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Résumé 
KRAS est parmi les gènes les plus fréquemment mutés dans les cancers humains, tel que ~ 45% 

des cancers colorectaux (CCR). Malgré les efforts déployés pour réduire son potentiel 

oncogénique, KRAS muté est fréquemment associé à la résistance aux médicaments et est 

extrêmement difficile à cibler sur le plan thérapeutique. Les protéines à la surface cellulaire sont 

souvent dérégulées dans les cancers et sont des cibles thérapeutiques attrayantes en raison de leur 

accessibilité aux anticorps. Nous avons séquençé les ARNm de cellules épithéliales intestinales 

exprimant KRAS muté et observé que ces dernières présentaient des changements importants dans 

les gènes codant pour des protéines de surface cellulaire. Par conséquent, notre objectif était 

d'identifier de nouvelles cibles thérapeutiques exprimées à la surface de cellules transformées par 

l’oncogène KRAS. En utilisant une approche de pointe en protéomique de surface cellulaire, nous 

avons identifié plusieurs protéines différentiellement exprimées dans les cellules avec KRAS muté 

par rapport à leurs homologues de type sauvage. Nous avons ensuite effectué un crible 

CRISPR/Cas9 basé sur les protéines de surface cellulaire, qui a révélé que la perte de la protéine 

Atp7a affectait de manière différentielle les cellules épithéliales intestinales, en fonction de leur 

statut KRAS. De façon intéressante, nous avons constaté que ATP7A était régulé à la hausse dans 

les cellules avec KRAS muté par rapport à leurs homologues de type sauvage. ATP7A a un double 

rôle dans les cellules; alors qu'il est essentiel pour la maturation des enzymes dépendantes du 

cuivre (Cu), ATP7A protège les cellules d'une toxicité excessive induite par le Cu (cuproptose). 

Chez l'homme, les mutations dans ATP7A entraînent des troubles caractérisés par des déficiences 

systémiques dans le transport et les niveaux de Cu. Chez les animaux et dans les modèles de culture 

cellulaire, tel que les cellules épithéliales intestinales, les niveaux intracellulaires de Cu sont 

directement corrélés avec l'abondance post-transcriptionnelle d'ATP7A. Dans le même ordre 

d'idées, nous avons observé que les cellules de CCR avec KRAS muté avaient relativement plus 

de Cu intracellulaire, et la surexpression d'ATP7A protégeait les cellules KRAS muté de la 

cuproptose, par rapport à leurs homologues de type sauvage. Nous avons également observé que 

la croissance in vivo des xénogreffes KRAS mutées était réduite lorsque les souris étaient nourries 

avec un régime pauvre en Cu. Le Cu est utilisé par plusieurs enzymes qui régulent des fonctions 

cellulaires critiques, notamment la respiration mitochondriale, la motilité cellulaire et la 

prolifération. Nous montrons que les cellules mutantes KRAS étaient plus sensibles au chélateur 

de Cu, ammonium tetrathiomolybdate (TTM), par rapport aux cellules de type sauvage. De plus, 
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les cellules avec KRAS muté traitées avec le TTM ont présenté des activités réduites de MEK1/2 

dépendant du Cu et de l'enzyme de la chaîne de transport d'électrons mitochondriale, cytochrome 

c oxidase (CCO). Nous avons été surpris de constater que le transporteur de Cu de haute affinité, 

CTR1, est régulé à la baisse dans les cellules avec KRAS muté, et avons donc émis l'hypothèse 

que les cellules KRAS mutées doivent absorber le Cu par d'autres moyens. Ainsi, nous avons 

constaté que la macropinocytose agit comme une voie non canonique d'approvisionnement en Cu 

dans les cellules avec KRAS muté. Le traitement de cellules in vivo avec l'inhibiteur de la 

macropinocytose, EIPA, a inhibé l'expression d'ATP7A et diminué le Cu biodisponible dans les 

xénogreffes KRAS mutées. En conclusion, nos résultats montrent que les cellules avec KRAS 

muté augmentent les niveaux de Cu et d'ATP7A pour soutenir la tumorigenèse en augmentant 

l'activité cuproenzymatique et diminuant la cuproptose. Cette étude est pertinente pour le cancer, 

car les tissus tumoraux contiennent fréquemment des niveaux de Cu plus élevés que les tissus 

normaux. Des études récentes ont mis en évidence un potentiel de repositionnement du chélateur 

de Cu TTM, qui est disponible en clinique et utilisé pour traiter les troubles du Cu. Nos résultats 

démontrent que la biodisponibilité du Cu pourrait être exploitée pour traiter le CCR avec KRAS 

muté avec de tels inhibiteurs. Les travaux futurs comprennent l'identification de stratégies 

combinatoires qui peuvent être améliorer les effets anti-cancéreux de la chélation du Cu. 

 

Mot clés: Cuivre, RAS, ATP7A, Cancers colorectaux, Surface cellulaire   
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Abstract 
KRAS is amongst the most frequently mutated genes driving human cancers, including ~ 45% of 

colorectal cancers (CRC). Despite intense efforts to curb its oncogenic potential, mutant KRAS is 

frequently associated with drug resistance and is extremely challenging to target therapeutically. 

Cell-surface proteins are often spatially dysregulated in cancers and are attractive therapeutic 

targets due to their easy accessibility. We performed RNA sequencing of mutant KRAS-expressing 

intestinal epithelial cells and observed that cells undergoing transformation exhibited dramatic 

changes in cell surface-coding genes. Therefore, our goal was to identify novel druggable targets 

expressed at the cell surface of mutant KRAS-transformed cells. Using a cutting-edge cell surface 

proteomics approach, we identified several differentially expressed proteins at the surface of 

KRAS-mutant cells compared to wild-type counterparts. We then performed a cell surface based 

CRISPR/Cas9 screen, which revealed that loss of the copper exporter Atp7a differentially affected 

the fitness of intestinal epithelial cells, depending on their KRAS status. Interestingly, we found 

that ATP7A was upregulated in KRAS-mutant cells compared to wild-type counterparts. ATP7A 

has a dual role in cells; while it is essential for maturation of copper (Cu)-dependent enzymes, 

ATP7A protects cells from excess Cu-induced toxicity (cuproptosis). In humans, ATP7A 

mutations result in disorders characterized by systemic deficiencies in Cu transport and levels. In 

animals and in tissue culture models, including intestinal epithelial cells, intracellular Cu levels 

are directly correlated with the post-transcriptional abundance of ATP7A. In line with this, we 

observed that KRAS-mutant CRC cells and tissues had relatively more intracellular Cu, and 

ATP7A-overexpression protected KRAS-mutant cells from cuproptosis, compared to wild-type 

counterparts. We also observed that in vivo growth of KRAS-mutant xenografts was reduced when 

mice were fed a Cu-deficient diet. Cu is utilized by several enzymes that regulate critical cellular 

functions including mitochondrial respiration, cell motility and proliferation. We show that KRAS-

mutant cells were more sensitive to the Cu chelating drug ammonium tetrathiomolybdate (TTM), 

compared to wild-type cells. Moreover, TTM-treated KRAS-mutant cells displayed reduced 

activities of Cu-dependent MEK1/2 and mitochondrial electron transport chain enzyme, 

cytochrome c oxidase (CCO). We were surprised to find that the high-affinity CTR1 importer is 

downregulated in KRAS-mutant cells, and so we hypothesized that KRAS cells must uptake Cu 

through alternate means. In accordance with this, we found that macropinocytosis acts as a non-

canonical Cu-supply route in KRAS-mutant cells. In vivo, treating cells with the macropinocytosis 
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inhibitor EIPA, inhibited the expression of ATP7A and decreased bioavailable Cu in KRAS 

xenografts. In conclusion, our results show that KRAS-mutant cells increase Cu and ATP7A 

levels, likely to support tumorigenesis by elevating cuproenzymatic activity and parallelly dealing 

with cuproptosis. This study is relevant to cancer as tumor tissues and patients contain higher Cu 

levels than normal controls. Recent studies have highlighted a potential for repurposing the 

clinically available copper chelator TTM, which is used to treat Cu disorders. Our results 

demonstrate that copper bioavailability could be exploited to treat KRAS-mutated CRC with such 

inhibitors. Future work includes identification of combinatorial strategies that may be synthetic 

lethal to copper chelation. 

 

Keywords: Copper, RAS, ATP7A, Colorectal cancer, Cell surface  
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Chapter 1: Introduction  
1.1 Cancer has a major impact on Canadian population 

Cancer is the leading cause of mortality globally and ranked second highest in Canada, responsible 

for nearly 30% of all deaths (http://cancer.ca/Canadian-Cancer-Statistics-2019-EN, Canadian 

Cancer Society 2019). In 2018, nearly 181 million people were diagnosed with cancer, and a 

reported 9.6 million succumbed to the disease globally. The most frequently diagnosed cancers are 

the lung cancers, followed by breast and colorectal cancers. According to the 2020 projected 

estimates of Canadian Cancer statistics (Brenner et al., 2020), cancer-related mortality is expected 

to be the highest for lung cancers, followed by colorectal, pancreatic and breast cancers. Although 

the five-year survival rates and cancer incidence rates have reduced overall, largely due to better 

treatment options and early detection methods, people with lower economic status have 

comparatively worse outcomes. This is mainly attributed to a lack of access and affordability for 

advanced techniques (World Health, 2020). Given our increasing lifespans, economic progress in 

developing nations, amongst other contributing environmental and dietary factors, the number of 

cancer cases are expected to progressively rise in the upcoming years.  

 

Several decades of research have shown that cancer is a complex and heterogeneous disease. 

Normal cell growth is tightly controlled by a network of signaling pathways that collectively 

ensure that cells proliferate only when needed. The myriad pathways and barriers that regulate cell 

homeostasis are disrupted in cancers. Hanahan and Weinberg in their seminal paper outlined the 

key disrupted processes or hallmarks in cancers: sustained proliferation, inactivation of tumor 

growth suppressors, increased cell survival, unchecked replicative potential, induction of 

metastasis and invasion, increased vasculature or angiogenesis, and increased energy metabolism 

(Hanahan & Weinberg, 2011). Ongoing research is continually uncovering new hallmarks that add 

to the complexities of cancer development such as evading the immune system, reprogramming 

energy metabolism and the influence of microenvironment in tumor growth. These features are 

acquired progressively by normal cells enabling them to progress to a neoplastic state. Acquisition 

of these hallmarks largely depend on myriad changes in the genomes of tumor cells. Multistep 

tumor progression can be visualized as several rounds of clonal expansions, each of which is 

marked by acquisition of a genetic event such as a mutation of a gene. Simply put, these genetic 

http://cancer.ca/Canadian-Cancer-Statistics-2019-EN
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phenotypes confer selective advantage and tumor-promoting properties to subclones of cells, 

causing them to outgrow and dominate over other cells in the tissue microenvironment. Majority 

of such genetic changes fall into two categories: gain-of-function mutations in proto-oncogenes 

that enable cancer cells to proliferate, survival and grow, whereas loss-of-function mutations in 

tumor suppressor genes (TSG) which normally prevent uncontrolled proliferation, and activate 

DNA repair and cell cycle checkpoint responses. Clonal expansions can also be triggered by non-

mutational, epigenetic changes such as DNA methylation and histone modifications. In cancer 

cells, hypermethylation of promoters of many genes is frequently observed in the classical TSGs 

such as retinoblastoma (RB), breast cancer genes 1/2 (BRCA1/2) and phosphatase and tensin 

homology (PTEN), leading to transcriptional silencing and gene inactivation. Genetic and 

epigenetic events can also be inherited via the germinal cells, which underly development of 

familial cancers. While studying molecular mechanisms of inherited cancers, knudson first 

described the “second hit” hypothesis. Within cells that develop to tumors, there exists one 

functionally-inactive allele which could be inactivated due to a point mutation or any other 

mechanism, and the second wild-type allele will be subsequently inactivated by several 

mechanisms including but not restricted to mutations, loss of all or part of a chromosome, or 

homologous recombination events (Tischfield, 1997). This loss of heterozygosity (LOH) is widely 

accepted as the mechanism of completely turning off activity of TSGs. However, the presence of 

several LOH events at locations not known to contain TSGs suggests general chromosomal 

instability (CIN) in a tumor cell. Mis-segregation and chromosomal aneuploidy, marked by loss 

or rearrangements of chromosomes are considered to contribute to inactivation of TSG and 

acquisition of mutations, thereby contributing to cancer progression (Heng et al., 2013). In 

conclusion, several decades of cancer research have improved our understanding of the multiple 

cancer-promoting genomic events and hallmarks that contribute to the complexities of tumor 

progression. With the rise of new technologies such as clustered regularly interspaced short 

palindromic repeat (CRISPR)/Cas9 and single cell sequencing, the future of cancer research adds 

hope to our collective abilities to advance our understanding (with increased precision) of 

individual human cancers, and identify sophisticated therapeutic combinations to treat human 

cancers. 
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1.2 Colorectal cancers: a major cause of mortality in Canada 

CRC is a class of solid tumors that accounts for ~12% of all newly diagnosed cancer cases in 

Canada and ~10% of global cancer cases. It is the second and third highest cause of cancer-related 

mortality in men and women, respectively, as of 2019 (http://cancer.ca/Canadian-Cancer-

Statistics-2019-EN, Canadian Cancer Society 2019). The highest rates of CRC incidence are in 

developed countries. Both hereditary and environmental factors are attributed to the incidence of 

CRC. CRC is associated more with industrialized nations, suggesting a strong role for dietary and 

lifestyle factors including but not limited to alcohol, smoking, physical inactivity, obesity, and 

diets high in processed or red meats. In addition, individuals with chronic inflammatory bowel 

disease or ulcerative colitis have increased risk of CRC (Dekker, Tanis, Vleugels, Kasi, & Wallace, 

2019). While the majority of tumors are sporadic, family history of CRC contributes to roughly 

10-30% of all cases (Taylor, Burt, Williams, Haug, & Cannon–Albright, 2010). A portion of 

familial cases have common clinical features that indicate underlying Mendelian inheritance of 

cancer pre-disposing genes. A significant majority of highly penetrant CRC cases are hereditary 

nonpolyposis colorectal cancer (HNPCC), the familial adenomatous polyposis (FAP), juvenile 

polyposis syndrome and lynch syndromes (Fearon, 2011). The quest to identify the genetics of 

hereditary CRC has greatly contributed to the understanding of molecular events predisposing 

sporadic CRC such as the occurrence of genomic instability in majority of tumors. Prevalence of 

the disease is associated with age, the risk progressively increasing past 50 years of age for 

sporadic CRC, and around the third to fifth decade of life for hereditary CRC. Although better 

screening protocols and access to new therapeutic options have reduced incidence in developed 

countries, mortality is significantly higher for metastatic CRC (mCRC) cases. Nearly a quarter of 

newly diagnosed cases are metastatic, which are difficult to treat despite new advancements in 

surgery and chemotherapy. It is estimated that the incidence of CRC will increase to 2.5 million 

cases by 2035 in developing countries (Bray et al., 2018). 

 

1.2.1 Progression of CRC is a multistep process 

In the 1990s, Fearon and Vogelstein proposed a modified four step histopathological model for 

CRC progression, beginning with the transformation of epithelial crypt cells in the gastrointestinal 

tract to benign precursor lesions called adenomatous polyps. The cellular origin of the polyps are 

http://cancer.ca/Canadian-Cancer-Statistics-2019-EN
http://cancer.ca/Canadian-Cancer-Statistics-2019-EN
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debated and thought to be arising from stem cell-like precursors at the base of the crypt (Munro, 

Wickremesekera, Peng, Tan, & Itinteang, 2018).  Crypts display an abnormal architecture with the 

polyps measuring ~5 mm and characterized by dysplastic morphology and dysregulated 

differentiation of epithelial cells (Fearon, 2011). Hereditary polyposis syndromes are easily 

identified by the presence of such polyps in large numbers. The polyps progress to form larger 

neoplastic lesions or adenomas and further to an in-situ carcinoma over a period of 10-15 years. 

This process is accelerated in hereditary lynch syndromes which display frequent alterations in 

mismatch repair genes (MMR).  Ultimately, the tumor proceeds to become metastatic and invasive 

carcinomas.  

Once diagnosis is made, the stage of CRC progression is determined according to the american 

joint committee on cancer (AJCC) TNM system, which takes into account the extent of tumor 

growth (T) through the wall of the colon or rectum, spread to the nearby lymph nodes (N), and 

spread to distant sites or metastases (M) (https://www.cancer.org/cancer/colon-rectal-

cancer/detection-diagnosis-staging/staged.html). The stages are roughly described as follows: 

Stage 0 is the beginning stage where the “in situ” tumor has not grown beyond the inner mucosal 

layer of colon or rectum. Stage I has grown through the mucosal and submucosal layers or 

muscularis propria but not spread to the lymph nodes. Stage IIA has grown through the outermost 

layers of colon or rectum but not yet spread to the nearby tissues or lymph nodes. Stage IIB the 

tumor has grown to the lining of the abdomen, whereas in stage IIC the tumor has spread beyond 

the lining to nearby tissues and may or may not have spread to a few lymph node regions. In stage 

IIIA the tumor has spread to a few lymph nodes or to the area adjacent to the lymph nodes, but not 

yet grown into nearby organs or distant sites. Stage IIIB is characterized by tumor growth through 

the bowel wall, to nearby organs, and several lymph nodes. At stage IIIC, the tumor has spread to 

several lymph nodes, and nearby organs or tissues but not distant regions. The IV stage is 

characterized by metastases: Stage IVA has spread to a distant organ such as liver or lung (two 

most common sites), whereas stage IVB is spread to several distant organs, and further to distant 

parts of peritoneum (lining of abdominal cavity) in the stage IVC. The 5-year survival is directly 

https://www.cancer.org/cancer/colon-rectal-cancer/detection-diagnosis-staging/staged.html
https://www.cancer.org/cancer/colon-rectal-cancer/detection-diagnosis-staging/staged.html
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correlated with the stage of tumor, ranging from 90% survival rates early in the disease to reduced 

rates of 7% at later stages of metastasis (Weitz et al., 2005). 

 

Figure 1.1. Models of CRC pathogenesis 
Depiction of progressive degree of growth (red arrows) of adenomas and intestinal neoplasia to 
carcinoma and metastasis. Average 5-year survival rates of patients during diagnosis, according 
to the clinical stage is indicated at the top. The most common genetic and epigenetic alterations 
(squared box with arrows), and the three classical genomic instability pathways (blue rectangles) 
that underlie CRC tumor progression are indicated. The most common genetic/epigenetic 
alternations belong to the MAPK, WNT or TGF-β cell signaling pathways.  

1.2.2 The three classical genetic classifications of CRC  

CRC is a highly heterogeneous disease with many subtypes associated with somewhat distinct and 

sequential combinations of genetic and epigenetic aberrations in cancer-related genes that lead to 

overall genomic instability (Dekker et al., 2019; Fearon, 2011). The order of accumulation of these 

genomic aberrations in CRC progression is not random. Thus far, there is a general consensus on 

three different pathogenic models for CRC progression which are as follows: traditional or 
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chromosomal instability pathway accounting for the majority of CRC cases, a serrated neoplasia 

pathway accounting for ~10-20% cases, and ~7-15%  of cases are classified under a microsatellite 

stability model (Dekker et al., 2019). Typically, one of the genomic instability pathways 

predominates in the tumor, however, CpG island methylator phenotype (CIMP) and microsatellite 

instability (MSI) phenotypes can overlap due to shared defects in MMR genes.  

  

The traditional pathway includes progression of both hereditary and sporadic cases (Dekker et al., 

2019; Fearon, 2011). Loss of activity of the tumor suppressor gene adenomatous polyposis coli 

(APC) that disrupts the wingless-related integration site (WNT)/β-catenin pathway is a major 

initial step and detected in early lesions. Approximately 70-80% of sporadic tumors harbor 

mutations in the APC pathway.  Kirsten rat sarcoma (KRAS) or B rapidly accelerated fibrosarcoma 

(BRAF) oncogenic mutations occur frequently at early stages of adenoma formation and in a 

mutually exclusive manner. Loss of tumor suppressor p53 function and/or LOH of chromosome 

18 occur at the later stages of carcinoma. In addition, mutations in phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), small mothers against decapentaplegic 4 

(SMAD4), and transforming growth factor beta receptor (TGFBR) genes, are also associated with 

the later stages of CRC progression. Although the order of gene defects can vary, the above-

mentioned gene mutations are frequently associated with certain stages of CRC progression. 

Another characteristic trait of this CRC subtype is the CIN phenotype, occurring in ~60% of CRC. 

It is predominantly associated with APC mutations in early stages of progression. CIN positive 

tumors are associated with gene duplications, LOH at the loci of TSG, aneuploidy and 

chromosomal arrangements. Some recurring features include loss of chromosome 18q [which 

contains the tumor suppressor gene deleted in colorectal cancer (DCC)], loss of 17p, allelic 

deletions in chromosome 5q, as well as gains of chromosomes 8, 13 and 20. Additionally, CIN 

tumors have DNA copy number variations resulting in amplifications of myelocytomatosis viral 

oncogene homologue (MYC), epidermal growth factor receptor (EGFR), insulin receptor substrate 

2 (IRS2) and homozygous deletions of tumor protein 53 (TP53), PTEN, SMAD2 genes (Leary et 

al., 2008). While key factors that underlie CIN are poorly defined, genetic defects in genes 

involved in chromosomal segregation and mitotic spindle formation such as mitotic arrest deficient 

2 (Mad2), budding uninhibited by benzimidazole-related 1 (BubR1), budding uninhibited by 
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benzimidazole 3 (Bub3), and centromere-associated protein E (CENPE) proteins have been 

suggested to contribute this phenotype.   

 

The serrated neoplasia pathway is associated with a RAS or BRAF mutation in early lesions, and 

the latter is very common in CIMP tumors (Dekker et al., 2019; Ijspeert, Vermeulen, Meijer, & 

Dekker, 2015; Oikonomou, Koustas, Goulielmaki, & Pintzas, 2014). CIMP is a characteristic 

feature of this pathway, referring to the hypermethylation patterns at multiple loci enriched in CpG 

motifs. Promoters of ~50% of all genes have many cytosine-guanosine nucleosides called CpG 

motif-rich islands. At motifs containing the CpG dinucleotide sequence, a methyl group can be 

added to the 5’ end of cytosine, serving as a recognition site for methyl-binding proteins. Analysis 

of methylation loci markers allows further classification of tumors to three epigenotypes as CIMP-

high, CIMP-low and non-CIMP. In CRC, hypermethylation of CpG islands compared to normal 

tissues is common. CRC is also associated with unique, tumor-specific methylation patterns 

especially in several putative TSGs. This is likely associated with transcriptional repression and 

gene silencing (Esteller, 2002). Hypermethylation and loss of function of the MMR gene mutL 

homolog 1 (MLH1) is a frequent occurrence in sporadic and hereditary CRC. Some other 

methylation-prone gene loci include cyclin-dependent kinase inhibitor 2A (CDKN2A) (p16), 

PTEN, hypermethylated in cancer 1 (HIC1), secreted frizzled-related protein (SFRP), insulin-like 

growth factor 2 (IGF2), neurogenin 1 (NEUROG1), RUNX family transcription factor 3 (RUNX3), 

and suppressor of cytokine signaling 1 (SOCS1) (Tse, Jenkins, Chionh, & Mariadason, 2017). 

While methylation patterns are associated with loss of function of select TSGs in CRC, we still do 

not know if other “methylated in tumor” loci contribute functionally to CRC progression. 

Conversely, ~10-40% CRC cells have global reductions in methylation within the long 

interspersed nuclear element-1 (LINE-1) and ALU repeat sequences or chromosomal pericentric 

sequences. The functional contribution of hypomethylation versus hypermethylation in CRC 

progression is less clear. It is proposed that hypomethylation at these regions contributes to 

genomic stability by likely activating transposon activity, affecting chromosome segregation, or 

leading to loss of imprinting of key genes that regulate cellular processes.   

 

Finally, MSI tumors have a significantly high mutational burden compared to other tumor 

subtypes. They have relatively distinct features including lymphocyte infiltration, mucinous or 
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signet ring appearance and are located at the proximal colon (De’ Angelis et al., 2018). MSI is 

associated with both sporadic tumors (~12-17% of CRC) and the hereditary Lynch syndromes 

(~3% of CRC). It is characterized by deletions and, less commonly, amplifications in the 

microsatellite repeat tracks of DNA. If tumors display >30% variation in microsatellite lengths of 

a panel of mononucleotide and dinucleotide sequences they are termed high frequency MSI (MSI-

H) and are otherwise classified as MSI-low (MSI-L) or microsatellite-stable (MSS). A well-

defined phenotype of this pathway are mutations or large deletions in sequences that inactivate 

DNA-mismatch repair MMR genes such as mutS homolog 2 (MSH2), MLH1, post meiotic 

segregation increased 1 (PMS1), PMS2, and MSH6. Notably, the majority of sporadic CRC have 

lost expression of MLH1 and PMS2 genes. Defective MMR genes will be unable to correct 

mistakes in the error-prone genomic regions with microsatellite repeats further contributing to the 

MSI phenotype. Other TSGs such as TGFBR2, activin receptor type 2 (ACVR2), Bcl-2-associated 

X protein (BAX), T-cell factor 4 (TCF4), etc., have been reported to be transcriptionally silenced 

in CRC via this mechanism (Boland & Goel, 2010). MSI-H sporadic tumors are also often 

associated with oncogenic BRAF mutations and have better prognosis that CIN+ or MSS-CRCs 

for reasons that are not yet clear. Despite the progress in defining the common genetic and 

epigenetic alterations in CRC pathogenesis, we still lack understanding of clinically and molecular 

distinct subsets of CRC besides the three main types described above. With further research more 

oncogenes and TSG that drive other distinct CRC subsets remains to be identified.  

 

1.2.3 Most common gene defects driving CRC pathogenies 

Mutation is a stable, irreversible change in DNA sequence. They are of two types- gain-of-function 

mutations that lead to activation of oncogenes, and loss-of-function mutations that inactivate 

TSGs. A point mutation is a single-base change, which in the case of missense mutations can lead 

to coding of different amino acids, while a nonsense mutation inserts a premature termination 

codon. Silent mutations do not induce amino acid changes but rather affect gene transcription. 

Insertions or deletions of nucleotides (not divisible by three) can affect the reading frame causing 

a frameshift mutation and truncated protein products. Table 1 below summarizes the major 

germline and somatic mutations that are associated with CRC progression (Fearon, 2011). Some 

of the major pathways that these genes belong to are also discussed below.  
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Table 1.1 Most common genetic alterations in oncogenes and tumor suppressor genes 
(TSG) that drive CRC pathogenesis. (adapted from (Fearon, 2011)). 

 

GENE TYPE OF MUTATION FREQUENCY TYPE OF CRC 

ONCOGENES  

KRAS Point mutation (codons 

12, 13, 61) 

>40% Sporadic 

NRAS 

(neuroblastoma rat 

viral oncogene 

homologue) 

Point mutation (codons 

12, 13, 61) 

<5% Sporadic 

PIK3CA Point mutation 15-25% Sporadic 

BRAF Point mutation (V600E) 5-10% Sporadic, MSI-H tumors 

EGFR Gene amplification 5-15% Sporadic 

MYC Gene amplification 5-10% Sporadic 

CDK8 (cyclin-

dependent kinase 8) 

Gene amplification 10-15% Sporadic 

CTNNB1 (catenin 

beta 1) 

Point mutation, deletions <5% Sporadic 

CCNE1 (cyclin E1) Gene amplification 5% Sporadic 

TUMOR SUPPRESSOR GENES 

APC Frameshift, point 

mutation, deletion, LOH 

>70% Sporadic, FAP 

MSH2, MLH1 Epigenetic modification, 

germline mutations 

70% HNPCC 

TP53 Point mutation, LOH 70% Sporadic 
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FBXW7 (F-box and 

WD repeat domain-

containing 7) 

Point mutations 20% Sporadic 

PTEN Point mutations 10% Sporadic, juvenile 

polyposis syndrome 

SMAD4 Point mutations, LOH 10-15% Sporadic, juvenile 

polyposis syndrome 

SMAD2 Point mutations, LOH 5-10% Sporadic 

TGFBR2 Point mutation, 

frameshift 

25% Sporadic, >90% MSI-H 

CRC 

ACVR2 Frameshift - Sporadic, >80% MSI-H 

CRC 

 

1.2.3.1 WNT pathway in CRC 

Constitutive ligand-independent activation of the WNT signaling pathway via APC, axis inhibition 

protein 2 (AXIN2), β-catenin (CTNNB1), and transcription factor 7-like 2 (TCF7L2) mutations is 

a frequent occurrence in sporadic and hereditary CRC. Notably, APC mutations occur in ~70-80% 

of sporadic CRC. The importance of APC in adenoma development is highlighted by a ApcMin/+ 

mouse model that develops intestinal polyps due to a heterozygous mutation in Apc (Moser, Pitot, 

& Dove, 1990). APC is part of Axin protein complex consisting of AXIN, casein kinase 1 (CK1) 

and glycogen synthase kinase-3β (GSK3β) that lead to degradation of β-catenin levels, in the 

absence of WNT ligands. WNT/β-catenin pathway is activated when WNT ligands bind to frizzled 

(Fz) receptor and co-receptor low-density lipoprotein receptor related protein (LRP). AXIN 

complex is recruited to the activated receptors, stabilizing β-catenin levels. In CRC, mutations that 

lead to a loss of APC or AXIN function, or stabilizing mutations in the phosphorylation and 

ubiquitin-mediated degradation motifs of β-catenin, cause the accumulation of β-catenin levels 

which usually happens in response to WNT ligands. β-catenin then translocates to the nucleus and 

associates with DNA-binding proteins from the family of T cell factor/lymphoid enhancer family 

(TCF/LEF), driving transcription of genes involved in survival, proliferation and adhesion 
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(Kolligs, Bommer, & Göke, 2002). The WNT pathway is essential for maintenance of intestinal 

stem cells, regulating tissue organization, patterning, and regeneration of crypts. Intestinal stem 

cells called crypt-base columnar cells (CBCs) divide continuously to form rapidly proliferating 

crypt cells to regenerate the epithelium (Beumer & Clevers, 2016). Inactivating mutations in 

TCF7L2 prevent the formation of proliferative crypts (Basu, Haase, & Ben-Ze’ev, 2016). 

However, the importance of β-catenin signaling in CRC is highlighted by two schools of thought 

that suggest that CRC either arises from differentiated epithelial cells that acquire stem cell-like 

features (Schwitalla et al., 2013), or by increased proliferation of crypt stem cells due to 

accumulation of nuclear β-catenin (Barker et al., 2009). Nearly, 70-80% CRC have defects in the 

WNT pathway, highlighting its importance in tumorigenesis and therapeutic targeting of CRC. 

Given the frequency of APC mutations in CRC, it is argued that APC plays a gatekeeper role in 

normal colorectal epithelial cells (Fearon, 2011; Kolligs et al., 2002). 

 

Figure 1.2. Model of WNT pathway activation
In cells not stimulated by WNT ligands (-WNT), APC is part of the -catenin destruction complex 
along with AXIN, GSK3, and CK1. This complex phosphorylates (P) -catenin at conserved 
serine and threonine residues at the N-terminus. This phosphorylation is recognized by the F-box 
protein β-transducin repeat–containing protein (βTrCP) as part of a ubiquitin ligase complex, 
which leads to polyubiquitination of -catenin and its subsequent proteasomal degradation. Thus, 
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levels of -catenin are tightly regulated in absence of WNT pathway activation, and transcription 
of TCF/LEF target genes is kept repressed. Binding of WNT ligands (+WNT) to cognate receptor 
complex consisting of LRP and Fz inhibits the destruction complex, partly due to the recruitment 
of AXIN to the receptor complex, and partly due to the action of disheveled (DVL) on 
GSK3 Consequently -catenin protein levels accumulate and translocate to the nucleus, which 
activates transcription of TCF/LEF target genes. Genes depicted in red are components of the 
pathway that when mutated in CRC lead to constitutive ligand-independent activation of WNT 
pathway.  
 

1.2.3.2 MAPK pathway in CRC 

The mitogen activated protein kinase (MAPK) pathway is involved in several cellular functions 

such as proliferation, survival, invasion, differentiation, and adhesion (Fang & Richardson, 2005). 

Mutations in KRAS, NRAS, BRAF, and EGFR lead to the constitutive activation of the MAPK 

pathway in cancers. An upstream activator of MAPK signaling is the receptor tyrosine kinase 

(RTK) epidermal growth factor receptor (EGFR), which is activated by its ligand EGF. Activation 

of EGFR leads to activation of the small GTPase protein RAS, which in turn leads to the 

recruitment and activation of RAF kinase. This initiates the downstream MAPK signaling cascade 

via activation of multiple substrates including mitogen-activated protein kinases (MEK1 and 

MEK2), extracellular signal-regulated kinases (ERK1 and ERK2) and 90kDa ribosomal S6 kinases 

(RSK) (Roux & Blenis, 2004). EGFR is an important player in CRC progression, as EGF induces 

the proliferation and inhibits apoptosis of intestinal cells and is also required for the regeneration 

of intestinal stem cells after injury (Jiang, Grenley, Bravo, Blumhagen, & Edgar, 2011). 

Overexpression of EGFR or somatic mutations that activate EGFR signaling are associated with a 

small fraction of CRC. EGFR mutations most frequently occur in the kinase domain and lead to 

constitutive activation of downstream signaling in the absence of ligand (AF Gazdar, 2009). The 

majority of CRC tumors are associated with mutations in RAS isoforms- KRAS and NRAS, and the 

RAF isoform- BRAF (Costigan & Dong, 2020). In vivo ApcMin/+ mice models expressing wild-type 

or the oncogenic variant KrasG12V resulted in a rapid increase in intestinal neoplasia formation 

(Sansom et al., 2006), highlighting the importance of KRAS in the adenoma-carcinoma sequence. 

Somatic mutations in codon 600 of BRAF turn on its kinase activity, which leads to constitutive 

phosphorylation and activation of its substrates MEK1 and MEK2. Interestingly, expression of 

constitutively active MEK1 and MEK2 in rat intestinal epithelial cells (IEC-6) results in increased 

proliferation, resistance to anoikis in vitro and tumor development in vivo (Voisin et al., 2008), 
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suggesting that MEK activation was sufficient to transform IEC. The MAPK pathway is a crucial 

driver of CRC tumorigenesis, biological implications of this pathway in CRC is discussed in detail 

a later chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Model of MAPK pathway activation 
Binding of RTK such as EGFR to ligands such as EGF results in autophosphorylation of the 
tyrosine residues on the intracellular side of receptor. Docking proteins such as GRB2 bind to the 
phosphorylated (P) tyrosine residues via its SH2 domain and recruits the RAS-guanine exchange 
factor SOS1 via its SH3 domain. SOS1 is now at proximity to membrane locates RAS and activates 
RAS by mediating the exchange of GDP to GTP. Active RAS then binds RAF via the RAS-binding 
and cysteine-rich domains, which results in recruitment of RAF to the plasma membrane. RAF is 
then activated by phosphorylation at multiple residues. MEK1 and MEK2 kinases are bonafide 
substrates of RAF, and ERK1 and ERK2 are substrates of MEK kinases. Activated ERK translocate 
to the nucleus where it phosphorylates and activates several transcription factors such as c-Fos 
and Elk1. ERK also phosphorylates several cytoplasmic substrates including the well-known RSK 
kinases. Like ERK, phosphorylated RSK can translocate to the nucleus and activate several 
transcription factors such as CREB. Genes depicted in red are components of the pathway that 
when mutated in CRC lead to constitutive ligand-independent activation of MAPK pathway. 
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1.2.3.3 TGF pathway in CRC 

TGF-β along with activin and bone morphogenetic protein (BMP) ligands bind their cognate 

receptor families TGFβR1/2, ACVR1, BMPR1, etc., wherein downstream signaling is activated 

following phosphorylation of SMADs (Bellam & Pasche, 2010). The TGF superfamily has broad 

tumor-promoting roles including regulation of tissue homeostasis, embryogenesis, evasion of 

immune system, invasion, and angiogenesis. Microenvironments rich in TGF-β are associated with 

poor prognosis, increased tumor vascularization and metastasis. Paradoxically, TGF-β also inhibits 

cellular proliferation. In vivo loss of Tgfbr2 in a conditional knockout mice, increased the number 

and pathology of colorectal neoplasia suggesting a tumor-suppressive role in CRC progression 

(Biswas et al., 2004). Germline mutations in SMAD4 and BMPR1A involved in the TGF-β pathway 

are commonly associated with juvenile polyposis syndrome while somatic mutations in SMAD2, 

SMAD3, SMAD4, TGFβIIR, and ACVR2 are associated with sporadic CRC. Mutations in TGFβIIR 

is the most common way to turn off TGFβ signaling (~20-30% CRC), primarily through frameshift 

mutations in the microsatellite sequences. SMAD2 and SMAD4 (also known as DCC) are 

localized to chromosome 18q region that is frequently deleted in CRC. Similar to Tgfbr2 

conditional knockout mice, loss of Smad4 or Smad3 enhances intestinal tumorigenesis when 

crossed with ApcMin/+ mice (Sodir et al., 2006; Takaku et al., 1998). Notably, phosphorylated-

SMAD1/5/8 expression was observed in ~70% of sporadic CRC cases (Kodach et al., 2008). In 

conclusion, several signaling pathways have been well studied in the context of CRC pathogenesis, 

and genes belonging to these pathways are frequently mutated in CRC tumors.  
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Figure 1.4. Model of TGF pathway activation
TGF superfamily ligands such as TGF, BMP, activin, exert their effects via heterotetrameric 
complexes comprising of type 1 and type 2 receptors. Upon ligand binding, type 2 phosphorylates 
(P) type 1, which initiates a phosphorylation cascade of downstream SMAD proteins.  TGFBR1, 
ACVR1B, and ACVR1C receptors phosphorylate SMAD2 and SMAD3, whereas ACVRL1, ACVR1, 
BMPR1A, and BMPR1B receptors phosphorylate SMAD1, SMAD5, and SMAD8. Once 
phosphorylated these SMADs transduce the signal to the nucleus along with SMAD4. The SMAD4-
SMAD complexes associate with other DNA-binding cofactors (co-SMAD) to transcriptionally 
activate or repress target genes. The inhibitory SMADs, SMAD6 and SMAD7, recruit E3 ubiquitin 
ligase SMURF1/2 to the receptor complexes to degrade them. Genes depicted in red are 
components of the pathway that when mutated in CRC lead to constitutive ligand-independent 
activation of TGF pathway. 
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1.2.4 Current standards of care and recent advancements in therapeutic targeting of 
CRC  

Early diagnosis is required for full recovery, and this has largely improved by implementing early 

screening programs in Canada and worldwide. Advances in primary and advanced CRC treatment 

has significantly improved survival in developed countries. Treatment of CRC depends on the 

clinical stage and involves different therapeutic arms such as surgery, chemotherapy, radiotherapy, 

immunotherapy and targeted therapy, as outlined below. Identification of molecular subtypes helps 

to predict patient subgroups that do not respond to certain treatments and customize therapeutic 

combinations. Systemic approaches are no longer being considered as “one size fits all”, and 

tumor-specific predictive markers are necessary to optimize therapy for each patient. The choice 

of palliative and adjuvant chemotherapeutic regimens should take into consideration the associated 

toxicity profiles, comorbidity, affordability and cost of treatment, risks to underlying diseases and 

quality of life.  

 

1.2.4.1 Surgery is a central tenant of CRC therapy 

In early stages, as the polyp is localized to inner layers, surgical removal can provide complete 

disease control. Incidence of this early low-risk CRC that can be treated with surgery has increased 

largely due to better screening programs (Dekker et al., 2019). Both small and large polyps can be 

resected (polypectomy) via transanal excision by endoscopic techniques limited to the mucosal, 

submucosal layers or full-section resection. Lesions with high grade invasion that have increased 

risk of lymph node metastasis must be operated via open surgical techniques such as total 

mesorectal excision, which has been the most successful approach for rectal cancer and has 

reduced recurrence rates significantly. The extent of resection depends on the location and stage 

of the tumor (Daaboul & El-Sibai, 2018). Techniques such as minimally invasive transanal 

endoscopic microsurgery (TEM) with robot-assisted laproscopy is used for small tumors in low-

risk stage I CRC. In case of bigger and distant tumors for high-risk stage I, some stage II and III 

cancers, sections of rectum or entire rectum (protectomy), or colon (colectomy) are removed with 

adjacent lymph nodes and surrounding tissues. For stages II-IV, chemoradiation is often given to 

shrink the size of tumors before surgery. Downsizing of tumors is possible in most patients but 

only ~15% achieve complete response. If the tumor has spread to nearby organs, removal of entire 
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affected areas of rectum or colon and nearby organs such as prostate, bladder or uterus is 

recommended. After surgery, post-operative chemotherapy with standard regimen of oxaliplatin 

and fluoropyrimidines is recommended for high risk cancer to reduce recurrence and metastasis. 

Recurrence after curative surgery majorly affects survival in CRC. A 16 year study followed 188 

patients who underwent surgery for rectal adenocarcinoma, 53 patients developed disease again 

with staggering 44.6% recurrence rates at 5 years (Farhat et al., 2019).  In case of locally recurrent 

metastatic disease with resectable tumors, surgery followed by chemotherapy is standard of care. 

For patients with unresectable metastatic tumors, the goal is maximum shrinkage of tumors with 

systemic radio- or chemotherapy followed by surgery if successful. Unfortunately, many of the 

late-stage metastasis cannot be treated with surgery, so systemic chemotherapy is only used to 

prolong survival (Punt, Koopman, & Vermeulen, 2017).  

 

1.2.4.2 Chemotherapy and radiotherapy are widely used in CRC 

Neoadjuvant (pre-operative) and adjuvant (post-operative) radiotherapy or chemotherapy or a 

combination of both is standard of care for stage II and stage III CRC. Radiotherapy is frequently 

used before surgery to downsize tumor staging with standard doses of 45-50 gray in 25-28 

fractions. A Dutch study experimented with reducing this dose as it is associated with toxicity and 

achieved success with short-course radiotherapy of 5 gray in 5 fractions along with total mesorectal 

excision. Radiotherapy has been successful in reducing local recurrence and improving survival 

rates in low risk, resectable stage II and stage III cancers (Glynne-Jones et al., 2017; Kapiteijn et 

al., 2001; Sauer et al., 2004). Chemotherapeutic fluoropyrimidines (5-Fluorouracil or 

capecitabine) are used concomitantly as a radiation sensitizer. Chemotherapy agents approved in 

CRC include the single agent fluoropyrimidines, which remains a backbone in CRC, along with 

different combinations of irinotecan, oxaliplatin, and trifluridine/ tipiracil. Chemotherapeutic 

agents are chemical drugs that inhibit the proliferation of cancer cells (and normal cells) including 

but not limiting to DNA-damaging drugs, competitive analogues of natural building blocks of 

RNA and DNA, topoisomerase inhibitors, mitotic inhibitors and corticosteroids, etc. Irinotecan 

inhibits topoisomerase I enzyme leading to DNA damage, while oxaliplatin and cisplatin form 

DNA-adducts that block replication and transcription. Fluoropyrimidines affect purine and 
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pyrimidine synthesis, and cause DNA fragmentation by inhibiting thymidylate synthase and 

resulting in the misincorporation of nucleotides in the DNA (Thorn et al., 2011). 

 

Use of adjuvant chemotherapy with radiotherapy and/or antibody therapy is routinely 

recommended for high-risk stage III cancers along with surgery. Although less successful, this 

combination is also considered for high-risk stage II with lymphovascular invasion and obstructive 

tumors (Dekker et al., 2019). Palliative chemotherapy is opted when tumors cannot be removed 

and mainly serves to increase lifespan and quality of life for late stage CRC. Systemic treatment 

of mCRC includes several lines of chemotherapy in combination with anti-vascular endothelial 

growth factor (VEGF) /epidermal growth factor (EGF) biologics. Importantly, for ~15% of 

patients with unresectable liver metastasis, adjuvant chemotherapy can downsize the tumor and 

render it resectable. This is important as patients with resected metastasis have increased 5 year 

survival rates (~58%) (Fernandez et al., 2004). Combination of radiation with oxaliplatin and 

capecitabine was successful in downstaging tumors in stage II CRC (Rödel et al., 2003). 

Multicenter international study of oxaliplatin/ 5FU-LV in the adjuvant treatment of colon cancer 

(MOSAIC) study suggested that addition of post-operative oxaliplatin to fluoropyrimidines greatly 

improved disease-free survival for stage III CRC (André et al., 2009). A study analyzing the 

outcomes of several clinical trials comparing irinotecan as monotherapy or in combination with 

fluoropyrimidines reported increased progression-free survival (PFS) and overall survival (OS) in 

patients with advanced CRC. But no difference was observed between the benefits of irinotecan 

as monotherapy versus combination therapy (Wulaningsih et al., 2016). Nevertheless, these new 

chemotherapeutic regimens have increased median survival time to 20 months versus 7 months 

with fluoropyrimidines alone, with treatment response rates ranging between 39% to 55% 

(Goldberg et al., 2004; Weitz et al., 2005). However, adjuvant chemotherapy must be catered to 

patient-specific and disease-specific markers. For example, stage II MSI-high tumors do not 

benefit from adjuvant chemotherapy. Moreover, the predictive value for chemotherapy in stage III 

MSI colon cancer is arguable and needs further validation. Additionally, patients with stage III 

MSI tumors are recommended oxaliplatin-based chemotherapy as some studies have demonstrated 

a lack of benefit from fluoropyrimidine monotherapy (Kawakami, Zaanan, & Sinicrope, 2015).  

 



19 
 

Unfortunately, only a fraction of CRC patients respond to systemic chemotherapy and there is 

frequent recurrence (Punt et al., 2017). More studies are needed to better assess biomarkers that 

can predict the innate and acquired resistance mechanisms. Expression of TP53 gene and 

transporters such as SLC29A1, ATP-binding cassette sub-family genes (ABCG2 and ABCC3) are 

associated with drug resistance to 5-fluorouracil (Thorn et al., 2011). Genetic variants with 

decreased activity of two enzymes Uridine diphosphate GlucuronosylTransferase 1A1 (UGT1A1) 

and DPD (dihydropyrimidine dehydrogenase) that are involved in metabolism of irinotecan and 5-

fluorouracil, are being clinically investigated for increased toxicity to chemotherapy (Falvella et 

al., 2015). Chemotherapy is also associated with significant side effects; particularly addition of 

oxaliplatin increases the development of sensory neuropathy, myelosuppression and 

gastrointestinal toxicities. Studies have tried to limit toxicity, including 3 months with oxaliplatin-

based regimen, which was shown to be as effective as the standard 6 months in stage III CRC 

(Ramos‑Esquivel, 2018). Therefore, while there is an added benefit to patients with chemotherapy, 

reassessment of current criteria for selection of patients and better predictive biomarkers are 

needed to increase its efficacy and improve patient well-being.  

 

1.2.4.3 Anti-EGFR and VEGF are the only approved targeted therapies for CRC 

Targeted therapy can work by directly affecting tumor-promoting factors such as proliferation, 

immune evasion, angiogenesis, survival, etc. Various pathways are attractive targets for targeted 

therapy in CRC, including TGF-β/SMAD, EGF/EGFR, VEGF, WNT/β-catenin, hepatocyte 

growth factor (HGF)/ hepatocyte growth factor receptor (c-MET/HGFR), Notch, IGF/IGFR, etc., 

(Y. H. Xie, Chen, & Fang, 2020). In addition, targeted inhibition of the RAS/RAF/MEK and 

PI3K/AKT/MTOR pathways are widely being analyzed in preclinical and clinical studies for CRC. 

Small molecules, such as kinase inhibitors, proteasome inhibitors, and adenosine triphosphate 

(ATP)-competitive inhibitors, target specific intracellular molecules within cells. For targets on 

the extracellular cell surface, monoclonal antibodies or therapeutic antibodies successfully inhibit 

their expression and/or activity. The first food and drug administration (FDA)-approved CRC 

targeted therapies were the monoclonal antibodies cetuximab and bevacizumab, that target EGFR 

and VEGF, respectively. The benefit for adjuvant chemotherapy is enhanced by addition of anti-
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EGFR or anti-VEGF therapies in the mCRC setting, based on tumor-specific and patient-specific 

factors such as those outlined below.  

 

Receptor tyrosine kinases such as the EGFR are overexpressed in many cancers including lung, 

colorectal and breast (Y. H. Xie et al., 2020). EGFR contains a ligand-binding site on the 

extracellular surface, a transmembrane domain, and an intracellular domain through which it 

initiates a signaling cascade that activates mediators such as RAS-RAF, PI3K-AKT, phospholipase 

C- (PLC-)  signal transducer and activator of transcription 3 (STAT-3), etc. EGFR signaling 

pathway is linked to myriad cellular functions such as proliferation, autophagy, metabolism, 

metastasis, motility, etc. Cetuximab binds to the extracellular domain of EGFR, thereby inhibiting 

ligand binding, inducing rapid internalization and degradation of the receptor-antibody complex 

(Okada et al., 2017). Cetuximab increased the PFS when administered with chemotherapy in 

mCRC (Cunningham et al., 2004), but efficacy was limited to RAS wild-type tumors (Van Cutsem 

et al., 2009). In patients with wild-type KRAS tumors initially considered to have unresectable 

liver metastasis, preoperative cetuximab with chemotherapy greatly increased the resection rates 

with improved OS compared to chemotherapy arm alone (NCT01564810). Cetuximab is murine-

based and could trigger antibody-dependent cell toxicity, and so the humanized panitumumab was 

developed to overcome this. Similar to cetuximab, combination of panitumumab with 

chemotherapy improved PFS in mCRC (Douillard et al., 2014). 

 

Angiogenesis is a key hallmark of cancer and is defined as the formation of new blood vessels 

from existing vessels, which contributes to tumor progression and initiation by promoting growth 

and metastasis. VEGF ligands and their cognate RTK, VEGFR, play a central role in this process. 

As tumors grow, the distance from existing vascular supply increases resulting in dearth of oxygen 

supply. This creates a demand for new blood vessels to supply oxygen and metabolites to rapidly 

proliferating tumor cells. Hypoxic tumor cells produce pro-angiogenic factors including VEGF, 

triggering an ‘angiogenic switch’ leading to accelerated tumor blood vessel formation and leaky 

endothelial barrier (Seeber, Gunsilius, Gastl, & Pircher, 2018). The VEGF family is also 

implicated in modifying the tumor microenvironment, metastasis and motility of endothelial cells. 

Activation of VEGFR leads to activation of RAS/RAF, PI3K/AKT, and PLC-γ signaling pathways 

and production of several inflammatory cytokines (Y. H. Xie et al., 2020).  VEGFR and VEGF 
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expression are elevated in serum, tissues and vasculature of CRC patients, and correlates with poor 

prognosis (Martins et al., 2013; Okita et al., 2009; N. R. Smith et al., 2010). Bevacizumab is a 

humanized monoclonal antibody against VEGF. The prolonged median survival of mCRC patients 

by combining oxaliplatin or irinotecan with fluorouracil, capecitabine, and leucovorin, is further 

improved by addition of bevacizumab to this regimen (Hurwitz et al., 2004; Saltz et al., 2008). 

Maintaining treatment for longer during disease progression further improved therapeutic success 

in patients (Grothey et al., 2008). Two other therapeutic options aflibercept and ramucirumab were 

also successful in prolonging survival in clinical trials (Tabernero et al., 2015; Van Cutsem et al., 

2012).  Aflibercept is a recombinant fusion protein of extracellular domains of VEGFR-1 and -2 

that blocks binding of VEGF-A, -B, and another VEGF ligand placental growth factor (PIGF) to 

their cognate receptors, whereas ramucirumab is a humanized VEGFR-2 monoclonal antibody. 

Current trials are investigating the optimal patient-specific regimen with unresectable liver 

metastasis CRC. In this study, patients without RAS/RAF mutations are assigned doublet 

chemotherapy with bevacizumab or panitumumab, whereas tumors harboring RAS/RAF mutations 

were assigned bevacizumab with triple chemotherapy (Punt et al., 2017). 

 

While monoclonal antibodies have proved successful in therapy, escalating costs are problematic. 

Another drawback of this line of therapy is that many tumors do not respond to anti-EGFR therapy.  

A major determinant of intrinsic resistance is RAS mutations (De Roock et al., 2010; Siddiqui & 

Piperdi, 2010), but some RAS wild-type tumors also display resistance. BRAF mutation is also 

associated with poor response to anti-EGFR therapy. One mechanism of acquired resistance is 

decreased expression of EGFR in cells refractory to cetuximab (Derer et al., 2012; van Houdt et 

al., 2010b). Compensatory activation of MAPK and phosphatidylinositol-3-kinase (PI3K) 

pathways downstream of IGF, c-MET, human epidermal growth factor receptor 2 (HER2) 

receptors, and EGFR mutations have also been reported to affect anti-EGFR efficacy (Y. H. Xie 

et al., 2020). In one study analyzing mCRC patients treated with cetuximab and irinotecan, IGF-1 

positive tumors were associated with reduced OS and PFS compared to IGF-1 negative tumors 

(Scartozzi et al., 2012). Reduced expression of EGFR ligands such as epiregulin and amphiregulin 

are also associated with reduced efficacy of cetuximab (Khambata-Ford et al., 2007). Bevacizumab 

therapy is associated with increased risk of hypertension, proteinuria and thromboembolic side 

effects (Grothey et al., 2008; Hurwitz et al., 2004). Like EGFR therapy, anti-VEGF therapy is 
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associated with several resistance mechanisms. Namely, overexpression of PIGF, HGF, fibroblast 

growth factor (FGF) were found in bevacizumab-treated CRC patients (Kopetz et al., 2010), and 

could contribute to resistance. In line with this, Aflibercept that blocks both PIGF and VEGF 

performed better than bevacizumab in CRC patient-derived xenograft models (Chiron et al., 2014). 

Similarly, lower serum angiopoietin is associated with better prognosis in bevacizumab-treated 

CRC patients (Goede et al., 2010). Vanucizumab, a bispecific monoclonal antibody targeting 

VEGF-A and angiopoietin-2 had encouraging results in phase I clinical trials (Hidalgo et al., 2018). 

Overexpression and activation of c-MET signaling pathway is also associated with anti-VEGF 

resistance. Co-inhibition of VEGF and c-Met led to a significant decrease in tumor growth in 

xenograft models (X. Chen et al., 2018; Jahangiri et al., 2013). Although treatment of mCRC with 

anti-VEGF antibody and chemotherapy has prolonged survival after surgical resection, many 

eventually develop recurrences, warranting the need for alternative therapeutic options (Yasuno et 

al., 2019). 

 

1.2.4.4 Immunotherapy for CRC is in its early stages of development 

Immune cells such as activated T cells and natural killer (NK) cells are capable of recognizing 

antigens on the surface of cancer cells and mounting an anti-tumor response. Immune cells have a 

variety of activating and inhibitory receptors on their cell surfaces that recognize the major 

histocompatibility complex I (MHC-I) located on normal cells or MHC-II on antigen presenting 

cells (APCs). Lack of MHC-I on cancer cells trigger the activation of inhibitory receptors of NK 

cells. Whereas, immunogenic peptides from tumor cells are presented as antigens on MHC-II by 

the APCs such as dendritic cells. Upon activation of NK or T cells, they release cytotoxic granules 

such as granzyme and perforins, and pro-inflammatory cytokines such as interferon- (IFN-) and 

tumor necrosis factor (TNF-) marking the tumor cells for programmed cell death (Gonzalez, 

Hagerling, & Werb, 2018). Certain homeostatic mechanisms exist to prevent unnecessary damage 

from immune cells including two checkpoint molecules programmed cell death protein-1 (PD-1) 

and cytotoxic T-lymphocyte-associated protein-4 (CTLA-4)present on T cell surfaces that 

negatively regulate its function. Engagement of PD-1 with its receptor PD-L1 on cancer, stromal 

and mesenchymal cells (in the tumor microenvironment) results in the downregulation of T-cell 

activity and time spent in contact with APC. Engagement of CTLA-4 downregulates production 
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of pro-inflammatory cytokines required for T cell activity. It also inhibits T cell activation by 

preventing the binding of B7 costimulatory family on APCs to cluster of differentiation 28 (CD28) 

“costimulating” receptor on T cells (Topalian, Drake, & Pardoll, 2015). NK- and T-cell infiltration 

within the tumor and the stroma of CRC, especially the regulatory T cell population is associated 

with favorable outcomes (Galon, 2006; X. Zhang, Kelaria, Kerstetter, & Wang, 2015). The PD-1 

expressing regulatory T cells are involved in the immune suppressive functions of cytotoxic T and 

NK cells (Ahmadzadeh et al., 2009; Juneja et al., 2017; Y. Liu et al., 2017). Notably, preclinical 

studies demonstrated that administration of antibodies against CTLA-4 or PD-1 in vivo resulted in 

tumor regression (Juneja et al., 2017; Leach, Krummel, & Allison, 1996).  

 

Immune checkpoint therapies are aimed at increasing the cytotoxic activity of T- or NK cells 

towards tumor cells. MSI-H tumors benefit best from immunotherapy. These tumors are associated 

with high mutational burden, elevated production of neoantigens and higher levels of infiltrating 

T lymphocytes (Passardi, Canale, Valgiusti, & Ulivi, 2017). A phase II clinical study 

(NCT01876511) reported that pembrolizumab, a humanized PD-1 immunoglobulin G (IgG4) 

inhibitor was efficacious in prolonging survival (40% response rate and 78% PFS) in MMR-

deficient and MSI-H tumors compared to MMR repair-proficient tumors (0% response rate and 

11% PFS). A subsequent phase I study further attested to this result and pembrolizumab had an 

acceptable safety profile (NCT02054806). The landmark KEYNOTE-164 study evaluated its 

efficacy in patients who had received chemotherapy with or without anti-VEGF/EGFR therapy. 

Pembrolizumab improved OS and response rates in MMR-deficient/MSI-H mCRC (Le et al., 

2020).  An ongoing trial for mCRC tested another PD-1 antibody Nivolumab, in patients 

previously treated with or were intolerant to chemotherapy. A significant portion of the patients 

responded to the therapy, with responses lasting a year or longer. Patients who responded to the 

therapy had disease control for ~12 weeks or longer (Overman et al., 2017). These results were 

further improved by combining Nivolumab with anti-CTLA-4 antibody ipilimumab, with 

drastically improved response rates and 12-month PFS rates of 71%. A follow-up report showed 

that 84% patients achieved disease control, with OS of 83% (NCT02060188). Several other novel 

PD-1/PDL-1 inhibitors are currently undergoing clinical trials for determining safety and efficacy 

in many solid tumors including CRC (Y. H. Xie et al., 2020). Other immune checkpoint targets of 

interest are T cell immunoglobulin and mucin domain containing protein- 3 (TIM-3) and T cell-
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derived lymphocyte activation gene 3 (LAG-3), both are associated with poor prognosis in CRC 

and suppressing T cell function (X. Yu et al., 2019; Zhou et al., 2015). Unfortunately, 

immunotherapy has been only partially successful in CRC and has failed in patients with MSS or 

MMR-proficient CRC. New strategies are being tried to improve efficacy of immunotherapy 

including radiotherapy and bispecific antibody therapy. Radiotherapy is expected to increase 

tumor-specific antigens and MHC-I expression on tumor cells. Interestingly, radiotherapy 

provided a benefit only in the combination arm (PD-1 and CTLA-4) in melanoma, as CTLA-4 

therapy alone led to resistance due to PD-1 upregulation (Twyman-Saint Victor et al., 2015). This 

approach is currently being tested in clinical trials for MSS-CRC (NCT03104439, NCT03007407, 

and NCT02888743). Bispecific antibodies such as the RG7802 or RO6958688 are capable of 

binding carcinoembryonic antigen (CEA) on tumor cells and CD3 on T cells, thereby facilitating 

T cell recognition of tumor cells. Two clinical trials observed anti-tumor activity with manageable 

safety profiles using RO6958688 as monotherapy or in combination with anti-PD-1 antibody 

(NCT02324257 and NCT02650713). Further research is needed to determine the efficacy of 

immune checkpoint inhibitors in early stage disease, or in patients without MSI but display 

immune cell infiltration.  

 

1.2.4.5 Other therapeutic avenues are yet to achieve widespread success 

Recent advances in research have helped identify new druggable pathways in CRC including 

immunotherapy, inhibitors of cell signaling kinases, β-catenin destabilizers, etc. Some of these 

efforts are described below. Most CRC tumors that are mutated for BRAF exhibit point mutations 

at codon 600 (valine changed to glutamic acid), which results in constitutive activation of the 

MAPK pathway. As previously mentioned, BRAF-mutant tumors are associated with poor 

prognosis, are MSI-high and refractory to adjuvant chemotherapy. However, BRAF kinase 

inhibitors which are successful in melanomas (Chapman et al., 2011), are ineffective in CRC as 

monotherapy (Ducreux et al., 2019). BRAF inhibitors resulted in paradoxical activation of 

extracellular signal-regulated kinase 1/2 (ERK 1/2) in RAS-mutant cancers and resulted in RAF 

dimerization that reactivates RAF (A. D. Cox, Fesik, Kimmelman, Luo, & Der, 2014). Similarly, 

MEK inhibitors are ineffective as monotherapy due to several resistance mechanisms and crosstalk 

from other pathways (Temraz, Mukherji, & Shamseddine, 2015). This can be due to upregulation 
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of RTK expression or upstream regulators that reactivate ERK in RAS-mutant cancer cells (A. D. 

Cox et al., 2014). Therefore, ERK inhibitors were developed to overcome resistance to RAF/MEK 

inhibitors and have shown promise in reducing tumor growth of KRAS, BRAF or NRAS-mutant 

xenograft models (Morris et al., 2013). Identification of BRAF mutations is required to cater 

therapy in these patients, as prognosis is often poor for anti-EGFR therapy (De Roock et al., 2010). 

Several studies have highlighted the benefit of combining BRAF inhibitors (encorafenib) and 

binimetinib (MEK inhibitor) with cetuximab in BRAF-mutant mCRC (NCT02928224, BEACON 

trial) which was recently approved by the FDA. In addition to MAPK pathway inhibitors, two 

clinical trials have been launched to test the efficacy and maximum tolerated dose of copanlisib, a 

PI3K inhibitor (NCT03735628, NCT03711058). Currently, we are awaiting the results of two 

phase II clinical trials using Akt inhibitor MK-2206 which showed pre-clinical activity in CRC 

(NCT01802320, NCT01186705) (Agarwal et al., 2014).  

 

Several studies have reported that c-Met/HGF is overexpressed in CRC (Y. H. Xie et al., 2020). 

Savolitinib, a selective Met inhibitor had a decent tolerability profile in patients with solid tumors 

(Gan et al., 2019), and is currently being tested in phase II CRC trial (NCT03592641). Another 

non-selective FDA-approved Met inhibitor crizotinib which also targets the anaplastic lymphoma 

kinase (ALK), recepteur d'origine Nantais (RON) and ROS (ROS proto-oncogene 1, receptor 

tyrosine kinase) receptors is also being tested in CRC (NCT02510001, NCT03792568). 

Merestinib, a non-selective inhibitor of AXL, MET, ROS1, discoidin domain receptor (DDR) and 

fms like tyrosine kinase 3 (FLT3), in combination with the VEGF monoclonal antibody 

Ramucirumab, has just completed phase I for advanced cancers including CRC. It was found to 

have a tolerable safety profile and efficacy, and the dose required for phase II study was determined 

(He et al., 2019).  

 

An actively studied compound in the clinic is regorafenib. It is a multikinase inhibitor of VEGFR, 

tyrosine kinase with immunoglobulin-like and EGF-like domains 2 (TIE2), platelet derived growth 

factor receptor-β (PDGFR-β) which successfully impacts angiogenesis (Dhillon, 2018). It was 

approved for use as a single agent in refractory CRC that do not respond to systemic therapies 

(Grothey et al., 2013). Insulin-like growth factor receptor-type 1 (IGF-1R) activation is associated 

with resistance to anti-EGFR therapy (Ma et al., 2016), and CRC progression (Vigneri et al., 2017). 
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A phase II clinical study with robatumumab, a monoclonal antibody against IGF-1R seemed to 

have a partial response in chemotherapy-refractory CRC patients (Lin et al., 2014). Another IGF-

1R antibody, ganitumab, was well tolerated when administered with chemotherapeutic regimen in 

KRAS-mutant CRC (NCT00813605).  

 

Several other pathways are being exploited in therapy. A few inhibitors targeting the -

catenin/WNT pathway are being tested in the clinic for mCRC including WNT-974 and LGK-974, 

palmitoyltransferase inhibitors that interfere with processing and secretion of WNT ligands 

(NCT02278133, NCT01351103). One group of compounds that were found to reduce the risk for 

CRC include the nonsteroidal anti-inflammatory drugs (NSAIDs), which target the 

cyclooxygenase enzymes (COX-1 and COX-2). Studies have shown that long-term intake of COX-

2 inhibitors such as celecoxib was associated with reduced adenoma incidence (Bertagnolli et al., 

2006). Current clinical trials are testing COX inhibitors with anti-PD-L1 in MMR-deficient/MSI-

H CRC (NCT03638297). Vitamin D is being assessed for co-treatment with chemotherapy for 

mCRC (SUNSHINE trial). Despite the discovery of many new targets, most of them have had 

poor success. More studies need to focus on biomarker identifications to stratify patients into 

different prognostic subgroups based on their therapeutic response.  One such prognostic group is 

tumors with KRAS mutations, which are frequently associated with therapeutic relapse and 

resistance. 

 

1.3 Mutant RAS isoforms are major drivers of human cancers including CRC 

RAS mutations are early genetic events that drive tumorigenesis. Despite identification of several 

cancer-associated genes, mutant RAS remains amongst the most common oncogenes observed in 

nearly 30% of all human cancers (COSMIC database). Continuous expression of RAS is often 

necessary for cancer maintenance, as knockdown of RAS impairs tumorigenicity, suggesting an 

“addiction” to mutant RAS (Brummelkamp, Bernards, & Agami, 2002; Chin et al., 1999). Nearly 

three decades ago, the transforming ability of Harvey and Kirsten rat sarcoma viruses was 

attributed to the cellular genes HRAS and KRAS, respectively, that are converted to oncogenes. 

RAS mutant alleles were soon discovered in many human cancers. Several reports published that 

the mutant HRAS allele transformed cells that were previously immortalized by Myc, simian virus 
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40 (SV40) large T antigen or adenovirus E1A oncogenes (Newbold & Overell, 1983). This 

suggested a multi-step model of tumorigenesis and indicated that RAS can transform cells only if 

they have undergone predisposing alterations. In line with this, inducible expression of mutant 

allele KrasG12V in vivo did not alter intestinal cell homeostasis on its own,  but required the loss of 

Apc gene to predispose cells to transformation by mutant KRAS (Land, Parada, & Weinberg, 1983; 

Sansom et al., 2006). Around the same time, it was also determined that several carcinogens, such 

as ionizing radiations, chemicals, etc., induced tumors that harbored RAS mutations (Balmain & 

Pragnell, 1983; Guerrero, Villasante, Corces, & Pellicer, 1984).  

 

The three RAS genes (KRAS, HRAS and NRAS) are not equally mutated in human cancers, KRAS 

is most mutated (~86%), followed by NRAS (~11%) and HRAS (~3%) (A. D. Cox et al., 2014). 

Amongst the three major cancer types that frequently harbor RAS mutations, the majority (~95%) 

of pancreatic ductal tumors (PDAC) and many lung adenocarcinomas (~30%) exhibit mutations 

only in the KRAS isoform, whereas CRC tumors comprise both KRAS mutations (~45%) and NRAS 

mutations (~7.5%). Importance of the KRAS isoform in CRC was analyzed in vitro by comparing 

tumorigenic properties among cell lines expressing the three isoforms of RAS. HCT116 and DLD-

1 human CRC cells expressing oncogenic KRASG13D exhibited accelerated proliferation, and 

anoikis-resistance compared to HRASG12V- and NRASG12V-expressing cells (Keller et al., 2007). 

Similar observations were made in vivo, as mice expressing mutant KrasG12D in the colonic 

epithelium demonstrated hyperplasia and aberrant MAPK signaling, which was absent in 

NrasG12D-expressing mice, suggesting isoform-specific differences in CRC progression (Haigis et 

al., 2008). Cancer-associated RAS mutations are single-point substitutions, and predominantly 

occur at hotspot codons 12, 31 and 61 (~98% of tumors). Specific point mutations are associated 

with different types of cancer. For example, nearly all RAS mutations in pancreatic and lung tumors 

are at codon 12, whereas in CRC, mutations seem to preferentially occur at codon 12, with a 

smaller proportion (~20%) occurring at codon 13, followed by codons 61 and 146, according to 

cBioPortal metastatic CRC dataset memorial sloan-kettering cancer center (MSKCC) dataset, 

(Yaeger et al., 2018). KRAS is predominantly mutated at codon 12, HRAS at codon 12 followed by 

codons 61 and 13 respectively, whereas there is a preference for codon 61 in NRAS. There are also 

differences in the type of amino acid substitutions at codon 12 or 13. For example, glycine is most 

frequently changed to glutamate (G12D or G13D) in CRC and (G12D) in pancreatic cancers, 
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followed by glycine to valine (G12V) substitution. In lung cancers, there is a preference for codon 

12 to be mutated from glycine to cysteine (G12C).  It was previously thought that mutations have 

similar outcomes in cancer, but it is becoming increasingly evident that they differentially impact 

survival. This was demonstrated in the “RASCAL”  study which collected global data on colorectal 

tumor genotypes and disease outcomes from over 2000 patients (Andreyev et al., 2001). The study 

revealed that KRAS mutations are associated with poor survival, and notably, stage III patients 

with KRAS mutations have a higher risk of relapse or death. The study also revealed that KRASG12V 

were the most common mutations and associated with more aggressive tumors. Therefore, 

therapeutic approaches need to be catered not only to RAS isoforms but also to the type of 

mutations.  

Figure 1.5. Summary of RAS mutations in Colorectal cancers 
Graph depicts the proportion of CRC cases that exhibit mutations in the hotspot codons of KAS 
isoform (12, 13, 61 and 146) compared to the other codons (left). Graph depict the proportion of 
CRC cases mutated for the three RAS isoforms. Data were obtained from cBioPortal database, by 
combining the following colorectal adenocarcinoma datasets- TCGA, Pan cancer Atlas and 
Metastatic MSKCC, Cancer cell 2018 (Total 1728 samples).  

1.4 Decades of research provide insights into RAS structure, regulation and localization  

The RAS genes code for ~21 kilodalton (kDa) proteins (HRAS, NRAS and two splice variants of 

KRAS-KRAS4A and KRAS4B). These isoforms share ~82-90% sequence identity. Although they 

share significant functional similarity, evidence suggest isoform-specific functions (Quinlan & 

Settleman, 2009). All isoforms are widely present in cells, with KRAS being ubiquitous in nearly 

all cell types. Knockout of the Kras isoform, but not Hras or Nras, was shown to be essential for 

normal development in mice (Johnson et al., 1997). Ras is a small GTPase member of a large 
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superfamily of low-molecular weight GTPases that act as molecular switches that are active when 

guanosine 5′ triphosphate (GTP)-bound and inactive when guanosine 5′ diphosphate (GDP)-

bound. Guanine nucleotide exchange factors (GEFs) such as son of sevenless-1 and -2 (SOS1 and 

SOS2) are proteins that promote GDP dissociation and GTP binding. RAS has low intrinsic 

GTPase activity, so GTP to GDP conversion is catalyzed by GTPase activating proteins (GAPs) 

such as neurofibromatosis 1 (NF1) and p120GAP (Hobbs, Der, & Rossman, 2016). This regulation 

by GAP is lacking in cells expressing mutant alleles of RAS, which remain constitutively GTP-

bound. Codon-12 mutations show complete insensitivity to GAP-mediated hydrolysis. Whereas 

mutations at codon 61 and codon 13 (key catalytic residues) exhibit reduced GAP insensitivity 

compared to codon-12 mutants, but accelerated rate of nucleotide exchange with preferential GTP 

binding compared to RAS wild-type proteins (M. J. Smith, Neel, & Ikura, 2013).  

Figure 1.6. Proposed mechanism of constitutive activation of RAS mutants 
As cellular levels of GTP/GDP are at millimolar concentrations, RAS is persistently nucleotide 
bound. RAS proteins have low intrinsic GTPase activity and nucleotide exchange capabilities, 
which are stimulated by family of proteins called GTPase activating proteins (GAPs) and guanine 
nucleotide exchange factors (GEFs), respectively RAS mutated at codons 12, 13 and 61 are 
constitutively GTP bound. Codon 12 mutants display insensitivity to GAP, whereas codon 61 
mutants have reduced GAP sensitivity and intrinsic hydrolysis, but also increased GEF activity 
compared to wildtype RAS. Similarly, codon 13 mutants exhibit reduced GAP-mediated hydrolysis 
but also a huge increase in GEF activity compared to wildtype RAS. (M. J. Smith et al., 2013) 

Small GTP-binding proteins possess a classic catalytic G-domain that contains two dynamic 

switch I (residues 30-40) and switch II (residues 60-76) regions that undergo conformational 

changes with GDP-GTP cycling. Switch I and II are crucial for interaction of RAS with its 

effectors and regulators. The γ-phosphate of GTP interacts with two residues at T35 and G60 
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causing a shift in the orientation of switch II (Karnoub & Weinberg, 2008). These two residues are 

amongst the most conserved residues in the GTPase family, suggesting shared mechanisms of GTP 

binding. The G-domain is identical between the RAS isoforms in the effector lobe 1 (residues 1-

86), but there exist some variations (~82% sequence similarity) in allosteric lobe 2 (residues 87-

167). Lobe 1 contains the active site including the switch I and II regions, nucleotide-binding 

residues, GTP hydrolysis and the phosphate-binding loop (residues 10-17). Lobe 2 contains the 

membrane interacting portions, allosteric residues and helix regions that facilitate binding to 

membrane phospholipids (Buhrman et al., 2011). Most differences between the isoforms are 

attributed to the C-terminal ends of the protein and located within the hypervariable regions (HVR) 

containing the cysteine CAAX motif required for farnesylation, and the upstream cysteine residues 

required for palmitoylation. These differences explain the isoform specific post-translational 

processing of RAS (Castellano & Santos, 2011; Hancock, Magee, Childs, & Marshall, 1989), 

which could in turn selectively alter effector binding due to different subcellular localizations 

(Hancock, 2003). RAS isoforms terminate with a CAAX tetrapeptide motif that is required for a 

series of post-translational lipid modifications that tether RAS to the membrane. The reaction is 

catalyzed by farnesyltransferase (FTase) that results in the addition of a terminal farnesylated 

cysteine, which undergoes further processing by isoprenylcysteine methyltransferase, and removal 

of the AAX peptide sequence. Farnesyltransferase inhibitors (FTI) block all of the above 

processes, and RAS remains in the cytosol, unable to activate its downstream targets. Indeed, 

inhibition of FTase in vivo resulted in the regression of HrasG12V-driven tumors suggesting that 

membrane tethering is essential for Ras biological activity (Kohl et al., 1995). For KRAS4A and 

NRAS, an alternate 20-carbon isoprenylation is added via geranylgeranyltransferase (GGTase) 

which compensates for the lack of FTase activity. RAS proteins then shuttle to the plasma 

membrane (PM) via two routes depending on second set of targeting signals located adjacent to 

farnesylated cysteine. A final post-processing step results in the addition of two palmitoyl long-

chain fatty acid groups to the cysteine residues upstream of CAAX motif in HRAS, and a single 

palmitic acid in KRAS4A and NRAS isoforms at the PM that further stabilizes the PM interaction. 

Palmitoylated isoforms enter the exocytic pathway, trafficking to the PM via the trans Golgi 

network (TGN). In-frame deletion mutations involving one or more of these cysteines affected 

membrane localization, lipid binding and transforming ability of mutant Hras, linking post-

translational modifications of Ras to its biological activity (B. M. Willumsen, Norris, Papageorge, 
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Hubbert, & Lowy, 1984; Berthe M. Willumsen, Christensen, Hubbert, Papageorge, & Lowy, 

1984). However, KRAS4B isoforms bypass TGN and are not palmitoylated due to contiguous C-

terminal lysine residues that facilitate direct membrane anchoring (Karnoub & Weinberg, 2008). 

The process and enzymes targeting post-translational modifications of RAS are exploited for 

therapy. 

 

Figure 1.7. Primary structure of RAS isoforms 
Lobe 1 also known as effector lobe (residues 1-86) is highly similar between the RAS isoforms. 
Lobe 2 also known as allosteric lobe (residues 87-167) is ~82% similar between isoforms. 
Together these lobes are referred to as G-domain which are mostly similar between the four 
isoforms. The most variable regions (~15%) between the isoforms are at the C-terminal known as 
hypervariable region (HVR). The unique amino acid residues are depicted on top for each isoform, 
C residue (in red) refers to farnesylated cysteine and C residue (in blue) refers to palmitoylated 
cysteine. The last four residues in the HVR (in orange square) is the CAAX motif required for 
plasma membrane (PM) targeting. Residues highlighted (in grey) are essential for PM 
binding/trafficking. Residues highlighted (in green) are essential for Mg(II)/nucleotide binding. 
Residues (in yellow) are required for downstream effector binding. Switch I (SI) domain consisting 
of residues 30-40 are necessary for interaction with GAPs and effectors, while Switch II (SII) 
comprising of residues 60-76 are necessary for interaction with GEFs. SI and SII domains in lobe 
1 undergo conformational changes upon GTP-GDP binding. The red lollipops represent the 
hotspot mutations in metastatic CRC dataset MSKCC (Yaeger et al., 2018) from cBioPortal. 
Majority (~98%) of RAS mutations in CRC occur at these four residues. The height of the lollipop 
correlates with the mutation frequency associated with that codon in CRC.  

The PM contains myriad microdomains (Prior et al., 2001). Quantitative electron microscopic 

(EM) analysis of PM shows that Hras is predominantly located at lipid-rafts when GDP-bound and 

is associated with non-raft regions when GTP-bound. GTP-loading therefore regulates the lateral 

segregation of Hras in the PM.  Galectin-1 is found in a complex with the HVR domain of activated 
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Hras and Kras isoforms. This could be crucial for this lateral segregation process, as knockdown 

of galectin-1 prevents clustering of HrasG12V in the PM (Prior, Muncke, Parton, & Hancock, 2003). 

On the other hand, Kras is associated with non-raft regions whether GTP- or GDP-bound. This 

study also demonstrated that activated Kras and Hras are located at non-overlapping non-raft 

microdomains. Different subcellular localizations of RAS could account for different effector 

binding and signaling between isoforms. RAS activation leads to membrane recruitment and 

activation of downstream effector RAF-1 kinase (Downward, 2003). Consistent with previous 

studies, Raf-1 activation was significantly more in non-raft fractions expressing HrasG12V 

compared to HrasG12V associated with lipid rafts (Prior et al., 2001). Besides PM, evidences suggest 

that activated Ras isoforms are associated with other subcellular compartments such as endosomes 

and TGN (Hancock, 2003). Activated Hras targeted to endosomal and Golgi compartment are 

capable of activating downstream effectors including c-Jun N-terminal kinase (Jnk), PI3K, and 

Raf-1, with varied efficacies (Chiu et al., 2002). Given that HRAS and NRAS are stably expressed 

on Golgi membranes, and KRAS and HRAS are found on endosomal membranes, differences in 

signaling outputs between isoforms could also be attributed to differences in subcellular 

localization.  

 

1.5 The wide effector web of oncogenic RAS 

Typically, activation of cell surface RTKs, such as EGFR, PDGFR, by their ligands, result in 

autophosphorylation and binding of the adaptor protein, growth factor receptor bound protein 2 

(GRB2). GRB2 binds SOS1 and SOS2, which translocate to the PM upon RTK activation. Close 

proximity of RAS to SOS on the intracellular side of the PM stimulates GTP-binding on RAS 

(Downward, 2003). RAS proteins control various cellular functions and signaling pathways that 

regulate normal cell proliferation and survival. In cells expressing mutated RAS, constitutive 

signaling fuels malignant phenotypes such as uncontrolled proliferation, enhanced motility, 

formation of new blood vessels to facilitate angiogenesis, etc. RAS-GTP preferentially binds to 

RAS binding domain (RBD) or RAS association (RA)-domain-containing effectors. More than 10 

such effector families have been identified downstream of RAS, some of well-studied effectors 

are discussed below. 
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Figure 1.8. Upstream activation of wildtype RAS 
When unstimulated, RAS is bound to GDP and inactive. Receptor tyrosine kinases (RTKs) are 
located at cell membranes where their extracellular domains bind ligands, this information is then 
relayed to intracellular secondary messengers to signal to cells to perform basic functions such as 
differentiation, survival, cell division, etc. Upon activation of receptors such as EGFR by their 
cognate ligands epidermal growth factor (EGF), RTKs become autophosphorylated (P) on several 
tyrosine residues on the intracellular side of cell membranes. These act as recognition sites for 
adaptor proteins such as SHC and GRB2. GRB2 then recruits RAS-GEF, SOS1 to cell membranes 
where they encounter GDP-bound RAS. As GTPs are ten-fold excess of GDP, SOS1 facilitates 
exchange of GDP for GTP to generate active RAS. To turn off RAS activation, GAP stimulates the 
hydrolysis of GTP to GDP. The known RAS-GEFs and GAPs are indicated in boxes.  

1.5.1 Activation of MAPK pathway is a dominant feature of mutant RAS    

The serine/threonine kinase RAF was the first Ras effector to be characterized. Activated RAS 

binds to and recruits three RAF isoforms, namely ARAF, BRAF, and CRAF, to the PM via a 

conserved RBD and cysteine-rich domains at the N-terminal region of RAF (Chong, Lee, & Guan, 

2001; Chong, Vikis, & Guan, 2003; Marais, Light, Paterson, & Marshall, 1995), following which 

RAF kinases are regulated via multiple mechanisms that involve phosphorylation. Ser338, Tyr341, 

Tyr491 and Ser494 are four activating phosphorylation sites on CRAF that are RAS-inducible 

(Chong et al., 2003). Maximal phosphorylation of ARAF and CRAF at Tyr341 by both janus 
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activated kinase (JAK) and SRC (Wan et al., 2004), and at Ser338 by p21 activated kinase (PAK) 

are dependent on activated RAS. By contrast, BRAF is constitutively phosphorylated at S445, 

which is further increased in the presence of active RAS (Chong et al., 2001). CRAF kinase activity 

is also dependent on other residues including T491 and S494 in the activation loop of RAF kinase 

domain. Substitutions of T491/S494 in CRAF and the corresponding residues T598/S601 in 

BRAF, results in constitutive kinase activity and increased sensitivity to RAS activation. In vitro, 

a BRAFV600E mutant had ~500-fold increase in kinase activity compared to wild-type protein. 

BRAF mutants with elevated kinase activities increased ERK phosphorylation to levels 

comparable to activated RASG12V (Wan et al., 2004). This study also reported that the oncogenic 

mutation of BRAF does not require the segmental phosphorylation events that wild-type protein 

relies on for full functioning.  Upon activation, RAF binds to and phosphorylates MEK1 and 

MEK2 at two key serine residues at positions 218 and 221. In turn, they bind and phosphorylate 

their bonafide substrates ERK1/2 (Roux & Blenis, 2004). ERK1/2 proteins are phosphorylated at 

dual sites (Thr202 and Tyr204 in ERK1 and Thr183 and Tyr185 in ERK2), and mutation of these 

sites curbs ERK 1/2 activity. ERKs are proline-directed serine/threonine kinases that require a 

proline at positions +1 and −2 relative to the site of phosphorylation in their substrates, with a 

consensus of PxS/TP or simply S/TP, where x is any amino acid (Eblen, 2018). 

A significant proportion of pERK 1/2 translocates to the nucleus upon activation to regulate several 

transcription factors. ERK also activates an ever growing list of cytosolic proteins that regulate 

many cellular functions including cytoskeleton, cell adhesion, cell signaling, apoptosis, etc. (Ünal, 

Uhlitz, & Blüthgen, 2017; Yoon & Seger, 2006). Amongst the ERK substrates are the family of 

serine/threonine kinases RSK namely (RSK1, RSK2, RSK3, RSK4). RSK contains C-terminally 

located D domain that is responsible for docking and activation by ERK1/2. All isoforms contain 

six key phosphorylation residues, mutation of four of these sites are crucial for RSK1 activation 

(S221, S363, S380, and T573). Although the exact mechanisms are unclear, ERK1/2 are thought 

to phosphorylate RSK1 on T573, S363 and T359 (Roux & Blenis, 2004). Additionally, ERK-

mediated recruitment of RSK to the PM may also result in the phosphorylation of S363 and S380 

residues by other membrane-associated kinases. Substrates of RSK are implicated in a wide variety 

of cellular processes, including several transcription factors such as immediate early response 

genes, ribosomal protein S6, cell cycle regulating protein p27kip1, cAMP Response Element 

Binding Protein (CREB), and tumor suppressor liver kinase B1 (LKB1). 
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Figure 1.9. Myriad downstream signaling cascades of active RAS
Once active, RAS-GTP binds direct downstream effectors containing RAS binding domain (RBD) 
or RAS association (RA) domain. Several downstream signaling proteins are upregulated 
indirectly owing to the processes upregulated by mutant RAS. The most well-known signaling 
pathways are depicted here. The biological functions associated with the pathways and effectors 
are described below. The pathways and their effectors are color-differentiated broadly based on 
their major cellular functions.  

Termination of ERK signaling is regulated by dual-specificity phosphatases (DUSPs), also known 

as mitogen-activated protein kinase phosphatases (MKP) family, containing a docking domain that 

binds to ERK1/2. DUSPs are transcriptionally induced in response to ERK activation. ERK 

activation also phosphorylates and stabilizes DUSP4 protein (Kucharska, Rushworth, Staples, 

Morrice, & Keyse, 2009). Different isoforms of DUSPs are rapidly upregulated upon cellular 

transformation with oncogenic BRAF and KRAS in intestinal epithelial cells, and cancer cell lines 
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driven by RAS mutations including CRC (Buffet et al., 2017; Cagnol & Rivard, 2013; Yun et al., 

2009b). Loss of nuclear ERK activity correlates with DUSP4 expression in colorectal cancer lines. 

DUSP4 expression was inhibited with the MEK1/2 inhibitor UO126 suggesting that DUSPs are 

induced as a part of negative feedback loop of ERK signaling. Currently, several components of 

the MAPK pathway including DUSP, MEK, ERK and RAF are being evaluated in the clinic for 

CRC therapy. Some of these efforts are discussed under efforts to target RAS-mutant cancers.  

 

1.5.2 Activation of the PI3K pathway 

RAS directly interacts with the RBD domain of the catalytic p110 subunit of type I PI3K. The 

importance of this interaction is underlined by the fact that mutations of PIKCA, which codes for 

the catalytic subunit, is frequently observed in sporadic CRC. PI3K is recruited to the PM via the 

p85 regulatory subunit, which recognize tyrosine-phosphorylated adaptor proteins. There, PI3K 

phosphorylates phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) to produce 

phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3), a second messenger that binds 

downstream effector molecules with pleckstrin homology (PH) domains.  The PTEN tumor 

suppressor acts as a phosphatase for PtdIns(3,4,5)P3 and PtdIns(3,4)P2, effectively inhibiting PI3K 

signaling (Malek et al., 2017). Inactivating PTEN mutations are frequent events in cancers, 

including CRC, resulting in constitutive PI3K signaling. PI3K proteins also have a scaffolding 

role, and function as adaptors to the formation of protein-protein complexes involved in several 

biological roles (Bilanges, Posor, & Vanhaesebroeck, 2019). PDK1 (phosphoinositide-dependent 

kinase 1) is a master serine/threonine kinase of the PI3K pathway that is important for activation 

of large number of downstream AGC kinase family including the protein kinase C (PKC) isoforms, 

p70S6K also known as S6 Kinase 1 (S6K1), RSK, serum glucocorticoid kinase (SGK), etc. (Scheid, 

Parsons, & Woodgett, 2005). Another key effector of this pathway is AKT, which is recruited via 

PtdIns(3,4,5)P3 or PtdIns(3,4)P2 to the PM, where it is activated by phosphorylation at T308 (by 

PDK1) and S473 (by mechanistic target of rapamycin complex 2 [mTORC2]). More than 100 

effectors of AKT have been identified including apoptosis inducers (Bcl-2-associated death 

promoter [BAD]), cell cycle mediators (p27 and p21), forkhead box O (FOXO) transcription 

factors, etc. (Bilanges et al., 2019). Notably, AKT phosphorylation of the (tuberous sclerosis 

complex) TSC2 protein activates mTORC1. 
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The mTORC1 pathway is a key mediator of cell growth and metabolism, protein synthesis, 

autophagy, amongst other functions. Known mTORC1 phosphorylated substrates include S6K1 

and the eIF4E-binding proteins (4E-BP1 and 4E-BP2) (Y. Yu et al., 2011).  Inhibiting mTOR 

activity using inhibitors such as rapamycin and OSI027 or via RNA interference, diminished the 

viability and in vivo tumor growth of KRAS-mutant CRC (Fritsche-Guenther et al., 2018; Y. J. 

Zhang et al., 2009). mTORC1 is required for the formation of intestinal polyps in a mouse model 

of FAP. Notably, these studies showed that mTORC1 contributed to the CIN model of CRC 

pathogenesis (Aoki, Tamai, Horiike, Oshima, & Taketo, 2003). Early in CRC tumorigenesis, 

Apcmin/+ mice displayed upregulated mTOR signaling. Long-term treatment with rapamycin 

prolonged survival and inhibited intestinal neoplasia (Koehl et al., 2010). Importance of PI3K 

signaling in tumor growth was demonstrated in an in vivo model of KRAS-driven tumorigenesis, 

where tumor growth was sustained by persistent PI3K signaling even after the loss of oncogenic 

RAS (K. H. Lim & Counter, 2005). Although monotherapy with PI3K inhibitors have not been 

successful in clinic, combination strategies that simultaneously downregulate PI3K and MAPK 

signaling have shown promise in curbing growth of KRAS-mutant CRC cell lines (Ebi et al., 

2011). Similar to negative regulation of ERK signaling by DUSPs, two phosphoproteomic studies 

identified GRB10 as negative regulator of PI3K, MAPK and mTORC1 signaling (Hsu et al., 2011; 

Y. Yu et al., 2011). Similar to MAPK pathway, many components of the PI3K pathway are being 

evaluated in the clinic for CRC therapy, and dual inhibition of PI3K and MAPK effectors present 

a potential strategy to overcome resistance to MEK inhibitors. Some of these efforts are discussed 

in a later chapter.  

 

1.5.3 Other RAS signaling pathways 

A third well-studied effector pathway of RAS is the Ral‐GEF family comprising of RAL guanine 

nucleotide dissociation stimulator (RALGDS), RALGDS-like gene (RGL1), RGL2/RIF and 

RGL3, through them RAS activates the RAS-like GTPases (RAL), RALA and RALB which are 

active when bound to GTP and inactive when bound to GDP (Moghadam et al., 2017). Active 

RAS binds and recruits RAL-GEFs to RALA and RALB, which enables RAL-GTP to activate 

effectors such as phospholipase D1 and RAL binding protein 1 (RALBP1). This initiates a cascade 
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of multiple downstream effectors as RALBP1 serves as a scaffolding protein. RALBP1 exhibits 

RhoGAP-like activity towards CDC42 and RAC, these in turn regulate critical functions, such as 

filipodia formation and membrane ruffling, respectively, enabling cell migration. RAL effectors 

Sec5 and Exo84 are also involved in the regulation of exocytosis (Neel et al., 2011). Small 

GTPases RALA an RALB are activated in CRC lines and patient tumors. Downregulation of 

RALA using RNA interference reduced anchorage-independent growth of human CRC cells via a 

RALBP1-dependent mechanism (Martin, Samuel, Routh, Der, & Yeh, 2011). Impeding RALGEF 

activation of RAL GTPases also inhibited mutant RAS-mediated growth on soft agar, suggesting 

that RALGEFs are crucial for RAS-transformation (Hamad et al., 2002). 

 

Phospholipase Cε is yet another effector of RAS signaling, which has two RA domains (one of 

which strongly binds RAS-GTP) and N-terminal CDC25 GEF domain which acts as an upstream 

activator of small GTPases (Harden, Hicks, & Sondek, 2009). In vitro, mutant RAS bound to and 

stimulated PLC activity (Kelley, Reks, Ondrako, & Smrcka, 2001). PLC isoforms hydrolyze 

membrane phospholipids to generate inositol triphosphate and diacylglycerol. Through these 

effectors, RAS activation is linked to calcium mobilization and PKC activation. The significance 

of PLC in CRC tumorigenesis is highlighted by using ApcMin/+ lacking PLCε−/−, which displayed 

markedly reduced adenoma formation, tumor progression, viability, proliferation, and attenuation 

of angiogenesis (M. Li, Edamatsu, Kitazawa, Kitazawa, & Kataoka, 2009).  

 

Another major downstream signaling pathway of active RAS that deserves a special mention is 

the RAC pathway. RAC1 is activated by two ways, either by binding to PI3K, or by T lymphoma 

invasion and metastasis-inducing protein 1 (TIAM1). Mice lacking Tiam1 were found to be 

resistant to mutant Ras-induced skin tumors, establishing a role of Tiam1 in tumor imitation and 

progression (Malliri et al., 2002). RAC is a member of the Rho subfamily of related GTPases that 

includes Ras homolog family member A (RHOA) and cell division cycle 42 (CDC42), with 

defined roles in cytoskeleton modelling. RHO family GTPases are implicated in cellular process 

such as motility, membrane and vesicular trafficking, adhesion, cell cycle regulation, etc. 

Overexpression of RAC1 in human CRC xenograft model accelerated tumorigenesis in mice, 

while inhibition of RAC1 suppressed tumor formation, highlighting the importance of RAC1 in 

tumor growth (Espina et al., 2008). Other mouse models have also shown that PI3K-mediated 



39 
 

Rac1 activation was necessary for KRAS-mediated pancreatic tumorigenesis (Wu et al., 2014). In 

conclusion, signaling networks downstream of mutant RAS are wide, complex and dynamic and 

further research will likely uncover other novel, targetable effector pathways of RAS. Future 

research will likely use computational and systemic approaches to model how integration of 

multiple RAS effector pathways will influence the biological output or therapeutic resistance to 

inhibitors.  

 

1.6 Mutant RAS regulates myriad tumorigenic properties  

Through the wide web of downstream effectors, mutant RAS promotes crucial cellular functions 

that promote tumor initiation and progression. Some of the classical RAS-mediated tumorigenic 

properties are discussed below.  

1.6.1 Proliferation and survival 

Cell cycle progression is controlled by several cyclin-dependent protein kinases. Microinjections 

of anti-Ras antibodies to suppress Ras signaling inhibited proliferation of cycling cells, GO/G1 cell 

cycle phase transition, and progression through G1 phase (Dobrowolski, Harter, & Stacey, 1994). 

A study using mutant-specific sgRNA against oncogenic KRAS introduced indels in the mutated 

nucleotide region in human CRC lines. Compared to WT KRAS sgRNAs, mutant KRAS targeting 

sgRNAs specifically reduced the proliferation of KRAS-mutant CRC and PDAC cell lines, 

suggesting that KRAS is crucial for cancer proliferation (W. Lee, Lee, Jun, Lee, & Bang, 2018). 

NIH3T3 cells expressing dominant-negative form of Ras (RASS17N) inhibited cell proliferation and 

prevented progression through the S phase of cell cycle (Aktas, Cai, & Cooper, 1997). Cell cycle 

progression in RAS-transformed cells are mediated via ERK activation and its nuclear 

translocation. Consistent with this, activation of the members of erythroblast transformation 

specific (ETS) family of transcription factors (ELK-1, FOS, c-JUN, c-MYC) enable the expression 

of key cell-cycle regulatory proteins such as cyclin D1 (Yordy & Muise-Helmericks, 2000). 

Stabilized c-FOS expression via sustained ERK activation leads to activation of genes involved in 

G1 progression. ERK signaling besides suppressing retinoblastoma (RB) pathway and p27KIP1, can 

also inhibit other negative cell cycle regulators including FOXO3a, SRY-related HMG-box 

(SOX6), JUN-D, growth arrest and DNA-damage-inducible protein 45 alpha (GADD45A), and 

transducer of ERBB2 1 (TOB1). This way, RAS can link growth factor signaling to cell cycle 
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machinery (Aktas et al., 1997; Eblen, 2018). Inactivation of FOXO3a is also a key step in 

promoting cell survival. Inhibiting ERK-mediated FOXO3a phosphorylated reduced 

tumorigenesis and increased apoptosis (J.-Y. Yang et al., 2008). Other ERK targets act as positive 

regulators of cell survival. They include myeloid leukemia cell 1 (MCL-1) and BIM, members of 

BCL-2 family of apoptosis regulators. ERK-mediated degradation of BIM isoforms prevents pro-

apoptotic functions. PI3K activation downstream of RAS activation is also famously associated 

with pro-survival effects of oncogenic KRAS. Similar to ERK, AKT inhibits pro-apoptotic factors 

BCL-2 family members BAD and BAX. AKT also phosphorylates and activates murine double 

minute 2 (MDM2), negating the effects of p53.  In addition to these mechanisms, PI3K mediates 

cell survival through other means (Duronio, 2008). Therefore, RAS promotes proliferation via 

multiple mechanisms including activation of cell cycle, transcriptional upregulation  of growth 

factors, and inhibition of DNA-damage checkpoint.  

 

1.6.2  Cytoskeleton re-organization and motility 

The majority of human cancers are of epithelial origin and display a loss of cell polarity and tissue 

organization. Epithelial cell polarity is tightly regulated and has tumor suppressive functions. 

Hence, many of the proteins involved in this process are downregulated in cancers. Microarray 

profiling revealed a strong epithelial-mesenchymal transition (EMT) signature amongst the most 

differentially expressed genes associated with mutant HRASG12V when compared to wild-type 

RAS in the human CRC cell line CACO-2 (Joyce, Cantarella, Isella, Medico, & Pintzas, 2009). 

The loss of E-cadherin, one of the key components of adherens junctions, is a classical feature of 

EMT, a process by which cancer cells lose epithelial properties and gain mesenchymal features. 

TGF-β in combination with RAS signaling promotes invasion and metastasis by activating the 

EMT process (Janda et al., 2002; Royer & Lu, 2011). TGF-β induced EMT only in cells 

transformed with mutant RAS and not wild-type RAS. These cells exhibited upregulation of the 

mesenchymal markers N-cadherin and vimentin, besides downregulation of the epithelial marker 

E-cadherin (Arase et al., 2017; Janda et al., 2002). Using RAS oncogenes that specifically 

interacted with PI3K or MAPK effectors or via specific signaling pathway inhibitors, TGF-β 

induced EMT was shown to be dependent on MAPK signaling. During EMT, genes necessary for 

epithelial state are kept repressed by induction of transcription factors such zinc finger E-box 
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binding homeobox 1 (ZEB1), twist-related protein 1 (TWIST), SNAIL, etc. KRAS-dependent lung 

cancer line treated with TGFβ1 reduced expression of E-cadherin and this was inversely associated 

with ZEB1 (Singh et al., 2009). In line with this, other studies demonstrated that ZEB1-driven 

EMT is a crucial event in KRAS-mutant lung cancer and PDAC tumorigenesis. Additionally, 

ZEB1 expression was also found to correlate with poor outcomes and advanced tumor grades 

(Arner, Du, & Brekken, 2019). Using in vivo models expressing pancreas specific KRAS and p53 

mutations, features of EMT was identified as an early event in premalignant lesions, and cells that 

had undergone EMT expressed high levels of Zeb1.  

 

EMT facilitates invasion and renders a fibroblast-like morphology to cells, with detached cell 

clusters from primary tumor site that traversed through basement membranes (Rhim et al., 2012). 

Expression of KRASG12V or constitutively active MEK in intestinal epithelial IEC-6 cells resulted 

in loss of cell-cell contacts and fibroblast-like morphology, which was rescued with the MEK 

inhibitor UO126 (Lemieux, Cagnol, Beaudry, Carrier, & Rivard, 2015). This phenotype was also 

reported in another study where Erk pathway inhibitors reversed the disruption of cell-cell 

junctions caused by mutant Ras (Edme, Downward, Thiery, & Boyer, 2002). This study also 

demonstrated that overexpression of mutant RasG12V was sufficient to induce cell motility. 

Notably, co-expression of active Rac and Mek also promoted cell motility suggesting that both of 

these are implicated downstream of mutant Ras (Edme et al., 2002). Low-adhesion cells have 

reduced actin stress fibers, which refers to actin fibers between focal adhesions and cytoplasm that 

regulate cell contractility. RhoA activation and downregulation of Rho effector-ROCK in Ras-

transformed cells inhibits formation of actin stress fibers and this contributes to increased motility 

(Sahai, Olson, & Marshall, 2001). Expressing either oncogenic KRAS, HRAS or BRAF in CACO-

2 CRC cells, increased the migration and invasion ability compared to parental CACO-2 cells. 

This was reversed by inhibiting RHOA or RAC1 expression.  Whereas knockout of the mutant 

KRASG13D abrogated migration compared to parental DLD-1 cells. Notably, KRASG12V-

expressing CACO-2 cells exhibited filipodia-like formation which was dependent on activated 

CDC42 (Makrodouli et al., 2011). Collectively the data points to a concerted role of RhoA, RAC1 

and CDC42 in cell motility mediated by RAS.  
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Anoikis refers to the ability of normal epithelial cells that are usually dependent on extracellular 

matrix (ECM) for adhesion, to undergo suspension-induced apoptosis when detached, presumably 

evolved as a means for the body to get rid of unwanted cells. Gaining resistance to anoikis is a 

prerequisite for development of carcinoma and promotes a survival advantage during metastasis 

to distant sites within the body. Several studies have shown that expression of mutant RAS 

isoforms imparts epithelial cells with adherence-independent growth ability on soft agar (McFall 

et al., 2001). Expression of activated forms of MEK1 and MEK2 in IEC-6 also induced anchorage-

independent growth, implicating MAPK pathway in anoikis resistance (Voisin et al., 2008). 

Blocking MAPK activation with the MEK 1/2 inhibitor U0126 only partially inhibited anoikis, 

suggesting involvement of other pathways in this process. In line with this, activation of SGK1 

kinase was shown to be required for cell survival upon detachment from ECM in both RAS-

transformed breast cancer cell line MCF10A and CRC cells (Mason et al., 2016). Epithelial cells 

maintain cell-cell contacts via lateral and apical cell surfaces. In Ras-transformed eye-imaginal 

discs of Drosophila, reduced expression of adhesion proteins such as E-cadherin, Neural Cell 

Adhesion Molecule, Armadillo, etc., was dependent on expression of Scribble. Scribble is a cell 

polarity regulator identified as a tumor suppressor protein in Drosophila (Waghmare & Kango-

Singh, 2016). RAS-mediated transformation of MCF10A cells resulted in loss of cell adhesion 

proteins and disruption of cobblestone morphology of epithelial cells, which was reverted with 

Scribble expression. Knockdown of Scribble expression in RAS-transformed MCF10A cells 

produced filipodia-like protrusions and increased invasion, and Scribble levels was regulated by 

ERK signaling. Rescuing scribble expression in RAS-transformed cells also inhibited anoikis 

resistance (Dow et al., 2008). Although far from complete, large body of work has helped us 

understand the various processes such as EMT and anoikis by which oncogenic RAS endows 

metastatic potential to tumor cells.   

 

1.6.3 Metabolic reprogramming 

Decades ago, the ‘Warburg effect’ was described whereby cancer cells use glycolytic metabolism 

and reduced oxidative phosphorylation even in the presence of sufficient oxygen levels. Glucose 

transporter 1, GLUT1 (SLC2A1) is a glucose importer that is upregulated in isogenic CRC cells 

expressing mutant KRAS or BRAF genes, compared to wild-type counterparts, which conferred 
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growth advantage in low-glucose environments. Notably, culturing cells in low-glucose media 

gave rise to colonies that were mutated for KRAS (Yun et al., 2009b).  Glutamine is another major 

energy source for tumor growth and anchorage-independent growth of KRAS-mutant HCT116 

cells. It fuels the tricarboxylic acid (TCA) cycle, increases glucose consumption and adds to the 

glycolytic intermediates of the pentose phosphate pathway (Weinberg et al., 2010). This study also 

showed that disruption of mitochondrial function and ROS generation by reducing the expression 

of Transcription factor A, mitochondrial (TFAM), significantly affected KRAS-mediated 

tumorigenesis. Dependence on glutamine and glucose by KRAS-transformed cells was also 

demonstrated in KRAS-mutant MDA-MB-231 and PDAC cells, whose proliferation was limited 

in media limited for these nutrients (Gaglio et al., 2011; Son et al., 2013). This was further 

supported by the finding that these cells expressed high levels of metabolic genes such as enolase 

(ENO 1/2), phosphoglycerate kinase (PGK), pyruvate kinase M2 (PKM2) and lactate 

dehydrogenase A (LDHA), glutamate oxaloacetate transaminase 1 (GOT1), and malic enzyme 1 

(ME1). A significant proportion of the consumed glucose is shunted away from TCA cycle in 

KRAS-transformed mouse and human cells and converted to lactate, consistent with a high rate of 

lactate secretion in cancer cells, which is considered as a classical hallmark of cancer. The changes 

observed in metabolic enzymes in KRAS-mutant cells were also recapitulated in human CRC 

tissues, including an upregulation in GLUT1 and the glutamine transporter SLC1A5 (Josiah et al., 

2016; Toda et al., 2017). Besides enzymes implicated in glycolytic and glutamine metabolism, 

KRAS-mutant expressing CRC cells, such as DLD-1, also displayed quantifiable differences in 

phosphoserine biosynthesis pathway. An extensive whole-proteome profiling of normal, adenoma 

and adenocarcinoma matched clinical CRC tissues demonstrated that CRC progression is 

associated with changes in proteins belonging to several metabolic pathways including oxidative 

phosphorylation (OXPHOS), fatty acid metabolism, glucose import, and solute transporters for 

sugars or amino acids (Wiśniewski et al., 2015).  

 

Macropinocytosis is a highly conserved endocytic process through which cells take up nutrients 

from the extracellular milieu via macropinosomes (Recouvreux & Commisso, 2017b). KRAS 

mutation increases the rate of macropinocytosis in cancer cells, as shown by several studies (Bar-

Sagi & Feramisco, 1986; Commisso et al., 2013a; Tajiri et al., 2017). Recent reports show that 

increasing the rate of macropinocytosis aid cancer cells to adapt to the increasing demand for 
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nutrient supply required for tumor growth. Indeed, rate of macropinocytosis was elevated in 

glucose-addicted cells (Hodakoski et al., 2019b). Amino acid sources such as albumin and other 

proteins which are internalized via this process are degraded, and incorporated into TCA, acetyl- 

coenzyme A, glutamine, and serine/glycine metabolic pathways (Commisso et al., 2013b). 

Internalized proteins are degraded to amino acids such as alanine, which supports cell growth in 

low-glucose conditions by supplying to TCA intermediates and gluconeogenesis. Plasma 

membrane v-ATPase and bicarbonate transporter SLC4A7 play important roles in this process. 

Mutant RAS alters plasma membrane localization of v-ATPase and SLC4A7 expression in various 

cancer cell lines and human PDAC tissues. In vivo knockdown of SLC4A7 expression curbed 

mutant-RAS driven PDAC tumor growth. Depletion of v-ATPase also reduced the plasma 

membrane localization of RAC1 (Ramirez, Hauser, Vucic, & Bar-Sagi, 2019). A related study 

showed that lack of RAC1-activating guanine-exchange factor, dedicator of cytokinesis 1 

(DOCK1) expression, inhibited the growth-advantage of KRAS-transformed cells in low-

glutamine medium. Notably, DOCK1-selective inhibitor successfully inhibited macropinocytosis 

(Tajiri et al., 2017). Similarly, pretreating glucose-starved cells with RAC1 inhibitor also affected 

macropinocytosis uptake. Interestingly, inhibiting macropinocytosis with RAC1 inhibitor or 

macropinocytosis inhibitor EIPA selectively affected cells under glucose-starvation compared to 

complete growth media (Hodakoski et al., 2019b).  

 

Autophagy is a mechanism that is utilized by cells to survive under nutrient stress,  via a process 

of degrading unnecessary cellular components that are made available for reutilization (A. D. Cox 

et al., 2014). Classically, autophagy was thought to be non-selective process but it is now being 

increasingly appreciated as a selective process involving engulfment of specific cargoes (Kaur & 

Debnath, 2015). Autophagy-mediated degradation of proteins, lipids and glycogen produces 

amino acids, fatty acids and glucose, respectively, which can be used for glycolysis, TCA 

pathways and other energy production pathways. Several studies have reported that KRAS-mutant 

cells depend on autophagy to feed aggressive tumor growth (Guo et al., 2013; Kinsey et al., 2019; 

Lock et al., 2011). Expression of mutant HrasG12V or KrasG12V increased the basal rate of autophagy 

as measured by membrane-translocation and proteolytic processing of the autophagosome marker 

LC3. Viability of Ras-transformed cells were selectively affected upon starvation, only in cells 

lacking the essential autophagy-related (Atg) proteins Atg5 and Atg7 or p62 (Guo et al., 2011).  
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Inhibition of the MAPK pathway led to increased autophagic flux in KRAS-mutant PDA cells by 

increasing the phosphorylation of autophagic mediators Unc-51-like Kinase 1 (ULK1) and AMP-

activated protein kinase (AMPK). Consistent with these results, co-treatment with combinations 

of trametinib (MEK1/2 inhibitor) with inhibiting autophagy (either by using the inhibitor 

chloroquine or by using cells expressing dominant-negative autophagy-related protein ATG4B) 

had synergistic anti-proliferative effects. The combined therapy was also successful in mediating 

tumor regression in NRAS-mutant, KRAS-mutant and BRAF-mutant melanoma, lung and CRC 

cells (Kinsey et al., 2019). Autophagy is also essential for mitochondrial functions. Indeed, Ras-

mutated cells lacking autophagy-mediators (Atg5, Atg7, p62) displayed abnormal mitochondria 

and reduced levels of selective TCA metabolites that are produced at the mitochondria. Notably, 

oxygen consumption rate and ATP production due to mitochondrial respiration was also reduced 

in autophagy-depleted Ras-transformed cells (Guo et al., 2011). In summary, RAS-transformed 

cells support tumor growth in low-nutrient microenvironments by upregulating several nutrient-

uptake pathways that can be therapeutically exploited.  

 

1.6.4 Angiogenesis 

In cancer, an “angiogenic switch” is continually ON to enable normally quiescent vasculature to 

sprout new blood vessels at an accelerated rate and sustain tumor growth by catering to the 

increasing demand for oxygen and nutrients. The blood vessels within the tumor 

microenvironment are activated by a mix of pro-angiogenic inducers that result in aberrant vessel 

branching and blood flow, enlarged vessels, leaky endothelium and increased endothelial cell 

proliferation (Hanahan & Weinberg, 2011). One of the most potent angiogenesis-stimulating 

growth factor is VEGF, which is also the prime target for anti-angiogenic therapy in CRC.  In 

pancreatic tumor tissues, a strong correlation was observed between KRAS mutations and high 

VEGF expression (Ikeda et al., 2001). In CRC, patients with high VEGF expression had lower 

survival rates than those with lower VEGF expression (Ellis, Takahashi, Liu, & Shaheen, 2000). 

The first observation that mutant RAS oncogenes stimulate angiogenesis came from an early in 

vivo study, that showed that in addition to hyperplasia, activated Ras resulted in hypervascularized 

tumor tissues (Kranenburg, Gebbink, & Voest, 2004). One classic mechanism by which RAS 

modulates angiogenesis is by upregulating the expression of VEGF. Several studies show that in 
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CRC cells, oncogenic Ras is instrumental to increased expression of VEGF-A via multiple 

transcriptional and translational mechanisms. Further, downregulation of VEGF expression 

inhibited Ras-induced tumorigenic potential in vivo. Functionally, VEGF expression and other 

angiogenic factors in RAS-transformed cells stimulated the invasion and endotube formation of 

HUVEC endothelial cells in coculture experiments (Matsuo et al., 2009). Moreover, endothelial 

cell proliferation was enhanced upon addition of conditioned media from VEGF-overexpressed 

CRC cells. Notably, inhibition of VEGFR-2 kinase inhibitors reduced liver metastasis burden and 

tumor vasculature, and increased survival in mice injected with CT26 colon carcinoma cells (Ellis 

et al., 2000).  

 

Another mechanism by which activated RAS mediates angiogenesis is by modifying the ECM in 

tumor microenvironment (Mathias et al., 2010). Activated Ras has been known to increase the 

expression of matrix metalloproteases (MMP-2, MMP-1 and MMP-9) and urokinase plasminogen 

activator (uPA) (Paciucci, Torà, Díaz, & Real, 1998), that act to breakdown the ECM. The uPA 

receptor (uPAR) localized plasmin formation to the cell surface, which facilitates tumor cell 

migration through ECM and basement membranes. Alternatively, uPA-uPAR complex on 

endothelial cells could promote the migration of developing sprouts through the ECM (Kranenburg 

et al., 2004). A third mechanism by which mutant RAS modulates angiogenesis is by inhibiting 

the expression of anti-angiogenic factors. One such negative regulators are thrombospodins, TSP-

1 and TSP-2, which have important roles in tissue remodeling, metastasis, angiogenesis, wound 

healing, and inflammation. While the roles of TSP in angiogenesis and tumor growth remains 

controversial, several studies have pointed to an inhibitory role of TSP in blood vessel formation, 

angiogenesis and metastasis. Therefore, angiogenesis and metastasis seem to be mediated by a fine 

balance of pro-angiogenic VEGF and inhibitory factors, such as TSP (Gutierrez, Suckow, Lawler, 

Ploplis, & Castellino, 2003; Maeda et al., 2000; Tokunaga et al., 1999). TSP-1 expression is 

repressed in dysplastic regions undergoing extensive neovascularization in a mouse model of 

intestinal adenoma (Gutierrez et al., 2003). CRC is one of the best studied angiogenesis-dependent 

solid tumors, and it successfully responds to anti-angiogenic therapy. As previously discussed, 

many of these agents targeting either VEGF or their cognate receptors VEGFR are a part of 

conventional therapy for CRC. However, due to resistance mechanisms to anti-angiogenesis 

therapy and motivated by the clinical success of this line of therapy in colorectal tumors, several 



47 
 

new angiogenic agents are being developed or tested for metastatic CRC as discussed in an earlier 

section (Riechelmann & Grothey, 2017).  

 

1.7 Targeting KRAS-mutant colorectal cancers is a challenging task 
1.7.1 Direct inhibition of RAS 

Targeting RAS-driven cancers is a multifaceted approach with direct and indirect means for 

curbing the activity of the oncogene. Direct inhibition of RAS has been extremely challenging thus 

far, thereby labeling mutant RAS as “undruggable”. As RAS is a GTP-binding protein, early 

attempts consisted in the design of nucleotide-competitive inhibitors, similar to ATP-competitive 

inhibitors that successfully target several protein kinases. However, GTP is the most abundant 

intracellular nucleotide and binds with very high affinities to RAS, overriding the efficacy of GTP-

competitive inhibitors (A. D. Cox et al., 2014). Another key requirement for RAS function is the 

post-translational mechanism that targets RAS to the PM. Two FTase inhibitors, lonafarnib and 

tipifarnib, have advanced to phase III clinical trials but lacked antitumor activity in RAS-driven 

colon or pancreatic cancers. This was attributed to compensatory mechanisms, such as alternative 

prenylation that ensures membrane localization of RAS in the absence of FTase enzyme (A. D. 

Cox et al., 2014). The compounds deltarasin and deltazinone reduce membrane-associated RAS 

by inhibiting guanine nucleotide dissociation inhibitor like solubilization factor or 

phosphodiesterase-6 delta (PDEδ). PDEδ is a membrane transport protein that can bind KRAS and 

modulates the membrane localization of KRAS. Deltarasin and deltazinone affected RAS-

mediated tumorigenesis in vitro (Papke et al., 2016) and in vivo (G. Zimmermann et al., 2013). 

Other approaches being considered include the pan-RAS inhibitor (RAS-IN-3144) and the anti-

sense oligonucleotide (AZD4785), the latter being tested in the clinic for KRAS-mutant lung 

cancers (Ryan & Corcoran, 2018). 

 

While there is a dearth of drug-binding pockets on the surface of RAS, several attempts to identify 

direct binding inhibitors have been partially successful. Compounds SCH-53870, SCH53239 and 

SCH-54292, bind to a hydrophobic pocket near the switch II region, and interfere with GDP-GTP 

nucleotide exchange of RAS. However, these molecules are not very stable due to the presence of 

hydroxylamine and are associated with dose-limiting toxicity (A. D. Cox et al., 2014; Peri et al., 

2005). Another group of direct inhibitors called MCP compounds identified in yeast two-hybrid 
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studies target the RAS-RAF interaction. One such compound, MCP110, successfully inhibited the 

PM localization of Raf to sites of activated Ras, but its potency is low with no structural 

information available on Ras binding (González-Pérez et al., 2010). Nuclear magnetic resonance 

studies have shown that active RAS exists in two conformational states, state 1 binds GEFs while 

state 2 binds effector proteins. The Zn2+ cyclen compounds selectively binds and stabilizes state 

1, shifting the equilibrium and preventing the effector binding of RAS. However, cyclen 

compounds are not drug-like and not viable for in vivo studies (A. D. Cox et al., 2014; Rosnizeck 

et al., 2010). Further, two groups reported on KRAS4B binding compounds including DCAI, 

although weak binders they prevented RAS-SOS1 interaction and SOS-1 mediated nucleotide 

exchange. Little is known about the efficacy of these molecules against mutant RAS (A. D. Cox 

et al., 2014).  

 

Work by the Shokat lab identified a previously unknown binding site in the KRASG12C isoform 

(Ostrem, Peters, Sos, Wells, & Shokat, 2013), but other isoforms remain undruggable by this 

approach. Using a novel approach, thiol-reactive small compounds were identified that selectively 

bound mutant KRASG12C isoform compared to wild-type KRAS. Biochemical studies show that 

the compound binds to a switch-II associated pocket, adjacent to cysteine at codon 12, which was 

not reported in other RAS structures. The compound selectively affected the viability of 

KRASG12C-positive lung cancer cell lines, and inhibited RAS activity by interfering with SOS-

catalyzed nucleotide exchange and effector binding.  Second, the compounds preferentially and 

irreversibly bind to RAS-GDP than RAS-GTP, suggesting that the success of this approach 

requires the cycling of mutant RAS between their nucleotide-bound states (Sheridan, 2020). Other 

compounds such as derivatives of brefeldin A and YM-254890 bind and stabilize the GDP-bound 

state of RAS. A recent switch-II binding inhibitor, ARS-1620, exhibited potent activity against 

KRASG12C-mutant cell lines versus control cells lacking the mutation. This study also 

demonstrated the therapeutic potential of ARS-1620 in vivo. Only xenografts established from 

KRASG12C- mutant tumors were sensitive to the drug. Moreover, a wide panel of KRASG12C, but 

not other KRAS mutant isoforms were differentially sensitive to the drug in 3D spheroids (Janes 

et al., 2018). Two direct covalent inhibitors of KRASG12C, AMG 510 and MRTX849,  are in human 

clinical trials for KRAS-mutant lung tumors, but only a partial response is observed (Hata & Shaw, 

2020; Sheridan, 2020).  Prior experience with clinical inhibition of the MAPK pathway had taught 



49 
 

us that tumor cells re-adapt via multitude of feedback mechanisms to restore signaling. In line with 

this, a recent study employed single cell sequencing to identify resistance drivers in heterogeneous 

cell populations that responded differentially to KRASG12C inhibitors (Xue et al., 2020). Cells 

adapted to the inhibitor by upregulating EGFR pathway signaling, upregulating the expression of 

Aurora kinase A, and upregulating the protein or mRNA expression of KRAS. Taken together 

KRASG12C inhibitors are promising but should be considered in rational combinations with other 

inhibitors to improve efficacy.  

 

1.7.2 Indirect inhibition of RAS 

The current standard first-line therapy for RAS-mutated tumors consist of chemotherapy plus 

bevacizumab (Holch, Stintzing, & Heinemann, 2016). This is because testing CRC patients is 

obligatory for KRAS, NRAS and BRAF-mutations, as they are refractory to anti-EGFR therapy 

(Misale et al., 2012). Given the wide network of effectors downstream of RAS, targeting the 

signaling pathway effectors and availability of several protein kinase inhibitors have the potential 

to affect several aspects of KRAS-mediated malignancy. The MAPK pathway is not a linear 

cascade but consists of feedback mechanisms at multiple levels that complicate therapeutic 

efficiency. However, using RAF inhibitors (vemurafenib, dabrafenib or encorafenib) or MEK 

inhibitors (trametinib and selumetinib) in the clinic for KRAS-driven cancers either alone or in 

combination with chemotherapy have not been successful enough to warrant FDA approval, 

mainly due to resistance mechanisms that involve RAF1 and ERK re-activation, as mentioned 

previously. Several preclinical studies have tested MEK inhibitors with drugs targeting other 

pathways such as SHP-2/SOS, EGFR tyrosine kinase activity, Janus kinase, autophagy, etc., 

highlighting the potential for combination therapy in KRAS-mutant cancer (Drosten & Barbacid, 

2020; Ryan & Corcoran, 2018). In mouse models of KRAS-mutant lung cancer, NVP-BEZ235, a 

dual pan-PI3K and mTOR inhibitor treatment alone did inhibit tumor growth, but tumor regression 

was achieved with cotargeting with MEK inhibitors (Engelman et al., 2008). However, co-

targeting MEK and PI3K activities in the clinic are met with significant toxicities.  

 

Several preclinical studies have established the importance of targeting autophagy downstream of 

mutant RAS (Mancias & Kimmelman, 2011). Autophagy inhibitors (chloroquine and its derivative 
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hydroxychloroquine) are already in clinical use and are now being tested in various cancers 

including pancreatic cancers (A. D. Cox et al., 2014; Ryan & Corcoran, 2018). Targeting 

glutamine dependency in KRAS-mutant cancers has shown preclinical potential by development 

of glutaminase enzyme inhibitor CB-839 (Mukhopadhyay et al., 2020). CB-839 is being tested in 

the clinic for many solid tumors, but not for KRAS-mutant CRC. KRAS-mutant cells were 

selectively lethal to oxidized form of vitamin C, which entered cells in a GLUT1-dependent 

manner. KRAS mutant cells were associated with more GLUT1 expression (Yun et al., 2015). 

Hence, vitamin C is currently being tested in several mCRC clinical trials.  

 

Synthetic lethal approach has gained significant attention over other approaches, with the intention 

of finding ‘Achilles heel’ targets specific for mutant over wild-type RAS.  Using siRNA or shRNA 

libraries in cells addicted or not to the KRAS oncogene, several synthetic lethal effectors, such as 

cell cycle and survival genes [baculoviral IAP repeat containing 5 (BIRC5) or survivin, anaphase-

promoting complex/cyclosome (APC/C), Wilms' tumor 1 (WT1), BCL-xL], transcriptional factors 

[guanine adenine thymine adenine binding protein 2 (GATA2) and SNAI2], etc., have been 

identified (A. D. Cox et al., 2014). Notably, TANK-binding kinase 1 (TBK1) was identified as 

synthetic lethal in an shRNA screen for cell lines expressing mutant KRAS compared to wild-type 

counterpart. Loss of TBK1 expression reduced tumor growth of KRAS-mutant xenografts in vivo, 

and BCL-xL was deemed important for survival of TBK1-sensitive lung cancer cells (Barbie et 

al., 2009). Subsequently, studies have been divisive on the differential essentiality of TBK1 for 

KRAS-mutant CRC, lung and pancreatic cell lines (Muvaffak et al., 2014; Z. Zhu et al., 2014). 

However, combined MEK and TBK1 inhibitors (Z. Zhu et al., 2014) or MEK with BCL-xL 

(Corcoran et al., 2013) were successful in reducing survival of KRAS-mutant tumors. With the 

development of pooled CRISPR/Cas9 libraries, the search for RAS-specific synthetic lethal 

pathways have been uplifted. Using this new technology, five genes [Ras-converting enzyme 1 

(RCE1), Isoprenylcysteine Carboxyl Methyltransferase (ICMT), RAF1, SHOC2 and 

PtdIns(3,4,5)P3-dependent Rac exchanger 1 (PREX1)] were found essential in the context of 

oncogenic RAS in acute myeloid leukemia cells (Tim Wang et al., 2017). Other groups have 

applied this principle to other KRAS-mutant cancers, including CRC (Yau et al., 2017). In this 

study, genetic knockdown or small molecule inhibition of metabolic genes (NADK, SUCLA2 and 

KHK) was selectively lethal to KRAS-mutant compared to KRAS wild-type xenografts. Notably, 
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the essentiality of these genes was identified in vivo, but not in vitro, highlighting the importance 

of tumor microenvironment to identify new therapeutic targets. As a positive control in such 

CRISPR screens, the KRAS-mutant cells were sensitive to loss of expression of the driving 

oncogene. These screens also have the additional advantage of identifying novel tumor suppressor 

pathways (Huang et al., 2019). Thus, new advancements in technology and recent achievements 

in identifying multiple direct and indirect inhibitors of mutant RAS activity, has instilled a cautious 

optimism to find better and effective ways to curb the oncogenic potential of RAS.  

 

1.8 Probing cancer cell-surface proteomes for therapeutic targets 

Proteins at the cell surface are attractive and accessible targets for immunotherapy. They are 

especially convenient for the design of monoclonal antibodies, which do not permeate plasma 

membrane, unlike small molecule inhibitors. A comprehensive mutational profiling of cell-surface 

coding genes in a panel of CRC lines uncovered several novel RTKs that could be targeted in CRC 

(Donnard et al., 2014). RTKs play very important roles in cancer, and their increased activity in 

tumorigenesis is often attributed to gene duplications, overexpression, point mutations, etc. 

(Casaletto & McClatchey, 2012). Identification of RTKs has significantly accelerated the race for 

targeted cancer therapies, enabling the development of monoclonal antibodies and tyrosine kinase 

inhibitors against several cell surface receptors, including EGFR, VEGFR, c-MET, etc. 

(Gschwind, Fischer, & Ullrich, 2004). A growing body of evidence suggests that RTKs are subject 

to spatial regulation in cancers. This is a concept that is vastly underappreciated and could likely 

affect the response or sensitivity to targeted therapies (Casaletto & McClatchey, 2012). For 

example, modulating the expression of oncogenic KRAS in human and mouse intestinal cells 

altered cell-surface EGFR levels and diminished sensitivity to cetuximab and EGF stimulation 

(Derer et al., 2012; van Houdt et al., 2010b). Analysis of whole membrane proteomes of clinically 

matched normal versus adenoma and carcinoma CRC tissues revealed that protein fractions 

corresponding to integral PM compartments were downregulated in cancer versus normal cells. 

Beyond RTKs, expression of solute transporters for uptake of sugars and amino acids were also 

upregulated in cancer cells suggesting that cell-surface proteins play critical roles in CRC 

progression (Wiśniewski et al., 2015).  Similar observations were made in an isogenic model that 

progressed form normal cells to oncogenic HRasG12V-transformed cells and ultimately metastasis. 
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Interestingly, in this model, the majority of genes altered enroute to malignancy belonged to the 

PM compartment. Notably, a network of genes involved ECM regulation such as collagens and 

laminins are amongst the most significant RAS-induced cell surface protein changes (Danielsson 

et al., 2013). Other reports have also shown that mutant RAS alters cell surface expression of 

cathepsin B (Cavallo-Medved et al., 2003), SLC1A5 (Toda et al., 2017), and GLUT1 (Pupo, 

Avanzato, Middonti, Bussolino, & Lanzetti, 2019). GLUT1 and SLC1A5 along with other cell-

surface proteins were also identified differentially expressed by isolating and quantifying cell-

surface proteins associated with CRC progression in other studies (de Wit et al., 2012; Wiśniewski 

et al., 2015).  

 

Using a similar methodology, several interesting cell surface proteins were quantified as 

differentially expressed in KRAS-transformed MCF10A breast epithelial cell line versus isogenic 

controls (Ye et al., 2016). As previously seen, a majority of cell-surface changes mediated by 

mutant KRAS at the cell surfaces were downregulated. Notably, majority of these KRAS-mediated 

changes were rescued by MAPK pathway inhibition and not PI3K pathway, consistent with some 

studies in the literature that suggest that MAPK is the more dominant transforming pathway 

downstream of mutant RAS (Donnard et al., 2014). Furthermore, this study also highlighted the 

potential for combining the surfaceome approach with CRISPR/Cas9 technology and antibody 

phage display, to identify functional cell surface proteins that can be therapeutically exploited. 

Consistent with the aforementioned loss of EGFR expression in KRAS-mutant cells, sgRNA-

mediated knockout of EGFR selectively affected viability of KRAS-wildtype rather than mutant 

MCF10A cells. Integrin Beta 5 (ITGB5) and CUB domain-containing protein 1 (CDCP1) were 

new interesting candidates, overexpressed on cell-surfaces of KRAS-transformed MCF10A, and 

identified as essential for cell proliferation via CRISPR assay. Other studies have also reported 

that CDCP1 is overexpressed in many solid cancers and could be therapeutically targeted (Leroy 

et al., 2015). Collectively, all these studies point to the potential of using cell surface proteomics 

to identify new “druggable” proteins that contribute to tumorigenesis. This is important as the 

limited targeted therapeutic options are associated with resistance mechanisms in KRAS-mutated 

CRC.   
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1.8.1 Most popular techniques employed for isolating cell surface proteins 

Historically, isolation of cell surface proteins was carried out using fractionation and centrifugation 

techniques which were associated with low yields and cross-contamination from other organelles 

(Elschenbroich, Kim, Medin, & Kislinger, 2010). These drawbacks paved the way for the 

development of relatively ‘new’ techniques, most popular choices are the cell surface biotinylation 

(CSB) and chemical capture of cell surface glycoproteins. CSB involves selective, covalent 

labelling of proteins with biotin reagents, which are captured post-lysis onto streptavidin-coated 

solid surfaces. These biotin reagents consist of biotin moiety, a spacer (with or without cleavable 

linker unit), and a reactive moiety that interacts with certain chemical groups in proteins. Most 

used biotin reagent of this type is the sulfo- N-hydroxysulfosuccinimide (NHS) -esters, which 

selectively label proteins on exposed lysine residues, a feature that is abundant in most proteins. 

Sulfo-NHS-LC-biotin  has been successfully applied to isolate cell surface proteins in combination 

with quantitative proteomics from several cell types in vitro and in vivo (Elschenbroich et al., 

2010). The advantage of using chemoproteomics to quantify accessible cell-surface proteins 

clinically is well demonstrated by in vivo biotinylation of mice bearing A20 B-cell lymphoma. 

This study uncovered a promising therapeutic target bone marrow stromal antigen 2 (BST-2) that 

is selectively located at lymphoma blood vessels. Inhibition of BST-2 with monoclonal antibodies 

reduced growth of lymphoma xenografts (Schliemann et al., 2010). This technique was also 

successfully employed to quantify differential PM-associated proteins, and identify several cell 

receptors and cell adhesion molecules in metastatic versus primary CRC cells (Luque-García et 

al., 2010).   

 

Comparison of different biotinylation methods to quantify cell surface proteins produced the most 

reproducible and high purity (~68%) results with amino-oxy-biotin (Weekes et al., 2010). Majority 

of cell surface proteins are glycosylated, and this is exploited by another labeling strategy called 

cell surface capture (CSC). CSC introduces an aldehyde group to sialic acid side chains of glycan 

residues on PM proteins by a selective periodate-enabled oxidation step. The next step is aniline-

catalyzed oxime ligation reaction to stably attach amino-oxy-biotin to the aldehyde group. The 

success of using this reagent with proteomics was demonstrated in a model of Ras-induced 

senescence. A significant number of cell-surface proteins were enriched (~78% purity) and Notch1 

was identified as upregulated at the cell surfaces of senescent cells.  Novel non-canonical signaling 
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by Notch contributed to many facets of oncogene-induced senescence (Hoare et al., 2016). The 

protocol used to isolate biotinylated cell-surface proteins by either sulfo-NHS-biotin ester or 

amino-oxy-biotin was significantly improved to obtain consistently high yields and purity of PM 

proteins. While sulfo-NHS-biotin isolated more total PM proteins (~49%), amino-oxy-biotin had 

the highest purity of PM proteins versus intracellular proteins (~74%). This study successfully 

developed a reliable and reproducible protocol for routine isolation of PM proteins (Hörmann et 

al., 2016). Altogether, significant advancements in the labeling strategies combined with mass 

spectrometry has facilitated the quantification of several druggable cell surface proteins.  

 

2 Altered levels of copper in the pathology of genetic diseases including cancer 

Metal ions are vital for several cellular functions. They are essential for biochemical reactions and 

serve as cofactors to many biological processes, including transcription, DNA repair and 

enzymatic activity. The importance of trace metals in biology is further highlighted by the fact that 

altering their levels leads to several human disorders including cancer (C. R. Ferreira & Gahl, 

2017; Serra, Columbano, Ammarah, Mazzone, & Menga, 2020). Several studies have reported that 

serum copper (Cu) levels and ceruloplasmin (CP) oxidase activity are increased in tumor tissues 

compared to matched control, in various types of cancer including lung, breast, gastrointestinal, 

and prostate (Habib, Dembinski, & Stitch, 1980; Linder, Moor, & Wright, 1981; Nayak, Bhat, 

Upadhyay, & Udupa, 2003; Rizk & Sky-Peck, 1984; Turecký, Kalina, Uhlíková, Námerová, & 

Krizko, 1984). CP is a serum glycoprotein consisting of six-seven copper atoms per protein, which 

utilizes 90% of dietary Cu for its activity. Linder et al., showed that activity and production of Cp 

is increased in rats with tumors (Linder, Bryant, Lim, Scott, & Moor, 1979), and the rate of 

intestinal Cu absorption is increased in tumor-bearing rats compared to normal rats (Cohen, 

Illowsky, & Linder, 1979). Using radioactive labelled Cu64, the same group demonstrated that Cu-

bound to Cp was readily taken up by tumor cells with similar uptake kinetics as unconjugated Cu, 

suggesting copper-bound Cp could be a potential Cu source for cellular uptake. Notably, tumor 

tissues absorbed the bulk of radiolabeled Cu compared to normal tissues, suggesting an accelerated 

import of Cu to tumors (C. H. Campbell, Brown, & Linder, 1981). Abnormal levels of Cu are also 

a consequence of inherited genetic disorders such as Wilson’s, Menkes, Occipital horn syndrome 

which are lethal in children if not intervened early. Clinical manifestations of Wilson’s disease 
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include abnormal accumulation of Cu in liver and brain, with decreased CP and Cu levels in the 

blood serum for both Wilson’s and Menkes disease. In Menkes patients, activities of Cu-dependent 

enzymes are diminished due to defective incorporation of Cu. The genes implicated in these 

disorders were discovered to be copper-exporting ATP7B (Wilson’s disease) and the closely 

related ATP7A (Menkes disease) (C. R. Ferreira & Gahl, 2017). Given its role in regulating the 

activity of ferroxidases, Cp and hephaestin, mice deficient for dietary copper exhibited classical 

symptoms of anemia that can be reversed by Cu-supplementation (Tao Wang et al., 2018). 

Consequently, iron homeostasis and distribution are affected in the absence of Cu. CP is required 

for the release of iron from reticuloendothelial storage sites. CP is also essential for the oxidation 

of ferrous to ferric iron facilitating incorporation into the iron transport protein transferrin (C. R. 

Ferreira & Gahl, 2017). Interestingly, rats fed with a diet rich in iron had impaired growth and 

exhibited low serum and tissue Cu levels, which was reversed by Cu supplementation (Ha, Doguer, 

Wang, Flores, & Collins, 2016), suggesting an overlap in iron-copper metabolism. Owing to the 

fact that brain contains high levels of Cu, Cu is involved in the pathogenesis of neurological 

disorders including Alzheimer’s, Parkinson’s disease, amyotrophic lateral sclerosis and 

Huntington disease (Desai & Kaler, 2008). Therefore, disruption of metal ion homeostasis can 

contribute to serious metabolic disorders, and their roles in tumor biology is an understudied 

subject.  

 

2.1 Cu-binding proteins play diverse biological roles in mammalian cells 

While copper deficiency leads to incomplete growth, excess copper can be damaging to cells. 

Systemic copper deficiency resulted in anemia and stunted body growth of rats (Ha et al., 2016). 

Free Cu generates hydroxy radicals and reactive oxygen species (ROS) that are responsible for 

lipid peroxidation in membranes, direct oxidation of proteins, and cleavage of DNA and RNA. 

When present in excess, it can also compete with other essential metals such as ferrous-Sulfur 

clusters and zinc (Zn), affecting structure and/or activity of metalloproteins (Festa & Thiele, 2011). 

Notably, excess Cu can interfere with the activity and structure of Zn-dependent p53 protein 

(Tassabehji, VanLandingham, & Levenson, 2005). Copper can exist in oxidized Cu(II) and 

reduced Cu(I) states enabling its use as a cofactor in redox chemistry. They serve as sites of 

electron transfer between proteins and catalyze the activity of cuproenzymes required for growth 
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and development. Copper is required for myriad cellular functions ranging from neurotransmitter 

production, mitochondrial respiration, pigment formation, and connective tissue strength, to name 

a few. Studies have shown that levels or activity of cuproenzymes, implicated in some of these 

biological functions, including CP, copper/zinc superoxide dismutase (SOD1), cytochrome c 

oxidase (CCO), and lysyl oxidase (LOX) could serve as clinical markers for copper deficiency 

(Desai & Kaler, 2008). Amongst the clinical features of Wilson patients, mitochondria are often 

observed as swollen and disorganized. Other in vivo models have shown that  exposure excess Cu 

or chronic Cu-deficiency exhibit irregular mitochondria morphology (J R Prohaska, Downing, & 

Lukasewycz, 1983; L. Zeng, Ai, Zhang, & Li, 2020). Mitochondria contains two major 

cuproenzymes - CCO and SOD1. SOD1 converts superoxide anions to peroxide, playing critical 

roles in ROS scavenging. Cu-deficient rats displayed reduced activity and levels of SOD1 in 

various tissues, suggesting post-transcriptional regulation of SOD1 by Cu (Joseph R Prohaska, 

Geissler, Brokate, & Broderius, 2003). CCO is located at the inner membrane of mitochondria and 

is required for the mitochondrial ETC activity and ATP production. Copper deficiency or 

overloading affected the activity and expression of CCO and interfered with mitochondrial 

respiration (Sokol, Devereaux, O’Brien, Khandwala, & Loehr, 1993; H. Zeng, Saari, & Johnson, 

2007). Another Cu-dependent oxidase enzyme LOX is required for formation and stabilization of 

connective tissue. Their primary role is to convert lysine residues in collagen and elastin to reactive 

aldehydes during ECM remodeling. Cu-dependent tyrosinase regulates pigmentation and melanin 

production. Activity of both LOX and tyrosinase are defective in Menkes patients (C. R. Ferreira 

& Gahl, 2017), and the associated mice model (Y. Wang, Zhu, Weisman, Gitlin, & Petris, 2012), 

displaying clinical symptoms of connective tissue malformation and hypopigmentation patches. 

Some of the well-known Cu-binding proteins and their roles in biology are listed below. 

Table 1.2. Summary of Cu-binding proteins and enzymes in humans and their 
biological functions 

ENZYME/PROTEIN FUNCTION 

Cytochrome c oxidase 

(CCO) 

Mitochondrial oxidative phosphorylation, ATP production 

Cu/Zn superoxide dismutase 

(SOD1) 

Free radical detoxification 
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Tyrosinase Melanin synthesis, pigmentation 

Ceruloplasmin (CP) Ferroxidase: Fe loading onto transferrin, anemia 

Lysyl oxidase (LOX) Crosslinking of collagen and elastin, cell-cell contact, ECM 

modeling 

Lysyl oxidase-like proteins 

(LOXL) 

E cadherin silencing and EMT, ECM modeling 

Hephaestin Ferroxidase for ferroportin-mediated iron efflux, iron anemia 

Dopamine −hydroxylase Norepinephrine synthesis 

Copper amine oxidase 

(SSAO) 

Deamination of primary amines to aldehyde, immune response. 

Fat metabolism 

Diamine oxidases Degrade histamine 

Peptidylglycine -aminating 

monooxygenase 

Activation/maturation of neuropeptides 

X-linked inhibitor of 

apoptosis protein (XIAP) 

Inhibitor of apoptosis, inhibition of caspases 

Glucose oxidase Pentose phosphate pathway oxidoreductase 

Coagulation factors V and 

VIII 

Blood coagulation, Hemophilia 

Mitogen activated kinase 

(MEK) 1/2 

Signal transduction, activation of MAPK pathway 

Amyloid precursor protein Neuronal development, associated with Alzheimer’s disease 

Antioxidant Protein 1 

(ATOX1) 

Metallochaperone that delivers Cu to ATP7A/ATP7B, aids in 

cuproenzyme maturation and cu export 

ATP7A Cu export, cuproenzyme maturation and Cu loading 



58 
 

CTR1 High-affinity cellular import 

CCS Metallochaperone transfer Cu to SOD1 

COX17 Metallochaperone that transfer Cu to SCO1 and COX11 in 

mitochondria for delivery to cytochrome c oxidase 

Glutathione (GSH) Metallochaperone transfers Cu to MT, Cu detoxification 

Metallothionein (MT) Sequesters Cu in cytoplasm, Cu detoxification 

 

2.2 Charting the trajectory of Cu in the body 
2.2.1 Cellular Cu uptake mechanisms 

Dietary Cu is primarily absorbed through the mucosal wall of enterocytes in the small intestine. In 

portal circulation, Cu(II) is carried by the albumin-histidine complex (containing ~18% total Cu), 

and is released as Cu-histidine serving as a donor of Cu for tissues along with CP and α2-

macroglobulin (containing ~12% total Cu), another major source of exchangeable Cu. The 

remaining exchangeable Cu is bound to CP. Except for the liver, both CP and histidine are said to 

release Cu at the cell surface and not penetrate the PM (Harris, 2000; van den Berghe & Klomp, 

2009). One mode of high-affinity (Km~1-5 µM) transport of Cu through PM of intestinal epithelial 

cells or other cells is via an importer CTR1 (SLC31A1) that is well-conserved from yeast to humans 

(Öhrvik & Thiele, 2014). Strains lacking SLC31A1-equivalent homologues had difficulty to grow 

in low-Cu conditions (Nevitt, Ohrvik, & Thiele, 2012). Mice lacking Ctr1 die in utero, and display 

severe developmental deficits (Kuo, Zhou, Cosco, & Gitschier, 2001). CTR1 is a heavily 

glycosylated PM protein, with serine and methionine-rich residues and repeats of MX3M motifs 

(Harris, 2000). Mutational and functional studies in yeast reveal that MX3M motif in Ctr1 is 

critical for Cu uptake, suggesting a Cu(I) coordination state affinity for methionine residues during 

importation (B.-E. Kim, Nevitt, & Thiele, 2008). CTR1 forms a multimeric pore on the PM and 

requires reduction of Cu(II) to Cu(I), and so its maximal activity is dependent on Cu/Fe (iron) 

metalloreductases STEAPs (Nevitt et al., 2012; Öhrvik & Thiele, 2014). Intestinal knockout of 

Ctr1 in mice, affected post-natal growth and iron metabolism implicating the importance of CTR1 

in absorption of dietary Cu (B.-E. Kim et al., 2008).  
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However, we lack more information on the regulatory process that drives Cu(I) transport from the 

diet through CTR1 located at the apical surfaces of brush border microvilli in IEC. Adding to the 

complexity is that CTR1 is located at apical cell membranes only in suckling mice but is relatively 

more intracellular in adult mice (Lutsenko, Barnes, Bartee, & Dmitriev, 2007). Located in 

duodenal enterocytes, is another potential Cu importer- the divalent metal transporter 1 (DMT1). 

Although its primary role is in iron uptake, DMT1 has affinity to several other metals including 

Cu. In several models including CRC line CACO-2 and Drosophila melanogaster, loss of DMT1 

function resulted in Cu intracellular limitation. However, patients with DMT1 mutations exhibited 

defects in iron metabolism with no apparent defects in Cu levels, questioning the role of this 

pathway in Cu uptake (van den Berghe & Klomp, 2009). Although evidence is weak for the role 

of CTR2 in Cu importation, in the absence of CTR1, several studies state that the CTR1-related 

CTR2 can also transport Cu(I) across membranes. Notably, mRNA levels of CTR2 is low 

compared to CTR1, especially in the intestines. CTR2 is more readily located at the membranes 

of vacuoles and intracellular vesicles such as endosomes and lysosomes, but expression of cell-

surface directed Ctr2 does rescue growth defective phenotype of yeast strains lacking Ctr1 in low 

Cu conditions. Cell-surface import of Cu by CTR2 is ~20-fold less than CTR1 (van den Berghe & 

Klomp, 2009).  Similar to the functional requirement of CTR1 on six-transmembrane epithelial 

antigen of the prostate (STEAP), phenotype rescue by Ctr2 in low Cu conditions was dependent 

on the expression of yeast ferroreductase, Fre6 (Rees & Thiele, 2007). Studies in mice also show 

the existence of an additional low-affinity (Km ~ 10 µM) Cu uptake pathway that is not yet 

characterized (B.-E. Kim et al., 2008). This suggests existence of multiple mechanisms of Cu 

uptake besides the high affinity importer, CTR1.  

 

2.2.2 Intracellular transport of Cu by chaperones 

Once inside cells, Cu binds to cytosolic proteins such as ATOX1, copper chaperone for SOD1 

(CCS), and C oxidase 17 copper chaperone (COX17) rapidly as free Cu is toxic to cells. The 

current understanding is that Cu moves between organelles and via cell membranes bound to Cu-

delivering proteins. Yeast studies have demonstrated that metallochaperones function to prevent 

intracellular scavenging of Cu, and enable Cu availability for Cu-dependent functional proteins 

(T. D. Rae, Schmidt, Pufahl, Culotta, & O’Halloran, 1999). This suggests that free Cu ions in cells 
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are highly limited, and cuproenzymes are not activated by free Cu ions. Cox17 was initially 

identified in yeast as necessary for mitochondrial respiratory complex IV (CCO) assembly and can 

bind up to four Cu(I) atoms. Cox17 along with Cox11 and synthesis of cytochrome c oxidase (Sco 

1/2) proteins are essential for copper transfer to CCO in mitochondria (Horng, Cobine, Maxfield, 

Carr, & Winge, 2004). Without Cu as cofactor, SOD1 is catalytically inactive and SOD1-deficient 

cells are unable to protect themselves against oxidative stress. Cu-chaperone CCS is structurally 

similar to SOD1 and transfers Cu to SOD1 via direct physical interaction (B.-E. Kim et al., 2008; 

T. D. Rae et al., 1999). Although yeast strains lacking Ccs are defective in SOD1 activity, this is 

overcome by exogenous Cu suggesting additional Ccs-independent mode(s) of SOD1 activation 

by Cu (T. D. Rae et al., 1999). Another Cu chaperone glutathione (GSH) has been shown to load 

Cu onto apo-SOD1 (Harris, 2000). ATOX1 delivers Cu(I) to the secretory compartment, where it 

binds to metal-binding domain (MBD) repeats with the consensus GMTCXXC motif at the N-

terminal segments of copper exporters ATP7A and ATP7B (Wernimont, Huffman, Lamb, 

O’Halloran, & Rosenzweig, 2000). It was shown using yeast homologue of ATP7A/ATP7B, Ccc2, 

which is located at the outer membranes of TGN, that it receives Cu (I) ions from ATOX. Cu ions 

are then pumped into the compartment by Ccc2 via unknown mechanisms for loading onto 

cuproenzymes (Banci, Bertini, Chasapis, Rosato, & Tenori, 2007). Once inside the secretory 

lumen, the steps needed to load Cu onto apoenzymes in unclear. Studies using Cp show that 

apoenzymes traversing the secretory pathway may acquire Cu directly without local Cu-

chaperones (B.-E. Kim et al., 2008). Atp7a and Atox1 knockout mice display decreased SOD3 

activity and expression, supporting the role of these Cu-chaperones in regulating the function of 

cuproenzymes in TGN (Jeney et al., 2005; Qin, Itoh, Jeney, Ushio-Fukai, & Fukai, 2006).  

Furthermore, activity of essential enzymes such as CCO, CP, dopamine-beta-hydroxylase, and 

tyrosinase are deficient in mice lacking Atox1 or Atp7a (I Hamza et al., 2001; Hunt, 1974; Phillips, 

Camakaris, & Danks, 1986). ATP7B can also deliver Cu to apo-CP (Terada et al., 1998). 

Consequently, yeast strains lacking ctr1 or ctr3 are respiratory-deficient, oxidative stress-sensitive 

and iron deficient, suggesting a dearth of intracellular Cu levels to support these functions (Rees 

& Thiele, 2007).  

 

Most of the Cu in intestinal cells is tightly bound to cysteine-rich Cu-chaperones such as 

metallothionein (MTs) and GSH (Hunt & Port, 1979). Cu(I) bound to GSH is present at high 
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intracellular concentrations and could potentially convey Cu to MTs. Both these chaperones play 

a crucial role in intracellular metal detoxification (Calvo, Jung, & Meloni, 2017; A. M. Ferreira, 

Ciriolo, Marcocci, & Rotilio, 1993; Harris, 2000). Levels of cellular GSH correlate with rate of 

Cu uptake and exchangeable pool of Cu. Gsh levels are altered in Cu-deficient rats and required 

for biliary excretion of Cu. Besides MTs, GSH is also implicated in Cu transfer to other apo-

enzymes including CP, SOD1, and hemocyanin (Harris, 2000). Reducing Gsh levels in Cu-

deficient rats increased intracellular Cu levels in hepatocytes which were not bioavailable to 

circulation, suggesting that in liver GSH serves to mobilize Cu stores for systemic supply (Nevitt 

et al., 2012). Mammalian MTs are composed of various isoforms, the major isoforms MT-1 and 

MT-2, predominantly bind Cu, but also have affinity for other metals including Zn and cadmium. 

Interestingly, MT binding to Zn is readily exchanged for Cu, when sufficiently amount of the 

metals are present (Gudekar et al., 2020). MT increase in several tissues, including the intestines, 

in response to systemic changes in Cu levels (Calvo et al., 2017; Kelly & Palmiter, 1996). Mice 

lacking Mt in the Atp7a-mutant background, lacked Cu tolerance compared to Mt-sufficient 

littermates. Loss of Mt and Atp7a collectively accumulated Cu levels, and loss of Mt alone altered 

Cu homeostasis. Similar results are observed in cultured cells lacking MTs in vitro. Growth defect 

of ATP7A/MT-deficient cells were rescued by chelating Cu with bathocuproine disulfonate 

(BCS), suggesting that MTs are critical to protecting cells from cuproptosis (Gudekar et al., 2020; 

Kelly & Palmiter, 1996). Taken together several Cu-binding proteins play a concerted role in 

maintaining Cu bioavailability and delivery within cellular compartments, but there are lot of gaps 

in our understanding of Cu homeostasis in cells (B.E. Kim et al., 2008).  

 

2.2.3 Exporting Cu out of cells  

Interestingly, Atp7a and Atox1 knockout mice accumulate Cu in the intestine and kidney but lack 

Cu in brain and liver and exhibit post-natal lethality and mortality. This Cu accumulation in 

intestines has been shown to be due to a defect in Cu egress out of cell and not uptake, resulting in 

Cu deficiency in other organs (I Hamza et al., 2001; Hunt, 1974; Packman, 1987; Phillips et al., 

1986). The in vivo results were recapitulated in IEC-6 cells, wherein knockdown of Atp7a 

hyperaccumulated Cu (Gulec & Collins, 2014). This suggests that ATP7A is essential for 

supplying diet-sourced Cu out of the intestines to other organs that utilize Cu. While ATP7A is 
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implicated in the biosynthesis of various metalloenzymes in the TGN, excess Cu causes the 

translocation of ATP7A to cell periphery (M J Petris & Mercer, 1999; M J Petris et al., 1996). As 

previously mentioned, excess Cu is a ROS inducer and ATP7A-overexpressing cells had an 

increased propensity to resist cuproptosis (excess Cu-ion induced cell apoptosis). Cu-resistant 

variants of chinese hamster ovary (CHO) cells maintained low intracellular Cu even in the presence 

of high exogenous Cu. This was attributed to overexpression of ATP7A and an increased rate of 

Cu efflux (Camakaris et al., 1995). This cell-surface localization of ATP7A due to changes in 

intracellular Cu is abolished in Atox1 mutants, suggesting a role for ATOX1 in this process (Iqbal 

Hamza, Prohaska, & Gitlin, 2003). This way ATP7A plays a major role in shuttling Cu through 

epithelial and endothelial barriers, thereby regulating processes such as intestinal and renal 

absorption of Cu and Cu transport across blood brain barriers (Lenartowicz et al., 2015). Similar 

shuttling mechanisms have been reported for ATP7B, Cu-exporter implicated in the Wilson’s 

disease (Lutsenko et al., 2007; Tuo Wang & Guo, 2006). ATP7B expression is relatively lower 

than ATP7A and is most abundant in liver and less so in the kidneys, placenta, intestines and brain 

(Tuo Wang & Guo, 2006). Liver is a major Cu storage organ (Chun, Catterton, Kim, Lee, & Kim, 

2017), and CP is synthesized and secreted by the liver. Therefore, hepatic Cu is redistributed to 

the plasma by ATP7B via its regulation of Cu loading and maturation of CP in secretory vesicles. 

In line with this, introduction of a full-length ATP7B in the rat model of Wilson’s disease rescued 

the excess Cu-accumulated in liver. These studies also showed that ATP7B regulates the excretion 

of copper from bile (Terada et al., 1999). Taken together, ATP7A and ATP7B proteins play 

mutually exclusive functions of copper loading in the secretory compartment and copper export 

from cells, both these functions are also critically dependent on the ATOX1 Cu chaperone protein. 

Physiologically, symptoms of Menkes disease arise due to the inability of ATP7A to pump Cu 

across basolateral membrane of intestinal epithelial cells disrupting systemic Cu supply, 

highlighting the importance of Cu efflux role of ATP7A.   
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Figure 1.10. Schematic representation of Cu homeostasis in intestinal epithelial cells (IEC) 
Cu (blue circles) is absorbed by the intestines bound to proteins such as albumin, ceruloplasmin 
in serum. Cu is primarily imported into cells as Cu(I) by high-affinity CTR1 importer, a process 
dependent on STEAP family of metalloreductases which reduce Cu(II) to Cu(I). If intracellular Cu 
increases, CTR1 is downregulated via endocytosis into vesicles to reduce Cu importation. 
Alternatively, cell-surface CTR1 increases during Cu starvation. CTR1 or the related Cu importer 
CTR2 are also thought to mobilize Cu from intracellular vesicles. Once inside, Cu is carried to 
respective compartments by Cu-binding chaperones (grey circles). COX17 transports Cu to SCO 
and COX11 complexes in mitochondria driving Cu supply to electron transport chain (ETC) 
enzyme cytochrome c oxidase (CCO). CCS chaperone supplies Cu to the antioxidant enzyme 
Cu/Zn superoxide dismutase (SOD1). ATOX1 transports Cu to Cu-exporting ATP7A and ATP7B 
proteins in the secretory compartments of trans-Golgi network (TGN). ATP7A and ATP7B imports 
Cu into secretory vesicles for loading onto cuproenzymes. If intracellular Cu increases, ATP7A 
translocate from TGN to cell periphery via vesicles to export Cu to extracellular milieu. 
Alternatively, Cu starvation decreases cell-surface associated ATP7A.  Intracellular exchangeable 
pools of Cu are likely stored in glutathione (GSH) and metallothionein (MT) which are also crucial 
for metal detoxification. 
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2.2.4 Potential intracellular stores of Cu 

The mechanisms regulating Cu reserves inside cells needs more investigation. Intriguingly, Cu 

that enters hepatocytes become absorbed in cells and only ~40% is subject to efflux. While a 

significant portion is bound to Cu-chaperones as discussed above, evidence suggests that Cu is 

also likely stored in intracellular compartments. It is thought that intracellular Cu-derived from CP 

localize into two distinct compartments- endosomes and clathrin-coated vesicles that merged to 

lysosomes. This suggests that vesicular Cu is a dynamic Cu-transporting organelle inside cells 

(Davidson, McOrmond, & Harris, 1994; Harris, 2000). Yeast vacuoles are somewhat functional to 

mammalian lysosomes. Indeed, studies in yeast show that ctr2 and fre6 metalloreductase work in 

a concerted fashion to mobilize Cu stores from vacuoles to the cytosol via undefined mechanisms 

(Rees & Thiele, 2007). In mammalian cells, CTR2 and CTR1 localize to intracellular organelles 

such as lysosomes and endosomes, but it is yet to be determined if they are functional (B.-E. Kim 

et al., 2008). However, CTR2 mediated Cu transport from lysosomes to cytosol is being considered 

as a possible theory after degradation of Cu-containing proteins in the lysosomes (Polishchuk & 

Polishchuk, 2016). By imaging cells lacking CTR2 with Cu-fluorescent sensors researchers 

showed that Cu accumulated in late endosomes. This study also established a role for CTR1 in 

mobilizing Cu stores out of endosomes (Öhrvik et al., 2013). CTR1 could also be implicated in 

mobilizing Cu stores from endosomes to cytosol, and this could be one of the possible explanations 

as to why intestinal cells lacking Ctr1 hyperaccumulate Cu (Nose, Kim, & Thiele, 2006). MTs 

have been implicated in the storage and delivery of Cu to lysosomes. It is proposed that the acidic 

environment of lysosomes would favor the degradation of MT and displacement of Cu (Polishchuk 

& Polishchuk, 2016). Similarly, yeast mitochondria were reported to contain significantly higher 

unbound-Cu levels, more than the amount that is required for functioning of Cu-dependent 

cuproenzymes. This Cu pool is dynamic and responds to changes in cytosolic Cu levels. Addition 

of exogenous Cu further augments the endogenous Cu pools of mitochondria (Baker, Cobine, & 

Leary, 2017; Cobine, Ojeda, Rigby, & Winge, 2004). Overall, while some minimal lines of 

evidence suggest the existence of intracellular Cu-storing organelles, more studies are needed to 

fortify this theory.  
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2.3 Different ways of regulating Cu-homeostasis proteins by fluctuating Cu levels 

The mRNA coding for CTR1 do not seem to change as an indicator of Cu status. However, cells 

deal with excess Cu by stimulating the endocytosis of cell surface CTR1 into endocytic vesicles, 

reducing further Cu importation (Michael J Petris, Smith, Lee, & Thiele, 2003). Inhibiting clathrin-

dependent endocytosis prevented CTR1 internalization. Other studies have implicated 

macropinocytosis in the degradation of cell surface CTR1 (Holzer & Howell, 2006). CTR1 

internalization is proportional to increasing doses of Cu and silver [Ag(I) is isoelectric to Cu(I)], 

but not Zn or Fe. These experiments also suggest that although there is steady-state expression of 

CTR1 at the cell surface, their levels are constitutively recycled between endocytic vesicles and 

the PM. Alternatively, CTR1 is increased in the intestines of Cu-deficient mice (Chun et al., 2017). 

Chaperone CCS is regulated at the level of protein degradation via a 26S proteasome-dependent 

mechanism. In cultured mammalian cells or rodent models, CCS levels are inversely correlated to 

Cu levels. Rats fed with Cu-deficient diets accumulate CCS levels in liver and erythrocytes, which 

does not correspond to mRNA levels (Bertinato & L’Abbé, 2003). Similarly, cells treated with 

copper chelator also increased CCS levels and stability (half-life ~22 h). In both the cases, addition 

of exogenous Cu and not Fe or Zn prevented the increase of CCS. Alternatively, exogenous Cu 

reduced CCS levels (half-life ~6 h).  In an opposite manner, Cu levels also regulate basolateral 

membrane-associated Cu-dependent protein called hephaestin in colon carcinoma cells. Cells with 

low Cu levels exhibit low hephaestin levels (Nittis & Gitlin, 2004). In IEC-6 cells, exogenous Cu 

increased Atp7a protein levels and not mRNA in a dose-dependent manner. The increase in Atp7a 

levels was attributed to increased stability in presence of Cu (half-life ~41 h) and degraded under 

conditions of Cu-deprivation via the proteasome pathway. The increase in Atp7a in IEC-6 was 

specific to Cu and Ag, but not to other metals (Chun et al., 2017; L. Xie & Collins, 2013). Although 

ATP7A transcript changes are generally not thought to change with respect to Cu levels, one study 

showed that CHO cells chronically exposed to Cu and selected for cuproptosis-resistance increased 

both Atp7a mRNA and protein levels (Camakaris et al., 1995). MTs are regulated transcriptionally 

and induced by metal regulatory transcription factor 1 (MTF-1) transcription factor in response to 

heavy metals (Gudekar et al., 2020). In IEC-6 cells which accumulated Cu upon Atp7a 

knockdown, expression of Mt1a increased in parallel (Gulec & Collins, 2014). Other in vitro and 

in vivo models of Cu accumulation also demonstrate increased transcript levels of MT genes- Mt1a 

and Mt2a, to deal with Cu-toxicity (Packman, 1987; L. Xie & Collins, 2013). Overall, several Cu-
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dependent proteins and genes are regulated in response to fluctuations in intracellular Cu levels, 

and these changes can be used for indirect assessment of Cu levels.  

 

2.4 Structural regulation of ATP7A 

ATP7A and ATP7B are Cu exporters and are classified as members of P-type ATPase family 

based on their conserved functional domains. They are essentially ATP-driven membrane pumps.  

In the context of Cu, high-affinity metal binding triggers the translocation of ATP7A or ATP7B 

to the cell surface and subsequent release to the cell exterior, a process that is driven by the energy 

produced during ATP hydrolysis (Lutsenko et al., 2007). ATP7A and ATP7B share a structural 

core consisting of eight transmembrane-spanning segments (TMS). The N-terminal tail contains 

six repetitive MBD with metal-binding motif GMxCxxC (where x is any amino acid), that serve 

as Cu-coordinating ligands for Cu(I) binding. They also contain protruding cytosolic and soluble 

domains including an N-domain with an ATP-binding site, catalytic P-domain undergoing 

phosphorylation and A-domain with the conserved TGE motif required for dephosphorylation and 

terminating the catalytic process (Lutsenko et al., 2007; Skjørringe et al., 2017). The central step 

in the catalytic process is the transfer of γ-phosphate from ATP to the invariant aspartic acid 

residue in DKTG motif of the P domain, resulting in a transient phosphorylated-intermediate. 

Completion of the autophosphorylation process and ATP hydrolysis (ATP to ADP conversion) 

causes a conformational change that places the Cu-bound TMS in an outward-facing, low-affinity 

state. After Cu release, ATP7A is dephosphorylated and returns to the inward-facing conformation. 

The Cu-chaperone ATOX1 interacts with the N-terminal MBD via the CxxC motif. The 

translocation of ATP7A from TGN to cytosolic vesicles and to the PM, is eventually returned to 

the TGN when Cu levels are restored to manageable levels. At the TGN, a similar mechanism of 

ATP-driven process is proposed for Cu delivery into the secretory lumen for utilization by 

cuproenzymes.  

 

Analysis of disease-associated mutations and in vitro studies using mutant ATP7A and ATP7B 

reveal that several structural elements are necessary for their function. 1) TMS 3 was found to be 

essential for movement from the endoplasmic reticulum to TGN, 2) MBD segments 5 and 6 are 

necessary for the functional activity, 3) C-terminal dileucine motifs (residues 1487–1488), and 4) 
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phosphatase motif (TGE motif, residues 873–878 in the A domain) are necessary for retrieval of 

ATP7A to endosomes as these mutants are essentially trapped in the PM, 5) highly conserved CPC 

residues 1000–1002 from the TMS 6 and, 6) a phosphorylation motif (DKTG; residues 1044–

1047) are essential for Cu-induced PM trafficking, 7) a C-terminal PDZ motif (D1497TAL1500 

residues) along with di-leucine motif ensures apical membrane expression of ATP7A (Yi & Kaler, 

2014). In addition, nine amino acids F37AFDNVGYE45 in N terminus of ATP7B were shown to 

be essential for TGN retention in low Cu, and for targeting to apical membranes of hepatocytes 

during high Cu conditions. Certain invariant residues in the N-domain that are critical for 

coordination of ATP differ between ATP7A and ATP7B and are indicated in Figure 2.2 

(Braiterman et al., 2009; Lutsenko et al., 2007). 

 

The importance of phosphorylation in regulating trafficking and activity of Cu-ATPases has been 

suggested, after the observation that human ATP7A and ATP7B are phosphorylated on serine 

residues in vitro and in vivo (Veldhuis et al., 2009). Several studies have demonstrated evidence 

of phosphorylation of human and yeast ATP7A by AKT2 and PKA kinases (Sudhahar et al., 2018; 

Valverde et al., 2008). A global study to identify phosphosites in human and hamster ATP7A 

identified 21 novel phosphosites. Although a subset of the sites was phosphorylated in response to 

Cu, only mutations of serine residues 1469 or 1432 at the C-terminal region abrogated Cu-

responsive trafficking to the PM without affecting TGN localization (Veldhuis et al., 2009). A 

wide-panel of patient-derived ATP7A mutants displayed defective post-TGN localization in 

response to Cu. A vast majority of these mutations are present in the P domains which regulate 

phosphorylation, suggesting the importance of this domain in the catalytic function of ATP7A 

(Skjørringe et al., 2017).  Another feature of ATP7A is that it is heavily glycosylated and runs as 

diffuse bands (Yueyong Liu, Pilankatta, Hatori, Lewis, & Inesi, 2010; Yamaguchi, Heiny, Suzuki, 

& Gitlin, 1996). Therefore, inhibiting this post-translational modification with glycosidase or 

tunicamycin altered the mobility of ATP7A and it appears as a sharp band in gels. Intriguingly, 

ATP7B does not seem to be glycosylated in these experiments. This seems consistent with 

presence of N-linked glycosylation motifs in ATP7A but not in ATP7B. These motifs are in the 

cytosolic loops between TMS 1 & 3 and TMS 5 & 6 which are likely exposed to the extracellular 

milieu when ATP7A is PM localized. Pulse chase experiments show that ATP7A is converted to 

a complex, higher molecular weight glycosylated protein after synthesis, consistent with ATP7A 
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localization at the TGN (Yamaguchi et al., 1996). The importance of this post-translational 

modification in proper localization and thus functioning of ATP7A is demonstrated by the mutant 

variant A1364D from the clinical model of Menkes disease, which exhibited a defect in 

glycosylation, and was consequently mislocalized to endoplasmic reticulum (B.-E. Kim & Petris, 

2007). However, very little is known about the post-translational modifications and their effect on 

ATP7A activity as more sophisticated studies are lacking.  

Figure 1.11. Schematic representation of structure of Cu-ATPases 
ATP7A/ATP7B have eight transmembrane spanning segments (TMS) [yellow cylinders] located 
at the plasma membrane (PM) or trans-Golgi network membranes. Located at the N-terminal 
region are the metal binding domains (MBD) [blue cylinders] with the metal binding motifs 
GMxCxxC which bind Cu ions (blue circles) or ATOX1 on the intracellular side. A-domain also 
known as phosphatase domain is characterized by TGE motif that is critical for dephosphorylation 
and turning off efflux activity. P-domain with the conserved DKTG motifs is required for ATP-
driven phosphorylation. N-domain is crucial for nucleotide (ATP) binding. Together P and N 
domains drive ATP hydrolysis and conformational changes that facilitate Cu export. The critical 
invariant residues for ATP coordination are indicated for ATP7B (top) and ATP7A (bottom). PDZ 
motif (D1497TAL1500) and F37AFDNVGYE45 residues at the C-, and N-terminals are required for 
correct localization of ATP7A and ATP7B respectively.  
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2.5 Myriad roles of Cu -regulating proteins in tumorigenesis 

Transcriptome analysis revealed that several Cu homeostasis genes (CHGs) including SLC31A1, 

ATP7A, SOD1, SOD2, SCO1, COX11, STEAP3, MTF1, MTF2, copper metabolism domain 

containing 1 (COMMD1), etc. are increased in tumor samples compared to normal colonic tissues. 

Changes in mRNA levels of SLC31A1, SCO1 and COX11 are also found in CRC cells HCT116, 

HT-29 and CACO-2 (Barresi et al., 2016). Similar study with an extended dataset of CHGs 

reported that ATOX1, LOXL, hephaestin like 1 (HEPHL1) genes are overexpressed in many 

cancers including CRC (Blockhuys et al., 2017). Using a mice model of pancreatic islet cell 

carcinoma, researchers demonstrated that increased Cu in drinking water accelerated tumor growth 

and volume, and this was inhibited by treating the mice1 with the copper chelator, ammonium 

tetrathiomolybdate (TTM) (Ishida, Andreux, Poitry-Yamate, Auwerx, & Hanahan, 2013). Under 

such Cu-limiting conditions, the activity of rate-limiting mitochondrial ETC enzyme CCO was 

severely affected resulting in reduced ATP production, even in the presence of increased glycolysis 

levels. Similar results were obtained in another seminal study which showed the growth of BRAF-

mutant mouse embryonic fibroblasts (MEF) is reduced in mice receiving a Cu-deficient diet 

compared to normal diet. The tumor growth was further reduced in the presence of TTM and a 

similar drug Trientine (Brady et al., 2014).  Both these studies also highlight the potential for 

repurposing clinical copper chelators in curbing tumorigenesis.  

 

2.5.1 CTR1 regulates ERK activation, autophagy and tumor growth 

Recent work from the Donita Brady lab show that genetic ablation of SLC31A1 (CTR1) affected 

in vitro proliferation and in vivo tumorigenesis of BRAF-mutant and NRAS-mutant melanoma cell 

lines (Brady et al., 2014). Not only in melanomas, but growth of a BRAF-driven mice model of 

lung adenocarcinomas is also affected in the absence of CTR1. Similarly, BRAF-wildtype CRC 

cells HCT116 were relatively less sensitive to TTM compared to BRAF-mutant HT29 cells, the 

inhibitory effect in HT29 was rescued by Cu supplementation (Baldari et al., 2019). Attenuated 

tumor growth in the absence of CTR1 was attributed to reduced phosphorylated-ERK 1/2 levels 

in the BRAF-mutant tumors. Notably, treating mice with TTM or genetic ablation of Ctr1 in vivo 

increased survival in a mouse model of melanoma, and this correlated with reduced 

phosphorylated-ERK levels (Brady, Crowe, Greenberg, & Counter, 2017). Similarly, using 
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Drosophila melanogaster S2 and MEF cells, loss of CTR1 expression was shown to impact 

RasG12V or insulin/FGF signaling.  Specifically, ERK signaling was affected over other effectors. 

Notably, Cu-chelation and not Fe-chelation affected ERK phosphorylation suggesting that lack of 

bioavailable Cu affected MEK1/2 activity. In line with this, MEK1 from different cellular sources 

was shown to bind Cu with high affinity in vitro, and exhibit elevated kinase activities with 

increasing concentrations of Cu (Turski et al., 2012). One mechanism of acquired resistance to 

BRAF inhibitors in the clinic is the reactivation of MEK1/2 activity. Notably, activating mutation 

C121S in MEK1 rendered tumors insensitive to BRAF inhibitor vemurafenib in vivo but remained 

sensitive to copper chelation (Brady et al., 2014). In line with this BRAF-mutant melanoma cells 

that were resistant to MEK or BRAF kinase inhibitors were inhibited by TTM. Combining TTM 

with  vemurafenib or with a specific MEK inhibitor trametinib synergistically inhibited adherence-

independent growth of BRAF-mutant A375 cells on soft agar, and the trio combination imparted 

the best inhibitory results (Brady et al., 2017).  

 

Besides a novel role of Cu in activating MEK kinases, the same group also discovered a role for 

Cu in autophagy. A recent work showed that autophagic kinases ULK1 and ULK2 bound Cu 

specifically, but not other ions such as Fe or Zn. The activation of downstream effectors of ULK1, 

autophagic flux and formation of microtubule-associated proteins 1A/1B light chain 3B (LC3)-

positive autophagosomes were inhibited when Cu levels were depleted with TTM or loss of CTR1 

expression. This phenotype persisted even in the presence of amino acid deprivation which serves 

as a positive control for turning on ULK1-mediated downstream effector activation. Notably, 

CTR1 depletion affected growth of an in vivo model of KRASG12D-driven lung tumorigenesis and 

this correlated with decreased autophagic flux, and number of autophagosomes (Tsang et al., 

2020). KRAS-mutant cells are well known to adapt to nutrient-deprived conditions by turning on 

autophagy. This survival advantage was lost in KRAS-mutant lung cell lines if copper levels were 

depleted or ULK1 is unable to bind to Cu. Overall, these results highlight the different roles 

mediated by Cu importation on tumor growth, and the potential to combine copper chelation with 

existing therapies in oncogene-driven tumors. 
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2.5.2 Role of ATP7A in motility, fatty acid metabolism and tumor growth 

Studies demonstrating a role for ATP7A in tumorigenesis are limited. The laboratory of Micheal 

Petris was the first to report that CRISPR/Cas9-mediated knockout of Atp7a diminished in vivo 

growth of HRASG12V-transformed immortalized MEF compared to isogenic cells expressing 

Atp7a. Reduced tumor growth in the absence of ATP7A correlated with increased Cu 

accumulation, suggesting cells did not survive due to cuproptosis (S. Zhu, Shanbhag, Wang, Lee, 

& Petris, 2017). Another recent study by this group reported that LOX and LOX-like (LOXL) 

enzymes which have well documented roles in cancer growth, regulation of ECM and metastasis, 

depend on ATP7A for their activity. LOXL and LOX are reported to be involved in the 

tumorigenesis of several cancer types including but not limiting to breast, colorectal, pancreatic, 

etc. Loss of ATP7A in breast cancer cell line 4T1 and Lewis lung carcinoma cells attenuated 

LOXL activity, which was rescued by overexpression of ATP7A. Like the previous study on MEF, 

knockdown of ATP7A accumulated Cu and reduced tumor growth in vivo. ATP7A-knockout cells 

accumulated excess ROS and were hypersensitive to subtoxic concentrations of ROS-inducing 

hydrogen peroxide (Shanbhag et al., 2019). Similarly, studies show that an HRAS-transformed 

MEF cell line lacking Atp7a, which accumulated more Cu, were also sensitive to hypoxia or 

hydrogen peroxide (S. Zhu et al., 2017). Previously, the Petris group had shown that hypoxia can 

increase the expression of ATP7A and stimulate the post-TGN localization of ATP7A, which is 

reversed with copper chelation. Intriguingly, ATP7A overexpression correlated with HIF-1α 

upregulated cells, suggesting that Cu-driven localization of ATP7A could also be observed in 

hypoxic cells. In support of this, data from the Petris lab showed that hypoxic cells have increased 

levels of Cu, contaminant decreased CCS expression and increased CP activity. Similar increases 

in ATP7A, LOXL activity and Cu levels were made in another model of hypoxia-induced 

pulmonary hypertension (White et al., 2009; Zimnicka et al., 2014). This supports the nature of 

free Cu ions to participate in Fenton-like chemistry and further augment the already hypoxic 

environments of tumors by generating more ROS. Together these data suggest a role for ATP7A 

in regulating and protecting tumor cells from hypoxia. In IEC-6, Atp7a levels is under the 

transcriptional control of hypoxia transcription factor HIF-2α. Culturing IEC-6 cells with cobalt 

chloride or under oxygen-deprived conditions increased Atp7a mRNA levels (L. Xie & Collins, 

2011). In line with the in vitro studies, fish pre-exposed to hypoxia were resistant to cuproptosis 

likely due to increased ATP7A-mediated efflux of excess Cu (L. Zeng et al., 2020). ATP7A is also 
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implicated in regulating the activity of semicarbazide-sensitive amine oxidase (SSAO, also known 

as amino-oxidase copper-containing 3 [AOC3]/vascular adhesion protein 1 [VAP-1]). In 3T3-L1 

adipocytes, both SSAO activity the intracellular Cu levels are increased during differentiation. 

Depletion of Cu levels by TTM or lack of ATP7A expression decreased SSAO activity both in in 

vivo and in vitro models, suggesting the requirement of Cu-loading by ATP7A for SSAO activity 

(H. Yang et al., 2018). In adipocytes, lack of SSAO activity affected fuel metabolism by 

downregulating glycolysis, triacylglycerol and pentose phosphate pathways, while upregulating 

others such as cholesterol biosynthesis. This suggests that Cu-dependent SSAO is a regulator of 

energy utilization in adipocytes. Additionally, inhibition of VAP1 with inhibitors or knockdown 

reduced tumor growth and metastasis in several in vivo models, apparently by reducing the tumor 

infiltration of immunosuppressive myeloid cells (Salmi & Jalkanen, 2019). In conclusion, several 

lines of evidence suggest that ATP7A may regulate tumorigenesis by regulating activity of 

cuproenzymes in motility and metabolism, besides protecting cells from cuproptosis. 

 

2.5.3 Role of Cu-transporters in mediating sensitivity to platinum-based chemotherapy 

Interestingly, patients with advanced stage cancers including breast, lung and colon, that did not 

respond to chemotherapeutics such as doxorubicin and 5-fluorouracil, exhibited increased copper 

levels in their serum compared to the responding counterparts (Denoyer, Masaldan, La Fontaine, 

& Cater, 2015). This suggests that Cu could mediate resistance to chemotherapy. Increased levels 

of ATP7B in CRC patients post-treatment with oxaliplatin were associated with lower PFS when 

compared to those with lower ATP7B levels (Martinez-Balibrea et al., 2009).  In the first study 

that demonstrated that Cu-transporters are associated with resistance to platinum-based drugs, cells 

were selected for resistance to cisplatin (DDP) and were coincidentally found to be resistant to 

cuproptosis. Interestingly, treating cells with increased concentrations of Cu reduced intracellular 

accumulation of DDP, and DDP-resistant cells overexpressed either ATP7A or ATP7B (Katano 

et al., 2002; Safaei et al., 2004). In several breast cancer cell lines, ATP7A-low expressing cells 

were more sensitive to DDP compared to ATP7A-high cells in vitro (Chisholm et al., 2016). 

Similarly in vivo, HRAS-transformed MEF knocked out for Atp7a were more sensitive to DDP 

and displayed reduced tumor growth compared to Atp7a-expressing tumors (S. Zhu et al., 2017). 

Moreover, TTM treatment had an additive effect along with DDP to increase apoptosis and inhibit 
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tumor growth in vivo. Further experiments to determine if there were differences in ATP7A and 

DDP localization showed that DDP-resistant cells expressing high levels of ATP7A excluded DDP 

from the nucleus. TTM treated cells not only reduced ATP7A levels, but also increased nuclear 

DDP levels (Chisholm et al., 2016). Interestingly however, although ATP7A-high cells were 

resistant to DDP or carboplatin, they accumulated more platinum content than ATP7A-low, 

sensitive cells. This suggests that instead of increased efflux of platinum drugs in a mechanism 

similar to Cu export during  cuproptosis, Cu-ATPases might sequester the drugs and exclude them 

from forming DNA adducts in the nucleus (Samimi, Katano, Holzer, Safaei, & Howell, 2004).  

 

Another set of studies point to a role of Cu-importer CTR1 in DDP-resistance. Yeast strain lacking 

ctr1 displayed increased resistance to DDP, which was not observed in strains lacking other CHGs 

including atx1, sco1, cox17, etc. Whereas ATP7A levels are inversely correlated with DDP 

concentration, lack of ctr1 in yeast decreased intracellular DNA-DDP adducts. Interestingly, Cu 

and DDP treatments inhibited each other’s uptake in wildtype cells, which was not observed in 

ctr1-deleted strains, suggesting that CTR1 is required for DDP entry into cells. Treatment with 

DDP also reduced ctr1 expression levels, hinting at platinum mediated CTR1 endocytosis in a 

mechanism similar to Cu exposure. These results were also recapitulated in mouse cell lines where 

degree of Ctr1 expression directly correlated with DDP sensitivity and accumulation (Ishida, Lee, 

Thiele, & Herskowitz, 2002). Notably treating mice with TTM increased DDP-DNA adduct levels 

in tumors, probably due to an increase in CTR1 PM levels which occurs after Cu depletion.  

Cotreatment with TTM and DDP additively decreased growth of cervical tumors compared to 

individual treatments, suggesting that TTM holds potential for overcoming resistance to DDP in 

the clinic (Ishida, McCormick, Smith-McCune, & Hanahan, 2010). Besides CTR1 and ATP7A, a 

few studies have also shown that Cu-chaperone ATOX1 can transiently bind DDP and undergoes 

degradation (Dolgova et al., 2017; Palm et al., 2011). Since the discovery of a connection between 

Cu levels and response to cisplatin, we have come a long way to understand the roles played by 

Cu-regulating proteins in mediating resistance to platinum-based therapy. But more elegant studies 

and detailed investigations are needed to answer critical gaps in these studies, such as mechanisms 

of importation of cisplatin by CTR1, and confirmation of sequestration and efflux of cisplatin from 

cells by ATP7A.  
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2.5.4 Well established roles of Cu in angiogenesis  

The implication of Cu in angiogenesis gained attention when Cu salts stimulated angiogenesis and 

endothelial cell migration (McAuslan & Reilly, 1980). Using an in vivo model of cornea 

angiogenesis, researchers noticed that Cu levels were concentrated in cornea during 

neovascularization, and Cu-deficient animals were unable to stimulate cornea angiogenesis (Ziche, 

Jones, & Gullino, 1982). Interestingly, the same group showed that several fragments of CP, 

provided they contained Cu ions, were able to stimulate cornea angiogenesis (Raju, Alessandri, 

Ziche, & Gullino, 1982). Since then numerous studies have explored the option of using Cu 

chelation to inhibit angiogenesis. Using an in vivo model for brain tumors, researchers identified 

that Cu-sufficiency were necessary for formation of large vascularized carcinomas. Cu deficiency 

affected several parameters of angiogenesis including endothelial cell turnover, microvascular 

density, and vascular permeability (S. S. Brem et al., 1990). These results were reproduced in 

another in vivo study using rat glioblastoma xenografts, wherein invasiveness and pseudopodia-

like extensions at the tumor-matrix border were reduced in animals treated with low Cu diet and 

penicillamine (S. Brem, Tsanaclis, & Zagzag, 1990). Notably, Cu can stimulate the biological 

activity of angiogenin, a critical factor in the formation of blood vessels (Soncin, Guitton, 

Cartwright, & Badet, 1997). Several preclinical studies then repurposed the use of Cu chelation as 

antiangiogenic therapy for cancers including head and neck cancer (C. Cox et al., 2001), 

hepatocellular carcinoma (J. Yoshii et al., 2001), breast cancer (Pan et al., 2002), and lung cancer 

(M. K. Khan et al., 2002). Although limited, some phase I clinical trials have tested or are currently 

testing the feasibility of Cu chelation as an antiangiogenic therapy (Denoyer et al., 2015).  

 

2.6 Cu-targeting drugs in cancers 

Anti-Cu agents such as TTM, choline tetrathiomolybdate (ATN-224), trientine, D-penicillamine 

have been successfully used in clinic for treating Wilson’s and Menkes diseases. Several 

preclinical studies have shown that these agents have strong chemotherapeutic properties and that 

has paved way for clinical trials in cancer employing Cu chelation (Baldari, Di Rocco, & Toietta, 

2020). Use of TTM and trientine have overtaken the older D-penicillamine primarily due to the 

latter’s association with hematologic, neurological and renal toxicities. On the other hand, TTM is 

well tolerated during long term treatments with minimal side effects including nausea, leucopenia, 
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anemia which are all reversable. Several studies have demonstrated the efficacy and safety of TTM 

in vivo (G. Khan & Merajver, 2009). TTM has a different mechanism of action compared to 

penicillamine. The former forms a trimeric complex with Cu and Cu-binding proteins rendering it 

non-bioavailable.  Because TTM bound to Cu-proteins remains in the plasma, measurement of 

serum CP levels is a relatively better surrogate for evaluating TTM efficacy compared to total Cu 

measurements (Gartner et al., 2009; G. Khan & Merajver, 2009). Whereas penicillamine has the 

potential to reduce Cu(II) to Cu(I), altering its binding to Cu-chaperones, and effectively 

mobilizing and clearing out Cu into the urine. In preclinical stage, TTM was very effective in 

reducing tumor volume, angiogenesis and distant metastasis in head and neck, and breast cancers. 

In phase II clinical studies in highly angiogenic, metastatic CRC (Gartner et al., 2009) and renal 

cell carcinoma (Redman et al., 2003). TTM was well tolerated either alone or in combination with 

chemotherapy. In both cases, patients receiving TTM had modest disease control, and VEGF levels 

correlated with disease-free progression, warranting the need to examine other regimens and 

approaches to improve TTM efficacy in clinic. In a phase II study, subjects with resectable, 

aggressive esophageal cancer were administered TTM post-treatment with chemotherapy, 

radiotherapy and surgery for two years. Three-year PFS and OS rates were 44% and 45% 

respectively. The most impressive OS and PFS results with TTM in preclinical studies were 

achieved in breast cancer patients with high risk for recurrence. In preclinical mouse models, TTM-

mediated reduction of CP levels correlated well with decreased LOXL2, and collagen density in 

premetastatic lungs, suggesting that TTM can modify tumor microenvironments in vivo (Chan, 

Willis, Kornhauser, Ward, et al., 2017). Trientine was developed as an alternative to patients who 

were refractory to penicillamine and had milder side effects including allergies, swelling and fever. 

Similar to TTM, it can also affect blood vessel formation and endothelial cell migration. ATN-224 

is supposed to be more stable than TTM, given that latter needs to be administered frequently (3-

6 times/day). It is currently in phase III for Wilson’s disease and in phase I for limited cancer 

studies (Baldari et al., 2020; F. Wang et al., 2010).  

Another class of Cu-targeting drugs are copper complexes that induce cell death by generating 

ROS in cancer cells. Casiopeina III-ia is a novel Cu-compound that increased apoptosis of  glioma 

cells and CRC cells via caspase-dependent mechanisms (Carvallo-Chaigneau et al., 2008; Trejo-

Solís et al., 2012). Ionophores usually transport metal ions inside cells across biological 

membranes and between cellular compartments. Disulfram (DSF) is one such ionophore used in 
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clinical trials as an alcohol abuse drug via its irreversible inhibition of alcohol dehydrogenase.  It 

is classified under the dithiocarbamate family, whose members induce apoptosis by increasing 

metal uptake including Cu (F. Wang et al., 2010). The first study to show DSF had specific anti-

cancer activity against melanoma cell lines and not in control melanocytes, also demonstrated that 

its anti-apoptotic activity can be dramatically enhanced by combining nanomolar concentrations 

of DSF with Cu ions (Cen, Brayton, Shahandeh, Meyskens, & Farmer, 2004). Importantly, this 

effect is rescued by chelating Cu-ions. Intriguingly, DSF-Cu treatment exponentially increased 

intracellular concentrations of Cu compared to Cu treatments alone. DSF and Cu form complex 

redox reactions which were not reproduced by combining with other metal ions. It was further 

shown that DSF-Cu compound can inhibit proteasome activity, which mediated apoptosis in breast 

cancer cells MDA-MB-231. DSF-Cu induced apoptosis specifically in malignant MCF10A cells 

and were non-toxic to the isogenic, normal counterparts (D. Chen, Cui, Yang, & Dou, 2006). These 

studies also demonstrated that neither DSF nor Cu alone caused apoptosis at low doses, but the 

combination was dramatically toxic to cancer cells.  Although National Institute of Health (NIH) 

national cancer institute reports that this drug is being tested in clinical trials for pancreatic, 

glioblastomas, and prostate cancers, more studies are needed to determine the specificity and in 

vivo efficacy of DSF in other cancers including CRC. Bis-(thiosemicarbazone)-Cu complexes is 

increased when combined with exogenous Cu, namely glyoxalbis [N4-

methylthiosemicarbazonato]Cu(II) [Cu(II)(GTSM)] and diacetylbis-[N4-

methylthiosemicarbazonato] Cu(II) [Cu(II)(ATSM)] selectively kill prostate cancer cells in vitro 

and in vivo without affecting normal epithelial cells (Cater et al., 2013). These complexes increase 

intracellular bioavailable Cu(II) and inhibits proteasome activity. Cu-ATSM when labeled with 

Cu-radioisotopes is currently being tested clinically to image hypoxic areas of tumors. Cu-ATSM 

rapidly diffuses into different kinds of cells and tumor tissues and selectively accumulates in 

reduced environments such as hypoxia. Tumor uptake of Cu-ATSM correlates with increased 

metastatic potential, poor prognosis, increased hypoxia and hypoxia inducing factor (HIF-1α) 

expression. Additionally, it acts as a theranostic agent as it is subject to radioactive decay and can 

be used as internal radiotherapy. Some studies have also demonstrated its anti-tumor effect in vitro 

and in vivo against hypoxic tumors. Notably in mice treated with 64Cu-ATSM and bevacizumab, 

BRAF-mutant HT29 xenografts grew significantly less compared to bevacizumab only-treated 

mice, highlighting the potential of combining Cu-drugs with conventional therapies in CRC (Y. 



77 
 

Yoshii et al., 2017). Cu ionophores DSF, Cu-ATSM and Cu-GTSM are proposed to affect cell 

viability by inhibiting proteasome function and activity (Gaur et al., 2018). Cu in both oxidation 

states (I) and (II) can interact with the active site of proteasome, affecting its conformation and 

inducing apoptosis (Prachayasittikul, Prachayasittikul, Ruchirawat, & Prachayasittikul, 2013). 

Clioquinol (5-chloro-7-iodo-8-hydroxyquinoline, CQ) is another ionophore showing preference 

for Cu(II) and Zn(II) binding, that has been tested for clinical efficacy in vivo (Ding & Lind, 2009), 

and has a similar mechanism of action involving proteasomal system (Gaur et al., 2018; 

Prachayasittikul et al., 2013). Taken together, several lines of evidence suggest that drugs which 

modulate Cu levels could be repurposed and tested for cancer therapy. Future studies might 

uncover novel Cu-disrupting drugs such as small molecule inhibitors of ATP7A that could show 

therapeutic benefits in cancer.  
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3 Thesis objectives 

Although mainstream therapy for CRC (surgery, chemotherapy, monoclonal antibodies against 

EGFR and VEGF, and immunotherapy) is partially successful in increasing disease-free survival, 

their efficacy is marred by poor clinical response, toxicities and resistance mechanisms. Notably, 

a quarter of CRC are diagnosed at metastatic stages which are aggressively associated with 

therapeutic resistance, warranting the need for alternative therapeutic strategies. KRAS is mutated 

in nearly half of CRC, frequently driving resistance against monoclonal antibodies or cell signaling 

inhibitors. Direct or indirect targeting of RAS has been clinically challenging due to compensatory 

mechanisms. Despite efforts, no new therapeutic options have been approved for resistant prone 

KRAS-mutant CRC thus far.  

The primary goal of my thesis was to identify new therapeutic strategies against KRAS-

mutant CRC. Two global proteomic studies comparing primary enterocytes with CRC adenoma 

or carcinoma cancer tissues identified drastic changes in the cell-surface or nuclear proteome, 

revealing several “druggable” protein functional classes at the cell surface (PMID: 22968445, 

PMID: 26245529). Cell surface proteins are an attractive compartment to look for new therapeutic 

targets, due to the ease of accessibility and design of monoclonal antibodies or kinase inhibitors. 

We focused on identifying new therapeutic candidates by quantifying the differential cell 

surface proteome of KRAS-mutant versus non-transformed intestinal cells.  

To this end, the following objectives were designed to achieve this goal: 1. Establish and optimize 

a reliable protocol to isolate and quantify cell surface proteins by proteomics, 2. Identify 

differential cell surface proteins in KRAS-mutant versus KRAS-wildtype intestinal cells, 3. 

Identify which of these differential cell surface proteins functionally contributed to mutant KRAS 

tumorigenesis by using techniques such as CRISPR-Cas9 functional screens, 4. Validate the 

importance and selectivity of identified cell surface candidate in tumorigenesis of various KRAS-

mutant CRC cells and tissues.  

This led to the identification that survival of KRAS-mutant CRC compared to the KRAS-wildtype 

counterparts are selectively dependent on cell surface copper exporter ATP7A. Further work 

revealed that copper metabolism could be targeted in KRAS-mutant CRC by copper chelators such 

as TTM. Growth of KRAS-mutant CRC were significantly inhibited by TTM compared to KRAS-
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wildtype controls. This work was published in Nature Communications (Chapter 2). In chapter 3, 

we performed genome wide CRISPR/Cas9 screen to identify pathways that could be co-targeted 

to potentially increase anti-proliferative efficacy of TTM. And in chapter 4, I describe our work 

on the characterization of KRAS-mutant intestinal cell signaling. This led to the identification of 

various feedback mechanisms mediated by mutant KRAS that rendered cells independent of 

growth factor signaling.  
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2. Abstract  

Despite its importance in human cancers, including CRC, oncogenic KRAS has been extremely 

challenging to target therapeutically. To identify potential vulnerabilities in KRAS-mutated CRC, 

we characterize the impact of oncogenic KRAS on the cell surface of intestinal epithelial cells. 

Here we show that oncogenic KRAS alters the expression of a myriad of cell-surface proteins 

implicated in diverse biological functions and identify many potential surface-accessible 

therapeutic targets. Cell surface-based loss-of-function screens reveal that ATP7A, a copper-

exporter upregulated by mutant KRAS, is essential for neoplastic growth. ATP7A is upregulated 

at the surface of KRAS-mutated CRC and protects cells from excess copper-ion toxicity. We find 

that KRAS-mutated cells acquire copper via a non-canonical mechanism involving 

macropinocytosis, which appears to be required to support their growth. Together, these results 

indicate that copper bioavailability is a KRAS-selective vulnerability that could be exploited for 

the treatment of KRAS-mutated neoplasms. 
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3. Introduction  

CRC is one of the leading causes of cancer-related deaths worldwide (Siegel, Miller, & Jemal, 

2016). CRC is a highly heterogeneous disease, composed of several biologically and clinically 

distinct entities that can determine the prognosis and response to therapy. Identification of subtype-

specific vulnerabilities is necessary for the design of tailored treatment and improved patient 

outcomes (Dienstmann, Salazar, & Tabernero, 2020). In the metastatic setting, treatment options 

for CRC are limited, but recent advances in targeted therapies, such as antiVEGF-A and antiEGFR 

antibodies, have improved overall survival (Arvelo, Sojo, & Cotte, 2015; Emburgh, Sartore-

bianchi, Di, Siena, & Bardelli, 2014). Unfortunately, nearly half of CRC cases harbor KRAS 

mutations, which are negative predictive markers for antiEGFR therapy (Siddiqui & Piperdi, 2010) 

and common drivers of innate and acquired resistance (Misale et al., 2012) (Supplementary Fig. 

2.1a). 

KRAS belongs to the RAS family of ubiquitously expressed small GTPases, which serve as a 

major communication hub between cell-surface receptors and intracellular signaling pathways 

(Prior, Lewis, & Mattos, 2012). Cancer-causing KRAS mutations result in aberrant activation of 

the RAS/MAPK pathway (P. M. Campbell & Der, 2004; Pylayeva-Gupta, Grabocka, & Bar-Sagi, 

2011). This provides diverse advantages to cancer cells, such as increased proliferation and 

survival, macropinocytosis and altered metabolism, evasion of the immune response, alteration of 

the tumor microenvironment, and metastasis (Pylayeva-Gupta et al., 2011). While several decades 

of intense efforts have been unsuccessful to pharmacologically target oncogenic forms of KRAS 

(A. D. Cox et al., 2014), the recent emergence of clinical-grade KRASG12C inhibitors has shown 

promise in the management of tumors harboring oncogenic KRASG12C mutations (Janes et al., 

2018). However, recent reports have highlighted the partial effects of these inhibitors in patients 

and uncovered many mechanisms of resistance that involves compensatory pathways, such as 

EGFR, FGFR, AXL, and PI3K/AKT (Lou et al., 2019; Xue et al., 2020). Therefore, the 

development of alternative therapeutic options is still urgently needed for the efficient targeting of 

KRAS-addicted cancers (A. D. Cox et al., 2014). 

While the intracellular signaling events modulated by KRAS are currently being evaluated as 

potential therapeutic targets (Takashima et al., 2013, Santana-Codina et al., 2020) much less is 

known about its potential impact on the cell surface. Elucidating how oncogenic KRAS modifies 
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the cell surface proteome (surfaceome) may improve our understanding of its complex mechanism 

of action, and possibly identify new attractive therapeutic targets. To achieve this, we combine 

both cell-surface proteomics and loss of function CRISPR screens to identify a novel candidate, 

the Cu-exporter ATP7A as synthetic lethal to KRAS-transformed cells. ATP7A regulates the 

intracellular Cu levels and tumor growth in KRAS-transformed cells. This study demonstrates that 

inhibiting Cu supply is an attractive therapeutic option for KRAS-mutant cells. 
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3.1 Results 
3.1.1 KRASG12V reprograms the intestinal cell surfaceome 

To identify surfaceome changes associated with KRAS-mediated transformation in the context of 

CRC development, we used an isogenic intestinal epithelial cell model (IEC-6) stably expressing 

KRASG12V (KRAS) or an empty vector (Control). IEC-6 cells normally form a confluent 

cobblestone-like monolayer (Supplementary Fig. 2.1b), but as expected, ectopic expression of 

KRASG12V reduced cell–cell contact inhibition and confers a proliferative advantage under both 

adherent (Supplementary Fig. 2.1c) and nonadherent (Supplementary Fig. 2.1d) conditions. To 

determine the impact of oncogenic KRAS on the intestinal epithelial cell transcriptome, we 

performed genome-wide RNA-sequencing (RNA-seq) and identified a large number of 

upregulated (546) and downregulated (1225) genes (Fig. 2.1a, Supplementary Data 1). Using 

gene set enrichment analysis (GSEA) (Subramanian, Tamayo, Mootha, Mukherjee, & Ebert, 

2005), we found a significant overlap with hallmark signatures associated with KRAS signaling 

(Fig. 2.1b) and MYC targets (Supplementary Fig. 2.1e), which are well-known KRAS 

downstream effectors. In addition, we found a very good correlation between our dataset and 

oncogenic KRAS-specific transcriptional changes occurring in CRC specimens from The Cancer 

Genome Atlas (TCGA) (Fig. 2.1c), which illustrates that the IEC-6 cell model mimics some of the 

validated transcriptional signature of KRAS-mutated CRC. We also performed a gene-annotation 

enrichment analysis using g:Profiler (Reimand et al., 2016, Wadi, Meyer, Weiser, & Stein, 2016) 

and found highly significant enrichments in several gene-annotations associated with the cell 

surface, including the terms plasma membrane and cell periphery (Fig. 2.1d, e). These results 

suggested that oncogenic KRAS regulates a transcriptional program that profoundly modifies the 

intestinal epithelial cell surfaceome. 

To characterize changes occurring at the cell surface in response to oncogenic KRAS, we 

conducted a comprehensive surfaceome analysis based on the coupling of two state-of-the-art 

chemoproteomic approaches, cell surface biotinylation (CSB) and cell surface capture (CSC) 

(Supplementary Fig. 2.2a), with label-free quantification by liquid chromatography and tandem 

mass spectrometry (LC-MS/MS) (Fig. 2.1f). While CSB involves the labeling of free primary 

amine groups in cell-surface proteins with the non-permeable reagent Sulfo-NHS-LC-biotin, CSC 

is based on the specific labeling of cell-surface sialylated glycoproteins using aminooxy-biotin, 
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taking advantage of the fact that most cell-surface proteins are glycosylated. We confirmed that 

both surface biotinylation methods resulted in specific cell-surface labeling in IEC-6 cells, with 

very little evidence of intracellular biotinylation, as shown using immunofluorescence microscopy 

(Supplementary Fig. 2.2b). We found that, irrespective of the chemoproteomic method used, 

KRASG12V expression drastically modified the cell-surface biotinylation profile of IEC-6 cells 

(Fig. 2.1g). Interestingly, we also noticed that the biotinylation pattern was very different 

depending on the approach used (Fig. 2.1g), suggesting that using both approaches in parallel may 

increase the coverage and yield of cell-surface proteins. After data curation to determine high-

confidence cell-surface proteins (see Methods section), we identified 366 and 354 highly relevant 

cell-surface proteins with CSB and CSC, respectively, from which 329 were common to both 

datasets (Supplementary Fig. 2.2c). Consistent with the observed differential biotinylation 

patterns (Fig. 2.1g), we found that many proteins were exclusively found with either CSB (37) or 

CSC (25), indicating the complementarity of these two approaches for cell-surface proteomics. 

Importantly, we found a high level of reproducibility between biological replicates 

(Supplementary Fig. 2.2d) and observed a good correlation between both methods (R2 = 0.571) 

(Supplementary Fig. 2.2e). Results were combined to find that 60 (~15%) and 85 (~22%) cell-

surface proteins were significantly upregulated and downregulated (P < 0.05, unpaired one-tailed 

Student’s t-test) in KRASG12V-transformed cells, respectively (Fig. 2.1h, Supplementary Fig. 

2.2f, Supplementary Data 2). 

To determine the involvement of transcriptional regulation in cell-surface reprogramming by 

KRASG12V, we compared both surfaceome and transcriptome datasets. We found a relatively good 

correlation (R2 = 0.531) between both datasets (Supplementary Fig. 2.3a), suggesting that many 

changes occurring at the cell surface result from KRASG12V-dependent transcriptional regulation 

(Fig. 2.1i). Nevertheless, we also found a large number of cell-surface proteins whose expression 

did not correlate with respective transcript levels (Fig. 2.1i, Supplementary Data 3), suggesting 

the involvement of post-transcriptional mechanisms downstream of KRASG12V. We used 

immunofluorescence microscopy, flow cytometry, and immunoblotting to validate these positive 

(EGFR, E-cadherin, N-cadherin, and CD44) and negative (ITGB1, EphA2, TLR4, TGFBR1, and 

AXL) correlations (Supplementary Fig. 2.3b, c). Together, these data demonstrate that oncogenic 

KRAS reprograms the surfaceome of intestinal epithelial cells through both transcriptional and 

post-transcriptional mechanisms.  
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Figure 2.1. Oncogenic KRAS modifies the surfaceome of intestinal cells 
(a–e) IEC-6 cells stably expressing KRASG12V (KRAS) or empty vector (Control) were subjected to 
deep mRNA sequencing, and global transcriptome changes associated with KRASG12V are depicted 
(a). (b) Transcriptome data was analyzed using publicly available hallmark database in GSEA for 
potential enrichment of KRAS_SIGNALING_UP signature in our dataset. (c) Log2 fold changes 
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(FC) of genes known to be regulated by mutant KRAS were compared between our transcriptome 
and the publicly available KRAS-mutated colorectal cancer TCGA datasets. Bar charts depicting 
the most significant Gene ontology (GO) terms enrichment correlating with transcripts either (d) 
upregulated or (e) downregulated by KRASG12V. (f–i) Cell surface capture (CSC) and cell surface 
biotinylation (CSB) were used in parallel for the purification of cell-surface proteins. (f) Workflow 
for the identification and quantification of surfaceome changes induced by KRASG12V. (g) The 
global cell-surface biotinylation pattern was evaluated in control and KRAS cells by 
immunoblotting (IB) using horseradish peroxidase (HRP)-conjugated streptavidin. Results 
represent N = 3 independent experiments. (h) Volcano plot of high-confidence surfaceome 
changes induced by KRASG12V. Shaded areas represent cut-off range of negative log10 (P-value) 
versus log2 FC (KRAS/control). (i) Heatmap comparing the most significant surfaceome changes 
(first column), with respective transcriptomic changes (second column), induced by KRASG12V. For 
panels (a, h, i), data are means of N = 3 independent biological replicates. Log2 FC 
(KRAS/Control) above 2 or below −2 (4-fold) were considered as significantly upregulated (red) 
or downregulated (blue), respectively. P-values were determined by unpaired two-tailed Student’s 
t-tests. P < 0.05. 
 
3.1.2 ATP7A is a synthetic lethal target for KRAS-addicted CRC  

To identify cell-surface proteins that are required for the fitness of mutant KRAS-mutated cells, 

we carried out an in vitro loss-of-function CRISPR/Cas9 screen using a lentiviral gRNA library 

designed using our surfaceome results (Fig. 2.2a, Supplementary Data 4). In addition to genes 

coding for cell-surface proteins (eight gRNAs per gene), our library also included reference 

gRNAs targeting both essential (including Myc) and nonessential (including Gpr101) genes (Hart 

et al., 2015). Following KRAS gRNA-library transduction, Control and KRAS cells were allowed 

to grow for seven (D7) and fourteen (D14) days. Relative gRNA abundance was determined at D7 

and D14 by high-throughput sequencing and compared to the initial cell populations (D0) (Fig. 

2.2a). To increase the robustness of our findings and limit potential bias due to genetic drifts, this 

screen was performed on two different pairs of isogenic IEC-6 cells generated at different times. 

Our results show that the fold-change distribution of gRNAs targeting essential genes was 

significantly shifted compared to those targeting non-essential genes, indicating that the screens 

performed as designed (Fig. 2.2b). A log Bayes Factor (BF) was then calculated for each gene 

using the Bayesian analysis of gene essentiality (BAGEL) algorithm, which measures the 

confidence that knockdown or knockout of a specific gene causes a decrease in fitness (Hart & 

Moffat, 2016).  
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Figure 2.2. Identification of ATP7A as a vulnerability for KRAS-addicted CRC cells 
(a) Experimental design for identification of KRAS-specific vulnerabilities by in vitro 
CRISPR/Cas9 screening. (b) Graph depicting the fold-change distributions of gRNAs targeting 
essential (solid lines) and nonessential (dashed lines) genes at day 7 after infection of Control and 
KRAS cells with KRAS-library. (c) Waterfall graph showing differential essentiality scores 
between Control and KRAS cells, depicting genes coding for cell-surface proteins significantly 
altered by KRASG12V (red diamonds) and reference genes coding for proteins known to be essential 
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(green circles) or non-essential (blue squares). (d) Bar graphs illustrating the Log2 FC of the eight 
gRNAs targeting Atp7a, the non-essential gene Gpr101 and essential gene Myc at day 7 in Control 
(blue) and KRAS (red) cells. (e) Bar chart indicating the relative cell viability of Control and KRAS 
cells after ATP7A knockdown. IB for ATP7A showing the efficient knockdown by RNAi (right). 
Data represent N = 3 independent experiments with five replicates, and N = 3 independent 
experiments (right). ***P = 0.0001; ****P < 0.0001. (f) As in e, CRC cells were analyzed for cell 
viability upon ATP7A knockdown. Graph showing the efficient knockdown of ATP7A as measured 
by qPCR (right). Data represent N = 3 independent experiments with seven replicates, and two 
technical replicates (right). ****P < 0.0001 (CACO-2 versus HCT116, shATP7A-22); 
***P = 0.0008 (CACO-2 versus SW620, shATP7A-22); **P = 0.0027 (CACO-2 versus HCT116, 
shATP7A-26); *P < 0.0001 (CACO-2 versus SW620, shATP7A-26). (g) Experimental design for 
the identification of KRAS-specific vulnerabilities in vivo using CRISPR/Cas9. (h) Waterfall graph 
showing BF scores for genes coding for cell-surface proteins significantly regulated by KRASG12V 
(red diamonds), or proteins that are essential (green circles) or non-essential (blue squares). For 
panels e, f center values and error bars represent mean ± SEM, and significance was determined 
using two-way ANOVA with post-hoc Bonferroni’s multiple-comparison analysis. 
 

To determine potent KRAS-specific vulnerabilities, we next calculated a differential essentiality 

score for each gene, which is based on the difference between BF scores observed in KRAS cells 

and those observed in Control cells (see Methods section). Strikingly, amongst all genes 

originating from the surfaceome dataset, Atp7a was the only candidate showing specific 

requirement in KRAS compared to Control cells (Fig. 2.2c, Supplementary Data 4, 5). A closer 

examination of the CRISPR/Cas9 screen revealed that 7 out of 8 of gRNAs targeting Atp7a 

affected KRAS IEC-6 cells, compared to wild-type counterparts (Fig. 2.2d, Supplementary Fig. 

2.4a). Interestingly, the relative abundance of these gRNAs was similar to those observed for the 

essential reference gene Myc (Fig. 2.2d, Supplementary Fig. 2.4b), while none of the gRNAs 

targeting the nonessential gene Gpr101 were differentially depleted in Control and KRAS IEC-6 

cells (Fig. 2.2d, Supplementary Fig. 2.4c). Consistent with this, the BF score of Atp7a reached a 

level similar to that of the essential reference gene Myc (Supplementary Fig. 2.4d), suggesting 

the discovery of a potent synthetic lethal target for KRAS-mutated cells. We tested the relative 

cell proliferation by RNA-interference (RNAi) in KRAS IEC-6 cells (Fig. 2.2e), as well as in two 

KRAS-mutated CRC cell lines (HCT116 and SW620) (Fig. 2.2f), compared to wild-type KRAS 

counterparts, Control IEC-6 and CACO-2, respectively. This is consistent with the differential 

essentiality of ATP7A in KRAS-mutant cells, as suggested by the CRISPR screens. 
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To assess the pathophysiological relevance of our findings, we conducted an in vivo loss-of-

function CRISPR/Cas9 screen using KRAS cells xenografted into NOD SCID gamma (NSG) mice 

(Fig. 2.2g). Briefly, cells transduced with the KRAS gRNA-library were selected for one day prior 

to transplantation and allowed to form tumors for one-month post implantation (D30). After 

extraction of primary tumors, relative gRNA abundance was determined by high-throughput 

sequencing and compared to the initial cell population (D0). The screen results revealed four hits 

with significant BF, including Atp7a, Met, Tln1, and Evc2 (Fig. 2.2h, Supplementary Data 6). 

Remarkably, the BF for Atp7a was similar to that of Myc, validating our in vitro findings 

(Supplementary Fig. 2.4e) and highlighting the essentiality of ATP7A for KRAS-mutated 

tumors. As indicated, we also identified Met, Tln1 (Talin 1), and Ellis van Creveld syndrome 2 

(Evc2), for which previous evidence of synthetic lethality with KRAS only exist for MET (Ebi et 

al., 2011). To validate the involvement of ATP7A in KRAS-dependent tumor growth, we 

performed soft agar assays using KRAS IEC-6 (Supplementary Fig. 2.4f) and KRAS-mutated 

CRC cells (Supplementary Fig. 2.4g) and found that shRNA-mediated ATP7A knockdown 

reduced anchorage-independent growth. Collectively, these results show that ATP7A plays an 

essential role in the tumorigenesis of KRAS-addicted cells. 

 

3.1.3 ATP7A protects KRAS-mutant cells from cuproptosis  

Our surfaceome analysis showed that KRAS cells express high levels of ATP7A compared to 

Control cells, but that its cell-surface expression does not correlate with mRNA levels (Fig. 2.1i, 

Supplementary Fig. 2.5a). We confirmed this observation by immunofluorescence microscopy 

(Fig. 2.3a) and immunoblotting (Supplementary Fig. 2.5b), which also revealed that ATP7A is 

more present at the cell surface of KRAS relative to Control cells (Fig. 2.3a, b). ATP7A is a 

homeostatic copper-exporter that protects cells from Cu toxicity by maintaining adequate 

intracellular Cu levels (Kaler, 2011). ATP7A levels are post-transcriptionally regulated by Cu 

levels (L. Xie & Collins, 2013), suggesting that KRASG12V cells may have increased intracellular 

Cu levels than Control cells. Consistent with this, we found that mRNA levels of four genes 

involved in intracellular Cu homeostasis (Mt1, Mt2a, Loxl2, and Loxl3) are significantly elevated 

in KRAS compared to Control cells (Supplementary Fig. 2.5c). 
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Depending on its kinetic accessibility, cellular Cu can be divided into a canonical, static pool (i.e., 

Cu bound to enzymes such as cytochrome c oxidase or SOD1) and an exchangeable, labile pool 

(i.e., Cu bound to chaperones such as CCS) (Morgan, Bourassa, Harankhedkar, Mccallum, & 

Zlatic, 2019). The latter form of Cu is more bioavailable and can participate in dynamic cell 

signaling pathways (Cotruvo, Aron, Ramos-Torres & Chang, 2015). We monitored protein levels 

of CCS, which is a well-established readout of Cu bioavailability (Chun et al., 2017; Nose et al., 

2006) and whose expression is inversely correlated to bioavailable Cu levels in cells (Bertinato & 

L’Abbé, 2003). We found lower CCS levels in KRAS compared to Control cells (Fig. 2.3c 

Supplementary Fig. 2.5d), suggesting an increase in bioavailable Cu due to KRASG12V. To 

corroborate these findings, we used the recently developed ratiometric Cu(I)-selective fluorescent 

probe, crisp-17, as another readout for bioavailable Cu (Cotruvo, Aron, Ramos-Torres & Chang, 

2015). The probe was first validated using the cell-permeant complex CuGTSM and a Cu(I)-

specific chelator (PSP-2) (Morgan et al., 2018), which confirmed that the probe reversibly 

responds to changes in cellular Cu levels (Supplementary Fig. 2.5e, f). Using crisp-17, we found 

a significantly higher fluorescence ratio in KRAS IEC-6 cells compared to Control cells, upon 

addition of the thiol-selective oxidant 2,2′-dithiodipyridine (DTDP), suggesting an increased pool 

of labile Cu in KRAS cells (Fig. 2.3d). Consistent with this interpretation, the kinetics for returning 

to the basal ratio was slower in KRAS relative to Control cells, suggesting an increased depth of 

the bioavailable thiol-bound Cu pool in KRAS mutant cells. To determine whether oncogenic 

KRAS-mediated ATP7A upregulation provides a protective role against Cu toxicity, we subjected 

Control and KRAS cells to increasing concentrations of exogenous Cu. Remarkably, we found 

that Control cells were significantly more sensitive to increasing Cu levels compared to KRAS-

mutant cells, and this correlated with ATP7A levels (Fig. 2.3e, Supplementary Fig. 2.5g, k). 

These results suggest that ATP7A protects KRAS-mutated cells from Cu toxicity. To verify if 

oncogenic KRAS augments bioavailable Cu levels in human CRC cells, we evaluated CCS and 

ATP7A levels in KRAS wild-type (CACO-2) and KRAS-mutated (HCT116, DLD-1, SW480, and 

SW620) cells. Compared to KRAS wild-type CRC cells, we observed that KRAS-mutated cells 

had low CCS levels that inversely correlated with high ATP7A levels (Fig. 2.3f). Consistent with 

this, we found that KRAS-mutated CRC cells (HCT116 and DLD-1) had a significant increase in 

fluorescence ratio using crisp-17 compared to wild-type KRAS cells (CACO-2), upon addition of 

DTDP, suggesting elevated intracellular labile Cu pools in the KRAS-mutant cells (Fig. 2.3g). 
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Additionally, inductively coupled plasma mass spectrometry (ICP-MS) analysis revealed 

enhanced total Cu levels in both KRAS-mutated CRC cells compared to CACO-2 

(Supplementary Fig. 2.5l).  

Figure 2.3. ATP7A protects KRAS-mutant cells from cuproptosis 
(a) Micrographs showing ATP7A expression (green) and DAPI (blue) in Control and KRAS cells. 
Scale = 20 µm, N = 3 independent experiments. (b) Cellular distribution profile of ATP7A as seen 
in a for Control (blue line) versus KRAS (red line) cells. Data were normalized to KRAS. PM 
plasma membrane. (c) IB for CCS and ATP7A expression in Control and KRAS cells, with CCS 
quantifications (right). All panels represent  N = 7 independent experiments. 
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*P = 0.0110. (d) Time-course of average crisp-17 fluorescence ratios (N = 10 cells) upon addition 
of DTDP at T = 0 min. Yellow arrows indicate timepoints for which quantifications are shown 
(right). P-values are represented as Control-basal versus DTDP (6 min) (&), Control-DTDP 
(6 min) versus KRAS-DTDP (6 min) (#), KRAS-basal versus DTDP (6 min) ($), Control-DTDP 
(6 min) versus DTDP (20 min) (^), KRAS-DTDP (6 min) versus DTDP (20 min) (%). (e) Graph 
depicting relative cell viability after CuCl2 treatment. Data represent N = 6 independent 
experiments.***P = 0.0002 (Control versus KRAS-5); ***P = 0.0006 (Control versus KRAS-10). 
(f) IB depicting ATP7A and CCS levels in the indicated CRC cells. Data represent N = 3 
independent experiments. (g) As in d but for CRC (N = 14 cells). P-values are represented as 
CACO-2-basal versus DTDP (4 min) (ns), CACO-2-DTDP (4 min) versus HCT116-DTDP (4 min) 
(#), HCT116-basal versus DTDP (4 min) ($), CACO-2-DTDP (4 min) versus DLD-1-DTDP 
(4 min) (&), DLD-1-basal versus DTDP (4 min) (+), CACO-2-DTDP (4 min) versus DTDP 
(30 min) (ns), HCT116-DTDP (4 min) versus DTDP (30 min) (^), DLD-1-DTDP (4 min) versus 
DTDP (30 min) (%). (h) As in e but for CRC cells. Data represent N = 3 independent 
experiments. (i, j) Graphs represent expression of cell-surface ATP7A (i), N = 40 random images 
from five patient-derived CRC tumors) and total CCS (j), N = 35) analyzed by 
immunohistochemistry. For c–e, g–j center values and error bars represent mean ± SEM and for 
left panels (d, g), mean ± SD. For d, g, h  not-significant (ns) or ****P < 0.0001 (&, #, +, $, ^, 
%). Significance was determined using unpaired two-tailed Student’s t-tests (c, d, g, i, j) or two-
way ANOVA with post-hoc Bonferroni’s multiple-comparison analysis (e, h). 
 

According to ICP-MS data, HCT116 cells had higher Cu levels than DLD-1 cells, which correlated 

with the fluorescence intensity ratios in Fig. 2.3g. To determine if KRAS mutation and ATP7A 

upregulation correlates with a protective role against Cu toxicity, CRC cells were subjected to 

increasing concentrations of exogenous Cu. Consistent with data obtained in IEC-6 cells, we found 

that KRAS-mutated CRC cells had reduced sensitivity to Cu toxicity compared to wild-type 

counterparts (Fig. 2.3h, Supplementary Fig. 2.5m). We evaluated the clinical relevance of these 

findings by assessing ATP7A and CCS levels in CRC specimens harboring wild-type or mutant 

KRAS (Supplementary Fig. 2.6). Interestingly, while total ATP7A levels were similar between 

the two groups, KRAS-mutated samples were associated with more perinuclear and granular 

staining of ATP7A suggesting enhanced expression in the Golgi network (Supplementary Fig. 

2.6) and an increase in cell-surface levels of ATP7A (Fig. 2.3i). We also observed that KRAS-

mutated tumors exhibited decreased CCS levels compared to wild-type counterparts (Fig. 2.3j, 

Supplementary Fig. 2.6). Altogether, these data show that oncogenic KRAS enhances ATP7A 

cell-surface expression, which likely protects KRAS-mutated CRC cells from increased 

intracellular Cu levels. 
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3.1.4 ATP7A influences Cu-dependent tumor growth  

Cu is known to influence tumor growth through the stimulation of several cuproenzymes, 

including CP, MEK1/2, and CCO/COX, which are associated with various biological functions 

(Hellman & Gitlin, 2002; Ishida, Andreux, Poitry-Yamate, Auwerx, & Hanahan, 2013; Turski et 

al., 2012, Horn & Barrientos, 2008). To stimulate these cuproenzymes, Cu is loaded in the 

secretory pathway via a process that is dependent on ATP7A (Setty et al., 2010; Shanbhag et al., 

2019; Yang et al., 2018, Lutsenko, 2016). Strikingly, we found that ATP7A knockdown 

significantly increased CCS levels in KRAS IEC-6 cells (Fig. 42.a), suggesting a reduction in 

bioavailable Cu levels. Consistent with this, we also observed that ATP7A depletion diminished 

both Cp activity (Supplementary Fig. 2.7a) and ERK1/2 phosphorylation (Supplementary Fig. 

2.7b). Together, these data suggest that ATP7A modulates Cu bioavailability and contributes to 

the activity of several cuproenzymes in mutant KRAS-addicted cells. 

 

We then examined whether KRAS-mutated cells may be addicted to enhanced Cu-dependent 

metabolism using the Cu chelator TTM, which is currently being tested clinically against several 

solid tumors (G. Khan & Merajver, 2009; Lopez, Ramchandani, & Vahdat, 2019). We found that 

TTM treatment of KRAS cells reversed the increase of ATP7A levels (Fig. 2.4b, Supplementary 

Fig. 2.7c), increased CCS levels (Fig. 2.4b) and dramatically reduced the mRNA levels of four 

Cu-dependent genes (Supplementary Fig. 2.7d), suggesting reduced bioavailable Cu levels. 

Consistent with this, TTM significantly reduced the activity of Cu-dependent enzymes, such as Cp 

(Fig. 2.4c) and ERK1/2 phosphorylation in KRAS cells (Fig. 2.4d, Supplementary Fig. 2.7e), 

validating the decrease of bioavailable Cu pools due to Cu chelation. Interestingly, we found that 

KRAS cells are 30-times more sensitive to TTM (IC50~1.2 µM) as compared to Control cells 

(IC50~40 µM) (Fig. 2.4e). Similar results were obtained comparing mutant KRAS (HCT116, 

DLD-1) and wild-type KRAS (CACO-2) CRC cells under adherent (Fig. 2.4f) and non-adherent 

conditions (Supplementary Fig. 2.7f), suggesting that oncogenic KRAS increases the 

requirement for Cu bioavailability (Shanbhag et al., 2019). 
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Figure 2.4. Cu chelation reduces Cu-dependent functions associated with tumor 
growth 

(a) IB showing CCS levels upon ATP7A knockdown with NT (nontargeting) or ATP7A shRNAs (19 
and 20) in KRAS cells, with quantifications (right panel). Data represent N = 6 independent 
experiments. *P = 0.0460 (shNT versus shATP7A-19); *P = 0.0223 (shNT versus shATP7A-
20). (b–d) KRAS cells were left untreated or treated with TTM for 24 h and (b) whole-cell lysates 
were analyzed by IB using antibodies against ATP7A, CCS, total and phosphorylated ERK1/2 and 
Tubulin. Representative IB images (b, left), with quantification of ATP7A levels upon TTM 
treatment (b, right). Data represent N = 8 independent experiments. *P = 0.0230. (c) KRAS cells 
were analyzed for Cp activity. Bar chart indicates relative Cp activity and data represent N = 4 
independent experiments. **P = 0.0098. (d) As in b, but with quantification of phosphorylated 
ERK1/2 levels upon TTM treatment. Data represent  N = 5 independent experiments. 
*P = 0.0380. (e) Graph depicting the viability of Control and KRAS cells in the presence or 
absence of TTM at indicated doses. (f) As in e, but for CACO-2, HCT116, and DLD-1. (e, f) Data 
are presented as relative percentage (±SEM) of living cells and represent N = 3 independent 
experiments with three replicates; IC50 values are indicated in adjacent table. (g) Mitochondrial 
respiration depicted by oxygen consumption rate (OCR) was measured in real-time in response to 
mitochondrial inhibitors oligomycin, fluoro-carbonyl cyanide phenylhydrazone (FCCP), rotenone 
and monensin. (h) Bar charts representing the mitochondrial basal respiration rates (white), 
*P = 0.0249; the spare respiratory capacity (SRC, gray), *P = 0.0176; and (i) cellular ATP 
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production rates, *P = 0.0278. (g–i) Data represent N = 3 independent experiments with six 
technical replicates. For panels a–d, g–i, center values and error bars represent mean ± standard 
error of the mean (SEM), and significance was determined using unpaired two-tailed Student’s t-
tests. 
 

We next examined whether TTM-mediated Cu depletion affected mitochondrial oxidative 

phosphorylation and concomitant ATP production in KRAS cells. We monitored oxygen 

consumption rate (OCR) (Fig. 2.4g), and found that both mitochondrial respiration (Fig. 2.4h) and 

ATP production (Fig. 2.4i) were significantly reduced upon TTM treatment. To determine whether 

ATP7A contributed to mitochondrial respiration in KRAS cells, we measured ATP levels in 

KRAS-mutated CRC cells (HCT116 and DLD-1) depleted for ATP7A. Interestingly, ATP7A 

knockdown significantly decreased ATP levels in these cells (Supplementary Fig. 2.7g), 

suggesting that ATP7A participates in Cu-loading of enzymes involved in mitochondrial oxidative 

phosphorylation. Consistent with these findings, we also found that ATP7A depletion significantly 

reduced the activity of CCO (Supplementary Fig. 2.7h) in KRAS-mutated cells, which was 

reported to correlate with Cu-dependent maximal mitochondrial respiration (Ishida et al., 2013). 

Together, our data indicate that KRAS-driven tumor growth is influenced by Cu-dependent 

mitochondrial respiration, which partly involves the biosynthetic role of ATP7A. 

 

3.1.5 Macropinocytosis regulates Cu bioavailability in KRAS tumors 

Our data show that oncogenic KRAS increases intracellular Cu levels, but the mechanism by which 

this occurs remains elusive. While CTR1 is the main Cu-importer in cells (J. Lee, Pen, Nose, & 

Thiele, 2002), our results demonstrate that oncogenic KRAS reduces total and cell-surface CTR1 

levels in IEC-6 cells (Supplementary Fig. 2.8a, b), and in CRC specimens (Supplementary Fig. 

2.8c). In addition, both in vitro (Fig. 2.2c, Supplementary Fig. 2.8d) and in vivo (Fig. 2.2h, 

Supplementary Fig. 2.8d) CRISPR/Cas9 screens revealed that CTR1 (Slc31a1) is dispensable for 

KRAS-mutated cell fitness and tumor growth. Recent studies have highlighted the importance of 

macropinocytosis in nutrient supply for KRAS-mutated cells (Commisso & Commisso, 2019), 

suggesting a potential alternative route for Cu uptake. Using tetramethylrhodamine (TMR)-

Dextran, we confirmed that KRAS cells have enhanced rates of constitutive macropinocytosis 

compared to Control cells (Fig. 2.5a), which was inhibited by EIPA, a selective macropinocytosis 
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inhibitor (Koivusalo et al., 2010). Interestingly, KRAS cells were found to be more sensitive to 

EIPA compared to Control cells (Fig. 2.5b), confirming the acquired dependence of KRAS cells 

for macropinocytosis. To determine if macropinocytosis regulates bioavailable Cu levels, Control 

and KRAS cells were treated with increasing concentrations of EIPA, which appeared to 

preferentially increase CCS levels in KRAS compared to Control cells (Fig. 2.5c). Furthermore, 

we found that inhibition of macropinocytosis exhibited a small but statistically significant decrease 

in the basal fluorescence ratio of crisp-17 in KRAS cells (Fig. 2.5d), suggesting that 

macropinocytosis contributes to the supply of bioavailable Cu. Similarly, we found that EIPA 

treatment augmented CCS levels in KRAS-mutated compared to wild-type CRC cells 

(Supplementary Fig. 2.9a). Interestingly, we observed a decrease in ATP7A levels in response to 

EIPA treatment of KRAS cells (Supplementary Fig. 2.9b), suggesting that reducing bioavailable 

Cu levels inhibits ATP7A expression. 

 

To determine if macropinocytosis contributed to Cu uptake and tumor growth in vivo, KRAS cells 

(3 × 106) were xenografted into nude mice subjected to a Cu-deficient diet (Fig. 2.5e). While group 

A received regular drinking water, groups B and C were given Cu-supplemented drinking water. 

Xenografted cells were allowed to grow for 2 weeks before administering EIPA (group C) or 

vehicle (groups A and B). As expected, we found that KRAS tumors grew significantly more in 

Cu-supplemented compared to Cu-deficient conditions (Fig. 2.5f, g). While Cu deficiency reduced 

serum Cp activity (Supplementary Fig. 2.9c), mice did not lose weight as a result of the procedure 

(Supplementary Fig. 2.9d). Interestingly, we found that KRAS tumors exposed to EIPA grew 

significantly less compared to vehicle (Fig. 2.5f, g), suggesting that inhibition of macropinocytosis 

and Cu uptake negatively affected tumor growth. We did not determine the impact of EIPA 

treatment in Cu-deficient conditions, as the combination was found to be overly detrimental to the 

mice. Tumors were analyzed for CCS and ATP7A expression, which revealed that EIPA treatment 

increased CCS (Fig. 2.5h) and decreased ATP7A (Fig. 2.5i) levels. Importantly, decreased Cu 

levels in EIPA-treated KRAS tumors correlated with a reduction in proliferation, as suggested by 

Ki67 staining (Fig. 2.5j), and increase in necrotic areas (Supplementary Fig. 2.9f). Finally, we 

analyzed ERK1/2 and observed an increase of its phosphorylation state in Cu-treated versus Cu-

deficient KRAS tumors, which was reduced by EIPA treatment in the presence of exogenous Cu 

(Supplementary Fig. 2.9e). Collectively, these data suggest that Cu promotes KRAS tumor 
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growth, and that blocking macropinocytosis reduces Cu uptake, Cu-dependent signaling, as well 

as tumor growth. 

 
 

Figure 2.5. Macropinocytosis is a novel Cu supply route in mutant KRAS-driven intestinal 
cells 

(a) Macropinocytosis was visualized (left) and quantified (right) with TMR-dextran in Control and 
KRAS cells. EIPA served as negative control. White dashed lines indicate cell boundaries. Data 
are averaged for N > 167 cells and represent three independent experiments. ****P < 0.0001 
(two-way ANOVA with post-hoc Bonferroni’s multiple-comparison analysis). scale = 20 
μm. (b,c) Control and KRAS cells were treated with EIPA at the indicated doses. (b) Cell viability 
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graph with IC50 values in the adjacent table. Data are presented as relative percentage (±SEM) 
of living cells and represent N = 3 independent replicates. (c) Cell lysates were collected, and CCS 
levels were analyzed by IB and quantified (right). Data represent N = 3 (left) and N = 10 (right) 
independent experiments. *P = 0.0336 (unpaired two-tailed Mann–Whitney t-test). (d) Graphs 
depicting average fluorescence ratios of crisp-17 for KRAS cells treated with either DMSO 
(vehicle) or EIPA (20 µM). Data are averaged for N = 10 cells and represent three independent 
experiments. Representative fluorescence intensity images are presented (right). scale = 30 
μm. (e) In vivo protocol used to evaluate the role of macropinocytosis in Cu-dependent KRAS 
tumor growth. Mice injected with KRAS IEC-6 cells were provided with a Cu-deficient diet and 
either deionized H2O (diH2O) (Group A) or diH2O with CuSO4 (Groups B and C) throughout the 
study. After two weeks, groups A and B were treated with vehicle and group C with EIPA for three 
weeks. Graphs depicting (f) mean tumor volume over time and (g) mean tumor volume at the end 
of study (N = 6 mice). P-values between Group A and B (†, *P < 0.05; ***P < 0.001; 

****P < 0.0001) and between Group B and C (§, *P < 0.05; ***P < 0.001) were determined by 
two-way ANOVA with post-hoc Bonferroni’s multiple-comparison analysis. h–j Representative 
images (left) and quantifications (right) from immunohistochemistry profiling of mouse xenograft 
tissues for N = 48 CCS (h), ATP7A (i), and Ki67 (j) random images from six mice per condition 
are depicted. scale = 250 μm. For panels a–d, f–j center values and error bars represent mean ± 
SEM. For panels c, d, h–j *P < 0.05; ****P < 0.0001 (unpaired two-tailed Student’s t-tests).  
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4 Discussion 

Several studies have demonstrated elevated Cu levels in tumors and sera from cancer patients 

(Gupte & Mumper, 2009). Interestingly, Cu levels was shown to correlate with poor prognosis and 

resistance to chemotherapy (Denoyer et al., 2015). Despite these observations, the mechanisms 

underlying Cu accumulation and tumor adaptation to excess Cu remain poorly understood. 

Previous studies have shown that Cu influx via the Cu-importer CTR1 plays a crucial role in 

mutant BRAF-driven tumor growth (Brady et al., 2014). Our findings indicate that 

macropinocytosis facilitates Cu entry via a noncanonical route in KRAS-mutant cells, and that 

CTR1 plays a negligible role in the growth of KRAS-mutant cells as suggested by the CRISPR 

screens. Cu likely enters cells in association with its chaperones (Inesi, 2017), such as albumin, 

which was also shown to act as a source of amino acids for KRAS-mutant cells (Commisso et al., 

2013b). While macropinocytosis may play an even larger role in nutrient uptake, our results 

demonstrate that it provides bioavailable Cu required for the growth of KRAS-mutant tumors. We 

expect that macropinocytosis may not be the exclusive mode of Cu supply in these cells and other 

mechanisms such as autophagy or other low-affinity transporters could also play a role (Polishchuk 

& Polishchuk, 2016). 

Our results show that oncogenic KRAS increases intracellular Cu levels, which promotes the 

stability of ATP7A as well as its cell-surface expression. While CTR1 is internalized and degraded 

in response to high Cu levels, ATP7A translocates to the cell-surface to export excess Cu ions 

(Denoyer et al., 2015). The latter mechanism is likely responsible for the increased dependency of 

KRAS-mutant cells towards ATP7A, suggesting that ATP7A inhibitors may specifically target 

KRAS-addicted cancer cells by exacerbating Cu toxicity. Interestingly, the gastric proton pump 

inhibitor Omeprazole was shown to inhibit ATP7A surface expression induced by excess Cu and 

inhibit melanogenesis (Matsui, Petris, Niki, Karaman-jurukovska, et al., 2015), but drugs that are 

more specific or function-blocking antibodies against ATP7A may be required to limit treatment-

related toxicity. 

ATP7A delivers Cu to many cuproenzymes involved in several aspects of tumorigenesis, including 

cell proliferation, metastasis and angiogenesis (Denoyer et al., 2015). A recent study indicated that 

ATP7A plays essential roles in loading LOX and LOX-like (LOXL) proteins, which have well-

documented roles in tumor metastasis (Shanbhag et al., 2019). Our results suggest that KRAS-



103 
 

mutant cells are addicted to high Cu levels, which is consistent with their increased sensitivity to 

Cu chelation. While Cu-chelating drugs are being tested against different solid cancers (Chan, 

Willis, Kornhauser, Mward, et al., 2017; Jain et al., 2013; M. Xu, Casio, Range, Sosa, & Counter, 

2018) our results suggest that KRAS-mutated cancers may be particularly sensitive to such 

treatments. Cu chelation or ATP7A targeted therapy has not been exploited in CRC, but may be 

of particularly interest for cases where therapeutic resistance is imparted by oncogenic KRAS. 
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5 Methods 
5.1 Cell culture, RNA interference, and viral infections 

IEC-6 and CRC cell lines (CACO-2, HCT116, DLD-1, SW620, and SW480) were from ATCC 

and maintained at 37 °C in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L glucose 

supplemented with 5% (v/v) fetal bovine serum (FBS), 100 IU/mL penicillin, and 100 µg/mL 

streptomycin. Cells were regularly tested by PCR to exclude mycoplasma contamination and used 

within 20 passages. IEC-6 cells were stably transduced with retroviral vectors encoding human 

KRASG12V or an empty cassette with puromycin, zeocin, or hygromycin selection markers 

(Addgene #9052, #1764, #1766, #18750). Retroviral particles were produced using the Phoenix 

cell line and antibiotic selections were performed in 5 μg/mL puromycin, 150 μg/mL hygromycin, 

or 100 μg/mL zeocin. Small interference RNA (siRNA)-mediated knockdown of ATP7A in IEC-

6 cells was achieved by Flexitube siRNA (Qiagen) using Lipofectamine transfection reagent 

(ThermoFisher Scientific). Briefly, cells were transfected with 7.5 µL Lipofectamine and 75 nM 

siRNA in Reduced Serum OptiMEM solution, which is replaced 6 h later with regular media and 

let to grow for 48 h before harvesting for experiments. Short hairpin RNA (shRNA)-mediated 

knockdown of ATP7A was achieved using lentiviruses produced with vectors from the Mission 

TRC shRNA library (rat TRCN0000101812, TRCN0000101813, and human TRCN0000043173, 

TRCN0000043177). Cells were infected in the presence of 4 μg/mL polybrene and were selected 

3 days after viral infection with 5 μg/mL (IEC-6), 3 µg/mL (CACO-2), 1.5 μg/mL (HCT116), or 

2.5 µg/mL (DLD-1) puromycin. 

5.2 Purification and enrichment of cell-surface proteins 

Two proteomic procedures for the enrichment of cell-surface proteins were adapted from 

previously published methods (Weekes et al., 2010). For CSC, cells were chilled on ice, rinsed 

twice with ice-cold biotinylation buffer [phosphate buffered saline (PBS), pH 7.4, supplemented 

with 1 mM CaCl2 and 0.5 mM MgCl2], and then incubated with 1 mM sodium (meta)periodate 

(Sigma-Aldrich) at 4 °C for 30 min in the dark. The mild-oxidation reaction was quenched by 

addition of glycerol at a final concentration of 1 mM. Cells were then washed twice with ice-cold 

PBS (pH 7.4) supplemented with 5% (v/v) FBS, and biotinylated for 1 h at 4 °C with a mix of 

100 μM aminooxy-biotin (Biotium Inc.) and 10 mM aniline (Sigma-Aldrich) in ice-cold PBS (pH 

6.7) supplemented with 5% FBS. Cells were then washed once with ice-cold PBS pH 7.4/5% FBS, 
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and then once with ice-cold biotinylation buffer. Biotinylated cells were incubated in Surfaceome 

Lysis Buffer [noted as SLB; 1% Triton X-100, 150 mM NaCl, 10 mM Tris–HCl, pH 7.6, 5 mM 

iodoacetamide (Sigma-Aldrich), 1× protease inhibitor (cOmplete, without EDTA, Roche), 1 mM 

sodium orthovanadate (Na3VO4), and 1 mM phenylmethylsulfonyl fluoride (PMSF)] for 30 min 

at 4 °C. Cell debris and nuclei were removed by successive centrifugation for 10 min at 4 °C, 

initially at 2800 × g and then 16,000 × g. Next, biotinylated proteins were isolated from 10 mg total 

protein by incubating cell lysates with high-capacity streptavidin agarose resin (Thermo Fisher 

Scientific) for 2 h at 4 °C. Beads were washed extensively with intermittent centrifugation at 

1000 × g for 5 min to eliminate all potential contaminants bound to biotinylated proteins. Three 

washes were performed with SLB, once with PBS pH 7.4/0.5% (w/v) sodium dodecyl sulfate 

(SDS), and then beads were incubated with PBS/0.5% SDS/100 mM dithiothreitol (DTT), for 

20 min at RT. Further washes were performed with 6 M urea in 100 mM Tris–HCl pH 8.5, 

followed by incubation with 6 M urea/100 mM Tris–HCl pH 8.5/50 mM iodoacetamide, for 20 min 

at RT. Additional washes were performed with 6 M urea/100 mM Tris–HCl pH 8.5, PBS pH 7.4 

and then water. Biotinylation efficiency was confirmed by blotting aliquots of cell lysates with 

streptavidin-horseradish peroxidase (HRP) (dilution 1:50,000). For proteomic analysis, beads were 

rinsed thrice with 50 mM ammonium bicarbonate (NH4HCO3) pH 8.5, and re-suspended in 

400 μL of 50 mM NH4HCO3 pH 8.5 containing 4 μg of proteomics grade trypsin (Sigma-Aldrich), 

overnight at 37 °C. The proteins were further digested with an additional 4 μg trypsin for 4 h at 

37 °C. The resulting tryptic peptides were then collected by centrifugation at 10,000 × g, for 10 min 

at RT. The beads were washed twice with MS grade water and the tryptic fractions pooled. The 

tryptic fractions were dried to completion in a SpeedVac and re-suspended in MS solvent (5% 

aqueous acetonitrile (ACN), 0.2% FA). For CSB, cells were chilled on ice, washed twice with ice-

cold biotinylation buffer, and incubated with 1 mg/mL Sulfo-NHS-LC-biotin (resuspended in 

biotinylation buffer) for 1 h at 4 °C. The biotinylation reaction was quenched by addition of 

100 mM glycine for 10 min at 4 °C, followed by two washes with ice-cold biotinylation buffer. 

Biotinylated cells were lysed in SLB, proteins isolated and digested for MS analysis as described 

above. 
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5.3 Mass spectrometry and database searches 

Samples were loaded on a 1.5 µL C18 pre-column (Optimize Technologies) connected directly to 

the switching valve. They were separated on a homemade reversed-phase column (150 μm i.d. by 

150 mm) with a 56-min gradient from 10 to 30% ACN/0.2% FA and a 600-nl/min flow rate on a 

Ultimate 3000 LC system (Eksigent, Dublin, CA) connected to an Q-Exactive Plus (Thermo Fisher 

Scientific, San Jose, CA). Each full MS spectrum acquired at a resolution of 70,000 was followed 

by 12 tandem-MS (MS–MS) spectra on the most abundant multiply charged precursor ions. 

Tandem-MS experiments were performed using collision-induced dissociation (CID) at a collision 

energy of 27%. Proteomic samples were analyzed as biological, back-to-back triplicates per 

condition. Peptides were identified using PEAKS 7.0 (Bioinformatics Solutions, Waterloo, ON) 

and peptide sequences were blasted against the Rat Uniprot database. Mass tolerances on precursor 

and fragment ions were 10 ppm and 0.01 Da, respectively. The false discovery rate (FDR) for 

peptide and protein was set to 0.5%. The minimum number of peptides per protein was set to 2, 

and minimum peptide length was set to ~6 amino acids. Search criteria included a static 

modification of cysteine residues of +57.0214 Da; a variable modification of +15.9949 Da to 

include potential oxidation of methionines; and a modification of +79.966 on serine, threonine, or 

tyrosine for the identification of phosphorylation. The data were visualized with Scaffold 4.4.6. 

normalized spectral abundance factors (NSAF) for the significantly upregulated or downregulated 

cell-surface proteins by KRAS (Log2 FC values), for each of the replicates of CSC or CSB 

technique, were extracted from Scaffold 4.4.6. 

5.4 Label-free quantification and data processing 

Peptide precursor intensities were extracted using an integral algorithm of PEAKS® software 8.05. 

Proteins were then selected based on their detection in at least two replicates of the same biological 

condition (either Control or KRAS), with a minimum of two unique peptides, which were verified 

for uniqueness and leucine/isoleucine switch using the neXtProt checker (Schaeffer, Gateau, 

Teixeira, Michel, Zahn-zabal, & Lane, 2017) . These proteins were considered as identified with 

high confidence. Gene ontology cellular component (GO.CC) terms and functional annotations 

were queried for all identified proteins using g:profiler (http://biit.cs.ut.ee/gprofiler/index.cgi) to 

get an objective estimation about the number of proteins specific to the cell surface. We then 

manually sorted all identified proteins such that we kept those that contain at least one cell surface-
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exposed domain, which could be potentially biotinylated. To do so, we analyzed proteins identified 

with high confidence by querying them against the UniProt online database 

(http://www.uniprot.org/). We then defined proteins as integral to plasma membrane proteins when 

they contained at least one transmembrane domain and an extracellular region (e.g., cell adhesion 

molecules (CAMs), RTKs), as belonging to secretory or extracellular components when they were 

known to be secreted and potentially interact with the cell surface (e.g., growth factors, cytokines), 

and as potential contaminants when they corresponded to proteins that do not possess an 

extracellular domain (e.g., abundant intracellular proteins that may interact with streptavidin 

beads, plasma membrane-tethered proteins that interact intracellularly with a biotinylated protein). 

Proteins were considered differentially upregulated by KRAS if log2 FC (KRAS/Control) values 

were ≥ 2, and downregulated if ≤ −2. Some proteins were only identified in the KRAS or Control 

condition, making it impossible to calculate fold-change values. Therefore, we arbitrarily assigned 

+15 if proteins were only present in the KRAS condition, and −15 if they were only identified in 

the Control condition. The value “±15” was chosen as it was higher than our highest and lowest 

KRAS/Control fold-change, respectively. 

 

5.5 Inductively coupled plasma-mass spectrometry (ICP-MS) 

Total Cu levels were measured by ICP-MS. Briefly, adherent cells were cultured in regular 

complete medium, washed once with PBS prepared in copper-free ddH2O and harvested using 

Accutase solution (Sigma-Aldrich). Cells were washed once more with PBS and pelleted cells 

were weighted. All tubes were washed in 1% ultratrace HNO3 (Sigma-Aldrich) to remove excess 

ions prior to use. Cu measured in the sample tubes is subtracted by background measured in a 

blank tube, which was treated similar to the sample tubes. Samples were digested in 0.2 mL of 

concentrated ultratrace HNO3 and 50 µL of 30% H2O2 was added to the weighted mass of solid 

product. The mixture was then heated at 85 °C for 2 h. After cooling, the volume was adjusted to 

10 mL with Milli-Q water prior to analysis in Perkin Elmer NexION 300× ICP-MS instrument. 

Data are representative of three independent biological experiments. 
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5.6 SDS-PAGE and immunoblotting (IB) 

Cells were washed twice with cold PBS (pH 7.4) and lysed in BLB lysis buffer [10 mM K3PO4, 

1 mM EDTA (Ethylenediaminetetraacetic Acid), 5 mM EGTA, 10 mM MgCl2, 50 mM β-

glycerophosphate, 0.5% Nonidet P-40, 0.1% Brij 35, 0.1% deoxycholic acid, 1 mM/L Na3VO4, 

1 mM PMSF, and complete protease inhibitor cocktail] for 15 min at 4 °C. Lysates were 

centrifuged at 16,000 × g for 10 min at 4 °C, supernatants were collected and heated for 10 min at 

95 °C in Laemmli buffer [50% (v/v) 4× Tris/SDS pH 6.8, 40% (v/v) glycerol, 8% (w/v) SDS, 6.2% 

(w/v) DTT, 2 mg Bromophenol Blue]. Alternatively, for streptavidin pull-down assays, proteins 

were biotinylated as described previously and eluted by heating (30 min, 95 °C) in a Laemmli 

buffer [50 mM Tris-HCl pH 6.8, 5% (w/v) SDS, 5% (v/v) β-mercaptoethanol, 50% (v/v) glycerol, 

0.025% (w/v) Bromophenol Blue]. For IB analysis, eluates and total cell lysates were subjected to 

8–12% SDS-PAGE, and resolved proteins were transferred onto polyvinylidene fluoride (PVDF) 

membranes. Membranes were blocked with 10 mM Tris pH 7.4, 150 mM NaCl, and 0.1% Tween 

20, supplemented with 5% (w/v) dry skim milk powder, and subsequently immunoblotted with 

primary antibodies, diluted in 5% (w/v) dry skim milk or 5% (w/v) bovine serum albumin (BSA), 

overnight at 4 °C. Antibodies targeted against phosphorylated (P)-ERK1/2 (E10) (T202/Y204) 

(1:1000) is from Cell Signaling Technologies; Tubulin (T5618) (1:2000) from Sigma-Aldrich; Axl 

(C-20) (1:1000), CCS (H-7) (1:500) from Santa Cruz Biotechnology; Pan-Ras (C-4) from Abcam 

(1:500); ATP7A (CT77) from Betty Eipper lab (1:1000) and ATP7A (5E-10) from James Collins 

lab (1:2000). All secondary horseradish peroxidase (HRP)-conjugated antibodies used for 

immunoblotting were purchased from Chemicon. All IB data are representative of at least three 

independent biological experiments and were quantified using Image J. Uncropped blots 

corresponding to the panels presented in the Main or Supplementary Figures are included in the 

Source Data File (https://www.nature.com/articles/s41467-020-17549-y#Sec29), indicating the 

corresponding figure numbers, molecular weight markers and regions of interest for each protein. 

 

5.7 Cell proliferation and cell counting assays 

Cell proliferation in vitro was assessed colorimetrically with WST-1 reagent. Exponentially 

growing Control and KRAS IEC-6 cells were grown in 96-well plates in complete medium 

supplemented with 5% or 0.1% FBS, and the relative number of viable cells was measured at 24, 
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48, and 72 h. WST-1 was added 2 h prior to absorbance measurement at 450 nm using a Tecan 

GENios Plus microplate reader. For determination of cell viability, cells were plated in 6-well 

plates either in complete medium or serum-starved medium, and treated with vehicle [deionized 

H2O (diH2O) or DMSO], CuCl2 (diluted in diH2O), tetrathiomolybdate [TTM (Sigma-Aldrich), 

in 5% (v/v) DMSO/diH2O] or 5-(N-ethyl-N-isopropyl) amiloride [EIPA (Sigma-Aldrich), in 

DMSO] for 24 or 48 h at the indicated doses. Alternatively, cells were left to grow for an additional 

day in complete medium after ATP7A shRNA selection or siRNA transfection. Cells were 

harvested using 0.25% Trypsin-EDTA solution (Gibco) and counted with trypan blue (Gibco) to 

exclude dead cells. 

 

5.8 Anchorage-independent growth assays 

For anchorage-independent growth assays, equal cell numbers were resuspended in 1 mL of top 

agar solution [final concentration of 0.3% Noble agar (Difco) in DMEM (1×)/10% FBS and 

antibiotics], with or without TTM at indicated doses. This was overlaid over 1.5 mL of bottom 

agar solution (final concentration of 0.5% Noble agar in same medium) in a 35 mm non-TC treated 

culture dish. Cells were fed weekly with 1 mL of complete media, supplemented with indicated 

concentrations of TTM or vehicle. The number of colonies were visualized after 2 or 3 weeks by 

addition of 0.5 mg/mL solution of Thiazolyl Blue Tetrazolium Bromide (MTT) reagent (Sigma-

Aldrich). Colonies were counted using Image J software. 

 

5.9 Immunofluorescence microscopy 

Cells were seeded in 24-well plates containing coverslips in complete medium for 24 h, then 

serum-starved for macropinocytosis assay. Lysine-fixable TMR-Dextran 10 kDa (Sigma-Aldrich) 

was added at 0.5 mg/mL to serum-free media for 30 min at 37 °C, pre-treated with DMSO or EIPA 

(20 μM). Cells were washed twice in ice-cold PBS pH 7.4 and fixed in 3.7% formaldehyde/ice-

cold PBS for 10 min. Cells were washed thrice in ice-cold PBS, dried and mounted on microscopy 

slides with DAPI Vectashield (Vector laboratories). For other staining, cells were permeabilized 

after fixation for 10 min in PBS containing 0.3% Triton X-100 and blocked with PBS/2% FBS or 

BSA for 1 h. Cells were incubated for 30 min with Texas Red-Phalloidin (Invitrogen) or 1 h with 

AlexaFluor 488-conjugated Streptavidin (1:500) (Invitrogen) or corresponding primary 



110 
 

antibodies. Antibodies targeted against EGFR (C74B9) (1:200), CD44 (8E2) are from Cell 

Signaling Technologies (1:2000); EphA2 (C-20) (1:25), TLR4 (25) (1:50) from Santa Cruz 

Biotechnology; E-cadherin (36/E) (1:250), N-cadherin (32/N) (1:400) from BD Biosciences; and 

SLC31A1/CTR1 (NBP100-402) (1:50) from Novus Biologicals. Following PBS washes, cells 

were incubated for 30 min with AlexaFluor 488-conjugated secondary antibodies (Invitrogen). 

Images were acquired on Zeiss LSM-700 confocal laser or GE Healthcare DeltaVision imaging 

systems with 20× or 40× objectives, and analyzed with Zen software v2. Macropinosome 

quantifications and cell-areas from differential interference contrast (DIC) images were calculated 

using Image J software as described elsewhere (Commisso et al., 2013b). 

 

5.10 Emission-ratiometric two-photon excitation microscopy 

For the measurement of labile Cu levels, we used the crisp-17 fluorescence sensor in accordance 

with the published protocol (Morgan et al., 2019). Briefly, cells were grown on glass bottom 

culture dishes (MatTek) in complete medium and treated with or without EIPA (20 µM) for 24 h 

(Fig. 2.5 experiments). Cells were then incubated with 1 µM crisp-17 in DMEM (without phenol 

red indicator) for 20 min and imaged at 37 °C under a humidified 5% CO2 atmosphere using a 

Zeiss LSM 880 two photon laser [excitation at 880 nm and emission simultaneously at 479–536 nm 

(ch.1) and 611–750 nm (ch.2) bandpass ranges]. Ratios were calculated as ch.2/ch.1. After imaging 

under basal conditions for 5–10 min, dynamic changes in intracellular Cu levels were induced by 

treating cells with 500 µM 2,2′-dithiodipyridine (DTDP) or 10 µM CuGTSM ionophoric complex. 

Copper chelation was performed with 50 µM of the high-affinity Cu chelator PSP-2 directly in 

imaging medium, 20 min after acquisition with CuGTSM, in accordance with the timeframes 

specified in the original protocol. Changes in fluorescence emission ratios for the region of interest 

(ROI) corresponding to the cells (cytoplasmic regions) were quantified and analyzed using Image 

J software (Schneider, Rasband, Eliceiri, & Instrumentation, 2017). 

5.11 Flow cytometry and Annexin V staining 

Cells grown on tissue culture dishes were washed with PBS and harvested with Accutase cell 

dissociation solution (Sigma-Aldrich) for 5 min at 37 °C. Cells (1 × 106 cells/mL) were then re-

suspended in ice-cold PBS pH 7.4/1% FBS (staining buffer) and blocked in ice-cold PBS pH 

7.4/5% FBS for 10 min at 4 °C, followed by two washes in staining buffer. Cells were stained with 
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AlexaFluor 488-conjugated Streptavidin (Invitrogen) or primary antibody for 1 h at 4 °C and 

washed twice with staining buffer. Primary antibodies targeted against TGFβR1/ALK-5 (1:500) is 

from Novus Biologicals; Integrin β1-Biotin conjugated (Ha2/5) (1:250) from BD Biosciences. 

Additional staining was done using AlexaFluor 488-conjugated secondary antibody for 30 min at 

4 °C. For the quantification of apoptosis, adherent cells along with those in culture media were 

collected and washed twice with cold PBS. Cells were stained with PE (phycoerythrin)-Annexin 

V (BD Biosciences), according to the manufacturers’ instructions, and analyzed immediately by 

flow cytometry. Samples were acquired using BD FACS (Fluorescence-activated cell sorting) 

Canto II instrument and BD FACS Diva v8.0.2 software. Data were analyzed using FlowJo v10 

software, and represented as geometric mean of fluorescence is represented as mean fluorescence 

intensity (MFI) or percentage (%) of Annexin V positive cells. 

 

5.12 Real-time quantitative-PCR (qPCR) analysis and RNA-sequencing 

Total RNA was extracted using RNeasy mini Kit (Qiagen) and reverse-transcribed using the cDNA 

Reverse Transcription Kit (Applied Biosystems), as described by the manufacturer. Gene 

expression was determined using assays designed with the Universal Probe Library from Roche 

(www.universalprobelibrary.com). For each qPCR assay, a standard curve was performed to 

ensure that the efficacy of the assay is between 90 and 110%. The Viia7 qPCR instrument (Life 

Technologies) was used to detect amplification level and was programmed with an initial step of 

20 s at 95 °C, followed by 40 cycles of: 1 s at 95 °C and 20 s at 60 °C. Relative expression 

(RQ = 2−ΔΔCT) was calculated using the Expression Suite software (Life Technologies), and 

normalization was done using both glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 

ACTB (β-Actin). Data represent average of two technical replicates from three independent 

biological experiments. For transcriptome analysis, total RNA was extracted using RNeasy mini 

Kit (Qiagen). Presence of contamination was assessed by NanoDrop (ThermoFisher Scientific) 

using 260/280 and 260/230 ratios. Quantification of total RNA was made by QuBit (ABI) and 

500 ng of total RNA was used for library preparation. Quality of total RNA was assessed with the 

BioAnalyzer Nano (Agilent) and all samples had a RIN above 9.8. Library preparation was done 

with the KAPA mRNA-seq stranded kit (KAPA, Cat no. KK8420). Ligation was made with 9 nM 

final concentration of Illumina index and 10 PCR cycles was required to amplify cDNA libraries. 

Libraries were quantified by QuBit and BioAnalyzer. All libraries were diluted to 10 nM and 
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normalized by qPCR using the KAPA library quantification kit (KAPA; Cat no. KK4973). 

Libraries were pooled to equimolar concentration. Sequencing was performed with the Illumina 

Hiseq2000 using the Hiseq Reagent Kit v3 (200 cycles, paired-end) using 1.8 nM of the pooled 

library. Around 120 M paired-end PF reads were generated per sample. Library preparation and 

sequencing was made at the Institute for Research in Immunology and Cancer’s (IRIC) Genomics 

Platform. Sequence data were mapped to the reference genome using the Illumina Casava 1.8.1 

package and Refseq release 63. Expression levels of mRNA were displayed as reads per kilobase 

per million (RPKM), these RPKM values were used to analyze the functional enrichment of genes 

associated with the sequencing data by gene set enrichment analysis (GSEA). Data are 

representative of three independent biological experiments. RPKM values of each biological 

replicate were averaged for Control and KRAS conditions, and Log2 FC (KRAS/Control) values 

were calculated. Transcripts were considered differentially upregulated by KRAS if log2 FC 

(KRAS/Control) values were ≥2, and downregulated if ≤ −2 (P < 0.05).  

Table 2.1. List of primers used 
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The heat map in Fig. 2.1c was generated by comparing the list of genes significantly and 

differentially expressed in KRAS-altered compared to KRAS-unaltered CRC specimens isolated 

from TCGA (594 samples) using cBioPortal platform (https//www.cbioportal.org) to the list of 

genes differentially expressed by KRAS in IEC-6 cells, as described above. The resulting list of 

common genes was further shortlisted on the genes whose expression was previously published in 

the literature as KRAS dependent. Primer sequences for qPCR analysis is attached. 

 

5.13 Immunohistochemistry (IHC) 

IHC staining was carried out on paraffin-embedded formalin-fixed samples using the automated 

Bond RX staining platform from Leica Biosystems. Sections were deparaffinised inside the 

immunostainer and antigen recovery was conducted using Leica Biosystems proprietary heat-

induced Epitope Retrieval using low pH buffer (ER1) for 20 min. Sections were then incubated 

with 150 µL of each antibody at RT for 30/15 min (primary/secondary antibody, respectively). 

Primary antibodies targeted against Caspase-3 (1:100) and Ki-67 (1:100) are from Biocare 

Medical; CCS (H-7) (1:50) from Santa Cruz Biotechnology; SLC31A1/CTR1 (NBP100-402) 

(1:50) from Novus Biologicals; and (P)-ERK1/2 (E10) (1:400) (T202/Y204) from Cell Signaling 

Technologies. Detection of specific signal was acquired by using Bond Polymer DAB Refine kit 

(#DS9800, Leica Biosystems) or Bond Intense R Detection System (DS9263, Leica Biosystems) 

with a secondary Biotin-conjuguated antibody. Slides were counterstained automatically with 

Hematoxylin included in the detection system. Stained slides were scanned using the Hamamatsu’s 

NanoZoomer Digital Pathology system 2HT. Virtual slides were then imported in Visiopharm 

Integrator System (2019.02.1.6005). Quantification was done by defining random zones of region 

of interest (ROI) (≥50 per condition), and determining the global intensity of DAB staining or 

necrotic tissue area by a custom scoring protocol by Visiopharm algorithm using HDAB-DAB 

color deconvolution and intensity parameters. Within the ROI, an unsupervised k-means cluster 

analysis was performed to separate pixels into four classes corresponding to negative, low, 

moderate and strong IHC staining. Mean Intensity (MI) and Area were defined for each class and 

a global VIS score (VS) was calculated as: VS = (MI × area) LOW + (MI × area) MOD + (MI × 

area) STRONG / total area of ROI. Other custom applications (APPs) were used from Visiopharm 
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APP center: Ki-67 APP (90004) to determine Ki-67 positive cells, HER-2 APP (90007) and 

GLUT-1 APP (10009) for ATP7A cell-membrane localization. 

 

Staining of patient-derived CRC tissues was additionally scored by pathologist Dr. Louis Gaboury 

(Université de Montréal). Data are representative of six and five independent biological replicates 

for xenografts and patient tissues, respectively. In the present study, ten tissue blocks were 

retrieved from the archives of the pathology lab at Center Hospitalier de l’Université de Montréal 

(CHUM), each containing colorectal cancer that also undergone routine testing for RAS mutation. 

Tumor-containing tissues with sufficient intact material were randomly selected and anonymized 

to include five KRAS mutated cases and five KRAS wild-type cases. Five to ten unstained sections 

(2 µm thick) were prepared and donor blocks returned to the archives. On the one hand, each case 

was anonymized (or depersonalized) to maintain confidentiality, that neither age, sex, ethnicity 

nor any other personal information was divulgated. On the other hand, care was taken to ensure 

that by using these tissues there is no potential risk or benefits to the patient other than the 

advancement of science and knowledge on the cellular mechanisms leading to colonic cancer. 

Additionally, all patients signed a general consent form upon admittance authorizing the 

establishment to either dispose or use for research purposes of the tissues and organs removed, so 

an Institutional Review Board was not deemed necessary. 

 

5.14 Mitochondrial bioenergetics analysis 

Oxygen consumption rate (OCR) was measured using the XFe96 Extracellular Flux Analyzer 

(Seahorse, Bioscience) according to the manufacturer’s protocol. Briefly, KRAS IEC-6 cells were 

washed twice and incubated in 200 µL of XF media containing 10 mM glucose, 2 mM glutamine, 

and 1 mM sodium pyruvate for 1 h at 37 °C in a CO2-free incubator. Following the measurement 

of basal respiration, injections included oligomycin (1 μM), carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP) (0.75 μM), rotenone/antimycin A (0.5 μM), and monensin (20 μM). 

Oligomycin inhibits ATP synthase and blocks respiration coupled to ATP production (coupled 

respiration). Uncoupled respiration is calculated as the difference between basal respiration and 

coupled respiration. FCCP uncouples the inner mitochondrial membrane, thereby allowing for the 

measurement of maximal oxygen consumption and maximal oxidative capacity. The addition of 
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rotenone (complex I inhibitor) and antimycin A (complex III inhibitor) are used to maximally 

perturb mitochondrial respiration. Monensin stimulates Na+ and H+ cycling across the plasma 

membrane, which activates glycolysis and is used to calculate maximum glycolytic capacity. OCR, 

extracellular acidification rate (ECAR), and proton production rate (PPR) measurements were 

taken before and after each injection and were used to calculate J ATP production and bioenergetic 

capacity as previously described (Mookerjee, Gerencser, Nicholls, & Brand, 2017). All values 

were normalized to protein content. 

Alternatively, total ATP was measured using the ATP luminescence assay kit (Abcam). Briefly, 

cells were grown in complete medium supplemented with 5% FBS for 24 h, lysed and prepared 

according to the manufacturers’ instructions prior to luminescence measurement using a Tecan 

GENios Plus microplate reader. All values were normalized to cell numbers. For the determination 

of cytochrome c oxidase (CCO) activity, KRAS cells were grown in complete medium 

supplemented with 5% FBS prior to incubation with 100 µM Cu for 24 h and mitochondrial 

extracts were prepared with the MITOISO1 mitochondria isolation kit (Sigma) according to the 

manufacturers’ instructions. Cytochrome c oxidase activity was then measured using the 

CYTOCOX1 kit (Sigma) according to the manufacturers’ protocol. All values were normalized to 

cell number. 

 

5.15 In vivo xenotransplantation into nude mice 

Throughout the study, 18 female athymic nude mice (N = 6 per condition) (Charles River stock 

#0490) around 8 weeks of age were subjected to a copper-deficient chow (CuD diet, TD.80388, 

Harlan Teklad), with either regular drinking diH2O (Group A) or supplemented with 20 mg/L 

CuSO4 diH2O (Sigma-Aldrich) (Group B and C). KRAS IEC-6 cells underwent screening to 

confirm that the cell line was free of rodent infectious agents (Mouse essential clear panel from 

Charles River), and 3 million cells were resuspended in PBS and injected subcutaneously in the 

right flank of mice at the beginning of the study. Tumors were allowed to grow until the volume 

reached ~150–200 mm3 after 2 weeks into the study. Mice were randomized and administered the 

following treatments every 2 days: Group B vehicle (5% DMSO in diH2O) or Group C EIPA 

(20 mg/mL in 100 mL of vehicle) by intraperitoneal injections (i.p.) for 3 weeks. All animal 

procedures were performed in accordance to local animal welfare committee of the Université de 
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Montréal (Comité de déontologie en expérimentation animale, CDEA) in agreement with 

regulations of the Canadian council on animal care (CCAC). Mice were monitored periodically; 

tumor volume thrice per week and bodyweight once a week were recorded. Blood was collected 

from the saphene at the start and end of the study for Ceruloplasmin activity measurements. Mice 

were sacrificed at the end of the study and observed for macroscopic abnormalities, if any, and 

tumor tissues were excised and fixed immediately for IHC analysis. Mice were maintained under 

the following housing conditions: ambient temperature 22 °C, humidity control 50%, 12 h 

light/12 h dark cycle. 

 

5.16 Ceruloplasmin activity assays 

Blood was collected from mice (N = 6 per condition), allowed to clot and serum was used for 

assays on D35. Pre-treatment (D0) sera and TTM-treated sera were used as positive and negative 

controls respectively. Ceruloplasmin (Cp) activity was assayed and calculated according to 

(Schoslnsky, Lehmann, & Beeler, 1974) and adapted (Brady et al., 2014) for 96-well plates. 

Briefly, 3.75 µL serum was added to 37.5 µL 0.1 M sodium acetate pH 6.0 (Sigma-Aldrich) in 96-

well plates and incubated at 37 °C. After 10 min, 15 µL of 2.5 mg/mL o-dianisidine 

dihydrochloride (Sigma-Aldrich) was added and further incubated for another 30 min at 37 °C. 

The reaction was stopped by adding 150 µL of 9 M sulfuric acid (Sigma-Aldrich). The absorbance 

was read at 540 nm with appropriate negative controls water (blank) and sample (without sodium 

acetate and o-dianisidine dihydrochloride). For in vitro assays, cells were treated with complete 

medium containing 50% FBS with or without TTM (10 μM) for 72 h. Conditioned media was 

collected and concentrated with Amicon Ultra-4 30MWCO (molecular weight cut-off) (Sigma-

Aldrich). 50–100 µL concentrates were used for CP activity measurements, with the same protocol 

as above but with 750 µL of sodium acetate, 200 µL of o-dianisidine dihydrochloride for 120 min 

and reaction quenched by adding 2 mL of sulfuric acid. Activity was normalized to total protein 

content. 

 

5.17 CRISPR/Cas9-based screens 

Lentiviral gRNA library construction: genes coding for cell-surface proteins were selected based 

on their significant upregulation or downregulation (Log2 FC ≥ +2 or −2) at the surface of KRAS-
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mutated IEC-6 cells compared to wild-type counterparts. Rat gRNAs against selected cell-surface 

protein-coding genes were pooled with gRNAs against previously described reference genes that 

are known to be essential or nonessential to cell survival. This library, collectively referred to as 

KRAS-library (3732 gRNAs in total, Supplementary Data 4), was synthesized as 58-mer 

oligonucleotides and amplified by PCR in a pooled format. PCR products were then purified using 

the QIAquick nucleotide removal kit (Qiagen) and cloned into a modified version of the all-in-one 

lentiviral vector lentiCRISPRv2 using a one-step digestion and ligation reaction as previously 

described58. The pooled ligation reaction was purified using the QIAquick nucleotide removal kit, 

eluted in 23 µL ultrapure diH2O, and 2 μL of the purified ligation was transformed into 25 μL 

EndureTM competent cells (Lucigen) and selected using ampicillin (100 μg/mL). A total of four 

identical transformations were performed to yield 5000-fold representation of the library. KRAS-

library plasmid DNA was harvested using the EndoFree Plasmid Maxi kit (Qiagen). 

 

Lentivirus production and MOI testing: KRAS-library lentiviruses were produced by co-

transfection of lentiviral vectors psPAX2 (4.8 μg) and pMDG.2 (3.2 μg) with KRAS-library 

plasmid DNA (8 μg) using the X-tremeGene TM 9 transfection reagent (Roche), as previously 

described (Macleod et al., 2019). Briefly, 9 × 106 HEK293T cells were seeded per 15 cm plate 24 h 

prior to transfection in 10% FBS in DMEM medium, then transfected with the above-mentioned 

transfection mixture according to the manufacturer’s protocol. Twenty-four hours after 

transfection, the medium was removed and replaced with fresh medium (DMEM, 1% BSA, 1% 

Penicillin/Streptomycin). Forty-eight hours of post-transfection, virus containing medium was 

harvested, filtered (0.45 μm), and stored at −80 °C. KRAS-library viral titers in pWZL-hygro IEC-

6 or pWZL-hygro-KRASG12V cells was determined by infecting the cells with a titration of KRAS-

library lentivirus in the presence of polybrene (8 μg/mL). Twenty-four hours after infection, 

medium was replaced with fresh media containing 4 μg/mL puromycin and selected for 48 h. The 

multiplicity of infection (MOI) was determined 72 h post-infection by comparing the percent of 

survival of infected cells to non-infected control cells (Hart et al., 2017). 
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5.17.1 KRAS-library CRISPR/Cas9 screening  

21 million pWZL-hygro IEC-6 or pWZL-hygro-KRASG12V cells were infected with KRAS-

library lentivirus at a MOI ~0.3 and selected with puromycin (1500-fold coverage after selection). 

Seventy-two hours of post-infection, selected cells were harvested, mixed and split into three 

replicates of 2 million cells to maintain 500-fold library coverage. Cells were passaged every 3–4 

days as needed, and 4–5 million cells were collected for genomic DNA extraction at day 0 (D0), 

day 7 (D7), and day 14 (D14). Genomic DNA was extracted from cell pellets using the Purelink 

genomic DNA mini kit (Invitrogen). Integrated library gRNAs were amplified via two stage PCR: 

PCR-1 to enrich gRNA regions in the genome and PCR-2 to amplify gRNA with Illumina TruSeq 

adapters with i5 and i7 indices (MacLeod et al. 2019). Three 50 μL PCR-1 reactions (1 μg gDNA 

each) were performed for each genomic DNA sample and then pooled. For PCR-2, 5 μL of pooled 

PCR-1 were amplified, using unique i5 and i7 index primer combinations for each individual 

sample in 50 μL reactions. PCR product was separated on 2% agarose gel, and 200 bp bands and 

excised and purified using the PureLink™ Quick Gel Extraction and PCR Purification Combo Kit 

(Invitrogen) eluting in 30 µL volume. Recovered DNA was quantified using a Nanodrop and 2 µL 

was electrophoresed on a 2% agarose gel to ensure a clean 200 bp band was recovered. Next-

generation sequencing was performed at the Lunenfeld–Tanembaum Research Institute 

Sequencing facility as previously described59. Libraries were sequenced to a minimum depth of 

1 × 106 reads per sample on an Illumina NextSeq550 and FASTQ files were aligned to the gRNA 

library using MaGeck (version 0.5.3) using default parameters. For each gene in the screen, 

experimental condition (Control and KRAS), and timepoint, Bayes factors (BF) were calculated 

using the BAGEL algorithm including the 100 training non-essential and essential genes present 

in the library (Hart & Moffat, 2016). BF represents a confidence measure and considers the FC of 

all gRNAs targeting the same gene. A positive BF signifies that the gene affects cell fitness and 

negative BF signifies that the gene is dispensable to cell fitness. BF were normalized across 

samples within each screen using the preProcesscore R package before comparison. Differential 

essentiality scores were calculated after subtracting the BF of KRAS from Control and presented 

as or Log2 FC. If Log2 FC ≥ 2, genes were considered differentially essential to KRAS cells. Only 

genes with positive BF were considered for differential essentiality. The results from two in vitro 

screens using two pairs of isogenic IEC-6 cells with/without mutant-KRAS were combined to 

represent the mean differential essentiality scores in Fig. 2.2c and Supplementary Data 5. 
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In vivo CRISPR/Cas9 screening: pWZL-Hygromycin-KRASG12V IEC-6 cells (21 million cells) 

were transduced at a MOI ~0.3 with the KRAS-library gRNAs, and transduced cells were selected 

with 4 µg/mL puromycin for 2 days. A D0 sample was collected on the following day. 

NOD/SCID/gamma (NSG) mice (N = 9) were injected with 1 million cells each (250,000 cells × 

4 injections), mixed 1:1 with matrigel containing growth factors (Corning #354234). The resulting 

36 tumors were harvested after 4 weeks (D30) when they reached ~1 cm3 and assigned randomly 

to 3 × 12 tumors. DNA from 12 tumors was purified (Qiagen DNEasy Blood and Tissue kit) and 

pooled to obtain a ~600× coverage/triplicate, which was compared to the 600× D0 sample. 

Essentiality scores were determined from the BF. 

 

5.18 Statistical analyses 

For surfaceome and transcriptome analysis, an unpaired one-tailed Student’s t-test was applied to 

the mean log2 FC values and selected as differentially expressed if P < 0.05. For all relevant panels 

unless specified, center values and error bars represent means ± SEM and P-values were 

determined by unpaired two-tailed Student’s t-tests. ns: not significant; *P < 0.05, **P < 0.01; 

***P < 0.001; ****P < 0.0001. For Figs. (2.2e, f, 2.3e, h, 2.5a), and Supplementary Figs. (2.5k, 

m, 2.7f), two-way ANOVA with post-hoc Bonferroni’s multiple-comparison analysis were used 

between groups. ns: not significant; **P < 0.01; ***P < 0.001; ****P < 0.0001. In Fig. 2.5f, g with 

mean tumor volume (mm3) ± SEM, P-values between Group A and B (†) 

F(DFn,DFd) = 30.55(11,126) and between Group B and C (§) F(DFn,DFd) = 37.79(11,127) were 

determined by two-way ANOVA with post-hoc Bonferroni’s multiple-comparison analysis. 

Coefficient correlation (R2) were calculated in Excel by comparing the means (of three replicates) 

of log2 (FC values) for CSC versus CSB (Supplementary Fig. 2.2e), or transcriptome versus 

surfaceome (Supplementary Fig. 2.3a). Pearson correlation coefficient (ρ) and NSAF values 

(Supplementary Fig. 2.2d) were extracted from Scaffold database. Statistical measurements were 

made on distinct samples using both Graph Pad PRISM v8.4.2 and Microsoft Excel softwares. 
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5.19 Data availability 

The raw datasets of surfaceomics (Supplementary Data 2 and 3), transcriptomics 

(Supplementary Data 1 and 2) and CRISPR analyses (Supplementary Data 4–6) are available 

as supplementary information in https://www.nature.com/articles/s41467-020-17549-y#Sec28. 

Surfaceomics data (corresponding to Supplementary Data 2) has been deposited in 

ProteomeXchange through partner MassIVE as a complete submission and assigned 

MSV000085560 and PXD019625. The data can be downloaded from 

ftp://MSV000085560@massive.ucsd.edu. TCGA data used for generating heat map in Fig. 1c and 

Kaplan–Meier plot in Supplementary Fig. 2.1a are available from cBioportal 

(https://www.cbioportal.org/study/summary?id=coadread_tcga_pan_can_atlas_2018). GSEA 

graphs presented in Fig. 2.1b and Supplementary Fig. 2.1e are available at https://www.gsea-

msigdb.org/gsea/msigdb/cards/HALLMARK_KRAS_SIGNALING_UP and https://www.gsea-

msigdb.org/gsea/msigdb/cards/HALLMARK_MYC_TARGETS_V1, respectively.  
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7. Supplementary figures 
 

Supplementary Figure 2.1. Validation of intestinal epithelial cell model for KRAS-
mediated transformation 

(a) Kaplan-Meier plot comparing overall survival of metastatic colorectal cancer patients with or 
without KRAS mutations from publicly available data analyzed on the cBioPortal database for 
Cancer Genomics (https://www.cbioportal.org/study/summary?id=crc_msk_2017). (b-d) Control 
and KRAS IEC-6 cells were analyzed for the following: (b) cellular phenotype with phase-contrast 
microscopy (DIC) [scale=10 µm], Phalloidin (red) and DAPI (blue) [scale=20 µm]; (c) cellular 
proliferation using WST-1 assays in medium containing 0.1% or 5% FBS. Data were normalized 
to initial seeding (t=0) and expressed as mean ±SD of four replicates per condition; and (d) 
adherence-independent growth by soft agar assays. Data represent N=3 independent experiments. 
(e) Analysis of Control and KRAS IEC-6 transcriptome dataset with GSEA database correlated 
with upregulation of hallmark gene set “MYC_TARGETS_V1”.  
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Supplementary Figure 2.2. Validation of the surface proteomics protocol to quantify 
cell surface proteins 

(a) Schematic outline of the surfaceomic approach optimized for the identification and 
quantification of cell-surface proteins. Cell surface capture (CSC) and cell surface biotinylation 
(CSB) methods. (b) Immunofluorescence (IF) images showing the specificity of cell-surface 
labeling with both CSC and CSB techniques, scale=20 µm. Data represent N=3 independent 
experiments. (c) Venn diagram of all high-confidence cell-surface proteins identified in the KRAS-
regulated surfaceome of IEC-6 cells, isolated using CSC or CSB. (d) Comparison of Normalized 
spectral abundance factor (NSAF) to determine the reproducibility in protein identifications 
between triplicates for each of the biotinylation method. (e) Graph deciphering the correlation 
between CSC and CSB for the quantification of differentially expressed cell-surface proteins by 
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KRAS (R2=0.571). Data are expressed as Log2 FC (KRAS/Control). (f) Table summarizing the 
number of proteins significantly upregulated (red) (Log2 FC ≥ 2) or downregulated (blue) (Log2 
FC ≤ -2) at the cell-surface of IEC-6 KRAS compared to Control cells. N/A (non applicable) stands 
for proteins identified uniquely in Control or KRAS cells. 
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Supplementary Figure 2.3. Validation of cell-surface proteins differentially modulated by 
mutant KRAS 

(a) Scatter plot showing the correlation between surfaceome and transcriptome datasets 
(R2=0.531). Data are expressed as Log2 FC (KRAS/Control). (b-c) IF, flow cytometry, or 
immunoblot (IB) images showing the cellular localization of transcription-dependent upregulated 
(CDH2, CD44) or downregulated (CDH1, EGFR) (b), and transcription-independent upregulated 
6 (TLR4, EPHA2, ITGB1) or downregulated (TGFβR1, AXL) cell-surface proteins (c) in KRAS 
versus Control cells. Graphs on the right illustrate the Log2 FC (KRAS/Control) from the 
transcriptome (purple) and surfaceome (yellow) datasets. Red dashed lines indicate cut-off values 
statistical significance. Data are expressed as means of N=3 (mRNA) or N=2 (surfaceome) 
independent replicates per condition. All validation data represent N=3 independent experiments, 
scale=17 µm.  
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Supplementary Figure 2.4. ATP7A is essential for growth of KRAS-mutant cells 
(a-c) Graphs depicting the relative abundance of each of the eight gRNAs used in CRISPR/Cas9 
screens in Control (blue) and KRAS (red) represented as Log2 FC (Day 7/Day 0) for Atp7a (a) 
essential gene Myc (b) and non-essential gene Gpr101 (c). Data represent N=3 replicates per 
condition and are representative of two independent CRISPR screens (a-c). (d) Bar graphs 
depicting the bayes factor (BF) scores for Atp7A (left) and Myc (right), expressed as mean of the 
two in vitro CRISPR/Cas9 screens in Control and KRAS cells. (e) Same as in d, but for in vivo 
CRISPR/Cas9 screen in KRAS IEC-6 xenografts. (f) Adherence-independent growth on soft agar 
for KRAS IEC-6 cells with NT or ATP7A shRNAs (19 and 20), *P=0.0174; **P=0.0049. (g) Same 
as in f, except that experiments were performed using HCT116 (left) and DLD-1 (right) with NT 
or ATP7A shRNAs (22 and 26), ***P=0.0008 (shNT versus shATP7A-22, HCT116); ***P=0.0006 
(shNT versus shATP7A-26, HCT116); **P=0.0084 (shNT versus shATP7A-22, DLD-1); 
**P=0.0030 (shNT versus shATP7A-26, DLD-1). Data represent N=3 independent experiments 
per condition (f, g). Data and error bars represent mean ±SEM, and statistical significance is 
determined using unpaired two tailed Student’s t tests. *P < 0.05; **P < 0.01; ***P < 0.001.  
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Supplementary Figure 2.5. ATP7A expression and Cu-export function are essential for 
survival of KRAS-mutant cells 

(a) Graph indicating the Log2 FC (KRAS/Control) from the transcriptome (purple) and 
surfaceome (yellow) datasets for ATP7A. Red dashed line indicates cut-off value for statistical 



129 
 

significance. Data are expressed as mean of N=3 (mRNA) or N=2 (surfaceome) independent 
replicates per condition. (b) Biotinylated cell-surface proteins from Control and KRAS cells were 
processed for streptavidin pull-down. Eluted proteins and pre-elution lysates were analyzed by IB 
for ATP7A and Tubulin. Data represent N=3 independent experiments. (c) Relative mRNA 
expression levels of four Cu-dependent genes in Control and KRAS cells. Data represent N=3 
independent experiments with two technical replicates. (d) Control and KRAS cells were treated 
with or without CuCl2 for 24 h, and whole-cell lysates were analyzed by IB for ATP7A, CCS and 
Tubulin. Data represent N=3 independent experiments. (e) Representative images of KRAS cells 
incubated with the fluorescence sensor crisp-17 and left untreated (Basal), treated with CuGTSM, 
or treated with high-affinity Cu chelator (PSP-2) in the presence of CuGTSM. Data represent N=3 
independent experiments, scale=30 µm. (f) Dot plot depicting the quantifications of crisp-17 
fluorescence ratios averaged over N=10 cells. (g-j) Same as d, except that ATP7A (green) was 
assessed by IF with DAPI (blue). Representative images for Control (g) and KRAS (i) cells, and 
the corresponding graphical distribution of ATP7A levels for Control (h) and KRAS (j). Data 
represent three random images from N=3 independent experiments, scale=10 µm. Data are 
normalized to untreated KRAS cells. (k) Control and KRAS IEC-6 were treated with the indicated 
doses of CuCl2 for 24 h and processed for Annexin V staining by Flow cytometry. Data represent 
N=6 independent replicates. (l) Measurement of total Cu levels for the indicated CRC cells as 
measured by ICP-MS analysis. Data represent N=4 independent experiments, ***P=0.0010 
(CACO-2 versus HCT116); **P=0.0084 (CACO-2 versus DLD-1). (m) Same as k, but for KRAS 
wild-type (CACO-2) and KRAS mutant (HCT116, DLD-1, SW480, SW620) CRC cells. Data 
represent N=3 independent experiments. For panels (c, f, k-m), values and error bars represent 
mean ±SEM, and statistical significance is determined using unpaired two tailed Student’s t tests 
(c, f, l) or two-way ANOVA with post-hoc Bonferroni’s multiple comparison analysis (k, m). **P 
< 0.01; ***P < 0.001; ****P < 0.0001.  
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Supplementary Figure 2.6. ATP7A and CCS levels in KRAS wild-type and KRAS-mutant 
CRC tumors 

Representative IHC images of ATP7A (left) and CCS (right) levels in patient derived CRC tissues 
with wild-type KRAS (wt) or mutant KRAS (mut) [n=5 patient tissues per 12 condition], scale=250 
µm. Red arrows indicate granular staining of ATP7A in trans-Golgi network or basolateral 
membrane (or cell-surface) localization of ATP7A. 
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Supplementary Figure 2.7. ATP7A is required for growth and Cu-dependent functions in 
KRAS mutant cells 

(a) Cp activity in KRAS cells with NT or ATP7A shRNAs (19 and 20). Data is expressed as mean 
of N=2 independent experiments. (b) IB of ATP7A, Tubulin, total and phosphorylated ERK1/2 in 
lysates of KRAS cells with NT or ATP7A shRNAs (19 and 20). Data represent N=3 independent 
experiments. (c) KRAS cells were treated with or without TTM for 24 h, and ATP7A (green) was 
assessed by IF with DAPI (blue). White dashed lines indicate cell boundaries. Data represent N=3 
independent experiments, scale=20 µm. (d) Graph depicting relative mRNA levels of Cu-
dependent genes in KRAS cells treated with or without TTM for 24 h. Data are representative N=3 
independent experiments with two technical replicates. (e) IB of total and phosphorylated ERK1/2 
and Tubulin in lysates of KRAS cells untreated, treated with TTM or CuCl2, or both for 24 h. Data 
is representative of N=2 independent experiments.(f) Adherence independent growth on soft agar 
of CACO-2, HCT116 and DLD-1 cells treated with the indicated doses of TTM. Data represent 



133 
 

N=3 independent replicates per condition, ***P=0.0008 (CACO-2 versus HCT116-1000); 
**P=0.0027 (CACO-2 versus DLD-1-1000); ****P< 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001. 
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Supplementary Figure 2.8. CTR1 is downregulated in KRAS-mutant IEC-6 cells and CRC 
tissues 

 (a) KRAS versus Control cells were examined by IF for CTR1 (green) and DAPI (blue), scale=17 
µm. (b) Graph indicating the Log2 FC (KRAS/Control) from the transcriptome (purple) and 
surfaceome (yellow) datasets for CTR1. Red dashed line indicates cut-off value for statistical 
significance. Data represent N=3 (mRNA) or N=2 (surfaceome) independent replicates per 
condition. (c) Representative images (left) for CTR1 staining from IHC profiling of KRAS wt versus 
KRAS mut CRC patient tumors, scale=250 µm. Scatter dot plots for CTR1 levels quantified from 
IHC images in the indicated conditions (right). Data represent mean ±SEM of N=40 and N=32 
random images from five KRAS wt and KRAS mut patient tissues, respectively. Statistical 
significance is determined using unpaired two-tailed Student’s t test. ****P < 0.0001. (d) Bar 
charts representing the BF score of Ctr1 (Slc31a1) from CRISPR/Cas9 screens in KRAS versus 
Control IEC-6 cells (top) and in KRAS IEC-6 xenografts (bottom).  
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Supplementary Figure 2.9. Macropinocytosis modulates Cu levels and validation of the 
in vivo tumor growth protocol 

(a) Whole-cell lysates were collected from CRC cells after treatment with indicated doses of EIPA 
for 15 min, and CCS and Tubulin levels were analyzed by IB. Data represent N=3 independent 
experiments. (b) Whole-cell lysates of KRAS cells were collected after treatment with EIPA at 
indicated doses, TTM (10 µM) and CuCl2 (100 µM) for 24 h. CCS, ATP7A and Tubulin levels were 
analyzed by IB. Data represent N=3 independent experiments. (c) Serum was collected from N=6 
mice at the end of the study and Cp activity was analyzed in two technical replicates for the 
indicated conditions, ***P=0.0004. (d) Body weights were recorded in N=6 mice per condition, 
for the pre-treatment (D0) and post-treatment (D35) timepoints. (e-f) Representative IHC images 
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and quantification of phosphorylated-ERK1/2 levels (e) and necrotic areas (f) for the indicated 
conditions [N=63 random images from six mice per condition (e), ****P < 0.0001; N=12 images 
from six mice per condition (f), *P=0.034], scale=250 µm. For panels (c-f), values and error bars 
represent mean ±SEM, and statistical significance is determined using unpaired two tailed 
Student’s t tests. ns: not significant, *P < 0.05, ***P < 0.001, ****P < 0.0001.   
 
 

Supplementary Figure 2.10. Gating strategy for flow cytometry 
(a) For figure 2.3, P5 is first selected from FSC-A versus SSC-A plot and doublets are removed 
from P5 population after gating for P3 (in purple) in FSC-W versus FSC-H plot, and P4 (in green) 
from SSC-W versus SSC-H plot. (b-d) From P4, histograms (in blue) is generated and P1 is gated 
considering negative population in (b) “Unstained” control without any antibody, and in (c) 
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“Alexa fluor (AF488)- streptavidin” control with secondary antibody but without primary 
antibody. (d) Represents positive population with primary antibody (CD29-biotin) and secondary 
AF488-streptavidin antibody. (e) Represents gating strategy used for supplementary fig. 2.5k & 
2.5m. f, Population is selected from FSC-A versus SSC-A plot as P1. From P1, doublets are 
removed by selecting P2 from SSC-W versus SSC-H plot and P3 from FSC-W versus FSC-H plot. 
(g) From P3 a dot plot is generated by plotting FITC-A versus PE-A, ANNEXIN-V+ cells are 
determined by gating for P4.  
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Chapter 3: Identification of druggable pathways that may improve 
the therapeutic efficacy of copper chelation  

 

1. Author contributions 

The CRISPR/Cas9 screen was performed by Caroline Huard in the laboratory of Dr. Mike Tyers 

(IRIC). Generation of RANKS score and screen results were generated by Dr. Jasmin Coulombe-

Huntington. N.N. analyzed the screen results, compared the data between conditions, prepared the 

graphs, generated the figures and performed the literature search to identify relevant hits. The 

immunoblotting experiments were also designed and performed by N.N. Philippe P. Roux 

conceived the idea for the screen.  
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2. Introduction 

TTM and Trientine are clinically approved copper-lowering drugs for the treatment of congenital 

copper disorders, such as Wilson’s disease (Baldari et al., 2020). In addition, TTM has shown 

significant preclinical activity in reducing tumor growth, microvessel density, tumor vascularity, 

and distant metastasis in several cancer models, including head and neck (Hassouneh et al., 2007), 

pancreatic (Ishida et al., 2013), and breast (Pan et al., 2002) cancer, as well as BRAF-mutant 

thyroid tumors. Although TTM treatment reduced tumor burden in BRAF-driven xenografts, 

tumors did not regress completely (Brady et al., 2017, 2014; M. Xu et al., 2018). However, 

combination of TTM and Trientine induced  a prolonged anti-tumor response (Brady et al., 2014), 

suggesting that TTM as monotherapy is probably insufficient to completely curb tumor growth.  

 

Limited clinical trials have attempted to test the anti-neoplastic properties of TTM in various solid 

cancers (Baldari et al., 2020) including hormone-refractory prostate cancer (Henry et al., 2007), 

metastatic renal cancer (Redman et al., 2003) and breast cancer (Jain et al., 2013). TTM was very 

efficient in reducing systemic copper levels within three weeks in vivo, as suggested by serum 

ceruloplasmin activity (G. Khan & Merajver, 2009; Lowndes et al., 2008). In one study with breast 

cancer patients, TTM increased disease-free survival rates to >67% with a median follow up of 6.7 

years (Chan, Willis, Kornhauser, Ward, et al., 2017). Although stable disease and delayed 

progression was achieved in cancer patients treated with TTM (Lowndes et al., 2008; Pass, Brewer, 

Dick, Carbone, & Merajver, 2008; Redman et al., 2003), its effect as monotherapy was limited in 

these studies. On the positive side, several phase I studies of drug dosing have shown that long-

term TTM treatments is generally well tolerated with reversible toxicities, such as mild anemia 

and neutropenia (G. Khan & Merajver, 2009). Notably, patients have been treated safely for 65 

months with no major side effects (Chan, Willis, Kornhauser, Ward, et al., 2017).  

 

Other studies have focused on examining the synergistic effects of TTM with other anticancer 

therapies. For example, TTM sensitized melanoma that are resistant to BRAF or MEK1/2 

inhibitors (Brady et al., 2017, 2014), suggesting that copper chelation could be used in some 

instances of drug resistance. Low CTR1 and high ATP7A expression is positively correlated with 

cisplatin resistance. Copper chelation with TTM is known to increase levels of the copper importer 

CTR1 (Ishida et al., 2010), while downregulating the copper exporter ATP7A (Chisholm et al., 
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2016). These studies show that TTM imparted synergistic anti-tumor effects with cisplatin by 

increasing intracellular platinum uptake and concentrations via CTR1- and ATP7A-dependent 

mechanisms (H. H. W. Chen & Kuo, 2013). Similarly, TTM sensitized breast cancer cells to the 

DNA-damaging drug doxorubicin (Pan, Bao, Kleer, Brewer, & Merajver, 2003). Other approaches 

include co-treatments with the autophagy inhibitor chloroquine (CQ), where upon TTM treatments 

significantly inhibited pancreatic tumor growth in vitro and in vivo (Z. Yu et al., 2019). The limited 

clinical activity of TTM is also likely attributed to the observation that treatment does not induce 

tumor cell apoptosis, as TTM appears to be cytostatic as a monotherapeutic agent (Y. J. Kim, 

Tsang, Anderson, Posimo, & Brady, 2020; Pan et al., 2003; Z. Yu et al., 2019). Therefore, a recent 

study employed high-throughput small molecule screens to identify compounds that synergized 

with TTM in BRAF-mutant melanomas. Pharmacological inhibition of B-cell lymphoma 2 

(BCL2) family members selectively decreased the viability of cells when combined with TTM, 

suggesting that combination strategies may be more successful with copper chelation to better 

inhibit tumor growth. More preclinical studies are needed to improve the anti-tumor effects of 

TTM with existing therapeutic interventions, especially for aggressive, resistance-prone cancers 

such as KRAS-mutated CRC.  

 

CRISPR-mediated pharmacogenetic screens can be used to identify genetic pathways that enhance 

or suppress activity of drugs, thus deepening our understanding of mechanism(s) of action and 

resistance (Jost & Weissman, 2018). It has been successfully employed to identify genes whose 

loss-of-function is implicated in the resistance to the BRAF inhibitor vemurafenib (Shalem et al., 

2014) or ERK inhibitor SCH772984 in KRAS-mutant cells (Colic et al., 2019). Similarly, genome-

wide CRISPR screens helped identify the cellular targets of newly identified drugs LB-60-OF61 

(Estoppey et al., 2017) and Rigosertib (Jost et al., 2017). Using this approach in multiple cell lines, 

several high-confidence genes were identified, whose loss-of-function increased sensitivity to poly 

ADP-ribose polymerase (PARP) inhibitors (M. Zimmermann et al., 2018) or the (ataxia 

telangiectasia and Rad3-related) ATR checkpoint kinase inhibitor AZD6738 (C. Wang et al., 

2019). Taken together, genome wide CRISPR screening is a powerful approach to better 

understand the specificity of a drug, the pathway(s) it targets, and identify synthetic lethal genes 

that could be co-targeted to improve its therapeutic efficacy.  
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In a previous study, we have shown that KRAS-mutant CRC are more sensitive to copper chelation 

by TTM compared to wild-type KRAS cells in 2D and 3D growth mediums (Aubert et al., 2020). 

Here, we characterized the mechanism of action of TTM and selectivity for copper chelation, and 

identified synthetic lethal pathways that could improve its efficacy. In collaboration with the group 

of Mike Tyers (Institute for Research in Immunology and Cancer), we performed a genome-wide 

CRISPR/Cas9 screen in NALM-6 cells (NRAS-mutated human pre-B-cell lymphocytic leukemia 

line) cultured with increasing TTM concentrations. In parallel, a similar screen was performed 

with the related copper chelator Trientine, enabling comparison of their mechanism of action. The 

screen identified several functional gene clusters, providing insights into the cellular effects of 

copper chelation. Additionally, we identified several genes whose loss-of-function increased or 

rescued the anti-proliferative effect of TTM.  
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3. Results and Discussion 
3.1. Effect of TTM or Trientine was on-target for copper homeostasis genes 

The results of the CRISPR screen indicated that the top-ranking rescue genes in all the TTM 

screens (2, 4, 8, 10 µM) and in the Trientine screen (500 µM) were ATP7A and ATOX1. Loss of 

ATP7A (Gudekar et al., 2020) and ATOX1 (I Hamza et al., 2001) have been shown to 

hyperaccumulate copper levels, likely explaining why cells lacking their expression overcame the 

inhibitory effect of copper chelation. The CRANKS (conditional robust analytics and 

normalization for knockout screens) score of these two genes clustered far apart from all the other 

genes in the screen, suggesting that the drugs were on target for inhibiting copper homeostasis 

(Fig. 3.1B-E). Several GO terms associated with copper ion export and metabolism (highlighted 

in blue) were indeed enriched among the genes that significantly rescued the effect of TTM or 

Trientine (Fig. 3.2a).  

 

3.2. Copper chelation targets numerous genes involved in the electron transport chain 
(ETC)  

The majority of genes that rescued the effect of TTM or Trientine belonged to mitochondrial 

electron transport chain (ETC) complex formation or activity (Fig. 3.2b, Fig. 3.1b-e). Many of the 

GO terms associated with ETC activity including ubiquinone synthesis (P = 4.92 x 10-12) , complex 

1 activity (P = 1.73 x10-6) and assembly (P = 9.7 x10-16), and oxidative phosphorylation (P = 3.98 

x10-10) were significantly enriched amongst the top-scoring rescue genes (Fig. 3.2a). This rescue 

effect was observed in all of the TTM doses tested, however, for certain genes [ubiquinol-

cytochrome c reductase complex chaperone (UQCC2), UQCC1, Ubiquinol-cytochrome c 

Reductase Complex III Subunit VII (UQCRQ), ubiquitin associated protein 2-like (UBAP2L), 

Prenyldiphosphate synthase, subunit 1 (PDSS1), PDSS2, coenzyme Q2 (COQ2), COQ7, 

SLC25A1, bc1 synthesis like (BCS1L)], the scores seemed to increase with dose (Fig. 3.2b). String 

network analysis of all the rescue genes from the four TTM screens showed a strong enrichment 

of the mitochondrial oxidative phosphorylation pathway (Fig. 3.2c). Notably, several studies 

including ours have shown that TTM is potent inhibitor of mitochondrial complex IV activity, as 

CCO is a copper-dependent enzyme. As majority of cellular ATP is produced by oxidative 

phosphorylation rather than glycolysis (du Plessis, Agarwal, Mohanty, & van der Linde, 2015), 
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TTM reduced cellular ATP levels in oncogene-transformed cells (Aubert et al., 2020; Ishida et al., 

2013). ETC activity comprises of five complexes I, II, II, IV and V in the inner membrane of the 

mitochondria (Milenkovic, Blaza, Larsson, & Hirst, 2017). In particular, genes related to the 

complex I (NADH:ubiquinone oxidoreductase), complex III (ubiquinol-cytochrome C 

oxidoreductase) and ubiquinone (coenzyme Q) electron carriers are significantly enriched in TTM-

treated condition (Fig. 3.2a).  

 
Figure 3.1. Design and results of genome-wide CRISPR-Cas9 screen to identify genes that 

modify cellular responses to copper chelators 
(a) Experimental design of the screen. Graphs depicting the results of the screen comparing (b) 
TTM 2 µM versus 4 µM, (c) TTM 4 µM versus 8 µM, (d) TTM 8 µM versus 10 µM, (e) TTM 10 
µM versus Trientine 500 µM.  
 



145 
 

Inhibition of complex I activity by a low-dose of rotenone sensitized KRAS-mutant cells 

specifically over normal cells to low-glucose conditions (Palorini, Simonetto, Cirulli, & 

Chiaradonna, 2013). Similarly, it was shown that restraining complex I activity by chemical 

inhibitors or knockdown of genes regulating complex I function [e.g. NADH:Ubiquinone 

oxidoreductase subunit A13 (NDUFA13)] increased glycolysis. Other studies have shown that 

cells tend to rely on glycolysis for ATP production when oxidative phosphorylation is affected 

(Ishida et al., 2013; Palorini et al., 2013), or vice versa (Palorini et al., 2013; Shiratori et al., 2019), 

suggesting that both metabolic pathways are interlinked. Therefore, our screen results indicate that 

knockout of complex I and III genes overcame the proliferation inhibition by TTM, likely due to 

compensatory activation of glycolytic pathway for cell energy production when mitochondrial 

ETC activity is inhibited.  

To test if glycolysis is increased upon copper chelation, cells will be measured for glucose 

consumption and lactate production upon TTM treatments, by glucose oxidase and lactic acid 

assay kits respectively. Additionally, glycolytic rate can be inferred from the extracellular 

acidification rate (ECAR) of the surrounding media by the Seahorse extracellular flux (XF) 

analyzer. Glucose uptake in TTM-treated cells can also be measured using flow cytometry by 

adding fluorescent labelled glucose analog,  2-[N-(7-nitrobenz-2-oxa-1,3-diaxol-4-yl)amino]-2-

deoxyglucose (2-NBDG or 2-deoxy-2-((7-nitro-2,1,3-benzoxadiazol-4-yl)amino)-D-glucose). 

Additionally, glycolytic flux can be inferred by measuring the activity of rate-limiting glycolytic 

enzymes. As we have previously shown that KRAS-mutant cells are more sensitive to TTM 

compared to KRAS-wildtype CRC, it would be interesting to determine if the rate of glucose 

uptake and glycolysis is relatively higher in KRAS-mutant cells upon TTM treatments. If KRAS-

mutant cells exhibit enhanced adaption to glycolysis upon inhibition of oxidative phosphorylation, 

they might display enhanced sensitivity to low-dose glycolytic inhibitors in the presence of TTM. 

Cell proliferation/survival of KRAS-mutant and -wildtype cells could be measured in 2D (MTT 

assays) or 3D (adherence-independent growth on soft agar) growth mediums. Several chemical 

inhibitors of glycolysis could be tested along with a dose response of TTM and Trientine, including 

2-deoxy-D-glucose, phloretin, aminooxyacetic acid, 6-aminonicotinamide, oxamate, fluoride, 

iodoacetate (TeSlaa & Teitell, 2014).  
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3.3. Aspartate metabolism may be involved in cellular responses to copper chelation  

It is well known that cells lacking ETC function via inhibition of complex I or complex III are 

proliferation-deficient, which can be rescued by addition of pyruvate (Birsoy et al., 2015). Using 

a CRISPR-Cas9 screen, the Sabatini group identified that cells lacking ETC activity are dependent 

on aspartate synthesis via GOT1. Inhibition of cytosolic aspartate aminotransferase GOT1 enzyme 

synergizes with low doses of complex I inhibitor Metformin or complex III inhibitor Antimycin. 

Supplementation with pyruvate or glutamine, which are sources for aspartate synthesis, rescued 

the proliferation-defect of ETC-inhibited cells in a GOT1-dependent manner. The top-scoring 

synthetic lethal interactor for TTM and Trientine in our screen was GOT1. Notably, GOT1 synergy 

was better with lower doses of TTM (Fig. 3.1b-e, Fig. 3.2d). Therefore, the hypothesis is that if 

cells grew more dependent on GOT1 due to mitochondrial ETC inhibition by copper chelation, 

then inhibiting GOT1 activity could increase the anti-proliferative efficacy of  TTM and Trientine.  
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Figure 3.2. Summary of hits from the CRISPR screen that either rescues or synergizes 
with cellular inhibition by TTM 

(a) Gene ontology (GO) terms associated with genes that rescue anti-proliferative effect of TTM. 
Red line indicates cut off P value of <0.05.  (b) Heat map depicting CRANKS score for genes 
regulating the mitochondrial electron transport chain (ETC) activity. (c) String network analysis 
depicting enrichment of genes associated with ETC activity amongst genes that rescue inhibitory 
effect of TTM. (d) Heat map depicting CRANKS score of apoptotic regulators (TP53, BAK1, 
BCL2), metabolic genes (GOT1, PRKAA1), nucleoside transporter (SLC29A1 also known as 
ENT1) and vesicular (H+) ATPase complex (ATP6AP1, ATP6V0B). The legend below indicates 
CRANKS scoring grid for genes that rescue (red), or is synthetic lethal to (blue), inhibitory effect 
of TTM. 
 
 
To determine if aspartate metabolism is affected upon copper chelation, we could measure 

aspartate levels in cells treated with TTM and Trientine by liquid chromatography-mass 

spectrophotometry (LC-MS). TTM treated cells could increase GOT1 activity compared to DMSO 

controls, which could be measured by GOT1 enzyme assay (Yoshida et al., 2020). GOT1 protein 

or mRNA levels could also increase in TTM-treated cells. As Glutamine or pyruvate acts as 

sources for aspartate production, their supplementation could potentially reverse the anti-

proliferative effect of TTM. Proliferation can be measured by MTT assays with and without 

glutamine or pyruvate supplementation in TTM-treated cells.  Additionally, it would be interesting 

to test if their supplementation rescues TTM-effect in cells expressing GOT1 and not in GOT1-

lacking cells. Similarly, aspartate addition could be directly added to overcome the need for GOT1 

activity in the presence of TTM.  Along the same line of experiments,  overexpression of aspartate 

importer SLC1A3 could also potentially rescue the inhibitory effect of TTM, specifically in 

aspartate-containing medium compared to medium replete of aspartate. Finally, several GOT1 

inhibitors are available (Holt et al., 2018; Yoshida et al., 2020), which could be tested in concert 

with GOT1 knockdown for anti-proliferative synergy with increasing doses of TTM and Trientine. 

Cell proliferation could be measured by MTT assays and viability by Annexin V and propidium 

iodide (PI) quantification by flow cytometry. As KRAS transformed cells are known to increase 

glutamine metabolism and GOT1 expression (Son et al., 2013), it would be interesting to determine 

if the synergy between GOT1 inhibition with TTM could be specific to KRAS-mutant cancer cells 

compared to normal cells. 
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3.4. Copper chelation could render cells dependent on AMPK activity  

Metabolic stress that reduce ATP levels are known to activate AMPK, that inhibits energy-

consuming biochemical pathways (lipid and sterol synthesis, gluconeogenesis) and activates 

energy-producing catabolic pathways (glucose utilization, mobilization of lipid stores and 

autophagy) to minimize ATP consumption (Herzig & Shaw, 2018). Notably, inhibition of ETC 

complex I via metformin or rotenone, and inhibition of ETC complex III via antimycin A resulted 

in AMPK activation (Herzig & Shaw, 2018; Toyama et al., 2016). AMPK is primarily activated 

via phosphorylation at Thr172, which regulates its downstream target acetyl-CoA carboxylase 

(ACC), and this is thought to play a role in metabolic changes such as lipid synthesis in response 

to metformin. Studies have also shown that pharmacological inhibition of AMPK affected 

proliferation of pancreatic cancer cells, by blocking glucose uptake and lactate production (Hu et 

al., 2019). Additionally, copper chelation using TTM was shown to increase glucose consumption 

and AMPK activation in cancer cells, when ATP production via ETC was affected (Ishida et al., 

2013). Similar observations were made in copper deficient rats, which was associated with 

increased AMPK activity compared to normal controls (Gybina & Prohaska, 2008). AMPK is a 

heterotrimeric complex composed of a catalytic α-subunit and two regulatory subunits, β and γ 

coded by different genes,  (protein kinase AMP-activated alpha catalytic subunit) PRKAA1 and 

PRKAA2, (protein kinase, AMP-activated, beta non-catalytic subunit) PRKAB1 and PRKAB2, and 

(protein kinase subunit gamma-1) PRKAG1, PRKAG2 and PRKAG3 (Herzig & Shaw, 2018). In 

our study PRKAA1 scored as a synthetic lethal hit with TTM treatment (Fig. 3.1b-e, Fig. 3.2d). 

This suggests that AMPK activation could be critical for cells to adapt to the energy stress induced 

by copper chelation, and loss of AMPK could potentially synergize with TTM to curb tumor 

growth.  

 

To test this hypothesis, AMPK activation could be checked in response to TTM and Trientine 

treatments in cancer cell lines. Phosphorylation of Thr-172 is used as a biomarker for AMPK 

activation, which could be analyzed upon TTM treatment compared to untreated controls. 

Additionally, AMPK activation is confirmed by analyzing the phosphorylation levels of bonafide 

downstream targets including ACC, HMG-CoA reductase (HMGCR), glycogen synthases 

(GYS1), eukaryotic elongation factor 2 kinase (eEF2K) (Herzig & Shaw, 2018). If AMPK is 

required for cell survival after copper chelation, TTM must cause a relatively greater decrease in 
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cell proliferation in AMPK-deficient cells compared to AMPK-sufficient cells. A similar 

mechanism was suggested for sensitivity to biguanides, wherein cancer cells lacking active AMPK 

pathway were more sensitive to the effects of complex I inhibitor metformin compared to AMPK 

sufficient cells (Zadra, Batista, & Loda, 2015). It would be interesting to determine if cells adapt 

to lower energy status post- copper chelation, by increasing glucose uptake and glycolysis in an 

AMPK-dependent fashion. Through methods outlined previously, TTM or Trientine-treated cells 

could be measured for increased rate of glycolytic flux.  And if this increase in flux occurred only 

in AMPK-sufficient versus -deficient cells, we could conclude that copper deprivation increases 

AMPK activity to increase cellular ATP production via glycolysis to compensate for lack of ETC 

activity. Several inhibitors of AMPK are available namely Compound C (Hu et al., 2019), SBI-

0206965 (Dite et al., 2018) and MT47-100 (Scott et al., 2015). If AMPK activity is found to be 

crucial for copper-deficient cells, these inhibitors could be tested for potential synergistic effects 

with copper chelators in several cancer cells. As literature suggests that AMPK activity could be 

crucial for KRAS-driven tumorigenesis (Eichner et al., 2019), and we have shown a selectivity of 

anti-proliferative effect of TTM for KRAS-mutant CRC, would AMPK inhibition particularly 

increase TTM efficacy in KRAS-mutant versus KRAS-wildtype cells?  

 

3.5. ENT1 inhibitors could increase the efficacy of TTM 

A high scoring candidate with all doses of TTM is SLC29A1 (or ENT1, equilibrative nucleoside 

transporter 1) (Fig. 3.1b-e, Fig. 3.2d). ENT1 is a bidirectional nucleoside importer with high 

affinity for adenosine. It also transports Guanosine, Inosine, Hypoxanthine, and Thymidine 

(Boswell-Casteel & Hays, 2017). Adenosine is an ATP-derived nucleoside, which plays very 

important roles in hypoxia, inflammation, angiogenesis, DNA methylation, and apoptosis. More 

importantly, adenosine is the building block for ATP generation, and cellular uptake of adenosine 

via ENT1 plays a role in replenishing intracellular ATP stores (Boison & Yegutkin, 2019). The 

ability of ENT1 to import nucleosides is crucial for intracellular signaling (cyclic AMP, GMP), 

DNA and RNA synthesis, and nucleoside homeostasis (Boswell-Casteel & Hays, 2017). ENT1-

knockout mice exhibit increased extracellular adenosine levels suggesting defective cellular 

import (Rose et al., 2011). Hypoxia or tumor microenvironments are known to increase 

extracellular adenosine, and evidence suggests that extracellular adenosine levels are regulated 
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during hypoxia via ENT1 (Eltzschig et al., 2005; Rose et al., 2011; D. Zhang, Xiong, Albensi, & 

Parkinson, 2011). Although intracellular adenosine metabolism is a relatively understudied 

process, enzymes processing adenosine levels are being considered for cancer therapy (Boison & 

Yegutkin, 2019). The screen results suggest that adenosine homeostasis could be altered when 

copper is depleted in cells, probably by providing adenosine for ATP production via ENT1 due to 

ETC-inhibition. 

 

To test if ENT1 loss is synthetic lethal to TTM, proliferation of different cancer cells (expressing 

or lacking ENT1) will be measured upon TTM treatment. Further, a possible synergy between 

dose response of ENT1 inhibitors (dipyridamole, dilazep and nucleoside analog NBMPR) and 

TTM will be tested in cancer cells. Cell proliferation will be measured using MTT assays and cell 

apoptosis by quantifying Annexin V or propidium iodide using flow cytometry. Interestingly, 

SLC29A1 expression is increased in KRAS-dependent manner in intestinal epithelial cells 

compared to untransformed controls (Aubert et al., 2020). Based on this, it would be interesting to 

determine if ENT1 and TTM co-inhibition would have a relative or selective anti-proliferative 

effect on KRAS-mutant versus KRAS-wildtype CRC cells. Parallelly, we could determine if 

copper chelation increases ENT1 activity. For example, does ENT1 expression increase upon 

copper chelation? Although measurement of adenosine levels is tricky due to its short half-life, 

ENT1 activity can be measured by measuring adenosine uptake via techniques using radioactive 

labelled adenosine or high performance liquid chromatography (Pastor-Anglada & Pérez-Torras, 

2018; Rose et al., 2011). As adenosine levels are altered in disease states including hypoxia and 

cancer, it is likely that adenosine levels and ENT1-mediated adenosine uptake are also altered 

upon copper chelation. Therefore, adenosine levels could be measured intracellularly or in 

extracellular milieu (in the presence or absence of ENT1 inhibitor) upon TTM treatments 

compared to untreated cells.  

 

3.6. Vesicular transport could play important roles in copper chelation 

Component of vesicular transport ATP6AP1 scored as synthetic lethal hit with TTM (Fig. 

3.1b,d,e, Fig. 3.2d). Additionally, ATP6VOB also scored as synthetic lethal to 10 µM TTM dose 

(Fig. 3.2d). Studies in zebrafish showed that mutation in the vacuolar (H+) ATPase coding for the 
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V0D1 subunit (ATP6V0D1) could potentially inhibit ATP6 function and displayed a copper 

deficiency phenotype. ATP6V0D1 mutants displayed decreased activity of two cuproenzymes and 

increased sensitivity to sub-optimal dose of copper chelator, neocuproine. Moreover, the copper-

deficiency phenotype of these mutants was further enhanced with the pharmacological inhibition 

of Atp6 function or the loss of Atp7a expression (Madsen & Gitlin, 2008). We have shown that 

TTM can dramatically reduce ATP7A expression in cells (Aubert et al., 2020).  In another study 

it was shown that the localization of ATP7A at the trans golgi network is affected when endosomal 

retrieval is blocked by bafilomycin A, which inhibits the vacuolar (H+) ATPase (Kalayda, Wagner, 

Buss, Reedijk, & Jaehde, 2008). Interestingly, the vacuolar (H+) ATPase is also implicated in the 

correct apical membrane localization of copper importer Ctr1 in Drosophila. In this model, loss of 

vacuolar (H+) ATPase also resulted in copper deficiency phenotypes like the abovementioned 

zebrafish model (J. Wang, Binks, Warr, & Burke, 2014). Another interesting observation is that 

yeasts adapt to change in pH environments by altering the expression of copper homeostasis genes, 

and supplementation of copper and iron ions helped them to survive under high pH environments. 

This suggests a role for vacuolar (H+) ATPase in iron and copper homeostasis, as it regulates the 

acidic pH that is optimal for yeast growth. This study also suggests that defects in acidification 

which are important for the secretory compartments will disrupt the copper loading onto 

cuproenzymes such as ceruloplasmin (yeast Fet3p) (Serrano, Bernal, Simón, & Ariño, 2004). Since 

vacuolar ATPase plays crucial role in the secretory compartment and intracellular trafficking, these 

results collectively suggest a link between proton delivery into secretory pathway and copper 

homeostasis. However, the mechanisms by which v type ATPase contributes to copper deficiency 

phenotype is still not understood.  

 

To confirm the results of the CRISPR screen, knockdown of various subunits of v-type ATPase 

including ATP6AP1 and ATP6VOB to affect ATP6 activity, will be performed in many cancer 

cells. We need to confirm if loss of these subunits affected the expression and activity of v-ATPase 

by measuring H+ transport and v-ATPase activity by previously established protocols (Niikura, 

Takano, & Sawada, 2004). Then cells with or without functional v-ATPase will be exposed to 

increasing dose of TTM, to determine if loss of ATP6 expression synergized with suboptimal doses 

of TTM for inhibiting cellular proliferation or survival. In a similar manner, inhibitors of v-

ATPases such as bafilomycin A, INDOL0, apicularen B or concanamycin (Huss & Wieczorek, 
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2009) can be tested for synergistic activity with TTM, by measuring cellular proliferation rates 

and apoptosis. Based on the suggested reference between copper homeostasis genes and v-ATPase 

activity in the literature, the cellular localization of copper regulating proteins such as ATP7A, 

CTR1, ATOX1 and CCS could be analyzed in cells expressing or lacking ATP6AP1 and 

ATP6VOB. This would help us to understand if v-ATPase normally regulates the 

compartmentalization of copper homeostasis proteins. For example, lack of functional v-ATPase 

could affect the ATP7A localization in the secretory vesicles, where ATP7A loads copper onto 

cuproenzymes. Alternatively, TTM treated cells are known to increase the expression of copper 

importer CTR1, and this could be prevented in cells lacking v-ATPase. Therefore, localization of 

copper-regulating proteins should be analyzed in cells with or without v-ATPase activity, along 

with TTM treatments. A further understanding of this process could be aided by experiments with 

or without exogenous copper in cells lacking functional v-ATPase activity. Collectively, these 

experiments could suggest if cell survival or adaptation to copper chelation involves v-ATPase 

dependent CTR1 or ATP7A localization. Additionally, activity of cuproenzymes and copper levels 

should be measured between cells expressing or lacking v-ATPase, either by knockdown of 

ATP6AP1 and ATP6VOB or using pharmacological inhibition. If cuproenzyme activity is altered 

in the absence of v-ATPase, this would suggest that it regulates copper loading and hence 

biosynthetic role of ATP7A. Taken together, if the experiments indicate that localization or 

function of copper dependent proteins are altered by ATP6 activity, then it could explain why loss 

of ATP6AP1 and ATP6VOB synergized with copper chelator TTM to further inhibit cell 

proliferation.  

 

3.7. Novel role of TP53 in regulating ATP7A expression 

This screen also identified an apoptotic signature as lack of functional TP53 and BAK1 (BCL2 

Antagonist/Killer 1) rescues the anti-proliferative effect of TTM, suggesting that pro-apoptotic 

activity of BCL2 family and p53 is normally required for the efficacy of TTM (Fig. 3.1b-e, Fig. 

3.2d). Further experiments with TP53 knockdown in CRC cells led to the chance identification of 

previously unidentified role of p53 in regulating the expression of copper-regulating proteins 

ATP7A and CCS. Notably, knockdown of TP53 led to the loss of ATP7A and CCS expression in 

HCT116 and DLD-1 CRC cells (Fig. 3.3a). Interestingly, this loss of ATP7A expression was not 
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rescued with addition of exogenous copper in the absence of p53 (Fig. 3.3b).  Some studies have 

suggested a role for p53 in copper-induced cellular stress response (Formigari, Gregianin, & Irato, 

2013; E A Ostrakhovitch & Cherian, 2005), including regulation of copper-binding MT, which is 

transcriptionally induced by copper exposure (Elena A Ostrakhovitch, Olsson, von Hofsten, & 

Cherian, 2007). But there is a lack of understanding on the role of p53 in TTM-mediated cellular 

stress responses. Further, very little is known about mechanisms that regulate ATP7A levels 

besides copper-dependent post-transcriptional stabilization in intestinal epithelial cells (L. Xie & 

Collins, 2013). Therefore, it is worth exploring if p53 can transcriptionally regulate ATP7A and 

confirm if p53 can regulate MT in a similar manner in these cells. If these experiments show that 

cells lacking p53 suppress the expression of ATP7A and MT, then they should be more sensitive 

to addition of exogenous copper compared to controls expressing functional p53, as buffering of 

excess copper by these two proteins are necessary to prevent cuproptosis (Gudekar et al., 2020). 

Moreover, CCS decrease upon TP53 knockdown suggests that intracellular copper levels could be 

modulated by p53. Further experiments are needed to directly measure copper levels by fluorescent 

probes or ICP-MS in cells lacking functional TP53. If these experiments show that copper levels 

were indeed perturbed upon TP53 knockdown, and if TP53 knockdown cells are unable to produce 

ATP7A and metallothionein to buffer excess copper, it could be another explanation (besides a 

potential anti-apoptotic role) for why cells lacking TP53 rescued the effect of copper chelation 

(Fig. 3.1b-e, Fig. 3.2d).  
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Figure 3.3. Knockdown of TP53 reduces ATP7A and CCS levels in human CRC cells
(a, b) Immunoblots probed for the indicated proteins upon knockdown of TP53 with two shRNA 
constructs and non-targeting (NT) control in KRAS-mutated HCT116 and DLD-1 colorectal 
cancer (CRC) cells. Immunoblots depict N=3 experiments.  

4. Conclusion 

In summary, genome-wide CRISPR-Cas9 screens of TTM and Trientine treated cells suggest that 

these drugs are “on-target” and that the top scoring rescue genes are copper homeostasis regulating 

proteins. Notably, BCL2 scored as synthetic lethal target in TTM-treated (4 µM) condition, in line 

with the recent finding that drugs targeting the BCL2 family increased TTM efficacy in BRAF-

mutant cancer cells (Y. J. Kim et al., 2020). Finally, this screen yielded several interesting synthetic 

lethal pathways including aspartate and adenosine metabolism, vesicular transport, that need to be 

thoroughly validated in the future with different techniques and in different tumor lines, for their 

potential to improve the anti-proliferative efficacy of TTM.  
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Figure 3.4. Summary of synthetic lethal pathways to improve TTM efficacy 
Loss of mitochondrial ETC complex I and III are known to increase glycolysis dependency in 
tumor cells. Cu chelator TTM inhibit complex IV activity and ATP production of oxidative 
phosphorylation, which are also known to increase glycolysis dependency. SLC29A1 is an 
importer of adenosine and contributes to ATP metabolism. Inhibition of ETC activity increases 
cellular dependency of GOT1 activity, which is involved in aspartate metabolism. AMPK pathway 
is activated under conditions of metabolic stress to cope with low energy conditions. Mutations in 
Vacuolar(v)-ATPase coding genes has been shown to play a role in copper deficiency. 
Intracellular ATP7A and Cu trafficking mechanisms are dependent on vesicular transport. 
Targeting glycolysis pathway, SLC29A1, GOT1, AMPK, and v-ATPase functions could be 
synthetic lethal to TTM. TP53 loss affects expression of Cu-regulating proteins, ATP7A and CCS.  
Similarly, TTM also affects expression of ATP7A.  
 

5. Methods 
5.1. Chemogenomic genome wide CRISPR knockout screens 

NALM-6 cells expressing dox-inducible Cas9 were allowed to thaw in 10% fetal bovine serum 

containing complete RPMI medium, and transduced with EKO sgRNA lentiviral library 

(MOI=0.5) with 78,754 single-guide RNAs (sgRNAs) that targeted 19,084 RefSeq genes, 20,852 

alternatively spliced exons, 3,872 predicted genes and 2,043 sgRNAs with no match to human 

genome to estimate noise (Bertomeu et al., 2018). Each gene in the library was targeted by ~ 10 

sgRNAs. Following selection of lentiviral integration by blasticidin, cells were diluted to 400,000 

cells per mL, and media was supplemented with 2 µg/mL doxycycline to induce Cas9 expression 

starting at day -7. Cells were subcultured at days -5 and -3 (400,000 cells per mL) in media 

supplemented with doxycycline. On day 0, at least 70 million cells (250 cells per sgRNA) were 

collected as post-doxycycline sample to determine representation of EKO library pool. Remaining 

cells (400,000 cells per mL) were suspended in T-75 (28 million cells, 100 cells per sgRNA) and 

T-175 flasks (70 million cells, 250 cells per sgRNA) treated with TTM or Trientine. TTM and 

Trientine were dissolved in DMSO, and concentration of solvent was adjusted to not exceed 0.1% 

(v/v) DMSO. Concentrations of TTM were set at 2 µM, 4 µM, 8 µM and 10 µM and were chosen 

to result in an intermediate-high inhibition of NALM-6 based on a dose response curve. Trientine 

was used at 500 µM to due to intermediate inhibition of NALM-6. Further, 70 million cells were 

left untreated as control sample set.  Concentrations in flasks were monitored every two days and 

if exceeded 800,000 cells per mL, they were sub-cultured with DMSO or TTM, to maintain 28 and 

70 million cells (400,000 cells per mL) in T75 or T175 respectively. At day 8, cells were pelleted 

and frozen with 1X PBS, and the number of population doublings were determined. The population 
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doubling of untreated controls were 6.76 doublings over 8 days, DMSO 0.1% controls had 6.8 

doublings, 2.97, 2.08, 1.37 and 0.5 doublings for TTM 2 µM, 4 µM, 8 µM and 10 µM respectively.  

 

5.2. Genomic DNA extractions 

Genomic DNA was extracted using previously described DNA extraction protocol (Bertomeu et 

al., 2018). Briefly, frozen cell pellets were resuspended in TE buffer (10 mM Tris-HCl pH 8.0, 1 

mM EDTA) and lysis buffer (10 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.5% w/v SDS, 0.2 mg/mL 

proteinase K), to a total volume of 14 mL. Tubes were incubated at 55 ˚C for 3 h with intermittent 

mixing. 5 M NaCl was added to final concentration of 0.2 M, lysates were extracted twice with an 

equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) pH 7.5 mixture, chloroform was 

then removed. RNAse A was added for overnight digestion at 37 ˚C. This was followed by 

phenol/chloroform extraction, DNA was precipitated using 2.5 volumes of ethanol and 1/30 

volume of 3 M sodium acetate (pH 5.2). The pellet was washed with 70 % ethanol, dried and 

resuspended in TE in a 55 ˚C dry block and sheared by passing through 27 G needle.  

 

5.3. Next Generation Sequencing 

The sgRNA library was amplified using PCR from 462 µg of genomic DNA (this corresponds to 

70 million cells) or 185 ug (corresponds to 28 million cells; same PCR recipe in 2.5X smaller 

volumes). The PCR recipe contained 575 µL 10X PCR buffer, 115 µl 10 mM dNTPs, 23µl 100 

µM primer Outer-1, 23µl 100 µM primer Outer-2, 115 µl DMSO and 145 units of GenScript Green 

Taq DNA polymerase in a total volume of 5.75 mL. Multiple 100 µl reactions were setup in 96-

wells on a T100 thermal cycler (BioRad, USA). PCR reaction were set as follows: 95 ˚C 5 min, 

26 cycles of 35 sec at 94 ˚C, 50 sec at 52 ˚C and 40 sec at 72 ˚C, final step of 10 min at 72 ˚C after 

the last cycle. Completed reaction mixes were combined into a single tube and mixed well. An 

aliquot of 1.5 mL of each PCR reaction was concentrated 15-fold by using a 2.5X (v/v) ethanol 

100 %, followed by separation on agarose gel and extraction of the 475 bp amplicon. To a second 

PCR reaction, illumina sequencing adapters and 6 bp indexing primers were added (10 µl of 1:20 

dilution of unpurified PCR1 product, 10 µl 5X buffer Kapa, 5 µl 2.5 mM dNTPs, 1 µl of PAGE-

purified equimolar premix 100 µM TruSeq Universal Adapters 0 to shuffle the constant DNA 

region to be sequenced, 1 µl of 100 µM PAGE-purified TruSeq Adapter with appropriate index, 1 
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µl DMSO and 5 units Kapa HiFi HotStart DNA polymerase to 50 µl total volume). The PCR 

reaction 2 were as follows: 5 min at 95 ˚C, 5 cycles of 15 sec at 95 ˚C, 30 sec at 50 ˚C and 30 sec 

at 72 ˚C, 5 cycles of 15 sec at 95 ˚C, 30 sec at 56 ˚C and 30 sec at 72 ˚C, followed by 5 min final 

step at 72 ˚C after the last cycle. The 236-245 bp amplicon were purified using solid-phase 

reversible immobilization (SPRI) beads (AxyPrep FragmentSelect-I Kit) using a 1:1 ratio of SPRI 

beads and PCR product. Quantification is by Infinite M1000 PRO microplate Reader (Tecan, 

Switzerland) and sgRNA were sequenced in Illumina NextSeq 500 with a single end 75 bp 

sequencing onto a 75 cycle high output flow cell (reading 43 bp with the 23 first bp read in dark 

cycles) at the IRIC’s genomic platform, Montreal, Canada.  

 

5.4. Data processing and calculation of essentiality scores (CRANKS) 

Illumina sequencing reads were aligned to the theoretical EKO library using Bowtie 2.2.5 software 

with default parameters and total read counts per sgRNA including imperfect matches were 

tabulated for each sample. Read counts across all untreated and 0.1 % DMSO-treated samples were 

added to get a single sgRNA frequency distribution averaged across the 8-day screen. The 

CRANKS algorithm (Condition-specific Robust Analytics and Normalization for Knockout 

Screens) was used to generate gene scores and FDR values, by comparing the read counts in each 

compound-treated sample to that in the background distribution. The minimum number reads per 

sgRNA (115-200) used in CRANKS was set according to the depth of coverage of the pooled 

background distribution. CRANKS was run under default parameters, including a minimum of 4 

sgRNAs per gene passing the minimal read threshold (> 20 reads in one sample). CRANKS is an 

extension of the RANKS algorithm described elsewhere (Bertomeu et al., 2018).To quantify the 

relative abundance of each sgRNAs, the log2 ratio of sgRNA read frequency at day 8 versus day 0 

is normalized to total read count ratio. To account for experimental variation in sgRNA counts, 

RANKS  estimates P-value based on log2 ratio of each sgRNA compared to those of control (or 

non-targeting) sgRNAs. The RANKS score is the average log P-value for sgRNAs targeting each 

gene (i.e., the geometric mean of 10 sgRNAs).  The P values for each gene is generated by 

comparing the RANKS score to that of a distribution of equal number of control sgRNAs for 5 

million samples with FDR correction. The non-targeting sgRNAs were used as controls for 

calculating RANKS scores. The newer version of RANKS combines sgRNA depletion and 
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enrichment into a single score by averaging log(d)-log(e), where d is the fraction of control guides 

which are more depleted, and e is the fraction which are more enriched. If a fraction equals to zero, 

d or e is instead set to 1 divided by the number of control guides. In CRANKS, control sgRNAs 

are defined as those targeting the 500 genes immediately more essential in the given cell line than 

the gene itself, thereby controlling for the growth-dependent dropout and greater variance in fold-

changes of essential gene-targeting sgRNAs. For genes within the top 500 most essential, all genes 

scored as more essential than the gene itself are used to generate the control distribution. Gene 

essentiality ranking in NALM-6 was determined by applying RANKS on the previous screen data 

(Bertomeu et al., 2018), using the non-targeting control sgRNAs as the control distribution and the 

default 20-read minimal sgRNA coverage, including genes with as few as a single sgRNA passing 

the read coverage threshold. The ranking was generated for the core set of genes in the EKO library 

present in RefSeq, excluding the extended part of the library, and CRANKS scores were computed 

for the genes within core set. CRANKS score >2 indicate that genes rescue the effect of the drug, 

while score <-2 indicate that genes are synergize with the drug. Only the genes that passed the cut 

off were selected for further analysis. GO term enrichment analysis were performed by DAVID 

GO (https://david.ncifcrf.gov/) or Gorilla analytical softwares (http://cbl-

gorilla.cs.technion.ac.il/). To determine functional and physical protein-protein associations and 

networks among the enriched genes, STRING software was used (https://string-db.org/).  

 

5.5. Immunoblotting 

ATCC cell lines (HCT116, DLD-1) were cultured at 37 °C in Dulbecco’s modified Eagle’s 

medium (DMEM) with 4.5 g/L glucose, 5% (v/v) fetal bovine serum, 100 IU/mL penicillin, and 

100 µg/mL streptomycin. Cells were regularly tested by PCR to exclude mycoplasma 

contamination. Cells were washed twice with cold PBS (pH 7.4) and lysed in BLB lysis buffer 

[10 mM K3PO4, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl2, 50 mM β-glycerophosphate, 0.5% 

Nonidet P-40, 0.1% Brij 35, 0.1% deoxycholic acid, 1 mM/L Na3VO4, 1 mM PMSF, and complete 

protease inhibitor cocktail] for 15 min at 4 °C. Lysates were centrifuged at 16,000 × g for 10 min 

at 4 °C, supernatants were collected and heated for 10 min at 95 °C in Laemmli buffer [50% (v/v) 

4× Tris/SDS pH 6.8, 40% (v/v) glycerol, 8% (w/v) SDS, 6.2% (w/v) DTT, 2 mg Bromophenol 

Blue]. Total cell lysates were subjected to 8–12% SDS-PAGE, and resolved proteins were 

transferred onto PVDF membranes. Membranes were blocked with 10 mM Tris pH 7.4, 150 mM 

https://david.ncifcrf.gov/
http://cbl-gorilla.cs.technion.ac.il/
http://cbl-gorilla.cs.technion.ac.il/
https://string-db.org/
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NaCl, and 0.1% Tween 20, supplemented with 5% (w/v) dry skim milk powder, and subsequently 

immunoblotted with primary antibodies, diluted in 5% (w/v) dry skim milk or 5% (w/v) BSA, 

overnight at 4 °C. Antibodies targeted against Tubulin (T5618) (1:2000) from Sigma-Aldrich; 

CCS (H-7) (1:500) from Santa Cruz Biotechnology; ATP7A (CT77) from Betty Eipper lab 

(1:1000) and ATP7A (5E-10) from James Collins lab (1:2000). All secondary HRP-conjugated 

antibodies used for immunoblotting were purchased from Chemicon.  
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4. Abstract  

KRAS is a major driver of human cancers, including ~45% of CRC. KRAS-mutated CRC tumors 

are challenging to treat and exhibit resistance to KRASG12C inhibitors, anti-EGFR therapy, EGFR 

tyrosine kinase inhibitors, as well as MEK inhibitors. Resistance mechanisms often involve 

dysregulated RTK expression and/or activity. Aberrant regulation of RTK expression contributes 

to several aspects of tumorigenesis and impacts sensitivity to pharmacological RTK inhibitors, 

which are major focus of targeted therapeutics. While a lot of research has focused on the 

intracellular signaling events downstream of mutant KRAS, much less is known about its impact 

on RTK expression and signaling. Herein, we observe that KRASG12V-driven transcriptional 

program spatially regulates cell surface expression of myriad RTKs. Consequently, cells were less 

sensitive to growth factor stimulation, suggesting a mechanism by which mutant KRAS renders 

cells independent of growth factor activity. To our knowledge this is the first demonstration of a 

strong feedback inhibition of multiple RTKs due to KRAS transformation. Our data also suggests 

a novel mechanism by which mutant KRAS could mediate intrinsic resistance to RTK therapy. 

 

Keywords 

KRAS, negative feedback, ERK, RTK, receptors, colorectal cancer 
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5. Introduction  

As direct targeting of the driving oncogene has proved to be a challenging feat in mutant KRAS-

driven colorectal cancers (CRC), various attempts instead focus on its downstream signaling 

effectors including MAPK and PI3K kinases, which phosphorylate and regulate the activity of 

ERK and Akt kinases, respectively (Downward, 2003). However, MAPK inhibitors (PD184352, 

AZD6244) exhibit poor clinical efficacy in the treatment of metastatic CRC. One main mechanism 

by which tumor cells escape therapeutic inhibition is by restoring the expression and/or activation 

of myriad receptor tyrosine kinases (RTK). Many studies have shown that inhibition of MEK 

kinase or its upstream kinase RAF results in paradoxical reactivation of ERK signaling, partly due 

to upregulation of RTKs (Corcoran et al., 2012; Duncan et al., 2012; Kitai et al., 2016). Similarly, 

inhibiting ERK activation in KRAS-mutant CRC cell lines increased Akt activation which was 

alleviated by inhibiting the expression or activity of select RTKs. (Ebi et al., 2011). Knockdown 

of KRAS or MEK inhibition (by AZD6244) in KRAS-mutant cells SW837 and LoVo, increased 

Akt activation in IGF-1R or MET dependent manner. The idea that mutant KRAS can negatively 

feedback on RTK levels, which is reversed upon KRAS or MAPK inhibition is demonstrated by 

several other studies. Notably, treating breast cancer cells with MEK inhibitor, dynamically 

regulates several different RTK family members (> 15 RTK) in a MYC-dependent manner 

(Duncan et al., 2012). Similarly, ERBB3 is activated in a MYC-dependent manner in selumetinib 

(MEK inhibitor) treated KRAS-mutant colon and lung cancer cells (Sun et al., 2014). Protein 

tyrosine phosphatase-2 (SHP2) is an adaptor protein that links upstream RTK activation to 

downstream effectors such as MAPK and PI3K. KRAS-mutant cells are resistant to SHP2 

inhibition contrary to KRAS wild-type cells, which is reversed by co-treatment with MEK 

inhibitors. SHP2 inhibitors prevented ERK reactivation following treatment with MEK inhibitors 

in KRAS-mutant cells, suggesting that RTK re-activation could mediate resistance to MEK 

inhibitors via SHP2 (Mainardi et al., 2018).  

While KRAS mutations confer intrinsic resistance to anti-EGFR therapy (Lièvre et al., 2006), CRC 

tissues can acquire KRAS mutations that eventually contribute to secondary resistance (Misale et 

al., 2012). Two studies have shown that one mechanism by which mutant KRAS could reduce 

sensitivity to anti-EGFR antibody, cetuximab, is by spatially regulating EGFR expression in 

colorectal intestinal epithelial cells (Derer, Lohse, and Valerius 2013; van Houdt et al. 2010). 
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Similarly, deregulation of EGFR expression seems to play a role in KRAS-mediated resistance to 

mutant-specific inhibitors. As KRASG12C inhibitors specifically bound GDP-bound form of mutant 

KRAS, upstream RTK activity can increase GTP-KRAS and potentially contribute to resistance 

to KRASG12C inhibitors. Analysis of drug populations resistant to KRASG12C inhibitor, ARS1620, 

showed that resistant cells increased expression of KRASG12C that do not bind the inhibitor, in a 

EGFR- and SHP2-dependent manner (Hata & Shaw, 2020). These studies collectively suggest that 

RTK activity plays a major role in KRAS-mediated drug resistance. Therefore, understanding 

changes in RTK expression and/or activity in response to oncogenic KRAS will aide in predicting 

responses to targeted therapy.    

Previously, we had established an optimized cell-surface proteomics protocol to identify and 

quantify differential cell surface proteins associated with KRAS-transformation of intestinal 

epithelial cells (IEC). We observed that majority of the RTKs were downregulated at the cell 

surfaces of intestinal epithelial cells due to mutant KRAS transformation. Notably, we found a 

negative correlation between RTK expression and KRAS mutation status in metastatic CRC tissues. 

Here we show that mutant KRAS render cells insensitive to growth factors by modulating their 

cell-surface receptor expression. These observations are in line with the recent finding that KRAS-

mediated rescaling of ERK activity is dependent on multiple, yet undiscovered mechanisms 

(Gillies et al., 2020). 
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6. Results and Discussion 
6.1. Oncogenic KRAS negatively impacts cell surface RTK expression 

We had previously isolated and quantified differential cell surface proteins (surfaceome) between 

KRASG12V- transformed (KRAS) versus untransformed (Control) intestinal epithelial cells,  IEC-

6 (Aubert et al., 2020). Our proteomics data showed that majority of proteins in the RTK family, 

were significantly downregulated in the cell surfaces of KRAS relative to Controls (Fig. 4.1a). To 

determine the influence of KRAS-mediated transcriptional program on the cell surfaceome of 

transformed cells, we had performed RNA sequencing to quantify KRAS-mutant specific global 

transcriptomic changes in IEC-6. Our data showed that majority of the RTK-coding mRNAs were 

significantly downregulated in KRAS cells, suggesting that mutant KRAS transcriptionally 

regulates cell surface receptor levels (Fig. 4.1b).  Of note, Egfr was downregulated at the cell 

surfaces due to mutant KRAS in colorectal intestinal epithelial cells, confirming previous findings 

(Derer et al. 2012; van Houdt et al. 2010). Transcriptomic data showed that other RTKs, including 

those not identified in the surfaceome, were also significantly downregulated (~70%) in KRAS 

compared to Control,  whereas only ~15% of the RTKs were upregulated (Fig. 4.1b). Amongst 

the significantly upregulated RTKs by mutant KRAS, there was an enrichment of Ephrin family 

of receptors, namely, Epha2 and Epha5. It was shown that the RAS-MAPK pathway 

transcriptionally upregulates Epha2 to enable cell contractility (Hill & Hogan, 2019). Interestingly, 

CRC pathogenesis relies on spatial regulation of ephrin receptors, including Epha5 (Kosinski et 

al., 2007). Although the role of Epha5 is understudied in cancers especially in CRC, our data 

suggests a novel role for mutant KRAS in the regulation of Epha5 expression during intestinal cell 

transformation. We then questioned if the expression of RTK genes was negatively correlated with 

mutant KRAS positive CRC tissues. We analyzed the metastatic CRC specimens (1134 samples) 

from TCGA datasets in the cBioportal database (Yaeger et al., 2018), for the mRNA expression of 

significantly altered RTK genes between KRAS-mutant or KRAS wild-type samples. Similar to the 

IEC-6 data, KRAS-mutation was negatively correlated with majority of the significantly altered 

RTKs, while similar enrichments in Ephrin family members were observed (Fig. 4.1c).  
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Figure 4.1. Oncogenic KRAS negatively impacts RTK levels 
(a) Graph depicting Log2 foldchanges (FC) of the cell surface RTK levels quantified in isogenic 
KRASG12V (KRAS) or empty vector (Control) IEC-6 cells. (b) Graph depicting the Log2 FC of 
mRNA levels of indicated RTKs quantified in KRAS versus Control IEC-6 cells. Dashed lines for 
(a, b) depict cut-off threshold for upregulations as Log2 FC ≥ +1, and downregulations as Log2 
FC ≤ -1. (c) TCGA data from cBioportal database indicating Log FC of RTKs significantly altered 
in KRAS-mutant versus KRAS wild-type CRC. Grey shaded areas represent significance threshold 
of P<0.05. Upregulations are depicted in red, downregulations in blue and unchanged in grey. 
Data are normalized to Control or KRAS wild-type conditions for (a, b, c), and depict average of 
N=3 replicates for (a, b).  
  
 
Besides RTK family, we observed a significant downregulation of TGF superfamily of receptors 

mostly from the beta subgroup,  Tgfβr2, Tgfβr3 and Tgfβr1, in both the surfaceome (Fig. 4.2a) 

and  transcriptome of KRAS-mutant cells compared to KRAS wild-type cells (Fig. 4.2b). 

Although loss of TGFβ signaling is well documented in RAS-mutated CRC,  TGFβ receptor levels 

are regulated by inactivating mutations (Kretzschmar, Doody, Timokhina, & Massagué, 1999; 

Trobridge et al., 2009; Y. Xu & Pasche, 2007). Here we find evidence that mutant KRAS can 

negatively regulate their expression levels during cellular transformation. Besides receptors, 

significant downregulation of TGFβ ligands is observed in KRAS-mutant cells (Fig. 4.2b). This 

could suggest a strong suppression of TGFβ signaling by KRAS, supporting the tumor suppressive 

role of  TGFβ pathway on RAS tumorigenesis (Y. Xu & Pasche, 2007). Taken together, mutant 

KRAS downregulates several growth factor receptors including RTK and TGF family, suggesting 

remodeling of  cell surfaceome in a transcriptional dependent manner.  
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Figure 4.2. Oncogenic KRAS negatively impacts TGF receptor levels 
(a) Graph depicting Log2 FC of TGF  family receptors identified and quantified by cell surface 
proteomics in isogenic KRASG12V (KRAS) or empty vector (Control) IEC-6 cells. (b) Graph 
depicting the Log2 FC of mRNA levels of identified TGF family receptors and ligands in KRAS 
versus Control IEC-6 cells. Dashed lines for (a,b) depict cut off threshold of upregulated proteins 
or genes (red) as Log2 FC  ≥ +1, downregulated proteins or genes  (blue) as Log2 FC ≤ -1, and 
unchanged genes or proteins (grey). Data are normalized to Control cells and depict average of 
N=3 replicates.   
 
   
6.2. Oncogenic KRAS renders cells insensitive to growth factor stimulations 

In serum-starved conditions, phosphorylation would be dependent directly on oncogenic RAS 

activity in KRAS-mutant cell lines. We were surprised to see that KRASG12V transformation of 

intestinal epithelial cells in serum-starved conditions did not exhibit increase the activation of Erk 

(phosphorylated ERK) and Akt (phosphorylated Akt) (Fig. 4.3a). These observations were 

reproduced in two other sets of isogenic IEC-6 cell pairs generated using different plasmid 

constructs, negating cell line or plasmid-specific effects. The negative correlation of mutant KRAS 

with ERK and Akt phosphorylation is also recapitulated in CRC cell lines (Fig. 4.3b). KRAS-

mutated cells (HCT116, DLD-1, SW480, SW620) exhibiting reduced activation of ERK and Akt 

compared to KRAS-wild type, non-transformed human intestinal cells (HIEC).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Oncogenic KRAS is negatively correlated with ERK/Akt phosphorylation 
(a) IB for phosphorylated ERK and Akt in isogenic IEC-6 cells expressing KRASG12V (+) or empty 
vector (-) in serum-starved conditions. Data represents N=4 replicates. (b) IB for phosphorylated 
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Akt and ERK in KRAS-mutant CRC cell lines (HCT116, DLD-1, SW480, SW620) versus KRAS 
wild-type control cells (HIEC). Data represent N=2.  
 

Other studies in several KRAS-mutant cell lines, including CRC, have shown that despite 

significant KRAS oncogenic activity, ERK and Akt activation are minimal in the absence of 

growth factor stimulations (Hood et al., 2019; Tuveson et al., 2004). However, ERK and Akt 

phosphorylation is weak in KRAS-mutant IEC-6 when stimulated with 10% FBS (which contains 

a cocktail of growth factors). This is in sharp contrast with a strong Erk and Akt response in Control 

cells (Fig. 4.4a). Similarly, KRAS oncogene diminished Akt and ERK phosphorylation when 

stimulated with epidermal growth factor (EGF) and platelet derived growth factor (PDGF), 

compared to Control (Fig. 4.4b). Therefore, mutant KRAS restricted ERK and Akt 

phosphorylation in basal and growth factor-stimulated conditions. The diminished responses of 

KRAS-mutant cells to EGF and PDGF could be explained by the reduced expression of their 

cognate receptors, Egfr and Pdgfr, respectively (Fig. 4.1a,b). Similar diminished responses were 

also observed when the Tgf signaling pathway is activated (Fig. 4.4c). TGF-β receptor activation 

converge to induce intracellular signaling by activating and phosphorylating SMAD-2/3 

transcription factors (Bellam & Pasche, 2010). In Control, stimulation with TGF-β increased Akt, 

ERK and Smad2/3 phosphorylation. But KRAS cells displayed relatively less Akt and Smad2/3 

phosphorylation.  

 

We also observed that KRAS cells exhibited diminished Akt phosphorylation in response to insulin 

stimulation, in contrast to KRAS wild-type Control. (Fig. 4.4d). However, the cell-surface 

expression of insulin receptor (Insr) was unchanged between KRAS and Control condition (Fig. 

4.1a,b), hinting at other mechanisms. Two proteomic studies previously identified that growth 

factor receptor bound protein (GRB10) also known as insulin receptor-binding protein, acts as an 

inhibitor of insulin stimulated Akt activation (Hsu et al., 2011; Y. Yu et al., 2011). Notably, Grb10 

gene is dramatically induced in intestinal cells due to KRAS transformation (Fig. 4.5a). Future 

work will focus on determining if the reduced sensitivity to insulin in KRAS-mutant cells is 

mediated by negative feedback regulation by Grb10.  
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Figure 4.4. Oncogenic KRAS is negatively correlated with ERK/Akt phosphorylation 
(a) IB for phosphorylated Akt and ERK in response to 10% FBS in isogenic IEC-6 cells expressing 
KRASG12V (+) or empty vector (-). (b) Same as in (a), but for EGF and PDGF-BB in serum-starved 
conditions. Same as in (b), but for TGF (c) and Insulin (d).  Data represents N=3 for (a,b) and 
N=1 (c,d). 
 
 
RTK signaling is also inhibited through negative feedback regulators namely the tumor suppressor 

sprouty proteins (SPRY) and sprouty-related proteins, Spred (Courtois-Cox et al., 2006; Kato et 

al., 2003; Shaw et al., 2007; Zhao et al., 2015). SPRY2 inhibits ERK phosphorylation downstream 

of several RTKs including FGFR, VEGFR, MET and EGFR signaling (Hanafusa, Torii, Yasunaga, 
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& Nishida, 2002; J. Lim et al., 2002; Tefft et al., 2002; Y.-W. Zhang & Vande Woude, 2013). 

Similarly, Mig6 (ERRFI1) has been shown to directly regulate the activation and expression of 

several RTKs including MET, EGFR and ErbB receptors (Anastasi, Lamberti, Alemà, & Segatto, 

2016; Y.-W. Zhang & Vande Woude, 2013). Interestingly, modulating MIG-6 expression had 

detrimental effects on KRAS-or BRAF-mutant cells (Ambrogio, Barbacid, & Santamaría, 2017; 

Milewska et al., 2015). Spry2, Spry3, Spred3 and Errfi1 genes are upregulated in KRAS relative 

to Control (Fig. 4.5a). Similar anti-correlation was observed between KRAS-mutation and 

expression of these genes in TCGA CRC datasets (Fig. 4.5b), suggesting that the diminished 

responses to growth factor pathways could also be attributed to the increased expression of 

negative regulators of RTK signaling.   

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Oncogenic KRAS upregulates negative feedback regulators of RTK signaling 
(a) Log2 FC of mRNA levels of indicated genes in isogenic IEC-6 cells expressing KRASG12V 
(KRAS) normalized to empty vector (Control) cells. Dashed lines depict the cut off threshold of 
upregulated genes Log2 FC ≥ +1. Data depicts average of N=3 replicates. (b) Log FC of mRNA 
levels of indicated genes in KRAS-mutated CRC tissues relative to KRAS wild-type from TCGA 
datasets. 
 

In conclusion, transformation of IEC by mutant KRAS activates a strong transcriptional program 

that repressed the expression of myriad growth factor receptors, while parallelly upregulating 

negative feedback regulators to rescale downstream RTK signaling. KRAS-mutant cells were 

dramatically less responsive to growth factor stimulations compared to wild-type counterparts. 

This goes against the observation that a wide-network of growth factor receptor engagement is 

necessary to “prime” downstream signaling of mutant RAS (Hood et al., 2019). It is possible that 
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KRAS regulates the intensity of ERK and Akt phosphorylation to ensure a fine balance between 

cellular transformation and cell death due to hyperactivation. This was demonstrated by seminal 

studies showing that excessive ERK signaling is toxic to cells, suggesting a “sweet spot” for 

effector signaling to drive transformation by mutant RAS (S. Li, Balmain, & Counter, 2018; 

Varmus, Unni, & Lockwood, 2016).  

 

Although it is widely considered that oncogenic KRAS-mediated direct activation of PI3K and 

ERK signaling mediates intrinsic resistance to RTK inhibitors. Our data provides an alternative 

explanation by which oncogenic KRAS could mediate such resistance by spatially regulating 

growth factor receptors. To our knowledge, this is the first study to describe a global impact on 

the expression of several cell surface receptors, besides EGFR, by mutant KRAS. Whereas a lot 

of information is available on the multiple mechanisms of RTK activation during tumorigenesis 

(Du & Lovly, 2018), much less is known about their spatial deregulation. Deregulation of receptors 

including gene amplifications, overexpression and intracellular distribution can impact response 

to inhibitors targeting downstream effector kinases or the RTKs directly (Casaletto & McClatchey, 

2012; Duncan et al., 2012), and direct inhibitors of mutant KRAS (Amodio et al., 2020). Based on 

our results we could predict that mutant KRAS cells could mediate intrinsic resistance to multi-

kinase inhibitors such as regorafenib (EGFR, PDGFR, FGFR) which is in clinical trials for 

metastatic CRC (Pottier et al., 2020). This data also suggests that mutant-KRAS cells can 

potentially mediate resistance to MEK inhibition by restoring RTK expression, a mechanism that 

has been well described in several cancers including CRC (Duncan et al., 2012; Ebi et al., 2011; 

Kitai et al., 2016), and combination of MEK inhibitors with multikinase inhibitors could prove to 

be a more successful approach to curb activity of mutant KRAS.  

 

These results have raised interesting questions that warrant more experiments. Future work will 

determine if KRAS cells displayed reduced activity of multiple RTKs relative to Control.  

Phosphorylated levels of RTKs could be measured by commercially available R&D systems 

Proteome Profiler Phospho-RTK Antibody Array (Amin et al., 2010). By including KRAS RNAi 

or MEK inhibitors as negative controls, we could determine the dynamic impact of inhibiting 

MAPK or RAS signaling on RTK activity. More experiments are required to test if KRAS cells 

displayed similar diminished responses to stimulation with other growth factors such as hepatocyte 
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growth factor (HGF) ligand for MET receptor, FGF-1,-2 and -9 for FGFR1 and FGFR3 receptors. 

As shown in (Fig. 4.1a, b), the expression of these receptors was downregulated due to mutant 

KRAS. Immunoblotting could be performed to confirm reduction of these receptors in several 

KRAS-mutant cells relative to KRAS wild-type cells. To test the hypothesis that negative 

regulators of growth factor signaling could contribute to diminished responses in KRAS cells, 

ERK and Akt phosphorylation in response to several growth factors (EGF, PDGF, FGF, TGF, 

Insulin) could be measured in cells with and without Spry3, Spred3, Grb10 and Errfi1 expression 

(via RNA interference). 
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7. Materials and Methods 
7.1. Cell culture and viral infections 

IEC-6 and CRC cell lines (HIEC, HCT116, DLD-1, SW620, and SW480) were obtained from 

ATCC. Cells were grown at 37 °C in DMEM with 4.5 g/L glucose supplemented with 5% (v/v) 

FBS, 100 IU/mL penicillin, and 100 µg/mL streptomycin. Cells were regularly tested for 

mycoplasma contamination and used within 20 passages. Stable cell lines from IEC-6 cells were 

generated with retroviral vectors encoding human KRASG12V or an empty cassette with 

puromycin, zeocin, or hygromycin selection markers (Addgene #9052, #1764, #1766, #18750). 

Using the Phoenix cell line, retroviral particles were produced, and antibiotic selections were 

performed with 5 μg/mL puromycin, 150 μg/mL hygromycin, or 100 μg/mL zeocin. 

7.2. Immunoblotting (IB) 

For stimulations, cells were grown on culture dishes overnight and FBS-starved for 16 h in DMEM 

with 100 IU/mL penicillin, and 100 µg/mL streptomycin. This was replaced with media lacking 

FBS and selection antibiotics but containing 25 ng/ml EGF, 100 nM Insulin, 100 ng/ml PDGF-BB 

or 10% FBS for the indicated times. Cells were immediately washed twice with cold PBS (pH 7.4) 

on ice, and lysed in BLB lysis buffer [10 mM K3PO4, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl2, 

50 mM β-glycerophosphate, 0.5% Nonidet P-40, 0.1% Brij 35, 0.1% deoxycholic acid, 1 mM/L 

Na3VO4, 1 mM PMSF, and complete protease inhibitor cocktail] for 15 min at 4 °C. Lysates were 

then centrifuged at 16,000 × g for 10 min at 4 °C to remove debris. The supernatants were adjusted 

to a concentration of 1 μg/μL  and heated for 10 min at 95 °C in Laemmli buffer [50% (v/v) 4× 

Tris/SDS pH 6.8, 40% (v/v) glycerol, 8% (w/v) SDS, 6.2% (w/v) DTT, 2 mg Bromophenol Blue]. 

For analysis, 10-80 μg lysates were subjected to 8–12% SDS-PAGE, and resolved proteins were 

transferred onto polyvinylidene fluoride (PVDF) membranes. This was followed by blocking with 

10 mM Tris pH 7.4, 150 mM NaCl, and 0.1% Tween 20, supplemented with 5% (w/v) dry skim 

milk powder.  The blots were incubated with primary antibodies, diluted in 5% (w/v) dry skim 

milk or 5% (w/v) bovine serum albumin (BSA), overnight at 4 °C. Antibodies targeted against 

phosphorylated (p)-ERK1/2 (E10) (T202/Y204) (1:1000), CD44 (8E2) (1:1000), (p)-Akt (Ser473) 

(D9E) (1:1000), total Akt (1:1000) and E-Cadherin (1:1000) are from Cell Signaling Technologies; 

Tubulin (T5618) (1:2000) from Sigma-Aldrich; Pan-Ras (C-4) from Abcam (1:500). All secondary 

HRP-conjugated antibodies were purchased from Chemicon. PDGF-BB and EGF were purchased 
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from Thermo Fisher and Insulin from Sigma. All IB data are representative of minimum three 

independent biological experiments. Cell surface proteomics and RNA sequencing of IEC-6 were 

performed for a previous study and described in detail elsewhere (Aubert et al., 2020). TCGA 

dataset was obtained from cBioportal database representing metastatic CRC adenocarcinoma 

samples from 1134 patients (Yaeger et al., 2018). 
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Chapter 5: Discussion 
1. Optimization of the cell surface proteomics protocol 

This work began with the establishment of a reproducible protocol in the laboratory to specifically 

label, isolate and quantify cell surface proteins by proteomics. Prior methods including cell 

fractionation and colloidal silica beads are associated with more contamination from other 

organelles, low purity and poor yields (Elschenbroich et al., 2010). Therefore, we used two biotin-

based approaches in parallel as outlined in Fig. 2.2a, to label and isolate cell surface proteins. 

These approaches were adapted from previously established protocols (Hörmann et al., 2016; 

Weekes et al., 2010). CSC uses aminooxy-biotin that attaches a biotin label to sialic acid side 

chains of glycoproteins (Y. Zeng, Ramya, Dirksen, Dawson, & Paulson, 2009), which is a common 

post-translational modification found on cell surface proteins (Chandler & Costello, 2016). CSB 

utilizes sulfo-NHS-LC-biotin to label primary amine residues such as lysine, and terminal amines 

of polypeptides. The timing and concentration of CSB and CSC were optimized in IEC-6 to obtain 

maximum staining of cell-surface proteins on intact cells at 4 ˚C to reduce the labelling of 

intracellular proteins. In Fig. 5.1a, we can observe that 30 mins of 1 mg/ml CSB produced 

maximum labelling of cell surface proteins with comparable intensity to 30 mins of CSC (100 mM 

aminooxy-biotin). We had optimized the cell lysis detergent to obtain the maximum yield of 

biotinylated proteins. As seen in Fig. 5.1b, although the amount of biotinylated proteins bound to 

streptavidin beads after cell lysis with three different detergents (BLB, RIPA and a Triton-based 

surfaceome lysis buffer WLB) did not affect CSB labelling, the yield of CSC biotinylated proteins 

were highest when cells were lysed with WLB lysis buffer. Using multiple techniques, we then 

confirmed that the selected concentrations and time point (100 mM amino-oxy-biotin and 1 mg/ml 

sulfo-NHC-LC-biotin, 30 mins) produced efficient labeling of cell surface proteins (Fig. 5.1c, Fig. 

2.1g, Supplementary Fig. 2.2b ). In Fig. 5.2a, we see that labelling with CSB or CSC is specific 

to cell surface-located receptors (Igf-1rβ, Epha2, Egfr) with minimum-to-no contamination from 

intracellular proteins (ERK 1/2, Tubulin and Nuclear Lamin A). Quantification of proteins bound 

to streptavidin beads following CSC and CSB labelling by LC-MS/MS mass spectrometry showed 

that without prior labeling the number of identified proteins was severely diminished, confirming 

the specificity of the protocol to isolate biotinylated cell surface proteins (Fig. 5.2b). Majority of 
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proteins isolated with CSC or CSB in the mass spectrometry were indeed associated with plasma 

membrane component as determined by the enrichment of GO terms (Fig. 5.2c). 

Figure 5.1. Optimization of cell surface protein biotinylation 
(a) Flow cytometry analysis of biotinylated cell surface proteins on intact cells by Alexa-fluor 488 
conjugated streptavidin antibody for the indicated time points and concentrations of biotin 
reagents (red). The numbers on the graph indicate the median values of streptavidin-positive 
populations. Data represents N=3. (b) Immunoblot analysis of biotinylated cell surface proteins 
in cell lysates precipitated from streptavidin beads (Pull-Down). The biotin reagents are indicated 
above with 0.5 and 1 represent concentrations (mg/ml) and SS- and LC-biotin representing Sulfo-
NHS-SS-biotin and Sulfo-NHS-LC-biotin respectively. BLB, RIPA and WLB represent three 
different cell lysis buffers, with WLB specialized for extraction of plasma membrane proteins. Data 
represents N=2.   

After manual curation of proteomics data, we observed that CSC and CSB yielded ~79% and ~58% 

purity for cell surface proteins compared to intracellular contaminants (Fig. 5.2d), which are 

comparable to the purity achieved with other studies (Elschenbroich et al., 2010; Hörmann et al., 

2016). Although, majority of cell surface proteins (329) were commonly identified with both 
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techniques (Supplementary Fig. 2.2c), each technique identified unique sets of proteins (37 for 

CSB and 25 for CSC) that were not identified by the other method.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Optimization of cell surface proteomics protocol 
(a) Immunoblot analysis of proteins in the total cell lysates (before streptavidin beads addition), 
proteins precipitated from streptavidin beads after pull-down, and unbound fraction (proteins that 
did not bind streptavidin beads). Data represents N=3. (b) Graph depicting the number of 
quantified proteins by LC-MS/MS spectrometry in Control (no biotin label), CSC or CSB 
techniques. (c) Depiction of GO terms analyzed by DAVID software and enriched among the 
proteins identified in LC-MS/MS with CSC and CSB. (d) Manual curation of identified proteins by 
mass spectrometry for cell-surface versus intracellular proteins.  
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Copper exporter ATP7A is one such candidate identified with the CSC technique and not CSB. 

This could be because ATP7A is hyper-glycosylated (Yueyong Liu et al., 2010), and CSC is more 

suited to label glycosylated proteins. The relative abundance of spectral counts indicate that cell 

surface proteins were differentially quantified based on the technique used (Fig. 5.3). Therefore, 

using two techniques in parallel greatly maximizes the chances of identifying maximal differences 

between conditions. For example, cell-surface proteins serpinE2 which has been previously shown 

to be increased in KRASG12V transformed IEC-6 cells (Bergeron et al., 2010), and Epha5 which is 

transcriptionally induced by KRASG12V-IEC-6 (Fig. 2.1i), were identified as upregulated in the 

cell-surface proteome of KRASG12V with CSB method but not with CSC.   

 

Figure 5.3: Differential enrichment of 
proteins based on cell surface isolation 
protocol used.  
Spectral abundance of indicated proteins 
quantified by LC-MS/MS for the indicated 
conditions.  
 

2. Mutant KRAS modifies the cell 
surfaceome by transcriptional and post-
transcriptional mechanisms 

We identified ~145 cell surface proteins as 

modified by mutant KRAS compared to 

untransformed control in intestinal cells (Fig. 

2.1h, Supplementary Fig. 2.2f). 

Interestingly, ~15% of these changes were 

upregulated and ~22% were downregulated 

(P < 0.05, unpaired one-tailed Student’s t-

test). Transcriptomic studies have shown that 

oncogenic-driven cellular transformation is 

accompanied by downregulation of several 

cell-surface coding genes (Danielsson et al., 2013). Analysis of transcriptomic changes modulated 

by mutant KRASG12V in IEC-6 by ingenuity pathway analysis (IPA) predicted that several 

transcription factors were upregulated in a KRAS-dependent manner (Fig. 5.4a). To determine the 
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mechanisms by which KRAS modifies the cell-surface, we compared the transcript levels of 

significantly altered cell-surface proteins as determined by RNA sequencing, with the cell-surface 

expression quantified by proteomics (Fig. 2.1i). We observed a modest correlation (R2 = 0.531) 

between the transcript and cell-surface protein levels of all the significantly altered proteins 

(Supplementary Fig. 2.2e), but several cell-surface proteins were modified in a transcription-

independent manner (Fig. 2.1i). Preliminary data suggests that percentage of cell surface proteins 

endocytosed in KRAS IEC-6 cells was higher than in Control (Fig. 5.4b). We measured the 

percentage of biotinylated cell surface proteins that were endocytosed by cells at 37 ºC by using 

cell-based L-glutathione protection assays (Cihil & Swiatecka-Urban, 2013). The preliminary date 

suggests increased endocytosis could be one such post-transcriptional mechanism by which mutant 

KRAS could modify intestinal cell surfaces during cellular transformation.   

Figure 5.4. Analysis of KRAS-mediated mechanisms that could alter the cell surfaceome 
(a) Transcription factors predicted by IPA software to be upregulated in KRASG12V-transformed 
IEC-6 cells. (b) Quantification of endocytosed biotinylated cell surface proteins at 37˚C for the 
indicated timepoints, as measured by Alexa fluor 488 conjugated streptavidin antibody. Data is 
normalized to total biotinylated proteins at 0˚C before inducing endocytosis. Data represents N=2.  
 

Our study shows that KRAS transformation alters several different functional classes of proteins 

including receptors, solute carriers, cadherins, low density lipoproteins in the intestinal cell 

surfaceome (Fig. 5.5). One interesting change mediated by mutant KRAS is that majority of RTKs 
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are downregulated. Notably, expression of Egfr and Pdfrβ were negatively regulated by KRAS, 

which likely reduced cell sensitivity to their cognate ligands (Fig. 4.1a,b and 4.4b). Other studies 

have shown that EGFR expression is reduced by mutant KRAS in CRC, and this downregulation 

mediates resistance to anti-EGFR antibody Cetuximab (Derer et al., 2012; van Houdt et al., 2010). 

 

Spatial deregulation of receptors through alterations in their cell surface expression or vesicular 

trafficking are well documented to impact tumorigenesis and underlying cytoskeletal 

reorganization (Casaletto & McClatchey, 2012). More studies are needed to determine the effect 

of how global RTK patterning in cancer can affect therapeutic responses and underlying resistance 

mechanisms to RTK therapy. Previous study comparing the proteome of normal intestinal cells 

versus colorectal carcinoma tissues identified several solute transporters of sugars, fatty acid  and 

amino acids as upregulated in CRC tumorigenesis (Wiśniewski et al., 2015). Similarly, we found 

that majority of solute carriers are upregulated in the KRAS condition, providing an interesting 

insight into metabolic adaptation of KRAS-transformed cells. We had previously shown that 

mutant RAS downregulates the cell-surface expression of G-protein coupled receptors (GPCR)-

type-2 vasopressin, type-1 angiotensin, and CXC type-4 chemokine receptors (Paradis et al., 

2015). Herein, several members of GPCRs were downregulated in the cell surfaceome due to 

KRAS transformation. 
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Figure 5.5. Different functional classes of cell surface proteins modified by mutant KRAS 
Representation of significantly altered cell surface proteins by CSB or CSC technique, Log2  FC≥ 
+2 is considered upregulated (red) and Log2 FC ≤ -2 is considered downregulated (blue). P<0.05 
student t tests. 
 

3. Mutant KRAS rescales ERK and Akt activation 

Although KRAS transformation increased cellular proliferation, cellular morphology and 

adherence-independent growth of intestinal cells (Supplementary Fig. 2.1b-d), we were surprised 

to find that phosphorylation of ERK and Akt, were not increased due to mutant KRAS activity.  

(Fig. 4.3a, b). Interestingly, stimulation with growth factors such as EGF, PDGF, insulin and Tgf 

did not dramatically augment ERK and Akt phosphorylation in KRAS-mutant cells, when 

compared to KRAS wild-type counterparts (Fig. 4.4b,c,d). While this could be attributed to the 

reduced RTK expression for EGF, PDGF and Tgf (Fig. 4.1a, b), Insulin receptor levels was 

unchanged due to mutant KRAS cells indicating other mechanisms are in play. RTK signaling is 

negatively regulated through feedback loops involving tumor suppressor genes sprouty genes 

(SPRY-1, -2 and -4), sprouty related genes (SPRED-1, -2, -3), insulin receptor-binding protein 

Grb10 (Hsu et al., 2011; Y. Yu et al., 2011) and mitogen-inducible gene (MIG6 or ERRFI1) (Du 

& Lovly, 2018; Y.-W. Zhang & Vande Woude, 2013). Negative regulation of RTK activity by 

ERRFI1 and SPRY2 is a delayed event and it requires transcriptional induction of these genes. We 

observed a strong upregulation of these genes (Spry2, Spry3, Errfi1, Grb10 and Spred3) in KRAS 

compared to Control (Fig. 4.5a,b). Further experiments need to determine how these genes impact 

growth factor response in KRAS-mutant cells.  

Alternatively, mutant KRAS expressing cells are reported to induce expression of DUSP5 and 

DUSP6 mRNA (Buffet et al., 2017), to “buffer” excess ERK phosphorylation (Shojaee et al., 2015; 

Unni et al., 2018). It was shown that KRAS transformation upregulates the expression of DUSP 

genes in IEC-6 and CRC cells in a MAPK-dependent manner, and this negatively regulates ERK 

phosphorylation downstream of mutant BRAF or KRAS (Buffet et al., 2017; Cagnol & Rivard, 

2013; Yun et al., 2009b). ETS transcription factors, namely ETV5, can also function as a negative 

regulator of cell signaling by inducing DUSP expression (Mus et al., 2020; Z. Zhang et al., 2010). 

Analysis of transcriptomic changes specific to mutant KRAS revealed that there was a significant 

upregulation of Dusp gene family (Dusp4, Dusp5, Dusp6, Dusp7), and transcription factor Etv5 

(Fig. 5.6a). We need to perform more experiments to determine if loss of these genes would 
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augment basal and growth factor-stimulated ERK phosphorylation in KRAS-mutant cells. 

However, it is possible that KRAS-mutant cells are more sensitive to the loss of DUSP expression 

compared to Control cells, as unchecked ERK activity is known to be detrimental to cell survival. 

It was shown that loss of DUSP6 expression conferred “selective” toxicity to KRAS-mutant cells 

compared to KRAS-wild-type cells (Unni et al., 2018). It would be worth testing if the survival of 

KRAS-mutant intestinal and CRC cells is selectively dependent on the expression of DUSP family 

(by RNA interference or DUSP inhibitors such as BCI-215). This would also open the possibility 

of using DUSP inhibitors to target KRAS-mutant CRC. 

 

Collectively, these results suggest a strong transcriptional induction of negative regulators of RAS 

effector signaling and RTK signaling in intestinal cells undergoing KRAS transformation. 

Notably, several genes from the DUSP and Sprouty family of negative feedback regulators were 

also upregulated in KRAS-mutant versus KRAS wild-type CRC tissue, as determined by the 

analysis of TCGA CRC specimens from cBioportal, P<0.05 (Fig. 5.6b).  Our data provides an 

interesting insight into the dynamic control of Akt and ERK activity in KRAS-mutant cells in 

response to external stimuli. Despite reduced ERK phosphorylation, KRAS-mutant cells displayed 

enhanced sensitivity to MAPK inhibitors, UO126 and PD184352, compared to Control. The 

calculated IC50 values for Control and KRAS were 40.8 µM and 0.8 µM respectively for UO126, 

and 1.8 µM and 0.2 µM respectively for PD184352 (Fig. 5.6c,d). These results are in line with 

another study that reported an anti-correlation between levels of phosphorylated-ERK and 

sensitivity to MAPK inhibition or KRAS mutations status in CRC (Yeh et al., 2009). But literature 

shows that releasing the negative feedback loop of ERK phosphorylation in response to MAPK 

pathway inhibitors contributes to therapeutic resistance. Using quantitative proteomics approach, 

it was shown that breast cancer cells augmented RTK expression to override loss of MEK activity 

(Duncan et al., 2012). Our results predict that KRAS transformed intestinal cells might behave in 

a similar way to MEK inhibitors by restoring cell surface RTK expression. Although this 

hypothesis needs to be thoroughly tested, preliminary data showed that treatment of KRAS-IEC-

6 cells with MEK or PI3K inhibitors, increased Akt and ERK phosphorylation, respectively (Fig. 

5.7a). Other studies link the increased Akt phosphorylation in MEK inhibitor-treated KRAS-

mutant CRC to a compensatory increase in RTK activity (Ebi et al., 2011). Therefore, future 
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experiments would need to analyze if the MEK-inhibitor mediated Akt phosphorylation in Fig. 

5.7a is due to restoration of RTK activity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Negative regulators of cell signaling and RTK signaling 
(a) Graph depicting the Log2 FC of mRNA levels of indicated genes in isogenic IEC-6 cells 
expressing KRASG12V (KRAS) versus empty vector (Control). Dashed lines depict the cut off 
threshold of upregulated genes Log2 FC ≥ +1. Data is normalized to Control condition and 
represents N=3 replicates. (b) TCGA data from cBioportal database indicating log foldchange 
(FC) of indicated genes altered in KRAS-mutant CRC relative to KRAS wild-type CRC specimens. 
The scale for mRNA upregulation is depicted below. Red depicts gene upregulations. HTS data 
quantifying proliferation of isogenic IEC-6 cells expressing KRASG12V (KRAS in red) or empty 
vector (Control in blue) treated with increasing doses of MEK inhibitors, (c) UO126 and (d) 
PD184352. The calculated IC50 values are indicated on the top left corner. Data represent % 
inhibition of cellular proliferation quantified by luminescence readouts. Data represent average 
of N=2 independent screens with two technical replicates each.  
 
 
4. Myriad mechanisms of metabolic reprogramming in mutant KRAS-transformed cells 

Whereas Akt and ERK phosphorylation was negatively regulated in KRAS-mutant cells, we 

observe a strong increase in activation of mTOR downstream effectors including S6K1, rpS6 and 
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4E-BP1 (Fig. 5.7b). Analysis of transcriptome data with gene set enrichment analysis (GSEA) 

database for gene classes that are overexpressed in KRASG12V-IEC-6, revealed that mTORC1 

signaling is upregulated compared to untransformed Control (Fig. 5.7c). Similarly, GSEA data 

identified enrichments of several metabolic pathways such as oxidative phosphorylation, sugar and 

nucleotide metabolism, fructose, galactose and glycolysis, due to oncogenic KRAS transformation 

(Fig. 5.7d-h). mTORC1 is critical regulator cellular metabolism including lipid, glucose and 

nucleotide metabolism (Saxton & Sabatini, 2017). Co-targeting individual metabolic pathways and 

mTORC1 activity successfully inhibited growth of KRAS-mutant CRC xenografts (Toda et al., 

2016), implicating mTOR activity in KRAS-driven tumorigenesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Feedback activation of cell signaling pathways and metabolic adaption in 
KRAS-mutant intestinal cells 

(a) Immunoblots depicting the cross-activation of ERK 1/2 and Akt phosphorylation in KRASG12V-
IEC-6 cells treated with 2 µM MEK inhibitor (PD184352) and 10 µM PI3K inhibitor (LY294002) 
for 24 h. Data represents N=2. (b) Immunoblots depicting activation of downstream mTORC1 
targets in Control and KRASG12V-IEC-6 cells. Data represents N=2. GSEA plots depicting 
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enrichment of (c) HALLMARK mTORC1 activity, (d) KEGG Galactose metabolism, (e) KEGG 
Glycolysis and Gluconegenesis metabolism, (f) KEGG Amino_Sugar_Nucleotide metabolism, (g) 
KEGG(Kyoto Encyclopedia of Genes and Genomes) Fructose and Mannose metabolism, (h) 
HALLMARK Oxidative phosphorylation in KRASG12V-IEC-6 cells compared to Control IEC-6.  

Amongst the cell surface protein changes mediated by mutant KRAS (Fig. 5.5), we observe a 

strong upregulation of Slc2a1 and Slc2a3 (glucose importer), Slc1a5 and Slc38a1 (amino acid 

importer). Slc2a1 and Slc1a5 are known to be upregulated in a KRAS-dependent manner in CRC 

(Toda et al., 2017; Yun et al., 2009a), and Slc2a3 is predicted to be a prognostic marker for CRC 

(E. Kim et al., 2019). We also observed an increase rate of macropinocytosis in KRAS-IEC-6 cells, 

a feature that is well known to be induced by expression of mutant KRAS. Recently a better 

understanding of this process led to the identification of its nutrient supply role in satiating the 

metabolic demand caused by KRAS transformation (Recouvreux & Commisso, 2017a). A recent 

report demonstrated that inhibition of SLC4-family of bicarbonate transporters blocked 

macropinocytosis in RAS-mutant cells. In particular, SLC4A7 was significantly upregulated in 

RAS-dependent fashion and contributed to macropinocytosis (Ramirez et al., 2019). We observe 

that Slc4a7 is also upregulated in the cell surfaceome of KRAS-IEC-6 cells (Fig. 5.5), and 

transcriptionally upregulated in KRAS-mutant CRC cells compared to KRAS-wildtype controls 

(Fig. 5.8). However, its role in mediating macropinocytosis in these cells is yet to be determined.  

Figure 5.8. SLC4A7 expression is upregulated by mutant KRAS in CRC 
SLC4A7 mRNA as quantified by RT-PCR in KRAS-mutant (HCT116, DLD-1, SW620) versus 
KRAS-wildtype CACO-2 cells. Data represents N=1 with two technical replicates. 
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Whereas a huge body of information is available on the metabolic changes mediated by oncogenic  

KRAS in amino acid, glycolytic and related metabolism, much less is about the impact of KRAS 

on micronutrients such as trace metals and vitamins. Our study identified several surface proteins 

including copper-regulating Ctr1, Atp7a, Steap3, magnesium-sodium related Cnnm4, Slc22a23, 

and calcium exporter Slc8a1 as upregulated due to KRAS-transformation in intestinal epithelial 

cells (Fig. 2.1i). This indicates that oncogenic KRAS regulates several metals ions whose 

neoplastic roles are increasingly appreciated (Serra et al., 2020). Exciting work from the group of 

Lewis Cantley reported that the micronutrient vitamin C can selectively kill KRAS or BRAF-

mutant CRC (Yun et al., 2015). This has sparked interest in targeting vitamin C in CRC (Pires et 

al., 2018). In line with this, we found that KRAS transformation increased the expression of 

vitamin C importer SLC23A2 (Fig. 2.1i) compared to untransformed controls. Therefore, our data 

provides a snapshot of various well known and novel metabolic changes induced “en masse” by 

mutant KRAS at the transcriptome and cell surfaceome.  

 

5. KRAS transformed cells are dependent on copper metabolism 

Our data show that KRAS-transformed cells increased the expression of copper exporter Atp7a 

(Fig. 2.3a, c, f, i, Supplementary Fig. 2.5a, b). Consistent with the role of Atp7a in protecting 

cells from excess copper-ion induced cuproptosis, Atp7a-high KRAS-mutant cells are resistant to 

cuproptosis when cultured with exogenous copper (Fig. 2.3e, h). In a similar manner, KRAS-

mutant intestinal cells are resistant to the inhibitory effects of disulfram (DSF) +copper unlike 

Atp7a-low Control IEC-6 cells. Cell viability was rescued with copper chelator TTM, suggesting 

that DSF induced cell death in copper-dependent manner (Fig. 5.9a) (C. Rae et al., 2013). Several 

studies have recently attempted to repurpose DSF for inhibiting tumor growth (Calderon-Aparicio, 

Cornejo, Orue, & Rieber, 2019; Ekinci, Rohondia, Khan, & Dou, 2019; H. Zhang et al., 2010), but 

our data suggests that KRAS-mutant cells may display resistance to DSF therapy. On the other 

hand, KRAS-mutant cells are significantly more sensitive to copper chelator TTM (Fig. 5.9a, Fig. 

2.4e, f, Supplementary Fig. 2.7f), supporting the potential repurposing TTM to CRC therapy. 

Genome-wide CRISPR/Cas9 screens identified several synthetic lethal pathways that could be co-

inhibited to increase TTM efficacy (Fig. 3.1b-e). Further clinical and preclinical studies are 

necessary to determine the use of TTM for curbing tumor growth of aggressive KRAS-mutant 

cancers, including combinations with existing therapeutic options for targeting KRAS pathway.  
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A gastric proton pump inhibitor, Omeprazole, was shown to inhibit ATP7A translocation to cell 

surfaces in response to exogenous copper, a process that is critical to protecting cells from 

cuproptosis (Matsui, Petris, Niki, Karaman-Jurukovska, et al., 2015). Another study also showed 

that proton pump inhibitors including esomeprazole exhibited copper-chelating activity and 

inhibited the copper-dependent melanogenesis process (Baek & Lee, 2015). Preliminary data 

showed that treatment with omeprazole reduced Atp7a expression in KRAS-mutant intestinal cells 

(Fig. 5.9b), but its effect on Atp7a localization under excess copper conditions remains needs to 

be tested in KRAS-mutant IEC-6. It would also be interesting to test if by inhibiting Atp7a 

expression and/or localization, omeprazole reversed the cuproptosis resistant-phenotype of KRAS-

mutant CRC cells.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Figure 5.9. Responses of KRAS-mutant cells to Disulfram and Omeprazole 
(a) Cell viability of Control and KRAS-transformed IEC-6 treated with indicated conditions for 
24 h. Disulfram (DSF) (10 nM), Copper (10 µM), TTM (10 µM). For DSF +Cu +TTM, all three 
are treated in combination, whereas in the rescue condition, TTM is added 2 h after DSF +Cu 
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treatment. Data represents N=3. (b) Immunoblot analysis of Control and KRAS IEC-6 lysates 
treated with Omeprazole (50 and 100 µM) for 24 h. Data represents N=1. 
  
 
6. KRAS transformed cells are selectively dependent on Atp7a expression 

Our surfaceome-based CRISPR/Cas9 screen revealed that Atp7a knockout is synthetic lethal for 

KRAS-mutant intestinal epithelial and CRC cells compared to non-transformed control 

counterparts (Fig. 2.2c-f, Supplementary Fig. 2.4a, d). Loss of Atp7a did not affect the 

proliferation of cells in other models such as breast cancer 4T1 cells (Shanbhag et al., 2019) or 

HRASG12V-transformed MEF cells (S. Zhu et al., 2017). This could be attributed to differential 

regulation of ATP7A in the intestine versus other organs (Chun et al., 2017), or to differences in 

oncogene or isoform-specific signaling. Organ-specific differences in ATP7A function supported 

by the fact that in Menkes patients with systemic ATP7A mutations, some organs display copper 

accumulation while others exhibit copper deficiency.  

 

The anti-proliferative effect of ATP7A loss in intestinal epithelial and CRC cells could be 

attributed to either of the two functions that depend on ATP7A. On the one hand, Atp7a protected 

KRAS-mutant cells from excess copper-induced toxicity (Fig. 2.3e, h, Supplementary Fig. 

2.5k,m). We obtained evidence that KRAS-mutant cells had elevated levels of intracellular copper 

compared to KRAS-wildtype controls. Loss of ATP7A has been shown to accumulate intracellular 

copper levels in several cell models (Gudekar et al., 2020; Gulec & Collins, 2014; S. Zhu et al., 

2017). It seems probable that accumulation of copper upon Atp7a knockout added to the already 

elevated copper levels in KRAS-mutant cells compared to KRAS-wildtype cells (Fig. 2.3c, d, f, 

g) explaining the differential synthetic lethality. On the other hand, ATP7A plays a biosynthetic 

role wherein they are responsible for copper loading onto copper-dependent enzymes in the trans-

Golgi network. We observed that Atp7a knockdown or copper deprivation using TTM affected the 

activities of copper-dependent enzymes such CP and CCO  (Fig. 2.4b, c, d, g, Supplementary 

Fig. 2.7a, b, h), suggesting that KRAS-mutant cells require the biosynthetic role of Atp7a. 

Therefore, it also seems likely that long term inhibition of Atp7a expression could also affect 

copper-dependent cellular functions such as mitochondrial respiration (mediated by CCO). These 

functions are critical for KRAS-tumorigenesis, likely contributing to the observed synthetic 
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lethality of Atp7a loss in KRAS-mutant intestinal epithelial and CRC cells compared to KRAS 

wildtype counterparts. 

7. Multiple mechanisms to regulate ATP7A levels? 

The upregulation of Atp7a in KRAS-transformed CRC and intestinal epithelial cells were observed 

at the protein levels (Fig. 2.1i, Supplementary Fig. 2.5a), with no changes in the transcript levels 

between KRAS-mutant and KRAS-wildtype conditions. It has been established that Atp7a 

expression is stabilized post-transcriptionally by copper (Chun et al., 2017; L. Xie & Collins, 

2013). However, Atp7a expression is also upregulated transcriptionally by hypoxia-inducible 

factor HIF2α in intestinal cells and treatment with cobalt chloride to induce hypoxic environments 

increased Atp7a transcript levels (L. Xie & Collins, 2011) (Fig. 5.10). Hypoxia was shown to 

increase intracellular copper levels and Atp7a expression in macrophages (White et al., 2009). As 

hypoxia is common in tumor tissues, and is known to contribute to KRAS tumorigenesis in CRC 

(Kikuchi, Pino, Zeng, Shirasawa, & Chung, 2009; M. Zeng, Kikuchi, Pino, & Chung, 2010). it 

seems possible that hypoxic environments of CRC and other cancers could upregulate ATP7A 

mRNA. Other studies have also shown a protective role of Atp7a against ROS and hypoxia. 

Knockdown of Atp7a in MEF sensitized cells to 2% oxygen and hydrogen peroxide treatments 

compared to Atp7a-sufficient cells (S. Zhu et al., 2017). Thus, tumor cells could upregulate 

ATP7A to confer protection against hypoxia and ROS in a copper-dependent or -independent 

manner.  

Figure 5.10.  Hypoxia regulates Atp7a 
RT-PCR quantification of Atp7a mRNA in wildtype 
IEC-6 cells treated with cobalt chloride (CoCl2). 
Data represents N=2.  
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We also find preliminary evidence of a novel mechanism of ATP7A regulation involving TP53. 

TP53 is implicated in multiple copper homeostasis mechanisms including cuproptosis and 

transcriptional regulation of the copper detoxification protein, metallothionein. Copper itself is 

known to compete with zinc to regulate p53 structure and activity (Formigari et al., 2013). TP53 

knockdown in HCT116 and DLD-1 CRC cells reduced ATP7A levels (Fig. 3.3a), which was not 

rescued by addition of exogenous copper (Fig. 3.3b). CCS protein was also affected with TP53 

knockdown. Further experiments are needed to determine if TP53 affects ATP7A via 

transcriptional or post-transcriptional mechanisms including proteasomal degradation, as loss of 

TP53 prevented the copper-dependent stabilization of ATP7A (Fig. 3.3b). TP53 is a regulator of 

cellular stress responses, and is stabilized upon DNA damage (X.-P. Zhang, Liu, & Wang, 2011). 

Interestingly, treatment of HCT116 with DNA-damaging drugs increased ATP7A protein levels. 

This increase is apparent in TP53 wildtype HCT116 and not in TP53 mutant DLD-1 cells (Fig. 

5.11). Similar differential responses have been shown for anti-proliferative effect of Nutlin 3a 

which is selective to wildtype TP53 cells and not in TP53 mutant cells (Drakos et al., 2011). 

Further work needs to confirm the effect of several DNA damaging drugs on ATP7A mRNA and 

protein levels in several cell lines with or without TP53 mutations. These preliminary results lead 

to interesting questions that need to be tested in the future. Is the increase in ATP7A expression 

with the DNA-damaging drugs by transcriptional, protein stabilization or via other mechanisms? 

Is this increase dependent on p53 activity and expression? Is this regulation of ATP7A by p53 

specific to intestinal cell type? Do DNA damaging drugs modulate the levels of intracellular ionic 

copper which further augments ROS and DNA damage? Given that loss of p53 reduces CCS levels, 

is there an impact on intracellular copper levels?  
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Figure 5.11. ATP7A is regulated by DNA damaging drugs
HCT116 (TP53 wildtype) and DLD-1 (TP53 mutant) are treated with the indicated concentrations 
of the drugs (µM) for 24 h. ATP7A protein quantifications on the right. AZD7762 is the Chk1 
inhibitor used. Data represents N=1. 

8. Non-canonical copper supply routes in cells 

We observed that while ATP7A was overexpressed in KRAS-mutant CRC cells, CTR1 expression 

was significantly downregulated (Supplementary Fig. 2.8). CTR1 is a high-affinity copper 

importer in cells, whose cell surface expression is degraded in the event of excess intracellular 

copper (Chun et al., 2017). There have been evidences of CTR1-independent low-affinity routes 

for copper delivery into cells lacking CTR1 (J. Lee, Petris, & Thiele, 2002). This mechanism was 

also suggested for other metals such as zinc, iron and manganese. Furthermore, copper uptake 

through this pathway could be in the form of Cu(II) ions, whereas CTR1 uptake was Cu(I) 

dependent. As copper is bound to cellular copper sources- albumin and ceruloplasmin as Cu(II), it 

suggests that this low-affinity pathway could directly involve these copper carriers. Recent work 

has highlighted a novel role of macropinocytosis in delivering nutrients to KRAS-transformed 

cells. Several nutrients including albumin is actively taken up through this pathway and utilized 

for glycolysis. We thus evaluated a role for this process in regulating intracellular copper levels in 

KRAS mutated cells. To this effect we observed that inhibition of macropinocytosis modulated 

copper levels and Atp7a expression in KRAS-mutant intestinal cells (Fig. 2.5c, d, h, i). More 

studies are needed to thoroughly verify the role of macropinocytosis in copper uptake in several 
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KRAS-mutant CRC, and the role of CTR1 in this process needs to be validated. This could be 

done by measuring copper levels upon macropinocytosis inhibition in KRAS-mutant cells, with or 

without CTR1 expression. Moreover, other methods to inhibit macropinocytosis such as inhibition 

of SLC4A7, SLC4-family inhibitor 4,4'-diisothiocyanatostilbene-2,2'-disulfonate (DIDS), 

inhibition of v-ATPase activity with Bafilomycin A (Ramirez et al., 2019), DOCK1 inhibitor 

TBOPP (Tomino et al., 2018), Rac inhibitor EHT 1864 and PI3K inhibitor BKM120 (Hodakoski 

et al., 2019a), have to be tested in parallel to amiloride (EIPA) to thoroughly validate that 

macropinocytosis contributes to copper homeostasis in KRAS-mutant cells. Although our studies 

implicate macropinocytosis in regulating copper bioavailability in KRAS-mutant cells, we suspect 

that unidentified mechanisms such as autophagy or intracellular stores of copper could also play a 

role in this process (Polishchuk & Polishchuk, 2016).  

 
9. Limitations  

There are several limitations to this study. First, we used the rat intestinal epithelial IEC-6 cells as 

a model, because of the non-availability of suitable human cells that are non-cancerous and lack 

cancer causing mutations. For example, many studies use the human CACO-2 cells, which is wild-

type for KRAS mutations but possess other mutations that lead to tumor formation when injected 

into mice. Therefore, Atp7a synthetic lethality identified in KRAS-mutant IEC-6 cells have been 

verified in several human CRC cell lines. Similarly, many of the observations made in chapters 2 

and 4 such as RTK family downregulation, upregulation of amino acid and solute carriers in KRAS-

mutant IEC-6 cells, and the potential synthetic lethal pathways with TTM identified in chapter 3, 

have to be verified in multiple, relevant KRAS-mutant versus KRAS wild-type human CRC 

models, to avoid cell-line and species-specific differences.  

 

Another major drawback is that most of the preliminary experiments are done in in vitro 

conditions, which do not replicate the extensive features of tumor stroma. Many studies show that 

sensitivities to drugs differ in 2D versus 3D conditions, and therapeutics developed in 3D culture 

systems might stand a better chance at achieving clinical success (Devarasetty et al., 2020; Riedl 

et al., 2017). Some of the findings such as RTK family downregulation, synthetic lethality of 

ATP7A, and increased sensitivity to Cu chelator, in KRAS-mutated cells can be compared to 

KRAS wild-type counterparts in 3D organoids and tumor-stroma co-culture systems. Infact, an 
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earlier study observed that Atp7a knockout affected growth of HRASG12V-transformed MEFs only 

under in vivo but not in vitro conditions (S. Zhu, Shanbhag, Wang, Lee, & Petris, 2017), making 

the case to test the synthetic lethality of ATP7A or the efficacy of TTM by comparing several 

KRAS-mutant and KRAS wild-type CRC cells under in vivo conditions. Although we used 

CACO-2 (KRAS wild-type) in comparison with several KRAS-mutant lines (HCT116, DLD-1, 

SW620) for the ATP7A and TTM experiments, this study would benefit from including more cell 

lines of each genotype especially to test further hypothesis such as improving the efficacy of Cu 

chelating drugs and small molecule inhibitors of ATP7A. For the reasons stated above, the 

pathways that could be co-targeted to improve efficacy of TTM could be better tested in 3D culture 

systems using patient-derived organoids with or without KRAS mutation (Verissimo et al., 2016). 

Another drawback in our model is that transformation is achieved by KRASG12V overexpression, 

which is not observed in human cancers that usually display KRAS point mutations. Therefore, 

animal models utilizing knock-in of oncogenic KRAS alleles in the intestine, or implanting tumor-

derived or primary cell-derived organoids into immunocompromised mice (Jackstadt & Sansom, 

2016), could serve as alternatives to KRAS-overexpression models. 

 

Along the same lines, CRISPR screens for identifying KRAS-dependent gene essentiality or TTM-

dependent synthetic lethal pathways were performed under in vitro conditions, with survival and 

proliferation as readouts. Although we had confirmed that CRISPR-mediated knockout of Atp7a 

affected the growth of KRAS IEC-6 both in vivo and in vitro, more experiments are needed to 

compare the synthetic lethality of copper depletion or ATP7A loss (either by CRISPR/Cas9 or 

RNAi) between multiple KRAS-mutant versus wild-type human CRC cells in vivo. Alternatively, 

we could use 3D organoids or adherence-independent growth mediums to confirm Atp7a 

essentiality in KRAS-mutated human CRC cells. Of note, Atp7a was the only candidate gene that 

affected survival/proliferation of KRAS IEC-6 amongst  > 150 differentially expressed cell-

surface proteins. Therefore, it could be worth considering if repeating the cell-surface based 

CRISPR/Cas9 screens with invasion or motility as readouts, could potentially lead to other 

therapeutically targetable cell surface proteins implicated in KRAS-driven tumorigenesis. Also, 

CRISPR/Cas9 screens can generate false positive hits, therefore synthetic lethal pathways 

identified in chapter 3 are to verified by other RNAi strategies or using small-molecule inhibitors 

in combination with TTM treatment. Moreover, the CRISPR/Cas9 screen to identify synthetic 
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lethal or rescue genes in the context of TTM efficacy was performed in NRAS-mutated leukemia 

cell line, NALM-6 which must be replaced by KRAS-mutated versus KRAS wild-type CRC cells 

for future experiments.  

 

In chapter 2, CRISPR/Cas9 screens identified an anti-proliferative/survival role of loss of Atp7a 

expression in KRAS-mutant cells. This could be attributed to the biosynthetic or Cu exporting 

roles of Atp7a, which could be better dissected in future studies. Different ATP7A mutations 

exhibit differential defects, with some mutations specifically affecting the Golgi localization and 

biosynthetic role (Golgi mutants), and other mutations alter the cell surface localization and Cu 

export function under conditions of excess Cu (cell surface mutants) (Vonk et al., 2012). We could 

determine if re-expression of Golgi mutants or cell surface mutants rescue the proliferation and 

survival defects of knocking-out ATP7A expression in different KRAS-mutant CRC cells.  

 

We showed that macropinocytosis is an alternate Cu supply route in KRAS-mutant IEC-6 cells. 

Our in vivo study showed that treating tumors with macropinocytosis inhibitor, EIPA, reduced the 

growth advantage of KRAS-mutant tumors in mice fed with exogenous Cu. However, it is well 

known that inhibiting macropinocytosis also affects the influx of crucial nutrients that drive 

tumorigenesis in KRAS-mutant cells, which could also explain the observed anti-proliferative 

effect of EIPA. Although we showed that the expression of Cu regulating proteins ATP7A and 

CCS, and copper levels (as measured by fluorescent sensors) are negatively regulated by EIPA, 

suggesting disruption of Cu levels. We should measure if uptake of radioactive-labelled Cu is 

disrupted due to EIPA treatments in KRAS-mutant cells. Additionally, role of macropinocytosis 

in modulating Cu availability needs to be confirmed in multiple KRAS-mutant CRC cells besides 

IEC-6 cells. Moreover, although EIPA is used frequently to inhibit macropinocytosis, it can have 

non-specific effects. So future experiments can be performed with other inhibitors such as RAC, 

PI3K and DOCK1 in addition to EIPA. Finally, although copper sensors and CCS are well studied 

markers of Cu bioavailability, more direct measurements of Cu levels such as ICP-MS or atomic 

absorption spectroscopy (AAS) could be performed in the presence of macropinocytosis inhibitors.  
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10. Conclusion 

We have optimized and used two reproducible cell surface protein labeling approaches to quantify 

differential cell surface proteins in KRAS-mutant versus normal intestinal epithelial cells. We have 

identified several novel cell surface proteins regulated by mutant KRAS on intestinal cells, 

belonging to different functional families that are “druggable”. Future work could focus on the 

role of ephrin receptor Epha5, vitamin C transporter Slc23a2, and adenosine transporter Slc29a1 

on KRAS tumorigenesis, and the effect of targeting them in KRAS-mutant CRC. While the cell 

surfaceome was reprogrammed mostly in a transcription-dependent manner by KRAS, many of 

the cell-surface proteins were modulated by post-transcriptional mechanisms. This work also 

provided an interesting look into the spatial regulation of RTK families and cell surface receptors. 

CRISPR-Cas9 screens revealed that loss of Cu-exporter Atp7a is synthetic lethal to KRAS-

mutated colorectal intestinal cells. Future work involves testing the anti-tumor efficacy of newly 

identified first-in-class small molecular inhibitors of ATP7A in KRAS-mutant cancers. Our study 

also revealed that KRAS-mutant colorectal cancer cells were addicted to copper metabolism and 

sensitive to copper chelator TTM. Therefore, more studies are needed to determine the efficacy of 

clinically available TTM on CRC therapy. CRISPR-Cas9 screens also provided clues on the 

synthetic lethal pathways that can be co-targeted with TTM to inhibitor cancer cell proliferation. 

Therefore, our work led to the identification of copper chelation as a novel “druggable” pathway 

in KRAS-mutant cells. We also show for the first time that macropinocytosis can impact copper 

metabolism. We hope that this thesis work can led to further studies which can test the impact of 

KRAS tumorigenesis in metal metabolism and test the clinical application of TTM to overcome 

KRAS-mediated resistance mechanisms to new and conventional CRC therapy.  
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