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Loss of Insulin Receptor Substrates 1 and 2 Suppresses Kras-driven Non-Small Cell 

Lung Cancer 

 

Abstract 

Lung cancer remains the leading cause of cancer death worldwide, with non-small cell 

lung cancer (NSCLC) being the majority of diagnosed cases of lung cancer. Mutant KRAS is 

found in about 25% of all NSCLC and has proved to be extraordinarily difficult to directly 

target for therapeutic purposes. It has been demonstrated that mutant KRAS directly binds to 

and activates PI3K, and this interaction is required for the initiation and maintenance of 

NSCLC in mice. However, it has remained controversial whether signaling from upstream 

insulin receptor (IR) and insulin-like growth factor 1 receptor (IGF-1R) contributes to 

tumorigenesis in the context of activated KRAS, and whether the upstream signaling 

represents a potential strategy for therapeutic targeting.  

 Using a conditional mouse model of lung tumorigenesis driven by activated Kras and 

loss of tumor suppressor p53, I have demonstrated that concomitant lung-specific genetic 

ablation of insulin receptor substrates 1 and 2 (Irs1 and Irs2), which mediate signaling from 

IR and IGF-1R, inhibits Kras-driven tumor development and significantly extends the 

survival of mice. However, mice eventually overcome the loss of Irs1 and Irs2 and succumb 

to lung cancer with a varied but significantly longer latency. Through proteomic 

characterizations of mouse cell lines established from these tumors, I discovered that tumor 

cells with loss of Irs1 and Irs2 demonstrate severely suppressed Akt and downstream effector 
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signaling. Metabolic profiling also revealed that loss of Irs1 and Irs2 results in dramatically 

decreased levels of intracellular amino acids. Similar signaling and metabolic alterations were 

found in human KRAS-mutant NSCLC cells with double knockout or double knockdown of 

IRS1 and IRS2, accompanied by enhanced basal autophagy and sensitivity to autophagy and 

proteasome inhibitors. Acute pharmacological inhibition of IR/IGF-1R signaling in both 

murine and human KRAS-mutant lung cancer cells also results in decreased intracellular 

amino acid levels and increased basal autophagy. Therefore, my research demonstrated that 

Irs1 and Irs2-mediated IR/IGF-1R signaling is essential to KRAS-driven lung tumorigenesis. 

More importantly, these studies identified amino acid metabolism as a vulnerability in cells 

that overcome IR/IGF-1R inhibition. Consequently, combinatorial targeting of IR/IGF-1R 

with autophagy or proteasome inhibitors may represent a viable therapeutic strategy in KRAS-

mutant NSCLC. 
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1.1 NON-SMALL CELL LUNG CANCER 

1.1.1 Histological subtypes of lung cancer 

Lung cancer remains the leading cause of cancer-related deaths worldwide, with more 

than 85% of all lung cancers being diagnosed as non-small cell lung cancer (NSCLC) (Siegel, 

Miller, and Jemal 2017; Ettinger et al. 2017). NSCLC is a highly lethal disease with a dismal 

5-year survival rate of 17.7% (Ettinger et al. 2017). Clinically, NSCLC is classified as two 

dominant histological types upon diagnosis, adenocarcinoma (ADC; ~ 50%) and squamous 

cell carcinoma (SCC; ~ 40%). ADCs generally arise in more distal airways, have glandular 

histology and express biomarkers associated with the distal lung, such as thyroid transcription 

factor (TTF1, also known as NKX2-1) and keratin 7 (KRT7) (Davidson, Gazdar, and Clarke, 

2013; Langer et al. 2010). By contrast, SCCs arise in more proximal airways and are more 

strongly associated with smoking and chronic inflammation. SCCs have histology similar to 

the pseudostratified columnar epithelium that lines trachea and the upper airways. SCCs 

express biomarkers including cytokeratin 5, cytokeratin 6, the transcription factor SOX2 and 

p63 (Davidson, Gazdar, and Clarke, 2013; Langer et al. 2010; Lu et al. 2010). A small subset 

of NSCLC is large cell carcinoma, which is diagnosed by exclusion of both ADC and SCC 

based on histology and biomarker expression (M. R. Davidson, Gazdar, and Clarke 2013).   

 

1.1.2 Genetic complexity of NSCLC 

Although histological features and biomarker expression remain the basis of clinical 

tumor diagnosis, recent advances in high-throughput genomic sequencing have allowed 

researchers to examine the breadth of genetic mutations in lung cancers. NSCLC is a 

genetically complex disease, with a number of oncogenes and tumor suppressor genes 
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affected in majority of cases. Mutant KRAS is the most common oncogene, found in about 

25% of all NSCLC cases as a dominant driver of tumorigenesis (Ettinger et al. 2017). EGFR 

mutations are also frequently encountered as a driver oncogene in NSCLC, found in about 

10% of Caucasian patients and 35% of East Asian patients (Lynch et al. 2004; J. G. Paez et al. 

2004; Pao et al. 2004). Other mutations that are commonly found in oncogenes include BRAF, 

PIK3CA, MET and the small GTPase RIT1 (Collisson et al. 2014; Lynch et al. 2004; J 

Guillermo Paez et al. 2004; Pao et al. 2004; J. A. Engelman et al. 2007). Further recurrent 

mutations and amplifications have been identified in HER2 (also knowns as ERBB2), 

fibroblast growth factor receptor 1 (FGFR1) and FGFR2, as well as fusion oncogenes 

involving anaplastic lymphoma kinase (ALK), the ROS1 receptor tyrosine kinase, neuregulin 1 

(NRG1), neurotrophic tyrosine kinase receptor type 1 (NTRK1) and RET (Fernandez-Cuesta et 

al. 2014; Kohno et al. 2012; Soda et al. 2007; Vaishnavi et al. 2013; Stephens et al. 2004; 

Weiss et al. 2010; Ding et al. 2008; Imielinski et al. 2012; Heist and Engelman 2012). TP53 is 

the most commonly mutated tumor suppressor in NSCLC, occurring in about 46% of all 

cases. Other tumor suppressors that have been reported to be mutated in NSCLC include 

STK11, KEAP1, NF1, RB1 and CDKN2A (Collisson et al. 2014). An important challenge that 

remains in the field is to understand how each of these oncogenes and tumor suppressors 

contributes to lung tumorigenesis and disease progression, as well as how they can be best 

exploited for therapeutic purposes. One of these oncogenes, KRAS, has been the subject of 

intense research due to its prevalence in human cancers and its potent oncogenic effects.  
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1.2 MUTANT KRAS IN HUMAN CANCERS 

1.2.1 The RAS signaling pathways 

The RAS gene family (HRAS, KRAS and NRAS) is the most frequently mutated 

oncogene family in human cancers with KRAS accounting for 86% of all RAS-driven cancers 

(Cox et al. 2014). RAS is a membrane-associated small GTP-binding protein that regulates 

cell proliferation, survival, motility and metabolism in response to extracellular stimuli 

through upstream growth factor receptors, such as activation of epidermal growth factor 

receptor (EGFR) or T-cell receptor (TCR) (Cox et al. 2014). When bound to GDP, RAS 

proteins are inactive. Upon exchange of GDP to GTP, RAS is activated and stimulates 

multiple downstream effector pathways (Fig. 1.1). The RAF-MEK-ERK pathway is the 

prototypical mitogen-activated protein kinase (MAPK) cascade that culminates in 

transcription of pro-survival, mitogenic genes (Cox et al. 2014). The PI3K-AKT-mTOR 

pathway also contributes to cell growth, proliferation as well as protein synthesis downstream 

of RAS, though there has been evidence suggesting that basal signaling from upstream 

receptor tyrosine kinases (RTKs) is necessary for RAS-mediated activation of this pathway 

(Molina-Arcas et al. 2013). A third major effector pathway is the Ral GTPase pathway that 

results in increased endocytosis and activation of transcription factors Jun and Fos (Stephen et 

al. 2014). GTP-bound RAS becomes deactivated by its intrinsic GTPase activity shortly after 

activation. However, the intrinsic GTPase activity of RAS is rather low and needs to be 

activated by GTPase-activating proteins (GAPs) such as neurofibromin, encoded by the NF1 

gene, and p120GAP (Boguski and McCormick 1993; Donovan, Shannon, and Bollag 2002). 

Activation of RAS occurs through guanine nucleotide exchange factors (GEFs) such as SOS 

and RasGRP1, which catalyze the exchange of RAS-bound GDP with free GTP (Schubbert, 
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Shannon, and Bollag 2007). Oncogenic mutations in RAS render the proteins unresponsive to 

the action of GAPs and hence constitutively GTP-bound and active. 

 

Figure 1.1. The RAS switch.  

The RAS proteins oscillate between a GDP-bound, inactive state and a GTP-bound, active 

state. Transmembrane receptor signaling recruits RAS guanine nucleotide exchange factors 

(GEFs) such as SOS and RasGRP1 to the cell membrane, where they catalyze the exchange of 

GDP for GTP and activate RAS, which in turn activates multiple downstream signaling 

pathways that regulate cell proliferation, survival and differentiation. RAS possesses low 

intrinsic GTP hydrolysis activity that needs to be accelerated by GTPase activating proteins 

(GAPs) such as NF1 and p120GAP. Figure reprinted from Ward, Braun, and Shannon 2012. 
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1.2.2 KRAS mutations in NSCLC  

 KRAS mutations are found in about 30% of ADCs and about 5% of SCCs (Korpanty et 

al. 2014). They are more frequently present in patients with smoking history than in never-

smokers, as well as in Caucasian patients than in Asian patients (Riely et al. 2008; Roberts 

and Der 2007). Most KRAS mutations in NSCLC are single base pair substitutions in codon 

12 (80%), and to a lesser extent codon 13 and 61, which result in the substitution of a single 

amino acid in the protein (Prior, Lewis, and Mattos 2012). In patients with smoking history, 

KRAS mutations are usually transversions (G à T or G à C), whereas in never-smokers 

transitions (G à A and Cà T) are more common (Riely et al. 2008). KRAS mutations are 

almost always mutually exclusive with EGFR and BRAF mutations as they are part of the 

same signal transduction pathway (Schmid et al. 2009; Eberhard et al. 2005). 

Despite decades of advancement in our understanding of the molecular etiology of 

NSCLC, particularly the role of KRAS mutations in driving tumor formation, treatment 

options for patients with KRAS-mutant NSCLC are still very limited. KRAS has proven to be 

an elusive target for direct inhibition by small molecules (Cox et al. 2014; Ostrem and Shokat 

2016). Most efforts currently focus on inhibiting signaling cascades downstream of activated 

KRAS such as the RAF-MEK-ERK pathway and the PI3K-AKT pathway (Engelman et al. 

2008; Roberts and Der 2007; Jänne et al. 2013; Gandara et al. 2017; Hanna et al. 2004). 

However, the clinical benefits of MEK inhibitors, even in combination with other agents, are 

somewhat modest and are associated with inevitably acquired resistance (Duncan et al. 2012; 

Hata et al. 2014; Little et al. 2011, 2012; Pettazzoni et al. 2015; Scagliotti et al. 2009). 

Therefore novel targets and pathways that could improve treatment outcome for patients with 

KRAS-mutant NSCLC are in critical need.  
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1.3 IR/IGF-1R AND DOWNSTREAM EFFECTOR SIGNALING 

1.3.1 Overview 

IR/IGF-1R signaling is an evolutionarily conserved system that regulates cellular 

metabolism, survival, proliferation, motility and differentiation. In Caenorhabditis elegans, 

signaling molecules related to IR and IGF-1R regulate cell fate and lifespan in relation to 

nutrient availability (Dong et al. 2007). In zebrafish, ir is required for normal embryogenesis 

(Toyoshima et al. 2008). In humans, insulin was first discovered as a “cure” for diabetes in 

1922 (Banting et al. 1922). Other functions such as the pro-survival, anti-apoptotic and 

mitogenic signaling by the insulin and IGF system have since emerged. This section touches 

on 1) the signaling cascade of insulin/IGF signaling; 2) its relation to mutant KRAS; 3) its 

involvement in tumorigenesis; 4) targeted IGF-1 therapies as treatment for NSCLC; 5) the 

specific roles of insulin receptor substrates (IRS) 1 and 2 in mediating signaling in cancer. 

 

1.3.2 Insulin/IGF-1 signaling 

The insulin/IGF signaling pathway consists of three ligands - insulin, IGF-1 and IGF-

2; three receptor tyrosine kinases - insulin receptor (IR), IGF-1 receptor (IGF-1R) and IGF-2 

receptor (IGF-2R); and six serum IGF binding proteins (IGFBP 1-6). Insulin, IGF-1 and IGF-

2 are structurally similar peptides that bind to receptors to activate downstream signaling. 

Insulin functions mostly as a classic hormone. It is mainly produced by pancreatic β-cells in 

response to circulating glucose, and signals peripheral metabolic tissues such as muscle and 

adipose tissue to take up glucose. IGF-1 and IGF-2, on the other hand, are widely expressed 

by many cell types, and autocrine expression and signaling by transformed cells is common 

(Pollak 2008). Systemically, IGF-1 and IGF-2 are mainly produced by the liver. Hepatic 



	 8	

production of IGF-1 is stimulated by growth hormone (GH) secreted from the pituitary gland, 

and is kept in homeostasis via negative feedback that inhibits pituitary GH production. 

Therefore, IGF-1 functions both as a hormone and as a tissue growth factor as cells can 

respond to locally produced ligands and to ligands delivered by general circulation.  

Insulin and IGF receptors are dimers comprised of two hemireceptors (Fig. 1.2). Each 

hemireceptor is comprised of an extracellular α subunit that binds to the ligand and a 

membrane-associated β subunit that functions as a tyrosine kinase. The insulin hemireceptor 

exists in two splice variant isoforms, IR-A and IR-B, with the former but not the latter, 

lacking exon 11. The IR-A isoform is known to preferentially mediate the mitogenic effects of 

insulin signaling while the IR-B isoform mainly mediates the metabolic outcome of insulin 

signaling (Belfiore et al. 2009). Each insulin receptor (IR) can therefore be formed from two 

IR-A hemireceptors or two IR-B hemireceptors, and insulin binds to both types of IR. IGF-1 

binds to either IGF-1R, which is formed by two IGF-1R hemireceptors, or hybrid receptors 

that are comprised of one IGF-1R hemireceptor and one insulin hemireceptor (either IR-A or 

IR-B). IGF-2, on the other hand, binds to both IGF-1R as well as hybrid receptors and IRs 

that contain IR-A. IGF-2R is a non-signal transducing receptor that mainly serves to bind to 

and sequester IGF-2, and hence is considered a negative regulator of IGF-2 signaling 

(Gallagher and LeRoith 2010).  
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Figure 1.2. Insulin/IGF receptor binding.  

IR and IGF receptors consist of two hemireceptors, each of which is comprised of an 

extracellular ligand-binding domain and a membrane-associated tyrosine kinase domain. 

Insulin hemireceptors exist in either of two splice variant isoforms, IR-A and IR-B. Insulin 

binds to both types of IR as well as weakly to hybrid receptors. IGF-1 binds to IGF-1R, 

hybrid receptors, and weakly to IR. IGF-2, on the other hand, binds to IGF-1R, IR and hybrid 

receptors containing the IR-A isoform, as well as IGF-2R that does not transduce signal. IR 

shares about 50% and 80% homology with the ligand-binding and tyrosine kinase domain, 

respectively, of the IGF-1R (Belfiore et al. 2009). Solid lines indicate high binding affinity 

and dashed lines indicate low binding affinity. Figure reprinted from Klement and Fink 2016. 

 

 

The bioactivity of IGFs is modulated by IGFBPs, which bind to both IGF-1 and IGF-2 

with high affinity. Of the 6 serum IGFBPs, IGFBP-3 is the most prevalent (Pollak 2008). 

IGFBPs extend the half-life of IGF-1 and IGF-2 in circulation while making them unavailable 

to receptor-mediated signaling. Therefore, IGFBPs are generally considered to negatively 

regulate IGF-1R signaling. Secretion of IGFBPs has been found to be enhanced by the tumor 
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suppressor p53, as well as other growth inhibitors such as vitamin D, anti-oestrogens, 

retinoids, and transforming growth factor-β (TGF-β) (Firth and Baxter 2002; Buckbinder et al. 

1995; Rozen et al. 1997; Huynh, Yang, and Pollak 1996; Gucev et al. 1996). 

Upon binding of ligand to the α subunit of insulin/IGF-1 receptors, the β subunit 

becomes autophosphorylated on tyrosine residues, which then act as docking sites for 

signaling adaptor proteins such as insulin receptor substrates (IRS) 1- 4, as well as SHC, 

phospholipase C (PLC) γ1 and GAB1 (GRB2-associated binding protein 1). These adaptor 

proteins subsequently activate downstream pathways including the PI3K/AKT/mTOR 

pathway and the RAF/MEK/ERK pathway among others. Receptor-bound IRS-1 recruits 

PI3K to the membrane through its p85 regulatory subunit by binding to the Src-homology 2 

(SH2) domain on the latter. Binding of p85 to IRS-1 relieves p85 inhibition of the PI3K 

catalytic subunit p110α, which then converts phosphatidylinositol 4,5-bisphosphate (PIP2) to 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) at the membrane. PIP3 provides a docking 

site at the membrane for pleckstrin homology (PH) domain-containing proteins, including 

AKT and PDK1. AKT is phosphorylated by PDK-1 at T308 and by mTORC2 at S473, 

achieving full activation by both phosphorylation events. Activated AKT has well over 100 

substrates, among which are Forkhead transcription factors (FKHR), p27, MDM2, BAD and 

BCL-2. AKT phosphorylation of these substrates leads to promotion of cell cycle progression 

and inhibition of apoptosis (Fig. 1.3, Manning and Toker 2017).  

Many of the downstream effects of AKT on cellular growth and metabolism are 

carried out through the mTORC1 complex. AKT indirectly activates mTORC1 by 

phosphorylating and inhibiting TSC2, relieving its inhibition of RHEB, a GTPase protein 

essential for mTORC1 activation. GTP-bound RHEB then activates mTORC1 after the latter 
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has been recruited to the outer lysosomal membrane following amino acid sensing and 

regulation by the Rag GTPases (Issam Ben-Sahra and Manning 2017; Bar-Peled and Sabatini 

2014). Activated mTORC1 subsequently promotes cell growth by activating a variety of 

anabolic processes including protein, lipid and nucleotide synthesis (Issam Ben-Sahra and 

Manning 2017). Active mTORC1 promotes protein synthesis by direct phosphorylation of S6 

kinases and 4E-BP1 and 2 (the eukaryotic translation initiation factor 4E, or eIF4E - binding 

proteins), and by enhancing ribosome biogenesis (Issam Ben-Sahra and Manning 2017; 

Iadevaia, Liu, and Proud 2014). Lipid synthesis is promoted by activated mTORC1 through 

its regulation of SREBP transcription factors (Issam Ben-Sahra and Manning 2017). 

mTORC1 activation acutely stimulates de novo pyrimidine synthesis through S6K1-

dependent phosphorylation of CAD, a multifunctional enzyme involving carbamoyl-

phosphate synthetase 2, aspartate transcarbamylase, and dihydro-orotase that catalyzes the 

first three steps in pyrimidine synthesis (Ben-Sahra et al. 2013; Robitaille et al. 2013). 

mTORC1 activation also enhances de novo purine synthesis by transcriptionally promoting 

enzymes involved in pentose phosphate pathway (PPP), serine and glycine synthesis, as well 

as the mitochondrial tetrahydrofolate (mTHF) pathway (Ben-Sahra et al. 2016). Conversely, 

activated mTORC1 inhibits catabolic processes such as autophagy and lysosomal degradation 

through its effects on ULK1/2, other proteins involved in autophagosome formation, as well 

as the master regulator of lysosomal biogenesis TFEB (D. Egan et al. 2011; J. Kim et al. 

2011; Puente, Hendrickson, and Jiang 2016; Yuan, Russell, and Guan 2013; Nazio et al. 2013; 

Peña-Llopis et al. 2011; Settembre et al. 2012; Martina et al. 2012; Settembre et al. 2011; 

Roczniak-Ferguson et al. 2012).   

 



	 12	

 

Figure 1.3. The insulin/IGF-1 signaling pathway.  

IGFBPs modulate the bioavailability of IGF-1 by binding to it, thus preventing it from 

engaging with the receptors. Upon binding of ligand to the α subunit of receptors, the β 

subunit becomes autophosphorylated on tyrosine residues, which then act as docking sites for 

signaling adaptor proteins including IRS1/2 and Shc that contain phosphotyrosine binding 

(PTB) domains. These adaptor proteins subsequently activate downstream pathways including 

the PI3K/AKT/mTOR pathway and the RAF/MEK/ERK pathway among others. Activated 

AKT phosphorylates large numbers of substrates to promote cell survival, catabolic 

metabolism, cell proliferation and to inhibit apoptosis. Figure reprinted from Jung and Suh 

2015. 
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1.3.3 KRAS and PI3K/AKT signaling 

In addition to the activation of PI3K/AKT signaling and its downstream effectors, 

insulin and IGF-1 also cross-activate RAS signaling. Phosphorylation of IRS-1 and SHC 

leads to recruitment of other adaptor proteins such as GRB2 and SOS to the membrane, which 

bind to and activate RAS and its downstream RAF/MEK/ERK pathway that promotes cell 

proliferation and growth (Fig. 1.3). Conversely, activated RAS protein directly binds to the 

catalytic subunit p110 of class I PI3K and activates it (P Rodriguez-Viciana et al. 1997; Pablo 

Rodriguez-Viciana et al. 1994; Pacold et al. 2000). This interaction has been found to be 

critical for RAS signaling in normal development and oncogenesis. Hras-induced 

transformation is inhibited in mouse embryonic fibroblasts (MEFs) that express mutant p110α 

with point mutations in its RAS binding domain (RBD) (Gupta et al. 2007). Transformation 

by mutant EGFR, which activates RAS signaling downstream, is similarly inhibited (Gupta et 

al. 2007). Same p110α mutants impede Kras-driven lung tumorigenesis as well as Hras-

driven skin carcinogenesis in vivo when expressed from the endogenous locus of pik3ca 

(Gupta et al. 2007). Moreover, this p110α-RAS interaction was found to be required for 

maintenance of established Kras-mutant lung tumors. When this interaction is inhibited in an 

inducible in vivo model, Kras-mutant lung tumors experience partial regression and sustained 

tumor stasis in a cell-autonomous manner (Castellano et al. 2013). Notably the ability of RAS 

to activate PI3K depends on upstream signaling of IGF-1R. In the presence of IGF-1R 

inhibitors, oncogenic signaling of mutant KRAS does not lead to AKT activation in NSCLC 

cells (Molina-Arcas et al. 2013). Additionally both RAS-mutant NSCLC and colorectal cancer 

cell lines are more sensitive to IGF-1R inhibitors and dependent on IGF-1R-mediated 

signaling than RAS-wild type cell lines in vitro (Molina-Arcas et al. 2013). However, whether 
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upstream IR/IGF-1R signaling is required for RAS-mutant tumors to grow in vivo has 

remained controversial and unexplored.   

In addition to RAS-PI3K interaction, cross-talk between the RAS-MAPK pathway and 

the PI3K/AKT pathway also occurs at other signaling nodes. Mutant RAS can induce ERK 

and its downstream target RSK-mediated phosphorylation of TSC2 and RAPTOR, part of 

mTORC1 complex, resulting in activation of mTORC1 independent of AKT (Roux et al. 

2004; Carriere et al. 2011; Foster et al. 2010). Conversely, activated AKT can negatively 

regulate ERK activation by phosphorylating inhibitory sites in the Raf N-terminus 

(Zimmermann and Moelling 1999; Dhillon et al. 2002; Guan et al. 2000). Activated ERK can 

also phosphorylate GAB1 and inhibit GAB1-mediated recruitment of PI3K to EGFR, hence 

attenuating PI3K/AKT signaling (Yu, Liu, and Cantley 2002; Lehr et al. 2004).  

 

1.3.4 IR/IGF-1R signaling and tumorigenesis 

IR/IGF-1R signaling has been implicated in various diseases including obesity, type 2 

diabetes, and cancer. As a result, intense efforts have been devoted to develope viable 

therapeutic strategies that target this pathway. Epidemiological studies have shown that 

obesity and type-2 diabetes (T2DM) increase the risk of cancer-associated deaths (Sciacca et 

al. 2013; Vigneri et al. 2009; Calle 2007; Calle et al. 2003; Calle and Kaaks 2004). 

Conversely, caloric restriction (CR) leads to reduced tumor burden and decreased tumor 

progression in a number of different experimental contexts, including xenograft studies and 

autochthonous models of NSCLC (Kopeina, Senichkin, and Zhivotovsky 2017; Curry et al. 

2013). Obesity is characterized by increased circulating levels of insulin and IGF-1, whereas 

caloric restriction results in decreased circulating levels of both (Dunn et al. 1997; Lashinger 
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et al. 2011, 2013, 2016; Curry et al. 2013; Dawson et al. 2013). Hence, it has been proposed 

that the anti-apoptotic, mitogenic effects of IR/IGF-1R signaling promote tumor growth, and 

may contribute partially to obesity-associated cancer risk (Calle and Kaaks 2004; Calle 2007).  

IR/IGF-1R signaling pathway is frequently altered in human tumors, including 

osteosarcomas, gynecological, gastrointestinal, breast, prostate, and lung cancer (Pollak 2008; 

Gallagher and LeRoith 2010). Individuals with congenital IGF-1 deficiency are protected 

from cancer development compared to their relatives without the hormonal deficiency 

(Gallagher and LeRoith 2010; Pollak 2008). Transgenic mice with liver-specific IGF-1 

deficiency (LID) have decreased growth and metastasis of transplanted colon or mammary 

tumors. Administration of IGF-1 reverses the suppressive effect of IGF-1 deficiency on tumor 

growth (Wu et al. 2002, 2003). IGF-1R and the IR-A isoform of IR are often overexpressed in 

human cancers to promote mitogenic signaling of IGF-1/IR-A hybrid receptors as well as IR-

A homodimer receptors (Belfiore 2007; Frasca et al. 2008). Specifically, higher circulating 

levels of IGF-1 in humans is associated with increased risk of lung cancer (H. Yu et al. 1999; 

Spitz et al. 2002). IGF-1R protein levels have been shown to be high in NSCLC cell lines and 

patient samples, both in ADCs and SCCs (Tran et al. 2014; Reinmuth et al. 2014) . In 

addition, IGF-1R expression is associated with poor prognosis in NSCLC patients (Gately et 

al. 2014). Therefore, various efforts have been undertaken to develop targeted therapies 

against IR/IGF-1R signaling as a treatment strategy for human cancers including NSCLC. 

 

1.3.5 Targeted IR/IGF-1R therapies in treating NSCLC 

Therapeutic strategies to target IGF-1R signaling have included three main classes: 

antibodies that target the receptor, anti-ligands that bind to and sequester the ligands, as well 
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as receptor tyrosine kinase inhibitors (TKIs) that inhibit the kinase activity of IR and IGF-1R 

(Nurwidya et al. 2016). Of the three classes, anti-receptor antibodies have been most widely 

tested in clinical studies. Success in early-phase clinical trials quickly turned into 

disappointing outcomes in multiple Phase II and III trials that were terminated early due to 

lack of efficacy and in some cases severe adverse effects (Langer et al. 2014; Goto et al. 2012; 

Ramalingam et al. 2011). One of the main challenges to clinical applications of targeted 

IR/IGF-1R therapies is the lack of predictive biomarkers that can be used to identify patient 

populations most likely to benefit from such therapies. Tumor expression of IGF-1R protein 

has not consistently demonstrated predictive value in patients with NSCLC (Kurzrock et al. 

2010). However, more recent data have shown that improved disease control and overall 

survival are associated with elevated pretreatment serum total IGF-1 (Langer et al. 2014; Goto 

et al. 2012). Active research is under way to identify alternative pathway activation and gene 

expression profiles associated with IGF-1R signaling dependence in tumors.  

In addition to the lack of predictive biomarkers, IGF-1R inhibition often leads to 

compensatory signaling from IR as well as other RTKs including growth hormone receptor 

(GHR) and EGFR. In the case of compensatory IR signaling, IGF-1R signaling is no longer 

needed and downstream AKT activation is restored. Notably, high IR to IGF-1R ratio is 

associated with increased resistance to IGF-1R inhibitors and tumors resistant to IGF-1R 

inhibition demonstrate elevated expression of IR and insulin binding to IR (Thariat et al. 

2012; Ulanet et al. 2010). Therefore, it stands to reason that therapies that inhibit both IR and 

IGF-1R signaling, leading to a complete blockade of downstream effector activation might 

achieve greater efficacy and reduce the risk of resistance in patients.  
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Systemic IGF-1R inhibition can lead to compensatory pituitary secretion of GH, as it 

is no longer suppressed via negative feedback by active IGF-1R signaling, which results in 

increased serum GH levels (Haluska et al. 2010; Moody et al. 2014). GH can lead to 

activation of PI3K/AKT and MAPK pathways independent of IGF-1R (Felice et al. 2013). 

Increased serum GH levels also stimulate hepatic production of IGF-1, resulting in higher 

circulating levels of IGF-1 in patients that may paradoxically increase IGF-1R signaling as 

well as EGFR signaling (Haluska et al. 2007; Tolcher et al. 2009). Additionally, high serum 

GH levels have also been linked to insulin resistance due to increased release of hepatic free 

fatty acids and lipids, hence contributing to hyperglycemic incidences in patients (Møller and 

Jørgensen 2009). 

EGFR signaling is also partially redundant with IGF-1R signaling, leading to 

activation of AKT and MAPK pathways independent from IGF-1R. EGFR has been shown to 

heterodimerize with IGF-1R in response to IGF-1 stimulation, and IGF-1 can induce 

phosphorylation of EGFR (Barnes et al. 2007). As mentioned above, circulating levels of 

IGF-1 have been observed to increase as a result of IGF-1R inhibition. This can paradoxically 

result in activation of IGF-1R downstream effectors via EGFR signaling. 

 Alternative means to block signaling through both IR and IGR-1R without generating 

the above-mentioned compensatory pathway activation may provide better efficacy and 

survival benefits for patients. IRS1 and IRS2, as the predominant adaptor proteins that 

mediate signaling through all forms of IR, IGF-1R, IR/IGF-1R hybrid receptors as well as 

some signaling through GHR and EGFR, may represent a more effective targeting strategy. 

Notably, one study has demonstrated that increased expression of IRS2 was associated with 

figitumumab (anti-IGF-1R antibody) sensitivity (Huang et al. 2015). Independently, cells that 
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express high levels of both IGF-1R and IRS1 are more sensitive to IGF-1R inhibition 

(Mukohara et al. 2009). These observations suggest that IRS1 and IRS2 proteins may serve as 

not only biomarkers indicating dependence on IGF-1R signaling, but also functionally 

relevant targets to completely inhibit IR/IGF-1R signaling while circumventing the caveats of 

monotherapies targeting IGF-1R.  

 

1.3.6 IRS1 and IRS2 functions and roles in cancer 

Insulin receptor substrates (IRS) are a family of six structurally similar intracellular 

signaling adaptor proteins that integrate and coordinate extracellular stimuli within the cell 

(Dearth et al. 2007). Of the six IRSs, IRS1 and IRS2 are widely expressed by different tissues. 

IRS3 is only expressed in rodents and a human equivalent has not yet been identified. IRS4 

expression is limited to the brain and thymus (Dearth et al. 2007). IRS5 and IRS6 are more 

distantly related to the rest of the IRS family and do not bind to PI3K following insulin 

induction (Cai et al. 2003). Therefore IRS1 and IRS2 are the predominant adaptor proteins for 

IR/IGF-1R signaling in the majority of human tissues including the lungs, and hence will 

remain the focus of this section. IRS1 and IRS2 bind to ligand-phosphorylated IR, IGF-1R or 

hybrid receptors and become rapidly phosphorylated themselves. In turn they become docking 

sites for multiple SH2-containing proteins including p85, the regulatory subunit of PI3K, as 

well as GRB2, the adaptor protein for RAS/MAPK cascade (Taniguchi, Emanuelli, and Kahn 

2006).  

In addition to their role in relaying PI3K/AKT and RAS/MAPK signal transductions, 

IRS1 and IRS2 also interact with cytokines, integrins and several hormones in a noncanonical 

manner. IRS1 and IRS2 mediate cytokine-induced proliferation and protection from apoptosis 
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via phosphorylation by the Janus cytoplasmic tyrosine kinase family (JAK1, JAK2, JAK3, 

Tyk2) (Burfoot et al. 1997; Jiang, Harris, and Rothman 2000; Knoops and Renauld 2004; 

Yenush and White 1997). Activated IRS2 also promotes cellular motility by altering integrin 

expression through a mechanism involving the small G protein RHOA, focal adhesion kinase 

(FAK) and Rho-kinase (ROCK) (Lebrun et al. 1998, 2000). Growth hormone (GH), important 

in human development, and prolactin (PRL), critical for normal mammary gland 

development, have both been shown to activate IRS1 and IRS2 via growth hormone receptor 

(GHR) and prolactin receptor (PRLR) and JAK2, inducing downstream PI3K and 

RAS/MAPK pathway signaling (Yamauchi et al. 1998; L. Liang, Jiang, and Frank 2000; 

Berlanga et al. 1997). IRS1 and IRS2 are also found in the nucleus and have a variety of 

nuclear functions including association with the estrogen receptor α (ERα) on estrogen-

responsive promoters, as well as binding to upstream binding factor 1 (UBF-1) to regulate 

RNA polymerase 1 activity (Tu et al. 2002; Sun et al. 2003; Morelli et al. 2004). 

IRS1 and IRS2 have been found to be regulated via several negative feedback control 

loops. IRS proteins contain over 20 serine phosphorylation sites that are direct targets of 

serine/threonine kinases that inhibit tyrosine phosphorylation. Protein tyrosine phosphatases 

like SHP2 have been shown to dephosphorylate and inactivate IRS1 (Noguchi et al. 1994). 

Additionally, IRS1 is phosphorylated by activated p70 S6K downstream of mTORC1 on 

serine residues that leads to its proteasomal degradation (Haruta et al. 2000). Conversely, 

pharmacological inhibition of mTORC1, which inhibits downregulation of IRS1, has been 

shown to upregulate AKT activity through increased IGF-1R and IRS1 (Shi et al. 2005).  

IRS1 and IRS2 have been demonstrated to have transforming capabilities and can act 

as or cooperate with oncogenes. IRS1 overexpression can transform MEFs and is required for 
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SV40 T antigen-induced transformation (D’Ambrosio et al. 1995; DeAngelis et al. 2006). 

IRS2 was also able to transform NIH3T3 cells in a foci formation assay (Dearth et al. 2007). 

In human cancers, IRS1 and IRS2 have been shown to be overexpressed in hepatocellular 

carcinoma, an extremely aggressive liver cancer characterized by hyperactivation of IR/IGF-

1R signaling (Nishiyama and Wands 1992; Nehrbass, Klimek, and Bannasch 1998; Boissan et 

al. 2005). In addition, IRS1 and IRS2 are found to be involved in cellular survival, 

proliferation and tumor metastasis in breast cancer (Dearth et al. 2007). IRS levels have also 

been reported to be increased in pancreatic cancer and IRS1-mediated mitogenic signaling 

enhances tumor cell proliferation (Bergmann et al. 1996; Bergmann et al. 1996b; Kornmann 

et al. 1998).  

Given the importance of IRS1 and IRS2 in mediating IR/IGF-1R signaling and their 

role as proto-oncogenes and oncogenic collaborators in multiple cancers, researchers have 

investigated the therapeutic potential of targeting IRS1 and IRS2. Genetic ablation of Irs2 has 

been demonstrated to suppress tumor progression in a mouse model of Pten+/- prostate cancer 

(Szabolcs et al. 2009). Notably, small molecule inhibitors of IRS1 and IRS2 have been 

developed (Reuveni et al. 2013). This class of compounds is found to bind allosterically to 

IGF-1R and induce a conformational change, which leads to dissociation of IRS1 and 2 from 

the receptor. This strengthens the interaction between IGF-1R and SHC, resulting in enhanced 

MAPK signaling and ERK activation. Activated ERK then promotes serine phosphorylation 

of IRS1 and 2 and their proteasomal degradation. These compounds are capable of inhibiting 

growth of BRAFV600E/K tumors that are resistant to targeted therapy (Reuveni et al. 2013). They 

also suppress growth and invasion of osteosarcoma cells in vitro, as well as both androgen-
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responsive and -independent prostate cancer cell growth in vitro and in vivo (Garofalo et al. 

2015; Ibuki et al. 2014).  

Taken together, these studies have demonstrated the critical role of IRS1 and IRS2 in 

mediating IR/IGF-1R signaling, their involvement in other signaling pathways as well as in 

driving and supporting oncogenesis in a variety of contexts, providing compelling rationale to 

investigate the effects of genetic ablation of IRS1 and IRS2 on lung tumorigenesis, as well as 

to evaluate the therapeutic potential of targeting IRS1 and IRS2 in NSCLC. 

 

1.4 AMINO ACID METABOLISM IN CANCER 

1.4.1 Overview of altered metabolism in Kras-driven tumors 

Altered metabolism has emerged as a hallmark of cancer cells (Hanahan and 

Weinberg 2011). It has been shown that genetic mutations, tumor microenvironment, as well 

as tissue of origin all contribute to rewiring metabolism in cancer cells in order to adapt to 

their anabolic and energetic needs for rapid proliferation, and their limited access to nutrient 

(Vander Heiden and DeBerardinis 2017; Pavlova and Thompson 2016). Specifically Kras-

driven pancreatic cancer tumors have upregulated glycolytic flux into non-oxidative pentose 

phosphate pathway to produce ribose for nucleotide synthesis and into the hexosamine 

biosynthesis pathway to produce glycosylation precursors (Ying et al. 2012). Mutant Kras 

also rewires glutamine metabolism to maximize NADPH production for maintaining redox 

balance (Son et al. 2013; Lyssiotis et al. 2013). Moreover, Kras-mutant cancer cells 

demonstrate reliance on alternative, scavenging pathways such as macropinocytosis and 

autophagy to acquire or generate nutrient to meet their various anabolic demands (Commisso 

et al. 2013; Kamphorst et al. 2013, 2015; Guo et al. 2011; Yang et al. 2011; Davidson et al. 
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2016). What has been increasingly appreciated over the past decade of cancer metabolism 

research is that rewired metabolism does not stop at the “Warburg effect”, or aerobic 

glycolysis. All aspects of cellular metabolism are subject to alterations that favor tumor 

survival and progression, chief among which is amino acid metabolism. Various amino acids 

have been demonstrated to play an important role in oncogenesis.  

 

1.4.2 Serine and glycine metabolism contributes to tumorigenesis 

 Cancer cells often display increased need for nucleotide synthesis and glutathione 

production due to their rapid rate of proliferation and consequently their need to maintain 

redox balance. As a result, serine and glycine have been found to play a critical role in 

supporting tumor growth due to their contribution to purine synthesis and one carbon 

metabolism. Serine biosynthesis was found to be essential to the growth of breast cancer cells 

both in vitro and in vivo, by providing α-ketoglutarate (αKG) for TCA cycle anaeplerosis 

(Possemato et al. 2011). 3-phosphoglycerate dehydrogenase (PHGDH), the enzyme that 

catalyzes the first step in serine synthesis from 3-phosphoglycerate (3PG), is frequently 

amplified, resulting in increased mRNA and protein levels in majority of estrogen receptor 

(ER) negative breast cancers (Possemato et al. 2011). Similarly, another group found PHGDH 

to be frequently amplified in melanoma cells, and is essential to cell proliferation (Locasale et 

al. 2011). One study found a strong correlation between the rate of proliferation and the rate 

of glycine consumption and expression of glycine biosynthetic genes across cancer cells (Jain 

et al. 2012). Fast-growing cancers cells are found to be more dependent on de novo purine 

synthesis supported by glycine metabolism for their proliferation than less proliferative cancer 

cells (Jain et al. 2012). Serine hydroxymethyltransferase (SHMT2), the enzyme that converts 
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serine to glycine in the mitochondria, is required for glioblastoma cells to adapt to hypoxic 

tumor microenvironment by inhibiting pyruvate kinase (PKM2) activity and hence reducing 

oxygen consumption (D. Kim et al. 2015). Notably, inhibition of downstream glycine 

decarboxylase (GLDC) in SHMT2-high cells leads to accumulation of glycine and its 

conversion to toxic molecules aminoacetone and methylglyoxal, and impairs cell survival (D. 

Kim et al. 2015). Interestingly, GLDC is also reported to be overexpressed in NSCLC tumor-

initiating cells (TICs), to regulate TIC proliferation through pyrimidine metabolism, and to be 

a prognostic marker for mortality in NSCLC patients (Zhang et al. 2012). In Kras-driven, 

Lkb1-null pancreatic cancer, serine-glycine synthesis and one-carbon metabolism are induced 

via activated mTORC1 to promote S-adenosylmethionine generation and DNA methylation. 

As a result, Lkb1 loss confers sensitivity to inhibition of these pathways (Kottakis et al. 2016). 

In a study that investigated serine biosynthetic pathway in NSCLC cells, proliferation and 

tumor growth for some cells are highly dependent on serine - glycine biosynthesis due to its 

role in glutathione and nucleotide production. In addition, expression of key enzyme genes 

involved in this pathway such as PHGDH, PSAT1 and SHMT2 confers poor prognosis in 

human NSCLC patients (DeNicola et al. 2015). Although serine and glycine can be 

interconverted by the cytosolic and mitochondrial SHMT1 and 2, their roles in cell 

metabolism are not interchangeable. In particular, exogenous glycine cannot replace serine to 

support cancer cell proliferation. In contrast, high glycine level inhibits proliferation of cancer 

cells in the absence of serine as glycine is converted to serine, thereby depleting the one-

carbon pool (Labuschagne et al. 2014). More recently it was shown that a serine- and glycine-

free diet extends survival in genetically engineered mouse models (GEMMs) of intestinal 

cancer and lymphoma (Maddocks et al. 2017). However, mutant Kras in a conditional mouse 
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model of pancreatic cancer confers resistance to dietary depletion of serine and glycine 

through upregulation of de novo serine biosynthesis, emphasizing the ability of genetic 

mutations to modulate amino acid metabolism in cancer (Maddocks et al. 2017).  

 

1.4.3 Glutamine, glutamate and aspartate contribute to tumorigenesis 

In addition to serine and glycine, glutamine also plays an essential and versatile role in 

supporting tumor growth, both as a nitrogen donor for amino acid and de novo nucleotide 

synthesis, as well as an indirect modulator of tumor cell epigenetics. Glutamine can also 

contribute to NADPH production and is required for glutathione synthesis, and hence critical 

for maintaining cellular redox balance. Pten-null glioblastoma and breast cancer cells display 

enhanced proliferation that is dependent on glutamine flux through de novo pyrimidine 

synthesis, and tumor growth is suppressed by inhibition of dihydroorotate dehydrogenase 

(DHODH), a rate-limiting enzyme for pyrimidine ring synthesis (Mathur et al. 2017). 

Differential levels of glutamine in core regions and peripheral regions of solid tumors are 

found to result in differences in α-ketoglutarate and hence histone hypermethylation in tumor 

core that leads to cancer cell dedifferentiation and resistance to targeted therapy (Pan et al. 

2016). Kras-mutant pancreatic cancer cells demonstrate increased glutamine uptake and flux 

to form aspartate, whose metabolism ultimately generates NADPH to maintain cellular redox 

balance (Son et al. 2013). Similarly, proliferating breast cancer cells also increase 

transamination of glutamate for non-essential amino acid synthesis, and inhibition of 

transaminases suppresses the proliferative state (Coloff et al. 2016). Glutamine anaeplerosis 

also provides a means for cells to escape glycolysis dependency, therefore conferring 
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metabolic flexibility to tumors cells undergoing therapies targeting glucose metabolism 

(Pusapati et al. 2016).  

Aspartate is required as a nitrogen donor to both pyrimidine and purine synthesis, and 

has also been found to promote tumor growth. Deficiency of the aspartate catabolic enzyme 

argininosuccinate synthase (ASS1) increases cytosolic aspartate levels, which increases 

pyrimidine synthesis via CAD (carbamoyl-phosphate synthase 2, aspartate transcarbamylase, 

and dihydroorotase complex) and proliferation in cancer cells (Rabinovich et al. 2015). 

Consistently, it was demonstrated that a major function of mitochondrial respiration is to 

supply aspartate for nucleotide synthesis, and proliferation of respiration-deficient cells can be 

rescued by the supplementation with aspartate or pyruvate, which can be used to synthesize 

aspartate (Birsoy et al. 2015; Sullivan et al. 2015).  

 

1.4.4 Other aspects of amino acid metabolism in cancer 

 Recently the roles of other amino acids in supporting tumor growth have also 

emerged. Branched chain amino acids (BCAA, leucine, isoleucine and valine) have been 

found instrumental in supporting Kras-mutant lung tumor growth. In contrast to Kras-driven 

pancreatic cancer that displays decreased BCAA uptake, Kras-mutant lung tumors increase 

their uptake of BCAAs to use as a nitrogen source and inhibition of BCAA catabolism 

impairs NSCLC tumor formation (Mayers et al. 2016). A subset of cancer cells is found to be 

dependent on exogenous proline for proliferation, which alleviates ER stress induced by 

hyperactive mTORC1-4EBP1 signaling (Sahu et al. 2016). In EGFR-mutant human 

mammary epithelial cells, cystine is essential to cell survival and protects cells from hydrogen 
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peroxide-induced synchronous ferroptosis. Depletion of cystine also suppresses EGFR-mutant 

NSCLC growth in vivo (Poursaitidis et al. 2017).  

 Consistent with the studies that demonstrate amino acids’ importance in supporting 

cancer cell growth, it has been shown that amino acids (other than glutamine) contribute to 

the majority of cellular mass in proliferating cells, despite the vastly larger amounts of 

glucose and glutamine they consume (Hosios et al. 2016). Moreover, the majority of 

glutamine-derived carbons end up in amino acids and proteins, suggesting that glutamine is 

mainly used to synthesize other amino acids. Cells also demonstrate serine uptake to an 

appreciable extent, which contributes significantly to the biomass of nucleotides, 

corroborating other findings of the essential role of serine in supporting nucleotide synthesis 

in various cancer cells (Hosios et al. 2016).  

 Given the essentiality of amino acids in supporting many facets of tumor metabolism 

and in making up the bulk of cellular biomass, tumor cells have found alternative ways to 

replenish amino acids when deprived of them. Specifically Kras-mutant pancreatic cancer, 

which is poorly vascularized and therefore often limited in their exposure to nutrients, 

upregulates macropinocytosis to actively scavenge for and catabolize extracellular proteins 

(Commisso et al. 2013; Kamphorst et al. 2015; Davidson et al. 2016). Additionally, mutant 

Kras also promotes autophagy to recycle intracellular contents as another means to replenish 

cellular amino acid pool, which will be discussed in detail in the next section.  
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1.5 MULTIFACETED ROLE OF AUTOPHAGY IN CANCER 

1.5.1 Overview 

Autophagy is the catabolic process of “self-eating” through which intracellular 

contents such as proteins, organelles as well as bulk cytoplasm are sequestered and degraded 

in the lysosome to regenerate macromolecules and components for cellular metabolic, 

energetic and homeostatic purposes (Kimmelman and White 2017). Autophagy is essential to 

maintaining cellular energetic and nutrient homeostasis during starvation and hence is 

activated by nutritional stress such as amino acid starvation or high AMP/ATP ratio (Kim and 

Lee 2014). Additionally, a constitutive, basal level of autophagy is important for protein and 

organelle quality control (Kim and Lee 2014). There are three broad categories of autophagy: 

macroautophagy, microautophagy and chaperone-mediated autophagy (Kaur and Debnath 

2015). Macroautophagy involves the formation of double-membraned vesicles known as 

autophagosomes that engulf cytoplasmic proteins and organelles and traffic them to 

lysosomes for degradation. In microautophagy, substrates are directly engulfed by lysosomal 

or endosomal membrane invagination. On the other hand, chaperone-mediated autophagy 

only selectively targets and degrades substrates that contain the pentapeptide motif KFERQ. 

These proteins are recognized by the heat shock cognate 70kDa protein (HSC70) chaperone 

and translocated to lysosomes via the lysosomal-associated membrane protein 2A (LAMP2A) 

receptor (Cuervo and Wong 2014). From here on the discussion will focus on 

macroautophagy (hereafter referred to as autophagy) and its role in NSCLC. 
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1.5.2 Autophagosome formation and maturation in mammals 

Studies in yeast have identified more than 30 autophagy-related proteins (ATGs), 

many of which have mammalian orthologues (Ktistakis and Tooze 2016). In mammalian 

cells, autophagosome formation consists of three distinct steps: initiation, elongation and 

closure, and fusion with lysosome (Fig. 1.4) (Kenific and Debnath 2015). Autophagosome 

formation is initiated at the phagophore assembly site (PAS) by the UNC51-like kinase 

(ULK) complex, composed of ULK1 or ULK2, ATG13, FAK family kinase interacting 

protein of 200kDa (FIP200) and ATG101 (Mizushima 2010). Under nutrient-replete 

conditions, the ULK complex is inactive as ULK1/2 is phosphorylated and inactivated by 

mTORC1 (Chan 2009). Upon starvation or absence of growth factor signaling, mTORC1 is 

inactivated, which leads to its dissociation from and the activation of the ULK complex. The 

activated ULK complex then targets a class III PI3K complex - consisting of Beclin 1, p150, 

VPS34 and ATG14 - to produce a local pool of phosphatidylinositol 3 - phosphate (PI3P) that 

serves to recruit additional ATGs that will subsequently mediate elongation and closure of the 

autophagosome membrane (Itakura et al. 2008). Finally, elongation and closure of 

autophagosome is regulated by two ubiquitin-like conjugation pathways that conjugate 

ATG12 to ATG5 and microtubule-associated protein 1 light chain (LC3) to the lipid 

phosphatidylethanolamine (PE) (Geng and Klionsky 2008). ATG7 and ATG10 regulate the 

conjugation of ATG12 to ATG5. The ATG12-ATG5 complex then associates with ATG16 

and localizes to the outer autophagosomal membrane to facilitate the lipidation of LC3 by PE. 

LC3 is conjugated to PE by ATG7 and ATG3. PE is inserted into the elongating 

autophagosome membrane, and as a result LC3 is localized to both the inner and outer 

autophagosomal membranes (Kaur and Debnath 2015). LC3-PE (also termed LC3-II) is 



	 29	

required for the expansion of autophagic membranes, recognition of cargoes and the fusion of 

autophagosomes with lysosomes (Kim and Lee 2014; Kenific and Debnath 2015). It is also 

commonly used as a marker of autophagosome to monitor induction or inhibition of 

autophagy (Klionsky et al. 2016). Ultimately, the autophagosome fuses with endosomes and 

lysosomes, forming autolysosomes. Lysosomal proteases then degrade the autophagic cargo 

to regenerate building blocks and macromolecules for energy production and biosynthesis 

(Kaur and Debnath 2015).  

 

Figure 1.4. Autophagosome formation and maturation in mammals. 

(A) Overview of autophagosome formation and maturation process. (B) Initiation of 

autophagosome formation by the ULK complex. (C) Elongation of autophagosome is 

mediated by two ubiquitin-like conjugation pathways that conjugate ATG12 to ATG5 and 

microtubule-associated protein 1 light chain (LC3) to the lipid phosphatidylethanolamine 

(PE). Figure reprinted from Kenific and Debnath 2015.  
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1.5.3 Nutrient, energy sensing and regulation of autophagy  

 Autophagy is a dynamic process that is regulated by many cellular effectors including 

transcription factors, noncoding microRNAs, protein kinases, acetyltransferases and 

deacetylases (Feng, Yao, and Klionsky 2015). Two predominant regulators of autophagy are 

mTORC1 complex and AMPK, both of which modulate autophagy in response to growth 

factor signaling, cellular nutrient and energy states, and have opposing effects on autophagy. 

In the presence of active growth factor signaling and abundant intracellular amino acids, 

mTORC1 complex is recruited to and activated at the outer lysosomal surface. Activated 

mTORC1 inhibits ULK1 and ATG13 in the ULK complex by phosphorylation (He and 

Klionsky 2009). This phosphorylation of ULK1 also disrupts its interaction with AMPK, 

preventing ULK1 activation by the latter. mTORC1 seems to be a dominant regulator of 

autophagy, as mTORC1 inhibition is sufficient to induce autophagy and its constitutive 

activation is sufficient to block the latter (Thoreen et al. 2009; Efeyan et al. 2013). In addition 

to the regulation of autophagy initiation, mTORC1 activity is required for autophagy 

termination. Free amino acids as end products of autophagy result in an increase in mTORC1 

activity and the reformation of lysosomes (L. Yu et al. 2010).  

Conversely, under low cellular energy state with a high AMP:ATP ratio, AMPK is 

activated and phosphorylates ULK1 to activate the ULK complex and initiate autophagosome 

formation (D. F. Egan et al. 2011; J. Kim et al. 2011). Active AMPK also stimulates 

autophagy by suppressing mTORC1, both indirectly and directly. AMPK activates TSC2, a 

negative regulator of mTORC1 activity. It also phosphorylates mTOR binding partner 

RAPTOR and reduces mTOR kinase activity (Inoki, Zhu, and Guan 2003; Gwinn et al. 2008). 

Additionally, AMPK activates the FOXO transcription factors, which transcriptionally 
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promote autophagy by increasing expression of genes of the core autophagy machinery 

involved in autophagosome formation (Mammucari et al. 2007).   

In addition to post-translational regulation of autophagy through mTORC1 activity, 

amino acids can modulate autophagy at the transcriptional level as well. During low levels of 

amino acids, uncharged tRNAs accumulate and are detected by general control 

nonderepressible 2 (GCN2), a serine/threonine kinase that senses amino acid abundance (J. 

Dong et al. 2000). GCN2, upon binding to an uncharged tRNA, is activated and inhibits 

protein synthesis by phosphorylating eIF2α (Berlanga, Santoyo, and De Haro 1999). Active 

GCN2 also induces transcription of autophagy-related genes via the eIF2α - ATF4 axis 

(B’chir et al. 2013). Moreover, during amino acid deprivation, TFEB, a master regulator of 

lysosomal biogenesis, translocates into the nucleus to induce expression of autophagy and 

lysosomal genes (C. Settembre et al. 2011). 

Therefore, the cellular process of autophagy is exquisitely controlled in response to 

cellular nutrient status, in particular amino acid levels. Its role has been extensively studied in 

normal physiology and in diseased states including cancer.  

 

1.5.4 Autophagy in NSCLC 

Analysis of human cancer genome and transcriptome showed that the core autophagy 

genes are generally not mutated genetically in human cancer and their expression are largely 

invariable, suggesting that core autophagy machinery may be somewhat essential and 

protected from alterations in human cancers (Lebovitz et al. 2015). Early studies showed that 

loss of a copy of the Beclin1 gene results in increased tumorigenesis in mice, suggesting that 

Beclin1 acts as a haploinsufficient tumor suppressor and autophagy has tumor-suppressive 
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roles (Aita et al. 1999; X. H. Liang et al. 1999; Qu et al. 2003; Yue et al. 2003). However, 

preclinical studies have increasingly demonstrated that autophagy can be neutral, tumor-

suppressive or tumor-promoting in different contexts, depending on nutrient availability, 

tumor microenvironment, tumor stage as well as the presence of immune system effectors 

(Amaravadi, Kimmelman, and White 2016). Expression of HrasV12 or KrasV12 oncogenes in 

immortalized baby mouse kidney epithelial (iBMK) cells upregulates basal autophagy in 

nutrient-replete conditions, which is required for survival in starvation and tumor growth in 

vivo. Mutant Ras also induces dependency on autophagy-mediated mitochondrial oxidative 

metabolism during starvation (Guo et al. 2011). Specifically in lung cancer there has been 

abundant evidence pointing to the tumor-promoting effects of autophagy in various mouse 

models. In a conditional Kras-driven lung cancer model, concomitant lung-specific genetic 

deletion of Atg7 at the onset of tumor initiation leads to reduced tumor progression and 

formation of benign oncocytomas (Guo et al. 2013). Tumor cells display accumulation of 

defective mitochondria, which leads to growth arrest and cell death. Interestingly, mice do not 

experience overall survival benefit in this case but instead succumb to fatal pneumonia, 

indicating that lack of autophagy leads to activation of proinflammatory pathways and 

immune infiltration into the tumor microenvironment. Similarly, in Kras-mutant lung cancer 

with loss of p53, genetic ablation of Atg7 in the lungs leads to increased survival, suppressed 

tumor progression and development of oncocytomas (Guo et al. 2013). Lung tumor cells 

display accumulation of defective mitochondria, impaired mitochondrial respiration and fatty 

acid oxidation that leads to lipid accumulation. In the same Kras-driven lung cancer model 

genetic ablation of Atg5 in the lungs markedly impairs tumor progression and significantly 

extends survival of mice (Rao et al. 2014). Intriguingly, loss of Atg5 accelerates tumor 
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initiation, revealing the dual effect of autophagy in tumorigenesis. More recent studies have 

demonstrated that mechanistically autophagy is required in Kras-mutant, p53-null lung tumor 

cells to supply glutamine for mitochondrial respiration and for maintaining nucleotide pool 

and energy stasis (Guo et al. 2016). Therefore autophagy promotes metabolic robustness and 

malignancy of Kras-driven lung cancer through maintenance of mitochondrial function. 

Similar findings have been established in mouse models of BrafV600E -driven lung cancer (A. 

M. Strohecker et al. 2013; Anne M Strohecker and White 2014). Taken together, these studies 

suggest that autophagy may play distinct roles in Kras-driven lung tumor initiation and 

progression. While inhibition of autophagy may contribute to the onset of tumorigenesis, it 

may have clinical value in the treatment of established NSCLC and may stall tumor 

progression.  

The therapeutic potential of autophagy inhibition in NSCLC has been tested. Systemic 

deletion of Atg7 in adult mice leads to adipose loss, muscle wasting, liver damage, and 

eventual death from neurodegeneration after 2 - 3 months (Karsli-Uzunbas et al. 2014). 

However, other tissues including the lungs are relatively unaffected, underscoring the distinct 

metabolic demands of various tissues and the differential importance of autophagy in 

maintaining tissue homeostasis. Systemic knockout of Atg7 does not affect the initiation of 

Kras-driven, p53-deficient lung tumors, but does cause significant tumor regression in 

established tumors. Loss of Atg7 results in increased apoptosis, decreased proliferation, 

suppressed MAPK signaling that all contribute to reduced tumor burden and tumor transition 

to benign oncocytomas (Karsli-Uzunbas et al. 2014). Intriguingly, greater tumor regression is 

observed in mice with whole-body rather than lung-specific autophagy inhibition, suggesting 

that both tumor cell-autonomous and host autophagy play a role in tumor maintenance 
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(Karsli-Uzunbas et al. 2014; Guo et al. 2013). Moreover, whole-body inhibition of autophagy 

acutely suppresses tumor growth while the adverse systemic effects only occur after chronic 

autophagy inhibition, hence presenting a therapeutic window (Karsli-Uzunbas et al. 2014). In 

addition, these findings indicate that newly transformed lung epithelial cells have distinct 

metabolic needs from established tumor cells, and reinforce the notion that autophagy plays 

differential roles in tumor initiation versus tumor maintenance and progression. 

Given the established critical role of autophagy in maintaining Kras-driven, p53-

deficient NSCLC, it is therefore exciting that my research implicates autophagy in NSCLC 

with the loss of IRS1 and IRS2. Autophagy has emerged as a potential metabolic adaptation 

of cells under suppression of insulin/IGF-1 signaling. Therefore, its concomitant targeting 

may provide clinical benefits in treating NSCLC.  

 

1.6 OVERVIEW OF THE DISSERTATION 

 Oncogenic KRAS is well documented to be prevalent in human NSCLC, and the 

essential role of KRAS direct interaction with PI3K regulatory subunit p110α in the initiation 

and maintenance of NSCLC has been established. However, much controversy remains about 

whether this KRAS-p110α binding is sufficient in driving NSCLC, as well as whether 

upstream IR/IGF-1R signaling merits as a potential therapeutic target in the presence of 

mutant KRAS. In this dissertation, using a conditional mouse model of NSCLC, I provide 

robust genetic evidence demonstrating the requirement for Irs1 and Irs2 in Kras-driven lung 

tumor initiation. 

In Chapter 2, I establish a genetically engineered mouse model (GEMM) with 

conditionally activated Kras, loss of p53, and concomitant loss of Irs1 and Irs2 to investigate 
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the effects of genetic ablation of Irs1 and Irs2 on lung tumorigenesis. I present evidence 

showing altered signaling and metabolism in both human and mouse tumor cells with loss of 

Irs1 and Irs2, and identify amino acid metabolism as a metabolic vulnerability that could be 

targeted via autophagy and/or proteasome inhibition.  

 In Chapter 3, I present additional findings demonstrating the functional redundancy 

between Irs1 and Irs2 in mediating Ir/Igf-1r signaling. I also present preliminary results 

showing that Foxo transcription factors contribute partially to tumor suppression conferred by 

loss of Irs1 and Irs2. Additionally, hypothesis-generating studies on how loss of Irs1 and Irs2 

could impact amino acid metabolism and autophagy is discussed. Implications from my 

research, potential caveats as well as important future work are also outlined. 

 In sum, my study highlights the essential role of Irs1 and Irs2 in Kras-driven lung 

cancer and points to the promise of combinatorial therapies targeting IR/IGF-1R and protein 

catabolic pathways such as autophagy and proteasomal degradation in treating NSCLC. 
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CHAPTER 2: 

ABLATION OF INSULIN RECEPTOR SUBSTRATES 1 AND 2 SUPPRESSES KRAS-

DRIVEN LUNG TUMORIGENESIS AND REDUCES INTRACELLULAR AMINO 

ACID LEVELS 

 

 

 

 

 

 

 

This chapter is adapted from: 

Xu H, Curry NL, Challa S, Freinkman E, Hitchcock DS, Copps KD, et al. Ablation of insulin 

receptor substrates 1 and 2 suppresses Kras-driven lung tumorigenesis and reduces 

intracellular amino acid levels. Manuscript submitted.  
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2.1 ABSTRACT 

Non-small cell lung cancer (NSCLC) is a leading cause of cancer death worldwide, 

with 25% of cases harboring oncogenic KRAS. Although KRAS direct binding to, and 

activation of PI3K is required for KRAS-driven lung tumorigenesis, the contribution of insulin 

receptor (IR) and IGF-1 receptor (IGF-1R) in the context of mutant KRAS remains 

controversial. Here we provide genetic evidence that lung-specific dual ablation of insulin 

receptor substrates 1/2 (Irs1/Irs2), which mediate insulin and IGF-1 signaling, strongly 

suppresses tumor initiation and dramatically extends the survival of a mouse model of lung 

cancer with Kras activation and p53 loss. Mice with Irs1/Irs2 loss eventually succumb to 

tumor burden, with tumor cells displaying suppressed Akt activation and strikingly 

diminished intracellular amino acid levels. Acute loss of IRS1/IRS2 or inhibition of IR/IGF-

1R in KRAS-mutant human NSCLC cells similarly decreases intracellular amino acid levels, 

while enhancing basal autophagy and sensitivity to autophagy and proteasome inhibitors. 

These findings demonstrate that insulin/IGF-1 signaling is required for KRAS-mutant lung 

cancer initiation, and identify decreased amino acid levels as a metabolic vulnerability in 

tumor cells with IR/IGF-1R inhibition. Consequently, combinatorial targeting of IR/IGF-1R 

with autophagy or proteasome inhibitors may represent an effective therapeutic strategy in 

KRAS-mutant NSCLC. 

 

2.2 INTRODUCTION 

Non-small cell lung cancer (NSCLC) accounts for the majority of lung cancer, which 

to-date remains the leading cause of cancer death in the United States and worldwide (Siegel 

et al. 2017; WHO 2017).  About a quarter of NSCLC cases harbor KRAS activating mutations 
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(Imielinski et al. 2012; Project 2017). However, effective therapies targeting KRAS are still 

lacking and alternative approaches are urgently needed (Stephen et al. 2014). Previous reports 

showed that KRAS can directly bind to and activate the p110α catalytic subunit of PI3K and 

that this interaction is required for in vivo Kras-driven tumor initiation and maintenance in 

mouse models of lung cancer (Gupta et al. 2007; Castellano et al. 2013). However, the 

sufficiency of KRAS-PI3K interaction in driving lung cancer development remains largely 

controversial, with evidence from cell culture studies implicating additional input from insulin 

receptor (IR) and insulin-like growth factor-1 receptor (IGF-1R) (Pollak 2012; Molina-Arcas 

et al. 2013). Most insulin/IGF-1 signaling in the lungs converges intracellularly onto the 

adaptor proteins insulin receptor substrates IRS1 and IRS2 (White et al. 1985) prior to 

diverging to a complex network of downstream signaling effectors, including PI3K/AKT 

(Engelman et al. 2006). Here, using a robust genetic approach, we provide evidence that 

concomitant ablation of Irs1 and Irs2 in the lungs of a well-established genetically engineered 

mouse model of lung cancer with conditional Kras activation and p53 loss strongly 

suppresses tumor initiation, doubling tumor latency and significantly extending survival. 

Lung cells with Irs1/Irs2 ablation eventually overcome this suppression, though at a 

stochastic rate, forming advanced lung adenocarcinomas. Interestingly, cells derived from 

these tumors not only display suppressed Akt activation in response to insulin/IGF-1 

stimulation, but also significantly decreased intracellular amino acid levels. We find that acute 

loss or knockdown of IRS1/IRS2 in KRAS-mutant human NSCLC cells, or pharmacological 

inhibition of IR/IGF-1R in KRAS-mutant NSCLC or murine lung cancer cells similarly results 

in decreased amino acid levels, accompanied by enhanced basal autophagy. NSCLC cells 

with acute loss of IRS1/IRS2 also display increased sensitivity to lysosomal or proteasomal 
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inhibitors. Our findings provide evidence that IRS1 and IRS2 are required for Kras-mutant 

lung cancer formation. They further shed light on the metabolic vulnerabilities that arise in 

tumors treated with IR/IGF-1R inhibitors, pointing to potential combinatorial approaches for 

treating KRAS-driven NSCLC.  

 

2.3 RESULTS 

2.3.1 Lung-specific genetic ablation of Irs1 and Irs2 significantly delays tumor formation 

in a Kras-driven mouse model of lung cancer 

 The conditional genetically engineered mouse model of lung cancer Lox-STOP-Lox 

(LSL)-KrasG12D/+;p53fl/fl (Jackson et al. 2001; Jonkers et al. 2001; Oliver et al. 2010) herein 

referred to as “KP” was bred to mice harboring floxed alleles for both Irs1 and Irs2 genes 

(Dong et al. 2006), leading to the generation of LSL-KrasG12D/+;p53fl/fl;Irs1fl/fl;Irs2fl/fl or “KPI” 

mice. Intranasal administration of adenoviral Cre into KP or KPI mice at 5-6 weeks of age led 

to the concomitant expression of activated Kras and loss of p53 alone (KP mice) or the triple 

loss of p53, Irs1 and Irs2 (KPI mice) in mouse lung cells (Fig. 2.1A). As previously reported 

(Oliver et al. 2010; Curry et al. 2013), 10 weeks post-Cre administration, KP mice developed 

extensive lung adenomas and adenocarcinomas (Fig. 2.1B, C) and succumbed to tumor 

burden by 140 days, with median survival of 107 or 103 days for males and females, 

respectively (Fig. 2.1D). In contrast, lungs of KPI mice were devoid of any tumors or 

hyperplasia at 8-10 weeks post-infection and retained normal histology (Fig. 2.1B, C, E, F). 

Surprisingly however, KPI mice eventually overcame the loss of Irs1/Irs2, and developed 

lung adenocarcinomas at a significantly extended and highly variable tumor latency (16-30 

weeks for KPI compared to 8 weeks for KP, Fig. 2.1E, F). Moreover, both the median 
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survival (191 days for males and 209 days for females) and maximal survival (~300 days) of 

KPI mice were twice as long as those of KP mice (Fig. 2.1D). Interestingly, when lung tumors 

from moribund KP and KPI mice were analyzed and compared histopathologically, KPI 

tumors displayed a significantly increased proportion of higher-grade adenocarcinomas and 

carcinomas, characterized by nuclear pleomorphism and invasion of basement membrane 

(Fig. 2.1G, H). These results indicate that Irs1 and Irs2 are required for Kras-driven lung 

tumor initiation and that Kras-transformed cells can eventually bypass Irs1/Irs2 loss, 

developing more aggressive tumors at a highly variable and extended latency.  
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Figure 2.1.  Loss of Irs1 and Irs2 significantly delays Kras-driven lung tumorigenesis.  

(A) Breeding schematic for generating KP and KPI mice. (B) H&E staining of KP and KPI 

lungs 10 weeks post-adenoviral Cre infection (left) with 10-fold magnification of the framed  
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Figure 2.1. (Continued) 

area (right). Scale bars, 400 µm (left) and 40 µm (right). (C) Tumor burden representing 

tumor area/total lung area in KP and KPI lungs 10 weeks post-adenoviral Cre infection. 

Males, n = 21 (KP) and n = 9 (KPI); females, n = 6 (KP) and n = 9 (KPI); ***P < 0.001; 

****P < 0.0001. (D) Kaplan-Meier survival curves for KP and KPI mice. Males, n = 53 (KP) 

and n = 20 (KPI); females, n = 46 (KP) and n = 17 (KPI); ****P < 0.0001 by log-rank test 

between KP and KPI for both genders. (E) MRI showing axial planes of representative KP 

lungs at weeks 0 to 16, and KPI lungs at weeks 0 to 35 post-adenoviral Cre infection. Tumor 

areas are delineated in red. (F) Volumes of KP and KPI tumors quantified from MRI images 

represented in E. Each data point represents one animal; *P < 0.05; **P < 0.01. (G) H&E 

staining of KP and KPI lungs from moribund mice (left) with 10-fold magnification of the 

framed area (right). Scale bars, 400 µm (left) and 40 µm (right). (H) Percentage of KP and 

KPI mice with medium grade or high grade tumors at moribund stage (left) with Fisher’s 

exact test (right). Mice with medium grade tumors are characterized by non-invasive grade 2 

adenomas and grade 3 adenocarcinomas. Mice with high grade tumors harbor grade 3 and 

invasive grade 4 adenocarcinomas as described in Methods; “n” indicates the number of mice 

in each group. In C and F, data represent the mean ± SD. H&E, hematoxylin and eosin. 

 

 

2.3.2 Loss of Irs1 and Irs2 suppresses Akt signaling and leads to decreased amino acid 

levels in murine Kras-driven lung tumor cells 

To characterize the signaling and metabolism of cells with Irs1/Irs2 loss, KP and KPI 

lung tumors were isolated and used to establish cell lines in culture. Genotyping confirmed 
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the concomitant excision of the STOP codon upstream of KrasG12D and loss of p53 in both KP 

and KPI cells, with the additional deletion of Irs1 and Irs2 in KPI but not KP cells (Fig. 

2.2A). Although one of the KPI cell lines (KPI-6) seemed to harbor incomplete Cre-mediated 

recombination, the faint genotyping bands for LSL-KrasG12D and floxed Irs1 and Irs2 were 

due to the rare residual presence of non-transformed cells at this early cell line passage. 

Indeed, in future passages, Irs1 and Irs2 proteins were completely lost in all KPI cell lines 

(Fig. 2.5A).   

 

Figure 2.2.  KPI but not KP cells demonstrate loss of Irs1/Irs2 expression and loss of 

insulin/IGF-1 signaling to Pi3k.  
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Figure 2.2. (Continued) 

(A) Genotyping DNA gels showing recombined LSL-KrasG12D and p53fl/fl alleles in KP (1, 2) 

and KPI (3-6) cells, in addition to recombined Irs1fl/fl and Irs2fl/fl alleles in KPI, but not KP 

cells. KPI-6 shows presence of residual non-transformed cells at this earlier passage, evident 

by trace levels of non-recombined LSL-KrasG12D, Irs1 and Irs2 alleles. Tail DNA was used as 

a control for wild-type and floxed alleles. (B) Luminex bead-based assay demonstrating Irs1-

Pi3k p110α interaction in KP but not KPI cells. Cells were starved of serum for 1 hour and 

stimulated with insulin (500 ng/ml) or IGF-1 (50 ng/ml) for 10 minutes. Irs1-p110α 

interaction was quantified as median fluorescence intensity (MFI) of p110α over MFI of Irs1; 

Data indicate the mean ± SD and are representative of 3 independent experiments; n= 3 

biological replicates per condition per cell line; *P < 0.05; **P < 0.01 and ****P < 0.0001. 

 

 

To confirm the relevance and engagement of Irs1 and Irs2 in insulin/IGF-1 signaling 

in lung tumor cells, we first performed a Luminex bead-based immunoassay (Copps et al. 

2016) in KP and KPI cell lines that is optimized to assess the interaction between Irs1 and 

Pi3k catalytic subunit p110α (Fig. 2.2B).  Acute stimulation of serum-starved KP but not KPI 

cells with either insulin or IGF-1 dramatically enhanced Irs1-p110α interaction, confirming 

signal transduction from Ir and Igf1r to Pi3k in the lung cancer cells (Fig. 2.2B).  

We then assessed alterations in Akt phosphorylation (pT308 and pS473) upon ligand 

stimulation in KP and KPI cells with single or double knockdown of Irs1 and Irs2. Loss of 

either Irs1 or Irs2 alone did not significantly affect Akt activation in the murine KP cells (Fig. 

2.3A, B) or in human KRAS-mutant NSCLC cells (Fig. 2.4A-D). In contrast, concomitant 
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silencing of both Irs1 and Irs2 strongly suppressed Akt activation in response to insulin or 

IGF-1 stimulation (Fig. 2.5A). These results provide strong evidence of a functional 

redundancy in Irs1 and Irs2 signal transduction in Kras-driven lung tumor cells, and are 

consistent with a recent report demonstrating increased rather than decreased tumor formation 

in a Kras-driven mouse model of lung cancer with loss of Irs1 alone (Metz et al. 2016). 

Intriguingly however, Erk1/2 activation (pT202/Y204) levels varied significantly among the 

different cell lines upon ligand treatment, and did not correlate with the loss of Irs1/Irs2, 

reflecting heterogeneity in the tumor cell populations (Fig. 2.3, 2.4, and 2.5A). This 

observation is consistent with the previously reported intratumoral stage-heterogeneity in 

Kras-driven lung tumors, where MAPK signal amplification, a driver of malignant 

progression, was found to only mark a fraction of the tumor cell populations (Feldser et al. 

2010).  



	 71	

 

Figure 2.3.  Single knockdown of Irs1 or Irs2 does not suppress Akt signaling in murine 

Kras-mutant lung cancer cells.   

(A, B) Levels of Irs1, Irs2, total or phosphorylated Akt (pT308 or pS473) and Erk1/2 

(pT202/Y204) in murine p53-null, Kras-mutant lung cancer cells (KP cells) with control GFP 

knockdown or single knockdown of Irs1, or Irs2. Cells were starved of serum for 1 hour (A) 

or 24 hours (B) and stimulated with insulin (1 µg/ml) or IGF-1 (100 ng/ml) for 10 minutes. 

Gapdh was used as a loading control.  
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Figure 2.4.  Single knockdown of IRS1 or IRS2 does not suppress AKT signaling in 

human KRAS-mutant NSCLC cells.   

(A-D) Levels of IRS1, IRS2, total or phosphorylated AKT (pT308 or S473) and ERK1/2 

(pT202/Y204) in KRAS-mutant NSCLC A549 (A and B) and Calu-1 (C and D) cells with 

control GFP knockdown or single knockdown of IRS1 or IRS2. Cells were starved of serum 

for 1 hour in A and C, and 24 hours in B and D, and stimulated with insulin (1 µg/ml for 

A549 cells, 100 ng/ml for Calu-1 cells) or IGF-1 (100 ng/ml for A549 cells, 10 ng/ml for 

Calu-1 cells) for 10 minutes. GAPDH was used as a loading control. 
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Figure 2.4. (Continued) 
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Figure 2.5.  Murine Kras-driven lung tumor cells with Irs1/Irs2 loss have impaired Akt 

signaling and decreased intracellular amino acids.   
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Figure 2.5. (Continued) 

(A) Levels of Irs1, Irs2, total or phosphorylated Akt (pT308 and pS473) and total or 

phosphorylated Erk1/2 (pT202/Y204) in KP (cell lines 1 and 2) and KPI (cell lines 3, 4, 5 and 

6) cells that were grown in 10% serum or serum-starved for 1 hour with or without IGF-1 (50 

ng/ml) stimulation for 10 minutes. Gapdh was used as a loading control. (B) Box plots 

representing total or phosphorylated levels of selected effectors of Akt signaling quantified by 

reverse phase protein array (RPPA) in KP and KPI cells treated as in A. Levels of 

phosphorylated proteins were normalized to total levels of the respective proteins. Data 

represent the median ± 10-90 percentile for each protein/phosphoprotein; n = 3 biological 

replicates per condition per cell line. In the top 2 rows, stars indicate significant changes in 

serum-starved cells with or without IGF-1 stimulation. In the bottom row, stars indicate the 

lowest degree of significance between KP and KPI cells under each condition. *P < 0.05; **P 

< 0.01; ***P < 0.001; ****P < 0.0001. (C) List of top 14 metabolic pathways that are 

significantly different between KP (1, 2) and KPI (3-6) cells grown in 10% serum. In red are 

pathways involved in amino acid metabolism. Data were processed by Metaboanalyst 3.0 and 

the pathways were ranked by –log of the P-value. FDR indicates false discovery rate. (D) 

Heatmap listing in descending order of statistical significance (P < 0.05 by t-test), all amino 

acids whose levels are different between KP and KPI cells described in C. In bold are 

essential amino acids. Red indicates higher expression, and blue indicates lower expression 

relative to the mean expression level within each group; n = 4 biological replicates per cell 

line.  
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To acquire a broader assessment of the effects of Irs1 and Irs2 loss on signaling 

networks, we performed reverse phase protein array (RPPA) analysis (Hennessy et al. 2010) 

of 300 proteins and phosphoproteins representing many major signaling pathways (Fig. 2B 

and Supplemental Table S1). We used protein lysates from KP and KPI cells that were either 

non-starved (10% serum), 1-hour serum-starved or serum-starved and acutely stimulated with 

IGF-1. The most striking differences were detected under acute IGF-1-stimulated conditions, 

representing significant suppression of Akt activation and its downstream signaling in KPI 

compared to KP cells. As expected, IGF-1 stimulation resulted in the phosphorylation of its 

receptor at Y1135/1136 in both KP and KPI cells (Fig. 2.5B). However, Akt activation 

(pT308 and pS473) upon IGF-1 stimulation was blunted in KPI, compared to KP cells. This 

was mirrored by the blunted inactivating phosphorylation of the Akt targets, Gsk-3α/β 

(pS21/29) and Tsc2 (pT1462). Indeed, the increased activity in KPI cells, of Tsc2, a repressor 

of mTORC1 signaling, led to decreased phosphorylation of the mTORC1 target S6k1 (pT389) 

upon IGF-1 stimulation, as compared to KP cells (Fig. 2.5B). However, because mTORC1 

can be activated by growth factor signaling independent of insulin/IGF-1 (Saxton and Sabatini 

2017), S6k1 phosphorylation was maintained in KPI cells cultured in 10% serum, 

independent of Irs1/Irs2 loss. Consistent with suppressed Akt signaling in KPI cells, an 

increase in Gsk-3 α/β activity resulted in constitutive phosphorylation of β-catenin 

(pT41/S45), which leads to its proteasomal degradation (Fig. 2.5B). Indeed, lower levels of β-

catenin were detected in KPI cells, accompanied by a decrease in the levels of its binding 

partner E-cadherin (Fig. 2.5B). Interestingly, this phenotype is known to correlate with tumor 

progression (Jeanes et al. 2008), consistent with the more aggressive nature of KPI tumors at a 

moribund stage (Fig. 2.1G, H) .    
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We then sought to explore the metabolic differences between KP and KPI cells, with 

the goal of identifying metabolic dependencies upon Irs1/Irs2 loss. To that end, we profiled 

over 150 polar metabolites in the tumor cells grown for 24 hours under either non-serum-

starved or serum-starved conditions. KP and KPI cells displayed no significant metabolic 

distinctions under serum-starved conditions, indicating that loss of Irs1/Irs2 closely mimics 

conditions of growth factor deprivation. In contrast, striking differences were observed under 

non-starved conditions, with pathway enrichment analysis identifying amino acid synthesis or 

degradation as top impacted metabolic pathways between KP and KPI cells (Fig. 2.5C). In 

particular, KPI cells exhibited significantly lower intracellular levels of essential amino acids, 

including leucine, isoleucine, valine, methionine, phenylalanine, threonine, tryptophan, in 

addition to glutamine and tyrosine (Fig. 2.5D), suggesting a role for Irs1/Irs2 in amino acid 

metabolism.  

 

2.3.3 Loss of IRS1 and IRS2 in human KRAS-mutant NSCLC cells leads to impaired 

AKT signaling and reduced intracellular amino acid levels  

 To investigate the relevance of IRS1 and IRS2 in human lung cancer, we extended our 

studies to established NSCLC cell lines that harbor activating KRAS mutations. Dual loss of 

IRS1 and IRS2 was engineered via CRISPR/Cas9 double knockout (DKO) in A549 cells (Fig. 

2.6A), whereas IRS1/IRS2 double knockdown (DKD) was achieved via stable small hairpin 

expression in both A549 and Calu-1 cells (Fig. 2.6A and Fig. 2.7). In A549 DKO, A549 DKD 

and Calu-1 DKD cells, AKT activation was severely mitigated in response to insulin or IGF-1 

stimulation (Fig. 2.6A and Fig. 2.7A, B), consistent with the results obtained from murine KP 
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and KPI cells (Fig. 2.5A). Moreover, in vitro cellular proliferation was impaired by loss of 

IRS1/IRS2 (Fig. 2.6B).  

To assess the effects of loss of IRS1 and IRS2 on cellular metabolism, metabolite 

profiling was performed on A549 and Calu-1 cells cultured under non-serum starved 

conditions. Strikingly, and consistent with our findings in the mouse KPI cells, the levels of 

all essential amino acids, except for lysine, in addition to the semi-essential amino acids 

asparagine, glutamine, glycine and tyrosine, were significantly decreased or trended towards a 

decrease in A549 DKO and Calu-1 DKD cells compared to the control cells, further 

underscoring a role of IRS1/2 in amino acid metabolism (Fig. 2.6C).  
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Figure 2.6.  Loss of IRS1 and IRS2 in human KRAS-mutant NSCLC leads to impaired 

AKT signaling and reduced intracellular amino acid levels.  
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Figure 2.6. (Continued) 

(A) Levels of IRS1, IRS2, total or phosphorylated AKT (pT308 and pS473) and total or 

phosphorylated Erk1/2 (pT202/Y204) in NSCLC A549 cells with IRS1/IRS2 (A549 DKO) or 

control (A549 sgCtrl) double knockout as well as Calu-1 cells with IRS1/IRS2 (Calu-1 DKD)  

or control (Calu-1 shGFP/shScramble, termed shCtrl) double knockdown cells. Cells were 

serum-starved for 1 hour and then stimulated with insulin (0, 10 or 50ng/ml) or IGF-1 (0, 5 or 

50ng/ml) for 10 minutes. (B) Proliferation curves of cells described in A that were grown 

under low serum conditions (0.1% serum for A549 and 2% serum for Calu-1) over 7 days; n = 

6. (C) Levels of amino acids in NSCLC cells described in A that were first normalized to 

protein levels, and then normalized to the median of all samples for each amino acid; n = 4 

biological replicates per cell line; data are representative of two independent experiments. In 

B and C, data represent the mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 

0.0001. In bold are essential amino acids. 
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Figure 2.7.  Concomitant silencing of IRS1 and IRS2 in human NSCLC cells impairs 

insulin/IGF-1-stimulated AKT signaling.  

(A, B) Levels of IRS1, IRS2, total or phosphorylated ERK1/2 (pT202/Y204), S6K (pT389), 

S6 (pS235/236), AKT (pT308 or pS473) and its targets TSC-2 (pT1462) and GSK3β (pS9) in 

A549 (A) or Calu-1 (B) cells with control knockdown (shGFP/shScramble, termed shCtrl) or 

IRS1/IRS2 double knockdown (DKD). Cells were serum-starved for 24 hours and then 

stimulated with insulin or IGF-1 for 10 minutes. (C) Western blots confirming concomitant 

knockdown of IRS1 and IRS2 in Calu-1 cells using 2 distinct pairs of hairpins for IRS1 and 

IRS2 (DKD-1 and DKD-2). In A-C, GAPDH was used as a loading control. 
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2.3.4 Acute loss of IRS1 and IRS2 promotes autophagy in human KRAS-mutant lung 

cancer cells 

Because amino acid levels were significantly decreased upon IRS1/IRS2 loss, we 

investigated a potential effect on autophagy, a self-catabolic process induced by nutrient 

starvation and decreased mTORC1 activity (Perera and Zoncu 2016). We found that 

compared to control cells, both A549 DKO and Calu-1 DKD cells are more sensitive to 

chloroquine (CQ) treatment, indicating that loss of IRS1/IRS2 sensitizes NSCLC cells to 

autophagy inhibition (Fig. 2.8A). Indeed, A549 DKO cells demonstrated higher basal 

autophagic flux than control cells, as evidenced by increased levels and enhanced 

accumulation, in the presence of full media, of the autophagosome marker LC3-II upon CQ 

treatment (Fig. 2.8B). Moreover, upon GFP-LC3 overexpression, these cells demonstrated 

significantly higher levels of GFP cleavage independent of CQ treatment (Fig. 2.8C). 

Consistently, compared to control cells, a higher percentage of A549 DKO cells displayed 

GFP-LC3 punctae, resulting from enhanced autophagosome formation (Fig. 2.8D, E). These 

results imply that NSCLC cells promote intracellular protein catabolic pathways to 

compensate for the sharp decrease in amino acid levels upon IRS1/IRS2 loss. Indeed, 

compared to their respective control cells expressing IRS1 and IRS2, both A549 DKO and 

Calu-1 DKD cells were more sensitive to the proteasome inhibitor MG-132 (Fig. 2.8F).  
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Figure 2.8.  Acute loss of IRS1 and IRS2 induces autophagy in human KRAS-mutant 

NSCLC cells.  

(A) Proliferation curves of NSCLC A549 cells with IRS1/IRS2 (A549 DKO) or control (A549 

sgCtrl) double knockout as well as Calu-1 cells with IRS1/IRS2 (Calu-1 DKD) or control 

GFP/Scramble (shCtrl) double knockdown cells cultured in 10% serum and treated with 

chloroquine (CQ, 0, 5, 10 or 20 µM); n = 6; ****P < 0.0001 between 0 and 20 µM  
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Figure 2.8. (Continued) 

conditions. (B) Levels of LC3B-I and LC3B-II in A549 cells described in A treated with 10 

µM CQ for 0 to 16 hours. Compared to sgCtrl cells, A549 DKO cells have enhanced LC3B-II 

accumulation, indicating enhanced autophagic flux. (C) Increased accumulation with or 

without CQ treatment, of endogenous LC3B-II as well as GFP cleavage from exogenously 

expressed GFP-LC3B in A549 cells with IRS1/IRS2 loss, compared to A549 sgCtrl cells. 

Cells were cultured in the presence of 10% serum with or without 10 µM CQ for 2, 4 or 6 

hours. In B and C, β-ACTIN was used as a loading control. (D) Fluorescence microscopy 

images demonstrating increased GFP-LC3 punctae upon loss of IRS1/IRS2 in A549 DKO 

cells compared to sgCtrl cells described in C that were treated with 10 µM CQ for 6 hours. 

Scale bars, 25 µM. (E) Quantification of GFP-LC3 punctae in cells from D; n = 15-20 images 

per condition; *P < 0.05; **P < 0.01; Data are pooled from three independent experiments. 

(F) Proliferation curves of A549 and Calu-1 cells described in A, that were grown in 10% 

serum and treated with MG-132 (0, 2, 5 and 10 µM) for 7 days; n = 6; ****P < 0.0001 

between 0 and 10 µM conditions for A549 and between 0 and 5 µM as well as 0 and 10 µM 

for Calu-1. In A, E and F, data represent the mean ± SD. 

 

 

2.3.5 Acute inhibition of insulin and IGF-1 receptors induces autophagy and loss of 

IRS1/IRS2 hinders in vivo NSCLC growth 

To assess whether acute inhibition of insulin/IGF-1 signaling can result in a similar 

metabolic phenotype, KRAS-mutant human NSCLC cells (Fig. 2.9A, B) and murine KP cells 

(Fig. 2.9C, D), were treated with the pharmacological IR/IGF-1R inhibitor NVP-AEW541. 
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The latter led to enhanced basal autophagy detected by rapid accumulation of LC3B-II and 

accompanied by decreased intracellular amino acid levels. These data indicate that suppressed 

insulin/IGF-1 signaling decreases amino acid availability, generating an increased 

dependency on protein catabolic pathways to compensate for lower nutrient levels.    

Interestingly, the murine KPI cells, which overcame chronic rather than acute Irs1/Irs2 

loss in vivo following prolonged tumor latency (Fig. 2.1), did not display enhanced 

autophagic flux nor did they exhibit enhanced sensitivity to CQ treatment (Fig. 2.10A, B). 

This implied that the KPI cells have adapted alternative mechanisms to overcome the 

metabolic and growth impairment resulting from chronic loss of Irs1 and Irs2. Indeed, RPPA 

results revealed that 3 out of 4 KPI cells had enhanced activation of growth factor receptors 

other than IR/IGF-1R (Fig. 2.10C). In particular, increased phosphorylation of epidermal 

growth factor (Egfr) on Y1173 and Y1068 was found in both KPI-3 and KPI-5 cells. 

Moreover, KPI-6 cell line displayed significantly increased phospho-Y1289 Her3 (Fig. 

2.10C). On the other hand, KPI-5 cells exhibited increased levels of platelet-derived growth 

factor-beta (Pdgf- β). Upregulation or activation of these alternative receptor tyrosine kinases 

may have enabled KPI cells to overcome the loss of Irs1 and Irs2 and the resulting 

suppression of lung tumor growth.  
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Figure 2.9. Acute inhibition of insulin/IGF-1 signaling in KRAS-mutant lung cancer cells 

leads to decreased intracellular amino acid levels, enhanced autophagy and in vivo 

growth suppression.  

(A, C) Levels of total and phosphorylated IGF1R (pY1135/1136) and IR (pY1150/1151), 

total and phosphorylated (pT308 and pS473) AKT, as well as LC3B-I and LC3B-II in 

NSCLC A549 and Calu-1 cells (A) or murine Kras-mutant, p53-null lung cancer (KP) cells 

(C) grown in 10% serum and treated with 2 µM NVP-AEW541 for 0, 4 or 24 hours; β-

ACTIN was used as a loading control. (B, D) Levels of amino acids in Calu-1 cells (B) or KP 

cells (D) treated with 2 µM NVP-AEW541 for 24 hours. Cells were cultured in media with 

10% serum and with or without 2 µM of NVP-AEW541 for 24 hours; Metabolite levels were 

normalized to the amount of protein in each sample, and then normalized to the median of all 

samples for each amino acid; n =4 biological replicates per condition. Bolded amino acids are 

essential amino acids. In bold are essential amino acids. (E) Growth of individual 

subcutaneous xenograft tumors derived from A549 cells over 67 days (1 mouse had to be 

euthanized at 51 days) and Calu-1 over 84 days (left) with end-point average tumor volume 

(right); n = 12 for A549 sgCtrl; n = 11 for A549 DKO; n = 10 for Calu-1 shCtrl; n = 12 for 

Calu-1 DKD-1 cells. In B, D and E (right), data represent the mean ± SD. In B, D and E, *P < 

0.05; **P < 0.01; ***P < 0.001. 
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Figure 2.9. (Continued) 
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Recently, Kras-driven lung cancer was shown to be dependent on branched chain 

amino acid metabolism for nucleotide synthesis and in vivo tumor growth (Mayers et al. 

2016). Consistently, we found that loss of IRS1/IRS2, which results in decreased intracellular 

amino acid levels, significantly hinders the ability of NSCLC cells to form tumors in vivo. 

Whereas all A549 control cells formed tumors over a period of 10 weeks, only 3 out of 11 

A549 DKO cell injections yielded tumors that however grew to a significantly lesser extent 

than controls (Fig. 2.9E). Similarly, the growth of all Calu-1 tumors was mitigated upon 

IRS1/IRS2 knockdown (Fig. 2.9E). Altogether, these results indicate that loss of IRS1/IRS2 

suppresses in vivo growth of KRAS-mutant NSCLC along with decreased AKT signaling and 

intracellular amino acid levels.  
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Figure 2.10.  Murine Kras-mutant KPI lung cancer cells with Irs1/Irs2 loss display 

compensatory induction of alternative receptor tyrosine kinases.  

(A) Levels of Lc3b-I and Lc3b-II in Kras-mutant lung cancer cells with Irs1/Irs2 loss (KPI 

cells) compared to control KP cells with wild-type Irs1/Irs2. Cells were cultured in the  
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Figure 2.10. (Continued) 

presence of 10% serum and 10 µM chloroquine (CQ) for 0 to 16 hours. Compared to KP cells, 

KPI cells have reduced Lc3b-II accumulation, indicating decreased autophagic flux. β-actin 

was used as a loading control. (B) Proliferation curves of KP and KPI cells treated with CQ 

(0, 5, 10 or 20 µM); n = 6; ****P < 0.0001 between 0 and 20 µM conditions. (C) Levels of 

phosphorylated Egfr (pY1173, pY1068), Her3 (pY1289) and total Pdgf-β, as measured by 

reverse-phase protein array (RPPA) in 1-hour serum-starved KP and KPI cell lines. Levels of 

phosphorylated proteins were normalized to total levels of the respective proteins; n = 3 

biological replicates; *P < 0.05; **P < 0.01, ***P < 0.001; ****P < 0.0001. In B and C, data 

represent the mean ± SD. 

 

 

 
2.4 DISCUSSION 

 Previous work demonstrated that KRAS can bind to and activate PI3K p110α, and that 

this interaction is required for KRAS-driven transformation. Disrupting the Kras-p110α 

interaction in genetically engineered mouse models of lung cancer suppresses tumor initiation 

and causes partial regression of established tumors (Gupta et al. 2007; Castellano et al. 2013). 

However, despite its requirement, the sufficiency of KRAS-p110α interaction in driving 

KRAS-driven lung tumor formation, and the need for additional input from growth factor 

receptors upstream of KRAS and PI3K has remained largely controversial (Molina-Arcas et 

al. 2013). 

Here, using a conditional genetically engineered mouse model of lung cancer with 

Irs1/Irs2 loss, we provide robust evidence that insulin/IGF-1 signaling is required for Kras-
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driven lung tumor initiation. We show that concomitant expression of Kras oncogene and the 

triple loss of p53, Irs1 and Irs2 specifically in lung cells, strongly suppresses Kras-driven 

lung tumor formation. Moreover, we show that Kras-transformed lung cells can eventually 

overcome this suppression, albeit at a stochastic rate and with extended latency.  

It is noteworthy that genetic loss of Irs1 alone in a similar Kras-driven mouse model 

of lung cancer, which however expresses wild-type p53, resulted in increased rather than 

decreased tumor burden and reduced survival (Metz et al. 2016). This seemingly 

contradictory result is however not surprising, given that the tumor cells had retained wild-

type Irs2 expression. Although the report did not mention or discuss Irs2 expression, we find 

that Irs2 protein levels are significant in both mouse and human Kras-mutant lung cancer 

cells, and that knockdown of Irs1 either does not affect or rather causes a compensatory 

increase in the expression of Irs2 (Figs. 2.3 and 2.4). As a result, Akt activation remains intact 

in Irs1 knockdown cells, in response to insulin/IGF-1 stimulation (Figs. 2.3 and 2.4). Thus, 

dual genetic ablation of Irs1 and Irs2 but not Irs1 alone, is required for suppression of Akt 

activation upon ligand stimulation and suppression of tumor growth.  

Importantly, whereas preclinical studies indicated a role for insulin/IGF-1 signaling in 

lung tumor growth, clinical trials showed adverse effects of systemic IGF-1R inhibition in 

unselected patients (Fidler et al. 2012; Pollak 2012), leaving questionable the relevance of 

therapeutic targeting of IR/IGF-1R in NSCLC patients. Our study highlights the translational 

relevance of blocking IR/IGF-1R signaling specifically in the lungs, leading to strong 

suppression of tumor formation. Furthermore, it provides a metabolic link between IR/IGF-1R 

signaling and amino acid utilization, as inhibition of such signaling results in decreased 

intracellular amino acid levels, generating a metabolic dependency of KRAS-driven lung 
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tumors on protein catabolic pathways. Consequently, combinatorial targeting of IR/IGF-1R 

and either autophagy or the proteasome may represent a valuable therapeutic strategy in 

treating KRAS-mutant NSCLC. 

 

2.5 MATERIALS AND METHODS 

Mouse studies 

All animal studies and procedures were approved by the Institutional Animal Care and 

Use Committee at Boston Children’s Hospital. KP and KPI mice were generated by crossing 

LSL-KrasG12D/+; p53fl/fl (Jackson et al. 2001; Jonkers et al. 2001) to Irs1fl/fl, Irs2fl/fl (Dong et al. 

2006) mice. Five to 6-week-old mice were infected by a single 67.5 µl intranasal instillation 

of 3 x 107 infectious particles of adenovirus-Cre (University of Iowa), following isoflurane 

anesthesia (DuPage et al. 2009). In survival studies, mice were euthanized when they reached 

moribund stage. For xenograft studies, human NSCLC cells were subcutaneously injected into 

the flanks of 6-week-old female athymic nude mice (Jax # 002019) in 100 µl RPMI with 15% 

phenol red-free, growth factor reduced Matrigel (BD Biosciences). Tumors were measured in 

live mice twice per week using a digital caliper and tumor volumes were estimated using the 

formula: V= (L x W2)/2, where V is the volume, L is the length and W the width. Following 

euthanasia and tumor harvest, tumor volumes were estimated according to the ellipsoid 

formula (Wapnir et al. 1996).  

 

Tumor burden quantification and grading 

For genetically engineered mouse model studies (KP and KPI mice), formalin-fixed 

lung lobes were bisected, embedded in paraffin, transversely sectioned and stained with 
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hematoxylin and eosin (H&E). Lung tumor burden was measured in the H&E-stained sections 

using cellSens software by quantifying total tumor area in each bisected lobe and normalizing 

it to the corresponding lobe area. Values represent averages of whole lung tumor burden from 

at least 6 mice. Tumor grading was performed by a pathologist in a blinded fashion, using 

H&E-stained lung sections, based on the following criteria: Grade 1 and 2 tumors are 

adenomas with nuclei of uniform size and shape. Grade 1 tumors are open and lacy with air 

spaces between cords of tumor cells.  Grade 2 tumors are solid. Grade 3 and 4 tumors are 

adenocarcinomas with pleiomorphic nuclei that vary in size and shape. Grade 4 tumors show 

nuclear pleomorphism with invasion of stroma in the spaces around bronchi and blood 

vessels.  Grade 4 tumors metastasize to mediastinal lymph nodes. Mice harboring only grade 

1 and 2 lung tumors were categorized as having “low grade” tumors; those harboring grade 2 

and grade 3 tumors, “medium grade” and those with grade 3 and grade 4 tumors, “high 

grade”. At moribund stage (Fig. 2.1H), all mice harbored either medium or high grade tumors.  

 

Magnetic Resonance Imaging (MRI) 

MRI experiments were carried out with a Bruker 7T 30 cm scanner, equipped with a 

450 mT/m gradient system (Bruker-Biospin, Billerica, MA, USA). The 1H Larmor frequency 

was 300.3 MHz. Animals were anesthetized by inhalation of isoflurane, initially at 2-3% and 

maintained at 1.0-2.5%, through a nose cone for the duration of the scanning.  Mice were 

placed on a Bruker cardiac array receive-only probe mounted to the scanner animal table, and 

moved inside an 86 mm Bruker transmit-only resonator and the bore of the scanner. 

Respiration rates were monitored and observed in a range of 25 to 70 per minute throughout 

the scanning. Black blood magnetic resonance images were acquired with a Bruker IntraGate 
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Flash sequence, a retrospective imaging method utilizing additional navigator signals for 

image reconstruction and eliminating motion artifact without physically using ECG or 

respiration gating. The following parameters were used: FOV = 30 mm x 18 mm, matrix = 

256 x 256, echo time = 2.112 ms, repetition time  = 45.211 ms, number of repetition = 100 

(from which, 10 cardiac frames were reconstructed for each slice). Ten to twelve 1 mm thick 

consecutive axial slices were acquired for each mouse with an acquisition time of 20 minutes. 

Digital Imaging and Communications in Medicine (DICOM) files of the MRI images were 

loaded into 3D Slicer software for tumor volume quantification. Tumor volume was assessed 

by the sum of all identified tumor areas in 30 consecutive frames for each mouse. 

 

Tumor dissociation and cell culture 

Tumors from KP and KPI mice were dissociated in Calcium/Magnesium-free Hank’s 

Buffered Salt Solution (HBSS, Invitrogen) containing 0.025% trypsin-EDTA (Invitrogen) and 

1 mg/ml collagenase IV (Worthington Biochemicals). Following a 2-hour incubation with 

rotation at 37°C, the samples were triturated and centrifuged. The resulting pellets were re-

suspended in culture medium and filtered through 40 µm cell strainers (BD Falcon) prior to in 

vitro culture. Human NSCLC cell lines A549 and Calu-1 were obtained from the American 

Type Culture Collection (ATCC). ATCC cell lines are routinely authenticated by STR 

profiling. All cells were cultured in RPMI supplemented with 10% fetal bovine serum (FBS).  

 

Cell line genotyping  

KP and KPI cells were trypsinized, washed twice in ice-cold phosphate buffered saline 

(PBS) and incubated overnight at 50°C in digestion buffer containing 100 mM NaCl, 10 mM 
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TrisCl, pH8, 25 mM EDTA, pH8, 0.5% SDS and 0.1 mg/ml proteinase K. Samples were 

extracted with an equal volume of phenol, chloroform and isoamyl alcohol and centrifuged. 

Aqueous top layer was transferred to a new tube and DNA was precipitated with 1:10 volume 

of 3M Sodium Acetate and 2 volumes of 100% ethanol. Primers and protocols used for 

genotyping are listed below: Kras F1 - 5'- GTCTTTCCCCAGCACAGTGC - 3’; Kras-R1: 5'-

CTCTTGCCTACGCCACCAGCTC-3’, Kras-SD5: 5’-

AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3’. Kras-F1 and Kras-R1 detect wild-

type and recombined Kras alleles, yielding products that are 622 bp and 650 bp, respectively. 

Kras-R1 and Kras-SD5 detect floxed Kras allele, yielding a product that is 500 bp. 

Genotyping protocol for Kras (Jackson et al. 2001): 2 min at 95°C for initial denaturation; 30 

cycles of 30s at 95°C, 30s at 59.2°C, and 50s at 72°C; 10 min at 72°C for final extension. 

Tp53-A: 5’-CACAAAAACAGGTTAAACCCAG-3’; Tp53-B: 5'-

AGCACATAGGAGGCAGAGAC-3'; Tp53-C: 5'-GAAGACAGAAAAGGGGAGGG-3'. 

Tp53-A and Tp53-B detect wild-type and floxed Tp53 alleles, yielding products that are 288 

bp and 370 bp, respectively. Tp53-A and Tp53-C detect recombined Tp53 allele, yielding a 

product that is 612 bp. Genotyping protocol for Tp53 (Jonkers et al. 2001): 2 min at 94°C for 

initial denaturation; 29 cycles of 30s at 94°C, 30s at 58°C, and 50s at 72°C; 5 min at 72°C for 

final extension.  Irs1-Nhe7: 5’-GCTAATAGTGCCAGGTGTGAGATC-3’; Irs1-Nhe10: 5’-

GGACGCGGGTGACCTGCTAG-3’; Irs1-UTRRev1: 5’ - 

AGAGAGAAGCCCTTCTGTGGCTGCTCCAAACACA-3’. Irs1-Nhe7 and Irs1-Nhe10 

detect wild-type and floxed Irs1 alleles, yielding products that are 278 bp and 322 bp, 

respectively. Irs1-Nhe7 and Irs1-UTRRev1 detect recombined Irs1 allele, yielding a product 

that is 589 bp. Genotyping protocol for Irs1: 2 min at 95°C for initial denaturation; 35 cycles 
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of 30s at 94°C, 20s at 64°C, and 45s at 72°C; 10 min at 72°C for final extension. Irs2-5p 

Outer Fwd: 5’-TCCGATCATATTCAATAACCCTTA-3’; Irs2-Inner Fwd: 5’ - 

ACGTCGTCGCCACAGTTCAGAG-3’; Irs2-3p Outer Rev: 5’- 

TACACTGAGACAGAAGGTTAGG-3’. Irs2-Inner Fwd and Irs2-3p Outer Rev detect wild-

type and floxed Irs2 alleles, yielding products that are 716 bp and 750 bp, respectively. Irs2-

5p Outer Fwd and Irs2-3p Outer Rev detect recombined Irs2 allele, yielding a product that is 

250 bp. Genotyping protocol for Irs2 (Lin et al. 2004): 2 min at 95°C for initial denaturation; 

35 cycles of 30s at 94°C, 20s at 60°C, and 45s at 72°C; 10 min at 72°C for final extension.  

 

Generation of cells with stable gene knockout, knockdown or overexpression 

For generation of human IRS1 and IRS2 or mouse Irs1 and Irs2 stable knockdown 

lung cancer cells, lentiviral supernatants produced from pLKO plasmids each encoding the 

corresponding hairpins were used, and infected cells were selected for at least 7 days with 

either puromycin (pLKO.TRC005, 4 µg/ml, for mouse Irs1, Irs2 hairpins, human IRS2 or 

control GFP hairpins) and/or blasticidin (pLKO.TRC016, 10-20 µg/ml, for human IRS1 and 

control Scramble hairpins). Mouse Irs1 hairpins: shIrs1-1 

(TACCGCAACTGCCGAAGATTC) and shIrs1-2 (CGGAACAATTAGTGTGCATAA). 

Mouse Irs2 hairpins: shIrs2-1 (TCATGTCCCTTGACGAGTATG) and shIrs2-2 

(TCTCCACTCTCTGACTATATG); Human IRS1 hairpins: shIRS1-1 

(ACTCATTGCCAAGATCCTTTA) and shIRS1-2 (GGGTTTGGAGAATGGTCTTAA); 

Human IRS2 hairpins: shIRS2-1 (TCTCCGCTCTCCGACTACATG); shIRS2-2 

(GTGAAGATCTGTCTGGCTTTA); shIRS2-3 (CCCAGAGGACTACGGAGACAT) and 

control GFP hairpins: shGFP (CTACAACAGCCACAACGTCCT and 
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TCTCGGCATGGACGAGCTGTA); control Scramble hairpin: shScr 

(CCTAAGGTTAAGTCGCCCTCG). A549 DKD cells were infected with shIRS1-1 and 

shIRS2-1; Calu-1 DKD-1 cells were infected with shIRS1-1 and shIRS2-1; Calu-1 DKD-2 

cells were infected with shIRS1-1 and shIRS2-2. For generation of A549 IRS1 and IRS2 

double knockout cells, single targeting guide RNAs were cloned into the empty backbone 

construct pSpCas9(BB)-2A-Puro. Empty pSpCas9(BB)-2A-Puro plasmid was used as 

negative control. Lentiviral supernatants were produced and cells were infected and selected 

for at least 7 days with puromycin (4 µg/ml). Human IRS1-targeting guide RNA: Forward: 5’- 

GGCTTCTCGGACGTGCGCA - 3’, Reverse: 5’- TGCGCACGTCCGAGAAGCC - 3’. 

Human IRS2-targeting guide RNA: Forward 5’- ACCACAGCGTGCGCAAGTG - 3’, 

Reverse: 5’- CACTTGCGCACGCTGTGGT - 3’. Individual clones that survived selection 

were validated via QPCR and western blot. A single IRS1 and IRS2 double knockout clone 

was expanded and used for subsequent experiments. For GFP-LC3 expression, cells were 

lentivirally infected with pBABEpuro GFP-LC3 (Addgene #22405) and selected with 

puromycin as described above. 

 

Cell proliferation assay 

The assay was performed using XTT Cell Viability Kit (Cell Signaling Technology) 

according to the manufacturer’s protocol. Eight hundred cells were plated per well in 96-well 

plates one day prior to subjecting them to treatment conditions, as described in the figure 

legends.  
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GFP-LC3 expression and punctae quantification 

Cells stably expressing GFP-LC3 were seeded on cover glasses (Bellco Glass #1943-

10025) in 6-well plates in media with 10% serum, with or without chloroquine treatment (10 

uM) for the indicated periods of time. After media removal, the cells were washed 3 times 

with ice-cold PBS and fixed in 4% EM-grade paraformaldehyde (VWR Cat# 15710) in PBS 

for 30 minutes at room temperature. Cells were then stained with 1 µg/ml DAPI (Thermo 

Scientific, Cat# D3571) in PBS for 15 minutes at room temperature. Cells were then rinsed 5 

times with PBS before being mounted on glass slides (VWR Cat# 48311-703) with 

FuoroshieldTM  (Sigma Cat# F6182). Image acquisition was performed using a Nikon Eclipse 

90i Advanced Automated Research Microscope equipped with a standard optical filter set 

including DAPI and FITC. Images were captured with a 60x objective and the NIS-Elements 

Advanced Research Microscope Imaging Software (Nikon). Exposure time for DAPI 

acquisition was 20 ms and that for FITC acquisition was 200 ms. For each condition and each 

cell line, 15-20 representative images were captured and used for quantification. The total 

number of cells as well as the number of cells positive for GFP-LC3 punctae were visually 

counted. The data represent averages of three independent experiments. 

 

Luminex assay  

The IRS1 capture antibody (rabbit monoclonal clone 58-10C-31, Millipore #05-784R) 

was coupled to magnetic carboxylated microspheres (Luminex Magplex-C beads) as 

described (Copps et al. 2016). Antibodies used for the detection of captured IRS1 and 

associated p110α were biotinylated using reagents from Thermo Fisher (EZ-Link NHS-PEG4-

Biotin kit, cat# 21330) following the manufacturer's guidelines and keeping the antibody 
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concentrations between 1.5 and 2.0 mg/ml. The antibody used for detection of IRS1 was from 

Millipore (mouse monoclonal, cat #05-1085) and that for p110α was from Cell Signaling 

Technology (rabbit monoclonal clone C73F8, CST #4249). KP and KPI cells were treated 

with indicated conditions before protein lysates were collected as described below in the 

Immunoblotting section. Protein lysates (60 µg) were incubated with Irs1 capture beads (2500 

beads/well) in a total volume of 50 µl/well of Milliplex MAP Assay Buffer 2 (Millipore #43-

041) in 96-well plates and the assay was performed as described (Copps et al. 2016). 

Fluorescence signals from captured Irs1 and p110α were read by a Luminex FlexMap 3D 

instrument. Median fluorescence intensities (MFIs) were reported by the instrument. The 

degree of interaction between p110α and Irs1 was measured as the ratio of MFI of p110α over 

MFI of Irs1. Triplicates were used per condition for each cell line. 

 

Reverse phase protein array (RPPA) 

Cells were rinsed twice with ice-cold PBS and collected in lysis buffer containing 1% 

Triton X-100, 50 mM HEPES, pH7.4, 150 mM NaCl, 1.5 mM MgCl2, 1mM EGTA, 100 mM 

NaF, 10 mM Na pyrophosphate, 1mM Na3VO4, 10% glycerol, and protease and phosphatase 

inhibitors (Roche). Protein lysates were shipped to the RPPA Core Facility at University of 

Texas MD Anderson Cancer Center (Houston, TX) where RPPA was performed as previously 

described (Hennessy et al. 2010). 

 

Immunoblotting  

Cells were rinsed once with ice-cold PBS and collected in lysis buffer containing 50 

mM HEPES, pH 7.4, 40 mM NaCl, 2 mM EDTA, 50 mM NaF, 10 mM sodium 
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pyrophosphate, 10 mM sodium beta-glycerophosphate, EDTA-free protease inhibitors 

(Roche), and 1% Triton X-100. Proteins were resolved by 6% - 15% SDS-PAGE, and 

transferred to polyvinylidene difluoride (PVDF) membrane (Merck Millipore). Membranes 

were blocked with 5% nonfat dry milk in PBS with Tween (PBS-T) and then incubated with 

primary antibody overnight at 4ºC. Following PBS-T washing, membranes were incubated 

with peroxidase-conjugated secondary antibody for 1 hour at room temperature and exposed 

on film using Enhanced Chemiluminescence (ECL) Detection System (Thermo Scientific). 

Antibodies were from Cell Signaling Technology: AKT (1:2000, CST #4691), AKT pS473 

(1:2000, CST #4058), AKT pT308 (1:1000, CST #4056), ERK (1:5000, CST #4695), ERK 

pT202/Y204 (1:1000, CST #4376), GSK3β (1:1000, CST #9315), GSK3β pS9 (1:1000, CST 

#9322), IGF-1R (1:1000, CST #9750), IRβ (1:1000, CST #3025), LC3B (1:2000, CST 

#2775), IGF-1Rβ pY1135/1136 / IRβ pY1150/1151 (1:1000, CST #3024), S6 (1:2000, CST 

#2217), S6 pS235/236 (1:1000, CST #2211), S6Kα pT389 (1:1000, CST #9205), TSC2 

(1:1000, CST #4308), TSC2 pT1462 (1:1000, CST #3617); Santa Cruz Biotechnology: β-

actin (1:20000, sc-47778), GAPDH (1:5000, sc-25778), S6Kα (1:1000, sc-230). Antibodies 

for western blot detection of IRS1 and IRS2 (1:1000) were a gift of Dr. Morris White. IRS1 

was detected using a protein G-purified mouse monoclonal antibody raised against residues 

surrounding S439 of mouse Irs1 (Hancer et al. 2014). IRS2 was detected using a protein G-

purified rabbit monoclonal antibody raised against a His-tagged protein containing residues 

818-1323 of mouse Irs2.  
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Metabolite extraction and quantification 

For all metabolite analysis (except Fig. 2.9B, D): Cells were rinsed once with ice-cold 

0.9% NaCl and placed on dry ice. All metabolites were extracted with extraction solution 

(80% methanol containing a mixture of internal amino acid standards at 90.9 nM each), 

vortexed for 10 minutes at 4°C and centrifuged (10 min, 10,000 x g, 4ºC). Supernatants were 

then transferred to fresh eppendorf tubes and dried with Speedvac. Dried extracts were 

suspended in 100 µl water. After centrifugation at top speed for 10 min, 2 µl of supernatant 

was injected for LC/MS analysis as described (Birsoy et al. 2015). For Figure 2.5C, D: data 

representing raw peak areas normalized to internal standards were uploaded to Metaboanalyst 

3.0 (Xia and Wishart 2016), median-normalized, log-transformed, mean-centered and divided 

by the standard deviation of each variable. For Fig. 2.9B, D: Metabolites were extracted with 

80% methanol as described above. Data were acquired using a hydrophilic interaction liquid 

chromatography method (HILIC) with positive ion mode Mass Spectrometry (MS) operated 

on Nexera X2 UHPLC (Shimadzu Scientific Instruments, Marlborough, MA) coupled to a Q 

Exactive orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA) as described 

previously (Townsend et al. 2013).  

 

Statistical analyses 

Data are presented as mean ± standard deviation (SD), unless otherwise indicated. A 

log-rank test was used for analysis of survival curves and a nonparametric two-tailed Fisher’s 

exact test was used for analysis of tumor grade. For all other data, when comparing two 

groups, a two-tailed nonpaired Student’s t-test was conducted. For three or more groups, two-
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way ANOVA was conducted, followed by post-hoc Tukey’s multiple comparison test. P < 

0.05 was considered statistically significant.  
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3.1 Overview 

In this dissertation, I investigated the role of Ir/Igf-1r signaling, mediated by adaptor 

proteins Irs1 and Irs2, in Kras-driven lung tumorigenesis. Using a conditional genetically 

engineered mouse model (GEMM), I demonstrated that Irs1 and Irs2 are required for Kras-

driven lung tumor initiation. Intriguingly, the dual loss of Irs1 and Irs2 imparts specific 

metabolic vulnerabilities regarding amino acid metabolism on Kras-mutant lung cancer cells, 

rendering them dependent on catabolic sources of amino acids such as autophagy and 

proteasomal degradation. In this chapter I highlight some of the implications of my research 

findings, share unpublished data from work in progress, as well as discuss future directions 

that will shed light on some of the unanswered questions.  

 

3.2 Loss of Irs1 or Irs2 alone does not suppress Kras-driven lung tumor initiation 

 It has been shown that loss of Irs1 in a conditional Kras-driven mouse model of lung 

cancer did not result in suppression, but rather enhancement of tumor growth (Metz et al. 

2016). The authors discovered that mechanistically loss of IRS1 in human NSCLC cells 

results in increased membrane-association of p85, the regulatory subunit of PI3K, which 

subsequently becomes activated by mutant KRAS and leads to enhanced AKT activation and 

GSK3β phosphorylation in KRAS-mutant cells. They concluded that phospho-GSK3β then 

prolongs the half-life of IL-22 receptor A1, which results in enhanced proinflammatory 

cytokine production and IL22 signaling that contributes to enhanced tumorigenesis. The 

authors claimed that Irs1 protein interacts mainly with p85 in the cytoplasm when actively 

transducing signal from upstream receptors. Therefore with loss of Irs1 p85 is free to relocate 

predominantly to the cell membrane. This explanation raises controversies on the spatial 
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control of IR/IGF-1R signaling, where adaptor proteins IRS1 and IRS2 are recruited to 

phosphorylated tyrosine residues on activated IR or IGF-1R in cell membrane, as discussed in 

Chapter 1.3.2. Moreover, it was not discussed in this study the potential role of Irs2 in 

recruiting p85 to cell membrane and in mediating the tumor-promoting effects. Enhanced 

membrane-association of p85 could alternatively have been mediated by compensatory 

overexpression of Irs2 protein, similar to what I have observed in my research (Figs. 2.3 and 

2.4).  

Consistently, I have found that loss of either IRS1 or IRS2 protein alone does not 

affect AKT activation or downstream effector signaling in human and mouse lung cancer cells 

(Figs. 2.3 and 2.4). In the breeding process to generate KP and KPI mice, 3 mice with floxed 

Irs1 and wild-type Irs2 alleles were generated (LSL-KrasG12D/+, p53fl/fl, Irs1fl/fl, termed KP-

Irs1), and were subjected to intranasal Cre as described in Chapter 2. These mice develop lung 

tumor at a similar pace to KP mice, reaching substantial tumor burden 10 weeks post Cre 

infection (Fig. 3.1). Therefore, Irs1 and Irs2 share significant functional redundancy in 

activating downstream Akt signaling in lung epithelial cells, and loss of either adaptor protein 

is not sufficient for tumor suppression in the context of mutant Kras and loss of p53.  

 

Figure 3.1.  Loss of Irs1 alone does not inhibit Kras-driven lung tumorigenesis. 
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Figure 3.1. (Continued) 

Tumor burden representing tumor area/total lung area in KP, KPI, and KP-Irs1 (Kras G12D/+, 

p53-/-, Irs1-/-) lungs 10 weeks post-adenoviral Cre infection. N = 27 (KP), n = 18 (KPI), and n 

= 3 (KP-Irs1); **P < 0.01 (One-way ANOVA followed by Tukey’s test).  

 

 

3.3 Are Foxo1 and Foxo3 partial mediators of tumor suppression by loss of Irs1 and 

Irs2?  

 FOXO transcription factors are effectors downstream of PI3K/AKT signaling that 

promote cell cycle arrest and apoptosis (Coomans de Brachène and Demoulin 2016; 

Eijkelenboom and Burgering 2013). It has been shown that Foxo transcription factors are 

bona fide tumor suppressors. Conditional deletions of Foxo1, Foxo3 and Foxo4 in adult mice 

result in development of thymic lymphomas and hemangiomas (Paik et al. 2007). Active Akt 

directly phosphorylates Foxo transcription factors, resulting in their nuclear export and 

cytoplasmic sequestration. Conversely, we hypothesized that loss of Irs1 and Irs2 leads to 

nuclear localization and constitutive activation of Foxos as a result of suppressed Akt 

signaling in the lungs of KPI mice following Cre exposure. In order to investigate whether 

active Foxo transcription factors contribute to tumor suppression conferred by loss of Irs1 and 

Irs2, KP mice were bred to mice with homozygously floxed Irs1, Irs2, as well as Foxo1 and 

Foxo3 alleles to generate mice with floxed Foxo1 alleles (LSL-KrasG12D/+, p53fl/fl, Irs1fl/fl, 

Irs2fl/fl, Foxo1fl/fl, termed KPI-Foxo1), mice with floxed Foxo3 alleles (LSL-KrasG12D/+, p53fl/fl, 

Irs1fl/fl, Irs2fl/fl, Foxo3fl/fl, termed KPI-Foxo3), as well as mice with both floxed Foxo1 and 

floxed Foxo3 alleles (LSL-KrasG12D/+, p53fl/fl, Irs1fl/fl, Irs2fl/fl, Foxo1fl/fl, Foxo3fl/fl, termed KPI-



	 111	

Foxo1/3). KPI-Foxo1, KPI-Foxo3 and KPI-Foxo1/3 animals will be called KPI-Foxo animals 

in general. Upon exposure to intranasally delivered Cre, mutant Kras is expressed in the lungs 

concomitantly with loss of p53, Irs1, Irs2, and one or both of Foxo1 and Foxo3 in KPI-Foxo 

mice. KPI-Foxo1 and KPI-Foxo3 animals exhibit minimal tumor development histologically 

by 10 weeks post Cre delivery, and have tumor burden similar to that of KPI animals, 

indicating that loss of either Foxo1 or Foxo3 is not sufficient to rescue tumor initiation (Fig. 

3.2A). However, small tumor nodules are present in the lungs of some KPI-Foxo1/3 animals, 

albeit not reaching the extent in KP animals, suggesting that loss of Foxo1 and Foxo3 

partially but not completely rescues tumor initiation (Fig. 3.2B). KPI-Foxo animals eventually 

succumb to tumor development stochastically and form high-grade adenocarcinomas (Fig. 

3.2B, C). For both males and females, KPI-Foxo1/3 animals exhibit a significantly shorter 

latency compared to KPI animals (15-20 weeks for KPI-Foxo1/3, compared to 16 - 30 weeks 

for KPI) and a survival profile closer to that of KP mice. Surprisingly, there is an appreciable 

difference between the median survival of male and female KPI-Foxo1/3 animals, with males 

exhibiting a median survival of 111 days while females exhibiting a median survival of 157 

days. However, there is no corresponding difference in maximal survival of KPI-Foxo1/3 

mice between the sexes, with the maximal survival for males being 212 days and that for 

females being 196 days. This points to subtle differences in tumor progression between male 

and female KPI-Foxo1/3 animals, with females succumbing more rapidly to tumor-associated 

death than males do once tumor growth is under way. It could also indicate the more sporadic 

nature of tumor initiating events in male KPI-Foxo1/3 mice, resulting in a more variable 

tumor latency compared to female KPI-Foxo1/3 mice. Loss of Foxo3 in addition to loss of 

Foxo1 results in a substantial reduction of tumor latency and mouse survival in males, 
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whereas loss of Foxo1 alone has minimal effect. Conversely in females loss of either Foxo1 

or Foxo3 results in some reduction in tumor latency and survival. These differences between 

genders could indicate potentially differential expression, activity and/or function of Foxo1 

and Foxo3 transcription factors in the lungs of male versus female mice. Alternatively this 

could be due to other gender-specific pleiotropic effects of the mouse model.  

In summary, these preliminary results are consistent with previous reports that 

demonstrated the functional redundancy among the members of the Foxo transcription factor 

family, while implicating Foxo1 and Foxo3 in mediating tumor suppression by loss of Irs1 

and Irs2. However, given that the survival of KPI-Foxo1/3 animals is not fully restored to that 

of the KP mice, other mechanisms are likely to contribute to tumor suppression as well. One 

possibility is the remaining Foxo4 transcription factor that shares partial functional 

redundancy with Foxo1 and Foxo3. In a previous report, only loss of all 3 Foxo transcription 

factors resulted in thymic lymphoma and hemangioma development in mice (Paik et al. 

2007). Therefore it remains to be investigated whether loss of Foxo4 in addition to loss of 

Foxo1 and Foxo3 would fully rescue tumor development in KPI mice.  
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Figure 3.2. Loss of Foxo1 and Foxo3 partially rescues tumor development and reduces 

survival of KPI mice.  

(A) Tumor burden representing tumor area/total lung area in KP, KPI, KP-Irs1, KPI-Foxo1 

(Kras G12D/+, p53-/-, Irs1-/-, Irs2-/-, Foxo1-/-), KPI-Foxo3 (Kras G12D/+, p53-/-, Irs1-/-, Irs2-/-, 

Foxo3-/-), and KPI-Foxo1/3 (Kras G12D/+, p53-/-, Irs1-/-, Irs2-/-, Foxo1-/-, Foxo3-/-) lungs 10 

weeks post-adenoviral Cre infection. N = 27 (KP), n = 18 (KPI), n = 3 (KP-Irs1), n = 14 (KPI-

Foxo1), n = 5 (KPI-Foxo3), n = 12 (KPI-Foxo1/3). **P < 0.01 and ****P < 0.0001  (One-

way ANOVA followed by Tukey’s test). (B) H&E staining of KPI-Foxo1/3 lungs 10 weeks 

post-adenoviral Cre infection and from moribund mice (left), with 10-fold magnification of 

the framed area (right). Scale bars, 400 µm (left) and 40 µm (right). (C) Kaplan-Meier  
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Figure 3.2. (Continued) 

survival curves for KP, KPI, KPI-Foxo1 and KPI-Foxo1/3 mice. Males, n = 53 (KP), n = 21 

(KPI), n = 7 (KPI-Foxo1), n = 18 (KPI-Foxo1/3); females, n = 46 (KP), n = 17 (KPI), n = 6 

(KPI-Foxo1), n = 10 (KPI-Foxo1/3); Males, P = 0.0021 (KP vs. KPI-Foxo1/3), P < 0.0001 

(KP vs. KPI, KP vs. KPI-Foxo1), P = 0.0006 (KPI vs. KPI-Foxo1/3), P = 0.004 (KPI-Foxo1 

vs. KPI-Foxo1/3). Females, P < 0.0001 (KP vs. KPI, KP vs. KPI-Foxo1, KP vs. KPI-Foxo1/3, 

KPI vs. KPI-Foxo1/3), P = 0.003 (KPI vs. KPI-Foxo1). P = 0.04 (KPI-Foxo1 vs. KPI-

Foxo1/3). All comparisons were performed by log-rank test for both genders. 

 

 

3.4 Does loss of IRS1 and IRS2 result in decreased amino acid uptake in KRAS-mutant 

NSCLC cells? 

 One of the most striking findings of my research is the dramatically reduced 

intracellular amino acid levels in cells with loss of IRS1 and IRS2. IGF-1 is known to regulate 

fetal growth, in part by regulating amino acid transport across the placenta (Agrogiannis et al. 

2014). It was shown that IGF-1 stimulates amino acid uptake and protein synthesis in a 

variety of experimental contexts including cultured human placental trophoblast, BeWo 

human choriocarcinoma cells, as well as chicken muscle satellite cells (Duclos et al, 1993; 

Karl, 1995; Fang et al. 2006). IGF-1 expression also results in increased mRNA levels of 

amino acid transporters SLC7A5 (LAT1) and SLC3A2 (4F2hc) in BeWo human 

choriocarcinoma cells, and restores protein levels of these transporters in a murine model of 

placental insufficiency (Jones, Crombleholme, and Habli 2014). Moreover, in MCF7 breast 

cancer cells overexpressing IGF-1 or IGF-2, half of the genes upregulated were involved in 
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amino acid transport and biosynthesis, including SLC7A11, SLC7A5 (LAT1) and SLC3A2 

(4F2hc) involved in transport of branched chain amino acids (BCAAs) and aromatic amino 

acids (Pacher et al. 2007).  

Given the pre-established link between IGF-1 signaling and amino acid transport, I 

investigated whether the diminished amino acid levels in NSCLC cells were a result of 

decreased amino acid uptake with loss of IRS1 and IRS2. Human KRAS-mutant A549 cells 

with IRS1/IRS2 (A549 DKO) or control (A549 sgCtrl) double knockout were cultured in 

media with U-13C-leucine for 1 hour and levels of intracellular labeled leucine was measured. 

A549 DKO cells exhibited significantly lower amount of intracellular labeled leucine 

compared to A549 sgCtrl cells, suggesting that leucine uptake is diminished with loss of IRS1 

and IRS2 in A549 cells (Fig. 3.3A). However, after 1 hour of labeling, the intracellular U-13C-

leucine level is strictly speaking the result of leucine uptake, secretion as well as catabolism. 

Therefore, acute labeling could be performed at 5 minutes, 10 minutes and 15 minutes to 

more accurately gauge the kinetics of leucine uptake of A549 sgCtrl and A549 DKO cells. 

Additionally, A549 DKO cells have strongly suppressed protein expression of the BCAA and 

aromatic amino acid transporter, a heterodimer of SLC7A5 (LAT1) and SLC3A2 (4F2hc) 

(Fig. 3.3B). However, protein levels of the amino acid transporter are not affected by acute 

pharmacological inhibition of IR/IGF-1R in A549 sgCtrl cells (Fig. 3.3B). These results 

suggest that loss of IRS1 and IRS2 leads to decreased protein expression of certain amino acid 

transporters in some human KRAS-mutant NSCLC cells, which results in decreased amino 

acid uptake that contributes to reduction of intracellular amino acid levels. However, amino 

acid transporters may be specifically regulated by the adaptor proteins IRS1 and IRS2, rather 

than by the IR/IGF-1R signaling pathway in general. It remains to be fully characterized 
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whether this suppressive effect applies to other amino acid transporters, whether decreased 

import of amino acids drives the observed depletion of cellular amino acid pool, as well as 

how this differs between cell lines and affects tumor growth in vivo. Additionally, how IRS1 

and IRS2 mechanistically regulate amino acid transporters remains to be investigated.  

 

Figure 3.3. A549 cells demonstrate decreased leucine uptake and reduced protein levels 

of amino acid transporters. 

(A) Levels of U -13C-leucine in NSCLC A549 cells with IRS1/IRS2 (A549 DKO) or control 

(A549 sgCtrl) double knockout, that were first normalized to protein levels, and then 

normalized to the median of all samples; n = 4 biological replicates per cell line. Cells were 

cultured in media with U -13C-leucine (50 mg/L) and 10% serum for 1 hour. (B) Levels of 

SLC3A2/4F2hc and SLC7A5/LAT1 in A549 cells described in A. Cells were grown in media 

with 10% serum and treated with 2 µM NVP-AEW541 for 0, 4 or 24 hours; β-ACTIN was 

used as a loading control. Representative results from two independent experiments are 

shown. In A, **P < 0.01; ***P < 0.001; ****P < 0.0001 (two-tailed nonpaired Student’s t-

test).  
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3.5 How do reduced cellular amino acid levels affect amino acid metabolism and 

contribute to suppression of tumor growth? 

It has been shown that NSCLC tumors display increased uptake of BCAAs to 

incorporate into tissue proteins and to use as a nitrogen source (Mayers et al. 2016). During 

the first step of BCAA catabolism, branched-chain α-ketoacids (BCKAs) and glutamate are 

produced from BCAAs and α-ketoglutarate (α-KG) in a transamination reaction where the 

amino nitrogen of BCAAs is transferred to glutamate and can be subsequently incorporated 

into other amino acids or nucleotides. This transamination reaction is reversibly catalyzed by 

branched-chain amino acid transaminase 1 and 2  (Bcat1/2) in the cytosol and mitochondria, 

respectively. When this metabolic adaptation is inhibited via genetic ablation of Bcat1/2, 

NSCLC allograft growth was significantly hindered in vivo (Mayers et al. 2016). In addition 

to BCAAs, other amino acids including glutamine, aspartate, serine and glycine have been 

demonstrated to support tumor growth by contributing to nucleotide synthesis, maintaining 

redox balance and meeting cellular energetic demands in various contexts (see Chapter 1.4 for 

a detailed discussion and references). My research shows BCAAs, other essential amino acids 

with the exception of lysine, as well as serine, glycine and glutamine are all dramatically 

reduced by inhibition of IR/IGF-1R signaling, either pharmacologically or genetically. It has 

not been investigated whether, and how this global depletion of cellular amino acids 

contributes to tumor growth suppression in the context of loss of Irs1 and Irs2. Tracing 

experiments with labeled cocktails of essential amino acids could be performed to dissect the 

perturbation of amino acid metabolism in human NSCLC cells with loss of IRS1 and IRS2, 

and identify metabolic nodes that could be potential targets forming combinatorial therapies 

with IR/IGF-1R signaling inhibitors in KRAS-mutant human NSCLC. 
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3.6 Is perturbed amino acid metabolism a feature of in vitro culturing? 

 It has been shown that cancer cells exhibit distinct metabolic features when grown in 

cell culture compared to when grown in vivo. When NSCLC cells are cultured in media, they 

display aerobic glycolysis and glutamine-dependent growth (Davidson et al. 2016). However, 

both lung tumors and normal lung tissue demonstrate minimal glutamine utilization, with lung 

tumors showing increased glucose contribution to the TCA cycle compared to normal lung 

tissue (Davidson et al. 2016; Hensley et al. 2016; Sellers et al. 2015). Genetic ablation of 

enzymes involved in glucose oxidation severely impairs lung tumor growth in vivo, while 

having no effect on lung tumor cell proliferation in vitro (Davidson et al. 2016). In another 

study where NSCLC is shown to rely on enhanced uptake of BCAAs as a nitrogen source, 

inhibition of BCAA catabolism only suppressed tumor growth in vivo while having minimal 

effect on cell proliferation in culture (Mayers et al. 2016). Therefore, I investigated whether 

the depletion of intracellular amino acids, so far observed in both murine and human lung 

cancer cells with loss of IRS1 and IRS2 grown in culture, is also observed in vivo. 

Metabolites extracted from human KRAS-mutant NSCLC xenografts, as well as from the 

plasma of xenograft-bearing nude mice were assayed for their amino acid contents. 

Surprisingly, we did not see a dramatic decrease in amino acid levels in tumors derived from 

either A549 or Calu-1 cells with loss of IRS1 and IRS2 (Fig. 3.4A). In contrast, aspartate 

level is significantly higher in A549 DKO tumors than in sgCtrl tumors, similar to what we 

observed in cells grown in culture (Fig. 2.6C). However, glycine level is also significantly 

enhanced in A549 DKO tumors than in sgCtrl tumors, contrary to what we saw in culture 

(Fig. 2.6C). Intriguingly, a group of amino acids including arginine, asparagine, BCAAs, 

methionine, phenylalanine, proline, serine and threonine are significantly lower in the plasma 
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of mice bearing Calu-1 DKD tumors compared to mice bearing shCtrl tumors (Fig. 3.4B). The 

lower circulating level of BCAAs in this case is consistent with what was reported before, as 

NSCLC tumors have increased BCAAs uptake that results in lower plasma levels of BCAAs 

(Mayers et al. 2016). The inconsistency between what we see in cell culture and in xenografts 

could be yet another example of the distinct metabolic dependencies of cells when cultured in 

media and when grown in vivo. Moreover, as the majority of injections of A549 DKO and 

Calu-1 DKD cells either did not form tumors or formed very small tumors, samples used for 

metabolic analysis were in a sense outliers that formed tumors from A549 DKO cells or 

formed sizable tumors from Calu-1 DKD cells, and they may have very well found ways to 

replenish their intracellular amino acids in order to grow. To truly assess whether loss of IRS1 

and IRS2 would lead to depletion of intracellular amino acids in vivo, xenografts derived from 

human KRAS-mutant NSCLC cells that express inducible small hairpins targeting IRS1 and 

IRS2 or control small hairpins could be established. Loss of IRS1 and IRS2 could be induced 

acutely in established tumors and its impact on tumor amino acid levels could be measured.  
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Figure 3.4. Human NSCLC xenograft tumors with loss of IRS1 and IRS2 do not 

demonstrate depletion of intracellular amino acids.  

(A) Levels of intracellular amino acids in NSCLC A549 xenograft tumors with IRS1/IRS2 

(A549 DKO) or control (A549 sgCtrl) double knockout as well as Calu-1 xenograft tumors 

with IRS1/IRS2 (Calu-1 DKD) or control (Calu-1 shGFP/shScramble, termed shCtrl) double 

knockdown. N = 10 for A549 sgCtrl; n = 3 for A549 DKO; n = 9 for Calu-1 shCtrl; n = 4 for  
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Figure 3.4. (Continued) 

Calu-1 DKD-1 cells. (B) Levels of plasma amino acids at the time of sacrifice from mice 

bearing xenograft tumors described in A. N = 6 for A549 sgCtrl and DKO; n = 5 for Calu-1 

shCtrl; n = 6 for Calu-1 DKD-1 cells. In A and B, data represent mean ± SD. *P < 0.05; **P 

< 0.01 (two-tailed unpaired Student’s t-test). 

 

 

3.7 Is depletion of cellular amino acids the main driver of basal autophagy activation in 

NSCLC cells with loss of IRS1 and IRS2? 

 It is known that autophagy is induced by nutrient starvation, such as reduction of 

intracellular amino acid levels. Decreased amino acid levels induce autophagy primarily 

through inhibition of mTORC1 signaling (Feng, Yao, and Klionsky 2015). In my research, 

Human KRAS-mutant NSCLC cells with loss of IRS1 and IRS2 have elevated autophagy, 

despite displaying similar levels of mTORC1 signaling under basal, nutrient-replete condition 

(Fig. 2.7). Therefore, alternative mechanisms of autophagy activation may be playing a role 

here. It has been shown that ammonia generated from glutaminolysis is sufficient to induce 

basal autophagy independent of mTORC1 signaling or nutrient deprivation in both non-

transformed and cancer cells (Eng et al. 2010). In my research glutamine is significantly 

diminished in cells with loss of IRS1 and IRS2. However, glutamate levels are either 

increased or unchanged (Fig 2.6C). Therefore, whether loss of IRS1 and IRS2 leads to 

enhanced glutaminolysis, and whether glutamine-derived ammonia contributes to activation 

of autophagy is worth investigating. Further, depletion of cellular amino acids could induce 

autophagy via transcriptional regulation. Leucine deprivation alone in mouse embryonic 
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fibroblasts (MEFs) results in inhibition of protein synthesis via GCN2-mediated 

phosphorylation of eIF2α, which simultaneously leads to preferential translation of the 

transcription factor ATF4 that in turn increases expression of multiple genes involved in 

autophagosome formation (B’chir et al. 2013). Therefore whether decreased cellular amino 

acid levels transcriptionally induce autophagy via the GCN2- eIF2α- ATF4 axis in NSCLC 

cells with loss of IRS1 and IRS2 remains to be investigated. Additionally, autophagy can be 

induced by AMPK under conditions of increased cellular AMP/ATP ratio, discussed in detail 

in Chapter 1.5.3 (Hardie, Ross, and Hawley 2012; Inoki, Zhu, and Guan 2003; Gwinn et al. 

2008). Loss of IRS1 and IRS2 in human KRAS-mutant NSCLC A549 cells results in 

decreased contribution of glucose-derived carbon to glycolysis, serine and glycine synthesis, 

as well as TCA cycle (Fig. 3.5). It should be noted that the M+3 labeled fractions of malate 

and aspartate reflect flux from glucose through pyruvate carboxylase (PC) to replenish the 

TCA cycle, consistent with findings by other groups showing dependence of NSCLC tumors 

on PC-mediated anaeplerosis from glucose for cell proliferation and tumor growth (Sellers et 

al. 2015; Davidson et al. 2016). Given the diminished glucose oxidation and anaeplerosis in 

A549 DKO cells, it remains a possibility that loss of IRS1 and IRS2 perturbs cellular energy 

status that culminates in autophagy activation via AMPK signaling.  
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Figure 3.5. A549 cells demonstrate decreased glucose metabolism with loss of IRS1 and 

IRS2.  

Labeled isotopomers of glycolytic intermediates, serine, glycine and TCA cycle intermediates 

from U-13C-glucose as fractions of total metabolites. NSCLC A549 cells described in A were 

cultured in media with 10% serum and U-13C-glucose (11 µM) for 25 hours. Fractional 

labeling was determined as the ratio of raw peak areas of labeled isotopomers to total raw 

peak areas of the corresponding metabolites. N = 4 biological replicates per cell line. **P <  

 



	 124	

Figure 3.5. (Continued) 

0.01; ***P < 0.001; ****P < 0.0001 (two-tailed nonpaired Student’s t-test). Highest level of 

statistical significance among the isotopomers was indicated. 

 

 

3.8 Is inhibition of autophagy or proteasome synergistic with IR/IGF-1R targeting in 

treating KRAS-mutant NSCLC? 

 My research demonstrates that cells with acute loss of IRS1 and IRS2, or under acute 

pharmacological inhibition of IR/IGF-1R signaling, are more sensitive to autophagy and 

proteasome inhibition in vitro due to their dependency on these catabolic pathways to 

compensate for depletion of cellular amino acids. It is important to note that chloroquine was 

used as a standard inhibitor of autophagy in my research to both assay for its effects on cell 

proliferation and to block autophagic flux and visualize accumulation of LC3B-II (Fig. 2.8). 

However, it has been shown that ATG7-deficient and -proficient human KRAS-mutant cancer 

cells are equally sensitive to chloroquine treatment, indicating that chloroquine is not a 

specific inhibitor for autophagy and its cytotoxic effects may not stem from its inhibition of 

autophagy (Eng et al. 2016). As a pH neutralizer of the lysosome, chloroquine inhibits all 

cellular processes that involve lysosomal degradation including macropinocytosis. Mutant 

Kras stimulates macropinocytosis in pancreatic cancer cells to scavenge for extracellular 

nutrients (Commisso et al. 2013; Kamphorst et al. 2015; Davidson et al. 2016). However, in 

my research Kras-mutant murine and human lung cancer cells demonstrate minimal 

macropinocytosis via TMR-dextran uptake assay (data not shown). Therefore it is not clear to 

what extent the suppressive effect of chloroquine on proliferation of Kras-mutant murine and 
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human lung cancer cells stems from its inhibition of autophagy specifically (Fig. 2.8A, 

2.10B). Caution should be employed when drawing conclusions about autophagy from studies 

that utilize chloroquine alone as an autophagy inhibitor. Genetic means of autophagy 

inhibition should be employed to complement studies using chloroquine.  

To determine the translational relevance of combinatorial targeting of IR/IGF-1R 

signaling and autophagy/proteasome in KRAS-mutant NSCLC, it remains to be investigated 

whether autophagy or proteasome inhibition would elicit growth suppression of tumors with 

loss of IRS1 and IRS2 in vivo. To that end, KP and KPI mice could be bred to an inducible 

model of lung-specific autophagy inhibition through genetic ablation of Atg7. The effects of 

induced loss of autophagy on KP and KPI tumors could be assessed. Similarly, patient-

derived KRAS-mutant NSCLC xenografts could be established to assess efficacy of 

combinatorial targeting of IR/IGF-1R and autophagy/proteasome in a preclinical model. 

Importantly, clinical trials have shown that systemic IGF-1R inhibition leads to 

compensatory signaling from GHR, which results in unintended adverse effects (Haluska et 

al. 2010; Moody et al. 2014). Similarly, whole-body inhibition of autophagy in adult mice by 

genetic ablation of Atg7 leads to adipose loss, muscle wasting, liver damage and eventual 

death from neurodegeneration (Karsli-Uzunbas et al. 2014). Remarkably, lung specific loss of 

autophagy is well tolerated in mice without affecting lifespan, and Kras-mutant lung tumors 

are substantially more sensitive to autophagy inhibition than untransformed lung tissue (Guo 

et al. 2013; Karsli-Uzunbas et al. 2014). Therefore, combinatorial therapies targeting IR/IGF-

1R and autophagy specifically delivered to the lungs would achieve the clinical benefits 

without generating the undesirable side effects for patients.  
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3.9 How do compensatory mechanisms enable KPI cells to bypass Ir/Igf-1r signaling and 

form tumors without activating autophagy and restoring amino acid levels? 

 In contrast to the acute inhibition of IR/IGF-1R signaling in human and mouse 

NSCLC cells, chronic loss of Irs1 and Irs2 in KPI cells led to compensatory mechanisms that 

allowed them to form tumors despite exhibiting depletion of cellular amino acid levels and 

lower autophagic flux. These cells display aberrant activation or amplification of alternative 

RTKs including Egfr, Her3 and Pdgf that may allow them to bypass the need for Ir/Igf-1r 

signaling (Fig. 2.10C). Activation of EGFR signaling is frequently found to lead to resistance 

against therapies targeting other RTKs such as ALK and MET kinases (Katayama et al. 2012; 

McDermott et al. 2010; Qi et al. 2011; Sasaki et al. 2011). Therefore it remains to be 

investigated whether Egfr signaling and possibly other RTK signaling result in Ir/Igf-1r-

independent tumor formation by KPI cells, as well as how these alternative signaling 

pathways promote cell growth in the presence of amino acid depletion.  

Specifically, KPI - 3 and 5 cell lines display Akt phosphorylation when grown in 10% 

serum despite not showing IGF-1 -induced Akt activation (Fig. 2.5A). This suggests that 

some KPI cells respond to other growth factors in serum to compensate for the lack of Ir/Igf-

1r signaling. Alternative RTK signaling that activates Pi3k and Akt downstream, such as G 

protein-coupled receptors (GPCRs), Egfr and Pdgf-r signaling, is worth investigating. On the 

other hand, KPI-4 cells display constitutive activation of Akt regardless of whether serum is 

present, suggesting that they have compensatory mechanisms upstream of Akt that results in 

constitutive Akt activation, such as secondary activating mutations in Pi3k or Akt, or 

inactivating mutations in pathway suppressors such as Pten and PHLPP. More intriguingly, 

KPI - 6 cell line has adapted to proliferate without the need for activated Akt altogether, 
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which could be made possible by rewiring effectors downstream of Akt that activate 

mitogenic and pro-survival signals. It should be noted that despite the alternative means KPI 

cells have adopted to activate Akt signaling, the level of Akt phosphorylation is dramatically 

reduced compared to KP cells under IGF-1 stimulation (Fig. 2.5A). Therefore, KPI cells have 

adapted to grow and proliferate with a strongly reduced capability to activate Akt in response 

to growth factor signaling. 

Except for their shared suppression of Akt and downstream effector signaling in 

response to IGF-1 stimulation, KPI cells demonstrate distinct signaling profiles that share 

very little commonality, indicating the extraordinary flexibility cancer cells possess to 

circumvent obstacles and thrive (Fig. 3.6). This flexibility poses a significant challenge to our 

efforts in identifying novel therapeutic targets and developing viable treatments to fight 

cancer clinically. 

Figure 3.6. KPI cells demonstrate distinct signaling profiles. 

Heatmap of relative abundance of 308 proteins and phophoproteins between KP cells (cell 

lines 1 and 2) and KPI cells (lines 3-6). Cells were either non-serum starved (10% fetal bovine 

serum or FBS), serum-starved (0% FBS) for 1 hour or serum-starved for 1 hour and 

stimulated with 50 ng/ml IGF-1 for 10 minutes (indicated as IGF1). Rows indicate the 

specific cell line and treatment. Columns indicate different proteins and phosphoproteins. 

Protein loading-normalized values were Log2 transformed and median-centered for heatmap  
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Figure 3.6. (Continued) 

generation. Heatmap was generated in Cluster 3.0 and visualized in Treeview. Red indicates 

higher expression, and green indicates lower expression relative to the median expression 

level of each protein. Data represent mean ± SD; n = 3 biological replicates per condition per 

cell line. Distinct differences regarding Akt activation in response to IGF-1 stimulation can be 

seen between KP and KPI cell lines. 

 

3.10  Does loss of Irs1 and Irs2 suppress Kras-driven tumor maintenance and 

progression? 

 My research has demonstrated the requirement for Irs1 and Irs2 in Kras-driven lung 

tumor initiation. However, it has been shown that tumor maintenance and progression may 

depend on signaling pathways distinct from those required for initiation (Genovese et al. 

2017; Kapoor et al. 2014; Lim and Counter 2005). To investigate the role of Irs1 and Irs2 in 

Kras-driven lung tumor maintenance, we obtained a different conditional mouse model that 

expresses Frt-STOP-Frt (FSF)-KrasG12D/+; p53frt/frt, and bred it to mice harboring Irs1fl/fl and 

Irs2fl/fl alleles to generate FSF-KrasG12D/+; p53frt/frt; Irs1fl/fl; Irs2fl/fl mice (Young, Crowley, and 

Jacks 2011; Lee et al. 2012; Dong et al. 2006). In order to initiate tumor development driven 

by mutant Kras and loss of p53 while temporally inducing the loss of Irs1 and Irs2 at a later 

stage, I designed a construct that expresses FlpO-IRES-CreERT2, where intranasal exposure 

to the mammalian codon-optimized Flippase recombinase (FlpO) would initiate tumorigenesis 

in the lungs while later exposure to tamoxifen would activate Cre recombinase and induce 

loss of Irs1 and Irs2 specifically in cells that have been exposed to the construct and hence 

transformed. However, we did not see sufficient Cre-mediated recombination of floxed alleles 
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in KP MEFs upon tamoxifen exposure using this construct in vitro, and therefore pursued a 

second strategy to tackle this problem.  

 We obtained an inducible dual-recombinase mouse model that expresses Col1a1FSF-

CreERT2; FSF-KrasG12D/+; p53frt/frt and bred them to Irs1fl/fl; Irs2fl/fl mice to generate Col1a1FSF-

CreERT2; FSF-KrasG12D/+; p53frt/frt; Irs1fl/fl; Irs2fl/fl mice (Zhang and Kirsch 2015). Upon 

intranasal exposure to Flippase, lung tumorigenesis would be initiated by mutant Kras and 

loss of p53 with concomitant expression of CreERT2 in transformed cells. Later exposure to 

tamoxifen would activate Cre recombinase and induce loss of Irs1 and Irs2 specifically in 

tumor cells. However, characterization of the model revealed insufficient expression of 

CreERT2 in Kras-mutant, p53-null lung tumor cells. Similar findings were also reported by 

the authors (Zhang and Kirsch 2016).  

 To circumvent the problem of insufficient CreERT2 expression, a slightly different 

inducible dual-recombinase model could be used, where CreERT2 expression is under the 

control of the CAG promoter from the endogenous ROSA26 locus (FSF-R26CAG−CreERT2; 

FSF-KrasG12D/+)(Schönhuber et al. 2014). The robust expression and activity of Cre following 

Flippase and tamoxifen exposure were validated in a number of different models where 

induced deletion of p53, Pdpk1 and other genes as well as induced expression of lacZ in Kras-

transformed pancreatic cancer cells were successful (Schönhuber et al. 2014). Therefore, to 

investigate whether Irs1 and Irs2 are required for Kras-mutant lung tumor maintenance, FSF-

R26CAG−CreERT2; FSF-KrasG12D/+ mice could be bred to p53frt/frt mice and to p53frt/frt; Irs1fl/fl; 

Irs2fl/fl mice to generate FSF-R26CAG−CreERT2; FSF-KrasG12D/+; p53frt/frt mice as well as FSF-

R26CAG−CreERT2; FSF-KrasG12D/+; p53frt/frt; Irs1fl/fl; Irs2fl/fl mice. Upon intranasal exposure to 

Flippase, mutant Kras and loss of p53 would initiate lung tumor development and CreERT2 
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would be expressed in transformed cells. Later exposure to tamoxifen would induce the loss 

of Irs1 and Irs2, allowing us to assess its impact on tumor maintenance and progression. This 

will identify novel signaling and metabolic vulnerabilities unique to estalibshed Kras-mutant 

lung tumors following acute inhibition of Ir/Igf-1r signaling, as well as better shed light on the 

therapeutic potential of targeting IR/IGF-1R signaling in established KRAS-mutant NSCLC in 

patients.  

 

3.11 Conclusions 

 This dissertation has established the requirement for Irs1 and Irs2 in Kras-driven lung 

tumorigenesis. It has identified amino acid metabolism as a metabolic vulnerability of KRAS-

mutant NSCLC cells and revealed their dependency on autophagy and proteasomal 

degradation upon loss of IRS1 and IRS2, as well as pharmacological IR/IGF-1R inhibition. 

The research presented here has deepened our understanding of the intricate interplay between 

signaling and metabolism in KRAS-mutant NSCLC, as well as uncovered novel avenues for 

further investigation. We hope the research presented here, together with the future work 

outlined above, will unveil innovative targets and therapeutic strategies to combat NSCLC 

clinically. 
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APPENDIX (Please see supplemental material) 

Supplemental Table S1.  Reverse Phase Protein Array (RPPA) data. List of relative 

abundance of total proteins and phophoproteins between KP cells (cell lines 1 and 2) and KPI 

cells (lines 3-6). Cells were either non-serum starved (10% fetal bovine serum or FBS), 

serum-starved (0% FBS) for 1 hour or serum-starved for 1 hour and stimulated with 50 ng/ml 

IGF-1 for 10 minutes (indicated as IGF1). Rows indicate the specific cell line and treatment. 

Columns indicate the levels of the specific protein/phosphoprotein. All values are normalized 

for protein loading.  Data represent the mean ± SD; n = 3 biological replicates per condition 

per cell line. 
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