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ABSTRACT 

 

 Lung cancer is one of the most prevalent cancer types and the leading 

cause of cancer related mortality in the world. Non-small cell lung cancer 

(NSCLC) constitutes the majority of lung cancers with the five-year survival rate 

at 17%. Poor survival rates are due to late-stage diagnosis and limited response 

to standard of care cisplatin-based chemotherapy. Recent efforts in targeted 

therapy in lung cancer yielded limited success due to the activation of 

compensatory survival mechanisms and acquisition of drug resistance. 

Metastasis in NSCLC is driven by the trans-differentiation process called 

epithelial to mesenchymal transition (EMT) that promotes migratory and invasive 

phenotypes in cancer cells. EMT is induced by cytokines secreted by cells 

present in tumor microenvironment. The Mayo laboratory has shown that 

transforming growth factor beta (TGF) and tumor necrosis factor (TNF) 

cooperate to induce EMT in NSCLC and that activation of the nuclear factor 

kappa B (NF-B) pathway is essential for the transition. Cancer cells show 

elevated uptake and utilization of glucose and glutamine via aerobic glycolysis 

(Warburg effect) and anaplerotic TCA cycle respectively. Glucose and glutamine 

are both required for the synthesis of UDP-N-acetylglucosamine (UDP-GlcNAc) 

in the hexosamine biosynthesis pathway (HBP). UDP-GlcNAc is a precursor 

molecule for multiple processes including protein glycosylation, generation of 

glycosaminoglycans and O-GlcNAcylation of nucleocytoplasmic proteins. 

Aberrant elevation of glycans has been implicated in cancer progression, survival 
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and metastasis. Glutamine: fructose-6-phosphate (GFPT) is a first and rate-

limiting enzyme in HBP. Here we show that neuronal-specific GFPT2 isoform is a 

novel NF-B target, up-regulated during TNF/TGF-induced EMT in NSCLC and 

in response to MEK inhibition in KRAS-mutant NSCLC. GFPT2 induction 

elevates protein O-GlcNAcylation in mesenchymal cells and is required for the 

migration and invasion of mesenchymal NSCLC. Consistent with these 

observations high GFPT2 expression co-relates with poor clinical outcome of 

lung adenocarcinoma patients.          
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Lung Cancer 

 

Lung cancer is one of the most prevalent cancer types and the leading 

cause of cancer-related mortality in the world. This year in the U.S alone, a 

predicted 224,390 new lung cancer diagnoses will be accompanied by 158,080 

lung cancer-associated deaths, which constitutes about 25% of total cancer-

related mortality (1). The five-year survival rate for patients with lung cancer in 

the U.S is 17.8% (2). Despite efforts to reduce incidence of lung cancer in 

Western countries, the worldwide prevalence of lung cancer is on a rise due to 

increased incidence in China and developing countries, totaling an estimated 

1.59 million deaths in 2012 globally (3).  

Tobacco products consumption is the main etiological factor associated 

with development of lung cancer. About 85% of lung cancers occur in present or 

former cigarette smokers. Moreover smokers are 16 times more likely to develop 

lung cancer than never smokers (4). Cigarette smoke contains more than 60 

known carcinogens including benzo(a)pyrene, tobacco-specific nitrosamines and 

aromatic amines, exposure to which cause a formation of DNA adducts resulting 

in errors in DNA replication and DNA mutations (4). Other environmental factors 

may contribute to the development of lung cancer in the remaining 15% of non-

smoker population including asbestos, silica fibers, diesel fumes, air pollution, 

radon, arsenic, and nickel, among others (4).  

Lung cancer can be categorized by cell type into small-cell lung cancer 

(SCLC) and non-small cell lung cancer (NSCLC) (2). SCLC constitutes about 

15% of lung cancer cases and is limited almost entirely to the smoker population 
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(2, 4-5). SCLC is thought to originate from neuroendocrine cells near the bronchi 

and is highly aggressive with a five-year survival rate of 6% (2). NSCLC 

constitutes about 85% of lung cancer cases and with a five-year survival rate of 

21% (2). NSCLC can be further subdivided into three types: adenocarcinoma 

(ADC), squamous cell carcinoma (SCC) and large cell carcinoma. ADC is the 

most frequent subtype of NSCLC, accounting for 40-50% of cases. ADC arises 

predominantly in distal airways from secretory glandular cells lining the alveoli (2, 

5). ADC is the most frequently diagnosed NSCLC subtype in smokers and never-

smokers, women, and the Asian population and tends to form slower than other 

NSCLC but shows more aggressive phenotype and metastasizes at an earlier 

stage (5-6). SCC is the second most prevalent NSCLC, accounting for 30-40% of 

cases. SCC arises in more proximal airways from squamous epidermal cells that 

line bronchial tubes and is more strongly associated with smoking and chronic 

inflammation than ADC (2, 5-6). Large cell carcinoma comprises the remaining 

10-15% of NSCLC that could not be identified as ADC or SCC histologically; 

however, it is not clear whether it is a separate genetic entity. Large cell 

carcinomas can originate in any part of the lung, are less differentiated and often 

grow and metastasize rapidly (2, 5-6). 

No single tumor-driver mutation common for all NSCLC has been 

identified, which reflects a high heterogeneity of this disease. However a general 

pattern of mutagenic activation of growth factor signaling pathways and 

inactivation of tumor-suppressor genes is observed. In adenocarcinomas 

activating mutation of epidermal growth factor receptor gene EGFR occurs in 
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10% of patients, predominantly in never-smokers (8, 11). Similarly alterations in 

human epidermal growth factor receptor 2 (HER2/neu) gene ERBB2, hepatocyte 

growth factor receptor MET gene and fusion of anaplastic lymphoma kinase 

(ALK) receptor tyrosine kinase (RTK) with echinoderm microtubule-associated 

protein-like 4 (EML4), ROS proto-oncogene 1 (ROS1) and Ret proto-oncogene  

(RET) are observed in 3%, 7% and 5%, 2% and less than 1% of ADC 

respectively (8). Amongst downstream components of growth factor signaling 

cascade most commonly altered in ADC are KRAS, mutated in 30% of patients, 

predominantly in the smoker population, and BRAF occurring in about 7% of 

patients. NF1 gene, encoding negative regulator of RAS proteins is mutated in 

about 11% of ADC (8). Additionally STK11 encoding tumor-suppressor liver 

kinase B1 (LKB1) that negatively regulates AMP-activated protein kinase (AMPK) 

and mammalian target of rapamycin (mTOR) pathway is mutated in 17% of ADC 

(8). Other pathways altered in ADC include DNA damage-response governed by 

p53, cell cycle progression and apoptosis machinery. TP53 encoding p53 and 

ataxia-telangiectasia (ATM) genes are mutated in 46% and 9% of ADC 

respectively and are mutually exclusive (8). MDM2 gene, encoding negative 

regulator of p53 is a known tumor promoter and its activating mutation occurs in 

about 8% of ADC (8). In the cell cycle machinery CDKN2A gene encoding 

p16INK4A, a cyclin-dependent kinase (CDK) inhibitor is inactivated in 43% of ADC 

whereas its downstream effector retinoblastoma RB1 is altered in 7% of cases 

(8). Within the apoptotic machinery, anti-apoptotic gene BCL2 is activated in 

about 10% of ADC. A number of genetic changes present in ADC also occur in 
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squamous cell carcinoma with different frequencies (8). TP53 mutations are 

present in 50-80%, BCL2 in 25%, CDKN2A in 15% and NF1 in 11% of SCC (9). 

SCC show similar rate of RB1 mutations and carry less frequent changes in 

receptor tyrosine kinases (RTKs) EGFR (9%) and FGFR1 (7%) (9) Additionally 

frequent activation of PI3K signaling is observed with PTEN inactivated in 15%, 

PIK3CA activated in 16% and AKT3 activated in 16% of SCC (9). The majority of 

listed genetic alterations became a target of therapies with small molecule 

inhibitors with some success; however, despite a great advance in identification 

of mutations in cancer samples with the advent of next generation sequencing 

(NGS), more than 30% of NSCLC still lack an identified cancer driver mutation.   

Surgical resection of primary tumor in combination with adjuvant 

chemotherapy remains the most effective treatment for patients with early stage 

disease in which tumor has not extended beyond the bronchopulmonary lymph 

nodes (4). The five-year survival rate for early stage NSCLC patients is 52.2% 

however locoregional recurrence after resection occurs in 20-25% of patients (4). 

For the late inoperable stage of disease a combination of cisplatin or carboplatin 

with paclitaxel, gemcitabine or docetaxel and radiotherapy were standard first-

line treatment with limited efficacy yielding five-year survival rate of 3.7% (4). 

Identification of mutation in EGFR associated with good response to treatment 

with tyrosine kinase inhibitor (TKI) gefitinib was a fundamental discovery that led 

to the introduction of TKIs erlotinib, gefitinib and afatinib as a first-line treatment 

for EGFR positive NSCLC patients. Median progression-free survival (PFS) of 

patients receiving erlotinib was 9.7 and 13.1 months as compared to 5.2 and 4.6 
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months in patients receiving standard chemotherapy in two phase III clinical trials 

on European and Asian population respectively (12-13). Similarly crizotinib has 

been approved for patients with ALK translocation with PFS of 10.9 months as 

compared to 7.0 months for patients receiving standard chemotherapy (14). 

Despite good initial responses a drug resistance eventually develops in cancer 

cells. As EGFR and ALK mutant cancers constitute less than 20% of NSCLC, 

treatments directed against tumors with other cancer driver mutations are 

needed. Currently several phase I, II and III clinical trials aim at evaluating 

feasibility of targeting KRAS mutant NSCLC with combinatorial use of MEK 

inhibitors trematinib or PD-0325901 and standard chemotherapy, among others 

(15). Other targets of current clinical trials include ROS1, RET, HER2, MET, 

phosphatidylinositol-4, 5-biphosphate 3-kinase catalytic subunit (PIK3CA) and 

B-Raf proto-oncogene (BRAF) (15-16). 

Inoperable late stage NSCLC is characterized by a varied degree of 

metastatic dissemination at the time of diagnosis and correlates with poor five-

year survival rate of 3.7% (4). Invasion to proximal sites such as mediastinal 

pleura, diaphragm, chest wall, great vessels and heart can precede metastasis of 

local lymph nodes from where systemic cancer dissemination to bone, liver, 

adrenals and brain occur. Palliative surgery and radiotherapy may help manage 

the disease however metastatic NSCLC is terminal (4).    
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Metastasis and Epithelial to Mesenchymal Transition 

 

 Cancer metastasis is a complex phenomenon during which cells of a 

primary tumor invade surrounding tissues, enter lymphatic and blood vessels 

(intravasate) and travel to distant sites as circulating tumor cells (CTC), exit the 

circulatory system (extravasate) and begin to grow as macrometastases 

following variable time of latency (17-18). For NSCLC and other most common 

cancers that derive from epithelial tissue (carcinomas) acquisition of motile and 

invasive properties is an initial step in metastasis and requires a global change of 

the cell phenotype towards more fibroblast-like cells. A growing body of evidence 

indicates that this is achieved through an evolutionarily conserved process of 

epithelial to mesenchymal transition (EMT) (19-22). 

 EMT occurs during wound healing and at multiple stages of 

embryogenesis including gastrulation and neural tube formation in both 

vertebrates and invertebrates (21-25). During this process differentiated epithelial 

cells organized in layers with apical-basolateral polarity and extensive 

intercellular connections through tight junctions and adherens junctions 

composed of E-cadherin, re-differentiate and lose their polarity and E-cadherin 

expression. Instead they upregulate the expression of N-cadherin and replace 

their cytokeratin cytoskeleton with vimentin filaments (21-25). Additionally 

mesenchymal cells show elevated resistance to apoptosis and induce the 

expression of numerous matrix metalloproteinases (MMP) capable of digesting 

the extracellular matrix (ECM) which results in detachment from the basement 
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membrane without activation of a specialized form of apoptosis called anoikis 

(21-25). At the same time increased secretion of the components of ECM 

including fibronectin, collagens, laminins, proteoglycans and hyaluronan provides 

a substrate for cell movement (21-25). Together those changes enable epithelial 

tissue a temporal motility required for an enclosure of a wound or delamination of 

the neural tube (21-25). Physiological EMT is tightly controlled by gradients of 

signaling molecules in the environment and can be reverted in a process of 

mesenchymal to epithelial transition (MET) to restore the initial epithelial 

phenotype. Pathological EMT can be triggered in carcinoma cells by factors 

present in tumor microenvironment to generate highly invasive and migratory 

cancer capable of metastasis (21-25). 

Multiple factors have been implicated in the induction of EMT. Among 

them tumor growth factor beta (TGF) superfamily is the best characterized (26-

28). It comprises more than thirty structurally related proteins including three 

TGF (TGF1-3), Activins, Inhibins, Nodal, a number of bone morphogenic 

proteins (BMPs), growth and differentiation factors (GDFs) and anti-Müllerian 

hormone (AMH) (26-28). All members of TGF family have been implicated in 

the induction of EMT at different stages of embryogenesis whereas TGF1 is a 

predominant inducer of EMT in an adult organism during wound healing and in 

cancer (26-28). TGF1 is abundantly present in tumor microenvironment and is 

produced primarily by activated stromal fibroblast (26-28). All TGF family 

members act as homo- or heterodimers by binding to their concomitant receptors 

of type I and II, which upon ligand binding heterotetramerize (29-30). TGF 
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receptors have a dual specificity serine/threonine and tyrosine kinase activity and 

phosphorylate receptor Smad (R-Smad) proteins resulting in their translocation to 

the nucleus and activation of gene expression in addition to activating PI3K/Akt, 

ERK, p38 and JUN N-terminal kinase (JNK) pathways that all contribute to the 

induction of EMT (29-32). In a similar manner other growth factors signaling 

through receptor tyrosine kinases (TKRs) including fibroblast growth factor 

(FGF), hepatocyte growth factor (HGF), insulin-like growth factor 1 (IGF1), 

epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and 

vascular endothelial growth factor (VEGF) are able to induce EMT in different 

cancers through activation of PI3K/Akt, ERK, p38 and JNK pathways (32). Three 

other evolutionarily conserved pathways essential in embryogenesis, WNT, 

Hedgehog (HH) and Notch were shown to induce EMT, however the mechanism 

of this induction is not as well understood (32). Additionally hypoxic condition in 

tumor tissue has been shown to induce EMT through canonical hypoxia-inducible 

factor 1 alpha (HIF-1) pathway (32).  

Pathways involved in regulation of EMT converge on the induction of a 

group of “master-switch” transcription factors; zinc-finger transcription factor 

SNAIL, zinc-finger E-box-binding (ZEB) and basic helix-loop-helix (bHLH) factor 

TWIST that can directly repress epithelial and induce mesenchymal gene 

expression (22, 32). Two SNAIL factors (SNAIL1 and SNAIL2) are known to 

activate EMT in development and cancer through direct binding to E-box DNA 

elements within proximal promoter regions of target genes. SNAIL is responsible 

for co-recruitment of Polycomb repressive complex 2 (PRC2) which contain 
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methyltransferases G9a, suppressor of variegation 3-9 homologue 1 (SUV38H1), 

enhancer of zeste homologue 2 (EZH2), histone deacetylases 1, 2 and 3, Lys-

specific demethylase 1 (LSD1), and the co-repressor SIN3A. These complexes 

add activating (H3K4 methylation, H3K9 acetylation) or repressing (H3K9 and 

H3K27 methylation) histone marks to control gene expression (32). Similarly two 

ZEB factors (ZEB1-2) are able to drive EMT through binding to E-box DNA 

elements and co-recruitment of C-terminal binding protein (CTBP) co-repressor 

or p300/CBP-binding protein (PCAF) and p300 co-activators and demethylase 

LSD1 (32). Other transcription factors involved in EMT regulation include fox 

family (FOXC2, FOXF1, FOXQ1, FOXA1 among others), HMGA2, SOX9 and 

KLF8 (32). Together those “master-switch” transcription factors directly repress 

epithelial genes including CDH1 encoding E-Cadherin and induce mesenchymal 

genes such as FN1 (Fibronectin), CDH2 (N-Cadherin), VIM (Vimentin), COL1A1 

(Collagen type 1) and several MMP encoding matrix metalloproteases, in 

addition to reciprocally co-regulating their own expression to establish a positive-

feedback loop that drives a global epigenetic reprogramming (22, 32).  

In addition to high motility and invasiveness cancer cells undergoing EMT 

were shown to acquire stem-like phenotype with increased self-renewal 

capabilities and resistance to apoptosis and chemotherapy (33-36). Induction of 

EMT in cancer cells results in an elevated expression of transcription factors 

characteristic of human embryonic stem cells (ESC) including octamer-binding 

transcription factor 3 and 4 (OCT3-4), Nanog, SRY (sex-determining region Y)-

box 2 (SOX2), c-Myc, Kruppel-like factor 4 (KLF4) (22). Concomitantly those 
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cells show self-renewing potential observed as increased capability to form 

tumorspheres in vitro and initiate tumors under limited dilution in xenograft 

models in vivo (20, 33, 37). Conversely, isolation of cancer initiating cells (CIC or 

cancer stem cells), based on the expression of cell surface markers associated 

with stem-like phenotypes, yields tumor cells with activated EMT signature (18). 

Notably majority of pathways involved in induction of EMT are also known to be 

essential in a regulation of stem cells populations in embryogenesis and in adult 

organism. Acquisition of stem-like properties by metastatic cells might be of 

particular importance during metastatic seeding when a few cancer cells can give 

raise to a sizeable heterogeneous macrometastatic tumor mass. CIC have been 

implicated in acquired resistance to chemotherapy and tumor relapses, at least 

partially due to their intrinsic resistance to apoptosis and high expression of ATP-

dependent drug efflux pumps; ABC transporters in a number of malignancies (22, 

32). EMT, given its ability to generate CIC, has been shown to be involved in 

chemoresistance in breast and pancreatic cancers (34-35). Additionally, EMT 

may also be responsible for acquired resistance of NSCLC EGFR mutant cells to 

TKIs inhibitors as TKI resistant cancer cells display EMT activation (38). 

EMT can be induced in NSCLC cells in vitro resulting in an increased 

mesenchymal phenotype, metastatic potential and self-renewal capacity (19-20). 

Consistently, elevated expression of TGF, SNAIL, TWIST, HIF-1, Vimentin, 

OCT4, Nanog, ABCG2 and CD133 or decreased expression of E-cadherin all 

correlate with lymph node metastasis and poor prognosis for NSCLC patients 

(39-46). Observation of EMT in NSCLC in vivo has been obscured by its 
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transient and reversible nature. Recently circulating tumor cells (CTC) of breast 

cancer present in blood as either single cells or cell clusters, were shown to carry 

a signature of activated EMT, including up-regulated expression of FOXC1 and 

components of TGF pathway (18). Induction of EMT in breast cancer in vivo has 

been further confirmed using EMT-dependent fluorescent lineage tracing in 

mouse model (35). Mesenchymal breast cancer cells were shown to govern 

tumor chemoresistance and drive tumor metastasis predominantly following 

cyclophosphamide treatment (35). Similarly conditional knockout of either 

TWIST1 or SNAI1 sensitizes pancreatic cancer cells to gemcitabine treatment in 

a mouse model of pancreatic tumor (34).    

 

Cancer Metabolism 

 

 One of the characteristic features of cancer cells is up-regulated glucose 

uptake and utilization through glycolytic pathway under aerobic conditions, a 

phenomenon first described by Warburg in 1920s. Elevated glucose uptake in 

various cancers including NSCLC is commonly utilized for tumor imaging with 

positron emission tomography and computer tomography (PET-CT) scan using 

radiolabeled glucose derivative, 18F-fluoro-2-deoxy-glucose (FDG) (47-54). It is 

now thought that this metabolic switch is an oncogene-driven response to high 

proliferation rate and it predominantly serves as a source of metabolic 

intermediates for the synthesis of lipids, proteins and nucleic acids rather than 

the source of energy. This is supported by the observation that cancer cells 
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display unaltered mitochondrial oxidative respiration which often occurs in cancer 

cells irrespective of the Warburg effect (47-54). Similar elevation of glutamine 

metabolism has been described in some cancer types which can support redox 

status and replenish intermediates of the tricarboxylic acid (TCA) cycle in a 

process of anaplerosis to provide metabolic intermediates for biosynthesis (55-

57).    

 Glucose enters the cell through a family of constitutive or inducible 

facilitated glucose transporters (GLUT) to be directed into glycolysis pathway in 

the cytoplasm (48). The first out of nine enzymatic reactions in the glycolysis 

pathway is carried out by the hexokinase (HK) which phosphorylates glucose to 

yield glucose-6-phosphate (G6P). G6P is an important substrate for both 

glycolysis and pentose phosphate pathway (PPP) that generates reducing 

potential of NADPH and ribose for nucleotide synthesis (48). Hydrolyzed 

glycogen can additionally contribute to the pool of G6P available for these 

processes (58). In the glycolytic pathway phosphoglucoisomerase/glucose-6-

phosphate isomerase (PGI/GPI) converts G6P into fructose-6-phosphate (F6P) 

which is subsequently phosphorylated by phosphofructokinase (PFK) into 

fructose-1, 6-biphosphate (FBP). Following enzymatic reaction converts FBP into 

two molecules of glyceraldehyde-3-phosphate (G3P) by the enzyme fructose-1, 

6-biphosphate aldolase A (ALDOA). G3P may be isomerized into 

dihydroxyacetone by the enzyme triosephosphate isomerase (TPI) or converted 

into 1, 3-bisphosphoglycerate (1,3BPG) by glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). 1, 3-biphosphoglycerate is further converted into 3-
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phosphoglycerate (3PG) by phosphoglyderate kinase (PGK) followed by 

conversion into 2-phosphoglycerate (2PG) by phosphoglycerate mutase (PGM) 

to phosphoenolpyruvate (PEP) by enolase (Eno) and into pyruvate by pyruvate 

kinase (PKM) that can either be reduced to lactate by lactate dehydrogenase 

(LDH) pumped out of the cell by monocarboxylate transporters (MCT), or 

oxidatively decarboxylated to acetyl-CoA by pyruvate dehydrogenase complex 

(PDC) to enter TCA cycle (48). A net result of glycolysis is two molecules of ATP 

and two molecules of NADH from one glucose molecule. Conversion of pyruvate 

to lactate yields additional two molecules of ATP per one molecule of glucose 

and may be used as an energy source in the hypoxic conditions contributing to 

environment acidification and cancer invasion. The TCA cycle takes place in 

mitochondria and cycles through eight intermediates; oxaloacetate, citrate, 

isocitrate, -ketoglutarate, succinyl-CoA, succinate, fumarate and malate, to yield 

eight molecules of NADH, two molecules of FADH2, 2 molecules of ATP and six 

molecules of CO2 from one molecule of glucose. NADH and FADH2 will donate 

their electrons onto the electron transport chain system to fuel the synthesis of 38 

molecules of ATP from one molecule of glucose in a process of oxidative 

phosphorylation. Additionally TCA cycle generates intermediates -ketoglutarate, 

succinyl-CoA, fumarate and oxaloacetate important for numerous biosynthetic 

processes. Glutamine uptake is facilitated by several membrane transporters 

belonging to different families encoded by SLC1, SLC6-7 and SLC38 (55). 

Glutamine can be either deaminated by glutamine deaminase (GLS) and 

converted into -ketoglutarate to enter TCA or directly used for synthesis of 
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Introduction Figure 1. Metabolic pathways of glucose and glutamine in a 

cancer cell.  Glucose transported into the cancer cell at elevated rate is directed 

into the glycolysis pathway and converted primarily into lactate, the phenomenon 

called “Warburg effect”. Increased flux through glycolysis generates intermediate 

metabolites for the synthesis of amino acids glycine and serine, fatty acids and 

ribose sugars in the pentose phosphate pathway (PPP). Glutamine transported 

into the cancer cell may be converted to glutamate and further into 

-ketoglutarate to directly enter TCA cycle for the energy generation. Both 

glutamine and glucose feed into hexosamine biosynthesis pathway (HBP) in 

which glutamine and fructose-6-phpsphate are converted into glucosamine-6-

phpsphate by the first and rate-limiting enzyme of the pathway, glutamine: 

fructose-6-phpsphate aminotransferase (GFPT). Glucosamine-6-phpsphate is 

further converted in four enzymatic steps into UDP-N-acetylglucosamine (UDP-

GlcNAc), a key precursor molecule for the synthesis of majority of glycans in the 

cell.    
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 glutathione (GSH) by glutathione cysteine ligase (GCL) to regulate redox status 

(55). Fueling TCA promotes biosynthesis whereas GSH is an essential 

antioxidant scavenging increased levels of reactive oxygen species (ROS) 

generated as a result of elevated metabolism of highly proliferative cell (55). 

 Several pathways dysregulated in cancer are known to drive glycolysis. 

Activated RAS can signal through PI3K/Akt pathway that regulates the 

expression of GLUT transporters and modifies the activity of glycolytic enzymes 

including hexokinase 2 (HK2) in addition to activating mammalian target of 

rapamycin (mTOR) pathway that can directly stimulate protein and lipid 

biosynthesis and indirectly up-regulate glycolysis through HIF-1 activation (48). 

HIF-1 is the main regulator of glycolysis in hypoxic conditions and directly 

induces the expression of GLUT1 and GLUT3, HK1 and HK2, lactate 

dehydrogenase A (LDHA), monocarboxylate transporter 4 (MCT4) and pyruvate 

dehydrogenase kinase 1 (PDK1) which phosphorylates and inactivates pyruvate 

dehydrogenase (PDH) resulting in decreased oxidative phosphorylation and 

oxygen consumption (48). Liver kinase B1 (LKB1) is an important tumor-

suppressor that directly activates AMP-activated protein kinase (AMPK), an 

important sensor of metabolic state of the cell responsive to the ATP/AMP 

concentration and negative regulator of mTOR (48). Consequently, loss of LKB1 

leads to abnormal mTOR activation (48). Similarly p53 tumor-suppressor induces 

expression of HK2 and TP-53-induced glycolysis and apoptosis regulator 

(TIGAR) that decreases levels of fructose-2, 6-biphosphate, together leading to 

increased flux through PPP (48). Additionally p53 induced expression of PTEN 
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tumor suppressor and negative regulator of PI3K and expression of SCO2, 

component of the mitochondrial electron chain transport system and mutation of 

p53 is sufficient to recapitulate Warburg effect in cancer cells (48). Notably many 

cancers up-regulate expression of pyruvate kinase M2 (PKM2), an isoenzyme 

catalyzing last and rate-limiting step of glycolysis of phosphorylation of 

phosphoenolpyruvate (PEP) to pyruvate (48). Pyruvate kinase M2 has low 

enzymatic activity and decreases the rate of pyruvate conversion which results in 

an accumulation of intermediate metabolites of glycolysis (48). Myc proto-

oncogene is known to induce PKM2 expression and elevate NADPH pool 

through PPP, supporting the notion that elevated glycolysis in cancer cells may 

be primarily utilized for biosynthesis rather than energy generation (48). Myc is 

also the main regulator of glutamine metabolism in cancer cell, known to directly 

induce SLC5A1, SLC7A1 and GLS1 to promote both elevated cycling through 

TCA and generation of intermediates for biosynthetic processes and synthesis of 

GSH which together with NADPH regulate redox status (55).     

Abnormal activation of oncogenic signaling often renders cancer more 

susceptible to glucose or glutamine withdrawal, phenomena termed glucose- or 

glutamine-addiction, respectively. Consistently glutamine starvation induces cell 

death of Myc-dependent but not of Myc-independent cancer cells and targeting 

GLS enzyme inhibits oncogenic transformation (59, 60). Similarly glucose 

deprivation induces cell death in Ras and Akt hyperactive cancer cells by 

triggering ER stress response (61). Recent insights into cancer metabolism 

sparked a search for potential druggable targets for therapy. Currently under 
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investigation in preclinical or early clinical phase are inhibitors of GLUT1, GLS1, 

HK, MCT1, PDK1 and PKM2, amongst others (51, 63). Signaling pathways 

regulating cancer metabolism including HIF1 and PI3K/Akt are also feasible 

targets. Inhibitors of mTOR were shown to decrease tumor growth and are 

available as prescription drugs for graft rejection (51, 63). Similarly metformin, an 

anti-diabetic drug that inhibits AMPK and mitochondrial complex I, has been 

reported to improve survival of breast and colorectal cancer patients however 

further clinical trials are necessary (63-64).    

 

Hexosamine Biosynthesis Pathway 

 

  Glutamine and fructose-6-phosphate (F6P) are both substrates of 

hexosamine biosynthesis pathway (HBP) that generates uridine diphosphate N-

acetylglucosamine (UDP-GlcNAc). UDP-GlcNAc is a precursor amino sugar 

molecule required for protein glycosylation and the synthesis of proteoglycans, 

glycolipids and glycosylphosphatidylinositol anchors (65). HBP comprises of four 

enzymatic steps, first of which is a rate-limiting but reversible conversion of 

glycolysis intermediate fructose-6 phosphate (F6P) and glutamine into 

glucosamine-6 phosphate (GlcN6P) and glutamate, catalyzed by glutamine: 

fructose-6P aminotransferases 1 and 2 (GFPT or GFAT) (65). GlcN6P can be 

converted back to F6P by the action of glucosamine-6 phosphate deaminases 1 

and 2. Subsequently GlcN6P is acetylated on a primary amine group by 

glucosamine-6 phosphate N-acetyltransferase (GNPNAT1/Emeg32/GNA) to form 
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N-acetylglucosamine-6 phosphate (GlcNAc-6P) using acetyl-CoA as a donor of 

an acetyl group (65). This process is irreversible in mammals as mammalian 

cells lack GlcNAc-6P deacetylase activity (65). GlcNAc-6P isomerization to 

GlcNAc-1P is catalyzed by phosphoacetylglucosamine mutase (PGM3) followed 

by a transfer of uridine group onto GlcNAc-1P by the enzyme UDP-N-

acetylglucosamine pyrophosphorylase (UAP1) to generate the final product of 

HBP, UDP-GlcNAc (65).  

Cellular level of UDP-GlcNAc is tightly linked to global metabolic state of 

the cell. Notably the rate of glycolysis and glutamine uptake as well as glycogen 

degradation, acetyl-CoA availability and UTP synthesis can all affect UDP-

GlcNAc biosynthesis. Thus UDP-GlcNAc is along with 5’ AMP-activated protein 

kinase (AMPK), mTOR and NAD-dependent deacetylases from sirtuin family, 

considered an important sensor of the cellular metabolism. In the resting state 3 

to 5% of the glucose that enters the cell is directed into HBP but UDP-GlcNAc 

synthesis can be fueled by additional GlcNAc salvaged through endocytosis and 

degradation of existing glycans following its phosphorylation to GlcNAc-6P by N-

acetylglucosamine kinase (NAGK) (65-67). Similar to other metabolic pathways, 

flow through HBP is a subject to a complex regulation by its metabolites including 

GlcNAc-6P and UDP-GlcNAc (68-75). GlcNAc-6P is a potent inhibitor of GFPT1 

enzyme and may limit shunting of F6P from glycolysis in an abundance of 

salvaged GlcNAc. Similarly the end product of HBP, UDP-GlcNAc is an inhibitor 

of GFPT1 but not GFPT2 (68-76).     
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First and rate-limiting reaction of HBP, conversion of F6P and glutamine 

into GlcN6P and glutamate is catalyzed by GFPT enzymes (65-67). Two 

isoforms are present in humans: GFPT1 and GFPT2 encoded by genes GFPT1 

on chromosome 2 and GFPT2 on chromosome 5 respectively. GFPTs belong to 

class II of L-glutamine-dependent amidotransferase (GATs) family of enzymes 

that utilize their N-terminal cysteine to cleave glutamine amide bond and transfer 

amide nitrogen onto the substrate (77). Human GFPT1 and GFPT2 proteins 

comprise of 681aa and 682aa respectively and share about 78% amino acid 

sequence similarity based on BLAST analysis. They contain two enzymatic 

domains; N-terminal glutaminase domain that hydrolyzes glutamine to glutamate 

and ammonia and C-terminal synthase domain composed of two synthase (SIS) 

domains that transfer ammonia onto F6P and form homotetramers (77). KD for 

F6P has been estimated for 2.4 to 5M and for glutamine 99M as deduced for 

S. typhimurium enzyme. Binding of F6P GFPT increases its glutaminase 

enzymatic activity by a fold of 74 to 130 (77). Notably two GFPT isoforms show 

different tissue expression and opposite regulation by UDP-GlcNAc and cellular 

signaling pathways (78). GFPT1 is ubiquitously expressed thorough the 

organism on a basal level whereas GFPT1 isoform (GFPT1-L1) containing an 

insertion of 54bp within GFPT1 coding sequence is specific to skeletal and heart 

muscle. GFPT1 is potently feedback-inhibited by HBP metabolites GlcNAc-6P (KI 

of 6M) and UDP-GlcNAc (KI of 4M) and by phosphorylation at the serine 205 

by cAMP-dependent protein kinase A (PKA), a common effector kinase of G-

protein-coupled receptors (GPCRs) that respond to variety of hormones including 
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glucagon and adrenaline (76, 79). Additionally phosphorylation at serine 261 by 

AMPK decreases GFPT1 enzymatic activity (80). Under normal physiological 

conditions expression of GFPT2 is predominantly limited to the central nervous 

system (CNS) (87). GFPT2 show limited feedback-inhibition by GlcNAc-6P and 

UDP-GlcNAc and the enzyme activity is increases following PKA phosphorylation 

at serine 202 (81). Second irreversible reaction of HBP, acetylation of 

glucosamine-6-phosphate to N-acetylglucosamine-6-phosphate is catalyzed by 

GNPNAT1 enzyme. Glucosamine-6-phosphate may be generated from F6P or 

come from salvage pathway and N-acetylglucosamine-6-phosphate is a potent 

inhibitor of GFPT enzymes. Homozygous deletion of GNPNAT1 is embryonic 

lethal whereas isolated mouse embryonic fibroblasts (MEF) show decreased 

proliferation and adhesiveness (82). Third reaction of HBP, isomerization of 

GlcNAc-6P to GlcNAc-1P is catalyzed by phosphoacetylglucosamine mutase 

(PGM3). Homozygous PGM3 deletion is embryonically lethal whereas 

knockdown of PGM3 in human prostate cancer cell line results in the growth 

inhibition (83-84). Final reaction of HBP, synthesis of UDP-GlcNAc is catalyzed 

by UAP1 enzyme. Recently UAP1 expression has been shown to protect cancer 

cells from endoplasmic reticulum stress induced by inhibitors of N-glycosylation 

(85).                  

Little is known about transcriptional regulation of HBP. Proximal promoters 

of both GFPT1 and GFPT2 were partially characterized. They both lack 

canonical TATA box and contain several Sp-1 sites important for basal 

transcription (86-87). EGF has been shown to induce expression of GFPT1 in 
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breast cancer possibly through Sp1 binding (88). Additionally proximal promoters 

of GFPT1 and GFPT2 contain several AP-1 sites (86-87). Down-regulation of 

Kras or c-Myc decreases the expression of GFPT1 in pancreatic cancer (89). 

Hypoxia has been shown to elevate both GFPT1 and GFPT2 transcripts in 

pancreatic cancer and GFPT1 proximal promoter contain hypoxia-responsive 

element (HRE) (90). Recently unfolded protein response (UPR) activated in 

endoplasmic reticulum (ER) in response to improper protein glycosylation and 

protein aggregation has been shown to directly regulate GFPT1 expression 

through activation of X-box binding protein 1 (Xbp1s) transcription factor binding 

to X-box motif within a proximal promoter of GFPT1 (91-92)    

GFPT2 expression has been shown to protect hippocampal neuronal cell 

line from oxidative stress following H2O2 treatment and has been shown to be 

elevated in glioblastoma (93-94). Similarly GFPT1 homologue (GFA1) protects 

Saccharomyces from methylmercury cytotoxicity (95). Of note, transgenic mice 

over-expressing GFPT1 in adipocytes develop insulin resistance and metabolic 

syndrome and short nucleotide polymorphisms (SNPs) in GFPT1 and GFPT2 

have been associated with type 2 diabetes (T2D) in several human genetic 

studies (96-99). Recently GFPT1 and GFPT2 expression has been shown to 

correlate with poor clinical outcome of patients with breast cancer and GFPT2 

expression has been identified as a metabolic signature gene of mesenchymal 

state (100-101). Additionally ectopic GFPT2 expression in lung adenocarcinoma 

has been shown to elevate O-linked glycosylation of oncofetal fibronectin, an 

effect that impacts induction of EMT (198-200).   
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UDP-GlcNAc can be directly utilized for N- and O-glycosylation including 

O-GlcNAcylation and the synthesis of proteoglycans and hyaluronan as well as 

glycolipids and GPI-anchors. UDP-GlcNAc is also an important precursor 

molecule for the synthesis of other amino sugars in the cell and can be further 

converted to either uridine diphosphate N-acetylgalactosamine (UDP-GalNAc) or 

uridine diphosphate N-acetylmannosamine (UDP-ManNAc) by UDP-GlcNAc 4-

Epimerase (GALE) and UDP-GlcNAc 2-Epimerase (GNE) respectively (102-103). 

UDP-GalNAc is used directly for N- and O-glycosylation and the synthesis of 

glycosaminoglycans and hyaluronan whereas UDP-ManNAc can be further 

converted into CMP-5-acetylneuraminic acid/sialic acid (CMP-Neu5Ac), an 

important component of sialylated glycoconjugates (102-103).  

 

Proteoglycans and Hyaluronan in Cancer Biology 

 

Glycosaminoglycans (GAG) are linear polymers of monosaccharides and 

amino sugars that can either be attached onto a group of extracellular proteins 

through N- and O- glycosylation to form proteoglycans (PGs) or secreted from 

the cell on their own in the case of hyaluronan (HA) to form a network of 

extracellular matrix (ECM) (104). GAGs are polymers of a disaccharide units that 

can be classified based on their sugar composition into five types; keratan sulfate 

(KS) composed of 5 – 50 units of galactose and N-acetylglucosamine, dermatan 

sulfate (DS) containing 50 – 150 of  iduronic acid and N-acetylgalactosamine 

disaccharides, chondroitin sulfate (CS) built 50 – 150 glucuronic acid and N-
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acetylgalactosamine disaccharides, heparan sulfate (HS) containing 50 – 150 

units of iduronic acid and N-acetylglucosamine and hyaluronan (HA) composed 

of 2000 – 25000 units of glucuronic acid and N-acetylglucosamine (104). CS, HS, 

DS and HS are synthesized in a stepwise manner by specific glycosyltransferase 

enzymes and added sequentially onto their core proteins in the Golgi apparatus 

from monosaccharides and amino sugars actively transported to Golgi from the 

cytoplasm (104). These GAGs additionally undergo several modifications 

including sulfation, epimerization, desulfation and phosphorylation. KS core 

proteins are predominantly present in the cornea and cartilage and connective 

tissue (104).  CS and DS core proteins belong to a heterogeneous group 

containing proteins such as aggrecan, versican, neurocan, neuroglycan and 

tenascin amongst others that play essential role in neuronal biology (104). HS 

core proteins include syndecans, glypians and secreted molecules including 

perlecan and collagen XVIII, mutations of which affect cell migration and cause 

developmental defects or embryonic lethality (104). Fifth and perhaps the best 

studied class of GAG is hyaluronan. Interestingly this polymer of glucuronic acid 

and N-acetylglucosamine is synthesized by transmembrane hyaluronan 

synthases enzymes (HAS1-3) from a cytoplasmic pool of these monosaccharides 

and translocated outside of the cell during its synthesis (104). Excreted HA can 

interacts with other proteoglycans, structural proteins and growth factors to build 

in ECM. It may also remain attached to the cell surface through HAS to form 

along with several HA binding proteins extensive pericellular coating. Importantly 

HA may act as a signaling ligand for its receptors CD44 to activate downstream 
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signaling (105-106). HA matrix is highly dynamic and can be digested by a group 

of hyaluronidases (HYAL) enzymes and recycled by the cell through the salvage 

pathway (107). HA chains of varied molecular size from 5 to 10,000 kDa exert 

different often opposite effect with high molecular weight hyaluronan (HMW) 

reported to suppress tumor formation and low molecular weight hyaluronan 

(LMW) fragments promoting cell migration, invasion and metastasis (105-106). 

HA synthesis is elevated during injury and inflammation and number of 

cytokines and growth factors have been shown to stimulate HA secretion 

including TNF, IL-1 and INF amongst others (108). Increased formation of 

hyaluronan matrix is observed around migrating cells in morphogenesis during 

mesenchymal cell differentiation and migrating neuronal cells as well as in wound 

healing (109-111). Of three HAS encoding genes, mutation of HAS2 is 

embryonically lethal and has been identified as a major HAS during 

organogenesis and possibly implicated in cancer development (111-112).   

Elevated hyaluronan secretion has been associated with cancer 

development and progression. Increased hyaluronan deposition in the stroma of 

malignant tumors as compared to benign or normal tissues and elevated serum 

levels of hyaluronan has been observed in several malignancies including breast, 

colorectal and NSCLC (112, 116). Similarly overexpression of HAS1 or HAS2 

increases tumorigenic and metastatic potential of several cancer types including 

prostate, colon and breast cancers (117-120). HA is often enriched at the 

invasive front of tumors and high HAS2 expression has been shown to correlate 

with mesenchymal phenotypes of cancer cells (101, 112). HA has been shown to 
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promote migration and invasion, EMT and self-renewal phenotypes in cancer 

initiating cells (CIC) (121-132). Often characteristics attributed to HA include pro-

survival signaling, chemoresistance and immuno-suppression and HAS2 has 

been identified as a metabolic signature gene on mesenchymal cancer cells 

(121-132).  

Number of studies indicates that HA can promote cancer cell migration 

and survival through cell-autonomous signaling via CD44 receptor. Importantly 

expression of a splice variant isoform of CD44 (CD44v) is often observed in 

variety of cancers and is able to induce metastatic phenotype in carcinoma in situ 

cells (105). Binding of CD44 to its ligands including HA, collagen and fibronectin 

initiates activation of several downstream effectors. One of them is Rho guanine 

exchange factor (GEF) which activates small GTP-protein RHOA. Cytoplasmic 

tail of CD44 is associated with actin cytoskeleton through and adaptor proteins 

ankyrin and ezrin-radixin-moesin (ERM). Activated RHOA signals to its 

downstream serine/threonine kinase Rho kinase (ROK) which phosphorylates 

ankyrin to strengthen its interaction with CD44 (105). ROK also phosphorylates 

Na+/H+ exchanger which creates acidic environment promoting ECM degradation 

through HYAL2 and cathepsin B (133). Furthermore upon HA binding, CD44 

associates with 41 integrin receptor and activates focal adhesion kinase (FAK) 

via SRC which weakens CD44/integrin association with paxillin and allows their 

translocation to the leading edge of the cell (105). Together those changes 

promote formation of lamellipodia and cell migration. HA has been shown to be 

implicated in TNF and TGF induced EMT (134). TNF has been shown to induce 
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CD44 and HAS expression in retinal pigmental epithelial cells which promoted 

HA/CD44 interaction and moesin phosphorylation and cell migration. 

HA/CD44/moesin complex was found to be associated with TGF receptor II 

which led the activation of TGF downstream cascade of Smad signaling and 

induction of EMT (134). Several studies have implicated HA/CD44 signaling in 

the regulation of CIC phenotypes (105). Indeed CD44 is one of the earliest 

identified cell surface marker used to sort stem cell population from variety of 

cancers types. HA/CD44 interaction has been suggested to promote Nanog 

signaling through CD44-dependent activation of protein kinase C (PKC) and 

expression of stemness transcription factors and chemoresistance and anti-

apoptotic genes (122-123, 126-127). Finally HA/CD44 may promote signaling 

through receptor tyrosine kinases (RTKs) including ERBB2 (105). CD44 has 

been shown to interact with ERBB2 in colorectal cancer and HA/CD44 initiates 

ERBB2 phosphorylation and downstream signaling (105, 112). Similarly CD44 

may promote signaling from MET receptor by binding to HGF which activates 

downstream PI3K and Ras signaling (105, 112). 

In addition to the cell-autonomous effect of HA/CD44 on cancer cells, HA 

may also affect tumor progression through shaping of the tumor 

microenvironment. HA along with other proteoglycans comprises a scaffold for 

migrating cancer cells. Additionally HA has been shown to induce formation of 

immunosuppressive tumor infiltrating macrophages that secrete growth factors 

and MMPs to promote tumor invasion without exerting cytotoxicity (135). HA may 

also contribute to tumor angiogenesis as oligosaccharide fragments of HA induce 
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neovascularization and promote endothelial cell proliferation (105). Similarly 

HAS2 overexpression in breast cancer mouse model elevates tumor vasculature 

formation (136). Finally ECM binds a variety of growth factors that may be 

released during ECM remodeling to stimulate cancer cell proliferation and 

metastasis.        

HA is tightly linked to the flux through glycolytic pathway and cellular 

concentration of UDP-GlcNAc. Elevated glucose promotes HA synthesis and 

HAS enzymes has been shown to be sensitive to UDP-GlcNAc (137-140). 

Notably HA synthesis is also regulated by protein O-GlcNAcylation, type of O-

linked glycosylation that also utilizes UDP-GlcNAc as a substrate acting as a 

metabolic sensor of the cell (140). HAS2 has been shown to be modified by O-

GlcNAcylation at serine 221 which potentiates its enzymatic activity and HA 

secretion (140). Interestingly O-GlcNAcylation also negatively affects HAS2 gene 

expression through modifying transcription factors YY1 and SP1 which forms a 

feedback loop of HA synthesis (138). Additionally HA may undergo turnover 

through receptor-mediated uptake and lysosomal degradation to refuel a pool of 

cytosolic UDP-GlcNAc (141-142). 

                                                         

N- and O-Glycosylation and Cancer Biology 

 

 Glycosylation is a post translational modification that relies on the addition 

of a single or complex glycan group onto the amide groups of asparagines (N-

linked) or hydroxyl groups of serine/threonine or hyrdoxylisines (O-linked). 
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Complex glycosylation occurs predominantly on transmembrane or secreted 

proteins and is facilitated in endoplasmic reticulum (ER) and Golgi apparatus. A 

special type of O-linked glycosylation with a single N-acetylglucosamine is called 

O-GlcNAcylation and occurs predominantly on the nucleocytoplasmic proteins. A 

number of simple monosaccharides including glucose, galactose, fucose and 

xylulose and amino sugars generated in HBP GlcNAc, GalNAc and sialic acid are 

used in the glycosylation process (143). 

 The most abundant types of O-liked glycosylation are GAGs, O-

GlcNAcylation and O-linked mucin-type glycosylation (143). Additionally domain-

specific non-mucin-like O-glycosylation types have been described including O-

fucosylation of EGF-repeat domains and O-mannosylation -dystroglycan (143). 

O-linked mucin-type glycosylation occur on a number of proteins including 

mucins (MUC) and oncofetal fibronectin.  Mucins are large extracellular or 

membrane-associated proteins that form a gel-like protective layer on epithelial 

cells lining internal tracts of respiratory system, stomach, intestines and other 

organs (145). O-linked glycosylation is initiated in Golgi apparatus where 

monosaccharides starting with UDP-GalNAc, are added directly onto serine or 

threonine hydroxyl groups on mucins by a group of N-

acetylgalactosaminyltransferases (GalNAcTs). In a subsequent reactions 

additional oligosaccharide branching, elongation and terminal modifications occur 

(145).   

Aberrant mucins expression and O-glycosylation have long been 

associated with cancer development, particularly adenocarcinomas and elevated 
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levels of mucins correlate with tumor progression and poor clinical outcome 

(145).  Some of the early identified tumor associated antigens (TAAs) used for 

diagnostics are O-glycosylated mucins. In addition to being a component of ECM 

that provides a substrate for cell attachment and migration and sequesters ECM-

binding growth factors, membrane-associated mucins including MUC1 have been 

shown to facilitate signal transduction via cytoplasmic tail domain associated with 

-catenin and MAPK kinase (145). MUC1 overexpression correlates with 

invasive and metastatic cancers of the colon and pancreas (145). Increased 

mucin-type O-linked glycosylation of oncofetal fibronectin following TGF 

treatment has been shown to promote EMT in prostate and lung adenocarcinoma 

cells whereas silencing of GalNAc-T6 and T3 resulted in loss of oncofetal 

fibronectin expression and inhibition of EMT (198-200).          

 N-linked glycosylation occurs initially in the ER and later in Golgi 

apparatus (143). N-glycosylation is initiated by the synthesis of a lipid-linked 

oligosaccharide (LLO) linker attached to dolichol lipid. Initial steps of linker 

synthesis occurs on the cytoplasmic site of ER membrane is then flipped onto the 

luminal site of the ER, converted to LLO and covalently added co-translationally 

onto polypeptide chain emerging in ER by oligosaccharyltransferase (OST) 

through GlcNAc residue (143). The linkage occurs at the asparagine residue 

within a sequence Asn-X-Ser/Thr where X is any amino acid except proline 

(143). Glycan groups serve as recognition sites for ER-associated chaperones 

that ensure proper protein folding (143). Improper protein glycosylation due to 

protein overload or defects in N-glycosylation results in ER stress and activation 
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unfolded protein response (UPR) (143). Subsequent processing of 

oligosaccharide chain occurs in Golgi and includes removal of mannose residues 

by a group of mannosidases and introduction specific types of branching in 

oligosaccharide backbone facilitated by a group of -N-

acetylglucosaminyltransferase enzymes (GnTs) using UDP-GlcNAc as a 

substrate (143). Further addition of monosaccharide units occurs across cis-to-

trans Golgi trafficking and results in a vast variety of generated structures that 

differ by the number of branching, saccharide composition and type of glycosidic 

bonds (143). Majority of transmembrane and secreted proteins undergo 

glycosylation including growth factors, cytokines, receptors and adhesion 

molecules. Consequently a number of cellular processes may be affected by 

changes in glycosylation including inflammation, immune surveillance, cellular 

signaling and metabolism, cell survival, adhesion and motility.   

 Aberrant N-linked glycosylation is observed in a number of malignancies 

and has been associated with increased metastatic potential and poor clinical 

outcome (144, 146-148). Particularly, elevated amount of tetraantenary N-

glycans generated by mannoside acetylglucosaminyltransferase 5 (MGAT5) 

often overexpressed in cancer cells promotes tumorigenesis (146-149). 

Overexpression of MGAT5 induces increased cell motility, tumor formation and 

metastasis in immortalized lung epithelial and mammary carcinoma cells (146-

148). Conversely downregulation of MGAT5 reduces tumor growth and 

metastasis of mammary cancer cells (149).  Interestingly MGAT5 expression is 

regulated by Kras signaling pathway (146-148). The effect of MGAT5 is opposed 
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by the activity of MGAT3 enzyme that generates simple bisected N-glycans that 

cannot undergo further branching (146-148). Consequently overexpression of 

MGAT3 reduces tumor growth and metastasis (146-148). Aberrant N-

glycosylation in cancer cells may alter growth factor signaling as majority of 

growth factors and growth factor receptors are undergo glycosylation. It has been 

proposed that elevated number of tetraantenary glycans which have high affinity 

to extracellular lectin proteins called gallectins that can cross-link glycosylated 

transmembrane proteins and prolong their retention at the cell surface promote 

sustained signaling from EGFR (146). On the other hand abundance of bisecting 

N-glycans produced by MGAT3 decreases the affinity to galectins and 

counteracts receptor activation (146). Similar effect of aberrant N-glycosylation 

was observed on TGF and VEGF pathways which promoted cancer 

angiogenesis and mediated resistance to anti-VEGF treatment (150). Similarly 

cell motility and invasion might be affected by altered N-glycosylation. Integrins 

receptors that mediate cell-ECM interactions and participate in focal adhesion 

formation and cell movement through signaling via focal adhesion kinase (FAK) 

are N-glycosylated (146). Overexpression of MGAT5 resulted in elevated 

migration on fibronectin by elevation of tetraantenary N-glycans on integrin 51 

that binds fibronectin (146). Aberrant E-cadherin N-glycosylation due to MGAT5 

overexpression results in its mislocalization from the plasma membrane 

contributing to invasiveness and metastasis (146). Conversely elevation of 

bisecting N-glycans delayed E-cadherin turnover from cell membrane, increasing 

stability of adherens-junctions and decreasing tumor progression (146). 
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Interestingly, during TGF-induced EMT, expression of MGAT3 is downregulated 

which leads to a decrease in bisecting N-glycosylation (151-152). Conversely 

TGF withdrawal results in mesenchymal to epithelial transition (MET) which 

restores MGAT3 expression and E-cadherin bisecting N-glycosylation (151). 

Overexpression of MGAT3 opposed EMT and inhibited cell migration (146). 

Notably -catenin acting downstream of E-cadherin and Wnt pathway which also 

utilizes -catenin, both negatively regulate MGAT3 expression to form an auto 

regulation loop (153).  

 Protein glycosylation is tightly linked to the flux of HBP and the metabolic 

state of the cell. Glucose starvation of Kras tumors leads to improper 

glycosylation in ER and the induction of unfolded protein response (UPR) (61). 

This effect can be rescued by supplementation with GlcNAc, indicating the 

importance of HBP (61). Importantly recently GFPT1 gain of function mutation 

has been shown to protect Caenorhabditis  elegans from UPR and proteotoxic 

stress and resulted in prolonged lifespan as did supplementation with GlcNAc 

(91). Similarly UAP1 overexpression has been shown to protect prostate cancer 

cells against inhibitors of N-linked glycosylation and UPR (85). Interestingly UPR 

has been shown to regulate the flux through HBP via direct binding of spliced X-

box binding protein 1 (Xbp1s), a conserved signal transducer of the UPR, to the 

promoter of GFPT1 which results in protein expression and elevation of protein 

O-GlcNAcylation (92). The rate of metabolic flux through HBP may also affect N-

glycans branching. It has been shown that MGAT5 has much lower Km for the 

UDP-GlcNAc that other GnTs, and is highly sensitive to UDP-GlcNAc 
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concentration in the cell (154). Consequently supplementation with GlcNAc has 

been shown to induce tetraantenary branching of N-glycans in melanoma cells. 

Additionally N-glycosylation has been shown to regulate cell metabolism. 

Glucose starvation leads to cell death due to decreased cytokine receptor-

mediated uptake of glutamine resulting from improper receptor glycosylation and 

membrane localization (155). This effect can be reversed with GlcNAc 

supplementation. Moreover N-glycosylation of glucose transporters increases 

their membrane localization and elevates glucose uptake and the Warburg effect 

(156-157). Similarly O-linked glycosylation of oncofetal fibronectin has been 

shown to be elevated in lung adenocarcinoma cells following overexpression of 

GFAT2 (200).   

                                

O-GlcNAcylation in Cancer Biology 

 

 A single UDP-GlcNAc molecule can be directly added onto hydroxyl 

groups of serines or threonines of target proteins as a post-translational 

modification (PTM) called O-GlcNAcylation (O-GlcNAc) (158). Similar to other 

PTMs O-GlcNAcylation is highly dynamic and reversible, catalyzed by O-GlcNAc 

transferase (OGT) and O-GlcNAcase (OGA) that adds and removes O-GlcNAc 

modification respectively (159). Unlike N-glycosylation, O-GlcNAcylation occurs 

predominantly on the nucleocytoplasmic proteins to regulate their stability, 

localization and activity (159). Close to 4000 proteins modified by O-

GlcNAcylation have been identified, including enzymes, transcription factors, 

chaperones, structural proteins, ribosomes and histones (159, 165). OGT and 



36 
 

 
 

OGA are the only two enzymes facilitating deposition and removal of 

O-GlcNAcylation, respectively. The OGT gene resides on the X chromosome 

whereas MGEA5 gene is located on the chromosome 10. Importantly, the loss of 

either gene results in embryonic lethality (160-161). Three OGT splice isoforms 

are present in humans that share identical C-terminal glycosyltransferase domain 

but differ in the number of N-terminal tetraticopeptide repeat (TPR) motifs that 

mediate interactions with substrates and the subcellular localization (162). 

Nucleocytoplasmic OGT (ncOGT), short OGT (sOGT) and mitochondrial-specific 

OGT (mOGT) contain 13.5, 2 and 9 TPR motifs and are 116kDa, 78kDa and 

103kDa respectively (162, 165). OGT possesses a non-canonical PIP3-binding 

domain at the C-terminus which facilitates its recruitment to inner cell membrane 

following PI3K activation (163). Interestingly OGT has been shown to possess a 

protease activity and is capable of the cleavage of host cell factor-1 (HCF-1), a 

transcriptional co-regulator of cell-cycle progression (164). Two identified OGA 

splice isoforms; long (OGA-L) cytoplasmic 130kDa form and short (OGA-S) 

75kDa form localized in nucleus and lipid droplets share N-terminal -N-

acetylglucosaminidase enzymatic domain but differ in the presence or absence 

of putative C-terminal histone acetyltransferase (HAT) domain respectively (165). 

OGA-S shows lower enzymatic activity in vitro. Substrate specificities of OGT 

and OGA are thought to be regulated by interactions with targeting protein 

complexes. The level of O-GlcNAcylation is determined primarily by the rate of 

the flux through HBP and changes rapidly with varied glucose and glutamine 

concentration. Importantly UDP-GlcNAc is an obligate activator of the OGT 
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enzyme and cellular concentration of UDP-GlcNAc can modulate both enzymatic 

activity and the specificity of the OGT towards its substrates. Expression of OGT 

and OGA appear to be co-regulated in untransformed cells possibly to limit the 

abnormal changes in protein O-GlcNAcylation. Both OGT and OGA undergo 

several posttranslational modifications (PTMs) with possible regulatory function. 

OGT phosphorylation by activated IGF receptor (IGFR) results in the elevation of 

its enzymatic activity (163). OGT has also been shown to be phosphorylated by 

AMPK at threonine 444, which affects its enzymatic activity and nuclear 

localization (166). Additionally OGT can catalyze its auto-O-GlcNAcylation (167).     

 Protein O-GlcNAcylation appears to act both as a sensor of metabolic 

state of the cell that fine-tunes activation of signaling pathways to the nutrient 

availability as well as a pro-survival stress-response modification (165, 169). 

Several signaling pathways have been shown to be modulated by O-GlcNAc in 

hyperglycemic conditions. Components of FGF receptor (FGFR) are 

O-GlcNAcylated in Drosophila, which is required for a proper signal transduction 

to the downstream mitogen-activated protein kinase (MAPK) and cell migration 

during development (168). Similarly several components of IGF pathway 

including insulin receptor substrate 1 (IRS1), PIP3-dependent kinase (PDK1) and 

Akt itself become O-GlcNAcylated by OGT recruited to cell membrane by 

activated IGF receptor (IGFR) which results in an inhibition of the pathway and is 

believed to play a causative role in the development of insulin resistance in 

hyperglycemic conditions in pre-diabetic patients (163). TGF--activated kinase 1 

binding protein 1 (TAB1) that transduces signaling from multiple pro-inflammatory 



38 
 

 
 

cytokines including TNF, TGF, interleukin-1 (IL-1) and bacterial 

lipopolysaccharide (LPS) has been shown to be O-GlcNAcylated on serine 395 

which is required for full activation of its partner serine/threonine kinase 

TGF-activated kinase1 (TAK1) and signal transduction to downstream effector 

nuclear factor kappa B (NF-B) and MAPK kinases (170). Similarly AMPK has 

been shown to be O-GlcNAcylated which is required for its full enzymatic activity 

(166). O-GlcNAcylation may also act as a feedback regulator of glycolysis. A 

number of glycolytic enzymes have been shown to undergo O-GlcNAcylation 

including HK, GPI, PFK1, ALDOA, TPI, GAPDH, PGK2, Eno1, PKM2, LDHA 

which cumulatively results in an accumulation of glycolytic metabolites (171-172). 

O-GlcNAcylation of Oct4 and Sox2 regulates their stability and transcriptional 

activity and regulates pluripotency and stem cell reprogramming of embryonic 

stem cells (ESC) (173). Concomitantly inhibition of O-GlcNAcylation results in a 

loss of pluripotency and self-renewal in ESC (173). Recently O-GlcNAcylation 

has been shown to act as an epigenetic modification (174). OGT can be 

associated with chromatin and directly interacts with ten eleven translocation 

(TET) 2 and 3 proteins through its TPR domain and mSin3A corepressor (175-

178). TET proteins convert 5-methylcytosine (5mC) to 5-hydroxymethylcytosine 

(5hmC), which promotes loss of DNA methylation and gene regulation with 

particular implication in embryonic stem cells (179). Additionally OGT can O-

GlcNAcylate histone 2B (H2B) at serine 112 in mouse embryonic stem cells 

which serves as an anchor for ubiquitin ligase and promotes H2B 

monoubiquitination at lysine 120 (180). 
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O-GlcNAcylation is induced in response to multiple stress signals including 

heat shock, heavy metals, DNA damage, endoplasmic reticulum stress, hypoxia, 

and starvation, to promote cell survival and inhibit apoptosis (169, 181-184). O-

GlcNAcylation is tightly linked to heat shock response. Increase O-GlcNAcylation 

enhances expression of heat shock factor 1 (HSF1) a main transcription factor 

orchestrating heat shock response as well as its transcriptional targets heat 

shock proteins (HSP) including HSP70 and HSP90 that act as a chaperone for 

misfolded proteins (169). HSP70 itself is O-GlcNAcylated and display lectin-like 

binding activity towards O-GlcNAcylated proteins (169, 185). Indeed O-

GlcNAcylation prevents aggregation of several proteins including tau and -

Synuclein with potential implication in neurodegenerative diseases (169, 186). 

Additionally O-GlcNAcylation of 26S proteasome inhibits its activity and prevents 

protein degradation (187). Recently O-GlcNAcylation has been shown to be 

induced during unfolded protein response (UPR) through direct induction of 

GFPT1 and HBP flux by a spliced isoform of a transcription factor X-Box Binding 

Protein 1 (Xbp1s), which promoted cell survival (91-92). Moreover O-

GlcNAcylation can prevent apoptosis through direct modification of the 

components of NF-B signaling pathway which leads to its full transcriptional 

activation and induction of expression of several anti-apoptotic genes (188-191).                        

Elevated O-GlcNAcylation has been associated with cellular 

transformation and hyper O-GlcNAcylation has been observed in all examined 

cancer types including breast, prostate, colorectal, liver and pancreatic cancer 

and chronic lymphocytic leukemia (CLL) due to both changes in the metabolic 
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flux in cancer cells and de-regulation of OGT and OGA expression (192-196). 

OGT is over-expressed in multiple cancer types including breast, prostate, 

colorectal, pancreatic and lung cancers in vitro and in vivo whereas OGA levels 

are down-regulated in lymphoma and leukemia, brain and ovarian cancers (171, 

192-196). Aberrant O-GlcNAcylation has been shown to promote tumor 

development by regulating various aspects of cancer cell biology including cell 

proliferation, resistance to apoptosis, EMT and invasion and metabolic 

reprogramming (171). O-GlcNAcylation of FoxM1 in breast cancer leads to 

increased protein stability resulting in elevated cell proliferation and invasion 

through regulation of FoxM1 targets p27Kip1 and MMP2 respectively (196). Snail1 

transcription factor has been shown to undergo O-GlcNAcylation which results in 

its stabilization and increased transcriptional activity, suppression of E-cadherin 

and induction of EMT in lung and breast cancer cell lines (197). Increased O-

GlcNAcylation of actin-binding protein cofilin further promotes cell migration 

through the regulation of actin cytoskeleton dynamics in breast cancer (231). 

Notably a proto-oncogene c-Myc has been shown to be O-GlcNAcylated at 

threonine 58. This modification of c-Myc results in protein stabilization and 

elevated HBP.  Indeed protein O-GlcNAcylation has been shown to drive 

pancreatic cancer cell proliferation through regulation of c-Myc whereas reducing 

O-GlcNAcylation causes degradation of c-Myc in prostate cancer cells (201-202). 

Similarly tumor suppressor p53 has been shown to be O-GlcNAcylated at serine 

149, leading to protein stabilization by blocking its ubiquitin-dependent 

degradation (203). Hyper-O-GlcNAcylation can affect cancer cell metabolism. O- 
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GlcNAcylation of HK in cancer cells elevates its enzymatic activity and promotes 

the Warburg effect, whereas O-GlcNAcylation of PFK1 and PKM2 decreases 

their activities which results in the accumulation of glycolytic intermediates for 

utilization in PPP and HBP (172). Moreover hyper-O-GlcNAcylation of NF-B 

prevents apoptosis in cancer cells. Consequently blocking O-GlcNAcylation by 

silencing of OGT has been shown to reduce cancer cell proliferation and invasion 

and tumor formation in vivo in a number of malignancies including breast 

prostate and colorectal cancers (192-196).  

 

NF-B Pathway and Cancer  

 

NF-B is a family of pleiotropic transcription factors that regulate a broad 

range of biological processes including lymphocyte activation, pro-inflammatory 

signaling, cell proliferation, differentiation and apoptosis (204-207). Dysregulation 

of NF-B pathway is implicated in the development of a number of pathological 

conditions including autoimmune diseases, diabetes and cancer (204-207). 

Multitude of extra- and intracellular stimuli can induce canonical NF-B 

pathway, including T- and B-cell receptors (TCR and BCR), pro-inflammatory 

cytokines, Toll-like receptors, growth factors, DNA damage and UPR (204). All 

stimuli converge on the activation of IB kinase (IKK) complex, a critical 

component of NF-B signaling pathway (204). TNF is a key pro-inflammatory 

cytokine that signals through NF-B. Following TNF binding to TNF receptor 1 

(TNFR1) adaptor proteins TNF receptor associated factor 2/5 (TRAF2/5) and 
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receptor interacting protein (RIP) as well as TAK1 kinase are recruited to TNFR1 

along with IKK complex which leads to IKK activation (204). Similarly, signaling 

from Toll-like receptors (TLRs) and interleukin 1 receptor (IL-1R) proceeds 

through adaptor proteins MyD88, TRAF6 and kinase TAK1 to activate IKK (204). 

TGF may induce NF-B through TAK1 kinase and TAB1 adaptor protein 

whereas stimulation of T- and B-cell receptors results in IKK activation through 

CARD-containing proteins BCL10 and CARD11 (208). Intracellular signals such 

as DNA damage and UPR can also activate NF-B. DNA damage appears to 

induce IKK through RIP1/NEMO/PIDD complex formed in the nucleus and the 

ATM-mediated phosphorylation of NEMO whereas UPR can activates IKK 

through endoplasmic reticulum (ER) membrane receptor inositol-requiring protein 

1(IRE1) and TRAF2 adaptor (209-210). IKK complex is composed of two 

catalytic subunits IKK/IKK1 (CHUK), IKK/IKK2 (IKBKB) and a regulatory NF-

B essential modulator (NEMO)/IKK (IKBKG) (204). Activated IKK 

phosphorylates IB complex composed of IB (NFKBIA), IB (NFKBIB) and 

IB (NFKBIE) that binds NF-B transcription factors and sequesters NF-B in 

the cytoplasm by masking its nuclear localization signal (NLS) (204). In the 

canonical pathway, IKK-dependent phosphorylation of IB leads to IB poly-

ubiquitination by SCF-type E3 ligase E3RSIκB/β-TrCP and its 26S proteasomal 

degradation which allows NF-B translocation into the nucleus to activate 

transcription (204). NF-B family consists of five proteins; p65/RelA (RELA), c-

Rel (REL), RelB (RELB), p105/p50 (NFKB1) and p100/p52 (NFKB2) that act as 
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homo- and heterodimers. They all share N-terminal Rel homology domain (RHD) 

that mediates dimer formation and DNA binding to kappa B (B) motifs within 

gene promoters and enhancers (204). Three NF-B proteins p65/RelA, c-Rel or 

RelB contain an additional C-terminal transcription activation domain (TAD) 

responsible for the recruitment of coactivators including CREB-binding protein 

(CBP)/p300 and activation of transcription (204). Consequently, NF-B dimers 

containing p65/RelA, c-Rel or RelB, predominantly p65:p50 heterodimer, are able 

to drive transcription activation (204). Conversely homodimers of p105/p50 and 

p100/p52 that lack TAD repress transcription in the absence of stimuli by binding 

to B sites and tethering core repression complexes comprised of HDAC3 and 

one of two homologous corepressors, SMRT or nuclear receptor corepressor (N-

CoR), until displaced by transcriptionally competent NF-B dimers (204). Notably 

activated NF-B undergoes several posttranslational modifications that regulate 

its transcriptional potential (211). PKA phosphorylation of p65 at serine 276 is 

necessary for its full activity and promotes p65 interaction with coactivators 

CBP/p300 (211). Serine 276 may be also phosphorylated by mitogen- and 

stress-activated protein kinase 1 and 2 (MSK1 and MSK2), a nuclear effector 

kinases of ERK and p38/MAPK pathways (211). Similarly serine 536 of p65 may 

be phosphorylated by IKK and IKK(211). CBP/p300 facilitate p65 acetylation 

at lysine 310 which is further required for its full activation in response to cellular 

cues (211). Phosphorylation of serine 276 is necessary for the subsequent p65 

acetylation at lysine 310, whereas phosphorylation at serine 536 can further 



44 
 

 
 

increase acetylation of lysine 310 possibly by altering p65 interaction with co-

repressor and histone deacetylase SMRT/HDAC3 complex (211). 

NF-B activation has been implicated in cancer development and 

progression in both cell autonomous and non-autonomous fashion. As a key 

regulator of innate and adaptive immune system NF-B can contribute to cancer 

development by affecting inflammation and immunosurveillance (212). 

Inflammation is a known tumor promoter and low doses of non-steroidal anti-

inflammatory drugs (NSAID) decreases a risk of development of a number of 

malignancies. NF-B is also activated in cancer cells and regulates variety of 

biological processes by upregulating a multitude of target genes that encode for 

anti-apoptotic proteins (Mcl-1, Bcl-xl, Bcl-2, , XIAP, cIAPs), cyclins (Cyclin D1, D2 

and D3), proto-oncogenes (c-Myc, c-Fos, c-Rel, JunD), growth factors (Activin A, 

BMP2, BMP4, PDGF, WNT10B), inflammatory cytokines (IL-1, IL-2, IL-6, IL-8, 

TNF) and their receptors (EGFR, Erbb2), cell adhesion molecules (CD44, 

Fibronectin), heat shock proteins (HSP90), reactive oxygen scavengers (SOD1 

and 2), transcription factors (Elf3, HIF1, p53, Snail, Sox9), histone modifiers 

(JMJD3) and metabolic enzymes (Eno, HAS, MMP3, MMP9, SCO2, GLUT3) 

amongst others (213). Cellular transformation by proto-oncogenes and viral 

oncogenes often activates NF-B pathway and exploits its anti-apoptotic activity 

(205). Aberrant activation of NF-B has been observed in multiple cancer types, 

including lung and promotes tumor development (207, 214-218). Conversely 

silencing of NF-B in the airway epithelial cells decreases lung inflammation and 

tumor formation and elevates apoptosis in lung epithelial cells due to reduced 
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expression of anti-apoptotic Bcl-2 in mouse model of urethane-induced lung 

cancer (216). NF-B is activated in Kras mutant and p53 null lung cancer cells 

and inhibition of NF-B decreased lung adenocarcinoma formation in a mouse 

model of lung cancer driven by these mutations (214). In a different study 

silencing of NF-B decreased lung cancer formation in mouse model of Kras-

driven lung tumor regardless of p53 status (217). Similarly depletion of IKK2 

reduces cancer cell proliferation and prolongs survival in Kras-driven mouse 

model of lung adenocarcinoma (215). Consistently, increased NF-B expression 

in NSCLC patients correlates with higher tumor grade and poor clinical outcome 

(219).       

NF-B activation is also implicated in an induction of EMT and stem-like 

phenotype in cancer cells in several malignancies including lung tumors (223-

229). TNF has been shown to synergize with TGF by inducing EMT in NSCLC 

and other cancers (220-222). Importantly NF-B is required for the EMT 

induction in NSCLC and inhibition of NF-B is sufficient to block TGF-driven 

EMT in vitro and cancer metastasis in vivo (19). NF-B has been shown to 

directly regulate the expression of several “master-switch” EMT transcription 

factors including Snail, Twist and SIP1 as well as other mesenchymal genes 

including Vimentin, Fibronectin and MMPs (224-225). Additionally NF-B may 

also indirectly promote EMT through stabilization of Snail protein and preventing 

its ubiquitin-dependent degradation (229). Recently our laboratory showed that 

NF-B-dependent up-regulation of Activin A sets up an auto-activation loop of 

growth factor signaling and is required for the maintenance of mesenchymal 
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phenotype following EMT in NSCLC (20). Notably NF-B activation has recently 

been associated with self-renewal and regulation cancer-initiating cells (CIC) in 

prostate cancer (230) 

NF-B pathway is an important regulator of cellular metabolism and is 

itself responsive to metabolic state of the cell. NF-B has been shown to promote 

oxidative mitochondrial oxidative phosphorylation through upregulation of 

mitochondrial synthesis of cytochrome c oxidase 2 (SCO2), one of the enzymes 

of electron transfer chain (231). Concomitantly, silencing of RelA elevates 

aerobic glycolysis, promotes glucose addiction and renders cells susceptible to 

mitochondrial stress and necrosis under glucose starvation (231). This effect of 

NF-B on metabolism appears to require p53 as a downstream effector and NF-

B can directly upregulate p53 (231). Loss of p53 elevates IKK1 and IKK2 

activity and NF-B signaling. This activation of IKK was linked to elevated rate of 

aerobic glycolysis following p53 loss, and required upregulation of GLUT3 which 

may be directly regulated by p65. The same group identified that IKK2 is 

modified by O-GlcNAcylation at serine 733 which potentiates IKK2 activity. O-

GlcNAcylation of IKK was elevated in p53 deficient cells or by high glucose 

concentration. Similarly several O-GlcNAcylation sites on p65 were identified. O-

GlcNAcylation of p65 at threonine 352 has been shown to decrease p65 binding 

to IB and resulted in increased NF-B activity. Additionally the Mayo laboratory 

has shown that O-GlcNAcylation of p65 on threonine 305 is required for its 

subsequent acetylation on lysine 310 and full transcriptional activation. 

Subsequently hyper O-GlcNAcylation has been implicated in sustained NF-B 



47 
 

 
 

signaling in pancreatic cancer and was required for anchorage-independent 

growth. Similarly O-GlcNAcylation of c-Rel on serine 350 has been shown to 

promote its transcriptional activity downstream of TCR. Thus, NF-B and critical 

components within the NF-B signaling pathway are post-transcriptionally 

regulated by the O-GlcNAc moiety. Despite this understanding, NF-B has not 

been shown to regulate enzymes in the HBP or enzymes critical for O-GlcNAc 

deposition.  

 

Here we hypothesize that mesenchymal NSCLC cells undergo metabolic 

reprogramming to upregulate the flux through the HBP, the synthesis of UDP-

GlcNAc and the content of cellular glycans. Furthermore we aim at determining 

the role of elevated glycans during EMT and in mesenchymal cells and their 

effect on progression and metastasis of lung cancer.       
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Cell Culture and Reagents 

 

A549, H358, H1299 NSCLC and HEK293T cell lines were obtained from ATCC. 

A549 and HEK293T cells were grown in DMEM (Corning 10-017) with 10% fetal 

bovine serum (FBS, Invitrogen 16000044) and 5% Penicillin/Streptomycin 

(Pen/Strep, Invitrogen 15070-063). H358 and H1299 cells were grown in RPMI 

1640 (Corning 10-040) with 10% FBS and 5% Pen/Strep at 37°C and 5% CO2. 

EMT was induced in 3D spheroid cultures by treatment with TNF (Invitrogen 

PHC3016, 10ng/mL) and TGFb1   (Invitrogen PHG9024, 2ng/mL). PD0329 MEK 

inhibitor was purchased from Cayman.  

 

Plasmids and Cell Transfection 

 

Untagged GFPT2 was purchased from DNASu repository. Untagged GFPT1 was 

purchased from Origene. V5-His pcDNA3.1 was obtained from Invitrogen. 

PIC113 GFP was kindly provided by Dr. Foltz DR. 3xB Luciferase reporter and 

-galactosidase were described previously (1). Rheb, clathrin, Rab1A, Rab39B, 

RhoG, Rab7A, RRAS2, Rab11A, KIF5A, DYNC1LI1, Rab6C, Rab2A were 

obtained from Orfeome cDNA library and subcloned into PIC113 using Gateway 

cloning system (ThermoFisher). Rab5C was kindly provided by Dr. Bloom and 

Dr. Casanova. Cdc42 and Paxilin were kindly provided by Dr. Horwitz AF. 

HEK293T cells were seeded onto tissue culture plates and transfected the next 

day at the confluency of 60-70% using Polyfect reagent (Qiagen) according to 
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manufacturer protocol with adequate amount of DNA depending on the size of 

tissue culture plate. Cells were incubated for 24h, washed in PBS, collected and 

frozen in liquid nitrogen.      

 

Viral Particle Production 

 

For pRetro system HEK293T cells were seeded onto 10-cm tissue culture plates 

and transfected the next day at the confluency of 50% with total of 8g of plasmid 

DNA including GAG-POL, VSV-G and either V5-GFPT2 pRetro-Tight-Pur, pRetro 

Luciferase or pRetro rTetR using Polyfect reagent (Qiagen). Cells were 

incubated overnights and the media was changed for a fresh DMEM 10% FBS. 

Viral supernatants were collected 48h, 72h and 96h following transfection with 

fresh DMEM 10% FBS added to the cells each time. Supernatants were filtered 

through 45M polysulfonic syringe filters, aliquoted and frozen at -80oC. For 

pTripZ virus production HEK293T cells were transfected with CaCl2 according to 

manufacturer’s protocol using provided trans-lentiviral packaging mix and either 

GFPT2-shRNA pTripZ of Scrambled pTripZ plasmids and incubated for 16 hours. 

Media was replaced for 5% FBS DMEM and cells were incubated for additional 

48 hours followed by viral supernatant collection. Supernatants were filtered 

through 45M PVDF filter. Viral infections of A549 and H1299 cells were 

performed similarly to pRetro without centrifugation step.       
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Generation of Stable Cell Lines 

 

Stable knockdown A549 and H1299 cell lines were generated using doxycycline-

inducible shRNA targeting 3’ UTR region of GFPT2 mRNA and scrambled control 

shRNA pTripZ vectors (Dharmacon). Lentiviral particles were produced in 

HEK293T and used for transduction of target cells according to manufacturer 

recommendations. Infected cells were selected with puromycin at 1.0 mg/mL for 

two weeks. Cells were subcloned in 96-well plate and clonal cell lines were 

tested for the knockdown efficiency in 3D spheroid cultures treated with TNF and 

TGF. Doxycycline at concentration 1.0mg/mL for A549 and 0.5mg/mL for H1299 

was administered during 3D spheroid formation and along with cytokine 

treatments. Stable A549 and H1299 doxycycline-inducible tagged GFPT2 and 

Luciferase overexpressing cell lines were generated using pRetro Tet-On system 

(Clontech). Untagged GFPT2 cDNA was obtained from DNASU, and subcloned 

into pcDNA3.1 vector (Invitrogen) following by cloning of the entire ORF including 

V5 tag into pRetroX-Tight-Pur vector. HEK293T cells used to produce viral 

particles containing tetracycline-controlled mutant transactivator rtTA-Advanced 

(rTetR), V5-GFPT2 pRetro-Tight-Pur and Luciferase pRetro-Tight-Pur. A549 and 

H1299 cells were infected with combinations of either V5-GFPT2 pRetro-Tight-

Pur together with rTetR or Luciferase control together with rTetR pRetro using 

10g/mL of polybrene and centrifugation at 1200g for 90 minutes at RT. Cells 

were then incubated overnights and  he procedure was repeated the next day. 

Following two rounds of infection cells were selected with puromycin at 1.0 
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mg/mL and G418 at 1.0 mg/mL for two weeks. 3D spheroid cultures were tested 

for the efficiency of ectopic GFAT2 expression. Similarly doxycycline at 

concentration 1.0mg/mL for A549 and 0.5mg/mL for H1299 was administered 

during 3D spheroid formation and along with cytokine treatments. 

 

Tumorsphere Cultures 

 

Multicellular spheroid cultures were created using a modified hanging droplet 

method (2). Cells were grown to approximately 80% confluence on the standard 

tissue culture plates, trypsinized and resuspended in DMEM or RPMI containing 

10% FBS and PenStrep. Cell suspension was diluted to 1 x 106 cells/mL and 54 

of 25l droplets were pipetted onto the underside of a sterile 10 cm Petri dish to 

create spheroids of 25,000 cells. The lid was then flipped and placed onto the 

bottom of Petri plate containing 13mL of PBS. Spheroids were incubated for 48 

hours to facilitate cellular aggregation and then transferred onto a polyHEMA-

covered 10 cm Petri plates in reduced serum 2% FBS media DMEM or RPMI 

containing PenStrep. Petri plates were prepared using 8mL per plate of 10mg/mL 

polyHEMA (Sigma-Aldrich P3932) working solution in 95% ethanol. Plates were 

allowed to air dry overnight and were washed in PBS before use. Spheroids from 

two hanging droplet lids were transferred onto one polyHEMA plate (total of 108 

spheroids). Spheroids were incubated for additional 96h either without or with 

two treatments with TNF at 10ng/mL (Invitrogen PHC3016) and TGFb1 at 
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2ng/mL (Invitrogen PHG9024) at the time of transfer and at 48h time point, to 

induce EMT.    

 

ChIP-Seq Data Analysis 

 

ChIP-Seq assay for histone modifications in 3D spheroids was described 

previously. ChIP-Seq data for p65 in TNF stimulated A549 was retrieved from 

Raskatov et. al. (3) Data was overlaid onto human genome (hg19) and visualized 

using Integrative Genome Viewer (Broad Institute).       

  

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR) and PCR 

 

For gene expression analysis total RNA was isolated using RNAesy kit (Zymo 

Research) and reverse transcribed using iscript reverse polymerase kit (Biorad). 

QRT-PCR analysis was described previously (4). Primers used are listed (Table 

1) or were previously described.  

   

Chromatin Immunoprecipitation (ChIP) 

 

ChIP assay was performed using modified Farnham protocol (5). A549 

monolayers cultured on 15-cm tissue culture plates were serum starved for 2 

hours before TNF treatments for 45 minutes and 2 hours. Cells were cross-linked 

with 1% formaldehyde and quenched with 125mM Glycine, washed in PBS, 
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scraped, spun down and frozen in liquid nitrogen. Cells pellets were thawed on 

ice and lysed in 300l cell lysis buffer by passing through 20xG needle 5 times 

followed by sonication with probeless Bioruptor (Diagenode) to achieve 500bp 

fragments. Following sonication cell lysates of the same conditions were pooled 

together and protein concentration was determined using BCA (Pierce). Equal 

amounts of protein lysates (1.0 – 1.5mg) in adjusted volumes were prepared for 

immunoprecipitation. Additionally 5% volume of lysate was taken as an input. 

ChIP-grade p65 antibody (C-20, Santa Cruz) and normal rabbit IgG (Santa Cruz) 

were used for the immunoprecipitation overnight at 4oC. Protein A/G beads were 

added the next day for and incubated for an additional 1 hour at 4oC followed by 

several washes with varied salt concentrations and eluted off the beads. Eluates 

along with inputs were reversed cross-linked at 65oC overnight and purified the 

next day using PCR purification columns (Qiagen). Purified DNA samples were 

used for quantitative PCR (qPCR) using primers listed (Table 1). DNA 

enrichment was expressed as a percent input.   

  

Adenoviral infections 

 

A549 cells were infected in 2D monolayers with adenovirus particles encoding 

non-degradable form if IB called Super-Repressor (SR-IB) and GFP control 

(6) for 4 hours in low volume of media followed by addition of fresh media and 

overnight incubation. Next day cells were washed in PBS and serum-free DMEM 
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was added. Cells were serum starved for 2h following by the treatment with TNF 

and TGFb1 alone or in a combination. Cells were washed in PBS and harvested.    

 

Transwell migration and invasion assays and wound healing assays 

 

3D spheroid cultures following 96h incubation with or without treatments with 

TNF and TGFb1 in reduced serum were collected, washed in PBS and 

trypsinized. Cells were re-suspended in serum free media followed and counted. 

1x104 cells for migration assay and 1x105 cells for invasion assays were plated at 

the top of the Boyden Transwell (BD Biosciences) chamber. Media containing 

10% FBS was added at the bottom of the well as a chemoattractant. Cells were 

incubated for 14 hours for migration assay and 22 hours for invasion assay 

according to manufacturer protocol. Chambers were washed in PBS and the 

upper membrane was wiped with cotton swab to remove cells that did not 

migrated through the membrane. Membranes were fixed in methanol at -20oC, 

stained with 0.1% Trypan Blue for 1 hour at RT and photographed. For wound 

healing assays spheroids were trypsinized and cells were plated in 24-well plates 

at the near confluency concentration and allowed to attach. A scratch was done 

with p200 pipette tip the next day followed by a one wash with PBS and fresh 

media with 2% FBS was added to wells. Gap closure was monitored thorough 

72h hour time frame using microscope. Gap surface measurements were done 

with TScratch software (7). 
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Immunoprecipitation, succinylated Wheat Germ Agglutinin (sWGA) pull-

down and Immunoblotting 

 

Immunoprecipitations were performed as described previously using anti GFP 

antibody (kindly provided by Dr. Foltz DR) or sWGA agarose beads (B&Y 

Laboratories)   Immunoblotting was performed as described previously (4). 

Antibodies used are E-cadherin (Santa Cruz), N-cadherin (BD), Vimentin 

(Sigma), -tubulin (Sigma), and GAPDH (GeneTex), V5 (Invitrogen), OGT 

(Sigma), OGA (Sigma), GFAT1 (Cell Signaling), GFAT2 (Cell Signaling), O-

GlcNAc RL-2 (Sigma), O-GlcNAc CTD110.1 (Covance), Flag M2 (Sigma), MMP9 

(R&D Systems), GFP (Dr. Foltz DR), ERK (Cell Signaling), phospho-ERK (Cell 

Signaling), MEK (Cell Signaling), phospho-MEK (Cell Signaling), Elk (Cell 

Signaling), phosphor-Elk (Cell Signaling), IKK (Cell Signaling), phospho-IKK (Cell 

Signaling), IB (Santa Cruz), phospho-IB (Cell Signaling).  

 

Luciferase reporter assay 

 

HEK293T were transfected with 3xB or pcDNA3.1 along with -galactosidase 

plasmid using polyFect according to manufacturer protocol and incubated for 

24h. Media was changed for fresh DMEM 10% FBS and cell were incubated 

additional 24h followed by serum starvation for 4h and TNF treatment for 2h. 

Cells were washed with PBS, scraped, harvested and frozen in liquid nitrogen. 

Cells were thawed on ice and lysed in Reporter Lysis Buffer (Promega). Lysates 
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were used to determine luciferase activity using luciferin substrate (Sigma) using 

96-well plate reader. -galactosidase activity was determined using -gal (Sigma) 

as a substrate and protein concentrations were measured using BCA (Promega). 

Both were used to normalize luciferase activity readouts.       
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Table 1: Primer Sequences 

 

Gene     Sequence 

H. sapiens GAPDH F  GAAGGTGAAGGTCGGAGTC 
H. sapiens GAPDH R  GAAGATGGTGATGGGATTTC 
H. sapiens SNAI1 F   CACTATGCCGCGCTCTTTC 
H. sapiens SNAI1 R  GGTCGTAGGGCTGCTGGAA 
H. sapiens SNAI2 F   ATGAGGAATCTGGCTGCTGT 
H. sapiens SNAI2 R  CAGGAGAAAATGCCTTTGGA 
H. sapiens ZEB2 F   CAATACCGTCATCCTCAGCA 
H. sapiens ZEB2 F   CCAATCCCAGGAGGAAAAAC 
H. sapiens TWIST1 F  CGGGAGTCCGCAGTCTTA 
H. sapiens TWIST1 R  CTTGAGGGTCTGAATCTTGCT 
H. sapiens OGT F   AGGAAATGTCTTGAAAGAGGCAC 
H. sapiens OGT R   TCGTAGTACACACAAGCCCAGG 
H. sapiens SLC2A1 F  CATCAACGCTGTCTTCTATTACTC  
H. sapiens SLC2A1 R  ATGCTCAGATAGGACATCCA 
H. sapiens SLC1A4 F  CTGTGGACTGGATTGTGGAC 
H. sapiens SLC1A4 R  TCCACTTTCACCTCAGCAAG 
H. sapiens NT5E F   TGGAGATGGGTTCCAGATGATAA 
H. sapiens NT5E R   GGATAAATTACTTTCATTTTGGAGATAT 
H. sapiens UUP1 F   ACTGCCCAGGTAGAGACTATC    
H. sapiens UUP1 R   CTGCACCAGCTTCTTGTTAAG 
H. sapiens GFPT1 F  CCAGCCAGTTTGTATCCCTT 
H. sapiens GFPT1 R  CAAGCATGATCTCTTTGCGT 
H. sapiens GFPT2 F  AGGTGCATTCGCGCTGGTT 
H. sapiens GFPT2 R  TGTGGAGAGCTTGTATTTGCTCCCGGG 
H. sapiens UAP1 F   AATGACCTCAAACTCACGTTGT 
H. sapiens UAP1 R   GCTCTGCATAAAGTTCTACCTGT 
H. sapiens MGEA5 F  TCCATAACCCAAGGTCTTCCA 
H. sapiens MGEA5 R  TTGGAGGAGCGGGAGAGCGA 
H. sapiens TNFAIP3 F  TTGACCAGGACTTGGGACTT 
H. sapiens TNFAIP3 R  ACAGCTTTCCGCATATTGCT 
H. sapiens BIRC3 F   GCTGTGATGGTGGACTCAGG 
H. sapiens BIRC3 R  TGGCTTGAACTTGACGGATG 
H. sapiens CXCL8 F  CTCTTGGCAGCCTTCCTG  
H. sapiens CXCL8 R  CTGTGTTGGCGCAGTGTG 
H. sapiens HPRT F   TTGGAAAGGGTTATTCCTCA 
H. sapiens HPRT R   TCCAGCAGCTCAGCAAAGAA 
H. sapiens ChIP site A F  TCCTGCCCTTCCCAGTGATAAA 
H. sapiens ChIP site A R  CTTTGCTTATTGTCCTGTTG 
H. sapiens ChIP site B F  AGTGGCAAGGGTGAGCTTCT 
H. sapiens ChIP site B R  TTGCACAATGCCTGCCTG 
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CHAPTER III 

NF-B Upregulates Glutamine-Fructose-6-Phosphate Transaminase 2 
(GFPT2) to Promote Migration in Non-Small Cell Lung Cancer  

 

This chapter is based on the following manuscript under review for publication. 

  

NF-B Upregulates Glutamine-Fructose-6-Phosphate Transaminase 2 (GFPT2) 
to Promote Migration in Non-Small Cell Lung Cancer 

Szymon J. Szymura, Jacob P. Zaemes, Sheena H. Clift, David F. Allison, Lisa G. 
Gray, Xiaojiang Xu,  Stefan Bekiranov, David R. Jones  and Marty W. Mayo 

(Manuscript in preparation) 
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ABSTRACT 

 

 Induction of epithelial-to-mesenchymal transition (EMT) in cancer cells 

results in changes that promote de-differentiation, migration, and 

metastasis.  While recognized that EMT promotes altered energy utilization, 

identification of metabolic pathways that directly link EMT with cancer procession 

is poorly understood.  Work presented here indicates that mesenchymal non-

small cell lung cancer (NSCLC) cells display altered metabolic gene expression 

profiles.  Among the products upregulated in mesenchymal NSCLC, include 

glutamine-fructose-6-phosphate transaminase 2 (GFPT2) the rate-limiting 

enzyme in the synthesis of uridine diphosphate N-acetylglucosamine (UDP-

GlcNAc).  UDP-GlcNAc is an obligate activator of O-linked N-acetylglucosamine 

transferase (OGT), an enzyme intimately linked to EMT and cancer 

metastasis. Mesenchymal NSCLC cells require NF-B to transcriptionally 

upregulate GFPT2, which follow similar kinetics as other well established EMT-

regulated gene targets.  Inducible knockdown of GFPT2 expression in NSCLC 

highlight its importance in regulating migration and invasion in response to 

EMT.  Our body of work demonstrates that GFPT2 is essential for the migratory 

properties of mesenchymal NSCLC, directly linking its transcriptional 

upregulation with metastasis.  
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INTRODUCTION 

 

Lung cancer is the leading cause of cancer-related mortality in the world 

(1). Non-small cell lung cancer (NSCLC) is the main type of lung cancer and 

comprises adenocarcinomas (ADC), squamous cell carcinomas (SCC) and large 

cell carcinomas (LCC) (2).  The five-year survival rate for NSCLC is below 17% 

predominantly due to late-stage diagnosis and metastatic dissemination (2).  

Epithelial to mesenchymal transition (EMT) triggers the acquisition of the 

metastatic properties by carcinoma in situ (3).  This process can be initiated by 

cytokines and growth factors present in tumor microenvironment and leads to 

increased migration and invasion, resistance to apoptosis and elevated self-

renewal capacity and stem-like properties (3).  

Our laboratory showed that tumor necrosis factor (TNF) synergizes with 

transforming growth factor beta (TGFβ) to induce EMT in NSCLC cells and 

generate cells with increases migratory and cancer-initiating (CIC) phenotypes 

(4). Binding of the TNF to its receptor (TNFR), leads to the activation of canonical 

NF-B pathway and nuclear translocation of p50/RelA NF-B heterodimers (5). 

Upon p50/RelA binding to its cognate B sites on DNA, RelA is acetylated at 

Lys310 by p300, for its full transcriptional activation (6). Recently our laboratory 

showed that constitutive NF-B activity is required for the induction and 

maintenance of EMT and CIC phenotypes in NSCLC through the transcriptional 

regulation of a positive feedback-loop of Activin A signaling (4, 7).  
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Alteration in energy metabolism has been identified as a hallmark of 

cancer and increased glucose and glutamine uptake and utilization correlates 

with the disease progression (8-10). Glucose and glutamine are substrates in the 

hexosamine biosynthesis pathway (HBP), which generates uridine diphosphate 

N-acetylglucosamine (UDP-GlcNAc) a precursor moiety for the synthesis of 

glycans and protein glycosylation (11). Glutamine fructose-6-phosphate 

aminotransferase (GFPT) is the first and rate-limiting enzyme in HBP and two 

isoforms are present in humans that differ in their tissue expression pattern and 

the mode of regulation (11). GFPT1 is ubiquitously expressed in majority of 

tissues whereas GFPT2 is limited primarily to the central nervous system and 

embryonic stem cells (11).  

UDP-GlcNAc is used for the synthesis of hyaluronan, N- and O-

glycosylation and protein O-GlcNAcylation, elevation of all of which has been 

associated with cancer progression and EMT (12-16). O-GlcNAcylation is a post-

translational modification that relies on the addition and removal of a single UDP-

GlcNAc moiety onto and from the hydroxyl groups of serine and threonine on 

target proteins by the enzymes O-GlcNAc transferase (OGT) and O-GlcNAcase 

(OGA), respectively (17). Recently our laboratory has shown that RelA subunit of 

NF-B is O-GlcNAcylated at Thr305 which is required for its subsequent 

acetylation by p300 and full transcriptional activation and anti-apoptotic effect 

(18). Although the gradual accumulation of O-GlcNAc modification is observed 

during cancer progression and O-GlcNAcylation and OGT are required for 
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metastatic phenotype and EMT, regulation of the flux through HBP during EMT is 

vastly unknown (14-16).  

Here we show that global O-GlcNAcylation is elevated in mesenchymal 

cells and confirm that OGT is necessary for the efficient induction of EMT in 

NSCLC. We show that the expression GFPT2 is upregulated in mesenchymal 

NSCLC. GFPT2 is a novel NF-B target gene and an important marker of 

mesenchymal state that co-relates with poor clinical outcome. Finally, our work 

implicates GFPT2 as a critical enzyme in the regulation of migratory properties of 

mesenchymal NSCLC cells. 
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RESULTS 

 

 OGT is required for EMT in A549 cells 

 

Several groups have reported the requirement of O-GlcNAc moiety 

deposition for metastasis (12-14).  To verify these reports and to examine 

whether OGT is required for induction and maintenance of EMT in the lung 

adenocarcinoma (LUAD) cell line, A549, we used siRNAs targeting the OGT 

enzyme.  A549 cells transfected with either control (-) or OGT (+) siRNAs were 

cultured as three dimensional (3D) tumorspheres either left untreated (-) or 

stimulated with TNF and TGF, as previously described (4, Material & Methods).  

As shown in Figure 1A, TNF/TGF-stimulated A549 multicellular tumorspheres 

showed global increases in O-GlcNAcylated proteins, indicating increased post-

translational addition and maintenance of the O-GlcNAc moiety in total protein 

lysates.  Transient knockdown of OGT efficiently silenced OGT expression at 

both the message and protein level, which was maintained over the six-day time 

course of EMT induction (Figure 1A and 1B).  As predicted, knockdown of OGT 

effectively abolished the addition of the O-GlcNAc moiety on proteins at a global 

level.  The knockdown of OGT significantly inhibited the gene expression of the 

EMT mater-switch transcription factors (SNAI2, TWIST1, and ZEB2) without 

altering SNAL1 expression (Figure 1B).  Moreover, the loss SNAI2, TWIST1 and 

ZEB2 gene expression in response to OGT knockdown correlated with the 

inability of A549 cells to upregulate EMT markers (N-cadherin, fibronectin, and 
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Figure 1. OGT is required for epithelial to mesenchymal transition in 

NSCLC. A549 cells were transfected with OGT siRNA (+) or scrambled siRNA (-) 

followed by culturing in tumorspheres without (-) or with the addition of TNF and 

TGF (+). (A) Total levels of O-GlcNAcylation modification and OGT protein were 

assessed by immunoblotting. Tubulin probing was used as loading control. (B) 

Levels of mRNA of OGT and master-switch transcription factors SNAI2, SNAI2, 

TWIST1 and ZEB2 were measured by QRT-PCR and normalized to transcription 

levels of GAPDH. (C) Protein levels of epithelial (E-cadherin) and mesenchymal 

(N-cadherin, Fibronectin, Vimentin) markers were assessed by immunoblotting. 

Tubulin expression confirms equal protein loading. 
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vimentin).  The knockdown of OGT was unable to rescue E-Cadherin protein 

expression following induction of EMT.  Collectively, these results extend 

previous findings that OGT and O-GlcNAcylation are required for the induction of 

mesenchymal phenotypes in carcinomas and warrants further investigation into 

the mechanisms governing flux through the HBP (12-14).      

     

Mesenchymal NSCLC cells upregulate genes involved in UDP-GlcNAc 

synthesis 

 

 To examine whether increased O-GlcNAcylation is a commonly observed 

phenomenon in mesenchymal NSCLC cells, A549 (adenocarcinomas), H358 

(mix-cell carcinomas), and H1299 (large cell carcinomas), were cultured as 

tumorspheres and stimulated with TNF/TGF Cytokine treatment of 3D A549, 

H358, and H1299 cultures resulted in a modest, but reproducible, increase in O-

GlcNAc modified proteins in total cell extracts (Figure 2A, left and right panels). 

Wheat germ agglutinin pull-down assays confirmed increased detection of 

O-GlcNAcylated RelA in A549, H358 and H1299 tumorspheres following 

TNF/TGF stimulation (Supplementary S5). The increase in O-GlcNAcylation 

was not associated with an up-regulation of OGT protein expression or due to a 

loss of total OGA protein levels in any of the cells analyzed (Figure 2A).  

Based on results obtained in Figure 2A, gene expression data was 

analyzed to determine whether TNF/TGF-stimulated A549 tumorspheres  
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Figure 2. O-GlcNAcylation and enzymes involved in the synthesis of 

UDP-GlcNAc are elevated in mesenchymal NSCLC cells. (A) A panel of 

NSCLC cell lines (A549, H358, H1299) was used for tumorsphere cultures 

without (-) or with the addition of TNF and TGF (+). Total levels of O-

GlcNAcylation modification, OGT and OGA proteins were assessed by 

immunoblotting. GAPDH probing was used as a protein loading control. Levels of 

O-GlcNAcylation were measured by densitometry. (B) Venn diagram illustrating 

an overlap between the list of genes upregulated in mesenchymal cells by more 

than 1.5-fold identified by gene expression microarray (green) and a total number 

of metabolic genes in human genome (blue).  Analysis yielded a list of 102 

metabolic genes specifically upregulated in mesenchymal NSCLC cells. (C) A 

table of mesenchymal metabolic genes identified in (B) involved in the synthesis 

of a UDP-GlcNAc biomass.  
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displayed expression changes in metabolic genes that could potentially explain 

the elevated O-GlcNAcylation observed in whole cell extracts.  To identify 

potential metabolic genes differentially regulated following EMT, we used our 

previously published microarray (19).  Microarray analysis performed on 3D A549 

cultures, unstimulated or treated with TNF and TGF identified 1351 genes that 

were transcriptionally upregulated upon stimulation.  Next, we used this 1351 

upregulated gene list and analyzed for overlap with a library of 2742 metabolic 

genes (20).  As illustrated in the Venn diagram in Figure 2B, a 102 gene overlap 

was identified between differentially upregulated genes in cytokine-treated 3D 

cultures and the metabolic gene list.  Further analysis of the 102 gene overlap, 

identified 12 genes that were upregulated (>1.5-fold) and either generate or 

transport metabolic precursors required for the synthesis of UDP-GlcNAc (Table 

1A). Genes that encode for glucose and glutamate transporters (SLC2A1, 

SLC2A3, SLC1A4, and SLC2A6) and genes that encode for enzymes 

responsible for phosphorylating and retaining intracellular glucose (HKDC1, HK2 

and PGM2).  Additional metabolic genes include those that alter nucleotide and 

uridine salvage (NT5E, UPP1, and CDA). Surprisingly, two of the genes in this 

list are enzymes required for the synthesis of UDP-GlcNAc (GFPT2, and UAP1).  

The highest fold upregulated metabolic gene on the list is glutamine-fructorse-6-

phosphate transferase 2 (GFPT2), which is the rate-limiting enzyme in the 

synthesis of the nucleotide-sugar UDP-GlcNAc (21).       
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Elevated GFPT2 expression correlates with poor clinical outcomes in 

NSCLC 

 

 To validate results from the microarray analysis, RNA was isolated from 

A549 tumorspheres either left untreated or stimulated with TNF and TGF and 

QRT-PCR was performed. As shown in Figure 3A, mesenchymal A549 cells 

displayed elevated expression of SLC2A1/GLUT1, SLC1A4, NT5E, and UPP1, 

confirming the upregulation of these metabolic targets following EMT.  

Transcripts encoding enzymes in the hexosamine biosynthesis pathway, GFPT2 

and UAP1 were also elevated following TNF/TGF stimulation (Figure 3B).  

However, transcript for OGT, the enzyme required for the deposition of UDP-

GlcNAc moiety onto target proteins was not upregulated following EMT. 

Moreover, MGEA5/OGA, the enzyme required to remove the O-GlcNAc 

posttranslational modification, was not downregulated but rather was elevated in 

mesenchymal cells. Collectively, these results suggest that the increase in O-

GlcNAcylation observed in mesenchymal A549 cells in Figure 2 was associated 

with increases in de novo synthesis of UDP-GlcNAc via GFPT2 and UAP1 and 

not through transcriptional modulation of OGT or OGA levels.  

Given that GFPT2 is the rate-limiting enzyme in the UDP-GlcNAc 

synthesis pathway, and because our analysis identified it as one of the highest 

expressed metabolic genes upregulated following EMT, we asked whether 

elevated GFPT2 mRNAs correlated with clinical outcome for NSCLC.  To 

address this we examined the association of GFPT2 expression in LUAD (n=740) 
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Figure 3. GFPT2 is induced in mesenchymal NSCLC cells and is co-

expressed with mesenchymal markers in LUAD patients. A549 cells were 

cultured in tumorspheres without or with the addition of TNF and TGF 

(TNF/TGF) (A and B). Transcript levels of proteins that impact UDP-GlcNAc 

synthesis, deposition and maintenance were measured by QRT-PCR and 

normalized to mRNA levels of HPRT. (C) Kaplan-Meier survival analysis on the 

left demonstrates that patients with elevated hexokinase 2 (HK2) (red) have 

significantly lower probability of survival compared to patients with low HK2 

expression (black). Kaplan-Meier survival analysis on the right demonstrates that 

patients with elevated GFPT2 (red) have a significantly lower probability of 

survival compared to patients with low GFPT2 expression (black) (n = 720, p = 

0.028). Calculations were carried out using www.kmplot.com. D. Network map 

identifies the top genes co-expressed with GFPT2 (red) in LUAD. Orange color 

indicates genes known to be associated with mesenchymal phenotypes. Analysis 

was performed using bioinfo.mc.vanderbilt.edu.  
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with clinical outcomes using Kaplan-Meier Plot (22).  High expression of GFPT2 

mRNAs correlated with poor clinical outcome for patients with LUAD, compared 

to low GFPT2 expression (p = 0.028, Figure 3C).  As expected, patients with 

elevated hexokinase 2 (HK2), a well-known metabolic gene associated with 

aggressive PET-positive LUAD, showed significantly reduced survival rates 

compared to low HK2 expressing tumors.  Thus, similar to HK2, elevated GFPT2 

expression in LUAD correlated with poor clinical outcomes, underscoring the 

importance of this rate-limiting enzyme in the progression of lung cancer.  To 

further investigate the relevance of GFPT2 expression in the progression of lung 

cancer we examined whether GFPT2 was co-expressed with other metabolic 

genes associated with metastatic processes using the Cancer Cell Metabolism 

Gene DataBase (23).  As shown in the network map (Figure 3D), GFPT2 was 

significantly co-expressed with several other metabolic genes known for their 

involvement in the progression of cancer (26-28). To our surprise the top gene 

co-expressed with GFPT2 was INHBA, which encodes for the TGF family 

member Activin A (7).  Our group has recently shown that Activin A acts as a 

secreted ligand to maintain mesenchymal properties of lung cancer initiating cells 

(7). Importantly nine out of the twenty genes identified by Cancer Cell 

Metabolism Gene database as co-expressed with GFPT2 were also significantly 

elevated in our EMT gene expression microarray.  Interestingly, many of the 

genes co-expressed with GFPT2 are known mesenchymal markers associated 

with invasion and metastasis, namely SNAI2, INHBA, SPOCK1, LOX, HAS2, 

COL6A2, and ADAM19 (26-28). Collectively, data provided in Figure 3 indicates 
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that GFPT2 is a novel mesenchymal marker significantly elevated in LUAD and 

its expression correlates with poor clinical outcomes.   

 

GFPT2 is an immediate-early gene product maintained in mesenchymal 

LUAD cells 

 

HBP flux and protein O-GlcNAcylation has been shown to be elevated in 

several cancers however the transcriptional regulation of HBP is vastly unknown 

(12-14). Our data indicates that GFPT2 is an inducible gene, expressed outside 

CNS. To further characterize the expression profile of GFPT2, a ninety-six hour 

time course was performed in A549 cells to measure transcript and protein 

levels. Expression of GFPT2 mRNA is induces as early as 2h following the 

addition of TNF/TGF and its levels gradually increase in the first twelve hours 

post TNF/TGF stimulation, to reach plateau and remain steadily expressed 

through forty-eight and ninety-six hour time points (Figure 4A).  This is in stark 

contrast to GFPT1 mRNA expression, which shows a modest decrease in gene 

expression within twenty-four hours, and is then maintained throughout the 

ninety-six hour time frame. Importantly, consistent with the observed elevation of 

GFPT2 mRNA expression, mesenchymal A549 cells display elevated GFPT2 

protein expression over the ninety-six hour time course (Figure 4B). In contrast, 

A594 cells display a modest decrease in GFPT1 protein expression in response 

to TNF and TGF stimulation.  Importantly, GFPT2 protein expression increase 

with similar kinetics to other established protein markers of mesenchymal  
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Figure 4. GFPT2 is an immediate-early gene induced by TNF and 

maintained in mesenchymal NSCLC. A549 cells were cultured in tumorspheres  

without or with the addition of TNF and TGF for indicated times before 

collection. (A) mRNA levels of GFPT2 and GFPT1 isoforms were measured with 

qRT-PCR and normalized to HPRT. (B) Protein levels of GFAT2 and GFAT1 

along with epithelial marker E-cadherin and mesenchymal markers N-cadherin, 

Fibronectin, N-cadherin and Vimentin were assessed by immunoblotting. GAPDH 

probing was used as a loading control. (C, D) A panel of NSCLC cell lines A549, 

H358 and H1299 were cultured in 3D spheroids without (-) or with the addition of 

TNF and TGF (+). (C) mRNA levels of GFPT2 were measured by QRT-PCR. 

(D) Protein levels of GFAT2 and GFAT1 were assessed by immunoblotting. 

GAPDH probing was used as a loading control. (E) A549 cells were grown in 

tumorspheres without or with the addition of TNF, TGF of a combination of  

cytokines as indicated. mRNA levels of GFPT2 were measured by QRT-PCR 

and normalized to HPRT (left). Protein levels of GFAT2 were assessed by 

immunoblotting. GAPDH probing was used as a loading control.  
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transition, including elevated Fibronectin, N-cadherin and Vimentin and 

decreased E-Cadherin expression.  Similar increase in the transcript and protein 

expression for GFPT2 was observed in two other NSCLC cell lines representing 

mixed-squamous cell (H358) and large cell (H1299) carcinoma.  Importantly the 

increase in mRNA and protein expression was specific for GFPT2, not GFPT1 

(Figure 4C, 4D and Supplementary S1).  

Since LUAD tumorspheres are stimulated to undergo EMT by a 

combination of TNF/TGF, we were interested in determining whether GFPT2 

expression was regulated by TNF, TGF or by the additive action of both 

cytokines.  To test that A549 tumorspheres were treated with each of the 

cytokines alone or in a combination for the time of 96h. As shown in Figure 4E, 

A549 cells upregulated GFPT2 transcripts and protein in response to TNF but not 

TGF.  Additionally, the most robust upregulation of GFPT2 expression is 

observed when both cytokines are used to stimulate tumorspheres.  Collectively 

results shown in Figure 4 indicate that GFPT2 is an immediate early gene target 

upregulated in response to TNF alone and in combination with TGF and that 

elevated protein expression of this rate-limiting enzyme in UDP-GlcNAc 

synthesis occurs with similar kinetics as other markers of mesenchymal transition 

in LUAD. This is the first report indicating that GFPT2 is an inducible gene 

expressed in NSCLC.   
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The GFPT2 gene is transcriptionally regulated by NF-B 

 

Data shown in Figure 4E indicate that GFPT2 is an immediate-early 

transcriptional target upregulated in response to TNF alone. Thus decided to 

examine whether GFPT2 is a target of NF-B, a canonical pathway activated 

downstream of the TNF receptor (5). To address this we analyzed the chromatin 

occupancy of the GFPT2 promoter for RelA/p65 subunit of NF-B in TNF 

stimulated A549 cells using publically available ChIP-Seq dataset (24).  

Interestingly ChIP-Seq reads for RelA/p65 show a significant enrichment within 

two peaks (sites A and B) located between intron four and six of the GFPT2 

gene, relative to unstimulated A549 control cells (Figure 5A). Our inability to 

detect binding of p65 to the proximal promoter of the gene is consistent with 

previous reports (46).  Importantly the RelA/p65 enrichment sites A and B 

correlated with histone modifications associated with active enhancers, namely 

histone H3K4me1 and H3K4me2, and with marks known to correlate with active 

promoters, H3K4me3, H3K9Ac and H3K27Ac (19).  Both RelA/p65 enrichments 

and histone H3 modifications overlapped specifically at sites A and B and were 

not observed at distal sites surrounding the GFPT2 proximal promoter 

(Supplementary S2).  This unique pattern of chromatin occupancy for RelA/p65 

suggests that NF-B was regulating GFPT2 gene expression through the distal 

enhancer sites A and B located deep within the body of the gene. To confirm that 

NF-B is directly regulating GFPT2 expression, we utilized a super-repressor 

IB construct (SR-IB) encoding for the IB protein mutated at residues 32  
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Figure 5. GFPT2 is a direct target of NF-B. (A) A caption of ChIP-Seq data for 

H3K4me1, H3K4me2, H3K4me3, H3K79me2, H3K9Ac and H3K27Ac from 

mesenchymal A549 cells and p65 ChIP-seq across GFPT2 gene as visualized by 

Integrated Genome Viewer. Site A and B indicate two RelA/p65 binding peaks 

within the body of GFPT2. An arrow indicates transcription start of GFPT2 from 

right to left.  (B) A549 cells were infected with adenovirus encoding GFP control 

(-) or Flag-tagged non-degradable form of IB, called super-repressor 

(SR-IB). Expression of the construct was confirmed by immunoblotting. 

Tubulin probing was used as a loading control. (C) A549 cells infected with 

adenovirus encoding GFP (Control) or super-repressor (SR-IB) were treated 

with TNF (TNF), TGF (TGF), or TNF and TGF (TNF/TGF). Levels of mRNA of 

GFPT2, GFPT1 and TNFAIP3 were measured by QRT-PCR and normalized to 

mRNA levels of HPRT. (D) DNA sequences corresponding to site A and B were 

analyzed using Jaspar (jaspar.genereg.net). Weighted alignments for NF-B 

cis-elements are shown along with p values and bases depicted with different 

colors (E) A549 cells were treated with TNF for indicated times followed by ChIP-

PCR for p65 and IgG control. Two primer sets that bind to Site A and Site B 

within GFPT2 gene were used for qPCR to quantify the amount of 

immunoprecipitated DNA that is represented as percent input. 
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and 36, rendering it resistant to ubiquitin-mediated proteasomal degradation, to 

specifically block NF-B pathway (25). A549 cell line was infected with 

adenovirus encoding for Flag-tagged SR-IB or GFP control and treated with 

TNF or TGF for 2hrs. The expression of epitope-tagged SR- IB was 

confirmed by immunoblotting with Flag antibody (Figure 5B). Consistent with our 

previous observations TNF and combination of TNF/TGF but not TGF alone 

was able to up-regulate GFPT2 levels in GFP-expressing control cells (Figure 

5C). Remarkably inhibition of NF-B pathway by SR-IB expression completely 

abolished TNF-dependent induction of GFPT2 and decreased basal GFPT2 

mRNA levels (Figure 5C). Similar effect of SR-IB expression was observed for 

TNFAIP3 gene, a known NF-B regulated target but not GFPT1 isoform (Figure 

5C). These observations indicate that NF-B pathway is required for GFPT2 

expression on the basal level and following TNF/TGF treatment in A549 

adenocarcinoma cells. To further confirm direct binding of p65 to the distal 

enhancer sited of GFPT2 we performed ChIP-PCR for p65 on A549 cell line 

treated with TNF for 0, 45 and 120 min. Two sets of primers were used that 

amplify 200bp region around the center of the peaks A and B. Consistent with 

ChIP-seq data we observe a time-dependent increase in p65 binding to both site 

A and site B within body of GFPT2 in response to TNF treatment as compared to 

control IgG (Figure 5D). For the first time, our results identify GFPT2 as a novel 

NF-B-regulated gene in NSCLC. 
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GFPT2 regulates protein O-GlcNAcylation and migration of mesenchymal 

NSCLC cells 

 

Next we sought to determine the biological function of GFPT2 in 

mesenchymal NSCLC cells. To address this we first generated a stable A549 cell 

line with doxycycline-inducible shRNA-mediated silencing of GFPT2 and control 

cell line expressing scrambled shRNAs (Materials & Methods). Generated cell 

lines were either pre-treated with doxycycline for 2 days or left untreated followed 

by the induction of EMT in tumorspheres with a combination of TNF/TGFThe 

analysis of GFPT2 mRNA levels shows the knock-down efficiency of 60-70% 

which correlates with a decrease in GFPT2 protein level in doxycycline pre-

treated cells (Figure 6A and 6B). Importantly GFPT2 knock-down results in a 

decrease in a global protein O-GlcNAcylation levels detected by immunoblotting 

in both epithelial and mesenchymal cells, consistent with its role as the rate-

limiting enzyme in UDP-GlcNAc synthesis (Figure 6B). Remarkably, we observed 

a decrease in migration and invasion of mesenchymal A549 cells as measured 

by Boyden Chamber assay following GFPT2 silencing (Figure 6C). The effect of 

doxycycline on cell migration was ruled out using scrambled RNA-expressing cell 

line in which the effect on migration and invasion was not observed. Similar 

results were observed after siRNA-mediated silencing of GFPT2 in H1299 cell 

line, compared to control siRNA cells (Supplemental S4). Notably GFPT2 

knockdown did not visibly affect the efficacy of EMT since changes of epithelial 

and mesenchymal markers were still observed following induction of  
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Figure 6. GFPT2 regulates migration of mesenchymal NSCLC. Stable A549 

cell lines expressing doxycycline-inducible GFPT2 shRNA or scrambled control 

shRNAs were cultured in tumorspheres without or with the addition of TNF and 

TGF, with or without addition of doxycycline, as indicated. (A) Levels of GFPT2 

transcripts were measured by QRT-PCR in the absence or presence of 

doxycycline (B) Protein levels of GFAT2 and global O-GlcNAcylation were 

assessed by immunoblotting. GAPDH served as a protein loading control I 

immunoblots. (C) Levels of epithelial (E-cadherin) and mesenchymal markers 

(Fibronectin, N-cadherin, MMP9) were assessed by immunoblotting. GAPDH 

probing was used as a loading control. (D) 3D spheroids were trypsinized and 

plated in Boyden-chambers for invasion and migration assays. Numbers of 

migrated and invaded cells without Doxycycline treatment for each cell line were 

set as 100%. (E, F). Stable H1299 cell line expressing Doxycycline-inducible V5-

tagged GFPT2 construct or Luciferase control were cultured in 3D spheroids 

without (-) or with the addition of TNF and TGF (+), with or without addition of 

Doxycycline, as indicated. (E) Protein levels of V5 tag, GFAT2 and global O-

GlcNAcylation were assessed by immunoblotting. GAPDH probing was used as 

a loading control. (F) Spheroid cultures were trypsinized and replated at high 

density for wound healing assay. A surface of the gap was measured using 

TScratch software (45).  
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EMT (Figure 6B and Supplementary S3). To further confirm our results we 

generated stable H1299 cell line expressing doxycycline-inducible V5-tagged 

GFPT2 protein or luciferase expressing control using pRetro inducible system 

(Materials & Methods). In a similar manner, cells were pre-treated with 

doxycycline for 2 days or left untreated and then induced to undergo EMT in 

tumorspheres with a combination of TNF/TGF. Efficient induction of ectopic 

GFPT2 was observed following doxycycline pretreatment by immunoblot analysis 

for V5 tag (Figure 6D). Importantly ectopic GFPT2 expression causes elevation 

in global protein O-GlcNAcylation in both epithelial and mesenchymal cells 

(Figure 6C). Next we analyzed migration of mesenchymal H1299 using wound-

healing assay. Notably ectopic expression of GFPT2 in mesenchymal cells lead 

to increased migration measured in wound healing assays (Figure 6F). This 

effect was not observed in luciferase expressing control cell line (Figure 6F). 

Thus, experiments shown in Figure 6 indicate that GFPT2 is required and 

sufficient to induce cell migration, but that GFPT2 is not required for efficient 

induction of EMT.    
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DISCUSSION 

 

EMT UDP-N-acetylglucosamine (UDP-GlcNAc), the end-product of the 

hexosamine biosynthesis pathway (HBP) is utilized in the synthesis of glycans 

and protein glycosylation, including O-GlcNAcylation of nucleocytoplasmic 

proteins catalyzed by the enzymes OGT and OGA (11). Increased metabolic flux 

through HBP and elevated glycan content, have been associated with cancer 

progression and metastasis. Despite this understanding the mechanisms 

controlling the transcriptional regulation of HBP in cancer cells is vastly unknown 

(12-17). NF-B is a pleiotropic transcription factor implicated in development and 

progression of lung cancer (30-32). Recently our group showed that NF-B is 

required for epithelial to mesenchymal transition in non-small cell lung cancer 

cells, a process believed to drive cancer metastasis by cancer cells with 

mesenchymal phenotypes. Mesenchymal cells exhibit unique characteristics 

including increased migration, invasion, resistance to apoptotic cues and 

self-renewal capacity (4, 7). Here we utilize our previously described 

tumorspheres cultures stimulated with TGF and TNF to show that global protein 

O-GlcNAcylation is elevated in mesenchymal NSCLC cells and that siRNA 

mediated silencing of OGT blocks EMT. Using gene expression microarray 

confirmed by qPCR we identify a list of metabolic genes up-regulated in 

mesenchymal cells that can contribute to the increased flux through HBP. 

Notably, we identify GFPT2, glutamine: fructose-6-phposphate aminotransferase 

2, the first and rate-limiting enzyme utilized in the HBP, as an inducible gene in 
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mesenchymal NSCLC. GFPT2 is an immediate-early gene up-regulated in 

response to TNF treatment or a combination of TNF and TGF but not TGF 

alone. Importantly we show that GFPT2 is co-expressed with several well 

established mesenchymal genes in lung adenocarcinoma (LUAD), including 

INHBA. INHBA encodes for Activin A, a cytokine recently identified by our group 

as the autocrine maintenance factor of mesenchymal NSCLC cells, which is 

associated with increased invasiveness and stemness and poor clinical outcome 

(7). Consistent with this observation, high GFPT2 expression correlates with poor 

clinical outcome of LUAD patients. Recently a global analysis of mRNA 

expression profiles of 1,704 metabolic genes in 978 human cancer cell lines 

listed GFPT2 as a metabolic gene associated with mesenchymal gene 

signatures by unsupervised hierarchical clustering (33). This is the first report 

showing that GFPT2 is an inducible gene expressed in mesenchymal NSCLC, 

the expression of which has otherwise been considered to be limited 

predominantly to the central nervous system (CNS) and that it is marker of 

mesenchymal state of lung cancer cells (21). Furthermore using a non-

degradable mutant of IB to selectively block NF-B pathway, we show that 

GFPT2 is directly regulated by NF-B both on the basal level and following TNF-

mediated stimulation. Using publically available RelA/p65 ChIP-seq dataset in 

TNF-stimulated A549 cell confirmed by a ChIP-PCR in A549 treated with TNF for 

45 and 120 min, we show that p65 directly binds to two distal binding sites 

located between intron four and six of the GFPT2 gene, but not in the proximal 

promoter region. Notably two p65 binding sites overlapped with histone 
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modifications associated with active enhancers, namely histone H3K4me1 and 

H3K4me2, and with marks known to correlate with active promoters, H3K4me3, 

H3K9Ac and H3K27Ac suggesting that they are active enhancers driving 

NF-B-dependent GFPT2 transcription. This is the first report identifying GFPT2 

as a novel NF-B target, linking NF-B activation with the flux through HBP. We 

investigated the role of GFPT2 in mesenchymal NSCLC cells by inducible 

silencing of its expression and observed a decrease in global protein 

O-GlcNAcylation consistent with GFPT2 role as a rate-limiting enzyme in HBP 

(11). Moreover, we show that the silencing of GFPT2 decreases migration and 

invasion of mesenchymal NSCLC cells. Conversely using doxycycline-inducible 

ectopic GFPT2 expression we observe an increase in global protein 

O-GlcNAcylation and increase migration of mesenchymal cells. These results 

identify a novel function of GFPT2 in NSCLC mesenchymal cells in the regulation 

of cell migration and invasion. Consistent with these results is a recent report 

showing that silencing of GFPT1 in human keratinocytes decreased cell 

migration (34). The mechanism of the effect of GFPT2 on cell migration requires 

further investigation. Increased levels of O-GlcNAcylation have been shown to 

affect migration of breast cancer cells via modification of actin-binding protein 

cofilin that promotes its localization and invadopodia at the leading edge of 

migrating cells (35). Silencing of GFPT2 did not however entirely eradicate 

O-GlcNAc modification, as compared to silencing of OGT likely due to the basal 

presence of GFPT1 isoform sustaining the HBP flux. As a result knockdown of 

GFPT2 in mesenchymal cells did not block EMT similar to OGT silencing shown 



115 
 

 
 

by us and others (47). This result does not rule out the possibility of GFPT2 

involvement in EMT. Indeed GFPT2 overexpression in A549 cells has been 

shown to promote TGF-induced EMT in monolayer cultures via elevation of 

expression of oncofetal fibronectin and its mucin-type O-linked glycosylation (12). 

We did not observe similar effect in H1299 NSCLC cells likely due to differences 

in experimental system. Given the differences in modes of regulation by 

UDP-GlcNAc and PKA it is possible that cells in a specific signaling and 

metabolic context would rely entirely on GFPT2 as the rate-limiting enzyme of 

HBP due to UDP-GlcNAc feedback inhibition of GFPT1 isoform (36-39). In this 

environmental context that effect of GFPT2 on EMT could be more pronounced. 

Change in a global protein O-GlcNAcylation following manipulation of GFPT2 

expression implies altered flux through the HBP. In addition to protein 

O-GlcNAcylation, UDP-GlcNAc is required for the synthesis of poly-glycans 

which have been shown to affect cell migration in multiple cancer types (12-17). 

It has been shown that increased concentration of UDP-GlcNAc promotes multi-

branched N-glycosylation and the synthesis of hyaluronan (48-49). Importantly 

both hyaluronan and glycosylated proteins including fibronectin and collagens 

are essential components of tumor ECM (50). Mesenchymal cancer cells are 

characterized by the increased capacity to secrete ECM (51). Thus it is possible 

that inducible expression of GFPT2 in mesenchymal cells serves the purpose of 

elevating UDP-GlcNAc over the basal levels of UDP-GlcNAc produced by 

GFPT1, specifically for the formation of ECM. Notably, components of ECM 

serve as ligands for the cell surface receptors, including integrins and CD44 to 
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promote cancer cell migration and invasion. ECM/integrin engagement activate 

cellular signaling pathways including stimulation of focal adhesion kinase (FAK) 

as well as RHO family of small GTPases including RHO, CDC42 and RAC 

proteins, which can further stimulate ERK via p21-activated kinase (PAK) (52). 

Additionally CD44 binding to inactive form of matrix metalloproteinases (MMPs) 

called zymogens, promotes their proteolytic activation (53). Active MMPs are 

responsible for the digestion of protein components of ECM exposing their 

Arg-Gly-Asp (RGD) sites that serve as ligands for integrins (54). Increased 

binding of integrins stimulates membrane translocation of growth factor receptors 

and the binding of activated growth factors released from degraded ECM (55). 

Importantly, both integrins and growth factor receptors require N-linked 

glycosylation for proper membrane localization (56). This sets up a positive 

signaling feedback-loop resulting in increased cell migration and invasion. 

Interestingly we do observe interactions of GFPT2 with the small GTPases and 

components of vesicular transport system suggesting that GFPT2 may have a 

specific function in the cell distinct from GFPT1 (data not shown). Taken together 

our results identify GFPT2 as a novel target of NF-B pathway and important 

mesenchymal marker implicated in migration of mesenchymal NSCLC cells. This 

is the first report showing the regulation of HBP by NF-B. This observation will 

most likely hold true in other cellular responses that activate NF-B, in particular 

to stress signals, that have also been shown to elevate protein O-GlcNAcylation 

to act pro-survival and anti-apoptotic both in cancer cells as well as in other 

biological stress conditions including ischemia-reperfusion injury or diabetes (40-
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43). Importantly, despite high amino acid similarity between GFPT1 and GFPT2, 

the two enzymes show differential regulation by PKA and UDP-GlcNAc, 

suggesting that they significantly differ in their biological properties, and might be 

specifically targeted with small molecule inhibitors. Our work presented here 

shows that GFPT2 isoform is induced in mesenchymal NSCLC cells and is 

required for migration and invasion. It is in contrast to ubiquitously expressed 

GFPT1 isoform. Thus GFPT2 constitutes a promising target for therapy aimed at 

blocking cancer metastasis.                 
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Supplementary Figure S1. Expression of GFPT1 in mesenchymal NSCLCs. 

NSCLC cell lines A549, H358 and H1299 were grown in tumorspheres stimulated 

with TNF/TGF (T/T) or left untreated (CTRL), as described in materials and 

methods. QRT-PCR analysis was performed for GFPT1. Transcription levels 

were normalized to HPRT control and expressed as a fold-induction over 

unstimulated control cells. 
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Supplementary Figure S2. Epigenetic landscape of the proximal promoter 

of GFPT2 confirms the location of the NF-B enhancer within the body of 

the gene locus. ChIP-seq data for histone marks in A549 was retrieved from 

ENCODE database (https://genome.ucsc.edu/ENCODE/). ChIP-seq for p65 was 

obtained from Roskov. et. al. (24). Signals were overlaid and visualized using 

Integrated Genome Viewer (IGV) software (57-58). An arrow underneath 

ChIP-seq data indicated transcription start site and direction of GFPT2 gene from 

right to left.      
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Supplementary Figure S3. GFPT2 knockdown does not block the induction 

of EMT markers. Stable A549 cell lines expressing doxycycline-inducible GFPT2 

shRNA or control constitutive scrambled shRNAs were generated as described in 

materials and methods and were treated without or with doxycycline (+DOX) 

during formation of tumorspheres and during subsequent culturing in 

tumorspheres stimulated with TNF/TGF (T/T) or without stimulation (CTRL). 

Immunoblot analysis was performed using primary antibodies that detect GFPT1, 

GFPT2 and the epithelial marker E-cadherin and mesenchymal markers 

(Fibronectin, N-cadherin and Vimentin). GAPDH was used as a loading control.      
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Supplementary Figure S4. siRNA-mediated silencing of GFPT2 reduces 

migration of H1299 NSCLC cells. H1299 cells were transfected with control 

siRNA (CTRLsi) or GFPT2 siRNA (GFPT2si) and cultured in tumorspheres with 

addition of TNF/TGF as described in materials and methods. Cells were 

trypsinized and plated into Boyden migration chambers and incubated for 15h 

followed by fixation in methanol and staining with crystal violet. Cell migration 

was quantified as described in materials and methods.   
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Supplementary Figure S5. O-GlcNAcylation of RelA/p65 is elevated in 

mesenchymal NSCLC cells. NSCLC cell lines A549, H358 and H1299 were 

cultured as tumorspheres without (CTRL) or with the addition of TNF/TGF (T/T). 

Cells were lysed and subjected to pull-down assay using succinylated Wheat 

Germ Agglutinin (sWGA) lectin in the absence (-) or presence (+) of competitive 

inhibitor N-acetyl-glucosamine (GlcNAc). Immunoblot analysis of inputs and pull-

down samples for a known O-GlcNAcylated protein target RelA/p65. GAPDH 

was used as a loading control.  
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CHAPTER IV 

NF-kappaB and hexosamine biosynthesis pathway (HBP) activation 
promote resistance to MEK inhibition in KRAS-mutant Non-Small Cell Lung 

Cancer  
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ABSTRACT 

 

KRAS is the most commonly mutated proto-oncogene in non-small cell 

lung cancer occurring in thirty five percent of adenocarcinomas. Inhibition of a 

Ras downstream effector kinase MEK shows limited efficacy due to the activation 

of compensatory survival mechanisms. Here we show that nuclear factor kappa-

B (NF-B), a key anti-apoptotic signaling pathway in the cell, is activated in 

response to MEK inhibition in KRAS-mutant NSCLC and is required for the cell 

survival. Furthermore a recently identified target of NF-B, GFPT2 is induced by 

MEK inhibition in NSCLC. GFPT2 is the first and rate-limiting enzyme in the 

hexosamine biosynthesis pathway (HBP) that generates UDP-GlcNAc precursor 

molecule for O-GlcNAcylation of nucleocytoplasmic proteins. O-GlcNAcylation is 

induced by variety of stress stimuli and promotes survival and prevents apoptosis 

by directly modifying the p65 subunit of NF-B to sustain its transcriptional 

activity. Here we show that protein O-GlcNAcylation is induced by MEK inhibition 

in NSCLC. Furthermore, silencing of GFPT2 in combination with MEK inhibition 

results in decreased cell survival and GFPT2 promotes O-GlcNAcylation and 

NF-B signaling. Our results suggest a potential benefit of combinatorial 

targeting MEK and the HBP NSCLC carrying mutations in the Kras 

proto-oncogene.            
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INTRODUCTION 

 

Lung cancer is one of the most prevalent cancer types and the leading 

cause of cancer-related mortality in the world (1). About 85% of lung cancers 

belong to non-small cell lung cancer (NSCLC) type of which close to 50% are 

adenocarcinomas (ADC) (2). Majority of diagnosed NSCLC are late stage 

cancers for which standard treatment with cisplatin-based chemotherapy shows 

only limited efficacy (3). 

KRAS is the most commonly mutated proto-oncogene in NSCLC and 

occurs in 35% of ADC (4). Activated Ras signals to the downstream effectors, 

including Raf/MEK/ERK and PI3K/Akt pathways to promote proliferation, survival 

and metastasis (5). KRAS mutant cancers show oncogene addiction to Ras, thus 

creating a window of opportunity for targeted therapy (5). However initial promise 

of targeting Kras in cancers has been hindered by its low druggability shifting 

efforts towards targeting downstream pathways activated by Ras (5).  

Targeting mitogen activated protein kinase kinase (MEK) with small 

molecule inhibitors has recently proven successful in treatment of BRAF mutant 

melanoma and several other cancers including NSCLC (5-6). However the 

resistance of cancer cells to MEK inhibitors has emerged due to compensatory 

activation of alternative Ras downstream effectors. This highlights the need for 

combinatorial inhibition of multiple Ras downstream pathways such as MEK and 

Akt, which have proven to be more effective (7-10). 

Nuclear factor kappa B (NF-B) is an important anti-apoptotic transcription 

factor activated by a variety of extra- and intracellular stimuli including pro-
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inflammatory cytokines, growth factors and DNA damage (11). NF-B activation 

proceeds through IB kinase (IKK)-mediated phosphorylation of IB complex that 

binds inactive NF-B in the cytoplasm (11). IB phosphorylation leads to its poly-

ubiquitination and proteasomal degradation to allow NF-B nuclear translocation, 

of DNA binding within gene promoters and enhancers, to actively stimulate 

transcription (11). NF-B undergoes several posttranslational modifications 

including phosphorylation by cAMP-dependent protein kinase A (PKA) and 

acetylation by p300 (12). Importantly NF-B activity is required for lung tumor 

formation in vivo and for a survival of KRAS mutant lung cancer cells (13-16). 

Hexosamine biosynthesis pathway (HBP) utilizes fructose-6-phosphate, 

an intermediate metabolite of the glycolysis, glutamine, acetyl-CoA and UTP to 

generate UDP-GlcNAc amino sugar moiety, an essential precursor molecule for 

all glycosylation processes and the synthesis of poly-glycans (17). The first and 

rate-limiting step in HBP is catalyzed by the enzyme glutamine: fructose-6-

phosphate transaminase (GFPT) that converts fructose-6-phpsphate and 

glutamine into glucosamine-6-phosphate and glutamate (17). Glucosamine-6-

phospate is further converted into UDP-GlcNAc is three enzymatic steps (17). A 

particular form of O-linked glycosylation occurring on the nucleocytoplasmic 

proteins is called O-GlcNAcylation, and relies on a dynamic addition of a single 

UDP-GlcNAc molecule onto the hydroxyl groups of serine or threonine of target 

proteins by the enzyme O-GlcNAc transferase (OGT) and its removal by the 

enzyme O-GlcNAcase (OGA) (18). O-GlcNAcylation is induced by cellular 

stresses such as DNA damage, heat shock, unfolded protein response (UPR) 
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and starvation and is implicated in a regulation of a multitude of cellular 

processes including signaling and cell survival (19-22). O-GlcNAc modification 

has been shown to prevent protein aggregation and acts as a recognition site for 

the heat shock proteins that possess lectin-like binding capacity towards O-

GlcNAc peptides (23-24). Elevation of HBP and protein O-GlcNAcylation has 

recently been shown to prolong life and protect from proteotoxic stress (25-26). 

Importantly, the Mayo laboratory has shown that O-GlcNAcylation of NF-B at 

threonine 305 is required for its subsequent acetylation on lysine 310 by p300 

and its full transcriptional activation (27). Consistently O-GlcNAcylation sustains 

NF-B signaling and promotes cell survival by upregulating anti-apoptotic gene 

products (27-30). Here we show that NF-B pathway is induced in KRAS-mutant 

NSCLC adenocarcinoma in response to MEK inhibition and show that NF-B 

activation is required for cell survival. This observation is consistent with previous 

reports in other cancer types (31-32). We further describe an induction of a novel 

NF-B target gene GFPT2 and concomitant elevation of global protein O-

GlcNAcylation in response to MEK inhibition. Furthermore we show that silencing 

of GFPT2 induces cell death in response to MEK inhibition. Our work supports 

the existence of a positive feedback loop by which NF-B signaling pathway via 

HBP, GFPT2 and O-GlcNAcylation promotes a survival advantage, suggesting a 

potential benefit of combinatorial targeting of MEK and HBP in KRAS-mutant 

NSCLC. 
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RESULTS 

 

MEK inhibition activates Akt and NF-B pathways in KRAS-mutant NSCLC 
cells 

 

MEK inhibition has proven effective in decreasing tumor growth of KRAS-

driven transgenic mouse model of lung adenocarcinoma however a rapid 

regrowth of tumors is observed after cessation of MEK inhibitor treatment 

suggesting that a subset of lung adenocarcinoma cells are able of withstanding 

growth inhibitory effect of MEK inhibition (6). Indeed activation of several 

compensatory pathways following MEK inhibition has been observed; notably 

activation of PI3K/Akt has been described in several cancer types including 

prostate and lung (7-10). For these reasons a combination of MEK and Akt 

inhibition is more effective than MEK inhibitor alone in decreasing tumor growth 

(7-10). Interestingly, activation of the components of NF-B pathway has been 

observed following MEK inhibition in prostate cancer.  Similarly, pharmacological 

inhibition of MEK and NF-kB target cyclooxygenase (COX) synergize in targeting 

melanoma (31, 33).  

To further investigate NF-B activation following MEK inhibition in 

KRAS-mutant NSCLC adenocarcinomas we performed a time-course experiment 

of MEK inhibitor (PD0325901) treatment of A549 cell line. MEK inhibitor 

treatment did not cause visible cell death in standard 2D culture conditions but 

instead decreased proliferation rates and induced cell morphology changes (data 

not shown). Immunoblotting analysis of the time course experiment shows that 
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MEK inhibitor rapidly blocked phosphorylation of ERK, which was sustained 

thorough 48hrs of experiment (Figure 7A). Concomitant induction of 

phosphorylation of Akt was observed indicating compensatory activation of PI3K 

pathway (Figure 7A). Interestingly, we observed an induction of phosphorylation 

of components of NF-B pathway; IKK and IB following MEK inhibitor treatment 

(Figure 7A). To determine whether a phosphorylation of the NF-B pathway 

correlates with an induction of its transcriptional activity, we performed a similar 

MEK inhibitor treatment time course in A549 cells and analyzed the expression of 

known NF-B-regulated genes (Figure 7B). We observe an induction of 

transcription of NF-B target genes including TNFAIP3/A20 and BIRC3/cIAP-2 

(Figure 7B). These results indicate that NF-B pathway is induced following MEK 

inhibition in KRAS-mutant lung adenocarcinoma possibly as a compensatory 

survival mechanism consistently with similar observations in prostate cancer 

(31).        

 

Inhibition of NF-B promotes apoptosis following MEK inhibition in KRAS-

mutant LUAD cells 

 

 NF-B pathway has been shown to inhibit apoptosis through 

transcriptional regulation of a several anti-apoptotic proteins including Bcl-2 and 

Bcl-xl (11). NF-B signaling has been shown to be required for survival of KRAS-

mutant lung adenocarcinoma (12-16). Inhibition of IKK in combination with the 

treatment with MEK inhibitor resulted in decreased cell survival of KRAS-mutant  
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Figure 7. MEK inhibition activates Akt and NF-B pathways in KRAS-mutant 

NSCLC. A549 cells were treated with the MEK inhibitor PD0325901 for the 

indicated time points. A. Immunoblot analysis was performed using 

phosphorylated ERK (P-ERK), pan-ERK, phosphorylated Akt (P-Akt), 

phosphorylated IB (P-IB), phosphorylated IKK (P-IKK) and IB. GAPDH was 

used as a loading control. B. QRT-PCR analysis of the expression of NF-B 

targets BIRC3/cIAP-2 and TNFAIP3/A20 following time-course treatment with 

MEK inhibitor. Values were normalized to mRNA levels of HPRT.  
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prostate cancer cells (31). To determine whether NF-B induction is required for 

the survival of A549 cells, following MEK inhibition, we blocked NF-B pathway in 

by siRNA-mediated silencing of RelA/p65, a main subunit of transcriptionally 

competent NF-B heterodimers. Importantly we observe that inhibition of NF-B 

pathway by siRNA-mediated silencing of RelA/p65 resulted in an induction of 

apoptosis of A549 lung adenocarcinoma cells following MEK inhibition as 

determined by immunoblotting for cleaved caspase 3, a marker of activated 

apoptotic pathway (Figure 8). Cleaved caspase 3 was not detectable in A549 

cells treated with DMSO or transfected with the control scrambled siRNA during 

the 48h time course of the experiment (Figure 8). These observations indicate a 

potential benefit of the combinatorial targeting MEK and NF-B pathway in 

KRAS-mutant NSCLC. 

 

MEK inhibition induces protein O-GlcNAcylation and upregulates the 
expression of GFPT2  

 

 Protein O-GlcNAcylation is induced by a number of stress signals 

including DNA damage, hypoxia, heat shock and ER stress and has been shown 

to regulate protein homeostasis and promote cell survival (19-22). 

O-GlcNAcylation relies on an addition of a single UDP-N-acetylglucosamine 

(UDP-GlcNAc) moiety onto hydroxyl groups of serine and threonine of target 

proteins by enzymes OGT and its removal by enzyme OGA (18). Recently the 

Mayo laboratory identified glutamine: fructose-6-phpsphate aminotransferase 2 

(GFPT2), an isoform of the first and rate-limiting step in the hexosamine 
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Figure 8. NF-B activation is required for the survival of KRAS-mutant 

NSCLC cells following MEK inhibition. A549 cells were transfected with 

control (CTRL) or RelA/p65 (p65) siRNAs and left untreated (-) or treated with 

MEK inhibitor (+) PD0325901 for 48h. Immunoblot analysis was performed using 

RelA/p65, caspase 3 and PARP specific antibodies. GAPDH was used as a 

loading control.     
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biosynthesis pathway (HBP) as a novel inducible NF-B regulated gene in 

NSCLC (manuscript in preparation). Notably, we showed that GFPT2 induction 

elevates protein O-GlcNAcylation in mesenchymal NSCLC cells. Given the 

observed activation of NF-B pathway following MEK inhibition in KRAS-mutant 

NSCLC and recently described the relationship between NF-B activation and 

HBP, we decided to investigate the levels of protein O-GlcNAcylation in A549 

cells in response to MEK inhibition. We performed a time-course experiment of 

MEK inhibitor treatment in A549 cells and analyzed global levels of O-

GlcNAcylation by immunoblotting. Global elevation of basal O-GlcNAcylation was 

observed following MEK inhibition (Figure 9A). Concomitantly we observe a 

gradual accumulation of GFPT2 protein levels. The elevation in O-GlcNAcylation 

was not attributed to observable changes in the levels of GFPT1, OGT or OGA 

enzymes (Figure 9A). Consistent with these results we observe an induction of 

GFPT2 mRNA, but not GFPT1, OGT or OGA transcripts by QRT-PCR following 

a 48h time course analysis post-MEK inhibitor treatment (Figure 9B). These 

results indicate that elevated protein O-GlcNAcylation is attributed to the increase 

in the flux through hexosamine biosynthetic pathway, which is associated with 

GFPT2. Additionally the kinetics of GFPT2 induction resembled that of other NF-

B regulated genes including TNFAIP3 and BIRC3 (Figure 7B) suggesting that 

GFPT2 is most likely upregulated by NF-B following inhibition of MEK.  
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Figure 9. MEK inhibition induces protein O-GlcNAcylation and GFPT2 

expression. A549 cells were treated with MEK inhibitor PD0325901 for indicated 

times. A. Immunoblot analysis was performed using phosphorylated ERK (P-

ERK), ERK as well as GFPT1, GFPT2, OGA, OGT and the modification-specific 

O-GlcNAc antibody. GAPDH was used as a loading control. B. QRT-PCR 

analysis of enzymes involved in protein O-GlcNAcylation, OGT, OGA, GFPT1 

and GFPT2 during the time-course treatment with MEK inhibitor.    
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GFPT2 elevates protein O-GlcNAcylation and sustains NF-B signaling 

 

 O-GlcNAcylation has been shown to act in an anti-apoptotic manner by 

sustaining the signaling of NF-B (27-30). Recently the Mayo laboratory and 

others have shown that several components of NF-B pathway are modified with 

O-GlcNAc and are required for its transcriptional activation and anti-apoptotic 

signaling (27-30). We sought to determine whether GFPT2 expression might 

potentiate NF-B signaling via elevated flux through HBP and increased protein 

O-GlcNAcylation to promote NF-B-dependent transcription. To test this we 

transfected HEK293T cells with an empty plasmid or a vector encoding 

V5-tagged GFPT2 and analyzed the levels of protein O-GlcNAcylation by 

immunoblotting. We observe an elevation in global protein O-GlcNAcylation 

following ectopic expression of GFPT2 (Figure 10A) consistent with our previous 

results in mesenchymal NSCLC (manuscript in preparation). Next we asked 

whether the expression of GFPT2 affects NF-B signaling. To address this we 

transfected HEK293T cells with empty vector or GFPT2 construct and stimulated 

the cells with TNF for 2h. As a measure of activated NF-B pathway we 

determined the levels of phosphorylated IKK and IB by immunoblotting. 

Importantly, GFPT2 overexpression led to an increase in both basal and 

inducible phosphorylation of IKK and IB suggesting increased signaling through 

NF-B pathway (Figure 10B). To assess the effect of GFPT2 expression on 

NF-B-mediated transcription we utilized NF-B responsive luciferase reporter 3x 

B-luc (35). We transfected HEK293T cells with 3x B-luc reporter construct 
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Figure 10. GFPT2 potentiates NF-B signaling in vitro. A. HEK293T cells 

were transfected with pcDNA vector control or V5-GFPT2 and analyzed by 

immunoblot for global O-GlcNAcylation. GAPDH was used as a loading control. 

B. HEK293T cells were transfected with pcDNA or V5-GFPT2 ad stimulated with 

TNF for 30 minutes followed by immunoblot analysis for phosphorylated IKK and 

IB. GAPDH was used as a loading control. C. HEK293T cells were transfected 

with 3x B luciferase reported construct alone or in a combination with 

V5-GFPT2 and either left untreated or stimulated with TNF. Cells were lysed and 

analyzed for luciferase activity as described in materials and methods. D. 

HEK293T cells were transfected with pcDNA vector control or V5-GFPT2 and 

either left untreated (ctrl) or stimulated with TNF (TNF). QRT-PCR analysis was 

performed for NF-B targets CXCL8 and BIRC3.    
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together with a control plasmid or a vector encoding GFPT2, and stimulated the 

cells with TNF for 2h. We analyzed activity or the 3x B-luc promoter with 

luciferase assay. Interestingly, we observed that ectopic expression of GFPT2 

increased 3x B-luc reporter activity in response to TNF suggesting an increase 

in NF-B transcriptional activity (Figure 10C). Finally we determined the 

expression of endogenous targets of NF-B in HEK293T transfected with empty 

vector control or GFPT2 construct and stimulated with TNF (Figure 10D). We 

observe an increase in TNF-induced expression of NF-B targets BIRC3 and 

CXCL8 in cells transfected with GFPT2 construct as compared to control cells 

(Figure 10D).  Together these results indicate that a unique axis between NF-B 

and GFPT2 such that GFPT2 increased synthesis of UDP-GlcNAc feedback to 

heighten NF-B signaling and transcription.   

 

Silencing of GFPT2 promotes cell death following MEK inhibition in KRAS-
mutant LUAD cells 

 

 Protein O-GlcNAcylation is induced by a number of stress signals to 

promote cell survival (19-22). Importantly ectopic expression of GFPT2 has been 

shown to protect neuronal cells from hydrogen peroxide-induced oxidative stress 

whereas expression of GFPT protects Saccharomyces cerevisiae from 

methylmercury cytotoxicity (33-37). This indicates potential role of GFPT2 in pro-

survival signaling. We hypothesized that GFPT2 may promote survival following 

MEK treatment of KRAS-mutant NSCLC cells possibly via elevation of 

hexosamine biosynthetic pathway and an increase in protein O-GlcNAcylation. 
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Indeed glucose starvation has been shown to induce cell death of KRAS-mutant 

cancer cells by affecting HBP and inducing ER stress whereas glucosamine 

supplementation or GFPT1 overexpression protects cells from proteotoxic stress 

(25-26, 38). Notably, we observe an elevated cell death following MEK inhibitor 

treatment of A549 in a low glucose condition which is not observed in a high 

glucose media (data not shown). To test whether induction of GFPT2 is required 

for the cell survival following MEK inhibition we utilized a stable A549 cell line 

expressing doxycycline-inducible shRNA targeting GFPT2. Cells were pre-

treated for 2d with doxycycline or left untreated following treatment with MEK 

inhibitor for additional 48h. We confirmed GFPT2 silencing following doxycycline 

pre-treatment by measuring mRNA levels of GFPT2 product by QRT-PCR 

(Figure 11A). Next, we determined cell survival following MEK inhibition by trypan 

blue cell counting. A decrease in cell viability in MEK treated cells was observed 

following silencing of GFPT2 by doxycycline pre-treatment, compared to cells 

without doxycycline pretreatment (Figure 11B). Our results indicate that increase 

in GFPT2 expression in response to MEK inhibitors is critical for cell viability. 
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Figure 11. GFPT2 is required for the survival of KRAS-mutant NSCLC 

following MEK inhibition. Stable A549 cell line expressing 

doxycycline-inducible GFPT2 shRNA was generated as described in materials 

and methods. Cells were pre-treated with doxycycline for 3 days following by 

treatment with MEK inhibitor for an additional 60h in low glucose (5mM) and 

reduced serum (2%) media. A. QRT-PCR analysis of GFPT2 expression cells 

without (ctrl) or with doxycycline (DOX) pre-treatment in cells treated with DMSO 

compared to treatment with MEK inhibitor at concentration of 1.0 M. B. A549 

GFPT2 shRNA cell line was either left untreated or pre-treated with doxycycline 

(DOX) followed by treatment with increasing concentrations of MEK inhibitor at 

0.1 M and 1.0 M, respectively. Cells were trypsinized and counted with trypan 

blue using hemocytometer.      
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DISCUSSION 

 

 KRAS proto-oncogene is mutated in 35 percent of lung adenocarcinomas 

however because drug inhibitors have been unsuccessful, efforts have focused 

on targeting downstream Kras effectors such as the mitogen activated protein 

kinase kinase (MEK) (5). MEK kinase is activated by Raf and phosphorylates 

ERK to promote cancer proliferation and survival (5). Initial promise of targeting 

MEK in cancer showed limited success due to the activation of compensatory 

survival mechanisms leading to drug resistance (7-10). Phosphoinositide 3-

kinase (PI3K) pathway has been shown to be activated in response to MEK 

inhibition and combinatorial targeting of MEK and PI3K has proven more 

effective than targeting either of the pathways alone in NSCLC (7-8). Here we 

show that NF-B, a key anti-apoptotic pathway in the cell, is activated in 

response to MEK inhibition in KRAS-mutant NSCLC. This is consistent with 

previous observations in melanoma and prostate cancer (31, 33). Importantly 

blocking NF-B in combination with MEK inhibition induces apoptosis in NSCLC. 

The mechanism of NF-B activation in response to MEK inhibition remains to be 

determined however given that Akt has been shown to activate NF-B, it is 

plausible to speculate that compensatory activation of Akt in response to MEK 

inhibition is responsible for induction of NF-B (35). Indeed we observe an 

activation of Akt pathway in KRAS-mutant NSCLC in response to MEK inhibition, 

consistent with previous reports (7-8).  
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 Furthermore we observe an induction of a novel NF-B target GFPT2 in 

response to MEK inhibition in NSCLC. GFPT2 encodes for the neuron-specific 

isoform of the first and rate-limiting enzyme of the hexosamine biosynthesis 

pathway (HBP) that utilizes glucose and glutamine to generate UDP-N-

acetylglucosamine (UDP-GlcNAc) precursor molecule for the synthesis of 

poly-glycans and O-GlcNAcylation of nucleocytoplasmic proteins (17). Indeed 

concomitantly with the induction of GFPT2 we observe an elevation in global 

protein O-GlcNAcylation in response to MEK inhibition. It remains to be 

determined whether this elevation of O-GlcNAcylation is dependent on NF-B 

induction and GFPT2 expression and whether GFPT2 is regulated by NF-B in 

this setting. Our previous report indicates that GFPT2 is directly regulated by 

NF-B in mesenchymal NSCLC cells.  

Importantly protein O-GlcNAcylation has been shown to be induced by a 

variety of stress stimuli including heat shock, starvation and proteotoxic stress, to 

promote cell survival and inhibit apoptosis by directly modulating RelA/p65 and 

IKK to promote NF-B signaling (17-22, 27-30). Recently our laboratory has 

shown that RelA/p65 is directly O-GlcNAcylated at threonine 305 which is 

required for its subsequent acetylation at lysine 310 by p300 and the full 

transcriptional activation (27). Using HEK293T we show that expression of 

GFPT2 promotes protein O-GlcNAcylation and NF-B signaling. The mechanism 

by which ectopic expression of GFPT2 promotes NF-B transcription remains to 

be determined but may involve direct O-GlcNAcylation of RelA/p65, thus 
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establishing a HBP-dependent positive feedback-loop to NF-B signaling and 

transcription.  

 Our work demonstrates that silencing of GFPT2 in cells treated with MEK 

inhibitor results in decreased cell survival. This is consistent with previous reports 

indicating that expression of GFPT2 protects neuronal cell line HT-22 from 

oxidative stress induced by hydrogen peroxide (36). It remains to be determined 

whether this reduction in cell survival is a result of an induction of apoptosis, or 

whether GFPT2 exerts its cytoprotective effect via elevated HBP, protein 

O-GlcNAcylation and/or modulation of NF-B signaling pathways. 

 This is the first report indicating an induction of NF-B and protein 

O-GlcNAcylation in response to MEK inhibition in KRAS-mutant NSCLC. This 

study further supports our previous observations indicating that GFPT2 is an 

inducible gene expressed in NSCLC and that it is required for the cell survival 

following MEK inhibition. Thus our results point out a potential benefit of 

combinatorial targeting MEK and GFPT2 in KRAS-mutant NSCLC.     
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Summary and Future Directions  
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SUMMARY 

 

Hexosamine biosynthesis pathway (HBP) generates UDP-N-

acetylglucosamine (UDP-GlcNAc), a precursor molecule for the synthesis of 

majority of glycans in the cell, including protein N- and O-glycosylation, O-

GlcNAcylation, and the synthesis of glycosaminoglycans (1). For many years it 

has been recognized that cancer cells show increased levels of glycan content, 

however how HBP is regulated in cancer cells has remained poorly understood 

(2-9). Here we identify glutamine: fructose-6-phosphate aminotransferase 

(GFPT2), the first and rate-limiting enzyme in the HBP, as a novel target of NF-

B in non-small cell lung cancer (NSCLC). We show that chronic activation of 

NF-B pathway by tumor necrosis factor (TNF) during epithelial to mesenchymal 

transition or by MEK inhibitor elevates GFPT2 expression in NSCLC cells 

resulting in increased protein O-GlcNAcylation. We further show that GFPT2 is 

co-expressed with mesenchymal marker genes in lung adenocarcinoma patients 

and correlates with poor clinical outcome, indicating that it is an important marker 

of mesenchymal state in lung cancer. Elevated protein O-GlcNAcylation has 

been associated with cancer progression, metastasis and cancer cell survival (6-

9). Here we show that protein O-GlcNAcylation is elevated in NSCLC cells 

following TGF and TNF-induced epithelial to mesenchymal transition and that 

OGT and protein O-GlcNAcylation is required for efficient EMT. Silencing of 

GFPT2 in mesenchymal NSCLC cells decreases levels of global protein O-

GlcNAcylation and affects migration and invasion of mesenchymal NSCLC cells. 
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The mechanism by which GFPT2 is required for mesenchymal cell migration and 

invasion requires further investigation. Furthermore we show that NF-B pathway 

is activated in KRAS-mutant NSCLC in response to treatment with MEK inhibitor 

and that NF-B activation is required for the cell survival following drug 

treatment. MEK inhibition causes induction of GFPT2 and elevation of protein O-

GlcNAcylation whereas silencing of GFPT2 decreases cell survival following 

treatment with MEK inhibitor. This is the first report indicating that NF-B directly 

regulated GFPT2 in variety of biological settings. Interestingly, we also observed 

GFPT2 induction by TNF in adipocytes suggesting that GFPT2 is a general 

target of NF-B in many cell types and may have interesting implications in 

variety of pathophysiological processes that involve inflammatory NF-B 

activation including the development of insulin resistance in type 2 diabetes 

(T2D).   
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FUTURE DIRECTIONS 

 

Determine the mechanisms by which GFPT2 promotes migration in 
mesenchymal NSCLC cells 

 

 Here we show that GFPT2 is a novel NF-B target required for the 

migration of mesenchymal NSCLC cells. Silencing of GFPT2 with either 

doxycycline-inducible shRNA or siRNA transfection decreased migration of A549 

cells measured using Boyden chamber assay (Figure 6 and 11). Similarly ectopic 

expression of doxycycline-inducible GFPT2 construct elevated migration of 

H1299 cell line as measured by the wound healing assay (Figure 6). GFPT2 is 

the first and rate-limiting enzyme in the HBP that generates UDP-GlcNAc 

precursor molecule for protein O- and N-linked glycosylation and the synthesis of 

glycosaminoglycans including hyaluronan (1). Silencing of GFPT2 results in 

decreased, but not entirely eradicated, global protein O-GlcNAcylation whereas 

GFPT2 overexpression elevates protein O-GlcNAcylation in both epithelial and 

mesenchymal cells (Figure 6B and D). These results suggest that GFPT2 may 

contribute to the flux through HBP to potentially increase the levels of 

glycosylated products.  

Notably both O- and N-linked glycosylation of transmembrane and 

extracellular proteins as well as the synthesis of proteoglycans have been shown 

to affect cell migration and are implicated in cancer progression and metastasis 

in multiple malignancies (2-9). Proteoglycans and glycosylated proteins including 

fibronectin and laminin are the main components of the extracellular matrix 
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(ECM) that constitutes both a physical substrate for adhesion and pro-migratory 

signaling in migrating cells as well as the reservoir of ECM-bound pro-survival 

growth factors and cytokines (10). Integrins are glycosylated transmembrane 

receptors that mediate adhesion and signaling following binding to various 

components of ECM and promote the assembly of focal adhesions, formation of 

actin stress fibers, filopodia and membrane ruffling at the leading edge of 

migrating cell to promote cell motility (11). Downstream effectors of integrin 

receptors include the focal adhesion kinase (FAK) which activates RAS via 

growth-factor-receptor-bound protein 2 (GRB2) and SRC kinase-dependent 

phosphorylation of SHC adaptor proteins. This cascade then stimulates the RHO 

family of small GTPases including RHO, CDC42 and RAC proteins, which further 

activate ERK via p21-activated kinase (PAK) (11). Similarly CD44 receptor bound 

to the hyaluronan (HA) component of ECM can stimulate cell migration via 

activation of RAC (12). Additionally O-GlcNAcylation of cofilin, protein that 

promotes actin cytoskeleton rearrangements and cell motility has been shown to 

promote its activity and stimulates cell migration through intracellular 

mechanisms (13). Thus, several potential mechanisms of GFPT2 involvement in 

the cell migration require further investigation.  

To further confirm the role of GFPT2 in the regulation of cell motility we will 

ectopically express a shRNA resistant GFPT2 to determine whether these cells 

displayed restored migration follow knockdown of endogenous GFPT2. 

Tumorspheres will be disaggregated following 96h culture time and seeded at the 

bottom of Boyden chamber to measure migration and invasion. We expect that 
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overexpression of shRNA-resistant V5-tagged GFPT2 following knockdown of 

endogenous GFPT2 will rescue migratory potential of A549 cells. This 

experiment is feasible in our A549 GFPT2 shRNA cell line as pTripZ vector 

targets 3’UTR region of endogenous GFPT2 absent in cDNA of GFPT2 vector. 

To further characterize the change in the flux via HBP during EMT and the effect 

of silencing of GFPT2 on the rate of UDP-GlcNAc synthesis we will conduct 

measurements of UDP-GlcNAc levels in cellular extracts of epithelial and 

mesenchymal A549 cells expressing either control or GFPT2 shRNA using liquid 

chromatography−tandem mass spectrometry method (14). We expect to observe 

an elevation in UDP-GlcNAc concentrations in mesenchymal as compared to 

epithelial cells, consistent with up-regulation of enzymes contributing to HBP flux 

(Figure 2). Furthermore we expect that knockdown of GFPT2 will result in a 

decrease in UDP-GlcNAc concentration of doxycycline pre-treated GFPT2 

shRNA mesenchymal A549 as compared to a control cell line. To determine 

whether the end-product of HBP, UDP-GlcNAc is involved in the mechanism of 

the regulation of cell migration by GFPT2, a similar rescue experiment will be 

performed in GFPT2 shRNA A549 cell line with or without glucosamine 

supplementation in the culture media. Glucosamine added to the culture media is 

transported into the cell and bypasses GFPT step to directly feed into the 

following reaction of HBP thus elevating UDP-GlcNAc (15). We expect that 

glucosamine supplementation of doxycycline pre-treated A549 GFPT2 shRNA 

cell line will restore its migratory properties and further increase migration of a 

control shRNA A549 cell line. Similarly a enzyme-dead V5-tagged GFPT2 
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construct will be used to further show that enzymatic activity of GFPT2 is 

required for its effect on cell migration. To accomplish this GFPT2 enzyme-dead 

will be generated that lacks N-terminal cysteine residue required for the 

enzymatic activity of glutaminase domain (16). GFPT2 shRNA A549 cell line will 

be transfected with enzyme-dead V5-GFPT2, wild-type GFPT2 or empty vector 

followed by induction of EMT in tumorspheres with TNF/TGF with or without 

doxycycline pre-treatment. We expect that enzyme-dead GFPT2 will not be able 

to restore migratory properties of doxycycline pre-treated A549 GFPT2 shRNA 

cell line as compared to cells expressing wild-type GFPT2. Additionally it is 

possible that enzyme-domain will further decrease cell migration in both GFPT2 

shRNA and control cell line given the ability of GFPT2 to form tetramers and 

potential of acting as a dominant negative (16). This becomes especially 

important since our preliminary data indicates that GFPT2 physically interact with 

GFPT1. For this reason an enzyme-dead GFPT2 may block both GFPT1 and 

GFPT2 activities significantly dampening the HBP. Experiments described above 

will validate whether GFPT2 acts via HBP to regulate cell migration. It is possible 

that the enzymatic activity of GFPT2 is dispensable for its role in the regulation of 

cell migration and instead GFPT2 has more structural role during migration. In 

this case glucosamine supplementation would not rescue cell migration and the 

expression of both wild-type and enzyme-dead GFPT2 would yield similar rescue 

of cell migration. In this unlikely scenario, alternative mechanistic role of GFPT2 

in cell migration is proposed in following paragraph.        
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To determine which of the UDP-GlcNAc products is involved in 

GFPT2-dependent effect on cell migration, A549 cells expressing GFPT2 shRNA 

and control cells will be stimulated to undergo EMT with TNF/TGF 

Tumorsphere cultures will be harvested and analyzed by immunoblot for global 

N-linked glycosylated proteins using lectin probes; phytohemagglutinin-L 

(PHA-L), Datura Stramonium Lectin (DSL) and concavalin A (ConA). Our 

preliminary data using lectin probes indicate that protein glycosylation changes 

during EMT in several NSCLC cell lines and that tetraantenary oligosascharides 

detected by PHA-L and DSL are upregulated in 3D A549 mesenchymal cells, 

consistent with the induction of MGAT5 along with several other 

glycosyltransferases as detected by gene expression microarray (Figure 12). 

Additionally lectin probes will be used to pull-down N-glycosylated proteins from 

control and GFPT2 shRNA A549 mesenchymal cells and samples will be 

analyzed by immunoblotting in a biased approach. Among our top candidates are 

integrin receptors that are key players in cell migration (11). As the majority of 

secreted proteins, including components of ECM and growth factors and 

cytokines require N-glycosylation for the proper secretion we will also analyze the 

change in N-glycosylation of secreted proteins by immunoblot analysis of 

trichloroacetic acid-precipitated proteins from culture media from control and 

GFPT2 shRNA A549 mesenchymal cells (17). An additional unbiased approach 

would be to quantify global levels of differentially O- and N-glycosylated proteins 

using 13C/12C isotopic labeling followed by mass spectrometry analysis (18). This 

approach will further expand our initial lectin pull-down analysis and identify 
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differentially secreted O-glycosylated proteoglycans, important components of 

ECM as well as O-GlcNAcylated nucleocytoplasmic proteins (18). We will 

quantitate changes in levels of N-glycosylation of secretome as well as the levels 

of differentially O- and N-glycosylated cellular proteins using extracts from cell 

lysates of control and GFPT2 knock-down A549 cells followed by mass 

spectrometry analysis (18). Additionally, we will determine the levels and types of 

oligosaccharide branching in control and GFPT2 knockdown A549 cells by mass 

spectrometry analysis on permethylated glycans (18). Our data indicates that 

O-GlcNAcylation is affected by manipulation of GFPT2 expression in 

mesenchymal NSCLC cells (Figure 6 and 17). O-GlcNAcylation of actin-binding 

protein, cofilin, has been shown to promote migration of breast cancer cells 

through mechanism involving regulation of actin fibers dynamics (13). To 

determine whether GFPT2 affects cell migration via protein O-GlcNAcylation we 

will perform a rescue experiment using GFPT2 shRNA and control A549 cell 

lines transfected with OGT cDNA or empty vector control. If O-GlcNAcylation is 

responsible for the GFPT2 effect on cell migration we expect to see a rescue of 

migratory properties of GFPT2 shRNA A549 cell line by either one or in response 

to all of the proposed treatments. If this hypothesis is correct a global approach 

of the identification of O-GlcNAcylated proteins could be undertaken in which 

sWGA beads will be used for pull-down O-GlcNAcylated proteins followed by the 

mass spectrometry analysis of peptides. Finally the synthesis and secretion of 

hyaluronan (HA) will be tested in GFPT2 shRNA or control A549 cell lines. 

Supernatants from tumorsphere cultures stimulated with TNF/TGF will be 
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collected and HA concentration will be determined using HA specific ELISA kit 

(R&D Systems). Subsequently, tumorspheres will be trypsinized and replated on 

cover slips and stained with fluorescently labeled hyaluronan binding protein 

(HBP) to visualize secretion of the HA coat on tumorspheres (19). Using these 

approaches we expect to identify protein targets, including components of ECM, 

transmembrane receptors, adhesion molecules, and nucleocytoplasmic proteins, 

would be predicted to be altered following silencing of GFPT2 in mesenchymal 

A549 cells. We also expect to observe a shift in the structure of oligosaccharides 

of N-glycans towards non-bisecting type in mesenchymal cells expressing 

GFPT2 shRNA (20). Additionally we expect that both secreted HA levels 

determined by ELISA and HA coating will be decreased in GFPT2 knockdown as 

compared to the control A549 cells. This notion is consistent with the fact that HA 

synthesis has been shown to depend on UDP-GlcNAc concentration and be 

regulated by O-GlcNAc. Moreover, our gene expression microarray analysis 

demonstrates elevated expression of hyaluronan synthase 2 (HAS2) in 

mesenchymal A549 cells (Figure 12, 21).  

Decreased secretion of the components of the ECM or changes in the 

glycosylation pattern of transmembrane receptors and adhesion molecules may 

affect cell migration by both altering a physical properties of cell environment and 

by affecting signaling pathways promoting migration (10). Among the potential 

signaling pathways affected by decreased synthesis of glycans are downstream 

effectors of integrin receptors including FAK/RAS/Raf/MEK/ERK cascade and 

RHO family; RHO, CDC42 and RAC (11). Similarly RAC is an effector of CD44 
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receptor of hyaluronan (12). To determine whether signaling downstream of 

integrin receptors and CD44 is affected, GFPT2 shRNA expressing A549 and 

control cell line will be cultured in tumorspheres and stimulated with TNF/TGF 

Immunoblot analysis will be performed to examine phosphorylated molecules, 

namely of FAK, SHC, MEK, ERK, CRK-associated substrate (CAS), 

myosin-light-chain-kinase (MLCK), and myosin II. We predict that levels of 

phosphorylated proteins will be decreased in GFPT2 knockdown A549 cells, 

compared to control cells. In support of these experiments we identified an 

interaction of GFPT2 with several small GTPases including those involved in cell 

migration, RhoG, Cdc42 and others, Rheb and RRAS2 in vitro (Figure 13). 

Additionally, we observe and interaction of GFPT2 with several Rab proteins, 

components of vesicular transport system, including Rab5C, Rab11A, Rab6C 

and Rab2A (Figu13). Vesicular transport is known to play a pivotal role in cell 

migration by facilitating endocytosis and recycling of integrins and other adhesion 

molecules at the leading edge of migrating cell (22). Consistent with this notion, 

immunofluorescence staining of endogenous GFPT2 in A549 cells shows 

vesicular localization of this protein (23). We will perform GFPT1 and GFPT2 

staining in mesenchymal A549 cells to further confirm cellular localization of 

these two different isoforms. It is possible that GFPT2 plays a structural role in 

vesicular transport that is independent of its enzymatic activity. This mechanism 

will be examined experimentally the in preceding paragraph. In addition to 

immunoblotting analysis, we will perform a global analysis of phosphoproteomics 

in mesenchymal control and GFPT2 shRNA A549 cells (24). Lysates will be 
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analyzed for global changes in protein phosphorylation levels by mass 

spectrometry to identify potential affected signaling pathways (24). Similarly a 

global RNA-seq analysis of transcripts in GFPT2 shRNA and control cells will 

enable the identification of GFPT2-dependent target genes that may be 

differentially regulated (25).   

                                

Determine the relevance of the GFPT2 induction in mesenchymal NSCLC 
cells in vivo 

 

 Although our work implicates GFPT2 in NSCLC migration and invasion it 

remains to be determined whether GFPT2 impacts metastasis in vivo. To confirm 

that GFPT2 is induced in vivo in NSCLC patients LCC tissue microarrays (TMA) 

will be purchased (LC121a, US Biomax). Immunohistochemistry (IHC) will be 

performed using GFPT2 antibody available via Human Protein Atlas. Similar 

staining will be performed for GFPT1 to distinguish differential expression of the 

two GFPT isoforms. Furthermore we will perform IHC staining for NF-B and 

Activin A, a recently described marker of mesenchymal phenotype in NSCLC. 

Such experiment will determine whether NF-B is active and localized in nuclei in 

NSCLC tumors and whether the NF-B activation is correlated with the 

expression of GFPT2. Additionally, it will determine whether GFPT2 expression 

is elevated specifically in mesenchymal NSCLC in vivo. We expect an elevated 

GFPT2 staining in cancer samples, compared to adjacent normal tissue. We 

predict GFPT2 expression to coincide with activated NF-B and Activin A 

consistent with our observations in vitro and the analysis of gene co-expression 
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in LUAD patients. However we do not anticipate changes in the GFPT1 isoform, 

which is predicted to remain unaltered in tissue samples, compared to adjacent 

tissue. Additionally, we will perform IHC stainings with trichrome and hyaluronan 

binding protein (HBP) to determine whether the levels of GFPT2 protein in tumor 

samples correlate with the amount of ECM. We predict that cancer samples with 

high GFPT2 levels will also have increased amount of ECM.    

To determine the role of GFPT2 in mesenchymal cells in vivo five 4- to 5-

week-old female outbred Crl:NU/NU nude mice (Jackson Laboratories) will be 

kept on doxycycline-containing water for two weeks followed by subcutaneous 

injection with 1x106 cells/site cells from disaggregated tumorsphere cultures of 

GFPT2 shRNA or control A549 cell lines stimulated with TNF/TGF and 

pre-treated with doxycycline. Mice will stay on doxycycline for additional 40 days, 

after which animals will be euthanized following approved procedures by the 

University of Virginia (UVA; Charlottesville, VA) ACUC (26). Primary 

subcutaneous tumors (SC) will be removed and weighed. Additionally, the lungs 

will be removed, fixed in formalin, and surface lung metastases will be counted 

using a dissecting scope. To quantify the amount of total tumor burden in the 

formalin fixed lung tissue, genomic DNA will be extracted and assayed for the 

presence of human genomic DNA by quantitative real time PCR (QRT-PCR) 

primers specific to human endogenous retrovirus-3 (ERV3) (26). We predict 

fewer lung metastases in GFPT2 shRNA A549 compared to the control cells. The 

effect of GFPT2 silencing on the primary SC remains to be determined. It is 

possible that potentially decreased synthesis of ECM in GFPT2 shRNA A549 cell 
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line will adversely affect the formation and survival of the primary tumors due to 

decreased formation of tumor promoting microenvironment (27).  

Next we will determine whether ECM components are affected by GFPT2 

silencing in A549-derived tumor in vivo. To accomplish that both dissected 

primary subcutaneous tumors lung metastases from mice injected with GFPT2 

shRNA and control shRNA A549 cell lines will be paraffin embedded and tissue 

slices will be prepared for IHC staining. We will perform staining use 

HRP-conjugated hyaluronan binding protein (HBP) and trichrome staining. This 

approach will determine the amount of secreted hyaluronan and the components 

of ECM including collagen and fibronectin. We will also perform staining using 

PHA-L and DSL lectins for tetraantenary oligosaccharide structures which will 

reveal changes in the level of glycans and the content of glycosylated 

components of ECM. Next we will perform IHC staining using O-GlcNAc antibody 

to determine the amount of global O-GlcNAcylated proteins. We expect to 

observe a decrease in the amount of protein modification by O-GlcNAcylation in 

cells with silenced GFPT2 consistent with our results in vitro. We predict that the 

levels on other products of UDP-GlcNAc including hyaluronan and glycosylated 

components of ECM will also be decreased which would affect a global secretion 

and structure of ECM as visualized by trichrome stain. Notably, the synthesis and 

functioning of cancer ECM would have much more profound effect on the 

formation of tumors in vivo than it has in vitro due to the involvement of ECM in 

pro-tumor interactions with other cell types including activated fibroblasts, 

endothelial cells, tumor associated macrophages (TAMs) and tumor associated 
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neutrophils (TAN). Together this population of cells is known to promote cancer 

cell proliferation, invasion and angiogenesis (27). The presence of those cellular 

components of tumor microenvironment may be visualized using cell-type 

specific antibody IHC stainings (28). Thus silencing of GFPT2 in mesenchymal 

cancer cells may result in significant reduction of tumor growth and metastasis in 

vivo. Notably given the opposite regulation of enzymatic activity of the two GFPT 

isoforms by UDP-GlcNAc, glucosamine-6-phpsphate and PKA it is possible that 

certain cellular setting may favor the activity of one GFPT isoform and block 

activity of the other. GFPT1 activity is blocked by PKA-dependent 

phosphorylation and UDP-GlcNAc and glucosamine-6-phposphate (29-31). On 

the contrary GFPT2 is not feedback-inhibited by the metabolites of HBP and its 

enzymatic activity is stimulated by PKA phosphorylation (32). These results 

suggest that metabolically active cells that receive variety of extra-cellular stimuli 

would rely predominantly of GFPT2 isoform. Thus, it is possible that in vivo the 

tumor microenvironment would further exacerbate the effect of GFPT2 silencing 

to affect not only migration and invasion but other biological processes including 

proliferation and EMT. Recently a homozygous GFPT2 knockdown mouse was 

generated (47). These animals are mostly viable but show significant alterations 

in functioning of neuronal cells and altered glucose homeostasis and adipocyte 

function indicating that GFPT2 plays specific and distinct role in the organism as 

compared to constitutive and essential GFPT1 isoform (47). Future experiment 

could be undertaken to test whether GFPT2 is required for lung cancer formation 

and metastasis. To accomplish this, one could will utilize urethane chemical 



179 
 

 
 

carcinogen to induce spontaneous formation of NSCLC in mice (48). Wild-type of 

GFPT2 knock-out mice will be injected with urethane and monitored for tumor 

formation by CT/FDG-PET scan. In our hands urethane induces lung 

adenocarcinoma formation within 9 months post-urethane injection. Following 

this time mice will be sacrificed and lung tumors will be dissected and analyzed 

as described above. Select tumor tissue samples will be digested with 

collagenase and primary tumor cells will be isolated to establish primary tumor 

cell lines of the wild-type or GFPT2 knockout phenotype. Cells will be cultures in 

tumorspheres with addition of TNF/TGF and analyzed for the induction of EMT 

using immunoblotting and QRT-PCR and for migratory and invasive phenotype 

using Boyden chamber assays. Furthermore subcutaneous injections into nude 

mice will be carried out and the formation of primary tumors and lung metastases 

will be analyzed as described above. We predict that GFPT2 knockout mice will 

develop tumors with less metastatic phenotype as determined by decreased 

amount of bone, brain and liver metastases as compared to wild-type animals. 

Similarly primary lung tumor cells isolated from GFPT2 knock-out mice will show 

decreased migration and invasion following induction of EMT with TNF/TGF in 

tumorsphere cultures. We predict that tumor cells derived from GFPT2 knockout 

mice will also show decreased lung metastases formation following 

subcutaneous injection into nude mice as compared to cells derived from wild-

type animals. It is unclear whether GFPT2 knockout would affect EMT. Our 

results using siRNA- and shRNA-mediated silencing of GFPT2 show no 

significant effect on EMT. Similarly a lack of developmental defects in GFPT2 
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knockout mice could suggest that GFPT2 is not required for EMT during 

gastrulation and embryogenesis (49). Alternatively K-RasLSL-G12D mice could be 

crossed TP53flox/flox with GFPT2 knockout mice to generate 

GFPT2WT/WT/TP53flox/flox/K-RasLSL-G12D, GFPT2flox/WT/TP53flox/flox/K-RasLSL-G12D and 

GFPT2flox/flox/TP53flox/flox/K-RasLSL-G12D mice in which K-Ras proto-oncogene, p53 

tumor-suppressor and GFPT2 alleles will be deactivated using intra-nasally-

delivered adenovirus expressing Cre recombinase (50). Animals will be 

monitored by CT/FDG-PET scan to determine the size and number of formed 

lung tumors as described above.                                    

 

Determine the role of NF-B, GFPT2 and protein O-GlcNAcylation in the 

survival of KRAS-mutant NSCLC cells following MEK inhibition 

 

Here we show that NF-B pathway is induced in response to MEK 

inhibition in the KRAS-mutant NSCLC cell line A549 and that this NF-B 

activation is required for the cell survival (Figure 1). This is consistent with 

previous reports indicating compensatory activation of NF-B signaling in 

response to MEK inhibition in prostate cancer (33). Furthermore we show that 

GFPT2 is induced in response to MEK inhibition with the similar expression 

kinetics as other NF-B gene products upregulated following MEK inhibition 

(Figure 7 and 9). Concomitantly we observe an increase in the level of global 

protein O-GlcNAcylation in NSCLC following the treatment with MEK inhibitor 

(Figure 9). Protein O-GlcNAcylation is induced by a variety of stress stimuli 
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including heat shock, unfolded protein response and starvation to promote cell 

survival (15, 34-40). Previously our laboratory has shown that RelA/65 subunit of 

NF-B is O-GlcNAcylated on threonine 305 which is required for p300-mediated 

acetylation of p65 on lysine 310, which is required to promote transcription (15). 

This observation is consistent with reports from other groups showing that 

O-GlcNAcylation of both RelA/p65 and IKK promotes NF-B transcriptional 

activity (38-40). Here we present preliminary evidence that GFPT2 increases 

NF-B activation thus establishing a positive-feedback loop where activated 

NF-B increases flux through the HBP by upregulating GFPT2 (Figure 10). 

Furthermore we indicate that GFPT2 expression might have a role in the cell 

survival in response to MEK inhibition suggesting a possible benefit of 

combinatorial targeting MEK and HBP pathways in NSCLC (Figure 11). 

 We will pursue our initial observations to determine the role of NF-B, 

GFPT2 and protein O-GlcNAcylation in the survival of KRAS-mutant NSCLC 

cells following MEK inhibition. To accomplish this, we will determine the 

mechanism of NF-B activation in response to treatment with MEK inhibitor. It 

has been reported that combinatorial inhibition of MEK and PI3K has proven 

more effective at inducing apoptosis in NSCLC cells than targeting either of the 

pathways alone (42-43). Consistent with these results we observe an induction of 

Akt phosphorylation following MEK inhibitor treatment in NSCLC A549 cells 

concomitant with NF-B activation (Figure 7). To determine whether the induction 

of NF-B following inhibition of MEK is mediated by PI3K pathway we will treat 

A549 and H358 NSCLC cells with MEK inhibitor and PI3K inhibitor (PI-103) alone 
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or in combination and we will assess activation of NF-B pathway by 

immunoblotting for phosphorylated and total RelA/p65, IB and IKK. QRT-PCR 

analysis will be carried out to measure changes in NF-B gene expression of 

TNFAIP3 and BIRC3 (46). Since the combinatorial inhibition of MEK and PI3K 

has been shown to induce apoptosis in NSCLC, we may find the need to add 

caspase inhibitors (Z-DEVD-FMK) to prevent activation of apoptosis such that 

changes in NF-B activity can be measured. We predict that inhibition of PI3K 

pathway will block MEK inhibitor-dependent activation of NF-B.  

Recently we identified GFPT2 as a novel target of NF-B in mesenchymal 

NSCLC cells. Given the concomitant induction of GFPT2 and NF-B pathway 

following treatment with MEK inhibitor with similar kinetics of expression as 

GFPT2 and other known NF-B targets, it is plausible to speculate that NF-B is 

responsible for the induction of GFPT2 in this context (Figure 7 and 9). We will 

seek to determine whether GFPT2 is transcriptionally regulated by NF-B 

following MEK inhibition. To accomplish this A549 and H358 cells will be infected 

with control GFP or SR-IB adenovirus followed by the treatment with DMSO 

control or the MEK inhibitor. Since the inhibition of NF-B induced apoptosis in 

cells treated with MEK inhibitor, additional treatment with caspase inhibitor 

Z-DEVD-FMK will be administered to prevent the induction of cell death. The 

expression of GFPT2 will be determined by QRT-PCR and immunoblotting. We 

predict that inhibition of NF-B will block the induction of GFPT2 and other 

NF-B-regulated targets TNFAIP3 and BIRC3 by MEK inhibitor. Additionally we 

will determine whether NF-B activation is required for the observed induction of 
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protein O-GlcNAcylation in NSCLC following MEK inhibition. To test this we will 

perform immunoblot analysis using O-GlcNAc-specific antibody on GFP control 

and SR-IB-expressing A549 cells treated with MEK inhibitor. Since NF-B can 

potentially affect protein O-GlcNAcylation by transcriptional regulation of several 

metabolic proteins involved in the flux of HBP, including glucose transporter 

GLUT3, hexokinase 2 (HK2) and GFPT2, we predict that NF-B silencing will 

result in decreased levels of global O-GlcNAcylation.    

Next we will determine whether induction of GFPT2 is required for MEK 

inhibitor-dependent elevation of protein O-GlcNAcylation. To accomplish that 

doxycycline-inducible GFPT2 shRNA A549 and control cell lines will be 

pre-treated with doxycycline and DMSO or MEK inhibitor. The levels of global 

O-GlcNAcylation will be determined by immunoblot. Given that UDP-GlcNAc, an 

end-product of HBP, is a common precursor for the synthesis of variety of 

glycans in the cell, it is possible that, in addition to O-GlcNAcylation, levels of 

O- and N-glycosylation and proteoglycan might be affected by knockdown of 

GFPT2. To determine that lysates of GFPT2 shRNA and control A549 cell lines 

will be analyzed by immunoblotting with PHA-L and DSL. Additionally 

immunofluorescence (IF) microscopy analysis with fluorescently labeled PHA-L, 

DSL and hyaluronan binding protein (HBP) will be performed. Given that neither 

GFPT1 isoform, nor OGT and OGA enzymes are affected by MEK inhibition it is 

plausible to speculate that GFPT2 is the main contributing enzyme responsible 

for the observed increase in O-GlcNAcylation. Therefore, we speculate that 

silencing of GFPT2 in MEK-treated cells will result in a decrease in protein 
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O-GlcNAcylation and glycan content. To confirm the specificity of this phenotype, 

a rescue experiment with glucosamine supplementation and ectopic expression 

of wild-type and enzyme-dead GFPT2 constructs will be performed. We expect 

that supplementation with glucosamine and ectopic expression of wild-type, but 

not enzyme-dead GFPT2 will result in a restoration of the levels of glycans 

present in MEK-treated control A549 cells. 

Protein O-GlcNAcylation has been shown to be induced by a variety of 

stress stimuli to promote cell survival and inhibit apoptosis via sustaining NF-B 

signaling (38-40). To test whether O-GlcNAcylation is required for cell survival 

following MEK inhibition, A549 cells will be transfected with siRNA against OGT, 

the main enzyme that adds O-GlcNAc modification onto target proteins, or 

control siRNA followed by treatment with MEK inhibitor (4). Cell viability will be 

determined by trypan blue staining, immunoblotting for cleaved caspase 3 and 

caspase 3 colorimetric enzyme assay (Genetex). Furthermore we will determine 

whether induction of GFPT2 is required to prevent apoptosis following MEK 

inhibition. Our preliminary results indicate that knockdown of GFPT2 results in a 

decreased cell survival in low glucose conditions as measured by trypan blue cell 

staining (Figure 11). We will determine whether this reduced cell viability is a 

result of an induction of apoptosis post-MEK inhibition. To confirm the specificity 

of the observed phenotype a rescue experiment using ectopic expression of the 

wild-type or enzyme-dead GFPT2 constructs as well as glucosamine 

supplementation will be performed. We expect that GFPT2 silencing will result in 

the induction of apoptosis in GFPT2 shRNA A549 cell line following MEK 
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inhibition as determined by increased levels of caspase activity and cleaved 

caspase 3 product. Furthermore we predict that supplementation with 

glucosamine or ectopic expression of wild type but not domain-dead GFPT2 will 

protect doxycycline pre-treated A549 GFPT2 shRNA cells from MEK inhibitor-

induced cell death.  

To determine potential mechanism of the effect of GFPT2 on the cell 

survival, we postulated that GFPT2 participates in the formation of the positive 

feedback-loop of NF-B signaling via elevated flux through hexosamine 

biosynthesis pathway (HBP). In support of this hypothesis our preliminary data 

indicate that ectopic expression of GFPT2 is able to potentiate NF-B signaling 

and transcriptional activity in HEK293T cells (Figure 10). To determine the 

mechanism of this effect, we will test whether ectopic expression of GFPT2 

protein in HEK293T cells induces elevated O-GlcNAcylation of RelA/p65, using 

sWGA beads to pull-down total O-GlcNAcylated proteins followed by immunoblot 

analysis using p65-specific antibody. We predict that expression of GFPT2 will 

result in increased global protein O-GlcNAcylation as well as O-GlcNAcylation of 

specific targets such as RelA/p65. Next, we will determine whether MEK 

inhibition enhances O-GlcNAcylation of RelA/p65 in NSCLC cells and whether 

GFPT2 expression is required in this process. To test this GFPT2 shRNA and 

control A549 cell lines will be treated with MEK inhibitor and sWGA beads will be 

used for a pull-down assay followed by immunoblot analysis of the levels of 

bound RelA/p65. Eluates from sWGA extracts will be digested with trypsin and 

analyzed by mass spectrometry to identify additional O-GlcNAcylated targets. 
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We predict that treatment with MEK inhibitor will increase in levels of 

O-GlcNAcylated RelA/p65, consistent with global induction of O-GlcNAcylation. 

Furthermore, we expect to identify a list of O-GlcNAcylated targets potentially 

implicated in cell survival. Additionally, knockdown of GFPT2 may result in 

decreased O-GlcNAcylation of RelA/p65 and this effect would be rescued by 

supplementation with glucosamine or expression of wild-type but not 

enzyme-dead GFPT2 construct. Finally we will determine the effect of GFPT2 

knock-down on RelA/p65 transcriptional activity in NSCLC following MEK 

inhibition by performing electrophoretic mobility shifts assays (EMSA) for NF-B, 

immunoblot analysis of phosphorylated components of NF-B pathway as well 

QRT-PCR analysis of NF-B regulated targets including TNFAIP3 and BIRC3 

following the knockdown of GFPT2 in the absence or presence of MEK inhibitor. 

We predict that GFPT2 knockdown will result in a decreased transcriptional 

activity of NF-B as determined by a reduced nuclear localization and DNA 

binding in EMSA assay, decreased phosphorylation of NF-B pathway and 

dampened transcription of NF-B target genes. 

Together the proposed experiments described in the future directions will 

determine the importance of GFPT2 in migration and invasion of mesenchymal 

NSCLC cells and will elucidate the relevance of GFPT2 induction in vivo in lung 

cancer. Additionally, studies outlined in this section will characterize the role of 

GFPT2 induction in response to MEK inhibition in NSCLC and will assess the 

potential benefit of combinatorial targeting of MEK and GFPT2 in lung cancers 

driven by Kras.      
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Figure 12. Mesenchymal NSCLC cells upregulate synthesis of 

multi-branched glycans. A. Table depicts a list of genes involved in N- and O-

glycosylation and the synthesis of proteoglycans and hyaluronan up-regulated in 

mesenchymal A549 cells. Differentially regulated genes are presented as fold 

induction, compared to unstimulated cells. The type of glycan products generated 

by the enzyme noted are shown in parenthesis (26) B. NSCLC cell lines H460, 

H226 and H1299 were cultured in tumorsphere cultures alone (CTRL) or with the 

addition of TNF/TGF(T/T). Whole cell extract (WCE) were analyzed by 

immunoblotting using biotinylated lectins: 1) Concavalin A (ConA) recognize 

global N-glycosylation; and 2) Datura Stramonium Lectin (DSL) recognize 

multi-branched N-glycosylation. GAPDH levels were used as a loading control.           
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Figure 13. GFPT2 interacts with components of the migratory and 

endocytic machinery. HEK293T cells were transfected with V5-tagged GFPT2 

in combination with GFP-tagged constructs encoding pro-migratory GTPases 

and components of endocytic pathway. HEK293T were lysed 24h post-

transfection and immunoprecipitation using anti-GFP antibody was performed as 

described in materials and methods. Immunoblot analysis of pull-down samples 

and inputs was done using anti-GFP and anti-V5 antibodies.  
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