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Chapter I 

 

Introduction 
 

Overview 

 

 Altered metabolism is a common phenotype observed in most cancers.  The 

most commonly observed metabolic change is the Warburg effect, which is 

characterized by increased glucose consumption and increased lactate production.  In 

recent decades, researchers have shifted focus of cancer metabolism from the Warburg 

effect to metabolic reprogramming, which describes a broader change to metabolism, 

including but not limited to increased glucose metabolism and increased lactate 

production.  Extensive research has expanded our understanding of metabolic 

reprogramming, where Otto Warburg’s initial observation of increased glucose 

consumption and increased lactate production in tumors compared to normal tissues 

was the first observation of altered metabolism.  Activated oncogenes appear to directly 

regulate metabolic reprogramming, but the exact mechanism through which metabolic 

reprogramming is achieved is still unclear.  Determining how activated oncogenes in 

cancer cells alter metabolism could lead to a better understanding of why cancer cells 

utilize this unique metabolic phenotype. 

The oncogenes Kirsten rat sarcoma viral oncogene homolog (KRAS) and B-Raf 

proto-oncogene (BRAF) are two of the most frequently mutated oncogenes in colorectal 

cancer and several lines of evidence suggest their involvement in metabolic 
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reprogramming.  Mutational activation of either KRAS or BRAF results in constitutive 

signaling through the MAPK/ERK signaling pathway that culminates in the 

phosphorylation and activation of multiple transcription factors, such as MYC.  These 

transcription factors regulate the transcription of multiple genes involved in progression 

through the cell cycle.  Since activated KRAS and BRAF activate transcription factors, it 

is possible that activation of these oncogenes could regulate metabolic gene expression 

in addition to cell cycle gene expression.  The solute carrier family 2, member 1 

(SLC2A1, also called GLUT1), the primary glucose transporter, is one such gene that 

appears to be regulated by KRAS and BRAF.  Most work has focused on either 

metabolite or mRNA measurements in cells with mutant KRAS or BRAF to determine 

how these oncogenes are involved in metabolic reprogramming. 

Protein based methods, such as Western blotting or mass spectrometry based 

proteomics, allow for the direct measurement of the metabolic proteins involved in 

glucose metabolism, without relying on the assumption of the direct relationship 

between mRNA and protein product.  Most proteins are fairly stable and have a longer 

lifetime than either metabolites or mRNA.  Additionally, proteins from archived samples 

can be readily detected by mass spectrometry based proteomic techniques.  Unlike 

antibody based protein measurements such as Western blotting or immunoprecipitation, 

mass spectrometry based proteomics typically does not require additional reagents to 

measure a protein.  Post-translational modifications can be measured by mass 

spectrometry based proteomics, allowing for not only protein expression level 

measurements, but also post-translational modification assessment.  A mass 

spectrometry based proteomic approach, however, has not been used to specifically 
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determine which metabolic enzymes are differentially regulated by mutationally 

activated KRAS or BRAF in colorectal cancer. 

The studies described in this dissertation investigated how mutant KRAS and 

mutant BRAF are involved in regulating the expression of multiple enzymes in 

glycolysis, the citric acid cycle (TCA), the pentose phosphate pathway (PPP), glutamine 

metabolism, and phosphoserine biosynthesis. I hypothesized that KRAS and BRAF 

mutations drive metabolic reprogramming by inducing the altered expression of key 

proteins in metabolic pathways, thereby increasing glucose transport and redirecting 

glucose metabolism for the production of biosynthetic intermediates. To test this 

hypothesis, two isogenic colorectal cancer cell lines, DLD-1 and RKO, were used as 

models to determine how mutant KRAS and BRAF direct metabolic reprogramming.  

The data presented in this dissertation supports this hypothesis, though metabolic 

protein expression differences could only be determined by targeted proteomics, and 

not by RNA-Seq or global proteomics.  This suggests that mutant KRAS and mutant 

BRAF regulate metabolic reprogramming in colorectal cancer at either the translational 

or post-translational level.  



  4  
 

Cellular Metabolism, the Warburg Effect, and Metabolic Reprogramming 

 Organisms utilize energy in the form of adenosine triphosphate (ATP) in many 

different enzyme catalyzed reactions, ranging from synthesizing molecules such as 

DNA, RNA, aminoacyl-tRNAs, and fatty acids; maintaining cellular structure and 

locomotion; and for intracellular signaling (1-8).  In short, the conversion of energy from 

metabolites to ATP allows cells to catalyze the reactions required to maintain 

homeostasis and the cellular organization required for proper cellular function.  Almost 

all cellular ATP is produced from the catabolism of glucose (Figure I-1A), a six carbon 

carbohydrate, and multiple metabolic pathways exist that utilize glucose for anabolic or 

alternate catabolic reactions. 

 

Normal glucose metabolism 

Glucose is the primary source for the generation of ATP in almost all types of 

cells.  In normal, quiescent cells, glucose is metabolized to pyruvate via glycolysis 

(Figure I-1B), and this pyruvate can be utilized in two distinct metabolic pathways.  One 

metabolic pathway occurs when oxygen, the terminal electron acceptor for glucose 

metabolism, is present (9).  The high energy electrons in glucose are first used to 

reduce flavin adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide (NAD+) 

to FADH2 and NADH, respectively, in the tricarboxylic acid (TCA) cycle (Figure I-2).  

These electrons obtained in the TCA cycle are then utilized in the electron transport 

chain to reduce oxygen to water with the concomitant production of a proton 

electrochemical gradient. This gradient is used to produce ATP from ADP and inorganic 

phosphate in a multi-protein complex called ATP synthase in a process called oxidative 
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phosphorylation (Figure I-3).  This entire process of metabolizing glucose through 

glycolysis, the TCA cycle, and oxidative phosphorylation, is known as aerobic 

respiration, and 36 molecules of ATP are generated for each molecule of glucose fully 

metabolized by aerobic respiration. 
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Figure I- 1. Glucose and Glycolysis. 

A. Structure of the six carbon carbohydrate, glucose. B. Glycolysis. The enzymes are 

highlighted in bold, and the corresponding metabolites produced from each enzyme 

catalyzed reaction are shown in this figure.  SLC2A1, Solute carrier family 2, member 1; HK, 

Hexokinase; GPI, Glucose 6-phosphate isomerase; PFK, Phosphofructokinase; ALDO, 

Aldolase; TPI, Triosephosphate isomerase; GAPDH, Glyceraldehyde 3-phosphate 

dehydrogenase; PGK, Phosphoglycerate kinase; PGAM, Phosphoglycerate mutase; ENO, 

Enolase; and PKM, Pyruvate kinase. Three enzymatic reactions are non-reversible 

(catalyzed by HK, PFK, and PKM), while 7 are reversible (catalyzed by GPI, ALDO, TPI, 

GAPDH, PGK, PGAM, and ENO). 
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Figure I- 2. The citric acid cycle. 

Enzyme names are highlighted in bold, and metabolites are listed in normal font. PDH, 

Pyruvate dehydrogenase; CS, Citrate synthase; ACO, Aconitase; IDH, Isocitrate 

dehydrogenase; OGDC, Oxoglutarate dehydrogenase complex; SUCLG2, Succinyl-CoA 

synthetase; SDH, Succinate dehydrogenase; FH, Fumarate hydratase; MDH, Malate 

dehydrogenase. 
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Figure I- 3. Electron transport chain and oxidative phosphorylation. 

I, II, III, and IV denote Complex I (NADH:ubiquinone oxidoreductase), Complex II (succinate 

dehydrogenase), Complex III (cytochrome bc1 complex), and Complex IV (cytochrome c 

oxidase), respectively. C, Cytochrome C; Q, Ubiquinone/Ubiquinol.  Blue arrows indicate the 

direction of electron transfer from NADH through the complexes to molecular oxygen. 
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The other main glucose catabolic pathway is utilized when oxygen is limiting, 

where pyruvate is not fully oxidized to CO2 in the TCA cycle, but is reduced to lactate 

(10).  Lactate dehydrogenase (LDH) catalyzes the electron transfer from NADH to 

pyruvate to generate NAD+ and lactate (Figure I-4).  This process, known as lactic acid 

fermentation or anaerobic glycolysis, only generates 2 molecules of ATP per molecule 

of glucose, but occurs rapidly in comparison to aerobic respiration (10).  Anaerobic 

glycolysis is utilized since the terminal electron acceptor, oxygen, is no longer available, 

but NADH generated by glycolysis and the TCA cycle, must be oxidized to replenish 

NAD+.  NAD+ is the oxidizing cofactor required for the forward reaction catalyzed by 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a key enzyme involved in 

glycolysis.  Consequently, the regeneration of oxidized NAD+ by LDH allows for 

sustained ATP production solely by glycolysis.  
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Figure I- 4. Anaerobic glycolysis. 

Anaerobic glycolysis has the same first 10 enzymatic reactions as glycolysis, with an 

additional reaction, catalyzed by lactate dehydrogenase, LDH, to reduce pyruvate to lactate, 

consuming the NADH generated by GAPDH to regenerate the NAD+ required for sustained 

glycolytic activity. 
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Electrons derived from glucose can be used not only for the catabolic generation 

of ATP, but can also be used to reduce nicotinamide adenine dinucleotide phosphate 

(NADP+) to NADPH in the PPP for anabolic rather than catabolic metabolism (Figure I-

5) (11).  NADPH is an important cofactor in multiple reactions, such as anabolic lipid 

biosynthesis and the reduction of oxidized glutathione (10, 12).  In the PPP, glucose is 

oxidized to reduce NADP+ to NADPH and the resulting 5-carbon pentoses, such as 

ribose 5-phosphate, can be used as the ribose sugar in RNA and as the precursor for 

the deoxyribose found in DNA.  The PPP can be split into two separate branches, 

termed the oxidative PPP and the non-oxidative PPP.  The oxidative PPP is primarily 

utilized to generate NADPH from glucose and can produce pentose sugars, whereas 

the non-oxidative PPP primarily uses the glycolytic intermediates fructose 6-phosphate 

and glyceraldehyde 3-phosphate for generating pentose sugars in a series of reactions 

catalyzed by transketolase and transaldolase. 
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Figure I- 5. The pentose phosphate pathway. 

As with glycolysis, the first 2 reactions of the pentose phosphate pathway (PPP) are the 

same, where glucose is transported into the cell by a transmembrane transporter such as 

SLC2A1 and then is phosphorylated by HK to produce glucose 6-phosphate. Enzymes are in 

bold font, while metabolites are in normal font. G6PD, Glucose 6-phosphate dehydrogenase; 

PGLS, 6-phosphogluconolactonase; PGD, Phosphogluconate dehydrogenase; RPIA, 

Ribose-5-phosphate isomerase; RPE, Ribulose-phosphate 3-epimerase; TKT, 

Transketolase, TALDO1, Transaldolase. G6PD, PGLS, and PGD constitute the oxidative 

PPP enzymes, while RPIA, RPE, TKT, and TALDO constitute the non-oxidatative PPP 

enzymes. 
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The Warburg effect 

Anaerobic glycolysis was first believed to be a catabolic method for generating 

ATP when oxygen is absent.  In the 1920’s, however, the German scientist Otto H. 

Warburg observed that cancer tissues had increased glucose transport and increased 

lactate production compared to normal tissues (13-15).  Warburg’s original experiments 

involved injection of Jensen’s rat sarcoma cells into the wings of hens or into rats.  

Warburg observed that, after excising the tumors and normal samples, the tumor 

samples acidified growth media at a much faster rate than the normal samples at 

increasing glucose concentrations in the media.  In additional experiments with the 

same system, blood was removed from both blood vessels leading into a tumor, 

providing the tumor with fresh nutrients, and from blood vessels exiting the tumor, 

containing the tumor waste products.  Analysis of these samples showed that these 

tumors had increased glucose consumption and increased lactate production compared 

to normal tissues.  Warburg also calculated the amount of respiration in these tumors 

using a manometer to measure CO2 production, and he observed that the rate of 

respiration in this limited sample set was decreased compared to both normal samples 

and decreased in relation to the amount of glucose that these tumors consumed. 

Further experiments determined that even tumors supplemented with oxygen had 

increased lactic acid production.  This increase in glucose consumption and lactate 

production even when oxygen is present was originally called aerobic glycolysis by 

Warburg and later termed “the Warburg effect” by Efraim Racker to distinguish it from 

lactic acid fermentation that occurs in the absence of oxygen (16) (Figure I-6).  
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Figure I- 6. Glucose metabolism in normal (differentiated) tissue and in proliferative or 

tumor tissue. 

Reproduced with permission from Vander Heiden et al. Science 2009;324:1029-1033.  

Differentiated and nonproliferative tissues metabolize glucose either through oxidative 

phosphorylation or anaerobic glycolysis depending on oxygen presence or absence.  Tumor 

tissue, like proliferative tissues, metabolize glucose through a process similar to anaerobic 

glycolysis called aerobic glycolysis or the Warburg effect, where glucose is converted to 

lactate even in the presence of sufficient oxygen for oxidative phosphorylation to occur.  This 

has led many scientists to question why cancer cells utilize the Warburg effect to generate 

relatively less energy than oxidative phosphorylation. 
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Warburg originally theorized that the reason for this switch in metabolism was 

due to faulty mitochondria and decreased rates of respiration, and he further postulated 

that these cancer cells exhibited little to no aerobic respiration in the mitochondria.  

Research conducted by the English biochemist Herbert Crabtree in 1929 demonstrated 

that some cancer cells indeed had functional mitochondria and underwent aerobic 

respiration, sometimes at a rate that was nearly equivalent to the rate of aerobic 

glycolysis (17).  Crabtree also determined that this aerobic respiration was not unique to 

just cancer, but also observed this change in glucose metabolism in rapidly proliferating 

non-cancerous tissues (18).  Despite these findings, Warburg postulated that aerobic 

glycolysis and dysfunctional mitochondria were the root cause of oncogenesis (19).  

Later research demonstrated that mutations in oncogenes, and not faulty mitochondria 

and aerobic glycolysis, were responsible for oncogenesis (20, 21).  Regardless of these 

theories, this altered tumor glucose metabolism drove researchers to understand why 

cancer cells utilize an inefficient metabolic pathway for ATP production. 

 

Metabolic reprogramming 

Nearly a century after its discovery, the Warburg effect remains an intriguing area 

of cancer research.  Warburg’s observations led researchers in the 1980’s to the 

development of the radioactive glucose analog 2-deoxy-2-(18F)fluoro-D-glucose (FDG) 

for the use in positron emission tomography to non-invasively visualize tumors in the 

body (22, 23).  Around the same time, researchers had determined that both growth 

factors and activated oncogenes could induce the Warburg effect (24-27).  Both the ras 

or src oncogenes were determined to induce increased glucose transport and increase 
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the level of the SLC2A1 messenger RNA (25).  Colorectal cancer cells with either 

mutant KRAS or BRAF had increased SLC2A1 protein expression, glucose 

consumption rates, and lactate production rates (28).  Increasing evidence points to a 

central role for oncogenes and growth factor signaling pathways in regulating not only 

the Warburg effect, but also metabolic reprogramming, due to changes in multiple 

metabolic pathways beyond increased glucose consumption and increased lactate 

production. 

Most research on metabolic reprogramming has focused on the increased 

production of lactate, mainly because this was the glucose end product that Warburg 

originally measured.  Lactate, however, is not the only end product that can be 

produced from glucose.  The amino acid serine, for example, can be produced from the 

3-phosphoglycerate produced during glycolysis (Figure I-7).  Phosphoglycerate 

dehydrogenase (PHGDH), the first enzyme in the conversion of 3-phosphoglycerate to 

serine and the branch point between glycolysis and serine biosynthesis, is amplified in 

melanoma cells, and this amplification allowed for glucose carbons to be directed to 

serine biosynthesis rather than to pyruvate synthesis (29).  Non-small cell lung cancers 

also have increased amounts of serine and glycine production from glucose, and the 

glycine is used to produce glutathione (30).  Interestingly, increased PHGDH expression 

in human breast cancer xenografts was shown to be responsible for not only increased 

glycolytic serine biosynthesis, but was also associated with increase glutamine 

metabolism through the TCA cycle (31).  This increased glutamine metabolism is due to 

phosphoserine aminotransferase (PSAT1) activity, which catalyzes the transamination 
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from glutamate to 3-phosphohydroxypyruvate, the product of PHGDH, to produce α-

ketoglutarate and phosphoserine. 
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Figure I- 7. Serine biosynthesis. 

As with glycolysis, glucose is first metabolized to 3-phosphoglycerate. Rather than complete 

metabolism to pyruvate, 3-phosphoglycerate is oxidized to 3-phosphohydroxypyruvate by 

phosphoglycerate dehydrogenase (PHGDH), with the concurrent reduction of NAD+ to 

NADH.  3-phosphohydroxypyruvate is then converted to phosphoserine in a transaminase 

reaction catalysed by phosphoserine aminotransferase (PSAT1), with glutamate as the 

amino donor.  Finally, phosphoserine is hydrolysed to serine in a phosphate hydrolysis 

reaction catalysed by phosphoserine phosphatase (PSPH). 
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In addition to increased serine production, glucose can also be used in the PPP 

to produce ribose and NADPH.  Glucose can be metabolized in the PPP by two 

pathways. The oxidative PPP directly oxidizes glucose to generate NADPH, whereas in 

the non-oxidative PPP, pentose sugars are produced from the glycolytic intermediates 

glyceraldehyde 3-phosphate and fructose 6-phosphate (Figure I-4).  This anabolic 

glucose metabolism in the non-oxidative PPP is required in pancreatic ductal 

adenocarcinomas (PDAC), and inhibition of entry of glycolytic intermediates into the 

non-oxidative PPP leads to decreased glycolytic ribose generation and decreased cell 

viability in low glucose conditions (32).  Furthermore, Drabovich et al. demonstrated that 

the oxidative PPP enzyme G6PD is increased in the breast cancer cell line MCF-7 

compared to the MCF-10A cell line (33).  These two different findings highlight that 

metabolic pathways may be differentially altered in different systems.  

In addition to increased glucose metabolism and increased lactate production, 

glutamine utilization and metabolism is increased in cancer cells (34-49).  Glutamine 

was first determined to be essential for cancer cell growth in the 1950’s, but recent work 

has demonstrated that glutamine uptake and metabolism is increased in cancer cells 

compared to normal cells (50).  As with glucose, glutamine can be metabolized through 

several metabolic pathways.  Glutamine can be directly used in the de novo synthesis of 

purine nucleotides, where glutamine provides two of the three nitrogen atoms found in 

the purine hypoxanthine ring (37).  Glutamine catabolism can be used to replenish TCA 

intermediates due to decreased entry of pyruvate into the TCA (38-43).  Glutamine can 

also be used as a source of NADPH production in a process called glutaminolysis, 
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which produces lactate (44, 45).  Lastly, glutamine can also be used to produce the fatty 

acids and lipids required for expanding the cell membrane prior to cell division (48, 49). 

Despite this understanding that tumors exhibit increased glucose utilization and 

increased lactic acid production, it is still unclear why cancer cells undergo metabolic 

reprogramming.  Several theories attempt to explain metabolic reprogramming and 

focus on the need to provide rapid ATP production, to provide glycolytic intermediates 

required for biosynthesis, to modulate the tumor microenvironment, and to enhance cell 

signaling (Figure I-8) (51).  None of these theories, however, adequately explains 

metabolic reprogramming, and it is likely that cancer cells utilize more than one of these 

possible mechanisms. 
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Figure I- 8. Possible roles for metabolic reprogramming. 

Reproduced with permission from Liberti et al. Trends Biochem Sci 2016 41, 211-218  



  22  
 

Epidermal growth factor signaling and cancer 

Signal transduction pathways are essential for transmitting extracellular signals 

into an intracellular responses and are often dysregulated in cancers (52). Some of the 

most well-studied cancer signaling pathways are receptor tyrosine kinase signaling 

pathways, such as the epidermal growth factor receptor (EGFR) signaling pathway 

(Figure I-9) (53). In EGFR signaling, an extracellular growth signal, usually in the form of 

epidermal growth factor (EGF), initiates the signaling pathway that culminates in cellular 

proliferation, differentiation, and motility. 

EGFR signaling begins when two EGFR receptors dimerize upon binding to 

epidermal growth factor (EGF).  EGFR has intrinsic tyrosine kinase activity and EGF 

bound EGFR dimers then cross-phosphorylate the tyrosine rich cytoplasmic tails of the 

opposite EGFR receptor (54, 55).  These phosphotyrosine sites serve as binding sites 

to recruit adapter proteins to the cell membrane, such as Grb2, Shc, or Src (56, 57). An 

important class of proteins that can bind to these adapter proteins is the guanine 

nucleotide exchange factor (GEF) protein family, which includes the protein Son of 

Sevenless (SOS), which interacts with the plasma membrane anchored GTPase KRAS 

(56, 58). KRAS is a binary protein switch, where KRAS bound to GDP is in the “off” 

conformation, whereas when bound to GTP, KRAS is in the “on” conformation (59, 60). 

KRAS interaction with a GEF catalyzes the release of GDP from the nucleotide binding 

site of KRAS and GTP then enters KRAS nucleotide binding site (60). GTP bound 

KRAS can then interact with downstream signaling proteins, such as the 

serine/threonine kinase BRAF (60). The interaction of KRAS with BRAF releases an 

inhibitory BRAF peptide sequence from the BRAF kinase active site and BRAF can then 
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dimerize with other BRAF proteins, thereby resulting in cross phosphorylation and 

BRAF activation. Active BRAF can then phosphorylate and activate MEK1/2, which in 

turn activates ERK1/2, culminating in the phosphorylation and activation of transcription 

factors such as MYC. Active MYC then binds to the promoter regions for many of the 

cyclins required for progression through the cell cycle. 

Due to the multiple members involved in the EGFR signaling pathway, the 

increased expression or mutational activation of any of these proteins frequently leads 

to increased activity of this pathway. Increased expression of EGFR (61), BRAF (62, 

63), or MYC (64) or mutational activation of EGFR, KRAS, or BRAF (65) are observed 

in diverse cancer types.  Mutational activation of EGFR, KRAS, and BRAF all have 

been fairly well characterized, and these mutations generally result in sustained 

signaling through the EGFR pathway even in the absence of an upstream EGF signal. 
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Figure I- 9. Epidermal growth factor receptor signaling pathway. 

In the EGFR signaling pathway, EGF binds to EGFR, which allows for EGFR dimerization 

and cross-phosphorylation.  Phosphotyrosine sites serve as binding sites for adaptor 

proteins to localize the GEF SOS to the plasma membrane for interaction with KRAS.  This 

interaction catalyzes the release of GDP bound KRAS, and GTP then binds to KRAS. GTP 

bound KRAS can then interact with BRAF, resulting in phosphorylation and activation of 

BRAF.  Active BRAF initiates a kinase cascade that culminates in the phosphorylation and 

activation of the transcription factor MYC, which can then bind to the promoter region of 

target genes and promote transcription. 
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KRAS GTPase 

The first RAS genes were identified in the 1960s, due to the ability of two 

separate murine retroviruses to produce sarcomas in mice and rats (66, 67). These 

genes were later named RAS since they were first identified in rat sarcomas.  

The transforming protein in these viruses, called p21 due to having a molecular weight 

of 21 kDa, were later determined to also be found in the normal genome of rat and 

mice, and were determined to have unmutated and mutated orthologs in humans (68-

73). RAS proteins were identified as GTPases, and amino acid substitutions at residues 

12, 13, or 61 produced mutant forms that have an intrinsically lower rate of GTP 

hydrolysis and can transform human cells (74). Finally, RAS proteins were determined 

to be key proteins involved in signal transduction pathways, such as the epidermal 

growth factor receptor (EGFR), the Raf/MEK/ERK, and the PI3K pathways (75). 

 

RAS Structure and Function 

Human cells express three distinct RAS proteins from three distinct RAS genes: 

KRAS (named due to homology to Kirsten rat sarcoma viral oncogene), HRAS (due to 

homology to the Harvey rat sarcoma viral oncogene), and NRAS. These three GTPases 

share have an identical 86 amino acids on the N-terminus, which contains the GTPase 

domain, but differ substantially at their C-termini.  The different amino acid sequences 

between the RAS proteins is believed to be responsible for their trafficking to distinct 

cellular compartments. KRAS and HRAS are mainly found on the cytoplasmic face of 

the cell membrane, whereas NRAS is predominately associated with the Golgi 

apparatus (76). It is likely that this differential trafficking of the three RAS proteins brings 
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each isoform into a distinct cellular location to interact with a specific population of 

downstream effectors. KRAS, for example, can activate Raf-1 (CRAF) at a higher rate 

than either NRAS or HRAS, but HRAS is more potent activator of PI3K than either 

KRAS or NRAS (75, 77). 
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Figure I- 10. Wild type and mutant KRAS. 

KRAS can be bound to either GDP or GTP. When bound to GTP, a GEF can stimulate the 

release of GDP, and GTP can then enter the nucleotide binding site.  KRAS has intrinsic 

GTPase activity, and can hydrolyze GTP to GDP. This activity can be enhanced by the 

binding of a GAP to KRAS. A. Wild type KRAS can be stimulated by a GAP to hydrolyze 

GTP. B. Mutant KRAS has an intrinsically lower rate of GTP hydrolysis and is unresponsive 

to GTPase stimulation by a GAP. 
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RAS Mutations 

All three RAS proteins are identical in the first 86 N-terminal amino acids that 

constitute the GTPase domain. Due to this identical N-terminus, all three RAS proteins 

share the same amino acid mutations in the GTPase domain at Gly12, Gly13, or Gln61, 

though the specific substitutions vary not only between the different RAS proteins, but 

also differ between different cancer types. The Gly12 and the Gly13 amino acid 

residues are near the GTPase active site, whereas Gln61 is the catalytic glutamine 

residue (78, 79).  All three RAS proteins can be mutated at Gly12, but Gly12 mutations 

occur more frequently in KRAS than in HRAS and NRAS, while Gln61 substitutions 

occur more frequently in HRAS and NRAS than KRAS (78).  Furthermore, KRAS 

mutations are frequently found in pancreatic cancers, but hardly any NRAS or HRAS 

mutations occur in pancreatic cancers (78). 

The three amino acid substitutions result in a form of RAS that has an intrinsically 

lower rate of GTP hydrolysis due to disruption of the catalytic active site. Gly12 mutants 

prevent enhanced GTPase activity due to GAP association since most substitution at 

this position occludes the GAP arginine finger that provides a crucial positive charge to 

stabilize the transition state of GTP hydrolysis (80).  Though no structure of and RAS 

with a Gly13 substitution has yet been resolved, it is believed that substitutions at this 

position would also occlude the GAP arginine finger from entering the RAS active site. 

 

RAF serine/threonine kinase 

 As with RAS, the first RAF (rapidly accelerated fibrosarcoma) gene was first 

identified in 1983 as a murine viral oncogene, called v-Raf, and an avian retroviral 
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oncogene, called v-mil (81, 82).    A mammalian homologue of the murine retroviral v-

Raf was also identified and termed CRAF.  Shortly after the discovery of the mammalian 

CRAF, two additional CRAF homologues were discovered in mice and humans, known 

as ARAF and BRAF (83-89).  These genes were then determined to code for serine and 

threonine kinases and were the first oncogenes to be discovered with this specific 

catalytic activity (90).  CRAF was eventually determined to play a critical role in 

connecting activated KRAS to downstream MAPK signaling (91).  ARAF is a 68 kDa, 

CRAF is 72-74 kDa, and BRAF, which can undergo alternative splicing, can range from 

75 to 100 kDa (92, 93).  RAF kinases are generally activated due to interaction with 

GTP-bound RAS, and activated RAF can then phosphorylate and activate MEK (91, 94-

96). 

 

RAF structure and function 

 The three RAF proteins share three highly homologous regions, known as 

conserved regions 1, 2, and 3 (CR1, CR2, and CR3, respectively) (97). CR1 and CR2 

are found in the N-terminus, whereas CR3 is found in the C-terminus (Figure I-11).  

CR1 contains the RAS-binding domain (RBD), which is responsible for RAS binding to 

RAF, and a cysteine-rich domain (CRD), which is responsible for some interaction with 

RAS, but is also crucial for interaction with the plasma membrane where RAS is 

anchored (98).  The CR2 region is rich in serine and threonine residues that can be 

phosphorylated and that bind to an inhibitory 14-3-3 protein.  The serine residues S214, 

S364, and S259 in ARAF, BRAF, and CRAF, respectively, are highly conserved serine 

residues in the CR2 region that, when phosphorylated, are bound by 14-3-3 proteins.  
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Dephosphorylation of these sites followed by dissociation of 14-3-3 allows for the RBD 

to interact with one of the RAS family members and subsequent RAF activation.  

Finally, the CR3 region contains the kinase domain (97).  The kinase domain has the 

small N-terminal lobe and large C-terminal lobe found in almost all protein kinases.  The 

small N-lobe binds to ATP and contains a glycine-rich ATP binding loop, commonly 

called the P-loop.  The large N-lobe interacts with kinase targets, and the region 

between the two lobes contains the catalytic site.  Within the large C-lobe is an amino 

acid sequence called the activation loop, which has a DFG amino acid sequence that 

binds to the ATP binding site in inactive RAF and is flipped out of the binding site in 

active RAF.  Upon interaction with active RAS, two RAF proteins dimerize and cross-

phosphorylate each other at key serine and threonine residues in this activation loop 

(Thr452 and Thr455 in ARAF, Thr599 and Ser602 in BRAF, and Thr491 and Ser494 in 

CRAF), and this phosphorylation displaces the activation loop from the ATP binding site 

(97, 99). Active RAF can then phosphorylate and activate the downstream kinases 

MEK1/2. 
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Figure I- 11. RAF proteins. 

Reproduced with permission from Wellbrock et al., Nat Rev Mol Cell Biol. 2005 5, 875-85.  

Note that the amino acid numbering for BRAF is incorrect due to an incorrect entry for the 

BRAF gene that shortened the sequence by one codon.  Numbered amino acids are shifted 

to the C-terminus by one amino acid, Ser364 is Ser365, Ser428 is Ser429, et cetera. 
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BRAF mutations 

Mutated forms of RAF were first identified as N-terminal truncations without the 

CR1 or CR2 regions, but point mutations were eventually identified (81, 100).  One of 

the most frequently observed point mutations in BRAF produces an amino acid 

substitution at Val600, and this mutation is often found in thyroid, skin, colon, and lung 

cancers (101, 102).  This mutation occurs in the activation loop, adjacent to the Thr599 

and Ser602 activating phosphorylation sites, and the most frequently observed 

substitution of V600E introduces the phosphomimetic glutamic acid that mimics 

phosphorylation in the adjacent phosphosites.  Consequently, BRAF V600E mutations 

are constitutively active and phosphorylate MEK1/2 regardless of an upstream signal.  

Despite the highly conserved amino acid sequence between all three RAF proteins, 

BRAF mutations are the most commonly observed mutations because ARAF and CRAF 

require an additional phosphorylation events at Ser299 and Tyr302 in ARAF and 

Ser338 and Tyr341 in CRAF.  BRAF has two analogous amino acid residues, Ser446 

and Asp448, but Ser446 is constitutively phosphorylated in BRAF, and Asp448 is a 

phosphomimetic.  A single amino acid substitution at Val600 in BRAF is sufficient to 

activate BRAF, but ARAF and CRAF would require two additional amino acid 

substitutions at these serine and tyrosine sites in addition to an activation loop mutation 

to produce a constitutively active form of ARAF or CRAF (Figure I-12) (97). 
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Figure I- 12. Wild type and mutant BRAF. 

Wild type BRAF is regulated by phosphorylation, where phosphorylation of residues T599 

and S602 (represented as P) in the activation loop result in a conformation change in BRAF. 

This converts inactive BRAF to active BRAF.  Mutational activation of BRAF, such as V600E 

(represented as E), is a phosphomimetic, and thus BRAF is constitutively active regardless 

of phosphorylation of Thr599 and Ser602. 
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Signaling pathways and metabolic reprogramming  

There is a clear link between activated oncogenes, such as KRAS and BRAF, 

and metabolic reprogramming (24-28). Though metabolic reprogramming can 

theoretically be achieved in these cells simply through the increased expression of 

SLC2A1 (also known as Glut1), the altered expression of any of the enzymes involved 

in glucose metabolism could also lead to metabolic reprogramming. Additional work is 

needed, however, to determine what additional glucose metabolic enzymes, aside from 

SLC2A1, show increased expression in colorectal cancer cell lines with either mutant 

KRAS or BRAF in comparison to cell lines without these mutations. Such studies have 

been performed in cancers arising from other tissues, such as PDAC, and utilized RNA-

Seq to demonstrate that these cancers with mutant KRAS have undergone metabolic 

reprogramming. We asked if mutant KRAS or mutant BRAF in colorectal cancer cell 

lines is responsible for altering the expression of metabolic enzymes involved in glucose 

metabolism in addition to the previously demonstrated increased expression of 

SLC2A1. 

 

Analytical techniques for assessing metabolic reprogramming 

 One of the most commonly employed methods for determining metabolic 

reprogramming in cancer cells is to measure metabolites, such as glucose and lactate.  

This is the original method employed by Warburg that led to the discovery of altered 

cancer metabolism, where he observed that thin slices of a rat carcinoma acidified 

Ringer’s solution faster than other non-cancerous tissues when glucose was added in 

increasing concentrations to the solution (14, 15).  Warburg’s contemporaries also used 



  35  
 

this method and other methods to measure metabolites (17, 18, 24, 34, 103, 104).  

Since these initial observations, metabolomic methods have developed into highly 

sensitive and quantitative tools for metabolite measurements.  Glucose and lactate can 

be indirectly measured with enzyme coupled assays (28, 45, 105) or directly by mass 

spectrometry (106-110).  One metabolomic method that has greatly increased our 

understanding of metabolic reprogramming involves the use of isotopically labeled 

carbon tracers (38, 39, 110).  Experiments with an isotopically labeled glucose tracer 

have demonstrated that a majority of glucose is metabolized to lactate, but a small 

proportion of these glucose carbons are shuttled into other metabolic pathways, such as 

the serine biosynthesis pathway (29, 31), glutathione production (30), the PPP (32), and 

even into the TCA (38).  Isotopically labeled glutamine tracers have demonstrated that 

glutamine is used to replenish TCA intermediates (38, 40), can be used to produce 

NADPH (44), and can be used to generate fatty acids (48).  These metabolite studies 

demonstrate that glucose and glutamine are both utilized in metabolic pathways other 

than lactate production. 

 Another method for determining if cancer cells have undergone metabolic 

reprogramming is to measure the mRNA expression level for metabolic enzymes.  High 

throughput sequencing technologies allow for multiple samples to be analyzed quickly.  

RNA-Seq, and other RNA based methods, have been used to effectively determine if a 

cancer cell has undergone metabolic reprogramming (31, 32).  These approaches are 

frequently combined with metabolite based measurements, frequently isotope tracer 

experiments, to demonstrate that the measured mRNA differences correlate with 

changes in metabolism.  RNA measurements, however, do not always correlate well 
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with protein based measurements (111).  Despite these methods, which provide 

excellent guidance in metabolic reprogramming studies, protein based measurements 

provide more direct measurement of metabolic reprogramming. 

 

Mass spectrometry based proteomics 

 Mass spectrometry based proteomic techniques allow for the detection of 

thousands of proteins in a single sample through a technique called shotgun 

proteomics, which was first described by Yates et al. in 1999 (112).  In shotgun 

proteomics, proteins are digested into peptides using a protease with high digestion 

specificity and efficiency.  In order to ensure the detection of as many peptides as 

possible, the resulting complex peptide mixture is separated by liquid chromatography 

(LC) immediately prior to ionization by electrospray ionization (ESI) and fragmentation 

by tandem mass spectrometry (MS/MS).  The resulting MS/MS spectra are matched to 

theoretical peptide MS/MS spectra generated from in silico digestion of a protein 

database (113, 114) (Figure I-13).  The identified peptides then are assembled into a list 

of identified proteins.  Since its initial description, shotgun proteomics has advanced 

significantly both due to method improvements (115, 116) and instrument improvements 

(117, 118), and is routinely used to identify the proteins expressed in large scale 

experiments (111, 119-122). 
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Figure I- 13. Shotgun proteomics. 

In shotgun proteomics, a protein sample is digested to peptides by either a digestive enzyme 

(e.g., trypsin).  Peptides are then ionized, fragmented, and detected by LC-MS/MS.  Tandem 

mass spectra are then compared to theoretical tandem mass spectra generated from in silico 

protein database digestion and fragmentation.  Identified peptides are then assembled into 

the smallest possible list of possible proteins that could have been present in the original 

protein sample to generate the observed peptides. 
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Quantitative proteomic analysis 

Proteomic data can be quantified by various methods. Proteins identified in 

shotgun analyses are often quantified with spectral counting, where the numbers of 

identified peptide MS/MS spectra for each protein provide a surrogate measure of 

relative protein amount in a sample (123, 124).  Protein abundance correlates with the 

number of identified spectra, where more abundant proteins produce more peptides that 

can be detected by LC-MS/MS.  Protein comparisons with spectral counting are 

typically reliable when the fold differences between proteins are greater than 2 fold 

(124). 

More precise and accurate protein quantitation is achieved  by targeted MS 

analysis by selected reaction monitoring (SRM), which is more commonly known as 

multiple reaction monitoring (MRM) (125-128).  In these analysis, specific peptides that 

uniquely represent their corresponding proteins are targeted for MS measurement.  The 

typical MRM analysis is performed on a triple quadrupole instrument, where the first 

quadrupole (Q1) acts as a mass filter to select for a particular peptide m/z.  The second 

(rf only) quadrupole (q2) serves as a fragmentation cell to fragment the selected peptide 

and to transmit these fragment ions to the third quadrupole. The third quadrupole (Q3) 

then selects for particular fragment ions that are specific and unique to the selected 

peptide precursor ion, and these selected ions are transmitted to the detector (Figure I-

14A) (129-131). 

 An analogous instrument to the triple quadrupole for performing targeted 

quantitation experiments is a hybrid quadrupole-Orbitrap instrument, such as the Q 

Exactive series offered by ThermoFisher Scientific (Figure I-14B) (117, 132, 133).  With 
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this instrument design, the first quadrupole in a hybrid quadrupole-Orbitrap functions as 

Q1 in a triple quadrupole instrument.  Rather than a second quadrupole that acts as a 

fragmentation cell, most quadrupole-Orbitrap instruments have a high energy collision-

induced dissociation (HCD) cell for precursor fragmentation.  The Orbitrap in a 

quadrupole-Orbitrap instrument functions analogously to Q3 in a triple quadrupole 

instrument, but all fragment ions that are generated can potentially be detected by the 

Orbitrap.  The greatest advantage of a quadrupole-Orbitrap hybrid instrument over a 

triple quadrupole instrument is that the Orbitrap affords both higher resolution and 

higher mass accuracy for measurement of the fragment ions than does the quadrupole 

mass analyzer (132, 133).  The major shortcoming of a quadrupole-Orbitrap instrument 

is that the transient length, or the amount of time needed to reach a particular 

resolution, means that these instruments cannot achieve as efficient a duty cycle as can 

triple quadrupole instruments (132).  However, the advantage of high resolution 

measurements and detection of all fragment ions generally outweighs the less efficient 

duty cycle.(132).  For both MRM and PRM measurements, the intensities of the 

fragment ions are plotted as a function of LC retention time, and the intensities of a few 

diagnostic fragment ions are integrated to give a peak area used for quantitation (Figure 

I-14C). 
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Figure I- 14. Targeted proteomics. 

A. Multiple reaction monitoring (MRM) on a triple quadrupole instrument. Precursor ions are 

isolated in Q1, fragmented in q2, and fragment ions are isolated in Q3 for detection. B. 

Parallel reaction monitoring (PRM) on a quadrupole-Orbitrap hybrid instrument. Precursor 

ions are isolated in Q1, fragmented in the HCD cell, and all fragment ions are detected and 

resolved in the Orbitrap C. Transition intensity is plotted as a function of retention time, and 

multiple co-eluting transitions denote a peptide peak. 
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MRM/PRM data normalization 

 Targeted proteomic data must be normalized in order to make protein 

comparisons either between peptides and proteins or across multiple samples.  The 

most widely used and effective method for normalizing targeted proteomic data is stable 

isotope dilution (SID) method (Figure I-15) (134).  SID employs synthetic isotope-

labeled peptide standards for each measured peptide.  The standards generally are 

labeled at the peptide C-terminus with either [13C615N2] lysine or [13C615N4] arginine.  

These synthetic peptides have the same chromatographic elution profile of the 

corresponding light target peptides and the same fragmentation pattern, but the y-ions 

(which contain the C-terminus) are mass shifted by the isotopically labeled lysine or 

arginine.  The SID method allows in principle for absolute quantitation.  Generally, these 

peptides are added immediately after digestion, allowing for correction of the analytical 

steps post digestion.  Deviations from accuracy are due to uncertainties in digestion 

efficiency and peptide recovery. 

Another method for the normalization of targeted proteomic data is by the labeled 

reference peptide (LRP) method.  This method is analogous to the SID method in that 

an isotope-labeled synthetic peptide is spiked into the sample, but this single spiked 

peptide is used as the normalization standard for all peptides to be measured, rather 

than for only its unlabeled isotopomer.  Unlike SID, LRP does not allow for 

measurement of absolute amounts, since the peptides targeted by the LRP method are 

different sequences that have different retention times and ionization efficiencies than 

the labeled standard.  This precludes direct abundance comparisons between different 

peptides within samples.  Nevertheless, comparisons of LRP data for the same peptide 
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enable relative abundance comparisons for a peptide across multiple samples.  In 

contrast, SID measurements enable abundance comparisons between peptides and 

proteins within a sample, as well as comparisons across multiple samples. 
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Figure I- 15. Targeted proteomics normalization. 

A. SID Normalization. In a SID experiment, there is an isotopically labeled version of each 

peptide (denoted as K* and R*) monitored spiked into the sample.  Peptide intensity for each 

light peptide is normalized to the co-eluting heavy peptide spike (blue trace for light peptide, 

red trace for heavy peptide spike). B. LRP Normalization. In a LRP experiment, at least one 

isotopically labeled peptide is spiked into the sample (purple peptide with K*).  All peptides 

are then measured and the peak area intensity for each peptide is compared to the LRP 

peak area intensity. 

A. B. 
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Research Objectives and Approach 

Questions and Objectives 

As previously outlined, it is unclear which metabolic proteins are differentially 

regulated by mutant KRAS and mutant BRAF in colorectal cancer.  These oncogenes 

regulate metabolic reprogramming in pancreatic cancers and melanomas as determined 

by transcriptomic and metabolomic techniques, but similar approaches have not been 

used to investigate metabolic reprogramming driven by these activated oncogenes in 

colorectal cancer.  A protein based approach, rather than a transcriptomic or 

metabolomic approach, could provide more biological insight than a transcript based 

approach.  With a transcriptomics approach, an increased level of a particular mRNA 

transcript is believed to correlate with an increased expression in the corresponding 

protein product.  However, this increased correlation between mRNA transcript and 

protein product is not always the case (111, 119, 120).  Consequently, a protein based 

approach would avoid the shortcomings of a transcriptomic approach. 

There are multiple proteomic based methods for making these protein based 

measurements, and I selected both global and targeted bottom-up approaches for 

determining how mutant KRAS and BRAF are involved in metabolic reprogramming.  To 

determine how these oncogenes regulate metabolic reprogramming in colorectal 

cancer, I utilized the DLD-1 and RKO model system (28).  These isogenically derived 

cell lines express mutant KRAS G13D (DLD-1 Mut cells) or mutant BRAF V600E (RKO 

Mut cells) or the wild type oncogene (DLD-1 WT cells and RKO WT cells) at 

endogenous levels.  This model system allows for pairwise comparisons to determine 

the effect of a single mutant oncogene on metabolic reprogramming compared to the 
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single wild type oncogene.  Furthermore, this model system replicates observations 

made in lung and leukemia cancers that downregulate the expression of the wild type 

KRAS gene when a mutated KRAS gene is present (135-137).  What is unclear, 

however, is if these cells increase the expression of the single oncogene to compensate 

for the silenced allele.   

The overarching questions addressed in this dissertation are: 

1. Which metabolic proteins are differentially expressed in colorectal cancer 

due to oncogenic KRAS and oncogenic BRAF? 

2. Are there significant differences in the results obtained by global and 

targeted proteomic approaches? 

3. How much of each oncoprotein is expressed in each of the isogenic cell 

lines, and does oncoprotein expression correlate with metabolic 

reprogramming? 

I hypothesize that mutationally activated KRAS and BRAF regulate metabolic 

reprogramming in colorectal cancers.  Furthermore, I hypothesize that this regulation 

occurs at the post-translational level, and that these protein expression differences can 

be detected by both global and targeted proteomic techniques.  Lastly, I hypothesize 

that the amount of the mutated oncoprotein, either KRAS G13D or BRAF V600E, will 

correlate with increased expression of those metabolic proteins that are differentially 

expressed.  
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Chapter II 

 

Oncogenic KRAS and BRAF drive metabolic reprogramming in colorectal cancer 

 

Introduction 

 

 As outlined in chapter I, mutant KRAS and mutant BRAF have been shown to 

regulate the expression of SLC2A1 and produce a Warburg effect phenotype in 

colorectal cancer cells (1).  Of particular interest is to determine if any additional aspects 

of metabolism are differentially regulated by mutant KRAS and mutant BRAF in 

colorectal cancer.  Previous approaches in determining if a cancer cell has undergone 

metabolic reprogramming have utilized transcriptomic and metabolomic techniques (2-

12), though relatively little research has been performed to determine if metabolic 

proteins are differentially regulated in addition to differentially regulated transcripts and 

differentially produced metabolites (13).  Given that the metabolic enzymes catalyze the 

consumption and production of the metabolites measured in metabolomic experiments, 

quantitation of these metabolic enzymes could provide a better understanding of 

metabolic reprogramming than transcriptomic based quantitation.  Consequently, I have 

employed global and targeted proteomic techniques to determine how mutant KRAS 

and mutant BRAF are involved in metabolic reprogramming in colorectal cancer cells. 

 One potential limitation of a global proteomic approach in this type of study is that 

these activated oncogenes or inactivate tumor suppressors may produce proteomic 

differences that cannot be readily detected.  For example, the proteomic consequence 
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of APC expression in SW480 cells compared to SW480 cells that do not express APC 

produces relatively few proteomic differences with a global proteomics approach, and a 

majority of these differences were 2-fold or greater (14, 15).  A global proteomic 

approach may reveal metabolic protein expression differences due to mutant KRAS and 

mutant BRAF, but it may not be sensitive enough to detect expression differences if the 

differences are less than 2-fold.  Rather than a global, untargeted approach, a targeted 

proteomic method is a more sensitive technique, and protein expression differences of 

less than 2-fold differences can be detected (16-18). 

 I used isogenic DLD-1 and RKO colorectal cell lines in this study to determine 

how mutant KRAS and mutant BRAF regulate metabolic reprogramming (1).  These 

isogenic cell lines are derived from parental DLD-1 cells (DLD-1 Par), which express 

both wild type KRAS and KRAS G13D, and parental RKO cells (RKO Par), which 

express a wild type BRAF and two copies of BRAF V600E.  The isogenic cells derived 

from these parental cell express a single copy of the oncogene, either wild type KRAS 

(DLD-1 WT) or KRAS G13D (DLD-1 Mut), or wild type BRAF (RKO WT) or BRAF 

V600E (RKO Mut).  Given the allelic distribution of these oncogenes, it has not yet been 

determined how much of each gene is expressed at the protein level in these cell lines.  

I used targeted SID proteomics to specifically measure the amount of wild type and 

mutant protein oncogene in each cell line. 

In this study, I used a multiplexed, targeted protein quantitation approach to 

determine how mutations in KRAS and BRAF affect the expression of proteins involved 

in central carbon metabolism in isogenic colorectal cancer cells. Although mutant KRAS 

and mutant BRAF produce similar changes in metabolic pathways, KRAS and BRAF 



  63  
 

differ dramatically in cellular protein content and the relationship between mutant 

concentration and the extent of metabolic reprogramming. Analysis of primary human 

colorectal tumors demonstrated that mutant KRAS is associated with metabolic protein 

alterations observed in the cell models. 
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Experimental Procedures 

Materials and Reagents 

Sep-pak C18 desalting cartridges and XBridge C18 5 µm 4.6x250mm columns 

were from Waters (Milford, MA).  ReproSil C18-AQ resin (3 µm particle size) was 

purchased from Dr. Maisch, Gmbh (Ammerbuch-Entringen, Germany).  Picofrit self-

pack columns, 75 µm ID, 10 µm ID tip, were from New Objective (Woburn, MA).  Bovine 

six protein equimolar digest was purchased from Bruker-Michrom, Inc. (Auburn, CA).  

Trypsin (Trypsin Gold) was from Promega (Madison, WI).  Synthetic and 13C,15N lysine 

or arginine labeled peptides were purchased from New England Peptides (Gardner, 

MA).  Labeled peptides were of greater than 99% isotopic purity and greater than 95% 

chemical purity; absolute concentration was determined by amino acid analysis. 

 

Cell culture 

DLD-1 parental cells (DLD-1 Par), DLD-1 KRAS (G13D/-) cells (DLD-1 Mut), and 

DLD-1 KRAS (+/-) cells (DLD-1 WT) (catalog numbers HD 105-040, HD 105-043, and 

HD PAR-086), RKO parental cells (RKO Par), RKO BRAF (V600E/-/-) cells (RKO Mut), 

and RKO BRAF (+/-/-) cells (RKO WT) (catalog numbers HD 106-004, HD 106-003, and 

HD PAR-009) were from Horizon Discovery (Cambridge, UK).  DLD-1 cell lines were 

maintained in RPMI 1640 growth media (Invitrogen, Carlsbad, CA) supplemented with 

10% fetal bovine serum (Atlas Biologicals, Fort Collins, CA) and 0.1% penicillin-

streptomycin (Invitrogen, Carlsbad, CA).  RKO cell lines were maintained in McCoy’s 5A 

growth media (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum 

and 0.1% penicillin-streptomycin.  All cell lines were split 1:10 every 3-5 days or before 
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cells reached 80% confluency.  Cells were reseeded from flasks into 15 cm plates 2 

days prior to preparation for analyses and were harvested before reaching 75% 

confluency.  Three replicate cultures of each cell line were analyzed by RNA-Seq to 

verify that the cells expressed the expected mutant or wild type KRAS and BRAF 

sequences.  These analyses demonstrated that the cell lines expressed the expected 

wild type and mutant sequences (Figure A-1). 

Cells were harvested by scraping on ice using cold phosphate buffered saline 

(PBS, Invitrogen, Carlsbad, CA) supplemented with 1:100 Halt Protease Inhibitor 

Cocktail (Thermo Fisher Scientific, Waltham, MA).  The cells were pelleted by 

centrifugation at 1000 × g at 4°C for 5 minutes, washed with an additional 1 mL of PBS 

and pelleted a second time at 1000 × g at 4°C for 5 minutes.  Excess PBS was removed 

from the pellets and pellets were flash frozen in dry ice and ethanol. 

 

Glucose and lactate analyses 

Cell lines were grown to 60% confluence in 75 cm2 flasks, and were split into 8 

wells of a 96 well plate.  Cells were plated so that there would be approximately 5,000 

cells per well for each collection time point.  Medium was collected from the cells at 

each doubling time and one-half doubling time for each respective cell line.  Cell 

number was estimated using the cell proliferation reagent WST-1 (Sigma, St. Louis, 

MO).  Media samples were analyzed on a YSI 2300 glucose and lactate biochemical 

analyzer (YSI Life Science, Yellow Springs, OH).  Glucose and lactate standards were 

run every 5 samples to ensure instrument calibration and accuracy. 
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Sample preparation and basic reverse phase liquid chromatography (bRPLC) 

 Frozen cell pellets were suspended in a 1:1 (v/v) mixture of 100 mM ammonium 

bicarbonate (Sigma, St. Louis, MO), pH 8.0 and 2,2,2-trifluoroethanol  (Acros Organics. 

Pittsburg, PA), supplemented with 1:100 HALT protease inhibitor cocktail.  Suspensions 

were sonicated 3 times for 15 seconds and were placed on ice for at least 1 minute 

between sonication cycles.  Protein concentration was determined with the bicinchoninic 

acid assay (Thermo Fisher Scientific, Waltham, MA) and 250 µg of protein was taken for 

analysis.  Samples were reduced with 40 mM tris-carboxyethylphosphine (Sigma, St. 

Louis, MO) and 100 mM dithiothreitol (Research Products International, Mt. Prospect, 

IL) at 60°C for 30 minutes at 1000 rpm on an Eppendorf Thermomixer (Eppendorf, 

Hauppauge, NY).  Samples then were cooled to room temperature and alkylated with 

200 mM iodoacetamide (Sigma, St. Louis, MO) in the dark for 30 minutes.  Samples 

were diluted with 50 mM ammonium bicarbonate, pH 8.0 to reduce the  2,2,2-

trifluoroethanol to 10%, prior to adding trypsin at a 1:50 (w/w) ratio and incubating 

overnight at 37°C with shaking.  Digests were lyophilized, the lyophilized peptide 

samples were suspended in water prior to solid phase extraction with a Waters Sep-pak 

C18 desalting cartridge.  Prior to use, desalting cartridges were first charged with 1 mL 

of acetonitrile and then equilibrated with 2 mL of water.  Peptide samples were loaded 

onto the equilibrated column, washed once with 1 mL water, and the peptides were 

eluted with 70% acetonitrile containing 0.1% formic acid (Thermo Fisher Scientific, 

Waltham, MA).  These samples were evaporated to dryness in vacuo and redissolved in 

10 mM triethylammonium bicarbonate, pH 8.0. bRPLC peptide fractionation was done 

with an Agilent 1260 Infinity LC system equipped with an XBridge C18 5 µm 4.6 x 250 
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mm column.  Solvent A was 10 mM triethylammonium bicarbonate (Sigma, St. Louis, 

MO), pH 7.4 and solvent B was 10 mM triethylammonium bicarbonate in acetonitrile.  

Peptides were loaded onto the column with solvent A at a flow rate of 0.5 mL/minute 

and were eluted at a flow rate of 0.5 mL/minute with a program in which solvent B was 

increased from 0% to 5% from 0 to 10 minutes, 5% to 35% from 10 to 70 minutes, 35% 

to 70% from 70 to 85 minutes, held at 70% from 85 to 95 minutes, and then reduced to 

0% from 95 to 105 minutes.  The eluted peptides were collected in 64 fractions, which 

were concatenated to 8 fractions as described by Wang et al. (19).  Concatenated 

fractions were evaporated to dryness in vacuo and the dried samples were suspended 

in 100 µL 3% acetonitrile with 0.1% formic acid for LC-MS/MS analysis. 

 

Global LC-MS/MS analyses  

LC-MS/MS analyses were performed on a Q Exactive Plus mass spectrometer 

(Thermo Fisher Scientific, Bremen, Germany) equipped with an Easy-nLC 1000 

autosampler.  Peptides were resolved on an PicoFrit Emitter column (11 cm x 75 µm ID, 

New Objective, Wortham, MA) with a 10 µm ID opening, packed with ReproSil C18-AQ 

resin of 3 µm particle size.  Liquid chromatography was performed at room temperature 

with a mobile phase gradient program using 0.1% formic acid in water (solvent A) and 

0.1% formic acid in acetonitrile (solvent B). 

Sample solutions (2 µL) were loaded onto the column over 14 minutes with 100% 

solvent A at 0.5 µL/min, followed by an elution gradient (300 nL/min) from 2% to 5% 

solvent B in 5 minutes, 5% to 35% solvent B over 85 minutes, 35% to 90% solvent B in 

3 minutes, and held at 90% solvent B for 7 minutes.  Peptides eluting from the capillary 
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tip were introduced into the Q Exactive Plus source in microelectrospray mode with a 

capillary voltage of 2.1 kV.  A full scan was obtained from the eluting peptides in the 

range of 300-1800 m/z, with a resolution of 70,000, a max injection time of 64 ms, and 

an AGC target of 3e6.  The full scan was then followed by 20 data-dependent MS/MS 

scans of the most intense ions, with a resolution of 17,500, a maximum injection time of 

100 ms, an AGC target of 2e5, an isolation window of 1.4 m/z, a fixed first mass of 100 

m/z, and a normalized collision energy of 27.  MS/MS spectra were acquired with 

dynamic exclusion of previously analyzed precursors for 20 seconds.  MS/MS spectra 

were generated by high-energy collisional dissociation (HCD) and detected in the 

Orbitrap at a resolution of 17,500, an isolation width of 2 m/z and 27% normalized 

collision energy. 

 

Global proteomics data analysis 

For database searching, The “ScanSifter” algorithm (20) read MS/MS spectra 

stored as centroid peak lists from Thermo RAW files and transcoded them to mzData 

v1.05 files.  Spectra that contain fewer than six peaks were not transcoded to mzData 

files and only MS/MS scans are written to the mzData files; MS scans were excluded.  

MS/MS spectra were assigned to peptides from the Human RefSeq Version 54 

database (accession date of September 2012, with 34,589 protein entries, which 

included contaminant protein sequences) using the database search algorithms 

Myrimatch version 2.1.132 (21) and MS-GF+ Beta (v9979) (22).  The database forward 

protein sequences were appended with reversed sequences to allow for false discovery 

rate (FDR) estimations (23, 24).  Myrimatch and MS-GF+ were configured to allow for 
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all cysteines to be modified by carboxamidomethylation as a static modification, while 

allowing for possible dynamic methione oxidation, with a maximum of 2 dynamic 

modifications per peptide.  Candidate peptides were required to be tryptic, although 

missed cleavages were allowed.  For Myrimatch searches, precursor mass error was 

set to 1.5 m/z, and fragment ion mass error was 0.5 m/z.  For MS-GF+ searches, the 

precursor mass error was set to ±15 ppm.  Identified peptides from both searches were 

assembled together into proteins with IDPicker version 3.1.642.0 (24).  Proteins were 

assembled using a maximum Q value of 0.01, a minimum of 2 distinct peptides per 

protein, and a minimum of 5 spectra per protein in order to achieve a protein FDR of 

less than 5%.  Indistinguishable proteins were recognized and grouped.  Parsimony 

rules were applied to generate a minimal list of proteins that explain all of the peptides 

that pass the entry criteria.  A minimum of two spectra per protein across all samples 

and both biological replicates was required for quantitative comparisons.  This list of 

quantifiable proteins then was used to determine 1.5- and 2- fold differences in spectral 

count data in pairwise comparisons.  The lists of 1.5- and 2-fold differentially expressed 

proteins were used to determine pathway enrichment using the network based 

enrichment algorithm WebGestalt (25), where the list of all quantifiable proteins for each 

dataset was used as the reference dataset. 

 

Sample preparation for PRM analyses of metabolic proteins 

Samples for PRM analyses were prepared in the same manner as for global 

proteomics, except that 200 µg of protein was used for trypsin digestion and no bRPLC 

fractionation was performed.  Desalted peptide samples were dissolved to 0.5 µg/µL 



  70  
 

with 3% aqueous acetonitrile containing 0.1% formic acid and a mixture of three labeled 

reference peptide (LRP) standards (β-actin peptide U-13C,15N-Arg-GYSFTTTAER, 

alkaline phosphatase peptide U-13C,15N-Arg-AAQGITAPGGAR, and β-galactosidase 

peptide U-13C,15N-Arg-APLDNDIGVSEATR) was spiked into the samples at a final 

concentration of 12.5 fmol/µL. 

 

PRM analyses of metabolic proteins 

PRM analyses were performed on a Q Exactive Plus mass spectrometer 

equipped with the same LC system and column described above.  Liquid 

chromatography was performed at room temperature over 70 minutes using a gradient 

program of 0.1% (v/v) formic acid in water (solvent A) and 0.1% (v/v) formic acid in 

acetonitrile (solvent B).  Sample solutions (2 µL) were loaded onto the column over 14 

minutes with 100% solvent A at 0.5 µL/min, followed by an elution gradient (300 nL/min) 

from 2% to 5% solvent B in 5 minutes, 5% to 35% solvent B over 45 minutes, 35% to 

90% solvent B in 5 minutes, and held at 90% solvent B for 10 minutes.  Peptides eluting 

from the capillary tip were introduced into the Q Exactive Plus source in 

microelectrospray mode with a capillary voltage of 2.1 kV.  The mass spectrometer was 

programmed to acquire a full MS-SIM scan followed by 14 targeted-MS2 runs.  Full MS-

SIM scans were collected with a resolution of 17,500, an AGC of 3e6, a maximum 

injection time of 64 ms, and a scan range of 380-1500 m/z.  Targeted-MS2 spectra were 

acquired at a resolution of 17,500, a maximum injection time of 80 ms, an AGC target of 

5e5, an isolation window of 2.0 m/z, a fixed first mass of 150 m/z, and a normalized 

collision energy of 27. 
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Peptide precursor ions targeted for acquisition were selected using Skyline 

software (26).  To develop a scheduled PRM method, a “master mix” of unlabeled 

synthetic standards representing all target peptides was spiked into a matrix 

background made from the samples.  This master mix sample was analyzed in an 

unscheduled PRM run to determine retention times and representative fragment ions.  

The 10 most intense fragment ions for each peptide were used to identify peptides in 

the synthetic master mix used for designing the scheduled run.  A total of 73 proteins 

were monitored with at least 2 peptides each, for a total of 204 peptides monitored in 

each scheduled PRM run (Figure II-1 and Table S1).  Three biological replicates from 

each cell type were analyzed in triplicate to assess both biological variation and 

instrument variation. 
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Figure II- 1. Proteins monitored by metabolic panel. 

Proteins monitored by PRM/MRM are grouped into glycolysis, TCA, PPP, glutamine 

metabolism, and phosphoserine biosynthesis. Proteins monitored in this panel are 

enclosed in a black border, while the metabolites used by these enzymes are in 

black font only. Peptides monitored by PRM for the proteins listed here are listed in 

Table S1, while the corresponding peptides and transitions monitored by MRM are 

listed in Table S2. 
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Analysis of PRM data for metabolic proteins  

Peptide transitions to be extracted for PRM were selected using the program 

Skyline (26).  The top 5 most intense fragment ions were used to verify the detection of 

each peptide in the PRM analyses and the top 3 most intense fragment ions were used 

for peptide peak area quantitation.  Peptide signals for metabolic proteins were 

normalized by the LRP method (16).  Peptide peak areas were calculated as the sum of 

the peak areas for the 3 most intense fragment ions, and this summed peak area was 

normalized to the summed peak area for the LRP standard with the lowest coefficient of 

variation (CV) across all of the samples in the sample set.  For quantitative comparisons 

between cell lines, peptides were required to have CV values below 0.25 between 

biological replicate experiments.  For proteins with more than one quantifiable peptide, 

the peptide having a CV below 0.25 and the largest normalized peak area was used for 

quantitation.  This minimizes measurement variation across the dataset (16).  

Measurements of the other quantifiable peptides were not used for quantitative 

comparisons, but provided validation of single peptide-based measurements. 

 

Targeted quantitation of KRAS and BRAF protein forms  

 For targeted analysis of wild type and mutant KRAS and BRAF protein forms, 

cells were grown as previously described (27).  For KRAS analyses, DLD-1 cells were 

suspended in 50 mM Tris-HCl (J. T. Baker, Center Valley, PA), pH 8, 0.1% sodium 

dodecyl sulfate (Thermo Fisher Scientific, Waltham, MA), 150 mM sodium chloride, 

0.5% sodium deoxycholate, 1% Igepal (Sigma, St. Louis, MO) supplemented with 1:100 

Halt Protease, while for BRAF analyses, RKO cells were suspended in HEPES buffer 
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(50 mM HEPES pH 7.5, 10 mM KCl, 150 mM NaCl,1 mM EDTA, 1 mM EGTA, 1.5 mM 

MgCl2, 10% glycerol, 0.1% CHAPS, and 0.01% Brij-35).  Cells were lysed by sonication 

and protein concentration was measured using the bicinchoninic acid assay.  For each 

sample, 50 µg of protein was loaded on a single lane of a 10-lane NuPAGE Novex 10% 

Bis-Tris gel (Invitrogen, Carlsbad, CA).  Samples from 3 replicate cultures of each cell 

line were loaded on each gel and gel electrophoresis was performed at 180 V for 45 

minutes.  Gels were stained with SimplyBlue SafeStain (Invitrogen, Carlsbad, CA) and 

destained with deionized water overnight.  For KRAS analysis, the MW 20 to 25 kDa 

region containing KRAS (MW 21.7 kDa) and the MW 25 to 37 kDa region (background 

matrix for calibration curve) were excised from the gel.  For BRAF analysis, the MW 75 

to 100 kDa region containing BRAF (94 kDa) and the MW 100 to 150 kDa region 

(background matrix for calibration curve) were excised from the gels. 

Gel slices were placed in 100 µL of 100 mM ammonium bicarbonate, pH 8.0, and 

were reduced with 10 µL of 100 mM dithiothreitol for 20 minutes at 50°C, and alkylated 

with 10 µL of 200 mM iodoacetamide for 20 minutes in the dark at room temperature.  

Gel slices were destained with 50% acetonitrile/50 mM ammonium bicarbonate until the 

gel slices were no longer blue, and the destained slices were dehydrated with 100% 

acetonitrile.  Acetonitrile was removed from the gels in vacuo and the pieces were 

incubated in 50 mM ammonium bicarbonate containing 0.01 µg/µL of trypsin at 37°C 

overnight with shaking.  Peptides were extracted from the gel slices with 3 200 µL 

washes of 60% acetonitrile containing 0.1% formic acid, and were evaporated to 

dryness in vacuo.  Stable isotope dilution (SID) standard peptides for KRAS (U-13C,15N-

Lys-LVVVGAGGVGK and U-13C,15N-Lys-LVVVGAGDVGK for wild type KRAS and 
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KRAS G13D, respectively), or BRAF (U-13C,15N-Lys-IGDFGLATVK and U-13C,15N-Lys-

IGDFGLATEK for wild type BRAF and BRAF V600E, respectively) were added to each 

dried sample to produce concentrations of 1 fmol/µL for each labeled peptide when the 

samples were resuspended in 50 µL of 3% acetonitrile with 0.1% formic acid.  For SID 

calibration curves, light peptides (LVVVGAGGVGK and LVVVGAGDVGK for KRAS 

SID, or IGDFGLATVK and IGDFGLATEK for BRAF SID) were added to the dried matrix 

background digests, to generate calibration points with light peptide concentrations of 0 

amol/µL, 8 amol/µL, 40 amol/µL, 200 amol/µL, 1 fmol/µL, 5 fmol/µL, and 25 fmol/µL in 

50 µL of 3% acetonitrile and 0.1% formic acid. 

 PRM analyses of KRAS and BRAF peptides were performed with the same LC-

MS/MS system described above for PRM analyses of metabolic proteins.  Scheduled 

run retention time windows were determined using an unscheduled run from the 1 

fmol/µL calibration curve samples.  Three biological replicates of each cell line were 

analyzed and each biological replicate was analyzed in duplicate.  Calibration curve 

standard samples were also processed in three biological replicates, with two process 

replicates generated for serial dilutions to generate the calibration curve, and each 

sample was analyzed twice as technical replicates. 

 RAW files were imported into Skyline and transitions were selected according to 

intensity and mass accuracy.  Transition peak areas were integrated using the area 

under the curve, and 5 transitions were used to determine peptide detection, and the 

single most intense transition was used for quantitation.  Peak areas for light peptides 

were normalized to the peak areas of the corresponding heavy peptide, with the same 

fragment ions used for both light and heavy peptides.  For the calibration curve, the ratio 
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of the light peptide peak area to the heavy peptide peak area was plotted against the 

theoretical concentration of the light peptide using Quasar (28) and this calibration curve 

was used to calculate the concentration of endogenous light peptide in the quantitative 

samples.  Lower limit of quantitation (LLOQ) was determined for each peptide according 

to the lowest calibration point measurement with a calculated concentration CV lower 

than 0.25.  Lower limit of detection (LLOD) was 1/3 of the LLOQ.  All measurements 

were plotted in GraphPad Prism, and Student’s t-test was performed to determine 

significant differences.  The LLOQ and LLOD values for the WT KRAS peptide 

LVVVGAGGVGK, the G13D KRAS peptide LVVVGAGDVGK and the BRAF V600E 

GDFGLATEK peptide were 8 amol/µL and 2.6 amol/µL, respectively.  The LLOQ and 

LLOD values for the BRAF WT GDFGLATVK peptide were 40 amol/µL and 13.3 

amol/µL, respectively. 

 

Analysis of human stage II colon tumor specimens 

All tumor specimens were derived from histologically confirmed Stage II colon 

cancer under Institutional Review Board protocol #120805.  Tissue blocks were 

obtained from the Surgical Pathology archives at Vanderbilt University.  Selection was 

based on complete surgical removal of the tumor.  Blocks were sectioned and the 

sections were macrodissected to remove normal tissue, including normal epithelium and 

smooth muscle, such that the remainder was at least 80% tumor material, which 

included tumor cells and stroma.  A minimum carcinoma cell percentage in the tumor 

material was not specified.  Tumors were genotyped for KRAS, NRAS, BRAF, and PI3K 

mutational status with a multiplexed mutation profiling panel (Table S2) (29).  Eight 
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tumors had codon 12 mutations in KRAS (11 G12V and one G12D) and eight had wild 

type KRAS.  Of the KRAS mutant tumors, two also had PIK3CA E545K mutations, while 

one of the KRAS wild type tumors had a NRAS Q61K mutation and one had a BRAF 

V600E mutation.  Formalin-fixed, paraffin-embed (FFPE) samples were deparrafinized, 

rehydrated, reduced, alkylated and digested with trypsin as described previously by 

Sprung et al. (30).  Digested samples (50 µg) were lyophilized and the peptide mixtures 

were desalted using a Waters Sep-pak C18 desalting cartridges.  Desalted samples 

were redissolved in 100 µL of 3% aqueous acetonitrile containing 0.1% formic acid and 

25 fmol/µL of each of the 3 LRP standards were spiked into each sample. 

 

MRM analyses of human stage II colon tumors  

MRM analyses were performed on a TSQ Vantage triple quadrupole mass 

spectrometer equipped with an Eksigent Ultra nanoLC and microautosampler.  Samples 

were analyzed using a scheduled experiment, where peptide retention times were 

determined from an unscheduled analysis of a master mix of synthetic unlabeled 

peptides, as described above.  Sample solutions (2 µL) were loaded onto the column 

over 14-minutes in water containing 0.1% formic acid at 0.5 µL/min.  Peptides were 

resolved on an 11 cm x 75 µm ID PicoFrit Emitter with a 10 µm ID opening, packed with 

ReproSil C18-AQ resin of 3 µm particle size.  Liquid chromatography was performed at 

room temperature over 70 minutes with of 0.1% (v/v) formic acid in water (solvent A) 

and 0.1% (v/v) formic acid in acetonitrile (solvent B) at a flow rate of 400 nL/min.  The 

gradient was programmed from 2% to 5% solvent B in 5 minutes, 5% to 35% solvent B 

over 45 minutes, 35% to 90% solvent B in 5 minutes, held at 90% solvent B for 5 
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minutes, and then reduced to 2% solvent B for 5 minutes.  MRM analyses monitored 61 

proteins represented by 194 peptides with 5 transitions per peptide for a total of 980 

transitions.  The MRM method was split into 2 separate injections, with one method 

monitoring 390 transitions and a second monitoring 590 transitions (Table S3). 

 

Experimental Design and Statistical Rationale 

For glucose consumption and lactate production rate measurements, 3 separate 

cultures were analyzed in duplicate for each cell line and was sufficient to detect at least 

1.5-fold changes in these parameters.  In the global analysis of the cell lines, two 

separate cultures were analyzed, but a single analysis of each sample was performed.  

This enabled detection of at least 2-fold differences based on spectral count data. 

For PRM analyses of metabolic proteins, three separate cultures of each cell line 

were analyzed and each biological replicate sample was injected in triplicate.  These 

triplicate analyses were used to determine instrument performance, as assessed with 

quality control samples, and to calculate coefficients of variation (CV).  CVs were 

calculated for each peptide after LRP normalization for both biological and technical 

replicates and peptides with CVs of greater than 0.25 for normalized peak areas were 

not considered further.  For peptides with normalized peak area CVs less than 0.25, I 

calculated intraclass correlation coefficient (ICC) values, which indicate the fraction of 

the measurement variation associated with differences between distinct classes 

(experimental groups).  Each cell line was treated as a distinct class.  Peptides with a 

CV below 0.25 and an ICC above 0.6 were used for further statistical comparisons.  

Peptides with a CV below 0.25, but an ICC below 0.6 were not used for statistical 
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comparison, and were classified as not significantly different between biological classes.  

For peptide measurements that satisfied the above criteria, Student’s t test was used to 

determine the significance of the measured differences.  For targeted SID 

measurements of mutant and wild type KRAS and BRAF protein forms, three separate 

cultures were analyzed and each was analyzed in triplicate.  Replicate injections with 

the SID samples were used in conjunction with quality control samples to assess 

instrument performance and to calculate biological sample CVs. 

For MRM analyses of colon tumors, sample amounts were limiting; a single 

biological replicate sample was prepared from each tumor and analyzed in triplicate.  

ICCs were calculated for each peptide for the MRM results, where the two classes were 

the KRAS mutant and wild type tumors.  ICC values greater that 0.7 were required for 

significant comparisons.  For pairwise comparison of MRM data, protein measurements 

were grouped according to KRAS mutational status, and Student’s t-test was performed 

to determine statistical significance of differences.  
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Results 

 Isogenic cell lines enable systematic study of the effects of oncogenes on cellular 

networks.  DLD-1 parental (DLD-1 Par) colon cancer cells express one copy each of 

KRAS G13D and KRAS wild type (1, 31); RKO parental (RKO Par) colon cancer cells 

express two copies of BRAF V600E and a single copy of BRAF wild type (1).  DLD-1 

Mut and DLD-1 WT cells are derived by homologous recombination of DLD-1 Par cells 

and express only KRAS G13D or KRAS wild type, respectively.  RKO Mut and RKO WT 

cells are derived by homologous recombination of RKO Par cells and express either a 

single BRAF V600E or BRAF wild type, respectively.  I used these isogenic DLD-1 and 

RKO cell lines to determine how oncogenic KRAS and BRAF affect the expression of 

proteins in central carbon metabolism. 

 

Glucose consumption and lactate production in DLD-1 and RKO cell lines 

The “Warburg effect” is functionally defined as increased glucose consumption 

and increased lactate production.  DLD-1 Mut and DLD-1 Par cells showed nearly 

equivalent rates of glucose consumption, which were both significantly higher than in 

DLD-1 WT cells (p = 0.0004 for DLD-1 Mut vs. DLD-1 WT, p = 0.0134 for DLD-1 Par vs. 

DLD-1 WT) (Figure II-2).  This result is similar to that reported previously for shorter 

time course measurements in the isogenic DLD-1 cell lines (1).  RKO Par cells 

consumed glucose at a rate equivalent to that for RKO Mut cells, which was significantly 

higher than in RKO WT cells (p = 0.0317).  RKO Mut cells consumed glucose at a 

higher rate than RKO WT cells, but this difference was not significant (p = 0.2723) 
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(Figure II-2). These results were similar to previous results with shorter time course 

experiments (1). 

Lactate production rates were equal in the DLD-1 Mut and DLD-1 Par cells, and 

both produced lactate at a significantly higher rate than the DLD-1 WT cells (p=0.0012 

and p=0.002, respectively) (Figure II-2). Lactate production in the RKO cells increased 

significantly from RKO WT to RKO Mut to RKO Par (Figure II-2), as previously reported 

in short term experiments (1). The DLD-1 and RKO cell lines thus display a Warburg 

phenotype associated with KRAS and BRAF mutations, respectively, as previously 

reported. 
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Figure II- 2. Glucose consumption and lactate production rates in isogenic cell 

lines. 

Glucose consumption and lactate production rates were determined from 3 biological 

replicates per cell line. Growth media collected from cultured cell lines every doubling 

and half-doubling time was analyzed in duplicate on a YSI 2300 STAT Plus Glucose 

and Lactate Analyzer. Error bars represent the standard error of the mean. Panels 

2A and 2B show glucose consumption rates in DLD-1 and RKO cells, respectively. 

Panels 2C and 2D show lactate production rates in DLD-1 and RKO cells, 

respectively. 
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Global proteome analysis of isogenic cell lines 

 Global proteomic analysis of the DLD-1 cell lines identified inventories of nearly 

identical size in each of the DLD-1 and RKO cell lines.  The global protein-level FDR 

values in the DLD-1 and RKO datasets were 2.77% and 2.67%, respectively. A core 

proteome of 7,461 proteins was detected in all three of the DLD-1 cell lines, while a core 

proteome of 7,410 proteins was detected in all three of the RKO cell lines (Figure II-3). 

The DLD-1 datasets contained 5,730 proteins quantifiable with at least 2 spectra per 

protein in each replicate analysis, whereas in the RKO dataset contained 5,628 

quantifiable proteins (Tables S4 and S5).  The combined quantifiable protein inventories 

were used as the reference proteomes for comparisons within each cell line group. 
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Figure II- 3. Overlap of protein groups expressed in isogenic cell lines. 

Protein inventories were from two replicate analyses per cell line. A 

minimum of one spectrum per protein group per cell line was required for 

a protein group to be shared between cell lines. 
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Pairwise comparisons of the global proteome datasets indicated highly similar 

proteomes.  Proteins with ≥2-fold differences between cell lines constituted 

approximately 2-10% of the quantifiable proteome in each DLD-1 cell comparison 

(Figures A-2A and A-2B and Table S6).  Pairwise comparisons of the RKO cell lines 

indicated comparable differences between each. Proteins with ≥2-fold differences were 

approximately 4-8% of the quantifiable proteome in the RKO cell lines (Figures A-2C 

and A-2D and Table S7).  

I used WebGestalt (25) to map differential proteins to Gene Ontology 

classifications using the 5,730 quantifiable proteins in the DLD-1 cell lines and the 5,628 

quantifiable proteins in the RKO cell lines as the reference sets, respectively. This 

analysis identified no significant enrichment for molecular functions or biological 

processes related to metabolism in either the DLD-1 or RKO models (Table S8).   I note 

that almost all of the metabolic proteins quantified by PRM (see below) were detected 

and quantifiable in the global datasets.  However, precision of the shotgun analysis 

platform is limited by well-known factors, including undersampling and run-to-run 

sampling variations in data-dependent analysis.  Biologically significant variations of 

less than approximately 2-fold would not have been detected in the global profiles. 

Taken together, the results of the global analyses of the DLD-1 and RKO cell lines 

revealed modest impact of the mutations on the proteomes, but no detectable 

alterations associated with metabolism.  
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Targeted PRM analysis of isogenic cell lines 

 I hypothesized that metabolic reprogramming in the DLD-1 and RKO cell lines 

may be mediated by relatively small differences in abundance of metabolic proteins.  To 

test this hypothesis, I developed a targeted, multiplexed PRM assay to specifically 

interrogate the expression of 73 proteins involved in glycolysis, the TCA cycle, the PPP, 

phosphoserine biosynthesis, and glutamine metabolism (Figure II-1). I used the LRP 

method for quantitation, in which all measured peptide peak areas are normalized to the 

peak area for a single isotope-labeled reference peptide standard (16). This PRM assay 

measured 204 peptides corresponding to 73 proteins in a single scheduled analysis on 

a Q Exactive Plus instrument. Although three LRP peptide standards (β-actin peptide U-

13C,15N-Arg-GYSFTTTAER, alkaline phosphatase peptide U-13C,15N-Arg-

AAQGITAPGGAR, and β-galactosidase peptide U-13C,15N-Arg-APLDNDIGVSEATR), 

were added to each sample and detected by PRM, all target peptide peak areas were 

normalized to the alkaline phosphatase AAQGITAPGGAR peptide, as it had the lowest 

CV in both DLD-1 (average CV of 0.112) and RKO (average CV of 0.082) datasets.  

 The results of the targeted PRM analyses of the DLD-1 and RKO cells are 

summarized in Tables S9 and S10. All cell line comparisons were based on the 

normalized peak areas for the target peptides. Data for each reliably detected peptide 

are plotted in Figures A-3 and A-4. Statistically significant differences were determined 

by pairwise comparisons for each peptide using an unpaired, two tailed Student’s t-test, 

with a p-value of less than 0.05 considered to be statistically significant. The resulting 

pairwise comparisons for each of these normalized peptide measurements were 

organized according to corresponding metabolic pathways (Figures 4 and 5). 
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PRM analyses of metabolic proteins in DLD-1 cell lines  

 PRM analyses of DLD-1 cell lines demonstrated that mutant KRAS is associated 

with the altered expression of proteins involved in glycolysis, glutamine metabolism, 

phosphoserine biosynthesis, and non-oxidative PPP (Figure II-4). Of the 20 glycolytic 

proteins measured in this assay, 15 were quantifiable in both DLD-1 Mut and DLD-1 Par 

cells;10 were significantly increased in the DLD-1 Par cells and 8 were significantly 

increased in the DLD-1 Mut cells compared to the DLD-1 WT cells. LDHA was most 

consistently 2-fold upregulated in these pairwise comparisons (p = 0.0002 in DLD-1 Mut 

vs. DLD-1 WT, p = 0.0005 in DLD-1 Par vs. DLD-1 WT), and the glucose transporter 

SLC2A1 was 2-fold upregulated in DLD-1 Mut cells (p = 0.0003) and 1.6-fold 

upregulated in DLD-1 Par cells (p = 0.0003). These differences are directly consistent 

with the Warburg phenotype that has been observed in these cell lines.  HK2, ALDOA, 

ENO1, and LDHB also were consistently increased between 1.2 and 1.9-fold.   

 Mutant KRAS also affected several proteins in the phosphoserine biosynthesis 

pathway. Seven of the 11 proteins analyzed were significantly elevated DLD-1 Par and 

6 were significantly elevated in the DLD-1 Mut cells, all by between 1.2 and 2-fold. 

 The glutamine transporter SLC1A5 and the transaminase GLS were significantly 

increased in DLD-1 Par and DLD-1 Mut cells compared to the DLD-1 WT cells. This is 

consistent with previous observations that cells with increased c-Myc activity have 

increased glutamine utilization (32, 33). Furthermore, GOT2 and GLUD2 were 

significantly increased in the DLD-1 Par cells, which is consistent with previous 

evidence that glutamine utilization can support TCA cycle activity (5, 6, 34).  ACLY, 
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which converts cytosolic citrate to acetyl CoA for lipid biosynthesis, was increased in 

both DLD-1 Mut and DLD-1 Par cells. I found no consistent alterations of proteins in the 

TCA cycle.   

 I detected no significant protein alterations in the oxidative branch of the PPP 

(G6PD, PGLS, and PGD), but two enzymes in the non-oxidative branch, RPIA and TKT, 

were consistently upregulated in the KRAS mutant cell lines by approximately 3-fold and 

1.5-fold, respectively (Figure II-4). These changes are consistent with a previous report 

that KRAS mutations in pancreatic ductal adenocarcinoma may upregulate the non-

oxidative branch of the PPP to provide ribose for nucleotide synthesis (8).  
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Figure II- 4. Pathway map of quantitative comparisons of metabolic proteins in 

DLD-1 cell lines. 

Pairwise comparisons of metabolic PRM measurements of A) DLD-1 Mut vs. DLD-1 

WT and B) DLD-1 Par vs. DLD-1 WT. Peptides with the lowest CV and largest 

normalized peak area were used for quantitative comparisons and normalized peak 

area for all detected peptides are shown in Figure A3. The legend for each pairwise 

comparison shows fold changes relative to the cell line listed first in each 

comparison. Proteins with a CV < 0.25, an ICC > 0.6, and a p < 0.05 and that are 

higher in the first cell line are shown in red (at least a 2-fold difference) or light red 

(between 1.2- and 1.9-fold difference). Proteins with a CV < 0.25, an ICC > 0.6, and 

a p < 0.05 and that are lower in the first cell line are shown in green (at least a 2-fold 

difference) or light green (between 1.2- and 1.9-fold difference). Proteins with a CV < 

0.25, an ICC > 0.6, but a p > 0.05 or with a CV < 0.25 but an ICC < 0.6 are listed in 

grey (no difference). Proteins with a CV > 0.25 or with no detectable peak area are 

shown in white. 
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PRM analyses of metabolic proteins in RKO cell lines 

 PRM analyses of the RKO model system indicated that BRAF mutations trigger 

metabolic reprogramming similar to that observed with KRAS mutations (Figure II-5).  

Of the 20 glycolytic proteins measured, 15 were quantifiable in both the RKO Par and 

RKO Mut cells compared to the RKO WT cells (Figure II-5). Six glycolytic proteins were 

significantly increased in the RKO Mut cells and 8 were significantly increased in the 

RKO Par cells. SLC2A1, LDHA, and LDHB were more highly increased in the RKO Par 

cells than in the RKO Mut cells, which is consistent with the higher rates of both glucose 

transport and lactate production in the RKO Par cells (Figure II-2). Elevations in HK2, 

GAPDH, PGAM1, and ENO1 also were consistent with an upregulation of glycolytic 

activity in both BRAF mutant RKO cell lines (Figure II-5). 

 Proteins involved in the phosphoserine biosynthesis pathway were uniformly 

upregulated in BRAF mutant RKO cells.  Nine of the 11 of the proteins measured were 

increased in the RKO Mut cells, whereas all 11 were increased in the RKO Par cells. 

Protein abundance increases ranged from 1.3-fold to 2.8-fold for most of these proteins, 

although PSAT1 was elevated by 4.9-fold in RKO Par cells relative to RKO WT.  

 Proteins involved in glutamine utilization were increased in BRAF mutant RKO 

cell lines, although levels of the glutamine transporter SLC1A5 were unaffected. GLS, 

GLUD1, and GLUD2 were increased in both RKO Mut and RKO Par cells, but GOT2 

was only increased in RKO Par cells compared to RKO WT cells. Proteins in the TCA 

cycle were not affected by BRAF mutations, except for MDH2 and IDH3A in both RKO 

Mut and RKO Par cells.  Of the quantifiable PPP proteins in RKO cells, only TALDO1 
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and 3 other proteins in the non-oxidative PPP were significantly increased in the BRAF 

mutant RKO cells. 

 A pseudo-heatmap summary view of all comparisons based on PRM analyses of 

DLD-1 and RKO cells is presented in Figure A-5. 
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Figure II- 5. Pathway map of quantitative comparisons of metabolic proteins in 

RKO cell lines. 

Pairwise comparisons of metabolic PRM measurements of A) RKO Mut vs. RKO WT 

and B) RKO Par vs. RKO WT. Peptides with the lowest CV and largest normalized 

peak area were used for quantitative comparisons, and normalized peak area for all 

detected peptides are shown in Figure A4. The legend for each pairwise comparison 

shows fold changes relative to the cell line listed first in each comparison. Proteins 

with a CV < 0.25, an ICC > 0.6, and a p < 0.05 and that are higher in the first cell line 

are shown in red (at least a 2-fold difference) or light red (between 1.2- and 1.9-fold 

difference). Proteins with a CV < 0.25, an ICC > 0.6, and a p < 0.05 and that are 

lower in the first cell line are shown in green (at least a 2-fold difference) or light 

green (between 1.2- and 1.9-fold difference). Proteins with a CV < 0.25, an ICC > 

0.6, but a p > 0.05 or with a CV < 0.25 but an ICC < 0.6 are listed in grey (no 

difference). Proteins with a CV > 0.25 or with no detectable peak area are shown in 

white. 
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Targeted quantitative analysis of KRAS and BRAF protein forms 

In the DLD-1 Par cells, KRAS G13D protein was present at twice the level 

measured for the wild type protein (p = 0.0024) (Figure II-6), consistent with the report 

by Zhang et al. that cells with KRAS mutations downregulate expression of the 

remaining wild type KRAS gene (35). The content of mutant KRAS in the DLD-1 Mut 

cells was almost twice that in the parental cells, whereas the total KRAS protein varied 

by about 1.5-fold across the three cell lines. The wild type KRAS LVVVGAGGVGK 

peptide detected in the DLD-1 Mut cells and may be derived from NRAS or HRAS, 

which contain the same sequence, but the amount was below the LLOQ for the assay.  

The content of wild type KRAS in the DLD-1 WT cells was nearly 5-fold higher than in 

the parental cells. 
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Figure II- 6. Quantitation of KRAS protein forms in DLD-1 cell lines. 

The KRAS wild type G13 tryptic peptide LVVVGAGGVGK and the G13D tryptic 

peptide LVVVGAGDVGK were measured by PRM with quantitation by SID. 

Integrated peptide peak areas for the single best transition for each peptide were 

normalized to the corresponding transition for the isotopically labeled peptide 

standard and an external calibration curve for each peptide was used to determine 

the concentration of wild type and mutant KRAS in DLD-1 cells. The LLOQ for both 

the wild type and mutant KRAS peptides was 8 amol. Total KRAS measurements are 

the sum of the amount of wild type KRAS and mutant KRAS in each biological 

replicate. Error bars represent standard deviation. 
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RKO cell lines expressed levels of BRAF proteins approximately 25-fold lower 

than KRAS proteins in DLD-1 cells (Figure II-7). Measured values were near the LLOQ 

for the assay. RKO Par cells expressed approximately the same level of wild type and 

mutant BRAF V600E proteins. RKO Mut cells expressed approximately half the amount 

of BRAF V600E mutant protein compared with the RKO Par cells (p = 0.0023), whereas 

RKO WT cells expressed the same amount of wild type protein as RKO Par cells 

(Figure II-7). Thus, BRAF protein forms in RKO cells were proportional to respective 

allelic compositions. 
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Figure II- 7. Quantitation of BRAF protein forms in RKO cell lines. 

The BRAF wild type V600 tryptic peptide IGDFGLATVK and the V600E tryptic 

peptide IGDFGLATEK tryptic peptide were measured by PRM with quantitation by 

SID. Integrated peptide peak areas for the single best transition for each peptide 

were normalized to the corresponding transition for the isotopically labeled peptide 

standard, and an external calibration curve was used to determine the concentration 

of wild type and mutant BRAF in RKO cells. The solid blue line indicates the LLOQ 

for the wild type BRAF peptide (40 amol), and the solid red line indicates the LLOQ 

for the mutant BRAF peptide (8 amol). Total BRAF is the sum of the amount of wild 

type BRAF and mutant BRAF in each biological replicate. Error bars represent 

standard deviation. 
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Targeted MRM analysis of primary human tumors 

 To evaluate the impact of KRAS mutation status on metabolic protein pathways, I 

analyzed a set of 16 stage II human colon cancers. KRAS mutations are observed in 

approximately 43% of colon cancers (36). The tumors were classified for KRAS 

mutational status with a multiplexed mutation profiling panel that also detected NRAS, 

BRAF, and PIK3CA mutations (Table S2) (29). Eight tumors had codon 12 mutations in 

KRAS (11 G12V and one G12D) and eight had only wild type KRAS. Two of the KRAS 

mutant tumors also had PIK3CA E545K mutations, one of the KRAS wild type tumors 

had a NRAS Q61K mutation and one had a BRAF V600E mutation.  

 I performed MRM analyses for 61 metabolic proteins with quantitative 

normalization by the LRP method. The results of the MRM Skyline output of the 

targeted MRM analysis of the stage II human tumors are summarized in Tables S11 

and S12.  The LRP-normalized values for each protein were averaged within the KRAS 

mutant and KRAS wild type groups and fold-change differences between the groups 

depicted are from comparisons of the averages (Figure A-6 and A-7).  Profiles for 

individual tumors are shown in Figure II-8 and Figure A-8, and the fold differences 

represent comparisons of the LRP-normalized value for the protein in each tumor to the 

global average of all LRP-normalized values for the protein across the 16 tumor dataset.  

Our MRM analyses detected a majority of the 61 targeted proteins in most of the 

pathways studied. I detected most of the targeted proteins in glycolysis, the PPP, 

glutamine transport and utilization, the TCA cycle and citrate utilization. However, none 

of the proteins involved in serine biosynthesis were detected in the tumors. The MRM 

analyses for the serine pathway proteins were performed on stored LC-MS-ready 
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samples several months after the original analyses and our failure to detect the proteins 

may have been due to sample degradation. Additional samples of the tumors were 

unavailable. Eleven proteins were significantly higher in the KRAS mutant tumors 

compared to the KRAS wild type tumors. Measured differences ranged between 1.2- to 

1.9-fold higher for all proteins except for SLC2A1, which was, on average, 2.3-fold 

higher in the KRAS mutant tumors (p = 0.0050) (Figure A-7). No proteins were 

significantly lower in the KRAS mutant tumors compared to the KRAS wild type tumors. 

Most of the detected differences were in the expression of the glucose and glutamine 

transporters SLC2A1 and SLC1A5, respectively and enzymes of glycolysis (ALDOA, 

GAPDH, PGK2, PGAM1, PKM2 and PKLR) and the TCA cycle (IDH2, MDH2 and CS).  

There were substantial variations between tumors, which suggested that each 

tumor displayed a distinct pattern of metabolic reprogramming (Figure II-8 and A-8). 

Among the KRAS wild type tumors, one tumor (tumor C, Figure II-8 and A-8A) had a 

BRAF V600E mutation, yet expressed no metabolic proteins at levels above the mean. 

Another (tumor I, Figure II-8 and A-8G) had a NRAS Q61K mutation and displayed 

below average expression of SLC2A1 and SLC1A5 and above average expression for 

only TALDO and LDHA. 
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Figure II- 8. Summary of MRM measurements in human stage II colorectal 

cancers. 

Normalized peptide measurement from each sample was compared to the mean 

normalized peak area for each individual peptide from all tumor samples. These 

comparisons were then classified as either no difference from the mean (grey color), 

1.25- to 1.5-fold above or below the mean (light red and light green, respectively), 

greater than 1.5-fold above or below the mean (dark red or dark green, respectively), 

or not detected (white). Proteins are organized into glycolysis, phosphoserine and 

purine nucleotide biosynthesis, TCA, PPP, glutamine metabolism, and other 

metabolic enzymes. 
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  Figure II-8 
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Discussion 

 The purpose of this study was to characterize the proteomic changes in 

metabolic pathways that accompany a Warburg effect phenotype driven by expression 

of oncogenic KRAS and BRAF in colorectal cancer cells and tumors.  Our study 

produced three significant findings.  First, metabolic reprogramming driven by 

oncogenic KRAS and BRAF is manifested by protein alterations in glycolysis, serine 

biosynthesis, the PPP and in glutamine utilization.  I observed a common set of 

alterations in KRAS and BRAF mutant cells and in KRAS mutant human colon tumors.  

Second, RKO cellular content of BRAF V600E protein correlated directly with magnitude 

of the Warburg effect, as measured by glucose uptake and lactate production and with 

protein abundance changes.  On the other hand, these features were not proportional to 

KRAS G13D content in DLD-1 cells.  Third, the protein abundance changes associated 

with metabolic reprogramming were relatively modest—in most cases 2-fold or less.  

These changes were detected only with multiplexed, targeted assay panel for metabolic 

proteins.  This finding is of broader significance for the proteomics field, as it suggests 

that physiologically significant protein alterations may be detectable with higher 

precision analyses than can be achieved through global profiling strategies.  

 Yun et al demonstrated that isogenic colorectal cancer cells with either 

oncogenic KRAS or oncogenic BRAF have an increased expression of SLC2A1, 

increased glucose consumption rate and increased lactate production rate (1). Our work 

demonstrates that mutant KRAS and mutant BRAF broadly impacts glycolysis, 

phosphoserine biosynthesis, glutamine metabolism, and the non-oxidative PPP. In 

colorectal cancer development, these mutations are associated with increased 
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proliferation rates, but can also contribute to cancer phenotype by reprogramming 

metabolism to support critical biosynthetic needs. This finding is consistent with a broad 

body of work linking multiple oncogene mutations to metabolic reprogramming and 

altered glucose metabolic fluxes (5, 8, 33, 34, 37-41).  For example, mouse pancreatic 

ductal adenocarcinomas driven by KRAS G12D have increased glucose utilization in 

the non-oxidative pentose phosphate pathway (8). These same KRAS G12D driven 

pancreatic adenocarcinomas also have an increased utilization of glutamine to replenish 

TCA cycle intermediates (34). Thyroid cancers with a BRAF V600E mutation have 

significantly increased glucose transport compared to similar thyroid cancers without 

BRAF mutations (41). Lastly, melanoma cells have an increased glycolytic flux of 

glucose to serine and glycine due to increased PHGDH expression (3, 12).  

Our analysis of a small cohort of human stage II colon tumors confirmed that 

KRAS is associated with the same protein changes seen in the cell lines.  Because the 

specimens I analyzed were FFPE tissues, I was not able to verify a Warburg effect 

phenotype through glucose uptake or lactate production measurements.  Although the 

pattern of changes was considerably less distinct in the tumors, all of the tumors with 

upregulated SLC2A1 and/or SLC1A5 together with upregulation of glycolytic enzymes 

had KRAS mutations (Figure II-8 and A-7). It would be reasonable to expect that 

metabolic reprogramming in colon cancers may reflect the influences of not only KRAS, 

BRAF, and other oncogenic mutations, but also other cancer-associated genomic 

features. This hypothesis is consistent with the observation that different tumor types 

have distinct metabolic profiles (42). 
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 Our SID measurements enabled quantitative comparison of both mutant and wild 

type KRAS and BRAF protein forms in the DLD-1 and RKO cell models, respectively.  In 

the DLD-1 Mut cells, the mutant KRAS protein amount was twice that measured in the 

DLD-1 Par cells, yet the metabolic reprogramming profiles of the cell lines were similar, 

which suggests that metabolic reprogramming does not strongly depend on the 

absolute cellular level of mutant KRAS.  On the other hand, DLD-1 WT cells expressed 

only wild type protein, but at a level almost twice the combined mutant plus wild type 

KRAS level in DLD-1 Par cells. Thus, even a high expression of wild type KRAS protein 

is not itself able to induce metabolic reprogramming. This observation is interesting in 

light of recent work by Young et. al., who demonstrated that both the mutant and wild 

type KRAS alleles play distinct roles in regulating signaling through the epidermal 

growth factor pathway (43). 

In the RKO cell model, both glucose uptake and lactate production progressively 

increased in comparing the RKO WT, RKO Mut and RKO Par cells, which express zero, 

one and two mutant BRAF alleles, respectively.  Although BRAF protein levels were 

close to the LLOQ, the level of mutant protein in the RKO Par cells was approximately 

twice that in the RKO Mut cells (Figure II-7).  The wild type BRAF protein in the RKO 

WT cells was present at approximately the same level as the wild type protein in the 

RKO Par cells. Relative expression of both mutant and wild type BRAF protein thus 

matched the allelic composition of the cell lines and dosage of mutant BRAF at the 

protein level drove the degree of metabolic reprogramming. 

An interesting question is why increasing BRAF mutant protein in RKO cells 

drives increasing metabolic protein expression, glucose uptake and lactate production, 
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whereas these are unaffected in DLD-1 cells by the amount of mutant KRAS protein.  

The answer may lie in the complexity of KRAS-driven signaling.  KRAS drives not only 

EGFR/MAPK signaling, but also PI3K/AKT signaling (44), which also impact metabolic 

reprogramming (45, 46).   As I noted above, Young et al (43) showed that both mutant 

and wild type KRAS play distinct roles in EGFR signaling.  Kerr et al. recently reported 

that the copy number of G12V KRAS genes drives distinct profiles of metabolic 

reprogramming in lung cancer (47).  

This study illustrates the power of multiplexed, targeted protein quantitation for 

focused study of a multiprotein system. Global proteomic profiles, which can typically 

detect approximately 2-fold abundance differences, detected over 5,600 quantifiable 

proteins in the DLD-1 and RKO cell models, but the data revealed no KRAS or BRAF 

mutation-dependent differences in pathways of central carbon metabolism. This was not 

due to failure to detect and quantify metabolic proteins, as essentially all the proteins I 

subsequently quantified by PRM were detected and quantifiable in our global profiling 

dataset.  It is particularly interesting that KRAS and BRAF, which are oncogenic drivers 

of several cancers, produced relatively modest effects on protein abundance, which has 

been observed previously (48).  Application of a more precise, targeted PRM platform 

achieved measurements of modest, yet significant abundance changes of less than 2-

fold, which reflected a Warburg phenotype in both the DLD-1 and RKO cell models. The 

superiority of a multiplexed, targeted platform over global proteome profiling to detect 

these changes provides an instructive example that may be important in other contexts 

for proteome analysis. 
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Our data associate a consistent set of protein abundance changes with a 

Warburg effect phenotype in colorectal cancer.  Whereas metabolite profiles are subject 

to perturbation by ischemia associated with tissue collection, protein abundance is 

stable and thus provides a quantifiable signature of metabolic reprogramming (30, 49). 

This approach should thus be of broad utility to investigate the relationship between 

cancer metabolic phenotypes, metastasis and response to therapies.  
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Chapter III 

 

Perspective 

 

Summary 

 

There are three questions driving this work. The first question was: which 

metabolic proteins are differentially expressed in colorectal cancer due to oncogenic 

KRAS and oncogenic BRAF?  I hypothesized that these mutationally activated 

oncogenes are involved in the altered expression of metabolic proteins to produce 

metabolic reprogramming in both colorectal cancer cell lines and primary human 

cancers.  I demonstrated that mutant KRAS and mutant BRAF induce metabolic 

reprogramming involving several metabolic pathways in colorectal cancer cells, possibly 

at the translational or post-translational level since these differences were observed in 

the proteomic dataset but not in the RNA-Seq dataset. 

The second question was:  how do global and targeted proteomic approaches 

compare for the analysis of metabolic reprogramming?  I hypothesized that the global 

and targeted proteomics approaches should produce similar proteomic data.  My work 

demonstrates that phenotypically important protein expression differences reflect 

modest abundance changes of 2-fold or lower, which cannot be reliably detected by 

spectral counting with a global proteomic platform. However, these biologically 

important, low fold differences can be detected reliably by targeted proteomics. 
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Lastly, the third question was: how does the expression of KRAS and BRAF wild 

type and mutant proteins reflect the allelic composition of cells, and how does 

oncoprotein expression correlate with metabolic reprogramming?  My hypothesis was 

that the amount of the oncoprotein would reflect the allelic composition.  Furthermore I 

hypothesized that mutant oncoprotein abundance would be proportional to the degree 

of metabolic reprogramming for each isogenic cell line. 

The work outlined here demonstrated that the DLD-1 Mut cells upregulate the 

expression of the single KRAS G13D gene to a level that is comparable to the summed 

KRAS protein level in DLD-1 Parental cells.  The DLD-1 WT cells increase the 

expression of the KRAS WT gene such that it is nearly 2-fold higher than the summed 

KRAS protein expression in the DLD-1 Parental cells and nearly 4-fold higher than 

KRAS WT expression in the DLD-1 Parental cells.  Consequently, KRAS protein 

expression level did not reflect the allelic composition of the DLD-1 cell lines. 

Interestingly, the significantly increased expression of KRAS WT in the DLD-1 

WT cells compared to KRAS WT in the DLD-1 Parental cells did not induce metabolic 

reprogramming.  Furthermore, the increased expression of KRAS G13D in the DLD-1 

Mut cells compared to the DLD-1 Parental cells did not result in a higher degree of 

metabolic reprogramming.  These results demonstrate that there is an upper limit for 

KRAS G13D expression for inducing metabolic reprogramming, and any additional 

KRAS G13D expression past this level does not induce a higher degree of metabolic 

reprogramming. 

On the other hand, BRAF protein expression appears to reflect the allelic 

composition in the RKO cells.  BRAF V600E expression was decreased in the RKO Mut 
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cells compared to both BRAF V600E and summed BRAF protein expression in the RKO 

Parental cells.  Wild type BRAF protein expression was roughly equivalent between the 

RKO WT cells and RKO Parental cells.  The increased amount of mutant BRAF V600E 

in the RKO Parental cells compared to the expression of BRAF V600E in the RKO Mut 

cells corresponded with a higher degree of metabolic reprogramming, supporting the 

hypothesis that increasing oncoprotein levels would be proportional to metabolic 

reprogramming. 

The targeted proteomic approach outlined in this dissertation allows for the 

robust determination of metabolic reprogramming and may elucidate protein expression 

differences that could not be detected with RNA based methods.  The true strength of 

this approach is that it detected biologically significant differences that could not be 

determined using a global proteomic technique, which is the typical proteomic technique 

most widely utilized in survey type experiments.  Additional studies, such as metabolic 

flux analysis or knock-down experiments, would more definitively determine if these 

proteomic differences are truly biologically significant, aside from simply increased 

glucose consumption and lactate production rates.  Furthermore, this approach allows 

for the quantitative measurement of proteins in samples where metabolite 

measurements or metabolic flux analysis is difficult.  Together, these approaches 

demonstrate the most effective approach for investigating the link between mutated 

oncogenes and metabolic reprogramming. 
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Value of protein measurements to define metabolic reprogramming 

 Previously described methods for determining if a cancer cell has undergone 

metabolic reprogramming utilize metabolite measurements (1-5), RNA measurements 

(6-8), or a combination of both approaches (9-11).  Metabolite measurements can 

provide the best evidence for metabolic reprogramming, since rates of glucose 

consumption or lactate production easily can be ascertained by measuring the rate of 

consumption or production of certain metabolites.  Metabolite measurements enabled 

Warburg’s original observation of altered metabolism in cancer cells (12, 13).  

Metabolite measurements only describe the end result of metabolic reprogramming, and 

thus do not adequately describe how metabolic enzymes are altered to reach that end 

point. 

RNA based measurements are widely accessible and are used to infer protein 

expression differences.  However, it is the metabolic proteins, rather than the mRNA 

transcripts, that are directly involved in metabolism.  Translational regulation may 

dictate that a high level of a particular transcript does not result in a high level of the 

corresponding protein.  Furthermore, the final protein product may turnover rapidly or 

slowly, further complicating the interpretation of RNA based results.  Lastly, proteins are 

frequently subjected to post-translational modifications that regulate protein activity, and 

these modifications are not coded in their transcripts. Recent results in the Clinical 

Proteomic Tumor Analysis Consortium demonstrates that a change in an mRNA 

transcript does not always correspond to a change in the level of the corresponding 

protein (14-16).  Proteomics can thus more accurately define metabolic reprogramming 

than inference from mRNA analyses. 
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Advances in platform technology 

 Two commonly used proteomic techniques are shotgun proteomics and targeted 

proteomics.  A shotgun proteomic approach can be used to generate a list of the 

proteins present in a sample, and spectral counting, where each mass spectrum 

matched to a peptide is counted, can be used to generate quantitative shotgun 

proteomic data (17).  Due to random sampling in a data dependent run, some low 

abundant proteins may not be detected consistently by a global proteomics approach, 

which affects measurement precision and dynamic range (18, 19).  Global proteomic 

approaches are thus optimal for generating proteomic inventories with some 

quantitative capacity, though protein abundance differences less than approximately 2-

fold are not reliably measured by global proteomics. 

Targeted proteomic approaches address some of the shortcomings of shotgun 

proteomics.  In a targeted experiment, only preselected peptide ions representing the 

sequences of interest are isolated for tandem mass spectrometry analysis. This 

targeted approach focuses MS analyzer time only on the peptides of interest in a 

sample, leading to highly reproducible quantitation.  This focused use of the MS 

analyzer increases measurement precision and enables reliable quantitation of 

relatively small abundance differences. 

This difference in quantitation between a global approach and a targeted 

approach underlies the strength of the targeted approach outlined in chapter II.  Nearly 

all of the proteins measured in the targeted proteomic assay were detected by global 

proteomics, but the spectral count fold differences suggested that there was no 
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metabolic reprogramming since no significant abundance differences were measured 

(Tables S13 and S14).  Targeted analysis of the same cell lines, however, revealed that 

these same metabolic proteins were significantly different between these cell lines, but 

many of the differences were less than 2-fold.  These small fold differences 

nevertheless reflected quantifiable metabolic reprogramming—measured as differences 

in glucose uptake and lactate production—in these cells and these changes could only 

be detected with the targeted proteomic assay.  

 

Advances in defining the scope of metabolic reprogramming in colon cancer 

 In the studies outlined in chapter II, I developed a targeted MRM and PRM 

assays to specifically measure 73 proteins involved in glucose metabolism.  Application 

of the PRM method to the isogenic DLD-1 cell line revealed that oncogenic KRAS G13D 

are involved in metabolic reprogramming by upregulating the expression of multiple 

enzymes involved in glycolysis, the serine biosynthesis pathway, and in glutamine 

metabolism.  These results demonstrate that metabolic reprogramming in colorectal 

cancer cells with mutant KRAS is similar to metabolic reprogramming in other cancer 

types, and further expands upon these results by demonstrating this at the protein 

expression level rather than at the mRNA transcript level. 

Glycolytic and serine biosynthesis enzymes were elevated in RKO cells with 

mutant BRAF V600E, consistent with previously published results with thyroid cancers 

with mutant BRAF that have an increase in SLC2A1 expression (20) and melanoma 

cells with mutant BRAF that have increased PHGDH expression (21).  This data 
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provides a link between glucose consumption and serine biosynthesis since both 

SLC2A1 and PHGDH were simultaneously upregulated in RKO cells with mutant BRAF. 

Application of the MRM assay to 16 stage II human colorectal cancers 

demonstrated that glycolytic and glutamine metabolic enzymes were upregulated in 

human cancers with oncogenic KRAS mutations.  These were archived FFPE samples, 

and thus it would have been impossible to perform metabolic flux measurements.  

Despite this disadvantage, archived FFPE tissues can be analyzed by proteomic 

methods (22), thus these samples could potentially be analyzed for metabolic 

reprogramming using a proteomic approach.  These MRM results demonstrate that 

metabolic reprogramming at the protein level occurs in human colorectal cancers with 

mutant KRAS. 

Together, these results definitively demonstrate that oncogenic KRAS and BRAF 

are involved in metabolic reprogramming in colorectal cancer.  Furthermore, these 

results collect multiple observations made in different cell lines into a single, 

comprehensive proteomic portrait of metabolic reprogramming in colorectal cancer. 

 

Advances in understanding the roles of wild type and oncogenic KRAS and BRAF 

proteins in metabolic reprogramming 

I developed a SID PRM assay to quantitatively measure the mutated and wild 

type tryptic peptides from KRAS and BRAF, allowing for robust protein quantitation at 

the protein level for these oncogenes.  The results presented here demonstrate for the 

first time that the allelic composition of isogenic cell lines cannot be accurately predicted 

from the parental cell lines.  The isogenic DLD-1 Mut and DLD-1 WT cells, which have 
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half of the allelic composition of the DLD-1 Parental cells, increase the expression of 

their single KRAS gene to a level that is comparable to the summed KRAS protein level 

found in the DLD-1 Parental cells.  The isogenic RKO cells, on the other hand, do not 

appear to dynamically regulate the single BRAF gene that they express, despite the fact 

that the allelic composition of the isogenic RKO cells is a third of the allelic composition 

of the RKO Parental cells.  These results underscore the importance of performing 

protein based measurements to determine how tumor phenotypes are driven by 

oncogene expression.  

The results provide new insights into the roles of wild-type and mutant proteins in 

metabolic reprogramming.  Whereas wild type and mutant KRAS proteins display 

distinct activities in driving signaling pathways (23), wild type KRAS does not appear to 

control metabolic reprogramming.  The large increase in the expression of wild type 

KRAS in the DLD-1 WT cells was not associated with metabolic reprogramming in these 

cells, suggesting that increased signaling through mutant KRAS is most important for 

metabolic reprogramming.  Furthermore, the KRAS G13D protein expression in the 

DLD-1 Mut cells was elevated compared to the KRAS G13D protein expression level in 

the DLD-1 Parental cells, but this elevated expression of KRAS G13D was not 

associated with a significantly increased degree of metabolic reprogramming.  This 

demonstrates that a threshold level of KRAS G13D protein expression is sufficient to 

induce metabolic reprogramming.  These insights would not have been possible without 

a highly sensitive and quantitative SID assay. 

The BRAF SID assays provided important insights into how BRAF mutation 

drives metabolic reprogramming.  RKO Parental cells express 2 copies of the BRAF 
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V600E gene, while the isogenic RKO Mut cells express a single BRAF V600E gene.  

The BRAF V600E protein measurements reflect this allelic distribution, where the RKO 

Parental cells express nearly twice as much BRAF V600E protein as the RKO Mut cells.  

This increased amount of BRAF V600E in the RKO Parental cells was associated with a 

higher degree of metabolic reprogramming, as determined by the PRM and metabolite 

results.  Despite the higher replicate measurement variability and higher limit of 

detection and quantitation observed with the wild type BRAF peptide, both RKO 

Parental cells and RKO WT cells wild type BRAF protein at roughly the same level.  

These results, especially compared to the KRAS results in the DLD-1 cells, underscore 

the value of precise quantitative measurements to connect oncoprotein expression to 

function.  Additional studies, such as knock-down experiments and assays to determine 

EGFR pathway activation, can determine if these observed oncoprotein expression 

differences are associated with increased oncoprotein activity. 

Though this SID based approach provides key information to possibly explain the 

differences in metabolic reprogramming in the model systems, a major limitation of this 

approach is the disconnection between oncoprotein expression levels and oncoprotein 

activity.  With this approach, it is unclear if the elevated level of KRAS G13D in the DLD-

1 Mut cells is associated with an increased KRAS activity compared to the 

corresponding KRAS G13D expression level in DLD-1 Par cells.  This is particularly 

important in the DLD-1 Par cells, where wild type KRAS is known to downregulate the 

activity of mutant KRAS (23-26).  Consequently, this approach alone is not fully 

sufficient to completely describe the metabolic reprogramming observations in these 
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model systems, but this represents an advancement in the ability to quantitatively 

measure proteins that differ by a single amino acid substitution.  
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Future Directions 

The studies presented here have provided new information on how mutant KRAS 

G13D and mutant BRAF V600E drive metabolic reprogramming in colorectal cancer.  

Relatively small metabolic protein expression differences result in metabolic 

reprogramming, and these small protein expression changes were not detected by a 

global approach or at the transcript level with RNA-Seq.  This targeted proteomic 

approach could be utilized to analyze samples that had only been analyzed by mRNA 

based methods to further characterize metabolic reprogramming.  Such an approach 

could reveal protein expression differences that were not detected at the transcript level. 

One important avenue of investigation not pursued in this dissertation was 

determining if the observed metabolic protein expression differences were a result of 

transcriptional, post-transcriptional, translational, or post-translational regulation.  

Quantitative RT-PCR, rather than RNA-Seq, would more accurately determine if the 

increased protein expression of the metabolic proteins was the result of increased gene 

transcription.  Additionally, ribosome profiling would determine if these metabolic 

proteins are increased due to an increased rate of translation.  Lastly, metabolic flux 

analysis would more accurately determine the consequences of the increased 

expression of the metabolic proteins in the KRAS and BRAF mutant cell lines.  Knock-

down studies could also be used to better determine if the increased metabolic protein 

expression is associated with biological differences. 

An important observation from this work is that oncogenic KRAS and BRAF 

increase the expression SLC2A1 and multiple enzymes involved in the serine 

biosynthesis pathway and glutamine metabolic pathway.  There is increasing interest in 
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the serine biosynthesis pathway, and knocking down the increased expression of 

PHGDH in breast cancer cell lines not only reduced proliferation rates, but also 

decreased the rate at which glutamine derived α-ketoglutarate entered the TCA cycle 

(27).  This allows for glutamine to replenish TCA cycle intermediates, while glycolytic 

intermediates could be used to produce biosynthetic precursors for proliferation.  

Furthermore, increased serine biosynthesis pathway activity can lead to increased 

production of purine nucleotides, and a recently utilized PHGDH inhibitor reduces the 

production of glucose derived serine and thus glucose derived purine nucleotides (28).  

Given this possible multifaceted role of PHGDH in metabolic reprogramming, 

pharmacological inhibition of PHGDH could prove to be a potent new therapeutic drug 

in treating colorectal cancers with mutant KRAS or mutant BRAF. 

Another important conclusion from this work is that oncogenic KRAS increases 

the expression of TKT, an important enzyme involved in the non-oxidative PPP.  

Similarly, pancreatic ductal adenocarcinomas with KRAS G12D have an increased non-

oxidative PPP activity that results in increased ribose biosynthesis.  Inhibiting the non-

oxidative PPP with shRNA against RPE or RPIA reduced proliferation and the rate at 

which glucose carbons were incorporated into either DNA or RNA nucleic acids (9).  

Consequently, inhibiting non-oxidative PPP in colorectal cancers with mutant KRAS 

may be possible, and a possible TKT inhibitor, oxythiamine, could inhibit this metabolic 

pathway (29). 

The studies discussed here demonstrate the strength of targeted proteomics in 

analyzing how activated oncogenes regulate the expression of proteins in a protein 

network, such as glucose metabolism.  This work demonstrates the added benefit of 
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performing mass spectrometry based proteomics when assessing metabolic 

reprogramming, opening the metabolic reprogramming field to a technique that has not 

been widely utilized for metabolic reprogramming studies, and I predict that this 

technique will be used in conjunction with metabolomic techniques to further explain the 

significance of metabolic reprogramming in cancer.  Furthermore, the results presented 

here may lead to potential new therapies targeting the metabolic pathways regulated by 

oncogenic KRAS and BRAF in colorectal cancer. 
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Figure A- 1. Integrated Genome Viewer of KRAS and BRAF RNA-Seq reads in 

DLD-1 and RKO cells. 

RNA-Seq was performed on DLD-1 and RKO cells to verify that cell lines contained 

the expected mutant and/or wild type KRAS or BRAF mRNA sequences. A) IGV for 

KRAS in DLD-1 cells. DCL-3, DCL-7, and DCL-8 are DLD-1 Par cells; and DCL-1, 

DCL-11, and DCL-12 are DLD-1 Mut cells. The blue or grey bar at nucleotide 

position 38 corresponds to the wild type reference genome sequence (38 G), while a 

red bar at position 38 indicates the mutation of 38G→A for the KRAS G13D 

mutation. B) IGV for BRAF in RKO cells. DCL-13, DLC-14, and DCL-15 are RKO WT 

cells; DCL-16, DCL-17, and DCL-18 are RKO Par cells; and DCL-19, DCL-20, and 

DCL-21 are RKO Mut cells. A green bar at nucleotide position 1799 indicate that the 

wild type nucleotide (1799 T) is at that position, while a red bar indicates that the 

mutant 1799T→A nucleotide is present coding for BRAF V600E. 
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Figure A- 2. Venn diagram comparisons of 2-fold differentially expressed 

proteins in shotgun analyses of cell lines. 

Pairwise comparisons identified proteins with 2-fold differential expression between 

cell lines. A) Comparisons of 2-fold increased proteins in DLD-1 cell lines. B) 

Comparisons of 2-fold decreased proteins in DLD-1 cell lines. C) Comparisons of 2-

fold increased proteins in RKO cell lines.  D) Comparisons of 2-fold decreased 

proteins in RKO cell lines.  
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Figure A- 3.  Quantitative comparisons of peptides from metabolic proteins by 

PRM in DLD-1 cell lines. 

Each peptide peak area was normalized to that of the LRP standard. Pairwise 

comparisons are shown with bars above the plots.  Significant differences were 

determined using Student’s t-test, where the asterisks denote p-values: * p<0.05, ** p 

<0.01, and *** p<<0.01; ns indicates no significant difference.  Peptides selected for 

quantitative comparisons and for Figure 4 are listed with an asterisk (*) before and 

after the protein name and peptide sequence. 
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Figure A- 4.  Quantitative comparisons of peptides from metabolic proteins by 

PRM in RKO cell lines. 

Each peptide peak area was normalized to that of the LRP standard. Pairwise 

comparisons are shown with bars above the plots.  Significant differences were 

determined using Student’s t-test, where the asterisks denote p-values: * p<0.05, ** p 

<0.01, and *** p<<0.01; ns indicates no significant difference.  Peptides selected for 

quantitative comparisons and for Figure 5 are listed with an asterisk (*) before and 

after the protein name and peptide sequence. 
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Figure A- 5. Summary of PRM measurements from Figures 4 and 5. 

The PRM comparisons depicted in Figures 4 and 5 were consolidated into a single 

figure. The legend for each pairwise comparison shows fold changes relative to the 

cell line listed first in each comparison. Proteins with a CV < 0.25, an ICC > 0.6, and 

a p < 0.05 and that are higher in the first cell line are shown in red (at least a 2-fold 

difference) or light red (between 1.2- and 1.9-fold difference). Proteins with a CV < 

0.25, an ICC > 0.6, and a p < 0.05 and that are lower in the first cell line are shown in 

green (at least a 2-fold difference) or light green (between 1.2- and 1.9-fold 

difference). Proteins with a CV < 0.25, an ICC > 0.6, but a p > 0.05 or with a CV < 

0.25 but an ICC < 0.6 are listed in grey (no difference). Proteins with a CV > 0.25 or 

with no detectable peak area are shown in white. 
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Figure A- 6. Quantitative comparisons of peptides from metabolic proteins by 

MRM in primary human colorectal tumors. 

Each peptide peak area was normalized to that of the LRP standard. Pairwise 

comparisons are shown with bars above the plots. Each point represents the 

average of three technical replicate analyses of a single tumor. Significant 

differences were determined using Student’s t-test, where the asterisks denote p-

values: * p<0.05, ** p <0.01, and *** p<<0.01; ns indicates no significant difference.  

Peptides used for quantitation and for Figure 8 are listed with an asterisk (*) before 

and after the protein name and peptide sequence. 
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Figure A- 7. Pathway map of quantitative comparisons of metabolic proteins in 

stage II human FFPE colorectal tumor samples. 

The LRP-normalized values for each protein were averaged within the KRAS mutant 

and KRAS wild type groups and fold-change differences between the groups 

depicted are from comparisons of the averages. A Student’s t-test analysis of the 

individual LRP-normalized values was used to determine significance of expression 

differences between KRAS mutant and wild type tumors. Proteins with CV < 0.25, 

ICC > 0.7, and a p < 0.05 are shown in either red or green. Proteins with higher 

average values in the KRAS mutant tumors compared to the KRAS wild type tumors 

are highlighted in red (fold change greater than 2-fold) or light red (fold change 

between 1.9- and 1.2-fold). Proteins with lower average values in the KRAS mutant 

tumors compared to KRAS wild type tumors are highlighted in green (fold change 

greater than 2-fold) or light green (fold change between 1.9- and 1.2-fold). Proteins 

with a CV < 0.25, ICC < 0.7, and a p > 0.05 or with a CV < 0.25 but an ICC > 0.7 are 

shown in grey. Proteins with CV > 0.25 or with no detectable peak area are shown in 

white. 
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Figure A- 8.  Pathway maps of metabolic protein abundance differences in 

individual human Stage II colon tumors. 

Protein measurements for each tumor were compared to the average measurement 

for all samples analyzed in the dataset. Mutational status of KRAS, NRAS, BRAF, 

and PI3K for each tumor are shown next to each tumor and are also listed in 

Supplemental Table S2.  Panels A-H depict KRAS WT tumors; panels I-P depict 

KRAS mutant tumors. Proteins shown with a white box were not detected. Proteins 

shown with grey boxes were less than 1.25 fold different than the average 

measurement for that protein. Proteins shown with light green or light red boxes were 

at least a 1.25-fold higher or lower, respectively, than the average protein 

measurement.  Proteins shown with a dark green or a dark red box were more than 

1.5-fold lower or higher, respectively, than the average measurement for that protein. 
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