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Abstract 

 
Cancer metabolism involves the mechanisms by which transformed cells utilize 

nutrients to sustain oncogenic programs. Cell-intrinsic rewiring of metabolism inherent 

to the tissue of origin is directed by activation of oncogenic drivers and loss of tumor 

suppressors. Cell-extrinsic metabolic crosstalk is determined by tissue architecture and 

resident cellular populations as well as nutrient availability. Together, this dysregulated 

metabolism promotes the overall growth and survival of cancer cells. Furthermore, 

distinct metabolic requirements of cancer cells present potential therapeutic 

opportunities. 

My thesis work has focused on cancer metabolism in the context of pancreatic 

cancer, a deadly disease for which effective alternative treatment strategies are 

desperately needed. As background, Chapter 1 presents a comprehensive and 

nuanced review on the current knowledge of pancreatic cancer metabolism, compared 

and contrasted with lung and colon cancer. This introductory chapter covers 1) how 

activation of oncogenic driver genes and/or loss of tumor-suppressor genes influence 

metabolic pathways in pancreatic cancer, 2) distinct metabolic programs inherent to the 

cells/tissue of origin, 3) unique metabolic crosstalk determined by tissue architecture, 

and 4) potential therapeutic inroads targeting tumor metabolism. 

Chapter 2 describes the identification of a novel nutrient scavenging pathway in 

pancreatic cancer cells. Critical glycosylation products needed for post-translation 

protein modifications are synthesized de novo using the hexosamine biosynthesis 
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pathway (HBP). However, pancreatic cancer cells are able to compensate for inhibition 

of this pathway by scavenging downstream products from the extracellular environment. 

Dual inhibition of both the HBP and scavenging mechanisms blocked this metabolic 

rewiring.  

The remaining chapters of this dissertation center on mitochondrial glutamate-

oxaloacetate transaminase 2 (GOT2), beginning with a review of the current literature 

related to GOT2 in cancer (Chapter 3). Chapter 4 demonstrates while GOT2 is required 

for in vitro pancreatic cancer cell proliferation, loss of GOT2 has no effect on the growth 

of pancreatic tumor growth and progression in vivo. GOT2 loss leads to intracellular 

reductive stress which can be ameliorated through uptake of environmental pyruvate in 

tumors. The generation of novel, physiologically relevant genetically engineered mouse 

models of GOT2 loss in murine pancreatic tumorigenesis and tumor growth is presented 

in Chapter 5, further supporting the finding that GOT2 is dispensable for in vivo 

pancreatic tumor growth. 

Chapter 6 delves into the metabolic reprogramming of pro-tumorigenic immune 

cells in the pancreatic tumor microenvironment using genetic models of Got1 or Got2 

deletion in myeloid cells. Specifically, tumor-associated macrophages have been 

implicated in chemoresistance, immunosuppression, and pro-growth signaling in 

pancreatic cancer. Since Got1/Got2-related metabolism underlies several of these 

mechanisms, this chapter contains preliminary data using both ex vivo and in vivo 

models to determine if targeting Got1/Got2 metabolism in myeloid cells is a viable 

strategy to reprogram macrophages from pro- to anti-tumorigenic states in pancreatic 

tumors. 



 xi 

The metabolic pathways necessary during development are often inappropriately 

re-activated in cancer. Therefore, understanding metabolic developmental defects can 

shed light on cancer metabolism. Indeed, global, constitutive deletion of Got2 is 

embryonic lethal in mice and inducible deletion in adult mice results in body weight loss 

and a failure to thrive. Chapter 7 characterizes the phenotypes involving Got2 loss in 

both embryonic and adult mice and proposes future interventions to resolve this 

metabolic defect, drawing from knowledge gleaned studying the role of GOT2 in 

pancreatic cancer. Finally, Chapter 8 concludes this dissertation by discussing future 

directions and highlighting key concepts in cancer metabolism. 
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Chapter 1 – Introduction to Pancreatic Cancer Metabolism* 

1.1 Overview 

Pancreatic ductal adenocarcinoma (PDA), the most common form of pancreatic 

cancer, is a deadly disease with few effective therapies. Patients typically present with 

late-stage, inoperable, metastatic disease refractory to radiation, chemotherapy, or 

immunotherapy. Mutant KRAS (KRAS*) is the oncogenic driver in >95% of PDA and, 

thus far, has not been successfully targeted in this context. Furthermore, PDA tumors 

develop a desmoplastic tumor microenvironment (TME) composed of prominent stromal 

and immune compartments shown to promote treatment resistance and suppress anti-

tumor immunity. The dense, inflamed pancreatic TME also collapses and/or prevents 

vascularization. As such, the various cell types in the tumor experience extreme 

gradients of oxygen, pH, waste, and nutrients. This forces both malignant and 

supporting cell types to rely on alternative metabolic pathways to sustain pro-

tumorigenic functions. As an alternative approach to targeting PDA, these distinct 

metabolic networks in PDA present potential therapeutic avenues. In this chapter, I 

comprehensively review PDA metabolism to provide a framework for the work described 

in subsequent chapters of this dissertation. For reference, I also compare and contrast 

PDA with two other KRAS*-driven cancers, non-small cell lung cancer (NSCLC) and 

 
* This chapter consists of a published review article: Kerk SA, Papagiannakopoulos T, Shah YM, 
Lyssiotis CA. Metabolic networks in mutant KRAS-driven tumours: tissue specificities and the 
microenvironment. Nat Rev Cancer. 2021 Aug;21(8):510-525. doi: 10.1038/s41568-021-00375-9. Epub 
2021 Jul 9. PMID: 34244683. 
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colorectal carcinoma (CRC), to illustrate shared and distinct metabolic features between 

different malignancies. 

1.2 Oncogenic KRAS rewiring of cancer metabolism 

The RAS family of proteins is ubiquitously expressed in mammals and consists of 

KRAS, NRAS, and HRAS isoforms(1). RAS proteins drive signaling through growth and 

survival pathways, such as the phosphatidylinositol-3-kinase (PI3K) and mitogen 

activated protein kinase (MAPK) cascades(2). Point mutations in genes encoding RAS 

proteins are common across numerous cancer types(3, 4). Among these, KRAS is most 

frequently mutated in colorectal carcinoma (CRC, 40%), non-small cell lung cancer 

(NSCLC, 35%), and pancreatic ductal adenocarcinoma (PDA, >95%)(5), and its 

associated oncogenic activity is implicated in all the hallmarks of cancer(6, 7). KRAS 

mutations render the protein constitutively active, thereby driving signaling through pro-

growth and anti-apoptotic pathways in the absence of stimulation. Thus, in principle, 

KRAS has considerable potential as an oncology drug target. Indeed, substantial 

progress has been made in recent years developing potent, KRASG12C isoform-specific 

inhibitors(2, 6, 8, 9). Tempering this optimism, a significant percentage of oncogenic 

mutant KRAS (KRAS*) tumors are not driven by G12C mutations, and the complexity of 

RAS signaling still presents a significant therapeutic obstacle.  

Despite KRAS mutations being common among colon, lung, and pancreas 

tumors, nuanced aspects of KRAS signaling and tissue physiology differentially 

influence how KRAS* impacts cancer biology. Expression levels of KRAS*, as well as 

the specific mutations to KRAS, influence its activity and also differ between the tissues 

of origin(10-12). For example, NSCLC more frequently harbors the tobacco smoking-
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associated KRASG12C mutation, while the KRASG12D mutation is predominant in PDA(5). 

In contrast to PDA and NSCLC where KRAS* is the disease initiating event, KRAS 

mutations are secondary hits in CRC progression(13-15). The expression levels and 

activity of KRAS* can also vary based on mutation type(10). 

Adding further complexity, tissue-specific, co-occurring mutations cooperate with 

KRAS* to dictate downstream effector signaling(16). And, the unique physiological 

function, architecture, and cellular composition of the tissue of origin impact crosstalk 

between KRAS*-driven cancer cells and surrounding parenchymal, stromal, and 

immune cell types(17-19). Thus, despite sharing the expression of KRAS* protein, CRC, 

NSCLC, and PDA develop distinct phenotypes with unique TMEs that regulate tumor 

properties and response to therapy. 

In the past decade, a wealth of studies has delineated how KRAS* signaling can 

reprogram cancer cell metabolism to support tumor growth. In addition, tumors arising in 

different tissues have unique metabolic programs and associated dependencies. 

Because KRAS* promotes a number of targetable common and/or tissue-specific 

pathways across cancer types, an alternative approach to directly targeting KRAS* is to 

block KRAS* metabolic effector pathways (ref(2, 20)). Furthermore, the exposure of 

tissue-specific supporting cell types to the dysregulated metabolism of KRAS*-driven 

cancer cells can affect their own metabolism and function. In this chapter, I therefore 

examine how KRAS* orchestrates the metabolism of CRC, NSCLC, and PDA. I will 

discuss the intrinsic metabolism of KRAS*-driven cancer cells and metabolic 

interactions in the broader TME. Finally, I will describe novel metabolic vulnerabilities 

garnered from these studies and the associated therapeutic inroads. 
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1.3 Cancer cell-intrinsic metabolism 

1.3.1 Common metabolic pathways between cancers 

KRAS* drives bioenergetic, biosynthetic, and redox programs, many of which in a 

manner independent of tumor type(21, 22). These programs build biomass and support 

an overall energetic state within the cancer cell favorable to deregulated proliferation 

(Fig.1-1). 

Central carbon metabolism 

KRAS* signaling confers a competitive advantage to cancer cells through 

increased glucose uptake and elevated flux through glycolysis, concurrently fueling 

numerous branching biosynthetic pathways(23-29). Cells harboring KRAS* highly 

express glucose transporters (GLUTs) leading to efficient glucose uptake (Fig.1-1)(30, 

31). The flux of glucose through glycolysis is elevated due to KRAS*-regulated 

expression and/or activity of key glycolytic enzymes(ref(32, 33)). Several glycolytic 

intermediates are shunted into biosynthetic pathways essential for nucleotide 

production, amino acid synthesis, or glycosylation reactions(23, 34), the activity of which 

is coordinated by KRAS* signaling (Fig.1-1)(35-38). To prevent an unfavorable cellular 

oxidative state and glycolytic stalling, KRAS* also promotes the rapid reduction of 

glycolysis-derived pyruvate to lactate(23, 39, 40) (Fig.1-1). Lactate transporters are 

expressed in a KRAS*-dependent manner and efficiently export lactate from the cell 

(Fig.1-1)(40-42). As a whole, this glycolytic phenotype driven by KRAS* supports 

malignant progression and correlates with poorer prognoses in patients with KRAS*-

driven cancers(40, 43). 
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Mitochondria  

Mitochondria are hubs for biosynthesis(44-46), regulate signaling and gene 

expression, and are implicated in tumor initiation and progression(47-49). KRAS* 

modulates the total mitochondrial content and function through induction of mitophagy, 

and disrupted mitophagy delays tumor progression(50). Mitochondrial metabolism and 

flux of electrons through the electron transport chain (ETC) generate reactive oxygen 

species (ROS)(51). Mitochondrial ROS are required for KRAS*-driven tumor growth in 

mouse models(52). However, damaged mitochondria are inefficient and aberrant or 

excessive mitochondrial metabolism can lead to toxic ROS levels. As noted, KRAS* 

signaling leads to removal of defective mitochondria through mitophagy and prevents 

excessive ROS(50). Additionally, KRAS* signaling is vital for fine-tuning mitochondrial 

dynamics, maintaining an optimal balance of mitochondrial fission or mitochondrial 

fusion (Fig.1)(53-55). 

Amino acids and protein synthesis 

  In addition to their classical role in protein biosynthesis, amino acids can also be 

a valuable fuel. For example, glutamine is a vital source of carbon and nitrogen for 

tumors(56). KRAS* also promotes alternative glutamine catabolism, leading to the 

reduced levels of nicotinamide adenine dinucleotide phosphate (NADPH) (Fig.1-1)(26, 

57) Cultured colon, lung, and pancreatic cancer cells expressing KRAS* have been 

shown to be ‘addicted’ to glutaminolysis (57-59) (Fig.1) for growth and survival. While 

glutamine is the most abundant amino acid in serum(56), in vitro studies are often 

conducted in media with supraphysiological concentrations of glutamine and lacking 

stromal or immune compartments. These factors have contributed to an important 
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debate on the degree of this dependency on glutaminolysis in vivo (which substantially 

differs from that determined in vitro), as well as its tissue specificity(56, 58, 60, 61). 

Nevertheless, the expression of mitochondrial glutamate transporters was elevated in 

KRAS* tumor tissue compared to matched non-transformed tissue, and blockade of 

mitochondrial glutamate transport in cells with KRAS* decreased the abundances of 

tricarboxylic acid (TCA) cycle intermediates, disrupted redox homeostasis, and impaired 

proliferation both in vitro and in tumor xenografts(62).  

Glutamine anaplerosis is also important for the production of amino acids like 

aspartate and asparagine from TCA cycle intermediates, which are critical for nucleotide 

and protein synthesis (Fig.1)(63-65) (unpublished data in ref64). Aside from glutamine 

catabolism, recent work in cell lines and mouse models demonstrated that glutamine 

synthesis is crucial to PDA, as glutamine serves as a vital source of nitrogen needed to 

produce nucleotides and other amino acids(66). Clearly, the role of glutamine 

metabolism in KRAS* tumors is complex and requires further study. 

Nutrient scavenging 

  Rapid tumor growth and lack of proper vasculature leads to oxygen and nutrient 

deprivation in tumors. Therefore, cancer cells often rely on scavenging and recycling 

pathways to fuel biosynthesis and combat cellular stressors(67). RAS pathway 

activation induces macropinocytosis(68, 69), which provides an array of fuel sources 

that can be degraded in the lysosome, endowing cancer cells the building blocks to 

support biomass generation in nutrient-deprived conditions (Fig.1-1)(70). Recent 

studies have illustrated that the regulation of macropinocytosis by KRAS requires a 

complex interplay with other signaling cascades(67, 70-75).  
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Autophagy is tightly regulated in cancer cells expressing KRAS* and is a crucial 

scavenging pathway under acute nutrient deprivation, by which intracellular nutrients 

can be diverted to meet metabolic demands required for survival (Fig.1-1)(76-83). As 

such, during culture in buffered saline lacking essential nutrients, limited mitochondrial 

substrate availability can lead to dangerous levels of ROS and depleted nucleotide 

pools. In this setting, autophagic flux provided KRAS*-driven cancer cells with glutamine 

and glutamate to fuel the TCA cycle and support nucleotide production(84). 

Interestingly, blockade of downstream KRAS* signaling through ERK or RAF promoted 

autophagic activity, suggesting a potential mechanism by which cancer cells might 

sustain metabolism even when KRAS* signaling is targeted directly(85, 86). In a 

broader context, autophagy within the host has also been shown to maintain circulating 

glucose and arginine levels, and ablation of the autophagic machinery systemically led 

to regression of KRAS* tumors in mice, though tumors with other oncogenic drivers 

were similarly affected(87, 88).  

Lipid metabolism 

  Proliferating cells require fatty acid synthesis (FAS) to generate lipids for 

processes like membrane synthesis. Lipids derived from intracellular stores or through 

extracellular uptake can also be utilized as a fuel source through fatty acid oxidation 

(FAO) to generate ATP(89). FAS requires reducing potential, while FAO generates 

reducing potential. Therefore, the redox state of a cancer cell can determine whether 

FAS or FAO is predominant (Fig.1-1). In studies with human and murine models of 

NSCLC, tumors showed increased expression of FAS-related enzymes and were 

sensitive to FAS inhibition compared with either the normal lung or non-KRAS* lung 
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adenocarcinoma(90-93). Conversely, in another study KRAS* promoted fatty acid 

uptake and FAO in mouse models of NSCLC, and deletion of a key FAO enzyme 

impaired tumor growth(94). Additionally, in PDA KRAS* induces scavenging of 

environmental lipids or utilization of previously stored lipid droplets, both in cell culture 

and in mouse KRAS*-expressing allografts, under conditions that are unfavorable for 

FAS such as hypoxia or during invasion(95-97). These findings highlight that lipid 

metabolism is not regulated by mutant KRAS* alone, but also by other contextual 

factors, such as the energetic state of the cell, tissue of origin, or experimental model. 

1.3.2 Dependence on co-occurring mutations 

Co-occurring mutations in oncogenic drivers or tumor suppressors cooperate 

with KRAS* to shape the phenotype of a cancer cell, and these depend on the tissue of 

origin (Fig.1-2).  

Tissue-specific metabolism: oncogenic KRAS and the cell of origin 

The physiological properties and functions of an organ influence tissue 

metabolism. These include oxygen tension, microbiome presence/composition, 

vascularity, and immune surveillance. The cell within a tissue that experiences the initial 

oncogenic hit and drives tumorigenesis is known as the ‘cell-of-origin’(98). The intrinsic 

metabolic programs in the cell-of-origin, or those available through dedifferentiation 

events, can be hijacked by oncogenic mutant KRAS (KRAS*) to support transformation. 

Collectively, the metabolic parameters in the tissues and cell of origin interact with 

KRAS* to impose distinct features, some of which enact unique metabolic 

vulnerabilities. 
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Lgr5+ intestinal stem cells residing in the crypt are a major cell of origin in colon cancer. 

In these cells, loss of tumor suppressor APC and overactive β-catenin/Wnt pathway 

activity drive adenoma formation(99). These cells rely on FAO for self-renewal and 

regeneration, which is similarly utilized by transformed stem cells following loss of APC 

to enhance tumorigenicity(100, 101). Since KRAS mutations follow loss of APC, an 

existing question remains as to how KRAS* changes fatty acid metabolism to support 

the progression of adenomas to carcinomas(14).  

Bronchiolar, alveolar type II, and bronchoalveolar stem cells have been 

postulated as the cell of origin in lung cancer(102-105). Susceptibility to transformation 

is complex and influenced by cell type, physical location, co-occurring mutations, and 

immune signaling(106-108). A common requirement for transformation is the ability to 

adapt to oxidative stress, as KRAS* induces high levels of ROS and the lung is a 

naturally oxidative environment. Indeed, loss of function mutations to KEAP1 and gain 

of function NRF2 mutations lead to overactive NRF2 signaling in lung cancer, relative to 

other tumor types. In the KRAS* lung, these additional mutations confer a survival 

advantage for transformed cells to buffer ROS due to an oxygenated environment.  

In the normal pancreas, acinar cells avidly consume amino acids to synthesize 

digestive enzymes, whereas ductal cells are primarily responsible for transport of 

peptides and hormones. Acinar cells in the pancreas transdifferentiate into ductal cells 

in response to injury or KRAS mutation and are the presumed cell of origin in PDA, 

though ongoing investigations have also implicated ductal cells(109-113). In the 

transformed state, KRAS* PDA cells possess metabolic programs inherent to both 
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acinar and ductal cells. This could explain why acinar-derived tumors demonstrate a 

ductal-like program of decreased BCAA uptake and metabolism(114). 

APC and KRAS* in colorectal cancer metabolism 

Loss of function (LOF) mutations in the gene encoding the tumor suppressor 

adenomatous polyposis coli (APC) initially drive tumorigenesis in ~80% of CRC(14). 

APC is a negative regulator of the transcription factor β-catenin, and APC loss in colon 

epithelial cells results in the activation and nuclear translocation of the transcription 

factor β-catenin, which then promotes aberrant WNT signaling and early adenoma 

formation. Subsequent oncogenic activation of KRAS* occurs in 40% of colon 

adenomas and enables maximal activation of β-catenin and WNT signaling and 

progression to carcinoma(115). One metabolic mechanism that supports this finding is 

KRAS* induced production of succinate from glutamine in colorectal cancer cells in 

vitro, which in turn inhibits demethylases, resulting in hypermethylation and increased 

expression of WNT pathway components, along with elevated β-catenin activity (Fig.1-

2A)(116).  

MYC is a target of β-catenin and cooperates with KRAS* during malignant 

transformation in CRC(117). Indeed, MYC is required for activation of the majority of 

WNT target genes following loss of APC(118). An in-depth metabolomics analysis of 

CRC cells demonstrated that MYC mediated metabolic reprogramming in early 

adenoma formation in tumours from patients(119). Furthermore, APC loss induced the 

expression of metabolic target genes of MYC(120). These data show that loss of APC 

requires MYC for induction of oncogenic programs, yet how KRAS* and MYC cooperate 

in CRC following loss of APC warrants deeper investigation. As an aside, MYC activity 
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has also been shown to be essential in KRAS*-driven NSCLC and there is considerable 

overlap in the metabolic programs induced by KRAS* and MYC, emphasizing the 

complex interplay between these two oncogenic drivers(121, 122). 

Fatty acid metabolism in APC-null progenitor cells also plays a role in 

tumorigenesis. A high fat diet (HFD) induces FAO in intestinal stem and progenitor cells 

in mice, and FAO increases stem cell function and renewal in mice and in ex vivo 

organoid cultures(101, 123). These more numerous progenitor cells are susceptible to 

oncogenic transformation and subsequent loss of APC combined with elevated FAO 

resulted in increased tumor formation and progression(101). However, cooperation 

between loss of APC and KRAS* in fatty acid metabolism and stem cell fate remains to 

be elucidated.  

Colorectal tumors at the primary site display heterogeneity in KRAS status, as 

not all transformed cells harbor KRAS mutations. Therefore, it is reasonable to assume 

that remarkable metabolic heterogeneity exists within a colorectal tumor. Because 

KRAS* is sufficient to drive invasive and metastatic disease progression(124), it is 

tempting to speculate that targeting KRAS*-driven metabolism could preferentially block 

invasion and regress metastatic tumors. In mouse models, aggressive tumors arise 

from cells harboring KRAS* and LOF APC mutations, compared to cells with single 

mutations of either gene, suggesting a highly complex genotype-dependent 

interaction(125-127). An area that has not been well-studied in CRC is cooperative 

network regulation by LOF APC mutations and KRAS* that promote metabolic pathways 

critical for tumor progression. Additional work into intratumoral metabolic differences 
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based on the driving oncogenic events could uncover differential dependence on 

metabolic pathways for primary tumor maintenance or metastasis of CRC. 

LKB1 and KEAP1 loss synergize with KRAS* in lung tumor metabolism 

 Serine/threonine kinase 11 (STK11) encodes the tumor suppressor liver kinase 

B1 (LKB1) and is lost in approximately 20% of NSCLCs(15, 16). LKB1 enacts its tumor 

suppressive program primarily through phosphorylation and activation of 5’ adenosine-

monophosphate activated protein kinase (AMPK) and related AMPK family 

members(128-131). In this manner, the LKB1-AMPK axis senses energetic stress and 

acts as a metabolic brake under unfavorable nutrient conditions(129, 132, 133). In line 

with this, loss of LKB1 in human NSCLC cell lines induced an aberrant metabolic 

program supportive of malignant progression, with increased consumption and 

metabolism of glucose and glutamine (Fig.1-2B)(134). Dysregulated AMPK activity is also 

required for tumor growth in vivo as loss of AMPK in a KRAS*, LKB1-deficient 

autochthonous mouse model of NSCLC reduced tumor burden(135).  

During energetic stress, AMPK promotes FAO(128), a pathway also utilized by 

normal lung epithelial cells during starvation(136). Suggesting a role for AMPK activity, 

KRAS*, LKB-deficient lung tumors relied on FAO following acute energy crisis caused 

by deletion of autophagic components, a finding that was not observed in NSCLC with 

p53 mutations(137). AMPK activity following loss of LKB1 also induces scavenging of 

nitrogen from urea cycle ammonia for incorporation into pyrimidines and is required for 

the growth of KRAS*-driven, LKB1-deficient human NSCLC cell lines and xenografts 

(Fig.1-2B)(138). As a side note, some PDA tumors have also been shown to harbor 

LOF mutations in STK11, and pre-clinical studies in mouse models of PDA 



 13 

demonstrated that LKB1 loss cooperates with KRAS* to drive tumor progression(139-

141). Further work remains to determine if the metabolic programs found in KRAS*-

driven, LKB1-deficient NSCLC are relevant for PDA. 

Approximately 20% of patients with KRAS*-driven NSCLC have tumours that 

harbor LOF mutations in the gene encoding Kelch-like ECH associated protein 1 

(KEAP1), the negative regulator of nuclear factor erythroid 2-related factor 2 (NRF2)(15, 

16, 142). KEAP1 loss promotes NSCLC progression(143), and conversely, loss of 

NRF2 blocks tumor growth in autochthonous mouse models of both NSCLC and 

PDA(144). It has been shown that NRF2 induces an antioxidant transcriptional program 

in NSCLC cell lines and in human tumors in part through modulation of activating 

transcription factor 4 (ATF4)(145). Similarly, KRAS* promotes expression of asparagine 

synthase (ASNS) and asparagine production through ATF4(65) (Fig.1-2B), 

demonstrating the cooperation between KRAS* and NRF2 following KEAP1 deletion. In 

the normal lung, production of NAPDH through the PPP is necessary for protection 

against free radicals, detoxification reactions, and lipid synthesis(146, 147). NRF2 

activity due to loss of KEAP1 also enhances PPP flux and production of NADPH and 

GSH in human NSCLC cell lines(148) Remarkably, despite the essentiality of the PPP 

for KRAS*-driven tumors, a recent study demonstrated that loss of a key PPP enzyme 

did not abrogate growth of CRC or NSCLC tumor models, suggesting KRAS* can adapt 

to loss of PPP activity via compensatory metabolic pathways (149). 

Indeed, KEAP1-mutant cells can utilize glutaminolysis as an alternative to the 

PPP to produce glutathione and to replenish intracellular glutamate pools(143, 150). In 

particular, NRF2 can induce transcription of SLC7A11, which encodes for xCT, the rate 
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limiting subunit of the glutamate-cystine exchanger system XC
- While this NRF2-driven 

glutamate-cystine exchange promotes cystine import and GSH production, it also 

depletes intracellular glutamate which is also needed for the TCA cycle. Therefore, 

cancer cells with overactive NRF2 rely on glutaminolysis through glutaminase 1 (GLS1) 

to maintain sufficient glutamate pools to both import cystine and fuel the TCA cycle 

(Fig.1-2B)(151). Conversely, KEAP1-wildtype NSCLC cells were insensitive to GLS1 

inhibition in vivo due to compensatory incorporation of glucose into the TCA cycle, as 

opposed to relying on glutamine for anapleurosis(58). Collectively, these data illustrate 

how co-occurring mutations can drive metabolic heterogeneity in lung tumors and 

highlight the importance of characterizing metabolic dependencies in genetic subtypes 

of lung cancer(152).  

Loss of TP53, INK4A, or SMAD4 cooperates with KRAS* to direct PDA metabolism 

LOF mutations in the gene encoding p53 in the context of KRAS* are observed in 

about 50% of PDA(153, 154). As mentioned previously, KRAS*-driven cells rely on 

nutrient scavenging and recycling pathways.(6, 67, 68, 81). Surprisingly, an initial study 

in KRAS*-driven PDA lacking p53 showed inhibition of autophagy with 

hydroxychloroquine actually increased tumor growth compared with KRAS*-driven 

tumors with p53(155). A follow up study using a mouse model of PDA with Trp53 loss of 

heterozygosity (LOH), one that more closely resembles the tissue and immune 

architecture of human disease, showed that autophagy is critical for PDA metabolism 

independently of p53 status(156). Furthermore, an earlier study established that 

autophagy is required for oxidative phosphorylation, ROS modulation, and tumor growth 
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in PDA, regardless of p53 status(157), therefore overall inducing some debate into the 

role of p53 in the regulation of PDA autophagy.  

p53 has also been shown to play a role in the epigenetic regulation of cell state in 

PDA through modulation of the TCA cycle intermediate α-ketoglutarate (αKG) in 

orthotopic allografts, autochthonous mouse models, and human PDA. Decreased levels 

of αKG resulting from loss of p53 impairs the activity of certain chromatin modifying 

enzymes, ultimately inducing a de-differentiated cell state with enhanced cellular fitness. 

Conversely, re-expression of wild type p53 leads to elevated levels of αKG and 

promotes a differentiated, less aggressive state(158). This represents an important 

mechanism by which p53 suppresses tumor progression in PDA (Fig.1-2C). 

The tumor suppressor P16/INK4A is inactivated in >90% of KRAS* PDA(159). 

Loss of p16 in the context of KRAS* cell lines in vitro resulted in upregulation of levels of 

NADPH oxidase 4 (NOX4) and increased glycolytic flux compared with cells expressing 

p16(160). Thus, NOX4 activity, which sustains glycolysis by oxidizing NADPH, and 

resulting from loss of p16, supports the broader metabolic programs induced by KRAS* 

(Fig.1-2C). 

The genomic locus for the tumor suppressor SMAD4 is deleted in >50% of 

KRAS* PDA(159). This non-specific process often results in the concurrent deletion of 

neighboring chromosomal genes. In the case of SMAD4, the gene encoding 

mitochondrial malic enzyme 2 (ME2) is in close genomic proximity and is co-deleted in 

~25% of cases. ME2 converts malate to pyruvate and is required for NADPH 

production(161). KRAS* PDA cells can compensate for ME2 loss by upregulating ME3 

activity, and this genomic context creates a vulnerability for inhibition of ME3 in ME2-



 16 

null cells (Fig.1-2C)(161). This is an important example in which a co-occurring genetic 

event indirectly influences KRAS* metabolism and provides a novel therapeutic target. 

It is important to note that these highlighted co-occurring mutations are not exclusive to 

the tumor types in which they are discussed here. For instance, TP53 is also commonly 

mutated in colon and lung tumors and the metabolic perturbations induced by mutant 

p53 have been reviewed extensively elsewhere(14, 162, 163). Nor are these the only 

co-occurring mutations. Each tumor is a complex amalgam of unique and sometimes 

rare mutations all working in tandem with KRAS* to drive aberrant metabolism. We have 

aimed to utilize these studies in colon, lung, and pancreas tumors to demonstrate the 

importance of co-occurring mutations in shaping tumor metabolism. Given the genetic 

heterogeneity seen in patients, much work remains to both model this heterogeneity 

and identify metabolic pathways that can be targeted in certain genetic subtypes of 

these diseases.  

1.3.3 Tissue-dependent features 

Even though we can rapidly identify the driving mutations in a patient’s tumor 

using advanced genomics and high throughput sequencing, we must also consider the 

effects of the cell of origin and tissue constraints on the biology of the tumor. While the 

metabolic features discussed below are not exclusive to the indicated tumor type there 

are instances in which KRAS* transformed cells co-opt the metabolic machinery in the 

tissues of origin (Fig.1-3). Here, we discuss how this is influenced by tissue structure 

and how this impacts nutrient and oxygen access 
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Hypoxia, inflammation, iron in the colon 

  The oxygen tension (pO2) in the colonic lumen can be as much as ten times 

lower than that in oxygenated blood or tissue (i.e. ~10 mmHg) (Fig.1-3A)(164). This 

hypoxic lumen supports growth of facultative anaerobic microbiota, and consequently 

symbiotic metabolic interactions with colonocytes(165) which, in certain contexts such 

as dysbiosis or wound healing can drive inflammatory signaling in the colon(166).  

Both hypoxia and chronic inflammation can contribute to the development of CRC. 

Hypoxia-inducible factors (HIFs) modulate the cellular response to low oxygen and 

serve to integrate oxygen sensing, metabolism, and inflammation(166-169). They are 

thus essential for proper functioning of cells in the colon(168, 170-172). Some evidence 

indicates an overlap between KRAS*- and HIF-regulated genes in CRC(173, 174). 

Hypoxia increases expression of KRAS* in CRC cell lines(175), and KRAS* reciprocally 

stabilizes HIF1α via several effector pathways, indicating a potential positive feedback 

loop between HIFs and KRAS* (Fig.1-3A)(176-178), thereby promoting CRC cell 

survival in hypoxia. It also renders CRC cells dependent on HIF activity, since loss of 

HIF1α or HIF2α in CRC xenografts and autochthonous models has been shown to 

impair tumor cell proliferation(179). 

A crucial function of the colon is to absorb nutrients from the diet. Iron is required 

for red blood cell development and systemic delivery of oxygen and is a cofactor in 

numerous metabolic reactions. Iron import is regulated primarily by HIF2α in the 

colon(180, 181). In CRC, HIF2α-mediated iron import through divalent metal transporter 

1 (DMT1) promoted JAK-STAT signaling and tumor growth in vivo (Fig.1-3A)(182, 183). 

Currently the role of KRAS* in iron metabolism is unclear, though heme iron intake is 
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correlated with an increased risk for colon tumors harboring KRAS*(173, 174). Indeed, 

TCGA data revealed that in CRC, KRAS* potentiates the expression of iron importers 

(Fig.1-3A)(182). Therefore, KRAS* may initiate a feedforward cycle via regulation of 

HIF2α to sustain high iron levels for CRC growth. Further work on iron metabolism in 

CRC is warranted, especially given the recent interest in ferroptosis(184-186) and the 

discovery that ferroptosis-inducing compounds are selectively lethal in cells engineered 

to express oncogenic RAS (either RASV12 or HRASG12V)171.  

Oxygen gradients and alternative fuel sources in the lung 

  The lung is essential for oxygen transfer and transport throughout the body(136, 

146, 147). Despite its high oxygen tension and proximity to oxygen-laden blood vessels, 

oxygen gradients still develop throughout the lungs (Fig.1-3B)(164). Interestingly, work 

with tissue slices and perfused lungs decades ago discovered the normal lung is 

glucose avid and releases lactate(146, 147). This finding was confirmed recently using 

isotope tracing and metabolomics analysis(187) in normal lungs of pigs showing that 

glucose-derived lactate was released in large quantities from the lung. Lactate was a 

major source of carbon for the TCA cycle within lung cells (in contrast to other organs 

like the pancreas and colon)(187). It is tempting to speculate that cells further from 

blood vessels convert glucose to lactate, which can be used by cells closer to 

oxygenated blood vessels as an alternative fuel source (Fig.1-3B)(136). The release of 

lactate from one cell population and its use as a carbon source in other cells seems to 

be operating in NSCLC as well. Isotopic tracing experiments with labelled glucose in 

human patients demonstrated that NSCLC tumors are metabolically heterogeneous in 

their glucose utilization(152). More perfused areas of the tumors used alternative fuel 
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sources like lactate, while poorly perfused regions relied on glycolysis and glucose 

incorporation into TCA cycle (Fig.1-3B)(152, 188). 

Branched-chain amino acid metabolism in the pancreas 

  Recent work has shown that PDA can arise from either acinar or ductal cells 

depending on mutational profiles and stromal cues. This has fueled a critical debate 

regarding the putative cell of origin in PDA, though a common theory ascribes the origin 

of PDA to the dedifferentiation program known as acinar-ductal metaplasia (ADM)(112, 

113). In normal physiology, acinar cells of the exocrine pancreas produce copious 

peptides and enzymes to aid digestion, making the pancreas highly amino acid-avid to 

obtain the building blocks for these zymogens (Fig.1-3C)(187, 189). Compared with 

ductal cells, acinar cells display elevated expression of the mitochondrial branch-chain 

amino acid transaminase 2 (BCAT2) protein and rapidly incorporate branched-chain 

amino acids (BCAAs) into protein (Fig.1-3C)(189, 190). Despite low levels of BCAT2 

protein in normal ductal cells, BCAT2 expression increased as KRAS*-transformed cells 

progressed from an acinar to a ductal fate(190). Indeed, overexpression of KRAS in 

normal pancreatic ductal cells stabilized BCAT2 expression, and inhibition of BCAT2 

hindered formation of early pancreatic lesions in a genetic mouse model of 

tumorigenesis driven by KrasG12D (ref(190)). These results suggest a model by which 

normal acinar cells utilize BCAT2 for incorporation of BCAAs into proteins to carry out 

their cellular functions, while KRAS*-harboring ductal cells hijack BCAT2 catabolic 

activity to meet biosynthetic and energetic demands (Fig.1-3C) 

However, unlike in this model of PDA driven solely by KRAS*, tumors with both 

KRAS* and loss of p53 displayed low BCAA catabolism and the growth of 
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subcutaneous allografts in mice was not affected by dual loss of BCAT1 and BCAT2(ref 

178). Furthermore, a recent study found that pancreatic cancer-associated fibroblasts 

(CAFs) in the tumor stroma synthesized and released BCAAs, and that BCAT activity in 

human PDA cells was required for the use of BCAAs for oxidation and protein 

synthesis(191). These seemingly contradictory findings regarding BCAA metabolism 

showcase the complex interplay between KRAS*, co-occurring mutations, and 

environmental context.  

Comparative studies of metabolic pathways 

 In some studies, KRAS*-driven metabolic pathways have been directly 

contrasted between cancer types in different tissues. For instance, while glutamate 

oxaloacetate transaminase 1 (GOT1) is essential in PDA for protection from ROS, and 

GOT1 inhibition sensitized PDA cell lines to radiation in vitro and in murine xenografts, 

CRC cells were not affected by loss of GOT1(192). Interestingly, the aforementioned 

study demonstrating BCAA metabolism is not an essential pathway in PDA concurrently 

showed that NSCLC tumors also driven by KRAS* and LOF p53 had elevated flux 

through the BCATs and relied on BCAAs for tumor growth(114), emphasizing the tissue 

dependence of the metabolic phenotype in cancer cells driven by the same genotype. 

Finally, tissue of origin dictates whether a cancer cell depends on the Preiss-Handler 

(PH) de novo NAD+ synthesis or NAD salvage pathways(193). Tumors arising in the 

pancreas have greater amplifications in PH enzymes compared to those of the lung or 

colon, suggesting PDA depends more on NAD synthesis than salvage, compared to 

NSCLC or CRC(193). These studies collectively demonstrate that contextual cues such 
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as the TME, cell of origin, and model system must be considered in addition to 

oncogenic drivers when studying tumor metabolism.  

1.4 Metabolism in the tumor microenvironment  

KRAS* driven programs in cancer cells can shape the cellular composition and 

thus the vascularity and architecture of the TME. This, in turn, impacts the availability of 

nutrients and oxygen while establishing gradients of pH and metabolic byproducts, 

collectively dictating the metabolic nature of the TME(194). Furthermore, the depletion 

or accumulation of metabolites, resulting from aberrant cancer metabolism has 

ramifications for the function of surrounding immune and stromal cells(194-198). To 

manage the metabolic challenges imposed by the TME, cancer and non-cancer cells 

participate in cooperative metabolic interactions that support tumor growth, as well as 

competitive metabolic interactions that promote tumor survival by limiting nutrient 

availability to, and thus the activity of, the anti-tumor immune system(194, 199, 200) 

(Fig.1-4).  

1.4.1 Hypoxia and inflammation 

Solid tumors are marked by a prolonged, dysregulated inflammatory 

response(201). KRAS* drives inflammatory signaling early in tumor progression and 

cooperates with exogenous factors such as tobacco or pollutants in the lung, the 

microbiome in the colon, and secretory enzymes in the pancreas to generate an 

inflammatory environment that potentiates oncogenic signaling(202-205). Similarly, 

KRAS* drives aberrant proliferation and signalling which contributes to tumor 

hypoxia(194).  
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KRAS* signaling, tumor hypoxia and the activation of HIFs remodel the immune 

microenvironment in the tumor. For example, hypoxia in a poorly perfused, late-stage  

KRAS* driven tumor drives expression of HIF1α which led to B cell exclusion from the 

tumor in a mouse model of PDA(206, 207)(Fig.1-4A). This could be speculated as a 

mechanism by which KRAS* leads to recruitment of immune cells to support tumor 

initiation under conditions of sufficient oxygen and low HIF expression, and exclusion of 

metabolically competitive immune cells via HIF activity late in tumor progression when 

oxygen and nutrients are scarce.  

Pro-inflammatory signaling in the TME enhances dysregulated metabolic 

programs in PDA. For instance, upon recruitment to the PDA tumor stroma, CD4+ T 

cells differentiate into the Th2 subtype, which creates an immunosuppressive 

environment by promoting the anti-inflammatory phenotype of tumor-associated 

macrophages (TAMs)(208). Of note, Th2 cell -derived IL4 and IL13 signaling supports 

the metabolism of PDA cells. In a mouse model of PDA, KRAS* upregulated surface 

expression of IL4Rα(209), rendering cancer cells more sensitive to Th2 cell-derived 

cytokines. This in turn elevated MYC activity via JAK-STAT signaling and increased 

glycolytic gene expression and flux in cancer cells, thereby contributing to tumor 

growth(209)(Fig.1-4A). Future work with KRAS*-driven mouse models of NSCLC and 

CRC could determine if these phenotypes are unique to PDA, or dependent on KRAS* 

across tumor types. 

1.4.2 Glucose competition 

  Proliferative cell types in the TME, like effector immune cells, are sensitive to the 

glucose depleted state common in, but not exclusive to, KRAS*-driven tumors(196, 197, 
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200). Low glucose levels in the TME resulting from elevated uptake and utilization by 

cancer cells prevents expansion and cytokine release of T cells (Fig.1-4B). Also, 

expression of glycolytic enzymes in NSCLC patient samples was inversely correlated 

with T cell infiltration(210). Mechanistically, interactions between programmed death 

ligand 1 (PD-L1) on murine CRC cancer cells and PD-1 on T cells can stimulate 

glycolysis in cancer cells(199)(Fig.1-4B). This suggests that immune checkpoint 

blockade could dampen glycolysis in cancer cells, increasing glucose availability for 

effector T cells.  

CAFs undergo metabolic reprogramming upon activation, marked by increased 

glycolysis and dependence on glucose (Fig.1-4B)(195). In support of this, CAFs from 

human CRC tissue had increased expression of glycolytic enzymes and decreased TCA 

cycle activity compared to normal fibroblasts(211). Co-injection of these CAFs with CRC 

cell lines in mouse subcutaneous xenografts promoted tumor growth(211). Isotope 

tracing studies similarly demonstrated that pancreatic CAFs are highly glycolytic9(41)). 

Thus, while depriving anti-tumor immune cells of glucose clearly conferred a survival 

advantage to cancer cells as reported in several studies, limiting CAF access to glucose 

could impair tumor-promoting interactions between cancer cells and CAFs. Therefore, 

further work remains to determine how CAFs and cancer cells engage in cooperative 

glucose metabolism in a TME with limited glucose. 

1.4.3 Lactate accumulation 

Rapid glucose metabolism through glycolysis in KRAS*-driven cancer cells leads 

to an accumulation of lactate in the TME (Fig.1-4B). Lactate is transported by the family 

of MCTs(212, 213). Interestingly, in tissue from primary PDA tumors, expression of the 
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lactate export protein MCT4 correlated with expression of immunosuppressive markers 

in the TME(214). In support of an immunosuppressive role of extracellular lactate in 

tumors, a recent study discovered that macrophages exposed to lactate-high media 

conditioned by KRAS*-driven CRC cells, or supplemented with exogenous lactate, 

demonstrated increased expression of genes associated with the TAM anti-

inflammatory state in contrast with macrophages cultured in normal growth media(215) 

(Fig.1-4B). Moreover, the accumulation of intracellular lactate in T cells blocked 

glycolytic flux, rendering T cells unable to carry out cytotoxic functions against cancer 

cells(216) (Fig.1-4B). Furthermore, lactate in the TME of colon liver metastases induced 

apoptosis in infiltrating NK cells due to increased intracellular pH and production of 

mitochondrial ROS(217) (Fig.1-4B). Collectively, these data demonstrate how lactate, a 

metabolic byproduct of KRAS*-driven metabolism in cancer cells, creates an 

immunosuppressive TME. 

1.4.4 Regulation of amino acid levels 

Effector T cells require specific amino acids to mount an anti-tumor 

response(197). The metabolic pathways in KRAS*-expressing cancer cells lead to 

depletion of certain amino acids from the TME (Fig.1-4C). Specifically, increased 

glutamine uptake and metabolism mediated by KRAS* depletes glutamine from the 

TME (Fig.1-4C)(57, 218, 219). This process deprives T cells of a fuel source vital for 

their activation, because effector T cells also rely on glutamine to proliferate and 

produce cytokines during an anti-tumor response(219).  

Tryptophan is another important amino acid for T cell responses and its depletion 

limits effector T cell infiltration and expansion(220-224). Though direct links between 
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KRAS* driving tryptophan depletion remain to be uncovered, tryptophan is depleted 

from the TME in colon, lung, and pancreas tumors due to the activity of tryptophan-

degrading enzymes (TDEs) expressed by cancer cells, CAFs, myeloid-derived 

suppressor cells (MDSCs), and regulatory T cells (Tregs)(197, 219, 224, 225) (Fig.1-

4C). 

There is considerable competition for the amino acid arginine in the KRAS*-

shaped TME (Fig.1-4C)(194). Arginine catabolism or conversion serves as a source of 

nitrogen through the urea cycle, and generates proline, polyamines, and/or nitric oxide 

(NO). Arginine thus contributes to the biosynthetic capacity of tumor cells and/or the 

activity of pro- or anti-inflammatory immune cells(197, 226). Lung and pancreatic cancer 

cells are unable to synthesize arginine as they do not express argininosuccinate 

synthetase (ASS) and therefore depend on exogenous arginine(226). Colon cancer 

cells however express ASS and can generate arginine, providing them with a survival 

advantage in an arginine-depleted TME(226). In terms of immune cells in the TME, pro-

inflammatory M1-like macrophages have been shown to generate NO from arginine via 

inducible nitric oxide synthase (iNOS) to carry out an anti-tumor cytotoxic response, 

whereas TAMs express arginase 1 (ARG1) to breakdown arginine into polyamines, 

which supports the anti-inflammatory response(197). In addition, CAFs, and MDSCs in 

the TME express ARG1 (Fig.1-4C)195,215. Since effector T cells require arginine for full 

activation and cytotoxic responses(219), these processes, combined with increased 

uptake of arginine by arginine-auxotrophic cancer cells, suppress the inflammatory, anti-

tumor immune response(194, 203, 215, 224).  
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Cooperative interactions between cancer cells and the tumor stroma compensate 

for limited amino acid availability (Fig.1-4D). As mentioned above, during nutrient 

deprivation, autophagy can be deployed to recycle critical metabolites. Indeed, CAFs in 

both NSCLC and PDA displayed elevated autophagy compared with normal 

fibroblasts(227, 228). This can be to the advantage of cancer cells, because for 

example, elevated autophagy in pancreatic CAFs increased the availability of alanine to 

PDA cells, which was released by CAFs and taken up by PDA cells to fuel the TCA 

cycle(228) (Fig.1-4D). Pancreatic CAFs have also been shown to package numerous 

metabolites, including amino acids, into exosomes for delivery to cancer cells(229) 

(Fig.1-4D). Moreover, recent work has demonstrated that pancreatic CAFs display 

elevated synthesis and release of BCAAs to be taken up and metabolized by PDA 

cells(191), as highlighted above and in (Fig.1-4D).  

Lastly, an emerging area of research concerns the role of the nervous system in 

regulating tumor metabolism. Pancreatic tumors are highly innervated, and the 

presence of neurons correlates with more aggressive disease and poorer outcomes219. 

A recent study has revealed that under conditions of serine deprivation in mice with 

PDA, such as a serine-free diet, neurons were recruited to the tumor and synthesized 

and released serine for uptake by PDA cells (Fig.1-4D). This allowed translation of 

proteins in cancer cells to proceed uninterrupted (230). While this study was specific to 

PDA, future work in this emerging area could reveal if this mechanism is also active in 

NSCLC or CRC.  

1.4.5 Dysregulated lipid metabolism 
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The composition of lipids in the TME is affected by fatty acid metabolism of 

KRAS*-driven cancer cells, which access intracellular lipid stores or take up 

extracellular lipids(91, 97). This leads to the accumulation or depletion of lipid species in 

the TME, which can affect the metabolism of surrounding cells. For instance, long chain 

fatty acids (LCFAs) are abundant in the pancreatic TME(231). In a mouse model of 

PDA, cytotoxic CD8+ T cells infiltrating PDA tumors imported LCFAs. However, these T 

cells had low expression of the enzyme critical for breakdown of LCFAs and therefore, 

fatty acids accumulated in T cells, leading to metabolic exhaustion and impaired 

cytotoxic activity(231). T cells possess remarkable metabolic plasticity and it is possible 

that signaling induced by KRAS* in cancer cells indirectly prevents utilization of 

alternative fuel sources in T cells, though this remains to be proven 

mechanistically(219). New metabolomics technologies for studying lipidomics will 

enable further characterization of lipid metabolism in other non-cancer cell types in the 

TME.  

1.4.6 Metabolic interactions between oncogenic KRAS and the microbiome 

Symbiotic interactions between commensal microbiota and host cells maintain 

tissue homeostasis. For instance, colonocytes in the normal colon rely on oxidative 

phosphorylation and deplete the lumen of oxygen, fostering the growth of obligate 

anaerobes that process dietary fiber into byproducts for epithelial cells(232). Some 

microbial products, like the short chain fatty acid (SCFA) butyrate, inhibit proliferation 

and renewal of stem cells located at the base of intestinal crypts, so colonocytes in the 

upper crypt consume and oxidize SCFA for fuel as well as to protect the intestinal stem 

cells(233). 
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Transformation by oncogenic KRAS (KRAS*) disrupts tissue architecture in the 

colon, lung, and pancreas and rewires metabolism. This induces dysbiosis to promote 

tumor progression and suppress the innate and adaptive immune system(234-237). 

Increased KRAS*-driven ERK and PI3K signaling can lead to enriched commensal 

bacteria in lung tumors(238). In the diseased lung, changes to the metabolome 

positively correlated with the bacterial load in the lower airways, indicating the 

microbiome could also shape the metabolic environment encountered by cancer 

cells(239). 

Exposure to the SCFA butyrate produced by obligate anaerobes also caused cell 

cycle arrest in colon cancer cells in vitro(240). Colon cells transformed by KRAS* 

upregulate glycolysis and lactate release and decrease oxygen consumption. Elevated 

lactate in the lumen and increased oxygenation skews the microbiome toward 

facultative anaerobes that do not produce SCFAs from fiber(232). In this manner, 

KRAS* signaling might lead to avoidance of the growth inhibitory effects of butyrate. 

Future work will investigate how KRAS* dysregulated metabolism shapes the tumor 

microbiome. For example, an understudied area concerns how the microbiome affects 

the composition of metabolites that regulate immune responses to cancer. Additionally, 

systemic changes to the broader host microbiome resulting from KRAS*-driven tumors 

could reciprocally affect the nutrients available to tumors. 

1.5 Targeting metabolism in KRAS* tumors 

KRAS*-driven tumors have a remarkable ability to develop resistance to inhibition 

of KRAS* even after ablation of the oncogenic driver(241-244). For instance, PI3K-

mediated reactivation of the MAPK pathway, as well as focal adhesion kinase signaling, 
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have been shown to drive resistance to KRAS* genetic silencing in vitro and in vivo(245, 

246) (however, there is evidence suggesting in vitro culture conditions underestimate 

the essentiality of KRAS* for in vivo tumor growth(247)). Furthermore, a KRASG12C-

specific chemical inhibitor effectively inhibited in vitro and in vivo tumor growth 

emphasizing caution must be used when drawing inferences from genetic silencing of 

KRAS* (247). Nevertheless, an important strategy to consider is to target downstream 

metabolic effector pathways either alone, in combinations with other effectors, or in 

combination with inhibition of KRAS* to block resistance mechanisms either inherent to 

cancer cells or driven by the TME.  

1.5.1 Drug-induced vulnerabilities 

  Cancer cells can utilize metabolic mechanisms to compensate for loss of KRAS*. 

As such, genetic ablation of KRAS* in a mouse model of PDA led to tumor regression, 

but a subset of cancer cells persisted and reconstituted the tumor. These residual cells 

relied on oxidative phosphorylation (as opposed to glycolysis), inhibition of which in 

combination with oncogene ablation prevented tumor recurrence(241).  

As mentioned earlier, scavenging mechanisms are upregulated by KRAS* and 

represent potential targets in combination with KRAS* inhibition. As such, knockdown of 

KRAS* or ERK inhibition in PDA cells in vitro led to an increase in autophagy, potentially 

to manage the impact of MAPK pathway inhibition(85, 86, 241).This notion was 

confirmed by blocking autophagy with chloroquine in combination with ERK inhibitors, 

which slowed PDA tumor growth in mice and increased apoptosis in PDA cells in 

vitro(85). Combining autophagy and ERK inhibition in PDA is now being examined in 

clinical trials (NCT04214418, NCT04386057). Furthermore, targeting the regulatory 
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machinery or signaling pathways associated with macropinocytosis inhibits tumor 

progression in NSCLC and PDA tumors(70, 248), suggesting this strategy could 

undermine the ability of KRAS* cancer cells to survive under metabolic stress. 

Like the cell intrinsic pathways, the TME can also support tumor growth after loss 

of KRAS* signaling. For example, pancreatic TAMs have been shown to release TGFβ, 

which drove tumour progression via SMAD4 in mice after doxycycline-inducible KRAS* 

had been extinguished(242). Furthermore, shRNA-mediated knockdown of IL4Rα or 

JAK chemical inhibition in KRAS* PDA cells abrogated the Th2 cell-derived cytokine 

cascade discussed above, and reduced tumor progression in mice(209). While these 

findings were shown in PDA, similar mechanisms might occur in lung and colon tumors, 

which remains to be determined.  

1.5.2 Vulnerabilities from co-occurring mutations 

The inhibition of mechanisms induced by co-occurring mutations that cooperate 

with KRAS* is another avenue to consider when targeting metabolism in KRAS*driven 

tumours. As such, LKB1-loss mediated activation of AMPK in cell lines and a mouse 

model of KRAS*-driven NSCLC rendered cells sensitive to phenformin. This ETC-

inhibiting drug selectively induced apoptosis and slowed growth in LKB1-deficient cells 

both in vitro and in vivo compared to NSCLC cells with loss of p53 (ref(249)). Also, 

inhibiting the pyrimidine synthesis enzyme CPS1 in LKB1-deficient, KRAS*-driven 

human NSCLC cell lines (as compared to cell lines harboring either single mutation) led 

to cellular DNA damage, cell cycle stalling, and impaired tumor growth in murine 

xenografts(138). Inhibition of another pyrimidine synthesis enzyme, deoxythymidylate 

kinase (DTYMK), was synthetic lethal in human and mouse LKB1-deficient lung cancer 
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cells in vitro compared to LKB1-wild type NSCLC cell lines(250). Similarly, LKB1-

deficient, KRAS*-driven mouse NSCLC cells cultured ex vivo were sensitized to 

inhibition of the SBP or DNA methylation while cells with either KRAS* alone or co-

occurring loss of p53 remained unaffected(141). Additionally, inhibition of the HBP 

enzyme glutamine-fructose-6-phosphate transaminase [isomerizing] 2 (GFPT2) with 

azaserine was a unique vulnerability for KRAS/LKB1 co-mutated NSCLC cell lines, 

xenografts, and genetic tumor models compared to NSCLC with mutant p53(34). 

Finally, loss of the autophagic gene Atg7 was synthetic lethal in a KRAS*, LKB1-

deficient NSCLC mouse model compared with KRAS*, p53-deficient tumors, suggesting 

that LKB1-deficient NSCLC tumors may be selectively sensitive to inhibition of 

autophagy(137). 

In NSCLC, KEAP1 mutations rendered mouse NSCLC orthotopic allografts and 

patient-derived xenografts dependent on glutaminolysis and sensitive to chemical 

inhibition of GLS1 with CB-839, while tumors with active KEAP1 were unaffected(58, 

143).CB-839 is currently being tested in a clinical trial (NCT03872427). In addition, the 

overactive NRF2 antioxidant program resulting from KEAP1 deficiency depleted 

intracellular glutamate levels in mouse NSCLC cells. Since glutamate is needed to 

synthesize non-essential amino acids (NEAAs), including serine and glycine, glutamate 

depletion rendered these cells reliant on exogenous NEAAs. Thus, using a systemic, 

dietary intervention to deprive tumors of NEAAs, such as a serine and glycine-free diet, 

slowed mouse KEAP1-mutant allograft growth yet had no effect on KEAP1-wild type 

tumors. Furthermore, GLS1 inhibition with CB-839 further reduced intracellular 

glutamate and synergized with the NEAA-free diet in these models(251). This is one 
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example of how a specific dietary intervention informed by tumor genotype can improve 

metabolic therapies downstream of KRAS*. 

1.5.3  Cooperative interactions in the stroma  

The KRAS*-driven remodeling of the TME observed in PDA dictates much of the 

biology of these tumors(154). As such, PDA is an optimal model in which to study 

metabolic interactions with the TME and a wealth of literature exists on reprogramming 

the pancreatic tumor stroma. The activation and expansion of CAFs from quiescent 

fibroblasts drives the desmoplastic response in pancreatic tumors(252), and CAFs can 

contribute to therapy resistance mechanisms in PDA. One of these mechanisms 

involves expression of the vitamin D receptor (VDR) in CAFs. Treatment of PDA-

bearing mice with the VDR agonist calcipotriol reverted CAFs to an inactivated cell 

state, induced stromal remodeling, and improved delivery of the chemotherapeutic 

gemcitabine(252). Another mechanism of treatment resistance involves the release of 

pyruvate by CAFs (Fig.1-4D). CAF-derived pyruvate decreased the efficacy of ETC 

complex I inhibitors in cancer cells, and blocking pyruvate import increased sensitivity to 

these therapeutics in vitro (unpublished data in ref(41) ). As mentioned previously, 

interactions with cancer cells induce CAFs in NSCLC and PDA to increase autophagy 

and supply cancer cells with critical metabolites(227-229). Treatment of mice bearing 

KRAS*-driven tumors with autophagy inhibitors could block not only cancer cell 

metabolism but could also limit the availability of nutrients derived from the tumor 

stroma by reprogramming CAFs to a less activated state(253).  

CAFs have also been shown to release deoxycytidine (dC)(254). From a study 

on TAMs in KRAS*-driven PDA, we know that dC can be released by TAMs and 
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contribute to gemcitabine resistance(255). Gemcitabine is structurally similar to dC, and 

TAM-derived dC was shown to compete with gemcitabine for uptake and metabolism by 

PDA cells, thereby lessening this chemotherapeutic’s efficacy. Thus, ablation of TAMs 

from tumors or targeting dC production in TAMs increased the response of PDA tumors 

to gemcitabine(255). As dC secretion from CAFs might contribute to chemoresistance, 

these findings indicate that multiple cell types may cooperate to provide resistance to 

PDA cells from chemotherapy (Fig.1-4D).  

Lastly, as mentioned earlier, neurons recruited to the pancreatic TME release 

serine to support PDA metabolism. This interaction was impaired by treatment with a 

neuron-specific Trk inhibitor to block innervation in combination with a serine-free diet 

impaired tumor growth in PDA mouse models(230). 

Myriad cell types exist in KRAS* tumors. We have only recently begun to disentangle 

cooperative metabolic crosstalk between cancer cells and the TME, and future work has 

the potential to identify additional opportunities to block these supportive interactions. 

1.5.4 Harnessing the immune system 

The advent of immunotherapy has improved treatments for some cancers and 

demonstrated that the immune system can be reprogrammed to recognize and attack 

cancer cells(256). Yet, colon, lung, and pancreas tumors with KRAS* are among the 

least responsive cancers to immune checkpoint-based therapy(257, 258). This is in part 

due to non-metabolic factors such as the type of oncogenic driver, overall tumor 

mutational burden, or the degree of microsatellite instability (MSI), as for example MSI-

high CRC tumors typically respond better to immunotherapy than MSI-low tumors(257). 

The metabolic changes in the TME induced by KRAS* also suppress the anti-tumor 



 34 

immune system. Targeting these metabolic networks to reprogram immune cells and/or 

prevent the depletion of metabolites required for an immune response has considerable 

potential to improve the efficacy of immunotherapy in these cancers. 

The glutamine antagonist 6-diazo-5-oxo-L-norleucine (DON) broadly inhibits 

glutaminolysis by blocking the activities of glutamine deamidases. Because KRAS* 

induced dependence on glutamine in colon cancer cells, mice bearing syngeneic 

transplants of murine colon tumor cells were treated with DON to analyse its effect on 

tumour growth(259). Surprisingly, DON treatment resulted not only in impaired mouse 

CRC allograft growth, but also in an increased number of tumor infiltrating T cells 

compared with untreated tumour-bearing mice(259). While DON impaired glutamine 

metabolism in both cancer cells and T cells, T cells displayed remarkable metabolic 

plasticity and compensated for the lack of glutamine-derived carbon in the TCA cycle by 

incorporating glucose or acetate-derived carbons instead(259-261). This endowed T 

cells with a robust proliferative and energetic response and conferred a long-lasting 

memory phenotype(259, 261). Immune checkpoint inhibition with anti-PD-1 synergized 

with DON treatment to inhibit tumor progression(259). KRAS*-driven NSCLC that harbor 

co-occurring mutations in KEAP1 and/or LKB1 are often resistant to immune 

checkpoint-based therapy(262-265). Thus, a pro-drug derivative of DON is now in 

clinical trials against multiple cancers, and a phase II trial will test its efficacy in KEAP1 

and LKB1 mutant NSCLC (NCT04471415).  

Similarly, a potential synergy between GLS1 inhibition and immune checkpoint 

blockade is currently being tested in a phase II clinical trial in KEAP1 mutant tumors 

(NCT04265534). Future studies will need to determine how LKB1 and KEAP1 mutations 
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might promote immune evasion in NSCLC and identify novel or existing metabolic 

therapies that can enhance anti-tumor immune responses in combination with immune 

checkpoint blockade. 

Immunologically “cold” PDA tumors are also resistant to immune checkpoint 

blockade(266). A recent study demonstrated that activity of autophagy in PDA in vivo 

leads to the selective lysosomal degradation of major histocompatibility complex class I 

(MHC-I) in cancer cells(267). MHC-I is required for antigen presentation on cancer cells 

and recognition by the immune system. Thus, MHC-I downregulation allowed PDA cells 

to evade the anti-tumor immune system. Additionally, autophagy was implicated in 

preventing T cell killing through modulation of TNFα signaling(268). Indeed, in mouse 

models of PDA, autophagy inhibition with chloroquine synergized with both anti-PD-1 

and anti-CTLA4 to inhibit tumor progression(267).  

In summary, targeting the metabolism of KRAS* tumors can provide nutrients to 

the immune system to increase the number and heighten the activity of the anti-tumor 

effector cells, priming tumors for immune checkpoint blockade therapy. 

1.6 Conclusion 

A better understanding of effector pathways downstream of KRAS*, such as 

dysregulated metabolism, could lead to enhanced therapeutic interventions in 

combination with direct inhibition of KRAS*. This will require future work to disentangle 

metabolic pathways mediated by specific KRAS mutations and synergy with co-

occurring mutations, as well contextual cues determined by the tissue of origin.  

We are only beginning to appreciate how KRAS* signaling directly and indirectly shapes 

the broader metabolism of the TME. Continuing to identify metabolic networks that 
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support KRAS*-driven metabolism, mediate resistance to therapy, and suppress the 

immune system will identify opportunities to cut off nutrient sources, enhance 

chemotherapy, and/or promote anti-tumor immune responses. Cutting-edge approaches 

like in vivo isotope tracing, spatially-resolved mass spectrometry, and advances in 

single-cell sequencing technologies will be critical in these endeavors. Moving forward, 

exploiting metabolic networks in CRC, NSCLC, and PDA according to both genetic and 

environment contexts is a promising therapeutic strategy for improving the treatment of 

KRAS*-driven tumors. 
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1.8 Figures 

 

Figure 1-1 KRAS* rewires cancer cell metabolism.  

a) Glucose (Glc) transport via glucose transporters (GLUTs) and flux through glycolysis is upregulated to 
provide intermediates for branching biosynthetic pathways. The hexosamine biosynthetic pathway (HBP) 
produces uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) for glycosylation. The two arms of the 
pentose phosphate pathway (PPP) generate nicotinamide adenine dinucleotide phosphate (NADPH) as 
well as ribose bases for nucleotide synthesis. Flux through the serine biosynthesis pathway (SBP) 
generates the amino acids serine (Ser) and glycine (Gly). To maintain redox balance, increased 
expression of lactate dehydrogenase (LDH) converts pyruvate (Pyr) to lactate (Lac), which is transported 
out of the cell via monocarboxylate transporters (MCTs) to sustain glycolysis. Pyruvate also contributes 
carbon to the TCA cycle in mitochondria. Glutamine (Gln) is imported by SLC1A5 and converted to 
glutamate (Glu) by glutaminase 1 (GLS1) and fuels the tricarboxylic acid (TCA) cycle. KRAS* diverts TCA 
cycle intermediates through malic enzyme 1 (ME1) for NADPH production, as well as synthesis of amino 
acids like aspartate (Asp) and asparagine (Asn). b) KRAS* cells are dependent on nutrient scavenging 
pathways, such as macropinocytosis and autophagy, whereby free biosynthetic precursors are released 
for utilization by cancer cells. c) KRAS* regulates mitochondrial dynamics through DRP1 to fine tune 
mitochondrial fission and maintain optimal reactive oxygen species (ROS) levels for signaling while 
avoiding toxicity. d) Depending on intracellular redox state, KRAS* cells employ fatty acid synthesis (FAS) 
to regenerate NADP+ and synthesize lipids or fatty acid oxidation (FAO), whereby lipids are used for 
energy and NADPH production.  
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Figure 1-2 KRAS* synergizes with co-occurring mutations to direct metabolism.  

a) In CRC, KRAS*-mediated glutamine (Gln) catabolism increases levels of the TCA cycle intermediate 
succinate (Suc), which inhibits the activity of α-ketoglutarate (αKG)-dependent demethylases. 
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Hypermethylation of Wnt pathway target genes promotes their expression and cooperates with β-catenin 
transcriptional activity for maximal activation downstream of APC loss. b) In NSCLC, aberrant activity of 
adenosine monophosphate kinase (AMPK), due to loss of liver kinase B1 (LKB1), increases fatty acid 
oxidation (FAO) and uptake of glucose (Glc) and Gln (left). Scavenging of ammonia from the urea cycle 
supplies nitrogen needed for pyrimidine synthesis. Loss of Kelch-like ECH-associated protein 1 (KEAP1) 
activates the nuclear factor erythroid 2-related factor 2 (NRF2) antioxidant transcriptional program. 
Increased glutamate (Glu) production from Gln through glutaminolysis is exchanged for extracellular 
cystine (cysteine dimer; Cys-Cys) through system XC

-, which is also upregulated by NRF2. Cys is 
incorporated into glutathione (GSH) for protection from ROS. NRF2 also stimulates production of GSH 
through the pentose phosphate pathway (PPP) and regulates asparagine (Asn) production through 
activating transcription 4 (ATF) activity (right). c) In PDA, mutations to p53 (p53mut) lead to reduced αKG 
levels and impaired demethylase activity, affecting epigenetic programs and cell state (left). Loss of the 
tumor suppressor p16 leads to increased NADH-oxidase (NOX) expression and activity which is important 
for NADPH turnover and redox balance (middle). Loss of the SMAD4 genetic locus coincides with loss of 
malic enzyme 2 (ME2), rendering cells dependent on compensatory ME3 activity for NADPH production 
(right). 
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Figure 1-3 Tissue specific metabolism hijacked by KRAS*.  

a) Hypoxic gradients in the colon stabilize hypoxia inducible factors (HIF) in normal colonocytes, which 
can then cooperate with KRAS* following transformation. The hypoxic lumen also promotes colonization 
by short-chain fatty acid (SCFA)-producing bacteria. SCFAs are used by heathy colon cells for fuel and 
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are prohibitive for development of colon tumors. Normal colonocytes are essential for iron (Fe3+) 
absorption, and iron (Fe2+) uptake through divalent metal transporter (DMT1) is utilized by KRAS* colon 
cancer cells to drive pro-tumorigenic JAK/STAT signalling. b) Normal lung epithelial cells demonstrate 
high glucose uptake and export of lactate. In NSCLC, KRAS* cancer cells located far from a blood vessel 
in hypoxia utilize glycolysis and produce lactate which can be taken up by tumor cells nearer to the blood 
vessel and utilized for oxidative respiration. c) Zymogen-producing acinar cells are branched-chain amino 
acid (BCAA)-avid to obtain building blocks for peptides and digestive enzymes and display elevated 
branched-chain amino acid transaminase 2 (BCAT2) expression, while BCAT2 levels are lower in normal 
ductal cells. During transformation by KRAS*, acinar cells dedifferentiate into ductal cells and progress to 
PDA. KRAS* stabilizes and increases BCAT2 expression in cancer cells, demonstrating how the duct-like 
PDA cells retain acinar cell metabolic programs. 
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Figure 1-4 Interactions in the KRAS* TME.  

A) T helper 2 (Th2) cells in the TME release type I cytokines. KRAS* increases expression of their 
receptors on the surface of cancer cells. Downstream signaling through JAK/STAT activates MYC to 
increase expression of glycolytic enzymes. Hypoxia-inducible factor (HIF) activity excludes B cells from 
the TME. B) Glucose (Glc) is required by effector T (Teff) cells to mount an anti-tumor immune response, 
yet Glc is depleted due to elevated glycolysis in KRAS*-expressing cancer cells and cancer-associated 
fibroblasts (CAFs). Expression of programmed death ligand 1 (PDL1) on cancer cells and binding with its 
PD1 receptor on Teff cells also stimulates glycolysis in cancer cells. Increased lactate (Lac) released into 
extracellular space by cancer cells and taken up by other cells further inhibits glycolysis in Teff cells and 
natural killer (NK) cells, while polarizing macrophages to a tumor-associated macrophage (TAM) state. C) 
Elevated glutaminolysis and glutamine (Gln) uptake in KRAS* cells depletes Gln, which is required by 
Teff cells. Expression of tryptophan degrading enzymes (TDEs) on regulatory T cells (Tregs),CAFs,TAMs, 
and cancer cells degrades tryptophan (Trp) into its derivative kynurenine (Kyn) which promotes Treg 
activity. KRAS* cancer cells are auxotrophic for arginine and express arginase 1 (ARG1) to break down 
arginine (Arg) in the TME. ARG1 is also expressed on CAFs and TAMs. D) Induction of autophagy in 
CAFs increases release of alanine (Ala) for uptake and use by cancer cells. CAFs also release pyruvate 
(Pyr), branched-chain amino acids (BCAAs), and metabolite-filled exosomes to support dysregulated 
KRAS* metabolism in cancer cells. Deoxycytidine (dC) released from CAFs and TAMs is taken up by 
cancer cells and blunts chemotherapy efficacy. Innervating neurons release serine (Ser) to support 
protein translation in cancer cells under Ser deprivation. 
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Chapter 2 – Hyaluronic Acid Fuels Pancreatic Cancer Cell Growth† 

2.1 Introduction 

As discussed in Chapter 1, PDA is one of the deadliest human cancers with no 

clinically effective treatment options(1). PDA is characterized by an intense 

fibroinflammatory stroma, poor vascularity, deregulated nutrient levels, and rich 

deposition of extracellular matrix components. To survive and proliferate in this nutrient 

dysregulated tumor microenvironment, the oncogenic driver in PDA, KRAS*, facilitates 

the rewiring of PDA metabolism(2-5).  

One example of this, which has been demonstrated in previous work(6) and 

introduced in Chapter 1, is the effect of KRAS* on the activity of the hexosamine 

biosynthesis pathway (HBP). Signaling downstream of KRAS* results in upregulated 

expression of Gfpt1, which encodes glutamine-fructose 6-phosphate amidotransferase 

1 (GFAT1). The HBP is an evolutionarily conserved pathway that integrates glucose, 

glutamine, fatty acid, and nucleotide metabolism to generate the final product uridine 

diphosphate N-acetylglucosamine (UDP-GlcNAc). UDP-GlcNAc is a crucial donor 

molecule for glycosylation and O-GlcNAcylation, two essential post-translational 

modifications required for cellular structure, signaling, and survival(7). The HBP is the 

 
† This chapter consists of a published primary article: Kim PK*, Halbrook CJ*, Kerk SA*, Radyk M, 
Wisner S, Kremer DM, Sajjakulnukit P, Andren A, Hou SW, Trivedi A, Thurston G, Anand A, Yan L, 
Salamanca-Cardona L, Welling SD, Zhang L, Pratt MR, Keshari KR, Ying H, Lyssiotis CA. Hyaluronic 
acid fuels pancreatic cancer cell growth. Elife. 2021 Dec 24;10:e62645. doi: 10.7554/eLife.62645. PMID: 
34951587; PMCID: PMC8730721.  
*these authors contributed equally 
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only pathway able to generate UDP-GlcNAc de novo. Because the HBP integrates 

nutrients from several major macromolecular classes to produce UDP-GlcNAc, it 

predictably functions as a nutrient sensing mechanism for available energy within a 

cell(8). Indeed, numerous studies across cancer subtypes have demonstrated how HBP 

activity is enhanced to support tumor survival and growth(9-12) and even immune 

evasion through alteration of extracellular glycosylation content(13). 

A compendium of studies during the last decade have revealed that PDA cells 

fuel their aberrant metabolic programs through nutrient scavenging(6, 14-18). 

Mechanisms include sustained activation of intracellular recycling pathways (e.g. 

autophagy), the upregulation of nutrient transporter expression (e.g. carbohydrate, lipid, 

and amino acid transporters), and the activation of extracellular nutrient scavenging 

pathways (e.g. macropinocytosis). Further, PDA cells also participate in metabolic 

crosstalk and nutrient acquisition with non-cancerous cells in the tumor 

microenvironment (TME), such as cancer-associated fibroblasts (CAFs) and tumor-

associated macrophages (TAMs)(19-23). A notable example is the observation that 

PDA cells can directly obtain nutrients from the CAF-derived extracellular matrix (ECM), 

such as collagen(18). Taken together, elucidating the interaction of PDA cells with 

different cell populations and ECM components will be instrumental for delineating 

deregulated PDA metabolism and improving therapeutic strategies. 

A major structural component of the TME is hyaluronic acid (HA), a hydrophilic 

glycosaminoglycan. HA is ubiquitously present in human tissue, especially in skin, 

connective tissue, and joints, and it is richly abundant in pancreatic tumors(24). HA is 

thought to be primarily deposited by CAFs and, to some extent, by PDA cells(25, 26). 
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HA avidly retains water, which is responsible for both its lubricating properties and, in 

PDA tumors, the supraphysiological pressure that impairs vascularity and limits drug 

penetrance(27, 28). An aspect of HA biology that has not previously been studied is its 

potential role as a nutrient. This is surprising given that HA is a carbohydrate polymer 

whose monomeric unit is a disaccharide of glucuronic acid and N-acetyl-glucosamine 

(GlcNAc).  

Herein, we set forth to determine the utility of targeting the HBP in PDA. We 

found that GFAT1 was required for cell survival in vitro. In marked contrast, GFAT1 

knockout tumors readily grew in vivo. Based on this observation, we hypothesized that 

GlcNAc-containing components of the TME could bypass the HBP in vivo by way of the 

GlcNAc salvage pathway. We demonstrate that HA can be metabolized by PDA cells to 

support survival and proliferation by refilling the HBP. In sum, our study identifies HA as 

a novel nutrient source in PDA and contributes to a growing body of data illuminating 

the important role of the TME in cancer metabolism.  

2.2 Results 

2.2.1 Pancreatic cancer cells require de novo HBP fidelity in vitro but not in vivo 

Previously, we found that mutant Kras transcriptionally activates Gfpt1 

expression downstream of MAPK signaling in a murine model of PDA to facilitate HBP 

activity(6). GFAT1 catalyzes the reaction that generates glucosamine 6-phosphate and 

glutamate from fructose 6-phosphate and glutamine (Fig. 2-1A). In another previous 

study we demonstrated that PDA cells are dependent on glutamine anaplerosis for 

proliferation(29). Thus, we hypothesized that inhibiting GFAT1 in PDA would have the 
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simultaneous benefit of blocking two major metabolic pathways that support PDA 

proliferation, thereby providing a considerable therapeutic window. 

Our previous results targeting GFAT1 in murine cells with shRNA yielded 

insufficient knockdown to draw a conclusion as to its necessity in PDA(6). Thus, here 

we used CRISPR/Cas9 to knockout GFAT1 from three established human PDA cell 

lines: HPAC, TU8988T, and MiaPaCa2. During selection, the pooled polyclonal 

populations were grown in GlcNAc, which bypasses GFAT1 via the GlcNAc salvage 

pathway (Fig. 2-1A). This supplement was included to minimize metabolic rewiring 

within the selected populations.  

The GFAT1 knockout lines had differential response to GlcNAc withdrawal. 

Among the three GFAT1 knockout cell lines, only the HPAC line exhibited a marked 

reduction in cell number, consistent with loss of viability, in the 4 days following GlcNAc 

withdrawal (Fig. 2-2A). The impact on proliferation was similarly reflected in decrease of 

the UDP-GlcNAc pool, which was analyzed using liquid chromatography-coupled 

tandem mass spectrometry (LC-MS/MS) (Fig. 2-2B). Consistent with the proliferative 

phenotypes across lines, the HPAC line also had a significantly smaller UDP-GlcNAc 

pool than that of either MiaPaCa2 or 8988T cells (Fig. 2-2C). Cellular O-GlcNAcylation 

of the proteome was also measured by immunoblot three days after GlcNAc withdrawal. 

Again, consistent with the LC-MS/MS analysis, O-GlcNAc expression was significantly 

reduced in HPAC but was maintained in TU8988T (Fig. 2-2D). 

The data from TU8988T and MiaPaca2 were similar to those from our earlier 

studies(6), and thus we posited that knockout of GFAT1 was incomplete. As such, we 

subsequently generated clonal cell lines from the pooled populations. This analysis 
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revealed that the degree of GFAT1 knockout varied by cell line and by clone, and this 

correlated with differential growth and sensitivity to GlcNAc withdrawal in vitro (Fig. 2-

2E,F). Clones for each cell line without detectable GFAT1 expression (Fig. 2-1B) were 

further validated by sequencing and were subsequently used to examine the role of the 

HBP without interference from GFAT1 proficient cells. 

Using our genomically-sequenced and bona fide GFAT1 knockout clonal lines, 

we found that GFAT1 knockout led to an abolishment of colony formation (Fig. 2-1C) 

and potently impaired proliferation (Fig. 2-1D, Fig. 2-2G) in all three PDA cell lines in 

vitro. We then moved these cells into in vivo tumor models. Surprisingly, when either the 

pooled or the clonal knockout lines were implanted into the flanks of 

immunocompromised mice, they readily formed tumors that were comparable to their 

wild type counterparts in terms of weight and volume (Fig. 2-1E,F and Fig. 2-2H). 

Similar results were obtained for GFAT1 knockout clonal lines implanted orthotopically 

into the pancreas (Fig. 2-1G). Of note, while clearly capable of forming tumors, the 

GFAT1 knockout clonal lines grown in the pancreas were smaller than the wild type 

tumors at endpoint. The marked discrepancy in phenotype between in vitro and in vivo 

settings led us to hypothesize that GFAT1 knockout clones were scavenging nutrients 

from the TME to refill the HBP, which enabled their survival and tumor growth. 

2.2.2 Conditioned media rescues proliferation of GFAT1 knockout PDA cells  

To test our scavenging hypothesis, we generated conditioned media (CM) from 

CAFs, the most abundant stromal cell type in the pancreatic TME(30, 31). When GFAT1 

knockout clones were incubated in patient-derived CAF CM, we observed a significant, 

albeit modest, rescue in colony formation (Fig. 2-3A,B). Unexpectedly, we observed a 
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more robust, dose-dependent rescue of colony formation in GFAT1 knockout cells with 

CM from wild type TU8988T cells (Fig. 2-3C-F and Fig. 2-4A). Similarly, CM from wild 

type HPAC and MiaPaCa2 cells was able to partially rescue proliferation of a subset of 

GFAT1 knockout clones (Fig. 2-3G and Fig. 2-4B,C). 

To begin to identify the rescue factors in the CM, we subjected the CM to boiling 

or repeated cycles of freezing and thawing (F/T). In each of these conditions, both the 

CAF and the PDA CM retained the ability to support colony formation in GFAT1 

knockout cells (Fig. 2-3A-D). These results suggested the relevant factor(s) did not 

require tertiary structure. Additionally, we observed that the rescue activity of the CM 

was dose dependent (Fig. 2-3E-G and Fig. 2-4A-C). 

As GlcNAc was used to establish our GFAT1 knockout lines, we first quantitated 

the GlcNAc concentration in the CM by mass spectrometry. GlcNAc dose response 

curves demonstrated that millimolar quantities of GlcNAc (>0.625mM) were required to 

rescue colony formation of GFAT1 knockout PDA cells (Fig. 2-3H and Fig. 2-4D). By 

contrast, LC-MS/MS quantification of GlcNAc in the CM revealed that it was in the low 

micromolar range (Fig. 2-3I), several orders of magnitude below the millimolar doses of 

exogenous GlcNAc required to maintain proliferation (Fig. 2-3H and Fig. 2-4D). These 

results illustrated that free GlcNAc was not the relevant molecule in the CM mediating 

rescue. This led us to consider alternate possibilities, including GlcNAc-containing 

components of the TME.  

2.2.3 Hyaluronic acid rescues GFAT1 knockout PDA cells 

GlcNAc is a widely utilized molecule as a structural component of the 

extracellular matrix, a modification of various lipid species, and a post-translational 
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modification on proteins(32, 33). Thus, we hypothesized that GlcNAc was released into 

CM as a component part of a lipid, protein, or glycosaminoglycan polymer, and that this 

mediated rescue of GFAT1 knockout. To test this, we first applied necrotic cellular 

debris from the murine hematopoietic FL5.12 cell line(34) to GFAT1 knockout cells 

grown at clonal density. The necrotic cellular debris contains the full complement of 

biomolecules, including GlcNAc-containing proteins and lipids. Necrotic cell debris was 

unable to rescue GFAT1 knockout across our cell line panel (Fig. 2-6A-F). Next, we 

tested if glycosaminoglycan carbohydrate polymers could mediate rescue of GFAT1 

knockout, in a matter akin to CM. High dose heparin was not able to rescue colony 

formation in GFAT1 knockout cells (Fig. 2-6A-F). In contrast, 78 kDa HA provided a 

modest but significant rescue (Fig. 2-5A,B).  

HA is a carbohydrate polymer and an extracellular matrix component that is 

abundant in the PDA tumor microenvironment(24). The monomeric form of HA is a 

repeating disaccharide consisting of glucuronic acid and GlcNAc. HA polymer length, 

often described by its molecular weight (MW), has important impacts on its biological 

activity. In non-pathological settings, newly synthesized HA is predominantly high 

molecular weight (HMW; >1000kDa)(35). However, in tumors and tumor interstitial fluid, 

there is a significantly elevated level of low molecular weight (LMW; 10-250kDa) and 

oligo-HA (o-HA; <10kDa)(36, 37). Consistent with the rescue of colony formation in 

GFAT1 knockout cells, LMW HA (78 kDa) was also able to rescue total proteome O-

GlcNAc levels, as assessed by western blot (Fig. 2-5C-E). 

Cancer cells have been reported to uptake HA via macropinocytosis(38). Thus, a 

possible explanation for the modest rescue could be low macropinocytosis activity. 
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However, in PDA, mutant Kras drives macropinocytosis(14), and quantitation of 

macropinocytotic activity with a fluorescent dextran-based assay revealed that our three 

PDA cell lines exhibited considerable macropinocytosis (Fig. 2-6G). Similarly, following 

HA uptake using a fluorescently-conjugated HA (HA-FITC) revealed GFAT1 proficient 

and GFAT1 knockout cells readily take up HA (Fig. 2-5F, Fig. 2-6H). 

This led us to hypothesize that the rate limiting step is not HA entry into cells, but 

rather, the cleavage of HA into smaller fragments. Consistent with this hypothesis, 

utilizing hyaluronidase to break down LMW HA enhanced the rescue of colony 

formation (Fig. 2-5G). Of note, hyaluronidase was heat-inactivated after it was used to 

cleave HA (i.e. before its application to GFAT1 knockout cells; Fig. 2-6I), as 

hyaluronidase has been reported to directly impact cellular metabolism(39). Next, we 

tracked the rescue of proliferation using HA of varying size: LMW HA (60kDa) and o-HA 

(5kDa). This analysis revealed that HA-mediated rescue, as measured through 

proliferation quantification, was considerably higher for o-HA than for LMW HA, and 

comparable to PDA CM (Fig. 2-5H,I and Fig. 2-7A-D). 

To relate these studies back to our CM rescue studies, we employed an enzyme-

linked immunosorbent assay (ELISA) to quantitate HA in the PDA and CAF CM (Fig. 2-

7E). CAF CM contained considerably more HA than PDA CM, consistent with the 

known role for fibroblasts in the production of HA (Fig. 2-7F). However, we found that 

the lower limit of detection for the ELISA was ~50kDA HA. Indeed, we demonstrated 

this by digesting 10mM HA, CAF CM, or PDA CM with HAase. Post-digestion, we are 

unable to detect appreciable levels of HA (Fig. 2-7F,G). These results illustrate the CAF 
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CM produces more high molecular weight HA, which we posit explains its limited rescue 

of GFAT1 knockout in vitro. 

HA is produced by the family of HA synthases (HAS), which can be inhibited in 

vitro with the tool compound 4-methylumbelliferone (4-MU)(40). To determine if HA is 

the relevant metabolite in wildtype PDA CM facilitating rescue of GFAT1 knockout, we 

first treated wildtype PDA cells with a range of 4-MU doses. Cell proliferation was 

followed to assess off-target toxicity and HA in CM was quantitated using the HA ELISA. 

Of note, while PDA cells produce much less detectable HA than CAFs, they do produce 

a sufficient amount so as to analyze 4-MU activity (Fig. 2-7F). Indeed, we demonstrated 

that 4-MU dose dependently blocked HA release into CM (Fig. 2-8A) while also 

exhibiting proliferative defects at the highest concentration tested (Fig. 2-8B-D). 

Application of CM from 4-MU-treated wildtype PDA cells in GFAT1 rescue assays 

revealed that the reduction in HA content paralleled the decrease in CM rescue activity 

in GFAT1 knockout cells (Fig. 2-8E). These collective in vitro studies illustrate that HA 

can rescue the proliferation of GFAT1 knockout cells and strongly suggest that HA is 

the relevant factor mediating the rescue activity of PDA CM. However, while we believe 

these collective results are convincing, detection and quantitation of o-HA in PDA CM 

will be required to draw a definitive conclusion.  

To relate this work back to our tumor studies (Fig. 2-1E-G), we probed for HA 

content in tumor slices by immunohistochemical detection of HA binding protein (HABP) 

(41). We stained normal pancreas as the negative control (note: positive staining of 

vasculature) and a murine pancreatic tumor as a positive control (Fig. 2-8F). We then 

stained 10 tumor slices from GFAT1 proficient and deficient tumors from the 
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subcutaneous and the orthotopic models. Blinded scoring using a 0-3 scale (Fig. 2-8G) 

revealed more HA in the subcutaneous than orthotopic setting (Fig. 2-8H). Tumor 

genotype did not influence HABP levels in the subcutaneous model, whereas there was 

a marked reduction in HABP staining in the orthotopic GFAT1 knockout tumors (Fig. 2-

8H). First, these data demonstrate that HA is available to PDA tumors in these models. 

Further, they suggest that the difference in growth of GFAT1 knockout tumors in the 

orthotopic model compared to subcutaneous, as observed in Fig.1-1E-G, may result 

from less HA availability. 

2.2.4 Hyaluronic acid rescues GFAT1 null PDA via the GlcNAc salvage pathway 

The GlcNAc salvage pathway bypasses GFAT1 by catalyzing the 

phosphorylation of GlcNAc to GlcNAc-6-phsophate, in a reaction mediated by N-acetyl-

glucosamine kinase (NAGK). This GlcNAc-6-phosphate is subsequently converted into 

UDP-GlcNAc (Fig. 2-1A). Therefore, we hypothesized that the carbohydrate polymer 

HA, which is 50% GlcNAc, fuels the HBP via the GlcNAc salvage pathway through 

NAGK. To test this, we employed the same CRISPR/Cas9 strategy to target NAGK 

(Fig. 2-9A). Knockout of NAGK in parental TU8988T and MiaPaCa2 cell lines had no 

impact on colony formation, while reducing the colony forming capacity of HPAC cells 

(Fig. 2-9B,C). These results correlated with the elevated expression of NAGK in wild 

type HPAC cells (Fig. 2-9D). Of note, NAGK knockout did not result in up-regulation of 

GFAT1 (Fig. 2-9A), which could have suggested a compensatory metabolic rewiring. 

Next, we targeted NAGK in our GFAT1 knockout clones. GFAT1/NAGK double 

knockout cells were generated in media containing N-acetyl-galactosamine (GalNAc), 

an isomer of GlcNAc. Supplementation with GalNAc enables bypass of both the de 
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novo HBP and the GlcNAc salvage pathway, by way of the Leloir pathway(42), to 

support UDP-GalNAc and ultimately UDP-GlcNAc biogenesis (Fig. 2-9E). In this way, 

we were again able to select viable lines while avoiding the selection of those with 

unpredictable metabolic adaptations.  

The GalNAc dose response for GFAT1 knockout clones was comparable to that 

of GlcNAc (Fig. 2-3H), demonstrating that they are indeed viable in GalNAc (Fig. 2-9F, 

Fig. 2-10H). Although NAGK expression was efficiently knocked down in our pooled 

populations (Fig. 2-9G), we again selected for clones in the TU8988T cell line in order 

to minimize the effect of NAGK-proficient clones persisting in the bulk population. From 

among these, we selected four GFAT1/NAGK clones and tracked their proliferation 

upon rescue with varying sizes of HA, GalNAc, or PDA CM. These were compared 

relative to wild type TU8988T cells and the GFAT1 knockout line. In stark contrast to the 

GFAT1 knockout line, LMW HA, o-HA and PDA CM was unable to rescue 

GFAT1/NAGK double knockout lines (Fig. 2-9H-K, Fig. 2-10A-F). Similar results were 

obtained in the MiaPaCa2 cell line (Fig. 2-10G-J).  

Finally, we used LC/MS-MS to assess HBP metabolite levels and western 

blotting to follow proteome O-GlcNAcylation in the GFAT1 and GFAT1/NAGK double 

knockout cells. HA or PDA CM rescue of GFAT1 knockout cells restores UDP-GlcNAc 

pools and proteome O-GlcNAcylation, and this was blocked by knocking out NAGK 

(Fig. 2-9L,M and Fig. 2-10K-N). These results illustrate that HA rescue requires NAGK 

and the GlcNAc salvage pathway, consistent with the idea that HA-derived GlcNAc fuels 

UDP-GlcNAc biosynthesis upon GFAT1 knockout. Altogether, our data implicate HA as 
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a novel nutrient for PDA, where HA regulates PDA metabolism by refueling the HBP via 

the GlcNAc salvage pathway. This supports PDA survival and proliferation (Fig. 2-9N). 

2.3 Discussion 

The HBP is activated in a KRAS*-dependent manner in PDA via transcriptional 

regulation of Gfpt1(6), and it is similarly elevated in numerous cancers to provide a 

diverse set of functions, including the regulation of proliferation, survival, angiogenesis, 

and metastasis(10). As such, we and others have proposed that the HBP may provide a 

selective vulnerability for cancer therapy, with GFAT1 as an attractive therapeutic 

target(6, 11, 43, 44). Of note, GFAT2 is a homolog of GFAT1, and it too has been 

implicated as a drug target with context and tissue-specific functions(45, 46). We did not 

pursue GFAT2 in this study because it was neither regulated by KRAS* nor basally 

expressed in the models employed herein.  

Several pan glutamine-deamidase inhibitors (e.g. azaserine and 6-diazo-5-oxo-L-

norleucine), which potently suppress GFAT activity, have demonstrated anti-tumor 

activity in vitro and in vivo in PDA and other cancers(47, 48). However, because these 

drugs are not specific to the HBP, it has not been clear what impact GFAT-specific 

inhibition had on these phenotypes. As such, we took a genetic approach to knock out 

GFAT1 to elucidate the role of the HBP in PDA. In the PDA models tested, we found 

that GFAT1 knockout was not compatible with PDA cell proliferation in vitro, unless the 

media were supplemented with GlcNAc or GalNAc (Fig. 2-1C,D and Fig. 2-9F). 

However, these same cells readily formed tumors in vivo in subcutaneous and 

orthotopic models (Fig. 2-1E-G).  
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The stark discrepancy in phenotypes led us to hypothesize that the TME was 

providing the means to bypass GFAT1. Indeed, we found that denatured conditioned 

media from CAFs and wild type PDA cells were able to rescue viability in GFAT1 

knockout PDA cells, implicating a molecule(s) without tertiary structure (Fig. 2-3). By 

examining several GlcNAc-containing candidates, we discovered a previously unknown 

role of HA as a nutrient source for PDA (Fig. 2-5,8). Of note, despite identifying that wild 

type PDA cells can produce HA, it is not our intention to indicate that HA in PDA tumors 

was deposited by the cancer cells. For example, HA is abundantly deposited in GFAT1 

knockout subcutaneous PDA tumors (Fig. 2-8H). Rather, we found that wild type PDA 

CM could rescue the proliferation of GFAT1 knockout PDA cells in vitro, and we utilized 

this as a tool to study the process. The constellation of cell types in the pancreatic TME 

that produce/deposit/process HA is an area of active investigation. Either way, in sum 

we report that HA can refill the HBP via the GlcNAc salvage pathway to support PDA 

survival and proliferation.  

HA is traditionally regarded as a structural component in physiology(49). In 

addition to this role, a wealth of studies have ascribed other functions to HA. For 

example, HA can activate cell-cell contact-mediated signal transduction through CD44 

and/or receptor for HA-mediated motility (RHAMM)(50). The signaling activity/function of 

HA depends on its MW(49, 51). Similarly, a recent study illustrated that breakdown of 

the HA matrix with hyaluronidase enabled the interaction between growth factors and 

growth factor receptors(39). This promoted glucose metabolism, cellular proliferation, 

and migration. The role of HA in GFAT1 knockout PDA cells described herein is likely 

independent of its structural and signaling functions, given that we observe considerably 
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greater rescue with o-HA (Fig. 2-5H,I), a form of HA that is not traditionally considered 

for these purposes. Together with the increased rescue by o-HA, several additional 

experiments also suggested that intracellular catabolism of high molecular weight HA 

impedes its use as a fuel. Namely, while high molecular weight HA-FITC is readily 

captured by PDA cells (Fig. 2-5F), HAase catabolism of HA potentiates rescue of 

GFAT1 (Fig. 2-5G).  

Our study introduces a novel role to HA as a fuel for PDA tumor growth (Fig. 2-

5H,I), further highlighting the significance and biological complexity of this predominant 

glycosaminoglycan. Additionally, our study suggests that NAGK, through which HA-

mediated GlcNAc presumably refuels the HBP in vivo, may be an attractive therapeutic 

target for PDA. Indeed, a recent study demonstrated that NAGK knockout in PDA 

impairs tumor growth in vivo, while only exhibiting a modest impact on cellular 

proliferation in vitro(52). These results are consistent with our observations that the 

GlcNAc salvage pathway is used to fill UDP-GlcNAc pools with HA-derived GlcNAc 

(Fig. 2-9N). Our study also contributes to a growing body of data illuminating 

unexpected nutrient sources in the TME that support cancer metabolism(14, 15, 17-22, 

53), and this raises the possibility that other glycosaminoglycans may be similarly 

scavenged.  

Due to its extremely hydrophilic nature, HA retains water and acts as a cushioning 

agent in tissue homeostasis and biomechanical integrity(49). In PDA, HA is a 

predominant component of the TME, and its water-retaining property is one of the main 

drivers of the supraphysiological intratumoral pressure(54). This pressure can exceed 

10-fold that observed in the normal pancreas, and, as a result, tumor vasculature 
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collapses (41, 55, 56). The limited access to circulation impairs nutrient and oxygen 

delivery, and it has been proposed that this is a critical impediment to tumoral drug 

delivery(57). Indeed, in animal models, breakdown of the HA matrix with a therapeutic 

hyaluronidase (PEGPH20) reduces intratumoral pressure, restores circulation, which 

facilitates drug delivery, and thereby improves response to chemotherapy(41, 56). 

Based on these promising observations, PEGPH20 was tested in clinical trials 

alongside standard of care chemotherapy. Despite the successes in the preclinical 

models, PEGPH20 did not extend PDA patient survival(58).  

The discrepancy between the clinical response to PEGPH20 and the preclinical 

data remains an active area of investigation and may concern the myriad additional 

roles of HA. For example, the HA matrix may be necessary to restrain tumor 

dissemination, as was shown for CAF depletion studies in PDA(59-62). Thus, the 

benefits afforded by enhanced drug penetration facilitated by PEGPH20 may be 

negated by this side effect. Along these lines, HA degradation may also enhance tumor 

metabolism and growth. This could occur through growth factor signaling-dependent(39) 

as well as signaling-independent pathways, like the GlcNAc salvage pathway described 

herein. In contrast, reduction in the HA content of tumors also facilitates T cell 

invasion(48), which may complement immunotherapy approaches, a concept that would 

be hindered by immunosuppressive chemotherapies. Given the conflicting roles of HA 

in tumor restraint and tumor growth, considerable work remains to be done to determine 

the most effective way to exploit this feature of pancreatic cancer. 
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2.4 Materials and Methods 

Cell Culture 

MiaPaCa2 (ATCC Cat# CRM-CRL-1420, RRID:CVCL_0428) and HPAC (ATCC Cat# 

CRL-2119, RRID:CVCL_3517) were obtained from ATCC. TU8988T (DSMZ Cat# ACC-

162, RRID:CVCL_1847) was obtained from DSMZ. Patient-derived CAFs(63) were a 

generous gift from Rosa Hwang, and FL5.12 cells were a generous gift from Dr. Aimee 

Edinger. All cells were routinely checked for mycoplasma contamination with MycoAlert 

PLUS (Lonza) and validated for authenticity annually by STR profiling. Cells were 

maintained in standard high glucose DMEM without pyruvate (Gibco) supplemented 

with 10% fetal bovine serum (FBS; Corning). GFAT1 null PDA were cultured in standard 

media supplemented with 10mM GlcNAc (Sigma). GFAT1 null NAGK knockout PDA 

were cultured in standard media supplemented with 10mM GalNAc (Sigma). Low 

nutrient media was made with DMEM without glucose, glutamine and pyruvate (Gibco). 

Glucose, glutamine, and FBS were added to the final concentration of 1.25mM, 0.2mM 

and 1%, respectively. FL5.12 cells were maintained in RPMI 1640 (Gibco) 

supplemented with 10% FBS, 10mM HEPES (Sigma), 55μM β-mercaptoethanol 

(Sigma), antibiotics, 2mM glutamine, and 500 pg/mL recombinant murine IL-3 

(Peprotech 213-13). 

Generation of CRISPR/Cas9 knockout clones 

GFAT1 and NAGK knockout PDA cell lines were generated using CRISPR/Cas9 

method described previously (22). Overlapping oligonucleotides (Feng Zhang lab 

human GeCKOv2 CRISPR knockout pooled library; Addgene #1000000048) were 

annealed to generate sgRNA targeting GFAT1 or NAGK. sgRNA was cloned directly 
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into the overhangs of PX459 V2.0 vector (Feng Zhang lab; Addgene plasmid #62988) 

that was digested with BbsI. The resulting CRISPR/Cas9 plasmid was transformed into 

chemically competent Stbl3 cells, miniprepped for plasmid DNA, and sequence-verified. 

sgRNA oligonucleotide pairs for GFAT1(11) and NAGK are as follows: GFAT1 (sg1 Fwd 

5′-CACCgCTTCAGAGACTGGAGTACAG-3′; sg1 Rev 5′-

AAACCTGTACTCCAGTCTCTGAAGc-3′) and NAGK (sg1 Fwd 5’-

CACCgTAGGGGAGGCACACGATCCG; sg1 Rev 5’-

AAACCGGATCGTGTGCCTCCCCTAc-3’; sg2 Fwd 5’-

CACCgGCCTAGGGCCTATCTCTGAG-3’; sg2 Rev 5’-

AAACCTCAGAGATAGGCCCTAGGCc-3’). Human PDA were transiently transfected 

using Lipofectamine 3000 according to the manufacturer’s instructions. Cells were 

selected with puromycin in the presence of GlcNAc (GFAT1 knockout bulk population) 

or GalNAc (GFAT1 NAGK double knockout bulk population). To select clones, 

polyclonal pools were seeded into 96-well plates at a density of 1 cell per well. 

Individual clones were expanded and verified via western blot and Sanger sequencing. 

TU8988T clone B9 has a 10 base pair (bp) and a 1bp deletion in GFAT1; TU8988T 

clone D10 has 2 different 1bp deletions in GFAT1; MiaPaCa2 clone M12 has 2 different 

1bp deletions in GFAT1; HPAC clone H1 has a 187bp deletion in GFAT1; HPAC clone 

H7 has a 187bp deletion in GFAT1. 

Conditioned media 

Conditioned media was generated by culturing cells in 15 cm2 plates (25mL growth 

media/plate) for 72 hours at 37°C, 5% CO2, so that they reached ~90% confluence. The 

media were then filtered through a 0.45μm polyethersulfone membrane (VWR). Boiled 
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conditioned media was warmed to 100°C for 15 minutes. Freeze-thaw conditioned 

media were initially stored at -80°C and were thawed in a 37°C water bath on the day of 

the experiment. As indicated, fresh growth media were added to the conditioned media 

at the ratios indicated to avoid nutrient/metabolite exhaustion. 

Colony formation and proliferation assays 

For colony formation assays, cells were plated in a 6-well plate in biological triplicate at 

500 cells/well in 2 mL of media and grown for 9-12 days. For proliferation assays, 5000 

cells/well were plated. At end point, assays were fixed with 100% methanol for 10 

minutes and stained with 0.5% crystal violet solution for 15 minutes. Relative colony 

formation was quantitated manually in a blinded fashion. Proliferation was quantified by 

removing the dye with 10% acetic acid and measuring OD595. 

CyQUANT viability assay 

Cells were seeded in 96-well black wall, clear bottom plates at 1000 cells/well in 50μL of 

media and incubated at 37°C, 5% CO2 for indicated time points. At each time point, 

media was aspirated and plates were stored at -80°C. Proliferation was determined by 

CyQUANT (Invitrogen) according to the manufacturer’s instructions. SpectraMax M3 

Microplate reader (Molecular Devices) was used to measure fluorescence. 

IncuCyte S3: Real-time, live-cell proliferation assay 

1000 cells were seeded per well in a 96-well plate and incubated at 37°C, 5% CO2 for 

cells to equilibrate. The next day, media were aspirated, washed once with PBS, and 

replaced with different media as indicated. Proliferation was measured on IncuCyte S3 

using phase object confluence as a readout. 
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HA-FITC Uptake Experiments 

TU8988T cells (WT, B9-GFAT1KO, D10-GFAT1KO), and BxPC3 cells were seeded in 

6-well plates with DMEM + 10% FBS + GlcNAc. The next day, cells were rinsed with 

PBS and the media was switched to DMEM + 10% FBS. The following day, cells were 

seeded on a chamber slide and grown in DMEM + 10% FBS. MiaPaCa2 cells (WT, 

M12-GFAT1KO) were treated similarly and were seeded in 6-well plates with DMEM + 

10% FBS + GlcNAc. The next day, cells were rinsed with PBS and seeded on a 

chamber slide in DMEM + 10% FBS. 

After one day in chamber slides, the media was removed, cells were rinsed with PBS, 

and cells were incubated with HA-FITC media for one hour at 37°C (or 1 min at 37°C as 

a negative control). After incubation, cells were rinsed and fixed with 10% formalin for 

15 minutes at room temp. Wells were rinsed three times with PBS + 0.3% BSA and cells 

were blocked for one hour at room temperature with PBS + 1% BSA. Cells were 

incubated overnight at 4°C with Mouse anti-panCK (Cytokeratin, DAKO M3515, [1:100]) 

in PBS + 1% BSA. The following day, cells were rinsed three times with PBS + 0.3% 

BSA and incubated 1 hour at room temperature with an anti-mouse Alexa fluor 

secondary antibody (Invitrogen) in PBS + 1% BSA. Following incubation, cells were 

rinsed and mounted with ProLong Gold Antifade Mountant with DAPI (Invitrogen).  

Olympus BX53F microscope, Olympus DP80 digital camera, and CellSens Standard 

software were used for imaging and 6 representative images were taken per cell line 

and condition. Uptake index was calculated using the Analyze Particles feature in 

ImageJ after automatic thresholding. The cell outlines and regions of interest were 
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determined using panCK expression and HA-FITC particles were measured. HA-FITC 

particle area was plotted as a percent of total cell area. 

HA ELISA 

An HA ELISA kit (cat no. DY3614, R&D Systems) was used to determine the 

concentration of HA in all the different conditioned media samples as per 

manufacturer’s instructions. 

Metabolite sample preparation 

Intracellular metabolite fractions were prepared from cells grown in 6-well plates. The 

media was aspirated, and cells were incubated with cold (−80°C) 80% methanol 

(1mL/well) on dry ice for 10 minutes. Then, the wells were scraped with a cell scraper 

and transferred to 1.5mL tubes on dry ice. To measure GlcNAc concentration in 

different conditioned media, 0.8mL of ice-cold 100% methanol was added to 0.2mL of 

conditioned media, and the mixture was incubated on dry ice for 10 minutes. 

After incubation of cell or media fractions on dry ice, the tubes were centrifuged at 

15,000rpm for 10 minutes at 4°C to pellet the insoluble material, and the supernatant 

was collected in a fresh 1.5mL tube. Metabolite levels of intercellular fractions were 

normalized to the protein content of a parallel sample, and all samples were lyophilized 

on a SpeedVac, and re-suspended in a 50:50 mixture of methanol and water in HPLC 

vials for LC-MS/MS analysis. 

Liquid chromatography-coupled mass spectrometry 

To detect UDP-GlcNAc, the Shimadzu NEXERA integrated UHPLC system with a 

LC30AD pump, SIL30AC autosampler, CTO30A column oven, CBM20A controller was 
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coupled with the AB Sciex TripleTOF 5600 MS system with DuoSpray ion source. All 

calibrations and operations were under control of Analyst TF 1.7.1. Calibrations of TOF-

MS and TOF-MS/MS were achieved through reference APCI source of SCEIX 

calibration solution. A high throughput LC method of 8 min with flowrate of 0.4 ml/min 

with a Supelco Ascentis Express HILIC (75 mm X 3.0 mm, 2.7 µm). Solvent A was 

made of 20 mM ammonium acetate of 95% water and 5% acetonitrile at pH 9.0. Solvent 

B was 95% acetonitrile and 5% water. LC gradient 0.0-0.5 min 90% B, 3 min 50% B, 

4.10 min 1% B, 5.5 min 1% B, 5.6 min 90% B, 6.5 min 90% B, 8 min stopping. Key 

parameters on the MS were the CE and CE spread of -35ev, 15ev. Data were 

compared to a reference standard. Data processing was performed by Sciex PeakView, 

MasterView, LibraryView and MQ software tools and ChemSpider database. 

To measure GlcNAc concentration in the various conditioned media, we utilized an 

Agilent Technologies Triple Quad 6470 LC/MS system consisting of 1290 Infinity II LC 

Flexible Pump (Quaternary Pump), 1290 Infinity II Multisampler, 1290 Infinity II 

Multicolumn Thermostat with 6 port valve and 6470 triple quad mass spectrometer. 

Agilent Masshunter Workstation Software LC/MS Data Acquisition for 6400 Series 

Triple Quadrupole MS with Version B.08.02 is used for compound optimization and 

sample data acquisition. 

A GlcNAc standard was used to establish parameters, against which conditioned media 

were analyzed. For LC, an Agilent ZORBAX RRHD Extend-C18, 2.1 × 150 mm, 1.8 um 

and ZORBAX Extend Fast Guards for UHPLC were used in the separation. LC gradient 

profile is: at 0.25 ml/min, 0-2.5 min, 100% A; 7.5 min, 80% A and 20% C; 13 min 55% A 

and 45% C; 20 min, 1% A and 99% C; 24 min, 1% A and 99% C; 24.05 min, 1% A and 
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99% D; 27 min, 1% A and 99% D; at 0.8 ml/min, 27.5-31.35 min, 1% A and 99% D; at 

0.6 ml/min, 31.50 min, 1% A and 99% D; at 0.4 ml/min, 32.25-39.9 min, 100% A; at 0.25 

ml/min, 40 min, 100% A. Column temp is kept at 35 ºC, samples are at 4 ºC, injection 

volume is 2 µl. Solvent A is 97% water and 3% methanol 15 mM acetic acid and 10 mM 

tributylamine at pH of 5. Solvent C is 15 mM acetic acid and 10 mM tributylamine in 

methanol. Washing Solvent D is acetonitrile. LC system seal washing solvent 90% 

water and 10% isopropanol, needle wash solvent 75% methanol, 25% water. 

6470 Triple Quad MS is calibrated with ESI-L Low concentration Tuning mix. Source 

parameters: Gas temp 150 ºC, Gas flow 10 l/min, Nebulizer 45 psi, Sheath gas temp 

325 ºC, Sheath gas flow 12 l/min, Capillary -2000 V, Delta EMV -200 V. Dynamic MRM 

scan type is used with 0.07 min peak width, acquisition time is 24 min. Delta retention 

time of plus and minus 1 min, fragmentor of 40 eV and cell accelerator of 5 eV are 

incorporated in the method. 

Xenograft studies 

Animal experiments were conducted in accordance with the Office of Laboratory Animal 

Welfare and approved by the Institutional Animal Care and Use Committees of the 

University of Michigan. NOD-SCID gamma (NSG) mice (Jackson Laboratory), 6-10 

weeks old of both sexes, were maintained in the facilities of the Unit for Laboratory 

Animal Medicine (ULAM) under specific pathogen-free conditions. Protocol#: 

PRO00008877. 

Wild type TU8988T and two verified GFAT1 null clones (B9 and D10) were trypsinized 

and suspended at 1:1 ratio of DMEM (Gibco, 11965-092) cell suspension to Matrigel 

(Corning, 354234). 150-200μL were used per injection. Orthotopic tumors were 
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established by injecting 0.5 x 106 cells in 50μL of 1:1 DMEM to Matrigel mixture. The 

experiment lasted five weeks. For subcutaneous xenograft studies with the pooled 

populations or validated clones, tumors were established with 5 x 106 cells in 200μL of 

1:1 DMEM to Matrigel mixture.  

Tumor size was measured with digital calipers two times per week. Tumor volume (V) 

was calculated as V = 1/2(length x width2). At endpoint, final tumor volume and mass 

were measured prior to processing. Tissue was snap-frozen in liquid nitrogen then 

stored at −80°C. 

Western blot analysis 

After SDS-PAGE, proteins were transferred to PVDF membrane, blocked with 5% milk, 

and incubated with primary antibody overnight at 4°C. The membranes were washed 

with TBST, incubated with the appropriate horseradish peroxidase-conjugated 

secondary antibody for 1hr and visualized on Bio-Rad imager with enhanced 

chemiluminescence detection system or exposed on radiographic film. 

Immunohistochemistry on subcutaneous and orthotopic tumors 

Subcutaneous and orthotopic tumors were fixed in Z-fix overnight, paraffin embedded, 

and sectioned onto slides. Sections were deparaffinized in xylene, rehydrated, and 

blocked with 2.5% BSA prior to incubation with biotinylated HABP antibody (Calbiochem 

#385911, [1:200]) overnight at 4°C. Vector Laboratories Vectastain Elite ABC-HRP Kit 

(PK-6100) and Vector Laboratories DAB Substrate Kit (SK-4100) were used for 

peroxidase detection of HABP signal. 
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Histological Scoring 

HABP-stained tumors, normal pancreas tissue (negative control), and transformed 

pancreas tissue from KC mice (positive control) were processed and stained for HABP 

as described above. Ten representative 20x images from each group were scored 

blinded based on HABP staining. Staining was scored on the following scale: 0, no 

staining; 1, minimal staining; 2, moderate to strong staining in at least 20% of cells; 3, 

strong staining in at least 50% of cells.  

Antibodies 

The following antibodies were used in this study: VINCULIN (Cell Signaling 13901), 

ACTIN (Santa Cruz sc-47778), GAPDH (Cell Signaling 5174), GFAT1 (Abcam 125069), 

NAGK (Atlas Antibodies HPA035207), O-GlcNAc (Abcam 2735), panCK (Cytokeratin, 

DAKO M3515), biotinylated HABP (Calbiochem 385911), secondary anti-mouse-HRP 

(Cell Signaling 7076), and secondary anti-rabbit-HRP (Cell Signaling 7074). 

Detection and quantification of macropinocytosis 

The macropinocytosis index was measured as previously described(64). In brief, cells 

were seeded on the coverslips in 24-well plate for 24 hours and serum-starved for 18 h. 

Cells were incubated with 1mg/ml high molecular weight TMR–dextran (Fina 

Biosolutions) in serum-free medium for 30 min at 37 °C. Cells were then washed 5 times 

with cold DPBS and fixed in 4% polyformaldehyde for 15 min. The coverslips were 

mounted onto slides using DAKO Mounting Medium (DAKO) in which nuclei were 

stained with DAPI. At least six images were captured for each sample using an 

Olympus FV1000 confocal microscope and analyzed using the particle analysis feature 
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in ImageJ (NIH). The micropinocytosis index for each field was calculated as follow: 

Macropinocytosis Index = (total particle area/total cell area) × 100%. 

Hyaluronic acid, hyaluronidase, and heparin 

Heparin was obtained from Sigma (H3393). Oligo HA (5kDa) was obtained from 

Lifecore Biomedical. Two different LMW HA were used in this study: 78 kDa HA (Pure 

Health solutions) and 60kDa HA (Lifecore Biomedical). To make 10mM oligo- or LMW 

HA media, HA was added slowly into high glucose DMEM without pyruvate, stirred for 

two hours at room temperature, and filtered through 0.20μm polyethersulfone 

membrane. FBS was added to a final concentration of 10%.  

Hyaluronidase (Sigma H3506) treatment was performed as follows: 10mM LMW HA 

media and control media (DMEM + 10% FBS) were incubated with hyaluronidase, 

according to manufacturer’s instructions, overnight in a 37°C water bath. The next day, 

media were boiled for 15 minutes to denature hyaluronidase. The resulting media were 

mixed 1:1 with fresh growth media to avoid effects of nutrient/metabolite exhaustion.  

Preparation of necrotic FL5.12 cells 

Necrotic FL5.12 cells were prepared as described previously(34). Cells were washed 

three times with PBS, cultured in the FL5.12 media without IL-3 (100 million cells/mL) 

for 72 hours. The necrotic cells were spun down at 13,000 rpm for 10 minutes at 4°C, 

and the pellets were stored at -80°C until use. 

Statistical analysis 

Statistics were performed using GraphPad Prism 8. Groups of two were analyzed with 

two-tailed students t test. Groups of more than two were analyzed with one-way ANOVA 
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Tukey post-hoc test. All error bars represent mean with standard deviation. A P value of 

less than 0.05 was considered statistically significant. All group numbers and 

explanation of significant values are presented within the figure legends.  
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2.6 Figures 

 

Figure 2-1 PDA requires de novo hexosamine biosynthetic pathway fidelity in vitro but not in vivo.  

(A) Schematic overview of the hexosamine biosynthetic pathway (HBP) and the nutrient inputs. Ac-CoA, 
acetyl-coenzyme A; GFAT1, glutamine fructose 6-phosphate amidotransferase 1; Glc, glucose; GlcNAc, 
N-acetyl-glucosamine; Gln, glutamine; Glu, glutamate; NAGK, N-acetyl-glucosamine kinase; Pi, inorganic 
phosphorus; UTP, uridine-triphosphate. (B) Western blot of GFAT1 and loading control VINCULIN (VNC) 
from validated CRISPR/Cas9 knockout TU8988T, MiaPaca2, and HPAC clones and their control (non-
targeted sgRNA). (C) Representative wells from a colony-forming assay in parental and clonally-derived 
GFAT1 knockout cell lines grown in base media (DMEM) or base media supplemented with 10mM 
GlcNAc. Data quantitated at right, n=3. (D) Proliferation assay in parental and two GFAT1 knockout clonal 
TU8988T cell lines. Representative wells are presented above data quantitated by crystal violet extraction 
and measured by optical density (OD) at 590nm, n=3. (E) Tumors from parental TU8988T (n=6) and 
GFAT1 knockout clone D10 (n=6) grown subcutaneously in immunocompromised mice. Accompanying 
western blot for GFAT1 and VNC loading control from representative tumor lysates. (F) Tumor volume 
and tumor weight from samples in E. (G) Tumor volume and tumor weight from parental TU8988T (n=5) 
and GFAT1 knockout clones B9 (n=8) and D10 (n=4) implanted and grown orthotopically in the pancreas 
of immunocompromised mice. Error bars represent mean ± SD. n.s., non-significant; *P < 0.05; ** P 
<0.01; *** P <0.001; **** P <0.0001. 
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Figure 2-2 Additional characterization of GFAT1 knockout PDA populations and clonal lines.  

(A) Proliferation kinetics of parental PDA cell lines and corresponding pooled populations of GFAT1 
knockout cells supplemented with varying concentrations of GlcNAc (n=3). Cell quantity was assessed by 
Cyquant (DNA intercalating dye) and plotted in absorbance units (AU). (B,C) UDP-GlcNAc levels 
measured by liquid chromatography-coupled tandem mass spectrometry (LC-MS/MS) in (B) TU8988T 
and HPAC GFAT1 knockout lines in the presence or absence of 10 mM GlcNAc for 3 days, presented as 
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relative abundance (n=3), and (C) TU8988T, HPAC, and MiaPaCa2 GFAT1 knockout cells grown without 
GlcNAc for 3 days (n=3), presented as relative ion abundance. (D) Western blot of proteome O-GlcNAc 
and loading control GAPDH in parental and GFAT1 knockout TU8988T and HPAC. GFAT1 knockout 
lines were grown in the presence or absence of 10mM GlcNAc for 3 days. (E) Western blot for GFAT1, at 
short and long exposure, and ACTIN loading control in a panel of clonal cell lines selected from the 
pooled population of GFAT1 knockout TU8988T cells. (F) Proliferation kinetics of parental TU8988T 
(GFAT1 WT) and clonal cell lines E8, G11, B9, and D10 selected from the pooled GFAT1 knockout 
population supplemented with varying concentrations of GlcNAc (n=3). Clones correspond to those in the 
western blot in E. Cell quantity was assessed by cell titer glo and plotted in relative fluorescent units 
(RFU). (G) Representative wells from proliferation assay in parental and two GFAT1 knockout clonal 
HPAC and MiaPaCa2 cell lines. At bottom, data are quantitated by crystal violet extraction and 
measurement of optical density (OD) at 590nm, n=3. (H) Tumors from parental (n=3) and GFAT1 
knockout (n=3) HPAC; parental (n=4) and GFAT1 knockout (n=4) MiaPaCa2; and parental (n=6) and 
GFAT1 knockout (n=6) TU8988T cell lines grown subcutaneously in immunocompromised mice. Error 
bars represent mean ± SD. n.s., non-significant; *P < 0.05; ** P <0.01; **** P <0.0001. 
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Figure 2-3 Conditioned media from CAFs and wild type PDA cells support proliferation of GFAT1 
knockout cells.  

(A) Representative wells from a colony-forming assay in parental TU8988T and GFAT1 knockout clonal 
line D10 in 10mM GlcNAc, base media (DMEM), or base media supplemented 1:3 (25%) with cancer 
associated fibroblast (CAF) conditioned media (CM), boiled CAF CM, or CAF CM subject to freeze-thaw 
(F/T). (B) Quantitation of colonies from data in A (n=3). (C) Representative wells from a colony-forming 
assay in parental TU8988T and GFAT1 knockout clonal line D10 in 10mM GlcNAc, DMEM, or base 
media supplemented 1:3 (25%) with CM from wild type TU8988T cells, boiled TU8988T CM, or TU8988T 
CM subject to F/T. (D) Quantitation of colonies from data in C (n=3). (E) Quantitation of colony forming 
assay data of parental and GFAT1 knockout clonal TU8988T lines in base media, positive control 
GlcNAc, wild type TU8988T CM diluted 1:2 (33%) or used directly (100%) (n=3). (F) Representative wells 
and quantitation of colony forming assay data of parental and GFAT1 knockout clonal TU8988T lines in 



 116 

base media, positive control GlcNAc, and wild type TU8988T CM subject to F/T and diluted 3:1 (75%) 
(n=3). (G) Quantitation of colony forming assay data of parental and GFAT1 knockout clonal TU8988T 
lines in base media, positive control GlcNAc, or wild type TU8988T, HPAC, or MiaPaCa2 CM subject to 
F/T and diluted 3:1 (75%) (n=3). (H) GlcNAc dose response curve presented as relative colony number 
for parental and GFAT1 knockout TU8988T cells (n=3). (I) Mean of absolute quantitation of GlcNAc in 
various CM by LC-MS/MS (n=3). Error bars represent mean ± SD. *P < 0.05; ** P <0.01; *** P <0.001; 
**** P <0.0001. 

 

 

 

 

 

 



 117 

 

Figure 2-4 Rescue activity of conditioned media and GlcNAc in GFAT1 knockout cells.  

(A) Quantitation of colony forming assay data of parental MiaPaCa2 and GFAT1 knockout clonal line M11 
in base media (DMEM), positive control GlcNAc, wild type TU8988T CM diluted 1:2 (33%) or used directly 
(100%) (n=3). (B,C) Quantitation of proliferation assay data of (B) parental MiaPaCa2 and GFAT1 
knockout clonal line M11 and (C) parental HPAC and GFAT1 knockout clonal line H7 in base media 
(DMEM), positive control GlcNAc, or wild type TU8988T, HPAC, or MiaPaCa2 CM diluted 3:1 (75%) that 
was subjected to freeze-thaw (F/T) (n=3). Data represent crystal violet extracted from cells at endpoint 
and measured by optical density (OD) at 590nm. (D) GlcNAc dose response curve presented as relative 
colony number for parental TU8988T cells and GFAT1 knockout clonal line B9 (n=3). Error bars represent 
mean ± SD. n.s., non-significant; *P < 0.05; ** P <0.01; *** P <0.001; **** P <0.0001. 
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Figure 2-5 Hyaluronic acid rescues GFAT1 knockout PDA cells.  

(A) Representative wells from a colony-forming assay in parental and clonally-derived GFAT1 knockout 
TU8988T cell lines grown in base media (DMEM), positive control GlcNAc (10mM), or low molecular 
weight (LMW) hyaluronic acid (78kDa HA, 10mM). (B) Quantitation of data from A (n=3). (C) Western blot 
of proteome O-GlcNAc and loading control VINCULIN (VNC) in parental TU8988T cells grown in base 
media (DMEM) plus GlcNAc or LMW HA for the indicated time points. Band density was quantitated, 
normalized to control, and presented below the blot. (D,E) Western blot of proteome O-GlcNAc and 
loading control VNC in GFAT1 knockout clonal lines (D) B9 and (E) D10 in base media (DMEM) plus 
GlcNAc or LMW HA for the indicated time points. Wild type (WT) TU8988T included as control. Band 
density was quantitated, normalized to control, and presented below the blot. (F) Quantitation of HA-FITC 
uptake in wild type (TU8988T, MiaPaCa2, BxPC3) and GFAT1 knockout clones (B9, D10, M12) 
presented as percent total particle area over total cell area at 1 minute or 1 hour; n=6 frames per 
condition. Cell area was calculated by staining for pan-cytokeratin (panCK). At right, representative 
images. Scale bar,  50 µm. (G) Representative wells of a proliferation assay in parental TU8988T and 
GFAT1 knockout clonal line D10 grown in base media (DMEM), positive control GlcNAc (10mM), or base 
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media supplemented 1:1 with boiled LMW HA (10mM) with and without pre-digestion with hyaluronidase 
(HAase). At endpoint, cells are stained with crystal violet, and the stain was then extracted and 
quantitated by OD at 590nm (n=3). (H,I) Proliferation time course, as measured on the Incucyte, of (H) 
TU8988T and (I) MiaPaCa parental and GFAT1 knockout cells in base media (DMEM), positive control 
(GlcNAc), 60 kDa HA (LMW HA), 5 kDa HA (o-HA), or wild type TU8988T CM (n=3). Error bars represent 
mean ± SD. *** P <0.001. 
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Figure 2-6 Characterization of macropinocytosis and glycosaminoglycan rescue activity in PDA and 
GFAT1 knockout cells.  
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(A-F) Representative colony formation assays and their quantitation following treatment with two 
concentrations of heparin or necrotic cell debris that contain complete cellular contents, relative to base 
media (DMEM) and positive control GlcNAc in (A,B) parental and GFAT1 knockout TU8988T, (C,D) 
parental and GFAT1 knockout MiaPaCa2, and (E,F) parental and GFAT1 knockout HPAC. (G) 
Immunostaining images of intracellular fluorescently-tagged dextran (red) engulfed by macropinocytosis 
in PDA cell lines. Nuclear DAPI staining in blue. Quantitation of macropinocytotic index presented at 
bottom for n=6 wells per biological replicate (n=3). (H) Representative images for the data presented in 
Figure 3F. HA-FITC is presented in green with pan-cytokeratin (panCK) in red. Nuclear staining with DAPI 
in blue. Scale bar, 50 µm. (I) Quantitated data are presented above representative wells from a 
proliferation assay in parental TU8988T and GFAT1 knockout clone B9 in 10mM GlcNAc, base media 
(DMEM), base media supplemented 1:1 with boiled DMEM, or base media supplemented 1:1 with boiled 
HAase-treated DMEM. Quantitated data represent crystal violet extracted from cells at endpoint and 
measured by optical density (OD) at 590nm (n=3). Error bars represent mean ± SD. n.s., non-significant; 
*P < 0.05. 
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Figure 2-7 Analysis of hyaluronic acid formulation on GFAT1 rescue and composition in conditioned 
media.  

(A,B) Proliferation time course of (A) parental MiaPaCa2 and (B) GFAT1 knockout cells in base media 
(DMEM), positive control (GlcNAc), 5 kDa HA (o-HA), or wild type TU8988T conditioned media (CM) 
subject to freeze thaw (F/T) (n=3). (C,D) Proliferation time course of (C) parental TU8988T and (D) 
GFAT1 knockout cells in base media (DMEM), positive control (GlcNAc), 60 kDa HA (LMW HA), or 5 kDa 
HA (o-HA).(E) Dynamic range of HA detection by ELISA, employed to quantitate HA. (F) HA content in 
cancer associated fibroblast (CAF) and wildtype TU8988T CM, that treated with HAase, and that treated 
with boiled HAase, relative to DMEM alone negative control. (G) Detection of 10mM 60kDa and 5kDa HA 
standard and 60kDa standard treated with HAase, as well as that treated with boiled HAase, relative to 
DMEM alone negative control. (H) Representative wells from colony formation assays in parental and 
GFAT1 knockout clonal TU8988T cell lines in base media (DMEM), positive control GlcNAc, and N-
acetyl-galactosamine (GalNAc). Quantitated data are presented in Fig. 2-5F. Error bars represent mean ± 
SD. 
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Figure 2-8 Hyaluronic acid in conditioned media rescues GFAT1 knockout.  

(A) Quantification of HA in CM from wildtype TU8988T cells treated with varying doses of 4-MU (n=3). (B-
E) Proliferation time course of (B,C) wild type TU8988T and (D,E) GFAT1 knockout TU8988T grown (B,D) 
directly in varying concentrations of 4-MU or (C,E) in CM from wild type TU8988T cells exposed to 4-MU 
during media conditioning. GFAT1 knockout cells in (D) were propagated in GlcNAc to maintain viability 
(n=3 for all cell lines and conditions). (F) HABP staining of normal murine pancreas (negative control) and 
a murine pancreatic tumor (positive control). (G) Representative images for HABP staining classification 
used in H. (H) 10 representative slides from wildtype (WT) and GFAT1 knockout subcutaneous and 
orthotopic tumors (Figure 1F,G) were stained and blindly scored using the classification metric in G 
(n=10). Error bars represent mean ± SD. *P < 0.05; ** P <0.01; *** P <0.001; **** P <0.0001. 
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Figure 2-9 Hyaluronic acid-derived GlcNAc rescues GFAT1 loss via the GlcNAc salvage pathway. 

 (A) Western blot of NAGK, GFAT1, and ACTIN loading control from TU8988T, MiaPaCa2, and HPAC 
parental (wild type, WT) and NAGK knockout (KO) populations. NAGK was knocked out using two 
independent sgRNAs (sg1, sg2). (B) Representative wells from a colony forming assay for parental and 
NAGK knockout lines. (C) Quantitation of colony forming assay data in B (n=3). (D) Western blot for 
NAGK, GFAT1, and loading control ACTIN in parental PDA cell lines. Band density was quantitated, 
normalized to control, and presented below the blot. (E) Schematic overview of the Leloir pathway of 
galactose catabolism integrated with the HBP and GlcNAc salvage pathway. (F) Quantitated data from 
colony formation assays in parental and GFAT1 knockout clonal TU8988T cell lines in base media 
(DMEM), positive control GlcNAc, and N-acetyl-galactosamine (GalNAc) (n=3) (G) Western blot for 
GFAT1, NAGK, and loading control VINCULIN (VNC) in parental TU8988T and HPAC, GFAT1 knockout 
clones, and GFAT/NAGK double targeted lines. (H-K) Proliferation time course of (H,I) parental TU8988T 
and GFAT1 knockout line B9 in base media, GalNAc positive control, 60 kDa HA, or 5 kDa HA; (J,K) 
GFAT1/NAGK double targeted clones in base media, GalNAc positive control, 60 kDa HA, or 5 kDa HA 
(n=3). (L) Western blot for proteome O-GlcNAcylation (O-GlcNAc), GFAT1, NAGK, and VCN in parental 
(WT), GFAT1 knockout (B9) and GFAT1/NAGK double knockout (B9-sg1) TU8988T cells treated with 
10mM GalNAc, DMEM, CM or o-HA. (M) LC-MS/MS analysis of UDP-GlcNAc from the samples in L 
(n=3). (N) Schematic overview of the HA metabolism through the GlcNAc salvage pathway to fuel 
glycosylation in GFAT1 knockout PDA. Error bars represent mean ± SD. n.s., non-significant; *P < 0.05; 
** P <0.01. 
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Figure 2-10 Additional characterization of HA rescue in GFAT1/NAGK double knockout cell lines.  
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(A-D) Proliferation time course of (A) parental TU8988T, (B) GFAT1 knockout cells, and (C,D) two 
GFAT1/NAGK double knockout cell lines in base media (DMEM), positive control (GlcNAc), 5 kDa HA (o-
HA), or wild type TU8988T conditioned media (CM) subject to freeze thaw (F/T) (n=3). (E,F) Proliferation 
time course of two additional GFAT1/NAGK double knockout cells lines from main text Figure 5H-K in 
base media (DMEM), positive control (GalNAc), 5 kDa HA (o-HA), or 60kDa HA (n=3). (G-J) Proliferation 
time course of (G) wildtype MiaPaCa2, (H) GFAT1 knockout line M12, and (I,J) GFAT1/NAGK double 
knockout cells in base media, GalNAc positive control, 60 kDa HA, or 5 kDa o-HA (n=3). (K-M) LC-
MS/MS analysis of (K) GlcNAc-phosphate (GlcNAc-P), (L) fructose 6-phosphate, and (M) uridine 
triphosphate from the samples in Fig. 2-5L (n=3). (N) Western blot for proteome O-GlcNAcylation (O-
GlcNAc), GFAT1, NAGK, and VCN in parental (WT), GFAT1 knockout (M12) and GFAT1/NAGK double 
knockout MiaPaCa2 cells treated with 10mM GalNAc, DMEM, CM or o-HA. The NAGK band appears 
below a non-specific band, as indicated by the blue arrow. Error bars represent mean ± SD. 
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Chapter 3 – GOT2 in Cancer Metabolism‡ 

3.1 Background  

Tumors rewire cellular metabolism to sustain aberrant growth and survival(1-3). 

Cancer cells do not create new metabolic pathways, but rather re-purpose inherent 

metabolic tendencies of the cells and tissues of origin(4). Thus, understanding cellular 

metabolism under homeostatic conditions can provide insight into the metabolic 

underpinnings of cancer cells. Furthermore, unique aspects of cancer metabolism 

present vulnerabilities that can be exploited therapeutically without disrupting non-

malignant cell function(5).  

Here, we discuss these concepts through the lens of glutamate-oxaloacetate 

transaminase 2 (GOT2), a mitochondrial enzyme that has recently garnered 

considerable interest in cancer metabolism. GOT2 is a mitochondrial aminotransferase 

that reversibly produces aspartate and α-ketoglutarate from glutamate and 

oxaloacetate. GOT2 is most well known as a member of the malate-aspartate shuttle 

(MAS), a cytosolic-mitochondrial pathway that transfers reducing equivalents into the 

mitochondria to support oxidative phosphorylation(6). In addition to, and as a part of this 

function, GOT2 also participates in several critical metabolic functions: nucleotide 

synthesis, redox homeostasis, fueling the tricarboxylic acid (TCA) cycle, fatty acid 

 
‡ This chapter consists of an invited review currently under revision: Kerk SA, Garcia-Bermudez J, Birsoy 

K, Sherman MH, Shah YM, Lyssiotis CA. Spotlight on GOT2 in Cancer. OncoTargets and Therapy. 
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transport, nitrogen balance, and sulfur catabolism (Fig.1). The following sections will 

dissect how each of these GOT2-related pathways have been investigated under both 

cellular homeostasis and cancer metabolism.  

3.2 Metabolic functions of GOT2 

3.2.1 Aspartate requirement for nucleotide synthesis 

The deregulated cell growth and division in cancer cells imposes significant 

requirements for RNA and DNA. Perhaps the most well-studied product of the GOT2-

catalyzed reaction is the amino acid aspartate, which is a rate-limiting metabolite for 

cancer cells due to its contribution of both carbon and nitrogen to nucleotide synthesis 

(7-10) (Fig.1c). In vitro studies demonstrated that aspartate supplementation rescued 

loss of GOT2 in pancreatic cancer cells. In vivo, however,  pancreatic tumors overcome 

loss of GOT2 by acquisition of aspartate from the tumor microenvironment using 

macropinocytosis (11). In acute myelogenous leukemia, disruption of vitamin B6 

synthesis, a co-factor in the GOT2 reaction, disrupted aspartate synthesis and impaired 

cancer cell growth. Supplementation with aspartate was sufficient to rescue decreased 

GOT2 activity due to chemical and genetic inhibition of the vitamin B6 pathway(12). 

Furthermore, GOT2 expression is increased in triple negative breast cancer and 

overexpression of GOT2 in these cells increased intracellular aspartate levels and 

promoted proliferation(13, 14). Interestingly, VHL-deficient clear-cell renal clear cell 

renal carcinoma tumors have decreased expression of GOT2(15, 16), suggesting 

alternative strategies to generate or acquire aspartate, like macropinocytosis, though 

those mechanisms remain to be identified. 
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Aspartate has also been reported to play important roles in metabolism in healthy 

cells. For example, chondrocytes depend on GOT2-derived aspartate for differentiation 

and to carry out bone remodeling functions(17). Similarly, perturbations in 

hematopoietic stem cells (HSCs) that elevate intracellular aspartate levels, such as 

overexpression of the mitochondrial aspartate transporter or deletion of GOT1, the 

cytosolic isoform that consumes aspartate, boosted HSC number and activity. Deletion 

of both GOT1 and GOT2 was lethal for HSCs as they were unable to synthesize 

nucleotides or another product of aspartate metabolism, the amino acid asparagine(18). 

3.2.2 Redox balance  

Disruption of the MAS induces ‘reductive stress’, characterized by increased 

levels of NADH that interfere with redox sensitive metabolic pathways. Patients with 

germline loss-of-function GOT2 variants present with neurological defects including 

epilepsy, and fibroblasts derived from these patients demonstrated impaired serine 

biosynthesis (a redox coupled pathway). Proper function could be restored through 

supplementation with serine or pyruvate, the latter being a metabolite that accepts 

electrons from NADH to resolve reductive stress(19). Similarly, in vitro studies in 

pancreatic cancer demonstrated that loss of GOT2 induced reductive stress due to 

NADH accumulation, which was alleviated through NADH oxidizing mechanisms(20). 

Furthermore, impaired mitochondrial metabolism and reduced expression of GOT2 in 

neurons have been identified in several neurological pathologies (21, 22) (23) (24) (24). 

This suggests that GOT2 is involved in sustaining oxidative metabolism to generate 

energy for highly active neuronal subtypes. Dietary, chemical, or genetic interventions 
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that alleviate reductive stress could be effective therapies for defects in the MAS, 

including GOT2 inactivation(25).  

Maintenance of NADPH/NADP+ pools is also essential to protect cells against 

damaging levels of reactive oxygen species (ROS). In ischemic hearts, hypoxia 

inducible factor 1α expression, the primary cellular factor involved in the hypoxic 

response, is inversely correlated with GOT2 expression and coincides with a 

concomitant increase in glutathione (GSH), a tripeptide of glycine, glutamate, and 

cysteine and the most abundant endogenous antioxidant (26). GOT2 consumes 

glutamate, therefore downregulation of GOT2 expression may lead to an increased 

availability of glutamate for production of GSH. 

In cancer cells the maintenance of a redox state that supports sustained 

proliferation is paramount. Because the MAS sustains redox balance between the 

cytosol and the mitochondria, its activity is modulated in various cancer types. For 

instance, a rewired MAS in PDAC fuels production of NADPH through malic enzyme 1 

(ME1) in the cytosol to regenerate GSH and protect cells from ROS(27). Several 

enzymes in this pathway are overexpressed in pancreatic tumors compared to normal 

pancreas(28). Loss of GOT2 also induced senescence mediated by decreased NADPH 

synthesis and ROS accumulation(29). Furthermore, inhibition of glutamine breakdown 

(or glutaminolysis) coupled with therapies that generated ROS induced redox 

catastrophe in pancreatic cancer cells both in vitro and in vivo(28). Conversely, in 

hepatocellular carcinoma , GOT2 is downregulated in response to insulin signaling(30), 

resulting in increased glutamate availability for GSH synthesis(31). 

3.2.3 The dysregulated cancer TCA cycle 
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The net activity of the MAS does not consume carbon or nitrogen. However, 

when provided substrates in excess of MAS activity, GOT2 can generate surplus α-

ketoglutarate and aspartate. The aspartate can be used as a biosynthetic precursor, as 

described above. Production of α-ketoglutarate from GOT2 provides a major carbon 

input that sustains anaplerotic TCA cycling in proliferating cells (Fig.1e). When 

functioning in this mode, the TCA cycle generates both the reducing equivalents needed 

to produce energy as well as provide biosynthetic precursors(32). Pancreatic cancer 

cells in culture utilize glutamine-derived α-ketoglutarate through GOT2 as the primary 

anaplerotic input to support biosynthesis and proliferation(27).  Similarly, GOT2 

overexpression in diffuse large B cell lymphoma drives elevated glutaminolysis to 

support anaplerosis through α-ketoglutarate production(33). 

The ratios of TCA cycle intermediates have also been implicated in cell fate(32). 

For example, paragangliomas and pheochromocytomas, rare neurological tumors, are 

unique in that they harbor loss of function mutations in the MAS components MDH2, 

SLC25A11, and a gain of function mutation in GOT2(34). Indeed, a whole-exome 

sequencing study of 11 patients revealed a patient with a germline GOT2 gain of 

function mutation, while two other tumors had increased GOT2 activity(35). This 

increased GOT2 activity elevated both the succinate/fumarate ratio and the available 

aspartate, due to increased anaplerosis(35, 36). Epigenetic modifying enzymes, such 

as histone and DNA demethylases, consume α-ketoglutarate and produce succinate. 

Therefore, while the TCA cycle is important for biosynthesis and energy production, it is 

necessary to consider how disruption of the α-ketoglutarate/succinate ratio through 
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increased GOT2 activity has broader implications on cell state and differentiation 

programs in these and other tumors, as well as in normal physiology.  

3.3 Emerging GOT2 pathways in cancer 

GOT2 has been reported to have additional functions, outside of the classical 

roles described above, such as fatty acid binding, cysteine/sulfur breakdown, and 

nitrogen balance (Fig.1b,d,f). For example, several studies have proposed GOT2 is a 

plasma membrane-bound fatty acid binding protein and have provided the alternate 

protein name FABPpm. In this role, GOT2/FABPpm is responsible for the import of free 

fatty acids under conditions of cellular stress, organ injury, or fatty acid accumulation, 

potentially influencing fatty acid oxidation(37-46). Despite considerable literature 

examining the role of GOT2 as a plasma-membrane bound fatty acid transporter in 

several tissues, this capacity has only recently been examined in cancer. One 

provocative study confirmed GOT2 as a fatty acid binding protein in pancreatic 

cancer(47). GOT2 free fatty acid binding activity in syngeneic allografts in immune 

competent mice promoted anti-inflammatory PPARδ activity, ultimately blocking 

cytotoxic T cell infiltration, and promoting tumor growth(47). These findings indicate 

more remains to be investigated regarding the role of GOT2 in fatty acid metabolism in 

cancer.  

 GOT2 is also involved in nitrogen balance through production/consumption of 

the non-essential amino acids aspartate and glutamate. Regarding aspartate, it can 

enter the urea cycle, the primary mechanism by which cells either recycle or dispose of 

nitrogen. Human patients with inborn errors of GOT2 metabolism displayed 

dysregulated levels of serum ammonia(19, 25). As such, further work is needed to 
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identify mechanisms by which GOT2 is involved in removing toxic levels of ammonia or 

recovering nitrogen for incorporation into amino acids and nucleotides.  

In colorectal cancer, GOT2 is essential in nitrogen balance through production of 

amino acids and the urea cycle via a HIF1a-SOX12-GOT2 axis that drives asparagine 

production from aspartate. Inhibition of this pathway impairs cell growth(48). 

Additionally, in Kaposi’s sarcoma-associated herpesvirus cells, GOT2-derived nitrogen 

is essential for both nucleotide and amino acid production(49). Cells detoxify ammonia 

through the urea cycle and aspartate incorporation is a critical node in fueling this cycle. 

Cancer cells often cells downregulate urea cycle enzymes to maintain aspartate pools 

for nucleotide production(50). However, how cancer cells tune aspartate flux between 

the urea cycle or nucleotide synthesis remains unclear.  

Promiscuous GOT2 transaminase activity has also been proposed to act on 

cysteinesulfinate to produce 3-sulfinylpyruvate, which is further catabolized to sulfur 

dioxide and pyruvate, presenting a potential link between GOT2 and taurine 

biosynthesis(51). Downregulation of GOT2 and the sulfur dioxide pathway is also 

implicated in myocardial injury(52). Furthermore, serum levels of GOT2 correlated with 

increased cardiovascular disease (45), and this was proposed to be due to increased 

sulfur dioxide production. This pathway has not yet been evaluated in cancer cells. 

3.4 GOT2 in the tumor microenvironment 

Tumors are dynamic pseudo-organs in which malignant and non-transformed cell 

types work in concert to support growth and survival(53, 54). As such, the metabolism 

of immune and stromal cells can have a strong influence on cancer cells(55). Aside 

from its myriad functions in cancer cells, GOT2 is also expressed, and potentially 
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important, in several of these non-cancer tumor cells. For instance, in an autochthonous 

model of pancreatic tumorigenesis with loss of Got2, while immunohistochemistry (IHC) 

confirmed knockdown of Got2 in transformed, epithelial lesions, the surrounding stroma 

retained strong expression of Got2(20). Indeed, single-cell RNA-sequencing of mouse 

and human pancreatic tumors also detected significant GOT2 expression in several 

compartments including macrophages, fibroblasts, T cells, and endothelial cells(56). 

Furthermore, CAR-T cells engineered to express GOT2 demonstrated enhanced 

cytotoxic activity against liver cancer both in vitro and in vivo(57). An in-silico analysis of 

clear cell renal carcinoma detected GOT2 expression in both immune and stromal cell 

types(16). In sum, these findings suggest that understanding the role of GOT2 in the 

tumor as whole is important when evaluating GOT2 as a potential target in cancer. 

3.5 Key considerations when interrogating cancer metabolism 

Cumulatively, the body of work involving GOT2 highlights several key points in 

tumor metabolism. First, cancer cells exhibit dynamic metabolism to support malignant 

functions. Second, the metabolic pathways utilized by cancer cells are dictated by tissue 

of origin, genomic profile, environmental nutrient composition, and external signaling. 

Third, investigating cancer metabolism in the proper context is essential for identifying 

therapeutically tractable targets.   

A major challenge in targeting cancer metabolism is the ability of cancer cells to 

rapidly adapt to metabolic pathway blockade(58). As it relates to the MAS, GOT2 

inhibition leads to an elevated NADH/NAD+ ratio, and this reductive stress is 

detrimental to rapidly proliferating cells. Several essential metabolic pathways depend 

on this ratio, and NADH accumulation decreases flux through these pathways. Yet, 
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while loss of GOT2 in PDAC cell lines led to reductive stress and impaired proliferation, 

xenograft tumors grew unimpeded in the absence of GOT2. It was discovered that 

pancreatic cancer-associated fibroblasts (CAFs) release sufficient pyruvate to 

ameliorate NADH accumulation through reduction to lactate(20) (Fig.2A). In addition to 

alleviating reductive stress, PDAC cells can acquire aspartate through macropinocytosis 

in the absence of GOT2 (Fig.2A). PDAC tumors are rich in extracellular matrix with a 

prominent stromal compartment secreting numerous proteins. These proteins can be 

non-specifically scavenged and broken down into their amino acid components to 

replenish aspartate pools in the absence of GOT2 in vivo(11). Additionally, GOT1 can 

compensate for the loss of GOT2, and double GOT1/GOT2 knockout slowed pancreatic 

cancer xenograft growth(11) (Fig.2A). Lastly, a recent study has demonstrated how the 

MAS can reverse its direction to correct mitochondrial redox imbalance imposed by 

inhibition of the (ETC)(59). Collectively, these studies emphasize both cell-intrinsic and -

extrinsic mechanisms can compensate for loss of GOT2.  

The tissue of origin plays a critical role in the tumor-promoting or -restraining 

function of GOT2 in cancer metabolism (4). For instance, in HCC, downregulation of 

GOT2 is associated with more aggressive disease and worse outcomes. Indeed, 

overexpressing GOT2 in HCC cell lines restrains tumor growth. One potential 

explanation is that loss of GOT2 increases pools of the GOT2 substrate glutamate, 

increasing its incorporation in glutathione(31) (Fig.2B). Conversely, in PDAC GOT2 is 

part of the rewired MAS utilized to synthesize NADPH and reduce glutathione(27). 

Perhaps, tumors arising in the liver versus the pancreas utilize distinct pathways for 
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glutathione production, which then dictate whether GOT2 expression is detrimental or 

beneficial for tumor metabolism. 

Lastly, the pre-clinical models utilized can influence metabolic findings, even in 

the same cancer type. Two studies found that loss of GOT2 in human pancreatic cancer 

cell lines in vitro impaired proliferation, while human xenografts in immunocompromised 

mice progressed unimpeded in the absence of GOT2. As discussed, cell-intrinsic 

rewiring and metabolic crosstalk within the TME could both contribute to this 

compensation(11, 20, 58). However, intriguingly, a third study reported the opposite 

phenotype. Loss of GOT2 had no effect on in vitro cellular proliferation but significantly 

inhibited the growth of murine syngeneic allografts in immunocompetent mice. GOT2 

loss induced cytotoxic T cell infiltration due to decreased fatty acid binding and PPARδ 

signaling in cancer cells, which was absent in the models using human PDAC cells in 

immunocompromised mice(47) (Fig.2C). To complicate matters further, deletion of Got2 

in an autochthonous model of pancreatic tumorigenesis did not affect the number or 

severity of lesions (20). However, these two studies compared rapidly growing, 

established allografts to gradually developing neoplastic lesions. Future work examining 

the role of GOT2 in advanced mouse models that more accurately recapitulate human 

disease are warranted to fully understand the role of GOT2 in pancreatic cancer. Even 

still, differences between mouse and human tissue will have to be considered. In sum, 

the model systems used to investigate metabolism can impact cancer metabolism, and 

careful study across several model systems is needed to accurately assess the 

metabolic vulnerabilities within a cancer type. 
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3.7 Figures 

 

Figure 3-1 Cellular metabolism involving GOT2. 

(a) As part of the malate-aspartate shuttle, GOT2 facilitates the transfer of electrons generated from 
cytosolic glucose oxidation and carried by membrane-impermeable NADH into the mitochondria, where 
NADH is regenerated and electrons are deposited into the ETC to drive ATP production through oxidative 
phosphorylation. (b) Cytosolic GOT2, also known as FABPpm, binds to free fatty acids with implications 
for FFA transport, oxidation, and signaling. (c) Asp produced by GOT2 provides carbon and nitrogen for 
synthesis of purine and pyrimidine nucleotide bases. (d) Asp from GOT2 is further utilized to synthesize 
the amino acid Asn and for incorporation into the urea cycle, which detoxifies cellular NH4

+ through urea 
excretion or recycling of nitrogen for numerous anabolic pathways. (e) GOT2 fuels anabolic TCA cycling 
through production of the intermediate αKG. (f) Some evidence suggests promiscuous GOT2 activity is 
involved in the catabolism of sulfur-containing metabolites, though this mechanism remains to be 
thoroughly investigated.  

GOT2, glutamate-oxaloacetate transaminase 2; OAA, oxaloacetate; Glu, glutamate; Asp, aspartate; αKG, 
α-ketoglutarate; NADH, reduced nicotinamide adenine dinucleotide; ETC, electron transport chain; ADP, 
adenosine diphosphate; ATP, adenosine triphosphate; FFA, free fatty acid; Asn, asparagine; NH4

+, 
ammonium; TCA, tricarboxylic acid. Created with BioRender.com. 
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Figure 3-2 Context-specific GOT2 metabolism in cancer. 

(A) Pancreatic cancer cells compensate for loss of GOT2 via several mechanisms. CAF- and 
environment-derived pyruvate can be utilized to reduce pyruvate to lactate and alleviate NADH 
accumulation. Aspartate can either be produced by compensatory cytosolic GOT1 activity or through 
macropinocytosis and breakdown of ECM components. (B) GOT2 is tumor promoting or restraining 
depending on tumor type. Hepatocellular carcinoma downregulates GOT2. This increases Glu availability 
for GSH synthesis and sustained tumor growth. (C) GOT2 impairment induces different phenotypes in 
immune competent or compromised mouse models. A decrease in PPARδ anti-inflammatory pathways 
caused by loss of GOT2 fatty acid binding activity lifts the blockade on cytotoxic T cells, leading to 
increased infiltration and cancer cell killing.  

GOT2, glutamate-oxaloacetate transaminase 2; OAA, oxaloacetate; Glu, glutamate; αKG, α-
ketoglutarate; NADH, reduced nicotinamide adenine dinucleotide; GSH, glutathione; PPAR, Peroxisome 
proliferator-activated receptor. Created with BioRender.com. 
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Chapter 4 – Metabolic Requirement for GOT2 in Pancreatic Cancer Depends on 

Environmental Context§ 

4.1 Introduction 

Cancer cells depend on deregulated metabolic programs to meet energetic and 

biosynthetic demands(1-3). Metabolic therapies aim to preferentially target these 

dependencies(4). This approach has shown promise in preclinical models of pancreatic 

ductal adenocarcinoma (PDA) – one of the deadliest major cancers, notoriously 

resistant to anti-cancer therapies(5, 6). Pancreatic tumors are poorly vascularized and 

nutrient dysregulated(7). Therefore, cancer cells commandeer metabolic pathways to 

scavenge and utilize nutrients(6, 8). As I covered in Chapter 1, a wealth of recent 

literature has identified that this is mediated predominantly by mutant KRAS (KRAS*), 

the oncogenic driver in most pancreatic tumors(9-14). KRAS* has also been implicated 

in shaping the pancreatic tumor microenvironment (TME)(15, 16). PDA tumors exhibit a 

complex tumor microenvironment(17, 18) with metabolic interactions between 

malignant, stromal, and immune cells enabling and facilitating tumor progression(19). 

Recent successes in drug development have provided KRAS* selective inhibitors, and 

these are in various stages of preclinical and clinical testing. However, consistent with 

 
§ This chapter consists of a published primary article: Kerk SA, Lin L, Myers AL, Sutton DJ, Andren A, 
Sajjakulnukit P, Zhang L, Zhang Y, Jiménez JA, Nelson BS, Chen B, Robinson A, Thurston G, Kemp SB, 
Steele NG, Hoffman MT, Wen HJ, Long D, Ackenhusen SE, Ramos J, Gao X, Nwosu ZC, Galban S, 
Halbrook CJ, Lombard DB, Piwnica-Worms DR, Ying H, Pasca di Magliano M, Crawford HC, Shah YM, 
Lyssiotis CA. Metabolic requirement for GOT2 in pancreatic cancer depends on environmental context. 
Elife. 2022 Jul 11;11:e73245. doi: 10.7554/eLife.73245. PMID: 35815941; PMCID: PMC9328765. 
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other targeted therapies, resistance inevitably occurs(20, 21). Therefore, disrupting 

downstream metabolic crosstalk mechanisms in PDA is a compelling combinatorial or 

alternative approach(22). 

In support of this idea, previous work from our lab described that PDA cells are 

uniquely dependent on KRAS*-mediated rewiring of glutamine metabolism for protection 

against oxidative stress(11). Mitochondrial glutamate oxaloacetate transaminase 2 

(GOT2) is implicated in this rewired metabolism in PDA. In Chapter 3, I discussed how 

in normal physiology, GOT2 functions in the malate-aspartate shuttle (MAS), a 

mechanism by which cells transfer reducing equivalents between the cytosol and 

mitochondria to balance the two independent NADH pools and maintain redox balance 

(Fig. 4-1A). PDA cells driven by KRAS* divert metabolites from the MAS and increase 

flux through malic enzyme 1 (ME1) to produce NADPH(11). Since this pathway is 

critical for PDA, we set out to evaluate GOT2 as a potential therapeutic target. Using 

metabolomics analyses and manipulation of the redox state in PDA cells, we discovered 

that loss of GOT2 in vitro induces intracellular NADH accumulation and reductive stress. 

These metabolic changes impair cellular growth, which can be rescued with chemical or 

genetic interventions that oxidize NADH. However, loss of GOT2 had no effect on tumor 

growth or initiation in immunocompromised or immunocompetent mouse models of 

PDA. Cancer cells utilize a complex cell-intrinsic rewiring and crosstalk with the TME to 

maintain redox homeostasis in vivo. These data emphasize an under-appreciated role 

for GOT2 in pancreatic tumor redox homeostasis and illustrate the differential 

biochemical pathways and metabolic plasticity deployed by cancer cells in vivo.  
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4.2 Results 

4.2.1 Loss of GOT2 impairs PDA cell proliferation in vitro 

To expand on our previous work studying GOT2 in PDA(11), and to evaluate 

GOT2 as a potential therapeutic target, we generated a panel of PDA cell lines with 

doxycycline-inducible expression of either a control non-targeting shRNA (shNT) or two 

independent shRNAs (sh1, sh2) targeting the GOT2 transcript. Cells cultured in media 

containing doxycycline (+Dox) exhibited a marked decrease in GOT2 protein expression 

compared to cells cultured in media without doxycycline (-Dox) (Fig. 4-1B; Fig. 4-2A). 

This knockdown was specific for GOT2, relative to the cytosolic aspartate 

aminotransaminase GOT1 (Fig. 4-2B). Having validated GOT2 knockdown (KD), we 

tested the importance of GOT2 for cellular proliferation. In general, GOT2 KD in PDA 

cells impaired colony formation (Fig. 4-1C,D; Fig. 4-2C) and proliferation (Fig. 4-2D). 

Consistent with our previous report(11), GOT2 was not required for the proliferation of 

non-transformed pancreatic cell types (Fig. 4-2E,F). 

Since GOT2 has several vital metabolic roles in a cell (Fig. 4-1A), the changes 

caused by decreased GOT2 expression in PDA cells were examined using liquid 

chromatography coupled tandem mass spectroscopy (LC-MS/MS). Numerous changes 

in the intracellular metabolome of GOT2 KD cells were observed (Fig. 4-3A,B). Of note, 

the products of the GOT2-catalyzed reaction, aspartate (Asp) and α-ketoglutarate 

(αKG), were decreased (Fig. 4-1E), and supplementation of these metabolites rescued 

growth of GOT2 KD (Fig. 4-1F). While these PDAC cell lines do not express Asp 

transporters, we confirmed that supraphysiological levels of Asp (20-fold excess) led to 

an increase in intracellular Asp (Fig. 4-3C). In addition to reduced αKG, there was a 
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disruption in TCA cycle intermediates, consistent with a role for GOT2 in facilitating 

glutamine anaplerosis (Fig. 4-3D).  

4.2.2 GOT2 KD perturbs redox homeostasis in PDA cells 

Aside from the expected decrease in Asp and αKG, and the perturbation of the 

TCA cycle, closer examination of the GOT2 KD metabolomics dataset revealed an 

impairment in glycolysis with a node at glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), indicative of NADH reductive stress (Fig. 4-4A). Examination of glycolytic 

rate via Seahorse Flux Analysis confirmed that glycolysis was indeed impaired in GOT2 

KD cells (Fig. 4-5A). GAPDH reduces NAD+ to produce NADH, where a build-up of 

NADH product-inhibits GAPDH activity. Indeed, metabolite pools in upstream glycolysis 

and branch pathways like the pentose phosphate pathway are increased, and those in 

downstream glycolysis are decreased (Fig. 4-4B). In cultured PDA cells, the MAS 

transfers glycolytic reducing potential to drive the electron transport chain (ETC) and 

support the maintenance of cytosolic redox balance (Fig. 4-1A). We thus hypothesized 

that GOT2 KD interrupted this shuttle, preventing the proper transfer of electron 

potential in the form of NADH between these two compartments. In support of this, 

GOT2 KD increased the intracellular ratio of NADH to NAD+ (Fig. 4-4C). 

NADH accumulation leads to reductive stress, which can be relieved if the cell 

has access to electron acceptors(23). Pyruvate is a notable metabolite in this regard, as 

it can accept electrons from NADH, producing lactate and regenerating NAD+, in a 

reaction catalyzed by lactate dehydrogenase (LDH). Therefore, we hypothesized that 

pyruvate could rescue the defect in cellular proliferation mediated by GOT2 KD. Indeed, 

culturing GOT2 KD cells in pyruvate rescued proliferation in a dose dependent manner 
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(Fig. 4-4D,E; Fig. 4-5B). Additionally, cells expressing a genetically-encoded, 

fluorescent ATP sensor indicated that ATP levels dropped with GOT2 KD and were 

restored with pyruvate supplementation (Fig. 4-5C), reflecting the link between TCA 

cycle activity, respiration, and oxidative phosphorylation. Furthermore, having identified 

a metabolite that permits in vitro proliferation of PDA cells without GOT2, we engineered 

CRISPR-Cas9 GOT2 knock out (KO) cells for further investigation (Fig. 4-5D). In 

support of the data generated using the doxycycline-inducible shRNA, GOT2 KO 

impaired colony formation of PDA cells, which was similarly restored through 

extracellular pyruvate supplementation (Fig. 4-5E,F).  

α-ketobutyrate (αKB) is another electron acceptor that turns over NADH in a 

mechanism analogous to pyruvate but without entering downstream metabolism in the 

same fashion as pyruvate(24). αKB also rescued proliferation after GOT2 KD (Fig. 4-

4F; Fig. 4-5F). This mechanism is dependent on NADH turnover, and not NAD+ 

synthesis, as the NAD+ precursor nicotinamide mononucleotide (NMN) failed to rescue 

GOT2 KD (Fig. 4-5G) 

To test this further, GOT2 KD cells were engineered to express either 

doxycycline-inducible cytosolic or mitochondrial Lactobacillus brevis NADH oxidase 

(LbNOX), which uses molecular oxygen to oxidize NADH and produce water and NAD+ 

(Fig. 4-6A)(25, 26). Cytosolic LbNOX, but not mitochondrial LbNOX (mLbNOX), 

rescued proliferation of GOT2 KD cells (Fig. 4-4G; Fig. 4-6B). We confirmed the 

mLbNOX construct encoded a functional enzyme as defects in proliferation incurred by 

treatment with complex I inhibitor Piericidin could be rescued with mLbNOX as reported 

previously (Fig. 4-6C)(26). LbNOX reversed the increased NADH/NAD+ ratio induced 
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by GOT2 KD via an overall decrease in NADH levels (Fig. 4-4H; Fig. 4-6D). Further, 

the secreted pyruvate/lactate ratios in the media of LbNOX-expressing cells 

dramatically increased, indicating a resolution of the cytosolic NADH stress induced by 

GOT2 KD (Fig. 4-6E,F). Moreover, the metabolic defects observed following GOT2 KD 

were ameliorated by cytosolic LbNOX activity, including an increase in Asp and αKG, 

normalization of TCA cycle metabolites, and the release of the glycolytic block at 

GAPDH (Fig. 4-6G). The spatial control of the LbNOX system indicated that KD of 

mitochondrial GOT2 could be rescued by balancing the cytosolic NADH/NAD+ pool.  

Next, we traced the metabolic fate of U13C-pyruvate in cells with GOT2 KD. 

Importantly, we also assessed the impact and metabolism of pyruvate in this system 

following inhibition of the mitochondrial pyruvate carrier (MPC) inhibitor UK5099, which 

blocks entry of pyruvate into the mitochondria. (Fig. 4-4I). Media containing equimolar 

unlabelled glucose and U13C-pyruvate was used to prevent dilution of the pyruvate 

label by unlabelled pyruvate generated via glycolysis from the high glucose 

concentration used in normal media. This media formulation had no impact on the 

pyruvate GOT2 KD rescue phenotype (Fig. 4-7A). In this experiment, roughly 50% of 

the intracellular pyruvate was labelled (Fig. 4-4J), in line with the other half of the 

unlabelled pyruvate coming from glucose, and most of the labelled pyruvate was 

converted to lactate (Fig. 4-4K). We observed modest labelling of citrate, aspartate, and 

alanine from pyruvate (Fig. 4-7B-D). While the labelled TCA cycle and branching 

pathway intermediates decreased dramatically with UK5099, this MPC inhibition had no 

effect on the pyruvate GOT2 KD rescue phenotype (Fig. 4-7E).  
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Both lactate and alanine can fuel oxidation via the TCA cycle(27, 28), and Asp is 

critical for nucleotide production. Pyruvate can be converted into all three of these 

metabolites, yet supplementation with exogenous lactate, alanine, or nucleoside bases 

failed to rescue GOT2 KD (Fig. 4-7F-H). These data collectively suggest a redox role 

for pyruvate-mediated rescue of GOT2 KD, as opposed to entering the mitochondria for 

ATP production or biosynthesis. These findings provide clear evidence using several 

orthogonal strategies that GOT2 KD results in accumulation of NADH pools and 

reductive stress in PDA cells.  

4.2.3 GOT2 is not required for PDA tumor growth in vivo 

To test the effect of GOT2 KD on in vivo tumor growth, PDA cell lines were 

injected subcutaneously into the flanks of immunocompromised (NOD scid gamma; 

NSG) mice. We allowed the tumors to establish for 7 days, after which the mice were 

fed normal chow or doxycycline chow ad libitum. Surprisingly, despite the inhibitory in 

vitro phenotype, and robust suppression of GOT2 expression in vivo, PDA tumors from 

five different cell lines grew unimpeded with GOT2 KD (Fig. 4-8A,B; Fig. 4-9A,B). 

Nuclear Ki67 staining confirmed that tumors lacking GOT2 were proliferative, and 

actually displayed a modest, but significant, increase in Ki67-positive nuclei (Fig. 4-

8C,D). To further examine the role of GOT2 in the proper tissue context, PDA cells were 

injected orthotopically into the pancreas of NSG mice and tumors were allowed to 

establish for 7 days before feeding the mice regular or DOX chow. Similar to the flank 

model, GOT2 KD had no effect on the growth of orthotopic tumors (Fig. 4-9C).  

Having observed a discrepancy between in vitro and in vivo dependence on GOT2 for 

proliferation, the relative abundances of intracellular metabolites from flank tumors were 
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analyzed via LC-MS/MS to compare the metabolic changes between cell lines and 

tumors following loss of GOT2. While GOT2 KD induced some changes in tumor 

metabolite levels, the affected metabolic pathways were distinct from those observed in 

vitro, bearing in mind we were comparing homogenous cell lines with heterocellular 

xenografts (Fig. 4-8E,F; Fig. 4-9D-F). Asp abundance was significantly decreased, yet 

αKG levels remained constant (Fig. 4-8E), and TCA cycle intermediates were 

unaffected (Fig. 4-9F). This led us to initially hypothesize that PDA cells rewire their 

metabolism in vivo to maintain αKG levels when GOT2 is knocked down. However, 

upon examination of the expression of other αKG-producing enzymes in GOT2 KD 

tumors, we did not observe a compensatory increase in expression (Fig. 4-9G). 

Certainly, expression does not always dictate metabolic flux, but these data led us to 

adopt an alternative, cell-extrinsic hypothesis to explain the different in vitro and in vivo 

GOT2 KD phenotypes. Finally, the glycolytic signature indicative of NADH stress was 

not observed in the metabolomics analysis from flank GOT2 KD tumors, further 

illustrating the differential dependence on GOT2 in PDA in vitro and in vivo (Fig. 4-8F). 

To evaluate the role of GOT2 in an immunocompetent model, we crossed the 

LSL-KrasG12D;Ptf1a-Cre (KC) mouse with Got2f/f mice to generate a LSL-

KrasG12D;Got2f/f;Ptf1a-Cre mouse (KC-Got2) (Fig. 4-10A, Fig. 4-11A). Loss of Got2 had 

no observable effect on the architecture of the healthy, non-transformed pancreas (Fig. 

4-11B,C). This is in support of our data demonstrating loss of GOT2 was not deleterious 

in human, non-malignant pancreatic cell types (Fig. 4-2F). 

KC-Got2 and KC controls were aged to 3, 6, and 12 months, at which point 

pancreata were harvested. We confirmed loss of GOT2 in the epithelial compartment 
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via IHC (Fig. 4-10B). No differences were observed in the weights of pancreata 

between 3 month KC-Got2 and KC mice (Fig. 4-10C). Scoring the H&E stained tissues 

from these groups by a blinded pathologist revealed that KC-Got2 mice had a 

significantly greater percentage of healthy acinar cells compared to KC controls (Fig. 4-

10D,E). However, no differences were observed in the percentages of acinar-ductal 

metaplasia or PanIN grade between KC-Got2 and KC mice (Fig. 4-10E). Additionally, 

we aged KC-Got2 mice to 6 months and compared the pancreata to matched 6 month 

KC historic controls, observing a slight decrease in weight for KC-Got2 pancreatic (Fig. 

4-10F,G). A histological analysis by a blinded pathologist did not identify a difference in 

number or severity of lesions (Fig. 4-10H). In addition, both KC and KC-Got2 mice had 

progressed to carcinoma after aging for 1 year (Fig. 4-10I,J). This suggests that loss of 

Got2 does not affect the progression of PDA following transformation by oncogenic 

Kras.  

4.2.4 Cancer-associated fibroblast conditioned media supports colony formation 

in GOT2 KD cells in vitro 

Human PDA tumors develop a complex microenvironment composed of a tumor-

promoting immune compartment, a robust fibrotic response consisting of diverse 

stromal cell types, and a dense extracellular matrix (ECM)(18). While the flank tumor 

milieu in immunocompromised mice is less complex than that of a human PDA tumor, 

α-smooth muscle actin (αSMA) staining revealed that activated mouse fibroblasts 

comprised a substantial portion of the microenvironment in tumors regardless of GOT2 

status (Fig. 4-13A). Additionally, we and others have previously reported mechanisms 

by which CAFs in the stroma engage in cooperative metabolic crosstalk with pancreatic 
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cancer cells(28-30). So, we hypothesized that CAFs supported PDA metabolism 

following GOT2 KD. To investigate potential metabolic crosstalk in a simplified setting, 

PDA cells were cultured in vitro with conditioned media (CM) from human CAFs 

(hCAFs). In support of our hypothesis, hCAF CM promoted colony formation in PDA 

cells with GOT2 KD in a dose-dependent manner (Fig. 4-12A,B; Fig. 4-13B). 

Furthermore, hCAF CM displayed a more pronounced colony formation rescue 

phenotype compared to CM from tumor-educated macrophages (TEMs) or from PDA 

cells (Fig. 4-13C). 

To begin to identify the factors in hCAF CM responsible for this effect, hCAF CM 

was boiled, filtered through a 3 kDa cut-off membrane, or subjected to cycles of freezing 

and thawing. In each of these conditions, hCAF CM supported colony formation in 

GOT2 KD cells, suggesting the relevant factor(s) was a metabolite (Fig. 4-12C; Fig. 4-

13D). Therefore, the relative abundances of metabolites in hCAF CM were analyzed via 

LC-MS/MS (Fig. 4-13E). Interestingly, when the metabolites were ranked in order of 

relative abundance, compared to the media control, pyruvate was one of the most 

differentially abundant metabolites released by hCAFs into the conditioned media (Fig. 

4-12D). Since we used pyruvate-free DMEM to culture hCAFs, to avoid overinterpreting 

this finding, we quantified the absolute concentration of pyruvate in hCAF CM at 250 

µM, with some variability between batches (Fig. 4-12E). This is a physiologically 

relevant concentration of pyruvate in serum collected from mice harboring pancreatic 

tumors(31), and 250 µM pyruvate rescued GOT2 KD in vitro (Fig. 4-12E). Consistent 

with the idea of metabolite exchange, PDA cells cultured in hCAF CM had elevated 

levels of intracellular pyruvate (Fig. 4-13F).  
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In the in vivo flank model, mouse fibroblasts infiltrate the pancreatic xenografts 

and engage in crosstalk with cancer cells. Therefore, we tested whether our findings 

with hCAFs were also applicable in mouse cancer-associated fibroblasts (mCAFs). 

mCAFs isolated from a pancreatic flank xenograft in an NSG mouse also secreted 

pyruvate at similar levels to hCAFs in vitro (Fig. 4-12E). Further, mCAF CM promoted 

PDA colony formation following GOT2 KD (Fig. 4-12F, Fig. 4-13G). Since these mCAFs 

are the same CAFs encountered by PDA cells in our in vivo model, these data further 

support a mechanism by which CAFs compensate for loss of GOT2, by providing 

pyruvate to PDA cells lacking GOT2. 

To better understand the production and release of pyruvate in CAFs, we traced 

glucose metabolism using uniformly carbon labeled (U13C)-Glucose and LC-MS 

metabolomics. We demonstrate that the pyruvate released by CAFs was produced from 

glucose (Fig. 4-12G), and, in support of previous studies(32, 33), these CAFs displayed 

labelling patterns indicative of glycolytic metabolism (Fig. 4-12H).  

Aside from pyruvate, we also detected significantly elevated levels of Asp and αKG in 

CAF CM (Fig. 4-13E). Since these are metabolites produced by GOT2, we next asked 

whether they were present at sufficient concentrations in CAF CM to compensate for 

loss of GOT2 in vitro. However, we quantified Asp at 15 µM and αKG at 50 µM in CAF 

CM (Fig. 4-14A), well below the reported values from mouse serum(31). Furthermore, 

millimolar levels of Asp are required to impact intracellular levels, as PDA cell lines do 

not express an Asp transporter(34), and dimethyl-αKG must be used as αKG has 

limited membrane permeablility(35). Nevertheless, we tested the rescue activity of 

reported serum levels of Asp and αKG (50 µM and 500 µM, respectively)(31), again 
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utilizing the dimethyl-αKG, and compared this to serum levels of pyruvate (250 µM). 

Here we found that pyruvate rescued proliferation of GOT2 KD to a greater extent than 

the combination of Asp and αKG (Fig. 4-14B). Therefore, we conclude that pyruvate, 

and not Asp or αKG, is responsible for the GOT2 KD rescue activity of CAF CM in vitro. 

Like GOT2 inhibition, it is well-established that inhibiting the activity of complex I 

of the ETC also results in an increase in NADH, which can be counteracted with 

extracellular pyruvate(23, 24, 26, 34). Therefore, since pyruvate is highly abundant in 

hCAF CM, we hypothesized that PDA cells cultured in hCAF CM would be protected 

from complex I inhibitors. Indeed, both hCAF CM and extracellular pyruvate conferred 

resistance to PDA cells against the complex I inhibitors rotenone, phenformin, and 

IACS-010759 (Fig. 4-14C)(36). This points to a potential mechanism by which the TME 

could affect sensitivity to complex I inhibition, though more in depth studies are needed 

to test this finding further. 

4.2.5 Inhibiting pyruvate uptake and metabolism blocks rescue of GOT2 KD in 

vitro 

According to our model, PDA cells are more vulnerable to GOT2 KD or complex I 

inhibitors in a pyruvate-depleted environment or if pyruvate uptake were blocked. 

Pyruvate can be transported by four MCT isoforms(37-39), and an analysis of the CCLE 

database suggests that PDA cell lines primarily express MCT1 and MCT4 (Fig. 4-16A). 

Since MCT1 has a higher affinity for pyruvate than MCT4(38), we decided to focus on 

MCT1 as the transporter by which PDA cells import pyruvate(40, 41). Indeed, PDA cells 

express significantly higher levels of MCT1, as compared to hCAFs (Fig. 4-16B). 

Similarly, examining expression of MCT1 from a recently published single cell analysis 
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of a murine syngeneic orthotopic pancreatic tumor(42) indicated that PDA cells express 

high levels of MCT1 (Fig. 4-16C).  

Import/export of pyruvate and lactate through MCT1, as well as the intracellular 

redox state, is affected by extracellular concentrations of pyruvate and lactate. The 

absolute concentrations of pyruvate and lactate were measured in hCAF and mCAF CM 

to calculate the relative pyruvate/lactate ratio from in vitro GOT2 KD rescue experiments 

(Fig. 4-15A). In parallel, the absolute levels of pyruvate and lactate, and the relative 

ratio, were measured in tumor interstitial fluid (TIF) from flank xenografts and in serum 

from host mice (Fig. 4-15B). When the measured pyruvate and lactate levels from each 

of these permutations were added back to regular media, the pyruvate/lactate ratios 

mimicking CAF CM, serum, or TIF promoted the growth of GOT2 KD cells in vitro (Fig. 

4-15C). These data indicate the pyruvate/lactate ratios in CAF CM in vitro and in the in 

vivo TME are favorable for pyruvate import, possibly through MCT1. 

Therefore, we hypothesized that blocking pyruvate import through MCT1 would 

render cells vulnerable to GOT2 KD. The small molecule AZD3965 has specificity for 

MCT1 over MCT4(43-45), therefore GOT2 KD cells were cultured in pyruvate or hCAF 

CM in the presence of AZD3965. In support of our hypothesis, MCT1 chemical inhibition 

reduced the pyruvate and hCAF CM rescue of GOT2 KD (Fig. 4-15D).  

For a genetic approach, MCT1 was knocked down in doxycycline-inducible GOT2 KD 

cells (Fig. 4-16D,F). MCT1 KD modestly slowed the growth of GOT2 KD cells cultured 

in pyruvate or hCAF CM (Fig. 4-16E,G). We reasoned that partial knockdown could 

explain why MCT1 KD had a more modest effect than chemical inhibition of MCT1. 

Therefore, we next generated MCT1 KO clones in GOT2 KD cells (Fig. 4-15E). Indeed, 
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MCT1 KO in GOT2 KD cells blocked pyruvate rescue (Fig. 4-15F). We also 

demonstrate that MCT1 inhibition was most effective at physiological levels of pyruvate 

(250 µM) (Fig. 4-15F, Fig. 4-16H). Furthermore, MCT1 KO cells cultured with U13C-

pyruvate demonstrated reduced uptake of pyruvate, as measured by intracellular 

labelled pyruvate (Fig. 4-15G). Since pyruvate is rapidly imported and converted to 

lactate, the reduced pyruvate uptake was observed more clearly in dramatically reduced 

levels of labelled lactate in MCT1 KO cells (Fig. 4-15G). Lastly, MCT1 blockade was 

tested in combination with complex I inhibitors in PDA cells cultured in pyruvate or 

hCAF CM. AZD3965 also reversed the rescue activity of pyruvate or hCAF CM in PDA 

cells treated with IACS-010759 (Fig. 4-16I).  

The reduction of pyruvate to lactate by lactate dehydrogenase (LDH) is the 

central mechanism in our model by which NAD+ is regenerated to support proliferation 

in GOT2 inhibited cells. Thus, we next asked whether inhibiting LDH activity could also 

prevent GOT2 KD rescue by pyruvate or hCAF CM. Our PDA cell lines highly 

expressed the LDHA isoform of LDH, as determined by western blotting (Fig. 4-16J). As 

such, we utilized the LDHA-specific chemical inhibitor FX11 in this study(46). In further 

support of our model, inhibiting LDHA with FX11 slowed the in vitro proliferation of 

GOT2 KD cells cultured in pyruvate or hCAF CM, relative to single agent controls (Fig. 

4-15H, Fig. 4-16K). 

Cumulatively, these data support an in vitro model whereby perturbation of 

mitochondrial metabolism with GOT2 KD or complex I inhibition disrupts redox balance 

in PDA cells. This can be restored through import of pyruvate from the extracellular 

environment and reduction to lactate to regenerate NAD+. 



 161 

4.2.6 Metabolic plasticity in vivo supports adaptation to combined GOT2 KD and 

inhibition of pyruvate metabolism 

This proposed in vitro mechanism suggests that the unhampered growth of 

GOT2 inhibited tumors (Fig. 4-4A,B) could be explained by uptake of pyruvate from the 

TME. In vitro, MCT1 KD had a modest effect on the proliferation of GOT2 KD cells 

cultured in pyruvate or hCAF CM. In contrast, we found that MCT1 KD had no effect on 

the growth of GOT2 KD subcutaneous xenografts (Fig. 4-17A, B). A caveat of this 

finding was the observed detectable levels of MCT1 at endpoint (Fig. 4-17C,D). 

However, MCT1 KO similarly did not impact the growth of GOT2 KD tumors in vivo, 

which is in stark contrast to the results observed in vitro whereby MCT1 KO blocked the 

rescue of colony formation in GOT2 KD cells by pyruvate (Fig. 4-17E). In these tumors, 

MCT1 was not detectable at endpoint and we did not observe a compensatory increase 

in MCT4 expression in either cell lines or xenografts with MCT1 KO (Fig. 4-17F,G). 

Similarly, administration of AZD3965 did not impact the growth of GOT2 KD xenografts, 

again contrasting our in vitro data showing strong blockade of GOT2 KD rescue by 

pyruvate or hCAF CM with MCT1 chemical inhibition (Fig. 4-17E-G). Lastly, unlike in 

vitro, FX11 had no effect on GOT2 KD growth in vivo (Fig. 4-18A,B). 

4.3 Discussion 

GOT2 is an essential component of the MAS(47), which we now demonstrate is 

required for redox homeostasis in PDA cells in vitro. Knockdown of GOT2 in vitro 

disrupts the MAS and renders PDA cells incapable of transferring reducing equivalents 

between the cytosol and mitochondria, leading to a cytosolic accumulation of NADH. 
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This predominantly impacts the rate of glycolysis, an NAD+-coupled pathway, with 

secondary impacts on mitochondrial metabolism, that together slow the proliferation of 

PDA cells in vitro. For instance, GOT2 feeds into the ME1 shunt, which we 

demonstrated previously also produces pyruvate and sustains intracellular NADPH 

levels(48). Extracellular supplementation of electron acceptors like pyruvate and αKB, 

or the expression of a cytosolic NADH oxidase, relieves this NADH reductive stress and 

the associated pathway feedback inhibition.  

In striking contrast to the in vitro data presented herein, we also illustrate that 

GOT2 KD does not affect the growth of PDA tumors in vivo, potentially because 

electron acceptors in the tumor microenvironment can restore redox homeostasis. 

Indeed, pyruvate is present in mouse serum at 250 µM(31), a concentration which is 

sufficient to compensate for GOT2 KD in vitro. Furthermore, we also demonstrate that 

pancreatic CAFs release pyruvate in vitro, which can be utilized by PDA cells. This is 

supported by previous findings in CAFs from other cancers(49). Therefore, a source of 

pyruvate is available to PDA tumors, either from circulation or potentially from the CAFs.  

This led us to hypothesize that blocking pyruvate uptake and metabolism would 

deprive PDA cells of a critical means to relieve the NADH stress mediated by GOT2 KD. 

In vitro, this hypothesis was supported by data illustrating that either inhibition of MCT1 

or LDHA blocked the GOT2 KD rescue activity of pyruvate and CAF CM. However, this 

proved to be more complicated in vivo, as neither approach successfully sensitized 

tumors to GOT2 KD. We believe this could be explained by several mechanisms. First, 

previous work in KRAS*-driven non-small cell lung cancer (NSCLC) reported differential 

dependencies on glutaminolysis in vitro in cells lines versus in vivo in lung tumors. 
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Glutaminase inhibition was ineffective in vivo in these models as lung tumors primarily 

utilized glucose as a carbon source for the TCA cycle instead of glutamine. If this 

mechanism is active in our models, glucose, and not glutamine catabolism through 

GOT2, would fuel the TCA cycle. Second, while MCT4 has a lower affinity for pyruvate 

than MCT1, it can transport pyruvate(38). It is also highly expressed in the cell lines 

used here (Fig. 4-17F,G) and has been shown to confer resistance to cancer cells 

against MCT1 inhibition (50, 51). Thus, dual inhibition of MCT1 and MCT4 may be 

required to effectively block pyruvate uptake. Third, even with sufficient MCT blockade, 

PDA cells could still obtain pyruvate through other processes, such as 

macropinocytosis(7, 9). Fourth, while our study focuses on pyruvate, numerous 

circulating metabolites can function as electron acceptors and could relieve the 

intracellular accumulation of NADH if cancer cells are unable to import pyruvate(52). 

Fifth, reduction of pyruvate to lactate by LDH is not the only reaction by which NAD+ is 

regenerated. Recent studies have identified how serine pathway modulation, 

polyunsaturated fatty acid synthesis, and the glycerol-phosphate shunt all contribute to 

NADH turnover(53-55). Future work remains to assess these mechanisms in PDA cells 

in vivo and if they compensate for an impaired MAS (see Chapter 5). Nevertheless, our 

data emphasize that redox homeostasis is a vital aspect of cancer cell metabolism and 

is maintained through a complex web of intracellular compensatory pathways and 

extracellular interactions. 

Aside from its broader role in redox balance, GOT2 is also a prominent source of 

aspartate in PDA cells, and we demonstrate that GOT2 inhibition dramatically 

decreases aspartate levels both in vitro and in vivo. Previous studies have shown that 
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aspartate availability is rate limiting in rapidly proliferating cells(24, 34, 56, 57). In our 

models, in contrast to physiological pyruvate concentrations simultaneous treatment 

with supraphysiological doses of both Asp and membrane-permeable dimethyl-αKG 

were required to provide a rescue of PDA cell proliferation in the absence of GOT2. 

Additionally, free Asp is available at low micromolar concentrations and has limited 

uptake capacity of PDA cells(31). Supplementation of physiologically relevant 

concentrations of Asp and αKG afforded a modest rescue compared to physiological 

pyruvate. Furthermore, exogenous protein supplementation with bovine serum albumin 

(BSA), another potential source for aspartate, failed to rescue GOT2 KD in vitro (Fig. 4-

18C). While non-specific engulfment of extracellular matrix (ECM) via macropinocytosis 

in vivo could supply PDA cells with Asp (58), meeting a vital requirement for 

biosynthesis, we propose this does not address overall redox imbalance. Pyruvate, on 

the other hand, regenerates NAD+ allowing broader metabolic processes to resume, 

including Asp production and nucleotide biosynthesis. In support of this, recent work in 

myoblasts demonstrated that while complex I inhibition with piericidin increased the 

NADH/NAD+ ratio leading to depletion of Asp, adding Asp back to the system neither 

restored redox balance nor induced proliferation(59). 

Our work also highlights the emerging metabolic role of cancer-associated 

fibroblasts (CAFs) in PDA. Recent studies have shown that CAFs engage in 

cooperative metabolic crosstalk with cancer cells in many different tumor types(19, 28, 

29, 60, 61). We add to this body of literature by demonstrating that CAFs release 

pyruvate, which is taken up and utilized by PDA cells. However, much remains to be 

discovered about CAF metabolism how they contribute to redox homeostasis in tumors. 
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Some types of activated fibroblasts are known to be highly glycolytic(32, 33), an 

observation supported by our data. Yet the advent of single-cell RNA sequencing in 

murine and human pancreatic tumor models has led to a recent appreciation for the 

heterogeneity of CAFs(62-67). The newly identified iCAF, myCAF, and apCAF 

populations have distinct functions in a pancreatic tumor(62) and likely employ distinct 

metabolism to carry out these functions. Much more remains to be uncovered regarding 

competitive or cooperative interactions between PDA cells and the various CAF 

subpopulations, including which subtype(s) are responsible for pyruvate release (see 

Chapter 5).  

Lastly, this work suggests that the role of the tumor microenvironment should be 

considered when targeting cancer metabolism. Indeed, approaches like disrupting the 

MAS shuttle via GOT2 KD or blocking complex I with small molecule inhibitors were 

less effective in vitro when PDA cells were cultured in supplemental pyruvate or CAF 

CM. These data are relevant since numerous mitochondrial inhibitors are currently in 

clinical trials against solid tumor types (NCT03291938, NCT03026517, NCT03699319, 

NCT02071862). Previous studies have also shown that complex I inhibitors are more 

effective in combination with AZD3965(68), a selective inhibitor of MCT1, though our 

work and others indicate that the status of other MCT isoforms should also be 

considered. Furthermore, the abundance of CAFs present in a tumor, as well as the 

level of circulating pyruvate in the patient, could predict outcomes for treatment with 

metabolic therapies that lead to redox imbalance. Targeting pancreatic cancer 

metabolism is an alluring approach, and a more detailed understanding of the metabolic 
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crosstalk occurring in a pancreatic tumor can shed light on potential resistance 

mechanisms and inform more effective metabolic therapies. 

4.4 Materials and Methods 

Cell culture 

MIAPaCa-2, BxPC-3, Capan-1, Panc03.27, Panc10.05, PL45, and HPNE cell lines were 

obtained from ATCC. PaTu-8902, PaTu-8988T, and YAPC cells lines were obtained 

from DSMZ. UM6, UM19, UM28, UM32, UM53, and UM76 were generated from primary 

patient tumors at the University of Michigan. Human pancreatic stellate cells (hPSCs, 

also described here as hCAFs) were a generous gift from Rosa Hwang (69). Mouse 

cancer-associated fibroblasts (mCAFs) were isolated as described below. All cell lines 

were cultured in high-glucose Dubelcco’s Modified Eagle Medium (DMEM, Gibco) 

without pyruvate and supplemented with 10% fetal bovine serum (FBS, Corning). 0.25% 

Trypsin (Gibco) was used to detach and passage cells. Cell lines were tested regularly 

for mycoplasma contamination using MycoAlert (Lonza). All cell lines in this study were 

validated for authentication using STR profiling via the University of Michigan Advanced 

Genomics Core. L-Aspartic acid (Sigma), dimethyl-α-ketoglutarate (Sigma), adenine 

(Sigma), guanine (Sigma), thymine (Sigma), cytosine (Sigma), sodium pyruvate 

(Invitrogen), α-ketobutyrate (Sigma), nicotinamide mononucleotide (NMN, Sigma), L-

alanine (Sigma), and sodium lactate (Sigma) were used at the indicated concentrations. 

UK5099, AZD3965, and phenformin were purchased from Cayman chemical, Rotenone 

from Sigma, FX11 from MedChem Express, and IACS-010759 was generously provided 

by Dr. Giulio Draetta, University of Texas MD Anderson Cancer Center. 
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Doxy-inducible shGOT2 cells 

The tet-pLKO-puro plasmid was obtained from Dmitri Wiederschain via Addgene 

(#21915). Oligonucleotides encoding sense and antisense shRNAs (shGOT2.1- 

TRCN0000034824, shGOT2.2- TRCN0000034825) targeting GOT2 (NM_002080.4) 

were synthesized (Integrated DNA Technologies), annealed, and cloned at AgeI and 

EcoRI sites according to the Wiederschain Protocol(70). A tet-pLKO non-targeting 

control vector (shNT- 

CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTT

T) was constructed using the same strategy. Tet-pLKO-shGOT2 and tet-pLKO-shNT 

lentiviruses were produced by the University of Michigan Vector Core using purified 

plasmid DNA. Stable cell lines were generated through transduction with optimized viral 

titers and selection with 1.5 µg/mL puromycin for 7 days.  

GOT2 or MCT1 knockout cells 

GOT2 or SLC16A1 (MCT1) knockout PDA cell lines were generated using a CRISPR-

Cas9 method described previously(71). Briefly, sgRNA oligonucleotide pairs were 

obtained from the Human GeCKO Library (v2, 3/9/2015). For GOT2 KO (sg1 (Fwd) 5’-

CACCgAAGCTCACCTTGCGGACGCT-3’, (Rev) 5’-

AAACAGCGTCCGCAAGGTGAGCTTc; sg2 (Fwd) 5’-

CACCgCGTTCTGCCTAGCGTCCGCA-3’, (Rev) 5’-

AAACTGCGGACGCTAGGCAGAACGc-3’), and for MCT1 KO (sg1 (Fwd) 5’- 

CACCgTGGGCCCGATTGGTCGCATG-3’, (Rev) 5’- 

AAACCATGCGACCAATCGGGCCCAc; sg2 (Fwd) 5’- 

CACCgTTTCTACAAGAGGCGACCAT-3’, (Rev) 5’- 
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AAACATGGTCGCCTCTTGTAGAAAc-3’), were cloned into the pSpCas9(BB)-2A-Puro 

plasmid (PX459, v2.0; Addgene, #62988), transfected in PDA cell lines, and selected in 

puromycin for 7 days. Cells were then seeded into 96 well plates at a density of 1 cell 

per well, and individual clones were expanded. GOT2 KO cells were maintained in 1 

mM pyruvate for this entire process. GOT2 knockout was verified via Western blot. Cells 

transfected with the empty PX459 vector were used as controls. 

MCT1 KD cells 

Cells were transduced with 8 µg/mL polybrene and lentivirus containing the pGFP-C-

shLenti plasmid (Origine, #TR30023) containing an shCTR sequence, shMCT1.1 

[TL309405A (5′-GAGGAAGAGACCAGTATAGATGTTGCTGG-3′)], or shMCT1.2 

[TL309405B (5′-ATCCAGCTCTGACCATGATTGGCAAGTAT-3′)]. These plasmids were 

a generous gift from Dr. Sean Morrison(45). The cells were then centrifuged at 1000xg 

for 60 minutes at room temperature. Transduced cells were then expanded and sorted 

on the MoFlo Astrios (Beckman-Coulter). GFP+ cells were collected and expanded 

before verification of MCT1 KD via Western blotting. 

Transduction of LbNOX/mitoLbNOX: pINDUCER (Addgene, #44014) plasmids 

containing GFP, LbNOX, or mitoLbNOX were obtained from Dr. Haoqing Ying, MD 

Anderson. Plasmids were sequenced and transfected along with lentiviral packaging 

plasmids into HEK293FT cells with Lipofectamine 3000 (Thermo Fisher) per 

manufacturer’s instructions. Virus was collected after 48 hours and filtered through a 0.2 

µm filter. PaTu-8902 and MIAPaCa-2 iDox-shGOT2.1 cells were seeded in 6 well plates 

at 250,000 cells/well, transduced with the indicated vectors, and selected in G418 at 

500 µg/mL for 7 days. Expression of Flag-tagged LbNOX or mitoLbNOX was confirmed 



 169 

by Western blot with a Flag antibody after culturing cells in 1 µg/mL doxycycline for 3 

days. 

Luciferase-expressing cells 

MIAPaCa-2 iDox-shGOT2.1 cells were transduced with the FUGW-FL (EF1a-luc-UBC6-

EGFP) lentiviral vector constructed previously(72) and GFP+ cells were selected via 

flow cytometry. Luciferase activity was confirmed following transduction and selection 

with an in vitro luciferase assay and detection on a SpectraMax M3 Microplate reader 

(Molecular Devices). 

ATP fluorescent sensor/Incucyte growth assays 

PaTu-8902 and MIAPaCa-2 iDox-GOT2.1 cells were transduced with CytoATP or 

CytoATP non-binding control vectors using the CytoATP Lentivirus Reagent Kit 

(Sartorious, #4772) and polybrene transfection reagent (Thermo Fisher) and selected 

for 7 days in 2 µg/mL puromycin. For proliferation and rescue experiments, cells were 

incubated in an Incucyte (Sartorious) equipped with a Metabolism Optical Module, 

where the ratio of ATP binding was detected and normalized to the non-binding control 

cells. Proliferation rate was determined by the percent confluence detected in the phase 

channel of the Incucyte normalized to Day 0 for each condition. 

Isolating mouse CAFs 

UM2 subcutaneous xenografts from NSG mice were isolated and prepared in the 

laboratory of Dr. Diane Simeone, as reported previously(73), and single cell 

suspensions were plated and cultured in vitro. Mouse CAFs were separated from 
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human pancreatic UM2 cancer cells using the Mouse Cell Depletion Kit (MACS Miltenyi 

Biotec) according to the manufacturer’s instructions. 

Conditioned media 

Conditioned media was generated by splitting cells at ~90% confluence in a 10 cm2 

plate into four 15 cm2 plates containing a final volume of 27 mL of growth media, and 

incubating for 72 hours at 37°C, 5% CO2. Afterward, the media was collected in 50 mL 

conical tubes, centrifuged at 1,000 rpm for 5 minutes to remove any detached cells or 

debris, and divided into fresh 15 mL conical tubes in 10 mL aliquots for long-term 

storage at -80°C. For all conditioned media experiments, unless indicated otherwise, 

growth media was mixed with conditioned media for a final ratio of 75% conditioned 

media to 25% fresh growth media. 

For the experiments in Figure 5C and Figure 5-figure supplement 1D, conditioned 

media were manipulated as follows. For boiling, the conditioned media tubes were 

placed in a water bath at 100°C for 10 minutes. To filter out factors >3 kDa, the 

conditioned media were transferred to a 3 kDa filter (Millipore) and centrifuged at 15,000 

rpm in 30-minute increments until all the conditioned media had passed through the 

filter. To expose the conditioned media to freeze-thaw cycles, the tubes containing the 

conditioned media were thawed for 30 minutes in a 60°C water bath, and then frozen at 

-80°C for 30 minutes. This was repeated two more times for a total of three freeze-thaw 

cycles. 

Colony formation assays 

Cells were seeded in 6 well plates at 200-400 cells per well in 2 mL of growth media 

and incubated overnight at 37°C, 5% CO2. The next day, the growth media was 
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aspirated and fresh media containing the indicated compounds were added to the cells. 

Doxycycline was used at 1 µg/mL for all assays. For each assay, cells were incubated 

in the indicated conditions for 10 days, with the media and doxycycline changed every 

three days. After 10 days, the media was aspirated, the wells were washed once with 

PBS, and the cells were fixed in 100% methanol for 10 minutes. Next, the methanol was 

removed, and the cells were stained with 0.4% crystal violet for 10 minutes. Finally, the 

crystal violet was removed, the plates were washed under running water and dried on 

the benchtop overnight. The next day, images were taken of the plates with a Chemidoc 

BioRad imager and quantified using the ColonyArea plugin in ImageJ, as described 

previously(74). 

Proliferation assays 

Cells were pre-treated for 3 days with 1 µg/mL doxycycline before seeding in 96 well 

plates at 1,000 cells/well in 80 µL of media and incubated overnight at 37°C, 5% CO2. 

The next day, 150 µL of the indicated treatment media was added to the appropriate 

wells, and the cells were incubated for 6-7 more days, with a media change on day 3. 

Cell proliferation was determined by live cell imaging for the duration of the assay, or 

using CyQUANT (Invitrogen) at endpoint according to the manufacturer’s instructions, 

and detecting fluorescence on a SpectraMax M3 Microplate reader (Molecular Devices). 

Glycolytic rate assay 

PaTu-8902 iDox-shGOT2.1 cells that had been cultured in 1 µg/mL doxycycline for 3 

days were seeded at 2x104 cells/well in 80 μl/well of normal growth media in an Agilent 

XF96 V3 PS Cell Culture Microplate (Agilent). To achieve an even distribution of cells 

within wells, plates were incubated on the bench top at room temperature for 1 hour 
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before incubating at 37ºC, 5% CO2 overnight. To hydrate the XF96 FluxPak (Agilent), 

200 μL/well of sterile water was added and the entire cartridge was incubated at 37ºC, 

CO2-free incubator overnight. The following day, one hour prior to running the assay, 60 

µL of media was removed, and the cells were washed twice with 200 μL/well of assay 

medium (XF DMEM Base Medium, pH 7.4 containing 25 mM Glucose and 4 mM 

Glutamine; Agilent). After washing, 160 μL/well of assay medium was added to the cell 

culture plate for a final volume of 180 μL/well. Cells were then incubated at 37ºC, in a 

CO2-free incubator until analysis. In parallel, one hour prior to the assay, water from the 

FluxPak hydration was exchanged for 200 μL/well of XF Calibrant 670 (Agilent) and the 

cartridge was returned to 37ºC, CO2-free incubator until analysis. Rotenone/Antimycin 

(50 μM, Agilent) and 2DG (500 mM, Agilent) were re-constituted in assay medium to 

make the indicated stock concentrations. 20 μL of rotenone/antimycin was loaded into 

Port A for each well of the FluxPak and 22 μL of 2DG into Port B, for a final 

concentration of 0.5 μM and 50 mM, respectively. The Glycolytic Rate Assay was 

conducted on an XF96 Extracellular Flux Analyzer (Agilent) and PER was calculated 

using Wave 2.6 software (Agilent). Following the assay, PER was normalized to cell 

number with the CyQUANT NF Cell Proliferation Assay (Invitrogen) according to 

manufacturer’s instructions. 

Protein lysates 

Cell lines cultured in 6 well plates in vitro were washed with ice-cold PBS on ice and 

incubated in 250 µL of RIPA buffer (Sigma) containing protease (Roche) and 

phosphatase (Sigma) inhibitors on ice for 10 minutes. Next, cells were scraped with a 

pipet tip, and the resulting lysate was transferred to a 1.5 mL tube also on ice. The 
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lysate was centrifuged at 15,000 rpm for 10 minutes at 4°C. After, the supernatant was 

transferred to a fresh 1.5 mL tube and stored at -80°C. 

In vivo tumor tissue was placed in a 1.5 mL tube containing a metal ball and 300 µL 

RIPA buffer with protease and phosphatase inhibitors. The tissue was homogenized 

using a tissue lyser machine. Then, the resulting lysate was centrifuged at 15,000 rpm 

for 10 minutes at 4°C. After, the supernatant was transferred to a fresh 1.5 mL tube and 

stored at -80°C. 

Western blotting 

Protein levels were determined using a BCA assay (Thermo Fisher), according to 

manufacturer’s instructions. Following quantification, the necessary volume of lysate 

containing 30 µg of protein was added to a mixture of loading dye (Invitrogen) and 

reducing agent (Invitrogen) and incubated at 90°C for 5 minutes. Next, the lysate was 

separated on a 4-12% Bis-Tris gradient gel (Invitrogen) along with a protein ladder 

(Invitrogen) at 150 V until the dye reached the bottom of the gel (about 90 minutes). 

Then, the protein was transferred to a methanol-activated PVDF membrane (Millipore) 

at 25 V for 1 hour. After that, the membrane was blocked in 5% blocking reagent 

(Biorad) dissolved in TBS-T on a plate rocked for >1 hour. The membrane was then 

incubated overnight at 4°C rocking in the indicated primary antibody diluted in blocking 

buffer. The next day, the primary antibody was removed, and the membrane was 

washed 3 times in TBS-T rocking for 5 minutes. Then, the membrane was incubated for 

1 hour rocking at room temperature in the appropriate secondary antibody diluted in 

TBS-T. Finally, the membrane was washed as before, and incubated in Clarity ECL 

reagent (Biorad) according to manufacturer’s instructions before imaging on a Biorad 
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Chemidoc. The following primary antibodies were used in this study: GOT2 (Atlas, 

HPA018139), GOT1 (Abcam, ab171939), GLUD1 (Abcam, ab166618), IDH1 (Cell 

Signaling, 3997S), MCT1 (Abcam, ab85021), MCT4 (Sigma, AB3316P), anti-Flag 

(Sigma, F3165), Vinculin (Cell Signaling, 13901S), LDHA (Cell Signaling, 3582), LDHB 

(Abcam, ab53292), and the anti-rabbit-HRP secondary antibody (Cell Signaling, 7074S) 

Isolating polar metabolites 

For intracellular metabolome analyses, cells were seeded at 10,000 cells in 2 mL of 

growth media per well of a 6 well plate and incubated overnight. The next day, the 

growth media was removed, and cells were incubated in media containing the indicated 

compounds for 6 days, with the media being changed every 3 days. On day 6, the 

media was removed, and the cells were fixed and metabolites extracted into 1 mL/well 

of ice-cold 80% methanol on dry ice for 10 minutes. Following the incubation, the wells 

were scraped with a pipet tip and transferred to a 1.5 mL tube on dry ice. 

To analyze extracellular metabolomes, 0.8 mL of ice-cold 100% methanol was added to 

0.2 mL of media, mixed well, and incubated on dry ice for 10 minutes.  

Mouse serum and tumor interstitial fluid (TIF) were isolated and analyzed as described 

previously(31).  

The tubes were then centrifuged at 15,000 rpm for 10 minutes at 4°C to pellet insoluble 

material, and the resulting metabolite supernatant was transferred to a fresh 1.5 mL 

tube. The metabolites were then dried on a SpeedVac until the methanol/water had 

evaporated, and the resulting pellet was re-suspended in a 50:50 mixture of methanol 

and water. 
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Snapshot metabolomics 

Samples were run on an Agilent 1290 Infinity II LC -6470 Triple Quadrupole (QqQ) 

tandem mass spectrometer (MS/MS) system with the following parameters: Agilent 

Technologies Triple Quad 6470 LC-MS/MS system consists of the 1290 Infinity II LC 

Flexible Pump (Quaternary Pump), the 1290 Infinity II Multisampler, the 1290 Infinity II 

Multicolumn Thermostat with 6 port valve and the 6470 triple quad mass spectrometer. 

Agilent Masshunter Workstation Software LC/MS Data Acquisition for 6400 Series 

Triple Quadrupole MS with Version B.08.02 is used for compound optimization, 

calibration, and data acquisition. 

Solvent A is 97% water and 3% methanol 15 mM acetic acid and 10 mM tributylamine 

at pH of 5. Solvent C is 15 mM acetic acid and 10 mM tributylamine in methanol. 

Washing Solvent D is acetonitrile. LC system seal washing solvent 90% water and 10% 

isopropanol, needle wash solvent 75% methanol, 25% water. GC-grade Tributylamine 

99% (ACROS ORGANICS), LC/MS grade acetic acid Optima (Fisher Chemical), 

InfinityLab Deactivator additive, ESI–L Low concentration Tuning mix (Agilent 

Technologies), LC-MS grade solvents of water, and acetonitrile, methanol (Millipore), 

isopropanol (Fisher Chemical). 

An Agilent ZORBAX RRHD Extend-C18, 2.1 × 150 mm and a 1.8 um and ZORBAX 

Extend Fast Guards for UHPLC are used in the separation. LC gradient profile is: at 

0.25 ml/min, 0-2.5 min, 100% A; 7.5 min, 80% A and 20% C; 13 min 55% A and 45% C; 

20 min, 1% A and 99% C; 24 min, 1% A and 99% C; 24.05 min, 1% A and 99% D; 27 

min, 1% A and 99% D; at 0.8 ml/min, 27.5-31.35 min, 1% A and 99% D; at 0.6 ml/min, 

31.50 min, 1% A and 99% D; at 0.4 ml/min, 32.25-39.9 min, 100% A; at 0.25 ml/min, 40 
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min, 100% A. Column temp is kept at 35 ºC, samples are at 4 ºC, injection volume is 2 

µl. 

6470 Triple Quad MS is calibrated with the Agilent ESI-L Low concentration Tuning mix. 

Source parameters: Gas temp 150 ºC, Gas flow 10 l/min, Nebulizer 45 psi, Sheath gas 

temp 325 ºC, Sheath gas flow 12 l/min, Capillary -2000 V, Delta EMV -200 V. Dynamic 

MRM scan type is used with 0.07 min peak width, acquisition time is 24 min. dMRM 

transitions and other parameters for each compounds are list in a separate sheets. 

Delta retention time of plus and minus 1 min, fragmentor of 40 eV and cell accelerator of 

5 eV are incorporated in the method. 

The MassHunter Metabolomics Dynamic MRM Database and Method was used for 

target identification. The QqQ data were pre-processed with Agilent MassHunter 

Workstation QqQ Quantitative Analysis Software (B0700). Each metabolite abundance 

level in each sample was divided by the median of all abundance levels across all 

samples for proper comparisons, statistical analyses, and visualizations among 

metabolites. Metabolites with values >1 are higher in the experimental conditions and 

metabolites with values <1 are lower in the experimental condition. The statistical 

significance test was done by a two-tailed t-test with a significance threshold level of 

0.05.  

Heatmaps were generated and data clustered using Morpheus Matrix Visualization and 

analysis tool (https://software.broadinstitute.org/morpheus). 

Pathway analyses were conducted using MetaboAnalyst 

(https://www.metaboanalyst.ca).  
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U13C-Glucose, U13C-Pyruvate isotope tracing or glucose tracing 

CAFs were seeded in 6 well plates at 2x105 cells/well and incubated for 72 hours in 

growth media containing U13C-Glucose (Cambridge Isotope Laboratories). For 

pyruvate tracing, PaTu-8902 and MIAPaCa-2 iDox-shGOT2.1 cells were cultured in 

media containing 1 mM unlabelled glucose and 1 mM U13C-Pyruvate (Cambridge 

Isotope Laboratories) for 16 hours.  

Polar metabolites were extracted from the media and cells according to the method 

described above. Isotope tracing experiments utilized the same chromatography as 

described in the Snapshot Metabolomics section, and were conducted on two 

instruments with the following parameters: Agilent Technologies Q-TOF 6530 LC/MS 

system consists of a 1290 Infinity II LC Flexible Pump (Quaternary Pump), 1290 Infinity 

II Multisampler, 1290 Infinity II Multicolumn Thermostat with 6 port valve and a 6530 Q-

TOF mass spectrometer with a dual Assisted Jet Stream (AJI) ESI source. Agilent 

MassHunter Workstation Software LC/MS Data Acquisition for 6200 series TOF/6500 

series Q-TOF Version B.09.00 Build 9.0.9044.a SP1 is used for calibration and data 

acquisition.  

Agilent 6530 Q-TOF MS is calibrated with ESI-L Low Concentration Tuning mix. Source 

parameters: Gas temp 250 ºC, Gas flow 13 l/min, Nebulizer 35 psi, Sheath gas temp 

325 º C, Sheath gas flow 12 l/min, Vcap 3500 V, Nozzle Voltage (V) 1500, Fragmentor 

140, Skimmer1 65, OctopoleRFPeak 750. The MS acquisition mode is set in MS1 with 

mass range between 50-1200 da with collision energy of zero. The scan rate 

(spectra/sec) is set at 1 Hz. The LC-MS acquisition time is 18 min and total run time is 
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30 min. Reference masses are enabled with reference masses in negative mode of 

112.9856 and 1033.9881 da. 

Agilent Technologies 6545B Accurate-Mass Quadrupole Time of Flight (MS Q-TOF) 

LC/MS coupled with an Agilent 1290 Infinity II UHPLC. Agilent Masshunter Workstation 

Software LC/MS Data Acquisition for 6500 Series QTOF MS with Version 09.00, 

Build9.0.9044.0 was used for tuning, calibration, and data acquisition.  

In negative mode, the UHPLC was configured with 1290 Infinity II LC Flexible Pump 

(Quaternary Pump),1290 Infinity II Multisampler, 1290 Infinity II Multicolumn Thermostat 

with 6 port valves. In negative scan mode, the Agilent G6545B Q-TOF MS with Dual 

AJD ESI Sources in centroid mode was configured with following parameters: 

Acquisition range: 50-1200 da at scan rate of 1 spectra/sec, Gas temp 250 ºC, Gas 

Flow 13 L/min, Nebulizer at 40 psi, Sheath Gas Heater 325 ºC, Sheath Gas Flow 

12L/min, Capillary 3500 V, Nozzle Voltage 1000 V, Fragmentor 130 V, Skimmer1 60 V, 

Octopole RFPeak 750V, Collision 0 V, Auto Recalibration limit of detection 150 ppm 

with min height 1000 counts, Reference ions of two at 59.0139 and 980.0164 da. 

 

Data processing was performed in Agilent MassHunter Workstation Profinder 10.0 Build 

10.0.10062.0. Isotopologue distributions were derived from a compound standard library 

built in Agilent MassHunter PCDL (Personal Compound and Database Library) v7.0.  

 

Xenograft studies 

Animal experiments were conducted in accordance with the Office of Laboratory Animal 

Welfare and approved by the Institutional Animal Care and Use Committees (IACUC) of 

the University of Michigan. NOD scid gamma (NSG) mice (Jackson Laboratory) 6-10 
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weeks old of both sexes were maintained in the facilities of the Unit for Laboratory 

Animal Medicine (ULAM) under specific pathogen-free conditions. 

Cells expressing doxycycline-inducible shNT or doxycycline-inducible shGOT2 were 

injected subcutaneously into both the left and right flanks of male and female NSG 

mice, with 1-4x106 cells in a mixture of 50 µL media and 50 µL Matrigel (Corning) per 

injection. Tumors were established for 7 days before mice were fed either normal chow 

or chow containing doxycycline (BioServ). Tumors were measured with calipers two 

times per week, and mice were euthanized once the tumors reached a diameter of 2 

cm3. Subcutaneous tumor volume (V) was calculated as V=1/2(length x width2). At 

endpoint, the tumors were removed, and fragments were either snap frozen in liquid 

nitrogen and stored at -80°C or fixed in ZFix solution (Anatech) for histology. 

Cells expressing doxycycline-inducible shGOT2 and luciferase were injected into the 

pancreas tail of NSG mice, with 200,000 cells in a mixture of 50 µL media and 50 µL 

Matrigel (Corning) per injection. Tumors were established for 7 days before mice were 

fed either normal chow or chow containing doxycycline (BioServ). Tumor progression 

was monitored by weekly intraperitoneal injections of luciferin (Promega) and 

bioluminescence imaging (BLI) on an IVIS SpectrumCT (Perkin Elmer). BLI was 

analyzed with Living Image software (PerkinElmer) At endpoint, the tumors were 

removed, and fragments were either snap frozen in liquid nitrogen and stored at -80°C 

or fixed in ZFix (Anatech) solution for histology. 

AZD3965 or FX11 was dissolved in DMSO and stored at -80 ºC in aliquots. Each day, 

one aliquot was thaw and mixed with a 0.5% Hypromellose (Sigma), 0.2% tween80 

(Sigma) solution such that the final DMSO concentration was 5%. Vehicle or AZD3965 
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was administered at 100 mg/kg by daily oral gavage. FX11 was administered at 2 mg/kg 

by daily intraperitoneal injection.  

Histology 

Tissues were processed using a Leica ASP300S tissue processor (Leica 

Microsystems). Paraffin-embedded tissues were sectioned at 4 μm and stained for 

specific target proteins using the Discovery Ultra XT autostainer (Ventana Medical 

Systems), with listed antibodies, and counterstained with Mayer's hematoxylin (Sigma). 

Hematoxylin and eosin (H&E) staining was performed using Mayer's hematoxylin 

solution and Eosin Y (Thermo Fisher). IHC slides were then scanned on a Pannoramic 

SCAN scanner (Perkin Elmer). Scanned images were quantified using algorithms 

provided from Halo software version 2.0 (Indica Labs). The following antibodies were 

used for IHC: Ki67 (1:1,000; Abcam, ab15580), αSMA (1:20,000; Abcam, ab5694), Got2 

(1:500; Atlas, HPA018139). 

KC-Got2f/f model 

Mice containing loxP sites flanking exon 2 of the Got2 gene were generated by Ozgene. 

These mice were crossed to the LSL-KrasG12D;Ptf1a-Cre model(75). Tails from 3-week-

old mice were collected at weaning and submitted to Transnetyx for genotyping. The 

following primers were used: KrasG12D (Fw-GGCCTGCTGAAAATGACTGAGTATA, 

Rev-CTGTATCGTCAAGGCGCTCTT); Got2 WT (Fw- 

GCAGATTAAAACCACAAGGCCTGTA, Rev-ATGTTAAAATTGTCATCCCCTTGTGC); 

Got2 floxed (Fw-GCAGATTAAAACCACAAGGCCTGTA,Rev-

AGAGAATAGGAACTTCGGAATAGGAACT); Cre (Fw-

TTAATCCATATTGGCAGAACGAAAACG, Rev-CAGGCTAAGTGCCTTCTCTACA). 
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Statistics 

Statistics were performed using Graph Pad Prism 8. Groups of 2 were analyzed with 

two-tailed students t test, groups greater than 2 were compared using one-way ANOVA 

analysis with Tukey post hoc test or two-way ANOVA with Dunnett’s correction for 

multiple independent variables. All error bars represent mean with standard deviation, 

all group numbers and explanation of significant values are presented within the figure 

legends. Experiments were repeated at least twice to verify results. 

Data availability 

The mass spectrometry-based metabolomics data are available in Supplementary Table 

1. Annotated raw blots are included for all westerns as Source Data Files. 

 

All schematics and models were created using Biorender.com. 
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4.6 Figures 

 

Figure 4-1 GOT2 KD impairs in vitro PDA proliferation.  

A) The metabolic roles of mitochondrial glutamate-oxaloacetate transaminase 2 (GOT2). 
OAA=oxaloacetate, Glu=glutamate, Mal=malate, Asp=Aspartate, αKG=α-ketoglutarate, ME1=malic 
enzyme 1, TCA=tricarboxylic acid. B) Immunoblot of GOT2 and VINCULIN loading control in PaTu-8902 
cells after 1 µg/mL doxycycline (DOX) induction of two independent GOT2 (sh1, sh2) and non-targeting 
(NT) shRNAs for 3 days. C) Representative images from colony formation assays in ishRNA PaTu-8902 
cells -Dox (n=3) or +Dox (n=3). D) Heatmap summarizing the relative colony formation ishRNA PDA cell 
lines -Dox (n=3) or +Dox (n=3), normalized to -Dox for each indicated shRNA. Representative images 
from colony formation assays and western blots presented in Figure 1-figure supplement 1. E) Relative 
abundances of Asp and αKG in PaTu-8902 (left) and MIAPaCa-2 (right) ishGOT2.1 -Dox (n=3) or +Dox 
(n=3). F) Relative proliferation of PaTu-8902 (left) and MIAPaCa-2 (right) ishGOT2.1 -Dox (n=3) or +Dox 
(n=3) cultured in normal media (DMEM) or supplemented with 20 mM Asp and 1 mM dimethyl-αKG 
(dmαKG). For all panels, data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-2 Validation of GOT2 KD and proliferation assays in PDA and normal cell lines 

A) Immunoblots of GOT2 and VINCULIN loading control in PDA cell lines after 1 µg/mL doxycycline (Dox) 
induction of the indicated shRNAs (ishRNA) for 3 days. NT=non-targeting shRNA. Westerns for data in 
Figure 1D. B) Immunoblot of GOT1, GOT2, and VINCULIN in PaTu-8902 ishRNA -Dox or +Dox after 3 
days. C) Representative images from colony formation assays in PDA ishRNA cell lines -Dox (n=3) or 
+Dox (n=3) for the data in Figure 1D. D) Relative proliferation of PDA ishRNA cell lines -Dox (n=3) or 
+Dox (n=3), normalized to Day 0 cell number for each condition. E) Immunoblots of GOT2 and VINCULIN 
in human cancer associated fibroblast cell line (hPSC) and human pancreatic nestin expressing cells 
(HPNE) ishRNA cells. F) Relative proliferation of hPSC (left) and HPNE (right) ishRNA -Dox (n=3) or 
+Dox (n=3). For all panels, data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-3 Metabolomic characterization of GOT2 KD in PDA cell lines  

A) Heatmaps of the relative abundances of metabolites significantly (p<0.05) different between -Dox 
(n=3) and +Dox (n=3) PaTu-8902 (left) and MIAPaCa-2 (right) ishGOT2.1 cells. B) Metabolic pathway 
analysis of the data presented in A). C) Ion abundances of aspartate (Asp) in normal media or media with 
10 mM Asp (left) and intracellular abundances in PaTu-8902 and MIAPaCa-2 cultured in normal media or 
media with 10 mM Asp (right). D) Relative abundances of TCA cycle metabolites in PaTu-8902 (top) or 
MIAPaCa-2 (bottom) ishGOT2.1 -Dox (n=3) or +Dox (n=3). For all panels, data represent mean ± SD. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-4 GOT2 KD induces reductive stress, which can be ameliorated by NADH turnover.  
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A) Schematic of glycolytic signature induced by GOT2 KD-mediated NADH build-up and reductive stress. 
G6P=glucose-6-phosphate, F6P=fructose-6-phosphate, FBP=fructose-1,6-bisphosphate, 
DHAP=dihydroxyacetone phosphate, GA3P=glyceraldehyde-3-phosphate, PEP=phosphoenol pyruvate, 
oxPPP=oxidative pentose phosphate pathway, Non-oxPPP=non-oxidative pentose phosphate pathway, 
X5P=xylulose-5-phosphate, R5P=ribose-5-phosphate, S7P=seduoheptulose-7-phosphate, 
HBP=hexosamine biosynthesis pathway, GlcNAc-1P=N-acetylglucosamine 1-phosphate. B) Relative fold 
changes in the indicated metabolites between PaTu-8902 ishGOT2.1 -Dox (n=3) and +Dox (n=3). 
2PG=2-phosphoglycerate, Pyr=Pyruvate, Lac=Lactate. C) Relative NADH/NAD+ ratio in PaTu-8902 
ishGOT2.1 -Dox (n=3) and +Dox (n=3). D) Relative colony formation of MIAPaCa-2 ishRNA -Dox (n=3) or 
+Dox (n=3) cultured in normal media (DMEM) or DMEM with 1 mM pyruvate, normalized to -Dox for each 
condition. E) Relative colony formation of MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in 
normal media (DMEM) or DMEM with the indicated concentrations of pyruvate (mM), normalized to -Dox 
for each condition. F) Relative proliferation of PaTu-8902 (left) and MIAPaCa-2 (right) ishGOT2.1 -Dox 
(n=3) or +Dox (n=3) cultured in normal media (DMEM) or DMEM with 1 mM pyruvate (Pyr) or α-
ketobutyrate (αKB), normalized to Day 0 for each condition. G) Relative proliferation of PaTu-8902 (left) 
and MIAPaCa-2 (right) ishGOT2.1 -Dox (n=3) or +Dox (n=3) expressing doxycycline-inducible empty 
vector (EV), cytosolic Lactobacillus NADH oxidase (LbNOX), or mitochondrial LbNOX (mLbNOX), 
normalized to Day 0 for each condition. H) Relative NADH/NAD+ ratio of PaTu-8902 (left) and MIAPaCa-
2 (right) ishGOT2.1 -Dox (n=3) or +Dox (n=3) expressing EV, LbNOX, or mLbNOX. I) Schematic of 13C3-
pyruvate into relevant metabolic pathways. 13C-carbon labels in blue, non-labeled carbon in gray. 
LDH=lactate dehydrogenase, GPT=glutamate-pyruvate transaminase, MPC=mitochondrial pyruvate 
carrier, PC=pyruvate carboxylase. J-K) Fractional labelling of intracellular pyruvate J) or lactate K) in 
PaTu-8902 and MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in 1 mM 13C3-Pyruvate and 
treated with DMSO vehicle control or 5 µM UK5099 (MPC inhibitor). Unlabeled controls presented at 
right. For all panels, data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-5 Further characterization of the role of GOT2 in redox stress. 

A) Glycolytic rate assay showing the proton efflux rate (PER) of PaTu-8902 ishGOT2.1 -Dox (n=4) or 
+Dox (n=4). B-C) Relative proliferation B) and ATP levels C) of PaTu-8902 ishGOT2.1 -Dox (n=3) or 
+Dox (n=3) cultured in normal DMEM or DMEM with 1 mM pyruvate (Pyr). D) Immunoblots of GOT2 and 
VINCULIN loading control in PaTu-8902 (top) and MIAPaCa-2 (bottom) parental (P), empty vector (EV), 
or two sgRNAs targeting GOT2 (sg1, sg2). E) Relative colony formation of PaTu-8902 (left) and 
MIAPaCa-2 (right) P, EV, sgGOT2.1, or sgGOT2.2 cultured in normal DMEM (-Pyr, n=3) or DMEM with 1 
mM pyruvate (+Pyr, n=3), normalized to +Pyr for each condition. F) Relative colony formation of PaTu-
8902 (left) and MIAPaCa-2 (right) ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal media (DMEM) 
or DMEM with 1 mM α-ketobutyrate (αKB), normalized to -Dox for each condition. G) Relative colony 
formation of MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal media (DMEM) or 
DMEM with 1 mM pyruvate, αKB, or nicotinaminde mononucleotide (NMN), normalized to -Dox for each 
condition. For all panels, data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-6 LbNOX relieves redox stress induced by GOT2 KD.  
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A) Immunoblots of GOT2, FLAG, and VINCULIN loading controls from PaTu-8902 (left) or MIAPaCa-2 
(right) ishNT or GOT2.1 cells expressing doxycycline-inducible expression of empty vector (EV) or FLAG-
tagged cytosolic Lactobacillus NADH oxidase (LbNOX) or mitochondrial LbNOX (mLbNOX). B) Relative 
colony formation of PaTu-8902 (left) and MIAPaCa-2 (right) ishGOT2.1 -Dox (n=3) or +Dox (n=3) 
expressing EV, LbNOX, or mLbNOX, normalized to -Dox for each condition. C) Relative proliferation of 
PaTu-8902 (top) and MIAPaCa-2 (bottom) ishNT -Dox (n=3) or +Dox (n=3) expressing EV, LbNOX, or 
mLbNOX and treated with DMSO vehicle control (left) or 1 µM piericidin (right), normalized to Day 0 for 
each condition. D) Ion abundances of NAD+ (left) and NADH (right) in PaTu-8902 (top) and MIAPaCa-2 
(bottom) ishGOT2.1 -Dox (n=3) and +Dox (n=3). E) Relative extracellular pyruvate/lactate ratios in PaTu-
8902 (left) and MIAPaCa-2 (right) ishGOT2.1 -Dox (n=3) and +Dox (n=3). F) Ion abundances of 
extracellular pyruvate (left) and lactate (right) in PaTu-8902 (top) and MIAPaCa-2 (bottom) ishGOT2.1 -
Dox (n=3) and +Dox (n=3). G) Heatmap of log2 fold-changes in metabolite abundances between PaTu-
8902 (left) and MIAPaCa-2 (right) ishGOT2.1 -Dox (n=3) and +Dox (n=3) expressing EV, LbNOX, or 
mLbNOX. G6P=glucose-6-phosphate, F6P=fructose-6-phosphate, FBP=fructose-1,6-bisphosphate, 
DHAP=dihydroxyacetone phosphate, 2PG=2-phosphoglycerate, PEP=phosphoenol pyruvate, 
X5P=xylulose-5-phosphate, R5P=ribose-5-phosphate, S7P=seduoheptulose-7-phosphate, αKG=α-
ketoglutarate, PPP=pentose phosphate pathway. For all panels, data represent mean ± SD. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-7 Isotope tracing of labelled pyruvate in GOT2 KD PDA cell lines.  

A) Relative proliferation of PaTu-8902 (left) and MIAPaCa-2 (right) ishGOT2.1 -Dox (n=3) or +Dox (n=3) 
cultured in 1 mM Glucose DMEM with 1 mM pyruvate (Pyr) normalized to Day 0 for each condition. B-D) 
Fractional labelling of intracellular citrate B), aspartate C), or alanine D) from 13C3-Pyruvate (1 mM) in 
PaTu-8902 and MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) treated with DMSO vehicle control or 5 
µM UK5099 (MPC inhibitor). Unlabeled controls presented at right. E) Relative cell number of MIAPaCa-2 
ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal DMEM or DMEM with 1 mM Pyr, treated with 
DMSO vehicle control or 5 µM UK5099, normalized to DMSO for each condition. F) Relative colony 
formation of MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal DMEM or DMEM with 1 
mM Pyr or lactate (Lac), normalized to -Dox for each condition. G) Relative colony formation of PaTu-
8902 (left) and MIAPaCa-2 (right) ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal DMEM or 
DMEM with 1 mM alanine, normalized to -Dox for each condition. H) Relative colony formation of 
MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal DMEM or DMEM with either 1 mM 
Pyr or 100 µM of the indicated combinations of adenine (A), guanine (G), thymidine (T), and cytidine (C), 
normalized to -Dox for each condition. For all panels, data represent mean ± SD. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Figure 4-8 GOT2 is not required for in vivo growth of PDA xenografts.  

A) Tumor volumes of PaTu-8902 ishRNA flank xenografts in NSG mice fed normal chow (-Dox, n=6) or 
doxycycline chow (+Dox, n=6). Arrows indicate administration of Dox chow 1 week after PDA cell 
injection. B) Tumor volumes of four additional PDA cell line ishGOT2.1 flank xenografts in NSG mice fed 
normal chow (-Dox, n=6) or doxycycline chow (+Dox, n=6). Arrows indicate administration of Dox chow 1 
week after PDA cell injection. C) Immunohistochemistry (IHC) for Ki67 in flank xenograft tissue from 
PaTu-8902 ishRNA -Dox (n=6) or +Dox (n=6). D) Quantification of Ki67+ cells in tissue depicted in C). E) 
Relative abundances of Asp and αKG in PaTu-8902 ishGOT2.1 -Dox (n=6) or +Dox (n=6) flank 
xenografts. F) Relative fold changes in the indicated metabolites between PaTu-8902 ishGOT2.1 -Dox 
(n=6) and +Dox (n=6) flank xenografts. G6P=glucose-6-phosphate, F6P=fructose-6-phosphate, 
FBP=fructose-1,6-bisphosphate, DHAP=dihydroxyacetone phosphate, GA3P=glyceraldehyde-3-
phosphate, 2PG=2-phosphoglycerate, PEP=phosphoenol pyruvate, Pyr=Pyruvate, Lac=Lactate, 
X5P=xylulose-5-phosphate, R5P=ribose-5-phosphate, S7P=seduoheptulose-7-phosphate, PPP=pentose 
phosphate pathway. For all panels, data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 

 

 

 

 

 

 

 



 201 

 

Figure 4-9 In vivo growth and metabolism of GOT2 KD PDA xenografts.  

A) Tumor volumes of PDA cell line ishNT flank xenografts in NSG mice fed normal chow (-Dox, n=6) or 
doxycycline chow (+Dox, n=6). Arrows indicate administration of Dox chow 1 week after PDA cell 
injection. B) Immunoblots for GOT2 and VINCULIN loading control in PDA ishRNA -Dox or +Dox 
xenografts at endpoint. Each lane represents an independent xenograft. C) Bioluminescence of 
MIAPaCa-2 GFP-Luc ishGOT2.1 -Dox (n=3) or +Dox (n=3) orthotopic xenografts. D) Heatmaps of the 
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relative abundances of metabolites significantly (p<0.05) different between PaTu-8902 ishGOT2.1 -Dox 
(n=6) and +Dox (n=6) flank xenografts. E) Metabolic pathway analysis of the data presented in D). F) 
Relative abundances of TCA cycle metabolites in PaTu-8902 ishGOT2.1 -Dox (n=6) or +Dox (n=6) flank 
xenografts. G) Immunoblots for GOT2, GOT1, GLUD1, IDH1, and VINCULIN in PaTu-8902 ishGOT2.1 -
Dox or +Dox flank xenografts at endpoint. For all panels, data represent mean ± SD. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Figure 4-10 GOT2 deletion does not impact on PDA tumorigenesis in an autochthonous model.  

A) Got2 deletion (floxed exon 2) with expression of mutant Kras (LSL-KrasG12D) driven by epithelial 
pancreas-specific Cre recombinase (p48-Cre) on an immunocompetent (C57B/6) background (KC-Got2). 
B) Representative immunohistochemistry (IHC) for Got2 in pancreata from 3-month old KC-Got2 or age-
matched KC historic controls. C) Pancreas weights of 3-month KC (n=4) or KC-Got2 (n=6) mice. D) 
Representative H&E staining of pancreata from 3-month KC (n=4) or KC-Got2 (n=6) mice. E) Quantitation 
of H&E staining from C) of tissue area with healthy acinar cells, acinar-ductal metaplasia (ADM), or 
pancreatic intraepithelial (PanIN) lesion severity. F) Representative H&E staining of pancreata from 6-
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month KC (n=5) or KC-Got2 (n=4) mice. G) Pancreas weights of 6-month KC (n=4) or KC-Got2 (n=4) 
mice. H) Quantitation of H&E staining from F) of tissue area with healthy acinar cells, ADM, or PanIN 
lesion severity. I) Representative H&E staining of pancreata from 1-year KC (n=3) or KC-Got2 (n=7) mice. 
J) Number of KC or KC-Got2 tissue that had progressed to carcinoma at 1 year. For all panels, data 
represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-11 Got2 deletion has no effect on the normal mouse pancreas. 

A) DNA gel showing representative genotyping of DNA isolated from tails of Got2f/f mice or wild type (WT) 
control. B) Representative H&E staining of pancreata from 3-month WT (Got2 f/f, n=2) or p48-Got2 f/f 
(n=2) mice. C) Pancreas weights of 3-month Got2 f/f (n=2) or p48-Got2 f/f (n=2) mice. For all panels, data 
represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-12 Pancreatic CAFs release pyruvate and compensate for loss of GOT2 in vitro. 

A) Relative colony formation of MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal 
media (DMEM) or human CAF (hCAF) CM generated after 72 hours of conditioning, normalized to -Dox 
for each condition. B) Relative colony formation of MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) 
cultured in DMEM or indicated dilutions of hCAF CM, normalized to -Dox for each condition. C) Relative 
colony formation of MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in DMEM, Mock-treated 
hCAF CM, boiled, 3 kDa filtered, or that subjected to freeze/thaw cycles. Data normalized to -Dox for 
each condition. D) Ranked log2 fold changes of metabolite abundances in hCAF CM compared to 
pyruvate-free normal DMEM. E) Absolute quantitation of pyruvate concentrations (mM) in three 
independently generated batches of hCAF or mouse CAF (mCAF) CM, including a pyruvate-free DMEM 
control. F) Relative colony formation of MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in 
normal media (DMEM) or mCAF CM, normalized to -Dox for each condition. G) Ion abundance of 
extracellular (EX) or intracellular (IN) pyruvate (left) or lactate (right) isotopologues from hCAFs cultured 
with 25 mM 13C6-Glucose. H) Fractional labelling of intracellular glycolysis (left), TCA cycle (middle), and 
pentose phosphate pathway (PPP, right) metabolites in hCAFs cultured with 25 mM 13C6-Glucose. 
F6P=fructose-6-phosphate, FBP=fructose-1,6-bisphosphate, DHAP=dihydroxyacetone phosphate, 
G3P=glyceraldehyde-3-phosphate, 2PG=2-phosphoglycerate, 3PG=3-phosphoglycerate, 
PEP=phosphoenol pyruvate, Cit=citrate, αKG=α-ketoglutarate, Suc=succinate, Fum=fumarate, 
Mal=malate, Gln=glutamine, Asp=aspartate, S7P=seduoheptulose-7-phosphate, R5P=ribose-5-
phosphate. For all panels, data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-13 Further characterization of CAF CM rescue of GOT2 KD in vitro.  

A) Immunohistochemistry (IHC) for α-smooth muscle actin (αSMA) in PaTu-8902 ishGOT2.1 -Dox or 
+Dox flank xenografts. B) Relative colony formation of PaTu-8902 ishGOT2.1 -Dox (n=3) or +Dox (n=3) 
cultured in normal media (DMEM) or human CAF (hCAF) CM, normalized to -Dox for each condition. C) 
Relative colony formation of PaTu-8902 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in DMEM, hCAF 
CM, PDA CM, or tumor-educated macrophage (TEM) CM, normalized to -Dox for each condition. D) 
Relative colony formation of PaTu-8902 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in DMEM, hCAF 
CM, or hCAF CM boiled, 3 kDa filtered, or subjected to freeze/thaw cycles, normalized to -Dox for each 
condition. E) Heatmap of the relative abundances of metabolites significantly (p<0.05) different between 
normal pyruvate-free DMEM and three independently generated batches of hCAF CM. Black arrows 
highlight Asp and αKG. F) Ion abundances of intracellular pyruvate in MIAPaCa-2 (left) or PaTu-8902 
(right) cultured in normal DMEM media or hCAF CM. G) Relative colony formation of PaTu-8902 
ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal media (DMEM) or mCAF CM, normalized to -Dox 
for each condition. For all panels, data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 



 208 

 

Figure 4-14 Metabolites in in CAF CM and complex I inhibitor rescue activity.  

A) Absolute quantitation of aspartate (left) and α-ketoglutarate concentrations (µM) in hCAF or mCAF 
CM, relative to DMEM control. B) Relative proliferation of MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox 
(n=3) cultured in normal DMEM, 250 µM pyruvate, or a combination of 50 µM aspartate (Asp) and 500 µM 
dimethyl-α-ketoglutarate (dmαKG). C) Relative cell number of PaTu-8902 treated with the indicated 
concentrations of rotenone (left), phenformin (middle), or IACS-010759 (right), and cultured in normal 
DMEM, hCAF CM, or 1 mM pyruvate. For all panels, data represent mean ± SD. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 

 

 

 

 

 

 

 

 

 



 209 

 

Figure 4-15 MCT1 inhibition prevents pyruvate-mediated restoration of redox balance in vitro after loss of 
GOT2.  

A) Absolute quantitation of pyruvate (left) and lactate (middle), and the relative pyruvate/lactate ratio 
(right) in normal DMEM, hCAF CM, and mCAF CM. B) Absolute quantitation of pyruvate (left) and lactate 
(middle), and the relative pyruvate/lactate ratio (right) in serum or the tumor interstitial fluid (TIF) from 
NSG mice harboring PaTu-8902 ishGOT2.1 -Dox (n=8 tumors, 4 mice) or +Dox (n=8 tumors, 4 mice) 
flank xenografts. C) Relative proliferation of MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured 
with the absolute levels and relative ratios of pyruvate/lactate in hCAF and mCAF CM (left) or serum/TIF 
(right) from A,B), normalized to Day 0 for each condition. D) Relative colony formation of MIAPaCa-2 
ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal media (DMEM), 1 mM pyruvate, or human CAF 
(hCAF) CM, and treated with DMSO control or 100 nM AZD3965, normalized to -Dox for each condition. 
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E) Immunoblots of GOT2, MCT1, and VINCULIN loading control in PaTu-8902 ishGOT2.1 expressing 
empty vector (EV), or two sgRNAs targeting MCT1 (sg1, sg2). F) Relative colony formation of PaTu-8902 
ishGOT2.1 -Dox (n=3) or +Dox (n=3) expressing empty vector (EV), or two sgRNAs targeting MCT1 (sg1, 
sg2) and cultured in the indicated doses of pyruvate, normalized to -Dox for each condition. G) Ion counts 
of intracellular m+3 pyruvate (top) and lactate (bottom) in PaTu-8902 expressing empty vector (EV), or 
two sgRNAs targeting MCT1 (sg1, sg2) and cultured in 1 mM 13C3-Pyruvate for the indicated time points. 
H) Relative proliferation of PaTu-8902 (top) and MIAPaCa-2 (bottom) ishGOT2.1 -Dox (n=3) or +Dox 
(n=3) cultured in normal DMEM or 0.25 mM pyruvate and treated with DMSO vehicle control or 25 µM 
FX11, normalized to Day 0 for each condition. For all panels, data represent mean ± SD. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-16 Inhibition of pyruvate uptake and catabolism in GOT2 KD cells in vitro.  
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A) Relative CCLE mRNA expression of the indicated SLC16 family members in PaTu-8902 and 
MIAPaCa-2. B) Immunoblot for MCT1 and VINCULIN loading control the indicated cell lines. C) Single-
cell RNA sequencing data from murine KPC cell line syngeneic orthotopic tumors showing expression of 
Slc16a1 (MCT1) and Slc16a3 (MCT4) in CAF (marked by CDH11 expression) and epithelial (marked by 
Krt18 expression) populations. D,F) Immunoblots for GOT2, MCT1, and VINCULIN in PaTu-8902 D) and 
MIAPaCa-2 F) ishGOT2.1 -Dox or +Dox expressing the indicated control (CTR) or constitutive MCT1-
targeting shRNAs (sh1, sh2). E,G) Relative proliferation of PaTu-8902 E) and MIAPaCa-2 G) ishGOT2.1 -
Dox (n=3) or +Dox (n=3) expressing the indicated shRNAs and cultured in normal DMEM (left), 0.25 mM 
pyruvate (middle), or hCAF CM (right), normalized to Day 0 for each condition. H) Relative colony 
formation of MIAPaCa-2 ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal media (DMEM) or the 
indicated doses of pyruvate, and treated with DMSO control or 100 nM AZD3965, normalized to -Dox for 
each condition. I) Relative viability of MIAPaCa-2 cultured in normal media (DMEM), 0.25 mM pyruvate 
(left), or hCAF CM (right) and treated with DMSO vehicle control or 100 nM IACS-010759, alone or in 
combination with 100 nM AZD3965, normalized to -Dox for each condition. J) Immunoblots for GOT2, 
LDHA, LDHB, and VINCULIN in PaTu-8902 and MIAPaCa-2 ishRNA. K) Relative number of PaTu-8902 
(left) and MIAPaCa-2 (right) ishGOT2.1 -Dox (n=3) or +Dox (n=3) cultured in normal DMEM, 0.25 mM 
pyruvate, or hCAF CM, and treated with DMSO vehicle control or 25 µM FX11, normalized to -Dox for 
each condition. For all panels, data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-17 MCT1/GOT2 dual inhibition in PDA xenografts.  

A,B) Tumor volume (left) and weight (right) of PaTu-8902 A) and tumor volume of MIAPaCa-2 B) 
ishGOT2.1 flank xenografts in NSG mice fed normal chow (-Dox, n=6) or doxycycline chow (+Dox, n=6) 
expressing control (shNT) or shMCT1.1. C,D) Immunoblots for GOT2, MCT1, and VINCULIN in 
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representative tumors from PaTu-8902 C) or MIAPaCa-2 D) ishGOT2.1 -Dox (n=3) or +Dox (n=3) flank 
xenografts with shNT or shMCT1.1. Each lane represents an individual tumor. E) Tumor volume (left) and 
weight (right) of PaTu-8902 flank xenografts in NSG mice fed normal chow (-Dox, n=6) or doxycycline 
chow (+Dox, n=6) expressing control (sgEV) or sgMCT1.1. F) Immunoblot for GOT2, MCT1, MCT4 and 
VINCULIN in representative, independent tumors from PaTu-8902 ishGOT2.1 -Dox (n=3) or +Dox (n=3) 
flank xenografts with sgEV or sgMCT1.1. G) Immunoblot for GOT2, MCT1, MCT4 and VINCULIN in 
PaTu-8902 ishGOT2.1 -Dox or +Dox cell lines with sgEV or sgMCT1.1. For F,G) blots, arrow=MCT1 
band, asterisk=non-specific band. H) Tumor volume (left) and weight (right) of PaTu-8902 flank 
xenografts in NSG mice fed normal chow (-Dox, n=6) or doxycycline chow (+Dox, n=6) treated with PBS 
control or 100 mg/kg AZD3965. I) Immunoblot for GOT2, MCT1, and VINCULIN in in representative, 
independent tumors of PaTu-8902 ishGOT2.1 -Dox (n=3) or +Dox (n=3) flank xenografts. J) Weights of 
mice treated in H). For all panels, data represent mean ± SD. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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Figure 4-18 LDHA/GOT2 dual inhibition in PDA xenografts.  

A,B) Tumor volume (left) and weight (right) of PaTu-8902 A) and MIAPaCa-2 B) ishGOT2.1 flank 
xenografts in NSG mice fed normal chow (-Dox, n=6) or doxycycline chow (+Dox, n=6) and treated with 
PBS control or 2 mg/kg FX11. C) Relative proliferation of PaTu-8902 (top) and MIAPaCa-2 (bottom) 
ishRNA -Dox (n=3) or +Dox (n=3) cultured in normal DMEM, 0.25 mM pyruvate, or 2% BSA, normalized 
to Day 0 for each condition. 
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Chapter 5 – Genetic Mouse Models of Pancreatic Cancer Metabolism 

5.1 Background 

Genetically engineered mouse models (GEMMs) of pancreatic cancer accurately 

recapitulate the genomic profile, progression, and tumor microenvironment (TME) of 

human disease (1, 2). As such, these models are powerful tools for studying pancreatic 

metabolism in a more physiologically relevant context. The following chapter builds on 

the initial finding described in Chapter 4 that Got2 deletion has no impact on mouse 

pancreatic tumorigenesis. Additionally, as described in Chapter 3, two other studies 

have drawn into question the role of Got2 in pancreatic cancer (3, 4). Therefore, 

GEMMs were utilized to address this question more definitively. 

5.2 Got2 deletion and pancreatic tumorigenesis 

As discussed in Chapter 4, expression of oncogenic KrasG12D driven by exocrine 

pancreas-specific Ptf1a-Cre (KC) leads to transformation and progression through 

acinar-ductal metaplasia (ADM) to advanced pancreatic intraepithelial neoplasia 

(PanIN)(2, 5). Got2 deletion in this KC model of pancreatic tumorigenesis (KC-Got2Δ/Δ) 

had no impact on the number or severity of ADM or PanIN lesions at 3, 6, or 12 months 

of age. However, this initial experiment compared newly generated KC-Got2Δ/Δ mice 

with KC historic controls. A new breeding scheme was designed to generate proper KC-

Got2+/+, KC-Got2Δ/+, KC-Got2Δ/Δ littermate controls (Fig. 5-1A,B). Additionally, mice with 

Got2 deletion driven by Ptf1a-Cre, but lacking KrasG12D, were generated in parallel to 
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evaluate loss of Got2 in the normal pancreas. These mice were aged to 6 months, as 

before, at which time pancreata were harvested and weighed. No differences were 

observed in the pancreas to body weight ratios (P/BW) when Got2 was deleted in the 

normal pancreas controls (Fig. 5-1C). KC pancreas tissue had significantly increased 

P/BW near 2%, as reported previously (6), yet no differences were observed with loss of 

one or both copies of Got2 (Fig. 5-1C). These results confirm our initial finding that loss 

of Got2 does not impact pancreatic tumorigenesis in the KC model.  

5.3 Got2 deletion in mouse PDA 

Progression from PanINs to carcinoma requires the loss of a tumor suppressor 

gene in addition to transformation by oncogenic Kras (1, 5). In the KC model, this 

process can take up to a year following sporadic tumor suppressor loss (5). To 

accelerate this progression, the KPC model combines expression of the inactive 

p53R172H allele with expression of KrasG12D(1). To evaluate the metabolic dependency 

for Got2 in carcinoma, I generated KPC-Got2+/+, KPC-Got2Δ/+, KPC-Got2Δ/Δ mice (Fig. 

5-2A). The survival experiment with these mice is ongoing, though the time to endpoint 

of ~4 months is in line with previously reported studies (Fig. 5-2B)(5). Endpoint is 

determined as loss of 10% body weight over two consecutive weeks (20% overall loss).  

5.4 Discussion 

Thus far, deletion of Got2 in the KC tumorigenesis or the KPC carcinoma models 

has not induced a phenotype. Since in Chapter 4 GOT2 was shown to be dispensable 

for human tumors growing in immunocompromised mouse hosts, these models were 

generated to evaluate the role of GOT2 in an immunocompetent model that accurately 
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recapitulates the genomic profile, tissue architecture, and progression of human 

disease(1, 2). Considering several recent studies have raised the profile of GOT2 in 

cancer(3, 4, 7), and drawn into question its role in compensatory metabolism and tumor-

stroma crosstalk, the proposed future work in Chapter 8 will add valuable data to the 

conversation around GOT2 in pancreatic cancer metabolism. 

5.5 Methods 

Mouse studies 

Mice were maintained in a pure C57BL/6J background and experimental mice were 

maintained in SPF housing with access to standard diet and water ad libitum at constant 

ambient temperature and a 12-hour light cycle. All experiments were conducted in 

accordance with the Office of Laboratory Animal Welfare and approved by the 

Institutional Animal Care and Use Committees of the University of Michigan. 

KC-Got2Δ/Δ and KPC-Got2Δ/Δ models 

Mice containing loxP sites flanking exon 2 of the Got2 gene were generated by Ozgene. 

These mice were crossed to the KC or the KPC models. Tails from 3-week-old mice 

were collected at weaning and submitted to Transnetyx for genotyping. The following 

primers were used: KrasG12D (Fw-GGCCTGCTGAAAATGACTGAGTATA, Rev-

CTGTATCGTCAAGGCGCTCTT); Tp53R172H (Fw- 

CATCTACAAGAAGTCACAGCACATG, Rev- GGAGCAGCGCTCATGGT); Got2 WT 

(Fw- GCAGATTAAAACCACAAGGCCTGTA, Rev-

ATGTTAAAATTGTCATCCCCTTGTGC); Got2 floxed (Fw-

GCAGATTAAAACCACAAGGCCTGTA,Rev-



 219 

AGAGAATAGGAACTTCGGAATAGGAACT); Cre (Fw-

TTAATCCATATTGGCAGAACGAAAACG, Rev-CAGGCTAAGTGCCTTCTCTACA). 

Mouse pancreas isolation 

At endpoint, mice were euthanized according to the approved IACUC protocol and 

mouse weights were recorded. Tails were collected to re-confirm genotypes. The 

mouse body cavity was opened using scissors and the pancreas was visualized. The 

pancreas was carefully dissected using the spleen and a portion of the intestine as 

anchor points, avoiding contact with the pancreas itself. Following excision of the 

pancreas, the spleen and intestine fragment were removed, and the pancreas weight 

was recorded. The whole pancreas was fixed head-to-tail in formalin for 24 hours and 

then stored in 70% ethanol before paraffin embedding for later histological analysis. 

Statistics 

Statistics were performed using Graph Pad Prism 9. Groups of 2 were analyzed with 

two-tailed students t test, groups greater than 2 were compared using one-way ANOVA 

analysis with Tukey post hoc test or two-way ANOVA with Dunnett’s correction for 

multiple independent variables. All error bars represent mean with standard deviation, 

all group numbers and explanation of significant values are presented within the figure 

legends. Experiments were repeated at least twice to verify results. 
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5.7 Figures 

 
 

Figure 5-1 Genetic model of Got2 deletion in pancreatic tumorigenesis  

A) Schematic for the Got2 floxed mouse depicting the location of loxP sites flanking exon 2 of Got2. B) 
Schematic showing the breeding scheme for generating KC-Got2+/+, KC-Got2Δ/+, and KC-Got2Δ/Δ 
littermates. C) Pancreas to body weight ratios for Ptf1a-Cre (C) Got2+/+ or Got2Δ/Δ normal pancreas tissue, 
or KC-Got2+/+, KC-Got2Δ/+, and KC-Got2Δ/Δ transformed tissue from 6-month-old mice. Closed circles 
represent male mice and open circles represent female mice.  
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Figure 5-2 Genetic model of Got2 deletion in mouse PDA  

A) Schematic showing the breeding scheme for generating KPC-Got2+/+, KPC-Got2Δ/+, and KPC-Got2Δ/Δ 
littermates. B) Ongoing survival analysis of KPC-Got2+/+, KPC-Got2Δ/+, and KPC-Got2Δ/Δ littermates. 

 

 

 



 223 

Chapter 6 – Reprogramming Tumor-Associated Macrophage Metabolism 

6.1 Background 

Thus far, my dissertation has focused on the role of GOT2 in pancreatic cancer 

cells. In this chapter, I will instead begin to investigate how GOT2, and the cytosolic 

isoform GOT1, support pro-tumorigenic immune function in pancreatic tumors. Tumor-

associated macrophages (TAM) are the major immune component in pancreatic 

tumors(1, 2). Mutant KRAS-driven signaling from cancer cells polarizes myeloid-derived 

innate immune cells towards an anti-inflammatory state that promotes tumorigenesis 

and suppresses anti-tumor immune activity(3-5). Depleting TAMs from pancreatic 

tumors improves treatment responses and overall survival(6-10). Our lab has recently 

uncovered a mechanism by which TAMs confer resistance to PDA cells against the 

chemotherapy gemcitabine(11). TAMs release high levels of the pyrimidine nucleoside 

deoxycytidine (dC), which is structurally similar to gemcitabine and dampens its 

efficacy(11). Ablating TAMs in vivo significantly improved the response of mouse PDA 

tumors to gemcitabine(11). However, depleting TAMs is a harsh approach and 

undoubtedly affects many processes within a tumor. A more refined approach, and the 

basis of the work described here, specifically targets dC production and release in 

TAMs. The amino acid aspartate is required for pyrimidine synthesis and aspartate is 

produced by glutamate-oxaloacetate transaminases (GOTs).  

In addition to protecting PDA cells from chemotherapy, TAMs also suppress the 

anti-tumor adaptive immune system by promoting regulatory T cell (Treg) activity and 
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preventing cytotoxic responses by tumor infiltrating effector T (Teff) cells(6, 9, 10, 12). 

Aside from aspartate synthesis, GOT1 and GOT2 fuel the TCA cycle and maintain 

redox homeostasis. Recent work has demonstrated that TAMs utilize oxidative 

metabolism to carry out pro-tumor functions(13-16). Thus, Got1 and Got2 deletion may 

have broader metabolic implications in TAMs and disrupt key pro-tumorigenic functions 

through mechanisms unrelated to dC release. 

6.2 Mouse models of Got1 and Got2 deletion in myeloid cells 

Analysis of both human and mouse PDA single-cell RNA sequencing data (2) 

revealed that both Got1 and Got2 are expressed across multiple cellular compartments 

in human and mouse PDA (Fig. 6-1A,B; Fig. 6-2A,B). TAMs are part of the myeloid 

lineage, which in the human PDA dataset expressed GOT1 and GOT2 to similar levels 

as epithelial cells and fibroblasts (Fig. 6-1A,B). Similarly, in both autochthonous and 

orthotopic allograft models of mouse PDA, macrophages expressed Got1 and Got2 

demonstrating these murine models mirror the myeloid Got1/Got2 expression in human 

disease (Fig. 6-2A,B).  

Therefore, two mouse models of Got1 or Got2 knockout in macrophages were 

generated by crossing either Got1f/f or Got2f/f mice into the myeloid-specific LysM-Cre 

model (LysM-Got1Δ/Δ or LysM-Got2Δ/Δ) (17). Bone marrow-derived macrophages 

(BMDMs) were generated from these mice and the purity of the macrophage population 

was confirmed via flow analysis (Fig. 6-3A). Next, BMDMs were cultured with either 

macrophage-colony stimulating factor (M-CSF), lipopolysaccharide (LPS), or interleukin-

4 (IL-4) to either maintain a non-polarized state or induce polarization toward the pro-

inflammatory or anti-inflammatory states, respectively. Additionally, BMDMs were 
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cultured in tumor conditioned media (TCM) to induce a tumor-conditioned macrophage 

phenotype. Following 48 hours of polarization, RNA was collected from these 

macrophages for RT-qPCR. As expected, Got1 and Got2 were significantly decreased 

in each of the polarization states (Fig. 6-3B).  

Next, whether Got1 or Got2 loss affected macrophage polarization was 

evaluated. LPS induced elevated expression of the inflammatory marker nitric oxide 

synthase 2 (Nos2), while IL-4 increased anti-inflammatory arginase-1 (Arg1) expression 

(Fig. 6-3C,D). Macrophages cultured in TCM similarly displayed elevated Arg1, as has 

been reported previously (Fig. 6-3C,D) (18, 19). Furthermore, neither Got1 nor Got2 

deletion prevented macrophage polarization (Fig. 6-3C,D). 

6.3 Metabolic effects of Got2 loss in polarized macrophages 

Having validated Got2 loss in the LysM-Got2Δ/Δ system and confirmed Got2-null 

BMDMs are viable and functional, next, the metabolic effects on macrophages in 

different polarization states were characterized. BMDMs were generated from LysM-

Got2Δ/Δ mice or Got2f/f controls and polarized with M-CSF, LPS, IL-4, or TCM. 

Metabolites were then isolated from both intra- and extracellular fractions and analyzed 

via liquid chromatography/mass spectrometry (LC/MS). Broad changes were observed 

both across polarization states and with Got2 loss in each of these states (Fig. 6-4A). 

More specifically, aspartate and α-ketoglutarate (αKG) were significantly decreased 

(Fig. 6-4B). M(LPS) macrophages had reduced αKG levels even at baseline, in 

accordance with previous findings (Fig. 6-4B) (20, 21). Additionally, looking at the TCA 

cycle more broadly, several metabolites followed previously reported patterns across 

polarization states. For instance, M(LPS) macrophages had increased expression of 
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itaconate and succinate which was unaffected by loss of Got2 (Fig. 6-4C) (22, 23). 

These changes in αKG also impacted the αKG/succinate ratio in M(MCSF), M(IL4), and 

M(TCM) macrophages, but not M(LPS) macrophages (Fig. 6-4D). This ratio is intricately 

linked to epigenetic-modifying enzymes suggesting that Got2 loss could also have 

implications for cell state and gene expression programs in these macrophages. Finally, 

the reductive stress signature caused by NADH build-up due to an impaired malate-

aspartate shuttle (MAS) with Got2 loss, which was identified in PDA cells in my previous 

work, was similarly observed in macrophages (Fig. 6-4E). Furthermore, an increase in 

the extracellular pyruvate/lactate ratio, which is an indicator of the intracellular 

macrophage NAD/NADH ratio, confirmed the accumulation of NADH and reductive 

stress in Got2-null macrophages regardless of polarization state (Fig. 6-4F). In sum, 

this ex vivo metabolomics analysis demonstrates several critical metabolic pathways 

are impacted following Got2 loss in pro-inflammatory, anti-inflammatory, and tumor-

conditioned macrophages. 

6.4 Pyrimidine metabolism and Got2 deletion in TAMs 

An unbiased analysis identified glycolysis and pathways branching from 

glycolysis as the top intracellular metabolic pathways significantly different between 

LysM-Got2Δ/Δ or Got2f/f TAMs, further supporting that Got2 loss in this cell type induces 

reductive stress similar to PDA cells (Fig. 6-5A). In control MCSF-stimulated BMDMs, 

loss of Got2 led to a significant reduction in aspartate levels and a concurrent decrease 

in pyrimidine synthesis intermediates (Fig. 6-5C) carbamoyl aspartate, orotate, or 

uridine monophosphate (UMP) (Fig. 6-5D). However, despite a significant reduction in 

aspartate levels (Fig. 6-5E), no differences were detected in the intracellular levels of 
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these pyrimidine synthesis intermediates in BMDMs cultured in tumor-conditioned 

medium (TCM) (Fig. 6-5E). Additionally, while pyrimidine biosynthesis was the top 

extracellular metabolic pathway between LysM-Got2Δ/Δ or Got2f/f TAMs (Fig. 6-5B), 

secreted dC levels were unchanged (Fig. 6-5F). However, Got2 loss did result in a 

significant decrease in extracellular uridine (Fig. 6-5F), which has recently been 

identified by our lab as an alternative fuel source for PDA cells. Interestingly, orotate is 

abundant in TCM compared to regular growth media, and orotate is decreased in the 

media following incubation with TAMs (Fig. 6-5F). Perhaps, these findings suggest a 

potential crosstalk mechanism whereby TAMs take up pancreatic cancer cell-derived 

orotate for downstream pyrimidine synthesis/release, though this would require 

extensive further elucidation (Fig. 6-5G). 

6.5 Gemcitabine efficacy with loss of Got1 or Got2 in TAMs in vivo 

At baseline, both subcutaneous and orthotopic allografts of KPC-7940B mouse 

PDA cells implanted into either LysM-Got1 or LysM-Got2 mice grew uninhibited (Fig. 6-

6A-D). Loss of Got2 in TAMs from orthotopic LysM-Got2 tumors was confirmed by 

confocal imaging of immunofluorescence staining for co-localized Got2 and F4/80 (Fig. 

6-6E). Finally, in both the subcutaneous and orthotopic LysM-Got2 models, while 

gemcitabine slowed overall tumor growth, no difference was observed between the 

tumors in LysM-Got2Δ/Δ or Got2f/f mice (Fig. 6-6F,G).  

6.6 Viral utilization of GOT2 in myeloid cells 

Viruses hijack host metabolism to support sustained replication of viral 

machinery(24-27). Recently, GOT2 activity was shown to be implicated in supporting 
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viral life cycles. Infection of peritoneal macrophages with several types of viruses led to 

expression of a long non-coding RNA (lncRNA) which bound directly to GOT2 and 

increased its activity, leading to elevated aspartate and α-ketoglutarate production. 

Presumably, increased levels of these metabolites were utilized to generate the 

requisite viral nucleotides and capsid proteins, as exogenous supplementation of either 

metabolite correlated with decreased survival in mice infected with vesicular stomatitis 

virus (VSV) also lacking expression of the lncRNA promoting GOT2 activity. 

Furthermore, in vitro knockdown of GOT2 in peritoneal macrophages decreased viral 

load and increased host survival(27). A second, more recent investigation into the 

proteome of epithelial cells infected with SARS-CoV2 revealed GOT2 as part of a 

differentially upregulated central carbon metabolism network driven by viral 

infection(25).  

In light of these studies, we asked two questions surrounding whether GOT2 

plays a role in H1N1 influenza lung infections. First, given that macrophages are a 

target for H1N1 influenza(28), is GOT2 required in lung macrophages for productive 

viral infection? Second, lung infections by foreign pathogens can lead to initial acute 

inflammation followed by subsequent pulmonary fibrosis during resolution of 

inflammation(29, 30). Both of these processes are driven by lung macrophages; M1-like 

macrophages drive inflammation and host defense, while M2-like macrophages direct 

wound healing and fibrosis(31, 32). Since loss of Got2 induced a stronger metabolic 

phenotype in M2-like than M1-like BMDMs (Fig. 6-4A,B), we asked if GOT2-deleted 

lung macrophages display a blunted wound healing response, thereby preventing the 
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development of pulmonary fibrosis and indirectly improving host survival following 

infection. 

To begin to answer these questions, LysM-Got2Δ/Δ or Got2f/f littermate control 

mice were infected with the H1N1 influenza strain through inhalation of viral droplets, 

and lung tissue was collected for analysis after three days (Fig. 6-7A). No difference 

was observed in total viral load between the two groups, as determined by the relative 

abundance of the virus-specific polymerase A gene (Fig. 6-7B). Additionally, the pro-

inflammatory cytokine genes Il6 and Tnfα were similarly unchanged (Fig. 6-7C,D). 

These data suggest that loss of Got2 specifically in lung myeloid cells has no impact on 

overall viral load or host inflammation with H1N1 influenza infection. 

6.7 Discussion 

Macrophages are dynamic innate immune cells with myriad roles in health and 

disease. Critical metabolic networks underly these diverse functions. Given this 

principle, reprogramming macrophage metabolism could be an avenue to redirect 

activity during pathological states, including cancer and viral infection. Having generated 

novel models of Got1, Got2, or Got1/Got2 knockout in myeloid cells, the future work 

described in Chapter 8 will continue to evaluate how loss of these enzymes ultimately 

impacts macrophage phenotypes. 

6.8 Methods 

Mouse studies 

Mice were maintained in a pure C57BL/6J background and experimental mice were 

maintained in SPF housing with access to standard diet and water ad libitum at constant 
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ambient temperature and a 12-hour light cycle. All experiments were conducted in 

accordance with the Office of Laboratory Animal Welfare and approved by the 

Institutional Animal Care and Use Committees of the University of Michigan. 

LysM-Got1 or Got2 mice 

LysM-Cre mice on a pure C57BL/6J background were a generous gift from Dr. Howard 

Crawford (Henry Ford Pancreatic Cancer Center). These mice were crossed with either 

Got1f/f or Got2f/f mice also on a pure C57BL/6J background generated for the Lyssiotis 

lab by Ozgene. LysM-Cre;Gotf/f (either male or female) mice were crossed with Gotf/f 

mice to generate an F1 generation of all Gotf/f pups with or without LysM-Cre 

expression. Tails from 3-week-old mice were collected at weaning and submitted to 

Transnetyx for genotyping. The following primers were used: Got1 WT (Fw: 

ACTGGTGACTGAGCAGGGACTTC, Rv: 

CTTAAGTGTATGAGTTCCTCAAACCATTGC); Got1 floxed (Fw: 

ACTGGTGACTGAGCAGGGACTTC, Rv: 

CCTTAAGTGTATGAGTTCCTCAAACCATTG); Got2 WT (Fw: 

GCAGATTAAAACCACAAGGCCTGTA, Rev: ATGTTAAAATTGTCATCCCCTTGTGC); 

Got2 floxed (Fw: GCAGATTAAAACCACAAGGCCTGTA, Rev: 

AGAGAATAGGAACTTCGGAATAGGAACT); Cre (Fw: 

TTAATCCATATTGGCAGAACGAAAACG, Rev: CAGGCTAAGTGCCTTCTCTACA). 

Bone marrow isolation and BMDM differentiation 

Mice were euthanized according to the approved IACUC protocol and tails were 

collected to re-confirm genotypes. The tibia/femur were isolated from the mouse and the 

ends of the bones were removed. Bones were placed in a 0.2 mL PCR tube with a small 
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hole cut in the bottom, inside a 1.5 mL tube. The bone marrow was collected by 

spinning the tubes on a table-top centrifuge until pelleted in the bottom of the tube. The 

pellet was resuspended in PBS and passed through a 0.4 µm filter to remove debris, 

clots, and bone fragments. The filtered bone marrow was pelleted for 5 minutes at 

400xg, 4°C and then re-suspended in bone marrow medium (BMM, 30% L929 CM + 

70% DMEM with 10% FBS). Bone marrow cells were plated in 10 cm petri dishes. After 

2 days, 2-3 mL of BMM was added to the plates. On days 4 and 6, the old BMM was 

removed and 8-10 mL of fresh BMM was added. BMDM differentiation was complete by 

Day 7. 

Flow cytometry 

For BMDMs in culture, on day 7 of differentiation, old BMM was removed, cells 

were washed once with PBS, and incubated with Accutase (Innovative Cell 

Technologies, #AT-104) until detached. The Accutase was neutralized with an equal 

volume of growth medium (DMEM + 10% FBS). BMDMs were then collected and 

centrifuged for 5 minutes at 400xg, 4°C, re-suspended in flow buffer (PBS + 1% FBS), 

passed through a 40 µm cell strainer, and counted. 1 million cells were added to each 

flow tube and incubated on ice for 30 minutes with the following antibodies (all 1:100 

dilutions): CD45-BV510 (Fisher #BDB563891), F4/80-PE-Cy5 (Fisher #50-112-8964), 

Cd11b-APC-Cy7 (Fisher #BDB557657), Ly6C-PE (Fisher #BDB560592), Ly6G-FITC 

(Fisher #BDB551460), Live/Dead stain (Fisher #L34965). Following the incubation, 

BMDMs were washed twice with flow buffer before being re-suspended in 300 µL of 

flow buffer for analysis on the Bigfoot Spectral Cell Sorter (ThermoFisher). 
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BMDM polarization 

On day 6 of differentiation, BMDMs were collected as described above. Cells 

were counted and seeded at 2 million cells in 2 mL of BMM per well in 6 well plates and 

incubated overnight to complete the 7-day differentiation. On day 7, the old BMM was 

removed, and cells were washed once with PBS. BMDMs were then polarized in 2 mL 

per well of 10 ng/mL M-CSF (Peprotech #315-02), 10 ng/mL LPS (Enzo #ALX-581-011-

L001), 10 ng/mL IL4 (Peprotech #214-14), or tumor conditioned medium (TCM, 75% 

PDA CM + 25% DMEM with 10% FBS) and incubated for 48 hours. 

RT-qPCR 

RNA was isolated from BMDMs using the RNeasy Plus Mini Kit (Qiagen #74134) 

and 1 µg of cDNA synthesized using the iScript kit (Biorad #1708891). The 20 µL cDNA 

samples were diluted in 80 µL water for a final volume of 100 µL. RT-qPCR was 

conducted using the Fast SYBR Green Master Mix (Thermo #4385612) according to the 

manufacturer’s instructions. Primers for the indicated targets are as follows: 18S (Fw: 

GCAATTATTCCCCATGAACG, Rv: GGCCTCACTAAACCATCCAA); Got1 (Fw: 

TGTGCTTCTCGCCTAGTTC, Rv: AAGTCAGCTCCAATCCGAAG); Got2 (Fw: 

AGAGAGATACCAACAGCAAGAAG, Rv: CAATGGGCAGGTATTCTTTGTC); Nos2 

(Fw: GTTCTCAGCCCAACAATACAAGA, Rv: GTGGACGGGTCGATGTCAC); Arg1 

(Fw: CTCCAAGCCAAAGTCCTTAGAG, Rv: GGAGCTGTCATTAGGGACATCA). 

Polar metabolite isolation 

BMDMs were polarized as described above. For the extracellular fraction 200 uL of 

each media was collected in a 1.5 mL tube, centrifuged at 200xg for 3 minutes to pellet 

floating cells or debris, and the supernatant was transferred to a fresh 1.5 mL tube. 800 
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µL of ice-cold 100% methanol was added to the 200 µL media, mixed well, and 

incubated on dry ice for 10 minutes. For the intracellular fraction, the remaining media 

was removed from the cells. 1 mL of ice-cold 80% methanol was immediately added to 

the cells and incubated on dry ice for 10 minutes, after which cells were scraped and 

the supernatant collected in 1.5 mL tubes. For both fractions, the supernatant was then 

centrifuged at 10,000xg for 10 min at 4°C to clarify, and the supernatant was transferred 

to fresh tubes. The final metabolite volume dried on the SpeedVac was normalized to 

total protein concentration.  

Targeted metabolomics 

Samples were run on an Agilent 1290 Infinity II LC -6470 Triple Quadrupole 

(QqQ) tandem mass spectrometer (MS/MS) system. The MassHunter Metabolomics 

Dynamic MRM Database and Method was used for target identification. The QqQ data 

were pre-processed with Agilent MassHunter Workstation QqQ Quantitative Analysis 

Software (B0700). Each metabolite abundance level in each sample was divided by the 

median of all abundance levels across all samples for proper comparisons, statistical 

analyses, and visualizations among metabolites. Metabolites with values >1 are higher 

in the experimental conditions and metabolites with values <1 are lower in the 

experimental condition. The statistical significance test was done by a two-tailed t-test 

with a significance threshold level of 0.05.  

Heatmaps were generated and data clustered using Morpheus Matrix Visualization and 

analysis tool (https://software.broadinstitute.org/morpheus). 

Pathway analyses were conducted using MetaboAnalyst 

(https://www.metaboanalyst.ca).  
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Immunofluorescence  

Tissue slides from one Got2f/f and one LysM-Cre;Got2Δ/Δ orthotopic KPC-7940B 

tumor were rehydrated, quenched in hydrogen peroxide, followed by antigen retrieval in 

sodium citrate buffer. Tissue was blocked in BSA followed by incubation with anti-rabbit 

Got2 primary antibody (Sigma, #HPA018139) at 1:250 overnight at 4’C. The next day, 

the tissue was incubated with anti-rabbit poly-HRP-conjugated secondary antibody 

before stripping in tyramide solution. Antigen retrieval and blocking was then repeated 

as before, followed by incubation with anti-rabbit F4/80 at 1:250 overnight at 4’C. The 

next day, the tissue was incubated in goat anti-rabbit Alexa 594 secondary antibody at 

1:1,000. Finally, slides with mounted with Prolong Gold with DAPI and imaged on the 

Stellaris Confocal Microscope. 

In vivo allograft studies 

KPC-7940B mouse PDA cells were collected with 25% trypsin followed by 

neutralization in an equal volume of growth medium. The cells were then washed twice 

in serum-free DMEM and counted. For subcutaneous tumors, 500,000 cells were 

injected in a 1:1 mixture of 100 uL Matrigel:serum-free medium, and for orthotopic tumor 

50,000 cells were injected in a 1:1 mixture of 50 uL Matrigel:serum-free medium. 

Tumors were established for 7 days before randomization and treated with PBS vehicle 

control or 100 mg/kg Gemcitabine once per week for 3 weeks. 

H1N1 influenze lung infection model 

Male and female Got2f/f and LysM-Cre;Got2Δ/Δ mice were infected oropharyngeally with 

100 plaque-forming units (PFU) of influenza H1N1 A/PR/8/34 and harvested three days 

later. All lung lobes were homogenized together in 1 mL of PBS containing protease 
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inhibitors, plated on nutrient agar for determination of bacterial burden, and the rest of 

the lung homogenate frozen for later analysis. A portion of each lung homogenate was 

placed directly into Trizol pre-freezing for RNA extraction followed by real-time PCR 

analysis of influenza burden (real-time PCR of influenza polymerase normalized to the 

housekeeping gene RPL38), as well as real-time PCR analysis of inflammation (TNFa 

and IL-6 normalized to the housekeeping gene RPL38). For histology, lungs were 

inflated with 1 mL of 10% formalin and placed in 50 mL conical tubes containing 5 mL of 

10% formalin for later paraffin embedding and sectioning. 
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6.10 Figures 

 

Figure 6-1 Single-cell RNA sequencing analysis of GOT1 and GOT2 in human PDA 

A) GOT1 and B) GOT2 expression in the indicated cellular populations. 
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Figure 6-2 Single-cell RNA sequencing analysis of Got1 and Got2 in mouse PDA 

Expression of Got1 and Got2 in the indicated cellular populations in tissue from the A) KPC 
autochthonous model and an B) orthotopic allograft from a KPC cell line. 
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Figure 6-3 Validation of LysM-Got1 and LysM-Got2 models 
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A) Gating strategy for evaluating the purity of BMDMs generated ex vivo from bone marrow. B) RT-qPCR 
for Got1 and Got2 in BMDMs from either LysM-Got1 or LysM-Got2 mice polarized with MCSF, LPS, IL4, 
or TCM. C) RT-qPCR for Nos2 and Arg1 in BMDMs from either LysM-Got1 or LysM-Got2 mice polarized 
with MCSF, LPS, IL4, or TCM. 
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Figure 6-4 Metabolic characterization of LysM-Got2 BMDMs 

A) Heatmaps depicting the intra- and extracellular metabolomes, B) relative abundances of aspartate and 
αKG, C) heatmap depicting TCA cycle intermediates, D) ratio of intracellular succinate/αKG E) heatmap 
depicting glycolytic, PPP, and HBP intermediates, and F) ratio of extracellular pyruvate/lactate in LysM-
Got2 BMDMs polarized with MCSF, LPS, IL4, or TCM.  
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Figure 6-5 Pyrimidine metabolism in LysM-Got2 TAMs 

A) Intracellular and B) extracellular pathway analyses of differentially expressed metabolites between 
LysM-Got2Δ/Δ and Got2f/f TAMs ex vivo. C) Schematic of de novo pyrimidine synthesis. D) Intracellular 
abundances of pyrimidine synthesis metabolites in BMDMs maintained in MCSF. E) Intracellular 
abundances of pyrimidine synthesis metabolites in BMDMs cultured in tumor-conditioned media (TCM). 
F) Extracellular abundances of deoxycytidine (dC), uridine, and orotate in the media from BMDMs 
cultured in tumor-conditioned media. 
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Figure 6-6 Efficacy of gemcitabine against PDA allografts in LysM-Got1 or LysM-Got2 hosts 

A) Subcutaneous and B) orthotopic allograft tumor weights in LysM-Got1 hosts. C) Subcutaneous and D) 
orthotopic allograft tumor weights in LysM-Got2 hosts. E) Confocal images of immunofluorescent staining 
for DAPI, F4/80, and Got2 in orthotopic allografts from LysM-Got2 hosts. C) Subcutaneous and D) 
orthotopic allograft tumor weights after treatment with PBS or gemcitabine in LysM-Got2 hosts. 
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Figure 6-7 Infection of Got2-deficient macrophages in the lung with H1N1 influenza virus. 

(A) Schematic depicting oropharyngeal infection of LysM-Cre;Got2Δ/Δ or Got2f/f littermate control mice with 
H1N1 virus for 3 days. (B-D) qPCR analysis of (B) H1N1 polymerase A (PA), (C) interleukin-6 (Il6), or (D) 
tumor necrosis factor α (Tnfα) expression levels in lung tissue after 3 days of H1N1 infection. 
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Chapter 7 – Inborn Errors of Mitochondrial Metabolism 

7.1 Background 

This final chapter focuses on GOT2 in developmental and normal metabolism. 

While not directly related to cancer metabolism, the phenotype induced by GOT2 

insufficiency is similar to the mechanisms elucidated in Chapters 4-6. Also, 

developmental programs are often improperly activated in cancer cells. Furthermore, 

cancer cells hijack the intrinsic biology of the cells of origin. As such, investigations into 

developmental and normal metabolism can illuminate the metabolic underpinnings of 

cancer cells. 

Relevance to cancer biology aside, loss of function mutations to malate-aspartate 

shuttle (MAS) components such as GOT2, while rare, induce neurological defects, 

learning impairment, feeding difficulties, lactic acidemia, insufficient ammonia recycling, 

and an overall failure to thrive in human patients (1, 2). An improved understanding of 

the mechanisms underlying inborn errors of metabolism can inform therapeutic 

interventions to alleviate metabolic dysregulation and improve outcomes for these 

patients. To accomplish this, global Got2 knockout and inducible, whole-body Got2 

knockout mouse models were utilized to study Got2 in developmental and adult mouse 

metabolism. 
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7.2 Got2-/- embryonic lethality 

Got2 deletion is embryonic lethal, as has been reported previously(2). According 

to publicly available data through the International Mouse Phenotyping Consortium 

(IMPC), this occurs at embryonic day (ED) 9.5 presumably due to improper neurological 

and cardiac development. To test this, Got2+/- breeders were used to generate Got2+/+, 

Got2+/-, and Got2-/- pups (Fig. 7-1A). No Got2-/- pups were identified, while Got2+/+ and 

Got2+/- pups were born at the expected Mendelian ratios (Fig. 7-1B). This confirms Got2 

loss is embryonic lethal. Next, embryos were isolated from pregnant Got2+/- dams on 

ED9.5. At this timepoint, Got2-/- embryos were identified (Fig. 7-1C), though more litters 

will need to be genotyped to determine if this is at the expected Mendelian ratios (Fig. 

7-1D). Got2-/- embryos displayed a stark phenotype compared to Got2+/+ and Got2+/- 

controls, despite being of similar developmental stage as determined by somite count. 

This included a turning defect, incomplete neural tube closure and forebrain 

development, stunted cardiac looping, and swelling around the heart (Fig. 7-1C), again 

in accordance with the IMPC publicly available data, and phenocopying certain aspects 

of human GOT2 insufficiency(2). 

7.3 Keto diet and Got2-/- embryos 

The MAS transfers reducing equivalents generated during glucose oxidation from 

the cytosol to the mitochondria for deposition into the electron transport chain to drive 

ATP production via oxidative phosphorylation (Fig. 7-2A). Disruption of the MAS caused 

by loss of GOT2 therefore disturbs redox balance and induces cytosolic NADH 

accumulation as electrons are unable to be transferred into the mitochondrial (Fig. 7-

2A). Unlike glucose, ketones are oxidized in the mitochondria, generating mitochondrial 
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NADH and obviating the need for transport of NADH from the cytosol to the 

mitochondria (Fig. 7-2A). Therefore, I hypothesized that administering a high fat, 

ketogenic (keto) diet to pregnant Got2+/- females could rescue Got2-/- embryonic 

lethality(1). Got2+/- females were fed the keto diet for 1 week to induce ketosis before 

breeding with Got2+/- males. After checking plugs, pregnant females were monitored 

through gestation until birth, at which point neonates were genotyped (Fig. 7-2B). 

Elevated ketone levels were confirmed after one week in the serum of Got2+/- females 

on the keto diet compared to Got2+/- females on normal chow (Fig. 7-2C), while no 

difference was observed in blood glucose levels (Fig. 7-2D). Thus far, after two litters of 

9 pups total, no Got2-/- pups have been born, though more litters and pups need to be 

generated to confirm lack of rescue with the keto diet (Fig. 7-2E). 

7.4 Inducible Got2 deletion in adult mice 

Since Got2 deletion is embryonic lethal, I also generated an inducible, whole-

body Got2 knockout model to study loss of Got2 in the adult mouse (Ub-

CreERT2;Got2Δ/Δ) (Fig. 7-3A). Ub-CreERT2;Got2+/+ and Ub-CreERT2;Got2Δ/+ littermate 

controls were generated in parallel (Fig. 7-3A). Tamoxifen was administered to these 

mice via oral gavage for 5 days followed by ad libitum tamoxifen chow for two weeks 

until experimental endpoint (Fig. 7-3A). Ub-CreERT2;Got2Δ/Δ mice exhibited modest but 

significant weight loss (Fig. 7-3B), and Got2 knockdown was confirmed in liver, brain, 

and small intestine (Fig. 7-3C). A complete blood cell (CBC) analysis of these mice also 

detected modest anemia (Fig. 7-3D) and perturbed leukocyte populations (Fig. 7-3E).  
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7.5 Discussion 

Inborn errors of metabolism are inherited genetic defects that compromise 

enzymatic activity, proper metabolic flux, and induce a failure to thrive or lethality. While 

rare, mutations in the catalytic site of GOT2 result in devastating effects for patients. 

Therefore, a better understanding of the metabolic underpinnings for GOT2 deficiency 

could lead to better therapeutic options. This requires experimental models that 

adequately recapitulate human disease. For this reason, we generated two such 

models: a global constitutive Got2-null mouse and a tamoxifen-inducible, ubiquitously 

expressed Cre-driven Got2 floxed mouse. Got2 KO proved to be embryonic lethal at 

ED9.5 due to a turning defect and severe neurological and cardiac defects. Similarly, 

induction of Got2 loss in the adult mouse led to weight loss, anemia, and a disrupted 

immune profile. Collectively, these phenotypes mirror those reported in human disease 

and will serve as a launch pad for future mechanistic work described in Chapter 8. 

7.6 Methods 

Mouse studies 

Got2-/- mice were generated for the Lyssiotis laboratory by Ozgene and were 

maintained in a pure C57BL/6J background. Ub-CreERT2 on a mixed background was a 

generous gift from Dr. Alec Kimmelman (NYU) and crossed into the Got2f/f model to 

generate the Ub-CreERT2;Got2Δ/Δ  with appropriate littermate controls. Tails from 3-week-

old mice were collected at weaning and submitted to Transnetyx for genotyping. The 

following primers were used: Got2 WT (Fw: GCAGATTAAAACCACAAGGCCTGTA, 

Rev: ATGTTAAAATTGTCATCCCCTTGTGC); Got2 floxed (Fw: 

GCAGATTAAAACCACAAGGCCTGTA, Rev: 
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AGAGAATAGGAACTTCGGAATAGGAACT); Cre (Fw: 

TTAATCCATATTGGCAGAACGAAAACG, Rev: CAGGCTAAGTGCCTTCTCTACA). 

Experimental mice were maintained in SPF housing with access to standard diet 

and water ad libitum at constant ambient temperature and a 12-hour light cycle. High-

fat, ketogenic diet (Envigo, Teklad TD.210721) was administered ad libitum. All 

experiments were conducted in accordance with the Office of Laboratory Animal 

Welfare and approved by the Institutional Animal Care and Use Committees of the 

University of Michigan. 

Timed breeding and embryo isolation 

Got2+/- male studs were placed with Got2+/- females in the evening. The next 

morning, females were checked for plugs with a sterile, metal probe. If found, this was 

considered ED0.5 and the plugged female was transferred to single housing. On ED9.5, 

the pregnant female was euthanized according to the IACUC protocol, the uterus was 

dissected, and embryos were imaged and flash frozen in liquid nitrogen. Embryonic yolk 

sacs were collected for genotyping. 

Blood ketone and glucose measurement 

After being fed normal chow or ketogenic diet for 7 days, blood was drawn from 

the tail veins of Got2+/- females. Blood ketone and glucose levels were determined using 

the Precision Xtra Blood Glucose and Ketone Measure kit. 

RT-qPCR 

RNA was isolated from mouse tissue using the RNeasy Plus Mini Kit (Qiagen 

#74134) and 1 µg of cDNA synthesized using the iScript kit (Biorad #1708891). The 20 
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µL cDNA samples were diluted in 80 µL water for a final volume of 100 µL. RT-qPCR 

was conducted using the Fast SYBR Green Master Mix (Thermo #4385612) according 

to the manufacturer’s instructions. Primers for the indicated targets are as follows: 18S 

(Fw: GCAATTATTCCCCATGAACG, Rv: GGCCTCACTAAACCATCCAA); Got2 (Fw: 

AGAGAGATACCAACAGCAAGAAG, Rv: CAATGGGCAGGTATTCTTTGTC). 
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7.8 Figures 

 

Figure 7-1 Got2 deletion is embryonic lethal 

A) Schematic of the breeding scheme to generate Got2 wild-type, heterozygous, and homozygous 
deleted pups. B) Number of male and female pups of each indicated genotype generated from Got2 
heterozygous crosses. C) Representative images of ED9.5 embryos of the indicated genotypes. D) 
Number of embryos of each indicated genotype generated from Got2 heterozygous crosses. 
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Figure 7-2 Ketogenic diet and Got2 embryonic lethality 

A) Schematic depicting an impaired malate-aspartate shuttle with Got2 deletion and differential NADH 
generation from glucose or ketone oxidation. B) Experimental design for ketogenic diet rescue of Got2 
embryonic lethality. C) Ketone and D) Glucose levels in the blood of Got2 heterozygous females after one 
week of ketogenic diet or normal chow. E) Number of neonates of each indicated genotype generated 
from Got2 heterozygous crosses with female breeders in ketosis. 
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Figure 7-3 Inducible Got2 deletion in adult mice 

A) Experimental design for tamoxifen-inducible deletion of Got2 in the whole body of adult mice, with 
appropriate littermate controls. B) Body weights of Got2 deleted mice and littermate controls at endpoint. 
C) RT-qPCR for relative levels of Got2 in brain, liver, and small intestine. Complete blood cell (CBC) 
analysis of D) red blood cells and E) leukocytes.  
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Chapter 8 – Future Directions & Conclusions 

 

The work presented in Chapters 5-7 represents preliminary data for each project. 

As such, in this chapter, I will briefly discuss the next experiments that could be 

conducted to build on these initial findings. Finally, to conclude, I will discuss key 

concepts in cancer metabolism illustrated by these projects to distill the knowledge I 

have gained throughout my dissertation and will apply toward my future research 

endeavors. 

8.1 Future Directions: Genetic Mouse Models of Got2 Loss in Pancreatic Cancer 

For the KC-Got2Δ/Δ model, more mice are continuing to age to 6 months to 

increase the sample size in each group, with P/BW being recorded at endpoint. Got2 

loss in pancreatic lesions will be confirmed via immunohistochemistry (IHC), as before. 

Hematoxylin and eosin (H&E) staining of this tissue will be analyzed by a blinded 

pathologist to quantify healthy acinar area, ADM, and PanINs. As an orthogonal 

approach, tissue will be analyzed for cytokeratin 19 (CK19, ductal) and amylase (acinar) 

expression via IHC. The ratio of CK19/amylase area is another indicator of 

transformation and lesion progression(1). Given previous findings with KC-Got2Δ/Δ 

compared to historic KC controls, Got2 loss is not expected to impact lesion number 

and/or severity. Finally, a more reductionist approach to understanding the role of Got2 

in pancreatic tumorigenesis is to perform acinar preps to model ADM ex vivo(2, 3). 

Acinar cells from KC-Got2Δ/Δ and KC-Got2+/+ mice will be cultured and transformation 
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and transition to ductal cell structures will be evaluated. This ex vivo approach is also 

amenable to -omics analyses. For instance, RNA sequencing could identify 

compensatory mechanisms for Got2 loss and metabolomics could be compared to our 

previous findings described in Chapter 4 with GOT2 knockdown in human PDA. 

For the KPC-Got2Δ/Δ model, the survival experiment is ongoing to determine 

whether Got2 loss accelerates, impairs, or has no effect on pancreatic tumor growth. At 

endpoint, tumor tissue will be harvested, P/BW will be recorded, Got2 loss will be 

confirmed via IHC, and carcinoma severity will be evaluated by a blinded pathologist. As 

with the tumorigenesis model, Got2 loss is not expected to impact KPC tumor 

progression. Despite pursuing an expected negative phenotype, these studies will 

provide valuable information for the field given the recent debate regarding the role of 

Got2 in pancreatic cancer metabolism.  

8.2 Future Directions: Metabolic Reprogramming of Macrophages via Got1/Got2 

Deletion 

Thus far, ex vivo metabolomics analysis and in vivo tumor studies suggest Got2 

deletion in TAMs is insufficient to block dC production and improve gemcitabine 

efficacy. Tumor interstitial fluid (TIF) was isolated from the tumors described in Fig. 6-

6A,C. An immediate future experiment is to quantify dC in TIF from LysM-Got2Δ/Δ or 

Got2f/f. Furthermore, in vitro gemcitabine dose-response curves with PDA cell lines in 

conditioned media from LysM-Got2Δ/Δ TAMs will provide further indication if loss of Got2 

impacts dC release. Given the lack of a decrease in extracellular dC observed in Fig. 6-

5D, no difference in gemcitabine sensitivity is expected in vitro, similar to the in vivo 

results from Fig. 6-6F,G.  
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Cytosolic GOT1 and mitochondrial GOT2 catalyze reciprocal reactions at steady 

state, though given the proper conditions these reactions are bidirectional. Therefore, 

Got1 could compensate for loss of Got2 in TAMs, especially considering that while Got2 

loss decreases aspartate levels in macrophages, aspartate is not completely ablated 

(Fig. 6-4B). To address this, further work will characterize the metabolic effects of Got1 

loss in TAMs, similar to Fig. 6-4 and 6-5. Additionally, LysM-Got1/Got2 double knockout 

(DKO) mice are currently being generated. 

Even if loss of both Got1 and Got2 completely block intracellular aspartate 

synthesis in macrophages, several cell-intrinsic mechanisms could support sustained 

dC levels in the tumor microenvironment (TME) and resistance to gemcitabine. First, 

macrophages are professional scavengers. The pancreatic TME is rich in extracellular 

matrix (ECM) protein, and engulfment of the ECM has been shown to be a source of 

protein for PDA cells. This mechanism could be similarly operant in TAMs to non-

specifically supply aspartate and support pyrimidine biosynthesis even with Got1 and 

Got2 loss. Second, TAMs are not the only cell type to release dC. Pancreatic cancer-

associated fibroblasts (CAFs) have also been shown to release dC, so blocking dC 

production in TAMs may be insufficient to lower overall tumor dC levels. Again, this 

possibility would be addressed by quantifying the dC levels in TIF from the tumor tissue 

from Fig. 6-6A,C. Finally, metabolite exchange between cancer cells and TAMs could 

also explain the lack of dC decrease with loss of Got2 in TAMs. Orotate is a metabolite 

downstream of aspartate in pyrimidine biosynthesis. Interestingly, orotate seems to be 

released by PDA cell lines and taken up by TAMs in vitro (Fig. 6-5D), however this 

potential crosstalk needs to be elucidated in greater mechanistic detail and in vivo. 
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Got1 and Got2 could also be involved in other pro-tumorigenic TAM functions. 

For instance, in Fig. 6-3C,D Got1 loss dampened pro-inflammatory Nos2 expression 

and promoted anti-inflammatory Arg1 expression, while Got2 promoted pro-

inflammatory Nos2 and dampened anti-inflammatory Arg1. A more extensive 

characterization of the polarization state in Got1 or Got2 depleted macrophages could 

reveal a potential reciprocal phenotype. Additionally, in agreement with previous 

reports, the data shown in Fig. 6-4B-D demonstrate LPS-stimulated macrophages 

downregulate αKG. As proposed previously, a decreased αKG/succinate ratio alters the 

activity of epigenetic enzymes to support pro-inflammatory programs. Therefore, 

increasing or decreasing αKG via Got1 or Got2 deletion, respectively, could reprogram 

the polarization state of macrophages. In TAMs, this could also be measured by 

evaluating if loss of Got2 or Got2 affects T cell infiltration, or if conditioned media from 

these TAMs cultured ex vivo impacts T cell proliferation or killing.  

The current data presented herein have primarily relied on BMDM polarization ex 

vivo. An alternative approach is to rapidly isolate TAMs directly from mouse pancreatic 

tumors. This can be accomplished using commercially available macrophage-specific 

bead isolation kits. Conducting unbiased transcriptomics and metabolomics analyses on 

both ex vivo polarized BMDMs and in vivo bead-isolated pancreatic TAMs from LysM-

Got1, Got2, or Got1/Got2 DKO mice will provide a more complete picture of how Got1 

and Got2 are involved in macrophage biology.  

Lastly, further investigations into the role of Got2 in viral infection are warranted. 

While Got2 loss in myeloid cells had no effect on viral load or inflammation in the lungs 

following H1N1 influenza infection, which addresses our first proposed question, the 
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collected lung tissue could be analyzed for fibrosis markers to answer our second 

question. Also, this experiment was ended at an acute, 3-day timepoint; a longer 

timepoint might reveal subtle differences in overall host survival, viral burden, 

inflammation, and fibrosis. Additionally, influenza viruses also target epithelial cells(4). 

Therefore, this infection experiment could be repeated in a lung epithelial cell-specific or 

whole-body Got2 knockout model, such as the UbCreERT2;Got2f/f model discussed in 

Chapter 7. Finally, the H1N1 influenza virus is different from the viruses used to analyze 

the role of GOT2 in host metabolism in the aforementioned studies(5, 6). Exploratory 

experiments in both ex vivo and in vivo models of these viral infections could prove 

useful to identify strain-specific metabolic dependencies of other viral species. 

8.3 Future Directions: Role of Got2 in Development and Normal Physiology 

The phenotypes observed with Got2 loss in both the embryonic and adult mouse 

mirror those reported in humans with inborn errors in Got2 function(7). This includes 

impaired neurological and cardiac development along with difficulty feeding and weight 

loss. Future work will further characterize the mechanisms underlying these phenotypes 

and evaluating whether metabolic interventions can rescue loss of GOT2 function. 

One next step is to characterize Got2-/- ED9.5 embryonic metabolism via 

metabolomics analysis of whole embryo lysates collected in Fig. 7-1D. ED9.5 is a 

critical metabolic timepoint in gestation whereby increased vascularization supplies 

more nutrients to the embryo, and increased organ size and development, specifically 

the nervous and cardiovascular systems, relies more heavily on elevated oxidative 

metabolism(8, 9). Indeed, the Got2-/- embryonic lethality phenotype is similar to the 

reported deficits in other mitochondrial enzymes(9). Therefore, I would expect to find the 
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reductive stress signature indicative of NADH accumulation along with TCA cycle 

perturbation, similar to the phenotypes observed with GOT2 loss in pancreatic cancer 

cells and tumor-associated macrophages and described in Chapters 4 and 6. 

Additionally, mouse embryonic fibroblasts (MEFs) could be generated from ED9.5 

embryos and used to conducted in vitro growth assay metabolite rescue experiments, 

including supplementation with pyruvate, α-ketobutyrate, aspartate/α-ketoglutarate, and 

serine(7). MEFs could also be analyzed via metabolomics as an orthogonal approach to 

the metabolomics analysis on whole ED9.5 embryos. 

While the ketogenic diet has not led to the birth of Got2-/- neonates, this 

experiment is ongoing, and more pups/litters are needed to definitively rule out this 

dietary intervention. Nevertheless, it is possible that embryos are not supplied with 

sufficient ketones even with elevated blood ketone levels in the pregnant female. To 

address this, both ED9.5 embryos and maternal placenta could be isolated from 

pregnant females on normal chow or ketogenic diet and analyzed via metabolomics. 

Finally, while the ketogenic diet should replenish the mitochondrial NADH pool during 

impaired MAS activity, it does not alleviate cytosolic NADH accumulation. A more direct 

intervention would involve the systemic expression of Lactobacillus brevis NADH 

oxidase (LbNOX) to more precisely oxidize cytosolic NADH (10), as was done in 

pancreatic cancer lines with GOT2 knockdown in Chapter 4. LbNOX has been 

expressed in mouse liver via adenovirus-mediated delivery (11). Given the metabolite 

exchange between mother and embryos, adeno-LbNOX injected into pregnant females 

could relieve the redox imbalance of Got2-/- embryos, though this would also need to be 

verified through metabolomics analyses of both placenta and embryo. 
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In the adult mouse, further work is required to determine the cause of the 

phenotype. Several tissue specific Got2 knockout models have been developed by our 

laboratory including in myeloid cells, pancreas, and intestinal epithelium, with no 

observable phenotypes (data not shown). The weight loss observed in Ub-

CreERT2;Got2Δ/Δ mice has also been reported in human patients and could be explained 

in these mice by 1) a neurological defect impacting feeding circuitry (12), or 2) impaired 

nutrient absorption. Metabolic phenotyping on Ub-CreERT2;Got2Δ/Δ could measure 

food/water intake, oxygen consumption, and carbon dioxide release to more accurately 

determine which of these two options is responsible for the phenotype. Additionally, 

analysis of H&E from the tissue from Fig. 7-3B could inform which tissue type(s) is most 

impacted by Got2 deletion. Furthermore, additional metabolomics analyses on tissue 

and serum collected from Ub-CreERT2;Got2Δ/Δ mice and littermate controls could 

determine if this mouse model recapitulates the lactic acidemia and hyperammonemia 

described in human patients(13), as well as broad metabolic differences across tissue 

types. Lastly, similar interventions proposed for embryonic lethality rescue could also be 

tested in rescuing whole-body, inducible Got2 deletion in the adult mouse. 

8.4 Conclusion 

The work described herein has focused primarily on pancreatic cancer 

metabolism in an effort to better understand the fundamental biology of this dreadful 

disease, with the ultimate intent to develop more effective therapeutics. During my 

graduate tenure, these projects have taught me three critical lessons in cancer 

metabolism. 
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First, environmental context influences metabolic dependencies (Fig. 8-1A). The 

nutrients and metabolic byproducts surrounding pancreatic cancer cells dictate pathway 

flux. As such, rapidly growing cells in culture with media containing supraphysiological 

levels of certain metabolites, like glucose and glutamine, will employ different 

metabolism compared to slow growing tumors in human or mouse hosts. This is 

illustrated in Chapters 4 and 5 as GOT2 is required for in vitro, but not in vivo, 

pancreatic cancer cell growth. At the time I began this project, this differential usage of 

GOT2 presented an interesting phenomenon. Now, distinct in vitro and in vivo 

metabolism is practically canon in the field of cancer metabolism. Indeed, the context in 

which pancreatic cancer cells are studied is critical to accurately identify relevant 

metabolic pathways that could be targeted in human patients. Coupling intricate model 

systems involving both mice and humans with simpler, yet still powerful, in vitro systems 

could present a fuller picture of the metabolism employed by pancreatic cancer. 

Second, crosstalk within pancreatic tumors compensates for metabolic 

interventions (Fig. 8-1B). For instance, previous work has demonstrated how the 

release of deoxycytidine from stromal and immune cells blunts the efficacy of the 

frontline chemotherapy gemcitabine in pancreatic cancer. In an attempt to block this 

mechanism, we targeted de novo pyrimidine synthesis in tumor-associated 

macrophages (TAMs), one of the primary culprits of elevated deoxycytidine in the tumor 

microenvironment. While we were able to successfully decrease aspartate, a building 

block for pyrimidines, in TAMs, we were unable to induce a subsequent decrease in dC 

production and release. Preliminary data indicate that orotate, a metabolite downstream 

of aspartate in de novo pyrimidine synthesis, is released by pancreatic cancer cells and 
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taken up by TAMs. This presents an intriguing, yet complicated, potential metabolic 

crosstalk whereby cancer cells release orotate to sustain pyrimidine production and dC 

release from TAMs as a survival mechanism against gemcitabine treatment. If correct, 

even dual treatment with gemcitabine and a de novo pyrimidine synthesis inhibitor could 

still prove ineffective against a pancreatic tumor. Therefore, metabolic crosstalk must be 

considered when investigating the metabolism of pancreatic cancer and designing novel 

therapies. 

Thirdly, developmental metabolic pathways are inappropriately activated or 

hijacked in tumors (Fig. 8-1C). Furthermore, the intersection of developmental and 

cancer biology can inform treatments for either developmental defects or cancer. For 

example, GOT2 loss in pancreatic cancer cells is detrimental to growth in vitro. In 

Chapter 4, we described how we were able to rescue proliferation using chemical and 

genetic interventions to alleviate reductive stress. Additionally, pancreatic cancer cells 

are able engage similar mechanisms to grow without GOT2 in vivo. In contrast, loss of 

GOT2 activity is embryonic lethal in mice and induces a failure to thrive in adult mice 

and human patients. As such, the same rescue mechanisms utilized to study how 

GOT2 is involved in cancer metabolism could instead be used to benefit human patients 

with inborn errors of GOT2 metabolism. On the other hand, investigations into why 

GOT2 is embryonic lethal could shed light on pathways inactive in developing embryos 

that are inappropriately active in pancreatic cancer cells. 

In conclusion, pancreatic cancer metabolism is complex and highly dynamic. As 

such, studying metabolism in the relevant context, considering metabolic networks 

between cancer cells and the broader tumor milieu, and utilizing seemingly diverse yet 
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potentially convergent systems are crucial emerging concepts in the field. This 

dissertation has aimed to highlight these principles to provide some benefit to ongoing 

and future work in pancreatic cancer metabolism. 
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8.6 Figures 

 

Figure 8-1 Key concepts in cancer metabolism 


