuum active. 3 wounds were inflicted per 

well. Following wounding, wells were washed with 1mL of PBS to remove loosened 

cells. Serum free DMEM was then re-administered along with relevant 

pharmacological agents and IGF-1. Time point 0 hours wound images were then 

obtained via the EVOS imaging microscope. Cells were placed into the incubator for 

20 hours after which time point 20 hours wound images were acquired via the EVOS.  
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Cell migration rate was calculated using ImageJ software combined with Microsoft 

excel. First, the EVOS wound images were imported into ImageJ. The image was then 

converted into an 8-bit format and the image contrast and brightness were adjusted 

to the required levels. In order to calculate the size of the wound, the ImageJ polygon 

selection tool was used to outline the border of the wound at both 0 hours and 20 

hours. The “measure” function present in ImageJ was then used which provided a 

pixel count of the outlined area at each time point. From this, the percentage wound 

closure was calculated by first finding the average wound size across the 3 wounds 

at 0 hours and 20 hours followed by the calculation ((mean area T0 - mean area 

T20/mean area T0)*100).  

 

2.6 Cellular fractionation 
Cellular fractionation was performed utilising the Rapid Easy and Efficient Protocol 

(REAP) protocol (Suzuki et al., 2010a), with some modifications made for use in a 6-

well dish format. Cells were washed with cold 1X PBS as a quencher. 1ml of cold PBS 

is then applied, into which the cells are scraped from the dish. This cell solution is 

centrifuged at 500 rcf for 3 minutes at 4°C. After centrifugation the supernatant is 

carefully discarded and the cell pellet is resuspended in 250µL of ice-cold 

fractionation buffer (8mL 1X PBS, 0.1% Triton X-100, 1% protease inhibitor cocktail). 

84µL is withdrawn from this solution and set aside, this will serve as the “whole cell 

lysate” fraction. The remaining solution is centrifuged at 16,000 rcf for 10 seconds at 

4°C and 111µL of the supernatant is then collected. This 111µL aliquot is centrifuged 

again under the same conditions after which 56µL is isolated which constitutes the 

“cytosolic” fraction. The cell pellet which remains in the original Eppendorf is rinsed 

twice with 250µL of fractionation buffer. The remaining dried pellet is then 

considered the “nuclear” fraction. 

 

Once all the fractions have been collected, they are subsequently dissolved in an 

appropriate volume of Laemmli buffer. For our purposes, 24µL of 5X Laemmli buffer 

was added to the “whole cell lysate”, 14µL of 5X was added to the “cytosolic” fraction 
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and 50µL of 1X Laemmli buffer was used to dissolve the nuclear cell pellet. Following 

addition of the Laemmli buffer, all fractions should be sonicated at level 2 for 3 sets 

of 5 seconds in order to shear DNA present. After the samples have been sonicated, 

they are subsequently boiled at 95°C for 5 minutes. When loading the lysates into an 

SDS-PAGE gel the lysates should be loaded in a ratio of 1:2:1 (whole cell: cytosolic: 

nuclear) to account for differential protein enrichment in each fraction.  

 

2.7 SDS-PAGE and western blotting and antibodies utilised 
Cellular lysates were resolved on SDS-PAGE gels comprised of 10% resolving gels 

(dH20, 30% acrylamide mix, 1.5M Tris pH 8.8, 10% SDS, 10% ammonium persulfate, 

TEMED) and 5% stacking gels (dH20, 30% acrylamide mix, 1M Tris pH 6.8, 10% SDS, 

10% ammonium persulfate, TEMED) (all chemicals obtained through Sigma). Both 10-

well and 15-well gels were utilised for lysates isolated through fractionation or 

generic cell lysis following ligand/pharmacological agent administration. PAGE gels 

were resolved utilising BioRad SDS-PAGE rigs according to standard protocol with 1X 

SDS-PAGE running buffer. Cell lysates were resolved alongside SDS-PAGE pre-stained 

protein ladder plus (Thermo Fisher Scientific. Following adequate lysate resolution, 

proteins were transferred to nitrocellulose membrane using a generic BioRad 

protocol with 1X transfer buffer containing 20% methanol. Following transfer, 

membranes were either blocked as a whole or blocked following segmentation with 

5% fat free milk or 5% bovine serum albumin in 0.1% PBS-T for 1 hour. After blocking 

primary antibodies were applied overnight at 4°C with gentle rocking. Between 

antibody applications, membranes were washed 2 times with PBS-T for 5 minutes 

followed by 1 was with PBS for 5 minutes. Loading controls were applied for 1 hour 

at room temperature with gentle rocking. Secondary antibodies were similarly 

applied for 1 hour at room temperature with gentle rocking. Membranes were 

visualised using the Li-COR Odyssey imaging system and subsequently analysed using 

Image Studio Light software.  
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Primary antibodies used: 

Rabbit anti-IGF-1R β-chain (Cell Signalling Technology 3027), Rabbit anti-phospho-

Akt (Ser473) (D9E) XP (Cell Signalling Technology 4060), Rabbit anti-total Akt (Cell 

Signalling Technology 9272), Rabbit anti-total ERK1/2 (Cell Signalling Technology 

9102), Rabbit anti-phospho ERK1/2 (Thr202/Tyr204) (Cell Signalling Technology 

9101) and Rabbit anti-Histone H3 (Cell Signalling Technology 4499). All primary 

antibodies were utilised at a concentration of 1:1000 in 5% bovine serum albumin in 

0.1% PBS-T except for Histone H3 which was diluted 1:2000 in 5% fat free milk in 

0.1% PSB-T.  

 

Loading controls used: 

Mouse mono-clonal anti-β-actin (Sigma Aldrich A6441) and Mouse mono-clonal anti-

α-tubulin (Sigma Aldrich T6199). Loading controls were utilised at a concentration of 

1:10,000 in 5% fat free milk in 0.1% PBS-T.  

 

Table 3: Primary antibody targets and dilutions 
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Secondary antibodies used: 

IRDye 800CW goat anti-mouse IgG 926-32210 (Li-COR) and IRDye 800CW goat anti-

rabbit IgG 926-32211 (Li-COR). Secondary antibodies were diluted 1:10,000 in 5% fat 

free milk in 0.1% PBS.  

 

2.8 Crystal violet cell detachment assay 
Culture media was aspirated from the cells which were subsequently washed twice 

with 500µL of cold 1X PBS. After washing, 200µL of 0.5% crystal violet solution (20% 

methanol) (obtained from Sigma – 548-62-9) was placed on the cells. Cells were 

incubated with crystal violet solution for 20 minutes at room temperature while 

rocking (20 oscillations per minute). Following incubation, cells were rinsed four 

times with 500µL of deionised water to remove any unbound crystal violet.  

 

Cells were allowed to air-dry at room temperature for 2 hours after which the 24-

well plates were imaged using the LiCOR Odyssey. After imaging, 1mL of methanol 

was added to solubilise the bound crystal violet. Once methanol was added, cells 

were incubated at room temperature for 20 minutes while rocking at 20 oscillations 

per minute. Once the crystal violet has been solubilised, 200µL of the solution was 

removed from each well and placed in a 96-well plate in duplicate. Absorbance of the 

samples were obtained at 592nm. In order to calculate the percentage of cell 

detachment (a measure of cell death) the following formula was utilised: = (Mean OD 

of sample/Mean OD of blank)*100 = % detachment 

 

2.9 Western blot densitometry and statistical analysis 
Densitometry analysis of western blot images was performed using the Image Studio 

Light inbuilt densitometry functionality. Values obtained from such was exported to 

excel for analysis. IGF-1R beta-chain and IGF-1R C-terminal fragment values were 

normalised to the actin values for the relevant lane. Following value normalisation, 

an average lane value was obtained for each lysate set for both IGF-1R beta-chain 



55 
 

and C-terminal fragment. The normalised values were then divided by the average 

lane value. Once the values were obtained the fold change in C-terminal fragment 

generation was then calculated by first dividing the C-terminal fragment values by 

the IGF-1R beta-chain values. After this was completed across the sets, an average 

value of the control lanes throughout the lysate sets, was calculated. Lastly, the C-

terminal fragment: Beta-chain values for all lanes from all sets was divided by the 

control lane average value. This analysis produced a numerical value which 

represented the fold change in C-terminal fragment production across each lane in 

all relevant lysate sets.  

 

Once these values were generated in excel, the values were then exported to Graph 

Pad Prism (version 9) for statistical analysis. ANOVA was conducted on the exported 

values, with the multiple-comparison test being conducted under the Tukey protocol. 

Within the test the desired P-value was set to <0.05 (95% confidence interval). During 

testing for statistical significance, the mean of each column was compared versus the 

mean of every other column. Error bars represent the standard error of the mean 

(SEM). 

 

2.10 Wound healing assay statistical analysis 
Following calculation of percentage wound closure, as outlined in 2.5.4, statistical 

analysis was performed. Initially, in excel, the percentage wound closure values were 

sorted into rows for each set and columns for each condition (Table 4). Next, the 

average wound closure observed across all conditions was calculated for each set. 

The percentage wound closure of each condition in each set was then divided by the 

relevant sets’ average percentage wound closure. This provided a decimal value of 

wound closure. The values divided by the relevant sets’ average wound closure were 

then averaged per each condition across sets (Table 5). Lastly, the decimal value for 

each condition for each set was divided by the average decimal value for serum free 

wound closure across sets. The final decimal values were then imported into Graph 

Pad Prism (version 9) for statistical analysis.  
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ANOVA was conducted on the exported values, with the multiple-comparison test 

being conducted under the Tukey protocol. Within the test the desired P-value was 

set to <0.05 (95% confidence interval). During testing for statistical significance, the 

mean of each column was compared versus the mean of every other column. Error 

bars represent the standard error of the mean (SEM).  

 

Table 4: Example data processing in excel  
Serum 
Free 

BMS-754 IGF-1 Combo Avg. 
wound 
closure 

within set 

Set 1 22.67% 21.32% 51.02% 35.01% 32.505% 

Set 2 26.28% 20.12% 54.84% 37.04% 34.57% 

Set 3 23.87% 20.615% 52.75% 26.06% 30.8237% 

 

Table 5: Example data processing in excel  
Serum Free BMS-754 IGF-1 Combo  

0.69743116 0.655899092 1.569604676 1.077065067  
0.7601967 0.582007521 1.586346543 1.071449233  

0.77440285 0.668802466 1.711342715 0.845451965      

Average across sets per 
condition 

0.74401024 0.635569693 1.622431311 0.997988755 

     

 
0.93739458 0.881572668 2.109654667 1.447648175  

1.0217557 0.782257406 2.132156867 1.440100116  
1.04084973 0.898915672 2.300160161 1.136344527 
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Chapter 3: 

Results 
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3.1 Site-directed mutagenesis and mutant validation 
As previously mentioned, custom primers were synthesised with a nucleic acid 

sequence designed to cause a single point mutation (K1003R) in the PCR amplicon. 

This key lysine residue is situated in the kinase domain of the β-chain within the 

region responsible for ATP coordination by the receptor (Kooijman, 2006; Li, Pourpak 

and Morris, 2009). This ATP coordination facilitates the liberation of phosphate 

groups from ATP which are subsequently used for the trans-autophosphorylation of 

the receptor on tyrosine residues. This step is essential for the binding of 

downstream adaptor proteins and signalling apparatus (Hua et al., 2020b). The 

sequences of the designated primers are listed below. 

 

Forward: 5’CTGAAACCAGAGTGGCCATTAGAACAGTGAACGAGGCCGCAAGCA 3’ 

Reverse: 5’TGCTTGCGGCCTCGTTCACTGTTCTAATGGCCACTCTGGTTTCAG 3’ 

 

The point mutation introduced (underlined) encodes arginine in place of lysine thus 

disrupting ATP binding. This has been reported to abrogate ATP coordination by the 

receptor thus inhibiting the receptor’s ability to undergo autophosphorylation. PCR 

solutions were supplemented with 5% DMSO to optimise template melting. PCR was 

conducted for 30 cycles according to the specifications outlined in table 1. To 

facilitate more efficient primer annealing, PCR was also performed over a 

temperature gradient ranging from 73 °C to 81 °C. The desired amplicons were 

amplified successfully at all temperatures across the defined temperature (Figure 1B 

top) gradient and at the median temperature of 77 °C (Figure 1B bottom). 

 

Table 1: PCR cycle parameters 
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Incorporation of the correct mutation was validated using sanger sequencing. The 

validated amplicons were subsequently Dpn1 digested prior to transformation into 

DH5α E.coli cells in order to amplify and isolate plasmid DNA for mammalian cell 

transfection.  
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Figure 1: Successful amplification of a IGF-1R K1003R-GFP kinase dead mutant 

construct 

A) Clustal multiple sequence alignment of various species expressing the IGF-1R. The 

key lysine (K1003) present within the ATP binding domain (highlighted) is conserved 

across each species analysed. B Top) PCR products that were amplified over a 

temperature gradient from 73 °C to 81 °C, as indicated. B Bottom) PCR product 

produced at the optimised temperature of 77 °C with the addition of 5% DMSO. NC; 

negative control containing all PCR reagents excluding the 10 ng of pEGFP-IGF-1R 

template DNA. PC; Positive control loaded in increasing concertation of 2ng, 10ng and 

20ng of pEGFP-IGF-1R template DNA. M; 1 kb DNA molecular weight marker. C) 

Sequencing chromatogram spanning the area of interest, with the triplet codon 

encoding arginine at position 1003 highlighted. The green line present at the bottom 

indicates the sequence is of high fidelity. D) Sequence comparison of the sequencing 

results versus the wild-type sequence with the mutated G highlighted.  
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Following transient transfection of both the wild-type and KDM plasmids into 

HEK293T cells, the expression of the KDM was compared to that of the wild-type 

receptor. Both the wild-type and kinase dead mutant IGF-1R-GFP constructs were 

well expressed in HEK293T cells. We also validated that the K1003R mutant was, in 

fact, kinase dead via a 4-hour serum starvation followed by stimulation with IGF-1 

(10nM) of transiently transfected HEK293T cells. Cells expressing either the wild-type 

or kinase dead mutant constructs were lysed, and lysates were resolved via SDS-

PAGE (Figure 2). Western blotting was performed to identify phospho-ERK, total ERK, 

Tubulin and IGF-1R β-chain levels. Evidently, ERK was phosphorylated following 

ligand stimulation only in cells expressing the wild-type receptor whereas ERK 

phosphorylation was minimal in cells expressing the KDM (Figure 2). Minute amounts 

of ERK phosphorylation were still observed in these lysates owing to the native 

expression of IGF-1R in HEK293T cells. Total ERK, tubulin and IGF-1R β-chain levels 

were consistent across the lysates. From this we determined that the mutation 

incorporated was successful in abolishing receptor tyrosine kinase activity of the 

mutant and that HEK293T cells were a suitable cell system for the overexpression of 

both receptor constructs.  
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Figure 2: Validation of IGF-1R K1003R-GFP kinase dead mutant via ERK 

phosphorylation 

HEK293T cells were untransfected or transfected with a plasmid expressing either the 

wild-type (WT) or IGF-1R K1003-GFP kinase dead mutant (KDM) with a C-terminal 

GFP tag where indicated. Cells were serum starved for 4 hours prior to administration 

of IGF-1 (10nM) where indicated. Cells were lysed and the supernatant was resolved 

on a 10% SDS-PAGE gel and subsequently subjected to western blotting. Blots were 

probed for IGF-1R β-chain, phospho-ERK and tubulin initially and then visualised using 

a combination of mouse and rabbit secondary antibodies. Membrane stripping was 

then performed on the phospho-ERK blot which was then re-probed for total ERK and 

visualised once again. Total ERK was then detected using a rabbit secondary antibody. 

(n=1).  

  



63 
 

3.2 Validation of IGF-1R C-terminal fragment generation by pharmacological 

agents 
Having successfully generated and validated expression and kinase activity of our 

wild-type and IGF-1R K1003R-GFP constructs, we next sought to interrogate the 

pharmacological generation of IGF-1R CTF as previously described by McElroy et al 

(McElroy, Powell and McCarthy, 2007). To accomplish this, we utilised phorbol 12-

myristate 13-acetate (PMA) and N-[N-(3, 5-difluorophenacetyl)-l-alanyl]-s-

phenylglycine t-butyl ester (DAPT) to modulate IGF-1R proteolysis. PMA is a phorbol 

ester which serves as a potent activator of protein kinase C (PKC) (Tahara et al., 2009; 

Jiang and Fleet, 2012). PKC activation leads to enhanced activity of sheddases which 

catalyse the ectodomain shedding of the extracellular IGF-1R component (Hayashida 

et al., 2010a; Reiss and Bhakdi, 2017). This generates the membrane-anchored CTF 

which is subsequently processed by gamma-secretase to generate the soluble IGF-

1R ICD. DAPT is a gamma-secretase inhibitor and thus prevents breakdown of the 

IGF-1R CTF by gamma-secretase proteolytic activity (Feng et al., 2019). HEK293T cells 

were transiently transfected with vectors expressing either the wild-type (WT) or IGF-

1R K1003R mutant constructs. 36 hours post transfection, cell cultures were 

supplemented with PMA (200nM for 2 hours) and DAPT (1µM for 16 hours) as 

indicated (Figure 3A). Western blot analysis was performed on HEK293T lysates to 

visualise IGF-1R β-chain-GFP, IGF-1R CTF-GFP and β-actin. Following visualisation, 

densitometry analysis was performed to analyse the accumulation of the IGF-1R CTF-

GFP relative to the amount of β-chain-GFP present (Figure 3B and 3C). It was revealed 

that there was a significant accumulation (approximately 2.5 fold change in the case 

of the WT, and approximately 4 fold change in the case of the KDM) of the IGF-1R 

CTF-GFP in the presence of PMA and DAPT however only a minor accumulation of 

such was observed with PMA treatment alone across three independent replicates. 

This was observed for both the WT and IGF-1R K1003R-GFP lysates (Figure 3B and 

3C). This indicates that the IGF-1R can undergo proteolysis in the absence of ligand-

stimulation as described in the literature previously. This also confirmed that the IGF-

1R K1003R-GFP construct is amenable to regulated intramembrane proteolysis and 

demonstrated that the point mutation introduced does not affect the structural 

integrity nor expression of the receptor.  
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Figure 3: IGF-1R regulated intramembrane proteolysis can occur in a kinase 

independent fashion 

A) HEK293T cells were transiently transfected with vectors expressing either wild-type 

(WT) or K1003R kinase dead (KD) IGF-1R C-terminally tagged with GFP. Cells were 

treated with 200nM PMA (2 hours) and 1µM DAPT (20 hours) prior to cell lysis. Cell 

lysates were resolved via SDS-PAGE and IGF-1R fragments were detected utilising an 

anti-β-chain primary antibody. Βeta-actin served as a loading control. Primary 

antibodies were detected using LICOR secondary rabbit and mouse antibodies. Blots 

were visualised using the LICOR odyssey system. B) Densitometry analysis of WT-IGF-

1R accumulation in the presence of pharmacological agents. *: p <0.05: ** p<0.01. C) 

Densitometry analysis of KDM-IGF-1R CTF-GFP accumulation in the presence of 

pharmacological agents. *: p <0.05. Data indicative of replicated experiments (n=3). 
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3.3 Ligand activation of IGF-1R induces a significant accumulation of IGF-1R 

CTF  
Having validated PMA-induced porteolysis of IGF-1R and IGF-1R CTF generation as 

previously outlined by McElroy et al, we next sought to determine if with its 

physiological ligand IGF-1 also enhanced regulated intramembrane proteoysis of IGF-

1R. To accomplish this, HEK293T cells transiently transfected with wild-type (WT) or 

IGF-1R K1003R-GFP mutant constructs. 36 hours post transfection, cell cultures were 

serum starved for 4 hours and then treated with IGF-1 (10nM for 10 minutes) and 

DAPT (1µM for 16 hours), where indicated (Figure 4A and 4C). Western blot analysis 

was performed on HEK293T lysates to visualise IGF-1R β-chain-GFP, IGF-1R CTF-GFP 

and β-actin (Figure 4A and 4C). Densitometry analysis revealed a significant ligand-

induced accumulation of the IGF-1R CTF in the presence of DAPT while very little IGF-

1R CTF was detected with just ligand treatment alone (Figure 4A and 4B). In the 

presence of IGF-1 and DAPT, there was approximately a 3.5 fold change in CTF 

accumulation acorss 3 independent replicates. Contrastingly, in cells expressing the 

IGF-1R K1003R-GFP mutant there was minimal IGF-1R CTF accumulation across three 

independent replciates (Figure 4C). Accumulation observed is likely due to the native 

basal turnover of the receptor which occurs across cell types. This increase was not 

statistically significant (Figure 4D) when compared to the untreated cells nor cells 

treated exclusively with IGF-1. Together, this data indicates that regulated 

intramembrane proteolysis of IGF-1R is enhanced by IGF-1 ligand stimulation.   
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Figure 4: Receptor tyrosine kinase activation catalyses regulated intramembrane 

proteolysis 

A) HEK293T cells were transiently transfected with a vector expressing wild-type IGF-

1R-GFP. Cells were serum starved for 4 hrs prior to stimulation with 10ng/mL IGF-1 

(10 minutes). Cells were also treated with 1µM DAPT (20 hours) where indicated. 

Following ligand stimulation, cells were lysed. IGF-1R fragments were detected 

utilising an anti-β-chain primary antibody. Βeta-actin served as a loading control 

Primary antibodies were detected using secondary rabbit and mouse antibodies. Blots 

were visualised using the LICOR odyssey system. B) Densitometry analysis of WT IGF-

1R-GFP CTF accumulation following ligand stimulation. ***: p<0.001 C) Procedure as 

with A) however, previously validated WT CTF-GFP lysates were run alongside the 

kinase dead mutant (IGF-1R K1003R-GFP) lysates for clarity. D) Densitometry analysis 

of IGF-1R K1003R CTF-GFP  accumulation following ligand stimulation. No 

significance was observed. Data indicative of replicated experiments (n=3). 

  



69 
 

3.4 Metalloprotease-dependent ectodomain shedding is required for IGF-1R 

CTF generation  
It is well documented that ectodomain shedding of receptor tyrosine kinases is 

necessary for receptor processing through regulated intramembrane proteolysis (Lal 

and Caplan, 2011). While both serine proteases and metalloproteases have both 

been implicated in ectodomain shedding, metalloproteases tend to be the dominant 

sheddases (Hayashida et al., 2010b). With this is mind, we wanted to determine the 

protease subtype (serine or metallo) responsible for shedding of the IGF-1R 

ectodomain via the administration of batimistat (a broad spectrum metalloprotease 

inhibitor). HEK293T cells transiently expressing wild-type IGF-1R GFP were treated 

with Batimistat (20µM for 2 hours) in conjunction wth IGF-1 (10nM for 10 minutes 

+/- DAPT (1µM for 16 hours), as indicated (Figure 5A). Following lysate resolution on 

10% SDS-PAGE gels and subsequent western blotting for IGF-1R β-chain-GFP, IGF-1R 

CTF-GFP and β-actin, densitometry analysis revealed a significant decrease in CTF 

generation in cells treated with batimistat. Cells treated with IGF-1 and batimistat 

displayed a similar amount of CTF generation versus cells treated with IGF-1 alone as 

expected. Importantly, the addition of DAPT failed to result in further CTF 

accumulation in cells also subject to batimistat treatment. From this data, we have 

determined that metalloproteases are likely the sheddases responsible for the bulk 

of IGF-1R ectodomain shedding. This is evident from the significant suppression of 

CTF accumulation in the presence of IGF-1 with batimistat and DAPT. 
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Figure 5: Metalloprotease inhibition with batimistat suppresses IGF-1R CTF 

accumulation 

 A) HEK293T cells were transfected with a vector expression wild-type IGF-1R-GFP. 

Cells were treated with DAPT (1µM for 16 hours), IGF-1 (10nM for 10 minutes) and 

batimistat (20µM for 2 hours) where indicated. Prior to the administration of IGF-1 

and batimistat, cells were serum starved for 4 hours. IGF-1R fragments were detected 

utilising an anti-β-chain primary antibody. Β-actin served as a loading control. 

Primary antibodies were detected using secondary rabbit and mouse antibodies. Blots 

were visualised using the LI-COR Odyssey system. B) Densitometry analysis of WT-

IGF-1R CTF-GFP accumulation following treatment with pharmacological agents. *: 

p<0.05. Data indicative of replicated experiments (n=3). 
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3.5 Clathrin-mediated endocytosis may be a pre-requistite step for IGF-1R 

proteolysis 
Following confirmation of regulated intramembrane proteolysis of IGF-1R following 

IGF-1 stimulation, we next wanted to interrogate the potential role of receptor 

endocytosis during regulated intramembrane proteolysis. The IGF-1R is believed to 

undergo endocytosis following ligand stimulation, mediated through both clathrin 

and caveolin-mediated endocytosis (Martins et al., 2011; Davis et al., 2018b). The 

activity of sheddases and gamma-secretase complexes seem to be spatially regulated 

and this coincides with the differential distribution of family members/complex 

forms. In order to investigate this, HEK293T cells were seeded, transfected and 

treated as previously outlined. Following 4 hours of serum starvation, cell cultures 

were treated with IGF-1 (10nM for 10 minutes), DAPT (1µM for 16 hours) or clathrin-

mediated (pitstop 15µM for 2 hours/dynasore 35µM for 2 hours) and caveolin-

mediated (methyl-β-cyclodextrin 5mM for 2 hours) endocytosis inhibitors, as 

indicated (Figure 6A). Pitstop suppresses clathrin-mediated endocytosis through 

inhibiton of clathrin heavy-chain oligomerisation (Willox, Sahraoui and Royle, 2014). 

Dynasore also inhibits such endocytosis however it functions as a GTPase inhibitor 

and thus prevents the severing of mature clathrin-coated invaginations from the 

plasma membrane by dynamin (Kirchhausen, Macia and Pelish, 2008). Methyl-β-

cyclodextrin functions as a cholesterol stripping agent (Mahammad and Parmryd, 

2008). This is thought to inhibit caveolin-mediated endoyctosis through prevention 

of receptor organisation into lipid rafts which is a pre-requisite step to caveolin-

mediated endocytosis (Kiss and Botos, 2009; Kumari, Mg and Mayor, 2010). Western 

blot analysis was used to visualise receptor components and β-actin (Figure 6A) and 

densitometry analysis was conducted (Figure 6B). Statistical analysis of the 

densitometry data revealed that gamma-secretase mediated IGF-1R proteolysis 

seems to be contingent on clathrin-mediated endocytosis. In the presence of 

pitstop/dynasore IGF-1R CTF accumulation following gamma-secretase inhibition 

was suppressed (Figure 6B). Contranstingly, IGF-1R CTF accumulation (and thus 

gamma-secrtease processing of IGF-1R) appears to be insensitive to caveolin-

mediated endocytosis inhibiton as no marked decrease in IGF-1R CTF generation was 

detected in the presence of methyl-β-cyclodextrin (Figure 6B). Taken together, this 
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data indicates that clathrin-mediated endocytosis may be a pre-requisite step for 

IGF-1R processing by gamma-secretase.  
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Figure 6: Inhibition of clathrin-mediated endocytosis suppresses CTF accumulation 

A) HEK293T cells were transiently transfected with a vector expressing wild-type IGF-

1R-GFP. Cells were treated with 1 µM DAPT (16 hours) where indicated. Cells were 

serum starved for 4 hours prior to stimulation with 10 nM IGF-1 (10 minutes). During 

the 4 hour serum starvation, cells were also treated with 15 μM Pitstop 2, 35 μM 

Dynasore and 5mM methyl-ß-cyclodextrin for 2 hours (after 2 hours had elapsed). 

IGF-1R fragments were detected utilising an anti-β-chain primary antibody. Β-actin 

served as a loading control. Primary antibodies were detected using secondary rabbit 

and mouse antibodies. Blots were visualised using the LI-COR Odyssey system. B) 

Densitometry analysis of WT-IGF-1R CTF-GFP accumulation following treatment with 

various pharmacological agents. *: p<0.05. Data indicative of replicated experiments 

(n=3). 
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3.6 - IGF-1R CTF undergoes nuclear translocation in a clathrin dependent 

manner 
Numerous receptor tyrosine kinases have been found to undergo nuclear 

translocation upon ligand binding, including IGF-1R (Aleksic et al., 2010b; Carpenter 

and Liao, 2013b). Many such receptors are capable of shuttling to the nucleus as their 

full-forms or as fragments following gamma secretase-mediated regulated 

intramembrane proteolysis (Carpenter and Liao, 2013). Interestingly, reports have 

indicated that the IGF-1R, unlike other receptor tyrosine kinases, retains its hetero-

tetrameric structure once at the nucleus (Aleksic et al., 2010b). Furthermore, nuclear 

translocation of receptors seems to correlate with poor patient prognosis and a more 

malignant phenotype (Aleksic et al., 2010b; Song, Rosen and Corfas, 2013; Martin et 

al., 2022b; Molina et al., 2022). Taking this into consideration, HEK293T cells were 

transiently transfected with a vector expressing WT-IGF-1R-GFP (Figure 7 and 8). 

Cells were serum starved and treated with IGF-1 and pharmacological agents as 

previously described. Cells were lysed according to REAP protocol with modifications 

made to optimise its use for a 6-well dish format (Suzuki et al., 2010b). REAP yielded 

whole cell lysates, cytosolic fractions and nuclear fractions for each cell culture. 

These lysates were loaded in a ratio of 1:2:1 (whole cell: cytosolic: nuclear) to account 

for expected protein levels and differential enrichment in the various fractions. IGF-

1R CTF accumulation was observed in cells treated with DAPT consistent with 

previous data (Figure 7). Interestingly, IGF-1R CTF accumulation was also observed 

even in the presence of TAPI (broad spectrum metalloprotease inhibitor) (Rasmussen 

and Mccann, 1997). IGF-1R CTF was visualised across all 3 fractions in the samples 

thus indicating that IGF-1R CTF undergoes nuclear translocation. These data also 

indicates that IGF-1R CTF subcellular translocation appears to occur in a 

metalloprotease independent fashion.  

 

To further investigate the dynamics of IGF-1R nuclear translocation, the same 

fractionation protocol was performed, however, cells were treated with Pitstop in 

place of batimistat in this assay (Figure 8). This aimed to determine whether clathrin-

mediated endocytosis was required for nuclear translocation of the CTF as is the case 
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with the full-form receptor. We wanted to further investigate clathrin-mediated 

endocytosis based on the data of our internalisation assays which identified clathrin-

mediated endocytosis as a potential mediary step in IGF-1R regulated 

intramembrane proteolysis. Western blot analysis revealed that IGF-1R CTF 

accumulation was observed in the cells treated with ligand and DAPT however this 

accumulation was suppressed in the whole cell lysates with the addition of Pitstop 

(Figure 8). IGF-1R CTF appeared to accumulate in the nuclear fraction in the presence 

of DAPT and IGF-1, however, this accumulation was decreased by the addition of 

Pitstop in concordance with the whole cell lysates. In this assay, Histone H3 was 

utilised as a nuclear marker. Due to the intrinsic variability with lysates generated 

using the REAP protocol, the levels of Histone H3 appear to be inconsistent across 

the sample types. Regardless this data, together with data acquired from our 

internalisation assays, indicates a potential multi-functional role for clathrin-

mediated endocytosis in the processing of the receptor by regulated intramembrane 

proteolysis and subsequent shuttling of the relevant CTF to the nucleus.  
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Figure 7: IGF-1R CTF can undergo nuclear translocation 

HEK293T cells were transiently transfected with a vector expressing wild-type IGF-1R-

GFP. Cells were either left untreated (UNT) or treated with 10nM IGF-1 (10 minutes) 

following serum starvation for 4 hours. Where indicated, cells were also treated with 

1μM DAPT (20 hours) and 20μM TAPI (2 hours). Cells were processed into whole cell, 

cytosolic and nuclear fractions according to the REAP protocol (Suzuki et al, 2010). 

These fractions were loaded on the SDS-PAGE gel in a ratio of 1:2:1. IGF-1R fragments 

were detected utilising an anti-β-chain primary antibody. Tubulin was used as a 

loading control and as a means of determining nuclear fraction purity. Primary 

antibodies were detected using secondary rabbit and mouse antibodies. Blots were 

visualised using the LICOR Odyssey system. Data indicative of replicated experiments 

(n=3). 
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Figure 8: Nuclear translocation of IGF-1R CTF is clathrin-mediated endocytosis 

sensitive HEK293T cells were transiently transfected with a vector expressing wild-

type IGF-1R-GFP. Cells were either left untreated (UNT) or treated with 10nM IGF-1 

(10 minutes) following serum starvation for 4 hours. Where indicated, cells were also 

treated with 1μM DAPT (20 hours) and 15μM Pitstop (2 hours). Cells were processed 

into whole cell, cytosolic and nuclear fractions according to the REAP protocol (Suzuki 

et al, 2010). These fractions were loaded on the SDS-PAGE gel in a ratio of 1:2:1. IGF-

1R fragments were detected utilising an anti-β-chain primary antibody. Tubulin was 

used as a loading control and as a means of determining nuclear fraction purity. 

Histone H3 was utilised as a nuclear loading control. Primary antibodies were 

detected using secondary rabbit and mouse antibodies. Blots were visualised using 

the LICOR Odyssey system. Data indicative of replicated experiments (n=3). 
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3.7 Effects of pharmacological agents on cell migration 
Due to the functions of nuclear IGF-1R targets converging upon cell migration and 

metastasis, we next investigated the effects of our pharmacological agents on HeLa 

cell migration in the form of a puncture wound healing assay. Initially, an IGF-1 dose 

response was performed to identify the optimal IGF-1 concentration that stimulated 

HeLa cell migration for our purposes. After 20 hours of treatment, we determined 

that 50nM IGF-1 resulted in marked wound closure without obfuscating the 

perimeter of the wound (data not shown). Next, we confirmed that the wound 

closure induced by this concentration of IGF-1 can be suppressed utilising the 

reversible IGF-1R receptor tyrosine kinase activity inhibitor BMS-754807 (10nM). 

Treatment of HeLa cells with BMS-754807 resulted in a significant (approximately 1.2 

fold change) suppression of IGF-1 induced cell migration, thus validating that our 

assay is functional in terms of migration activation and suppression (Figure 9). 

Following assay validation, we investigated whether treatment with the gamma-

secretase inhibitor DAPT would reduce IGF-1 induced migration. Cells were first 

serum starved for 4 hours, in the presence of DAPT (1µM) to attenuate gamma-

secretase activity. After serum starvation, DAPT (1µM) was administered alone or 

alongside IGF-1 (50nM) for 20 hours. Following quantification of wound closure and 

statistical analysis, it was revealed that DAPT alone did not suppress migration 

(Figure 10). Next, a similar assay was performed with Pitstop (30µM) in place of DAPT. 

Pitstop was administered alone or in combination with IGF-1 (50nM) and analysis 

was performed as outlined previously. Again, no significant reduction in HeLa cell 

migration was observed (Figure 11). Hence, we decided to perform a combinatorial 

Pitstop/DAPT treatment in the presence of IGF-1 (50nM). Following co-

administration of Pitstop/DAPT in the presence or absence of IGF-1, there was a 

significant amount of HeLa cell detachment from the wells, indicative of cell death 

(Figure 12). To try and remedy this, a concentration gradient of Pitstop was 

performed alongside a constant concentration of DAPT (1µM). Three concentrations 

of Pitstop were selected however no combination of Pitstop/DAPT was found to 

ameliorate cell detachment (Figure 12). Unfortunately, due to the majority of cells in 

each well detaching, we determined that the contemporaneous inhibition of gamma-

secretase and clathrin-mediated endocytosis is cytotoxic and thus this dual 
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treatment approach is likely unsuitable. The final pharmacological agent we 

administered was the broad-spectrum metalloprotease inhibitor batimistat. 

Batimistat (20µM) was administered alone or in conjunction with IGF-1 (50nM). 

Interestingly, batimistat resulted in a significant suppression of wound closure in the 

presence of IGF-1 (Figure 13). This result indicates two potential reasons for such an 

outcome. Firstly, ectodomain shedding of IGF-1R likely occurs through ADAM family 

protein members, similar to other receptor tyrosine kinases as discussed previously. 

Secondly, the dynamic turnover and dissolution of focal adhesion complexes 

containing IGF-1R is required for cell migration in response to IGF-1. It is plausible 

that ectodomain shedding of IGF-1R may contribute to the dissolution of such focal 

adhesion complexes, potentially through disrupting IGF-1R/integrin association.  
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Figure 9: Validation of wound healing assay utilising BMS-754087 (reversible IGF-

1R inhibitor) 

HeLa cells were seeded ~24 hours prior to wound being inflicted. 3 wounds were 

created per well, and the degree of wound closure was calculated based off the 

aggregate percentage closure of the wounds. A) Throughout the 20-hour time course, 

cells were either untreated (serum free DMEM only), treated with BMS-754087 

(10nM), stimulated with IGF-1 (50nM), or a combination of BMS-754087 and IGF-1 

was administered. B) Anova analysis of the degree of wound closure between 

treatment types. Wound closure values were obtained as a percentage which were 

then converted into relative fold change in wound closure.  
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Figure 10: Inhibition of gamma-secretase does not suppress IGF-1 induced 

migration 

HeLa cells were seeded as before, and the degree of wound closure was quantified in 

the same manner as previously described. A) Throughout the 20-hour time course, 

cells were either left untreated (serum free DMEM only), treated with DAPT (1µM), 

stimulated with IGF-1 (50nM), or treated with DAPT and IGF-1 in combination. B) 

Anova analysis of the degree of wound closure between different treatment 

conditions. Comparison of wound closure between treatments was quantified as 

before.  
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Figure 11: Inhibition of clathrin-mediated endocytosis does not suppress IGF-1 

induced migration 

HeLa cells were seeded as before, and the degree of wound closure was quantified in 

the same manner as previously described. A) Over the course of 20-hours, cells were 

either untreated (serum free DMEM only), treated with Pitstop (30µM), stimulated 

with IGF-1 (50nM), or subjected to a combination of IGF-1 and Pitstop. B) Anova 

analysis of the degree of wound closure between the different conditions utilised. 

Comparison of wound closure between treatments was quantified as before.  
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Figure 12: Long-term treatment with DAPT and Pitstop leads to HeLa cell 

cytotoxicity 

HeLa cells were seeded as before and treated with DAPT, Pitstop and IGF-1 in a similar 

fashion as previously outlined. A) Cells were left untreated (serum free DMEM only), 

treated with a combination of DAPT (1µM) and Pitstop (30µM) in the absence or 

presence of IGF-1 (50nM). Images were captured at 0-hours and 20-hours. B) Anova 

analysis (n=2) of crystal violet absorbance readings obtained following a crystal violet 

cell detachment assay and subsequent crystal violet solubilisation. Crystal violet 

solutions were loaded in duplicate for each sample. C) Visualisation of cells which 

remained attached, stained with crystal violet. Well images were captured using the 

LiCOR Odyssey system.  
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Figure 13: Inhibition of ectodomain shedding suppresses IGF-1 induced cell 

migration 

HeLa cells were seeded as before, and the degree of wound closure was quantified in 

the same manner as previously described. A) Over the course of 20-hours, cells were 

either untreated (serum free DMEM only), treated with Batimistat (20µM), 

stimulated with IGF-1 (50nM), or subjected to a combination of IGF-1 and Batimistat. 

B) Anova analysis of the degree of wound closure between the different conditions 

utilised. Comparison of wound closure between treatments was quantified as before. 

Data indicative of replicated experiments (n=3). 

 



86 
 

  

Chapter 4: 

Discussion 
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4.1 Discussion 
Various receptor tyrosine kinases undergo regulated intramembrane proteolysis 

(RIP). Classically, this was regarded as a means of ending receptor signalling. It has 

now become apparent that the soluble ICDs generated by gamma-secretase during 

this proteolytic cascade retain signalling activity and, in some instances, acquire 

atypical signalling activities (Chen and Hung, 2015). RIP begins with ectodomain 

shedding, catalysed by sheddases (proteases which cleave receptors in the 

extracellular juxtamembrane region), which generates a membrane anchored C-

terminal fragment (CTF) which is subsequently cleaved by gamma-secretase 

(Hayashida et al., 2010a; Lichtenthaler, Haass and Steiner, 2011; Miller, Sullivan and 

Lauffenburger, 2017). Gamma-secretase activity generates soluble intracellular 

domains (ICD) by cleaving CTFs in the plane of the plasma membrane. ICDs are rather 

labile and are predominantly degraded via the proteasomal system as evidenced by 

the accumulation of ICDs following administration of MG132/Epoxymycin 

(proteasomal inhibitors) (Öberg et al., 2001; McElroy, Powell and McCarthy, 2007; 

Watanabe and Nakamura, 2012).  

 

In this study, initially, a kinase dead mutant of the IGF-1R was created using a site-

directed mutagenesis approach. This was accomplished via the conversion of lysine 

1003 to arginine. Sanger sequencing determined the successful generation of our 

desired point mutant. Receptor inactivation was validated via western blot analysis 

of phospho-ERK1/2 levels. ERK1/2 phosphorylation was only enhanced in HEK293T 

cells transiently transfected with the wild-type form of the receptor. Levels of 

phospho-ERK1/2 in cells expressing the kinase dead mutant were similar to that of 

untransfected cells and IGF-1R-GFP wild-type expressing cells which were not 

stimulated with IGF-1. The combination of nucleic acid sequence analysis and 

western blotting proved that our site-directed mutagenesis approach was successful 

in generating our target kinase dead mutant.  
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Having created our mutant, we next sought to validate the proteolysis of IGF-1R as 

reported previously (McElroy, Powell and McCarthy, 2007). This was accomplished 

via the treatment of cells with PMA (a phorbol ester activator of PKC) and DAPT (a 

gamma-secretase inhibitor). Indeed, the combination of PMA and DAPT lead to an 

increase in CTF accumulation in cells expressing both the IGF-1R-GFP wild-type and 

IGF-1R K1003R-GFP mutant constructs. This consolidated the mechanism described 

by McElroy et al 2007 while also confirming that the kinase dead mutant construct 

undergoes ectodomain shedding and gamma-secretase processing much the same 

as the wild-type. Having validated the cleavage of both IGF-1R constructs, we next 

interrogated the effect of ligand stimulation with respect to IGF-1R CTF 

accumulation. HKE293T cells transiently overexpressing IGF-1R-GFP wild-type and 

IGF-1R K1003R-GFP constructs were treated with the gamma-secretase inhibitor 

DAPT, however IGF-1 was administered in place of PMA to induce receptor 

activation. Unlike with PMA treatment, significant accumulation of IGF-1R CTF-GFP 

was only observed in cells expressing the IGF-1R-GFP wild-type construct. Cells 

expressing the IGF-1R K1003R-GFP construct displayed no significant variation in IGF-

1R CTF-GFP levels. The minute increase in IGF-1R CTF accumulation in the presence 

of DAPT in cells expressing the IGF-1R K1003-GFP construct is likely due to the 

intrinsic basal turnover of the receptor by gamma-secretase irrespective of receptor 

activity. Together, this data indicates that stimulation of IGF-1R with its physiological 

ligand seems to catalyse regulated intramembrane proteolysis of IGF-1R, culminating 

in increased IGF-1R CTF accumulation in the presence of DAPT. 

 

Building upon existing research outlining IGF-1R internalisation and nuclear 

translocation, we wanted to interrogate whether receptor internalisation modulated 

receptor cleavage and subcellular translocation of the proteolytic fragments, namely 

the CTF. To accomplish this, cells were treated with clathrin-mediated endocytosis 

and caveolin-mediated endocytosis (CavME) inhibitors in combination with IGF-1 and 

DAPT. Inhibition of clathrin-mediated endocytosis appeared to reduce CTF 

accumulation whereas inhibition of CavME did not suppress CTF accumulation. This 

data buttresses current research which indicates that clathrin-mediated endocytosis 
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is the predominant mode of IGF-1R internalisation, and that CavME functions as 

somewhat of an “overflow pathway” to support clathrin-mediated endocytosis in the 

event of clathrin-mediated endocytosis saturation (Goh and Sorkin, 2013; Davis et 

al., 2018a; Rieger and O’Connor, 2021). Utilising a cellular fractionation approach, 

our data suggests that clathrin-mediated endocytosis may be required for nuclear 

translocation of CTF-GFP, consistent with contemporary findings which report 

clathrin-mediated endocytosis as an essential step for nuclear translocation of the 

full-form receptor. In the presence of Pitstop, cells stimulated with IGF-1 and DAPT 

displayed less CTF accumulation in the nucleus when compared with cells treated 

with only IGF-1 and DAPT. Although our data does indicate a potential need for 

clathrin-mediated endocytosis with respect to CTF nuclear translocation, the REAP 

fractionation protocol has some inherent limitations. The main limitation is the fact 

that cellular lysates across different samples can’t be normalised by means of a 

colorimetric assay. Soluble protein is only released from the “whole cell” and 

“nuclear” fractions following addition of laemmli buffer therefore no assay can 

subsequently be performed to quantify the protein concentration isolated from each 

different fraction. Secondly, different fractions display differential protein 

enrichment. We attempted to account for this by loading the different fractions at 

different ratios however, again, this is performed using protein lysates which have 

not been normalised. Based on the levels of Histone H3 detected in the “whole cell” 

and “nuclear” fractions of our assay, it is evident that there was uneven protein 

concentrations across sample types. Cells treated with the combination of IGF-1, 

Pitstop and DAPT displayed much lower protein levels when compared with the other 

two treatment conditions. Taking these limitations into account, our fractionation 

data suggests that Pitstop may well have suppress nuclear accumulation of the IGF-

1R CTF-GFP however we can’t definitively determine that it is an essential regulatory 

step. 

 

Having identified potential regulatory steps of IGF-1R regulated intramembrane 

proteolysis utilising a western blotting-based approach, we sought to elucidate a 

cellular function for IGF-1R regulated intramembrane proteolysis. Contemporary 
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data regarding IGF-1R translocation to subcellular organelles, and its functions 

therein, seem to converge on cell migration, chemoresistance and metastasis. 

Current data insinuates that IGF-1R subcellular translocation contributes to 

emergence of a more malignant and metastatic phenotype across a slew of cancers. 

With this in mind, we decided to investigate the effects of our arsenal of 

pharmacological agents on IGF-1-induced cell migration using a HeLa cell model. 

Utilising a customised puncture wound healing assay protocol we examined the 

effects of our pharmacological agents individually and in combination to determine 

if they were capable of suppressing IGF-1-induced cell migration in our HeLa cancer 

cell model. The administration of DAPT and Pitstop individually was incapable of 

suppressing IGF-1 induced cell migration, however, HeLa cell treatment with 

batimistat alone was able to significantly suppress IGF-1-induced cell migration. With 

DAPT and Pitstop having failed in individual treatments we hypothesised that 

perhaps a combination of the two was required to suppress migration. 

Unfortunately, the combination of DAPT and Pitstop over the course of 20 hours lead 

to significant cell detachment during crystal violet staining. Detachment indicates cell 

death in this instance, and a robust level of cell detachment was observed across a 

range of Pitstop concentrations. As a result of this cell detachment, we deemed the 

combination of DAPT and Pitstop unsuitable for our analysis. It is likely that the 

combination of gamma-secretase inhibition coupled with suppression of endocytosis 

over a protracted period exerts excessive stress on cells leading to apoptosis. 
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4.2 Future perspectives 
Data gathered using our kinase-dead mutant indicates that IGF-1 induced receptor 

activation catalyses receptor proteolysis. However, when this hypothesis was further 

examined with an assay which made use of BMS-754807, a potent reversible 

inhibitor of the IGF-1R/insulin receptor family kinases, there was no significant 

suppression of CTF accumulation across samples. It would likely be more optimal to 

perform these assays in a cancer cell line with high levels of endogenous IGF-1R 

expression such as MCF-7 cells. The overexpression of the receptor may impinge 

upon the activity of BMS-754807 and may hamper its ability to suppress IGF-1-

mediated receptor activation. While our data indicates that metalloproteases are 

likely the sheddases which catalyse IGF-1R ectodomain shedding, replicating our 

western blot-based batimistat ectodomain shedding assay with a broad-spectrum 

serine protease inhibitor (such as camostat) would further clarify the mediators of 

IGF-1R ectodomain shedding. Furthermore, in place of a broad-spectrum 

metalloprotease inhibitor (batimistat), it could be worthwhile using specific 

inhibitors of ADAM family proteins and/or inhibitors of matrix metalloproteases to 

further validate IGF-1R ectodomain shedding. Importantly, cell lysis, and subsequent 

western blot analysis of intracellular CTF accumulation, is only one means by which 

IGF-1R ectodomain shedding could be investigated. Shedding of the IGF-1R α-chain 

into the extracellular space could be examined as another measure of the degree of 

ectodomain shedding in the presence of various pharmacological agents. 

Hypothetically, cells could be treated with sheddase inhibitors and the expended cell 

culture media could be collected and processed via TCA precipitation. The isolated 

precipitate could then be assayed, by ELISA and/or western blotting, using an 

antibody specific to an epitope present in the IGF-1R α-chain. Any difference in α-

chain accumulation in this context could be compared to CTF accumulation under the 

same conditions. A molecular approach to the same query could be to generate 

ADAM/MMP knock-out cell lines and perform such assays in this cell system. With 

regards to our internalisation assays, using both endocytic inhibitors and a gamma-

secretase inhibitor, it does seem as though clathrin-mediated endocytosis is required 

for the processing of IGF-1R by gamma-secretase. Our data subtly suggests that 

gamma-secretase cleavage of IGF-1R is primarily mediated by presenilin-2 however 
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our data alone does not definitively conclude whether such processing is augmented 

by different permutations of gamma-secretase complexes. To parse apart to role of 

different gamma-secretase complexes in IGF-1R cleavage, our internalisation assay 

could be performed in knock-out cell lines of either presenilin-1 or 2. This would 

provide more compelling evidence as to which presenilin isoform is required for IGF-

1R processing. In the context of subcellular translocation, there is much analysis still 

required. We interrogated nuclear translocation of the CTF only using Pitstop, 

therefore it is advisable to perform REAP subcellular fractionation with other 

inhibitors such as Dynole and methyl-β-cyclodextrin. This would further support our 

current hypothesis that CTF nuclear translocation necessitates clathrin-mediated 

endocytosis, consistent with the full-form receptor.  

 

To interrogate the proteolytic processing of the receptor under pseudo-physiological 

conditions, cleavage analysis assays using our menagerie of pharmacological agents 

could be performed in a cancer cell model with robust endogenous IGF-1R 

expression, such as MCF-7 cells. These cells respond well to IGF-1 stimulation and 

highly express IGF-1R endogenously. The use of overexpression, as we have done, is 

useful for proof-of-concept based analysis however the translatability and relevance 

of such work is obfuscated by the synthetic creation of ideal conditions for CTF 

accumulation. In the case of our wound healing assays, more combinations of our 

pharmacological agents could be performed to reveal potential synergistic effects 

across our range of inhibitors. IGF-1-induced cell migration could be further 

interrogated with a more diverse range of pharmacological agents such as CavME 

inhibitors and serine protease inhibitors. A means by which our hypothesis that IGF-

1R ectodomain shedding contributes to the dissolution of focal adhesions and, by 

extension, potentiates cell migration in response to IGF-1 could be examined is co-

immunoprecipitation (co-IP). IGF-1R co-IP alongside β1-integrin (common IGF-1R 

interacting partner in focal adhesion complexes) +/- batimistat could reveal whether 

our hypothesis is correct. Hypothetically, we would anticipate that administration of 

batimistat would maintain IGF-1R association with β1-integrin. This could be 

validated through western blot analysis.  
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4.3 Conclusion 

From our western blot analysis across various assays, we propose a framework for 

RIP of IGF-1R. Ligand-binding induces ectodomain shedding, likely catalysed by 

metalloproteases, which generates a membrane anchored IGF-1R CTF. This CTF is 

subsequently internalised in a clathrin-mediated endocytosis-dependent fashion 

after which it undergoes proteolytic processing by gamma-secretase (likely 

complexes containing presenilin-2 which are the prominent complex type within 

endocytic compartments) (Meckler and Checler, 2016). This processing by gamma-

secretase then produces a soluble intracellular IGF-1R ICD of ~50kDa as reported by 

McElroy et al 2007. The production of the IGF-1R CTF, and by extension the ICD, is 

likely catalysed by ligand-mediated activation of receptor activity. Furthermore, the 

IGF-1R CTF (and likely the ICD) can undergo nuclear translocation however, it remains 

unclear whether nuclear translocation of the IGF-1R ICD is clathrin-mediated 

endocytosis-dependent whereas our current data seems to indicate that clathrin-

mediated endocytosis modulates CTF nuclear translocation. Based on data generated 

from our wound healing assays, it appears that IGF-1R ectodomain shedding, 

catalysed by metalloproteases, may be involved in IGF-1-mediated cell migration. 

Ectodomain shedding of IGF-1R may disrupt its localisation within focal adhesion 

complexes thus promoting dissolution of such complexes, and enhanced cell motility 

as a result. Prevention of ectodomain shedding in this context may retain IGF-1R in 

these complexes thus retarding the dispersion of focal adhesions and impeding cell 

migration. Importantly, a constraint of this conclusion is the fact that batimistat 

displays a non-specific broad-spectrum inhibition of metalloproteases. This 

behaviour is pertinent in the context of cell migration due to the inhibition of matrix 

metalloproteases (MMPs). Many cancers increase their expression of MMPs to 

enhance their migratory capacity through remodelling of the extracellular matrix. 

Matrix remodelling is intimately linked to the migration and extravasation of tumour 

cells therefore it is plausible that the suppression of IGF-1 induced migration by 

batimistat occurs, in part, due to inhibition of MMP activity. Regardless, there is 

potentially a rationale for targeting RIP of IGF-1R as a means of attenuating IGF-1 

induced cell migration.  
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Figure 14: Diagrammatic overview of our proposed framework for IGF-1R RIP and 

CTF localisation 

A) Ligand binding induces metalloprotease-mediated ectodomain shedding thus 

producing a membrane anchored CTF which serves as a substrate for gamma-

secretase mediated proteolysis. B) CTF undergoes clathrin-mediated endocytosis 

after which IGF-1R is cleaved by gamma-secretase complexes. C) IGF-1R CTF appears 

to undergo nuclear translocation alongside the full-form IGF-1R. Once in the nucleus, 

IGF-1R modulates the expression of cell migration associated genes. 
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