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Preface
This present study was carried out at London South Bank University. The focal point of the study was my passion to learn more about cancer and to have a better understanding of nuclear insulin-like growth factor receptor 1 association with oncology. 
This study was planned to be an experimental study, in which I was supposed to conduct co-immunoprecipitation and Western blot experiments, as well as kinase assay, in order to validate previous bioinformatic results by Dr. Aleem’s team. However, the major problem that I faced was due to the current Covid-19 pandemic. It was not possible to go to the lab due to the lockdown. We, therefore, decided to do a literature review instead.  

The objective was to make this study as accurate as possible. I apologize, in advance, for any error found which were certainly not knowingly made. Above all, the purpose of the study will be served if it becomes source of knowledge for general public.
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ABSTRACT
Background: Insulin-like growth factor receptor-1 (IGF-1R) overexpression is associated with cancer, it promotes cell migration, invasion, and proliferation. IGF-I and IGF-II ligands bind to IGF-1R and activate the signal transduction pathway. Such significant signalling pathways are essential to target in cancer. The preclinical targeting of IGF-1R was successful, however, it failed in the clinic. Recently, it has been discovered that plasma membrane IGF-1R translocates to the cell nucleus. In various types of cancer and non-cancer cells, IGF-1R accumulates in the nucleus but it is not certain whether IGF-1R nuclear translocation have alternative functions in the human body. Whilst nuclear IGF-1R topic is fairly new, the present study brings together the available research and literature published in this field. 
Aims: IGF-1R-targetting agents include monoclonal antibodies, small molecule tyrosine kinase inhibitors and ligand binding antibodies which entered the clinical trials, however, despite the successful early phase trials of IGF-1R, the clinical trials of these inhibitors failed to show clinical benefit in cancer patients. The aim of this study is to gain an understanding of reasons behind the failure of these clinical trials. Cell membrane IGF-1R localizes to the cell nucleus predominantly in various types of cancer and in non-cancer cells as well. This study aimed to investigate the mechanism of IGF-1R nuclear translocation, nuclear IGF-1R binding proteins and potential functions of nuclear IGF-1R. 
Results: The reasons behind the clinical failure of IGF-1R inhibitors include high homology between insulin and IGF-1R in their amino acid sequence, structure, function, and parallel growth and survival pathways, thus causing adverse side effects in patients. Another significant reason for the failure were absence of predictive biomarkers from the design of anti-IGF-1R network clinical trials. Our study demonstrates that full-length IGF-1R translocates to the nucleus. IGF-1R accumulates in the nucleus via SUMOylation and clathrin-mediated endocytosis. In addition to the canonical IGF-1R mediated functions, IGF-1R regulates additional pathways in the nucleus including transcriptional regulation and DNA damage. 
Conclusion: The similarity that exists between IGF-1R and insulin makes it rather complex for inhibitors to target IGF-1R in cancer. Integration of biomarkers is required in all clinical investigation. IGF-1R predominately accumulates in nucleus of cancer cells, such as breast cancer, renal cancer, prostate cancer, and various types of sarcomas. Most importantly, targeting nuclear IGF-1R may successfully lead to target human cancer. The precise mechanism and functions of nuclear IGF-1R are not fully elucidated. In future, a comprehensive analysis is required to understand the functions of nuclear IGF-1R in cancer, its binding proteins which retains IGF-1R in the nucleus, and ways to target this network to overcome resistance to targeted therapies in cancer.
Abbreviations

ALK                                                                                               Anaplastic lymphoma kinase
AML                                                                                                    Acute myeloid leukaemia
AR                                                                                                                Androgen receptor 
Areg                                                                                                                       Amphiregulin
ASO                                                                                                   Antisense oligonucleotide
DDT                                                                                                      DNA damage tolerance
DFS                                                                                                          Disease-free survival
DSB                                                                                                           Double strand break
EEA1                                                                                                Early endosome antigen 1
EGFR                                                                                     Epidermal growth factor receptor
EMSA                                                                                  Electrophoretic mobility shift assay
ER                                                                                                               Oestrogen receptor
FACS                                                                                  Fluorescence activated cell sorting 
GD                                                                                                                    Graves’ disease
GH                                                                                                                   Growth hormone 
GHRH                                                                               Growth hormone-releasing hormone
HCC                                                                                                   Hepatocellular carcinoma
HEK                                                                                                   Human embryonic kidney
HR                                                                                                     Homologous recombinant
IGF                                                                                                      Insulin-like growth factor
IGFBP                                                                       Insulin-like growth factor binding proteins
IGF-1R                                                                               Insulin-like growth factor receptor 1
IHC                                                                                                         Immunohistochemistry
IR                                                                                                                       Insulin receptor
IRS-1                                                                                              Insulin receptor substrate-1
LEF1                                                                                 Lymphoid enhancer-binding factor 1
mAbs                                                                                                      Monoclonal antibodies 
MAPK                                                                                     Mitogen-activated protein kinase
MS                                                                                                               Mass spectrometry
mTORC                                                                     Mechanistic target of rapamycin complex
NHEJ                                                                                            Non-homologous end joining
nIGF-1R                                                                Nuclear Insulin-like growth factor receptor 1
NLS                                                                                            Nuclear localization sequence
NPC                                                                                                Nasopharyngeal carcinoma
NSCLC                                                                                       Non-small cell lung carcinoma
OS                                                                                                                     Overall survival
PCNA                                                                                      Proliferating cell nuclear antigen
PDGFR                                                                          Platelet-derived growth factor receptor
PFS                                                                                                    Progression free survival
PI3K                                                                                                Phosphoinositide 3-kinase 
PIP3                                                                         Phosphatidylinositol (3,4,5)-trisphosphate
PKB                                                                                                                 Protein kinase B 
PR                                                                                                          Progesterone receptor 
RCC                                                                                                         Renal cell carcinoma
RMS                                                                                                         Rhabdomyosarcoma
RTK                                                                                                    Receptor tyrosine kinase
SMS                                                                                                                      Somatostatin
SS                                                                                                                  Synovial sarcoma
STS                                                                                                             Soft tissue sarcoma
SUMO                                                                                             Small ubiquitin-like modifier
TDLU                                                                                                 Terminal duct lobular unit
TSS                                                                                                         Transcription start site
VEGFR                                                                                 Vascular endothelial growth factor














List of figures

[bookmark: _Hlk61213964]Figure 1. Receptor tyrosine kinase downstream signalling pathways……………………………………………………………………………………...……...13
Figure 2. Diagrammatic representation of IGF-1R and IR ……………………………………………………….………………………………………….…….14
Figure 3. The structure of IGF-1R…...…………………………………………………………….18
Figure 4. IGF-1R signalling pathway …………………………………………………...………...20
Figure 5. IGF-1R signalling pathway and drug resistance mechanism………....…………….38
Figure 6. IGF-1R nuclear translocation pathway…………………………………….…………. 49
Figure 7. Replication stress events……….……………………………………………………....53
Figure 8. EMSA displays the IGF-1R: DNA interaction….………………….………..…………60
Figure 9. Western blot analysis of nIGF-1R in osteosarcoma samples……………………….62



List of tables
Table 1. Upregulation and downregulation of SUMO proteins in cancer ………………….…43
Table 2. Nuclear proteins that are associated with nIGF-1R ……………………….…………55
Table 3. Association of nIGF-1R with advanced stages of prostate cancer………………….57

Appendix 1: Clinical trials involving IGF-1R and Cancer………………………………………101
Appendix 2: Primary research articles included in the study………………………………….143







1. Introduction
The insulin-like growth factor (IGF) is a hormone-like molecule that plays a key role in childhood growth and manifest anabolic effects in adults. The data gathered throughout the most recent three decades have evidently shown that IGF is essential in tissue growth and development. Importantly, high circulatory levels of IGF leads to potential risk of developing cancer (Cardillo et al., 2003; Sachdev et al., 2003). IGF signalling pathway activation is dependent on the effective interaction between the two ligands: IGF-I/IGF-II and membrane bound receptor IGF-1R (Pollak et al., 2004). The insulin-like growth factor receptor 1 (IGF-1R) activation is important for engendering the stimulation of mitogenesis effects of IGF signalling system. In normal human tissues, IGF-1R activation is regulated at different levels, but overexpression of IGF-1R can over-activate its signalling pathway and develop cancer (Pollak et al., 2004). 
IGF-1R is a transmembrane receptor that belongs to the receptor tyrosine kinase (RTK) family. It is a tetrameric receptor comprised of the 2 subunits: α and β subunit. It induces its signalling pathway by activating mitogen-activated protein (MAP) kinase and phosphatidylinositol 3-kinase (PI3K)–Akt signalling pathway (Sehat et al., 2010), resulting in proliferation, transcription, and survival. This is known as the canonical IGF-1R signalling pathway, which is well addressed in the literature. IGF-1R preclinical and clinical studies will be discussed in the study and reasons of its failure. However, the focus of the study is the recent and interesting addition to the IGF-1R research field which is the translocation of IGF-1R to the cell nucleus.
1.1. Rationale
Evidence has recently accumulated showing that IGF-I ligand triggers the modification of IGF-1R by small ubiquitin-like modifier protein–1 (SUMO-1). The process of SUMOylation (Sehat et al., 2010) and clathrin-mediated endocytosis are imperative to induce IGF-1R nuclear localization (Aleksic et al., 2010). The functions of the IGF-1R in the nucleus are not yet fully elucidated. It has been reported that the IGF-1R binds to DNA and regulates transcription (Sehat et al., 2010). Additionally, IGF-1R has been shown to interact with nuclear proteins. However, we are still far from understanding the functions of the IGF-1R in the nucleus in health or in disease, specifically in cancer. So far, there are very few published review articles about the nuclear IGF-1R. For this reason, the present study is essential to critically analyse the literature about nuclear IGF-1R since its discovery in 2010. This will help researchers to gain insight into potential novel pathways regulated by the nuclear IGF-1R that may have future clinical implications. 
1.2. Research question
The present study reviews the role of IGF-1R and its targeting in cancer but will focus specifically on the potential functions of the nuclear IGF-1R in normal and cancer cells. Through this study we attempt to answer the following research questions: (1) Why IGF-1R clinical trials failed despite the preclinical success, what are the reasons of the failure? (2) What is the significance of nuclear IGF-1R in cancer?
Hypothesis
We hypothesize that the nuclear IGF-1R plays an important role in cancer through novel functions in regulating transcription and nuclear proteins. 
1.3. Aims and objectives

The overarching goal of this study is to understand the structure, functions, signalling pathways of IGF-1R and its role in cancer progression. The aim is to understand reasons behind the failure of IGF-1R inhibitors in clinic and investigate the mechanism of action of IGF-1R nuclear translocation. Following the aims described above, the present study has two objectives: 

(1) To review the preclinical and clinical research published so far about the IGF-1R in cancer in order to understand the reasons of why IGF-1R failed in the clinic.
(2) To analyse the data published on the nuclear IGF-1R and how it may open new channels of research that may have clinical implications in cancer biomarker discovery, and in cancer therapy.
Before we present the methodological approach used in the present study, we fill first present some background about the history, structure, and functions of IGF-1R in health. 
1.4. Background
1.4.1 History of IGF-1 receptor
In 1957 Salmon and Daughaday reported that growth hormones did not directly incorporate sulphate ions into cartilage tissue; rather a serum factor was necessary for this process which they named sulphation factor (Salmon and Daughaday, 1957). Later on, it was called somatomedin and ultimately changed into insulin-like growth factors (IGFs). There are two types of this factor which are conventionally identified as insulin-like growth factor-1 (IGF-I) and insulin-like growth factor-2 (IGF-II) (Brahmkhatri, Prasanna and Atreya, 2015). Originally, the term ‘insulin-like’ was emerged as IGF-I and IGF-II incited glucose uptake into the fat and muscle cells and these factors shared 50% homology with insulin (Rinderknecht and Humbel, 1978). The authors determined the complete amino acid sequence of IGF-I. Molecular weight of IGF-1 is 7649 Daltons, having single polypeptide chain of 70 amino acids interlinked by three disulphide bridges. The research in 1974 by Marshall and colleagues revealed that IGF receptor is markedly distinct from insulin receptor (IR) (Marshall et al., 1974). The IGF-1R was shown to be homodimer composed of two alpha and two beta chains strongly joined by disulphide bonds (Bhaumick et al., 1981) (Chernausek et al., 1981). IGF-1R is a 180 kDa precursor and cleavage of precursor generated α and β subunits which are formed as a mature α2β2 receptor following glycosylation and proteolysis (Jacobs, Kull and Cuatrecasas, 1983). 
The next landmark was the discovery of IGF-1R as a receptor tyrosine kinase which was activated and auto-phosphorylated by the binding of IGF-I (Jacobs et al., 1983; Rubin et al., 1983). This discovery suggested that despite insulin and IGF-1R have similar molecular weight and identical mode of processing they have distinct polypeptides (Jacobs et al., 1983). In 1986, the primary structure of human IGF-1R was cloned from cDNA (Ullrich et al., 1986). In addition, the study by Abbott et al. reported that the size of human IGF-1R gene is greater than 100 kilobase pairs and includes 21 exons (Abbott et al., 1992). One of earliest studies in 1984 showed that IGFs participate in mitogenic activities (Myal et al., 1984) and they were associated with growth regulation of T-47D human breast cancer cells. The presence of IGF-I receptors was shown to promote proliferative behaviour in human colon and breast cancer (Pollak et al., 1987). 1990s onwards it was fully established that overexpression of IGF-1R is implicated in multiple types of human cancers and since then numerous researches have emerged exhibiting that IGF-1R plays a critical role in cancer formation. 
1.4.2 Receptor tyrosine kinase 
IGF-1R is a part of receptor tyrosine kinase (RTK) family of receptors, 20 distinctive RTK classes have been discovered in human, including epidermal growth factor receptor (EGFR), fibroblast growth factor receptor (FGFR), vascular endothelial growth factor (VEGF) and insulin (Heymann et al., 2015). RTKs are transmembrane proteins, they act as receptors and model the key signalling pathways to transfer signals from membrane and distinguish them into several compartments (Schlessinger, 2000). 
The RTK signals are transferred through a chain of cross-link pathways (Fig 1). RTKs have their own enzymatic activity, and its kinase activity is a part of its intracellular domain (Regad, 2015). The intracellular domain acts as a tyrosine kinase which phosphorylates the amino acid tyrosine on the substrate protein. RTKs are located in the plasma membrane, the intracellular part has tyrosine amino acids, and the extracellular part has a ligand binding site where the signalling process starts. Phosphorylation is initiated by the kinase activity of the receptors. As the ligand binds to the receptor it gets auto phosphorylated, which causes the activation of Ras (a small G protein) signalling pathway and the subsequent activation of Raf kinases. Mek1/2 gets phosphorylated by Raf, which results in activation and phosphorylation of Erk1/2. Raf also induces the activation of mitogen-activated protein kinase (MAPK) (MKK4/7, MKKK3/6 and MEK5), in turn JNK1/2, p38 and ERK5 gets activated sequentially. MAP3Ks also get activated by UV radiation, oxidative stress, and inflammatory cytokines (Regad, 2015). Autophosphorylation of RTK activates phosphoinositide 3-kinase (PI3K) pathway, which causes Akt activation, which is also stimulated by mechanistic target of rapamycin Complex 2 (mTORC2) and mTORC1 is generated. Moreover, RTKs play a vital role in growth, cell survival, proliferation, differentiation, and metabolism (Regad, 2015). 
[image: ]
Figure 1: A Receptor Tyrosine Kinase downstream signalling pathway. This figure is taken from Regad, 2015. 
1.4.3 IGF receptors 
IGF receptors include IGF-1R and IGF-2R, insulin receptors A and B and hybrid receptors IGF-1R/IR-A and IGF-1R/IR-B (Kim et al., 2009). These IGF-1R and IR hybrids are detected in all cells and tissues where both IGF-1R and IR are expressed. The two major receptors of IGF system are IGF-1R and IGF-2R and they are transmembrane glycoproteins; however, both are completely distinct in structure and function (LeRoith et al., 1995). IGF-1R, a tetramer of two identical α and two identical β-subunits, it shares ~60% of homology with IR. IGF-1R and IR can hybridize by contributing one α and one β subunit of each receptor to shape as heterodimers (LeRoith et al., 1995). They can function predominantly as heterodimer hybrids and the composition of these hybrid receptors differ in tissues and cell lines. IGF-1R binds to IGF-I and IGF-II with high affinity, it can also bind to insulin with low affinity and the insulin receptors bind to insulin with high affinity and IGFs with low affinity (Fig 2). These characteristics plays an important role for the receptors to perform their different bioactivities. Importantly, IGF-1R and IR hybrid bind to IGF-I and/or IGF-II with high affinity than insulin (Hakuno and Takahashi, 2018).
[image: ]
Figure 2. Diagrammatic representation of IGF-1R and IR. This figure is taken from Hakuno and Takahashi, 2018.
Although IGF-1R and IR are structurally homologous they have distinct pathways and activities. For example, IGF-1R is highly expressed during prenatal development and high expression of insulin is observed in liver, muscle, and adipose tissues (LeRoith et al., 1995). IGF-1R signalling pathway is implicated in cell proliferation, growth, survival, and inhibition of apoptosis. On the other hand, insulin produce short term effects and it plays a critical role in the body's metabolism. It facilitates glucose and amino acid transport, promotes protein synthesis, glycolysis, glycogenesis, lipogenesis (Hakuno and Takahashi, 2018). 
The liver controls the circulatory levels of insulin-like growth factors. The production of IGF-I is controlled by liver and hepatocytes. Growth hormone (GH), is produced in the pituitary gland under the regulation of hypothalamic growth hormone-releasing hormone (GHRH) and somatostatin (SMS), gets released in the blood stream which stimulate the liver to produce IGF-1 (Pollak, Schernhammer and Hankinson, 2004). The liver is also responsible for the production of Insulin-like growth factor binding proteins (IGFBPs). Importantly, other than the endocrine source, IGFs and IGFBPs can also be produced via autocrine and paracrine mechanisms. IGF-II is not regulated by GH; however, it is expressed in liver and extrahepatic sites. The ligands IGF-I and IGF-II bind to IGF-1R, a cell-surface tyrosine kinase signalling molecule through which the intracellular signalling pathways for the cell proliferation and survival are activated. IGF-1R phosphorylation activates downstream signalling molecules including PI3Ks, AKT, TOR, and MAPK. IGF-II binds to IGF-2R and does not play a part in the signal transduction pathways. 
[bookmark: _Hlk61214694]1.4.4 IGFs and IGFBPs in cancer
The six insulin-like growth factor-binding proteins IGFBP-1, IGFBP-2, IGFBP-3, IGFBP-4, IGFBP-5, and IGFBP-6 are secreted proteins of 24 to 45 kDa (Haywood et al., 2019), which interact with IGF-I, IGF-II, and other ligands as well. The IGFBPs regulate IGF actions, enhance half-life of IGFs, and perform their functions as a transport protein. IGFBPs bind to IGF-I and IGF-II with almost similar affinities, although just IGFBP-6 binds to IGF-II with high affinity (Baxter, 2014). The primary structure of IGFBPs is comprised of three domains: N-terminal, C-terminal and central linker domain. The highly conserved N-terminal and C-terminal domains administer the IGF binding. The central linker region, which is least conserved, is a site of posttranslational modifications especially phosphorylation, proteolysis, and glycosylation. All IGFBPs share 50 homologies, however, they indeed possess individual characteristics as well. IGFBPs have dual functions including tumour growth regression as well as promoting oncogenesis (Baxter, 2014).
IGFBPs circulation in complex with IGF-I/II ligands reduce the bioavailability of IGFs, which can be implicated in tumorigenesis. In addition, certain studies suggest that IGFBPs can be useful as a tissue biomarker and despite the growing evidence of this notion, not much research has been carried out. Aleem et al. (2012) showed that serological levels of IGFBP3 are a better biomarker for the prediction of the development of hepatocellular carcinoma (HCC) in the chronic hepatitis C virus patients with liver cirrhosis. 
IGFBP-1 was the first to be discovered in association with cancer (Baxter, 2014). Moreover, IGFBP-1, -2 and -5 might have IGF-independent functions for example, cell adhesion and migration (Jones and Clemmons, 1995). On the other hand, IGFBP-3 with IGFBBP-3, it might play a role in tumorigenesis as it stabilizes IGF-I. The study by Nickerson et al. showed that IGFBP-3 enhance mitogenic action of IGFs and also blocks their antiapoptotic effect (Nickerson, Huynh and Pollak, 1997). In contrast, IGFBP-4 and IGFBP-6 do not enhance actions of IGFs but can inhibit their mitogenic actions (Yu and Rohan, 2000). In early 1990s, increased IGFBP-2 expression in patients with ovarian cancer was associated with carcinoma antigen 125 (Flyvbjerg et al., 1997). Furthermore, no IGFBP mutations have been discovered in cancers, making it hard to understand the role of IGFBPs in carcinogenesis. 
Phosphorylated IGFBP-1 is secreted in hepatoma and other cancer cell lines and it increases cell motility via binding to α5β1 integrin (Baxter, 2014). IGFBP-2 overexpression notably increases cell growth and metastasis in some cancer cell models such as ovarian prostate, bladder, and glioblastoma. IGFBP-3 can act as a tumour suppressor and is downregulated in many types of cancers, but its overexpression is linked to poor prognosis. In contrast, IGFBP-5 overexpression in some tumours is associated with antiproliferative and antiapoptotic effects, however, in some other cancers it can drive IGF-dependent and IGF-independent survival and proliferation. IGFBPs might mediate chemotherapy-induced irreversible cell cycle arrest. Preclinical results show that IGFBP-3 can potentially be used as a single-agent therapy, as it resulted in decreased growth in colorectal and lung cancer in combination with the inhibition of IGF-I-stimulated AKT phosphorylation (Baxter, 2014). Moreover, some IGFBPs can translocate to the cell nucleus. IGFBP-3 and IGFBP-5 interact with importin-β through nuclear localization sequence (NLS) motifs in the C-terminal domain to translocate to the nucleus. IGFBP-2 interacts with importin-α and this binding protein lacks the C-domain NLS motif, but it does contain functional NLS in the central domain. More importantly, IGFBPs can be implicated in drug resistance, this can be important for cancers which are caused by ligand-dependent IGF-1R activation.
[bookmark: _Hlk61214711]1.4.5 Structure of IGF-1R
The IGF-1R has a tetrameric structure which is integrated as a single chain α-β pro-receptor that is processed by proteolysis and glycosylation. The mature form of IGF-1R consists of two identical α subunits and two identical β subunits, linked by disulphide bonds (Valenciano et al., 2012). IGF-1R is known as a multi domain tyrosine kinase receptor. The α subunit is the ligand binding domain and β subunit is composed of the transmembrane domain, an intracellular domain with tyrosine kinase activity and C terminal domain (Fig 3). IGF-1R binds to IGF-I with high affinity and the circulatory levels of IGF-I is controlled by the liver, which is regulated by growth hormone. The α subunit of IGF-1R contains 710 amino acids whereas the β subunit contains 627 amino acids which are scattered around the extra cellular domain, transmembrane domain, and intracellular domain (Girnita et al., 2014). Moreover, the transmembrane and intracellular domains are further subdivided into three domains: the juxtamembrane domain, the tyrosine kinase (TK) domain, and the C-terminal (Fig. 3). The juxtamembrane region of IGF-1R contains NPXY motifs and the ATP binding motif which are required for MG-ATP binding. The IGF-1R TK domain is a cluster of three tyrosine’s which are essential for the autophosphorylation of the receptor. The C-terminal domain contains regulatory elements vital for smooth functioning of IGF-1R (Girnita et al., 2014). 
[image: Fig. 1]
Figure 3. The structure of IGF-1R (α and β subunits). This figure is taken from Girnita et al., 2014. 
The N-terminus of the IGF-1R contains leucine-rich repeat domain (L1), a cysteine rich domain (CR), following another leucine-rich repeat domain (L2) (Menting et al., 2015; Ward et al., 2013). The Cys-rich region contains 22 cysteine residues. The C-terminal of the IGF-1R contains three fibronectin type III domains, (FnIII-1, FnIII-2, and FnIII-3). The FnIII-2 domain is the insert domain, a polypeptide sequence of ~100 residues, which have the site of proteolytic processing. Proteolysis mature the α and β precursors (Menting et al., 2015). In addition, intracellular each IGF-1R monomer consists of tyrosine kinase domain, having two regulatory regions, a juxta membrane domain (residues 930-972) and a C-terminal (residues 1230-1337) (Ward et al., 2013). The C-terminal region of the kinase domain is Phe 1229 (or shorter). Moreover, α-subunit consists of 38 cysteine residues and the β-subunit consists of total three extracellular and five intracellular cystine residues.
1.4.6 IGF-1R Signalling Pathway
IGF-1R regulates two important pathways: the phosphoinositide-3-kinase–protein kinase B/Akt (PI3K-PKB-) pathway and the Ras/ MAPK pathway (Fig. 4). The PI3K-PKB/AKT pathway was first described in the 1980s (Hemmings and Restuccia, 2012). Upon the activation of this highly conserved pathway, it inhibits apoptosis and induces the stimulation of protein synthesis. PKB/ Akt activates mammalian target of rapamycin (mTORC1) by phosphorylating it and inactivating PRAS40 and TSC2. The mTORC1 activation in turn phosphorylates ribosomal protein 6, therefore, resulting in protein synthesis (Hemmings and Restuccia, 2012). On the other hand, MAPK pathway activation results in cell proliferation. The Ras/Raf/MAPK pathway transduce signals to the cell nucleus where genes are activated for cell growth, proliferation, and differentiation. The insulin receptor substrate 1 (IRS1) mediates the activation of several downstream substrates such as Grb-1, SOS and SHC. PI3K along with the interaction of IRS1, produces phosphatidylinositol (3,4,5)-trisphosphate (PIP3) which recruits Akt kinase. Phosphorylated Akt regulates mTOR, which initiates the anti-apoptotic effects of the receptor by inducing phosphorylation and inactivation of BAD, which is a pro-apoptotic member. MAPK pathway regulates programmed cell death apoptosis, following RAS activation and Raf1/MAPK-independent pathways. Subsequently, IGF-1R activates RHOA which increase cell motility (Iams and Lovly, 2015).
IGF-I and IGF-II exert their effects through endocrine, autocrine, and paracrine mechanisms. Both of these ligands activate IGF-1R signalling as shown in Fig 4. 
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Figure 4. IGF-1R signalling pathways. This figure is taken from Iams and Lovly, 2015.
In summary, ligand binding may occur with IGF-1R as homodimer or heterodimer with insulin receptor as isoforms A or B (INSR-A and INSR-B). The binding of ligands with IGF-1R results in activation of β subunit which then initiates downstream signalling pathways. Ligand-activated IGF-1R binds to intracellular adaptor proteins, primarily with IRS1. It can also bind to other adaptor molecules such as SHC1, GAB and CRK. Moreover, various intercellular signalling pathways are activated. On the one hand, there is IRS1-AKT1-MTOR pathway with two small molecules p85 (subunit of PI3K) and p110 right after IRS1, respectively. This pathway may end up at synthesis of specific proteins or activation of BAD which leads to blocking of apoptosis. Another signalling pathway starts at the activation of SHC via GBR2-SOS-RAS-RAF-MEK and ends at ERK. This pathway results in cell growth and proliferation (Iams and lovely, 2015). Activated IGF-1R advances cell motility through the activation of IRS2, which modifies the integrin expression through a poorly understood mechanism involving small G protein RHOA, Rho-kinase, focal adhesion kinase and PI3K (Lee et al., 1999). 
[bookmark: _Hlk61214746]1.4.7 Functions of IGF-1R in Health
IGF-1R signalling pathway regulates essential processes such as growth, development, and metabolism. On the cellular level, the most significant cellular processes regulated by this pathway are cell proliferation, differentiation, survival, and glucose metabolism. This signalling pathway dysregulation is implicated in several diseases including altered metabolic processes, neurodegenerative diseases, and cancer (Jung and Suh., 2015). IGF-I promotes the progression of cell cycle from G1 to S phase thus, it has also known as a cell cycle progression factor (AsghariHanjani and Vafa, 2019). Activated pathway of IGF-1R can suppress apoptosis via inhibiting the stimulation of interleukin-1β-converting enzyme-like proteases, glycogen synthase kinase 3 and mTOR. Overactivated PI3K/Akt pathway also accelerates the ageing process (AsghariHanjani and Vafa, 2019). 
IGF-I is the most essential ligand for IGF-1R and hybrid receptors. In spite of the remarkable similarity between IGF-I, IGF-II, and insulin, every ligand can bring about unique signalling outcomes. At high concentrations only, IGF-1R and insulin activate each other receptors, while IGF-II is unique it can bind to IGF-1R, hybrid-R, IR-A, and other related receptors (Denley et al., 2005). It is astounding how IGF-1R and IR can perform their own cell and physiological functions regardless of fundamentally similar homology. IGF-I is produced in somatic cells and in the liver under the endocrine growth hormone control whereas, IGF-II production is paracrine and autocrine. IGF-I and IGF-1R are abundant in fibroblasts (Lopez and Hanahan., 2002).
Overexpression of IGF-1R leads to greater risk of colon cancer (Vanamala et al., 2010) and inhibition of IGF-1R decrease cell proliferation. Carbohydrate restriction greatly reduce obesity-associated inflammation and slow cancer growth through IGF-I reduction (AsghariHanjani and Vafa, 2019). Interestingly, carbohydrate restriction leads to the increased intracell K+ ions in tumour cells via downregulating IGF-I pathway. IGF-1R is also associated with steroid hormones and their receptors, protein and DNA synthesis, proteoglycan synthesis and integrin type cells and cytokines i.e., transforming growth factor beta, which performs functions such as cell growth, proliferation, differentiation, and apoptosis (Jones and Clemmons et al., 1995). 
Moreover, IGF-1R signalling pathways are major mediator of tumour progression e.g., transformation in the Ras pathway of IGF-1R drive tumorigenesis and have additionally been related to poor survival. Dysregulation of PI3K pathway is implicated in several cancer types. PI3K pathway regulates cytoskeletal rearrangements, growth, proliferation, and apoptosis (Vivanco and Sawyers., 2002). Furthermore, Akt has a variety of substrates and it is activated by the direct contact of pleckstrin-homology (PH) with PIP3 to mediate apoptosis, growth, and proliferation. PI3K also regulates PI3K-mediated tumorigenesis activity.
Metabolic effects and Protein Synthesis 
Although IGF-I is generally viewed as a significant growth factor as it regulates the growth of almost all type, it has metabolic effects as well (Clemmons, 2012). IGF-I sends out signal to cells that sufficient nutrients are present to avoid apoptosis, enhance stimulation of protein synthesis, and cell division. Importantly, in neurons and fused skeletal myoblasts of adult tissues, IGF-I can regulate changes in cell metabolism. 
The protein synthesis is modulated by IGF-1R PI3K pathway (Clemmons, 2012). This signalling pathway activation phosphorylates tyrosine’s on IRS-1 adapter protein and p85 regulatory subunit of PI3K is activated. PI3K pathway leads to the stimulation of Akt which in turn terminates tuberous sclerosis complex 2 and activates mTORC1. This series of responses activate phosphorylation of p70S6 kinase and E4B1, a translational repressor. This allows the elevation of cellular protein synthesis (Clemmons, 2012). 

Ageing
The exact mechanism of aging is still not known but it is assumed that reduction in growth hormones like insulin and IGF-I are responsible for ageing (Anisimov and Bartke, 2013). Reduced levels of these hormones cause loss of muscle mass, reduced energy level, reduced mineral deposition in bones, etc. Especially in heart, IGF-I modulates various cellular processes, including growth, metabolism, apoptosis, autophagy, and senescence (Troncoso et al., 2013). Cardiac ageing is an inherent process which causes cardiac dysfunction, accompanied by molecular and cellular changes. IGF/IGF-1R signalling is involved in cardiac ageing. Furthermore, deletion of IGF-1R in cardiomyocytes may defer the formation of senescence-associated myocardial pathologies (Lee and Kin, 2018). 
IGF-I is fundamental for neurogenesis in the adult brain, and the decrease of IGF-I with ageing leads to age-related cognitive decline (Frater et al., 2018). IGF-I is believed to play a key role in ageing as high circulatory levels of IGF-I promotes ageing through oxidative stress mechanisms. Furthermore, IGF-I is also an important regulator of vascular health, and reduction in IGF-I with age can contribute to vascular mechanisms of ageing (Frater et al., 2018). 

Craniosynostosis
Craniosynostosis is premature fusing of the skull bones in babies (Kabbani and Raghuveer, 2004). The genetic contribution of craniosynostosis is poorly understood, with gene resequencing approach it was identified that mutations in IGF-1R may contribute to this disease and can cause single-suture craniosynostosis (Cunningham et al., 2011).
IGF-1 signalling pathway is also associated in the stimulation of tissues such as, skin and neurone through its capacity to prompt cell migration (Guvakova, 2007). Moreover, it causes adhesion to extracellular matrix proteins, which results in activation of integrins. Additionally, IGF-1 induces the upregulation of IGF-1R to focal adhesion proteins, promoting cell migration and invasion (Manes et al., 1999). 
IGF-1 plays an important role in embryonic and postnatal skeletal development (Tahimic et al., 2013). In vivo, IGF-1 signalling activates osteoblast survival, growth, and development (Guntur and Rosen, 2013). Osteoblast exhibit IGF-1R and hence releases IGF-1 in the microenvironment. Therefore, in these cells, mutations of IGF-1R and IGF-1 overexpression correspond with skeletal and craniofacial defects (Guntur and Rosen, 2013). Absence of IGF-1 and IGF-1R in the mutant mice brings about extreme impediment in bone development and also, hypo mineralized skeletons (Bikle et al., 2001). 
IGF-1R is expressed in normal tissues, regulates several physiological functions in growth and development. The receptor also assists the maintenance of the myocardium and brain (Yuan et al., 2018). Moreover, IGF-1R contributes to glucose metabolism and in physiology of the neutrophil. The receptor is significantly associated with the occurrence and development of cardiovascular disease and inflammation (Yuan et al., 2018). The following section will discuss the methodological approach used in this study. 
2. Methods
Although the present study is not a systematic or a meta-analysis, the preferred reporting items for Systematic Reviews and Meta-Analyses (PRISMA) checklist was used, whenever applicable, as it is also useful for critical appraisal of published reviews (Moher et al., 2009).
Study design: 
To accomplish the two objectives of the present study, two different sets of literature search criteria were used. The first set would serve to collect data published on the preclinical and clinical studies reporting on the canonical IGF-1R pathway in cancer. Critically analysing these data would shed light on potential reasons of the clinical failure of IGF-1R inhibitors in cancer despite its preclinical success. The second set of search criteria would serve to collect data published on the nuclear IGF-1R to gain insight about novel potential pathways regulated by nIGF-1R that may have clinical implications in cancer diagnosis and therapy.  
The following box shows the steps undertaken to search literature databases, collect, analyse, extract data, and formulate results.
Inclusion criteria
· Full text available.
· Original research and review articles published in English Language. 
· Any study including the association of nuclear IGF-1R expression with cancer or non-cancerous disease.
· The studies conducted on nuclear IGF-1R defining its binding partners, functions in nucleus, and mechanism of IGF-1R nuclear translocation.
Exclusion criteria
· Original studies not published in English.
· Research and/or analysis studies that included any non-disease related articles. 

Eligibility criteria:
Searches were limited to English language and study was assessed based on the availability of full text. The inclusion and exclusion criteria were defined in advance. The search results were evaluated based on comparing title, abstract and full text against defined inclusion and exclusion criteria. Furthermore, the studies were evaluated by characterizing the literature review based on the quality, relevant research designs and topic. Two spreadsheets were made first spreadsheet including all the studies of IGF-1R and cancer and second including nuclear IGF-1R, however, the papers were narrowed down which suited best with aims of the study and inclusion criteria. 

Information sources:
Various databases were used including PubMed, Cochrane Library, Science Direct, ClinicalTrials.gov, Google Scholar and ResearchGate. In addition, reference lists of articles were scanned. To reuse the figures and tables I contacted the publishers via email and journals via RightsLink to enquire about copyright. The original search for literature was run on 14th October 2019, all the IGF-1R/nuclear IGF-1R and cancer-related papers were included in the spreadsheet and the final literature search was run on 16 September 2020 on ClinicalTrials.gov (Appendix 1). 

Search:
Following the Prisma Checklist presenting below the search strategy of at least one database such that it could be repeated. For the present study, the following search terms have been applied on PubMed: 
1) Receptor tyrosine kinase activation in cancer
2) IGF-1R and cancer
3) IGF-1R in carcinogenesis 
4) IGF-1R in cancer biology
5) Role of IGF-1R in cancer 
6) IGF-1R in tumour progression
7) Functions of IGF-1R in cancer 
8) Overexpression of IGF-1R in cancer
9) 2 or 3 or 4 or 5 or 6 or 7 or 8
10) Activation of IGF axis in cancer 
11) IGF signalling pathway in cancer
12) IGF-1R pathway activation in cancer
13) IGF-1R signalling in carcinomas 
14) IGF-1R pathway in tumour cells
15) Significance of IGF-1R pathway in cancer
16) IGF-1R mediated pathway in cancer
17) 12 or 13 or 14 or 15 or 16
18) 9 and 17

Study selection:
Studies were selected based on the defined inclusion and exclusion criteria. Assessed individual articles by reading titles and abstracts and comparing them against inclusion and exclusion criteria. Articles characterized as relevant were read in full text however, precisely some were excluded with reasons such as studies that included any non-disease related articles for IGF-1R however, all non-disease related articles for nuclear IGF-1R were included. The selected studies involved IGF-1R association with cancer and its functions in health. Moreover, from 1996 till 2020 there are 25 published studies of nIGF-1R either associated with cancer or non-malignant disease which are all included in this study (including all the original and review articles). No unpublished relevant articles were obtained of IGF-1R or nuclear IGF-1R.

Data collection process
All the individual studies were carefully read based on the full text, critically analysed, and summarized (Appendix 2). After the thorough read of research papers, both original and review articles, it was then decided whether it adds new information or perspective to the thesis. Initially all the main points of each study were listed and after the analysis it was determined which relevant detail to add. No contact was established with authors of the selected studies to extract unpublished information. 

3. Results
[bookmark: _Hlk61214891]3.1 Failure of IGF-1R clinical trials
Early phase trials targeting IGF-1R in cancer showed positive results, however clinical trials of IGF-1R have been largely disappointing. The predominant reason for the failure was that IGF-1R inhibitors also inhibit the insulin receptor. Preclinical data showed IGF-1R inhibitors exhibited antitumour activity and disease stabilization in cancer patients (Iams and Lovly, 2015). Another significant reason was the lack of predictive biomarkers which identify patient’s response to a treatment. Predictive biomarkers help in preventing toxicity of systemic therapies in patients and nullify any false-negative signals (Iams and Lovly, 2015).
Clinical trials of single-agent anti-IGF-1R monoclonal antibody (mAbs) and IGF-1R tyrosine kinase inhibitors (TKIs) have showed almost negligible responses and disease stabilization in several types of cancer (Simpson et al., 2017), and as a result clinical trials were terminated. The reasons for the negative outcome of these clinical trials of anti-IGF-1R mAbs may include an ineffectiveness to induce inhibition of proliferation and survival signalling. Moreover, anti-IGF-1R mAbs may incorporate a failure to restrain IGF-II induced insulin receptor (INSR)-A signalling in cancer cells. On the other hand, IGF-1R TKIs promote the risk of hyperglycaemia because of the co-inhibition of INSR-B, which may limit the capacity to accomplish IGF-1R inhibition in human cancer (Simpson et al., 2017). 
In addition, resistance to IGF-targeted agents can result from redundancy and crosstalk between IGF-1R and some other RTK signalling pathways such as epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), human epidermal growth factor receptor 2 (HER2) and also including steroid hormone receptors e.g., oestrogen receptor (ER), androgen receptor (AR), and progesterone receptor (PR) (Simpson et al., 2017).
Another predominant reason for the failure of clinical trials were the absence of predictive biomarkers to permit determination of set of patients who may benefit from IGF-1R targeted therapies. There is an ongoing quest for predictive biomarkers, which is divided into two groups: (i) potential biomarkers in IGF-axis, (ii) biomarkers in other pathways that impact IGF-1R inhibition (King et al., 2014). In human cancer IGF-1R undergo nuclear translocation from the cell surface and is associated with gefitinib resistance (EGFR inhibition), suggesting that IGF-1R nuclear translocation can be a potential biomarker of IGF pathway activation (King et al., 2014). 
3.2 IGF-1R expression in human cancer
Overexpression of IGF-1R is positively correlated with various types of cancers (Adhami et al., 2004). IGF-1R signalling pathway has three major cellular functions: cell proliferation, cell survival and blocking of apoptosis. All these cellular functions are important for cancer cells, hence overexpression of IGF-1R is associated with greater stability and longevity of cancer cells. IGF-1R’s implication in carcinogenesis was first established in fibroblast cell lines extracted from homozygous IGF-1R knockout embryos (Sell et al., 1993). Mouse embryo fibroblast are vulnerable to oncogenic mutations, but in the absence of IGF-1R signalling pathway they are resistant to these mutations and as IGF-1R is re-expressed, they become susceptible to mutations again.  
Preclinical and clinical studies of IGF-1R have provided better understanding of its role in cancer biology. Overexpression of IGF-1R and its downstream signalling proteins was one of the early events in experimental hepatocarcinogenesis (2011). Reduced levels of IGF-1R signalling are associated with decreased tumour growth. Lopez and Hanahan, (2002) demonstrated in a mouse model, that expressing the oncoprotein (SV40T) in pancreatic islet β cells together with IGF-2 stimulation resulted in the initiation of tumours. The research by Carboni et al., 2005 described that transgenic mice expressing an active IGF-1R demonstrated abnormal development of mammary glands that evolved as mammary and salivary adenocarcinomas. Furthermore, in a 5T2MM (multiple myeloma) mouse model, when IGF-1R was targeted using picropodophyllin (a small molecule inhibitor of IGF-1R) it not just exhibited antitumor activity on MM tumour, but also impacted the bone marrow microenvironment, by controlling angiogenesis and bone disease (Menu et al., 2007). 
The above-mentioned experiments provide evidence that IGF-1R signalling pathway promotes the malignant tumour growths and promotes proliferation and metastasis. Overexpression of IGF-1R is associated with numerous types of cancer, which is discussed below. Binding of ligand IGF-I triggers a conformational change that prompts autophosphorylation in the intracellular domain of the β-subunit. Autophosphorylation of IGF-1R elevate the catalytic domain activity and the receptor promotes proliferation and cell survival via PI3K and MAPK pathways. 
IGF-1R expression in breast cancer
Breast cancer is one of the most abundant types of cancer, mostly affecting women. 95% of breast cancer arise from breast epithelial elements (Sharma et al., 2010). The 2 major types of breast cancer are (I) in situ carcinomas (II) invasive ductal carcinomas. The in-situ carcinomas arise in ductal or lobular epithelium and do not spread beyond epithelial boundaries. Invasive ductal carcinomas metastases and affects other areas of the body (Sharma et al., 2010). At least 50% breast cancers have an activated IGF-1R (Ekyalongo and Yee, 2017). Pian et al., 2018 observed abnormal ratio of IGF-1R and intragenic antisense long noncoding RNA (lncRNA) IRAIN in breast cancer cells. IGF-1R is overexpressed whilst IRIAN is downregulated. Studies have shown that therapeutically, it is essential to target IGF-1R signalling pathway to overcome breast cancer.
Epidermal Growth Factor Receptor (EGFR) and IGF-1R contribute to cancer development through their effect on cell growth and inhibition of apoptosis. EGFR and IGF-1R are overexpressed in a variety of cancers, including breast cancer (Buck et al., 2008). Both EGFR and IGF-1R can initiate cancer development and progression by promoting cell proliferation, tumour-associated inflammation, angiogenesis, and inhibition of apoptosis. In a study by Yerushalmi et al. 65% and 22.5% of breast cancer cells overexpressed EGFR and IGF-1R, respectively, in patients with basal-like breast cancer (Yerushalmi et al., 2012). EGFR and IGF-1R collaborate on several levels, either by interceding the accessibility of each other’s ligands, downstream signalling molecules or by means of G protein-coupled receptors (Oliveira et al., 2009). In breast cancer, EGFR inhibitors, for example, erlotinib is used to repress the overexpression of EGFR. IGF-1R refutes the resistance to erlotinib by initiating one half of heterodimer in the presence of appropriate inhibitor. This procedure is alluded as crosstalk between EGFR and IGF-1R and this crosstalk is involved in anti-cancer therapy. Therefore, it is necessary to target both IGF-1R and EGFR pathways in breast cancer (Jin and Esteva, 2008).
While numerous preclinical studies have demonstrated that 87% of primary breast cancer cells showed IGF-1R activation only 50% of breast tumours show phosphorylated IGF-1R by immunohistochemistry (IHC) (Law et al., 2008). The molecular type of breast cancer falls into the luminal category. The luminal subtypes are hormone receptor positive i.e., ER+ and PR+.50% of breast cancer cases belong to the Luminal A subtype, while 10-20% are Luminal B (Eroles et al., 2012). Luminal subtypes have elevated levels of IGF-1R (Kolacinska et al., 2012). IGF-1R is exhibited in 84% and 57.5% in Luminal A and B tumours, respectively. Moreover, interestingly Luminal B breast cancer having high levels of IGF-1R have better prognosis compared to low levels of IGF-1R. It has been shown that half of all luminal tumours manifest active and phosphorylated IGF-1R (Law et al., 2008). 
IGF-1R levels were reported to be 14-fold higher in human breast cancer tissue relative to normal tissue and hyperphosphorylation of IGF-1R has likewise been accounted for in breast cancer biopsies (Surmacz, 2000). It was found by Tamimi et al., 2011 that cytoplasmic IGF-1R expression was associated with the high risk of breast cancer. A total of 312 women having terminal duct lobular units (TDLU’s) epithelial cells demonstrated no or less membrane expressions of IGF-1R, however those with elevated levels of cytoplasmic IGF-1R were at the higher risk of developing breast cancer. Also, those women have 15 times greater risk of breast cancer incidence, as compared to women having no or less cytoplasmic or membrane IGF-1R expression in TDLU epithelial cells (Tamimi et al., 2011). In androgen-independent tumours cytoplasmic IGF-1 receptor was observed (Ryan et al., 2007). Jones et al., 2007 findings showed that IGF-1R is a basic regulator of mammary gland development and that anomalous levels of IGF-1R are adequate to initiate mammary epithelial hyperplasia and tumour development.
The clinical trials involving patients with different types of cancer, including breast cancer failed at phase 3 trials. The reasons include the complex structure of IGF-1R/IR and as well as lack of biological markers (Chen and Sharon, 2013). For future research it is essential to identify predictive biomarkers to improve the treatment outcome. 
IGF-1R expression in lung cancer
IGF-I is not only produced by the liver but also by targeted tissue in autocrine/paracrine fashion. In autocrine signalling pattern, the hormones effect nearby cells whereas in paracrine mechanism, hormones are released into the blood streams where they circulate and effect far away cells and tissues. In lung cancer, this targeted secretion of IGF-I and its binding with its receptor is considered more important in development and maintenance of cancer cells (Fu et al., 2016). One of the highlights of IGF-1R signalling pathway in lung cancer is PI3K-Akt pathway activation (Isoyama et al., 2015). Resistance of malignant cells to PI3K-Akt inhibitors includes the activation of IGF-1R (Isoyama et al., 2015). About 1.5 million cases of lung cancer are determined every year of which 85% are non-small cell lung carcinoma (NSCLC) (Travis, 2011). Novel therapeutic advancements in NSCLC have brought about just minor improvement of patient results; the 5-years overall survival (OS) is just about 17% (Siegel et al., 2012). Zhao et al., 2014 performed a meta-analysis to explore the prognostic value of IGF-1R in NSCLC and the association between IGF-1R expression and clinical characteristics. Their research recommends that IGF-1R positive expression is associated with a favourable disease-free survival (DFS), and IGF-1R expression is also likewise associated with tumour size and smoking status. Another study by Huang et al., 2014 showed that the genetic variation of IGF-1R might be related with significantly increased risk of lung cancer, particularly in Asian populations. 
IGF-1R signalling pathway induce (EGFR)-mutant NSCLC resistance (Lee et al., 2016). Suda., et al 2014 found that IGF-1R activation leads to erlotinib drug resistance in lung cancer. Erlotinib is a small molecule inhibitor of EGFR. IGF-1R inhibition restrains cancer cells resistance to docetaxel, carboplatin, paclitaxel and vinorelbine as well (Nurwidya et al., 2016). One of the most controversial therapy against IGF-1R in lung cancer is figitumumab. It is human-derived immunoglobulin G2 monoclonal antibody that functions explicitly against IGF-1R (Gualberto and Karp, 2009). The clinical development of figitumumab in NSCLC discontinued because of increased treatment-related deaths in the patients (Di Maio and Scagliotti, 2015). This anti-IGF-1R antibody is under review until it will help getting significant clinically relevant results. 
Taken all together, high levels of IGF-1R predominantly increases the risk of developing lung cancer in the future. Activated IGF-1R has been frequently found in promoting NSCLC progression. Furthermore, activation of PI3K-Akt signal transduction pathway mediates the resistance to lung cancer therapy. Despite the disappointing results of clinical trials, it is essential to continue clinical investigations to devise strategies for lung cancer patients. As discussed above, IGF-1R activation plays a key role in resistance to several drugs. Therefore, one of the strategies to inhibit IGF-1R activation is to overcome resistance of different TKIs (Nurwidya et al., 2016).
IGF-1R expression in prostate cancer
High levels of IGF-1R expression manifest mostly in primary and metastatic prostate cancer. At the protein and mRNA levels, a total of 54 primary prostate tissue samples exhibited the upregulation of IGF-1R as compared to benign prostatic epithelium (Hellawell et al., 2002). Grzmil et al., 2004 reported that a direct correlation exists between the inhibition of IGF-1R gene expression and either up-regulation of IGF binding protein (IGFBP)-3 or down-regulation of matrix metalloproteinase (MMP)-2 expression in androgen-independent PC-3 cells. Evidence suggests that IGF-1R signalling contribute to the development of prostate cancer progression. Findings by Saikali et al., 2008 demonstrates that IGF-I significantly enhance the intrusive capacity of U145 (prostate carcinoma cells) in vitro, and this increase was repressed by blocking IGF-1R. Hence, IGF receptor family and their ligands likewise appear to be engaged in the carcinogenesis. IGF-1R is overexpressed in several cancer types as per reported by The Cancer Genome Atlas (TCGA) data, and gene amplification mechanism could perhaps contribute for the overexpression of IGF-1R in cancer (Chen et al., 2014).
IGF-1R is present in both benign prostate and tumour epithelium. Predominantly IGF-1R and MT1-MMP (a metalloproteinase) expressions manifest in prostate cancer (Sroka et al., 2008). Elevated levels of IGF-1R have been associated with risk of prostate metastasis even after radiotherapy (Aleksic et al., 2017). Various kinds of IGF-1R inhibitors have been tested for interrupting IGF-1R signalling pathway in prostate cancer. Luteolin has been shown to inhibit signalling pathway of IGF system in preclinical trials (Fang et al., 2007). This shows that like in all other types of cancers, elevated IGF-1R and its targeting with anti IGF-1R inhibitors has been well established. 
3.3 Targeting IGF-1R in human cancer
The IGF pathway has been broadly studied as a significant signalling pathway in cancer. Aberrant expression of IGF-1R is implicated in many cancers. and is considered a promising therapeutic target as it shows pro-survival and strong anti-apoptotic capacities. IGF1R-targeting drugs are comprised of monoclonal antibodies, small molecule tyrosine kinase inhibitors and ligand binding antibodies. 
Monoclonal antibodies (mAb) are specifically selected to block IGF-1R activity. The structural design of IGF-1R tyrosine kinase inhibitors is complex as it was discovered that the kinase domain of the IGF-1R has 85% homology to that of the IR, also the ATP-binding cleft is 100% conserved (Ullrich et al., 1986). Nonetheless, there are precise differences that can be utilized in drug design. NVP-AEW541 and NVP-ADW742 are IGF-1R inhibitors, they restrain tumour development in models of Ewing sarcoma, myeloma and fibrosarcoma, and furthermore improve tumour cell chemosensitivity (Scotlandi et al., 2005). Bell et al., 2005 generated IGF-1R inhibitors that attach to the active site of the enzymes. Inhibitors that bind to the ATP-binding cleft are not specific, substrate phosphorylation site inhibitor show significant potential for IGF-1R inhibition. Furthermore, one such inhibitor, nordihydroguaiaretic acid, additionally blocks the activation of Her2 kinase and inhibits the upregulation of IGF-1R and Her-2 in vivo (Youngren et al., 2005). Girnita’s et al., 2004 developed cyclo lignan picropodophyllin (PPP), which impedes tyrosine phosphorylation of IGF-1R kinase domain. PPP does not influence the insulin receptor or engage with ATP in in vitro kinase assays, proposing that it might inhibit IGF-1R autophosphorylation. Additionally, PPP has a microtubule binding, IGF-1R-independent mechanism that results in M phase arrest (Waraky et al., 2014). 
IGF-1R monoclonal antibodies 
The very first most readily accessible humanized anti–IGF-1R mAbs were Cixutumumab (IMC-A12), Figitumumab (CP-751, 871), Dalotuzumab (MK-0646), Ganitumab (AMG 479), R1507, SCH 717454 (19D12), AVE1642 (EM164), BIIB022, and MEDI-573 (Gombos et al., 2012). MED1-573 targets IGF-I and IGF-II, this monoclonal antibody inhibits IGF-mediated activation of IGF-1R and IR-A (Gao et al., 2011). A phase I clinical trial of AVE1642 were given to patients with advanced solid tumour (Tolcher et al., 2008). AVE1642 binds to IGF-1R with high affinity and delays the growth over which the tumour cells are developed. This study showed the safe use of this antibody in cancer patients.
A humanized monoclonal antibody dalotuzumab showed promising results in patients with aggressive solid tumours. Preclinical studies indicated that dalotuzumab inhibits IGF-I and IGF-II mediated tumour growth, also IGF-1R autophosphorylation and Akt phosphorylation (Scartozzi et al., 2010). In NSCLC and breast cancer, dalotuzumab exhibits significant antitumor activities. Additionally, dalotuzumab in combination with other anticancer drugs may appear to exhibit positive clinical results (Scartozzi et al., 2010). The first inhibitors of IGF-1R, which was tested in a clinical trial, was CP-751871 (Chen and Sharon, 2013). Pharmacokinetics and maximum tolerated dose of this inhibitor was evaluated, and later CP-751871 was named as figitumumab. Early-phase 1 trial of figitumumab was evaluated in patients with advanced nonhematologic malignancies (Haluska et al., 2007). Fifteen out of 42 patients showed stable disease response, notably two lung and ovarian cancer patients showed complete response. Twenty-nine patients with Ewing sarcoma and a group of patients with different types of sarcomas were treated with figitumumab with the dose of 20mg/kg (Olmos et al., 2010). Interestingly, half of the patients demonstrated tumour shrinkage. Out of all treated patients one Ewing sarcoma patient secured pathological complete response (pCR) and one patient with partial response. Furthermore, Pfizer showed significant development of figitumumab, other pharmaceutical companies such as Amgen and Merck showed successful advancements in the development of AMG 479, later named as ganitumab, and MK-0646, later named as dalotuzumab, respectively (Chen and Sharon, 2013). Propitious results were observed with ganitumab in clinical trials. Phase II study of ganitumab in patients with Ewing sarcoma or desmoplastic small round cell tumours exhibited promising results with 49% stable disease response and 6% partial response (Tap et al., 2012). In a xenograft mouse model, IGF-1R monoclonal antibody (A12) combined with radiation treatment, delayed the growth in an adenocarcinoma cell line (Riesterer et al., 2011). BIIB022 is a non-glycosylated, anti-IGF-1R monoclonal antibody, this antibody does not have effector functions as like other anti-IGF-1R antibodies. A multi-institutional phase I study by von Mehren et al., 2014 revealed that BIIB022 can be given to patients with relapsed and refractory solid tumours at 30mg/kg at regular intervals. BIIB022 functions as an allosteric mechanism (allosteric control) is the regulation of specific enzyme which bind to the effector molecule at a site other than the enzymes active side. Therefore, BIIB022 binds to the fibronectin III-1 domain of IGF-1R which differs from IGF-I and IGF-II bindings regions.  
To optimize the therapeutic strategies, it is imperative to understand the intrinsic complexities that exist in these four receptors i.e., IGF-1R, IGF-2R, IR and hybrid receptors. The predominant complexity arises from the fact that both IGF-1R and IR can function as homodimers and can form a hybrid as well. Co-targeting strategies can prove to be effective and dual targeting of IGF-1R by the two antibodies can show optimum results. Based on this hypothesis, a study by Dong and colleagues identified BIIB4 and BIIB5 which can block both the ligands binding to IGF-1R by the means of competitive and allosteric mechanisms (Dong et al., 2010). BIIB4 and BIIB5 combined reduced tumour growth of osteosarcoma and hepatocellular carcinoma also promoted IGF-1R downregulation. As IGF-1R was downregulated this treatment proved to be an effective strategy to target the IGF-1R pathway in cancer. 
In summary, IGF-1R can be inhibited through numerous approaches, one such approach has been described above. Monoclonal antibodies bind to the extracellular domain of the receptor and therefore, block the ligand binding. As mentioned earlier, several human anti-IGF-1R monoclonal antibodies demonstrate antitumour activity. 
Small molecule inhibitors
Small molecule inhibitors target the extracellular domain, intracellular protein, and ligand-binding receptors because of their small size (Imai and Takaoka, 2006). Small-molecule tyrosine kinase inhibitors can be given orally and can cross the blood-brain barrier but if combined with other agents, it may cause drug–drug interactions and thus can be proved as toxic (Yin et al., 2010). Small-molecule tyrosine kinase inhibitors might be associated with more serious metabolic unfavourable result than monoclonal antibodies, as they can influence both IR and IGF-1R pathways (Arora and Scholar, 2005). Contrarily, small-molecule IGF1R tyrosine kinase inhibitors can potentially have advantage over antibodies as per their more extensive range of inhibition because of the incessant expression of IR in tumours (Arora and Scholar, 2005).
The combined treatment with cytostatics and small molecule tyrosine kinase inhibitors, significantly enhance the efficacy of the inhibitors, as IGF-1R is positively correlated with chemotherapy, radiation, apoptosis, and cell survival. Hopfner et al., 2006 demonstrates that NVP-AEW541 along with cytotoxic drug i.e., doxorubicin or Fluvastatin shows additive anti-proliferative effects in gastrointestinal neuroendocrine tumours. In addition, OSI-906 and BMS-754807 are the most specific small molecule TKIs, compared to others (Chen and Sharon, 2013). Moreover, an anticancer agent cyclolignan picropodophyllin (PPP) has been exhibited to have IGF-1R independent mechanisms induced by mitotic catastrophe (Waraky et al., 2014). IGF-1R TKIs manifest some IR inhibitory effect as well because of the homology between IGF-1R and IR.
The overall summary of IGF-1R targeted agents is that they operate somewhat similarly yet differ in their mechanism of action and spectrum of inhibition. For instance, anti-IGF-1R mAbs inhibit mechanism of IGF-1R and IGF-1R/IR hybrids, IGF-I and IGF-II neutralizing mAbs inhibits both homo and heterodimers of IGF-1R and IR-a and not the insulin, small molecule TKIs inhibits IGF-1R/IR signalling (Chen and Sharon, 2013).
IGF Neutralizing Antibodies
IGF Neutralizing Antibodies explicitly target IGF ligands IGF-I and IGF-II. Dusigitumab (MEDI-573, Medimmune) by AstraZeneca entered the clinical trial, showed the inhibition of IGF-I and IGF-II induced IGF-1R phosphorylation (Osher and Macaulay, 2019). Phase-I trial of dusigitumab showed antitumour activity via inhibiting IGF-1R signalling pathways. However, phase II trials conducted in patients with metastatic breast cancer showed no significant progression-free survival (Osher and Macaulay, 2019). Therefore, the failure of dusigitumab resulted in the discontinuation of this antibody. Another ligand binding antibody, xentuzumab (BI 836845) that bind to ligands IGF-I and IGF-II with high affinity, 0.07 and 0.8nmol/L, respectively show anti-cancer effects in human (Osher and Macaulay, 2019). Hence, xentuzumab is being clinically tested in several cancer such as lung, prostate, and breast. 
[bookmark: _Hlk48205804]Expression of IGF1R-inhibitory proteins
Dominant-negative proteins impede the functionality of wild-type protein usually through direct binding. The primary dominant negative IGF-1R was 486/STOP, an IGF-1R secreted with ligand-binding domain which compete for ligand binding (Riedemann and Macaulay, 2006). Similarly, 950/STOP with conserved transmembrane domain, also is a dominant-negative protein and performs its function by forming non-functional heterodimers with IGF-1R. Adenoviral-mediated delivery of dominant negative IGF-1Rs exhibit antitumor effects in a variety of cancer models. Hence, this approach can be used as an anti-IGF-1R treatment via recombinant IGF-1R dominant negatives or as a gene therapy approach. 
[bookmark: _Hlk48205813]Antisense oligonucleotides
Antisense oligonucleotides (ASOs) silence genes in DNA and can alter RNA molecules through several distinct mechanisms. Despite the fact that there are no particular limitations for the use of antisense, ASO-based strategies are influenced by secondary structures in target transcripts, to an extent that only 5-10% of mRNA are well-suited to interact with ASOs. The downregulation of IGF-1R expression induced by antisense results in reduced cell growth, mediates apoptosis, and defer tumour progression in several models (Riedemann and Macaulay, 2006). In addition, there has not been much progress in the use of antisense technology. ASO drug ATL1101, inhibited growth of prostate cancer xenografts however, it is not further tested in a clinical setting (Osher and Macaulay, 2019).
Phosphonothioate ASOs are resistant to nuclease attack in comparison to unmodified phosphodiester oligonucleotides, while conserving the function to target-specific RNase H-mediated cleavage (Riedemann and Macaulay, 2006). Pre-clinical studies exhibited the safe use of ASOs; however, clinical trials have not been successful (Di Fusco et al., 2019). A few ASOs have reached clinical trials, such as ASOs against Bcl-2 and c-Raf, but the efficacy of ASOs administration is constrained due to the problems in the cellular uptake (Riedemann and Macaulay, 2006). 
RNA interference 
RNA interference (RNAi) is a biological process first introduced in 1998 (Fire et al., 1998), double-stranded RNAs (dsRNA) initiate RNAi by activating the enzyme Dicer (a member of ribonuclease protein) into the short fragments of 20-25 base pairs having 2-nucleotide overhang at the 3’ end. These short-cleaved products are called small interfering RNAs (siRNAs). The siRNAs are integrated into an active multi-protein RNA-inducing silencing complex that includes the antisense strand of the siRNA, which directs towards the cleavage of complementary mRNA (Riedemann and Macaulay, 2006). RNAi is a regulatory cellular process which can promote apoptosis via stimulating dsRNA-dependent protein kinase and interferon expression. When gene silencing was induced in mammalian cells, it was clear that not all siRNAs were effective in the knockdown of target proteins. With all the information on the available transcripts on ASO efficacy, mRNA folding to induce IGF-1R silencing was examined by Elbashir et al., (2001). An oligonucleotide array-based screening enabled to make siRNAs which could interact with the specific regions on IGF-1R but not IR mRNA. The outcomes showed that siRNAs potentially can suppress IGF-1R expression and also the accessibility of target sequences; the inaccessible regions of the transcript targeted by duplexes induced slight downregulation of IGF-1R. The first approved RNAi-based therapeutic is ONPATTRO (patisiran). Eight siRNAs are undergoing clinical phase III trials including, Fitusiran, Inclisiran, Givosiran, QPI‐1002, QPI‐1007, SYL1001, Lumasiran, and Vutrisiran (Hu et al., 2019). 
[bookmark: _Hlk48205837]IGF-1R combined with other targeted agents 
In clinical trail the use of IGF-1R inhibitors in combination with other multiple targeted agents were tested (Appendix 1). IGF-1R combined with Adriamycin, 5-fluorouracil, or tamoxifen displayed significant antitumor activity (Cohen et al., 2005). In Estrogen Receptor (ER) positive breast cancers, IGF1R-directed therapies have been used in many clinical trials. BMS-754807, an antitumor agent combined with 4-hydroxytamoxifen, fulvestrant or letrozole showed tumour regression, enhanced apoptosis, and demonstrated anti-proliferative effects (Hou et al., 2011). Phase II trial tested cixutumumab (IMC-A12) alone or in combination with anti-oestrogen therapies in breast cancer patients who have progressed on endocrine therapy (Gradishar et al., 2016). Cixutumumab with or without anti-oestrogen therapies showed positive and safe results, however, a major setback was this clinical trial did not show any further positive development. Furthermore, in contrast vast number of clinical trials have failed and showed negative results. For example, in 2011 phase II clinical trial of breast cancer patients receiving OSI-906 and endocrine therapy letrozole with or without erlotinib was dismissed because the selected patients developed severe toxicities and showed the significant sign of tumour progression (Ochnik and Baxter, 2016).
EGFR inhibitors were tested in various range of cancer such as, colorectal, head and neck, and NSCLCs (Ochnik and Baxter, 2016). In addition, IGF-1R and EGFR combined therapies were beneficial in preclinical and clinical testing. Overholser et al. reported that inhibition of IGF-1R and HER-1 (EGFR) through IGF-1R-56 and HER-1-418 peptide mimics showed potential antitumor properties (Overholser et al., 2015). Importantly, remarkable blockade of tumorigenesis was identified in OE19 EC and MDA-MB-231 TNBC cell lines. Phase 1 clinical trial of OSI-906 and erlotinib exhibited tolerable reports of these treatments which led to successful reduction in IGF-1R/InsR phosphorylation in advanced solid tumours (Macaulay et al., 2016). AMG-479 combined with centuximab, gemicitabine, and erlotinib and EGFR inhibitors demonstrated effective tumour regression (Singh et al., 2013). In non-small cell lung and human pancreatic cancer, A-928605 inhibitor along with the combination of EGFR inhibitors exhibited positive results.
Moreover, combinational treatment by EGFR inhibitor gefitinib or erlotinib with PI3K/AKT resulted in inhibiting cell growth through antiproliferative effects on basal-like lines subtype cell lines (SUM149PT and MDA‐MB‐468), however, not on mesenchymal stem-like cell lines (S578T and MDA‐MB‐231) (Yi et al., 2013). Temsirolimus combined with cixutumumab was well-tolerated in patients with Ewing's sarcoma (Naing et al., 2012). These inhibitors combined demonstrated rather effective antitumour activities. 
Combining IGF-1R targeted therapies with other therapies will potentially help to achieve optimistic clinical results and in identification of significant ways to target complex signalling pathway of IGF-1R in cancer.
3.4 IGF-1R in drug resistance
A better understanding of how cancer cells develop resistance to targeted therapies may help to improve survival rates by overcoming resistance. Based on this, IGF-1R is intensively studied to develop tumour chemotherapeutic tolerance, however, IGF-1R mediated resistance is anticipated to be further explored. Antineoplastic agents combined with the IGF-1R monoclonal antibody has been an effective strategy to kill cancerous cells. However, not all clinical trials have shown the ideal results. In gastric carcinoma patients the correlation between IGF-1R levels and multi drug resistance-associated protein 1 (MRP1) expression demonstrated poor prognosis with adjuvant FOLFOX-4 chemotherapy (P < 0.005) (Ge et al., 2009). Notably, silencing of IGF-1R was associated with an improved response to chemotherapy in the patients with human epidermal growth factor receptor 2-negative breast cancer. Overall, 47.2% of tumours displayed reduced expression of IGF-1R during chemotherapy, however, 15.1%, a small set of tumours, displayed IGF-1R upregulation (de Groot et al., 2016). Importantly, decreased levels of IGF-1R after chemotherapy significantly link with better pathological response and long-term survival. The study by Sun et al. confirms that blocking IGF-1R signalling may allow the effective treatment of T24 bladder cancer cells that are insensitive to chemotherapy (Sun et al., 2001).
The patients who may not be well suited to undergo surgical intervention, the personalized targeted treatments are important for their survival. Furthermore, IGF-1R plays a crucial role in ovarian and prostate cancer drug resistance as well (Yuan et al., 2018). Targeting IGF-1R and PI3K signalling pathways in cisplatin-resistant ovarian carcinomas may show promising results in clinical management of this cancer (Eckstein et al., 2009). Chemotherapeutic resistance predominately generates aberrant signalling that allows cells to lose control of growth signals. Moreover, overexpression of IGF-1R also contributes to chemotherapeutic tolerance via the activation of Grb2, RAS, RAF, and MAPK pathways. These cascades function in cell survival and are a key player in activating drug-tolerant cells (Worrall et al., 2013). IGF-1R pathway induces cell proliferation, inhibition of apoptosis, and changes to ATP-binding cassette (ABC) transporter proteins and the extracellular matrix (Fig 5). 


[image: ]
Figure 5. IGF-1R signalling pathway and drug resistance mechanism: IGF-1R signalling pathway promote changes in ATP-binding cassette transporter proteins and the extracellular matrix. Silencing WT1 and Mt-p53 induces loss of inhibitory effects of IGF-1R promoter. The microRNA inhibition causes the loss of IGF-1R mRNA degradation. IGF-1R upregulation promotes PI3K/Grb2/RAS/RAF pathways which enhances proliferation and anti-apoptotic activity. Therefore, IGF-1R signalling pathway plays a key role in regulating ABC genes and also alter cell responses to chemotherapy. This figure is taken from Yuan et al., 2018. 
[bookmark: _Hlk48205870]IGF-1R in Radiotherapy
Radiation damages the structure and function of cell; it is harmful for the DNA and ultimately causes various kinds of disease. Cells in the human body upon the exposure to such radiation produce different frequencies of electrons. The electrons disseminate energy which leads to the development of free radicals (unstable chemicals). Therefore, free radicals, upon interaction with the human body, cause minor and/or major damages to DNA. The changes in DNA structure results in nucleotide excision, single strand-, and double strand breakage. Intense radiation induces multiple DNA damages (Valenciano et al., 2012). However, the cells can cope up with the damage by the DNA damage tolerance mechanisms, which enhances the chance of survival. But if the damage is unrepairable the cells initiate apoptosis. Radiation-induced damage and genomic instability lead to double strand breaks (DSBs) in DNA which is lethal to cells. DSB damage can be repaired via homologous recombination (HR) and non-homologous end joining (NHEJ) (Valenciano et al., 2012). Homologous recombination mechanisms exchange DNA strands of with the similar or identical nucleotide sequence to facilitate strand invasion. This error-free repair pathway requires RAD52, which is a DNA end-binding component (Sallmyr, Fan and Rassool, 2008). NHEJ pathway does not require a homologous sequence to repair the damage, as it can directly do so. However, a setback of this is that NHEJ is not always quite precise and can produce small regions of non-template nucleotides called microhomologies (Sallmyr, Fan and Rassool, 2008). Importantly, IGF-1R plays an important role in response to radiation in the cancer cells. Mouse embryo fibroblast cell lines with or without the expression of human IGF-1R were exposed to gamma rays and apoptotic activity was examined (Tezuka et al., 2001). Cells not expressing IGF-1R showed higher apoptotic activity following exposure to the radiation when compared to cells overexpressing IGF-1R. Furthermore, upregulated levels of IGF-IR in tumour samples highly correlated with ipsilateral breast tumour recurrence after the lumpectomy and radiation therapy (P = 0.001) (Turner et al., 1997). Importantly, targeted therapies coordinated towards IGF-1R may help cure radioresistant cancer cells. 
In high proliferative ER-positive breast cancers IGF-1R and IRS-1 levels are overexpressed, which raises the possibility of increased radio resistance and cancer recurrence (Bartucci et al., 2001). Mutational analysis revealed that Tyr-950 of IGF-IR and C-terminal domain regulate cancer radio resistance (Wu et al., 2003). The IGF-1R signalling MEK/ERK pathway significantly contributes to the resistance and the PI3K pathway coupled with MEK/ERK pathway also induce radio resistance, however notably, the PI3K pathway alone does not drive the radio resistance. The study by Lloret and colleagues studied the cervix carcinoma patients, which ubiquitously expressed IGF-1R treated with chemo/radiotherapy (Lloret et al., 2007). 93.7% of the patients expressed IGF-1R and 83.3% of patients achieved the complete response after the treatment. The response to the chemo/radiotherapy was the important prognostic factor of survival, following the treatment the patients were clinically free of disease. However, IGF-1R expression was associated with reduced long-term local control of the cancer in patients which initially respond to the radiotherapy and chemotherapy. In patients with low levels of IGF-1R, no relapse was observed resulting in a 100% 5-year local and regional control (Lloret et al., 2007). EGFR and IGF-1R play a crucial role in the cell growth and apoptosis of nasopharyngeal carcinoma (NPC). It has been shown that EGFR and IGF-1R expression played a major role in the invasion, metastasis, and recurrence of NPC (Yuan et al., 2008). Both EGFR and IGF-1R were overexpressed by 5.3% and 56% in NPC, respectively. The tissue samples collected during biopsy and Semiquantitative scoring system determined that IGF-1R was overexpressed in 42 out of 75 tissues. EGFR and IGF-1R levels were augmented in tumours with lymph node metastases. Furthermore, a positive correlation was observed between the EGFR/IGF-1R and recurrence. Recurrence appeared in patients positive for both proteins contrarily, to the patients negative for both proteins. 
Increased expression of IGF-1R in cancer cells is associated with poor clinical outcomes in breast cancer, cervical cancer, and oral cavity carcinoma patients (Valenciano et al., 2012). IGF-1R has been associated with radio resistance not only in cell lines but also in clinical setting, thereby making the receptor a predictive factor for the radiotherapy outcomes.
To sum up, IGF-1R is associated with cancer, however, IGF-1R inhibitors failed in later stage trials despite being successful in early-stage trials because the inhibitors usually inhibit insulin receptor as well. In phase I clinical trials the side effects of these inhibitors were minimal but not the same case with phase III clinical trials. In addition, not all IGF-1R inhibitors were unsuccessful. Moreover, the identification of predictive biomarkers is important to develop anti-cancer therapies and for successful clinical trials. Importantly, the rationale of the present study is to understand another aspect of IGF-1R that has not been fully covered before. Nuclear IGF-1R regulate additional pathways in the nucleus and these pathways can be targeted to inhibit cancer. The following section would thoroughly discuss nuclear IGF-1R and its implication in cancer.

1

3.5 Nuclear IGF-1R 
[bookmark: _Hlk48206531]Discovery of nuclear IGF-1R
The earliest findings regarding nIGF-1R were first reported by Chen and Roy (1996). Based on Western blotting results they identified that IGF-1R translocate to the nucleus in hamster kidney cells (Chen and Roy, 1996). Nuclear IGF-1R expression increased in the Syrian hamsters’ kidneys by a short-term exposure of a carcinogenic dose of stilbene oestrogen. The IGF-1R at the plasma membrane was increased by 30% upon treatment while the levels of renal nIGF-1R increased by 3 to 4-fold compared to control. This was coupled with an 8-10-fold decrease in the levels of one of the DNA repair enzymes, and with increased cell proliferation. This paper was the first to suggest an association between nIGF-1R and DNA repair that may induce carcinogenesis. However, the mechanism of IGF-1R nuclear translocation was not known.
It was not until 2010, when Sehat and colleagues (2010) reported that SUMOylation of the IGF-1R is essential for its nuclear translocation. The IGF-1R translocate to the nucleus as an intact receptor (comprised of α-and β-subunits). Besides, nIGF-1R was observed binding with enhancer-like elements in the genomic DNA which promoted transcription. The SUMOylation sites were recognized as three evolutionarily conserved lysine residues (Lys-1025, Lys-1100 and Lys-1120) of the beta subunit (Sehat et al., 2010).  
[bookmark: _Hlk56175747]SUMOylation is a type of post translational modification (PTM) that involves small ubiquitin-like modifier (SUMO) proteins. IGF-1R from human melanoma cells (DFB cell line) grown with or without serum using immunoprecipitation and Western blotting with anti-SUMO-1 antibody showed 145-kD band with the serum which suggested SUMO-1 modify IGF-1R and receptor is SUMOylated. Furthermore, the authors suppressed IGF-1R nuclear translocation via dansylcadaverine (is a lysosomotropic agent) or hypertonic medium suggesting that the receptor localizes to nucleus from the cell membrane. In addition, tyrphostin AG1024 (IGF-1R inhibitor) was used to determine whether receptor kinase activity was essential in nuclear translocation process. AG1024 decreased the nuclear accumulation of IGF-1R compared to control cells manifesting that kinase activity is essential for IGF-1R nuclear translocation (Sehat et al., 2010). 
[bookmark: _Hlk56175781]In the same year Aleksic et al., (2010) demonstrated that IGF-1R translocates to the nucleus, in various cancer cell lines, via clathrin-mediated endocytosis, which is regulated by the IGF-1 ligand. The IGF-1R nuclear localization was enhanced upon IGF-1 activation, also the translocation was relatively dependent on IGF-II and insulin.  Blocking IGF-1R nuclear translocation using dansylcadaverine or the dynamin- 1 inhibitor dynasore suggested that the receptor’s translocation occurs via vesicle transport. Furthermore, IGF-1R β-subunit is a γ-secretase and in prostate cancer cells γ-secretase did not affect IGF-1R nuclear import, and full length IGF-1R was detected in the nucleus. Importantly, IGF-1R is the only receptor that predominantly translocates to nucleus as a whole receptor with its both subunits (Aleksic et al., 2010).  
[bookmark: _Hlk48206622][bookmark: _Hlk56613943]SUMOylation in Cancer and Other diseases 
Post translational modification (PTM) is one of the most common and remarkable regulatory mechanisms of proteins with several cellular and biological functions. In the proteome, various proteins can be modified during or post translation. PTM include ubiquitination/ de-ubiquitination, phosphorylation/ dephosphorylation, acetylation/ deacetylation, neddylation/ de-neddylation and SUMOylation/ deSUMOylation (Bettermann et al., 2012). SUMOylation is a reversible PTM through which small ubiquitin-like modifiers (SUMO) are covalently bonded to lysine residues in a targeted protein. SUMOylation regulates the stability of various substrates and their subcellular localization. SUMOylation has gradually emerged as a significant molecular regulatory mechanism, in cell cycle, DNA repair pathways and in tumorigenesis. Proteomics screening identified cyclin-dependent kinases and cyclins as the targets of SUMOylation. SUMOylation and phosphorylation are both essential regulatory mechanisms for cell cycle progression (Alpern and Hebert, 2007). All eukaryotes express and conserve SUMO pathway and SUMOylation predominantly occurs in the nucleus (Watts, 2013). Various studies have shown that SUMOylated proteins are known to be implicated in several human diseases, proposing a significant role for SUMOylation in the disease progression. Examples include Huntington’s disease (huntingtin), Parkinson’s disease (tau, α synuclein, DJ-1), and Alzheimer’s disease (tau, APD) (Alpern and Herbert, 2007).
There are four SUMO isoforms, SUMO1, SUMO2/3 and SUMO4. In these four human SUMOs, the most common are SUMO 1-3 whilst SUMO-4 is predominantly expressed in kidney, spleen, and lymph nodes. Additionally, the size of these proteins is about ∼12 kDa. SUMO-1 is the most broadly studied out of all four (Bettermann et al., 2012). The SUMOylation process includes four enzymes: the activating enzyme E1 (i.e., SAE1, SAE2 also known as UBA2/ ASOS1), enzyme E2 (UBC9), enzyme E3 ligases and Sentrin/ SUMO-specific proteases (SENPs), which are involved in regulation of SUMO and deSUMOylation. Moreover, UBC9 is a SUMO-conjugating enzyme which plays a pivotal role in SUMOylation. UBC9 typically recognizes protein substrates and conjugates SUMO to the protein substrate (Zhang et al., 2015). 
SUMO proteins are inactive precursors which undergo a cleavage by the SENP family. The cleavage process discloses a C-terminal diglycine motif, which exposes SUMO to conjugate to the lysine residues of target proteins. SUMO conjugation is mediated through E1, E2 and E3 enzymes (Wilkinson and Henley, 2010). The SUMO cycle stages include: 1) ATP-dependent mechanism provides the means of stimulating mature SUMO proteins on an active site of enzyme (E1, heterodimer of SAE1 and SAE2). A thioester bond is formed with cysteine residues in the SAE2 and C-terminal glycine residue of SUMO. 2) The SUMO is passed to the SUMO E2 conjugating enzyme UBC9 by means of thioester bonds. 3) At this stage SUMO is exposed to the target proteins via the enzyme E3. 4) SUMOylated substrate exhibits phenotypic differences to unmodified form.   
IGF-1R is modified by SUMO to regulate genes associated with cellular signal transduction. The SUMOylated IGF-1R is translocated to the nucleus, where it binds to DNA and regulates transcription of certain genes (Zhang et al., 2015). This mechanism manifests the distinctive biological roles of IGF-1R and SUMO in cancer. In addition, some of the main functions of SUMO include organization of the eukaryotic genome, DNA repair, nucleocytoplasmic translocation, transcriptional regulation, DNA-protein, and protein-protein interactions (Zhang et al., 2015). Moreover, IGF-1R can be modified by SUMOylation in acute myeloid leukaemia (AML) (Zhang et al., 2015). IGF-1 increased the upregulation of IGF-1R, which increased the proliferation rate of AML cell lines, modified by SUMO-1. Disruption in SUMO proteins can lead to the development of a number of diseases such as cancer (Table. 1).
Table 1. Upregulation and downregulation of SUMO proteins in cancer. 
	Proteins 
	Up/Downregulation
	Cancer types
	Reference


	SUMO1
	Upregulated
	Anaplastic large cell lymphoma

	Villalva et al., 2002

	
	
	Colon

	Zhang et al., 2013

	
	
	Liver

	Guo et al., 2011

	SUMO2
	Upregulated
	B cell lymphoma

	Hoellein et al., 2014

	SUMO3
	Upregulated
	B cell lymphoma

	Hoellein et al., 2014

	UBC9
	Upregulated
	Lung

	Li et al., 2019; Moschos et al., 2010

	
	
	Breast

	Moschos et al., 2010

	
	
	Prostate

	Moschos et al., 2010

	
	
	Ovarian

	Mo et al., 2005

	SENP1
	Upregulated
	Prostate cancer

	Cheng et al., 2006

	
	Downregulated
	LNCaP (Prostate cancer cell line)

	Kim et al., 2006

	SENP3
	Upregulated
	Colon

	Han et al., 2010

	SENP6
	Upregulated
	Liver

	Qian et al., 2013

	
	
	Gastric

	Song et al., 2015

	
	Downregulated
	Breast

	Mooney et al., 2010



DESUMOylation
Highly dynamic protein SUMOylation can be reversed by the same SENP enzymes that are essential for the maturation of SUMO. In mammals there are six known as SENPs; SENP 1-3 and SENP 5-7. The SENP family plays an imperative role in managing paralogue specific SUMOylation by the removal of specific SUMO paralogues from the substrate proteins and/or take a part in cleavage of SUMO-SUMO conjugation activities (Yeh, 2009). In mammalian cell types SENPs have three main classes. Both SENP1 and SENP2 function in maturation of SUMO proteins and play a role in processing and deconjugation of SUMO-1 and SUMO 2/3. SENP1 is overexpressed in prostatic intraepithelial neoplasia and in prostate cancer tissues, while it is absent in normal prostate tissues. SENP1 leads to the development of early prostate cancer lesion into an advanced tumour. Out of all six SENPs, SENP1 is the first to play a crucial role in human disease pathogenesis (Yeh, 2009). SENP2 processes SUMO1 into the conjugatable state and also catalyses the SUMO1 deconjugation. In addition, mostly in vitro, it is hard to distinguish the activity if these two SENPs, however, SENP1 and SENP2 have different substrate specificity. Moreover, SENP3 and SENP5 select SUMO 2/3 as substrates over SUMO-1. They remove monomeric SUMO2/3 from substrates (Wilkinson and Henley, 2010). It has been recently shown that SENP3 also cooperate with nucleophosmin NPM1, a critical requirement in ribosome biogenesis (Yeh, 2009). The other two SENPs also prefer SUMO 2/3 as substrates and act as the editors for SUMO- 2/3 chains. SENP6 and SENP7 are not involved in maturation of SUMO proteins, also they are very modestly involved in deconjugation of monomeric SUMO 2/3 however, they are actively involved in deconjugation of poly SUMO 2/3 (Wilkinson and Henley, 2010). 
[bookmark: _Hlk48206651]SUMOylation is imperative for IGF-1R internalization 
[bookmark: _Hlk56614035]Nuclear translocation of IGF-1R is rising as a potentially significant factor in development of clinical prediction and cancer pathophysiology. But to date, its distinct role in cellular physiology is poorly understood. SUMOylation is likely a prerequisite of IGF-1R nuclear translocation. SUMOylation begins at a point when SUMO is activated by SUMO-activating enzyme such as SAE1 or SAE2. The activated SUMO is transferred to SUMO-conjugating E2 enzyme UBC9 (Desterro et al., 1999) and added to a lysine (Lys) residue of a specific protein. 

[bookmark: _Hlk56614707]Sehat and colleagues demonstrated the mechanism of SUMOylation and IGF-1R nuclear translocation (Sehat et al., 2010). The IGF-1R-deificient leiomyosarcoma SKUT-1 cells were transfected with plasmids containing WT-IGF-1R or mutant IGF-1R, analysed by Western blotting and were fractionated (Sehat et al., 2010). Three mutations displayed relatively less amount of nIGF-1R: K1025R, K1100R and K1120R by 76%, 43% and 29%, respectively. Analysis of the kinase domain of the phosphorylated IGF-1R using The Research Collaboration for Structural Biology, Protein Data Bank (code 1K3A) unveiled that Lys-1025, Lys-1100 and Lys-1120 are subjected to SUMOylation as they are the ones exposed at the receptor surface (Sehat et al., 2010). The Lys residues are in close proximity to tyrosine residue of the IGF-1R TK domain, and IGF-1R kinase activity inhibition relatively decreased the IGF-1R translocation. All of three Lys-1025, Lys-1100 and Lys-1120 predominantly contribute to SUMOylation mechanism of IGF-1R.  
[bookmark: _Hlk56614736]The IGF-1R localization in the nucleus was observed in human melanoma cells (DFB cell line) and human embryonic kidney (HEK) cell line by Western blotting analysis. IGF-1R localization was observed in human melanoma cells grown with or without the serum, in an immunoprecipitation experiment and Western blotting analysis. The results showed a 145-kD band which was identified by using an antibody directed against IGF-1Rβ. Therefore, it was determined that IGF-1R gets SUMOylated to undergo nuclear translocation. It was also determined that β subunit of IGF-1R was prone to SUMOylation and the α subunit is not modified by SUMO (Sehat et al., 2010). 
[bookmark: _Hlk48206871]SUMOylated IGF-1R and cell proliferation
Several studies suggest that IGF-1R nuclear translocation occurs in tumour cells and is associated with adverse outcomes and poor clinical outcomes. It was shown that SUMOylation is supremely important for IGF-1 receptor translocation (Sehat et al., 2010) and nIGF-1R was strongly related in various tumour cells (Aleksic et al., 2010). Therefore, Lin et al. sought to determine whether SUMOylated IGF-1R influence cell proliferation (Lin et al., 2017).
Cell clones expressing wild type (WT), or triple SUMO-sites mutated (TSM) were transfected with SUMO-modified IGF-1R and non-SUMO modified IGF-1R, respectively. The R-WT cells showed higher proliferation (t-test, p< 0.05 for all time points) as compared to R-TSM cells and R-puro (mock transfected cells). R-WT cells showed elevated levels of G1-S phase transition, the increase was from 12 to 38%. Hence, the data by Lin and colleagues suggested SUMOylated IGF-1R significantly induces cell proliferation. Both R-WT and R-TSM cells expressed equal kinase activity, however interestingly R-TSM cells were not found to be significantly associated with cell cycle progression and cell proliferation as compared to mock transfected cells (Lin et al., 2017). Lin et al. arrested each of the cell lines in the G1 phase by 36 hr serum starvation. They noted R-WT cells increased in S phase and decreased in G1 phase. After 16 hrs 26% increase was observed, then the decrease after 24 hrs however, the observation in R-TSM was 8% increase in S-phase after 24 hrs with no notable changes in R-puro cells. Some proteins involved in regulation and maintenance of cell cycle such as cyclin A, cyclin B1, cyclin D1, cyclin E, CDK1, CDK2, CDK4, p21, and p27 were examined. The R-WT cells exhibited the increase in G1/S cyclin D1 after 10 hrs, following an increase in S phase cyclin A after 16 hrs, and an increase in G2/M cyclin B1 after 16 and 24 hours (Lin et al., 2017). This suggests that SUMOylation of IGF-1R affects cell cycle progression. 
[bookmark: _Hlk48206937]Nuclear accumulation of IGFBPs
In eukaryotic cells, import of molecules into the cell nucleus occurs via nuclear pores, and is a fundamental event. By the process of diffusion, small molecules enter and exit through nuclear pore complexes whilst, large macromolecules (> 45kDa) including proteins, carry Nuclear Localization Signals (NLSs) (Iosef et al., 2008). The NLS contains a single cluster (monopartite NLS) or two clusters (bipartite NLS) therefore, the NLS are recognized by importin- α and importin- β. IGFBPs localize to the nucleus through the classical nuclear import pathway. Out of all IGFBPs, four possesses a putative NLS hence, translocate to the nucleus (Poreba and Durzynska, 2020). 
The two IGFBPs -2 and -6 interact with importin-α and -3 and -5 interacts with importin-β for their nuclear translocation. IGFBP-2 is highly expressed in several human cancers, including prostate, breast, and neuroblastoma. Additionally, it is involved in intranuclear activities. Importin-α is predominately involved in nuclear uptake of IGFBP-2 as it distinguishes the NLS sequence of IGFBP-2 (Azar et al., 2014). The action of nuclear IGFBP-2 may include binding to DNA, plays a role as a transcription factor and promotes tumorigenesis. Intracellular trafficking of IGFBP-3 and -5 were shown in the nuclei of T47D breast cancer cells (Schedlich et al., 2000). The C-terminal domain of IGFBP-3 contains NLS and it has been associated with the pathogenesis of cancers. Moreover, the nuclear import of IGFBP-3 and its retention in the nucleus have been linked with phosphorylation by DNA-dependent kinase (DNA-PK) (Poreba and Durzynska, 2020). Nuclear IGFBP-5 plays a significant role in carcinogenesis. In MDA-MB-435 breast cancer cells, IGFBP-5 is translocated to the nucleus where it is linked with high proliferation and motility (Akkiprik et al., 2009). Moreover, the deletion of 5 amino acids in NLS altered the subcellular localization of IGFBP-5. IGFBP-6 nuclear internalization was observed in rhabdomyosarcoma and HEK 293 cells (Iosef et al., 2008). Within the NLS of IGFBP-6 it carries positively charged Arg and Lys residues. The mutations of one residue or in combination effects the nuclear accumulation of IGFBP-6. Importantly, all members of IGFBP family do not have similar nuclear import mechanisms.
[bookmark: _Hlk48206964]Nuclear translocation of IGF-1R
It has been discovered that in genomic DNA, nIGF-1R binds to putative enhancer sites (Sehat et al., 2010). Nuclear IGF-1R binding partners are histone H3 and RNA polymerase II (Aleksic et al., 2010), brahma-related gene-1 proteins (Warsito et al., 2016), proliferating cell nuclear antigen (Waraky et al., 2017). Additionally, nuclear IGF-1R was identified to promote its own gene expression by cellular IGF-1R (Sarfstein et al., 2012). 
The IGF-1 receptor lacks putative NLS (Wu et al., 2012) which is an amino acid sequence that labels a protein for the translocation to cell nucleus by nuclear transport. A protein has NLS on its DNA sequence which is comprised of at least one (or more) sequence of either lysines or arginines that are displayed on the protein surface. A signalling sequence called nuclear export signals (NES) does the opposite and exit the proteins from the cell nucleus. Therefore, for IGF-1R to translocate to the nucleus without NLS suggests that the receptor requires a binding partner to enter the nucleus.
Aleksic et al. (2010) found that the nuclear IGF-1Rβ was phosphorylated in the presence of the ligand and potential IGF-1R kinase activity is necessary for IGF-1R nuclear translocation. To test this observation, the IGF-1R inhibitors MAB391 (blocks IGF-1R autophosphorylation upon activation of IGF-1) and AZ12253801 (blocks IGF-1R activation) were used to block IGF-1R kinase activity. Both inhibitors blocked IGF-1R stimulation and in addition, MAB391 downregulated IGF-1R in the nuclear compartment. Furthermore, the authors showed by immunoprecipitation and confocal microscopy that nIGF-1R phosphorylation and its nuclear accumulation were significantly blocked by AZ12253801 (Aleksic et al., 2010). This study results suggested indeed, the IGF-1R kinase activity is an essential component for its nuclear localization.
[bookmark: _Hlk52145447]Early Endosome Antigen 1 (EEA1) is known to play an essential role in endosomal trafficking. Phosphatidylinositol 3-phosphate binds EEA1 through its C-terminal. Immunoprecipitation and immunofluorescence data by Packham et al. (2015) showed colocalization of EEA1 and nIGF-1R (Packham et al., 2015). It was determined by Packham et al. that dynactin subunit p150Glued, which interacts with microtubules and is necessary for vesicle transportation, also mediates the nuclear translocation of IGF-1R. The authors also demonstrated that nuclear pore complexes, which connect nucleoplasm and cytoplasm, are mediated by importin- β and RanBP2. Disruption of any of these proteins leads to reduced levels of nIGF-1R expression. In H1299 and HEK293 cells, proximity ligation assays (PLA) and immunoprecipitation revealed the association of IGF-1R and p150Glued. Importin-β downstream of dynactin mediates the translocation of tyrosine kinase receptors such as EGFR and ErbB-2 and it also co-localizes with IGF-1R. Furthermore, to determine importin-β role in nuclear localization of IGF-1R, it was downregulated by siRNA transfection. Nuclear IGF-1R exhibited 46% decrease following 58% knockdown of importin-β (Packham et al., 2015).
RanBP2 is a part of nucleoporin in that it contains an active SUMO E3 ligase. RanBP2 controls shuttling of the proteins between the nuclear and cytoplasmic filaments of the cell. It contains phenylalanine–glycine repeats that attaches with importin-β. The PLA experiment revealed an association between the IGF-1R and RanBP2. The results demonstrated the significance of RanBP2 in nuclear IGF-1R, RanBP2 was downregulated by siRNA which decreased nIGF-1R expression by 70% (Packham et al., 2015). SUMOylation of IGF-1R is indeed a significant factor in its nuclear accumulation (Sehat et al., 2010). As the SUMOylation occurs near the nuclear envelope nucleoporin, RanBP2 might be E3 ligase for the receptors SUMOylation. H1299 cells were transfected with HA-RanBP2E3 or by the empty vector to determine the E3 ligase domain activity of RanBP2 on IGF-1R. Compared to the empty vector, RanBP2E3 transfected cells showed 55% increase in IGF-1R SUMOylation, which s may indicate that RanBP2E3 SUMOylates IGF-1R. As identified by Warsito et al. (2012) and Aleksic et al. (2010), in H1299 and D145 cells, the nuclear IGF-1R reaches its maximum levels upon stimulation by IGF-I after 30-60 min and 15 min, respectively (Warsito et al., 2012; Aleksic et al., 2010). This was confirmed by Packham et al. (2015) who showed that after 30 min of IGF-I stimulation the increase was observed in the interaction between IGF-1R and p150Glued or importin-β, but not in RanBP2 expression. However, RanBP2 is essential for the receptor’s stability.
Taken together, nuclear translocation of the IGF-1R takes place via a pathway in which plasma membrane IGF-1R undergoes clathrin-mediated endocytosis into EEA1-positive vesicles, dynactin/p150Glued transports IGF-1R to the nucleus, following that, importin- β spots IGF-1R and positions it at the nuclear pore complex then accordingly RanBP2 SUMOylates IGF-1R and translocates it into the cell nucleus (Fig 6). 
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Figure 6. IGF-1R nuclear translocation pathway from the cell membrane to cell nucleus. This figure is taken from Packham et al., 2015.
A more recent study suggested that nuclear translocation of IGF-1R might be dependent on the Protein Inhibitor of Activated STAT3 (PIAS3) (Codony-Servat et al., 2017). PIAS3 also functions as a SUMO E3 ligase and maintains IGF-1R inside the cell nucleus. Immunoblot analysis of PIAS3 revealed that it increased after the treatment with ganitumab (Anti-IGF-1R mAB), NVP-AEW541 (IGF-1R inhibitor) and a combination of both in HT29-OxR cells. This led to support the association between PIAS3 and nIGF-1R. In HT29-OxR and DLD-1-OxR cells, transient transfection of siRNAs directed against PIAS3 revealed loss-of-function of PIAS3. Silencing of this protein reduced nIGF-1R expression. The data by these authors manifest that curcumin (specific inhibitor of DYRK2) reduced the nuclear translocation of IGF-1R in HT29 and HT29-OxR cells. Similar effects were observed in these cell lines upon the treatment with leptomycin B (a nuclear import inhibitor) (Codony-Servat et a., 2017). Therefore, PIAS3 might be playing a significant role in retaining IGF-1R inside the cell nucleus. 
The study by Deng et al (2011) suggests that nIGF-1R is originated at the cell surface only. In MCF-7 (breast cancer cell line) the effects of figitumumab- CP-751, 871 (a human monoclonal antibody targeting the IGF-1R) on IGF-1R were analysed by Western blotting. The antibody caused the downregulation of IGF-1R. The authors sought to determine whether the nIGF-1R originate from cell surface and/or is a newly synthesized intracellular receptor. CP-751, 871 (which only affects cell membrane receptors) caused the decrease of membrane and nuclear receptors equally, however, pro-receptors experienced no change. The pro-receptors of IGF-1R were only detectable in membrane fractions, indicating no transfer occur between subcellular fractions. Furthermore, as the antibody only affect cell membrane receptors, this further indicated that nIGF-1R originates solely from the cell surface. To counter check their findings, they observed that phosphorylation-deficient receptor without phospho- Y1131, Y1135 and Y1136 residues failed to translocate to the nucleus. This suggested that sufficient phosphorylation of IGF-1R at cell membrane is required to drive its translocation to the cell nucleus (Deng et al., 2011). In contrast, another study presented that IGF-1R translocation takes place from the plasma membrane to the cell nucleus and assists its way to nuclear envelope (Packham et al., 2015). As mentioned above, nuclear translocation of IGF-1R leads its way through dynactin subunit p150Glued. Nuclear pore passage is regulated by importin-β followed by RanBP2 (this also stimulates SUMOylation of IGF-1R). Most significantly, dynactin, importin-β or RanBP2 disruption results in reduction of nIGF-1R accumulation. Additionally, UBC9, a specific SUMO-conjugating enzyme, was observed to be associated with nIGF-1R. The increased levels of UBC9 lead to the high levels of nIGF-1R and vice versa. In tumour cell lines UBC9 was 2.3-fold higher than in normal cells. The cancer cell lines surpassing 0.5 value of UBC9 expression exhibited over accumulated nIGF-1R. Furthermore, the C-terminal domain of IGF-1R influences accumulation of nIGF-1R. The cells expressing the truncated IGF-1R C terminus displayed 80% reduction in the nuclear translocation (Deng et al., 2011). 
3.6 Potential functions of nIGF-1R in cancerous cells
Potential function of nIGF-1R in transcription
To discover whether nIGF-1R binds to enhancer regions and regulates the transcriptional activity, Sehat et al. (2010) used electrophoretic mobility shift assays with the biotin labelled, double stranded, 40 base pair oligonucleotides. The nucleus was extracted from the DFB melanoma cells. The electrophoretic data determined proteins binding to the DNA probe, and on the addition of an IGF-1R antibody, protein-DNA complex was super shifted. This indicated that there is an association between IGF-1R and the DNA sequence, either alone or in a complex (i.e., with other proteins). Moreover, competitive binding diminished the super shift bands. Thus, this further indicated that IGF-1R interacted with double-stranded DNA. Finally, it was concluded that DNA fragments were categorized as transcriptional regulatory elements because cells transfected with plasmid encoding IGF-1R displayed increased transcriptional activity in contrast, to cells with the empty vectors (Sehat et al., 2010). Aleksic and colleagues discovered nIGF-1R in less dense areas of DNA, which explains why nuclear IGF-1R is readily accessible to transcription factors. The IGF-treated and serum starved cells were co-stained with IGF-1Rβ and RNA poly II. The results showed that IGF-1 stimulates IGF-1R co-localization with RNA poly II and its binding to chromatin with histone H3. Hence, the results indicated IGF-1R involvement in transcriptional regulation (Aleksic et al., 2010).
Furthermore, the study in 2012 also determined that nIGF-1R binds to enhancer sites and plays a significant role as a transcriptional cofactor (Warsito et al., 2012). The nIGF-1R co-localizes with LEF1 (Lymphoid enhancer-binding factor -1), which is a transcription factor and elevates the promoter activity of LEF1 downstream target genes i.e., cyclin D1 and axin2. Moreover, the association between IGF-1R and β-catenin were observed in several human cancer cell lines, such as human melanoma (DFB), non-small lung carcinoma (H1299) and human cervical carcinoma (HeLa). β-catenin forms a complex with T cell factor (TCF) and LEF1, which in turn stimulate the transcription of these downstream target genes (Warsito et al., 2012). Furthermore, the association was determined between IGF-1R, β-catenin and LEF1. Importantly, IGF-1R and β-catenin complex was detected in both the membrane and nucleus but LEF1 colocalizes with IGF-1R exclusively in the nucleus. The IGF-1R and LEF1 interactions were dependent on the activation of ligand as serum starved H1299 cells transfected with Myc-LEF1 augmented upon the addition of IGF-1. The IGF-1R/Myc-LEF1 co-IP bands appeared shortly following IGF-1 addition. However, the IGF-1R and LEF1 co-localization is independent of β-catenin. The association was not compromised by β-catenin overexpression or by its knockdown, indicating that their colocalization is unaffected by β-catenin. 
Furthermore, TSM-IGF-1R cells, which exhibit the same signalling and internalization properties as WT-IGF-1R cells, does not accumulate IGF-R in the nucleus because it is non-SUMOylated. In addition, nIGF-1R increased transcription of target genes encoding signalling downstream of LEF1. Cyclin D1 and axin2 increased by 17% and 22%, respectively in cells expressing WT-IGF-1R. Whereas, cyclin D1 and axin2 promoter activity was decreased by 7% and 20%, respectively in TSM-IGF-1R cells (Warsito et al., 2012). 
[bookmark: _Hlk48207068]Nuclear IGF-1R binding partners
To date, all published studies, propose that IGF-1R in the nucleus is linked with DNA binding transcription factor activity. The binding partners of IGF-1R in the cell nucleus were identified by Werner and colleagues, who designed mass spectrometry (MS) based proteomic analysis experiments to identify proteins specifically interacting with the nuclear receptor (Werner et al., 2019). 
Potential proteins interactors with nIGF-1R were explored in both benign MCF10A breast epithelial cells and malignant MCF-7 breast cancer cells. MS analysis distinguished 18 proteins that were involved with IGF-1R in MCF10A cells and 11 proteins with MCF7 cells. However, more notably 4 common proteins particularly interacted with nIGF-1R in both cell lines including NOM1, ALDH18A1, TJP2 and SIPA1L1. Considering nucleolar protein NOM1 interacted with IGF-1R in both cell lines, it was marked for follow-up analysis. It is a protein that contain MIF4G domains, and functions in protein translation and apoptosis. Co-immunoprecipitation assays revealed the physical interaction between NOM1 and IGF-1R in both cell lines (Werner et al., 2019). To test whether IGF-1R expression is associated with NOM1 protein expression, the selected cell lines were introduced to pEGFP-IGF-1R or empty pEGFP-N1 plasmid. Cells that were transfected with IGF-1R containing plasmids visibly showed upregulated levels of NOM1 in nuclear fractions extracted from MCF7 cells compared with cells with pEGFP-N1 plasmid (Werner et al., 2019).  
A recent study demonstrated the association of phosphorylated nIGF-1R with phosphorylated histone H3 at tyrosine 41 in HeLa cells (Warsito et al., 2016). H3 contains Y41, Y54, and Y99 (three highly conserved tyrosine residues) and H3Y41 is phosphorylated by nIGF-1R as WT-IGF-1R increased phospho-H3Y41 5-fold as compared to TSM-IGF-1R which exhibited 2.7-fold increase. Nuclear IGF-1R induced phosphorylated H3Y41 drove the stable binding of Brg1 protein to chromatin. SNAI2 gene was upregulated by nIGF-1R hence, it is considered one of the target genes of nIGF-1R. SNAI2 is a part of Snail family of C2H2 class zinc finger transcription factors and is proficient in repressing E-cadherin. The protein is notably involved in malignant cell invasion and metastasis. Furthermore, nIGF-1R and Brg1 were detected on SNAI2 promoter (Warsito et al., 2016). This notion is corroborated in a study by Aleksic et al. that showed that nIGF-1R was actively present in chromatin to directly bind with DNA at RNA polymerase II sites (Aleksic et al., 2018). In addition, JUN and FAM21 expression were augmented by nIGF-1R. JUN and FAM21 enhance the tumour cell growth and IGF-induced migration. 
[bookmark: _Hlk48207090]Nuclear IGF-1R /PCNA interaction 
Based on identifying the binding partners of nIGF-1R, Waraky and colleagues (2017) identified proliferating cell nuclear antigen (PCNA), a nuclear protein to interact with nIGF-1R (Waraky et al., 2017). The authors used immunoprecipitated IGF-1R from human embryonic stem cells and analysed the co-immunoprecipitated proteins by mass spectrometry. They concluded that nIGF-1R phosphorylates PCNA and plays a role in the DNA Damage Tolerance pathway (DDT). DDT is a mechanism that bypasses single-stranded DNA lesions encountered by DNA polymerases during DNA replication. This prevents the stalling of DNA replication forks (Bi, 2015).
DNA replication stress originates from several different events (Fig. 7) that contribute to its initiation including as follows: 1) Unusual DNA structures 2) Mis incorporated rNTPs 3) Interference between replication and transcription on DNA 4) short of essential DNA replication constituent 5) Inaccessibility of chromatin 6) Common fragile sites 7) Dysregulated levels of oncogenes (Zeman and Cimprich, 2014). 
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Figure 7. The events that lead to replication stress. This figure is taken from Zeman and Cimprich, 2014. 
Normal cells may experience replication stress and have the ability to combat it via DNA damage response. Cancer cells I experience chronic replication stress due to loss of proteins which restore stressed replication fork. DDT mechanisms prevent replication stress by promoting translesion synthesis (TLS) and error-free template switching (TS). Moreover, PCNA is the sliding DNA clamp and plays a critical role in regulation of DDT pathway (Waraky et al., 2017). It plays a significant role in DNA replication; it encircles around dsDNA and functions as sliding clamp to recruit other proteins.
Ubiquitination of PCNA plays a pivotal role in the regulation of mono-ubiquitination of PCNA prompts switching to low fidelity DNA polymerases, which bypass translesion synthesis, whereas PCNA polyubiquitination induces template switching (Fig. 11). The data revealed that IGF-1R directly phosphorylates three PCNA tyrosine (Tyr-60, -133, and -250) residues, which leads to mono- and polyubiquitination. This function suggests that nIGF-1R plays an important role to rescue replication fork stalling in cells exposed to DNA damage. Results indicated that IGF-1R phosphorylates PCNA, which is mediated by nIGF-1R and not via canonical signalling pathway of IGF-1R as; IGF-1R and PCNA bound solely in the cell nucleus, IGF-1R phosphorylates PCNA in the absence of other kinases. Only PCNA from cells expressing WT- IGF-1R exhibited phosphorylation whereas, TSM- IGF-1R cells did not exhibit phosphorylation, Blocking of IGF-1R canonical pathway]by specific inhibitors did not void phosphorylation and ubiquitination of PCNA (Waraky et al., 2017).
The data revealed that the IGF-1R increases tolerance to DNA damage and the link between DNA damage tolerance (DDT) and IGF-1R/PCNA has been established as IGF-1R phosphorylates PCNA. Phosphorylated PCNA is a key player in regulating DNA repair and replication. This is compatible with the finding that the Y-60, Y-133, and Y-250 mutants are important for IGF-1R/ PCNA interaction and affect ubiquitination of PCNA. Ubiquitination of PCNA significantly shown to regulate DDT. Based on this, polyubiquitination of PCNA activate the DDT pathway to prevent replication fork collapse. This could happen because of DNA damage or defects in DNA replication machinery. Furthermore, Waraky et al. demonstrated that IGF-1R is imperative for PCNA ubiquitination. Nuclear IGF-1R phosphorylates PCNA on Y-60, Y-133, and Y-250 which causes mono- and poly ubiquitination of PCNA by the DDT E2/E3 ligases. Hence, phosphorylation of these three residues is essential for the interaction between nIGF-1R and PCNA. It was noted that IGF-1R prevents replication fork stalling and support genetic stability in human embryonic stem cells (Waraky et al., 2017). Conclusively, the results suggest a role of IGF-1R in DDT.
The most recent study by Yang et al. (2020) investigated the relationship between IGF-1R and PCNA in samples of cancer tissue and cancer cells (Yang et al., 2020). The cancer tissues from clinical tumours were studied for IGF-1R/PCNA colocalization. Different types of cancers including 29 primary and 6 metastasized were studied. Tumour tissues exhibited binding of IGF-1R and PCNA in both cytoplasm and nucleus, however, weaken nuclear colocalization signals were detected in primary tumours as compared to metastasized tissues. Intense signals were noted in a small subset of clinical cancers including malignant melanoma, ovarian carcinomas, urothelial carcinomas, pulmonary carcinomas, ductal carcinomas, and squamous cell carcinoma (Yang et al., 2020). 
The association between IGF-1R and PCNA may promote resistance to chemotherapy.  This interaction was absent in tumour cells that survived radio- and chemotherapy. Surprisingly, the treated tumour cells showed suppressed nuclear IGF-1R-immunoreactivity and depletion in IGF-1R and PCNA signals. The 2 selective clinical cancer, invasive oropharyngeal squamous cell carcinoma and high-grade ovarian cancer examined for IGF-1R/PCNA colocalization associated with better overall survival (OS). In ovarian cancer, significantly higher IGF-1R/PCNA association cognate with better OS (p=0.037) and correspondingly better OS in oropharyngeal SCC (p=0.027). Furthermore, ex vivo irradiation in tissue sample of ovarian cancer initiated the binding of IGF-1R/PCNA and also increased the formation of γH2AX foci. This infer that colocalization of IGF-1R/PCNA is increased in presence of DNA damage and redeem stalled replication fork (Yang et al., 2020). Overall, several cancer tissues displayed nIGF-1R bind to PCNA, which supports the notion that human cancers rely on this approach to tolerate DNA damage.
To sum up, several proteins discovered act as a binding partner of nuclear IGF-1R (Table 2).
Table 2. The nuclear proteins discovered to date that are associated with nIGF-1R.
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	References

	LEF1 (Lymphoid enhancer binding factor 1)   
                                                                 
	Warsito et al., 2012

	E3 SUMO protein ligase RanBP2       
                                                                            
	Packham et al., 2015

	Importin-β (belongs to the family of Karyopherins

	Packham et al., 2015

	Dynactin subunit p150Glued

	Packham et al., 2015

	PCNA (Proliferating cell nuclear antigen)

	Waraky et al., 2017; Yang et al., 2020

	RAD18 (E3 ubiquitin protein ligase), E3 ubiquitin-protein ligase SHPRH and Helicase-like transcription factor HLTF

	Waraky et al., 2017

	Histone H3

	Warsito et al., 2016

	Amphiregulin

	Guerard et al., 2018

	Nucleolar protein NOM1

	Werner et al., 2019

	Brahma-related gene-1 proteins 

	Warsito et al., 2016

	Ubc9 SUMO conjugating enzyme      
                                             
	Aleksic et al., 2010, Deng et al., 2012


Nuclear IGF-1R enhances IGF-1R promoter activity
Many researchers have identified upregulated expression of IGF-1R to be directly associated with breast cancer. However, the impact of IGF-1R nuclear translocation in the development of breast cancer is not well elucidated. Sarfstein et al. identified key feature of IR and IGF-1R nuclear translocation and IGF-1R gene expression in ER depleted and ER positive breast cancer cells (Sarfstein et al., 2012). Cellular IGF-1R autoregulates IGF-1R gene expression and this mechanism is categorically dependent on the ER status. Proteomic study based on DNA affinity chromatography and ChIP analyses confirmed that both receptors explicitly bind to IGF-1R promoter in ER depleted cells however, not in ER positive cells (Sarfstein et al., 2012). Co-transfection experiment indicated IGF-1R increased the IGF-1R promotor activity, and the effect of IR levels indicated that it decreased IGF-1R promoter activity in both cell lines. Western blot data and visual inspection of confocal image showed that higher IGF-1R levels were identified in the nucleus of ER positive cells, in contrast, higher IR levels were identified in ER depleted cells. Cell fractionation and confocal microscopy analysis revealed that similar to IGF-1R, the IR is also SUMOylated to undergo nuclear translocation. Moreover, the IP assays exhibited that SUMO-1 was conjugated to both IGF-1R and IR in ER positive and ER depleted breast cancer cell lines (Sarfstein et al., 2012). Importantly, nIGF-1R and not IR increased IGF-1R promoter activity. The transcription factors IGF-1R and IR exhibited completely opposite mechanisms in respect to IGF-1R gene regulation.
3.7 Nuclear IGF-1R in Cancer
Nuclear IGF-1R in Prostate Cancer
Nuclear IGF-1R in cancer has emerged as a novel topic. Not much has been published in this field. IGF-1R nuclear localization could be identified in prostate cancer, breast cancer, renal cell carcinoma (RCC) cells (Aleksic et al., 2010), and colorectal cancer (Codony-Servat et al., 2017). Nuclear IGF-1R is simultaneously associated with adverse patient outcomes in Synovial sarcoma (Palmerini et al., 2015) and in Rhabdomyosarcoma (van Gaal et al., 2013). Further research has sought to find targeted therapies for nIGF-1R, as it can cause chemotherapy and targeted therapy resistance (Codony-Servat et al., 2017).  
Nuclear IGF-1R is significantly associated with advanced tumour stages in clinical prostate cancer (Table 3). Immunohistochemistry (IHC) was conducted to detect IGF-1R in the membrane, cytoplasm, and nucleus of 137 radical prostatectomies (RPs) from patients with prostate cancer (Aleksic et al., 2018). Nuclear IGF-1R was high in malignant epithelium whereas IGF-1R was significantly high in benign epithelium. This suggested nIGF-1R association with high grade tumours as stage 1 and 2 had reduced expression of nIGF-1R as compared to stage 3, PT1-2 vs. 3, P=0.011 and stage 3 vs. stage 4-5 P= 0.057. 
Table 3. Association of nIGF-1R with advanced stages of prostate cancer. This table is taken from Aleksic et al., 2018.

	
	Internalized IGF1R

	
	IGF1R ≤ 6
	IGF1R > 6
	P

	Stage

	 Stage pT1–2
	40
	27
	0.293

	 Stage pT3
	35
	34
	

	Grade

	 Gleason grade 6 + 7(3 + 4)
	59
	39
	0.057

	 Gleason grade 7(4 + 3) + 8–9
	16
	22
	

	PSA

	 0–10
	60
	43
	0.422

	 >10
	15
	15
	

	
	Nuclear IGF1R

	
	IGF1R = 0
	IGF1R > 0
	P

	Stage

	 Stage pT1–2
	50
	17
	0.011

	 Stage pT3
	37
	32
	

	Grade

	 Gleason grade 6 + 7(3 + 4)
	64
	34
	0.602

	 Gleason grade 7(4 + 3) + 8–9
	23
	15
	

	PSA

	 0–10
	67
	36
	0.612

	 >10
	18
	12
	


The role of nIGF-1R in human DU145 prostate cancer cells was investigated and the distance of IGF-1R as well as RNA pol2, H3K4me1 and H3K4me3 (regulatory elements) from transcription start site (TSS) was calculated by ChIP-seq. The peaks for each RNA pol2, H3K4me1/3 was identified as 16,239, 19,759 and 21,782, respectively. RNA pol2, H3K4me1/3 peaks were identified within the range of 300 kb of TSS whilst IGF-1R peaks appeared to cluster around TSS. Most of the sites of IGF-1R recruitment were detected with the peaks of RNA poly2 and H3K4me1 i.e., out of 62 regions of IGF-1R binding, 95% coexisted with RNAPol2 peaks, 87% with H3K4me1 peaks, and 50% with H3K4me3. The significant sites were detected within JUN and FAM21A/C genes which was also associated with RNAPol2 and H3K4me1 peaks in both DU145 cells and SK-N-MC (Ewing sarcoma cells). The significant difference between the previous reports and Aleksic et al. is that they did not identify IGF-1R on any of the promoters previously discovered, thus proposing cell type specific differences (Aleksic et al., 2018). 
To corroborate that IGF-1R attaches directly to DNA, electrophoretic mobility shift assay (EMSA) was performed using probes corresponding to ChIP-seq–identified IGF1R binding peaks, which represented IGF-1R binding region with JUN and FAM21A promoters (Fig 8). Upon the addition of recombinant human IGF-1R protein the probe mobility was retarded (Aleksic et al., 2018). 
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Figure 8. EMSA displays IGF-1R: DNA interaction. JUN lane 2 and FAM21A lane 5, whereas lane 3 and 6 contain excess unlabelled probe. This figure is adapted from Aleksic et al. (2018). 
Subsequently, serum starved DU145 cells were exposed to IGF-1, ChIP-qPCR was performed for amplification of the receptor’s peaks in JUN and FAM21A/C promoters. The IGF-1R recruitment to these promoters increased upon the treatment with IGF-1 whereas it was inhibited by xentuzumab. Therefore, this manifests that IGF-1R binds to the regulatory regions of DNA, which is enhanced upon the treatment with the ligand. As nuclear IGF-1R discovered around the TSS region of JUN and FAM21A/C promoters this implies that it can have regulatory functions. To confirm this finding, JUN promoter was cloned into a luciferase reporter. DU145 cells transfected with JUN reporter displayed luciferase activity higher than in empty vector controls, and IGF-1 enhanced the reporter activity in serum-starved cells. Furthermore, JUN and FAM21A/C promoters represented GATA-2, KU80 and AP-1 binding motifs (Aleksic et al., 2018). In addition, an association was found between nIGF-1R and RNA poly2 and co-IP data determined that nIGF-1R exists in the protein complexes and may induce RNA poly2 recruitment to chromatin. However, the authors suggested that this recruitment is not dependent on nIGF-1R. 
In addition, ChIP-qPCR experiment was conducted on fresh frozen prostate cancers, which identified IGF-1R on JUN and FAM21A promoters and determined high signal in the tumours with increased nIGF-1R. The IHC performed for JUN in adjacent FFPE tissues of the RP revealed the relationship between nIGF-1R and JUN expression. However, this relationship was absent with total IGF-1R thus, signifying the importance of nuclear IGF-1R in upregulation of this protein (Aleksic et al., 2018). Conclusively, IGF-1R nuclear translocation enhance gene promoters of clinical prostate cancer and is directly correlated with JUN expression. Nuclear IGF-1R binds to dsDNA effectively and collaborates with the transcriptional regulators, it promotes RNA poly2 recruitment and genes that have the capability for sustaining proliferative signalling in cancer cells. 
Nuclear IGF-1R in Renal Cell Carcinoma (RCC)
Aleksic and colleagues discovered IGF-1R nuclear translocation in many different types of cancer e.g., prostate, renal and breast cancers (Aleksic et al., 2010). The authors detected nIGF-1Rβ in primary RCC cultures, formalin-fixed RCC and prostate cancer, however, prostate cancer showed heterogenous staining. In addition, nIGF-1R was also detected in tumours such as lung, ovary, and ductal carcinomas in situ. In clear RCC cells, 94 out of 195 cells exhibited IGF-1R nuclear accumulation. The multivariate data analysis showed that patients with high levels of nIGF-1R expression have poor prognosis (p = 0.005) (Aleksic et al., 2010).
[bookmark: _Hlk48207230]Nuclear IGF-1R in Sarcomas 
It is well known that in several tumours IGF-1R pathway enhances cell proliferation of tumour cells, regulates tumour cell motility, and inhibits apoptosis, including sarcomas. High levels of IGF-1R are directly associated with a variety of human malignancies. IGF-1R monoclonal antibodies (mAbs) are associated with anti-tumour activities in various preclinical models of sarcomas. For example, R1507 monoclonal antibody induced complete response in patients with osteosarcoma and rhabdomyosarcoma. Treatment with IMC-A12 resulted in growth inhibition of rhabdomyosarcoma xenografts (Asmane et al., 2012). Disrupting the IGF-1R signalling is also a potential therapeutic approach. Asmane and colleagues determined nuclear internalization of IGF-1R is a biomarker associated with better progression free survival (PFS) and overall survival (OS) for advanced soft tissue sarcomas (STS) patients. Phase I/II trials of patients with STS established prolonged stable disease. A small set of patients with advanced sarcoma was treated with IGF-1R monoclonal antibody therapy was investigated for prolonged PFS and OS. All the 16 patients having STS, ES and osteosarcoma treated with IGF-1R inhibitors were assembled. The histopathological test of STS showed six diverse sarcomas characterized as liposarcoma (n= 6, whereas one myxoid liposarcoma and one pleomorphic liposarcoma), osteosarcoma (n= 4), ES (n= 3), pleomorphic rhabdomyosarcoma (n= 1), desmoplastic small round cell tumour (n= 1) and synovial sarcoma (n= 1). Moreover, the subcellular localization of IGF-1R was observed. The IGF-1R staining varied between tumour and patients with no distinct significant difference in different histotypes, however, as compared to others stronger nuclear staining was observed in osteosarcoma and liposarcoma. IGF-1R IHC staining was exclusively nuclear in 56% samples, cytoplasmic in 25% samples and nuclear + cytoplasmic in 19% samples.
Progressive disease was examined in the group of tumour samples with nuclear + cytoplasmic staining (n= 3, 19%), cytoplasmic staining (n=4, 25%) and nuclear staining (n= 9) had 5 stable diseases (60%) and one partial response (10%).  Furthermore, PFS was evaluated in patients and unlike cytoplasmic and nuclear + cytoplasmic staining, exclusive nuclear staining was associated with overall significant PFS (median = 10.1 vs. 1.6 months, P= 0.01) and OS (median= 28.3 vs. 6.6 months, P= 0007) (Asmane et al., 2012). In order to confirm the presence of IGF-1R in the nucleus of tumour cells, Western Blot analysis (Fig 9) was performed on frozen specimens of patients with advanced stage of osteosarcoma after R1507 treatment. MCF-7 breast cancer cell line was used as a positive control, whereas SK-UT1 cells were used as a negative control. DAPI fluorescent stain was applied on cells to locate nuclei. IGF-1R nuclear accumulation was detected in metastatic osteosarcoma sample, and in primary tumour samples.
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Figure 9. Western Blot analysis showing nuclear localization of IGF-1R protein in the metastatic osteosarcoma samples. β-actin and poly ADP-ribose polymerase 1 expression were chosen as the loading control for cytoplasmic and nuclear fractionated samples. This figure is taken from Asmane et al. (2012). 
IGF-1R functions have been established in Rhabdomyosarcoma (RMS). RMS is a type of sarcoma that builds in soft tissues and is present predominantly in children. Alveolar RMS (aRMS) is the aggressive form of RMS, which has poor prognosis and high metastatic rate regardless of several targeted therapies discovered in cancer. This type of cancer is of exigent need for new treatments and as RTKs are practised as targeted therapies in cancer, Aslam and colleagues investigated whether 2 such RTKs are associated with aRMS. They developed a mouse model of aRMS via genetic engineering to target PDGF-receptor- α (PDGFRα) and IGF-1R to explore potential treatment options (Aslam et al., 2013). They were able to detect that murine aRMS tumour cells displayed a dynamic cell surface expression of PDGFRα and IGF-1R.
Using fluorescence activated cell sorting (FACS), cells sorted for high IGF-1R/ PDGFRα were designated as IGF-1Rhi / PDGFRαhi, and low levels for each as IGF-1Rlo/ PDGFRαlo. Sorted subpopulations of positive and negative for PDGFRα and IGF-1R expression exhibited a drastic change in their cell surface expression within 48 hrs. The data by Aslam et al. (2013) determined that PDGFRα and IGF-1R expression is associated with cancer cells in a dynamic manner as identified by FACS profiling. The cancer cells, however, showed significantly slower growth in vivo in PDGFRαhi and IGF-1Rlo as compared to PDGFRαlo and IGF-1Rhi (Aslam et al., 2013). Furthermore, the cells with high levels of nuclear IGF-1R expression were associated with aggressive tumour growth in vivo but, nuclear PDGFRα role in tumour growth in vivo was otherwise. Importantly, IGF-1Rhi cells with upregulated levels of nuclear IGF-1R expression also had increased phospho-IGF-1Rβ levels. IGF-1R silencing induced by RNA interference in IGF-1Rhi and IGF-1Rlo cells demonstrated reduced formation of anchorage independent colony by 45% and 27%, respectively. On the other hand, as murine aRMS suggested, human aRMS also manifest nIGF-1R expression. Thirty-one sections of human aRMS were analysed and approximately 84% of them displayed nIGF-1R expression. While pancreatic and skeletal muscle tissues were the positive control for IGF-1R, they represented only cytosolic IGF-1R staining and no nuclear IGF-1R staining was observed (Aslam et al., 2013). In conclusion, this suggests that nIGF-1R is predominantly expressed in human aRMS.
Moreover, IGF-1R and anaplastic lymphoma kinase (ALK) expressions were detected in patients with RMS (van Gaal et al., 2013). Co-expression of IGF-1R and ALK was observed in embryonal RMS (eRMS) but more prominently in aRMS. Clinical trials so far have not shown effective ideal results in sarcoma patients. Van Gaal et al. revealed significant data regarding clinical aspect of IGF-1R in RMS (van Gaal et al., 2013). In total, 112 primary tumours were assembled. Eighty-six were eRMS and 26 aRMS. Specific RMS cell lines included Rh30 and Rh41 for aRMS and Rh18 and RD for eRMS. IGF-1R and ALK expressions were detected i.e., 72% of IGF-1R and 92% of ALK in aRMS, and 61% of IGF-1R and 39% of ALK in eRMS. Importantly, co-expression was detected in 68% samples of aRMS and 32% samples of eRMS. Subsequently, follow-up data of 72 patients in which 18 aRMS and 54 eRMS were collected. The median follow-up time was 24.7 months for aRMS and 60.3 months for eRMS. In particular, nIGF-1R expression had no significant prognostic effect for aRMS (n= 18) however, an adverse prognostic effect in eRMS (n= 53, 5-year disease specific survival 46.9 ± 18.7 vs. 84.4 ± 5.9%, p= 0.006). In aRMS and eRMS cell lines, the effect of inhibitors NVP-TAE684 of ALK, R1507 of IGF-1R and the combined treatment was monitored. NVP-TAE684 caused decreased cell growth in Rh41 and Rh30 cell lines, whereas, to a lesser extent in Rh18 and RD cell lines. The inhibition of IGF-1R by R1507 caused decreased cell growth in Rh41 cell line. Furthermore, simultaneous treatment in aRMS cell lines with both inhibitors showed a synergistic effect in vitro. Therefore, targeting both IGF-1R and ALK can act as a potential therapeutic target in RMS (van Gaal et al., 2013). Importantly, the presence of IGF-1R in the nucleus of eRMS and aRMS was identified, 10% and 4% respectively (van Gaal et al., 2013). 
Synovial sarcoma (SS) is also a type of soft tissue sarcoma and represents approximately 5% to 10% of overall soft tissue sarcomas. SS cell lines displayed 78% of activated IGF-1R and the receptors signalling promoted SS cell migration (Friedrichs et al., 2008). The type of treatment varies in this form of sarcoma depending on whether it has metastasized. Survival rate is from 62 to 83%, with significantly better results for patients with   < 5 cm small tumours and with dismal survival when metastasized. The standard treatment of SS includes surgical removal of the lesion, chemotherapy, and radiotherapy (Palmerini et al., 2015). IGF-1R is highly expressed in many human cancers including sarcomas. The SS cells exhibited upregulated expression of IGF-2, these cells also manifest IGF-1R and therefore, SS is associated with IGF-1R expression. Palmerini and colleagues showed a significant association between IGF-1R expression and synovial sarcoma (Palmerini et al., 2015). Eighty-eight SS samples were selected samples of 45 were female and 43 males. Tumour size was >5cm in 60 patients, ≤ 5 cm in 24 patients and unknown in 4 patients. The patients sustained surgery, out of all 65% underwent adjuvant chemotherapy and 56% adjuvant radiation therapy. Chemokine receptor CXCR4 was positively associated with 74 patients, however nuclear staining was observed in 31 patients. The IGF-1R expression was detected in 55 patients with 34 cytoplasmic and 21 patients presented nuclear expression. The 5-year OS was 63% in patients exhibiting nIGF-1R expression, whereas patients with negative nIGF-1R the OS was 73%. Furthermore, the multivariate analysis determined that both nuclear IGF-1R and nuclear CXCR4 expression manifested independent adverse prognostic factors for overall survival in patients with SS. The patients with nIGF-1R expression who did not undergo adjuvant chemotherapy were associated with poor survival. Contrarily, CXCR4/ nuclear negative expression was associated with poor prognosis, however just in patients who received chemotherapy (Palmerini et al., 2015). In general, nuclear expression of IGF-1R and CXCR4 were predictive of poor prognosis in the SS patients who underwent adjuvant therapy, underlining the potential role of these receptors in drug resistance.
[bookmark: _Hlk48207159][bookmark: _Hlk61215214]3.8 Nuclear accumulation of IGF-1R in non-cancerous cells 
The IGF-1R translocation is not limited to cancer cells rather can be established in normal non-transformed cells and can have physiological relevance. IGF-1R nuclear translocation was detected in Graves’ disease (GD) (an autoimmune disorder). Confocal immunofluorescence microscopy revealed that in thyroid-associated ophthalmopathy (TAO) fibroblasts, IGF-1R undergoes nuclear localization in response to IGF-1 and GD-IgG of GD fibroblast. IGF-1Rα translocates to the cell nucleus in this disease whilst IGF-1Rβ is scattered peripherally before and following the treatment with IGF-1. The steroid dexamethasone can inhibit IGF-1 effect on the nuclear translocation of IGF-1Rα in GD fibroblasts. 1H7 (anti IGF-1R mAb) treatment with or without GD-IgG completely block the nuclear accumulation of IGF-1Rα (Hoa et al., 2012). This suggested that GD-IgG impact on IGF-1R translocation is mediated by IGF1-R itself. 
Furthermore, IGF-1 and GD-IgG treatment stipulated IGF-1R protein accumulation in the nucleus of GD fibroblasts. The fibroblasts were treated with vehicle control and 16 hr treatment with IGF-1 followed by Western immunoblot analysis. The nIGF-1R migrating with a pace of 110kDa band was elevated upon the treatment with IGF-1 whereas the results were otherwise in cytosol. The same was seen with the GD-IgG treatment that IGF-1R nuclear content increased in GD fibroblasts, however, control orbital fibroblasts exhibited no change before or following IGF-1 or GD-IgG treatment. Interestingly, IGF-1Rβ was undetectable in the nucleus (Hoa et al., 2012). Both the control and GD fibroblasts had high levels of ADAM metallopeptidase domain 17 (ADAM 17) as assessed by Western blot. TAPI-1, an inhibitor of ADAM17 activity appeared to block the IGF-1Rα accumulation in combination with IGF-1. In short, ADAM17 appeared to play an active role in IGF-1Rα nuclear translocation. Additionally, phosphorylation of IGF-1Rβ can drive the translocation of IGF-1Rα. NVP-AEW541, a tyrosine kinase inhibitor which blocks IGF-1R phosphorylation coupled along with IGF-1 inhibited the IGF1-Rα translocation in GD fibroblasts. This finding suggested that IGF-1R phosphorylation is fundamental for nuclear translocation in non-cancer cells unlike in cancer cells (Hoa et al., 2012). 
IGF-1R can accumulate in the nucleus in a variety of cells such as normal diploid fibroblasts. In MCF10A cells (a non-malignant breast cell line) cell fractionation experiment was conducted of cytoplasmic and nuclear proteins, followed by Western blot analysis. IGF-1R siRNAs were used, which induced profound IGF-1R knockdown. The results showed that IGF-1R was readily present in the nucleus fractions of MCF10A cells but was absent from the cytoplasmic fractions. Before and following IGF-1R siRNA treatment no prominent difference was observed in SUMO-1 levels of both cytoplasmic and nuclear fractions. Confocal microscopy analyses were conducted in breast cancer cell lines both benign (MCF10A) and malignant (MCF7). For 48 hrs, these cell lines were transfected with IGF-1R siRNA or NT siRNA. Serum starved cells were then exposed to IGF-1 for 7 hrs. IGF-1R was detected in the cytoplasm and nucleus of both cells, Treatment with IGF-1 caused reduced levels of IGF-1R, especially observed in perinuclear areas (Solomon-Zemler et al., 2017).  Therefore, this study supports that IGF-1R nuclear translocation is an IGF-1 independent process. The authors also showed IGF-1R nuclear translocation occurs in another normal, non-transformed cells. Fluorescence confocal microscope analysis in primary human fibroblasts displayed IGF-1R nuclear translocation.
Previously it was identified that the inhibition of the receptor internalization with dansylcadaverine repress its nuclear accumulation (Aleksic et al., 2010) by inhibiting clathrin, which plays a critical role in nuclear endocytosis. Solomon-Zemler et al. (2017) also identified that in breast and prostate cancer cell lines treatment with dansylcadaverine reduced the IGF-1R levels in the nuclear fractions of these cells (Solomon-Zemler et al., 2017). As dansylcadaverine inhibits IGF-1R nuclear accumulation, it also reduces cell proliferation and migration. It can be deduced from the results that nIGF-1R can cooperate with other proteins associated with cell proliferation and migration. In addition, this treatment effect on proliferation was more robust in cells expressing IGF-1R than cells with no IGF-1R expression. Further studies are required to establish a role of IGF-1R nuclear translocation pathway in normal cells.
Furthermore, a heterodimer hybrid of IGF-1R/INSR (Hybrid-R) localize to the nucleus of human corneal epithelial cell line (hTCEpi) (Wu et al., 2012). Reciprocal co-immunoprecipitation assays in hTCEpi cell line detected Hybrid-R presence in whole lysates and confocal microscopy confirmed its presence in the nucleus. IGF-1 activated the phosphorylation and signalling of Hybrid-R, it also induced the proliferation through the canonical IGF-1R/Akt signalling pathway and not the insulin. The hTCEpi cells stimulated by IGF-1 showed 58% increase in cell growth as compared to non-treated cells. The use of αIR3 antibody which reacts with IGF-1R homodimer inhibited the proliferation induced by IGF-1 in corneal epithelial cells, which suggests that cell growth is mediated by IGF-1R homodimer and not by Hybrid-R (Wu et al., 2012). As IGF-1R does not possess NLS it is suggested that IGF-1R translocates to the nucleus with INSR via importins (transfer proteins to the nuclear through nuclear pore complex). 
[bookmark: _Hlk48207254]Clinical significance of nuclear IGF-1R
In the most recent decade, nuclear translocation of several RTKs has become a major focus for scientists. Cell surface receptors localize to the nucleus after endocytosis. There are only few known functions of nuclear translocated RTKs in cancer development and this field remains to be further explored. Importantly, in cancers, RTK targeted therapies have shown clinical efficacy. However, the use of these therapies is limited due to intrinsic resistance. Several new studies have emerged demonstrating nuclear translocation of IGF-1R leading to resistance towards specific drugs in cancer. Very recently, gefitinib treatment, an EGFR inhibitor was   associated with increased nuclear accumulation of IGF-1R in hepatocellular carcinoma mahlavu cells and the authors also showed nIGF-1R expression to be linked with drug resistance (Bodzin et al., 2012). Hepatocellular carcinoma is the predominant type of liver cancer, which accounts for over half a million deaths worldwide. Upon treatment with gefitinib, the cells show augmented levels of IGF-1R and Akt phosphorylation demonstrating the upregulated cancer associated signalling pathway. Nuclear IGF-1R reportedly undergoes nuclear localization in gefitinib treated cells. Moreover, gefitinib enhanced the translocation of the receptor, and the effects appeared in a dose-dependent manner (Bodzin et al., 2012). The IGF-1R accumulation in the nucleus after treatment with gefitinib may propose the mechanism of acquired drug resistance. Another study showed that gefitinib facilitated the nucleus translocation of IGF-1R in invasive mucinous lung adenocarcinoma cell line (Guerard et al., 2018). Interestingly, neither gefitinib affected cellular expression of IGF-1R, nor it influenced EGFR nuclear accumulation suggesting, gefitinib predominantly targets nuclear localization of IGF-1R. Nuclear IGF-1R was also identified in lung adenocarcinoma, as well as in some basal cells of bronchial epithelium. The nuclear expression of the receptor was also detected in normal pneumonocytes (Guerard et al., 2018).
Furthermore, amphiregulin (Areg), an EGFR ligand, contributes to the receptor’s translocation induced by gefitinib both in vitro and in vivo. Areg neutralization by siRNA prevented the nuclear translocation of IGF-1R. The combination of both gefitinib and Areg silencing intercepted the translocation process (p= 0.0046) as compared to the treatment by gefitinib alone (Guerard et al., 2018). Previously, Packham et al. (2015) reported the importance of association between importin-β1 and IGF-1R nuclear translocation upon IGF-1 activation (Packham et al., 2015
). Guerard and colleagues investigated this association. The PLA experiment confirmed the association of importin- β1 and IGF-1R and this interaction distinctly increased with gefitinib treatment. However, Areg knockdown suppressed gefitinib-induced interaction between IGF-1R and importin- β1. Importantly, as gefitinib effected the interaction between Areg and IGF-1R, it also prompted the association between Areg and importin- β1. Hence, it is evident that this drug induced nuclear transport of IGF-1R via establishing IGF-1R, importin- β1 and Areg complex. The nuclear import of IGF-1R is associated with p21Waf1-dependent cell cycle arrest, which is linked to inhibition of apoptosis. Nuclear expression of the receptor promotes cell cycle arrest through upregulated levels of p21Waf1 and inhibition of apoptosis in response to gefitinib (Guerard et al., 2018). Furthermore, Areg contains NLS which allows its binding to importin-β1. It is an NLS containing protein which can interact with IGF-1R and importin-β1 to promote the nuclear internalization of IGF-1R. 
The nuclear IGF-1R expression after targeted IGF-1R therapy was studied in colorectal cancer (CRC) cell lines, a parent HT29 cells and a chemo-resistant version, designated as HT29-OxR effect of ganitumab (a human monoclonal antibody against IGF-1R), TIMP1 (metallopeptidase inhibitor 1) and sorafenib (kinase inhibitor) on IGF-1R signalling was evaluated. Only ganitumab inhibited the activation of AKT and IRS-1 signalling. Significant reduction in IGF-1R signalling pathway activated apoptosis in HT29 cell lines, whereas apoptosis was not activated in HT20-OxR cells. In addition, this led to investigate the effects of ganitumab and NVP-AEW541, a tyrosine kinase inhibitor of IGF-1R on the receptor. Nuclear and cytosolic IGF-1R were extracted from HT29 and HT29-oxR cell lines and subjected to immunoblot analysis, which displayed that after treatment with ganitumab, cytosolic IGF-1R levels decreased whereas nuclear IGF-1R expression increased in HT29-OxR cells but not with NVP-AEW541. Confocal microscope analysis in HT29-OxR cells further determined that membrane bound IGF-1R was inhibited by ganitumab, while this treatment’ s effect on nIGF-1R was otherwise. In addition, cetuximab (epidermal growth factor receptor inhibitor), dasatinib (tyrosine kinase inhibitor) and dynasore (blocks endocytosis) also elevated the presence of nIGF-1R in HT29-OxR cells (Codony-Servat et al., 2017). In conclusion, no such treatment has emerged so far which target nIGF-1R, since RTKs targeted therapies can cause an increase in nuclear translocation of IGF-1R, this suggest that nIGF-1R may play a role in therapy resistance in cancer. 
Since the last decades mounting evidence is present on the canonical actions of IGF-1R in cell proliferation, differentiation, and survival, also IGFBPs are well described. However, in recent years it has been unfolded that IGFBPs and IGF-1 receptor enters the nucleus. These components particularly need a direct signal transmission to undergo the nuclear translocation. The current understanding of IGF-1R nuclear translocation lies with some known factors associated with this receptor. Firstly, one familiar aspect discovered is that IGF-1R is associated with transcriptional regulation. Another known characteristic of IGF-1R is its implication in DNA damage tolerance pathways and this mechanism involves translesion synthesis and error-free template switching. Furthermore, only SUMOylated IGF-1R translocate to the nucleus and IGF-1R colocalizes with some proteins to manifest its action in the nucleus.
4. Discussion
IGF-1R plays a significant role in several physiological processes including, cell growth, differentiation, and apoptosis. It plays an essential role in cancer progression and metastasis. IGF-1R downstream signalling pathways also interact with other RTK’s such as EGFR, VEGFR, and PDGFR to regulate cancer cell proliferation and differentiation. Identification of IGF-1R as a significant contributor of carcinogenesis, has stimulated the development of inhibitors targeting IGF-1R including, anti-IGF-1R mAbs and small molecule inhibitors. IGF-1R or IGF-1R/INSR hybrid receptors mediate cell cycle progression and proliferation via MAPK and PI3K/Akt pathways. The canonical pathway of plasma membrane IGF-1R can be modified by small ubiquitin-like modifier proteins which drive the nuclear translocation of IGF-1R. This study was conducted to provide an overview about the potential functions of the nuclear IGF-1R (nIGF-1R) in non-transformed cells and in cancer cells. Additionally, the study aimed to understand the reasons behind the failure of IGF-1R targeting in the clinic despite its preclinical success.
IGF-1R is a potential target for anticancer drugs. It was assumed that interventions in signalling pathway of IGF-1R would be successful in suppressing various types of cancer. The rationale was to interrupt growth, proliferation, and survival of the cancerous cells by disrupting signalling pathways of IGF-1R. Researchers in the last four decades attempted to develop IGF-1R inhibition based on the given rationale. However, they developed antibody, tyrosine kinase, ligand inhibition of IGF-1R and a significant number of these drugs showed positive results in preclinical research but failed in clinical trials. In few patients, early-phase trials showed complete or partial response with stable disease. Unfortunately, in the later-phase trials, due to complex nature of IGF signalling, the trials failed. 
One of the possible reasons for this failure might be the compensatory action of some other growth receptors such as IR. IR is structurally homologous to IGF-1R and this potentially increases accumulation of IGF-1R/IR hybrids which leads to activation of Akt, PI3K, and MAPK pathways. Therefore, it is possible that blockade of IGF-1R has no effect due to disrupted signalling by other growth hormones. Dual targeting of the IGF1R and IR was unsuccessful in phase III trials, because of failure of drugs to optimize progression-free or overall survival. Another reason is the lack of robust predictive biomarkers. IGF-1R is an epi-driver gene, it is not the primary cause of tumour development rather is anonymously expressed in various forms of cancer. Therefore, predictive biomarkers are needed for selection of patients in clinical trials. No protein biomarker has emerged till now. Protein or radiologic predictive biomarkers may allow clinically significant outcomes in cancer patients. 
Due to clinical failure of IGF-1R inhibitors, most of the pharmaceutical companies terminated the manufacturing of these drugs. The companies considered other possible ways for targeting IGF-1R such as targeting common signalling pathway of IGF-1R and other growth hormones including IRS proteins which act as substrate for both IR and IGF-1R and also EGFR. However, these approaches have not been much successful either. Thus, researchers sought to discover effective aspects of targeting IGF-1R. Recently, it has been discovered that IGF-1R translocate to cell nucleus in various types of cancers. The mechanism of IGF-1R nuclear translocation is associated with advanced stage tumours. Targeting nuclear IGF-1R could potentially inhibit cancer cells growth and proliferation. 
Although the nIGF-1R was first reported in 1996, it was not until 2010, when several studies started characterizing it. As many as 18 RTKs have been demonstrated to accumulate in the nucleus from the cell surface membrane. In addition to IGF-1R, the IR, EGFR, FGFR, HER2 and ErbB-4 were reported to translocate to the nucleus and the process was well characterized. Since IGF-1R does not contain NLS, it is translocated to the nucleus with the help of other proteins, as characterized by Packham et al (2015). Larsson’s lab corroborated that IGF-1R undergoes nuclear translocation and that this process is dependent on SUMOylation of the receptor and stimulation by IGF-1. SUMOylation is required for the receptor’s stability. This finding was supported by another study in colorectal cancer, where the protein inhibitor of activated STAT3 (PIAS3), a SUMO E3 protein ligase, was the key mediator contributing to IGF-1R nuclear sequestration (Codony-Servat et al., 2017). However, the study by Lin et al. (2017) reported that an IGF-1R construct lacking the residues necessary for SUMOylation (TSM-IGF-1R) can still translocate to the cell nucleus, albeit to a lower extent compared to WT‐IGF‐1R. This indicates that SUMOylation of IGF‐1R is not an absolute requirement for its nuclear localization. Additional studies are warranted to investigate how IGF-1R translocate into the nucleus in the absence of SUMOylation. Phosphorylation of IGF-1R was found to be indispensable for subsequent nuclear internalization as essentially phosphorylation-deficient receptor without Y1131, Y1135 and Y1136 residues failed to translocate to the nucleus (Deng et al., 2011). 
It has been also shown that nIGF-1R binds to DNA-regulatory elements that activate/regulate transcription (Sehat et al., 2010). In 2012, a study by Sarfstein and colleagues determined that IGF-1R autoregulates its own gene expression in human breast cancer MCF7 (ER positive) cells and MCF7 derived C4.12.5 (ER depleted) cells. Importantly, although IR is also capable to undergo nuclear translocation it does not influence IGF-1R gene expression. Whilst nIGF-1R enhances the gene expression, IR supresses IGF-1R promoter activity (Sarfstein et al., 2012). The structural homology between IGF-1R and IR is 80% (Lin et al., 2017). The similarity between these two receptors might underlie the failure of IGF-1R targeted therapy in the clinic because most inhibitors will also inhibit the insulin receptor causing hyperglycaemia in patients.  However, (Werner et al., 2017) deduced that IGF-1R and IR have different internalization pathways. With respect to these two highly homologous molecules it was shown that heterodimerize form of IGF-1R/INSR hybrid (Hybrid-R) localizes to the nucleus of human corneal epithelial cells. Interestingly, only Hybrid-R was observed in the nuclear extracts, but not the presence of IGF-1R/IGF-1R. Identification of nuclear Hybrid-R suggests that IGF-1R not as a homodimer rather a heterotetrametric complex traffics to the nucleus and plays a role which is yet to be discovered. A noticeable distinction observed is that IGF-1 but not insulin resulted in the phosphorylation of the Hybrid-Receptor, IGF-1 also activated PI3K/Akt signalling and enhanced cell growth through IGF-1R activation, which was independent of Hybrid-R (Wu et al., 2012). This shows a significant aspect of IGF-1 in stimulating proliferation. Furthermore, IR but not IGF-1R contains the NLS thereby, IR might assist IGF-1R internalization to the nucleus through importin system, thus further research in this area is warranted. The primary structure of the receptor shows a single potential nuclear localization sequence ERKRRD detected in the IGF-1Rβ amino-terminus, but it is still unknown whether this sequence is associated with IGF-1R nuclear translocation (Hoa et al., 2012).
Overall, the findings of nIGF-1R are significantly associated with cancer cells compared to normal cells. IGF-1R translocates to the nucleus in cancer cells following clathrin-mediated endocytosis and cognates with poor survival. Nuclear IGF-1R was associated with aggressive clinical outcome of renal cancer. The authors also determined that full length IGF-1R translocates to cell nucleus with both stable α and β subunits rather than being cleaved (Aleksic et al., 2010). This finding is rather intriguing because of the large size of the receptor.
Diminished levels of the nIGF-1R have been associated with decreased levels of nucleolar NOM1 protein, which correlates with nIGF-1R in the breast cancer cells. As identified nuclear proteins co-localizes with IGF-1R in benign and malignant cells, close attention is required to discover how these interactions are manifested in the disease development (Werner et al., 2019). Importin-α also co-localizes with IGF-1R. Packham et al. identified the significance of importin-β as it functions independently of importin-α (Packham et al., 2015). Further investigations are expected to arbitrate precise mechanism by which importin-β as well as importin- α attaches to the IGF-1R. Moreover, RanBP2 is significant for the stability of IGF-1R, more studies are essentially required to illustrate the role of RanBP2 in SUMOylation of IGF-1R and its nuclear localization. Additionally, nuclear accumulation of IGF-1R associated with the binding to importin- β was promoted by amphiregulin, which induced cell cycle arrest by directly upregulating the levels of p21Waf1- (Guerard et al., 2018). The study by Warsito et al. showed that nIGF-1R binds to transcription factor LEF-1 and thus, activates the LEF-1 downstream target genes (Warsito et al., 2012). 
The fact that nIGF-1R enhances transcription by binding to enhancer-like regions, might explain the pathway by which it modifies gene regulation. It would be interesting to further investigate how the accumulation of nIGF-1R in the cancer cells influence cancer growth and metastasis. Mounting evidence has been shown that nIGF-1R has essential roles in cancer growth and development. For instance, Aleksic and colleagues discovered that IGF-1R is present in clinical cancers and nuclei of cancer cell lines (Aleksic et al., 2018). In benign prostate tumour, IGF-1R was localized in the membrane but malignant epithelium displayed explicit nuclear localization of IGF-1R. Hence, nIGF-1R is significantly correlated with advanced/cancer metastasis. Importantly, the IGF-1R binding sites were determined around transcription start sites of JUN and FAM21. JUN and FAM21 increases tumour cell survival. Conclusively, the relationship of nIGF-1R over-accumulation in cancer cells is an intriguing topic requires further exploration.
IGF-1R mediates its action in cancer development, enhancing cancer cell proliferation, migration, invasion, and metastasis. IGF-1R is overexpressed in tissues where it mediates tissue growth such as in sarcoma. For example, 10% to 40% of sarcoma patients show promising effects from anti-IGF-1RAbs with prolonged progression free survival (Olmos et al., 2010). It is of utmost importance to develop new therapeutic strategies to improve survival of sarcoma patients. A small subset of STS, ES and osteosarcoma patients were targeted with different anti-IGF-1RAbs. Nuclear IGF-1R was correlated with increased PFS (p=0.01) and OS (p=0.007) for selected patients. IGF-1R nuclear translocation transpire in patients with advanced stage of sarcoma (n = 16, 75% nuclear staining) however, treated with IGF-1R antibody therapy have better progression-free and overall survival (Asmane et al., 2012). The presence of IGF-1R in the nucleus of eRMS and aRMS was identified, 10% and 4% respectively (van Gaal et al., 2013). Nuclear translocation may be a predictive factor in sarcoma patient as the response to anti-IGF-1RAb in soft tissue sarcomas. Therefore, understanding the mechanism of IGF-1R nuclear translocation is necessary to discover its potential role as a biomarker.
From the above studies, there seems to be discrepancy regarding whether IGF-1R is associated with aggressive cancer (for example in prostate cancer, Aleksic et al (2018) or with a good prognosis as is the case with sarcomas (Asmane et al., 2012). Further studies are warranted to investigate the association of nIGF-1R with clinical outcome of cancer patients.
In this century, personalized cancer therapy clinical trials, biomarkers, precision, personalized and stratified medicine is of paramount importance. It is important to recognize IGF-1R mediated activities that are unequivocally essential for malignant cell growth. Such discoveries may prompt improvement of targeted treatments. An interesting phenomenon still unknown is whether small molecule inhibitors, which inhibit the kinase activity of RTKs, can inhibit function of another RTK i.e., IGF-1R and its nuclear translocation. 
Given the complexity of IGF-1R/IR family, for future it is essential to develop novel approaches to target IGF-1R in cancer cells. IGF-1R localizes to the cell nucleus of several cancer and non-cancer cells thus, to prevent this one potential approach could be targeting different points of its translocation process. For future trials two or more proteins within IGF-1R signalling cascade can be co-targeted. Furthermore, to take advantage of successful phase I clinical trials, more research and effort can be put into the biomarker discovery for successful outcome of phase III trials. 

The present study has potential notable limitations.
· [bookmark: _Hlk48207288]This study may subject to biases that perhaps have influenced the research involuntarily. More studies can be added to cover every aspect of IGF-1R signalling pathway and functions in health. However, this review pools and scan all the available information on nuclear IGF-1R. 
· The present study does not cover all the research data published on IGF-1R and cancer. This could be attained by expanding the research topic and field of study. However, this review answers all the aims and objectives initially decided. 
5: Conclusion and Future Directions
IGF-1R has emerged as an attractive target in cancer biology. Several in vitro, in vivo, and clinical studies have shown that IGF-1R contributes to resistance to targeted therapies. The receptors expression enhances upon the binding of IGF-I therefore, this relation is a key factor to promote oncogenic pathways. IGF-1R overexpression and overactivation induces tumour growth, thus it is implicated in almost every type of cancer. Hence, greatly contributing to invasion, metastasis, and cancer cells angiogenesis.
Our research group will further explore that how exactly nIGF-1R promotes carcinogenesis and its mechanism of action. The future research would determine how initiation of nuclear localization of IGF-1R plays a pivotal role in clinical pathology. Predominantly the focus of the research would be to identify the binding partners of IGF-1R which promote its nuclear translocation and retains the receptor inside the nucleus. Such research could contribute to discover novel strategies and patterns of use that relate to improved treatment strategies. The newly emerging field of nIGF-1R would lead to the discovery of novel potential pathways regulated by nIGF-1R in the nuclei of cancer cells that can be clinically targeted, thus improving clinical outcome in aggressive cancers.
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APPENDIX 1: Table showing clinical trials involving IGF-1R and Cancer (searched on 16/09/2020)  
1

	Sr#
	Status
	Study title
	Target
	Interventions
	Phase
	Biomarker/ therapeutic
	Reference

	1
	NCT00763607
Completed
	Retrospective Study Evaluating IGF1R And p95HER2 as Prognostic Factors in Non-Small Cell Lung Cancer (NSCLC)
	Non-small cell lung cancer
	Genetic: Protein expression by immunohistochemistry and immunofluorescence
	
	Biomarker
	

	2
	NCT00882674
Completed
	A Study to Evaluate the Biological Activity of R1507 in Women with Operable Breast Cancer
	Breast cancer
	Drug: RG1507
	I
	Therapeutic
	

	3
	NCT00774878
Completed
	Study of AVE1642 (IGF-1R/CD221) in Combination With Fulvestrant (Faslodex®) in Postmenopausal Patients With Advanced Hormono-dependent Breast Cancer
	Breast cancer
	Drug:AVE1642
Drug: Fulvestrant
	II
	Therapeutic
	

	4
	NCT01013506
Completed
	Phase 2, Endocrine Therapy + OSI-906 With or Without Erlotinib for Hormone-sensitive Metastatic Breast Cancer
	Breast cancer
	IGF1R inhibitor OSI-906, Erlotinib hydrochloride,Goserelin,  letrozol
	II
	Therapeutic
	

	5
	NCT00555724
	Phase 1 Study of BIIB022 (Anti-IGF-1R Monoclonal Antibody) in relapsed/refractory Solid Tumors
	Refectory Solid tumors
	Drug: BIIB022
	I
	Therapeutic
	von Mehren et al., 2014

	6
	NCT01779336
Suspended
	Clinical Study of Oral IGF-1R inhibitor in subjects with advanced refractory Solid Tumors
	Refectory Solid tumors
	Drug: PL225B
	I
	Therapeutic
	

	7
	NCT02711865

	Predictive Biomarkers for IGF1R Targeted Therapy in Ovarian Cancer
	ovarian cancer
	Biological: IGF1R antibody MK0646
Other: Saline solution
	
	Therapeutic
	

	8
	NCT01466647
Completed
	A Study of the IGF-1R Inhibitor AXL1717 in Combination With Gemcitabine HCL and Carboplatin to Treat Non-small-cell Lung Cancer (NSCLC)
	Non-small cell lung cancer
	Drug: AXL1717
	I
	Therapeutic
	

	9
	NCT00898898
Completed
	Studying Tissues Samples From Women With Breast Cancer Who Were Treated on Clinical Trial NCCTG-N9831
	Breast cancer

	
	
	Biomarker
	Perez et al., 2011

	10
	NCT02719041
Unknown
	Predictive Biomarkers for IGF1R Targeted Therapy in Ovarian Cancer: a Retrospective Study
	ovarian
cancer
	Other: Immunohistochemistry staining method
	
	Biomarker
	

	11
	NCT00718523
Terminated
	Study of Adding AMG 479 to First Line Chemotherapy in Patients With Optimally Debulked Epithelial Ovarian Cancer
	Epithelial ovarian cancer
	Drug: AMG 479Drug: AMG 479 Placebo
	II
	Therapeutic
	

	12
	NCT02045368
Completed
	Study of Insulin-like Growth Factor (IGF)-Methotrexate Conjugate in the Treatment of Advanced Tumors Expressing IGF-1R
	Various types of cancer
	Drug: IGF-Methotrexate conjugate
	I
	Therapeutic
	

	13
	NCT02780401
Active
	Vaccine Therapy in Preventing Cancer Recurrence in Patients With Non-Metastatic, Node Positive, HER2 Negative Breast Cancer That is in Remission (WOKVAC)
	Various types of cancers
	Other: Laboratory Biomarker Analysis Biological: pUMVC3-IGFBP2-HER2-IGF1R Plasmid DNA Vaccine Biological: Sargramostim
	I
	Therapeutic
	

	14
	NCT00869752
Completed
	MK-0646, Etoposide, and Cisplatin in Treating Patients With Extensive-Stage Small Cell Lung Cancer
	Small cell lung cancer
	Biological: anti IGF1R
recombinant monoclonal antibody MK-0646
Drug: cisplatin
Drug: etoposide
	I and II
	Therapeutic
	Ellis et al., 2014

	15
	NCT00778167
	Erlotinib Hydrochloride With or Without Cixutumumab in Treating Patients With Stage III or Stage IV Non-Small Cell Lung Cancer
	Non-small cell lung cancer
	Biological: cixutumumabDrug: erlotinib hydrochlorideOther: laboratory biomarker analysis
	I and II
	Therapeutic
	

	16
	NCT00799240
Completed
	MK-0646 Insulin Growth Factor 1 Receptor Antibody in Stage IIIb or IV Metastatic Non-Squamous Lung Cancer (IMPACT)
	Non-squamous lung cancer
	Drug: Arm A: Pemetrexed CisplatinDrug: Arm B Pemetrexed, Cisplatin and MK-0646
	II
	Therapeutic
	Huang et al., 2016

	

17

	NCT01725555
Completed
	A Study to Assess the Effect of Food on the Bioavailability of the IGF-1R Inhibitor AXL1717 in Patients With Advanced Malignant Tumors
	Solid tumors
	Drug: Fasted treatment: AXL1717Drug: Fed treatment: AXL1717
	I
	Therapeutic
	

	18
	NCT01205685
Terminated
	Endocrine Therapy + OSI-906 With or Without Erlotinib for Hormone-Sensitive Metastatic Breast Cancer
	Breast cancer
	Drug: OSI-906
Drug: Erlotinib
Drug: Letrozole
Drug: Goserelin
	II
	Therapeutic
	

	19
	NCT01062620
Completed
	A Dose Escalating Clinical Trial of the IGF-1 Receptor Inhibitor AXL1717 in Patients With Advanced Cancer
	Solid tumors
	Drug: AXL1717
	I
	Therapeutic
	Ekman et al., 2016

	20
	NCT00719212
Completed
	Study of AMG 479 as Second Line Therapy in Patients With Recurrent Platinum-sensitive Ovarian Cancer
	Ovarian cancer
	Biological: AMG479
	II
	Therapeutic
	

	21
	NCT01122199
Completed
	Study of RAD001 + AMG479 for Patients With Advanced Solid Tumors
	Solid tumors
	Drug: RAD001+ AMG479
	I
	Therapeutic
	

	22
	NCT01479179
Completed
	Trastuzumab in Combination With AMG 479 in HER-2 Overexpressing MBC Progressing on Trastuzumab
	Breast cancer
	Drug: AMG479
Drug: Trastuzumab
	I and II
	Therapeutic
	

	23
	NCT01061788
Completed
	A Trial of AMG 479, Everolimus (RAD001) and Panitumumab in Patients With Advanced Cancer - QUILT-3.007 (RAP)
	Non-small cell lung cancer
	Drug: AMG479, everolimus, panitumumab
	I
	Therapeutic
	

	24
	NCT02134340
Completed
	A Safety and Biodistribution Study of [I-124]-CPD-1028 Injection in Solid Tumours
	Solid tumors
	Drug: [I-124]-CPD-1028 Injection
Biological: CPD-1061
	I
	Therapeutic
	

	25
	NCT00551213
Completed
	A Study to Determine the Activity of Robatumumab (SCH 717454, MK-7454) in Participants With Relapsed or Recurrent Colorectal Cancer (P04721, MK-7454-003)
	Colorectal cancer
	Biological: robatumumabDrug: irinotecanbiological, Cetuximab,  Capecitabine,  Folfox, Capeox/xelox, Folfiri
	II
	Therapeutic
	Lin et al., 2014

	26
	NCT00759785
Completed
	A Study of Dalotuzumab (MK-0646) in Breast Cancer Patients (MK-0646-013)
	Breast cancer
	Drug: Dalotuzumab
	I
	Therapeutic
	

	27
	NCT00609141
Completed
	IMC-A12 in Treating Young Patients With Relapsed or Refractory Ewing Sarcoma/Peripheral Primitive Neuroectodermal Tumor or Other Solid Tumor
	Recurrent Ewing Sarcoma/Peripheral Primitive Neuroectodermal Tumor
Unspecified Childhood Solid Tumor
	Biological: cixutumumab
Other: pharmacological study
Other: laboratory biomarker analysis
	I
	Therapeutic
	

	28
	NCT00684983
Completed
	Capecitabine and Lapatinib Ditosylate With or Without Cixutumumab in Treating Patients With Previously Treated HER2-Positive Stage IIIB-IV Breast Cancer
	Breast cancer
	Drug: Capecitabine Biological: CixutumumabDrug: Lapatinib Ditosylate
Other: Quality-of-Life Assessment
	II
	Therapeutic
	

	29
	NCT00880282
Completed
	Cixutumumab and Temsirolimus in Treating Younger Patients With Solid Tumors That Have Recurred or Not Responded to Treatment
	Solid tumors
	Biological: cixutumumabDrug: temsirolimus Other: pharmacological study   Other: laboratory biomarker analysis
	I
	Therapeutic
	

	30
	NCT00678769
Completed
	Cixutumumab and Temsirolimus in Treating Patients With Locally Advanced or Metastatic Cancer
	Malignant Neoplasm
	Drug: CixutumumabOther: Laboratory Biomarker Analysis
Other: Pharmacological Study
Drug: Temsirolimus
	I
	Therapeutic
	Liu et al., 2014

	31
	NCT00563680
Completed
	QUILT-3.025: A Phase 2 Study of AMG 479 in Relapsed or Refractory Ewing's Family Tumor and Desmoplastic Small Round Cell Tumors
	Askin's TumorsDesmoplastic Small Round Cell Tumors
Estraosseous Ewing's TumorEwing's Family Tumor
Ewing's Sarcoma
Primitive Neuroectodermal Tumors (PNETs)
Sarcoma
	Drug: AMG479
	II
	Therapeutic
	Tap et al., 2012

	32
	NCT00560144
Completed
	A Multiple Ascending Dose Study of R1507 in Children and Adolescents With Advanced Solid Tumors
	Solid tumors
	Drug:  RG1507
	I
	Therapeutic
	

	33
	NCT00811993
Terminated
	A Study of R1507 in Combination With Multiple Standard Chemotherapy Treatments in Patients With Advanced Solid Tumors
	Neoplasms
	Drug:RG1507
Drug: RO1507 Drug:
bevacizumab [Avastin]
Drug: capecitabine [Xeloda] Drug: carboplatin Drug: cetuximab Drug: docetaxel Drug: erlotinib [Tarceva] Drug: etoposide
Drug: gemcitabine Drug: irinotecan Drug: mFOLFOX6 Drug: paclitaxel Drug: pemetrexel Drug: sorafenib Drug: temozolomideDrug: trastuzumab [Herceptin]
	I
	Therapeutic
	

	34
	NCT00985374
Terminated
	A Multiple Ascending Dose Study of the mTOR Inhibitor (RAD001) in Combination With R1507 in Patients With Advanced Solid Tumors
	Neoplasms
	Drug: RAD001 Drug: RG1507
	I
	Therapeutic
	

	35
	NCT01182883
Withdrawn
	A Phase I Study of IMC-A12 in Combination With Temsirolimus in Pediatric Patients With Recurrent or Refractory Solid Tumors
	Brain Stem Neoplasms Glioma Pinealoma
	Drug:      IMC-A12         Drug: Temsirolimus
	I
	Therapeutic
	

	36
	NCT01533181
Completed
	Linsitinib or Topotecan Hydrochloride in Treating Patients With Relapsed Small Cell Lung Cancer
	Small cell lung cancer
	Other: Laboratory Biomarker Analysis  Drug: Linsitinib Other: Pharmacological Study
Drug: Topotecan Hydrochloride
	II
	Therapeutic
	Chiappori et al., 2016

	37
	NCT00887159
Completed
	A Randomized Phase II Study of Cisplatin and Etoposide in Combination With Either Hedgehog Inhibitor GDC-0449 or IGF-1R MOAB IMC-A12 for Patients With Extensive Stage
	Small cell lung cancer
	Drug:Cisplatin Biological: CixutumumabDrug: Etoposide Other: Laboratory Biomarker Analysis Drug: Vismodegib
	II
	Therapeutic
	

	38
	NCT00831844
Completed
	Cixutumumab in Treating Patients With Relapsed or Refractory Solid Tumors
	Solid tumors
	Biological: cixutumumabOther: laboratory biomarker analysis
	II
	Biomarker
	

	39
	NCT00635778
Completed
	A Dose-finding Study of Dalotuzumab in Subjects With Advanced Solid Tumors (MK-0646-002)
	Solid tumors
	Drug: Dalotuzumab
	I
	Therapeutic
	

	40
	NCT00769483
Completed
	MK-0646 and Gemcitabine +/- Erlotinib for Patients With Advanced Pancreatic Cancer
	Pancreatic cancer
	Drug:
MK-0646
Drug: Gemcitabine Drug: Erlotinib
	I and II
	Therapeutic
	Abdel-Wahab et al., 2018

	41
	NCT02507583
Active
	Antisense102: Pilot Immunotherapy for Newly Diagnosed Malignant Glioma
	Malignant glioma
Neoplasms
	Drug: IGF-1R/AS ODN; Surgery with tissue harvest and implantation 20 diffusion chambers in the rectus sheath with IGF-1R/AS ODN within 24 hours of craniotomy, implanted for 48 hours.
	I
	Therapeutic
	Andrews et al., 2001

	42
	NCT03384914
Active
	Vaccine to Prevent Recurrence in Patients With HER-2 Positive Breast Cancer
	Breast cancer
	Biological: DC1 Vaccine Biological: WOKVAC Vaccine
	II
	Therapeutic
	

	43
	NCT01008566
Completed
	Cixutumumab and Sorafenib Tosylate in Treating Patients With Advanced Liver Cancer
	Hepatocellular carcinoma and liver carcinoma
	Biological: Cixutumumab Other: Laboratory Biomarker Analysis
Drug: Sorafenib Tosylate
	I
	Therapeutic
	

	44
	NCT02755844
Active
	Safety and Efficacy of Metronomic Cyclophosphamide, Metformin and Olaparib in Endometrial Cancer Patients (ENDOLA)
	Endometrial cancer
	Drug: Olaparib  Drug: metformin Drug: metronomic
cyclophosphamide
	I and II
	Therapeutic
	

	45
	NCT00639509
Completed
	IMC-A12 in Treating Patients With Advanced Liver Cancer
	Hepatocellular and Liver carcinoma
	Biological: cixutumumabProcedure: computed tomography Procedure: contrast-enhanced magnetic resonance imaging
	II
	Therapeutic
	

	46
	NCT04329065
Active
	Concurrent WOKVAC Vaccination, Chemotherapy, and HER2-Targeted Monoclonal Antibody Therapy Before Surgery for the Treatment of Patients With Breast Cancer
	Breast cancer
	Biological: pUMVC3-IGFBP2-HER2-IGF1R Plasmid DNA Vaccine
Drug: Paclitaxel Biological:
Trastuzumab Biological: Pertuzumab
	II
	Therapeutic
	

	47
	NCT00845039
Terminated
	A Study of Irinotecan and Cetuximab With or Without IMC-A12 for Treatment of Participants With Colon or Rectum Cancer Who Got Worse After Their First Treatment With Oxaliplatin and Bevacizumab (FC-4)
	Colon and rectum cancer
	Biological: Cetuximab Drug: Irinotecan Biological: IMC-A12(cixutumumab)
	II
	Therapeutic
	

	48
	NCT01026623
completed
	Cixutumumab and Temsirolimus in Treating Patients With Metastatic Prostate Cancer
	Prostate cancer
	Biological: CixutumumabOther: Diagnostic Laboratory Biomarker Analysis Drug: Temsirolimus
	I and II
	Therapeutic
	

	49
	NCT00402285
Completed
	Lycopene or Omega-3 Fatty Acid Nutritional Supplements in Treating Patients With Stage I or Stage II Prostate Cancer
	Prostate cancer
	Dietary Supplement: lycopene supplement Dietary Supplement: fish oil supplement Other: Placebo
	Not applicable
	Therapeutic
	Magbanua et al., 2011

	50
	NCT00785538
Completed
	A Study of IMC-A12 in Participants With Tumors Who No Longer Respond to Treatment or For Whom No Treatment is Available
	Solid tumors
	Biological: IMC-A12
	I
	Therapeutic
	Higano et al., 2015

	51
	NCT01721577
Unknown
	Phase I/II Trial of Safety and Anti-tumor Efficacy of AXL1717(Picropodophyllin) in the Treatment of Recurrent Malignant Astrocytomas (AXL1717)
	Glioblastoma Gliosarcoma Anaplastic Astrocytoma Anaplastic Oligodendroglioma
Anaplastic Oligoastrocytoma
Anaplastic Ependymoma
	Drug: AXL1717
	I and II
	Therapeutic
	

	52
	NCT00785941
Completed
	A Study of IMC-A12 Every 2 Weeks in Patients With Tumors Who No Longer Respond to Treatment or No Treatment is Available
	Solid tumors
	Biological: IMC-A12
	I
	Therapeutic
	

	53
	NCT00526838
Terminated
	Study of XL228 Administered Intravenously to Subjects With Advanced Malignancies
	Cancer
Lymphoma
	Drug: XL228
	I
	Therapeutic
	

	54
	NCT00699491
Completed
	Cixutumumab and Temsirolimus in Treating Patients With Locally Recurrent or Metastatic Breast Cancer
	Breast cancer
	Biological: CixutumumabOther: Laboratory Biomarker Analysis Other: Pharmacological Study   Drug:
Temsirolimus
	I and II
	Therapeutic
	

	55
	NCT01061749
Completed
	Selumetinib and Cixutumumab in Treating Patients With Advanced Solid Malignancies
	Adult solid neoplasms
	Biological: CixutumumabOther: Laboratory Biomarker Analysis  Other: Pharmacological Study
Drug: Selumetinib
	I
	Therapeutic
	

	56
	NCT00617708
Completed
	S0727 Gemcitabine Hydrochloride and Erlotinib Hydrochloride With or Without Monoclonal Antibody Therapy in Treating Patients With Metastatic Pancreatic Cancer That Cannot Be Removed By Surgery
	Pancreatic cancer
	Biological: cixutumumabDrug: erlotinib hydrochlorideDrug: gemcitabine hydrochloride
	I and II
	Therapeutic
	

	57
	NCT02454517
Active
	Diet and Exercise Program to Promote Weight Loss and Improve Health in Men With Low- or Low-Intermediate-Risk Prostate Cancer (PALS)
	Prostate adenocarcinoma Stage I Prostate Cancer AJCC V7 Stage IIA Prostate CancerAJCC v7
	Behavioral: Behavioral Dietary Intervention Behavioral: Exercise Intervention Other: Informational Intervention Other: Laboratory Biomarker Analysis Other: Quality-of-Life Assessment Other: Questionnaire administration
	III
	Therapeutic
	

	58
	NCT00701103
Completed
	Dose Escalation Trial of Dalotuzumab (MK-0646) in Advanced Solid Tumors and Multiple Myeloma (MK-0646-001)
	Solid Tumor Multiple Myeloma
	Drug: Dalotuzumab
	I
	Therapeutic
	Atzori et al., 2011

	59
	NCT02916394
Active
	In Vivo IGF-1R Molecular Imaging Using [68Ga]- Labelling Anti-IGF-1R Affibody Molecule
	
	Radiation: 68Ga-NODAGA-ZIGF-1R:4: 40
	Not applicable
	Biomarker
	

	60
	NCT00630552
Completed
	QUILT-2.019: A Study of AMG 655 or AMG 479 in Combination With Gemcitabine for Treatment of Metastatic Pancreatic Cancer
	Pancreatic cancer
	Other: Placebo Drug: AMG479
Drug: AMG655
	I and II
	Therapeutic
	Cella et al., 2013; Kindler et al., 2012; McCaffery et al., 2013

	61
	NCT00970580
Completed
	A Study of BIIB022 in Combination With Paclitaxel and Carboplatin in Subjects With Non-Small Cell Lung Cancer
	Non-small cell lung cancer
	Drug: BIIBO22 with paclitaxel and carboplatin
	I
	Therapeutic
	

	62
	NCT01142388
Active
	Paclitaxel With or Without Cixutumumab as Second-Line Therapy in Treating Patients With Metastatic Esophageal Cancer or Gastroesophageal Junction Cancer
	Gastroesophageal Junction Adenocarcinoma and Esophageal Adenocarcinoma
	Biological: CixutumumabOther: Laboratory Biomarker Analysis Drug: Paclitaxel Other: Pharmacological Study
	II
	Therapeutic
	

	63
	NCT01614795
Completed
	Cixutumumab and Temsirolimus in Treating Younger Patients With Recurrent or Refractory Sarcoma
	Refractory sarcoma
	Biological: CixutumumabOther: Laboratory Biomarker Analysis
Drug: Temsirolimus
	II
	Therapeutic
	

	64
	NCT02145559
Completed
	A Pharmacodynamic Study of Sirolimus and Metformin in Patients With Advanced Solid Tumors
	Breast Neoplasms
Lung neoplasms
Cancer of Liver Lymphoma Cancer of Kidney
	Drug: Metformin XR Drug: Delayed Metformin Drug: Sirolimus
	I
	Therapeutic
	

	65
	NCT00974896
Completed
	QUILT-2.016: Study of AMG 479 With Biologics or Chemotherapy for Subjects With Advanced Solid Tumors
	Solid tumors
	Drug: AMG479
	I
	Therapeutic
	

	66
	NCT01560260
Completed
	Linsitinib in Treating Patients With Gastrointestinal Stromal Tumors
	Carney Complex chondrosarcoma Gastrointestinal Stromal Tumor Paraganglioma
	Other: Laboratory Biomarker Analysis Drug: Linsitinib Other: Pharmacological Study
	II
	Therapeutic
	Songdej et al., 2014

	67
	NCT00596830
Terminated
	Carboplatin And Paclitaxel With Or Without CP-751, 871 (An IGF-1R Inhibitor) For Advanced NSCLC Of Squamous, Large Cell And Adenosquamous Carcinoma Histology
	Carcinoma, Squamous Cell Carcinoma, AdenosquamousCarcinoma, Large Cell Carcinoma, Non-Small-Cell Lung
	Drug:
CP-751,871 (figitumumab)
Drug: Carboplatin Drug: Paclitaxel
	III
	Therapeutic
	Langer et al., 2014



	68
	NCT00791544
Terminated
	Dose Finding Study of AVE1642 in Patients With Advanced or Metastatic Liver Carcinoma
	Liver carcinoma
	Drug: AVE1642 Drug: sorafenib Drug: erlotinib
	I and II
	Therapeutic
	

	69
	NCT00976508
Terminated
	Figitumumab Combined With Pegvisomant For Advanced Solid Tumors
	Colorectal Neoplasms Lung neoplasms Breast Neoplasms Prostatic Neoplasms Sarcoma
	Drug: figitumumab Drug: pegvisomant
	I
	Therapeutic
	

	70
	NCT01949519
Completed
	Docetaxel and Lycopene in Metastatic Prostate Cancer
	adenocarcinoma of the Prostate
	Drug: Lycopene and Docetaxel
	I
	Therapeutic
	

	71
	NCT01561456
Completed
	Study of AXL1717 Compared to Docetaxel to Treat Squamous Cell Carcinoma or Adenocarcinoma of the Lung
	Non-small-cell Lung Cancer Squamous Cell Carcinoma Adenocarcinoma of the Lung
	Drug: AXL1717 Drug: Docetaxel
	II
	Therapeutic
	

	72
	NCT00560573
Completed
	Study Of CP-751,871 In Combination With Cisplatin And Gemcitabine In Chemotherapy-Naïve Patients With Advanced Non-Small Cell Lung Cancer
	Non-small cell lung cancer
	Drug: CP751,871  Drug: Cisplatin Drug: Gemcitabine Drug: Pemetrexed
	I
	Therapeutic
	

	73
	NCT00986674
Completed
	Carboplatin and Paclitaxel Combined With Cetuximab and/or IMC-A12 in Patients With Advanced Non-Small Cell Lung Cancer
	Non-small cell lung cancer
	Biological: cixutumumabDrug: carboplatin Drug: paclitaxel Biological: cetuximab
	II
	Therapeutic
	

	74
	NCT00977561
Terminated
	A Study Of Cisplatin (Or Carboplatin) And Etoposide With Or Without Figitumumab (CP-751,871) In Patients With Extensive-Stage Small Cell Lung Cancer
	Small cell lung cancer
	Drug: figitumumab Drug: Cisplatin (Or Carboplatin) Drug: Etoposide
	II
	Therapeutic
	

	75
	NCT01427205
Withdrawn
	Phase II Study of Cetuximab With or Without OSI-906 in Head and Neck Squamous Cell Carcinoma (HNSCC)
	Head and neck cancer
	Drug: Cetuximab Drug:       OSI-906
Other: Placebo
	II
	Therapeutic
	

	76
	NCT01708161
Terminated
	A Phase Ib/II Study of the Combination of BYL719 Plus AMG 479 in Adult Patients With Selected Solid Tumors
	Solid tumors
	Drug: BYL719
Drug:
AMG 479
	I and II
	Therapeutic
	

	77
	NCT01233895
Completed
	Study of AVE1642 Anti-IGF-1R Monoclonal Antibody in Patients With Advanced Multiple Myeloma
	Multiple Myeloma
	Drug: AVE1642
Drug: Velcade
	I
	Therapeutic
	

	78
	NCT01120236
Completed
	Bicalutamide and Goserelin or Leuprolide Acetate With or Without Cixutumumab in Treating Patients With Newly Diagnosed Metastatic Prostate Cancer
	Prostate cancer
	Drug: Bicalutamide Biological: CixutumumabDrug: Goserelin Acetate
Other: Laboratory Biomarker Analysis
Drug: Leuprolide Acetate
Other: Pharmacological Study
	II
	Therapeutic
	Evan et al., 2015

	79
	NCT00881725
Terminated
	A Study of Pre-operative Metformin in Prostate Cancer (ANIMATE)
	Prostate cancer
	Drug: Metformin
	II
	Therapeutic
	

	80
	NCT03746431
Active
	A Phase 1 Study of [225Ac]-FPI-1434 Injection
	Solid tumors
	Drug: [111In]-FPI-1547 Injection Drug: [225Ac]-FPI-1434 Injection
	I
	Therapeutic
	

	81
	NCT00617890
Terminated
	A Study to Determine the Activity of Robatumumab (SCH 717454) in Participants With Relapsed Osteosarcoma or Ewing's Sarcoma (MK-7454-002/P04720)
	Osteosarcoma Sarcoma, Ewing's Peripheral Neuroectodermal Tumor
	Biological:
Robatumumab
	II
	Therapeutic
	

	82
	NCT01365962
Completed
	Biomarker in Tumor Tissue Samples From Patients With Rhabdomyosarcoma
	Rhabdomyosarcoma
	Genetic: gene expression analysis
Other: immunohistochemistry staining method
Other: laboratory biomarker analysis
Other: mass spectrometry
	
	Biomarker
	

	83
	NCT01204476
Completed
	Cixutumumab, Everolimus, and Octreotide Acetate in Treating Patients With Advanced Low to Intermediate Grade Neuroendocrine Carcinoma
	Neuroendrocrine carcinoma
	Biological: CixutumumabDrug: Everolimus Other: Laboratory Biomarker Analysis Drug: Octreotide Acetate
Other: Pharmacological Study
	I
	Therapeutic
	Dasari et al., 2015

	84
	NCT02306161
Active
	Combination Chemotherapy With or Without Ganitumab in Treating Patients With Newly Diagnosed Metastatic Ewing Sarcoma
	Ewing sarcoma
	Drug: Cyclophosphamide
Drug: Doxorubicin Drug: Doxorubicin HydrochlorideDrug: Etoposide Drug: Etoposide Phosphate Radiation: External Beam Radiation Therapy Biological: Ganitumab Drug: Ifosfamide Radiation: Stereotactic Radiosurgery Procedure: Therapeutic Surgical Procedure Drug: Vincristine Drug: Vincristine Sulfate
	III
	Therapeutic
	

	85
	NCT00965250
Completed
	Multicenter Phase II Study of IMC-A12 in Patients With Thymoma and Thymic Carcinoma Who Have Been Previously Treated With Chemotherapy
	Thymoma and thymic carcinoma
	Drug: IMC-12
	II
	Therapeutic
	Rajan et al., 2014

	86
	NCT00313781
Completed
	Study of CP-751,871 in Combination With Docetaxel and Prednisone in Patients With Hormone Insensitive Prostate Cancer (HRPC)
	Prostate cancer
	Drug:
CP-751,871
Drug: docetaxel
Drug: prednisone
	II
	Therapeutic
	de Bono et al., 2014


	87
	NCT00889382
Completed
	A Study Evaluating Intermittent and Continuous OSI-906 and Weekly Paclitaxel in Patients With Recurrent Epithelial Ovarian Cancer (and Other Solid Tumors
	Epithelial ovarian cancer
	Drug:
OSI-906
Drug: Paclitaxel
	I and II
	Therapeutic
	

	88
	NCT01550523
Completed
	Pilot Immunotherapy Trial for Recurrent Malignant Gliomas
	Gliomas
	Drug: IGF-1R/AS ODN
Device: biodiffusion chamber
	I
	Therapeutic
	Andrews et al., 2001; Agnelli et al., 1998; Agnelli et al., 2001; Baserga et al., 1995; Brandes et al., 1997; Cage et al., 2009; Carpentier et al., 2006; Chaput et al., 2004; Cosaceanu et al., 2007; Cunningham et al., 2000; Davidson and Diamond, 2001; Tang et al., 2005; Tetri et al., 2008; Zimmerman, 1991; Dorn and Kippenberger, 2008

	89
	NCT01312467
Completed
	Trial of Metformin for Colorectal Cancer Risk Reduction for History of Colorectal Adenomas and Elevated BMI
	Adenomatous Polyp Colorectal Cancer Obesity
	Drug: Metformin hydrochloride
	II
	Therapeutic
	

	90
	NCT01231347
Completed
	QUILT-2.014: Gemcitabine and AMG 479 in Metastatic Adenocarcinoma of the Pancreas (GAMMA)
	Adenocarcinoma of the pancreas
	Drug:
AMG 479
Drug: PlaceboDrug: gemcitabine
	III
	Therapeutic
	

	91
	NCT00807612
Terminated
	QUILT-2.017: Phase 1b/2 Study of AMG 479 in Combination With Paclitaxel and Carboplatin for 1st Line Treatment of Advanced Squamous Non-Small Cell Lung Cancer
	Non-small cell lung cancer
	Biological: AMG 479
Drug: Carboplatin
Drug: Paclitaxel
	I and II
	Therapeutic
	

	92
	NCT02042495
Withdrawn
	Endometrial Cancer Biomarker Changes Following Exposure to Metformin
	Endometrial cancer
	Drug: Metformin
	II
	Therapeutic
	

	93
	NCT00897663
Completed
	Improving the Selection of Patients With Glioblastoma Multiforme for Treatment With Epidermal Growth Factor Receptor Inhibitor Therapies
	Brain and central nervous system tumors
	Genetic: gene expression analysis
Genetic: microarray analysis Genetic: protein expression analysis Other: diagnostic laboratory biomarker analysis Other: immunohistochemistry staining method
	
	Biomarker
	

	94
	NCT00678626
Withdrawn
	Phase 2 Trial Of CP-751,871 And Docetaxel In Advanced Breast Cancer
	Breast cancer
	Drug: CP751,871
Drug: Docetaxel
	II
	Therapeutic
	

	95
	NCT00560560
completed
	Study Using CP-751,871 In Patients With Stage IV Colorectal Cancer That Has Not Responded To Previous Anti- Cancer Treatments
	Colorectal neoplasm
	Biological: CP-751, 871
	II
	Therapeutic
	

	96
	NCT00320411
Completed
	GW572016 In Patients With ErbB2 Over - Expressing Advanced Or Metastatic Breast Cancer
	Breast cancer
	Drug: Lapatinib
	II
	Therapeutic
	Toi et al., 2009

	97
	NCT00753207
Completed
	Lapatinib and Epirubicin in Treating Patients With Metastatic Breast Cancer ICORG 06-30
	Breast cancer
	Drug: epirubicin hydrochlorideDrug: lapatinib ditosylate
Other: biomarker analysis
Other: immunohistochemistry staining method
Other: liquid chromatography
Other: mass spectrometry
	I
	Therapeutic
	

	98
	NCT00372996
Terminated
	Study Of CP-751,871 In Combination With Exemestane In Postmenopausal Women With Hormone Receptor Positive Advanced Breast Cancer
	Breast neoplasms
	Drug:
CP-751,871
Drug: exemestane
Drug: Fulvestrant
	II
	Therapeutic
	

	99
	NCT01497626
Terminated
	Lapatinib and Bortezomib in Patients With Advanced Malignancies
	Solid tumors
	Drug: Lapatinib and bortezomib
	I
	Therapeutic
	

	100
	NCT01413191
Completed
	Cixutumumab in Treating Patients With Metastatic Melanoma of the Eye
	Melanoma of the eye
	Biological: CixutumumabOther: Laboratory biomarker analysis
	II
	Therapeutic
	

	101
	NCT00885755
Completed
	A Study of Herceptin (Trastuzumab)and Biomarkers in Patients With HER2-Positive Metastatic Breast Cancer
	Breast cancer
	Drug: Standard taxane therapy
Drug: capecitabine [Xeloda] Drug: trastuzumab [Herceptin]
	II
	Therapeutic
	

	102
	NCT01104571
Active
	Trastuzumab or Lapatinib Ditosylate in Treating Women With Early Breast Cancer (EPHOS-B)
	Breast cancer
	Biological: trastuzumab Drug: lapatinib ditosylate Other: laboratory biomarker analysis Procedure: adjuvant therapy Procedure: neoadjuvant therapy Procedure: therapeutic conventional surgery
	III
	Therapeutic
	Bliss et al., 2011

	103
	NCT00631852
Completed
	A Phase II Biomarker Trial of Gelatin Encapsulated Extract of American Ginseng Root (LEAG) in Breast Cancer
	Breast cancer
	Drug: American Ginseng root
	II
	Biomarker
	Peralta et al., 2009; Peralta et al., 2009; Peralta et al., 2006

	104
	NCT01536145
Completed
	CP-751,871 Treatment For Patients With Multiple Myeloma
	Multiple myeloma
	Drug:
CP-751,871

	I
	Therapeutic
	

	105
	NCT01653158
Completed
	CP-751,871 In Combination With Docetaxel In Advance Non-hematologic Malignancies
	Advanced Non-Hematologic Malignancies
	Drug:
CP-751,871
Drug: Docetaxel
	I
	Therapeutic
	

	106
	NCT01385280
Completed
	Pilot Study Estradiol Followed by Exemestane Hormone Receptor + Metastatic Breast Cancer
	Breast cancer
	Biological: therapeutic estradiol
Drug: exemestane  Other: laboratory biomarker analysis
Other: enzyme-linked immunosorbent assay
	
	Biomarker
	Chalasani et al., 2014

	107
	NCT00720174
Completed
	Cixutumumab and Doxorubicin Hydrochloride in Treating Patients With Unresectable, Locally Advanced, or Metastatic Soft Tissue Sarcoma
	Soft tissue sarcoma
	Biological: CixutumumabDrug: Doxorubicin HydrochlorideOther: Laboratory Biomarker Analysis
	I
	Therapeutic
	Chugh et al., 2015

	108
	NCT00562380
Completed
	AMG-479 in Treating Patients With Advanced Solid Tumors or Non-Hodgkin Lymphoma
	Lymphoma Prostate Cancer Sarcoma Small Intestine Cancer Unspecified Adult Solid Tumor
	Biological: ganitumab
Other: laboratory biomarker analysis
Other: pharmacological study
Procedure: biopsy
	I
	Therapeutic
	

	109
	NCT02049047
Unknown
	Study of Everolimus in Patients With Thymoma and Thymic Carcinoma Previously Treated With Chemotherapy (ONC-2010-001)
	Thymoma and thymic carcinoma
	Drug: Everolimus
	II
	Therapeutic
	Zucali et al., 2018

	110
	NCT01567488
Completed
	Phase II Study of Everolimus Combined With Octreotide LAR to Treat Advanced GI NET (EVERLAR)
	Gastrointestinal neoplasm
	Drug: Everolimus Drug: octreotide LAR
	II
	Therapeutic
	Capdevila et al., 2019


	111
	NCT02538627
Terminated
	Phase 1 Combination Study of MM-151 With MM-121, MM-141, or Trametinib

	Colorectal Cancer Non-small Cell Lung Cancer Squamous Cell Carcinoma of the Head and Neck
	Drug:
MM-151
Drug:
MM-121
Drug:
MM-141
Drug: trametinib
	I
	Therapeutic
	

	112
	NCT01430585
Terminated
	Pre-Operative Study of PF-4691502 With Letrozole Compared To Letrozole Alone In Patients With Early Breast Cancer
	Breast cancer
	Drug:
PF-04691502
Drug: PF-04691502 in combination with Letrozole
Drug: Letrozole
	II
	Therapeutic
	

	113
	NCT00147537
Completed
	Combination Study Of CP-751,871 With Paclitaxel And Carboplatin In Advanced Lung Cancer
	Non-small cell lung cancer
	Drug:
CP-751,871  Drug: paclitaxel Drug: carboplatin Drug: erlotinib
	I and II
	Therapeutic
	

	114
	NCT03085368
Active
	A Randomized Controlled Trial of HER-2 Positive Breast Cancer Patients Treated With Lapatinib vs Herceptin
	Breast cancer
	Drug: Herceptin/lapatinib
	II and III
	Therapeutic
	Piccart-Gebhart et al., 2016; Goss et al., 2013

	115
	NCT00246571
Completed
	Study Of SU011248 Versus Chemotherapy For Patients With Previously Treated Triple Receptor Negative Breast Cancer
	Breast cancer
	Drug: SU011248  Drug: Chemotherapy
	II
	Therapeutic
	Curigiano et al., 2013




	116
	NCT01041027
Completed
	Radiation Therapy, Paclitaxel, and Carboplatin in Treating Patients With High-Risk Endometrial Cancer
	Uterine corpus
Cancer
	Drug: Paclitaxel  Drug: Carboplatin Radiation: Internal Radiation Therapy Radiation: External Beam Radiation Therapy Other: Laboratory Biomarker Analysis
	II
	Therapeutic
	

	117
	NCT01672736
Terminated
	A Trial of ASP7487 (OSI-906) in Combination With Bortezomib for the Treatment of Relapsed Multiple Myeloma
	Multiple myeloma
	Drug: ASP7487, Velcade, Dexamethasone
	I and II
	Therapeutic
	

	118
	NCT00673049
Terminated
	Trial Of CP-751, 871 And Erlotinib In Refractory Lung Cancer (NSCLC)
	Non-small cell lung cancer
	Drug: CP 751,871 (figitumumab)Drug: Erlotinib
	III
	Therapeutic
	

	119
	NCT01156545
Unknown
	BIBW 2992 Plus Simvastatin vs. BIBW 2992 in Previously Treated Patients With Advanced Non-adenocarcinomatous NSCLC
	Non-small cell lung cancer
	Drug:
BIBW 2992
Drug: simvastatin
	II
	Therapeutic
	

	120
	NCT01733004
Completed
	A Phase 1 Study of MM-141 in Patients With Advanced Solid Tumors
	Hepatocellular carcinoma
	Drug:
MM-141
	I
	Therapeutic
	

	121
	NCT00474760
Completed
	Study Of Anti-IGF-IR CP-751,871 In Patients With Solid Tumors
	Ewing’s sarcoma
	Drug:
CP-571, 871
	I
	Therapeutic
	Asmane et al., 2012; Olmos et al., 2010

	122
	NCT01594177
Completed
	Dual Blockage With Afatinib and Trastuzumab as Neoadjuvant Treatment for Patients With Locally Advanced or Operable Breast Cancer Receiving Taxane-anthracycline Containing Chemotherapy (DAFNE)
	Breast cancer
	Drug: Afatinib
Drug: Trastuzumab
Drug: Paclitaxel Drug: Epirubicin Drug: Cyclophosphamide
	II
	Therapeutic
	

	123
	NCT03041701
Active
	Insulin-like Growth Factor 1 Receptor (IGF1R) Antibody AMG479 (Ganitumab) in Combination With the Src Family Kinase (SFK) Inhibitor Dasatinib in People With Embryonal and Alveolar Rhabdomyosarcoma
	Alveolar Rhabdomyosarcoma
	Drug: Dasatinib
Drug: Ganitumab
	I and II
	Therapeutic
	

	124
	NCT03300557
Active
	Exemestane in Treating Patients With Complex Atypical Hyperplasia of the Endometrium/Endometrial Intraepithelial Neoplasia or Low Grade Endometrial Cancer
	Atypical Hyperplasia Endometrial Intraepithelial Neoplasia and Endometrial Endometrioid Adenocarcinoma
	Drug: Exemestane
Other: Laboratory Biomarker Analysis
Other: Pharmacokinetic Study
Other: Questionnaire administration
	II
	Therapeutic
	

	125
	NCT00642941
Completed
	A Study of R1507 in Participants With Recurrent or Refractory Sarcoma
	Refractory sarcoma
	Drug: RG1507
	II
	Therapeutic
	Asmane et al., 2012; Pappo et al., 2011

	126
	NCT01016015
Completed
	Temsirolimus and Cixutumumab in Treating Patients With Locally Advanced, Metastatic, or Recurrent Soft Tissue Sarcoma or Bone Sarcoma
	Metastatic Osteosarcoma Recurrent, Adult Soft Tissue Sarcoma, Recurrent Osteosarcoma
	Biological: CixutumumabOther: Laboratory Biomarker Analysis
Drug: Temsirolimus
	II
	Therapeutic
	Schwartz et al., 2013

	127
	NCT02056691
Completed
	EDICT - Exercise induced Changes In Colorectal Cancer Tissues (EDICT)
	Colorectal cancer
	Procedure: Exercise programme Procedure: Muscle biopsy
	Not applicable
	Therapeutic
	

	128
	NCT00957853
Completed
	Preoperative Treatment With Cetuximab and/or IMC-A12
	Head and neck squamous cell carcinoma
	Drug: Cetuximab
Drug:
IMC-A12
Procedure: Surgical tumor resection
	II
	Therapeutic
	

	129
	NCT02546544
Completed
	Eurosarc Trial of Linsitinib in Advanced Ewing Sarcoma (LINES)
	Ewing’s sarcoma
	Drug: Linsitinin
	II
	Therapeutic
	

	130
	NCT00778817
Terminated
	IMC-A12 With Mitotane vs Mitotane Alone in Recurrent, Metastatic, or Primary ACC That Cannot Be Removed by Surgery
	Adrenocortical Carcinoma
	Biological: IMC-A12
Drug: mitotane
	II
	Therapeutic
	

	131
	NCT02110641
Active
	Lifestyle, Exercise and Nutrition Study 2 (LEAN 2) (LEAN 2)
	Breast cancer
	Behavioural: weight loss counselling
	Not applicable
	Therapeutic
	

	132
	NCT04199026
Active
	Implantable Microdevice for the Delivery of Drugs and Their Effect on Tumors in Patients With Metastatic or Recurrent Sarcoma
	Sarcoma
	Drug: Doxorubicin Drug: Doxorubicin HydrochlorideDevice: Drug Delivery Microdevice Drug: Everolimus Biological: Ganitumab
Drug: Ifosfamide Drug: Irinotecan
Drug: Pazopanib Drug: Polyethylene Glycol
Drug: temozolomide
Drug: TemsirolimusProcedure: Therapeutic Conventional Surgery
Drug: Vincristine
	I
	Therapeutic
	

	133
	NCT01160458
Completed
	Phase II Study of IMC-A12 in Patients With Mesothelioma Who Have Been Previously Treated With Chemotherapy
	Pleural Mesothelioma
Peritoneal Mesothelioma
	Drug:
IMC-A12
	II
	Therapeutic
	Bridda et al., 2007; Vogelzang et al., 2003; O’Byrne et al., 2004

	134
	NCT04485949
Active
	A Phase 2b Clinical Study With a Combination Immunotherapy in Newly Diagnosed Patients With Glioblastoma Multiforme (GBM) - the ImmuneSense Study
	Glioblastoma Multiforme Glioblastoma
	Biological: IGV-001 Cell Immunotherapy
Biological: Placebo
Procedure: Standard of Care (SOC): Radiation Therapy
Drug: SOC: Temozolomide
	II
	Therapeutic
	

	135
	NCT00923325
Completed
	Blood and Tissue Study of Patients in NIH Protocol 08-C-0800
	Sarcomas
	
	
	Biomarker
	Bonath, 1975; Myhre, 1977; Rosen et al., 1991



	136
	NCT01465815
Withdraw
	Phase I/II Study of Postoperative Adjuvant Chemoradiation for Advanced-Stage Cutaneous Squamous Cell Carcinoma of the Head and Neck (cSCCHN)
	1 Cutaneous Squamous Cell Carcinoma of the Head and Neck
	Drug: erlotinib hydrochlorideDrug: linsitinib
Drug: placebo
Radiation: radiation therapy
Procedure: therapeutic conventional surgery
Other: laboratory biomarker analysis
	I and II
	Therapeutic
	

	137
	NCT03029481
Not available
	Single Patient Expanded Access to Ganitumab for Metastatic Ewing Sarcoma
	Ewing’s sarcoma
	Drug: Ganitumab
	
	Therapeutic
	

	138
	NCT00956436
Completed
	Sorafenib With BIIB022 in Hepatocellular Carcinoma (HCC)
	Hepatocellular carcinoma
	Drug: BIIB022
Drug: Sorafenib
	I
	Therapeutic
	

	139
	NCT01901666
Completed
	Assessment Of Gh-Igf-1 Axis In Children With Chronic Myelogenous Leukemia (CML) In Remission
	Chronic Myelogenous LeukemiaShort Stature
	Drug: growth hormone
	IV
	Biomarker
	

	140
	NCT02824133
Completed
	Treatment With AZD4547 for Recurrent Malignant Glioma Expressing FGFR-TACC Gene Fusion" (TARGET)
	Glioma
	Drug: AZD4547
	I and II
	Therapeutic
	

	141
	NCT01327781
Completed
	Z-Endoxifen Hydrochloride in Treating Patients With Metastatic or Locally Recurrent Estrogen Receptor-Positive Breast Cancer
	Breast cancer
	Other: Laboratory Biomarker Analysis
Other: Pharmacological Study
Other: Questionnaire administration
Drug: Z-Endoxifen Hydrochloride
	I
	Therapeutic
	

	142
	NCT01652547
Completed
	A Phase I, Exploratory, Intra-patient Dose Escalation Study to Investigate the Preliminary Safety, Pharmacokinetics, and Anti-tumor Activity of Pasireotide (SOM230) s.c.Followed by Pasireotide LAR in Patients With Metastaticmelanoma or Metastatic Merkel Cell Carcinoma
	Metastatic Merkel Cell Carcinoma
	Drug: Pasireotide sub-cutaneous formulation
Drug: Pasireotide lon acting release formulation
	I
	Therapeutic
	

	143
	NCT04393285
Active
	Abemaciclib and Letrozole to Treat Endometrial Cancer
	Endometrial cancer
	Drug: Abemaciclib
Drug: Letrozole
	II
	Therapeutic
	

	144
	NCT01055314
Completed
	Temozolomide, Cixutumumab, and Combination Chemotherapy in Treating Patients With Metastatic Rhabdomyosarcoma
	Metastatic Rhabdomyosarcoma
	Biological: CixutumumabDrug: Cyclophosphamide
Biological: DactinomycinDrug: Doxorubicin HydrochlorideDrug: Etoposide
Drug: Ifosfamide
Drug: Irinotecan HydrochlorideOther: Laboratory Biomarker Analysis
Drug: Temozolomide
Drug: Vincristine Sulfate Liposome
	II
	Therapeutic
	

	145
	NCT00924989
Completed
	A Study of OSI-906 in Patients With Locally Advanced or Metastatic Adrenocortical Carcinoma (GALACCTIC)
	Adrenocortical Carcinoma
	Drug:
OSI-906
Other: Placebo
	III
	Therapeutic
	Fassnacht et al., 2015

	146
	NCT04506398
Active
	Heterogeneity and Evolution of hepatoceLlular Carcinoma in Post-transplant HCC Recurrence (HELP-2020)
	Hepatocellular Carcinoma RecurrentLiver Transplant; Complications
	Procedure: liver transplant
Diagnostic Test: ctDNA
Diagnostic Test: whole exome sequencing
	
	Biomarker
	

	147
	NCT04298684
Active
	Efficacy of Metformin Versus Sitagliptin on Benign Thyroid Nodules in Type 2 Diabetes (METNODTHYR)
	Diabetes Mellitus, Type 2Thyroid Nodule (Benign)
	Drug: METFORMINDrug: Sitagliptin
	IV
	Therapeutic
	Anil et al., 2013

	148
	NCT03813381
Active
	Calorie and Protein Restriction Program in Barrett's Esophagus Patients (CARE-PRO). (CARE-PRO)
	Barrett's EsophagusOverweight and Obesity
	Behavioral: Calorie and protein restriction diet
	Not applicable
	Therapeutic
	Lee, 2013




APPENDIX 2: Selected primary research articles included in the present study.

	Year
	Author
	Title
	Key findings
	Study selection process

	1978

	Rinderknecht and Humbel

	The amino acid sequence of human insulin-like growth factor I and its structural homology with proinsulin

	IGF-I shares ~50% homology with pro-insulin and its molecular weight is 7649 Daltons



	This study describes IGF-1R and Insulin similarity

	1983

	Rubin et al

	Stimulation of tyrosine-specific phosphorylation in vitro by insulin-like growth factor I

	IGF-1R is activated and phosphorylated upon the IGF-I binding

	The binding of ligand IGF-I activate IGF-1R

	2012

	Murakami

	Phase 1 study of ganitumab (AMG 479), a fully human monoclonal antibody against the insulin-like growth factor receptor type I (IGF1R), in Japanese patients with advanced solid tumors

	A fully human monoclonal antibody against IGF-1R exhibited promising and acceptable safety against solid tumours

	A phase I study, exhibits the safe use of ganitumab against IGF-1R 

	2011

	Tamimi et al

	Expression of IGF1R in normal breast tissue and subsequent risk of breast cancer

	High levels of cytoplasmic IGF-1R in the epithelial cells, have up to 15 times increased BrCa incidence



	IGF-1R is associated with high risk of breast cancer

	2010

	Aleksic et al

	Type 1 insulin-like growth factor receptor translocates to the nucleus of human tumor cells

	After 1996, it was one of the first article to validate that IGF-1R translocates to the nucleus
	First study since 1996 to identify IGF-1R translocate to cell nucleus

	2010

	Sehat et al

	SUMOylation Mediates the Nuclear Translocation and Signaling of the IGF-1 Receptor

	IGF-1R nuclear translocation is dependent on SUMOylation. Nuclear IGF-1R binds with enhancer-like elements

	The importance of SUMOylation in the nuclear translocation of IGF-1R and nIGF-1R binds to DNA-regulatory elements

	2011

	Deng et al

	Over-accumulation of nuclear IGF-1 receptor in tumor cells requires elevated expression of the receptor and the SUMO-conjugating enzyme Ubc9

	IGF-1R translocation is dependent on SUMO-conjugating enzyme (Ubc9)
	nIGF-1R originate from cell surface only and phosphorylation of IGF-1R is essential for its nuclear translocation

	2017

	Codony-Servat et al

	Nuclear IGF-1R predicts chemotherapy and targeted therapy resistance in metastatic colorectal cancer

	Nuclear IGF-1R can cause chemotherapy and targeted agent resistance
	This study determines IGF-1R is a major cause of chemotherapeutic resistance in colorectal cancer

	2015

	Packham et al

	Nuclear translocation of IGF-1R via p150 Glued and an importin-β/RanBP2-dependent pathway in cancer cells

	Nuclear pore passage is moderated by importin-β followed by RanBP2
	This study is important as it characterizes IGF-1R nuclear translocation pathway from the cell membrane to cell nucleus.

	2012

	Warsito et al

	Nuclear IGF1R is a transcriptional co‐activator of LEF1/TCF

	Nuclear IGF-1R increases protein levels of cyclin D1 and axin2. LEF1 is a nIGF-1R transcriptional cofactor

	A strong association of nIGF-1R and LEF1. nIGF-1R binds to enhancer sites and plays a key role as a transcriptional cofactor

	2016

	Warsito et al

	Nuclearly translocated insulin-like growth factor 1 receptor phosphorylates histone H3 at tyrosine 41 and induces SNAI2 expression via Brg1 chromatin remodeling protein

	Phosphorylated nIGF-1R is rather essential in cancer disease than unphosphorylated nIGF-1R
	This study identifies the association of nIGF-1R with phosphorylated histone H3 at tyrosine 41

	2017

	Waraky et al

	Nuclear insulin-like growth factor 1 receptor phosphorylates proliferating cell nuclear antigen and rescues stalled replication forks after DNA damage

	PCNA regulates DNA damage tolerance (DDT) pathway
	This study shows the importance of IGF-1R/ PCNA interaction to regulate DDT pathway

	2012

	Sarfstein et al

	Insulin-like growth factor-I receptor (IGF-IR) translocates to nucleus and autoregulates IGF-IR gene expression in breast cancer cells
	IGF-1R promotor to exhibit its own expression
	Depending on the ER status cellular IGF-1R autoregulates IGF-1R gene expression 

	2015

	Palmerini et al

	Prognostic and predictive role of CXCR4, IGF-1R and Ezrin expression in localized synovial sarcoma: is chemotaxis important to tumor response?

	Nuclear IGF-1R is significantly associated with adverse patient outcomes
	In synovial sarcoma IGF-1R is highly expressed

	2013

	Aslam et al

	Dynamic and Nuclear Expression of PDGFRα and IGF-1R in Alveolar Rhabdomyosarcoma

	Human alveolar RMS exhibit nIGF-1R

	In RMS high levels of nIGF-1R expression is associated with aggressive tumour growth

	2012

	Asmane et al

	Insulin-like growth factor type 1 receptor (IGF-1R) exclusive nuclear staining: a predictive biomarker for IGF-1R monoclonal antibody (Ab) therapy in sarcomas

	Nuclear IGF-1R expression increase the cell proliferation and effects the therapeutic response
	In advanced soft tissue sarcomas IGF-1R nuclear localization is a potential biomarker

	2018

	Aleksic et al

	Nuclear IGF1R interacts with regulatory regions of chromatin to promote RNA polymerase II recruitment and gene expression associated with advanced tumor stage

	Nuclear IGF-1R interact with RNAPol2 to upregulate the expressions of JUN and FAM21
	nIGF-1R drive the tumour progression of prostate cancer and IGF-1R binding sites are around transcription start sites of JUN and FAM21


	2013

	van Gaal

	Simultaneous targeting of insulin-like growth factor-1 receptor and anaplastic lymphoma kinase in embryonal and alveolar rhabdomyosarcoma: a rational choice

	In Rhabdomyosarcoma nIGF-1R is associated with adverse patient outcomes
	IGF-1R and ALK expressions is detected in patients with RMS. Prominently in aRMS IGF-1R is highly expressed.

	2017


	Lin et al
	SUMO‐modified insulin‐like growth factor 1 receptor (IGF‐1R) increases cell cycle progression and cell proliferation

	SUMOylation of IGF‐1R is not an absolute requirement for nuclear translocation

	This study highlights that SUMOylated IGF-1R induce cell proliferation

	2015

	Zhang et al

	SUMOylation of insulin-like growth factor 1 receptor, promotes proliferation in acute myeloid leukemia

	IGF-I ligand increases the upregulation of IGF-1R modified by SUMO-1
	UBC9 plays a pivotal role in SUMOylation and in AML, IGF-1R can be modified by SUMOylation 

	2012

	Hoa et al

	Nuclear targeting of IGF-1 receptor in orbital fibroblasts from Graves' disease: apparent role of ADAM17

	IGF-I along with GD-IgG mediates the nuclear accumulation of IGF-1R in Graves' disease
	IGF-1R also translocate to the nucleus in an autoimmune disease

	2019

	Werner et al.,

	Identification of nucleolar protein NOM1 as a novel nuclear IGF-1R interacting protein

	NOM1 acts as an interacting protein for nIGF-1R


	NOM1 is a significant binding partner of nIGF-1R

	2012

	Wu et al

	Novel nuclear localization and potential function of insulin-like growth factor-1 receptor/insulin receptor hybrid in corneal epithelial cells.

	Nuclear IGF-1R plays a key role in gene regulation and nuclear receptor interacts with DNA

	In a non-cancerous cell line, heterodimer hybrid of IGF-1R/INSR localize to the nucleus
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