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Abstract 

 

 Metabolic rewiring is a hallmark of pancreatic ductal adenocarcinomas (PDA), a lethal 

disease that is notoriously resistant to therapies. This is due in part to the tumor 

microenvironment, which is largely composed of a dense fibrotic stroma and extracellular matrix. 

Hyaluronic acid (HA), a linear, carbohydrate polymer and a key component of the extracellular 

matrix, is a major contributor to the elevated interstitial pressure, resulting in vascular collapse 

that impedes drug delivery and creates an aberrant nutrient landscape. To survive and 

proliferate in this environment, pancreatic cancer cells rewire their metabolism and scavenge 

from the tumor microenvironment. Nearly all pancreatic tumors harbor mutations in oncogenic 

Kras, which increases the glycolytic flux into the hexosamine biosynthetic pathway (HBP). As 

such, the HBP potentially represents a metabolic vulnerability that could reveal novel targets for 

disease treatment. 

 The underlying goal of this thesis is to define the role of HBP in pancreatic cancer. This 

dissertation provides a comprehensive review on pancreatic cancer metabolism, tumor 

microenvironment, and the role of HBP in other cancers (Chapter 1). Testing for PDA 

dependence on the HBP revealed HA as a novel nutrient source that fuels the HBP via the N-

acetyl-glucosamine salvage pathway (Chapter 2).  

 Furthermore, future work stemming from preliminary findings will investigate whether 

inhibition of cell-intrinsic HBP is sufficient to sensitize pancreatic cancer to anti-PD-(L)1 therapy, 

an immune checkpoint blockade immunotherapy that has not been successful in PDA, despite 

demonstrating revolutionary success in other cancers (Chapter 3). Finally, this dissertation 
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proposes several future directions: the elucidation of the GlcNAc salvage pathway in more 

physiologically relevant models,  further mechanistic delineation of HA fueling the HBP, and 

testing whether other non-cancerous cells populating the tumor microenvironment and 

components of the extracellular matrix can regulate the HBP in cancer cells (Chapter 4).    
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Chapter 1 

Introduction: Pancreatic Cancer, Altered Metabolism, and the Role of the Tumor 

Microenvironment  

1.1 Disease Overview 

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

is one of the deadliest solid cancers despite its relatively rare diagnosis1. In the United States in 

2023, PDA is the third leading cause of cancer-related deaths despite being the eleventh most 

commonly diagnosed cancer. At 12%, the five-year survival rate for PDA is the lowest among 

major cancer types, with a median survival of approximately nine months for late stage patients2. 

Although the five-year survival rate of patients gradually improved since the 1970s (2.5%), PDA 

is slated to become the second leading cause of cancer-related mortalities by 20303. This 

clinical reality for PDA is in stark contrast to other major cancers such as melanoma, breast, and 

lung cancer, which have benefited significantly from breakthroughs in screening, early detection, 

or novel therapies. 

Several challenges underlie the extremely poor outcome of PDA. First, the location of 

the pancreas, deep in the abdomen, and the lack of symptoms in the early stage of the disease 

make early detection difficult. Second, PDA is aggressive and metastasizes early, resulting in 

80-85% of patients being diagnosed when the disease is locally advanced or metastatic4. This 

leads to 10-20% of patients being eligible for surgical resection, which is currently the only 

potentially curative option. However, approximately 80% of these patients will ultimately relapse 

and die post-surgery. Third, PDA severely weakens patients and limits their ability to tolerate 

aggressive treatments. While increasing the overall survival is paramount, quality of life for 
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patients is an important factor to be considered when designing new treatment strategies. 

Finally, there are currently no effective treatment options for PDA. For most patients, 

chemotherapy is the primary treatment modality, and despite the ongoing effort to optimize 

adjuvant and neo-adjuvant approaches, patients’ overall median survival has only increased by 

several months4. The lack of reliable molecular and genetic biomarkers represents a roadblock 

for optimally stratifying and guiding treatment options for patients. Numerous cell-intrinsic and 

cell-extrinsic factors contribute to therapeutic resistance, which will be discussed later in this 

chapter.    

1.2 Risk Factors 

 PDA is associated with several significant environmental risk factors including age, 

tobacco consumption, chronic pancreatitis, and type 2 diabetes mellitus. Most patients are 

diagnosed after 50, and 70% are older than 65 years of age1. Tobacco smokers are two- to 

three-times more likely to develop PDA compared to non-smokers5. Smokeless tobacco 

consumption is another preventable risk factor6. Multiple studies link low physical activity, 

obesity, and “Western diet” – high intake of saturated fat and processed red meat, and low 

intake of fruits and vegetables – to PDA7-10. Chronic pancreatitis, which can be caused by heavy 

alcohol consumption, increases the risk by more than ten-fold11. Long-term diabetes mellitus 

almost doubles the risk of PDA, but it can also be caused by pancreatic cancer at early stages12. 

This sporadic onset of pancreatic cancer-associated diabetes mellitus, known as type 3c 

diabetes mellitus, can potentially be used for early PDA diagnosis13.  

PDA has several genetic risk factors which, combined with the environmental risk factors, 

can potentially provide in-roads for early screening and prevention. A family history of PDA 

lacking germline mutations and genetic syndromes with known germline mutations account for 7% 

and 3% of patients, respecitvely14. An example of such genetic syndrome is familial atypical 

multiple mole melanoma syndrome, which is caused by a germline mutation in cyclin-dependent 
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kinase inhibitor 2A. Familial atypical multiple mole melanoma syndrome increases PDA risk by 

13-fold15. Other germline mutations of interest include genes involved in DNA damage response 

(BRCA1, BRCA2, PALB2, FANCC, FANCG, and ATM). Patients with inherited mutations in 

these genes are high-risk and are monitored for screening. While identifying and screening 

high-risk patient groups is an attractive strategy, 90% of patients lack a familial basis. Therefore, 

reliable biomarkers are critical to improve early diagnosis and prevention. 

1.3 Biomarkers and Early Detection 

  Late-stage diagnosis, which occurs in over 80% of patients, is one of the major driving 

forces behind PDA lethality. PDA can take over 10 years to metastasize, providing a potential 

window for early detection16. Thus, sensitive and specific biomarkers that can detect early stage 

pancreatic cancer, as well as accurately measure therapy response will be instrumental in the 

fight against PDA. 

 Serum cancer antigen 19-9 (CA 19-9) is the only biomarker approved by the U.S. Food 

and Administration for PDA management17. However, CA 19-9 is not an optimal marker for 

several reasons. CA 19-9 is ineffective in early detection or screening asymptomatic patients 

because of its low positive predictive value18. 5-10% of the population lacks 1,4-fucosyl 

transferase, an enzyme necessary for synthesizing CA 19-919. Furthermore, different types of 

cancers, as well as benign diseases such as pancreatitis and jaundice, can elevate CA 19-9 

serum level20. Despite these limitations, CA 19-9 is used in the clinic for monitoring treatment 

response and detecting possible tumor recurrence. 

   Novel strategies to finding more specific and sensitive biomarkers are areas of active 

investigations. These alternative approaches involve identifying and analyzing dysregulated 

miRNAs21-23, exosomes24,25, and circulating tumor DNA26-28.  These tools can potentially 

complement or replace CA 19-9 in the future to improve early detection and treatment response. 
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All three approaches have their advantages, but they also have obstacles that must be 

addressed. While miRNAs are stable in blood, they are hard to accurately detect because they 

are small molecules that can be protein-bound or can be incorporated into vesicles. Isolating 

cancer exosomes from patients is difficult and time-consuming because of the lack of markers 

that can distinguish cancer from non-cancer exosomes. Similarly, identification and isolation of 

circular tumor DNA from circulating tumor cells remain as major challenges. Finally, all these 

studies require further validation in larger cohorts before they are ready for application.     

1.4 The Therapeutic Landscape 

The lack of effective therapies is a major obstacle to improving overall survival. In 2023, 

the five-year overall survival is at 12%2. A cure would require an accurate early detection of pre-

invasive PDA and surgery, but the majority of PDA patients are diagnosed at advanced stages. 

Only 10-20% of patients have a resectable disease and are therefore eligible for surgeries such 

as Whipple procedure and distal pancreatectomy, which removes the tumors in pancreatic head 

and tail, respectively. For these particular patients, recent progress in chemotherapy regimens 

have resulted in improved outcomes29. For these reasons, surgery, when eligible, is the best 

option, and is associated with a five-year survival rate of 20%1. For the vast majority of patients 

diagnosed with advanced or metastatic PDA, cytotoxic chemotherapies are the primary 

treatment option. Currently, the standard of care is a chemotherapy cocktail consisting of 5-

fluoracil, leucovorin, irinotecan, and oxaliplatin (FOLFIRINOX), which has led to a median 

overall survival of approximately 1 year. It is important to note that chemotherapy modestly 

increases survival by a few months.  

A critical gap exists between the current understanding of PDA biology and translating it 

into the clinic to improve survival and quality of life. Compared to other tumor types, recent 

multiple large-scale phase III trials have been unsuccessful for PDA30-32. Major therapeutic 

challenges include a desmoplastic stroma that impedes drug delivery, an immunosuppressive 
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tumor microenvironment, and intratumoral crosstalk amongst different non-cancer and cancer 

cells that can contribute to chemotherapy resistance. Despite these challenges, there have 

been recent, promising leads in targeted therapy and immune therapy, which may inform future 

treatment options. 

Targeted Therapy 

 The genomic landscape of PDA has been known for many years due to several large-

scale genomics efforts and next-generation sequencing studies from resected PDA tumors33,34. 

Notably, oncogenic KRAS mutations occur in over 90% of human PDA cases, with different 

incidence rate of mutated sites: G12D (41%), G12V (34%), G12R (16%), Q61H (4%), and G12C 

(1%)35. Despite the high frequency, targeting mutant KRAS isoforms has been notoriously 

challenging due to their high affinity to GDP and GTP substrates36.  

Recent advances in drug development have led to allele-specific mutant KRAS inhibitors. 

The first iteration was ARS-1620, which covalently binds to the GDP-bound, inactive KRASG12C, 

preventing its activation37. Although the KRASG12C mutation constitutes approximately 1% of 

PDA cases, ARS-1620 became the first, pre-clinical, proof-of-concept evidence for mutant-

specific KRAS inhibition. Identification of a pocket in KRASG12C (H95/Y96/Q99) by X-ray 

crystallography studies led to the development of the first potent clinical-grade KRASG12C 

inhibitor, AMG-510 (Sotorasib)37,38. In 2021, Sotorasib became the first FDA fast track-approved 

RAS inhibitor after demonstrating durable clinical benefits39. In 2022, MRTX1133, a small 

molecule inhibitor specific for KRASG12D, has demonstrated tumor regression in xenograft and 

patient-derived xenograft models40. KRASG12D inhibitors have the potential to make a significant 

impact on PDA treatment because it is the most common mutant KRAS in human PDA. 

Approaches beyond allele-selective KRAS inhibition are being actively investigated. 

RMC-6236, which forms a complex with active KRAS to prevent downstream signaling, 
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demonstrated anti-tumor effects across KRAS genotypes in a preclinical setting41. BI-3406 is a 

selective oral small molecule that targets SOS1, a key nucleotide exchange factor for KRAS. 

Across KRAS-driven cancer models, BI-3406 significantly reduced tumor growth42. It is currently 

undergoing a phase I clinical trial in advanced KRAS-mutated solid tumors as a single agent or 

in combination with MEK inhibitor trametinib (NCT04111458). Several groups employed the 

same lipid nanoparticle-encapsulated mRNA vaccine strategy against SARS-CoV-2 to develop 

vaccine targeting the four major KRAS mutations. Currently, there are two phase I clinical trials 

ongoing (NCT03948763 and NCT03608631).  

Although there have been encouraging results, especially in the last five years, it is 

important to elucidate the compensatory mechanisms that decrease the efficacy of KRAS 

inhibition. In pre-clinical settings, increased EGFR and AURKA signaling led to ARS-1620 

resistance43. Clinical acquired mutations that led to KRASG12C inhibition were also identified44. 

Future clinical trials involving KRAS small molecule inhibitors should apply the combination 

therapy approach to target escape pathways.  

Immune Therapy  

Cancer immunotherapy has revolutionized cancer treatment, significantly improving 

patient overall survival and quality of life. A major aspect of immunotherapy arose from 

understanding immune surveillance, in which innate immune cells recognize and eliminate 

cancer cells. Here, we refer to immunotherapy as immune checkpoint blockade, although other 

therapeutic modalities exist. T cell immune checkpoints, PD-1 and CTLA-4, maintain the fine 

balance between immune surveillance against foreign abnormal cells, such as cancer cells, and 

autoimmunity. Immune checkpoint blockade therapies, notably monoclonal antibodies targeting 

PD-1/PD-L1 and CTLA4, have made significant impacts in cancer treatment across numerous 

solid tumors, such as melanoma, lung cancer, and renal cell carcinoma45. However, these 

established immune checkpoint inhibitors have been ineffective in PDA46,47.  
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PDA has been resistant to immunotherapy for several reasons. A high mutational burden 

can promote cancer neoantigen formation, facilitating tumor-specific killing by CD8+ T cells48.  

PDA has a low tumor mutation burden compared to response solid tumors. The most significant 

challenge for effective immunotherapy is the tumor microenvironment. The dense fibrotic stroma 

acts as a physical barrier to cytotoxic T cells, and stromal cells secrete factors that inhibit CD8+ 

T cell function and survival. Other immunosuppressive cells, such as regulatory T cells and 

myeloid derived suppressor cells, present further challenges for eliciting CD8+ T cell-mediated 

anti-tumor response. 

Despite the major challenges conferred by the low immunogenicity and the profound, 

immunosuppressive microenvironment, there have been some encouraging results that can be 

instructional to shaping immunotherapy approach in PDA patients. Several studies reported that 

patients with microsatellite instability high status demonstrated prolonged survival rate49. One 

possible explanation for this is that tumors high in microsatellite instability are typically more 

likely to have high mutational burden50. Several clinical trials are currently testing whether high 

microsatellite instability status can act as a valid predictor of response to immunotherapy51. 

Recent efforts are focused on overcoming immunotherapy resistance by employing combination 

therapy with immunotherapy and cytotoxic approaches.  

1.5 The Tumor Microenvironment  

The tumor microenvironment (TME) is an integral component of tumors, which are 

pseudo-organs that exhibit unique pathophysiology. A hallmark of PDA is a desmoplastic 

reaction that is present in both primary and metastatic tumors. Pancreatic tumors have a low 

percentage of neoplastic cells. The majority of the tumor bulk content consists of fibroblasts and 

immune cells52. Activated fibroblasts deposit a significant amount of extracellular matrix, causing 

immense interstitial pressure that results in vasculature collapse, impaired perfusion, hypoxia, 

and aberrant nutrient availability. Elucidating the role of the TME in tumorigenesis and therapy 
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resistance is critical to identifying and improving novel therapeutic strategies and targets. Here, 

we briefly describe the major cell populations of the TME that impact tumor phenotype and 

therapeutic resistance (Fig. 1-1).  

 
Figure 1-1 Key characteristics of the pancreatic tumor microenvironment represent therapeutic 
challenges.  

The pancreatic tumor microenvironment presents a therapeutic obstacle for PDA treatment. The dense 
desmoplasia and high tissue stiffness caused mainly by hyaluronic acid impede drug delivery. Perineural 
invasion is high in PDA, and studies done in genetically engineered mouse models point to their direct 
role in promoting tumorigenesis. The vast majority of the total cellularity in the tumor microenvironment is 
not cancer cells. Instead, they consist of cancer associated fibroblasts (CAFs) and immune cells. The 
supraphysiological intratumoral pressure caused by hyaluronic acid and the dense stroma leads to 
metabolic rewiring within cancer cells. Cancer cells scavenge from the tumor microenvironment to meet 
their metabolic demands. For example, CAFs provide the metabolite alanine to cancer cells to support 
their anabolism. Immune cells such as myeloid-derived suppressor cells (MDSC), regulatory T cells (Treg), 
and CD4+ T cells suppress anti-tumor CD8+ T cells. Furthermore, the lack of infiltration by CD8+ T cells is 
a notable feature of PDA.  
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Leukocytes 

 Leukocyte infiltrate in human PDA is remarkably heterogenous, both functionally and 

spatially, and include multiple subsets of T cells, NK cells, B cells, macrophages, neutrophils, 

and other granulocytes53,54. These different cell types impact PDA biology in a context-

dependent manner. For example, regulatory T cells, which are well-established as 

immunosuppressive cells, reduced vaccine efficacy in a mouse model55. However, depleting 

regulatory T cells failed to relieve immunosuppression, and instead, led to inflammatory 

fibroblast differentiation, myeloid cell infiltration, and disease progression56. CD4+ T cells 

blocked the activity of anti-tumor CD8+ T cells to contribute to carcinogenesis in mice57. Myeloid 

cells are more often associated with having tumor-supporting activities, enabling tumor growth, 

survival, metastasis, and immune evasion58,59. However, myeloid cells can have antitumor roles, 

such as enhancing chemotherapy efficacy by degrading fibrosis, and contributing to productive 

T cell immunity60,61. Elucidating the various spatial, functional, and microenvironmental contexts 

will be critical to improving immune therapy strategies. 

Peripheral nerves  

Autonomic innervation is a critical regulator of hormone secretion by pancreas62. As 

such, the normal pancreas is highly innervated. During tumorigenesis, innervation significantly 

increases, a phenomenon called perineural invasion (PNI). PNI incidence is particularly high in 

PDA (>80%) compared to other tumor types63. Furthermore, a recent analysis of long-term 

survivors who underwent surgical resection identified absence of PNI as the only favorable 

predictor of survival greater than 5 years64.  

PNI is also observed in genetically engineered mouse models. The neuroplastic 

changes and PNI occur as early as premalignant lesions65. In invasive PDA, the large nerve 

bundles were located near cancer cells and vasculature. Another study demonstrated that 
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sensory denervation led to a decrease in neoplastic, neuroendocrine cell population and 

impaired tumorigenesis66. These studies suggest that the peripheral nerves in the TME may 

play a direct role in disease progression. Interestingly, a recent study suggests that neurons 

may be involved in a metabolic cross-talk with cancer cells67. The group demonstrated that in a 

nutrient-deprived environment, neurons secrete amino acids, such as serine, to support growth 

and survival in vitro. 

The studies above point to the complex and functionally heterogeneous nature of nerves 

found in different stages of PDA. Further investigation in elucidating these questions can reveal 

new therapeutic targets and strategies. 

Cancer-associated fibroblasts 

 Cancer-associated fibroblasts (CAFs) play a critical role in development, homeostasis, 

and tumorigenesis. Spatial heterogeneity of CAFs suggests distinct functional roles based on 

their proximity to cancer cells68,69. CAFs that are near cancer cells exhibit a classically activated, 

myofibroblast-like phenotype. CAFs in the surrounding stromal tissue display an inflammatory 

phenotype. While single-cell genomics was instrumental in identifying different CAF subtypes, 

their precise functions and effects of their transcriptional programs on PDA remain areas of 

active investigation.  

 A well-characterized role of CAFs is the deposition of extracellular matrix, which has 

been demonstrated to have both tumor supporting and suppressive roles. Major components of 

the extracellular matrix include proteoglycans and hyaluronic acid. Hyaluronic acid is one of the 

major drivers of the supraphysiological interstitial pressure that impedes drug delivery and 

creates a nutrient-aberrant environment70. Another factor hindering drug delivery is the 

hypovascular nature of PDA. More specifically, PDA vascularization is characterized by a 
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heterogeneous distribution of high microvascular density, but with impaired integrity and poor 

perfusion71.  

Extracellular Matrix 

 The extracellular matrix (ECM), which is present in all tissues, is a non-cellular 

component that provides biochemical and biomechanical cues, and the essential physical 

scaffolding to the surrounding cellular components. In many cancers, malignant cell 

transformation can change the ECM architecture72-74.  

 A key characteristic of PDA that is thought to contribute to therapy resistance is the 

dense fibrotic stroma intertwined with the ECM. The PDA ECM is primarily composed of 

collagens, hyaluronic acid, integrins, proteoglycans, glycoproteins, and proteases75. Numerous 

pre-clinical studies have identified the dichotomous role of the ECM in PDA. Tumor-promoting 

roles may include integrin, TGFβ/SMAD, DDR-1 signaling, and collagens as a nutrient source 

for cancer cells76-78. Tumor-suppressive roles may include providing a barrier against 

metastases and restraining tumor growth79,80. Elucidating how the tumor stroma and ECM 

interact with PDA cells and other non-cancerous cell populations in the tumor microenvironment 

is an area of active investigation, and has the potential to reveal new targets for therapy.  

1.6 Metabolic Adaptations 

The Warburg Effect 

Deregulated metabolism is a hallmark of cancer, and elucidating it can reveal potential 

metabolic vulnerabilities that can be leveraged therapeutically81. Proliferating cells such as 

cancer cells require different metabolic requirements than those of quiescent, differentiated cells. 

Although the need for ATP generation is similar, cancer cells require an ample supply of 

nutrients to generate biosynthetic precursors to sustain their growth and proliferation.  
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A well-established phenomenon of cancer metabolism is a process known as aerobic 

glycolysis or the Warburg Effect82. In most non-transformed cells, glucose, a major carbon 

source, is broken down to pyruvate via glycolysis. Pyruvate fuels the tricarboxylic acid (TCA) 

cycle and oxidative phosphorylation to generate ATP. If oxygen levels are not sufficient to 

maintain oxidative phosphorylation, fermentation occurs, converting pyruvate to lactate. In 

contrast, cancer cells, driven by oncogenes, convert glucose to lactate despite having sufficient 

oxygen levels. This process is called the Warburg Effect, and this metabolic phenotype is found 

in approximately 80% of human cancers83.  

A complex interplay amongst several factors can contribute to metabolic rewiring – 

oncogene activation, loss of tumor suppressors, altered signaling pathways, interaction with the 

components of tumor microenvironment, and hypoxia. Here, we summarize these factors in the 

context of PDA, and discuss the reprogrammed metabolism of key nutrients and scavenging 

pathways PDA employs to fuel its anabolism (Fig. 1-2). 
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Figure 1-2 Mutant KRAS-mediated metabolic reprogramming in pancreatic cancer supports 
proliferation and survival. 

Mutant KRAS (KrasG12D) increases glucose uptake and flux into the non-oxidative branch of the pentose 
phosphate pathway (Non-ox PPP) and the hexosamine biosynthetic pathway (HBP) to generate ribose-5-
phosphate (R5P) and  UDP-GlcNAc, respectively. R5P is the precursor molecule to RNA and DNA 
synthesis. Mutant KRAS reprograms glutamine metabolism to generate NADPH to maintain redox 
homeostasis. Pancreatic cancer cells employ macropinocytosis and autophagy for acquisition of amino 
acids to support growth and proliferation.  

 

Pancreatic Cancer Metabolism 

Pancreatic cancer metabolism is influenced by key genetic alterations and the tumor 

microenvironment (TME). Oncogenic KRAS leads to increased glucose uptake and flux through 

anabolic pathways, glutamine reprogramming, and reactive oxygen species regulation84. In 

mouse models, oncogenic KRAS upregulates cytokines and promotes immune cell infiltration, 

leading to tumor metabolic reprogramming85. The tumor suppressor TP53, which is frequently 

mutated in PDA, induces autophagy and controls ROS to affect metabolism86. MYC, a 

transcription factor that is frequently amplified, is a master regulator of metabolic processes and 

contributes to tumorigenesis via intrinsic and extrinsic factors87,88. PTEN, a tumor suppressor 

that is commonly deleted, regulates the PI3K-AKT pathway, which regulates redox control, 

glucose metabolism, and de novo lipid synthesis89. In multiplate mouse models, PTEN deletion 

cooperates with mutant KRAS to promote PDA tumorigenesis90-92. Furthermore, as previously 

stated, the supraphysiological intratumoral pressure imparted by the stromal desmoplasia leads 

to hypoxia and aberrant nutrient levels in the TME. To survive and proliferate in this austere 

environment, cancer cells rewire their cell-intrinsic metabolism. Below, we discuss the 

reprogrammed fuel source metabolism and lysosomal nutrient scavenging that cancer cells 

utilize to meet their anabolic demands.    

 

 Glucose 

 Glucose, a major source of energy for cells, is in high demand for cancer cells. PDA 

cells, mediated by oncogenic KRAS, increase glucose uptake and flux through glycolysis by 
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upregulating glucose transporter GLUT1 and hexokinase93. The KRAS4A isoform also 

contributes to the increased glycolytic flux in vitro and in vivo by directly interacting with 

hexokinase 194. Furthermore, glucose is diverted from glycolysis into side branches to generate 

key precursors for biomass84. Examples of these branching metabolic pathways include the 

pentose phosphate pathway (PPP) and the hexosamine biosynthetic pathway (HBP). PPP is 

responsible for production of the cofactor NADPH and ribose-5-phosphate. NADPH combats 

oxidate stress and is required for fatty acid synthesis. Ribose-5-phosphate is an essential 

intermediate for ribose synthesis. The HBP is the only de novo pathway to synthesize uridine 

diphosphate-N-acetylglucosamine, a key substrate for two essential post-translational 

modifications – glycosylation and O-GlcNAcylation. The glycolytic intermediates can feed into 

the serine, glycine, and one-carbon metabolism, supporting nucleotide and lipid syntheses.   

Glutamine 

 Glutamine, a non-essential amino acid, is found in high levels in human plasma and has 

numerous roles in cellular metabolism95. Cancer cells use precursors from the TCA cycle to 

support growth and proliferation. Glutamine can enter the TCA cycle by glutaminolysis, and the 

glutamine carbon skeleton is an important contributor to TCA cycle intermediates. In addition, 

mitochondrial glutamine metabolism is important for maintaining mitochondrial integrity and 

functions.  

Glutamine has important biosynthetic roles outside of the TCA cycle. The amine portion 

of glutamine is a nitrogen donor for synthesizing other amino acids and hexosamines. 

Glutamine is a required substrate for de novo synthesis of purines and pyrimidines. Importantly, 

glutamine contributes to production of glutathione and NADPH to regulate redox homeostasis, 

which is important for tumorigenesis and proliferation96,97. 
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 In PDA, glutamine regulates redox homeostasis via a non-canonical pathway98. 

Canonically, most cells fuel the TCA cycle by using glutamate dehydrogenase to convert 

glutamine-derived glutamate to α-ketoglutarate in the mitochondria. In PDA cells, mitochondrial 

aspartate aminotransferase (GOT2) converts glutamate into α-ketoglutarate and aspartate. 

Aspartate is transported to the cytoplasm and is metabolized by cytosolic GOT1, malate 

dehydrogenase 1 (MDH1), and malic enzyme 1 (ME1). These metabolic reactions ultimately 

result in pyruvate and NADPH formation. Indeed, glutamine deprivation or genetic inhibition of 

any enzyme on this non-canonical pathway led to an increase in reactive oxygen species. 

Importantly, this non-canonical pathway was Kras-regulated, and knockdown of any of these 

enzymes led to a significant decrease in PDA growth in vitro and in vivo98. Further studies 

targeting enzymes involved in glutamine metabolism – mitochondrial uncoupling protein 2, 

glutamate ammonia ligase, and a novel variant of glutamine transporter SLC1A5 – reinforced 

the concept that glutamine metabolism is an attractive therapeutic target99-101.  

Despite the promising results listed above, the pleiotropic effects of glutamine 

metabolism and the rapid compensatory metabolic rewiring offer challenges that necessitate 

further investigation. For instance, glutamine deprivation led to induction of epithelial-

mesenchymal transition in vitro and in vivo102. Clinal-grade inhibitors of glutaminase, which 

converts glutamine to glutamate, lost its efficacy in prolonged in vitro treatment and in vivo103. 

An integrated metabolic and proteomic platform revealed rapid metabolic rewiring upon 

glutaminase treatment. The group observed impaired tumor growth in a nude mouse model, 

only after identifying a potential adaptive response and designing rational combinatorial 

approaches103. Clinical studies testing the efficacy of 6-diazo-5-oxo-L-norleucine (DON), which 

broadly inhibits glutamine-requiring metabolic reactions, failed due to gastrointestinal 

toxicities104. In summary, it will be critical to functionally and mechanistically delineate the 

numerous aspects of PDA glutamine metabolism to translate the preclinical findings into therapy.  
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Cysteine 

 Cysteine is an important amino acid for PDA progression105. Cystine, the oxidized dimer 

of cysteine, is a precursor for generation of glutathione, a major antioxidant mechanism against 

ROS. Cells uptake cystine through system xCT, and genetically ablating xCT led to PDA cell 

death via ferroptosis106. Ferroptosis is initiated by a failure of antioxidant defenses that rely on 

glutathione, ultimately resulting in excessive accumulation of lipid ROS107. 

 Further investigation using genetically engineered mouse models provided promising 

evidence for targeting cysteine metabolism in PDA. Deletion of the xCT subunit, Slc7a11, 

induced ferroptosis in PDA and impaired tumor growth in mice108. Importantly, the phenotype 

was replicated using cyst(e)inase, an experimental drug that depletes cysteine and cystine in 

blood108,109. The clinical development of cyst(e)inase for treating cystinuria, a metabolic disorder, 

offers a pathway for testing this concept in human PDA. If successful, potential combination 

therapies that amplify the anti-tumor effect of cyst(e)inase should be investigated.  

Macroautophagy 

 Macroautophagy (referred to as autophagy henceforth) maintains survival and cellular 

homeostasis during time of stress or starvation. This highly conserved, catabolic process 

involves sequestration of damaged organelles and macromolecules, targeting them to 

lysosomal degradation to provide building blocks for cancer cells. 

 Several studies have demonstrated the importance of autophagy for PDA tumorigenesis. 

PDA has an elevated level of basal autophagy, and genetic and pharmacological inhibition of 

autophagy decreased PDA cell proliferation and impaired tumor growth110. These results were 

recapitulated in autochthonous models and other genetically engineered mouse models that 

utilized Cre-Lox and Dox-inducible systems to allow temporal and spatial control of autophagy 

activity111-113. Notably, autophagy was critical for PDA tumor maintenance through both cell-
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intrinsic and cell-extrinsic mechanisms. These studies also reveal that the immune system plays 

an important role in the anti-tumor response by autophagy inhibition. 

 Importantly, autophagy plays a non-metabolic role that may provide avenues to enhance 

immunotherapy, which has not had much clinical success in PDA. Both human and murine PDA 

tumors and the metastatic lesions in the liver have decreased level of major histocompatibility 

complex class I (MHC-I)114. MHC-I is found on the cell surface of all nucleated cells. MHC-I 

plays an important role in eliciting an immune attack against cancer cells because they display 

peptide fragments to cytotoxic T cells. In 2020, a group demonstrated that in human and murine 

PDA, immune evasion is induced by MHC-I being selectively targeted via autophagy-dependent 

degradation involving the autophagy cargo receptor NBR1115. Autophagy inhibition led to 

increased anti-tumor T cell activation and infiltration, and synergized with dual immune 

checkpoint therapy in mice115. These findings provide further rationale for targeting autophagy in 

PDA.  

Macropinocytosis 

 Macropinocytosis is a nutrient scavenging system that is induced by oncogenic RAS116. 

Macropinocytosis is a non-selective endocytic program that can uptake extracellular proteins, 

such as serum albumins which are degraded in the lysosome, to provide amino acids to fuel 

cancer metabolism. Along the same line, a group demonstrated that under nutrient-limiting 

conditions, PDA can uptake collagen, which is found in high levels in the stroma, as a source of 

proline to support survival117. These studies directly demonstrate the contribution of 

macropinocytosis to support PDA survival and growth118.  

 Although there is not an effective pharmacological agent to inhibit macropinocytosis, 

several studies have identified molecular regulators, which may help further define the role of 

macropinocytosis under different nutrient and tumor contexts. Constitutive macropinocytosis 
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requires sequential activation of PI3K signaling pathway and the downstream effectors Rac1 

and Cdc42119. A full-genome short interfering RNA screen identified vacuolar ATPase as a 

target of oncogenic Ras, and is required for macropinocytosis120. An unbiased functional 

proteomic screen identified the heparan sulfate proteoglycan syndecan-1 as a critical mediator 

of macropinocytosis that is important for tumor maintenance121.  

 Taken together, these studies implicate macropinocytosis as a potential therapeutic 

target. As autophagy and macropinocytosis both converge on the lysosome, an important 

question to address would be the possibility of compensatory mechanisms when either pathway 

is inhibited. The coordination between these two important scavenging pathways that fuel PDA 

metabolism would need further elucidation, especially under different stress and tumor 

microenvironment contexts.  

1.7 The Hexosamine Biosynthetic Pathway 

The hexosamine biosynthetic pathway (HBP) is an evolutionarily conserved pathway 

that is up-regulated in PDA by the oncogenic KRAS (Fig. 1-3)84. The final product of the HBP is  
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Figure 1-3 The hexosamine biosynthetic pathway is up-regulated in pancreatic cancer. 

The hexosamine biosynthetic pathway is an evolutionarily conserved pathway that branches off of 
glycolysis. The first and rate-limiting enzyme is glutamine-fructose 6-phosphate amidotransferase 1 
(GFAT1), which catalyzes the reaction that generates glucosamine-6-phosphate from fructose-6-
phosphate and glutamine. The goal of the hexosamine biosynthetic pathway is the generation of uridine 
diphosphate N-acetylglucosamine (UDP-GlcNAc), a precursor for two essential post translational 
modifications (PTMs), glycosylation and O-GlcNAcylation. The hexosamine biosynthetic pathway is the 
only de novo pathway for UDP-GlcNAc generation.  

 

 

uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), which integrates glucose, glutamine, 

fatty acids, and nucleotide metabolism. Because the HBP incorporates major macromolecules 

to produce UDP-GlcNAc, the HBP is known as a sensor of energy availability. Furthermore, 

UDP-GlcNAc is a key precursor for glycosylation and O-GlcNAcylation, two essential post-

translational modifications, which influence signaling, metabolism, gene regulation, and 
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epithelial to mesenchymal transition. Therefore, the HBP is at the center of numerous processes 

that are important in cancers, and defining the role of the HBP in PDA may reveal novel 

therapeutic strategies. Here, we discuss the HBP and the relevant pathways that lead to UDP-

GlcNAc generation, the roles of O-GlcNAcylation and glycosylation in cancers, and the current 

efforts to target the HBP pharmacologically. 

Three Pathways to UDP-GlcNAc 

Figure 1-4 The GlcNAc salvage pathway and the LeLoir pathway bypass the hexosamine 
biosynthesis pathway to generate UDP-GlcNAc. 

Two pathways feed into the hexosamine biosynthetic pathway, downstream of GFAT1 to generate UDP-
GlcNAc. The first pathway is the GlcNAc salvage pathway, which is mediated by the enzyme NAGK. 
NAGK catalyzes the reaction that phosphorylate GlcNAc to generate GlcNAc-6-phsphate (GlcNAc-6-P), 
which is catalyzed to GlcNAc-1-phosphate (GlcNAc-1-P) before being converted to UDP-GlcNAc. The 
second pathway is the LeLoir pathway, which involves galactose metabolism. Galactose, through series 
of reactions, can be converted to UDP-GalNAc, which is epimerized by the enzyme GALE, to produce 
UDP-GlcNAc. 
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There are three characterized pathways to generate UDP-GlcNAc (Fig. 1-4). First, there 

is the de novo pathway in the HBP, which is mediated by the first and rate limiting enzyme 

glutamine-fructose 6-phosphate amidotransferase 1 (GFAT1). Second, there is the GlcNAc 

salvage pathway which bypasses GFAT1. The GlcNAc salvage pathway is mediated by the 

enzyme N-acetylglucosamine kinase (NAGK), catalyzing the phosphorylation of GlcNAc to 

GlcNAc-6-phosphate, which is subsequently converted to UDP-GlcNAc. The third and final 

pathway is the Leloir pathway, which bypasses both the HBP and GlcNAc salvage pathway. 

The Leloir pathway catalyzes reactions involving N-acetyl-galactosamine (GalNAc), an isomer 

of GlcNAc, to generate UDP-GalNAc. UDP-GalNAc is epimerized to UDP-GlcNAc by the third 

and final enzyme of the Leloir pathway. Elucidating the role of the HBP in PDA will require 

considering the potential compensatory effects via GlcNAc salvage pathway and Leloir’s 

pathway. 

The HBP as a Cancer Therapy Target 

 The role of HBP in sustaining growth and survival, and its upregulation in many cancers 

make it a promising anti-cancer target. Azaserine and 6-diazo-5-oxo-L-norleucine (DON), which 

is a glutamine analog, inhibited the HBP and demonstrated anti-tumor activity in vitro and in vivo 

in different cancer models84,122-125. However, these approaches have drawbacks because 

azaserine and DON inhibit a range of glutamine-utilizing enzymes beyond GFPT1, including 

enzymes involved in amino acids and nucleosides biosynthesis126.  

 Several groups have tried to specifically target enzymes in the HBP with mixed results. A 

heterocyclic GFPT inhibitor from Roche had fairly low potency in vitro127,128. Another group 

targeting PGM3, the penultimate enzyme in the HBP,  demonstrated anti-tumor effects in breast 

cancer cells and xenograft models, but much more work needs to be done to attain optimal 

potency, stability, and safety129. 
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 Elevated HBP activity and O-GlcNAcylation have been reported in essentially all cancer 

cells130. Developing a specific, potent HBP inhibitor would be a critical step in defining the role of 

the HBP and may offer new therapeutic strategies that can be combined with available 

treatments. It is important to note that GlcNAc salvage pathway and the Leloir pathway can lead 

to UDP-GlcNAc generation. In the context of PDA, the tumor microenvironment may provide the 

means to utilize these pathways to generate UDP-GlcNAc. Therefore, identifying potential 

GlcNAc and GalNAc sources in the tumor microenvironment can contribute to formulating 

improved therapies.  

1.8 Hyaluronic Acid 

Hyaluronic acid (HA) is a GlcNAc containing molecule that is found in abundance in PDA 

tumor microenvironment. It belongs to a group of non-protein, unsulfated glycosaminoglycans 

(GAGs). GAGs are long, linear, often highly sulfated, polysaccharides consisting of repeating 

disaccharide units. Expressed on the surfaces of all nucleated cells, GAGs are involved in 

embryogenesis, growth, proliferation, tissue hydration, and cell interactions via receptors131. 

 Amongst all the GAGs, HA is especially relevant in PDA as it is abundant in PDA and 

avidly retains water, resulting in the supraphysiological pressure that impairs vascularity and 

impedes drug delivery70,132. Below, we briefly describe HA in normal physiological settings, its 

synthesis and degradation, the opposing effects of HA depending on its molecular weight, and 

the role of HA as a signaling molecule. 

HA in Normal Physiology 

 HA is a polysaccharide with alternating units of D-glucuronic acid and GlcNAc. It is found 

in epithelial and nervous tissues, connective tissues, and blood vessel walls. HA concentration 

is the highest in the skin and synovial fluid133. In humans, HA is found in the ECM in the form of 
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sodium salt as sodium hyaluronate. Many studies have demonstrated HA involvement in wound 

healing, tissue structure, tissue hydration, and cell signaling134. 

HA Synthesis and Degradation 

 HA is synthesized by a class of integral membrane proteins called hyaluronan synthases 

(HAS). In vertebrates, there are three types: HAS1, HAS2, and HAS3, which have different 

catalytic activities and roles. HAS2 produces high molecular weight HA, and is particularly 

involved in the early embryonic development135. HAS3 is the most active enzyme, synthesizing 

low molecular weight HA for tissue growth and repair136. HAS1 is the least active enzyme and its 

role is relatively poorly understood134. It is worth noting that unlike other GAGs, which are mainly 

synthesized in the Golgi apparatus, HA is synthesized in the plasma membranes and then 

transported into the pericellular space. 

 HA is degraded by a family of enzymes called hyaluronidases (HYALs). In humans, 

there are five enzymes: HYAL1 through HYAL4, and PH-20134. The role of HYAL1 in 

housekeeping HA levels is well established, as HYAL1 is normally expressed in many cell types, 

within vesicles and lysosomes137. Furthermore, HYAL1 is also secreted into the tumor interstitial 

fluid and found in the conditioned media of cultured cancer cells138. Therefore, the expression 

and functional importance of hyaluronidases in cancer have most widely been characterized 

with respect to HYAL1. In primary PDA, strong HAS2 expression and weak HYAL1 expression 

were significantly associated with shorter survival post-surgery139. HYAL2 is GPI-anchored at 

the plasma membrane and is mostly known for its ability to promote uptake and endocytic 

internalization of HA140,141. HYAL3 and HYAL4 have either no reported or insignificant 

hyaluronidase activity and PH-20 expression and activity are testis-specific. In humans and 

mice, HA turnover occurs rapidly, with a half-life of a few hours to a few days at most142.   
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Different Molecular Weight of HA: Opposing Properties and Cell Signaling 

 In non-pathological settings, HA is predominantly high molecular weight (HMW: 

>1000kDa143. There is a significantly elevated level of low molecular weight (LMW: 10-250kDa) 

and oligo-HA (o-HA: <10kDa) in tumors and tumor interstitial fluid144. Two major HA receptors 

have been identified: cluster differentiation 44 (CD44) and the HA-mediated mobility receptor 

(RHAMM)145. Different molecular weight HA can lead to different cell signals. 

 Many studies associate HMW-HA with anti-cancer properties via the CD44 receptor. 

HMW-HA can suppress cancer cell migration, decrease cell cycle progression and proliferation 

by inhibiting Rac-dependent signaling to cyclin D1146. HMW-HA can down-regulate 

cyclooxygenase-2 and matrix metalloproteinase production to decrease inflammation147. HMW-

HA itself can increase ECM density to suppress cell mobility and tumor growth142.  

 Unlike HMW-HA, oligo-HA and LMW-HA are associated with cancer-promoting 

properties. In papillary thyroid carcinoma, o-HA increased proliferation in mice via a toll-like 

receptor 4-dependent signaling pathway148. In breast tumors, o-HA contributes to increased 

angiogenesis149. LMW-HA interacts with CD44 to increase cancer cell proliferation, migration, 

and invasion via MAPK/ERK1/2 and RAS/PI3K/Akt signaling pathways145.  

 HA has been widely studied for its biophysical properties as well as its molecular weight-

dependent signaling roles in normal physiological and cancer settings. Interestingly, despite the 

fact that HA is a gigantic carbohydrate polymer that is found in abundance in the PDA tumor 

microenvironment, no group has tested its role as a potential nutrient for cancer cells. Here, we 

define the role of the HBP in PDA in the context of the tumor microenvironment as a source of 

novel nutrient(s) that can regulate PDA metabolism.  
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Chapter 2 

Hyaluronic Acid Fuels Pancreatic Cancer Cell Growth 

This chapter consists of a published primary article: Kim PK*, Halbrook CJ*, Kerk SA*, Radyk 
M, Wisner S, Kremer DM, Sajjakulnukit P, Andren A, Hou SW, Trivedi A, Thurston G, Anand A, 
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CA. Hyaluronic acid fuels pancreatic cancer cell growth. Elife. 2021 Dec 24;10:e62645. doi: 
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2.1  Introduction 

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

effective treatment options1. PDA is characterized by an intense fibroinflammatory stroma, poor 

vascularity, deregulated nutrient levels, and rich deposition of extracellular matrix components. 

To survive and proliferate in this nutrient dysregulated tumor microenvironment, the oncogenic 

driver in PDA, KRAS*, facilitates the rewiring of PDA metabolism2-5.  

One example of this, which has been demonstrated in previous work6 and introduced in 

Chapter 1, is the effect of KRAS* on the activity of the hexosamine biosynthesis pathway (HBP). 

Signaling downstream of KRAS* results in upregulated expression of Gfpt1, which encodes 

glutamine-fructose 6-phosphate amidotransferase 1 (GFAT1). The HBP is an evolutionarily 

conserved pathway that integrates glucose, glutamine, fatty acid, and nucleotide metabolism to 

generate the final product uridine diphosphate N-acetylglucosamine (UDP-GlcNAc). UDP-

GlcNAc is a crucial donor molecule for glycosylation and O-GlcNAcylation, two essential post-

translational modifications required for cellular structure, signaling, and survival7. The HBP is the 

only pathway able to generate UDP-GlcNAc de novo. Because the HBP integrates nutrients 
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from several major macromolecular classes to produce UDP-GlcNAc, it predictably functions as 

a nutrient sensing mechanism for available energy within a cell8. Indeed, numerous studies 

across cancer subtypes have demonstrated how HBP activity is enhanced to support tumor 

survival and growth9-12 and even immune evasion through alteration of extracellular 

glycosylation content13. 

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

aberrant metabolic programs through nutrient scavenging6,14-18. Mechanisms include sustained 

activation of intracellular recycling pathways (e.g. autophagy), the upregulation of nutrient 

transporter expression (e.g. carbohydrate, lipid, and amino acid transporters), and the activation 

of extracellular nutrient scavenging pathways (e.g. macropinocytosis). Further, PDA cells also 

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

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

macrophages (TAMs)19-23. A notable example is the observation that PDA cells can directly 

obtain nutrients from the CAF-derived extracellular matrix (ECM), such as collagen18. Taken 

together, elucidating the interaction of PDA cells with different cell populations and ECM 

components will be instrumental for delineating deregulated PDA metabolism and improving 

therapeutic strategies. 

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

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

tissue, and joints, and it is richly abundant in pancreatic tumors24. HA is thought to be primarily 

deposited by CAFs and, to some extent, by PDA cells25,26. HA avidly retains water, which is 

responsible for both its lubricating properties and, in PDA tumors, the supraphysiological 

pressure that impairs vascularity and limits drug penetrance27,28. An aspect of HA biology that 

has not previously been studied is its potential role as a nutrient. This is surprising given that HA 
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is a carbohydrate polymer whose monomeric unit is a disaccharide of glucuronic acid and N-

acetyl-glucosamine (GlcNAc).  

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

GFAT1 was required for cell survival in vitro. In marked contrast, GFAT1 knockout tumors 

readily grew in vivo. Based on this observation, we hypothesized that GlcNAc-containing 

components of the TME could bypass the HBP in vivo by way of the GlcNAc salvage pathway. 

We demonstrate that HA can be metabolized by PDA cells to support survival and proliferation 

by refilling the HBP. In sum, our study identifies HA as a novel nutrient source in PDA and 

contributes to a growing body of data illuminating the important role of the TME in cancer 

metabolism.  

2.2  Results 

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

Previously, we found that mutant Kras transcriptionally activates Gfpt1 expression 

downstream of MAPK signaling in a murine model of PDA to facilitate HBP activity6. GFAT1 

catalyzes the reaction that generates glucosamine 6-phosphate and glutamate from fructose 6-

phosphate and glutamine (Fig. 2-1A). In another previous study we demonstrated that PDA 

cells are dependent on glutamine anaplerosis for proliferation29. Thus, we hypothesized that 

inhibiting GFAT1 in PDA would have the simultaneous benefit of blocking two major metabolic 

pathways that support PDA proliferation, thereby providing a considerable therapeutic window. 

Our previous results targeting GFAT1 in murine cells with shRNA yielded insufficient 

knockdown to draw a conclusion as to its necessity in PDA6. Thus, here we used CRISPR/Cas9 

to knockout GFAT1 from three established human PDA cell lines: HPAC, TU8988T, and 

MiaPaCa2. During selection, the pooled polyclonal populations were grown in GlcNAc, which 
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bypasses GFAT1 via the GlcNAc salvage pathway (Fig. 2-1A). This supplement was included 

to minimize metabolic rewiring within the selected populations.  

The GFAT1 knockout lines had differential response to GlcNAc withdrawal. Among the 

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

number, consistent with loss of viability, in the 4 days following GlcNAc withdrawal (Fig. 2-2A). 

The impact on proliferation was similarly reflected in decrease of the UDP-GlcNAc pool, which 

was analyzed using liquid chromatography-coupled tandem mass spectrometry (LC-MS/MS) 

(Fig. 2-2B). Consistent with the proliferative phenotypes across lines, the HPAC line also had a 

significantly smaller UDP-GlcNAc pool than that of either MiaPaCa2 or 8988T cells (Fig. 2-2C). 

Cellular O-GlcNAcylation of the proteome was also measured by immunoblot three days after 

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

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

The data from TU8988T and MiaPaca2 were similar to those from our earlier studies6, 

and thus we posited that knockout of GFAT1 was incomplete. As such, we subsequently 

generated clonal cell lines from the pooled populations. This analysis revealed that the degree 

of GFAT1 knockout varied by cell line and by clone, and this correlated with differential growth 

and sensitivity to GlcNAc withdrawal in vitro (Fig. 2-2E,F). Clones for each cell line without 

detectable GFAT1 expression (Fig. 2-1B) were further validated by sequencing and were 

subsequently used to examine the role of the HBP without interference from GFAT1 proficient 

cells. 

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

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

impaired proliferation (Fig. 2-1D, Fig. 2-2G) in all three PDA cell lines in vitro. We then moved 

these cells into in vivo tumor models. Surprisingly, when either the pooled or the clonal knockout 

lines were implanted into the flanks of immunocompromised mice, they readily formed tumors 
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that were comparable to their wild type counterparts in terms of weight and volume (Fig. 2-1E,F 

and Fig. 2-2H). Similar results were obtained for GFAT1 knockout clonal lines implanted 

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

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

at endpoint. The marked discrepancy in phenotype between in vitro and in vivo settings led us 

to hypothesize that GFAT1 knockout clones were scavenging nutrients from the TME to refill the 

HBP, which enabled their survival and tumor growth. 

2.2.2 Conditioned media rescues proliferation of GFAT1 knockout PDA cells  

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

the most abundant stromal cell type in the pancreatic TME30,31. When GFAT1 knockout clones 

were incubated in patient-derived CAF CM, we observed a significant, albeit modest, rescue in 

colony formation (Fig. 2-3A,B). Unexpectedly, we observed a more robust, dose-dependent 

rescue of colony formation in GFAT1 knockout cells with CM from wild type TU8988T cells (Fig. 

2-3C-F and Fig. 2-4A). Similarly, CM from wild type HPAC and MiaPaCa2 cells was able to 

partially rescue proliferation of a subset of GFAT1 knockout clones (Fig. 2-3G and Fig. 2-4B,C). 

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

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

the PDA CM retained the ability to support colony formation in GFAT1 knockout cells (Fig. 2-

3A-D). These results suggested the relevant factor(s) did not require tertiary structure. 

Additionally, we observed that the rescue activity of the CM was dose dependent (Fig. 2-3E-G 

and Fig. 2-4A-C). 

As GlcNAc was used to establish our GFAT1 knockout lines, we first quantitated the 

GlcNAc concentration in the CM by mass spectrometry. GlcNAc dose response curves 

demonstrated that millimolar quantities of GlcNAc (>0.625mM) were required to rescue colony 
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formation of GFAT1 knockout PDA cells (Fig. 2-3H and Fig. 2-4D). By contrast, LC-MS/MS 

quantification of GlcNAc in the CM revealed that it was in the low micromolar range (Fig. 2-3I), 

several orders of magnitude below the millimolar doses of exogenous GlcNAc required to 

maintain proliferation (Fig. 2-3H and Fig. 2-4D). These results illustrated that free GlcNAc was 

not the relevant molecule in the CM mediating rescue. This led us to consider alternate 

possibilities, including GlcNAc-containing components of the TME.  

2.2.3 Hyaluronic acid rescues GFAT1 knockout PDA cells 

GlcNAc is a widely utilized molecule as a structural component of the extracellular matrix, 

a modification of various lipid species, and a post-translational modification on proteins32,33. 

Thus, we hypothesized that GlcNAc was released into CM as a component part of a lipid, 

protein, or glycosaminoglycan polymer, and that this mediated rescue of GFAT1 knockout. To 

test this, we first applied necrotic cellular debris from the murine hematopoietic FL5.12 cell line34 

to GFAT1 knockout cells grown at clonal density. The necrotic cellular debris contains the full 

complement of biomolecules, including GlcNAc-containing proteins and lipids. Necrotic cell 

debris was unable to rescue GFAT1 knockout across our cell line panel (Fig. 2-6A-F). Next, we 

tested if glycosaminoglycan carbohydrate polymers could mediate rescue of GFAT1 knockout, 

in a matter akin to CM. High dose heparin was not able to rescue colony formation in GFAT1 

knockout cells (Fig. 2-6A-F). In contrast, 78 kDa HA provided a modest but significant rescue 

(Fig. 2-5A,B).  

HA is a carbohydrate polymer and an extracellular matrix component that is abundant in 

the PDA tumor microenvironment24. The monomeric form of HA is a repeating disaccharide 

consisting of glucuronic acid and GlcNAc. HA polymer length, often described by its molecular 

weight (MW), has important impacts on its biological activity. In non-pathological settings, newly 

synthesized HA is predominantly high molecular weight (HMW; >1000kDa)35. However, in 

tumors and tumor interstitial fluid, there is a significantly elevated level of low molecular weight 
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(LMW; 10-250kDa) and oligo-HA (o-HA; <10kDa)36,37. Consistent with the rescue of colony 

formation in GFAT1 knockout cells, LMW HA (78 kDa) was also able to rescue total proteome 

O-GlcNAc levels, as assessed by western blot (Fig. 2-5C-E). 

Cancer cells have been reported to uptake HA via macropinocytosis38. Thus, a possible 

explanation for the modest rescue could be low macropinocytosis activity. However, in PDA, 

mutant Kras drives macropinocytosis14, and quantitation of macropinocytotic activity with a 

fluorescent dextran-based assay revealed that our three PDA cell lines exhibited considerable 

macropinocytosis (Fig. 2-6G). Similarly, following HA uptake using a fluorescently-conjugated 

HA (HA-FITC) revealed GFAT1 proficient and GFAT1 knockout cells readily take up HA (Fig. 2-

5F, Fig. 2-6H). 

This led us to hypothesize that the rate limiting step is not HA entry into cells, but rather, 

the cleavage of HA into smaller fragments. Consistent with this hypothesis, utilizing 

hyaluronidase to break down LMW HA enhanced the rescue of colony formation (Fig. 2-5G). Of 

note, hyaluronidase was heat-inactivated after it was used to cleave HA (i.e. before its 

application to GFAT1 knockout cells; Fig. 2-6I), as hyaluronidase has been reported to directly 

impact cellular metabolism39. Next, we tracked the rescue of proliferation using HA of varying 

size: LMW HA (60kDa) and o-HA (5kDa). This analysis revealed that HA-mediated rescue, as 

measured through proliferation quantification, was considerably higher for o-HA than for LMW 

HA, and comparable to PDA CM (Fig. 2-5H,I and Fig. 2-7A-D). 

To relate these studies back to our CM rescue studies, we employed an enzyme-linked 

immunosorbent assay (ELISA) to quantitate HA in the PDA and CAF CM (Fig. 2-7E). CAF CM 

contained considerably more HA than PDA CM, consistent with the known role for fibroblasts in 

the production of HA (Fig. 2-7F). However, we found that the lower limit of detection for the 

ELISA was ~50kDA HA. Indeed, we demonstrated this by digesting 10mM HA, CAF CM, or 

PDA CM with HAase. Post-digestion, we are unable to detect appreciable levels of HA (Fig. 2-
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7F,G). These results illustrate the CAF CM produces more high molecular weight HA, which we 

posit explains its limited rescue of GFAT1 knockout in vitro. 

HA is produced by the family of HA synthases (HAS), which can be inhibited in vitro with 

the tool compound 4-methylumbelliferone (4-MU)40. To determine if HA is the relevant 

metabolite in wildtype PDA CM facilitating rescue of GFAT1 knockout, we first treated wildtype 

PDA cells with a range of 4-MU doses. Cell proliferation was followed to assess off-target 

toxicity and HA in CM was quantitated using the HA ELISA. Of note, while PDA cells produce 

much less detectable HA than CAFs, they do produce a sufficient amount so as to analyze 4-

MU activity (Fig. 2-7F). Indeed, we demonstrated that 4-MU dose dependently blocked HA 

release into CM (Fig. 2-8A) while also exhibiting proliferative defects at the highest 

concentration tested (Fig. 2-8B-D). Application of CM from 4-MU-treated wildtype PDA cells in 

GFAT1 rescue assays revealed that the reduction in HA content paralleled the decrease in CM 

rescue activity in GFAT1 knockout cells (Fig. 2-8E). These collective in vitro studies illustrate 

that HA can rescue the proliferation of GFAT1 knockout cells and strongly suggest that HA is 

the relevant factor mediating the rescue activity of PDA CM. However, while we believe these 

collective results are convincing, detection and quantitation of o-HA in PDA CM will be required 

to draw a definitive conclusion.  

To relate this work back to our tumor studies (Fig. 2-1E-G), we probed for HA content in 

tumor slices by immunohistochemical detection of HA binding protein (HABP) 41. We stained 

normal pancreas as the negative control (note: positive staining of vasculature) and a murine 

pancreatic tumor as a positive control (Fig. 2-8F). We then stained 10 tumor slices from GFAT1 

proficient and deficient tumors from the subcutaneous and the orthotopic models. Blinded 

scoring using a 0-3 scale (Fig. 2-8G) revealed more HA in the subcutaneous than orthotopic 

setting (Fig. 2-8H). Tumor genotype did not influence HABP levels in the subcutaneous model, 

whereas there was a marked reduction in HABP staining in the orthotopic GFAT1 knockout 
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tumors (Fig. 2-8H). First, these data demonstrate that HA is available to PDA tumors in these 

models. Further, they suggest that the difference in growth of GFAT1 knockout tumors in the 

orthotopic model compared to subcutaneous, as observed in Fig.1-1E-G, may result from less 

HA availability. 

2.2.4 Hyaluronic acid rescues GFAT1 null PDA via the GlcNAc salvage pathway 

The GlcNAc salvage pathway bypasses GFAT1 by catalyzing the phosphorylation of 

GlcNAc to GlcNAc-6-phsophate, in a reaction mediated by N-acetyl-glucosamine kinase 

(NAGK). This GlcNAc-6-phosphate is subsequently converted into UDP-GlcNAc (Fig. 2-1A). 

Therefore, we hypothesized that the carbohydrate polymer HA, which is 50% GlcNAc, fuels the 

HBP via the GlcNAc salvage pathway through NAGK. To test this, we employed the same 

CRISPR/Cas9 strategy to target NAGK (Fig. 2-9A). Knockout of NAGK in parental TU8988T 

and MiaPaCa2 cell lines had no impact on colony formation, while reducing the colony forming 

capacity of HPAC cells (Fig. 2-9B,C). These results correlated with the elevated expression of 

NAGK in wild type HPAC cells (Fig. 2-9D). Of note, NAGK knockout did not result in up-

regulation of GFAT1 (Fig. 2-9A), which could have suggested a compensatory metabolic 

rewiring. 

Next, we targeted NAGK in our GFAT1 knockout clones. GFAT1/NAGK double knockout cells 

were generated in media containing N-acetyl-galactosamine (GalNAc), an isomer of GlcNAc. 

Supplementation with GalNAc enables bypass of both the de novo HBP and the GlcNAc 

salvage pathway, by way of the Leloir pathway42, to support UDP-GalNAc and ultimately UDP-

GlcNAc biogenesis (Fig. 2-9E). In this way, we were again able to select viable lines while 

avoiding the selection of those with unpredictable metabolic adaptations.  

The GalNAc dose response for GFAT1 knockout clones was comparable to that of 

GlcNAc (Fig. 2-3H), demonstrating that they are indeed viable in GalNAc (Fig. 2-9F, Fig. 2-



42 
 

10H). Although NAGK expression was efficiently knocked down in our pooled populations (Fig. 

2-9G), we again selected for clones in the TU8988T cell line in order to minimize the effect of 

NAGK-proficient clones persisting in the bulk population. From among these, we selected four 

GFAT1/NAGK clones and tracked their proliferation upon rescue with varying sizes of HA, 

GalNAc, or PDA CM. These were compared relative to wild type TU8988T cells and the GFAT1 

knockout line. In stark contrast to the GFAT1 knockout line, LMW HA, o-HA and PDA CM was 

unable to rescue GFAT1/NAGK double knockout lines (Fig. 2-9H-K, Fig. 2-10A-F). Similar 

results were obtained in the MiaPaCa2 cell line (Fig. 2-10G-J).  

Finally, we used LC/MS-MS to assess HBP metabolite levels and western blotting to 

follow proteome O-GlcNAcylation in the GFAT1 and GFAT1/NAGK double knockout cells. HA or 

PDA CM rescue of GFAT1 knockout cells restores UDP-GlcNAc pools and proteome O-

GlcNAcylation, and this was blocked by knocking out NAGK (Fig. 2-9L,M and Fig. 2-10K-N). 

These results illustrate that HA rescue requires NAGK and the GlcNAc salvage pathway, 

consistent with the idea that HA-derived GlcNAc fuels UDP-GlcNAc biosynthesis upon GFAT1 

knockout. Altogether, our data implicate HA as a novel nutrient for PDA, where HA regulates 

PDA metabolism by refueling the HBP via the GlcNAc salvage pathway. This supports PDA 

survival and proliferation (Fig. 2-9N). 

2.3 Discussion 

The HBP is activated in a KRAS*-dependent manner in PDA via transcriptional 

regulation of Gfpt16, and it is similarly elevated in numerous cancers to provide a diverse set of 

functions, including the regulation of proliferation, survival, angiogenesis, and metastasis10. As 

such, we and others have proposed that the HBP may provide a selective vulnerability for 

cancer therapy, with GFAT1 as an attractive therapeutic target6,11,43,44. Of note, GFAT2 is a 

homolog of GFAT1, and it too has been implicated as a drug target with context and tissue-
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specific functions45,46. We did not pursue GFAT2 in this study because it was neither regulated 

by KRAS* nor basally expressed in the models employed herein.  

Several pan glutamine-deamidase inhibitors (e.g. azaserine and 6-diazo-5-oxo-L-

norleucine), which potently suppress GFAT activity, have demonstrated anti-tumor activity in 

vitro and in vivo in PDA and other cancers47,48. However, because these drugs are not specific 

to the HBP, it has not been clear what impact GFAT-specific inhibition had on these phenotypes. 

As such, we took a genetic approach to knock out GFAT1 to elucidate the role of the HBP in 

PDA. In the PDA models tested, we found that GFAT1 knockout was not compatible with PDA 

cell proliferation in vitro, unless the media were supplemented with GlcNAc or GalNAc (Fig. 2-

1C,D and Fig. 2-9F). However, these same cells readily formed tumors in vivo in subcutaneous 

and orthotopic models (Fig. 2-1E-G).  

The stark discrepancy in phenotypes led us to hypothesize that the TME was providing 

the means to bypass GFAT1. Indeed, we found that denatured conditioned media from CAFs 

and wild type PDA cells were able to rescue viability in GFAT1 knockout PDA cells, implicating 

a molecule(s) without tertiary structure (Fig. 2-3). By examining several GlcNAc-containing 

candidates, we discovered a previously unknown role of HA as a nutrient source for PDA (Fig. 

2-5,8). Of note, despite identifying that wild type PDA cells can produce HA, it is not our 

intention to indicate that HA in PDA tumors was deposited by the cancer cells. For example, HA 

is abundantly deposited in GFAT1 knockout subcutaneous PDA tumors (Fig. 2-8H). Rather, we 

found that wild type PDA CM could rescue the proliferation of GFAT1 knockout PDA cells in 

vitro, and we utilized this as a tool to study the process. The constellation of cell types in the 

pancreatic TME that produce/deposit/process HA is an area of active investigation. Either way, 

in sum we report that HA can refill the HBP via the GlcNAc salvage pathway to support PDA 

survival and proliferation.  
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HA is traditionally regarded as a structural component in physiology49. In addition to this 

role, a wealth of studies have ascribed other functions to HA. For example, HA can activate cell-

cell contact-mediated signal transduction through CD44 and/or receptor for HA-mediated 

motility (RHAMM)50. The signaling activity/function of HA depends on its MW49,51. Similarly, a 

recent study illustrated that breakdown of the HA matrix with hyaluronidase enabled the 

interaction between growth factors and growth factor receptors39. This promoted glucose 

metabolism, cellular proliferation, and migration. The role of HA in GFAT1 knockout PDA cells 

described herein is likely independent of its structural and signaling functions, given that we 

observe considerably greater rescue with o-HA (Fig. 2-5H,I), a form of HA that is not 

traditionally considered for these purposes. Together with the increased rescue by o-HA, 

several additional experiments also suggested that intracellular catabolism of high molecular 

weight HA impedes its use as a fuel. Namely, while high molecular weight HA-FITC is readily 

captured by PDA cells (Fig. 2-5F), HAase catabolism of HA potentiates rescue of GFAT1 (Fig. 

2-5G).  

Our study introduces a novel role to HA as a fuel for PDA tumor growth (Fig. 2-5H,I), 

further highlighting the significance and biological complexity of this predominant 

glycosaminoglycan. Additionally, our study suggests that NAGK, through which HA-mediated 

GlcNAc presumably refuels the HBP in vivo, may be an attractive therapeutic target for PDA. 

Indeed, a recent study demonstrated that NAGK knockout in PDA impairs tumor growth in vivo, 

while only exhibiting a modest impact on cellular proliferation in vitro52. These results are 

consistent with our observations that the GlcNAc salvage pathway is used to fill UDP-GlcNAc 

pools with HA-derived GlcNAc (Fig. 2-9N). Our study also contributes to a growing body of data 

illuminating unexpected nutrient sources in the TME that support cancer metabolism14,15,17-22,53, 

and this raises the possibility that other glycosaminoglycans may be similarly scavenged.  
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Due to its extremely hydrophilic nature, HA retains water and acts as a cushioning agent in 

tissue homeostasis and biomechanical integrity49. In PDA, HA is a predominant component of 

the TME, and its water-retaining property is one of the main drivers of the supraphysiological 

intratumoral pressure54. This pressure can exceed 10-fold that observed in the normal pancreas, 

and, as a result, tumor vasculature collapses 41,55,56. The limited access to circulation impairs 

nutrient and oxygen delivery, and it has been proposed that this is a critical impediment to 

tumoral drug delivery57. Indeed, in animal models, breakdown of the HA matrix with a 

therapeutic hyaluronidase (PEGPH20) reduces intratumoral pressure, restores circulation, 

which facilitates drug delivery, and thereby improves response to chemotherapy41,56. Based on 

these promising observations, PEGPH20 was tested in clinical trials alongside standard of care 

chemotherapy. Despite the successes in the preclinical models, PEGPH20 did not extend PDA 

patient survival58.  

The discrepancy between the clinical response to PEGPH20 and the preclinical data 

remains an active area of investigation and may concern the myriad additional roles of HA. For 

example, the HA matrix may be necessary to restrain tumor dissemination, as was shown for 

CAF depletion studies in PDA59-62. Thus, the benefits afforded by enhanced drug penetration 

facilitated by PEGPH20 may be negated by this side effect. Along these lines, HA degradation 

may also enhance tumor metabolism and growth. This could occur through growth factor 

signaling-dependent39 as well as signaling-independent pathways, like the GlcNAc salvage 

pathway described herein. In contrast, reduction in the HA content of tumors also facilitates T 

cell invasion48, which may complement immunotherapy approaches, a concept that would be 

hindered by immunosuppressive chemotherapies. Given the conflicting roles of HA in tumor 

restraint and tumor growth, considerable work remains to be done to determine the most 

effective way to exploit this feature of pancreatic cancer. 
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2.4 Materials and Methods 

Cell Culture 

MiaPaCa2 (ATCC Cat# CRM-CRL-1420, RRID:CVCL_0428) and HPAC (ATCC Cat# CRL-2119, 

RRID:CVCL_3517) were obtained from ATCC. TU8988T (DSMZ Cat# ACC-162, 

RRID:CVCL_1847) was obtained from DSMZ. Patient-derived CAFs63 were a generous gift from 

Rosa Hwang, and FL5.12 cells were a generous gift from Dr. Aimee Edinger. All cells were 

routinely checked for mycoplasma contamination with MycoAlert PLUS (Lonza) and validated 

for authenticity annually by STR profiling. Cells were maintained in standard high glucose 

DMEM without pyruvate (Gibco) supplemented with 10% fetal bovine serum (FBS; Corning). 

GFAT1 null PDA were cultured in standard media supplemented with 10mM GlcNAc (Sigma). 

GFAT1 null NAGK knockout PDA were cultured in standard media supplemented with 10mM 

GalNAc (Sigma). Low nutrient media was made with DMEM without glucose, glutamine and 

pyruvate (Gibco). Glucose, glutamine, and FBS were added to the final concentration of 

1.25mM, 0.2mM and 1%, respectively. FL5.12 cells were maintained in RPMI 1640 (Gibco) 

supplemented with 10% FBS, 10mM HEPES (Sigma), 55μM β-mercaptoethanol (Sigma), 

antibiotics, 2mM glutamine, and 500 pg/mL recombinant murine IL-3 (Peprotech 213-13). 

Generation of CRISPR/Cas9 knockout clones 

GFAT1 and NAGK knockout PDA cell lines were generated using CRISPR/Cas9 method 

described previously (22). Overlapping oligonucleotides (Feng Zhang lab human GeCKOv2 

CRISPR knockout pooled library; Addgene #1000000048) were annealed to generate sgRNA 

targeting GFAT1 or NAGK. sgRNA was cloned directly into the overhangs of PX459 V2.0 vector 

(Feng Zhang lab; Addgene plasmid #62988) that was digested with BbsI. The resulting 

CRISPR/Cas9 plasmid was transformed into chemically competent Stbl3 cells, miniprepped for 

plasmid DNA, and sequence-verified. sgRNA oligonucleotide pairs for GFAT111 and NAGK are 

as follows: GFAT1 (sg1 Fwd 5′-CACCgCTTCAGAGACTGGAGTACAG-3′; sg1 Rev 5′-
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AAACCTGTACTCCAGTCTCTGAAGc-3′) and NAGK (sg1 Fwd 5’-

CACCgTAGGGGAGGCACACGATCCG; sg1 Rev 5’-AAACCGGATCGTGTGCCTCCCCTAc-3’; 

sg2 Fwd 5’-CACCgGCCTAGGGCCTATCTCTGAG-3’; sg2 Rev 5’-

AAACCTCAGAGATAGGCCCTAGGCc-3’). Human PDA were transiently transfected using 

Lipofectamine 3000 according to the manufacturer’s instructions. Cells were selected with 

puromycin in the presence of GlcNAc (GFAT1 knockout bulk population) or GalNAc (GFAT1 

NAGK double knockout bulk population). To select clones, polyclonal pools were seeded into 

96-well plates at a density of 1 cell per well. Individual clones were expanded and verified via 

western blot and Sanger sequencing. TU8988T clone B9 has a 10 base pair (bp) and a 1bp 

deletion in GFAT1; TU8988T clone D10 has 2 different 1bp deletions in GFAT1; MiaPaCa2 

clone M12 has 2 different 1bp deletions in GFAT1; HPAC clone H1 has a 187bp deletion in 

GFAT1; HPAC clone H7 has a 187bp deletion in GFAT1. 

Conditioned media 

Conditioned media was generated by culturing cells in 15 cm2 plates (25mL growth media/plate) 

for 72 hours at 37°C, 5% CO2, so that they reached ~90% confluence. The media were then 

filtered through a 0.45μm polyethersulfone membrane (VWR). Boiled conditioned media was 

warmed to 100°C for 15 minutes. Freeze-thaw conditioned media were initially stored at -80°C 

and were thawed in a 37°C water bath on the day of the experiment. As indicated, fresh growth 

media were added to the conditioned media at the ratios indicated to avoid nutrient/metabolite 

exhaustion. 

Colony formation and proliferation assays 

For colony formation assays, cells were plated in a 6-well plate in biological triplicate at 500 

cells/well in 2 mL of media and grown for 9-12 days. For proliferation assays, 5000 cells/well 

were plated. At end point, assays were fixed with 100% methanol for 10 minutes and stained 

with 0.5% crystal violet solution for 15 minutes. Relative colony formation was quantitated 
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manually in a blinded fashion. Proliferation was quantified by removing the dye with 10% acetic 

acid and measuring OD595. 

CyQUANT viability assay 

Cells were seeded in 96-well black wall, clear bottom plates at 1000 cells/well in 50μL of media 

and incubated at 37°C, 5% CO2 for indicated time points. At each time point, media was 

aspirated and plates were stored at -80°C. Proliferation was determined by CyQUANT 

(Invitrogen) according to the manufacturer’s instructions. SpectraMax M3 Microplate reader 

(Molecular Devices) was used to measure fluorescence. 

IncuCyte S3: Real-time, live-cell proliferation assay 

1000 cells were seeded per well in a 96-well plate and incubated at 37°C, 5% CO2 for cells to 

equilibrate. The next day, media were aspirated, washed once with PBS, and replaced with 

different media as indicated. Proliferation was measured on IncuCyte S3 using phase object 

confluence as a readout. 

HA-FITC Uptake Experiments 

TU8988T cells (WT, B9-GFAT1KO, D10-GFAT1KO), and BxPC3 cells were seeded in 6-well 

plates with DMEM + 10% FBS + GlcNAc. The next day, cells were rinsed with PBS and the 

media was switched to DMEM + 10% FBS. The following day, cells were seeded on a chamber 

slide and grown in DMEM + 10% FBS. MiaPaCa2 cells (WT, M12-GFAT1KO) were treated 

similarly and were seeded in 6-well plates with DMEM + 10% FBS + GlcNAc. The next day, 

cells were rinsed with PBS and seeded on a chamber slide in DMEM + 10% FBS. 

After one day in chamber slides, the media was removed, cells were rinsed with PBS, and cells 

were incubated with HA-FITC media for one hour at 37°C (or 1 min at 37°C as a negative 

control). After incubation, cells were rinsed and fixed with 10% formalin for 15 minutes at room 

temp. Wells were rinsed three times with PBS + 0.3% BSA and cells were blocked for one hour 
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at room temperature with PBS + 1% BSA. Cells were incubated overnight at 4°C with Mouse 

anti-panCK (Cytokeratin, DAKO M3515, [1:100]) in PBS + 1% BSA. The following day, cells 

were rinsed three times with PBS + 0.3% BSA and incubated 1 hour at room temperature with 

an anti-mouse Alexa fluor secondary antibody (Invitrogen) in PBS + 1% BSA. Following 

incubation, cells were rinsed and mounted with ProLong Gold Antifade Mountant with DAPI 

(Invitrogen).  

Olympus BX53F microscope, Olympus DP80 digital camera, and CellSens Standard software 

were used for imaging and 6 representative images were taken per cell line and condition. 

Uptake index was calculated using the Analyze Particles feature in ImageJ after automatic 

thresholding. The cell outlines and regions of interest were determined using panCK expression 

and HA-FITC particles were measured. HA-FITC particle area was plotted as a percent of total 

cell area. 

HA ELISA 

An HA ELISA kit (cat no. DY3614, R&D Systems) was used to determine the concentration of 

HA in all the different conditioned media samples as per manufacturer’s instructions. 

Metabolite sample preparation 

Intracellular metabolite fractions were prepared from cells grown in 6-well plates. The media 

was aspirated, and cells were incubated with cold (−80°C) 80% methanol (1mL/well) on dry ice 

for 10 minutes. Then, the wells were scraped with a cell scraper and transferred to 1.5mL tubes 

on dry ice. To measure GlcNAc concentration in different conditioned media, 0.8mL of ice-cold 

100% methanol was added to 0.2mL of conditioned media, and the mixture was incubated on 

dry ice for 10 minutes. 

After incubation of cell or media fractions on dry ice, the tubes were centrifuged at 15,000rpm 

for 10 minutes at 4°C to pellet the insoluble material, and the supernatant was collected in a 
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fresh 1.5mL tube. Metabolite levels of intercellular fractions were normalized to the protein 

content of a parallel sample, and all samples were lyophilized on a SpeedVac, and re-

suspended in a 50:50 mixture of methanol and water in HPLC vials for LC-MS/MS analysis. 

Liquid chromatography-coupled mass spectrometry 

To detect UDP-GlcNAc, the Shimadzu NEXERA integrated UHPLC system with a LC30AD 

pump, SIL30AC autosampler, CTO30A column oven, CBM20A controller was coupled with the 

AB Sciex TripleTOF 5600 MS system with DuoSpray ion source. All calibrations and operations 

were under control of Analyst TF 1.7.1. Calibrations of TOF-MS and TOF-MS/MS were 

achieved through reference APCI source of SCEIX calibration solution. A high throughput LC 

method of 8 min with flowrate of 0.4 ml/min with a Supelco Ascentis Express HILIC (75 mm X 

3.0 mm, 2.7 µm). Solvent A was made of 20 mM ammonium acetate of 95% water and 5% 

acetonitrile at pH 9.0. Solvent B was 95% acetonitrile and 5% water. LC gradient 0.0-0.5 min 90% 

B, 3 min 50% B, 4.10 min 1% B, 5.5 min 1% B, 5.6 min 90% B, 6.5 min 90% B, 8 min stopping. 

Key parameters on the MS were the CE and CE spread of -35ev, 15ev. Data were compared to 

a reference standard. Data processing was performed by Sciex PeakView, MasterView, 

LibraryView and MQ software tools and ChemSpider database. 

To measure GlcNAc concentration in the various conditioned media, we utilized an Agilent 

Technologies Triple Quad 6470 LC/MS system consisting of 1290 Infinity II LC Flexible Pump 

(Quaternary Pump), 1290 Infinity II Multisampler, 1290 Infinity II Multicolumn Thermostat with 6 

port valve and 6470 triple quad mass spectrometer. Agilent Masshunter Workstation Software 

LC/MS Data Acquisition for 6400 Series Triple Quadrupole MS with Version B.08.02 is used for 

compound optimization and sample data acquisition. 

A GlcNAc standard was used to establish parameters, against which conditioned media were 

analyzed. For LC, an Agilent ZORBAX RRHD Extend-C18, 2.1 × 150 mm, 1.8 um and ZORBAX 
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Extend Fast Guards for UHPLC were used in the separation. LC gradient profile is: at 0.25 

ml/min, 0-2.5 min, 100% A; 7.5 min, 80% A and 20% C; 13 min 55% A and 45% C; 20 min, 1% 

A and 99% C; 24 min, 1% A and 99% C; 24.05 min, 1% A and 99% D; 27 min, 1% A and 99% D; 

at 0.8 ml/min, 27.5-31.35 min, 1% A and 99% D; at 0.6 ml/min, 31.50 min, 1% A and 99% D; at 

0.4 ml/min, 32.25-39.9 min, 100% A; at 0.25 ml/min, 40 min, 100% A. Column temp is kept at 35 

ºC, samples are at 4 ºC, injection volume is 2 µl. Solvent A is 97% water and 3% methanol 15 

mM acetic acid and 10 mM tributylamine at pH of 5. Solvent C is 15 mM acetic acid and 10 mM 

tributylamine in methanol. Washing Solvent D is acetonitrile. LC system seal washing solvent 90% 

water and 10% isopropanol, needle wash solvent 75% methanol, 25% water. 

6470 Triple Quad MS is calibrated with ESI-L Low concentration Tuning mix. Source 

parameters: Gas temp 150 ºC, Gas flow 10 l/min, Nebulizer 45 psi, Sheath gas temp 325 ºC, 

Sheath gas flow 12 l/min, Capillary -2000 V, Delta EMV -200 V. Dynamic MRM scan type is 

used with 0.07 min peak width, acquisition time is 24 min. Delta retention time of plus and minus 

1 min, fragmentor of 40 eV and cell accelerator of 5 eV are incorporated in the method. 

Xenograft studies 

Animal experiments were conducted in accordance with the Office of Laboratory Animal Welfare 

and approved by the Institutional Animal Care and Use Committees of the University of 

Michigan. NOD-SCID gamma (NSG) mice (Jackson Laboratory), 6-10 weeks old of both sexes, 

were maintained in the facilities of the Unit for Laboratory Animal Medicine (ULAM) under 

specific pathogen-free conditions. Protocol#: PRO00008877. 

Wild type TU8988T and two verified GFAT1 null clones (B9 and D10) were trypsinized and 

suspended at 1:1 ratio of DMEM (Gibco, 11965-092) cell suspension to Matrigel (Corning, 

354234). 150-200μL were used per injection. Orthotopic tumors were established by injecting 

0.5 x 106 cells in 50μL of 1:1 DMEM to Matrigel mixture. The experiment lasted five weeks. For 
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subcutaneous xenograft studies with the pooled populations or validated clones, tumors were 

established with 5 x 106 cells in 200μL of 1:1 DMEM to Matrigel mixture.  

Tumor size was measured with digital calipers two times per week. Tumor volume (V) was 

calculated as V = 1/2(length x width2). At endpoint, final tumor volume and mass were 

measured prior to processing. Tissue was snap-frozen in liquid nitrogen then stored at −80°C. 

Western blot analysis 

After SDS-PAGE, proteins were transferred to PVDF membrane, blocked with 5% milk, and 

incubated with primary antibody overnight at 4°C. The membranes were washed with TBST, 

incubated with the appropriate horseradish peroxidase-conjugated secondary antibody for 1hr 

and visualized on Bio-Rad imager with enhanced chemiluminescence detection system or 

exposed on radiographic film. 

Immunohistochemistry on subcutaneous and orthotopic tumors 

Subcutaneous and orthotopic tumors were fixed in Z-fix overnight, paraffin embedded, and 

sectioned onto slides. Sections were deparaffinized in xylene, rehydrated, and blocked with 2.5% 

BSA prior to incubation with biotinylated HABP antibody (Calbiochem #385911, [1:200]) 

overnight at 4°C. Vector Laboratories Vectastain Elite ABC-HRP Kit (PK-6100) and Vector 

Laboratories DAB Substrate Kit (SK-4100) were used for peroxidase detection of HABP signal. 

Histological Scoring 

HABP-stained tumors, normal pancreas tissue (negative control), and transformed pancreas 

tissue from KC mice (positive control) were processed and stained for HABP as described 

above. Ten representative 20x images from each group were scored blinded based on HABP 

staining. Staining was scored on the following scale: 0, no staining; 1, minimal staining; 2, 

moderate to strong staining in at least 20% of cells; 3, strong staining in at least 50% of cells.  
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Antibodies 

The following antibodies were used in this study: VINCULIN (Cell Signaling 13901), ACTIN 

(Santa Cruz sc-47778), GAPDH (Cell Signaling 5174), GFAT1 (Abcam 125069), NAGK (Atlas 

Antibodies HPA035207), O-GlcNAc (Abcam 2735), panCK (Cytokeratin, DAKO M3515), 

biotinylated HABP (Calbiochem 385911), secondary anti-mouse-HRP (Cell Signaling 7076), and 

secondary anti-rabbit-HRP (Cell Signaling 7074). 

Detection and quantification of macropinocytosis 

The macropinocytosis index was measured as previously described64. In brief, cells were 

seeded on the coverslips in 24-well plate for 24 hours and serum-starved for 18 h. Cells were 

incubated with 1mg/ml high molecular weight TMR–dextran (Fina Biosolutions) in serum-free 

medium for 30 min at 37 °C. Cells were then washed 5 times with cold DPBS and fixed in 4% 

polyformaldehyde for 15 min. The coverslips were mounted onto slides using DAKO Mounting 

Medium (DAKO) in which nuclei were stained with DAPI. At least six images were captured for 

each sample using an Olympus FV1000 confocal microscope and analyzed using the particle 

analysis feature in ImageJ (NIH). The micropinocytosis index for each field was calculated as 

follow: Macropinocytosis Index = (total particle area/total cell area) × 100%. 

Hyaluronic acid, hyaluronidase, and heparin 

Heparin was obtained from Sigma (H3393). Oligo HA (5kDa) was obtained from Lifecore 

Biomedical. Two different LMW HA were used in this study: 78 kDa HA (Pure Health solutions) 

and 60kDa HA (Lifecore Biomedical). To make 10mM oligo- or LMW HA media, HA was added 

slowly into high glucose DMEM without pyruvate, stirred for two hours at room temperature, and 

filtered through 0.20μm polyethersulfone membrane. FBS was added to a final concentration of 

10%.  
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Hyaluronidase (Sigma H3506) treatment was performed as follows: 10mM LMW HA media and 

control media (DMEM + 10% FBS) were incubated with hyaluronidase, according to 

manufacturer’s instructions, overnight in a 37°C water bath. The next day, media were boiled for 

15 minutes to denature hyaluronidase. The resulting media were mixed 1:1 with fresh growth 

media to avoid effects of nutrient/metabolite exhaustion.  

Preparation of necrotic FL5.12 cells 

Necrotic FL5.12 cells were prepared as described previously34. Cells were washed three times 

with PBS, cultured in the FL5.12 media without IL-3 (100 million cells/mL) for 72 hours. The 

necrotic cells were spun down at 13,000 rpm for 10 minutes at 4°C, and the pellets were stored 

at -80°C until use. 

Statistical analysis 

Statistics were performed using GraphPad Prism 8. Groups of two were analyzed with two-

tailed students t test. Groups of more than two were analyzed with one-way ANOVA Tukey 

post-hoc test. All error bars represent mean with standard deviation. A P value of less than 0.05 

was considered statistically significant. All group numbers and explanation of significant values 

are presented within the figure legends.  
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2.5 Figures  

 

Figure 2-1 PDA requires de novo hexosamine biosynthetic pathway fidelity in vitro but not in vivo.  

(A) Schematic overview of the hexosamine biosynthetic pathway (HBP) and the nutrient inputs. Ac-CoA, 
acetyl-coenzyme A; GFAT1, glutamine fructose 6-phosphate amidotransferase 1; Glc, glucose; GlcNAc, 
N-acetyl-glucosamine; Gln, glutamine; Glu, glutamate; NAGK, N-acetyl-glucosamine kinase; Pi, inorganic 
phosphorus; UTP, uridine-triphosphate. (B) Western blot of GFAT1 and loading control VINCULIN (VNC) 
from validated CRISPR/Cas9 knockout TU8988T, MiaPaca2, and HPAC clones and their control (non-
targeted sgRNA). (C) Representative wells from a colony-forming assay in parental and clonally-derived 
GFAT1 knockout cell lines grown in base media (DMEM) or base media supplemented with 10mM 
GlcNAc. Data quantitated at right, n=3. (D) Proliferation assay in parental and two GFAT1 knockout clonal 
TU8988T cell lines. Representative wells are presented above data quantitated by crystal violet extraction 
and measured by optical density (OD) at 590nm, n=3. (E) Tumors from parental TU8988T (n=6) and 
GFAT1 knockout clone D10 (n=6) grown subcutaneously in immunocompromised mice. Accompanying 
western blot for GFAT1 and VNC loading control from representative tumor lysates. (F) Tumor volume 
and tumor weight from samples in E. (G) Tumor volume and tumor weight from parental TU8988T (n=5) 
and GFAT1 knockout clones B9 (n=8) and D10 (n=4) implanted and grown orthotopically in the pancreas 
of immunocompromised mice. Error bars represent mean ± SD. n.s., non-significant; *P < 0.05; ** P 
<0.01; *** P <0.001; **** P <0.0001. 
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Figure 2-2 Additional characterization of GFAT1 knockout PDA populations and clonal lines.  

(A) Proliferation kinetics of parental PDA cell lines and corresponding pooled populations of GFAT1 
knockout cells supplemented with varying concentrations of GlcNAc (n=3). Cell quantity was assessed by 
Cyquant (DNA intercalating dye) and plotted in absorbance units (AU). (B,C) UDP-GlcNAc levels 
measured by liquid chromatography-coupled tandem mass spectrometry (LC-MS/MS) in (B) TU8988T 
and HPAC GFAT1 knockout lines in the presence or absence of 10 mM GlcNAc for 3 days, presented as 
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relative abundance (n=3), and (C) TU8988T, HPAC, and MiaPaCa2 GFAT1 knockout cells grown without 
GlcNAc for 3 days (n=3), presented as relative ion abundance. (D) Western blot of proteome O-GlcNAc 
and loading control GAPDH in parental and GFAT1 knockout TU8988T and HPAC. GFAT1 knockout 
lines were grown in the presence or absence of 10mM GlcNAc for 3 days. (E) Western blot for GFAT1, at 
short and long exposure, and ACTIN loading control in a panel of clonal cell lines selected from the 
pooled population of GFAT1 knockout TU8988T cells. (F) Proliferation kinetics of parental TU8988T 
(GFAT1 WT) and clonal cell lines E8, G11, B9, and D10 selected from the pooled GFAT1 knockout 
population supplemented with varying concentrations of GlcNAc (n=3). Clones correspond to those in the 
western blot in E. Cell quantity was assessed by cell titer glo and plotted in relative fluorescent units 
(RFU). (G) Representative wells from proliferation assay in parental and two GFAT1 knockout clonal 
HPAC and MiaPaCa2 cell lines. At bottom, data are quantitated by crystal violet extraction and 
measurement of optical density (OD) at 590nm, n=3. (H) Tumors from parental (n=3) and GFAT1 
knockout (n=3) HPAC; parental (n=4) and GFAT1 knockout (n=4) MiaPaCa2; and parental (n=6) and 
GFAT1 knockout (n=6) TU8988T cell lines grown subcutaneously in immunocompromised mice. Error 
bars represent mean ± SD. n.s., non-significant; *P < 0.05; ** P <0.01; **** P <0.0001. 

 

 

 



58 
 

 

Figure 2-3 Conditioned media from CAFs and wild type PDA cells support proliferation of GFAT1 
knockout cells.  

(A) Representative wells from a colony-forming assay in parental TU8988T and GFAT1 knockout clonal 
line D10 in 10mM GlcNAc, base media (DMEM), or base media supplemented 1:3 (25%) with cancer 
associated fibroblast (CAF) conditioned media (CM), boiled CAF CM, or CAF CM subject to freeze-thaw 
(F/T). (B) Quantitation of colonies from data in A (n=3). (C) Representative wells from a colony-forming 
assay in parental TU8988T and GFAT1 knockout clonal line D10 in 10mM GlcNAc, DMEM, or base 
media supplemented 1:3 (25%) with CM from wild type TU8988T cells, boiled TU8988T CM, or TU8988T 
CM subject to F/T. (D) Quantitation of colonies from data in C (n=3). (E) Quantitation of colony forming 
assay data of parental and GFAT1 knockout clonal TU8988T lines in base media, positive control 
GlcNAc, wild type TU8988T CM diluted 1:2 (33%) or used directly (100%) (n=3). (F) Representative wells 
and quantitation of colony forming assay data of parental and GFAT1 knockout clonal TU8988T lines in 
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base media, positive control GlcNAc, and wild type TU8988T CM subject to F/T and diluted 3:1 (75%) 
(n=3). (G) Quantitation of colony forming assay data of parental and GFAT1 knockout clonal TU8988T 
lines in base media, positive control GlcNAc, or wild type TU8988T, HPAC, or MiaPaCa2 CM subject to 
F/T and diluted 3:1 (75%) (n=3). (H) GlcNAc dose response curve presented as relative colony number 
for parental and GFAT1 knockout TU8988T cells (n=3). (I) Mean of absolute quantitation of GlcNAc in 
various CM by LC-MS/MS (n=3). Error bars represent mean ± SD. *P < 0.05; ** P <0.01; *** P <0.001; 
**** P <0.0001. 
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Figure 2-4 Rescue activity of conditioned media and GlcNAc in GFAT1 knockout cells.  

(A) Quantitation of colony forming assay data of parental MiaPaCa2 and GFAT1 knockout clonal line M11 
in base media (DMEM), positive control GlcNAc, wild type TU8988T CM diluted 1:2 (33%) or used directly 
(100%) (n=3). (B,C) Quantitation of proliferation assay data of (B) parental MiaPaCa2 and GFAT1 
knockout clonal line M11 and (C) parental HPAC and GFAT1 knockout clonal line H7 in base media 
(DMEM), positive control GlcNAc, or wild type TU8988T, HPAC, or MiaPaCa2 CM diluted 3:1 (75%) that 
was subjected to freeze-thaw (F/T) (n=3). Data represent crystal violet extracted from cells at endpoint 
and measured by optical density (OD) at 590nm. (D) GlcNAc dose response curve presented as relative 
colony number for parental TU8988T cells and GFAT1 knockout clonal line B9 (n=3). Error bars represent 
mean ± SD. n.s., non-significant; *P < 0.05; ** P <0.01; *** P <0.001; **** P <0.0001. 
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Figure 2-5 Hyaluronic acid rescues GFAT1 knockout PDA cells.  

(A) Representative wells from a colony-forming assay in parental and clonally-derived GFAT1 knockout 
TU8988T cell lines grown in base media (DMEM), positive control GlcNAc (10mM), or low molecular 
weight (LMW) hyaluronic acid (78kDa HA, 10mM). (B) Quantitation of data from A (n=3). (C) Western blot 
of proteome O-GlcNAc and loading control VINCULIN (VNC) in parental TU8988T cells grown in base 
media (DMEM) plus GlcNAc or LMW HA for the indicated time points. Band density was quantitated, 
normalized to control, and presented below the blot. (D,E) Western blot of proteome O-GlcNAc and 
loading control VNC in GFAT1 knockout clonal lines (D) B9 and (E) D10 in base media (DMEM) plus 
GlcNAc or LMW HA for the indicated time points. Wild type 65 TU8988T included as control. Band density 
was quantitated, normalized to control, and presented below the blot. (F) Quantitation of HA-FITC uptake 
in wild type (TU8988T, MiaPaCa2, BxPC3) and GFAT1 knockout clones (B9, D10, M12) presented as 
percent total particle area over total cell area at 1 minute or 1 hour; n=6 frames per condition. Cell area 
was calculated by staining for pan-cytokeratin (panCK). At right, representative images. Scale bar,  50 
µm. (G) Representative wells of a proliferation assay in parental TU8988T and GFAT1 knockout clonal 
line D10 grown in base media (DMEM), positive control GlcNAc (10mM), or base media supplemented 
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1:1 with boiled LMW HA (10mM) with and without pre-digestion with hyaluronidase (HAase). At endpoint, 
cells are stained with crystal violet, and the stain was then extracted and quantitated by OD at 590nm 
(n=3). (H,I) Proliferation time course, as measured on the Incucyte, of (H) TU8988T and (I) MiaPaCa 
parental and GFAT1 knockout cells in base media (DMEM), positive control (GlcNAc), 60 kDa HA (LMW 
HA), 5 kDa HA (o-HA), or wild type TU8988T CM (n=3). Error bars represent mean ± SD. *** P <0.001. 
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Figure 2-1 Characterization of macropinocytosis and glycosaminoglycan rescue activity in PDA 
and GFAT1 knockout cells.  



64 
 

(A-F) Representative colony formation assays and their quantitation following treatment with two 
concentrations of heparin or necrotic cell debris that contain complete cellular contents, relative to base 
media (DMEM) and positive control GlcNAc in (A,B) parental and GFAT1 knockout TU8988T, (C,D) 
parental and GFAT1 knockout MiaPaCa2, and (E,F) parental and GFAT1 knockout HPAC. (G) 
Immunostaining images of intracellular fluorescently-tagged dextran (red) engulfed by macropinocytosis 
in PDA cell lines. Nuclear DAPI staining in blue. Quantitation of macropinocytotic index presented at 
bottom for n=6 wells per biological replicate (n=3). (H) Representative images for the data presented in 
Figure 3F. HA-FITC is presented in green with pan-cytokeratin (panCK) in red. Nuclear staining with DAPI 
in blue. Scale bar, 50 µm. (I) Quantitated data are presented above representative wells from a 
proliferation assay in parental TU8988T and GFAT1 knockout clone B9 in 10mM GlcNAc, base media 
(DMEM), base media supplemented 1:1 with boiled DMEM, or base media supplemented 1:1 with boiled 
HAase-treated DMEM. Quantitated data represent crystal violet extracted from cells at endpoint and 
measured by optical density (OD) at 590nm (n=3). Error bars represent mean ± SD. n.s., non-significant; 
*P < 0.05. 
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Figure 2-7 Analysis of hyaluronic acid formulation on GFAT1 rescue and composition in 
conditioned media.  

(A,B) Proliferation time course of (A) parental MiaPaCa2 and (B) GFAT1 knockout cells in base media 
(DMEM), positive control (GlcNAc), 5 kDa HA (o-HA), or wild type TU8988T conditioned media (CM) 
subject to freeze thaw (F/T) (n=3). (C,D) Proliferation time course of (C) parental TU8988T and (D) 
GFAT1 knockout cells in base media (DMEM), positive control (GlcNAc), 60 kDa HA (LMW HA), or 5 kDa 
HA (o-HA).(E) Dynamic range of HA detection by ELISA, employed to quantitate HA. (F) HA content in 
cancer associated fibroblast (CAF) and wildtype TU8988T CM, that treated with HAase, and that treated 
with boiled HAase, relative to DMEM alone negative control. (G) Detection of 10mM 60kDa and 5kDa HA 
standard and 60kDa standard treated with HAase, as well as that treated with boiled HAase, relative to 
DMEM alone negative control. (H) Representative wells from colony formation assays in parental and 
GFAT1 knockout clonal TU8988T cell lines in base media (DMEM), positive control GlcNAc, and N-
acetyl-galactosamine (GalNAc). Quantitated data are presented in Fig. 2-5F. Error bars represent mean ± 
SD. 
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Figure 2-8 Hyaluronic acid in conditioned media rescues GFAT1 knockout.  

(A) Quantification of HA in CM from wildtype TU8988T cells treated with varying doses of 4-MU (n=3). (B-
E) Proliferation time course of (B,C) wild type TU8988T and (D,E) GFAT1 knockout TU8988T grown (B,D) 
directly in varying concentrations of 4-MU or (C,E) in CM from wild type TU8988T cells exposed to 4-MU 
during media conditioning. GFAT1 knockout cells in (D) were propagated in GlcNAc to maintain viability 
(n=3 for all cell lines and conditions). (F) HABP staining of normal murine pancreas (negative control) and 
a murine pancreatic tumor (positive control). (G) Representative images for HABP staining classification 
used in H. (H) 10 representative slides from wildtype 65 and GFAT1 knockout subcutaneous and 
orthotopic tumors (Figure 1F,G) were stained and blindly scored using the classification metric in G 
(n=10). Error bars represent mean ± SD. *P < 0.05; ** P <0.01; *** P <0.001; **** P <0.0001. 
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Figure 2-9 Hyaluronic acid-derived GlcNAc rescues GFAT1 loss via the GlcNAc salvage pathway. 

 (A) Western blot of NAGK, GFAT1, and ACTIN loading control from TU8988T, MiaPaCa2, and HPAC 
parental (wild type, WT) and NAGK knockout (KO) populations. NAGK was knocked out using two 
independent sgRNAs (sg1, sg2). (B) Representative wells from a colony forming assay for parental and 
NAGK knockout lines. (C) Quantitation of colony forming assay data in B (n=3). (D) Western blot for 
NAGK, GFAT1, and loading control ACTIN in parental PDA cell lines. Band density was quantitated, 
normalized to control, and presented below the blot. (E) Schematic overview of the Leloir pathway of 
galactose catabolism integrated with the HBP and GlcNAc salvage pathway. (F) Quantitated data from 
colony formation assays in parental and GFAT1 knockout clonal TU8988T cell lines in base media 
(DMEM), positive control GlcNAc, and N-acetyl-galactosamine (GalNAc) (n=3) (G) Western blot for 
GFAT1, NAGK, and loading control VINCULIN (VNC) in parental TU8988T and HPAC, GFAT1 knockout 
clones, and GFAT/NAGK double targeted lines. (H-K) Proliferation time course of (H,I) parental TU8988T 
and GFAT1 knockout line B9 in base media, GalNAc positive control, 60 kDa HA, or 5 kDa HA; (J,K) 
GFAT1/NAGK double targeted clones in base media, GalNAc positive control, 60 kDa HA, or 5 kDa HA 
(n=3). (L) Western blot for proteome O-GlcNAcylation (O-GlcNAc), GFAT1, NAGK, and VCN in parental 
65, GFAT1 knockout (B9) and GFAT1/NAGK double knockout (B9-sg1) TU8988T cells treated with 10mM 
GalNAc, DMEM, CM or o-HA. (M) LC-MS/MS analysis of UDP-GlcNAc from the samples in L (n=3). (N) 
Schematic overview of the HA metabolism through the GlcNAc salvage pathway to fuel glycosylation in 
GFAT1 knockout PDA. Error bars represent mean ± SD. n.s., non-significant; *P < 0.05; ** P <0.01. 
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Figure 2-10 Additional characterization of HA rescue in GFAT1/NAGK double knockout cell lines.  
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(A-D) Proliferation time course of (A) parental TU8988T, (B) GFAT1 knockout cells, and (C,D) two 
GFAT1/NAGK double knockout cell lines in base media (DMEM), positive control (GlcNAc), 5 kDa HA (o-
HA), or wild type TU8988T conditioned media (CM) subject to freeze thaw (F/T) (n=3). (E,F) Proliferation 
time course of two additional GFAT1/NAGK double knockout cells lines from main text Figure 5H-K in 
base media (DMEM), positive control (GalNAc), 5 kDa HA (o-HA), or 60kDa HA (n=3). 66 Proliferation 
time course of (G) wildtype MiaPaCa2, (H) GFAT1 knockout line M12, and (I,J) GFAT1/NAGK double 
knockout cells in base media, GalNAc positive control, 60 kDa HA, or 5 kDa o-HA (n=3). (K-M) LC-
MS/MS analysis of (K) GlcNAc-phosphate (GlcNAc-P), (L) fructose 6-phosphate, and (M) uridine 
triphosphate from the samples in Fig. 2-5L (n=3). (N) Western blot for proteome O-GlcNAcylation (O-
GlcNAc), GFAT1, NAGK, and VCN in parental 65, GFAT1 knockout (M12) and GFAT1/NAGK double 
knockout MiaPaCa2 cells treated with 10mM GalNAc, DMEM, CM or o-HA. The NAGK band appears 
below a non-specific band, as indicated by the blue arrow. Error bars represent mean ± SD. 
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Chapter 3 

Inhibition of the Hexosamine Biosynthesis Pathway May Sensitize Pancreatic Cancer 

to Anti-PD-(L)1 Therapy  

 

This project originates from the underlying theme of defining the role of the hexosamine 

biosynthesis pathway in pancreatic cancer. This project focuses more on leveraging that 

information to potentially improve a type of immunotherapy that targets the anti-PD1/PD-L1 axis. 

While the project is still ongoing, the background, results, and the discussion listed below will 

serve as future resources for the Lyssiotis lab. 

 

3.1 INTRODUCTION 

Immune checkpoint blockade targeting the axis of programmed death protein 1 (PD1) 

and programmed death-ligand 1 (PD-L1) is famous for the Nobel prize in 2018 and is a specific 

mechanism cancer cells utilize for immune evasion. PD1 is commonly found on the surface of T 

cells and is a critical regulator of downregulating immune response and maintaining self-

tolerance. PD-L1 is overexpressed on the surface of cancer cells, and upon binding to PD1, 

leads to inhibition of T cell proliferation, cytokine production, and cytolytic activity67.  

Reactivation of T cell immunity by targeting the PD1/PD-L1 axis has revolutionized 

cancer treatment in the clinic. FDA has approved antibodies targeting PD1 (pembrolizumab and 

nivolumab) or PD-L1 (durvalumab, avelumab, and atezolizumab) as second or even first-line 
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treatment against melanoma, non-small-cell lung cancer, renal cell carcinoma, head and neck 

squamous cell carcinoma, and Hodgkin lymphma68-70. 

Despite the early success of anti-PD1/PD-L1 therapy in various cancer types, the 

majority of pancreatic cancer patients are resistant to this monotherapy. A multicenter, phase I 

trial of an anti-PD-L1 antibody showed that no objective response was observed in the fourteen 

pancreatic cancer patients71. Similarly, another phase I trial testing anti-PD-L1 therapy included 

one pancreatic cancer patient who did not respond72. Several factors contribute to this lack of 

clinical success including the immunosuppressive tumor microenvironment and the immune-

desert phenotype of most patients.  

To overcome this challenge, numerous pre-clinical and clinical studies evaluated 

combining anti-PD(L)1 therapy with various systemic and locoregional therapies73. Such 

strategies involve combination therapy with chemotherapy, radiotherapy, molecularly targeted 

therapy, and immunotherapy. A significant challenge of combination therapies is whether 

adverse effects exceed clinical limits. One study that combined pembrolizumab with 

gemcitabine and nab-paclitaxel resulted in 70.6% of patients experiencing grade 3 or 4 

treatment emergent adverse events74. Another study that employed a similar therapeutic 

strategy, but with nivolumab instead of pembrolizumab, observed that 36% of patients 

discontinued treatment due to treatment emergent adverse events75. Adverse event 

occurrences varied amongst studies and were closely associated with drug dosage73. The 

necessary optimization to address this problem will require comprehensive evaluations before, 

during and after treatments, which represent huge cost and logistical challenges. 

A different strategy from combination therapy involves sensitizing pancreatic cancer to 

anti-PD(L)1 therapy. A 2020 study demonstrated that targeting the intrinsic hexosamine 

biosynthetic pathway (HBP) with the glutamine analog 6-diazo-5-oxo-L-norleucine (DON) 

sensitized pancreatic cancer to anti-PD1 antibody in mice48. Furthermore, the group observed 
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significant remodeling of the extracellular matrix due to a decrease in hyaluronic acid and 

collagen, as well as increased infiltration of cytotoxic T cells. Whether all these effects were 

specific to inhibition of the HBP is unclear since DON is a glutamine analog and therefore has 

pleiotropic effects. Genetic ablation of glutamine-fructose 6-phosphate amidotransferase 1 

(GFAT1), the first and rate-limiting enzyme of HBP, in several syngeneic cell lines can test 

whether specific HBP inhibition can sensitize pancreatic cancer to anti-PD1 therapy in vivo. 

There are recent studies that suggest that inhibiting HBP may sensitize pancreatic 

cancer to anti-PD-L1 therapy. HBP is the only de novo pathway to produce uridine diphosphate 

N-acetylglucosamine (UDP-GlcNAc), a crucial precursor for glycosylation, an essential post 

translational modification. Glycosylation affects the structure of the protein as well as its 

interaction with other molecules. Thus, glycosylation regulates protein biosynthesis, localization, 

and function76. PD-L1, which is overexpressed in pancreatic cancer cells, is heavily glycosylated. 

Glycosylation is critical for stabilizing PD-L1, which suppresses T cell activity66. A type of 

glycosylation called N-linked glycosylation of PD-L1 accounts for approximately 50% of its 

molecular weight77. Therefore, the glycosylation could impede binding of PD-L1 with anti-PD-L1 

antibody by rendering the polypeptide antigens inaccessible. Indeed, a study demonstrated that 

using enzyme digestion to de-glycosylate patient samples significantly increased binding affinity, 

resulting in a more accurate immunohistochemical PD-L1 readout and prediction of clinical 

outcome78. 

Taken together, we hypothesize that specifically inhibiting the HBP can sensitize 

pancreatic cancer to anti-PD(L)1 therapy. We generated and validated several GFAT1 knockout 

CRISPR clones in two syngeneic murine cell lines, MT3 and M7940. GFAT1 was required for 

survival in vitro. Subcutaneous injection of various CRISPR clones into syngeneic mouse 

models showed that GFAT1 ablation had antitumor effects. However, a few mice still formed 
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tumors. Future experiments and the respective analysis of both expected and potential, 

unexpected results will be addressed in the discussion section.    

 

3.2 RESULTS 

3.2.1 Pancreatic cancer cells require de novo HBP fidelity in vitro 

 Previously, we demonstrated that in a murine model of pancreatic cancer, mutant Kras 

transcriptionally activates Gfpt1, which encodes for glutamine-fructose 6-phosphate 

amidotransferase 1 (GFAT1), the rate-limiting enzyme for HBP6. In another study, we showed 

that pancreatic cancer proliferation relies on glutamine anaplerosis29. Since GFAT1 is a 

glutamine-utilizing, rate-limiting enzyme of a highly conserved metabolic pathway, we 

investigated the role of GFAT1 in human pancreatic cancer cells, and found that GFAT1 was 

required in vitro but not in vivo79. 

 Here, we employed the same CRISPR/Cas9 strategy with GlcNAc supplementation to 

generate GFAT1 KO cells in two murine pancreatic cancer cell lines, KPC M7940b and MT3-2D 

(referred hereafter as M7940 and MT3, respectively). GlcNAc, which can bypass GFAT1 via the 

GlcNAc salvage pathway, was supplemented during selection of pooled polyclonal population to 

minimize metabolic rewiring.  

We generated three bona fide MT3 GFAT1 KO clones and two M7940 GFAT1 KO 

clones via immunoblotting and Sanger sequencing (Fig 3-1A). Generation of these clones was 

important for two reasons. First, we were interested to test whether hyaluronic acid, a GlcNAc-

containing glycosaminoglycan that is found in abundance in the tumor microenvironment, could 

fuel murine pancreatic cancer cell growth as it did human pancreatic cancer cells79. Second, 

and more importantly, testing whether GFAT1 ablation synergizes with anti-PD(L)1 therapy 

required murine pancreatic cancer cell lines that will not be rejected by mice upon implantation. 
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 We found that GFAT1 was required for survival in vitro for both cell lines (Fig. 3-1B). 

The complete abolishment of colony formation in GFAT1 KO cell lines was identical to that of 

human GFAT1 KO cell lines79.  

A 

 

B   

 

Figure 3-1 Pancreatic ductal adenocarcinoma requires de novo hexosamine biosynthetic pathway 
fidelity in vitro.  

(A) Western blot of GFAT1, Cas9, and the loading control Vinculin from validated CRISPR/Cas9 
knockout MT3 and M7940 clones and their control. 
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(B) Representative wells from a colony formation assay in parentally and clonally derived GFAT1 
knockout cell lines grown in base media (DMEM) or base media supplemented with 10mM GlcNAc 
(GlcNAc). Quantified data on the bottom (n=5 for MT3; n=4 for M7940. 

 

3.2.2 Pancreatic cancer cells appear to require de novo HBP fidelity in vivo 

 We moved the GFAT1 knockout clones into the flanks of immunocompetent mice to test 

whether the all-or-nothing phenotype in vitro was recapitulated in vivo. All three MT3 GFAT1 

knockout clones failed to form tumors (Fig. 3-2A). One out of two M7940 GFAT1 knockout 

clones formed tumors, but were significantly smaller in terms of weight and volume relative to 

the wildtype counterparts (Fig. 3-2B). The other M7940 clone failed to form any palpable tumors.  

A  

 

B 
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Figure 3-2 Pancreatic cancer cells appear to require de novo hexosamine biosynthetic pathway fidelity 
in vivo. 

(A) Average tumor volume and weight for parental MT3 (n=8) and GFAT1 KO (n=0 for MT3 KO1-3) grown 
subcutaneously in immunocompetent mice. 

(B) Average tumor volume and weight for parental M7940 (n=10) and GFAT1 KO (n=0 for M7940 KO1; n=4 for 
M7940 KO2) grown subcutaneously in immunocompetent mice. 

3.3 DISCUSSION 

 In PDA, the HBP is transcriptionally regulated in a Kras-dependent manner6. 

Furthermore, HBP is elevated in various cancers and regulates proliferation, survival, 

metastasis, and angiogenesis10. This points to GFAT1, the rate-limiting enzyme of the HBP, as 

a potential therapeutic target. Previous attempts to suppress GFAT1 activity with pan glutamine-

deamidase inhibitors demonstrated anti-tumor activity in vitro and in vivo47,48. It was particularly 

striking that DON, a pan glutamine-deamidase inhibitor, sensitized pancreatic cancer to anti-

PD1 therapy, given that checkpoint blockade immunotherapy has been largely unsuccessful in 

pancreatic cancer48. Because DON is not specific to the HBP, we took a genetic approach to 

knock out GFAT1 to test whether HBP inhibition alone was sufficient to sensitize PDA to 

checkpoint blockade immunotherapy. 

 We found that knocking out GFAT1 in two murine cancer cell lines led to a complete 

ablation of colony formation unless supplemented with GlcNAc (Fig 3-1B). This was consistent 

with what we observed previously in human PDA cell lines79. However, upon subcutaneous 

injection, only one out of the five murine GFAT1 null clones, M7940 KO2, formed tumors, while 

the other four failed to establish any palpable tumors (Fig 3-2). It should also be noted that 

M7940 KO2 did not form tumors in all mice. This was in stark contrast to the human GFAT1 null 

clones, which readily formed tumors in a subcutaneous model. The most significant difference 

between the two experiments is the presence of an intact immune system. Elucidating this 

difference not only deviates from the original hypothesis, but it also would be biologically and 

statistically insignificant with such few tumors originating from a single GFAT1 null clone. 
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 Instead, we suggest the following experiments to directly test the original hypothesis of 

whether specific GFAT1 inhibition can sensitize pancreatic cancer cells to anti-PD1 therapy. 

First, we would test whether conditioned media from the cancer cells, cancer associated 

fibroblasts (CAFs), or direct supplementation of hyaluronic acid can rescue survival in vitro via 

colony formation assay. We predict that there will be rescue to a varying degree, similar to what 

we previously observed with human GFAT1 null clones. The rescue would point to the 

importance of the extracellular matrix, the majority of which is hyaluronic acid in PDA, and 

factors and metabolites released by cancer cells and CAFs. 

 Second, we would perform orthotopic, co-transplantation of the control or GFAT1 null 

cells with CAFs into immunocompetent mice. The co-transplantation with CAFs would depend 

on whether rescue was achieved in vitro with CAF conditioned media and/or via a transwell co-

culture system. If we observe a lack of tumor establishment in the majority of our clones as we 

did in the subcutaneous model, then we would have to switch to a dox-inducible system to 

knock down GFAT1 in vitro and in vivo. We would have to wait for tumors to establish and then 

treat with doxycycline to test the effect of GFAT1 inhibition on ECM remodeling, CD8+ T cells 

infiltration, and sensitization to anti-PD1 therapy. This would also indicate that GFAT1 plays an 

important role in tumor establishment in immunocompetent models, which could be the 

foundation for a different project.  

On the other hand, if we were to observe tumor formation in GFAT1 null clones, we 

would test via immunohistochemistry for GFAT1, cleaved caspase 3, Ki67, and HABP to ensure 

GFAT1 was knocked out at end point, and to check for cell death, proliferation, and hyaluronic 

acid level, respectively. It would be interesting to test whether the size of the tumors correlates 

with hyaluronic acid level, as this would be another evidence that implicates hyaluronic acid as a 

fuel for cancer cells in vivo79. More importantly, HABP level and Sirius red staining to observe 

collagen in these tumors would directly test whether GFAT1 inhibition in cancer cells was 
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sufficient to regulate extracellular matrix remodeling, which was observed upon DON 

treatment48.   

The next step would be to compare the immune landscape of the control with GFAT1 

null tumors. This could be achieved via flow cytometry or immunohistochemistry. Specifically, 

we will check for myeloid cells, CD68+ macrophages, and CD8+ T cells. Myeloid cell depletion 

has been shown to induce tumor cell death and enhance infiltration of CD8+ T cells into tumors80. 

DON treatment led to increased infiltration of CD68+ macrophages, which can secrete 

tumoricidal cytokines such as TNFα and IL-1248. Finally, CD8+ T cells are the direct mediators of 

tumor cell killing via PD1/PD-L1 pathway. If GFAT1 inhibition is sufficient to sensitize cancer 

cells to anti-PD1 therapy, we predict we would observe decreased immunosuppressive myeloid 

cells, increased CD68+ macrophages, and most importantly, increased CD8+ T cells. 

The experiments listed above are what we propose to be the most direct, quickest way 

to test our hypothesis. Assuming that the experiments above yield results that support our 

hypothesis, the final, most important experiment is to test in vivo whether inhibition of tumor-

intrinsic HBP can sensitize cancer cells to anti-PD1 therapy in our orthotopic, co-transplantation 

model. The experiment would comprise of an isotype control and anti-PD1 arms in parental cells 

or GFAT1 null clones. We would measure the final volume, weight, and survival and perform 

tumor studies listed above to check for extracellular matrix remodeling and changes in immune 

landscape. If our hypothesis is true, then we would observe a moderate anti-tumor effect in 

GFAT1 null clones + isotype control arm, and a significant anti-tumor effect in GFAT1 null 

clones +  anti-PD1 arm compared to parental cells + isotype control arm. 

We will now address the second part of our original hypothesis, namely that GFAT1 

inhibition can sensitize pancreatic cancer cells to anti-PD-L1 therapy. PD-L1 is overexpressed in 

cancer cells and binds to PD1 to evade immunosurveillance. PD-L1 is heavily N-glycosylated, a 

type of post translational modification that is regulated by the HBP. The glycan moiety plays a 
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critical role in binding to PD1 and is also responsible for disrupting the antibody recognition of 

PD-L1. As such, removal of N-glycosylation via enzymatic digestions enhanced anti-PD-L1 

antibody binding affinity, resulting in a more accurate PD-L1 quantification and clinical outcome 

prediction78. Therefore, we hypothesize that specifically targeting GFAT1 will lead to a de-

glycosylated state of PD-L1, sensitizing PDA cells to anti-PD-L1 therapy. 

The first step would be to check for PD-L1 expression in parental cells and GFAT1 null 

clones via immunoblotting, and validate glycosylated and de-glycosylated forms of PD-L1. 

Glycosylated proteins often yield heterogenous pattern on western blots. For example, in breast 

cancer cells, the predominant form of PD-L1 was found around 45kDa as a giant band 

(glycosylated), but a faint band (de-glycosylated) was found around 33kDa66. We predict a 

similar pattern in our parental cancer cells. Using shRNA against PD-L1 to test which band 

expressions are decreased and then reconstituting PD-L1 to rescue expression would reveal 

which bands correspond to PD-L1. To validate that the top band is indeed the glycosylated form 

and the bottom band is the de-glycosylated form, we would treat parental cells with peptide-N-

glycosidase (PNGaseF) to remove the entire N-glycan structure. This would result in the bottom 

band being the predominant form instead of the top band. These experiments would validate the 

anti-PD-L1 antibody, and identify which bands correspond to glycosylated and de-glycosylated 

PD-L1. We predict that in parental cell lines, the predominant band would be the top band 

(glycosylated), and in GFAT1 null clones, it would be the bottom band (de-glycosylated). 

To determine whether the N-glycan moieties hinder anti-PD-L1 antibody detection at the 

cell surface, we would perform immunofluorescence confocal microscopy analysis to detect PD-

L1 in parental cells and GFAT1 null clones. The negative and positive controls would be 

parental cells without and with PNGaseF treatment, respectively.  If the N-glycan moieties do 

interfere with anti-PD-L1 antibody binding, then the non-treated parental cells, which 

predominantly have the glycosylated form, would have the weakest PD-L1 signal. This signal 
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would increase upon PNGaseF treatment, which removes PD-L1 of its N-glycan moieties. We 

predict that our GFAT1 null clones would have PD-L1 signal that is comparable to that of 

PNGaseF-treated parental cells. Confirmation of these results would indicate that inhibiting the 

HBP sensitizes anti-PD-L1 binding in vitro. 

The final step would be to test in vivo whether GFAT1 inhibition sensitizes pancreatic 

cancer cells to anti-PD-L1 therapy. The experimental design and the follow-up tumor analysis 

would be similar to the anti-PD1 study mentioned above, except now the antibody would be 

against PD-L1. The biological significance of potential extracellular matrix remodeling and 

infiltration of CD8+ T cells would apply here as well. If our hypothesis is correct, we would 

expect the GFAT1 null clones + anti-PD-L1 arm to have significantly lower tumor weight, volume, 

and higher survival than GFAT1 null clones + isotype control arm.   

  In conclusion, the experiments and the expected results stated above represent the 

most direct, time-efficient strategy to test whether inhibition of tumor-intrinsic HBP could 

sensitize PDA cells to anti-PD(L)1 therapy.  

3.4 MATERIALS AND METHODS 

Cell Culture 

 Murine PDA cell lines KPC 7940b and MT3-2D were provided by Drs. G. Beatty and D. 

Tuveson, respectively, under a material transfer agreement. The cell lines were STR-validated 

and were routinely tested for mycoplasma with MycoAlert (Lonza, LT07-318). Cells were 

maintained in high glucose DMEM without pyruvate (Gibco, 11965092) supplemented with 10% 

fetal bovine serum (Corning, 35-010-CV) at 37°C and 5% CO2. GFAT1 null PDA were cultured 

in standard media supplemented with 10mM GlcNAc (Sigma, A8625). 

Generation of CRISPR/Cas9 Knockout Clones 
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 The expression vector pspCas9(BB)-2A-Puro (PX459; Addgene Plasmid 48139) was 

used to generate the GFAT1 CRISPR-Cas9 constructs. Murine GFAT1 sgRNA sequences were 

inserted into the plasmid cut with the restriction enzyme BbsI, as previously described81. The 

sequences were obtained from the Genome-Scale Crispr Knock-Out (GeCKO) library. The 

resulting CRISPR/Cas9 plasmid was transformed into chemically competent stbl3 cells, mini-

prepped for plasmid DNA, and sequence-verified. Murine PDA cells were transiently transfected 

using Lipofectamine 3000 according to manufacturer’s instructions, and were selected with 

puromycin in the presence of GlcNAc (GFAT1 KO bulk population). Polyclonal pools were 

seeded into 96-well plates at a density of one cell per well to select for individual clones. The 

clones were expanded and verified via Western blot and Sanger sequencing.  

Colony formation assay 

 500 cells per well were plated in a six-well plate in biological triplicates. After 9-12 days, 

the colonies were fixed with 100% methanol for ten minutes, and stained with 0.5% crystal violet 

solution for fifteen minutes. The dye was removed with 10% acetic acid, and OD595 was 

measured to calculate relative cell viability. 

Western blot analysis 

 Cell lysates were collected with radioimmunoprecipiataion assay buffer (Sigma-Aldrich, 

R0278) supplemented with phosphatase and protease inhibitors. Lysis and lysates collection 

were performed on ice. After a 10-minute incubation on ice, lysates were centrifuged at 4°C for 

10 minutes at 18,000g to extract the sample supernatant. Protein concentrations were 

measured with Pierce BCA Protein Assay Kit (ThermoFisher, 23227) according to the 

manufacturer’s instructions.  
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After SDS-PAGE, proteins were transferred to methanol-activated PVDF membrane, 

incubated with a blocking buffer (Bio-Rad, 1706404) in TBS-T solution (Bio-Rad, 1706435) with 

0.1% Tween-20 (Sigma-Aldrich, 9005-64-5) at room temperature for 1 hour, and incubated with 

primary antibody overnight at 4°C. The following day, membranes were washed with TBS-T 

solution 3 times for 5 minutes each, and incubated with the appropriate HRP-conjugated 

secondary antibody for 1 hour at room temperature. Membranes were incubated with 

chemiluminescence reagent (Clarity Max Western ECL substrate, 705062) according to the 

manufacturer’s instructions. Blot images were obtained with a Bio-Rad ChemiDoc Imaging 

System (Image Lab Touch Software version 2.4.0.003). 

Antibodies 

 The following antibodies were used in this study: VINCULIN (Cell Signaling, 13901), 

GFAT1 (Abcam, 125609), anti-CRISPR/Cas9 (Abcam, 191468), secondary anti-mouse-HRP 

(Cell Signaling, 7076), and secondary anti-rabbit-HRP (Cell Signaling, 7074). 

Mouse tumor studies 

 Animal studies were conducted in accordance with the Office of Laboratory Animal 

Welfare and approved by the Institutional Animal Care and Use Committee of the University of 

Michigan. Male and female 6- to 10-week-old C57BL/6J mice were obtained from The Jackson 

Laboratory and maintained in the facilities of the Unit for Laboratory Animal Medicine under 

specific pathogen-free conditions (Protocol #: PRO00008877).  

 Prior to the subcutaneous injection, control MT3 and M7940 cells and five verified 

GFAT1 null clones were collected from culture plates according to standard cell culture 

procedures. Cells were counted, washed once with PBS, and resuspended in 1:1 solution of 

serum-free DMEM (Gibco, 11965-092) and Matrigel (Corning, 354234). The injection was 
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performed at ~1 x 106 cells in 200μL final volume. Tumor size was measured with a digital 

caliper 2-3 times per week. Tumor volume was calculated as V = 1/2 (length x width2). At 

endpoint, final tumor volume and mass were measured prior to processing. 

Statistical Analysis 

 Statistics were performed using GraphPad Prism 8 (GraphPad Software Inc.). Data from 

experimental groups were compared using the two-tailed t-test or analysis of variance (ANOVA). 

All error bars represent mean with standard deviation. Statistical significance was accepted if P 

< 0.05. 
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Chapter 4 

Conclusion and Future Directions 

 

4.1 Conclusion 

Our works contribute to the growing field of elucidating the role of the hexosamine 

biosynthetic pathway in pancreatic cancer and the complex role of the tumor microenvironment 

as a nutrient source that supports pancreatic cancer metabolism. Below, we highlight the key 

findings of each chapter and their relevance. Finally, we discuss future directions that can 

further the field and potentially point to novel strategies against pancreatic cancer. 

4.2 Identification of hyaluronic acid as a novel source of fuel for pancreatic cancer cells 

 In Chapter 2, our work builds on our previous work and other findings that implicate the 

HBP as a potential metabolic vulnerability in pancreatic cancer1-4. We employed CRIPSR-Cas9 

to specifically target GFAT1, and observed that HBP fidelity was required in vitro but not in vivo 

in both subcutaneous and orthotopic models. This led us to hypothesize that the tumor 

microenvironment was providing the means to bypass GFAT1.  

To address the scavenging hypothesis, we subjected GFAT1 null clones to denatured 

conditioned media from CAFs and wild type PDA cells and observed a rescue in viability. This 

led us to look for a molecule(s) without tertiary structure, such as metabolite(s). Because 

GlcNAc is a known metabolite that can bypass GFAT1 via the GlcNAc salvage pathway, we 

hypothesized that hyaluronic acid (HA), a GlcNAc-containing glycosaminoglycan that is found in 

abundance in the tumor microenvironment, could act as a nutrient that can refill the HBP. 

Specifically, we demonstrated that the very low molecular weight version of hyaluronic acid, or 
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oligo-HA (o-HA) refills the HBP via NAGK, the enzyme that mediates the GlcNAc salvage 

pathway. 

Our work reveals a novel role of HA as a nutrient source that fuels pancreatic cancer 

metabolism beyond its previously known structural and signaling roles5,6. Our work contributes 

to the growing body of works that have identified various components of the tumor 

microenvironment as nutrient sources that regulate cancer metabolism7-11.  

HA is clinically relevant for several reasons. Due to its highly hydrophilic nature, HA 

retains water to create the supraphysiological intratumoral pressure that leads to vasculature 

collapse. This limits nutrient, oxygen, and drug delivery12. Indeed, previous studies 

demonstrated that treating PDA with hyaluronidase to break down HA increased vascularization 

and improved drug delivery to the tumor13,14. However, a phase III clinical trial that combined 

pegylated hyaluronidase with nab-paclitaxel plus gemcitabine showed no improvement in 

overall patient survival15.  

Our work offers a potential explanation for the discrepancy between the clinical response 

to pegylated hyaluronidase and the preclinical data. Other studies point to both the pro- and 

anti-tumor effects of HA. For example, HA matrix itself may be necessary to restrain tumor, 

similar to what was observed in the CAF depletion studies16. On the other hand, HA degradation 

led to extracellular matrix remodeling that resulted in increased cytotoxic T cells infiltration. Our 

work shows that HA degradation may support pancreatic cancer metabolism. Elucidating the 

seemingly conflicting, context-dependent nature of HA is critical to determine the optimal way to 

exploit this unique feature of pancreatic tumor.  

4.3 Exploring the HBP as a target to sensitize pancreatic cancer to anti-PD(L)1 therapy 

 In chapter 3, we performed preliminary experiments to address our hypothesis that 

inhibition of cell-intrinsic hexosamine biosynthetic pathway can sensitize pancreatic cancer to 
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anti-PD(L)1 therapy. This is based on a previous finding utilizing DON, a glutamine analog that 

targets glutamine-utilizing enzymes such as GFAT1, which led to anti-PD1 therapy sensitization 

in mice17. Another group found that PD-L1 is highly N-glycosylated, and removing the 

glycosylation moieties through enzymatic digestion improved binding to anti-PD-L1 antibody18. 

Because the hexosamine biosynthesis pathway is the only de novo pathway for generating 

UDP-GlcNAc, a crucial precursor for N-glycosylation, we hypothesized that targeting GFAT1 

could be another way to de-glycosylate PD-L1 to improve its binding to anti-PD-L1. 

 Although the project is still in its early stage, we have described future experiments in 

detail to test the hypothesis in the most direct, time-efficient manner in Chapter 3. If our 

hypothesis is supported, we will have demonstrated a novel strategy to turn pancreatic tumor, 

which is notoriously “cold” and insensitive immune checkpoint blockade, to “hot,” 

immunologically sensitive tumor.  

4.4 Future directions 

  Our work and a recent finding from another group implicate NAGK, the enzyme that 

mediates the GlcNAc salvage pathway, as a potential therapeutic target19,20. Glutamine 

limitation in pancreatic cancer suppressed de novo HBP but increased GlcNAc availability for 

salvage. NAGK expression was elevated in human tumors, and NAGK deficiency significantly 

blunted GlcNAc salvage in cells and tumor growth in a xenograft, subcutaneous mouse model20. 

Based on these findings, it is possible that pancreatic cancer cells rely on NAGK since they are 

rapidly dividing and reside in the nutrient-limiting, tumor microenvironment. Furthermore, while 

GFAT1 is required for embryonic development in mice, NAGK knockout mice are viable, which 

suggests a wider therapeutic window.  

To test whether NAGK is a potential therapeutic target, we would knock out NAGK in 

syngeneic murine cells, and perform subcutaneous and/or orthotopic implantations in mice. 
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Concurrently, we would perform colony formation assay and proliferation assay between the 

parental cells and NAGK knockout clones in a glutamine-limiting condition to test the importance 

of NAGK. These experiments would serve as proof-of-concept regarding NAGK as a potential 

therapeutic target. If true, we expect to observe significant reduction in survival, proliferation, 

and tumor growth. 

We can further mechanistically delineate how very low molecular weight or oligo-HA (o-

HA) fuels the HBP by targeting the HA receptors, CD44 and RHAMM21. Knocking down either or 

both of these genes in GFAT1 null clones, and then testing whether HA or WT PDA CM can still 

rescue could answer as well as pose several interesting questions. If the rescue is significantly 

decreased, then we know the HA intake by PDA cells is likely via receptor-mediated 

endocytosis22. Considering that receptor-mediated endocytosis of HA is mostly associated with 

high molecular weight HA and not o-HA, this could reveal an affinity for o-HA that was 

previously unknown or underappreciated23. 

Although our work in Chapter 2 mainly focused on HA, there are other members of the 

glycosaminoglycans apart from HA that contain GlcNAc and GalNAc, namely heparan sulfate 

(HS) and chondroitin sulfate (CS), respectively24. We could measure the HS and CS level in the 

CM, exogenously supplement them to GFAT1 null clones to observe if any rescue occurs, and 

measure their expression in our tumor studies to determine whether HS and CS can act as 

novel nutrient sources in our system.  

Based on current literature, o-HA could potentially be degraded into its glucuronic acid 

and GlcNAc building blocks in the lysosomes via β-D-glucuronidase and β-N-acetyl-D-

hexosaminidase25. This implicates an unknown lysosomal GlcNAc transporter or another 

process through which GlcNAc released in the lysosome is available to fuel the HBP, which 

occurs in the cytoplasm. To address this, we would conduct a positive CRISPR screen. The 

selective pressure would be the exogenous o-HA supplementation to GFAT1 null clones that 
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are grown without GlcNAc. It would be important to first establish the right concentration of o-HA 

that would result in only a small population of cells surviving. The negative control would be 

GFAT1 null clones grown without GlcNAc. The surviving cells would be collected, their plasmids 

PCR-amplified and sequenced using next-generation sequencing to identify their cDNA or target 

gene. This screen would be the first step to identifying a potential lysosomal GlcNAc transporter 

or another mechanism for HA fueling the HBP. If HS or CS can rescue GFAT1 null clones, the 

same screening strategy could be used as a starting point to elucidate the mechanism. 

Another future direction could test whether macrophage could provide the means to 

refuel the HBP to rescue GFAT1 null cells. Macrophages are major cell populations found in the 

tumor microenvironment, and they provide potential metabolic support to fuel PDA metabolism10.  

To study the potential crosstalk between macrophages and PDA cells, we would generate the 

following subtypes of macrophages: tumor-educated macrophages (TEMs), a classically 

activate phenotype (M1), and alternatively activated phenotype (M2). We would culture murine 

bone-marrow-derived macrophages in PDA CM, treat them with lipopolysaccharide or 

interleukin 4 to generate TEM, M1, and M2, respectively. CM from TEM, M1, and M2 would be 

tested to see if they can rescue GFAT1 null cells. If any rescue is observed, we could freeze-

thaw or boil the CM to test whether the rescue is mediated by metabolites. If so, we already 

have the metabolic profiling of these different CM obtained via liquid chromatography-coupled 

tandem mass spectrometry metabolomics10. Along with the CM experiments, we could co-

culture murine macrophage cells RAW264.7 with WT or GFAT1 null cells to test if any rescue 

occurs. These experiments could reveal novel ways through which macrophages regulate HBP 

in cancer cells.      
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