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ABSTRACT 

Therapeutic targeting of pancreatic cancer through stromal 

reprogramming and malic enzyme depletion 

by 

Joelle Baddour 

Pancreatic ductal adenocarcinoma (PDAC) or simply pancreatic cancer is one 

of the most lethal of all solid tumors with a relatively unchanged dismal prognosis 

despite decades of efforts. Surrounded by a dense fibrotic stroma, pancreatic tumor 

cells acquire genetic mutations and reprogrammed metabolism to survive the stress 

imposed by the hypoxic, oxygen- and nutrient-deprived microenvironment. Cancer-

primed activated stromal cells, pancreatic stellate cells (PSCs) and cancer-associated 

fibroblasts (CAFs), of the tumor microenvironment promote cancer growth by 

enabling immune-suppression, metastasis and chemo-resistance. In chapter 1 of this 

manuscript, we present an overview of PDAC biology, statistics, altered metabolism 

and the limitations associated with the current standard of care. In Chapter 2, we 

propose a novel combinatorial treatment to normalize PDAC stroma and 

recapitulate PSCs and CAFs quiescence. We show that treatment can enhance 

chemo-drug intratumoral delivery and can successfully halt tumor growth both in 

vitro and in vivo. We next show in chapter 3 that activated and treatment-induced 

quiescent stromal cells exhibit differential metabolic profiles whereby quiescent 

stromal cells are associated with reduced Warburg Effect and lower oxidative and 

reductive glutamine metabolism. In addition to stromal targeting, we show in 



 
 

chapter 4 how the metabolic gene malic enzyme (ME)2 provides a collateral 

lethality framework in PDAC that can be explored to directly target cancer epithelial 

cells. We provide evidence supporting that the selective targeting of ME3, a ME2 

isoform, could be used as a novel strategy for the therapeutic treatment of a 

genotype-specific subset of PDAC patients. We conclude this manuscript with 

chapter 5 in which we propose future studies and present directions towards 

finding a cure for pancreatic cancer. In summary, we provide evidence that 

normalizing pancreatic stroma and targeting cancer-specific altered metabolic 

pathways could present viable therapies for PDAC treatment.              
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Chapter 1 

Pancreatic cancer 

Cancer is a major public health concern, with increasing mortality rates for 

patients diagnosed with cancers of the pancreas, liver, and uterine corpus (Siegel, 

Ma et al. ; Siegel, Miller et al. 2016). Pancreatic cancer is one of the most lethal of all 

solid tumors, characterized by rapid progression and metastasis (Brand and 

Tempero 1998; Hamada, Masamune et al. 2013). Cancerous tumors are complex 

tissues, with cells harboring many genetic and metabolic alterations, and growing 

within a tumor-primed microenvironment.   Following decades of research, cancer 

mortality rates remain high, begging for novel intervention. Treatment of cancer 

begins by understanding the mechanisms underlying the initiation and progression 

of this lethal disease. 
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1.1. Pancreatic ductal adenocarcinoma 

Pancreatic ductal adenocarcinoma (PDAC), arising in the exocrine part of the 

organ, is the most common type of cancer of the pancreas (>95% cases) and is 

commonly referred to as simply pancreatic cancer (Blum and Kloog 2014). 

1.1.1. Statistics 

Pancreatic cancer mortality rate constituted an estimated 7% of cancer-

related deaths in both men and women in the United States in 2016. Out of 53,070 

estimated new pancreatic cancer cases, 41,780 (>78%) estimated deaths cases are 

reported in 2016 in the United States. The 8% 5-year relative survival rate for 

pancreatic cancer patients drops to a dismal 2% when cases are diagnosed at a 

distant stage (Siegel, Miller et al. 2016).  

1.1.2. Hallmarks 

The high cancer mortality rates are largely due to the complex biology of 

cancerous tumors, commonly referred to as cancer hallmarks. The hallmarks of 

cancer are unique biological features that differentiate cancer cells from normal 

cells. Six hallmarks (blue, Figure 1) – chronic proliferation, evasion of growth 

suppression, cell death resistance, replicative immortality, induction of 

angiogenesis, and invasion and metastasis – were initially described by Hanahan 

and Weinberg in 2000 (Hanahan and Weinberg 2000), and later modified to include 

two emerging hallmarks (red, Figure 1), namely reprogramming of energy 

metabolism and evasion of immune destruction (Hanahan and Weinberg 2011). 
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These traits have been described as being distinct, yet complimentary 

characteristics of cancer cells, enabling the growth and progression of a tumor into 

an aggressive and treatment-resistant phenotype. The acquisition of these 

hallmarks is enabled by two main characteristics, namely genomic instability and 

tumor-promoting inflammation.  

 

Figure 1: Original and Emerging Cancer Hallmarks.Cancer hallmarks are unique 

biological features that enable and sustain cancer growth. Figure adapted from 

Hanahan & Weinberg, 2011. 
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1.1.3. Risk factors 

Pancreatic cancer risk factors include environmental as well as inherited 

factors. Common environmental factors include cigarette smoking, long-standing 

type 2 diabetes mellitus (typically > 10 years duration), increased body mass index 

(BMI > 35), heavy alcohol consumption (≥ 6 drinks per day), and chronic 

pancreatitis (inflammation of the pancreas). Inherited risk factors include, but are 

not limited to, familial pancreatic cancer, germline mutations in the BRCA2, PALB2, 

BRCA1, and p16/CDKN2A genes, genetic syndromes such as Lynch Syndrome, and 

hereditary pancreatitis(Klein, Hruban et al. 2001; Maitra and Hruban 2008; 

Wolfgang, Herman et al. 2013; Blum and Kloog 2014).  

1.1.4. Early stages 

Four main cystic neoplasms of the pancreas have been indentified, and these 

include: intraductal papillary mucinous neoplasms (IPMNs), mucinous cystic 

neoplasms (MCNs), solid-pseudopapillary neoplasms (SPNs), and serous cystic 

neoplasms (SCNs) (Hruban, Maitra et al. 2007; Wolfgang, Herman et al. 2013). If left 

untreated, these lesions can progress into carcinomas (Figure 2). 
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Figure 2: Progression Model for Pancreatic Cancer. Pancreatic intraepithelial 

neoplasia (PanINs) are microscopic noninvasive epithelial proliferations, that are 

too small to detect, and precursor to invasive pancreatic cancer. PanIN-1a are flat 

epithelial lesions of tall columnar cells, whereas PanIN-1b are epithelial lesions with 

a papillary architecture. PanIN-2 are mucinous epithelial lesions presenting some 

nuclear abnormalities. PanIN-3 are papillary, rarely flat epithelial cells, with loss of 

nuclear polarity and budding off of small cluster of cells [Figure adapted from 

(Hruban, Goggins et al. 2000)].  

1.1.5. Detection, diagnosis and standard of care 

Often times, pre-cancerous lesions go undetected and pancreatic cancer can 

develop. Most pancreatic cancers are diagnosed at advanced stages (Jemal, Murray 

et al. 2005) due to a lack of early detection tools and absence of early symptoms. 
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Clinical staging, as by the American Joint Committee on Cancer (AJCC) staging 

system, refers to the extent at which cancerous cells have invaded a host organ, and 

is determinant of the course of treatment. Typically, the earlier the diagnosis stage, 

the higher the chances of survival. Generally, stages I and II are referred to as 

resectable stages and a subset of stage III is defined as borderline resectable. The 

unresectable stages are the locally advanced stage III and the metastatic stage IV 

(Wolfgang, Herman et al. 2013). At the time of diagnosis, most pancreatic cancer 

patients suffer from cancer metastasis. Frequent sites of metastasis include the liver, 

peritoneum, and lung. The current standard of treatment includes surgical resection 

for patients with localized disease (Gong, Tuli et al. 2016). However, local 

recurrence is common among patients within one to two years after surgery (Griffin, 

Smalley et al. 1990). Surgical complications might also arise that include morbidity, 

most commonly manifested by postoperative delay in gastric emptying, wound 

infection, abdominal abscess, and bile leak (Wolfgang, Herman et al. 2013). Adjuvant 

(postoperative) therapy in the form of chemo- or chemoradio-therapy offers a 

survival advantage in patents following tumor resection (Neoptolemos, Stocken et 

al. 2004; Hsu, Herman et al. 2010; Gong, Tuli et al. 2016). For patients with 

unresectable tumors, neoadjuvant (preoperative) therapy can potentially 

downstage tumors to a resectable stage (Varadhachary, Tamm et al. 2006). For 

patients with metastatic cancer, treatment remains palliative with chemotherapy 

regimens as the first-line therapy (Gong, Tuli et al. 2016). Gemcitabine is the Food 

and Drug Administration (FDA) approved chemotherapeutic drug used to 

commonly treat patients with advanced pancreatic cancer (Teague, Lim et al. 2015; 
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Gong, Tuli et al. 2016). Gemcitabine can be administered either as a monotherapy or 

in combination with other drugs, such as erlotinib (Yang, Yuan et al. 2013) and 

fluorouracil (Li, Yan et al. 2014). More recently, immune therapy has emerged as a 

novel strategy to treat pancreatic cancers by increase T-cells and inhibiting 

immunosuppressive cells (Kunk, Bauer et al. 2016).   

1.2. Tumor microenvironment 

Pancreatic cancer tumors are aggressive and resistant to conventional and 

targeted therapies, largely due to a tumor-primed surrounding microenvironment 

that sequester that shields tumor cells. This tumor microenvironment, also known 

as cancer stoma, is a complex tissue of multiple distinct cell types with 

functionalities that synergize to promote cancer growth. Unique to pancreatic 

cancer is a dense fibrotic stroma, termed desmoplastic reaction, accounting for 

more than 80 percent of the tumor mass (Erkan, Reiser-Erkan et al. 2012). Stroma 

development is induced by tumor-cell-derived factors namely TGF-β, HGF, FGF, IGF-

1, and EGF (Mahadevan and Von Hoff 2007). The stroma has been deemed an active 

player in the initiation and progression of pancreatic cancer. In view of the 

multifaceted roles the stroma has been found to play in cancer development, any 

experimental model of pancreatic cancer will need to accurately recapitulate the 

tumor microenvironment. Alternatively, discrepancies between in vitro 

experimental models and clinical trials are bound to occur (Kessenbrock, Plaks et al. 

2010; Kindler, Niedzwiecki et al. 2010; Conroy, Gavoille et al. 2011; Erkan, Reiser-

Erkan et al. 2012). 
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1.2.1. Cellular and non-cellular components  

The cellular component of the stroma consists of proliferating mesenchymal 

cells (tumor-associated fibroblasts and stellate cells), endothelial cells, 

inflammatory/immune cells, cancer stem cells, stem and progenitor cells of the 

tumor stroma, and any neighboring cell that may have been incorporated into the 

stroma (Chu, Kimmelman et al. 2007). The desmoplastic reaction is also rich in ECM 

proteins, primarily type I, III, and VI collagen, fibronectin, and proteoglycans (Erkan, 

Reiser-Erkan et al. 2010) (Figure 3). The resulting fibrotic “fortress” is associated 

with increased interstitial fluid pressure which hinders contrast-enhanced imaging, 

and exerts compression on the local fine capillaries thereby reducing oxygen 

diffusion and limiting drug delivery within the tumor (Erkan, Reiser-Erkan et al. 

2009; Wolfgang, Herman et al. 2013).  
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Figure 3: Pancreatic Tumor Stroma: Cellular and Molecular 

Composition.Pancreatic tumor stroma is a complex tissue of multiple cell 

populations with synergestic functions in supporting cancer growth and promoting 

chemo- and radiation-resistance 

 

1.2.2. Pancreatic stellate cells and fibroblasts  

Pancreatic stellate cells of the tumor microenvironment were first isolated in 

1998 from the pancreas of rats (Apte, Haber et al. 1998). These cells were stellate 

(angular in appearance with rounded cell bodies and long cytoplasmic processes) in 

shape (Figure 4), and termed pancreatic stellate cells (PSCs) due to their large 

resemblance to the stellate cells of the liver (Erkan, Weis et al. 2010).  
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Figure 4: Patient-derived pancreatic stellate cells cultured on plastic in 

complete growth medium. The black dotted line delineates a stellate cell. 

 

 Quiescent PSCs reside in the periacinar region of the pancreas and comprise 

3.99% of the pancreatic cell population. They are characterized by markers such as 

desmin, and glial fibrillary acidic protein (GFAP) (Apte, Haber et al. 1998; Wehr, Furth 

et al. 2011). Quiescent PSCs store cytoplasmic lipid droplets (LDs) containing vitamin A, 

and secrete ECM components. Vitamin A (retinol) cannot be synthesized de novo, but 

rather is acquired from the diet and is absorbed bound either to retinol-binding protein or 

serum albumin (Kim, Yoo et al. 2009). This vitamin A-storing phenotype is also 

characteristic of hepatic stellate cells (HSCs) with which PSCs share many common 

features (Kordes, Sawitza et al. 2009). Following isolation, quiescent PSCs were found to 

20X 
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grow readily in culture. After 24 hours, the cells stained positive for the quiescent 

cytoskeletal marker proteins desmin and GFAP, and negative for the activation marker α-

SMA. Surprisingly, stellate cells became positive for α-SMA at 48 hours. Further 

investigation revealed that quiescent PSCs can become activated by profibrogenic 

cytokines (PDGF, TGF-β, TNF-α, IL-1, IL-6), oxidant stress (reactive oxygen species), 

or by merely being cultured on plastic for periods of time longer than 48 hours (Apte, 

Haber et al. 1999). In addition to expressing certain cytoskeletal proteins, activated PSCs 

were found to assume a myofibroblast-like phenotype, increase their proliferation and 

migration, lose their LDs content, undergo a hypertrophy of the rough endoplasmic 

reticulum, increase their synthesis of ECM proteins (collagen, fibronectin, laminin), 

TIMPs, growth factors, and cytokines (Figure 5, Table 1) (Apte, Haber et al. 1998; 

Bachem, Schneider et al. 1998; Apte, Haber et al. 1999; Schneider, Schmid-Kotsas et al. 

2001; Mews, Phillips et al. 2002; Phillips, Wu et al. 2003; Apte, Park et al. 2004; Kim, 

Yoo et al. 2009).  
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Figure 5: Quiescent and activated stellate cells and cancer-associated 

fibroblasts of the pancreas. Cancer epithelial cells recruit and activate normal 

pancreatic stellate (PSCs) and fibroblasts (NOFs); these cells exist in their quiescent 

form in the healthy pancreas and share common features such as low proliferation 

rate and moderate extracellular matrix synthesis (ECM). Quiescent PSCs also store 

cytoplasmic lipid droplets (LDs). Quiescent stromal cells can be identified by 

markers such as GFAP and desmin. Upon activation, tumor-associated PSCs (TA-

PSCs) lose their LDs and alond with cancer-associated fibroblasts (CAFs) increase 

their proliferation rate and ECM synthesis. These cells can be identified by markers 

such as α-SMA, FAP and vimentin. Through their secretions, TA-PSCs and CAFs 

promote tumorigenesis by increasing cancer cell growth, remodeling the ECM and 

restricting chemo-drug delivery. N-PSC (normal-pancrrearic stellate cell), NOF 

(normal fibroblast), ECM (extracellular matrix), GFAP (glial fibrillary acidic protein), 

FSP-1 (fibroblast-specific protein-1), TA-PSC (tumor-associated pancreatic stellate 

cell), CAF (cancer-associated fibroblast), α-SMA (alpha-smooth muscle actin), FAP 

(fibroblast activation protein), MMPs (matrix metalloproteinases), TIMPs (tissue 

inhibitor of metalloproteinases), COLI (collagen type I).  
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Table 1: Pancreatic stellate cells quiescence and activation markers. 

Quiescence Markers Description/Function 

Cytoplasmic lipid droplets Energy storage, and lipid source for membrane synthesis 

Vimentin Class III intermediate filaments 
 
Involved in the stabilization of type I collagen mRNAs 

Desmin Class III intermediate filaments 
 
Form connective fibrous networks 

Glial fibrillary acidic protein Class III intermediate filaments 
 
Cell-specific marker distinguishing astrocytes from other glial cells 
 

Nestin Promotes disassembly of phosphorylated vimentin intermediate  
 
filaments during mitosis 

Synemin Type-VI intermediate filament 
 
Important cytoskeletal role: forms heteropolymeric intermediate  
filaments with desmin and/or vimentin 

Activation Markers Description/Function 

Loss of lipid droplets Autophagy? Promotion of cancer development? 

Alpha smooth muscle actin Highly conserved protein  
 
Involved in cell motility 

CD34 Possible adhesion molecule 

Nestin Promotes disassembly of phosphorylated vimentin intermediate 
filaments during mitosis 

P75NTR Regulation of the translocation of GLUT4 to the cell surface in 
response to insulin 

Glial fibrillary acidic protein Class III intermediate filaments 
 
Cell-specific marker distinguishing astrocytes from other glial cells 

Bcrp1 Breakpoint cluster region pseudogene 1 

Aldh Aldehyde dehydrogenase 

Notch Receptor for membrane-bound ligands 
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An analysis of the human PSC secreted proteome has revealed that while 

very few proteins are secreted in the quiescent state of PSCs, activated PSCs secrete 

a vast array of proteins [641 unique proteins for activated PSCs versus 46 unique 

proteins for quiescent PSCs] (Wehr, Furth et al. 2011). Similarly, while quiescent 

PSCs constitute only a small portion of the pancreatic cell population, a number of 

studies have found that activated PSCs often outnumber cancer cells in the diseased 

pancreas (Apte, Haber et al. 1998; Yen, Aardal et al. 2002; Bachem, Schunemann et 

al. 2005; Erkan, Kleeff et al. 2007). A study on specimens collected from patients 

with alcoholic pancreatitis revealed the localization of stellate cells in fibrotic areas 

(Ikejiri 1990), suggesting that activated PSCs are key contributors to pancreatic 

fibrosis (Motoo, Shimasaki et al. 2011), and correlating the ratio of α-SMA/collagen, 

also known as the activated stroma index, to poor prognosis (Erkan, Michalski et al. 

2008). This fibrotic ECM provides a physical scaffold for soluble growth factors that 

play a role in pancreatic cancer cell growth, survival and motility (for a 

comprehensive review see (Apte and Wilson 2012)). PSCs-secreted factors have 

been shown to regulate PDAC growth (Wu, Looi et al. 2016), invasiveness 

(Nagathihalli, Castellanos et al. 2016), angiogenesis (Di Maggio, Arumugam et al. 

2016), and metabolism (Sousa, Biancur et al. 2016). Furthermore, fibrogenesis has 

been identified as a dynamic process accentuated by an autocrine loop whereby 

PSCs secrete factors (TGF-β1, PDGF, CTGF, endothelin-1) that sustain their 

activation and increase their ECM production (Shek, Benyon et al. 2002; Klonowski-

Stumpe, Reinehr et al. 2003; Mahadevan and Von Hoff 2007). With their 
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multifaceted tumorigenic roles (Figure 6), PSCs have become the subject of interest 

of many studies.  

 

Figure 6: Pancreatic tumor-stromal cells interactions. Tumor cells secrete a 

number of growth factors and cytokines that have been found to induce PSCs’ 

activation, proliferation, migration, and extracellular matrix (ECM) synthesis. 

Similarly, activated PSCs secrete a vast array of growth factors and cytokines that 

can promote cancer cells proliferation, invasion, migration, epithelial-to-

mesenchymal transition (metastasis), and chemoresistance. 
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1.2.2.1. Lipid droplets 

Lipid droplets (Figure 7; LDs, also known as adiposomes, lipid bodies, or oil 

bodies) are intracellular organelles that store oil-based reserves in the form of 

neutral lipids (i.e., sterol esters, retinyl esters, triacylglycerols, waxes, and ether 

lipids), with the most abundant being triacylglycerol and cholesterol esters. Long 

thought to be passive, LDs are now believed to be complex dynamic organelles 

regulating cellular lipid homeostasis. Under nutrient deprivation conditions, the 

high-energy lipid stores can be metabolized, generating energy that can be utilized 

for cell survival. LDs can also provide the lipids (sterols, phospholipids, fatty acids) 

for membrane synthesis. In addition, LDs supply the substrates needed for the 

production of lipid-derived molecules such as lipoproteins, bile salts, and hormones 

(Pol, Gross et al. 2014).  

Physically, LDs are oil droplets dispersed in an aqueous phase (the cytosol) 

and, thus, can be thought of as emulsions (Thiam, Farese et al. 2013). The droplets 

size differs depending on the cell/tissue type, and varies on a nano-to-macro meter 

diameter range. In eukaryotic cells, LDs are thought to form from the endoplasmic 

reticulum (ER), with supporting evidence suggesting that the enzymes responsible 

for triacylglycerol synthesis relocalize from the ER to the LDs (Londos, Brasaemle et 

al. 1995; Jacquier, Choudhary et al. 2011; Wilfling, Wang et al. 2013). Due to the 

complex nature of LDs, a number of steps are required for the droplet to form: (1) 

fatty acid (FA) activation, (2) neutral lipids synthesis, (3) phospholipids remodeling, 

(4) synthesis of new phospholipids, and (5) recruitment of accessory proteins 

(Hapala, Marza et al. 2012). LDs formation has been depicted by a number of 
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mechanisms, two of which are briefly discussed herein. The budding model suggests 

that growing structures bud off the ER forming LDs. In this model it is believed that 

triacylglycerol are first synthesized between the bilayers of the ER membrane. Once 

their numbers exceed the threshold level, they get released into the cytoplasm by 

budding action (Farese and Walther 2009; Thiam, Farese et al. 2013). This 

mechanism was depicted through the use of a caveolin-truncation-mutant-green-

fluorescent-fusion protein which was found to localize to the ER and Golgi region 

upon addition, and tracked to mature LD organelles budding from the ER membrane 

following the addition of FAs (Martin and Parton 2006). The second model suggests 

a spontaneous formation mechanism by which new LDs form from existing ones 

(Thiam, Farese et al. 2013). Stress conditions are also thought to induce LD 

formation (Hapala, Marza et al. 2012; Lee, Zhang et al. 2013); Yamamoto, Takahara 

et al. 2010). In hepatocytes, LDs accumulate during fatty liver disease. While 

glucose, in the presence or absence of insulin, had no effect on LD formation, long-

chain FAs (C12-C18) could successfully induce droplets formation. This effect was 

abolished through the addition of the long-chain acyl-CoA synthetase (ACSL) 

inhibitor, triacsin C, to the cell culture medium. Members of the ACS family are 

responsible for the activation of chemically-inert FAs by esterification with 

coenzyme A, further supporting the importance of ACS members and coenzyme A in 

the course of LD formation (Fujimoto, Onoduka et al. 2006). Structural proteins are 

also required for LD assembly (Hapala, Marza et al. 2012). In adipocytes, studies 

have shown that LD formation is assisted by four proteins SREBP-1, PPARγ, 

perillipin, and caveolin-1. SREBP-1 regulated lipogenic gene expression such as that 
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of the low-density lipoprotein receptor (Yokoyama, Wang et al. 1993). PPARγ 

enhances the expression of LD-associated proteins such as perillipin (Dalen, 

Schoonjans et al. 2004). Perillipin is a surface membrane protein that not only 

protects LDs from lipolysis by affecting the access of the lipases to the organelle 

(Blanchette-Mackie, Dwyer et al. 1995; Londos, Brasaemle et al. 1995), but also 

mediates LD formation by enhancing the interplay between SREPB-1 activation and 

triacylglycerol accumulation (Takahashi, Shinoda et al. 2013). Caveolin-1 is another 

protein of critical importance to LD formation. Caveolin-1 null adipocytes were 

found to exhibit reduced PKA-mediated phosphorylation of perillipin along with 

decreased lipid accumulation (Cohen, Razani et al. 2004). In cells, LDs are 

metastable, sustaining a inner pressure enough to counterbalance the compression 

exerted by the surface tension (γ) at the oil-aqueous interface (Thiam, Farese et al. 

2013). They are mobile structures following a bidirectional movement, and have 

been found to interact with other organelles (Martin and Parton 2006). They are 

surrounded by a monolayer of lipids (i.e, phospholipids) and proteins (i.e., perillipin, 

caveolins, phospholipase D) that serve to reduce surface tension, provide bending 

elasticity, and increase droplets stability (Thiam, Antonny et al. 2013; Thiam, Farese 

et al. 2013). The breakdown of LDs to generate energy or release lipids for 

membrane synthesis is achieved by a number of mechanisms. To name a few, 

lipolysis is one mechanism by which LDs are broken down by the action of three 

lipases (adipose triglyceride lipase: ATGL; hormone-sensitive lipase: HSL; 

monoacyglycerol lipase: MGL) (Young and Zechner 2013). In addition to lipolysis, 

lipophagy can mediate LD consumption through recruitment of lysosomes which 
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engulf and degrade the LD through the actions of digestive enzymes (Singh, Kaushik 

et al. 2009).  

Lipids, such as eicosanoids and FAs, are important signaling molecules 

regulating cellular processes including proliferation, metabolism and apoptosis. 

Imbalances in the major lipid signaling networks contribute to the onset of disease 

in humans. Pathogenesis includes cancer, chronic inflammation, cardiovascular 

disease, autoimmune reactions, and metabolic syndrome. Lipid signaling in cancer 

has been found to promote tumor growth through mutated PTEN (the 3-lipid 

phosphatase) and PI3K (a regulator of phosphatidylinositol: PtdIns). Tumors with 

loss of PTEN and mutated PI3K have constitutively higher levels of PtdIns, rendering 

them particularly sensitive to rapamycin, a target of mTOR, the downstream effector 

of PI3K.  Similarly, sphingolipid metabolites have been found to regulate cell 

survival, migration, and angiogenesis (Wymann and Schneiter 2008).  

In conclusion, LDs are the primary form of lipid stores in mammalian cells. 

They assemble, store, and supply lipids in eukaryotic and some prokaryotic cells for 

energy metabolism, membrane synthesis, and the synthesis of lipid-derived 

metabolites. The existence of cells specialized in lipid storage has been conserved 

across species, and almost all cell types have the ability to form LDs in response to 

increased cellular FA levels, suggesting  that LDs are primary regulators of lipid 

homeostasis in cells (Martin and Parton 2006). 
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Figure 7: Lipid droplets. Lipid droplets (LDs) are dynamic intracellular organelles 

that store oil-based reserves in the form of neutral lipids. They regulate lipid 

homeostasis and cell-membrane synthesis. Their size ranges on a nano-to-macro 

meter diameter scale. In eukaryotic cells, they are thought to form from the 

endoplasmic reticulum through (1) the spontaneous fusion of smaller LDs, or (2) 

budding action. They are (3) metastable, sustaining an inner pressure (∆P) enough 

to counterbalance the compression exerted by the surface tension (γ) at the oil-

aqueous interface. They are surrounded by a monolayer of lipids and proteins that 

provide the droplet with bending elasticity and increase its stability. LDs breakdown 

releases energy or lipids for membrane synthesis. (4) Lipolysis is one mechanism by 

which LDs are broken down by the action of three lipases, namely adipose 

triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol 

lipase (MGL). (5) Lipophagy is another mechanism that mediates LD consumption 

through recruitment of lysosomes that can engulf and degrade the LD by the actions 

of digestive enzymes [Figure adapted from (Thiam, Farese et al. 2013)]. 
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1.2.2. Exosomes 

Crosstalk between cancer cells and stromal cells of the tumor 

microenvironment is facilitated by extracellular vesicles also known as exosomes 

(Fu, Yang et al. 2016). Exosomes are small, nanometer in size, vesicles that can be 

readily secreted and internalized by cells. They have a lipid bilayer and express 

surface protein markers such as CD63 (Johnstone, Adam et al. 1987; Thery, Zitvogel 

et al. 2002; Christianson, Svensson et al. 2013). They have been shown to carry 

proteins, nucleic acids and miRNAs (Simons and Raposo 2009; Costa-Silva, Aiello et 

al. 2015). Cancer cells-secreted exosomes have been found to modulate stromal cells 

(Webber, Steadman et al. 2010; Conigliaro, Costa et al. 2015; Farahani, Rubbi et al. 

2015; Zhang and Wang 2015), and more recently, the reciprocal role of stromal 

cells-derived exosomes on cancer cells have also been elucidated. Stromal exosomes 

increased pancreatic cancer cell survival and proliferation (Richards, Zeleniak et al. 

2016), enhanced tumor cell invasion of breast cancer cells (Menck, Klemm et al. 

2013), promoted liver cell metastasis (Costa-Silva, Aiello et al. 2015), and induced 

therapy resistance in breast cancer (Boelens, Wu et al. 2014) and ovarian cancer (Au 

Yeung, Co et al. 2016) cells. Interestingly, in a recent study our group showed that 

CAF-derived exosomes reprogrammed the metabolic machinery of prostate and 

pancreatic cancer cells by inhibiting the mitochondrial OXPHOS and supplying 

amino acids to nutrient-deprived cancer cells (Zhao, Yang et al. 2016). Owing to 

their rich cargo, circulating cancer-derived exosomes have been proposed as a novel 

biomarker for personalized therapies (An, Qin et al. 2015; Lin, Li et al. 2015; San 

Lucas, Allenson et al. 2016). 
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1.2.3. Hypoxia 

The tumor microenvironment cellular and non-cellular densely fibrotic 

composition creates a hypovascularized and hypoxic tumor core that applies a 

selective pressure on tumor cells. Oxygen- and nutrient-deprived pancreatic tumors 

have been shown to possess a hypoxic core and express elevated levels of the 

transcriptional factor HIF-1α (Koong, Mehta et al. 2000; Hoffmann, Mori et al. 2008). 

Spivak-Kroizman and colleagues showed that elevated levels of HIF1-α upregulate 

the secretion of the sonic hedgehog (SHH) ligand in pancreatic cancer cells (Spivak-

Kroizman, Hostetter et al. 2013), which in turn acts in a paracrine matter by 

activating the hedgehog (Hh) signaling in stromal fibroblasts (Yauch, Gould et al. 

2008; Tian, Callahan et al. 2009). Hypoxia also exerts selective pressure on cancer 

cells, promoting oncogenic and metabolic changes that serve the progression of the 

tumor (Vasseur, Tomasini et al. 2010). Furthermore, hypoxia, through HIF1-α has 

been found to protect pancreatic tumors against apoptosis (Akakura, Kobayashi et 

al. 2001). In addition, hypoxia has been associated with metastasis and, therefore, 

directly correlated with poor prognosis. Studies have hypoxia with EMT and 

increased cancer invasiveness through enhanced HIF1- α -dependent release of 

VEGF. During EMT, cancer cells acquire increased motility and present a fibroblast-

like phenotype (Cannito, Novo et al. 2008; Lopez-Novoa and Nieto 2009; Thiery, 

Acloque et al. 2009). Pancreatic tumors are hypoxic and hypovascularized, with 

limited nutrient and oxygen supply. The extensive ECM deposition by PSCs in 

pancreatic tumors contribute to hypoxia, hinders drug delivery, renders pancreatic 

tumors chemoresistant, and select for expansion of malignant tumor cells with 
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advantageous mutations (Phillips 2012; Moscat, Richardson et al. 2015). Hypoxia 

can present a detrimental environment for normal growing cells, however, cancer 

cells have evolved and adapted their metabolism to survive under these hostile 

conditions (Semenza 2000). 

1.2.4. Stroma targeted therapies 

Pancreatic cancer is characterized by a dense fibrotic stroma that forms the 

bulk of the tumor mass. The stroma harbors different cell populations, in addition to 

secreted proteins and extracellular vesicles. It surrounds and sequesters tumor 

cells. Two competing views of the stromal effects on tumorigenesis have been 

proposed; one suggestive of a contributory role and the other inhibitory (Rath and 

Olson 2016). In a mouse model of PDAC, the genetic deletion or inhibition of Sonic 

Hedgehog (Shh) resulted in stromal reduction but tumor aggression. Similarly, Shh 

activation increased stromal content and led to reduced epithelial cell proliferation 

(Lee, Perera et al. 2014; Rhim, Oberstein et al. 2014).  In another transgenic mouse 

model, the deletion of a-SMA-positive myofibroblast cells resulted in 

undifferentiated PDAC tumors and led to reduced survival (Ozdemir, Pentcheva-

Hoang et al. 2014). While these findings suggest an inhibitory role of the tumor 

microenvironment on tumorigenesis whereby the stroma contains and limits tumor 

cells expansion, it is important to note that (1) the mouse models employed in those 

studies may not have accurately recapitulated the PDAC stroma, (2) that ablation of 

an entire stromal population can create a non-physiological tumor 

microenvironment for cancer cells which may lead to their increased expansion, and 
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(3) stromal role may be context and time-dependent whereby stromal cells may 

contain the tumor at early stages of cancer development but may later support 

tumor cells progression through priming by tumor cells secretion (Pothula, Xu et al. 

2016). It has, thus, been proposed that stromal cell reprogramming and matrix 

remodeling rather than stromal ablation is needed in order to better enable 

therapeutic tumor cell targeting. To that end, enzymatic stromal targeting using 

PEGPH20 to deplete stromal hyaluronic acid have normalized interstitial fluid 

pressures and increased tumor perfusion. However, a secondary mechanism of 

resistance has been proposed whereby the remaining α-SMA-positive 

myofibroblasts can replenish hyaluronic acid (Provenzano, Cuevas et al. 2012). In 

addition, treatment of PSCs with ATRA (an active metabolite of vitamin A) has been 

shown to suppress matrix remodeling and inhibit PDAC invasion in vitro (Froeling, 

Feig et al. 2011; Chronopoulos, Robinson et al. 2016). Furthermore, treatment with 

calcipotriol, a vitamin D receptor ligand, resulted in reduced fibrosis and increased 

mice survival when administered with gemcitabine (Sherman, Yu et al. 2014). 

1.3. Genetic alterations 

Genome instability promotes cancer cell heterogeneity and expedites the 

acquisition of cancer hallmarks. Genetic mutations (gain-of- or loss-of function) 

dictate nutrient metabolism in tumor cells (Wise, DeBerardinis et al. 2008; Gao, 

Tchernyshyov et al. 2009; Dang 2010). Figure 2 presents a simplified genetic profile 

of pancreatic cancer development. Particular to PDAC are Kras mutations which, 

combined with decreased PTEN expression, amplify the downstream effector AKT 
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(Hezel, Kimmelman et al. 2006; Hill, Calvopina et al. 2010; Cowan and Maitra 2014) 

and induce glucose transporters and glycolytic enzymes, ultimately resulting in 

increased glycolysis (Mikuriya, Kuramitsu et al. 2007). Similarly, inactivation of the 

p53 tumor suppressor gene is another common genetic event in PDAC (Maddocks 

and Vousden 2011). Mutant p53 is required to promote the progression of Kras 

mutated premalignant pancreatic lesions to PDAC (Morton, Timpson et al. 2010) 

(Slebos, Hoppin et al. 2000). In addition, p53 was found to drive pancreatic cancer 

metastasis (Morton, Timpson et al. 2010), and regulate tumor progression by 

sensitizing cancer cells to autophagy (Rosenfeldt, O'Prey et al. 2013). Interestingly, 

low glucose levels can select for tumor cells harboring Kras mutations (Yun, Rago et 

al. 2009; Bhardwaj, Rizvi et al. 2010), whereas hypoxia may favor the selection of 

cells with p53 mutations (Kim, Gao et al. 2007). In addition, hypoxia was found to 

favor the growth of cells harboring mitochondrial mutations (Chen, Cairns et al. 

2009). Kras-mutant pancreatic cancer cells are also dependent on glutamine for 

growth (Son, Lyssiotis et al. 2013). Glutamine metabolism was originally found to be 

highly regulated by Myc which stimulated mitochondrial glutaminolysis (Wise, 

DeBerardinis et al. 2008). The SMAD4 and BRCA2 genes are also frequently mutated 

in pancreatic cancer, and seem to be associated with poorer prognosis and disease 

progression (Tascilar, Skinner et al. 2001; Blackford, Serrano et al. 2009; Iqbal, 

Ragone et al. 2012; Malkoski and Wang 2012). Loss of SMAD4 promotes metastasis, 

whereas germline mutations in BRCA2 predispose patients to pancreatic cancer. 
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1.4. Reprogrammed tumor metabolism 

Please refer to Figure 8 for an overview of the major cancer metabolic 

pathways. 

The metabolic needs of a cancer cell differ greatly from those of a normal cell 

(Cantor and Sabatini 2012; Moscat, Richardson et al. 2015). A growing tumor has 

increased metabolic demands; it requires energy for growth, proliferation, and 

evasion of cells death, in addition to maintaining the bioenergetic machinery for 

macromolecular synthesis. While normal cells uptake nutrients in response to 

growth factor signaling, cancer cells have evolved a cell-autonomous nutrient 

uptake mechanism to fuel their overly active metabolic profile. Kras mutations are 

prevalent in PDAC. Oncogenic Kras signals through its downstream effectors such as 

B-Raf, phosphatidylinositol-3-kinase (PI3K), and Akt – all of which found to be 

active players in pancreatic cancer tumorigenicity (Eser, Schnieke et al. 2014). 

Oncogenic Ras-driven signaling drives a chain of metabolic alterations including 

enhanced glycolysis, noncanonical glutamine metabolism, anomalous PPP, and 

autophagy. “Oncogene addiction” is a term first introduced by Bernard Weinstein to 

describe the dependence of tumor cells on oncogenic pathways for sustained 

survival (Weinstein 2000). This addiction is at the heart of cancer aggressiveness 

and resistance, and has become the target of numerous therapies that aim at 

breaking the linkage between oncogene addiction and metabolic pathways, as a 

mean to kill cancer cells. Specifically, cancer cells are more dependent on aerobic 

glycolysis (Gillies, Robey et al. 2008), fatty acid synthesis (Pandey, Liu et al. 2012) 
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and glutaminolysis (Erickson and Cerione 2010; Wise and Thompson 2010) for 

proliferation and growth (Vander Heiden, Cantley et al. 2009). 

1.4.1. Glycolysis and the Warburg effect 

Glycolysis is the process by which most of the glucose consumed by the cells 

is metabolized. Glucose is the most abundant nutrient in the blood, and is 

catabolized to pyruvate which can be excreted as lactate or can be transported to 

the mitochondria for further oxidation. Glycolysis contributes about 10% of the 

cellular energy production in normal cells, while OXPHOS (in the mitochondria) 

accounts for the remaining 90% under normoxic conditions (normal oxygen level).  

This, however, is not the case in tumor cells which predominantly rely on glycolysis 

and lactate fermentation for their energy production under normoxia – hence, the 

term “aerobic glycolysis”. This metabolic switch, also known as the “Warburg 

Effect”, was first reported in the 1920s by Otto Warburg (Warburg, Wind et al. 1927; 

Warburg 1956; Warburg 1956). Under increased glucose metabolism, the 

expression levels of glucose and lactate transporters (i.e., GLUT1, MCT1, MCT4) and  

key glycolytic enzymes (LDHA, LDHB, HK2) were found to be upregulated in 

pancreatic tumor cells compared to normal cells (Mikuriya, Kuramitsu et al. 2007; 

Rong, Wu et al. 2013; Blum and Kloog 2014). This increased glucose uptake by 

cancerous cells was explored clinically and resulted in the development of the 18-

Fluoro-deoxyglucose positron emission tomography (PDG-PET) scan – a 

noninvasive , three-dimensional imaging technique that can image tumors with 

increased glucose uptake (Vasseur, Tomasini et al. 2010). 
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The inefficient ATP production through glycolysis in comparison to 

mitochondrial respiration – 2 versus 32 ATP molecules, respectively, per glucose 

molecule – suggests a role for glycolysis apart from energy production in the 

support of tumorigenesis. Glycolytic pancreatic cancer cells were found capable of 

surviving even under low oxygen levels (Guillaumond, Leca et al. 2013). 

Furthermore, increased lactate secretion as a result of enhanced glycolysis was 

found to contribute to the acidification of the tumor microenvironment, thereby 

promoting cancer invasiveness (Schneiderhan, Scheler et al. 2009) and 

immunosuppression (Fischer, Hoffmann et al. 2007). In addition, glycolytic tumors 

often divert glycolytic intermediates into various biosynthetic pathways to support 

macromolecule synthesis (NEAA, lipids, cholesterol, nucleotides, etc.) and cell 

division (Vander Heiden, Cantley et al. 2009; Vazquez, Kamphorst et al. 2016).  

It remains of utmost importance to note that tumor cells exhibiting Warburg-

like metabolism do not stop utilizing the TCA cycle. Metabolic flux experiments 

tracing 13-carbon-labelled glucose and glutamine show that glycolytic cancer cells 

rely on glutamine to supplement the carbon skeleton for the TCA cycle products 

(DeBerardinis, Mancuso et al. 2007). While glucose through glycolysis and the 

pentose phosphate pathway (PPP) [see sub-section 1.4.2] provide the precursors for 

nucleic acids and lipids synthesis (Vasseur, Tomasini et al. 2010), glutamine through 

oxidative [see section 1.4.3] and reductive carboxylation [see section 1.4.4] 

participate in lipid [see section 1.4.5] and amino acid synthesis. 
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1.4.2. The pentose phosphate pathway 

The pentose phosphate pathway (PPP) is another biogenesis channel for 

cancer fuelling. It utilizes the glycolytic intermediate glucose-6-phosphate as its 

initial metabolite and proceeds in one of two pathways. The oxidative pathway 

generates cellular reducing power in the form of NADPH – an antioxidant that can 

generate reduced glutathione and scavenge ROS to maintain the reduced state of the 

cells. The second non-oxidative arm produces 5-carbon sugars which can be utilized  

to synthesize nucleotides (Riganti, Gazzano et al. 2012). In K-ras-driven pancreatic 

tumors, metabolic reprogramming strongly bypasses the oxidative arm of the PPP 

and diverts the glucose intermediates into the non-oxidative arm of the PPP to 

generate the sugars required for nucleic acids synthesis (Ying, Kimmelman et al. 

2012). The decoupling of the pentoses from NADPH generation suggests that an 

alternative metabolic pathway is responsible for the maintenance of cellular redox 

homeostasis in PDAC. Indeed, a non-canonical glutamine-consuming pathway was 

recently described in pancreatic cancer as the source of reducing power [see section 

1.4.3]. 

1.4.3. Glutaminolysis 

Glutamine and glucose are the two most abundant nutrients in the plasma, 

providing the carbon skeleton for ATP production and biosynthesis in the cell. 

Glutamine is also an important nitrogen source for reactions generating nucleotides, 

nonessential amino acids (NEAAs), and hexosamine. Glutamine uptake was found to 

actively drive the TCA cycle and generating the reductive power in the form of 
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NADPH (DeBerardinis, Mancuso et al. 2007). Given the central role of glutamine, 

many cancer cells exhibit “glutamine addiction” whereby their survival greatly 

depends on glutamine consumption (DeBerardinis and Cheng 2010; Wise and 

Thompson 2010). To this end, oncogenic Myc was shown to promote glutaminolysis 

and trigger cellular addiction to glutamine (Wise, DeBerardinis et al. 2008).  

In the canonical glutamine metabolism pathway, glutamine is converted to 

glutamate and then to α-ketoglutarate in a two-step reaction series catalyzed by GLS 

and GLUD1, respectively. α-Ketoglutarate can then feed into and replenish TCA cycle 

intermediates. In the noncanonical path, glutamine conversion to pyruvate is 

mediated by transaminases (i.e., GOT1: glutamic-oxaloacetic transaminase, GPT: 

glutamic-pyruvate transaminase), and generate the reductive power necessary to 

maintain cellular redox state (Blum and Kloog 2014). In this particular model of 

PDAC, glutamine is first converted to glutamate and then aspartate, which gets 

shuttled into the cytoplasm and is converted by GOT1 to oxaloacetate. This latter is 

then converted to malate by malate dehydrogenase, and pyruvate by malic enzyme, 

in a reaction that generates reducing power in the form of NADPH (Son, Lyssiotis et 

al. 2013). PDAC cells are particularly sensitive to transaminase silencing, whereby 

GLS or GOT1 silencing can significantly reduce PDAC growth, and glutamate but not 

α-ketoglutarate can restore cell growth under glutamine deprivation. Nevertheless, 

α-ketoglutarate in combination with NEAAs – the end products of the noncanonical 

pathway – can restore proliferation in the tumor cells (Son, Lyssiotis et al. 2013). 

Concomitantly, silencing of Kras in PDAC cells was associated with a reduction in 

GOT1 expression and an increase in GLUD1, further emphasizing the importance of 
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the noncanonical glutamine-dependent pathway in pancreatic tumor cells harboring 

Kras mutations (Ying, Kimmelman et al. 2012).  

1.4.4. Reductive carboxylation 

When glutamine-derived α-ketoglutarate produces isocitrate by isocitrate 

dehydrogenase instead of succinyl-CoA by α-ketoglutarate dehydrogenase, it does 

so through reductive carboxylation. Glutamine-dependent reductive carboxylation, 

or reversibility of the mitochondrial isocitrate dehydrogenase reaction as initially 

referred to, was originally described in the early 1990’s as a pathway for generating 

citrate in mammalian cells (Des Rosiers, Fernandez et al. 1994; Fendt, Bell et al. 

2013). Reductive carboxylation was also shown to contribute to the production of 2-

hydroxyglutarate from α-ketoglutarate, in leukemia cells harboring mutations in 

IDH 1 and 2 (Ward, Patel et al. 2010).  

More recently, glutamine-dependent reductive carboxylation was found to 

contribute to de novo fatty acid synthesis. Lipids are required for tumorigenesis, 

and their synthesis is generally achieved from citrate and acetyl-CoA which are 

produced through oxidative metabolism of glucose and glutamine (DeBerardinis, 

Mancuso et al. 2007). However, reductive carboxylation has recently emerged as 

one strategy by which cancer cells produce lipids. In one study on brown adipocyte, 

one third of the glutamine flux was found to contribute, through reductive 

carboxylation, to about 90% of the total lipid synthesis (Yoo, Antoniewicz et al. 

2008). In this pathway, glutamine enters the TCA cycle through its conversion to 

glutamate and α-ketoglutarate. This latter is first converted to isocitrate by the 
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NADPH-dependent IDH1 and then citrate by ATP-citrate lyase (ACL). Citrate can 

then generate the acetyl-CoA required for fatty acids synthesis.  

Furthermore, a recent study found that mitochondrial impairment can 

induce lipid synthesis through reductive carboxylation in cancer cells harboring 

mutations in the TCA cycle or in the mitochondrial complexes. Through isotopic 

labeling, glutamine was found to contribute about 67% of the lipogenic carbon in 

CYTB 143 B cells – human osteosarcoma cells harboring a frame-shift mutation in 

the gene encoding mitochondrial cytochrome b – versus 15% in wild-type cells 

(Mullen, Wheaton et al. 2011). In addition, hypoxic conditions under which 

glycolysis primarily converts glucose to lactate, increased glutamine metabolism is 

found to occur primarily through reductive carboxylation for de novo lipogenesis in 

an IDH1-dependent pathway (Metallo, Gameiro et al. 2012).   

1.4.5. Lipid metabolism 

Lipids are essential nutrients and cell-membrane components for growing 

cancer cells. They contribute to membrane biogenesis (Pandey, Liu et al. 2012), and 

can yield energy to fuel tumor growth (Calderon, Furnelle et al. 1979; Clerc, 

Bensaadi et al. 1991). To this end, several studies have shown that in proliferating 

cancer cells, pyruvate can enter the TCA cycle to generate acetyl-CoA which gets 

shuttled from the mitochondrial matrix to the cytosol, where it can be used for fatty 

acid, cholesterol, and isoprenoids synthesis (Kroemer and Pouyssegur 2008). Lipids 

are also key players in malignancy. In a K-Ras mouse model of PDAC, a high-fat diet 

led to induced inflammation and increased expression of genes associated with fatty 
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acid regulation (uptake and oxidation), which in turn enhanced tumor progression 

(Khasawneh, Schulz et al. 2009). Furthermore, given the central roles of lipids, 

reductive glutamine metabolism was shown to serve de novo lipogenesis as 

discussed above in section 1.9.3 (Metallo, Gameiro et al. 2012). Lipids have also 

been shown to contribute to liver fibrosis, whereby hepatic stellate cell activation 

releases intracellular lipids that get degraded by autophagy to fuel the increased 

ECM production by activated stromal cells (Hernandez-Gea, Ghiassi-Nejad et al. 

2012).  

1.4.6. Lipid scavenging and macropinocytosis  

In light of the important roles lipids in health and disease, a recent study by 

Thompson and Rabinowitz’s groups showed that Ras-transformed cells can mimic 

the hypoxic reprogramming of normoxic cells by scavenging unsaturated FAs from 

the serum to support growth. Ras activation enables cells to bypass de novo 

lipogenesis by rendering them independent of acetyl-CoA and the oxygen-

dependent ∆9 stearoyl-CoA desaturase (SCD)1. Furthermore, 13-carbon tracing 

revealed enhanced glutamine contribution through reductive carboxylation to FA 

synthesis (Kamphorst, Cross et al. 2013). Concomitantly, a second study by Bar-

Sagi’s group showed that Ras-transformed cells stimulate macropinocytosis to 

import and degrade extracellular proteins to replenish their metabolites pools. As 

such, tumors are less dependent on free extracellular amino acids, such as 

glutamine, for growth (Commisso, Davidson et al. 2013).  
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1.4.7. Autophagy 

Autophagy (also known as macroautophagy) is the cellular mechanism by 

which intracellular proteins and organelles are cleared through degradation (Yang 

and Klionsky 2010). The process begins with the formation of a phagophore (a 

single-membrane vesicle) that engulfs, and sequester cytoplasmic components as a 

double-membrane vesicle now called autophagosome. The autophagosome then 

fuses to lysosomes, initiating the lysosomal degradation mechanism (Suzuki and 

Ohsumi 2007). This mechanism, especially active under cellular starvation, 

facilitates the recycling of intracellular material for energy production. In disease, 

and the particular case of liver fibrosis, autophagy has been shown to degrade lipids 

to fuel heptatic stellate cell activation and promote ECM protein synthesis 

(Hernandez-Gea, Ghiassi-Nejad et al. 2012). In cancer, autophagy has been found to 

promote or suppress tumorigenesis in a tissue-dependent manner (Liang, Jackson et 

al. 1999; Ertmer, Huber et al. 2007). Autophagy can support pancreatic cancer 

growth by complementing oncogenic transformation. A recent study demonstrated 

that human cancer cell lines harboring an oncogenic Ras show high levels of basal 

autophagy required to maintain the TCA cycle metabolite pool and energy supply to 

support growth (Guo, Chen et al. 2011). Elevated levels of basal autophagy were 

found to be associated with high-grade PanINs in comparison to low-grade PanINs 

or normal pancreatic ductal epithelium, a finding that correlated positively with 

poor patient outcome (Fujii, Mitsunaga et al. 2008). Furthermore, autophagy can 

maintain mitochondrial integrity, thus sustaining PDAC growth. Using a mouse 

model of PDAC and tumor xenografts, pharmalogical inhibition of autophagy led to 
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suppression of tumorigenic growth through elevated ROS and DNA damage – two 

phenomena with significant alterations to the mitochondrial activity (Yang, Wang et 

al. 2011). In addition, given the hypoxic nature of pancreatic tumors [please refer to 

section 1.5], it was of no surprise that a recent study unraveled a regulatory link 

between HIF-1α and autophagy (Mazure and Pouyssegur 2010). Taken together, 

these data suggest that K-ras-driven pancreatic cancers are dependent on 

autophagy for energy production and survival, and may be particularly sensitive to 

autophagy inhibition (Blum and Kloog 2014; Perera, Stoykova et al. 2015).  
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Figure 8: Overview of the major cellular metabolic pathways. Glycolysis (green) 

is the metabolic breakdown of glucose to pyruvate with the generation of a net of 2 

ATP and 2 NADH molecules. The glycolytic intermediate glucose-6-phosphate can 

enter the oxidative arm of the pentose phosphate pathway (PPP; yellow) to produce 

5-carbon sugars for the synthesis of nucleic acids. Alternatively, the nonoxidative 

arm of the PPP generates NADPH for the maintenance of cellular redox state. 

Pyruvate can be secreted as lactate (though the LDHA,B enzymatic action and the 

MCT transporters), or further catalyzed in the tricarboxylic acid cycle (TCA; blue) to 

provide precursors for amino acid synthesis, and the generation of 2 ATP molecules 

and coenzymes NADH and FADH2. These coenzymes are fed into the mitochondrial 

electron transport chain to further generate a net of 32 ATP molecules, for a total of 

36 ATP molecules per molecule of glucose oxidized. The TCA cycle intermediate 

citrate can produce isocitrate or be transported to the cytosol where it gets 

catalyzed by ATP-citrate lyase (ACL) to produce acetyl coenzyme A (acetyl-CoA), 

which can be further catalyzed by fatty acid synthase (FAS) for the production of 

fatty acid for lipid synthesis (purple). Another TCA cycle intermediate malate can be 

shuttled to the mitochondrial matrix where it is converted to oxaloacetate, and 

asparate for the nucleic acid synthesis (bluish). Alternatively, malate can produce 

pyruvate and lactate by glutaminolysis (pinkish). In addition, the TCA cycle product 

oxaloacetate can also be transported into the mitochondrial matrix where it 

produces aspartate required for the urea cycle (brown) arginosuccinate synthetase 

(ASS) reaction. ASS converts citrulline to arginosuccinate, which is then converted 

to arginine by arginosuccinate lyase (ASL). Arginine conversion to ornithine is 

mediated by arginase (ARG) and releases urea, and ornithine can produce citrulline 

by ornithine transcarbamoylase (OTC). Otherwise, arginine can produce citrulline 

directly by nitric oxide synthase (NOS), releasing endogenous nitric oxide (NO). In 

addition to glucose, glutamine is another abundant nutrient in the plasma that 

provide the carbon skeleton for ATP production and biosynthesis in the cell. In the 

canonical pathway (black), glutamine gets first converted by glutaminase (GLS) to 

glutamate, and then by glutamate dehydrogenase 1 (GLUD1) to α-ketoglutarate that 

can produce succinyl-coenzyme A through oxidative TCA cycle. Alternatively, α-

ketoglutarate can produce isocitrate and citrate by isocitrate dehydrogenase (IDH) 

and ACL, respectively, in the reductive glutamine carboxylation pathway (pink). 

Citrate can then be shuttled to the mitochondrial matrix where it can produce 

oxaloacetate or acetyl-CoA. In pancreatic cancer, a noncanonical glutamine 

metabolic pathway (red) was recently described, in which glutamine is first 

converted to glutamate and then aspartate which is shuttled to the cytoplasm and 

converted to oxaloacetate by glutamic-oxaloacetic transaminase (GOT1). 

Oxaloacetate then yields malate and pyruvate, generating cellular reducing power in 

the form of NADPH. Genetic alterations are responsible for the metabolic 
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reprogramming in cancer. Oncogenic Kras was found, through hypoxia-inducible 

factor-1-alpha, to enhance glucose uptake into the cell and its breakdown, by 

upregulating the glucose transporter (GLUT) and enhancing the activity of glycolytic 

enzymes such as hexokinase 2 (KH2) and pyruvate dehydrogenase kinase 1 (PDK1), 

respectively. Similarly, mutated B-Raf and PI3K have been found to modulate the 

expression of GLUD1 and GOT1, by downstream signaling through PTEN and AKT. 
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1.5. Concluding remarks 

PDACs are aggressive, malignant tumors that have evolved mechanisms to 

thrive in nutrient-poor and hypoxic environments. PDAC associated death rates are 

projected to become the second leading cause of cancer related deaths by 2020 in 

the United States (Perera and Bardeesy 2015). The dismal prognosis and survival 

rates associated with PDAC have remained relatively unchanged in the last 4 

decades, begging for novel intervention.  

Unique to PDAC is a dense fibrotic stroma that constitutes the bulk of the 

tumor. Activated stromal stellate cells and fibroblasts interact with cancer epithelial 

cells, promoting their survival and resistance to therapy. In Chapter 2, we propose a 

metabolic strategy to transcriptionally reprogram PSCs into a quiescent phenotype, 

thereby weakening the fibrotic fortress and enhancing chemo-therapeutic targeting 

of tumor cells.  

In Chapter 3, we explore reprogrammed metabolic pathways as a result of 

genetic alterations. While major genetic alterations (activating mutations in KRAS 

oncogene; inactivating mutations in tumor suppressor genes TRP53, CDKN2A, 

SMAD4) have been well studied in PDAC, pharmacological targeting of these key 

genetic events have yielded limited efficacy in PDAC patients. We propose targeting 

malic enzymes which are found to be depleted in a subset of PDAC patients. 

Particularly, we propose a collateral lethal condition resulting by selectively 

targeting ME3 in ME2-null pancreatic tumor cells. 
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Chapter 2 

Quiescence-induced reprogramming of 

pancreatic cancer stromal cells halts 

tumor growth  

2.1. Introduction 

Chapter 1 of this manuscript presented an overview of pancreatic cancer 

biology and statistics. Briefly, PDAC is a malignant solid tumor that is prone to 

genetic instability and metabolic reprogramming. It is surrounded by a hypoxic and 

nutrient-deprived dense fibrotic stroma that constitutes the bulk of the tumor and 

establishes a tumor-supportive microenvironment. Stromal pancreatic stellate cells 

(PSCs) and cancer-associated fibroblasts (CAFs) of the tumor microenvironment 

have been linked to PDAC aggressiveness and treatment resistance. Tumor-

associated PSCs are activated cells that undergo phenotypic and genetic 

reprogramming in response to tumor cells secretions. They assume a myofibroblast-
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like activated phenotype, lose their cytoplasmic lipid droplets and upregulate their 

secretion of extracellular matrix proteins, cytokines and chemokines. They 

reprogram their metabolism, upregulate autophagy and can secrete nutrients to fuel 

cancer cells growth. They sequester tumors and shield them, thereby rendering 

them resistant to chemo drugs. In view of their multifaceted roles, we hypothesized 

that by reprogramming PSCs and CAFs to a quiescent phenotype, the fibrotic stroma 

is weakened thereby making epithelial tumor cells more vulnerable to chemo-

therapeutic agents.  

To induce stromal cells quiescence, we treated PSCs and CAFs with sodium 

butyrate (NaB), alone or in combination with GW3965 (GW). NaB is a 4-carbon 

short-chain fatty acid (SCFA) that is naturally derived from dietary fibers 

fermentation by intestinal microbiota (Louis and Flint 2009). It is an epigenetic 

regulator of gene expression through inhibition of histone deacetylase. Histones are 

protein units responsible for maintaining chromatin structure. The acetylation of 

histones is controlled by the balance in the activity of 2 enzymes: histone 

acetyltransferase (HAT) and histone deacetylase (HDAC). Acetylation of histones by 

HAT results in the addition of an acetyl (CH3CO) functional group to the lysine 

residues within the N-terminal tails of the histones, thereby neutralizing the 

positive charge and preventing binding with the negatively charged DNA. This 

results in an open chromatin structure rendering the genes more accessible to 

transcription machinery, thus, promoting gene expression and protein 

transcription. Gene repression is a feature of HDACs which promote a non-
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permissive chromatin conformation that prevents gene transcription. In cancer, 

HATs and HDACs may act as tumor suppressors or oncogenes, whereby hyper- or 

hypoacetylation can lead to the continuous expression or repression, respectively, 

of genes responsible for tumorigenesis (Glozak and Seto 2007; Ropero and Esteller 

2007; Yang and Seto 2007; Di Cerbo and Schneider 2013; West and Johnstone 

2014). NaB is an important HDAC inhibitor (HDACi) and a regulator of cellular 

proliferation, apoptosis and differentiation (Boffa, Vidali et al. 1978; Davie 2003; 

Mu, Gao et al. 2013). Other HDACi include trichostatin A (TSA) and suberoylanilide 

hydroxamic acid (SAHA) (Chavan and Somani 2010). At least 18 human HDACs have 

been indentified and grouped into four classes (Gregoretti, Lee et al. 2004). In 

cancer, HDAC overexpression often represses tumor suppressor genes, cell cycle 

inhibitors, epithelial differentiation factors and apoptosis inducers (Halkidou, 

Gaughan et al. 2004; Song, Noh et al. 2005). HDACi have resulted in the upregulation 

of the antiproliferative gene cyclin-dependent kinase inhibitor p21 (Sambucetti, 

Fischer et al. 1999; Richon, Sandhoff et al. 2000; Siavoshian, Segain et al. 2000; 

Wilson, Byun et al. 2006), increased differentiation (Gottlicher, Minucci et al. 2001; 

Hrzenjak, Moinfar et al. 2006), induced apoptosis (Soldatenkov, Prasad et al. 1998; 

Louis, Rosato et al. 2004; Huang, Laban et al. 2005; Mu, Gao et al. 2013; Zhang, Yi et 

al. 2016), and de-repressed HIF1-α (hypoxia) and VEGF (angiogenesis) (Kim, Kwon 

et al. 2001; Deroanne, Bonjean et al. 2002) [for more comprehensive reviews, see 

(Glozak and Seto 2007) and (Smith and Workman 2009)]. In vivo, HDACi have led to 

reduced adenoma formation in APC mutant mice, reduced inflammation, and 
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prevention of diet-induced obesity and insulin resistance in mice (Zhu, Martin et al. 

2004; Gao, Yin et al. 2009; Berni Canani, Di Costanzo et al. 2012). While the 

epigenetic, anti-proliferative and anti-inflammatory effects of NaB have been 

studied in normal and cancer epithelial cells, they have not been elucidated in 

fibroblast cells.  

Liver X receptor (LXR) agonists have also been employed to halt tumor cell 

growth. LXRs are members of the nuclear receptor superfamily of ligand-dependent 

transcription factors (TFs). They carry out vital cellular functions, including 

regulating cholesterol homeostasis, lipid and glucose metabolism, and the 

modulation of inflammatory responses (Lin and Gustafsson 2015).  Two LXR 

isoforms have been described, LXRα and LXRβ, with distinct, yet specific functions 

despite common characteristics (Gabbi, Warner et al. 2009). LXRs have been 

implicated in cancer development whereby LXRβ-deficient mice developed 

gallbladder cancer (Gabbi, Kim et al. 2010) and LXRα/β-deficient-mice developed 

prostatic intra-epithelial neoplasia when fed a high cholesterol diet (Pommier, 

Dufour et al. 2013). LXRs are highly druggable targets, with ligands including both 

endogenous (i.e., oxysterols) and synthetic (i.e., GW3965) agents (Lin and 

Gustafsson 2015). LXR targeting has been particularly promising in colon (Lo Sasso, 

Bovenga et al. 2013), breast (Gong, Guo et al. 2007; Nguyen-Vu, Vedin et al. 2013), 

prostate (Fukuchi, Kokontis et al. 2004; Chuu, Hiipakka et al. 2006; Chuu, Chen et al. 

2007), melanoma (Zhang, Jiang et al. 2014), ovarian (Rough, Monroy et al. 2010), 

gallbladder (Gabbi, Kim et al. 2010), gliblastoma (Guo, Reinitz et al. 2011) and 
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pancreatic (Candelaria, Addanki et al. 2014) cancers. At the molecular level, LXRs 

are controllers of gene expression of several cell cycle genes including Skp2, 

(Tamura, Chen et al. 2000)CDKs, cyclins and p15 (Vedin, Gustafsson et al. 2012) and 

modulators of inflammation through inhibition of inflammatory mediators such as 

inducible nitric oxide synthase cyclooxygenase (COX)-2 and interleukin (IL)-6 

(Joseph, Castrillo et al. 2003). LXRs are also potent regulators of lipogenesis through 

SREBP1c and its downtream genes FAS, ACC and SCD-1 (Schultz, Tu et al. 2000; 

Ulven, Dalen et al. 2005; Hong and Tontonoz 2014). LXR-induced SREBP stimulates 

the transcription of a number of genes involved in the synthesis and uptake of 

cholesterol and fatty acids (Bennett, Lopez et al. 1995; Horton and Shimomura 

1999). GW3965 is a synthetic LXR agonist that has been shown to alter fat tissue 

distribution in mice as well as repress the production of inflammatory cytokines 

(Scholz, Lund et al. 2009; Archer, Stolarczyk et al. 2013; Nunomura, Okayama et al. 

2015). 

We hypothesized that treatment of pancreatic stromal cells with NaB and GW 

will recapitulate their quiescent state. We show that treated PSCs and CAFs exhibit 

decreased and increased activation and quiescence markers, respectively, repressed 

proliferation, enhanced lipid biogenesis and reduced stromal cell-induced fibrosis. 

Furthermore, we show that stromal-cells induced quiescence by treatment with NaB 

and GW is accompanied by metabolic reprogramming and leads to decreased tumor 

growth when administered with the chemo agent gemcitabine in an orthotopic 

mouse model of pancreatic cancer.  
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2.2. Results 

2.2.1. NaB and GW3965 combinatorial treatment attenuates PSCs activation 

markers: 

PSCs treated with NaB, alone or in combination with GW (Figure 9A), exhibit 

increased mitochondrial respiration, with NaB and GW single-agent treatment 

resulting in increased basal respiration (2 versus 4 and 3.5 pMoles/min/µg protein, 

respectively) in patient1-derived PSCs, and combinatorial NaB+GW treatment 

significantly increasing basal (Figure 9B) as well as maximal respiration (Figure 

10A) in PSCs derived from patients 1,2 and 5 and 1 and 5, respectively. This shift to 

mitochondrial respiration was also achieved when patients-1&5-derived PSCs were 

treated with the RAR agonist ATRA but not with VDR agonist calcipotriol (Figure 

10B-C), two agents previously shown to modulate stromal cells activation. 

Treatment with the epigenetic regulator NaB alone, or in combination with GW, also 

led to a significant fold-change decrease in the mRNA levels of the activation 

markers α-SMA, COLI, FAP, MMP2 and TIMP1 in all 6 of the treated patient-derived 

PSCs (Figure 9C), with the strongest decrease induced by the combinatorial 

treatment (Figure 10D). The decrease in the gene expression of the activation 

marker α-SMA upon NaB+GW treatment was also accompanied by a decrease in the 

protein level at 96h (Figure 9D). Furthermore, α-SMA and COLI repression was 

maintained in PSCs 96h following treatment arrest (Figure 10E). Further analysis 

suggests that repressed stromal activation is a property of NaB since other HDACi 
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such as TSA and SAHA did not repress α-SMA or COLI mRNA levels (Figure 10F). 

Moreover, NaB+GW treatment reduced the expression of α-SMA and COLI in paired 

normal (N)- and tumor (T)-derived PSCs, isolated from cancer and normal pancreas 

tissue, respectively (Figure 10G).  

2.2.2. Quiescent NaB and GW3965 treated PSCs exhibit slower proliferation 

rate 

NaB- and NaB+GW-treated PSCs were also found to proliferate less 

(proliferating versus non-proliferating patient1 PSCs: 63.1% M5 versus 0.3% M6, 

and 64.09% M7 versus 0.9% M8, respectively) (Figure 9E and Figure 11A), further 

confirming an attenuated PSCs activation state. The decrease in PSCs proliferation 

was treatment dose-dependent, with NaB exhibiting the strongest growth arrest in 

PSCs (Figure 9F and Figure 11B). While NaB+GW treatment led to PSCs growth 

arrest, it did induce cell death (Figure 9G-H and Figure 11C-F). 

2.2.3. NaB and GW3965 combinatorial treatment induces PSCs quiescence: 

Treatment of 6 patient-derived PSCs with NaB alone or in combination with 

GW led to a significant fold-change increase in the gene expression of the quiescent 

markers GFAP (5-35-fold), FAS (5-50-fold) and SREBP1c (25-3,000-fold), with the 

highest increase induced by the combinatorial treatment (Figure 12A and Figure 

10H). The activation of the lipogenic genes was accompanied by induction of 

cytoplasmic lipid droplets formation as evidenced by adipored fluorescent staining 
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(Figure 12B) and further confirmed by flow cytometry of BODIPY stained lipids 

(Figure 12C).  

2.2.4. NaB, glucose and glutamine are carbon contributors to intracellular 

lipids in quiescent PSCs: 

To further uncover the carbon-contributing metabolites for de novo lipid 

synthesis in quiescent PSCs, we treated cells with NaB+GW in the presence of 

uniformly 13-carbon-labeled NaB, glucose or glutamine (Figure 12D). Mass 

isotopomer distribution revealed that the SCFA NaB (Figure 12E and Figure 13C), 

glucose (Figure 12F and Figure 13A, D) and glutamine (Figure 12G and Figure 13B, 

E) are all carbon sources for de novo palmitate synthesis in quiescent stromal cells, 

with the highest contribution measured under NaB+GW double agent versus NaB 

single agent treatment (Figure 13A-B, D-E). Concomitant with increased lipogenesis, 

treated PSCs exhibit increased NAD+/NADH and NADP+/NADPH ratios (Figure 14). 

2.2.5. Secretomic profiling yields differential cytokine and amino acids 

secretions in quiescent versus activated PSCs: 

Quiescent PSCs exhibit a significant fold-change decreased in the gene 

expression of the inflammatory marker IL-6 (Figure 15A) and the immune marker 

CXCL-12 (Figure 15C), and a significant fold-change increase in the expression of the 

potent angiogenic chemokine IL-8 (Figure 15B). In addition, quiescent and activated 

PSCs exhibit differential uptake and secretion of 31 amino acids as measured by 

ultra performance liquid chromatography (Figure 15D and Figure 16A-B). Shed 
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exosomes from quiescent and activated PSCs also exhibit differential amino acids 

cargo (Figure 15D and Figure 17A-B), with malate, aspartate and pyruvate being 

enriched in exosomes derived from patient3 PSCs (Figure 15D) and malate, 

aspartate, oxoproline, glutamate, glutamate, leucine, isoleucine and valine being 

enriched in exosomes derived from prostate cancer CAFs (Figure 17B).  

2.2.6. NaB and GW3965 treatment normalizes activated pancreatic CAFs: 

In addition to PSCs, CAFs are an integral component of the cancer stroma. 

They secrete ECM proteins and contribute to pancreatic, ovarian and prostate 

cancer fibrosis. Here we show that NaB+GW treatment can also significantly reduce 

the expression of the activation markers α-SMA, COLI, FAP, MMP2 and TIMP1 in 

pancreatic CAFs 19 and 35 (Figure 18A-B). Combinatorial treatment also reduces 

relative fold-change expression of IL-6 (Figure 18C) and CXCL12 (Figure 18E) and 

increases expression of IL-8 (Figure 18D). This epigenetic and metabolic 

reprogramming by NaB+GW treatment is not toxic to CAFs 19 and 35 as evidenced 

by sytox green fluorescent assay (Figure 19A-D). 

2.2.7. NaB and GW3965 treatment normalizes ovarian and prostate patient-

derived CAFs: 

Interestingly, NaB and GW3965 treatment is not pancreatic-cancer specific. 

Treatment can also reduce activation of patient-derived ovarian and prostate CAFs, 

as evidenced by significantly lower α-SMA, COLI and FAP activation marker 

expression in treated CAFs (Figure 20A-C).  
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2.2.8. Combinatorial treatment can reduce PDAC cell growth: 

PDAC cells grown under ultra-low attachment conditions can form 3-

dimensional (3-D) spheroids. Treatment of PATU8988T cells with NaB and GW3965 

leads to decreased spheroid size in comparison to their vehicle treated counterparts 

(Figure 21A-E). These findings suggest that NaB can epigenetically induce growth 

arrest in PDAC cells grown in 3-D, unlike monolayer cancer cells growth where NaB 

leads to induced cell death.  

2.2.9. NaB and GW3965 treated PSCs reduce PDAC in vitro spheroid 

formation: 

NaB and GW3965 treated quiescent PSCs decrease their protein (ECM, 

chemokines and cytokines) as well as amino acids secretions, suggesting a tumor-

suppressive microenvironment. To test this hypothesis, we cultured PATU8988T 

and BxPC-3 cells with conditioned media from NaB+GW treated patient-derived 

PSCs and CAFs. PDAC cells exhibited a significantly reduced ability to form 

spheroids when grown under ultra-low attachment conditions (Figure 22A-F and 

Figure 23A-D).  

2.2.10. NaB and GW3965 combinatorial treatment halts tumor growth in an 

orthotopic pancreatic cancer mouse model: 

In an orthotropic mouse model of pancreatic cancer, treatment with 

NaB+GW in combination with gemcitabine led to reduced tumor formation over a 
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course of 3 weeks (Figure 24A-B) with end-point tumor volumes smaller in the 

NaB+GW+Gem arm in comparison to gemcitabine alone (Figure 24C). This could be 

in part due to reduced intratumoral hypoxia and induced angiogenesis as evidenced 

by decreased HIF1-α (Figure 24D&F)and increased MMP9 (Figure 24E&G) 

expression, respectively, suggesting enhanced gemcitabine chemo-drug delivery. 

2.3. Discussion 

PDAC early diagnosis is difficult and tumors are often resistant to 

conventional therapy. PDAC tumors are hypovascularized, hypoxic and nutrient-

deprived; however, tumor cells have acquired genetic mutations and reprogrammed 

metabolic machineries to enable their survival under these harsh conditions 

(Koong, Mehta et al. 2000; Eser, Schnieke et al. 2014; Moscat, Richardson et al. 

2015). Activating mutations in KRAS are the most frequent (present in > 90% 

cases), however, efforts at targeting Ras and its downstream effectors and 

cooperating signaling pathways remain challenging (Cox, Fesik et al. 2014; Athuluri-

Divakar, Vasquez-Del Carpio et al. 2016). Similarly, the complexity of the metabolic 

machinery in cancer presents a number of obstacles that need to be overcome for 

targeted cancer therapies to be effective (Martinez-Outschoorn, Peiris-Pages et al. 

2016).  With a persistently high PDAC-associated mortality rate, there is a desperate 

need for novel therapeutic interventions. One promising approach is to focus on the 

TME which is an integral part of the tumor. PDAC is characterized by a prominent 

stroma which forms the bulk of the tumor mass. Stromal-associated PSCs and CAFs 
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are activated, tumor-supportive cells; they secrete factors that have been linked to 

inflammation, immunosuppression, fibrosis, reprogrammed metabolism, 

progression, invasion, metastasis and therapeutic resistance of tumor cells (Karnevi, 

Rosendahl et al. 2016; McQuinn, Mace et al. 2016; Sada, Ohuchida et al. 2016). In 

view of their multifaceted roles, we hypothesized that PSCs and CAFs normalization 

will induce ECM remodeling, halt PCCs growth and enhance the intratumoral 

delivery of the chemo drug gemcitabine.  

In this study, we treated PSCs and CAFs with the epigenetic regulator and 

HDACi NaB and the LXR agonist GW3965. Combinatorial treatment with NaB and 

GW induced stromal cells quiescence by decreasing the activation markers α-SMA, 

FAP, COLI, MMP2 and TIMP1 concomitant with the upregulation of the quiescence 

markers GFAP, FAS and SREBP1c. Induction of the lipogenic genes restored 

cytoplasmic lipid droplets in treated PSCs with stable isotope tracing revealing that 

NaB, GLUC and GLN are all carbon contributors for do novo palmitate synthesis. 

NaB+GW treatment also led to growth arrest in PSCs, which continued to proliferate 

slower than activated PSCs even after treatment has been stopped. Secretions by 

activated PSCs have been shown to stimulate cancer cells invasiveness [though IL-6 

(Nagathihalli, Castellanos et al. 2016)] and contribute to exclusion of T-cells from 

tumor regions [through CXCL-12 (Feig, Jones et al. 2013; Wu, Lu et al. 2013)]. Here 

we show that quiescent PSCs express lower IL-6 and CXCL12 mRNA levels, 

concomitant with increased mRNA levels of IL-8 and MMP9, both potent inducers of 

angiogenesis (Bergers, Brekken et al. 2000; Heidemann, Ogawa et al. 2003; Li, 
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Dubey et al. 2003; Bendeck 2004; Mira, Lacalle et al. 2004; van Hinsbergh and 

Koolwijk 2008).  

Further analyses revealed differential amino acids utilization by activated 

and quiescent PSCs, with alanine secretion being significantly lower in quiescent 

PSCs in agreement with a recent study demonstrating that tumor-associated PSCs 

can support tumor growth through alanine secretion (Sousa, Biancur et al. 2016). 

Moreover, TCA and BCAAs intra-exosomal cargo differ in exosomes derived from 

quiescent and activated PSCs and pancreatic, ovarian and prostate CAFs. These 

findings suggest that NaB+GW treatment indirectly alters tumor-stromal crosstalk 

through secreted exosomes ((Zhao, Yang et al. 2016). Further In addition, we 

showed in this study that PDAC cells cultured under ultra-low attachment 

conditions lose their ability to form spheroids when cultured with conditioned 

media from NaB+GW-treated PSCs versus their activated counterpart. Nonetheless, 

when PDAC cells were directly treated with NaB+GW, their ability to form spheroids 

under low attachment conditions was unaffected. An orthotopic mouse model of 

pancreatic cancer revealed that NaB+GW enhanced gemcitabine intratumoral 

delivery and led to decreased tumor growth. 

In summary, these findings suggest that treatment with NaB and GW 

transcriptionally reprograms PSCs and CAFs of the tumor stroma into a quiescent 

state, whereby stromal cells lower their activation markers expression and 

upregulate lipid biogenesis. Quiescent stromal cells also proliferate less, secrete less 

ECM proteins, downregulate cytokine and chemokine synthesis and enhance the 
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secretion of potent angiogenesis inducers such as IL-8 and MMP9. Quiescent PSCs 

are also less glycolytic and express high GLS2 expression. Together, these findings 

are suggestive of a less dense desmoplastic reaction with increased perfusion that 

can enhance intratumoral gemcitabine delivery and halts tumor growth (Figure 25). 

 

For a comprehensive summary of methods, please refer to appendix A. 
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Figure 9:  A combinatorial treatment of sodium butyrate and GW3965 

upregulates mitochindial respiration and attenuates activation of patient-

derived pancreatic stellate cells. (A) Molecular structure and major functions of 

sodium butyrate and GW3965. (B) Basal respiration of patients1,2&5-derived 

pancreatic stellate cells treated with NaB and GW3965 for 96h. (C) Relative fold 

change decrease in the expression of the activation markers α-SMA, COLI, FAP, 

MMP2 and TIMP1 in patients-derived pancreatic stellate cells following 96h 

treatment with NaB and GW3965. Relative fold change was calculated using ΔΔCt 

method. (D) Immunoblot of α-SMA protein levels at days 2 and 4 following patient1-

derived pancreatic stellate cells treatment with NaB and GW3965.  Quantification of 

α-SMA protein levels was generated after normalization with GAPDH. (E) De novo 

DNA synthesis in proliferating patient-derived pancreatic stellate cells as measured 

by 3h EdU incorporation in cells treated with NaB and GW3965 for 96h. (F) 

Proliferation rate of patient-derived pancreatic stellate cells following 96h 

treatment with NaB and GW3965. (G) Micrograph depicting relative toxicity of NaB 

and GW3965 96h treatment of patient-derived pancreatic stellate cells. (H) Percent 

viability of stellate cells following 96h treatment with NaB and GW3965. All patient-

derived pancreatic stellate cells were treated with 15 mM NaB, 15 µM GW3965, or a 

combinatorial treatment of 15 mM NaB+15 µM GW3965. NaB (sodium butyrate), α-

SMA (alpha-smooth muscle actin), COLI (collagen type I), FAP (fibroblast activation 

protein), MMP2 (matrix metalloproteinase-2), TIMP1 (tissue inhibitor of 

metalloproteinase-1). All data are displayed as means ± SEM, n≥3. Two tailed 

student t-test. *P<0.05, **P<0.01, ***P<0.001.  
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Figure 10: Stromal reprogramming with NB+GW but not with ATRA, CALC, TSA 

or SAHA.(A) Maximal respiration of patients-derived pancreatic stellate cells 

(patients 1,2, 5) treated with NaB and GW3965 for 96h. (B) Basal respiration of 

pancreatic stellate cells (patients 1, 2, 5) treated with NaB+GW, ATRA or CALC for 

96h. (C) Maximal respiration of pancreatic stellate cells (patients 1, 2, 5) treated 

with NaB+GW, ATRA or CALC for 96h. (D) Relative fold change in expression of 

activation (α-SMA, COLI, FAP) and quiescent (FAS, SREBP1c) markers of patient1-

derived PSCs treated with NAB, GW or NaB+GW. (E) Timeline (24-96h) depicting 

relative fold decrease in activation makers α-SMA and COLI of patient1-derived 

PSCs treated with NaB or NaB+GW. (F) Relative fold change in activation markers α-

SMA and COLI expression of patient1-derived PSCs treated with TSA, SAHA, NaB or 

NaB+GW. (G) Relative fold change in activation markers α-SMA and COLI expression 

in patients 1-&4-derived paired normal and tumorous PSCs. (H) Relative fold 

increase in the quiescent marker FAS in patients 3- and 4-derived paired normal 

and tumorous PSCs. All patient-derived pancreatic stellate cells were treated with 

15 mM NaB, 15 µM GW3965, a combinatorial treatment of 15 mM NaB+15 µM 

GW3965, 1 µmol/L ATRA or 500 nM CALC. NaB (sodium butyrate), OCR (oxygen 

consumption rate), NaB (sodium butyrate), ATRA (all-trans retinoic acid), CALC 

(calcipotriol), N (PSCs derived from normal pancreatic tissue),T (PSCs derived from 

tumorous pancreatic tissue). All data are displayed as means ± SEM, n≥3. Two tailed 

student t-test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 11: Proliferation of patient-derived PSCs treated with NaB, GW or 

NaB+GW.(A) Population gating and fraction distribution of patient1-derived PSCs 

treated wih NaB, GW, or NaB+GW. (B) Dose-dependent relative proliferation of 

patients1- and 5-derived PSCs treated with NaB or GW. Representative micrographs 

of Sytox green stained dead cells and Hoechst nuclei stain along with percent 

survivability of patient2 (C) and patient5 (D) PSCs treated with NaB, GW or 

NaB+GW. PSCs were treated with 15 mM NaB or 15 µM GW for 96h, unless 

otherwise specified. NaB (sodium butyrate). All data are displayed as means ± SEM, 

n≥3. Two tailed student t-test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 12: NaB+GW treatment transcriptionally induces quiescence in patient-

derived PSCs.(A) NaB alone or in combination with GW significantly upregulates 

the expression of the quiescent markers GFAP, FAS and SREBP1c in 6 total patient-

derived PSCs treated for 96h. (B) Adipored staining depicting patient1 PSCs 

cytoplasmic lipid droplets. (C) Peak shift as recorded by flow cytometry of BODIPY-

stained lipids in patient1 PSCs following treatment with NaB and GW. (D) Schematic 

illustrating the pathways by which NaB, glucose and glutamine can contribute to 

intracellular lipids in PSCs. (E) Mass isotopomer distribution of palmitate in 

patient1-derived PSCs treated with GW and uniformly labeled 13carbon-NaB. (F) 

Mass isotopomer distribution of palmitate in patient1-derived PSCs treated with 

NaB+GW for 96h in the presence of uniformly 13carbon-labeled glucose. (G) Mass 

isotopomer distribution of palmitate in patient1-derived PSCs treated with NaB+GW 

for 96h in the presence of uniformly 13carbon-labeled glutamine.  PSCs were 

treated with 15 mM NaB, 15 µM GW, or a combination of 15mM NaB+15 µM GW, 

unless otherwise stated. NaB (sodium butyrate), GFAP (glial fibrillary acidic 

protein), FAS (fatty acid synthase), SRPB1c (sterol regulatory element-binding 

protein 1c). All data are displayed as means ± SEM, n≥3. Two tailed student t-test. 

*P<0.05, **P<0.01, ***P<0.001.  
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Figure 13: Mass isotopomer flux distribution depicting the fractional 

contribution of NaB, glucose and glutamine to intracellular PSCs palmitate.(A) 

Mass isotopomer distribution of palmitate in patient1-derived PSCs treated with 

NaB alone or in combination with GW for 96h in the presence of uniformly 

13carbon-labeled glucose. (B) Mass isotopomer distribution of palmitate in 

patient1-derived PSCs treated with NaB alone or in combination with GW for 96h in 

the presence of uniformly 13carbon-labeled glutamine. (C) Mass isotopomer 
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distribution of palmitate in patient5-derived PSCs treated with 13C4-NaB and 

unlabeled GW for 96h. (D) Mass isotopomer distribution of palmitate in patient5-

derived PSCs treated with NaB alone or in combination with GW for 96h in the 

presence of uniformly 13carbon-labeled glucose. (E) Mass isotopomer distribution 

of palmitate in patient5-derived PSCs treated with NaB alone or in combination with 

GW for 96h in the presence of uniformly 13carbon-labeled glutamine. All data are 

displayed as means ± SEM, n≥3. Two tailed student t-test. *P<0.05, **P<0.01, 

***P<0.001.
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Figure 14: NAD+/NADH and NADP+/NADPH ratios in quiescent versus 

activated patient2-derived PSCs. NaB+GW treated patient2-derived PSCs exhibit 

increaed (A) NAD+/NADH and (B) NADP+/NADPH ratios. PSCs were treated with 

15 mM NaB and 15 µm GW3965 for 96h. PSCs (pancreatic stellate cells, NaB 

(sodium butyrate), NAD (nicotinamide adenine dinucleotide), NADP (nicotinamide 

adenine dinucleotide phosphate). All data are displayed as means ± SEM, n≥3. Two 

tailed student t-test. *P<0.05, **P<0.01, ***P<0.001.  
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Figure 15: Secretomics profiling of activated and quiescent patient-derived 

pancreatic stellates.Treatment with NaB alone or in combination with GW reduced 

the expression of IL-6 (A) and CXCL12 (C) and upregulated IL-8 expression (B). (D) 

Amino acids uptake and secretion rates in patient1-derived PSCs treated with NaB 

alone or in combination with NaB+GW. Positive and negative values refer to amino 

acids uptake and secretion, respectively. (E) Intra-exosomal amino acids 

concentrations in vesicles secreted from treated and NaB-+GW-treated patient3-

derived PSCs.  NaB (sodium butyrate), CXCL12 (C-X-C Motif Chemokine Ligand 12), 

B-Ala (beta-alanine), Gln (glutamine), Ser (serine), Cys (cystine), Leu (leucine), Ile 

(isoleucine), Cit (citrulline), Arg (arginine), Lys (lysine), Hyl (hydroxylysine), AABA 

(alpha-amino-N-butyric acid), Trp (tryptophan), Val (valine), Cyst (cystathionine), 
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Met (methionine), EA (ethanolamine), Tau (taurine), PEA (phosphoethanolamine), 

His (histidine), Ans (anserine), Orn (ornithine), Tyr (Tyrosine), Phe (phenylalanine), 

Asn (asparagine), Pro (proline), Ala (alanine), Gly (glycine), Glu (glutamate), NH3 

(ammonia), Thr (threonine). All data are displayed as means ± SEM, n≥3. Two tailed 

student t-test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 16: Amino acids uptake and secretion rates in activated and quiescent 

patient-derived pancreatic stellate cells.Amino acids uptake and secretion rates 

in patient2- (A) and patient5- (B) derived PSCs treated with NaB alone or in 
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combination with NaB+GW. Positive and negative values refer to amino acids 

uptake and secretion, respectively.  B-Ala (beta-alanine), Gln (glutamine), Ser 

(serine), PSer (phosphoserine), Leu (leucine), Ile (isoleucine), Cit (citrulline), Hyl 

(hydroxylysine), AADA (alpha-aminoadipic acid),  Tau (taurine), PEA 

(phosphoethanolamine), Asn (asparagine), Pro (proline), Ala (alanine), Glu 

(glutamate), NH3 (ammonia), BAIB (beta-aminoisobutyric acid). All data are 

displayed as means ± SEM, n≥3. Two tailed student t-test. *P<0.05, **P<0.01, 

***P<0.001. 
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Figure 17: Intra-exosomal cargo of activated and quiescent PSCs. Intra-

exosomal amino acids concentrations in shed vesicles from NaB+GW-treated 

patient1-derived PSCs (A) and NaB-treated patient-derived prostate CAFs (B). NaB 

(sodium butyrate). All data are displayed as means ± SEM, n≥3. Two tailed student t-

test. *P<0.05, **P<0.01, ***P<0.001.  
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Figure 18: NaB and GW treatment reverses cancer-associated fibroblasts 

(CAFs) activation.Relative fold change decrease in the activation markers α-SMA, 

FAP, COLI, MMP2 and TIMP1 in NaB and NaB+GW treated (A) CAF19 and (B) CAF35. 

Relative fold change decrease in the gene expression of (C) IL-6 and (E) CXCL12. (D) 

Relative fold change increase in the expression of IL-8. Relative fold change was 

calculated using ΔΔCt method.  CAFs were treated with 5 mM NaB and 5 µM GW for 

96h, unless otherwise specified.  NaB (sodium butyrate), α-SMA (alpha-smooth 

muscle actin), COLI (collagen type I), FAP (fibroblast activation protein), MMP2 

(matrix metalloproteinase-2), TIMP1 (tissue inhibitor of metalloproteinase-1). All 

data are displayed as means ± SEM of at least 3 replicated. Two tailed student t-test. 

*P<0.05, **P<0.01, ***P<0.001. 
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Figure 19: Viability of CAFs treated with NaB+GW3965.  (A) Representative 

micrographs of Sytox green stained dead cells and Hoechst nuclei stain of CAF19 

treated with NaB+GW. (B) Dose depedent cytotoxicity of CAF19 treated with NaB, 

GW or NaB+GW. (C) Representative micrographs of Sytox green stained dead cells 

and Hoechst nuclei stain of CAF35 treated with NaB+GW. (D) Dose depedent 

cytotoxicity of CAF19 treated with NaB, GW or NaB+GW. CAF19 and CAF35 were 

treated with 5 mMNaB and 5 µM GW3965 for 96h. NaB (sodium butyrate), CONT 

(vehicle control). All data are displayed as means ± SEM, n≥3. Two tailed student t-

test. *P<0.05, **P<0.01, ***P<0.001.  
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Figure 20: NaB and GW3965 attenuates ovarian and prostate CAFs activation. 

Relative fold change decrease in the activation markers α-SMA, COLI and FAP in 

patient-derived (A) ovarian CAF and (B-C) prostate CAFs treated with NaB and GW. 

Relative fold change was calculated using ΔΔCt method. CAFs were treated with 5 

mM NaB and 5 µM GW for 96h, unless otherwise specified.  NaB (sodium butyrate), 

α-SMA (alpha-smooth muscle actin), COLI (collagen type I), FAP (fibroblast 

activation protein). All data are displayed as means ± SEM of at least 3 replicates. 

Two tailed student t-test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 21: NaB+GW treatment effect on PDAC spheroid formation.  Raw images 

depicting spheroids of PATU8988T cells treated for 96h with (A) vehicles, (B) NaB 

(1 mM) + GW (1 µM), (C) NaB (2 mM) + GW (2 µM), and (D) NaB (5 mM) + GW (5 

µM). (E) Quantification of relative spheroid area from (A-D). Error bars represent 
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means ± SEM, n=17 (vehicles) and n=20 (NaB1+GW1), n=19 (NaB2+GW2), n=27 

(NaB5+GW5). Two tailed student t-test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 22: Quiescent pancreatic stellate cells and fibroblasts decrease 

PATU8988T pancreatic cancer cells spheroid formation.(A) Raw images 

depicting spheroids of PATU8988T cells cultured for 8 days with conditioned media 

from patient1-derived PSCs treated with vehicles or NaB+GW. (B) Quantification of 

relative spheroid area from (A). Error bars represent means ± SEM, n=8 (vehicles) 

and n=18 (NaB+GW). (C) Raw images depicting spheroids of PATU8988T cells 

cultured for 8 days with conditioned media from patient3-derived PSCs treated with 

vehicles or NaB+GW. (D) Quantification of relative spheroid area from (C). Error 

bars represent means ± SEM, n=17 (vehicles) and n=12 (NaB+GW). (E) Raw images 

depicting spheroids of PATU8988T cells cultured for 8 days with conditioned media 

from CAF19 treated with vehicles or NaB+GW. (F) Quantification of relative 

spheroid area from (E). Error bars represent means ± SEM, n=14 (vehicles) and 

n=19 (NaB+GW). Two tailed student t-test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 23: Quiescent pancreatic stellate cells and fibroblasts decrease BxPC-3 

pancreatic cancer cells spheroid formation. (A) Raw images depicting spheroids 

of BxPC-3 cells cultured for 8 days with conditioned media from patient1-derived 

PSCs treated with vehicles or NaB+GW. (B) Quantification of relative spheroid area 

from (A). Error bars represent means ± SEM, n=23 (vehicles) and n=22 (NaB+GW). 

(C) Raw images depicting spheroids of BxPC-3 cells cultured for 8 days with 

conditioned media from CAF19 treated with vehicles or NaB+GW. (D) Quantification 

of relative spheroid area from (C). Error bars represent means ± SEM, n=11 

(vehicles) and n=14 (NaB+GW). Two tailed student t-test. *P<0.05, **P<0.01, 

***P<0.001. 
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Figure 24: NaB+GW treatment decreases hypoxic marker HIF1α, upregulates 

angiogenesis inducer MMP9 and halts tumor growth. Tumor volume 

progression of orthotopic tumors at (A) week 2 and (B) week 3 following treatment 

initiation. (C) Raw images depicting orthotopic tumor volumes at week 5. Relative 

fold change (D) decrease in HIF1-α and (E) increase in MMP9 in patient-derived 

PSCs treated with 15 mM NaB + 15 µM GW for 96h. Relative fold change (F) 

decrease in HIF1-α and (G) increase in MMP9 in CAF19&35 treated with 5 mM NaB 

+ 5µM GW for 96h. Error bars represent means ± SEM of at least 3 replicates. Two 

tailed student t-test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 25: Schematic summary depicting the transcriptional changes induced 

by NaB and GW3965 PSCs and CAFs treatment. Activated PSCs are myofibroblast-

like cells with enhanced proliferation. They are linked to the extensive pancreatic 

cancer fibrotic reaction and therapy-resistance through upregulated ECM, cytokines, 
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chemokines, growth factors and nutrients secretions. Treatment induced quiescent 

PSCs and CAFsproliferate at slower rates and are associated with lower epression of 

the inflammatory marker IL-6, chemokine CXCL12, extracellular matrix protein 

COLI, hypoxia inducible transcription factor HIF1-α, matrix metalloproteinase MMP-

2 and metalloproteinase inhibitor TIMP-1. Quiescent stromal cells also exhibit 

increased expression of the potent angiogenic inducers IL-8 and MMP-9. Treated 

PSCs upregulate lipogenesis as evidenced by increased cytoplasmic lipid droplets 

formation. NaB (sodium butyrate), PCCs (pancreatic cancer epithelial cells), PSCs 

(pancreatic stellate cells), CAFs (cancer-associated fibroblasts), Gem (gemcitabine), 

IL (interleukin), CXCL12 (C-X-C motif chemokine ligand 12), ECM (extracellular 

matrix), MMP (matrix metalloproteinase), TIMP (tissue inhibitor of 

metalloproteinase), SREBP1c (sterol regulatory element-binding protein 1c), FAS 

(fatty acid synthase), HDAC (histone deacetylase). 
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Chapter 3 

Metabolic profiling of NaB+GW 

treatment induced quiescent versus 

activated stromal cells 

3.1. Introduction 

Stroma is an integral component of pancreatic tumors, surrounding and 

sequestering cancer cells. Activated stromal PSCs and CAFs enable cancer growth by 

promoting immune-suppression, metastasis and chemo-resistance. In chapter 2 of 

this manuscript, we have shown that treatment with the HDACi NaB and the LXR 

ligand GW3965 can successfully normalize pancreatic, ovarian and prostate tumor 

stroma by inducing PSCs and CAFs quiescence. In addition to its anti-proliferative 

effects, the HDACi NaB is also a metabolic agent responsible for shifting energy 

expenditure in cells from glycolysis to mitochondrial OXPHOS. Indeed, we have 

shown in chapter 2 that NaB+GW treated PSCs exhibit increased basal as well as 

maximal respiration. In previous studies, treatment with NaB has also been linked 
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to decreased cellular glucose consumption and lactate production concomitant with 

decreased GLUT1 and increased mitochondrial hexokinase (KHI) expression 

(Siavoshian, Segain et al. 2000; Egler, Korur et al. 2008; Alcarraz-Vizan, Boren et al. 

2010; Amoedo, Rodrigues et al. 2011). In colon cancer, NaB both induced PDKs 

(pyruvate dehydrogenase kinases), known inhibitors of pyruvate dehydrogenase 

(PDH; the enzyme responsible for transforming pyruvate into acetyl-CoA), and 

contributed the carbon for acetyl-CoA after oxidation (Blouin, Penot et al. 2010). 

Similarly, LXRs have been shown to bind to the c-myc promoter, suggesting their 

role as metabolic regulators (Tamura, Chen et al. 2000; Vedin, Gustafsson et al. 

2012).  

In this chapter, we seek to characterize the metabolic profiles of NaB+GW 

treatment induced quiescent PSCs in comparison with their vehicle treated 

activated counterparts. Using stable isotope tracing and carbon-labeled GLUC, GLN 

and NaB we map carbon atom transition to TCA cycle metabolites. We show that 

quiescent PSCs exhibit decreased glucose flux to lactate concomitant with increased 

glucose entry to TCA cycle. We also show that quiescent PSCs are associated with 

reduced oxidative and reductive glutamine metabolism. Furthermore, our data 

suggest that quiescent PSCs can metabolize NaB through β-oxidation to generate 

acetyl-CoA which can be further metabolized in the TCA cycle.  
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3.2. Results 

3.2.1. Quiescent PSCs exhibit decreased glucose flux to lactate and 

increased glucose carbon contribution to TCA cycle metabolites:  

Quiescent NaB- or NaB+GW-treated patient-derived PSCs exhibit reduced 

GLUT1 and HKII expression (Figure 26A-B), and decreased glucose uptake (Figure 

26C) and lactate secretion (Figure 26D) rates. This is further illustrated by 

isotopomer tracing using uniformly 13carbon-labeled glucose (Figure 26E, Figure 

27A and Figure 28A) showing decreased glucose contribution to M3 lactate and M3 

serine and alanine (Figure 26F, Figure 27B and Figure 28B). While glucose flux to 

lactate is reduced in quiescent PSCs, glucose carbon contribution to replenish TCA 

cycle metabolites is, however, enhanced as evidenced by enriched M3 alpha-

ketoglutarate, fumarate, malate, and aspartate (Figure 26G, Figure 26F, Figure 27B 

and Figure 28B). Furthermore, the conversion of pyruvate to oxaloacetate through 

pyruvate carboxylase, and its subsequent oxidation through TCA cycle to yield M5 

citrate and alpha-ketoglutarate seems to be especially high in NaB+GW-treated PSCs 

(Figure 26F, Figure 27B and Figure 28B).  

3.2.2. Quiescent PSCs exhibit reduced oxidative and reductive glutamine 

metabolism: 

In addition to glucose, glutamine is another essential amino acid required for 

PDAC growth. Stable isotope tracing using uniformly 13-carbon labeled glutamine 

(Figure 29A and Figure 30A) reveals reduced oxidative glutamine metabolism in 



 89 
 

quiescent PSCs as evidenced by decreased M4 fumarate, malate and aspartate 

(Figure 29B and Figure 30B-C). Reductive glutamine metabolism is also significantly 

lower in quiescent PSCs as shown by lower M5 citrate and alpha-ketoglutarate and 

M3 fumarate, malate and aspartate (Figure 29B and Figure 30B-C). Quiescent PSCs 

also exhibit significantly lower mRNA levels of the tumor-associated GLS1 (Figure 

29C) and higher levels of GLS2 associated with a more quiescent cell state (Figure 

29D). These findings suggest that quiescent PSCs rely less of glutamine TCA cycle 

metabolism in comparison to their activated counterpart (Figure 29E). 

3.2.3. NaB and GW3965 treated CAFs are less glycolytic and express high 

GLS2 expression 

Quiescent CAFs 19 and 35 exhibit decreased glucose uptake and lactate 

secretion rates (Figure 31A-B) concomitant with significant relative-fold change 

decrease in GLUT1 expression (Figure 31C). Similarly, NaB and GW3965 treated 

CAFs were associated with significant fold change decrease in the expression of 

GLS1 (Figure 31D) and increase in the expression of GLS2 (Figure 31I)..  

3.2.4. NaB oxidation feeds TCA cycle through acetyl-CoA: 

Isotopomer tracing using uniformly 13-carbon labeled NaB in patients1&5 

quiescent PSCs reveals NaB carbon contribution to TCA cycle metabolites, as 

evidenced by enrichment of M2 citrate, alpha-ketoglutarate, fumarate, malate and 

aspartate (Figure 32 and Figure 33). Sodium butyrate, through beta-oxidation can 
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generate acetyl-CoA which can then get oxidized in the TCA cycle to generate citrate 

for de novo lipid synthesis. 

3.3. Discussion  

Detailed metabolic analyses using stable isotope tracing revealed metabolic 

rewiring of uniformly carbon labeled GLUC, GLN and NaB in quiescent versus 

activated PSCs and CAFs. Quiescent PSCs were associated with decreased glucose 

uptake and lactate secretion rates, concomitant with significant fold change 

decrease in the expression of the glucose transporter GLUT1. With glucose flux 

diverted away from lactate secretion, quiescent PSCs were found to utilize glucose 

to replenish TCA cycle metabolites as evidenced by enriched M4 citrate and alpha-

ketoglutarate. GLN metabolism is another target of tumor therapies. Glutamine, 

along with glucose, in the most consumed amino acid by cancer cells. Here we show 

that treated PSCs utilize less glutamine to replenish their TCA cycle as evidenced by 

decreased M5 glutamate and M4 malate, fumarate and aspartate. Interestingly, 

quiescent PSCs exhibit significantly reduced reductive glutamine metabolism as 

shown by lower M5 citrate and M3 malate, fumarate and aspartate. Reductive 

carboxylation in cancer is a well-studied phenomenon enabled by isocitrate 

dehydrogenase (IDH) and mediated by hypoxia through HIF1-α (Metallo, Gameiro et 

al. 2011; Wise, Ward et al. 2011; Le, Lane et al. 2012; Fendt, Bell et al. 2013; Sun and 

Denko 2014; Jiang, Shestov et al. 2016). GLN metabolism is central to mitochondrial 

energetics through TCA for ATP generation and glutathione for GSH production. The 
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first step in GLN metabolism is its conversion to GLU through the activity of 

glutaminase. GLS is of 2 isoforms: GLS1 or the kidney-type, K and GLS2 also known 

as the liver-type or L isoform. GLS1 expression has been associated with increased 

proliferation in tumor cells, whereas GLS2 is more prevalent in quiescent cells and 

GLS2 overexpression has been shown to decrease tumor growth and colony cell 

formation (Perez-Gomez, Campos-Sandoval et al. 2005; Gao, Tchernyshyov et al. 

2009; Suzuki, Tanaka et al. 2010). GLS2 was also shown to be p-53 inducible to 

protect cells against oxidative stress by upregulating GSH levels (Suzuki, Tanaka et 

al. 2010). Here we show that quiescent PSCs showed significantly lower GLS1, 

reflecting a more resting and quiescent date along with upregulated GLS2 

expression. This increase in GLS2 may explain the reason why NaB treatment does 

not induce apoptosis in PSCs and CAFs as it has been shown to do in epithelial 

tumor cells (Soldatenkov, Prasad et al. 1998; Louis, Rosato et al. 2004; Mu, Gao et al. 

2013). Despite increased mitochondrial respiration following NaB treatment, 

quiescent PSCs, through increased GLS2, can combat oxidative stress by avoiding 

GSH depletion. Taken together, these findings suggest rewired glucose and 

glutamine metabolism in quiescent PSCs supporting a less glycolytic phenotype and 

suppressed reductive glutamine carboxylation (Figure 34). 

 

For a comprehensive summary of methods, please refer to appendix B. 
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Figure 26: Quiescent PSCs exhibit reduced glycolytic flux to lactate and 

enhanced glucose carbon contribution to TCA cycle metabolites.PSCs treated 

with NaB alone or NaB in combination with GW exhibit decreased GLUT1 (A) and 

HKII (B) expression, increased glucose uptake (C) and lactate secretion (D) rates. 

(E) Schematic depicting carbon atom transition of uniformly carbon-labeled glucose. 

(F) Mass isotopomer distribution depicting carbon enrichment from uniformly 

13carbon-labeled glucose to glycolytic and TCA cycle metabolites. (G) Schematic 

depicting glucose flux to lactate, entry to TCA cycle through pyruvate, and 

contribution to palmitate through acetyl-CoA in activated versus quiescent PSCs. 

NaB (sodium butyrate), GLUT1 (glucose transporter 1), HKII (hexokinase 2), GLUC 

(glucose), SER (serine), LAC (lactate), PYR (pyruvate), Ala (alanine), A-CoA (acetyl 

coenzyme A), ASP (aspartate), OAA (oxaloacetate), CIT (citrate), α-KG (alpha-

ketoglutarate), FUM (fumarate), MAL (malate), GLU (glutamate), GLN (glutamine). 

All data are displayed as means ± SEM, n≥3. Two tailed student t-test. *P<0.05, 

**P<0.01, ***P<0.001.  
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Figure 27: Quiescent patient1-derived PSCs exhibit reduced glycolytic flux to 

lactate and enhanced glucose carbon contribution to TCA cycle metabolites. 

(A) Schematic depicting carbon atom transition of uniformly carbon-labeled glucose. 

(B) Mass isotopomer distribution depicting carbon enrichment from uniformly 

13carbon-labeled glucose to glycolytic and TCA cycle metabolites in patient1-

derived PSCs treated with 15 mM NaB + 15 µM GW for 96h. NaB (sodium butyrate), 

GLUC (glucose), SER (serine), LAC (lactate), PYR (pyruvate), Ala (alanine), ACoA 

(acetyl coenzyme A), PC (pyruvate carboxylase), ASP (aspartate), OAA 

(oxaloacetate), CIT (citrate), α-KG (alpha-ketoglutarate), FUM (fumarate, MAL 

(malate), GLU (glutamate), GLN (glutamine). All data are displayed as means ± SEM, 

n≥3. Two tailed student t-test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 28: Quiescent patient2-derived PSCs exhibit reduced glycolytic flux to 

lactate and enhanced glucose carbon contribution to TCA cycle metabolites.(A) 

Schematic depicting carbon atom transition of uniformly carbon-labeled glucose. (B) 

Mass isotopomer distribution depicting carbon enrichment from uniformly 

13carbon-labeled glucose to glycolytic and TCA cycle metabolites in patient2-

derived PSCs treated with 15 mM NaB + 15 µM GW for 96h. NaB (sodium butyrate), 

GLUC (glucose), SER (serine), LAC (lactate), PYR (pyruvate), Ala (alanine), ACoA 

(acetyl coenzyme A), PC (pyruvate carboxylase), ASP (aspartate), OAA 

(oxaloacetate), CIT (citrate), α-KG (alpha-ketoglutarate), FUM (fumarate, MAL 

(malate), GLU (glutamate), GLN (glutamine). All data are displayed as means ± SEM, 

n≥3. Two tailed student t-test. *P<0.05, **P<0.01, ***P<0.001. 



 98 
 

 

 



 99 
 

Figure 29: Glutamine metabolism in quiescent versus activated patient-

derived pancreatic stellate cells. (A) Schematic depicting carbon transition 

mapping of uniformly 13carbon-labeled glutamine. (B) Mass isotopomer 

distributions depicting glutamine contributions to TCA cycle metabolites in 

patient5-derived PSCs. (C) Relative fold change in GLS1 expression in activated 

versus quiescent PSCs. (D) Relative fold change in GL2 expression in activated 

versus quiescent PSCs. (E) NAD+/NADH ratio in patient2-derived PSCs upon 

treatment with NaB+GW. (F) NADP+/NADPH ratio in patient2-derived PSCs upon 

NaB+GW treatment. (G) Schematic summarizing glutamine metabolism in activated 

versus quiescent PSCs. PSCs were treated with 15 mM NaB and 15 µM GW3965 for 

96h unless otherwise specified. NaB (sodium butyrate), GLS1 (glutaminase 1), GL2 

(glutaminase 2), GLUT (glucose transporter), GLUC (glucose), A-CoA (acetyl 

coenzyme A), SER (serine), LAC (lactate), PYR (pyruvate), Ala (alanine), GLY 

(glycine), ASP (aspartate), OAA (oxaloacetate), CIT (citrate), α-KG (alpha-

ketoglutarate), FUM (fumarate), MAL (malate), GLU (glutamate), GLN (glutamine), 

IDH (isocitrate dehyderogenase), NADH (nicotinamide adenine dinucleotide), 

NADPH (nicotinamide adenine dinucleotide phosphate). All data are displayed as 

means ± SEM, n≥3. Two tailed student t-test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 30: Quiescent patients3&5-derived PSCs exhibit reduced reductive 

glutamine metabolism.(A) Mass isotopomer distribution depicting carbon 

enrichment from uniformly carbon-labeled glutamine to oxidative and reductive 

mitochondrial metabolism in patient1-derived PSCs. (B) Mass isotopomer 

distribution depicting carbon enrichment from uniformly carbon-labeled glutamine 

to oxidative and reductive mitochondrial metabolism in patient5-derived PSCs. NaB 

(sodium butyrate), GLUC (glucose), SER (serine), GLY (glycine), LAC (lactate), PYR 

(pyruvate), A-CoA (acetyl coenzyme A), IDH (isocitrate dehydrogenase), ASP 

(aspartate), OAA (oxaloacetate), CIT (citrate), α-KG (alpha-ketoglutarate), FUM 

(fumarate, MAL (malate), GLU (glutamate), GLN (glutamine). All data are displayed 

as means ± SEM, n≥3. Two tailed student t-test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 31: NaB and GW3965 treated pancreatic CAFs exhibit decreased 

glycolysis, decreased GLS1 and increased GLS2 expression.  Treated CAFs 19 & 

35 exhibit decreased (A) glucose uptake and (B) lactate secretion rates. Treated 

CAFs 19 & 35 exhbit significant fold change decrease in the gene expression of (C) 

GLUT1 and (D) GLS1, and fold change increase in (E) GLS2. Relative fold change was 

calculated using ΔΔCt method.   CAFs were treated with 5 mM NaB and 5 µM GW for 

96h, unless otherwise specified.  NaB (sodium butyrate), GLUT1 (glucose 

transporter 1), GLS1 (glutaminase 1), GLS2 (glutaminase 2). All data are displayed 

as means ± SEM of at least 3 repliactes.  Two tailed student t-test. *P<0.05, **P<0.01, 

***P<0.001. 
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Figure 32: Mass isotopomer distribution depicting NaB carbon contribution to 

TCA metabolites in quiescent patient1-derived PSCs.Through beta-oxidation, 

NaB contributes its carbon to acetyl-CoA which can then enter and replenish TCA 

cycle metabolites in quiescent PSCs. GLUC (glucose), A-CoA (acetyl coenzyme A), 

GLN (glutamine). All data are displayed as means ± SEM, n≥3. Two tailed student t-

test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 33: Mass isotopomer distribution depicting NaB carbon contribution to 

TCA metabolites in quiescent patient5-derived PSCs.Through beta-oxidation, 

NaB contributes its carbon to acetyl-CoA which can then enter and replenish TCA 

cycle metabolites in quiescent PSCs. GLUC (glucose), A-CoA (acetyl coenzyme A), 

GLN (glutamine). All data are displayed as means ± SEM, n≥3. Two tailed student t-

test. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 34: Schematic overview of the transcriptionally induced metabolic 

reprogramming in NaB+GW-treated quiescent and activated PSCs. Activated 

PSCs are myofibroblast-like cells with enhanced proliferation. They are linked to the 

extensive pancreatic cancer fibrotic reaction and therapy-resistance through 

upregulated ECM, cytokines, chemokines, growth factors and nutrients secretions. 

They uptake glucose at increased rate and excrete it primarily as lactate, and they 

uptake glutamine and convert it to glutamate through high GLS1 activity which then 

feeds into the TCA cycle. Treatment with NaB+GW induces PSCs quiescence and 
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induces glucose and glutamine metabolic rewiring. Treated PSCs proliferate at 

slower rates and upregulate lipogenesis as evidenced by increased cytoplasmic lipid 

droplets formation. Quiescent PSCs uptake less glucose and secrete less lactate, 

however, they display higher glucose flux to TCA cycle. Pyruvate conversion to 

acetyl-CoA and its entry to TCA cycle through the activity of PC is also enhanced in 

quiescent PSCs. Furthermore, glucose carbon contribution to glutamate and 

glutamine is enhanced in treated PSCs, which also display lower GLS1 but higher 

GLS2 expressions. NaB (sodium butyrate), PCCs (pancreatic cancer epithelial cells), 

PSCs (pancreatic stellate cells), CAFs (cancer-associated fibroblasts), Gem 

(gemcitabine), IL-6 (interleukin-6), CXCL12 (C-X-C motif chemokine ligand 12), ECM 

(extracellular matrix), MMP (matrix metalloproteinase), TIMP (tissue inhibitor of 

metalloproteinase), GLUC (glucose), LAC (lactate), GLN (glutamine), GLUT1 (glucose 

transporter 1), SLC (solute carrier transporter), SREBP1c (sterol regulatory 

element-binding protein 1c), FAS (fatty acid synthase), HDAC (histone deacetylase), 

PDK (pyruvate dehydrogenase kinase), PDH (pyruvate dehydrogenase), A-CoA 

(acetyl coenzyme A), PYR (pyruvate), PC (pyruvate carboxylase), GLS (glutaminase), 

GLUL (glutamine synthetase), GLUD (glutamate dehydrogenase), OAA 

(oxaloacetate), CIT (citrate), α-KG (alpha-ketoglutarate), FUM (fumarate), MAL 

(malate), TCA (tricarboxylic acid) CoQ (coenzyme Q), CytC (cytochrome C), ATP 

(adenosine triphosphate). 
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Chapter 4 

Targeting malic enzyme confers 

collateral lethality in pancreatic cancer 

4.1. Introduction 

As previously mentioned in chapters 1 and 2, mortality rates associated with 

PDAC remain high despite decades of research, begging for novel intervention. Targeting 

the TME by normalizing stromal cells (Chapter 2) is one strategy to weaken PDAC cells 

and enhance chemo-therapy. Another approach is to explore cancer vulnerability 

derived from collateral lethality (Muller, Aquilanti et al. 2015). Collateral lethality refers 

to the ability of cancer cells to survive the deletion of a critical housekeeping gene by co-

expressing its functionally redundant isoform, which presents a viable target to 

selectively kill cancer cells. Glioblastoma multiforme (GBM) is one case example where 

the loss of Enolase (Eno)1 is made up for by Eno2 which sustains cell essential functions. 
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Eno2 inhibition selectively results in Eno1-null cell death (Muller, Colla et al. 2012). In 

pancreatic cancer, MEs are the target genes. 

The pancreatic cancer genome sustains frequent deletion of tumor suppressor 

genes, such as deletion of SMAD4 in chromosome 18. The same chromosomal region 

18q21 harbors multiple housekeeping genes, including malic enzyme (ME)2 which could 

undergo concomitant deletion (Figure 35A). TCGA genomic and transcriptomic analyses 

(n=185) and a study of microdissected PDAC samples (n=109) revealed homozygous 

deletion of SMAD4 in 14% (25/185) and 29% (32/109) respectively, with ME2 deletion 

in 64% (16/25, homozygous deletion) and 96% (31/32, homozygous deletion) of these 

SMAD4-deleted cases, respectively (Figure 35B). Mammalian cells express 3 malic 

enzyme isoforms: a cytosolic NADP+-dependent isoform (ME1) and two redundant 

mitochondrial NAD(P)+-dependent isoforms (ME2 and 3)(Pongratz, Kibbey et al. 2007; 

Jiang, Du et al. 2013). ME2 and its isoform ME3 are mitochondrial tricarboxylic acid-

associated enzymes that convert malate to pyruvate and reduce NADP+ to synthesize 

NADPH.  MEs roles are essential for mitochondrial health and energetics. Screening of 

PDAC cells lines resulted in the identification of 12 (out of 46) lines with homozygous 

deletion of ME2. In this study, 4 ME2-null lines (Panc05.4, Hs766T, PATU8988T and 

BxPC3) and 5 ME2-intact (PATU8902, ASPC1, KP-1NL and PK59) cell lines were 

validated by qRT-PCR and Western blot analyses (Figure 36A-B). Consistent with the 

redundant function of mitochondrial ME isoforms, we observed a compensatory 

increase in ME3 expression in ME2-null cell lines (Figure 36B). Thus, we hypothesized a 

collateral lethality condition would result from the depletion of ME3 in ME2-depleted 
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PDAC cells. We selectively targeted ME3 and not ME1 since (1) ME1 is solely expressed 

in the cytosol and serves to supply reducing equivalents both in cancer and normal cells 

and (2) ME1-depleted cells might compensate for the cytosolic inhibition of NADPH 

production by increasing other cytosolic sources of NADPH such as the cytosolic folate 

dependent pathway (Fan, Ye et al. 2014). In contrast, targeting ME3 would selectively 

kill ME2-null cancer cells due to the generally low abundance of ME3 in normal cells and 

the presence of functionally redundant ME2 inside the mitochondria of normal cells. 

4.2. Results 

4.2.1. ME3 depletion is synthetic lethal to ME2 nullizygosity: 

Using a dox inducible ME3 shRNA, we show that ME3 depletion results in marked 

reduction in colony formation in ME2-null PATU8988T and BxPC3 cells, but not in ME2-

intact KP-1NL (Figure 37A-C). Consistent with the role of malic enzymes in generating 

NADPH and maintaining mitochondrial redox homeostasis, we found that ME3-depleted 

PATU8988T cells exhibited a marked reduction in NADPH concomitant with increased 

total ROS levels (Figure 37D-E). Also consistent with redundant role of mitochondrial 

MEs, we show that overexpression of ME2 restored the NADPH level and decreased ROS 

(Figure 37D-E). To further elucidate mitochondrial ME functions, we treated ME3-

depleted and non-depleted cells with reduced glutathione (GSH) and the antioxidant N-

acetyl cysteine (NAC) and showed a partial rescue in PATU8988T cells colony formation 

(Figure 37F). This partial rescue suggests additional functions of mitochondrial MEs 
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including in converting malate to pyruvate. Addition of 5 mM pyruvate (in absence of 

glucose) showed a moderate rescue in colony formation (Figure 37G). 

4.2.2. M3 depletion results in impaired mitochondrial respiration in ME2-null 

PATU8988T cells: 

Further functional analysis revealed that depletion of mitochondrial MEs in ME2-

null PATU8988T cells decreased oxygen consumption rate (OCR) compared to ME3 non-

depletion controls (Figure 38A-B). Conversely, the extracellular acidification rate 

(ECAR), an indirect measurement of glycolysis, was unchanged upon ME3 depletion 

(Figure 38C-D). Similarly, we found no change in OCOR ECAR upon ME3 depletion in 

ME2-intact KP-1NL cells (Figure 38E-H). This data suggests that depletion of ME3 leads 

to inhibition of mitochondrial respiration.  

4.2.3. ME3-depleted cells preferentially utilize glutamine for TCA cycle 

metabolites: 

To further elucidate the molecular mechanism of mitochondrial dysfunction, we 

assessed the utilization of glucose and glutamine upon ME3 depletion in the ME2-null 

PATU8988T cell line. Metabolic analyses showed that ME3 depletion in ME2-null cells 

led to an increase in glutamine flux via the TCA cycle as indicated by metabolite 

isotopomer tracing of ME3-depleted cells using uniformly 13C-labelled glutamine as a 

tracer (Figure 39A-C). The ME3-depletion-enabled glutamine flux via TCA cycle suggests 

a metabolic re-wiring to compensate for mitochondrial stress by utilizing an alternate 

pathway for replenishing NADPH biosynthesis. Stable isotope tracing using uniformly 
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13C-labelled glucose revealed that glucose flux to lactate and pyruvate was unchanged, 

however, glucose entry into the TCA cycle was decreased upon depletion of 

mitochondrial malic enzymes (Figure 40A-B). Interestingly, we did not observe a change 

in glutamine uptake in either ME3-depleted ME2-null (PATU8988T) or ME2-intact (KP-

1NL) cells by UPLC analysis (Figure 41A-B). Similarly, glucose uptake and lactate 

secretion rates remained unchanged upon ME3 depletion both in ME2-null (PATU8988T 

and BXPC-3 cells, Figure 42A-D) and ME2-intact cells (KP-1NL and Panc1 cells, Figure 

42E-H). 

4.2.4. ME3 depletion leads to intracellular BCAA accumulation as a result of 

decreased BCAT2 activity: 

To further explore the molecular mechanism that leads to mitochondrial 

dysfunction and ultimately cell death upon ME3 depletion, we analyzed the uptake, 

secretion and utilization of amino acids by ME3-depleted cells. Surprisingly, we observed 

a significant decrease in branched-chained amino acid (BCAA; isoleucine, leucine and 

valine) utilization upon ME3 depletion in ME2-null cells but not in ME2-intact cells 

(Figure 43A-B and Figure 44A-B). Further functional analysis using uniformly 13-carbon 

labeled BCAA [leu, Ile, Val] confirmed intracellular BCAA accumulation upon ME3 

depletion (Figure 43C and Figure 45A-B). Further confirmatory immunoblot analysis 

revealed significant downregulation of BCAT2 (Figure 43D) which is a mitochondrial 

enzyme that operates near equilibrium and is required for the first step in BCAA 

catabolism. We predicted that mitochondrial stress as a result of ME3 depletion, 
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decreased NADPH and glutathione, together with increased ROS levels were at the basis 

of BCAT2 down-regulation.  

4.2.5. BCAT2-induced reduction in colony formation is independent of 

mitochondrial respiration: 

ShRNA-mediated depletion of BCAT2 led to comparable decline in colony 

formation (Figure 46A).  However, the impact of BCAT2 down-regulation appears to 

operate independently of mitochondrial respiration as neither BCAT2 knockdown nor 

overexpression altered the OCR (Figure 46B-C).  

4.2.6. BCAT2-regulated BCAA metabolism is required for nucleotides synthesis: 

Metabolically, BCAT2 is required for transfer of amino group from BCAA to alpha-

ketoglutarate to generate glutamate (Hutson, Sweatt et al. 2005). ME3 depletion in ME2-

null cells inhibited the transfer of the amino group from BCAA to alpha-ketoglutarate, 

which is reminiscent of BCAT2 knockdown as shown by 15N-labelled Leucine tracing to 

generate M1 glutamate (Figure 47A). A similar decrease in transfer of amino groups to 

synthesize alanine and serine (non-essential amino acids derived from glutamate) was 

also observed (Figure 47B-C). However 13C-labelled BCAA [leu, Ile, Val] flux analysis did 

not detect any change in TCA cycle flux (Figure 47D). It is well known that glutamine 

contributes its amino group to synthesize ammonia required for the de novo synthesis of 

nucleotides, especially pyrimidine (Berg, Tymoczko et al. 2012). Interestingly, addition 

of a mixture of nucleotides (adenine, guanine, cytosine, thymine and inosine) robustly 
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rescued colony formation indicating BCAA derived nucleotide precursors are rate 

limiting to cell viability (Figure 47E). 

4.2.7. ME3 depletion results in reduced tumor burden in PDAC mouse models:  

ME3 depletion results in tumor burden reduction both in subcutaneous and 

orthotopic models of PDAC in nude mice. Subcutaneous tumor volume and weight from 

mice having received dox are substantially smaller than control groups (Figure 48A-C). 

Moreover, ME3 depletion resulted in increased survival in tumor bearing mice (Figure 

48D).  

4.3. Discussion 

Mitochondrial malic enzymes (ME2 and ME3) are oxidative decarboxylases that 

catalyze the conversion of malate to pyruvate and are essential for redox homeostasis 

through NADPH, GSH and ROS regulation. ME2 is often codeleted with the tumor 

suppressor gene SMAD4 in a large fraction of human solid tumors. Tumor cells survive 

the deletion of ME2 by co-expressing its functionally redundant isoform ME3. Here we 

hypothesized that the depletion of ME3 would selectively kill ME2-null PDAC cells. 

Indeed, we show that depletion of ME3 led to impaired mitochondrial respiration and 

decreased NADPH and GSH levels. This in turn resulted in increased ROS and decreased 

colony formation and proliferation. In vivo, ME3 depletion impaired tumor growth in 

both subcutaneous and orthotopic mouse models. To further explore the molecular 

mechanisms underlying ME3-induced mitochondrial dysfunction, we assessed glutamine 
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and glucose utilization by PDAC cells. It has previously been shown that glucose and 

glutamine are both essential for PDAC survival (Ying, Kimmelman et al. 2012; Son, 

Lyssiotis et al. 2013). ME3 depletion led to increased glutamine flux to TCA cycle, 

suggesting a metabolic rewiring to replenish NADPH and compensate for mitochondrial 

stress. Glucose entry to TCA was however decreased upon ME3 depletion. Further 

functional analyses revealed a significant decrease in branched-chained amino acids 

(BCAA; Leu, Ile and Val) uptake and increased intracellular BCAA accumulation upon 

ME3 depletion in ME2-null (PATU8988T) but not in ME2-intact (KP-1NL) cells. BCAA are 

important contributors of amino groups to alpha-ketoglutarate in the synthesis of 

glutamate (Holecek 2002; Lunt, Muralidhar et al. 2015). Increased BCAA in the 

circulation is an indication of high protein turnover and muscle breakdown, which are 

hallmarks of a wasting condition seen in many PDAC patients (O'Connell 2013), termed 

cancer cachexia. Elevated BCAA levels in circulation of asymptotic individuals have been 

suggested as an early stage PDAC biomarker (Mayers, Wu et al. 2014). Furthermore, 

BCAA derived from muscle breakdown provides a continuous source of glutamine, 

which is an essential amino acid for PDAC cell survival (Son, Lyssiotis et al. 2013). 

BCAT2 is a mitochondrial isoform of BCAT (Hutson, Fenstermacher et al. 1988; Hutson, 

Sweatt et al. 2005) that is required for the first step in BCAA catabolism where the amino 

group of BCAA is transferred to alpha-ketoglutarate to generate glutamate. As predicted, 

Significant BCAT2 down-regulation was associated with ME3 depletion. BCAT2 

depletion led to comparable decline in colony formation, however, BCAT2 operated 

independently of mitochondrial respiration as neither BCAT2 knockdown or 
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overexpression led to altered OCR. We identified and confirmed a binding site in the 

BCAT2 promoter for SREBP1. SREBP1 is a known target for AMP-activated protein 

kinase (AMPK) which is an established metabolic stress indicator. Collectively, our data 

suggests that ME3-depletion-induced ROS could activate AMPK which in turn inhibits 

SREPB1, resulting in BCAT2 down-regulation, intracellular BCAA accumulation, reduced 

nucleotides biosynthesis and cell death (Figure 49). Collectively, our data suggests that 

MEs present a collateral lethal vulnerability that can be therapeutically targeted in a 

subset of PDAC patients. 

 

For a comprehensive summary of methods, please refer to appendix C. 
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Figure 35: Collateral deletion of ME2 in SMAD4-deleted patient samples.  (A) 

Ideogram of chromosome 18 with enlarged region 18p21 showing close proximity 

(<200 kb) of ME2 to SMAD4. (B) Frequency of ME2 and SMAD4 deletion in multiple solid 

tumors (cBiportal). Boxes show the ME2 and SMAD4 deletion frequency from UTSW and 

TCGA PDAC datasets.
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Figure 36: PDAC cell lines screening for ME2 and ME3 expression.  (A) Relative ME2 

mRNA expression to β-actin by qRT-PCR in ME2-null (Panc05.04, Hs766T, PATU8988T 

and BxPC3) and ME2-intact (PATU8902, ASPC1, KP-1NL and PK59) PDAC lines. (B) ME1, 

ME2 and ME3 expression in ME2-intact and ME2-null PDAC lines by immunoblot 

analysis. β-Actin: loading control. Error bars represent the s.d. of at least three 

replicated. P values were determined by two-tailed t-test.



 120 
 

 
 

Figure 37: Dox-inducible shRNA mediated ME3 depletion results in marked 

decreased in colony formation in ME2-null but not ME2-intact cells.(A) Relative 

ME2 mRNA expression to β-actin by qRT-PCR in ME2-null (Panc05.04, Hs766T, PATU8988T 

and BxPC3) and ME2-intact (PATU8902, ASPC1, KP-1NL and PK59) PDAC lines. (B) ME1, ME2 

and ME3 expression in ME2-intact and ME2-null PDAC lines by immunoblot analysis. β-Actin: 
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loading control. GSH (glutathione), NAC (n-acetylcysteine), Pyr (pyruvate), Glc (glucose). 

Error bars represent the s.d. of at least three replicated. P values were determined by two-

tailed t-test.
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Figure 38: Mitochondrial energetics upon ME3 depletion in ME2-null cells and 

ME2-intact cells. (A) Raw Seahorse plot depicting oxygen consumption rate (OCR) in 

ME2-null PATU8988T cells upon ME3 depletion. (B) Oxygen consumption rate 

quantification plot in PATU 8988T cells upon ME3 depletion. (C) Raw Seahorse plot 

depicting extracellular acidification rate (ECAR) in ME2-null PATU8988T cells. (D) 

Extracellular acidification rate (ECAR) quantification plot in PATU8988T cell upon ME3 

depletion. (E) Raw Seahorse plot depicting oxygen consumption rate (OCR) in ME2-

intact KP-1NL cells upon ME3 depletion. (B) Oxygen consumption rate quantification 

plot in KP-1NL cells upon ME3 depletion. (C) Raw Seahorse plot depicting extracellular 

acidification rate (ECAR) in ME2-intact KP-1NL cells. (D) Extracellular acidification rate 

(ECAR) quantification plot in KP-1NL cell upon ME3 depletion. All data are displayed as 

means ± SEM, n > 5. P values determined by two-tailed t-test.  
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Figure 39: Increased glutamine flux to TCA cycle upon ME3 depletion. (A) Carbon 

atoms transition map using uniformly labeled 13C5-glutamine. (B) Mass isotopomer 

distribution (MID) depicting contribution of uniformly 13C5-glutamine toTCA cycle 

metabolites upon ME3 depletion. (C) Mass isotopomer distribution (MID) of  uniformly 
13C5-glutamine contribution to glutamate, citrate, alpha-ketoglutarate, malate and 

fumarate upon ME3 depletion. PATU 8988T cells were induced with Dox for 72h prior to 

24h labeling with U-13C5-Glutamine. Glc (glucose), Pyr (pyruvate), Ac-CoA (acetyl 

coenzyme A), Asp (aspartate), OAA (oxaloacetate), Cit (Citrate), IDH (isocitrate 

dehydogenase), α-KG (alpha-ketoglutarate), Fum (fumarate), Mal (malate), Glu 

(glutamate), U-13C5-Gln (uniformly 13-carbon labeled glutamine), Dox (doxycycline). All 

data are displayed as means ± SEM, n = 4. P values were determined by two-tailed t-test.
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Figure 40: Decreased glucose flux to TCA cycle upon ME3 depletion. (A) Carbon 

atoms transition map using uniformly labeled 13C6-glucose. (B) Mass isotopomer 

distribution (MID) depicting contribution of uniformly 13C6-glucose to glycolytic and TCA 

cycle metabolites upon ME3 depletion. PATU 8988T cells were induced with Dox for 72h 

prior to 24h labeling with U-13C6-Glucose . U-13C6-Glc (uniformly 13-carbon labele 

glucose), Ser (serine), Lac (lactate), Ala (alanine), Pyr (pyruvate), Ac-CoA (acetyl 

coenzyme A), Asp (aspartate), OAA (oxaloacetate), Cit (Citrate), PC (pyruvate 

carboxylase), α-KG (alpha-ketoglutarate), Fum (fumarate), Mal (malate), Glu 

(glutamate), Gln (glutamine), Dox (doxycycline). All data are displayed as means ± SEM, 

n = 4. P values determined by two-tailed t-test.
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Figure 41: Glutamine uptake and secretion rates upon ME3 depletion in ME2-null 

and ME2-intact cells. Ultra-high performance liquid chromatography (UPLC) was used 

to measure glutamine uptake and secretion rates in (A) ME2-null PATU8988T and (B) 

ME2-intact KP-1NL cells. All data are displayed as means ± SEM, n = 6. P values 

determined by two-tailed t-test.   

 

 

 



 127 
 

 

 

Figure 42: Glucose uptake and lactate secretion rates were unchanged upon ME3 

depletion in ME2-null and ME2-intact cells. Glucose uptake and lactate secretion rates 

were measured in ME2-null (A) PATU8988T and (B) BXPC3 cells, and ME2-intact (C) KP-

1NL and (D) Panc1 cells. All data are displayed as means ± SEM, n = 6. P values 

determined by two-tailed t-test. 
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Figure 43: Altered BCAA metabolism upon ME3 depletion in PDAC lines. Ultra-high 

performance liquid chromatography (UPLC) measurement of amino acids uptake and 

secretion rates in (A) ME2-null PATU8988T cells and (B) ME2-intact KP-1NL cells upon 

ME3 depletion. Positive value refers to amino acid uptake; negative value refers to 

amino acid secretion. (C) Intracellular levels of leucine, isoleucine and valine in ME2-null 

PATU8988T cells upon ME3 depeltion. (D) Immunoblot of BCAT2 expression time 
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course upon depletion of ME3. β-Actin: loading control. Tau (taurine), Ser (serine), Lys 

(lysine), Val (valine), Ile (isoleucine), Leu (leucine). All data are displayed as means ± 

SEM of at least 3 replicates. Two tailed student t-test. *P<0.05, **P<0.01, ***P<0.001.
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Figure 44 (Supplementary Figure 43-1): Amino acids secretion and uptake rates in 

ME2-null and ME2-intact cells. Ultra-high performance liquid chromatography (UPLC) 

measurement of amino acids uptake and secretion rates in (A) ME2-null PATU8988T 

cells and (B) ME2-intact KP-1NL cells. Positive value refers to amino acid uptake; 

negative value refers to amino acid secretion. PSer (phosphoserine), AMQ 

(aminoquinline), HyPro (hydroxyproline), NH3 (ammonia), His (histidine), PEA 

(phosphoethnolamine), Asn (asparagine), 3MH (3-methylhistidine), Tau (taurine), 1MH 

(1-methylhistidine), Ser (serine), Gln (glutamine), Carn (carnithine), Arg (arginine), Gly 

(glycine), Ans (anserine),  EA (ethanolamine), Asp (aspartate), Sar (sarcosine), Glu 

(glutamate), Cit (citrulline), B-Ala (beta-alanine), Thr (threonine), Ala (alanine), GABA 

(gamma-amino-N-butyric acid), AADA (alpha-aminoadipic acid), Pro (proline), BAIB 

(beta-aminoisobutyric acid), Hyl (hydroxylysine),  AABA (alpha-amino-N-butyric acid), 

Cyst (cystathionine), Orn (ornithine), Cys (cystine), Lys (lysine), Tyr (tyrosine), Met 

(methionine), Val (valine), Nva (norvaline), Ile (isoleucine), Alle (allo-isoleucine), Leu 

(leucine), HCys (homocystine), Phe (phenylalanine), Trp (tryptophan). All data are 

displayed as means ± SEM, n = 6. Two tailed student t-test. *P<0.05, **P<0.01, 

***P<0.001.
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Figure 45 (Supplementary Figure 43-2): Measurement of intracellular BCAA levels 

in PATU8988T cells upon ME3 depletion. (A) Total intracellular levels of leucine, 

isoleucine and valine in PATU8988T cells upon ME3 depletion. (B) M6 depicting 13C6-

[leucine, isoleucine] and 13C5-[valine] levels in PATU8988T cells upon ME3 depletion. All 

data are displayed as means ± SEM, n = 6. Two tailed student t-test. *P<0.05, **P<0.01, 

***P<0.001.

A. 

B. 
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Figure 46: Role of BCAT2 knockdown and overexpression on colony formation and 

mitochondrial respiration in PATU8988T cells. (A) PATU8988T colony formation 

upon shRNA mediated depletion of BCAT2. (B) Oxygen consumption rate (OCR) of 

PATU8988T cells upon ME3 depletion and shRNA mediated BCAT2 depletion. (C) 

Oxygen consumption rate (OCR) of PATU8988T cells upon ME3 depletion and BCAT2 

overexpression. All data are displayed as means ± SEM, n = 5. Two tailed student t-test. 

*P<0.05, **P<0.01, ***P<0.001.
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Figure 47: BCAT2-regulated BCAA metabolism is required for nucleotides 

synthesis. Mass isotopomer distribution (MID) of 15N-labeled leucine contribution to 

(A) glutamate, (B) alanine and (C) serine. (D) Carbon-contribution of 13C uniformly-

labeled leucine, isoleucine and valine to TCA cycle metabolites upon ME3 and BCAT2 

depletion. (E) Colony formation assay of cells treated with nucleotides (mix of thymine, 

guanine, cytosine, uracil, and inosine, 250 µM each) showing rescue of ME3 depleted 

PATU8988T cells. Error bars represent s.e.m./s.d. of at least 3 replicates. P values were 

determined by two-tailed t-test. 
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Figure 48: ME3 depletion results in decreased tumor burden in PDAC mouse 

models.(A) Tumor volume of xenografted PATU8988T (ishControl±Dox and 

ishME3#1±Dox) cells measured as a function of time (days). (B) Raw tumor image after 

60 days of tumor growth. (C) Graph of mean tumor weights (n=5). (D) Survival data of 

the orthotopically grafted mice (n=10, each group) with PATU8988T (ishControl±Dox 

and ishME3#1±Dox). Error bars represent s.d. of at least 3 replicates. 
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Figure 49: Schematic summary of malic enzymes and BCAT2 mitochondrial roles. 

Depletion of mitochondrial malic enzymes results in decreased levels of NADPH and GSH 

concomitant with increased ROS which can then activate AMPK. Activated AMPK inhibits 

SREBP1 activity and leads to reduced BCAA metabolism through BCAT2 down-

regulation, causing decreased de novo nucleotide synthesis. The resulting ROS mediated 

mitochondrial damage activates apoptotic pathways and results in decreased colony 

formation and ultimately cell death. 
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Chapter 5 

Towards finding a cure for pancreatic 

cancer: future studies and direction 

5.1. Investigating PSCs loss of cytoplasmic lipid droplets  

Quiescent PSCs are lipid-storing fibroblasts residing in the periacinar region of 

the pancreas. In cancer, PSC activation leads to the loss of intracellular lipids content. 

Whereas the cell biology of LDs has been well elucidated (Fujimoto and Parton 2011; 

Thiam, Farese et al. 2013), an account of the fate of the lost LDs upon PSCs activation has 

not been yet reported. In light of the important roles of lipids in health and in disease 

(Finkelstein, Heemels et al. 2014; Welte 2015), we propose the following studies be 

conducted:  
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5.1.1. Characterizing PSCs lipid droplets: lipodome and proteome profiling 

PSCs are termed as such due to their vast resemblance to the stellate cells of the liver 

(Erkan, Weis et al. 2010). PSCs vitamin A-storing phenotype is also characteristic of hepatic 

stellate cells (HSCs) with which PSCs share many common features (Kordes, Sawitza et al. 

2009). HSCs are retinoid-storing cells of the liver with functional role(s) well studied in health 

and in disease. HSCs-derived LDs are 83 percent lipids and 17 percent proteins, with retinyl 

ester (retinyl palmitate) and triglycerides accounting for 75 percent of the total LD content. 

Other components include cholesterol, cholesteryl ester, phospholipids and free FAs (FFAs) 

(Blaner, O'Byrne et al. 2009). To that end, we first propose to draw a complete profile of the 

lipidome and proteome of quiescent PSCs LDs. The make-up of the LDs will lead to the 

determination of lipids and proteins with potential roles in preserving cellular quiescence or 

enabling cancer-induced activation.  

5.1.2. Determining autophagy role in fueling PSCs energy-intensive activation 

Stellate cells activation is an energy-intense process involving increased cell 

proliferation and enhanced ECM protein synthesis. A study by Virginia Hernández-Gea and 

colleagues in 2012 showed that HSC activation in vivo is accompanied by increased 

autophagic activity, a process involving LD catabolism by intercellular lipases to yield FFAs 

that can fuel HSCs increased activity (Hernandez-Gea, Ghiassi-Nejad et al. 2012). To 

determine whether autophagy plays a role in fueling PSCs activation by releasing FFAs that 

can be oxidized to supply energy in the form of ATP for PSCs proliferation and enhanced 

ECM synthesis (Figure 50), we propose (i) to treat cultured PSCs with the combinatorial NaB 

and GW3965 treatment to induce their quiescence and cytoplasmic LDs formation, and (ii) 
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culture them for 3-4 days on plastic to induce their activation all the while treating them with 

the autophagy inhibitor 3-Methyladenine (3-MA) or the beta-oxidation inhibitor etomoxir 

(ETO). 3-MA will infer on the role of autophagy in LDs degradation in PSCs, while ETO will 

help determine if released FFAs are metabolized for energy release. Following autophagy and 

beta-oxidation inhibition, proliferation rate, colony formation and ATP levels will be 

measured to determine decreased PSCs growth following inhibition of LDs-derived FFAs 

metabolism. 

 

Figure 50: Autophagy to fuel PSCs activation.Upon activation, PSCs upregulate 

autophagy to release free fatty acids by promoting the engulfment of LDs by phagosomes 

and their subsequent fusion with lysosomes wherein degradation occurs. 
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5.1.3. Tracing PSCs-derived lipid transfer to PCCs   

We have thus far established that PSCs store LDs when quiescent, and lose them 

upon activation. We hypothesized that LDs loss is a crucial event in the early stages of 

tumorigenesis, whereby LDs-derived FFAs can fuel PSCs activation. As a secondary 

mechanism, we also propose that FFAs can be uptaken by PCCs to support early stages 

tumor growth. To test this hypothesis, we suggest (i) to treat PSCs with the 

combinatorial NaB and GW3965 treatment using deuterium labeled NaB and unlabeled 

GW treatment to induce labeled LDs formation, (ii) coculture quiescent PSCs with PCCs 

until cytoplasmic LDs loss is confirmed under the microscope, (iii) using gas-

chromatography-mass spectrometry detect intracellular labeled lipids in PCCs. To 

further elucidate the role(s) of PSCs-derived FFAs in PCCs, colony formation assay and 

Seahorse analyzer will be used to determine PCCs growth rate and mitochondrial 

activity following coculture with quiescent PSCs (Figure 51). 
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Figure 51: Proposed experimental plan to track the potential transfer of PSCs-

derived LDs to PCCs to fuel proliferation. Combinatorial treatment with deuterium 

labeled NaB and unlabeled GW leads to the induction of cytoplasmic LDs in PSCs. 



 143 
 

Quiescent, lipid-storing PSCs coculture with PCCs results in PSCs activation and the 

subsequent loss of LDs which can then be uptaken by PCCs. Analysis by gas 

chromatography-mass spectrometry can help detect intracellular labeled lipids in 

quiescent PSCs and PCCs. Further metabolic analyses could help elucidate PSCs-derived 

FFAs role in fueling PCCs increased proliferation and oxygen consumption. 
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5.2. Investigating 2- versus 3-dimensional growth on BCAA 

metabolism in PDAC 

In chapter 4 of this manuscript, we showed that BCAAs (leu, ile, val) do not 

contribute carbon for TCA cycle metabolites in PDAC cells grown in monolayer. BCAAs 

are important contributors of amino groups to alpha-ketoglutarate in the synthesis of 

glutamate (Holecek 2002; Lunt, Muralidhar et al. 2015). Increased BCAA in the 

circulation is an indication of high protein turnover and muscle breakdown, which are 

hallmarks of a wasting condition seen in many PDAC patients (O'Connell 2013), termed 

cancer cachexia. Elevated BCAA levels in circulation of asymptotic individuals have been 

suggested as an early stage PDAC biomarker (Mayers, Wu et al. 2014). Furthermore, 

BCAA derived from muscle breakdown provides a continuous source of glutamine, 

which is an essential amino acid for PDAC cell survival (Son, Lyssiotis et al. 2013). 

BCAT2 is a mitochondrial isoform of BCAT (Hutson, Fenstermacher et al. 1988; Hutson, 

Sweatt et al. 2005) that is required for the first step in BCAA catabolism where the amino 

group of BCAA is transferred to alpha-ketoglutarate to generate glutamate. We 

hypothesized that 3-dimensional (3-D) cell growth will provide necessary cues to induce 

BCAA metabolism in PDAC. The advantage of using 2-D models is that they are easy and 

simple to use, however, 3-D models tend to preserve the in vivo cellular morphology as 

well as cell-cell and cell-ECM interactions (Figure 53A)  To test this hypothesis, we grew 

PDAC cells under ultra-low attachment growth conditions in the presence and absence 

of BCAA. As depicted, BCAA are necessary for PDAC growth whereby BCAA deprivation 
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results in significantly smaller spheroids. Interestingly, preliminary data show that 

addition of oxaloacetate (a TCA cycle metabolite) in the absence of BCAA results in 

partial spheroid rescue, suggesting that BCAA can contribute the carbon skeleton to TCA 

cycle metabolites under 3-D low attachment growth conditions (Figure 52A-B). We next 

measured the steady state mole percent enrichment (MPE) in the citrate pool and found 

that while incorporation of the carbon atoms from uniformly 13-carbon labeled BCAA 

(leucine, isoleucine, valine) as barely detectable in 2-D, incorporation was 10 times 

higher in 3-D suggesting that under 3-dimensional growth BCAA play a functional role in 

PDAC growth by fueling their TCA cycle (Figure 53B). 
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Figure 52: Ultra-low attachment 3-D growth induces BCAA metabolism in 

PATU8988T cells.(A) Representative spheroid images of PATU8988T cells grown for 10 
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days under BCAA (Leu, Ile, Val) deprivation and partially rescued with oxaloacetate. (B) 

Relative spheroid area of PATU8988T cells grown in the presence or absence of BCAA, 

and partially rescued by OAA. BCAA deprivation significantly decreases spheroid 

formation in PATU8988T cells. Oxaloacetate can partially rescue BCAA spheroids 

suggesting that BCAA can contribute to TCA cycle metabolites under low-attachment 

culture condition. BCAA (branched-chain amino acid), α-KG (alpha-ketoglutarate), OAA 

(oxaloacetate). Error bars represent s.e.m. of n=60 (w/ BCAA), n=36 (w/o BCAA), n=34 

(w/o BCAA + α-KG), and n=33 (w/o BCAA = OAA). P values were determined by two-

tailed t-test. 
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Figure 53: 2- versus 3-dimensional growth effect on citrate mole percent 

enrichment.  (A) The advantages of using 2-dimensional (2-D) monolayer versus 3-

dimensional (3-D) spheroids cell culture models. (B) Citrate steady state model percent 

enrichment (MPE) depicting carbon atoms incorporation from 13-carbon labeled 

[leucine, isoleucine and valine] under 2-D and 3-D PDAC growth. 
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Appendix A: Materials and Methods 
(Chapter 2) 

Cells and reagents. Patient-derived pancreatic stellate cells (tumor-

associated, TA-PSCs and normal, F- and N-PSCs) were generously provided by Dr. 

Edna Curkierman from Fox Chase Cancer Center and cancer-associated fibroblasts 

(CAF19 and CAF35) were kindly provided by Dr. Anirban Maitra from MD Anderson. 

The human pancreatic cancer cell lines PATU8988T and BxPC-3 were generously 

provided by Dr. Prasenjit Dey from MD Anderson. Patient-derived prostate cancer-

associated fibroblasts (DRCAF and Pas) were kindly provided by Dr. Donna Peehl at 

Stanford University. Patient-derived ovarian cancer-associated fibroblasts 

(CAF92862) were kindly provided by Dr. Jingsong Liu and Dr. Samuel Mok from MD 

Anderson. Fetal bovine serum, MCDB105 medium, insulin, and epidermal growth 

factor (EGF) were purchased from Sigma Aldrich. DMEM, RPMI, penicillin and 

streptomycin were purchased from Thermo Fisher Scientific. Gentamycin was 

purchased from VWR. Dialyzed FBS was purchased from Invitrogen. Sodium 

butyrate and GW3965 were purchased from Cayman Chemical. Stable isotopes were 

purchased from Cambridge Isotopes Laboratories.  

Cell culture. Patient-derived pancreatic stellate cells (PSCs) and pancreatic 

cancer-associated fibroblasts (CAFs) were cultured in DMEM, high glucose (4.5 g/L 

D-glucose), supplemented with 15% fetal bovine serum, 100 U/ml penicillin and 

100 U/ml streptomycin. The human pancreatic cancer cells PATU8988T cells were 
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cultured with DMEM, high glucose (4.5 g/L D-glucose), supplemented with 10% 

FBS, 100 U/ml penicillin and 100 U/ml streptomycin, and BxPC-3 with RPMI 1640 

supplemented with 10% FBS, 100 U/ml penicillin and 100 U/ml streptomycin. 

Patient-derived prostate cancer-associated fibroblasts were cultured with 

MCDB105 supplemented with 10% FBS, 5 ng/ml fibroblast growth factor (FGF), 5 

ng/ml insulin, and 100 ug/ml gentamycin. Patient-derived ovarian cancer-

associated fibroblasts were cultured in a 1:1 mixture of MCDB105 and M199 

(supplemented with 15% FBS, 1 ng/ml epidermal growth factor (EGF). All cells 

were maintained at 37 ˚C in a humidified atmosphere containing 5% CO2. 

Sodium butyrate and GW3965 treatments. Sodium butyrate (NaB) was 

dissolved in 18 milliohm water followed by rigorous mixing by vortexing and stored 

in the dark at 4 ˚C. Fresh NaB was stock prepared weekly. GW3965 was dissolved in 

dimethyl sulfoxide (DMSO) and stored in the dark at -20 ˚C.  

Analysis of gene expression using real-time PCR. Cells were seeded in 

complete medium in 12-well nunc plates in triplicates. The following day, medium 

was changed to conditioned medium containing NaB, GW3965, or NaB+GW3965 

and cells were treated for 96h with treatment replenishment at 72h. Cells were kept 

at 37 ˚C under 5% CO2 for the duration of the treatment. Total RNA was extracted 

from cells using the Quick-RNATM MiniPrep (ZYMO Research, Irvine, CA, USA), 

following the manufacturer’s instructions. Reverse transcription was performed 

using 1.0 μg of total RNA with the High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems, Foster City, California, USA). The expression levels of α-SMA, 
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COLI, FAP, MMP-2, TIMP-1, GFAP, FAS, SREBP1c, IL-6, IL-8, CXCL12, GLUT1, HKII, 

GLS1, GLS2, and MMP-9 were examined by quantitative real-time PCR (BIO-RAD 

CFX96 TouchTM Real-Time PCR Detection System, Hercules, CA, USA) using 50 ng of 

the resultant cDNA. 18S ribosomal RNA (18SrRNA) was used as the invariant 

control. The expression levels were detected using the SYBR Green PCR Master Mix 

(Applied Biosystems, Warrington WA1 4SR, UK). Specific primer sets were as 

follows (listed 5’-3’; forward and reverse, respectively): α-SMA, 

CCGACCGAATGCAGAAGGA and ACAGAGTATTTGCGCTCCGAA; COLI, 

CAGCCGCTTCACCTACAGC and TTTTGTATTCAATCACTGTCTTGCC; FAP, 

ACGGCTTATCACCTGATCGG and AATTGGACGAGGAAGCTCATTT; MMP-2, 

TTTCCATTCCGCTTCCAGGGCAC and TCGCACACCACATCTTTCCGTCACT; TIMP-1, 

ATAGTCGACATGGCCCCCTTTGAGCCCCTG and 

GGAATTCCTCAGGCTATCTGGGACCGCAGGGA; GFAP, AGAAGCTCCAGGATGAAACC 

and AGCGACTCAATCTTCCTCTC; FAS, CATCCAGATAGGCCTCATAGAC and 

CTCCATGAAGTAGGAGTGGAAG; SREBP1c, GGAGCCATGGATTGCACTTT and 

TCAAATAGGCCAGGGAAGTCA; IL-6, GTGTGAAGCAGCAAAGAAGC and 

CTGGAGGTACTCTAGGTATAC; IL-8, GGCAGCCTTCCTGATTTCTG and 

CTTGGCAAAACTGCACCTTCA; CXCL12, CTCAACACTCCAAACTGTGCCC and 

CTCCAGGTACTCCTGAATCCAC; GLUT1, GCTGTGCTTATGGGCTTCTC and 

CACATACATGGGCACAAAGC; HKII, TGGAGGGACCAACTTCCGTGTGCT and 

TCAAACAGCTGGGTGCCACTGC; GLS1, GCTGTGCTCCATTGAAGTGA and 

GCAAACTGCCCTGAGAAGTC; GLS2, ATCAGAAAGTGGCATGCTGT and 
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GCCTTTAGTGCAGTGGTGAA; MMP-9, TTGACAGCGACAAGAAGTGG and 

GCCATTCACGTCGTCCTTAT; and HIF-1α, ACAGTATTCCAGCAGACTCAA and 

CCTACTGCTTGAAAAAGTGAA. Gene expression was normalized using the ΔΔCT 

method. Statistical differences between treatment groups were evaluated by 

Student’s t-test. Significance was determined when P < 0.05. 

Oxygen consumption and glycolytic capacity. An XF24 Flux Analyzer 

(Seahorse Bioscience) was used to simultaneously measure OCR and ECAR in the 

cells. Briefly, pancreatic stellate cells (PSCs) were seeded in an XF24 Seahorse 24-

well microplates and cultured overnight at 37 ˚C and 5% CO2. The following day, 

PSCs were treated with 15 mM NaB, 15 µM GW3965, or 15 mM NaB + 15 µM 

GW3965 for total of 96h with treatment replenishment at 72h. On the fourth day, 

medium in each well of the Seahorse microplate was replaced with 700 μL of DMEM 

4.5 g/L glucose assay medium free of sodium bicarbonate, and Fetal Bovine Serum 

(FBS), and the plate was incubated at 37 ˚C in a CO2-free incubator for 1h prior to 

measurements. A Seahorse cartridge was loaded with XF24 buffer and incubated 

overnight to allow for equilibration. The cartridge plate was then loaded with 

specific mitochondrial inhibitors, oligomycin (OG), carbonylcyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) and Rotenone (Rot) and loaded into the 

analyzer. For patients 1 and 5 pancreatic stellate cells (PSCs), OG was used a 2 

µg/ml, and FCCP and Rot at 1 µM. For patient 2 PSCs, OG was used at 3 µg/ml, and 

FCCP and Rot at 2 µM. for Following the equilibration period, cells were then loaded 

into the XF24 and further equilibrated through running cycles prior to OCR and 
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ECAR measurements. Reads were normalized with total protein measured in each 

well of the Seahorse microplate. 

NADH assay. Cells were seeded in 6-well nunc plates overnight, and the 

following morning treatment was initiated for 96h with treatment replenishment at 

72h. Cells were lyzed with 500 µl extraction buffer (20 mM nicotinamide, 20 mM 

NaHCO3, 100 mM Na2CO3, dissolved in DI water, pH 8.3) followed by three 

freeze/thaw cycles. 20 µl samples were added and mixed with 160 µl NADH cycling 

buffer (100 mM Tris-HCL solution at pH 8.5, 0.5 mM thiazolyl blue, 2 mM phenazine 

ethosulfate, 5 mM EDTA, 0.15 mg/ml ADH) in a 96-well plate. For total NADH 

concentration, samples were heated at 65 ˚C for 30 min. 20 µl NADH substrate (4% 

ethanol solution in DI water) was then added to each well and absorbance was read 

on a spectrophotometer (SpectraMax M5, Molecular Devices) at 570 nm for 30 min.  

NADPH assay. Cells were seeded Cells were seeded in 6-well nunc plates 

overnight, and the following morning treatment was initiated for 96h with 

treatment replenishment at 72h. Cells were lyzed with 500 µl extraction buffer (20 

mM nicotinamide, 20 mM NaHCO3, 100 mM Na2CO3, dissolved in DI water, pH 8.3) 

followed by three freeze/thaw cycles. 20 µl samples were added and mixed with 

160 µl NADPH cycling buffer (100 mM Tris-HCL solution at pH 8.5, 0.5 mM thiazolyl 

blue, 2 mM phenazine ethosulfate, 5 mM EDTA, 0.5 µl G6PD per 1 ml cycling buffer) 

in a 96-well plate. For total NADPH concentration, samples were heated at 65 ˚C for 

30 min. 20 µl NADPH substrate (10 mM G6P) was then added to each well and 
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absorbance was read on a spectrophotometer (SpectraMax M5, Molecular Devices) 

at 570 nm for 15 min. 

Protein assay. Protein was measured using Pierce BCA protein assay kit 

(Thermo Fisher Scientific). Briefly, 10 µl protein samples and standards were mixed 

with 200 µl BCA working reagent in a 96-well plate, then incubated at 37 ˚C for 30 

min. The absorbance was read using a spectrophotometer (SpectraMax M5, 

Molecular Devices) at 562 nm. 

DNA synthesis. To assay DNA replication in proliferating cells, the Click-iT 

EdU Alexa Fluor 488 kit (Thermo Fisher Scientific) was used according to 

manufacturer’s protocol. Briefly, cells were seeded in 6-well nunc plates overnight, 

and then treated the following day with 15 mM NaB, 15 µM GW3965 or a 

combination of 15 mM NaB + 15 µM GW3965 for a total of 96h with treatment 

replenishment at 72h. Cells were next labeled with 10 µM EdU for 3h, fixed and 

stained in the dark. Cells were analyzed using a BD Accuri C6 flow cytometer. 

Cell proliferation. Cells were seeded overnight in 96-well plates and media 

was changed to the desired conditions the following morning. Cell number was 

counted using a cell counting kit-8 (Dojindo, Dojindo Molecular Molecular 

Technologies, Inc.) and read using a spectrophotometer (SpectraMax M5, Molecular 

Devices) at an absorbance of 450 nm. 

Cell Viability/Toxicity. Cell viability was measured using SYTOX Green 

nucleic acid stain (Thermo Fisher Scientific) at 1 µM and Hoechst (Thermo Fisher 
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Scientific) to stain cell nuclei. Images were taken and cell viability was measured 

using Cytation Cell Imaging Multi-Mode Reader (BioTek). 

Immunoblotting and antibodies. NaB and GW treated patient-derived 

stellate cells were washed with ice-cold phosphate-buffered saline (PBS), scraped 

and collected after centrifugation at 4000 rpm for 5 min. The pelleted cells were 

then redissolved in RIPA buffer with proteinase and phosphatase inhibitor for 15 

min. Cell lysates were collected after centrifuged at 14,000 rpm for 15 min at 4 °C. 

Protein concentrations were measured using the Pierce BCA Protein Assay Kit 

(ThermoFisher). Proteins were run in precast polyacrylamide gels and subsequently 

transferred to a PVDF membrane. The following primary antibody α-SMA (Sigma 

Aldrich, A5228) and secondary antibody GAPDH (Sigma Aldrich, G8795) were used. 

Chemiluminescence with ECL was used to detect the specific proteins on the 

immunoblot.  

Adipored lipid staining. Pancreatic stellate cells were seeded in 8-well 

chamber slides (Thermo Fisher Scientific) overnight and treated the following 

morning with 15 mM NaB or a combination of 15 mM NaB + 15 µM GW3965 for 96h 

with treatment replenishment at 72h. Cells were then washed with phosphate 

buffer saline (PBS) solution and stained with (conc) AdipoRed (Lonza) and (conc.) 

Hoechst for 15 min at room temperature. Cells were imaged using microscope and 

camera. 
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Bodipy. Bodipy 493/503 was purchased from Thermo Fisher Scientific and a 

stock was prepared in dimethyl sulfoxide (DMSO) and stored in the dark at -20 ˚C. 

Pancreatic stellate cells were stained with 10 µM Bodipy and analyzed using a BD 

Accuri C6 flow cytometer. Briefly, cells were seeded in 6-well nunc plates overnight, 

and then treated the following day with 15 mM NaB or a combination of 15 mM NaB 

+ 15 µM GW3965 for a total of 96h with treatment replenishment at 72h. Cells were 

then washed with phosphate buffer saline (PBS) solution and fixed with 4% 

paraformaldehyde (PFA) for 15 min at room temperature (RT). Cells were stained 

with 10 µM Bodipy for 20 min at RT, washed with PBS and analyzed by flow 

cytometry. 

Amino acid uptake and secretion measurement. Ultra-high-performance 

chromatography (UPLC; Waters Acquity) was used to measure amino acids uptake 

and secretion in pancreatic stellate cells. Briefly, cells were seeded in 12-well nunc 

plate and treated for 96h with treatment replenishment at 72h. Spent media was 

collected, deproteinized and then mixed with MassTrak Reagent and Borate 

Buffer/NaOH. Samples were heated at 55 ˚C for 10 min and analyzed using the 

Waters ACITY UPLC system. Instrument eluents were prepared according to Water’s 

protocol. MassTrak eluent A was diluted 1:10 in milliwater, and MassTrak eluent B 

was used undiluted. Eluents were run at 0.4 ml/min, and UV detection was set at 

260 nm. 
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Stable isotope analysis using GC-MS. 

Metabolites extraction 

Pancreatic stellate cells were cultured in 6-well nunc plates overnight, and 

treated the next day with 15 mM NaB, 15 µM GW3965, or a combination of 15 mM 

NaB + 15 µM GW3965 for 96h with treatment replenishment at 72h. Cells were then 

labeled, in the presence of NaB and GW3965, with U-13C6 glucose or U-13C5 

glutamine 72h. For the assessment of sodium butyrate contribution to lipid droplets 

in pancreatic stellates, cells were treated in the presence of U-13C4 sodium butyrate 

for 96h with treatment and isotope tracer replenishment at 72h. Media was then 

removed and cells were washed with ice-cold phosphate buffer saline (PBS) 

solution. Cells were quenched with 400 µl methanol and 400 µl water containing 1 

µg norvaline. Cells were then scraped using cell lifter, washed with 800 µl ice-cold 

chloroform, vortexed at 4 ˚C for 30 min and centrifuged at 7,300 rpm for 10 min at 4 

˚C. The upper aqueous phase was collected for metabolite analysis and the lower 

chloroform phase was collected for lipid analysis. 

Derivatization 

Collected samples were first dried using speedvac and dissolved in 30 µl of 

2% methoxyamine hydrochloride in pyridine (Pierce) prior to sonication for 15 min. 

Samples were then kept at 37 ˚C for 2h, and transferred to 55 ˚C for 1h following the 

addition of 45 µl MBTSTFA+1% TBDMCS (Pierce). Samples were then transferred 

into vials equipped with 150 µl inserts.  
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For lipid processing, samples were mixed with 75 µl Methyl-8 Reagent 

(Pierce) and incubated at 60 ˚C for 1h. Samples were then transferred into vials 

equipped with 150 µl inserts. 

GC-MS measurements 

Metabolites analysis was done using an Agilent 6890 GC equipped with a 30-

m Rtx-5 capillary column connected to an Agilent 5975B MS operating under 

electron impact ionization at 70 eV. Samples were injected at 1 µl and 270˚C in 

splitless mode, and helium was used as the carrier gas at 1 ml/min. The heating 

cycle for the GC oven was as follows: 100°C for 3 min, followed by 300˚C at 5°C/min 

temperature increase, for a total run time of 48 min per sample. Data was acquired 

in scan mode and the integrated signal of all potentially labeled ions was normalized 

by the norvaline signal and used to calculate the abundance of relative metabolites. 

The mass isotopomer distribution was obtained by dividing the signal of each 

isotopomer by the sum of all isotopomer signals and corrected for natural 

abundance. 

Lipid analysis was performed using an Agilent 6890 GC equipped with a 30 m 

DB-35MS capillary column connected to an Agilent 5975B MS operating under 

electron impact ionization at 70 eV. 1 µl sample was injected in splitless mode at 

270 ˚C, using helium as the carrier gas. The GC oven temperature was held at 100 ˚C 

for min after injection, increased to 200 ˚C at 15˚C/min, then to 250 ˚C at 5˚C/min 
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and to 300 ˚C at 15˚C/min. The MS source and quadrupole were held at 230 ˚C a 150 

˚C, respectively, and the detector was run in scanning mode.  

Exosomes isolation. Patient-derived PSCs and CAFs were cultured with 

exosome-depleted serum and treated with NaB and GW. For exosome isolation, 

spent medium was collected and centrifuged at 2,000 xg for 30 min for cell debris 

removal. Supernatant was then transferred into a new tube and mixed with 0.5 

volume Total exosome isolation reagent (Life Technologies), vortexed until solution 

is homogeneous and kept at 4 ˚C overnight. Samples were then centrifuged at 

10,000 xg and 4 ˚C for 1h. Supernatant was aspirated and metabolites from the 

remaining exosomes pellet were extracted and derivatized as described under the 

“stable isotope analysis using GC-MS” section above. 

Ultra-low attachment spheroid formation. PATU8988T and BxPC-3 cells 

were plated at 30,000 cells in 6-well ultra-low attachment plates (Corning). For 

conditioned media (CM) experiments, cells were cultured 48h-CM from NaB+GW or 

vehicles treated PSCs and CAFs. Media change was performed on days 3 and 6 by 

centrifuging at 50 xg for 3 min, then gently resuspending in fresh medium. For 

treatment toxicity experiments, PATU8988T cells were treated with NaB+GW for a 

total of 96h, with treatment replenishment at 48h. Spheroid imaging was performed 

using EVOS Cell Imaging Systems (ThermoFisher) and spheroid analysis was done 

using ImageJ. 
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Orthotopic tumor implantation and drug treatment. All animal procedures 

were approved by the MD Anderson Animal Care and Use Committee. Tumors were 

first generated by allowing KPC cells that were subcutaneously injected in mice to 

grow for 14 days. For orthotopic pancreas implantation, mice were anesthetized 

and an incision was made in the left abdomen allowing for tumor pieces to be 

sutured to the pancreas. Post-surgery ultrasound was performed to assess 

successful implantation and orthotopic tumors of similar sizes were subsequently 

used for the study. 5 mice with orthotopic tumors were randomized into 4 different 

groups with each group receiving the following intraperitoneal injections every 

third day: group1: 1X-PBS and 100% DMSO, group2: 1200 mg/kg NaB and 30 

mg/kg GW3965, group3: 100mg/kg gemcitabine, and group4: 1200 mg/kg NaB, 30 

mg/kg GW3965 and 100mg/kg gemcitabine. Tumor growth was monitored with 

regular tumor imaging using ultrasound.       

Statistical analysis. Comparison of data sets was performed with the two-

tailed student’s t-test. In the bar graphs, single asterisk (*) represents P<0.05, 

double asterisks (**) represent P<0.01 and triple asterisks (***) represent P<0.001. 
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Appendix B: Materials and Methods 
(Chapter 3) 

Cells and reagents. Patient-derived pancreatic stellate cells were generously 

provided by Dr. Edna Curkierman from Fox Chase Cancer Center and cancer-

associated fibroblasts (CAF19 and CAF35) were kindly provided by Dr. Anirban 

Maitra from MD Anderson. Fetal bovine serum was purchased from Sigma Aldrich. 

DMEM, penicillin and streptomycin were purchased from Thermo Fisher Scientific. 

Dialyzed FBS was purchased from Invitrogen. Sodium butyrate and GW3965 were 

purchased from Cayman Chemical. Stable isotopes were purchased from Cambridge 

Isotopes Laboratories.  

Cell culture. Patient-derived pancreatic stellate cells (PSCs) and pancreatic 

cancer-associated fibroblasts (CAFs) were cultured in DMEM, high glucose (4.5 g/L 

D-glucose), supplemented with 15% fetal bovine serum, 100 U/ml penicillin and 

100 U/ml streptomycin. All cells were maintained at 37 ˚C in a humidified 

atmosphere containing 5% CO2. 

Sodium butyrate and GW3965 treatments. Sodium butyrate (NaB) was 

dissolved in 18 milliohm water followed by rigorous mixing by vortexing and stored 

in the dark at 4 ˚C. Fresh NaB was stock prepared weekly. GW3965 was dissolved in 

dimethyl sulfoxide (DMSO) and stored in the dark at -20 ˚C.  
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Metabolic assays. 

Glucose uptake. 

Glucose uptake was measured using Wako Glucose kit (Wako Diagnostics) 

according to manufacturer’s instructions. 200 µl reconstituted Wako glucose 

reagent was added to a 96-well plate and mixed with 10 µl spent media samples. 

The plate was then incubated for 5 min while shaking at 37 ˚C and the change in 

absorbance was read using a spectrophotometer (SpectraMax M5, Molecular 

Devices) at 505 nm. 

Lactate secretion. 

Lactate secretion was measured using the Trinity Lactate kit (Trinity 

Biotech). Spent media samples were first diluted 1:10 in phosphate buffer saline 

(PBS), and 10 µl of the diluted samples were mixed in a 96-well plate with 200 µl 

reconstituted lactate reagent. The plate was incubated for 1h at 37 ˚C and 

absorbance was read on a spectrophotometer at 540 nm. 

Protein assay. Protein was measured using Pierce BCA protein assay kit 

(Thermo Fisher Scientific). Briefly, 10 µl protein samples and standards were mixed 

with 200 µl BCA working reagent in a 96-well plate, then incubated at 37 ˚C for 30 

min. The absorbance was read using a spectrophotometer (SpectraMax M5, 

Molecular Devices) at 562 nm. 
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Stable isotope analysis using GC-MS. 

Metabolites extraction 

Pancreatic stellate cells were cultured in 6-well nunc plates overnight, and 

treated the next day with 15 mM NaB, 15 µM GW3965, or a combination of 15 mM 

NaB + 15 µM GW3965 for 96h with treatment replenishment at 72h. Cells were then 

labeled, in the presence of NaB and GW3965, with U-13C6 glucose or U-13C5 

glutamine 24h. Media was then removed and cells were washed with ice-cold 

phosphate buffer saline (PBS) solution. Cells were quenched with 400 µl methanol 

and 400 µl water containing 1 µg norvaline. Cells were then scraped using cell lifter, 

washed with 800 µl ice-cold chloroform, vortexed at 4 ˚C for 30 min and centrifuged 

at 7,300 rpm for 10 min at 4 ˚C. The upper aqueous phase was collected for 

metabolite analysis and the lower chloroform phase was collected for lipid analysis. 

Derivatization 

Collected samples were first dried using speedvac and dissolved in 30 µl of 

2% methoxyamine hydrochloride in pyridine (Pierce) prior to sonication for 15 min. 

Samples were then kept at 37 ˚C for 2h, and transferred to 55 ˚C for 1h following the 

addition of 45 µl MBTSTFA+1% TBDMCS (Pierce). Samples were then transferred 

into vials equipped with 150 µl inserts.  
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GC-MS measurements 

Metabolites analysis was done using an Agilent 6890 GC equipped with a 30-

m Rtx-5 capillary column connected to an Agilent 5975B MS operating under 

electron impact ionization at 70 eV. Samples were injected at 1 µl and 270˚C in 

splitless mode, and helium was used as the carrier gas at 1 ml/min. The heating 

cycle for the GC oven was as follows: 100°C for 3 min, followed by 300˚C at 5°C/min 

temperature increase, for a total run time of 48 min per sample. Data was acquired 

in scan mode and the integrated signal of all potentially labeled ions was normalized 

by the norvaline signal and used to calculate the abundance of relative metabolites. 

The mass isotopomer distribution was obtained by dividing the signal of each 

isotopomer by the sum of all isotopomer signals and corrected for natural 

abundance. 

Statistical analysis. Comparison of data sets was performed with the two-

tailed student’s t-test. In the bar graphs, single asterisk (*) represents P<0.05, 

double asterisks (**) represent P<0.01 and triple asterisks (***) represent P<0.001. 
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Appendix C: Materials and Methods 
(Chapter 4) 

Cell culture. All the cell lines used in this study were purchased from ATCC, 

used below passage 25 and continuously cultured in 100 U/ml penicillin and 

100 U/ml streptomycin. The cell lines were authenticated by Short Tandem Repeat 

(STR) profiling at the Institute for Applied Cancer Sciences, MD Anderson Cancer 

Center. The PATU8988T, Hs766T and PATU8902 cell lines were routinely cultured 

in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) 

(Invitrogen, Carlsbad, CA). AsPc1, BxPC3 and KP-1NL cell lines were routinely 

cultured in Roswell Park Memorial Institute (RPMI) 1640 (Invitrogen, Carlsbad, CA) 

with 10% FBS, and Panc05.04 cells were routinely cultured in RPMI 1640 with 15% 

FBS. For metabolic and metabolomic assays, 10% dialyzed FBS (Atlanta Biologicals 

Inc., GA, USA) was used. For BCAA experiments, DMEM media without BCAA was 

used (United States Biological, MA, USA). NHDF-Neo-Fibroblast was cultured in 

Eagle’s modified medium (EMEM) with 10% FBS. The cell lines were mycoplasma 

free, based on tests done monthly in the lab using Lonza’s MycoAlert™ Mycoplasma 

Detection Kit assays with confirmatory tests by PCR based assays. 

Reagents and chemicals. Trolox (Cat. No. 238813) and AICAR (A9978) were 

purchased from Sigma. EUK134 (Cat. No. 10006329) was purchased from Cayman 

Chemicals. 
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siRNA, shRNA and CRISPR knockdown. shRNA knockdown was performed 

essentially as described previously (Muller, Colla et al. 2012). We screened 5 

hairpins targeting ME3 and found 3 independent sequences that reduced mRNA 

levels by >60%. Initial hairpin screenings were performed in the pLKO3.1 shRNA 

vectors (Sigma Aldrich), while actual experiments were performed in the 

doxycycline inducible ipLKO3.1 shRNA vectors (engineered in the lab) using the 

sequences from the pLKO3.1 screening (ME1, ME2 and ME3 only). The ME3 shRNA 

sequences were as follows: shME3#1 

(CCGGGCTCAACAAATACCGTAACAACTCGAGTTGTTACGGTAT TTGTTGAGCTTTTTG), 

shME3#2 (CCGGCGTGTCTTTGAGAATTGCCATCTCGAGAT 

GGCAATTCTCAAAGACACGTTTTTG) and shME3#3 (CCGGCCTCCGAATCATG 

AGATATTACTCGAGTA ATATCTCATGATTCGGAGGTTTTTG). The ME1 shRNA 

sequences were as follows: shME1#3 (CCGGGCTGAGGTTATAGCTCAGCAACTCG 

AGTTGCTGAGCTATAACCTCAGCTTTTTG) and shME1#5 (CCGGCCTGTGGGT 

AAATTGGCTCTACTCGAGTAGAGCCAATTTACCCACAGGTTTTTG). The SREBP1 

shRNA sequences were as follows: sh SREBP1#2 (CCGGGCCATCGACTACATTCGC 

TTTCTCGAGAAAGCGAATGTAGTCGATGGCTTTTT) and shSREBP1#3(CCGGGCTG 

AATAAATCTGCTGTCTTCTCGAGAAGACAGCAGATTTATTCAGCTTTTT). The BCAT2 

shRNA sequences were as follows: shBCAT2#2 (CCGGTG 

AAGTGCAATACGAAATAAACTCGAGTTTAT TTCGTATTGCACTTCATTTTTG) and 

shBCAT2#3(CCGGGTGCACCGAATCCTGTACAAACTCGA GTTTGTACAGGATTCGG 

TGCACTTTTTG). A non-targeting shRNA (shControl) was used as a control. The 
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shRNA expressing pLKO3.1 vector was introduced into cancer cell lines by lentiviral 

infection. Recombinant lentiviral particles were produced by transient transfection 

of 293T cells following a standard protocol. Briefly, 10 µg of the shRNA plasmid, 5 µg 

of psPAX2 and 2.5 µg of pMD2.G were transfected using polyethylenimine (1µg/µl, 

Polysciences # 23966-2) into 293T cells plated in a 100 mm dish. Viral supernatant 

was collected 72h after transfection, centrifuged to remove any 293T cells and 

filtered (0.45µm). For transduction, viral solutions were added to cell culture 

medium containing 4 µg/mL polybrene; 48 h after infection, cells were selected 

using 2 µg/mL puromycin and tested for ME1 and ME3 depletion by RT-

qPCR/immunoblot. siRNA for ME3 (Accell SMARTpool) was purchased from 

Dharmacon and used according to manufacturer’s protocol. For CRISPR knockdown 

of ME2, sgRNA were designed based on the recommendations from Doench, 

Hartenian et al. (http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-

design-v1)(Doench, Hartenian et al. 2014). The sgRNA were then cloned into pL-

CRISPR.EFS.GFP (Addgene#357818)(Heckl, Kowalczyk et al. 2014). The sgRNA 

sequences are sghME2-A_sense: CACCGCCAATTGTATATACACCGA; sghME2-

A_antisense:AAACTCGGTGTATATACAATTGGC; sghME2-

B_sense_F:CACCGAGCAGGCAAGAC C AACCGT; sghME2-B_antisense:AAACAC 

GGTTGGTCTTGCCTGCTC. For inducible CRISPR knockdown of ME3 the following 

plasmids were obtained from TranOMICS Technologies - 3 independent ME3 gRNA 

clones (pCLIP-gRNA-EFS-Blast and pCLIP-gRNA-EFS-ZsGreen), Cas9-Nickase-Puro 

http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design-v1
http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design-v1
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and pTOL-tetR vectors. The plasmids were virally transduced into cell lines in 

sequence and the cells were selected for single clones at every step.  

Ectopic expression of ME2, ME3, SREBP1, AMPK and BCAT2. Rescue of 

the phenotypic effects of knocking down ME3 in the cell line PATU8988T was 

performed by re-expression of ME2 from an ectopic plasmid (CMV-ME2). For the 

ectopic re-expression of ME2, sequenced-verified cDNA (Orfeome) clones were 

Gateway cloned into the pHAGE-CMV lentiviral vector and transduced into PDAC 

cell lines as described above. Successful re-expression of ME2 was verified by 

immunoblot.  For ectopic expression of ME3 (pCMV6-XL5-ME3, SC115951), SREBP1 

(pCMV6-XL6, SC117502) and BCAT2 (pCMV6-AC-BCAT2, SC319477) cDNA clones 

were purchased from Origene and transiently transfected per the manufacturer’s 

protocol. GST-tagged constitutively active rat AMPK (amino acids 1-312) and its 

kinase-dead mutant (T172A) was a kind gift from Dr. Junjie Chen (MD Anderson). 

pSV Sport SREBP1c dominant negative was a gift from Bruce Spiegelman (Addgene 

plasmid # 8885). pLKO-puro FLAG SREBP1 was a gift from David Sabatini (Addgene 

plasmid # 32017). Transient transfection of PATU8988T, Panc1 and 293T cells was 

done using FuGENE HD (Promega) following manufacturer’s protocol. 

Proliferation and Colony formation assays. Cell growth of shRNA-treated 

cell lines was assayed either through crystal violet staining or by live-cell confluence 

measurements with the IncuCyte (Essen BioScience). Growth curves using the 

IncuCyte were generated by confluence imaging every 2 hours with quadruplicate 

replicates of an initial seeding of 300 cells/well in 96-well plates. For colony 
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formation assays, 300 cells were seeded in 6 well plates. At the indicated time point 

(usually 2 weeks), cells were fixed with 80% methanol and stained with crystal 

violet solution overnight. All experiments were performed in triplicate.  

Immunoblotting and antibodies. Cells were washed twice in ice-cold 

phosphate-buffered saline (PBS), scraped and collected as pellets after 

centrifugation at 4000 rpm for 5 min. The pelleted cells were incubated in RIPA 

buffer with proteinase and phosphatase inhibitor for 15 min. Lysates were then 

collected, centrifuged at 14,000 rpm for 15 min at 4 °C. Protein concentrations were 

measured using the DC™ Protein Assay Kit (Biorad, Cat. No. 5000111). SDS-PAGE 

and immunoblotting were performed as described previously in pre-cast bis-Tris 4-

20% gradient gel (Invitrogen)(Muller, Colla et al. 2012). The following antibodies 

were used: ME1 (Santa Cruz, sc-100569); ME2 (Santa Cruz, sc-85051; Abcam, 

ab139686) and ME3 (Abcam, ab172972); AMPK (CST, 5831P), phospho-AMPK 

Thr172 (CST, 2535), BCAT2 (CST, 9432S), phospho-SREBP1c (CST#9874S), NRF2 

(CST, 12721), pACC (CST, 11818), ACC (CST, 3662), FAS (CST, 3180) from Cell 

Signaling Technologies; SREBP1 (BD, 557036); GST (19256) from Abcam; and β-

actin (Sigma-Aldrich, A2228). 

Immunohistochemistry and Immunofluorescence. Tissues were fixed in 

10% formalin overnight and embedded in paraffin. IHC was performed as described 

previously (Dey, Strom et al. 2014). Briefly endogenous peroxidases were 

inactivated by 3% hydrogen peroxide. Non-specific signals were blocked using 3% 

BSA, 10% goat serum in 0.1% Triton X-100. Tumor samples were stained with the 
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following primary antibodies: ME2 (Sigma Prestige, HPA008247), ME3 (Sigma 

Prestige, HPA038473), SMAD4 (Santa Cruz, sc-7966), BCAT2 (Abcam, ab197917), 

Ki67 (Vector Lab, VP-RM04), Cleaved caspase 3 (CST, 9661). After overnight 

incubation, the slides were washed and incubated with secondary antibody (HRP-

polymers, Biocare Medical) for 30 min at room temperature. The slides were 

washed three times and stained with DAB substrate (ThermoFisher Scientific). The 

slides were then counter-stained with hematoxylin and mounted with mounting 

media.  

Human PDAC primary tumor samples. PDAC patient samples were 

obtained from MD Anderson Cancer Center’s tissue Biobank. The samples were 

stained using the standard IHC protocol. The antibodies used were ME2 (Sigma 

Prestige, HPA008247) and ME3 (Sigma Prestige, HPA038473). SMAD4 (Santa Cruz, 

sc-7966,) antibody staining was conducted using a CLIA certified protocol and 

reagents. The stained samples were imaged using Panoramic 250 slide scanner and 

data analyzed using Panoramic viewer software (3DHISTECH Ltd.) by two 

independent pathologists. Human studies were approved by the UT MD Anderson 

Cancer Center’s institutional review board (IRB protocol number: LAB05-0854) and 

informed consent was obtained from all subjects.  

Chromatin immunoprecipitation. ChIP was performed as described 

previously(Kapoor, Yao et al. 2014) using SREBP1 antibody (Santa Cruz, sc-367x). 

Briefly, 5 μg of rabbit IgG (Santa Cruz) or SREBP1 antibody was incubated with 

Protein A Dynabead magnetic beads (Invitrogen) for 4 hours, followed by extensive 
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washing to remove unbound antibody. Antibody beads were then added to the 

chromatin and incubated overnight. The ChIP primers were purchased from Qiagen 

(EpiTect ChIP PCR assay) used for qPCR analysis: BCAT2 (GPH1020848(+)03A). 

Transcriptomic profiling by RNA-seq and qRT-PCR. RNA was isolated 

from ~106 cells using Trizol extraction followed by purification with the Qiagen 

RNAeasy kit as described previously (Paik, Ding et al. 2009; Sahin, Colla et al. 2011). 

RNA-seq was performed by the Sequencing and Microarray Facility (SMF) core at 

MD Anderson. Libraries were generated using Illumina’s TruSeq kit and were 

sequenced using the Illumina HiSeq2000 Sequencer. Raw read RNA-seq data were 

mapped to hg19 reference genome using Bowtie (Langmead and Salzberg 2012). 

The mapped reads were then assembled by Cufflinks (Trapnell, Roberts et al. 2012) 

to generate a transcriptome assembly for each sample. After the assembly phase, 

Cufflinks quantified expression level of the transcriptome in each gene for each 

sample (i.e., FPKM, fragments per kilobase of transcript per million fragments 

mapped). For qRT-PCR, RNA samples were reverse transcribed into cDNA using the 

High-Capacity cDNA Reverse Transcript kit (Life Technologies). cDNA samples were 

subjected to qRT-PCR quantification in duplicate and performed with Power SYBR 

Green PCR Master Mix (Invitrogen) according to the product guides on a Agilent 

Mx3005P and Applied Biosystems AB7500 Fast Real Time machine.  

The primer sequences used for real-time qRT-PCR are the following: ME2 

(Fwd 5’ ATTAGTGACAGTGTTTTCCTA 3’, Rev 5’ CTATTCTGTTATCACAGG 3’), BCAT2 

(Fwd 5’ CTCTGGGGCAGCTGTTTGA 3’, Rev 5’ ATAACACCATTCAGCGGGGG 3’) 
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Stable isotope analysis using GC-MS. 

Metabolites extraction. Cells were cultured in 6-well plates overnight, and treated 

the following day with doxycycline for 72h. Cells were then cultured in the presence 

of carbon or nitrogen-labeled isotope tracers for 24h. Medium was removed and 

cells were washed with ice-cold phosphate buffer saline (PBS) solution. Next, cells 

were quenched with 400 µl methanol and 400 µl water containing 1 µl norvaline. 

scrapped, washed with 800 µl ice-cold chloroform, vortexed at 4˚C for 30 min and 

centrifuged at 7,300 rpm for 10 min at 4˚C. The upper aqueous phase was collected 

for metabolite analysis. 

Derivatization. Samples were first dried using a Speedvac, followed by the addition 

of 30 µl of 2% methoxyamine hydrochloride in pyridine (Pierce) and sonication for 

15 min. Samples were then kept at 37˚C for 2 h, then at 55˚C for 1 h following the 

addition of 45 µl MBTSTFA+1% TBDMCS (Pierce). Samples were next transferred to 

vials equipped with inserts. 

GC-MS measurement. Metabolites were analyzed using an Agilent 6890 GC equipped 

with a 30-m Rtx-5 capillary column connected to an Agilent 5975B MS operating 

under electron impact ionization at 70 eV. Samples were injected at 1 µl and 270˚C 

in splitless mode, and helium was used as the carrier gas at 1 ml/min. The heating 

cycle for the GC oven was as follows: 100°C for 3 min, followed by 300˚C at 5°C/min 

temperature increase, for a total run time of 48 min per sample. Data were acquired 

in scan mode and the integrated signal of all potentially labelled ions was 

normalized by the norvaline signal and used to calculate the abundance of relative 
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metabolites. The mass isotopomer distribution was obtained by dividing the signal 

of each isotopomer by the sum of all isotopomer signals, corrected for natural 

abundance. 

Oxygen consumption and glycolytic capacity. PDAC cells (PATU8988T and 

KP-1NL) were plated into XF Cell Culture Microplates (Seahorse Bioscience) 

overnight at 37˚C and 5% CO2. The next day, cells were treated with doxycycline for 

72 h. To measure OCR and ECAR, media were replaced in the Seahorse microplates 

with assay medium free of sodium bicarbonate and FBS, and the plate was 

incubated in a CO2-free incubator for 1 h at 37˚C. Oligomycin, FCCP, and rotenone 

were sequentially injected at a final concentration of 2 µg/ml, 1 µM and 1 µM, 

respectively. Experiments were run using an XF analyzer and raw data were 

normalized with total protein measured in each well of the microplate.   

Glucose uptake and lactate production. Glucose uptake and lactate 

secretion were measured using Wako Glucose kit and Trinity Lactate kit, 

respectively. Briefly, 200 µl of reconstituted Wako glucose reagent or lactate reagent 

were added to a 96-well plate and mixed with 10 µl samples that were diluted 1:10 

in PBS. To measure glucose uptake, the plate was incubated for 15 min at 37˚C, and 

the change in absorbance was recorded using a spectrophotometer (SpectraMax M5, 

Molecular Devices) at 505 nm. For lactate measurement, the plate was incubated for 

1h at 37˚C and absorbance was read at 540 nm. Raw data were normalized to total 

protein per well.  
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Amino acid uptake. Amino acid uptake and secretion rates were measured 

using ultra-high-performance (UPLC; Waters Acquity). Briefly, cells were seeded in 

12-well plates and treated for 72 h with doxycycline. Spent media were collected, 

deproteinized and mixed with MassTrak Reagent and Borate Buffer/NaOH. Samples 

were heated at 55˚C for 10 min and analyzed using the Water ACI UPLC system. 

Instrument eluents were prepared according to protocol and eluents were run at 0.4 

ml/min with UV detection set at 260 nm. 

Pyruvate and nucleotide rescue experiments. For pyruvate rescue 

experiment, 5 mM sodium pyruvate or methyl pyruvate were supplemented to the 

DMEM media with 10% Tet-free FBS. The media also lacked glucose and glutamine, 

and were supplemented with 25 mM glucose and 2mM glutamine wherever 

required. For nucleotide experiment, 250 µM of nucleotide mixture (adenine, 

guanine, cytosine, thymine and inosine) was supplemented directly in complete 

DMEM media with 10% Tet-free FBS. 

Chromogenic spectrophotometric NADPH assay. NADPH was measured 

using NADP/NADPH assay kit (Abcam) following the manufacturer’s protocol. 

Briefly 4x106 cells were harvested in cold PBS and extracted using extraction buffer 

by two freeze/thaw cycles (20 min on dry ice followed by 10 min at RT). The 

samples were vortexed and centrifuged at 14000 rpm for 5 min. The extracted 

samples were centrifuged at 14000 rpm and the supernatant transferred to a new 

tube. NADP/NADPH inhibiting enzymes were removed using 10 kD Spin Column 

(Abcam, ab93349). NADPH and total NADP were measured upon decomposition of 
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NADP by heating at 65°C. Multiple readings were taken at OD450 followed by 

calculation of total NADP and NADPH. 

Subcutaneous and orthotopic tumor formation. All animal procedures 

were approved by the MD Anderson Animal Care and Use Committee (IACUC 

Protocol number 00001039). Subcutaneous tumors were established by injection of 

500,000 cells into the flank of immune-compromised male mice (Taconic), aged 4-6 

weeks. These experiments were not randomized, and the investigators were not 

blinded to allocation during experiments and outcome assessment. No statistical 

method was used to predetermine sample size. The animal sizes for the study were 

estimated based on previous experience using similar mouse models that showed 

significance. Animals were sacrificed for humane reasons when tumors were ~15 

mm in diameter. Doxycycline was provided to the animals as indicated in the form 

of Dox water (Dox 2mg/ml, Sucrose 40 mg/ml) starting 2 days after transplantation. 

For late-induction of ME3 shRNA, Dox water was started 32 days after 

transplantation. For orthotopic pancreas transplantation, nude mice were 

anesthetized using ketamine/xylazine. Incision was made in the left abdomen and 

gently the pancreas was pulled out along with the spleen. Luciferase expressing cells 

were slowly injected into the tail of the pancreas using a Hamilton syringe. 5 μl cells 

(5x105) mixed with 5 μl of Matrigel were injected. For orthotopic model, animals 

were imaged (IVIS Spectrum, PerkinElmer) 2 days post-surgery to assess successful 

implantation of the tumors. Only orthotopic tumors of similar luciferase intensity 

were further used for the study. These criteria were pre-established. Further, the 
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animals were luciferase imaged to monitor the progress of the tumor at different 

time points. Dox water (Dox 2 mg/ml, Sucrose 40 mg/ml) treatment was started 2 

days after transplantation.  

Measurement of total and mitochondrial reactive oxygen (ROS) species. 

A DCFDA cellular ROS detection assay (ThermoFisher Scientific) was used to 

measure total ROS activity within the cells. A total of 2.5 × 104 cells per well were 

seeded on a 96-well plate and allowed to attach overnight. The cells were then 

stained with 25 μm DCFDA for 45 min at 37°C. After staining, the cells were washed 

and measured using flow cytometry. 100 μM TBHP tert-butyl hydroperoxide 

(TBHP) was used as a positive control. For measurement of mitochondrial ROS, 

MitoSOX red mitochondrial superoxide (ThermoFisher Scientific, M36008) was 

used according to manufacturer’s protocol.  In brief, a total of 2.5 × 104 cells per well 

was seeded on a 96-well plate and allowed to attach overnight. The cells were then 

stained with 5 μm MitoSOX for 10 min at 37°C. After staining, the cells were washed 

and measured using flow cytometry. 

Ultra-low attachment spheroid formation. PATU8988T cells were plated at 

30,000 cells in 6-well ultra-low attachment plates (Corning) and grown under low 

glucose (1 g/L) and low glutamine (0.2 mM) conditions in the presence or absence 

of BCAA. For rescue experiments, cells cultured without BCAA were supplemented 

with alpha-ketoglutarate (0.2 mM) or oxaloacetate (0.2 mM). Media change was 

performed on days 3 and 6 by centrifuging at 50 xg for 3 min, then gently 

resuspending in fresh medium. Spheroid imaging was performed at days 7 and 10 
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using EVOS Cell Imaging Systems (ThermoFisher) and spheroid analysis was done 

using ImageJ. 

Statistical Analysis. Graphpad Prism software was used to conduct the 

statistical analysis of all data, except for qPCR data where Microsoft excel was used. 

Data are presented as mean ± s.d. except for metabolic and metabolomic 

experiments where data are presented as mean ± s.e.m. All quantitative results were 

assessed by unpaired Student's t-test after confirming that the data met appropriate 

assumptions (normality and independent sampling). The Student t-test assumed 

two-tailed distributions to calculate statistical significance between groups. Unless 

otherwise indicated, for all in vitro experiments, three technical replicates were 

analyzed. Sample size estimation was done taking into consideration previous 

experience with animal strains, assay sensitivity and tissue collection methodology 

used. For mouse and clinical studies, the staining intensity of tissue sections was 

scored in a 'blinded' manner by two independent pathologists. Animal survival 

benefit was determined by the Kaplan–Meier analysis. P < 0.05 was considered 

statistically significant and the P value is indicated in the figures. 

 


