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ABSTRACT 

Reprogramming of Glutamate Metabolism and Redox Homeostasis in De Novo MYC-Driven 
Liver Tumors 

 

Brittany Anderton 

 

MYC overexpressing cells frequently exhibit increased dependence on uptake of glutamine and its 

conversion to glutamate. However, whether MYC shapes downstream glutamate utilization decisions 

in vivo is poorly understood. We employed integrated gene expression and metabolite profiling analyses 

to identify novel metabolic pathways that are altered in primary MYC-driven liver cancers. We 

identified six metabolic pathways deregulated in MYC-driven liver tumors, including glutathione 

metabolism. In primary, MYC-driven tumors, glutamine-derived carbons preferentially enter central 

carbon metabolism and proliferative metabolic pathways and have diminished incorporation into 

glutathione and its precursor metabolite. We find that protein expression of the rate-limiting enzyme 

of glutathione synthesis, GCLC, is suppressed in a MYC-dependent manner. We further show that 

GCLC is targeted by a MYC-induced microRNA, miR-18a. MiR-18a expression is elevated in human 

hepatocellular carcinoma (HCC) and correlates with altered glutathione pathway gene expression. 

Further, poorly differentiated human HCCs have low tumor glutathione levels. MYC-driven liver 

tumors compensate for loss of glutathione by upregulating several antioxidant regeneration pathways. 

However, MYC-driven liver tumors exhibit increased sensitivity to exogenous oxidative stress, as 

demonstrated by tumor-specific fat accumulation and cell death following treatment with the potent 

oxidant diquat. Thus, despite sufficient antioxidant capacity at baseline, MYC-driven liver tumors are 

sensitive to exogenous oxidative stress. In total, we show that MYC regulates glutamate utilization by 
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attenuating glutathione production via miR-18a, leading to preferential shunting of glutamate toward 

proliferative metabolism in tumors and altering redox homeostasis mechanisms. 
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C h a p t e r  1  

 

INTRODUCTION 

 

1.1 MYC BIOLOGY 

The c-MYC (MYC) proto-oncogene is a pleiotropic transcription factor that is deregulated in some 

of the most aggressive human malignancies (Ben-Porath et al., 2008). MYC belongs to the basic 

helix-loop-helix leucine zipper (bHLH/LZ) protein family. The bHLH domain enables MYC 

binding to DNA, while the LZ domain enables dimerization between MYC and its canonical 

interaction partner MAX, another bHLH transcription factor. The two domains, bHLH and LZ, are 

located adjacent to each other near the carboxyl-terminal end of MYC. MYC-MAX 

heterodimerization is necessary for MYC localization to its target consensus DNA sequence 

CACGTG, which is known as the enhancer box (E-box) (Dang, 2012). Although E-box binding is 

important for MYC-dependent transcriptional regulation, E-box-independent transcriptional 

functions of MYC have also been proposed (Uribesalgo et al., 2011). MAX is expressed ubiquitously 

in cells but also heterodimerizes with the MXD family of proteins, which act as transcriptional 

repressors (Conacci-Sorrell et al., 2014). Thus, the activity of MYC/MAX heterodimers relies not 

only on the precise regulation of MYC protein expression but also on the availability of MAX for 

MYC-specific binding (Cascoń and Robledo, 2012). There is likely an intricate balance between 

MYC and MXD proteins in normal cells. MYC is essential for normal cell cycle progression and 

mammalian development; germ-line deletion of the MYC gene results in embryonic lethality due to 
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developmental defects in multiple organ systems (Davis et al., 1993). Additionally, MYC-dependent 

signaling is crucial for cell cycle progression from G1 to S phase in both normal and tumor cells 

(Meyer and Penn, 2008).  

 

The MYC gene is located at chromosome 8q24 in humans (Takahashi et al., 1991). MYC is 

estimated to be aberrantly expressed or activated in up to 50% of all human cancers, including 

lymphomas, neuroblastomas, melanomas, breast, ovarian, prostate, and liver cancers. In human 

cancer, MYC is most often deregulated through chromosomal translocation, gene amplification, and 

post-translational modifications, which can lead to elevated MYC protein expression and activity 

(Conacci-Sorrell et al., 2014). Elevated MYC expression has been correlated with reduced disease-

free survival in a number of human cancers (Ben-Porath et al., 2008; Horiuchi et al., 2014). As a 

transcription factor, MYC can effect both up- and downregulation of hundreds of coding and 

noncoding genes (Chang et al., 2008). Current studies suggest that acute MYC activation in 

mammalian cells or tissues can lead to expression changes of approximately 300-400 coding genes 

and about a dozen miRNA genes (Bui and Mendell, 2010; Chandriani et al., 2009). These genes are 

involved in numerous processes, including the cell cycle, proliferation, differentiation, metabolism, 

and cell death. Additionally, there is recent evidence that MYC acts as an enhancer or amplifier of 

existing gene expression by “scanning” along DNA for activated transcription sites (Lin et al., 2012; 

Nie et al., 2012). Regardless of the exact mechanisms of its activity, it is evident that MYC 

orchestrates an optimal cellular context whereby tumor cell proliferation is enhanced while cell death 

mechanisms are disabled. Not surprisingly, MYC is indispensable for the growth of many tumor 

types (Dang, 2012). Because there are currently no effective targeted therapies for cancers with high 

MYC expression, it remains important to understand the underlying biology behind MYC. 



3 
 

1.2 MYC AND METABOLISM 

Metabolic reprogramming, the co-opting of biochemical pathways to provide substrates and energy 

for enhanced cell proliferation, is now considered a bona fide hallmark of cancer (Hanahan and 

Weinberg, 2011). Not surprisingly, altered metabolism is consistently observed in MYC-driven 

tumor growth and maintenance (Dang, 2012; Li and Simon, 2013) (Figure 1). MYC orchestrates 

tumor cell dependence on bioenergetic sources such as glucose and glutamine for biomass 

accumulation (Dang, 2012, 2013; Horiuchi et al., 2014; Li and Simon, 2013). Accordingly, glucose 

and glutamine deprivation in MYC-overexpressing cells leads to apoptosis (Shim et al., 1998; Yuneva 

et al., 2007). There is currently great interest in targeting MYC-dependent metabolic pathways for 

tumor therapy (Dang, 2012; Li and Simon, 2013). 

 

MYC regulates many points in glycolysis through transcriptional regulation of glycolytic genes. For 

example, MYC regulates the GLUT1 transporter (Osthus et al., 2000) and glycolytic enzymes such 

as lactate dehydrogenase A (LDHA) (Le et al., 2010) and the M2 isoform of muscle pyruvate kinase 

(PKM2) (David et al., 2010). Notably, expression of PKM2 in cancer cells enhances proliferative 

metabolism by causing a backflow of metabolites into anabolic pathways such as the serine 

biosynthesis pathway (Vander Heiden et al., 2011).  

 

Like its involvement in glycolysis, MYC also regulates glutaminolysis at multiple nodes. Many MYC-

overexpressing cell lines are addicted to exogenous glutamine (Yuneva et al., 2007; Wise et al., 2008) 

and primary MYC-driven murine lung and liver tumors display markers of increased glutamine 
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metabolism such as increased expression of glutaminase (GLS), the enzyme that catalyzes the 

conversion of glutamine to glutamate (Yuneva et al., 2012). MYC increases Slc1a5 transporter 

expression to facilitate glutamine uptake (Le et al., 2012; Yuneva et al., 2012). MYC-dependent 

suppression of miR-23a/b leads to upregulation of glutaminase (Gao et al., 2009). GLS inhibition in 

cell lines can cause MYC-dependent cell death or reduced proliferation (Le et al., 2012; Yuneva et 

al., 2012). Taken together, glutamine metabolism is important for MYC-driven tumor growth and 

maintenance. 

 

Although glucose and glutamine metabolism are the most notable metabolic pathways altered by 

MYC, several others have been shown to be important for MYC-driven tumor progression and 

maintenance. For example, MYC stimulates ribosomal and mitochondrial biogenesis to help provide 

building blocks and fuel for proliferating cells (Li et al., 2005; van Riggelen et al., 2010). Specifically, 

MYC regulates chromatin remodeling and recruitment of RNA polymerase I cofactors to stimulate 

transcription of ribosomal DNA (rDNA) genes (Arabi et al., 2005; Grandori et al., 2005; Shiue et al., 

2009). MYC also regulates RNA polymerase II-dependent transcription of ribosomal structural 

protein genes in both human and mouse cells (Kim et al., 2000; Wu et al., 2008) as well as factors for 

ribosomal RNA processing and subunit export (Maggi et al., 2008; Zeller et al., 2001). Further, MYC 

regulates the expression of translation initiation factors that are important for protein expression 

(De Benedetti and Graff, 2004). Regarding mitochondrial biogenesis, MYC has been shown to 

regulate mitochondrial mass in primary hepatocytes as well as induce expression of genes involved in 

mitochondria structure and function in a model of MYC-driven B cell lymphoma (Li et al., 2005). 
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MYC also alters serine, glycine, and proline metabolism in some cell types. Transcript expression of 

phosphoglycerate dehydrogenase (PHGDH), the first enzyme of serine biosynthesis, is dramatically 

elevated in MYC-driven murine liver tumors and returns to baseline when MYC is withdrawn in 

established tumors (Vazquez et al., 2011). Serine hydroxymethyltransferase (SHMT), another key 

enzyme in the serine biosynthesis pathway, is a MYC target and is able to partially rescue growth in 

MYC-deficient cells (Nikiforov et al., 2002). MYC-dependent upregulation of the proline 

biosynthesis enzymes pyrroline-5-carboxylate synthase (P5CS) and pyrroline-5-carboxylate reductase 

1 (PYCR1) increases the biosynthesis of proline from glutamine (Liu et al., 2012b). Further, MYC 

overexpressing cells appear to be dependent on proline, as MYC suppresses expression of the first 

enzyme of proline catabolism, proline oxidase (POX), and elevated activity of POX can inhibit 

MYC-mediated cancer cell proliferation and survival (Liu et al., 2012b).  

 

MYC can also co-opt metabolic regulators. A kinome siRNA screen performed in an osteosarcoma 

cell line with conditional MYC activity identified AMPK-related kinase 5 (ARK5) or AMPK itself as 

synthetic lethal partners of MYC, whereby inhibition of ARK5 or AMPK induced cell death in a 

MYC-dependent manner. ARK5 expression was confirmed to be necessary for MYC-driven liver 

cancer progression, and ARK5 was shown to enhance MYC-driven tumor growth and maintenance 

by restraining mTOR-mediated translation while maintaining electron transport chain component 

expression and activity (Liu et al., 2012a). Finally, MYC and the NAD-dependent deacetylase SIRT1 

form a positive feedback loop in multiple cancer cell lines. This connects MYC activity to the 

metabolic state of cells, since SIRT1 serves as a metabolic sensor and coordinates intracellular 

energetics with transcriptional regulation (Menssen et al., 2012). Taken together, these studies 
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highlight the importance of several metabolic pathways to MYC-driven tumor growth and 

maintenance. 

 

1.3 MYC AND microRNAS 

MicroRNAs (miRNAs) are a family of endogenous, single stranded, small noncoding RNAs that are 

typically 20-23 nucleotides long. MiRNAs are key post-transcriptional regulators of gene expression 

in many species (Bartel, 2004; He and Hannon, 2004). They were first discovered in the nematode 

worm Caenorhabditis elegans, when lin-4 and let-7 were identified as two noncoding genes that control 

larval development (Ambros, 1989; Lee et al., 1993; Reinhart et al., 2000). It was later confirmed that 

let-7 is evolutionarily conserved across metazoans from molluscs to humans (Pasquinelli et al., 2000). 

Like the let-7 family, many other miRNA families are highly conserved across species. Recent 

estimates suggest that there are up to 2000 functional miRNAs in humans, which are predicted to 

regulate 60% of all protein coding genes (Friedman et al., 2009; Lewis et al., 2005). The highly 

regulated expression of miRNAs is thought to allow fine-tuning of diverse cellular processes 

including differentiation, development, cell proliferation, and apoptosis (He and Hannon, 2004; Krol 

et al., 2010). 

 

MiRNA biogenes is  

In brief, miRNA biogenesis occurs in four main steps: transcription, nuclear processing, nuclear 

export, and cytoplasmic processing (Kim, 2005). Transcription of miRNAs occurs via RNA 

polymerase II and is regulated similarly to that of protein-coding genes. Nascent miRNA transcripts 
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(termed primary miRNAs or pri-miRNAs) contain a hairpin structure where the mature miRNA 

sequence is found (Cai et al., 2004; Lee et al., 2004). Following transcription, pri-miRNAs are 

processed in the nucleus by the “microprocessor complex” comprised of the RNA binding protein 

DGCR8 and the RNase III endonuclease Drosha. DGCR8 recognizes and binds target sequences 

flanking the hairpin structure and guides Drosha to the correct sites of cleavage. Cleavage of the 

hairpins from pri-miRNAs produces precursor miRNAs (pre-miRNAs) (Gregory et al., 2006). Pre-

miRNAs are then exported from the nucleus via Exportin-5. Once in the cytoplasm, pre-miRNAs 

are cleaved by a second RNase III endonuclease, Dicer. This cleavage produces ~22 nucleotide long 

double stranded RNA duplexes that contain the mature miRNA and its complementary strand, 

known as miRNA* (Lund and Dahlberg, 2006; Winter et al., 2009).  

 

The mature miRNA strand is then loaded into the RNA-induced silencing complex (RISC) via 

guidance from the ribonucleoprotein (RNP) complex comprised of Dicer, TRBP, and Argonaute-2, 

while the complementary miRNA* strand is generally thought to be rapidly degraded upon its 

exclusion from the RISC (Hammond et al., 2001; Mourelatos et al., 2002). Once loaded into RISC, 

mature miRNAs generally recognize and bind the 3’ untranslated regions (3’ UTRs) of target 

mRNAs via a 5-8 nucleotide sequence at the 5’ end of the miRNA known as a seed sequence (Lewis 

et al., 2005). Depending upon the degree of complementarity between the miRNA seed sequence 

and the miRNA 3’UTR, miRNA binding can effect either mRNA degradation through RISC-

mediated cleavage or translational repression via deadenylation of the mRNA poly(A) tail (Behm-

Ansmant et al., 2006; Grishok et al., 2001; Orban and Izaurralde, 2005; Parker and Sheth, 2007). 
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MYC and miRNA process ing enzymes 

MYC regulates multiple elements of miRNA processing. For example, MYC induces transcriptional 

upregulation of RNA binding proteins such as Lin28, Lin28b, and HNRNPA1 (Chang et al., 2009; 

David et al., 2010). MYC also transcriptionally regulates the expression of Drosha and thus 

modulates pri-miRNA processing (Wang et al., 2013). Conversely, alterations in miRNA biogenesis 

may affect MYC-driven tumorigenesis in a cell- and tissue- specific manner. For example, Dicer was 

shown to be a haploinsufficient tumor suppressor in a mouse model of soft tissue sarcoma (Kumar 

et al., 2009). Similarly, diminished Dicer expression correlates with poor prognosis in human lung 

cancer and chronic lymphocytic leukemia patients (Karube et al., 2005; Zhu et al., 2012). However, 

haploinsufficiency or deletion of Dicer1 failed to promote malignancy in a mouse model of MYC-

driven B-cell lymphoma (Arrate et al., 2010). Thus, aberrant expression of miRNA biogenesis 

enzymes likely promotes MYC-driven tumor growth and maintenance in a tissue-restricted manner. 

Further investigations into the role of miRNA processing in MYC-driven tumorigenesis are 

warranted. 

 

MYC-regulated miRNAs in vitro and in vivo 

Induction of miRNAs is a bona fide method by which MYC indirectly represses protein-coding 

genes. Accordingly, MYC has been shown to increase expression of many miRNAs with diverse 

targets. The best-known miRNA target of MYC is the miR-17-92 cluster, which is activated by E-

box binding in its first intron (He et al., 2005; Jackstadt and Hermeking, 2015). This polycistronic 

cluster encodes miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-1 (He et al., 2005; 

O’Donnell et al., 2005). The miR-17-92 cluster has two paralogous clusters: the miR-106b-25 and 
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miR-106a-363 clusters, both of which have MYC binding sites near their transcription start sites 

(Kumar et al., 2013; Tanzer and Stadler, 2004). The 15 miRNAs of this family are frequently 

activated in solid tumors and B-cell lymphomas (He et al., 2005; Jackstadt and Hermeking, 2015; 

Volinia et al., 2006). The miR-17-92 cluster has been demonstrated as a bona fide oncogene and an 

essential mediator of MYC-induced lymphomagenesis in a mouse model of MYC-driven B-cell 

lymphoma (Mu et al., 2009; Sandhu et al., 2013). Additionally, elevated miR-17-92 expression 

enhances tumorigenesis in mouse models of retinoblastoma, colorectal cancer, and medulloblastoma 

(Conkrite et al., 2011; Dews et al., 2006; Uziel et al., 2009). The miR-17-92 miRNAs target many 

transcripts and have demonstrated roles in cellular processes including cell proliferation, apoptosis, 

angiogenesis, and metabolism. Specifically regarding metabolism, the miR-19 family has been shown 

to target PTEN, leading to PI3K pathway activation and upregulation of glycolysis (DeBerardinis et 

al., 2008; Mu et al., 2009). Surprisingly, miR-17 and miR-20 have been shown to inhibit tumor cell 

invasion and metastasis in a model of breast cancer (Yu et al., 2010). Thus, although the miR-17-92 

cluster is a critical component of MYC-mediated tumorigenesis, it likely has tissue- and tumor stage- 

specific functions (Jackstadt and Hermeking, 2015).  

 

In addition to the miR-17-92 cluster, many other miRNAs are induced by MYC activation. These 

include miR-22, miR-378, and miR-9 (Jackstadt and Hermeking, 2015). MiR-22 regulates TET-

family dependent chromatin remodeling and was shown to be important for breast cancer stemness 

(i.e., maintenance of stem-cell like properties) and metastasis (Song et al., 2013). MiR-378 cooperates 

with activated Ras or HER2 to promote cellular transformation and relieves cyclin D1 repression by 

targeting TOB2 (Feng et al., 2011). MiR-9 is activated by both MYC and N-MYC and plays a role in 
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cancer metastasis by regulating E-cadherin (Ma et al., 2010). Additionally, miR-9 can promote tumor 

angiogenesis by activating the JAK-STAT pathway (Zhuang et al., 2012). 

 

MYC not only activates miRNAs but can also repress them. In fact, some evidence suggests that 

MYC activation leads to widespread miRNA repression (Chang et al., 2008). Most notably, MYC 

represses p53-dependent miRNAs. For example, MYC represses the canonical p53-regulated miR-

34a by binding near its promoter (Chang et al., 2008). MiR-34a regulates genes involved in the cell 

cycle and apoptosis (Chang et al., 2007; Raver-Shapira et al., 2007; Tarasov et al., 2007), stemness 

(Siemens et al., 2013), senescence (Christoffersen et al., 2010), and mesenchymal-epithelial transition 

(Siemens et al., 2011). MiR-34a antagonism is effective for promoting growth of colon, prostate, and 

lung cancer (Jackstadt and Hermeking, 2015). However, miR-34a rescue had antiapoptotic effects in 

MYC-overexpressing lymphoma cells while miR-34a inhibition sensitized the same cells to apoptosis 

(Sotillo et al., 2011). Thus, the output of miR-34a is likely determined by cellular context and fine-

tuning of its intracellular levels. Finally, MYC regulates the miR-15a/16-1 cluster by recruiting 

HDAC3 to the promoter region of its host gene, DLEU2 (Zhang et al., 2012a). MiR-15a/16-1 are 

activated by p53 via multiple mechanisms involving both transcription and miRNA processing 

(Fabbri et al., 2011; Suzuki et al., 2009). Repression of these tumor suppressor miRNAs by MYC 

inhibits their apoptotic and cell cycle regulatory functions (Cimmino et al., 2005; Liu et al., 2008). 

Thus, downregulation of miRNAs is one way that MYC antagonizes p53 function. 

 

Beyond p53-dependent miRNAs, MYC can repress let-7, leading to upregulation of the oncogene 

RAS, a small GTP binding protein, or HMGA2, a chromatin architectural factor (Yong and Dutta, 
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2007). MYC represses miR-23a/b to relieve glutaminase (GLS) repression and drive glutaminolysis 

(Gao et al., 2009). MYC also represses miR-29 in lymphoma via coordination with histone 

deacetylase 3 (HDAC3) and EZH2, a member of the Polycomb-group family of proteins important 

for sustained transcriptional repression; in turn, MYC upregulates EZH2 by targeting miR-26a and 

EZH2 sustains MYC expression by targeting miR-494 in a complex positive feedback loop (Sander 

et al., 2008; Zhang et al., 2012b). MiR-29b is repressed by MYC as well as the transcription 

regulators NF-kB and Hedgehog in cholangiocarcinoma cells (Mott et al., 2010). 

 

MiRNAs that regulate  MYC 

MYC itself can be regulated by miRNAs. For example, let-7 is predicted to target the MYC 3’ UTR, 

and ectopic let-7 expression leads to MYC protein and mRNA depletion and reduced proliferation 

in Burkitt lymphoma cells (Sampson et al., 2007). MiR-196b and miR-184 both target MYC and 

BCL2 for concomitant regulation of proliferation and survival (Abe et al., 2013; Zhen et al., 2013). 

MiR-449c targets MYC and suppresses invasion and migration of non-small cell lung cancer cells 

(Miao et al., 2013). Two p53-activated miRNAs, miR-145 and miR-34a, target MYC, adding another 

layer of complexity to the antagonism between MYC and p53 in tumorigenesis (Sachdeva et al., 

2009; Yamamura et al., 2012a, 2012b). Finally, miR-24 can target MYC via noncanonical “seedless” 

binding and degradation that is aided by the ribosomal protein L11 (Challagundla et al., 2011; Lal et 

al., 2009). In summary, the interplay between MYC and miRNAs leads to complex regulatory 

circuits that contribute to cancer cell progression and tumor maintenance (Jackstadt and Hermeking, 

2015). 
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1.4 OXIDATIVE STRESS AND CANCER 

Reactive oxygen species (ROS) are defined as oxygen-containing molecules with reactive properties. 

ROS include free radicals such as the superoxide and hydroxyl radicals, as well as non-radical 

molecules such as hydrogen peroxide (H2O2). ROS are primarily derived from oxygen-dependent 

metabolic reactions that occur in the mitochondria, peroxisomes and the endoplasmic reticulum, 

with the mitochondria being the major source of these molecules (Finkel, 2012; Handy and 

Loscalzo, 2012). Within these cellular compartments, ROS can be produced via both enzymatic and 

non-enzymatic reactions. For example, the mitochondrial electron transport chain is a non-

enzymatic source of ROS (Gorrini et al., 2013a). Modulation of intracellular ROS levels is important 

for normal cellular homeostasis (Janssen-Heininger et al., 2008; Sena and Chandel, 2012). For 

example, H2O2 can serve as a signal for cellular proliferation, differentiation and migration at 

intermediate levels (Rhee, 2006). However, too much ROS can damage intracellular biomolecules 

including lipids, DNA and proteins (Gorrini et al., 2013a). 

 

The role of oxidative stress and ROS in cancer is a controversial subject. A growing body of 

evidence suggests that ROS can either aid or hinder tumor progression, depending upon their level 

and the stage of tumor growth (Gorrini et al., 2013a). For example, ROS have been shown to 

activate MAPK, ERK, and JNK, and can elevate cyclin D1 expression (Martindale and Holbrook, 

2002; Ranjan et al., 2006). Additionally, ROS can inactivate the tumor suppressor PTEN (Leslie et 

al., 2003). Conversely, common cancer therapies such as chemotherapeutic drugs and ionizing 

radiation are effective in part by inducing high levels of ROS in tissues (Conklin, 2004; Yoshida et 

al., 2012). Regardless of the effects of elevated ROS on tumor cell survival, it is generally agreed that 
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tumor cells exhibit aberrant antioxidant systems that aid their survival in environments with 

fluctuating oxygen and nutrient availability, both of which affect tissue redox state (Gorrini et al., 

2013a). These altered antioxidant systems may render subsets of tumor cells insensitive to 

chemotherapy and radiation (Diehn et al., 2009; Jones and Thompson, 2009). Thus, a better 

understanding of the role of ROS in tumor initiation, progression, and maintenance is clearly 

warranted. 

 

Cells have evolved innate systems to combat oxidative stress and to prevent or mitigate oxidative 

damage to intracellular macromolecules (Figure 2). There are three major transcriptional regulators 

of antioxidant response genes in cells: NRF2, FOXO, and p53. Although NRF2 is considered to be 

the “master regulator” of antioxidant response, all three of these transcription factors have both 

distinct and overlapping targets and can support complementary antioxidant pathways. The major 

antioxidants produced by cells are glutathione (GSH) and NADPH. These antioxidants work in 

concert with dietary antioxidants, such as Vitamin C, and tissue-specific redox systems to maintain 

redox homeostasis (Gorrini et al., 2013a). GSH is the most abundant non-enzymatic antioxidant 

molecule in the cell (Meister, 1991). It is synthesized by the successive reactions of glutamate-

cysteine ligase (GCLC, catalytic subunit/GCLM, modifier subunit) and GSH synthetase (GSS) (Lu, 

2013). 

 

Several studies indicate that various oncogenic pathways, including KRAS, MYC, PI3K-AKT, and 

DJ1/PARK7 can promote NRF2 stability and activation (Clements et al., 2006; DeNicola et al., 

2011; Mitsuishi et al., 2012). Further, mutations in NRF2 and its regulator KEAP1 that result in 
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NRF2 activation have been identified in human cancers. These mutations have been found primarily 

in squamous cell carcinomas and to a lesser extent in lung, skin, oesophageal, ovarian, and breast 

cancers (Hayes and McMahon, 2009; Kim et al., 2010; Shibata et al., 2008). Similarly, FOXO 

transcription factor function can be enhanced by or cooperate with activation of the oncogenes 

AKT, β-catenin and TGFβ to promote tumorigenesis (Naka et al., 2010; Sykes et al., 2011; Tenbaum 

et al., 2012). However, loss of the tumor suppressor RB (in the context of TSC2 loss) can lead to 

reduced FOXO activity (Li et al., 2010). Similarly, the tumor suppressor BRCA1, important for 

DNA integrity and repair, is required for NRF2-mediated antioxidant response (Bae et al., 2004; 

Gorrini et al., 2013b; Saha et al., 2009) while loss of the tumor suppressor Ataxia Telangiectasia 

Mutated (ATM), an important cell cycle checkpoint protein, correlates with increased oxidative 

stress in tissues (Alexander et al., 2010; Barzilai et al., 2002; Ito et al., 2004). Thus, oncogenes and 

tumor suppressors may not have strictly opposing roles in antioxidant regulation; instead, their 

functions in regulating ROS are likely context- and stage-specific. Further investigation of the 

interplay between oncogenes, tumor suppressors, and oxidative stress response in cancer is required. 

 

Several metabolic pathways are regulated by and/or mediate ROS through their activity. The M2 

isoform of muscle pyruvate kinase, PKM2, is redox-sensitive. Under conditions of high ROS, PKM2 

is inactivated, leading to a backflow of glycolytic intermediates through the pentose-phosphate 

pathway and resulting in NADPH generation (Anastasiou et al., 2011). Another metabolic pathway 

that is important for antioxidant generation is the serine biosynthesis pathway. Serine is a precursor 

of glycine, which is used in glutathione synthesis (Lu, 2013). Importantly, glycine is required for 

cancer cell proliferation (Jain et al., 2012) while activity of PHGDH, the rate-limiting enzyme of 

serine biosynthesis, is essential in breast cancer and melanoma cells (Locasale et al., 2011; Possemato 
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et al., 2011). Glutamine is also essential for glutathione synthesis (Lu, 2013). Not surprisingly, the 

xCT cystine/glutamate transporter has been implicated in redox homeostasis and tumor growth 

(Ishimoto et al., 2011). 

 

1.5 MYC AND HEPATOCELLULAR CARCINOMA 

Hepatocellular carcinoma (HCC) is a leading cause of cancer-related death worldwide, yet there are 

few effective therapies (Jemal et al., 2009; Lin et al., 2010). HCC has a complex etiology, with 

approximately 75% of HCC is attributed to chronic HBV and HCV infections (Yang and Roberts, 

2010). MYC is activated in chronic liver disease (Chan et al., 2004) and can drive human 

hepatocarcinogenesis (Kaposi-Novak et al., 2009). Accordingly, MYC overexpression is present in up 

to 70% of viral- and alcohol-related HCC (Sanyal et al., 2010; Schlaeger et al., 2008). MYC 

amplification in HCC is associated with aggressive disease and poor prognosis (Kawate et al., 1999; 

Peng et al., 1993). The HBV-associated protein HBx activates MYC, which accelerates HBx-mediated 

oncogenesis in transgenic mice (Balsano et al., 1991; Terradillos et al., 1997). It is thought that MYC’s 

activation of hTERT may contribute to aggressive phenotypes in human HCC (Lin et al., 2010). 

Importantly, MYC-driven murine liver tumors regress when MYC is inactivated in vivo (Shachaf et al., 

2004). 

 

The interplay between MYC and miRNAs also appears to be a key component of liver tumor 

progression and maintenance (Jackstadt and Hermeking, 2015). For example, MYC represses miR-26a 

(Sander et al., 2008). Reintroduction of miR-26a in a MYC-driven liver tumor model could suppress 
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tumorigenesis and induce apoptosis in established tumors (Kota et al., 2009). Additionally, MYC 

represses miR-148a-5p and miR-363-3p, both of which target MYC through different mechanisms. 

Inhibition of either miR-148a-5p or miR-363-3p could induce liver tumorigenesis by promoting G1/S 

phase transition, while activation of these miRNAs could diminish tumor growth (Han et al., 2013). 

Our lab has previously shown that inhibition of miR-494, which is part of an oncogenic miRNA 

megacluster upregulated in aggressive HCC subsets, significantly diminishes growth of MYC-driven 

liver tumors (Lim et al., 2014). MYC likely interacts with many other miRNA and protein-coding genes 

in the context of human hepatocarcinogenesis. Thus, a better understanding of MYC signaling in liver 

tumorigenesis may contribute to the development of future therapies for HCC. 
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1.6 FIGURES AND TABLES 

 

Figure 1, Summary of MYC-regulated tumor metabolism and cellular outputs. MYC 

transcriptionally regulates multiple metabolic pathways. The co-opting of these pathways by MYC 

enables enhanced cellular proliferation and tumor progression. Adapted from Miller et al., Clinical 

Cancer Research, 2011. 
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Figure 2, Summary of innate cellular defenses against reactive oxygen species (ROS) and 

oxidative stress.  p53, NRF2, and FOXO transcription factors regulate complementary antioxidant 

pathways in response to oxidative insults. NRF2 mainly regulates glutathione and NADPH-dependent 

antioxidant responses, while FOXO proteins and p53 activate superoxide dismutases (SODs), catalase, 

PTEN-induced putative kinase 1 (PINK1), and sestrins, all of which mitigate oxidative stress. 

Glutaminolysis provides glutamate necessary for glutathione (GSH) synthesis. Adapted from Gorrini 

et al., 2013. 
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C h a p t e r  2  

 

GLUTATHIONE METABOLISM IS DEREGULATED IN A MOUSE MODEL OF 
MYC-DRIVEN LIVER CANCER 

 

2.1 INTRODUCTION 

The c-MYC (MYC) proto-oncogene is deregulated in many human cancers and is often associated 

with aggressive disease and poor prognosis. MYC is a pleiotropic transcription factor that controls 

expression of hundreds of both coding and noncoding genes. These genes are involved in diverse 

cellular functions including cell cycle, proliferation, differentiation, metabolism, and death/survival 

decisions. Currently, there are no targeted therapeutic strategies for cancers with deregulated MYC 

activity. Thus, it remains imperative to fully understand the biology of MYC activity in tumor cells in 

order to identify potential therapeutic targets. 

 

Altered metabolism is a hallmark of cancer biology and has recently gained attention as a therapeutic 

target. Accordingly, MYC has been shown to transcriptionally regulate many metabolic genes both 

directly and indirectly. Two of the most notable metabolic pathways that MYC deregulates are 

glycolysis and glutaminolysis; MYC directly regulates glycolytic genes such as LDHA and PKM2 and 

indirectly regulates GLS via miR-23a/b suppression. However, because intermediary cellular 

metabolism is comprised of hundreds of pathways and enzymatic reactions, it is likely that there are 

numerous other metabolic pathways and nutrients that are critical for the survival of MYC-driven 

tumor cells. For example, carbon sources beyond glucose and glutamine, such as acetate and fatty 
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acids, may prove to be important for MYC-overexpressing cells in certain contexts. Moreover, the 

relevance of metabolic pathways to MYC-driven tumor growth in vivo has not been extensively 

explored. 

 

We thus sought to identify novel metabolic pathways that are altered in MYC-driven cancer in vivo. We 

performed mRNA gene expression and mass-spectrometry-based biochemical profiling to characterize 

altered metabolism in the LAP-tTA x Tet-O-MYC (LT2-MYC) bitransgenic mouse, a conditional 

model that drives MYC expression and tumorigenesis specifically in hepatocytes (Shachaf et al., 2004). 

Our lab recently showed that this model has gene expression changes consistent with aggressive 

human liver cancers (Lim et al., 2014). Use of this model provides two major advantages over 

traditional, cell-based approaches: observation of oncogene-mediated metabolic reprogramming in de 

novo tumor formation, as well as the ability to discern which changes are a direct effect of oncogene 

signaling by taking advantage of its conditional nature (Figure 3). Further, because hepatocellular 

carcinoma (HCC) is a therapeutically challenging disease, our work contributes to a better 

understanding of the underlying biology in MYC-associated, aggressive subsets of HCC. 

 

2.2 RESULTS 

LT2-MYC TUMORS EXHIBIT DEREGULATED GLUTATHIONE METABOLISM 

To identify novel metabolic pathways that are altered in liver tumors with high MYC expression, we 

performed combined mRNA expression and mass-spectrometry based biochemical profiling of 

primary LT2-MYC tumor samples and naïve LT2 controls. Of 333 detected polar and non-polar 
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metabolites with KEGG PATHWAY database identifiers (Tanabe and Kanehisa, 2012), 188 were 

significantly altered in LT2-MYC tumors versus controls (FDR < 0.05). Likewise, 3706 genes with 

KEGG identifiers exhibited significant deregulation in LT2-MYC tumors versus control liver tissue 

(FDR < 0.05). We performed pathway enrichment analysis on the significantly altered transcripts and 

metabolites identified, using all metabolic pathways defined by KEGG (Figure 4). We identified six 

KEGG pathways that were significantly altered both transcriptionally and biochemically in LT2-MYC 

tumors compared to control liver tissues. These pathways are: glycine, serine, and threonine 

metabolism; aminoacyl-tRNA biosynthesis; cysteine and methionine metabolism; ABC transporters; 

mineral absorption; and glutathione metabolism (Figures 5-10; Table 1). 

 

Glycine, serine, and threonine metabolism 

Serine and glycine are important amino acids for the biosynthesis of macromolecules including 

proteins, nucleic acids, and lipids (Amelio et al., 2014). Recently, the serine biosynthesis pathway has 

been recognized to be important for the survival of both melanoma and breast cancer cells (Locasale 

et al., 2011; Possemato et al., 2011). We observed a significant elevation in abundance of glycine, 

serine, and threonine in LT2-MYC tumors versus non-tumor control livers (Figure 6 C and 6 D). 

Further, we observed transcriptional upregulation of Phgdh, Psat1, and Psph, the rate-limiting 

enzymes of serine biosynthesis (Possemato et al., 2011) (Figure 6 A and 6 B). Glycine is produced 

from serine by the activity of the enzyme SHMT; accordingly, we observed elevation of Shmt2 

transcript in the LT2-MYC tumors as compared to naïve control livers. 
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Aminoacyl-tRNA biosynthesis 

We observed transcriptional upregulation of several aminoacyl-tRNA synthetases, which catalyze the 

aminoacylation of tRNA by their cognate amino acid (Kim et al., 2011), in LT2-MYC tumors versus 

non-tumor control livers. Some of the most dramatically upregulated aminoacyl-tRNA synthetases in 

the tumors included leucine-tRNA synthetase (Lars), isoleucyl-tRNA synthetase (Iars), glycyl-tRNA 

synthetase (Gars), tyrosyl-tRNA synthetase 2 (Yars2), and lysyl-tRNA synthetase (Kars); many of 

which are cytoplasmic aminoacyl-tRNA synthetases (Figure 7 A and 7 B). Interestingly, the transcript 

for alanyl-tRNA synthetase (Aars) was the only aminoacyl-tRNA synthetase transcript that was 

suppressed in the MYC-driven liver tumors according to our analysis (Figure 7 B).  

 

Cysteine and methionine metabolism 

Cysteine and methionine are sulfur-containing amino acids. Cysteine is synthesized from serine, while 

methionine is an essential amino acid and cannot be made by animals (Townsend et al., 2004). Both 

cysteine and methionine are elevated in LT2-MYC tumors relative to non-tumor controls (Figure 8 C 

and 8 D). Methionine is used to produce S-adenosylmethionine (SAM), a methyl group donor 

important for many transfer reactions including DNA methylation (Loenen, 2006). We observed 

increased abundance of SAM in LT2-MYC tumors compared to non-tumor control livers (Figure 8 C 

and 8 C). Further, we saw tumor-specific upregulation of the transcripts for Dnmt3a and Dnmt1, 

which are DNA methyltransferases thought to function in genome-wide de novo and maintenance 

methylation, respectively, during development (Jin and Robertson, 2013) (Figure 8 A and 8 B). 

Alterations in cysteine and methionine metabolism may aid MYC-dependent genome-wide gene 

expression changes in tumors. 
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ABC transporters 

The ATP-binding cassette (ABC) transporters are a large family of proteins that couple ATP 

hydrolysis to active transport of a wide variety of substrates across extra- and intra-cellular membranes. 

The substrates transported by ABC proteins include ions, sugars, lipids, sterols, peptides, proteins, and 

drugs (Fletcher et al., 2010). We observed a dramatic upregulation of transcripts for two ABC 

transporters, Abcg1 and Abcc4, in LT2-MYC tumors compared to LT2 non-tumor control tissues 

(Figure 9 A and 9 B). Abcg1 is involved in macrophage cholesterol and phospholipid transport, and 

may regulate lipid homeostasis in other cell types (Schmitz et al., 2001). Abcc4 is thought to be an 

organic anion pump and may play a role in cellular detoxification (Ritter et al., 2005). The relevance of 

these transporters to MYC-driven tumorigenesis and tumor maintenance remain to be determined. 

 

Mineral absorption 

Minerals are a fundamental group of nutrients necessary to sustain life. For example, calcium is a 

critical component of bone as well as an intracellular messenger in muscle, neural networks, immune 

cells, and the endocrine system (Clapham, 2007). We observed an elevation of the transcript for 

S100G (calbindin D9K), which is a vitamin D-dependent calcium-binding protein that may increase 

cellular calcium absorption by buffering Ca2+ in the cytoplasm (Schwaller, 2010) (Figure 10 A and 10 

B). In addition to calcium, iron and copper serve as cofactors for redox reactions and are also 

important for oxygen transport and binding. We saw a tumor-specific increase in transcript expression 

of Slc11a1, which is an iron and manganese transporter (Forbes and Gros, 2003); Steap2, which 

stimulates the cellular uptake of iron and copper in vitro (Ohgami et al., 2006); and Atp7a, which 

functions in copper transport across intra- and extra-cellular membranes (Kaler, 2014) (Figure 10 A 
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and 10 B). Many enzymes require specific metal atoms for their catalytic functions; thus the 

importance of minerals such as calcium, iron and copper to MYC-driven tumor development and 

maintenance warrants further investigation. 

 

Glutathione metabolism 

Of the six KEGG pathways identified, glutathione metabolism was the most significantly altered 

according to our transcriptional analysis (Table 1). Further, reduced (GSH) and oxidized (GSSG) 

glutathione were among the most dramatically depleted metabolites identified in the MYC-driven 

tumors. Glutathione is synthesized downstream of glutamine conversion to glutamate (Lu, 2013) and 

increased glutamine uptake and utilization is known to be metabolically important for MYC-

overexpressing cells (Dang, 2013). Thus, we were surprised that the reduced (GSH) and oxidized 

(GSSG) isoforms of glutathione were consistently depleted in all tumor samples (Figure 5 C) and we 

sought to identify the significance of depleted glutathione in the MYC-driven tumors. 

 

We independently confirmed the depletion of total glutathione (GSH + GSSG) in MYC liver tumors 

using an enzymatic assay (Figure 11). In accordance with our integrated gene expression and 

metabolite profiling, altered glutathione pathway transcripts (Figure 5 A) and metabolites (Figure 5 

C) readily segregate LT2-MYC tumors from LT2 control livers by unsupervised hierarchical clustering. 

Together, these data indicate a wholesale, tumor-specific change in glutathione metabolism that is 

represented both transcriptionally and biochemically. Furthermore, multiple metabolites associated 

with the glutathione biosynthetic pathway are significantly altered (either up or down) in LT2-MYC 
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tumors versus control livers (Figure 5 D and Figure 12). Intriguingly, we saw an increased abundance 

of cysteine, glycine and glutamate concomitant with decreased abundance of GSH and GSSG in the 

MYC-driven tumors, indicative of a bottleneck at glutathione production (Figure 12).  

 

MYC-DRIVEN LIVER TUMORS FAVOR CENTRAL CARBON METABOLISM OVER 

GLUTATHIONE SYNTHESIS 

MYC reprograms glutamine metabolism by increasing expression of the Slc1a5 glutamine transporter 

and GLS (Gao et al., 2009; Le et al., 2012; Yuneva et al., 2012). Consistent with prior observations, we 

found that glutamate is elevated in LT2-MYC tumors relative to LT2 control tissue (Figure 5 C-D). 

However, total glutathione is dramatically depleted in LT2-MYC tumor tissue (Figure 5 C-D & 

Figure 11). Since glutathione is synthesized from glutamate (Lu, 2013) (Figure 12), we hypothesized 

that the depletion of glutathione in LT2-MYC tumors despite high amounts of glutamate must be due 

to a disruption in glutathione synthesis. Indeed, elevated levels of glutathione precursors in the LT2-

MYC tumors indicate impaired glutathione production (Figure 12). We further hypothesized that 

diminished glutathione production may allow glutamate to be used preferentially in other pathways 

important to tumor cell metabolism, such as the TCA cycle. We therefore sought to identify changes 

in glutamine utilization that occur in MYC-driven liver tumors versus non-tumor liver tissues.  

 

To determine how exogenous glutamine is used in MYC-driven tumors, we intravenously injected 

MYC-driven tumor-bearing mice (Tward et al., 2005) (Figure 13) with fully labeled (U-13C)-glutamine 

and performed mass spectrometry-based flux analysis of liver tumors versus adjacent non-tumor liver 

tissue. We found decreased incorporation of glutamine-derived carbons into glutathione and its 
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immediate precursor, γ-glutamyl-cysteine, consistent with the observed diminished steady state 

abundance of GSH and GSSG (Figure 14 A & 14 B). In contrast, we saw increased incorporation of 

glutamine-derived carbons into many other metabolites, including nucleotides, amino acids, and 

pentose phosphate pathway and TCA cycle intermediates, in tumors as compared to adjacent non-

tumor tissue (Figure 14 A & 14 B). We performed pathway enrichment analysis of the significantly 

altered metabolites using annotations from the KEGG pathway database. Our analysis revealed 

predominant dysregulation of “central carbon metabolism in cancer” (KEGG map05230) in MYC-

driven tumors versus adjacent non-tumor tissue. Central carbon metabolism is comprised of the 

canonical biochemical pathways of glycolysis, the pentose phosphate pathway, and the TCA cycle 

(Noor et al., 2010). Accordingly, central carbon metabolism of cancer genes defined by KEGG, which 

include both metabolic genes as well as the oncogenes and tumor suppressors that regulate them, 

readily segregate LT2-MYC tumor tissue from control liver tissue by unsupervised hierarchical 

clustering (Figure 15). These results indicate both a gene expression and biochemical switch in 

glutamine utilization in tumor versus non-tumor tissue that favors central carbon metabolism. 

 

Because the TCA cycle is both a key component of central carbon metabolism and an important 

source of biosynthetic precursors for proliferating cancer cells (DeBerardinis et al., 2007), we next 

asked whether enzymes that convert glutamate to α-ketoglutarate for entry into the TCA cycle exhibit 

altered protein expression in LT2-MYC tumors versus control liver tissue. Glutamate can be 

transaminated by one of several enzymes prior to entry into the TCA cycle (Son et al., 2013). We 

therefore examined the expression of transaminases in MYC tumors versus LT2 control tissues by 

Western Blot analysis. Interestingly, we found altered protein expression of four out of five canonical 

transaminases (GLUD1, GPT1, GPT2, and GOT2) in LT2-MYC tumors versus LT2 control liver 
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(Figure 16). Specifically, GPT2 and GOT2 are elevated in LT2-MYC tumors while GPT1 and 

GLUD1 are depleted. Both GPT2 and GOT2 are the mitochondrial isoforms of their respective 

enzymes. Thus, their elevated expression likely aids the increased flux of glutamine-derived carbons to 

α-ketoglutarate and the TCA cycle in a spatially restricted manner while also providing the biosynthetic 

substrates alanine and aspartate (Figure 17). Together, our results suggest that MYC-driven murine 

liver tumors reprogram glutamine utilization for increased anaplerotic and biosynthetic metabolism. 

Specifically, we show that glutamine-derived carbons are preferentially used for the TCA cycle and 

central carbon metabolism, at the expense of glutathione production, in MYC-driven liver tumors. 

This reprogramming likely increases the amount of biosynthetic substrates available for proliferating 

tumor cells. 

 

2.3 DISCUSSION 

Altered tumor metabolism is a bona fide hallmark of cancer. MYC is a transcription factor oncogene 

that has been shown to both directly and indirectly regulate metabolic enzymes and orchestrate cancer 

cell metabolic changes. However, little is known about the effects of MYC signaling on tumor cell 

metabolism in vivo. In this chapter, we took an unbiased approach to elucidate novel metabolic 

pathways deregulated by MYC in vivo. We identified six metabolic pathways that are significantly 

altered at both the metabolite and transcript level in primary MYC-driven liver cancer. At least two of 

these pathways, serine metabolism and ABC transporters, have been described in connection with 

MYC signaling previously (Nikiforov et al., 2002; Porro et al., 2011), while to our knowledge the 

remaining pathways have yet to be associated with MYC activation in cancer. The relevance of these 

pathways (aminoacyl-tRNA biosynthesis, cysteine and methionine metabolism, and mineral 
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absorption) to MYC-dependent tumor growth and maintenance remains to be determined. 

 

The most striking pathway alteration we identified in our integrated approach is suppressed 

glutathione biosynthesis. Glutathione is a key cellular antioxidant that is synthesized downstream of 

glutamine conversion to glutamate (Wu et al., 2004). We find that both the reduced and oxidized 

forms of glutathione (GSH and GSSG, respectively) are depleted and glutamine-derived carbons are 

preferentially shunted away from glutathione and toward proliferative metabolism in MYC-driven 

liver tumors as compared to non-tumor liver tissue.  

 

Prior studies of MYC overexpressing cell lines (Le et al., 2012; Wise et al., 2008) have identified their 

use of anaplerotic glutamine flux. Our work suggests that glutathione production is suppressed in 

MYC-driven liver tumors, leading to a shift in glutamine flux toward central carbon metabolism in 

vivo. The observed shift in glutamine utilization may support the proliferative capacity of tumor cells 

by enhancing glutamine-dependent anaplerotic pathways that provide biosynthetic substrates. 

Indeed, we see preferential incorporation of glutamine-derived carbons into multiple anabolic 

substrates in tumor tissues compared to adjacent non-tumor liver. 
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2.4 FIGURES AND TABLES 

Figure 3, Summary of LT2-MYC conditional transgenic mouse model of MYC-induced 

hepatocarcinogenesis. Prolonged MYC overexpression induces tumor nodules that are 

morphologically and histologically distinct from non-tumor tissue. MYC protein expression can be 

turned off in established tumors and tracks with alpha-fetoprotein (AFP) expression. In tumor gross 

images, white arrows indicate non-tumor liver and yellow arrows indicate liver tumors. Scale bars in 

hematoxylin-and-eosin stained (H&E) sections represent 20µm.
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Figure 4, Schematic of integrated gene expression and metabolite profiling of MYC-driven 

liver tumors to identify novel MYC-regulated metabolic pathways. Transcriptional and metabolic 

profiling analyses were performed separately and then integrated to identify six pathways that are 

significantly altered in LT2-MYC tumors versus control livers (Fisher’s exact test, p < 0.05). 
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Figure 5, Glutathione metabolism is significantly altered both transcriptionally and 

biochemically in MYC-driven liver tumors. A, Glutathione pathway transcripts segregate LT2-

MYC tumors from control livers by unsupervised hierarchical clustering (n=3-4 per group). B, Barplot 

summarizing differential expression of glutathione pathway transcripts. Barplot shows only transcripts 

that are significantly different between LT2-MYC tumors and control livers (Data represented as mean 

± SEM; p < 0.05). C, Glutathione pathway metabolites segregate LT2-MYC tumors from control 

livers by unsupervised hierarchical clustering (n=7 per group). D, Barplot summarizing differential 

expression of glutathione pathway metabolites. Barplot shows only metabolites that are significantly 

different between LT2-MYC tumors and control livers (Data represented as mean ± SEM; p < 0.05). 
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Figure 6, Glycine, serine and threonine metabolism is significantly altered both 

transcriptionally and biochemically in MYC-driven liver tumors. A, Glycine, serine and threonine 

pathway transcripts segregate LT2-MYC tumors from control livers by unsupervised hierarchical 

clustering (n=3-4 per group). B, Barplot summarizing differential expression of glycine, serine and 

threonine pathway transcripts. Barplot shows only transcripts that are significantly different between 

LT2-MYC tumors and control livers (Data represented as mean ± SEM; p < 0.05). C, Glycine, serine 

and threonine pathway metabolites segregate LT2-MYC tumors from control livers by unsupervised 

hierarchical clustering (n=7 per group). D, Barplot summarizing differential expression of glycine, 

serine and threonine pathway metabolites. Barplot shows only metabolites that are significantly 

different between LT2-MYC tumors and control livers (Data represented as mean ± SEM; p < 0.05). 
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Figure 7, Aminoacyl-tRNA biosynthesis is significantly altered both transcriptionally and 

biochemically in MYC-driven liver tumors. A, Aminoacyl-tRNA biosynthesis pathway transcripts 

segregate LT2-MYC tumors from control livers by unsupervised hierarchical clustering (n=3-4 per 

group). B, Barplot summarizing differential expression of aminoacyl-tRNA biosynthesis pathway 

transcripts. Barplot shows only transcripts that are significantly different between LT2-MYC tumors 

and control livers (Data represented as mean ± SEM; p < 0.05). C, Aminoacyl-tRNA biosynthesis 

pathway metabolites segregate LT2-MYC tumors from control livers by unsupervised hierarchical 

clustering (n=7 per group). D, Barplot summarizing differential expression of aminoacyl-tRNA 

biosynthesis pathway metabolites. Barplot shows only metabolites that are significantly different 

between LT2-MYC tumors and control livers (Data represented as mean ± SEM; p < 0.05). 
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Figure 8, Cysteine and methionine metabolism is significantly altered both transcriptionally 

and biochemically in MYC-driven liver tumors. A, Cysteine and methionine pathway transcripts 

segregate LT2-MYC tumors from control livers by unsupervised hierarchical clustering (n=3-4 per 

group). B, Barplot summarizing differential expression of cysteine and methionine pathway transcripts. 

Barplot shows only transcripts that are significantly different between LT2-MYC tumors and control 

livers (Data represented as mean ± SEM; p < 0.05). C, Cysteine and methionine pathway metabolites 

segregate LT2-MYC tumors from control livers by unsupervised hierarchical clustering (n=7 per 

group). D, Barplot summarizing differential expression of cysteine and methionine pathway 

metabolites. Barplot shows only metabolites that are significantly different between LT2-MYC tumors 

and control livers (Data represented as mean ± SEM; p < 0.05). 
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Figure 9, ABC transporters metabolism is significantly altered both transcriptionally and 

biochemically in MYC-driven liver tumors. A, ABC transporters pathway transcripts segregate 

LT2-MYC tumors from control livers by unsupervised hierarchical clustering (n=3-4 per group). B, 

Barplot summarizing differential expression of ABC transporters pathway transcripts. Barplot shows 

only transcripts that are significantly different between LT2-MYC tumors and control livers (Data 

represented as mean ± SEM; p < 0.05). C, ABC transporters pathway metabolites segregate LT2-MYC 

tumors from control livers by unsupervised hierarchical clustering (n=7 per group). D, Barplot 

summarizing differential expression of ABC transporters pathway metabolites. Barplot shows only 

metabolites that are significantly different between LT2-MYC tumors and control livers (Data 

represented as mean ± SEM; p < 0.05). 
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Figure 10, Mineral absorption metabolism is significantly altered both transcriptionally and 

biochemically in MYC-driven liver tumors. A, Mineral absorption pathway transcripts segregate 

LT2-MYC tumors from control livers by unsupervised hierarchical clustering (n=3-4 per group). B, 

Barplot summarizing differential expression of mineral absorption pathway transcripts. Barplot shows 

only transcripts that are significantly different between LT2-MYC tumors and control livers (Data 

represented as mean ± SEM; p < 0.05). C, Mineral absorption pathway metabolites segregate LT2-

MYC tumors from control livers by unsupervised hierarchical clustering (n=7 per group). D, Barplot 

summarizing differential expression of mineral absorption pathway metabolites. Barplot shows only 

metabolites that are significantly different between LT2-MYC tumors and control livers (Data 

represented as mean ± SEM; p < 0.05). 
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Figure 11, Total glutathione (GSH + GSSG) is depleted in LT2-MYC tumors versus control 

livers. Glutathione levels were measured via an enzymatic assay on frozen tissue extracts (n=5-6 each; 

data represented as mean ± SEM; p < 0.01). 
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Figure 12, Multiple metabolites in the glutathione synthesis pathway are significantly altered 

in LT2-MYC tumors versus control livers. Red = significantly elevated; blue = significantly 

depleted; (p < 0.05). 



46 
 

 

Figure 13, MYC-driven tumors established by hydrodynamic transfection have high MYC and 

low GCLC protein expression. Western Blot analysis of MYC and GCLC protein expression in 

MYC-driven liver tumors established by hydrodynamic transfection, as compared to adjacent non-

tumor liver tissue (n=4 per group) (Tward et al., 2005). 
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Figure 14, MYC-driven liver tumors preferentially use glutamine-derived carbons for central 

carbon and proliferative metabolism. A, Heatmap summarizing metabolites significantly enriched 

or de-enriched with U-13C-glutamine-derived carbons in MYC-driven liver tumors versus adjacent 

non-tumor (ANT) (n=5-6; p < 0.05). B, Relative scaled abundances of metabolites significantly 

enriched or de-enriched with U-13C-glutamine-derived carbons in tumor as compared to adjacent non-

tumor (n=5-6; data represented as mean ± SEM; p < 0.05). 
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Figure 15, Expression of central carbon metabolism pathway transcripts differentiates MYC-

driven liver tumor from control liver tissues. Unsupervised hierarchical clustering of KEGG-

defined ‘central carbon metabolism of cancer’ gene expression in LT2-MYC tumors versus control 

liver tissue (n=3-4). Known MYC-regulated genes are marked with red asterisks. 
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Figure 16, Transaminases exhibit tumor-specific protein expression patterns in LT2-MYC 

tumors. Western blot analysis of canonical transaminases in LT2-MYC tumors versus non-tumor LT2 

control livers (n=2-3 each). 
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Figure 17, Schematic summary of differential expression of transaminases in MYC-driven liver 

tumors. Red = elevated protein expression in tumor versus control liver; blue = diminished protein 

expression in tumor versus control liver. 
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Table 1, Metabolic pathways overrepresented in mRNA and metabolite profiling of LT2-MYC 

tumors. Fisher’s exact test (p < 0.05) was performed using KEGG pathway classifications on global 

gene expression and metabolite profiling data from LT2-MYC tumors and LT2 controls. 
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C h a p t e r  3  

 

A MYC-MIRNA AXIS REGULATES GLUTATHIONE SYNTHESIS IN MYC-DRIVEN 
LIVER TUMORS AND IS DEREGULATED IN HUMAN HCC 

 

3.1 INTRODUCTION 

In the previous chapter, we used an integrated approach to identify novel metabolic pathways that are 

altered in de novo MYC-driven liver tumors. We found the glutathione synthesis pathway to be 

dramatically downregulated in a mouse model of MYC-driven hepatocarcinogenesis. Importantly, we 

saw glutamine-derived carbons being used preferentially for central carbon metabolism, at the expense 

of glutathione synthesis, in MYC-driven liver tumors versus control liver tissues. This led us to next 

ask how glutathione synthesis is downregulated in MYC-driven liver tumors. Specifically, we were 

interested in identifying transcriptional targets of MYC that may contribute to the altered metabolic 

phenotype we observed. 

 

In this chapter, we identify the mechanism by which MYC regulates glutathione synthesis. We find 

that the rate-limiting enzyme of glutathione synthesis, glutamate-cysteine ligase (GCLC), is indirectly 

regulated by MYC via MYC-dependent miR-18a. MiR-18a, part of an oncogenic miRNA cluster 

previously recognized to be activated by MYC, exhibits MYC-dependent expression in cultured cells 

and in tumor tissue, and targets the 3’ UTR of GCLC in an in vitro assay. Further, miR-18a expression 

is elevated in human HCCs and inversely correlates with GCLC transcript. We find that in two 

separate cohorts of human HCC, low tumor tissue GSH abundance corresponds with an aggressive 
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tumor phenotype. Thus, the diminished glutathione observed in MYC-driven liver tumors appears to 

be clinically relevant to aggressive human HCC. 

 

3.2 RESULTS 

GCLC IS REPRESSED BY MIRNA-18A IN LT2-MYC TUMORS  

In the previous chapter, we observed steady state accumulation of glutathione precursor metabolites 

(glycine, glutamate, and cysteine) in tumor tissues as compared to non-tumor control livers (Figure 

12). Further, we found increased incorporation of glutamine-derived carbons into central carbon 

metabolites concomitant with diminished incorporation into glutathione in tumor versus adjacent non-

tumor tissues (Figure 14). We thus reasoned that MYC-driven tumors specifically inhibit glutathione 

production from glutamine, leading to shunting of glutamine-derived carbons into alternative 

pathways. The catalytic subunit of glutamate-cysteine ligase, GCLC, is the rate-limiting enzyme of 

glutathione production (Sies, 1999). We therefore hypothesized that GCLC is downregulated in LT2-

MYC tumors. Western blot analysis and quantitative RT-PCR (qRT-PCR) confirm that GCLC protein 

and mRNA (Figure 18 A and 18 B) are markedly diminished in LT2-MYC tumors and return to 

baseline after MYC is turned off in established tumors for several days (Figure 3). Similarly, we 

observed MYC-dependent changes in GCLC protein expression in a murine liver tumor cell line 

derived from the LT2-MYC model (Cao et al., 2011). When cells are grown in the presence of 

8ng/mL doxycycline, MYC expression is rapidly inhibited (Figure 18 C). Using this conditional 

system we found that GCLC protein expression increases when MYC expression is conditionally 

turned off over several days (Figure 18 C).  



55 
 

MYC has been previously shown to indirectly regulate glutamine conversion to glutamate via 

suppression of miR-23a/b, which targets the 3’ UTR of GLS (Gao et al., 2009). Since we observed 

MYC-dependent suppression of GCLC expression, we hypothesized that MYC may attenuate GCLC 

expression, at least in part, via regulation by a miRNA. Using the Targetscan database (v6.2) (Lewis et 

al., 2005), we identified miRNAs whose seed sequences are predicted to bind the 3’ UTR of GCLC 

transcript. Interestingly, miR-18a, a known MYC-regulated miRNA that is transcribed as part of the 

oncogenic miR-17-92 miRNA cluster (Dews et al., 2006; He et al., 2005) had the lowest predicted 

Total Context Score, which correlates with high probability of targeting (Table 2) (Grimson et al., 

2007). Additionally, of the miRNAs predicted by Targestscan to bind the 3’ UTR of GCLC, miR-18a 

was one of the most highly elevated in LT2-MYC tumors as compared to non-tumor controls based 

on miRNA profiling (Figure 19 A). We confirmed that miR-18a is elevated in LT2-MYC tumors using 

qRT-PCR and that its expression returns to baseline when MYC expression is inhibited for 72hrs in 

established tumors (Figure 19 B). We also observed miR-18a downregulation in liver tumor cells 

derived from the LT2-MYC model following treatment with doxycycline to inhibit MYC expression 

(Figure 19 C). Furthermore, previous work suggests that the MYC-regulated protein HNRNPA1 

(David et al., 2010) directs processing of mature miR-18a (Guil and Cáceres, 2007). Accordingly, we 

observe that HNRNPA1 protein is elevated in liver tumors in a MYC-dependent manner (Figure 19 

D). Thus, both miR-18a transcription and processing may be coordinately increased in MYC-driven 

liver tumors. Our results confirm that miR-18a expression is elevated in a MYC-dependent manner in 

the LT2-MYC tumor model. 

 

To determine whether miR-18a directly targets the GCLC transcript, we generated a luciferase reporter 

fusion containing the GCLC 3’ UTR downstream of firefly luciferase. Reporter expression was 
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diminished following transfection of a miR-18a mimic in murine liver tumor cells but was unchanged 

when four bases of the predicted miR-18a binding site were mutated in the 3’ UTR (Figure 19 E). We 

next asked whether miR-18a antagonists could regulate GCLC expression in MYC-driven tumor cells. 

When miR-18a is inhibited by locked-nucleic acid (LNA) antagonist in cells derived from the LT2-

MYC model we observe that GCLC protein expression is increased relative to cells treated with 

control LNA (Figure 19 F and 19 G). Thus, our results demonstrate that GCLC is regulated by MYC-

dependent miR-18a expression in murine liver tumor cells. 

 

MIR-18A IS ELEVATED IN HUMAN HCC AND CORRELATES WITH ALTERED 

GLUTATHIONE PATHWAY GENE EXPRESSION 

We next sought to determine if there is a link between miR-18a expression and altered glutathione 

metabolism in human liver cancers. Using a previously published dataset (Burchard et al., 2010), we 

confirmed that miR-18a expression is significantly elevated in human HCC (Figure 20 A) and 

inversely correlates with GCLC mRNA expression (Figure 20 B). When stratified by miR-18a 

expression, the top tertile of human HCC exhibits a glutathione pathway gene expression pattern that 

is similar to that of the MYC-driven liver tumor model (Figure 20 C). 

 

MYC is associated with a variety of poorly differentiated human tumors (Ben-Porath et al., 2008). In 

human liver cancer, elevated tumor alpha-fetoprotein (AFP) expression is a clinical marker of poorly 

differentiated and aggressive disease (Yamashita et al., 2008). Accordingly, we find that MYC and AFP 

proteins are both expressed in MYC-driven liver tumors (Figure 3). We thus sought to determine if 

poorly differentiated human liver tumors characterized by elevated AFP expression have alterations in 
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glutathione abundance. Metabolite profiling of primary human HCCs has recently been reported 

(Budhu et al., 2013; Huang et al., 2013). Examining these datasets, we find that HCC patients with 

high serum AFP levels (Figure 20 D) or high tissue AFP expression (HpSC subtype in Figure 20 E) 

exhibit lower tumor glutathione abundance than those with low serum or tissue AFP. Additionally, 

tumor AFP transcript strongly correlates with miR-18a in human HCC (Figure 20 F). Taken together, 

our results indicate that both elevated miR-18a expression and AFP, a marker of poorly differentiated 

tumors, correlate with diminished glutathione production in human liver cancer. 

 

3.3 DISCUSSION 

Our integrated analysis identified the glutathione synthesis pathway as significantly deregulated in 

MYC-driven liver tumors. In this chapter, we found that expression of the rate-limiting enzyme of 

glutathione synthesis, GCLC (Wu et al., 2004), is diminished in MYC-driven liver tumors and is MYC-

dependent. We have identified a novel regulatory axis whereby the MYC-induced miRNA, miR-18a 

(Dews et al., 2006; He et al., 2005), targets GCLC and leads to glutathione depletion (Figure 21). It is 

important to note that GCLC is also likely directly regulated. The GCLC promoter contains several 

potential transcriptional regulatory elements. These include an E-box, which can be targeted by MYC 

or NRF2, an antioxidant response transcription factor. Using cultured cells, different groups have 

shown opposing transcriptional effects of MYC binding to the GCLC promoter (Levy and Forman, 

2010; Benassi et al., 2006). Taken together with our work, it is likely that GCLC expression is regulated 

by both transcriptional and miRNA-mediated regulation in a context-specific manner.  
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MYC regulates GLS and PKM2 via suppression of specific miRNAs (Gao et al., 2009) and regulation 

of RNA processing enzyme expression (David et al., 2010), respectively. Interestingly, we find that 

HNRNPA1, an RNA processing protein that regulates both PKM2 (David et al., 2010) and miR-18a 

(Guil and Cáceres, 2007) RNAs, is upregulated in LT2-MYC tumors in a MYC-dependent manner 

(Fig 19 D). It is possible that in addition to its capacity for direct transcriptional regulation, MYC 

orchestrates tumor-specific metabolic aberrations through indirect, post-transcriptional means. Such 

multiple levels of regulation may enable MYC to fine-tune metabolic pathways to coordinate anabolic 

processes. 

 

We found that miR-18a expression is elevated in human HCC and strongly correlates with altered 

glutathione pathway gene expression (Burchard et al., 2010). Previous work has shown that miR-18a is 

elevated in HCC tissues of female patients (Liu et al., 2009), and serum miR-18a levels may serve as a 

biomarker for HBV-related HCC (Li et al., 2012). We found that HCC patients with high serum and 

tissue AFP, a marker of aggressive disease, exhibit lower GSH abundance in their tumor tissues than 

patients with low AFP. At least two papers have previously indicated a correlation between MYC 

overexpression in HCC tissue and increased serum AFP (Pedica et al., 2013; Peng et al., 1993). 

Accordingly, we observe co-expression of MYC and AFP protein in MYC-driven liver tumors (Figure 

3). Thus, high tumor miR-18a expression and/or high serum or tissue AFP levels may indicate tumor 

glutathione synthesis suppression due to MYC activation. These findings may have clinical relevance in 

identifying and treating aggressive tumor subsets. 
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3.4 FIGURES AND TABLES 

 

Figure 18, GCLC is downregulated in MYC-driven liver tumors and is MYC-dependent. A, 

Western blot analysis of GCLC in LT2-MYC tumors versus control livers and tumors regressed for 7 

days (n=2 each). B, Relative expression of GCLC mRNA in LT2-MYC tumors, control livers, and 

liver tumors regressed for 72 hours (Data represented as mean ± SEM; n=4 each; p = 0.001). C, 

Western blot analysis of GCLC and MYC protein expression in conditional cells derived from an LT2-

MYC tumor (Western Blot is a representative of a minimum of four experiments).  
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Figure 19, miR-18a is elevated in LT2-MYC tumors and targets GCLC  transcript. A, Fold 

expression changes of miRNAs predicted to target GCLC by Targetscan analysis, in LT2-MYC tumors 

as compared to non-tumor controls (Data represented as mean ± SEM; p<1e-06). MiRNA array data 

previously described (Lim et al., 2014). B, qPCR analysis of miR-18a expression in LT2-MYC tumors, 

control liver tissues, and tumors regressed for 3 days (n=4 each; data represented as mean ± SEM; p < 

0.002). C, qPCR analysis of miR-18a expression in cultured liver tumor cells indicates MYC-dependent 

expression (n=3 separate experiments; data represented as mean ± SEM; p < 0.01). D, Western blot 

analysis of HNRNPA1 in LT2-MYC tumors, control livers, and tumors regressed for 72 hours (n=3 

each). E, Luciferase reporter expression in cultured liver tumor cells treated with a miR-18a mimic or 

control (n=3 separate experiments; data represented as mean ± SEM; p = 0.0002). F, Representative 

Western blot analysis of GCLC protein expression following treatment of cultured liver tumor cells 

with locked nucleic acid (LNA) inhibitors of miR-18a. G, Summary of change in GCLC protein 

expression following LNA treatment (n=2 separate experiments; data represented as mean ± SEM; p 

< 0.01). 
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Figure 20, miR-18a is elevated in human HCC and correlates with altered glutathione pathway 

transcript expression. A, miR-18a expression in human HCC versus adjacent non-tumor tissue 

(n=96 each; p = 3.58E-19). B, GCLC mRNA expression inversely correlates with miR-18a expression 

in human HCC (n=96; Rp = -0.47; p=1.315e-06). C, Human HCCs with high miR-18a expression 

exhibit a glutathione pathway gene expression pattern similar to LT2-MYC tumors. ANT, adjacent 

non-tumor. Roman numerals represent ranked tertiles of increasing miR-18a expression. Colored bar 

on left indicates relative gene expression in LT2-MYC tumors versus control livers for reference. D, 

Tumor GSH abundance is lower in HCC patients with high serum AFP status (n = 25 per group; 

Mann-Whitney U test, p=0.05). E, Tumor GSH abundance is lower in hepatic stem-cell-like human 

HCC subtype than in mature hepatocyte-like HCC subtype (n=15 per group; Mann-Whitney U test, 

p=0.004). F, Pearson correlation of miR-18a and AFP mRNA in human HCC (n = 96; Rp=0.70; 

p=2.665e-15). Data previously described (Burchard et al., 2010). 
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Figure 21, Summary of MYC-dependent regulation of glutamine and glutathione metabolism 

in MYC-driven murine liver tumors. MYC inhibits miR-23a/b, leading to elevated expression of 

glutaminase (GLS) and increased conversion of glutamine to glutamate (Gao et al., 2009). MYC 

activates miR-18a expression, which inhibits GCLC expression and leads to diminished glutathione 

biosynthesis. Glutamate is preferentially used in central carbon metabolism pathways such as the TCA 

cycle. 
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Table 2, Summary of TargetScanHuman (v6.2) predictions of GCLC 3’ UTR-binding 

miRNAs. miR-18ab exhibited the lowest Total Context Score, indicating that it had the highest 

predicted efficacy of GCLC 3’ UTR targeting. 
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C h a p t e r  4  

 

MYC-DRIVEN LIVER TUMORS UPREGULATE COMPENSATORY ANTIOXIDANT 
PATHWAYS AND ARE SENSITIVE TO EXOGENOUS OXIDATIVE STRESS 

 

4.1 INTRODUCTION 

Oxidative stress in cancer cells is a hotly debated topic. It is generally agreed that elevated oxidative 

stress can contribute to tumorigenesis by aiding oxidative DNA damage. However, whether 

established tumors have elevated ROS is unknown. Some research suggests that tumors may 

upregulate antioxidant pathways in response to elevated oxidative stress; however, at the same time it 

has been suggested that tumors exhibit a more reducing environment that aids cellular biosynthesis 

and proliferation. Certainly, little is know about the state of antioxidant systems and redox homeostasis 

in tumor cells in situ. 

 

Our finding in Chapter 1 that glutathione, a major cellular antioxidant, is depleted in MYC-driven liver 

tumors was very intriguing. We hypothesized that these tumors subsequently exhibited elevated 

oxidative stress due to a lack of antioxidant capacity. We thus set out to determine if the MYC-driven 

liver tumors had signs of an activated oxidative stress response. Our findings highlight the metabolic 

flexibility that tumor cells can possess. 
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4.2 RESULTS 

Glutathione is a major cellular antioxidant (Sies, 1999). Because we observed that total glutathione is 

markedly depleted in MYC-driven liver tumors (Figure 5 & Figure 11), we sought to determine 

whether these tumors subsequently exhibit markers of elevated oxidative stress. We first asked 

whether transcriptional targets of the canonical ROS response gene NRF2 (Gorrini et al., 2013a) are 

elevated in MYC-driven liver tumors compared to naïve non-tumor tissue. Surprisingly, we found that 

the expression of most NRF2-regulated transcripts was lower in LT2-MYC tissues than in non-tumor 

control tissues (Figure 22). Of the four transcripts that are elevated in tumors versus controls, three 

are involved in the regeneration of the canonical antioxidants NADPH (G6pdx, Pgd) and GSH (Gsr), 

while Txn1 encodes the thioredoxin antioxidant protein (Gorrini et al., 2013a). 

 

Because three of four NRF2 response genes elevated in MYC-driven tumors are specific to 

antioxidant regeneration, we asked whether there might be a wholesale upregulation of such genes in 

tumors in order to compensate for loss of the total glutathione pool. We find that the majority of 

transcripts of 11 genes involved in regeneration of the major antioxidant systems NADPH, GSH, and 

Vitamin C/ascorbate are markedly elevated in LT2-MYC tumors relative to non-tumor controls. In 

addition, thioredoxins (either Txn1 or Txn2) are upregulated in a mutually exclusive manner in LT2-

MYC tumors relative to non-tumor controls (Figure 23). We confirmed elevated protein expression 

of several of these genes, including GSR, G6PD, PKM2 and PGD in tumor versus control tissues 

(Figure 24).  
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Given the marked depletion of glutathione and simultaneous up-regulation of antioxidant regeneration 

enzymes, we sought to determine if net oxidative stress was altered in primary tumors. We examined 

isoprostane abundance, a clinical marker of tissue oxidative stress that specifically detects lipid 

peroxidation (Han et al., 2008), between tumor and adjacent non-tumor tissues. We observed no 

significant difference in the levels of isoprostanes (compare saline treated in Figure 25), indicating that 

despite markedly depleted total glutathione, MYC-driven tumors do not have increased baseline 

oxidative stress. Taken together, these data suggest that MYC-driven liver tumors upregulate 

antioxidant regeneration programs to compensate for their depleted glutathione pool. 

 

Although MYC-driven liver tumors do not have elevated ROS at baseline (Figure 25), we sought to 

determine whether they have an impaired response to exogenous oxidative stress because of their 

markedly diminished glutathione pool. We treated tumor-bearing LT2-MYC mice with a potent ROS 

inducer, diquat, which can be reduced to an autoxidisable free radical in vivo and causes damaging 

redox cycling in affected tissues (Fussell et al., 2011; Han et al., 2008), and collected tissues 24 hours 

post treatment. Interestingly, we find that isoprostanes are elevated similarly in tumor and adjacent 

non-tumor tissues following diquat treatment (Figure 25), suggesting comparable antioxidant capacity 

in the tissues. Despite similar ROS burden in the two tissues following diquat treatment, we observed 

tumor-specific depletion of the remaining glutathione pool (Figure 26) and upregulation of genes 

related to necrosis, steatosis, and oxidative stress and antioxidant response (Figure 27). Diquat 

treatment of tumor-bearing LT2-MYC mice increased the percent of steatosis (fat) in tumors from 

6.8% to 31.1% (p = 0.01), without significantly changing the amount of steatosis in adjacent non-

tumor liver tissue (Figure 28). Steatosis, or lipid droplet accumulation, has been linked to generalized 

hepatic stress previously (Lee et al., 2013). Similarly, diquat-treated LT2-MYC mice showed an increase 
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in TUNEL staining in tumors (18.8% TUNEL-positive cells) compared to saline-treated tumors 

(13.9% TUNEL-positive cells) (p = 0.003) that was not observed in adjacent non-tumor tissue in 

response to diquat treatment (Figure 29). In summary, our data suggest that although MYC-driven 

liver tumors compensate for the loss of glutathione by upregulating antioxidant regeneration systems, 

they exhibit elevated sensitivity to exogenous oxidative stress. 

 

4.3 DISCUSSION 

In Chapter 2, we determined that the cellular antioxidant glutathione is depleted in a mouse model 

of MYC-driven liver tumors. Since glutathione is a major scavenger of ROS, we hypothesized that 

MYC-driven liver tumors exhibit elevated baseline ROS and are more sensitive to exogenous 

oxidative stress than corresponding non-tumor liver tissue. In this chapter, we find that MYC-driven 

liver tumors compensate for loss of glutathione by upregulating multiple alternative antioxidant 

regeneration pathways. Others have shown that tumor cells are able to survive loss of certain 

antioxidants by upregulating compensatory antioxidant systems such as thioredoxin (Arnér and 

Holmgren, 2006) or NRF2 (Shibata et al., 2008; Singh et al., 2010). However, despite sufficient 

antioxidant capacity at baseline, we show that MYC-driven liver tumors exhibit elevated sensitivity 

to exogenous ROS, as indicated by tumor-specific elevation of stress markers, steatosis, and a cell 

death marker following diquat treatment. Thus, although tumor cells may be able to compensate for 

loss of antioxidant systems at baseline, they may still exhibit sensitivity to exogenous oxidative stress. 

The therapeutic potential of modulating oxidative stress in tumors is an area of active investigation. 

Accordingly, many preclinical and approved anticancer treatments modulate ROS directly or 

indirectly (Gorrini et al., 2013a). The utility of these or other compounds for targeting MYC-driven 
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cancers remains to be determined.
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4.4 FIGURES AND TABLES 

 

Figure 22, Most NRF2 targets are not transcriptionally upregulated in LT2-MYC tumors. 

Heatmap depicting unsupervised hierarchical clustering of NRF2 target gene expression in LT2-

MYC tumor tissues as compared to LT2 control tissues (n=3-4 each). 
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Figure 23, Antioxidant regeneration systems are upregulated transcriptionally in LT2-MYC 

tumors. Heatmap depicting mRNA expression of genes involved in antioxidant regeneration in LT2-

MYC tumor tissues as compared to LT2 control tissues (n=3-4 each). 
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Figure 24, Several antioxidant-regenerating proteins are elevated in MYC-driven liver tumors. 

Western blot analysis of GSR, PKM2, G6PD, and PGD in LT2 control versus LT2-MYC tumor 

tissues (n=3-4 each). 
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Figure 25, Tissue ROS assessed by lipid peroxidation analysis in MYC-driven liver tumors. 

Isoprostane levels (ng/g tissue) in adjacent non-tumor (ANT) or tumor tissues treated with saline or 

50 mg/kg diquat, 24h (n=4-5/group; data represented as mean ± SEM; p < 0.01). 
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Figure 26, Glutathione is depleted in MYC-driven liver tumors following diquat treatment. 

Total glutathione abundance (nMol/mg tissue) relative to respective saline-treated tissue in tumor and 

adjacent NT tissues treated with 50mg/kg diquat, 24h (n=4 or 7 each; data represented as mean ± 

SEM; p < 0.001). 
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Figure 27, Tumor-specific activation of hepatotoxicity response genes following diquat 

treatment. mRNA expression log fold change of genes related to hepatotoxicity (specifically steatosis, 

necrosis, oxidative stress and antioxidant response) in tumor and adjacent non-tumor in response to 

50mg/kg diquat, 24h (n=4/group; p < 0.05).  
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Figure 28, Tumor-specific fat accumulation observed following diquat treatment. A, 

Representative histology of H&E sections from LT2-MYC tumor-bearing mice treated with saline or 

50 mg/kg diquat, 24h. Scale is 50um. B, Percent area of fat accumulation in adjacent non-tumor and 

tumor tissue treated with saline or 50 mg/kg diquat, 24h (adjacent NT n=4, p=n.s.; tumor n=7, 

p=0.03; t test; data represented as mean ± SEM).  
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Figure 29, Cell death is elevated and proliferation is unchanged in MYC-driven tumors treated 

with diquat. A, Representative histology of TUNEL (cell death marker) staining of tumor sections 

from LT2-MYC tumor-bearing mice treated with saline or 50 mg/kg diquat, 24h. Scale bar is 100um. 

B, Percent total TUNEL-positive cells detected by immunohistochemistry in tumor and ANT treated 

with saline or 50 mg/kg diquat, 24h (n=3-5 mice per condition, 10 fields/mouse; data represented as 

mean ± SEM; p < 0.01). C, Percent total Ki67-positive (proliferation marker) cells detected by 

immunohistochemistry in tumor treated with saline or 50 mg/kg diquat, 24h (n=2 saline; n=6 diquat; 

data represented as mean ± SEM; N.S.). 
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CONCLUSIONS AND FUTURE DIRECTIONS 

 

Altered metabolism is a bona fide hallmark of cancer. However, the importance of many metabolic 

pathways to cancer cell survival and their regulation by oncogenes remains largely unknown. In 

Chapter 2 of this work, we used an unbiased, integrated approach to elucidate novel metabolic 

pathways deregulated by the transcription factor proto-oncogene MYC in vivo. We identified six 

metabolic pathways that are significantly altered at both the metabolite and transcript level in MYC-

driven liver cancer. At least two of these pathways, serine metabolism and ABC transporters, have 

been described in connection with MYC signaling previously (Nikiforov et al., 2002; Porro et al., 

2011), while to our knowledge the remaining pathways have yet to be associated with MYC activation 

in primary tumors. The most striking pathway alteration we identified in our integrated approach is 

suppressed glutathione biosynthesis. We show that both the reduced and oxidized forms of 

glutathione (GSH and GSSG, respectively) are depleted and glutamine-derived carbons are 

preferentially shunted away from glutathione synthesis and toward central carbon metabolism in 

MYC-driven liver tumors as compared to non-tumor liver tissue.  

 

In Chapter 3, we found that expression of the rate-limiting enzyme of glutathione synthesis, GCLC 

(Wu et al., 2004), is diminished in MYC-driven liver tumors and is MYC-dependent. We identified a 

novel regulatory axis whereby the MYC-induced miRNA, miR-18a (Dews et al., 2006; He et al., 2005), 

targets GCLC and leads to glutathione depletion (Figure 21). We found that miR-18a expression is 

elevated and strongly correlates with altered glutathione pathway gene expression in human HCC 

(Burchard et al., 2010). We found that HCC patients with high serum and tissue AFP, a marker of 
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aggressive, poorly differentiated disease, exhibit lower GSH abundance in their tumor tissues than 

patients with low AFP. Accordingly, we observe concomitant expression of MYC and AFP protein in 

MYC-driven murine liver tumors (Figure 3). Thus, high tumor miR-18a expression and/or high 

serum or tumor AFP levels may indicate tumor glutathione synthesis suppression due to MYC 

activation in human HCC. 

 

Glutathione is a major cellular antioxidant. Thus, in Chapter 4, we tested the hypothesis that MYC-

driven liver tumors with depleted glutathione have higher tissue ROS at baseline and are more 

sensitive to exogenous oxidative stress. We find that MYC-driven liver tumors do not exhibit 

activation of a canonical antioxidant response pathway at baseline and in fact upregulate multiple 

alternative antioxidant regeneration pathways. Further, MYC-driven liver tumors do not exhibit 

elevated tissue ROS at baseline. However, despite sufficient antioxidant capacity, MYC-driven liver 

tumors exhibit elevated sensitivity to exogenous ROS, as indicated by tumor-specific lipid droplet 

accumulation and elevation of a cell death marker following treatment with a potent oxidative stress 

inducer. Thus, although MYC-driven liver tumors compensate for loss of glutathione, they are still 

sensitive to exogenous oxidative stress. 

 

In conclusion, this work provides a novel example of metabolic reprogramming by MYC. We show 

that MYC regulates glutamate utilization by attenuating glutathione production via miR-18a, leading to 

preferential shunting of glutamine-derived carbons toward proliferative metabolism in tumors. 

Further, we show a vulnerability of MYC-driven tumors to exogenous oxidative stress. Moving 

forward, it will be important to explore whether inhibition of miR-18a or modulation of oxidative 
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stress present viable therapeutic strategies for MYC-driven cancers. Certainly, manipulating miRNAs in 

vivo has been shown to attenuate MYC-driven liver tumor growth in previous studies (Kota et al., 2009; 

Lim et al., 2014). Thus, it is likely that inhibition of miR-18a during tumor growth or maintenance may 

reverse or diminish the metabolic phenotype described in this thesis (Figure 21) and may inhibit 

tumor cell survival or proliferation. The clinical applications of miRNA agonists or inhibitors are being 

actively explored (Jackstadt and Hermeking, 2015). Additionally, the manipulation of tissue redox state 

has been proposed as a therapeutic strategy for tumors (Gorrini et al., 2013a). Several oxidative stress-

inducing compounds are in preclinical trials; thus, it will be interesting to explore the utility of these 

compounds in the context of MYC-driven cancers as well. 

 

Finally, the relevance of the five additional metabolic pathways identified in our integrated analysis 

(glycine, serine, and threonine metabolism; aminoacyl-tRNA biosynthesis; cysteine and methionine 

metabolism; ABC transporters; mineral absorption) to MYC-driven tumor growth and maintenance 

are worthwhile to explore further. Understanding the biological significance and regulation of these 

pathways will not only provide a greater understanding of MYC’s role in metabolic reprogramming, it 

may also reveal novel therapeutic targets. In summary, investigating MYC’s role as a master regulator 

of tumor cell metabolism will likely reveal promising targets that can be exploited therapeutically in the 

future. 
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MATERIALS AND METHODS 

 

Ethics Statement 

All animal work was approved by the institutional animal research committee (University of California, 

San Francisco IACUC). Animals were handled in accordance with good animal practices as defined by 

national and local animal welfare bodies. 

 

LT2-MYC tumor generation 

Tet-o-MYC/LAP-tTA (LT2-MYC) double-transgenic mice have been described (Shachaf et al., 2004). 

Mice were maintained on doxycycline (200 mg/kg doxy chow) to suppress oncogene expression until 

at least 8 weeks of age. Doxycycline was then removed to allow induction of transgene expression and 

tumor formation. Mice were monitored weekly for tumor development by inspection and palpating 

the abdomen. Mice were sacrificed as per ethical guidelines. Average time to tumor detection was 8-10 

weeks. 

 

mRNA Microarray 

Total RNA from four samples per genotype (LT2 Control, LT2/MYC) was extracted as per 

manufacturer’s instructions (mirVanaTM mirna isolation kit, Ambion). RNA quality was assessed using 

a Pico Chip on an Agilent 2100 Bioanalyzer (Agilent Technologies). Four samples per genotype were 
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selected for Agilent stock mouse 44K (014868) array analysis. Sample preparation, labeling, and array 

hybridizations were performed according to standard protocols from UCSF Shared Microarray Core 

Facilities and Agilent Technologies (http://www.arrays.ucsf.edu; http://www.agilent.com). RNA was 

amplified and labeled with Cy3-CTP using the Agilent low RNA input fluorescent linear amplification 

kits following the manufacturers protocol (Agilent). Labeled cRNA was assessed using Nandrop ND-

100 (Nanodrop Technologies, Inc.). Cy3 labeled target was hybridized to Agilent whole mouse 

genome 4x44K Ink-jet arrays (Agilent). Hybridization samples were randomized on the 4 x 44K 

format to correct any batch bias. Hybridizations were performed for 14 hrs, according to the 

manufacturers protocol (Agilent). Arrays were scanned using the Agilent microarray scanner (Agilent) 

and raw signal intensities were extracted with Feature Extraction v9.5 software (Agilent). Primary 

normalization and data extraction were performed by the Microarray Core Facility. Briefly, single 

channel data were normalized using quantile normalization method. No background subtraction was 

performed, and the median feature pixel intensity was used as the raw signal before normalization. 

 

Metabolomics 

Mass spectrometry analysis was performed to obtain global biochemical profiles of control liver tissue 

and LT2-MYC liver tumor tissue (Metabolon, Inc., Durham, NC). Flash frozen tissue samples from 

seven mice were provided for each group. Samples were extracted and prepared for analysis using 

Metabolon’s standard solvent extraction method. The extracted samples were split into equal parts for 

analysis on the GC/MS and LC/MS/MS platforms. Technical replicate samples were created from 

sample homogenates. The mView product specification includes all detectable compounds of known 

identity (named biochemicals). The present dataset from Metabolon comprises a total of 334 named 
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biochemicals. Initial statistical analysis was carried out by Metabolon. Briefly, following log 

transformation and imputation with minimum observed values for each compound, Welch’s two-

sample t-test was used to identify biochemicals that differed significantly between control liver tissue 

and tumor tissue. 

 

For U-13C-glutamine flux analyses, the labeled metabolite (Cambridge Isotope Labs) was administered 

as described previously (Yuneva et al., 2012) to MYC tumor-bearing mice established through 

hydrodynamic transfection (Supplemental Figure 2A) (Tward et al., 2005). Fifteen minutes after the 

final dose, the mice were sacrificed and liver tumor and adjacent non-tumor tissues were collected, 

flash frozen and analyzed using a slight modification of previously described procedures (Benjamin et 

al., 2014). Briefly, 100mg of frozen tissue were extracted in 300 ml of 40:40:20 

acetonitrile:methanol:water with 1 nM final concentration of d3-N
15 serine (Cambridge Isotope Labs). 

Manual disruption of tissue was performed via TissueLyser using a 5 mm stainless steel bead for 30 s 

(Qiagen). Metabolite-containing supernatant was separated from insoluble tissue debris by refrigerated 

centrifugation at 15,000 rpm for 10min. An aliquot of the supernatant was then injected into an 

Agilent 6460 QQQ LC-MS/MS for targeted single-reaction monitoring (SRM)-based quantitation of 

metabolites.  For separation of polar metabolites a Luna 5mm NH2 column (Phenomenex, 50mm x 

4.6mm) was used for normal-phase chromatography. The mobile phase was as follows: Buffer A, 

acetonitrile; Buffer B, 95:5 water/acetonitrile with either 0.1% formic acid or 0.2% ammonium 

hydroxide plus 50 mM ammonium acetate for positive and negative ionization mode, respectively. The 

flow rate for each run started at 0.2 mL/min for 5min, followed by a gradient starting at 0% B and 

increasing linearly to 100% B over the course of 45 min with a flow rate of 0.7 mL/min, followed by 

an isocratic gradient of 100% B for 17 min at 0.7 mL/min before equilibrating for 8 min at 0% B with 
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a flow rate of 0.7 mL/min. MS analysis was performed with an electrospray ionization (ESI) source on 

an Agilent 6430 QQQ LC−MS/MS. The capillary voltage was set to 3.0 kV, and the fragmentor 

voltage was set to 100 V. The drying gas temperature was 350 °C, the drying gas flow rate was 10 

L/min, and the nebulizer pressure was 35 psi. Representative metabolites were quantified by 

integrating the area under the curve for the SRM of the transition from precursor to product ions at 

associated collision energies and normalized to internal standards and external standard curves. 

Expected expressions of MYC and GCLC were confirmed in samples taken from the same tumors 

(Supplemental Figure 2B). 

 

Microarray and metabolomics statistical analyses 

Method for processing raw data into normalized expression values: Differential gene expression and 

metabolite abundance between LT2-MYC tumors and LT2 control tissue was performed using the 

Limma R package (Smyth, 2005). Genes or metabolites that were significantly different between these 

groups at a false discovery rate of 0.05 were extracted for downstream analyses. Pathway enrichment 

within this set of genes or metabolites was quantified using the Fisher’s Exact Test based on 

annotations from the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Tanabe and Kanehisa, 

2012). Significantly enriched pathways were identified at a p-value cutoff of 0.05. 

 

Human orthologs of dys-regulated glutathione pathway genes in mice were identified using homology 

group definitions compiled and published by the Mouse Genome Database Group (Blake et al., 2014). 
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Heatmaps and clustering analyses were performed using the gplots and cluster R packages respectively. 

Raw metabolite abundance values were obtained for the tumor samples from Huang et al (Huang et 

al., 2013). Missing values were imputed with the minimum abundance across all samples for the 

respective metabolites. The resulting metabolite levels were then normalized to those from matched 

distal non-tumor samples from the same patients, and log-transformed. The tumor samples were 

dichotomized based on AFP expression using a cut-point at the 50th percentile mark and statistical 

significance of the differences in metabolite abundance between the groups was determined using a 

Mann-Whitney U test. 

 

Glutathione assay 

The GSH-Glo Glutathione Assay kit (Promega) was used as per the manufacturer’s instructions. 

Briefly, flash frozen tissue samples were homogenized in ice-cold PBS containing 2mM EDTA (1mL 

PBS/EDTA per 10mg tissue) using a Dounce homogenizer. The extracts were centrifuged at 4C 

(10,000 RPM, 10mins) and the supernatant was collected and used immediately for the assay at a 

dilution of 1:10 in PBS/EDTA. Luminescence was read on a Tecan Safire II plate reader.    

 

Protein preparation and Western blot analysis 

Cultured cells or flash-frozen tissues were homogenized in ice-cold radioimmunoprecipitation assay 

(RIPA) buffer (50 mM Tris, 150 mM NaCl, 0.5% sodium-deoxycholate, 1% NP-40, 0.1% SDS, 2 mM 

EDTA [pH 7.5]) containing COMPLETE protease inhibitor cocktail (Roche) and phosphatase 

inhibitors (Santa Cruz Biotechnology). Protein concentrations were determined by performing DC 
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Protein Assay (Bio-Rad) using BSA as standard. Samples were run in 4-12% Bis-Tris SDS-PAGE gels 

(Invitrogen) in a Bolt apparatus with 1x MOPS buffer (Invitrogen). Blotting was performed on an 

iBlot apparatus (Invitrogen). Antibodies were purchased and used as indicated by the manufacturer 

(MYC, Abcam; GCLC, Santa Cruz; GLUD1, Abcam; GPT1, Santa Cruz; GOT2, Proteintech; GOT1, 

Sigma; GPT2, Sigma; AFP, Thermo Scientific; GSR, Thermo Scientific; PKM2, Cell Signaling; G6PD, 

GeneTex; PGD, Sigma) 

 

Murine liver tumor cell lines 

The LT2M cell line was isolated and established from an LT2-MYC mouse liver tumor by Dr. Andrei 

Goga. After establishing this line, it was grown and expanded further in RPMI 1640 media 

supplemented with 10% fetal bovine serum. To make the immortalized LT2MR cell line used in the 

luciferase experiments, LT2M cells were engineered to stably express RAS by retroviral infection with 

pMSCV-HRAS V12 virus. The EC4 conditional line was a gift of D. Felsher. Similar lines were 

described previously (Cao et al., 2011). EC4 cells were grown in high glucose DMEM supplemented 

with 10% fetal bovine serum and 1X each of glutamine, non-essential amino acids, and sodium 

pyruvate. 

 

Real-time Quantitative PCR 

Total RNA from liver samples or cultured cells was extracted using mirVanaTM mirna isolation kit 

(Ambion) and DNAse treated with Turbo DNA-free Dnase Treatment kit (Ambion) as per 

manufacturer’s protocol. cDNA was synthesized from one microgram of DNAse-treated total RNA 
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using iScriptTM cDNA synthesis Kit (Bio-rad). Real-time PCR was performed using TaqMan probes 

(Applied Biosystems) for Gclc (Mm00802655_m1) and mir-18a (Mm04238185_s1); Gapdh 

(Mm99999915_g1) and snoRNA202 (Cat #4427975) genes served as endogenous controls, 

respectively. Samples were run in triplicate on a Real-Time Thermal Cycler (Bio-Rad Laboratories), 

and variation was calculated using the ΔΔCT method with respective endogenous controls. 

Significance of differences in gene expression was determined by performing a students ttest on the 

replicate 2^(- Delta Ct) values for each gene in control and experimental groups and p values less than 

0.05 were considered significant.  

 

For Adk, Grb2, Mapk8, Nudt1, and Prdx1, we used a 384-well real time PCR-based array (RT2 Profiler 

PCR Array Mouse Molecular Toxicology PathwayFinder 384HT (SAB, PAMM-3401Z)), according to 

manufacturer’s directions. cDNA was prepared from 400ng of total RNA using RT2 First Strand Kit 

(SAB) and arrays were run a Roche LightCycler 480II. RT2 Profiler PCR Array data was analyzed in R 

(version 3.1.0) (R Core Team, 2014) using the HTqPCR package (Dvinge and Bertone, 2009). Raw Ct 

values of 0 or those greater than 40 were first adjusted to 40, based on SABioscience’s 

recommendations. Subsequent normalization was performed using the delta-Ct method. Specifically, 

the arithmetic mean of the Ct values of the house-keeping genes within each sample were subtracted 

from all raw values within the corresponding sample. Differential expression analyses between the 

Diquat- and saline- treated tumor and adjacent non-tumor samples were performed using the Limma 

(Smyth, 2005) wrapper within the package. p-values were adjusted for multiple testing using the 

Benjamini-Hochberg method for false discovery rate (Benjamini and Hochberg, 1995). Log fold 

change, or the negative ddCt (delta-delta- Ct), of the genes of interest for the respective comparisons 

were illustrated using the ggplot2 package (Wickham, 2009). 
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Luciferase assays 

A 467 bp fragment of the GCLC 3’UTR containing the putative miR-18a binding site was PCR 

amplified from genomic DNA of LT2MR cells. The following primers were used to amplify the 

GCLC 3’ UTR fragment: GCLC3’UTR-Short_For: caccGGCATTCCAGAGTTTCAAATGT and 

GCLC3’UTR-Short_Rev: CAGCCTGTCAATCTGCTCCT. To make the mutated binding site 

construct, four bases of the putative miR-18a binding site on GCLC 3’ UTR were mutated using site-

directed mutagenesis, as per manufacturer’s instructions (QuikChange Lightning Site-Directed 

Mutagenesis Kit, Agilent). The following primers were designed: Forward: 

TGCCCTCCGTGGGTGAGGTAGCAGACCTGTGATATTTC. Reverse: 

GAAATATCACAGGTCTGCTACCTCACCCACGGAGGGCA. (The miR-18a seed sequence is 

underlined and the mutated bases are in a bold font). The PCR products (GCLC 3’UTR WT and 

mutant) were then cloned by Topo cloning into pMSCV-Luciferase reporter vectors. 

 

LT2MR cells were plated in each well of a 12-well plate (75,000 cells/well). Co-transfection of the 

pMSCV-Luciferase reporter vector containing the GCLC 3’ UTR (WT or mutant) (1ug/well), a 

Renilla-Luciferase (Renilla-Luc) reporter construct (100ng/well) and either mir-18a mimic (50nM) or 

control mimic (50nM) was carried out. Dharmafect Duo (Dharmacon) was used as a transfection 

reagent. The Dual luciferase reporter assay system (Promega) was used as per product instructions. 

250ul of Passive Lysis buffer (Promega) was added to each well of the 12-well plate, 48h post 

transfection. The plate was covered with aluminium foil and placed in -20 C overnight. Luciferase 

assays were performed on a luminometer. Firefly luciferase activity was normalized to Renilla relative 

luminescence units (RLUs) for each sample.  
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Locked-nucleic acid (LNA) experiments 

LT2M cells were plated in each well of a 6-well dish, 75,000 cells/well. Cells were transfected with 

50nM of either control or 18a LNA (Exiqon) using RNAiMax transfection reagent (Invitrogen) as per 

manufacturer’s instruction. Cells were trypsinized and pelleted 48hrs post-transfection. Pellets were 

lysed and protein extracts made for subsequent Western Blot analysis.  

 

Analysis of tissue isoprostanes 

Tissue lipid peroxidation was measured by assessing F2-isoprostanes as described previously (Han et 

al., 2008). Briefly, flash-frozen mouse liver samples (~150 mg) were homogenized, and whole lipid was 

extracted with chloroform-heptane. The levels of F2-isoprostanes from liver (esterified) were 

determined with gas chromatography-mass spectrometry (GC-MS). F2-isoprostane measurement and 

analysis was performed by Wenbo Qi in the laboratory of Holly Van Remmen at the University of 

Texas Health Science Center at San Antonio as a core service. 

 

Histological analyses of murine liver tumor samples 

Mouse livers were fixed in 4% paraformaldehyde in PBS at 4°C for 24 hours, then switched to 70% 

ethanol.  Paraffin-embedded blocks and hematoxylin-and-eosin-stained slides were prepared at the 

Gladstone Histology and Light Microscopy Core Facility. TUNEL assay was performed using the 

ApopTag Peroxidase In Situ Apoptosis Detection Kit (EMD Millipore/Calbiochem) following the 

manufacturer's protocol.  Immunohistochemistry for Ki-67 was performed using pre-diluted Ki-67 
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antibody (Thermo Scientific; Catalog Number RM-9106-R7) following xylene deparaffinization, 

rehydration, heat-induced epitope retrieval with 10mM sodium citrate buffer (0.05% Tween, pH 6.0), 

quenching of endogenous peroxidase activity by hydrogen peroxide incubation, and blocking in 5% 

normal goat serum in PBS.  Goat anti-rabbit IgG-Biotin secondary antibody was used (Santa Cruz; 

Catalog Number sc-2040).  Samples were detected with VECTASTAIN Elite ABC Reagent (Vector 

Labs) and Vector DAB substrate kit (Vector Labs) and counterstained with hematoxylin.  To quantify 

tissue fat abundance and cell proliferation, slides were blinded and a pathologist (K.J.E.) assessed the 

approximate total tissue area containing fat droplets or counted the number of Ki-67-positive cells in 

10-30 high-power fields for each mouse, respectively. To quantify cell death, slides were blinded and 

B.N.A. counted the number of TUNEL-positive cells in 10 high-power fields for each mouse, 

respectively. 
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