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Title: Therapeutic Opportunities in Targeting the Pentose Phosphate Pathway in Colorectal 

Cancer 

 
 

Introduction: Colorectal cancer (CRC) is the third most common neoplasia and the 

second cause of cancer-related deaths worldwide. Unlike normal cells, tumor cells 

deregulate their metabolism and rely on aerobic glycolysis (Warburg effect). CRC cells 

upregulate the pentose phosphate pathway (PPP), and p53 is a crucial regulator. The PPP is 

a significant route for glucose catabolism and is required for DNA synthesis of rapidly-

proliferating cells. Its oxidative phase, catalyzed by the rate-limiting enzyme glucose-6-

phosphate dehydrogenase (G6PD), provides the cell with nicotinamide adenine 

dinucleotide phosphate (NADPH) that has biosynthetic and detoxifying functions, 

particularly against the generation of reactive oxygen species (ROS). 5-Fluorouracil (5-FU) 

is the treatment of choice in CRC. However, 5-FU exhibits high toxicity and drug 

resistance. Therefore, we hypothesized that targeting the PPP might offer novel therapeutic 

opportunities in CRC and improve the response to 5-FU. We aimed to investigate and 

characterize the anti-tumor effect of G6PD inhibitors (6-aminonicotinamide (6-AN), 

dehydroepiandrosterone (DHEA), and polydatin) alone, or in combination with 5-FU on the 

PPP in CRC cells.  

Methods: Assess the effect of G6PD inhibitors and 5-FU alone or in combination 

using cell viability assays (MTT, SRB) on CRC cell lines of different p53 and  

5-FU resistance status. Synergistic effects are estimated using Compusyn software. 

Determine the mechanism of action of the combination treatment on cell cycle and cell 

death using propidium iodide, and immunoblotting assays. PPP-related enzymes’ (G6PD, 

transketolase) product levels and/or activities are measured. ROS levels and glutathione 

peroxidase (GPx) activity are evaluated. 

Results: In silico analysis revealed elevated G6PD mRNA in CRC versus normal 

tissue. The tested G6PD inhibitors reduced CRC cell viability. 6-AN synergized with 5-FU 

treatment in HCT116 cells. Furthermore, 6-AN sensitized HCT116-5-FU resistant and 

HCT116 p53-/- cells to 5-FU treatment. The 6-AN/5-FU combination treatment induced cell 

cycle arrest in different phases and accumulation of treated HCT116 and HCT116 p53-/- 

cells in the sub-G1 phase. The 6-AN/5-FU combination reduced the activity of G6PD 

compared to single treatments while G6PD and transketolase levels remain unaltered. ROS 

levels and GPx activity increased upon treatment. CRISPR/Cas9 G6PD knockout HCT116 

cells are being developed. 

Conclusion: These findings reveal that combining G6PD inhibitors with 5-FU 

decrease resistance and further sensitize CRC cells to 5-FU treatment independently of p53 

and 5-FU drug resistance status. Exploiting the metabolic vulnerability of cancer offer a 

novel clinical approach in colorectal cancer management. 
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CHAPTER I 

INTRODUCTION 

 

 
A. Colorectal Cancer 

 

a. Incidence and Statistics 

 

 Colorectal cancer (CRC) is a type of cancer that affects the colon or the rectum. It is 

the third most common cancer and the second cause of cancer-related deaths after 

cardiovascular diseases worldwide. In 2018, the World Health Organization estimated that 

there were 1.8 million cases and 862,000 deaths from CRC (Figure 1) (WHO, 2018). Over 

one hundered thousand cases are estimated to be diagnosed in the United States (Siegel et 

al., 2020) It is the second most common cancer in women and the third most common 

cancer in men (WCRF, 2018). In Lebanon, data collected between 2003 and 2008 showed 

similar results, whereby there were 15.3 and 14.1 cases of CRC per 100,000 people for men 

and women, respectively (Shamseddine et al., 2014). 

 

 

 

Figure 1. Global estimation of the numbers of the different types of cancer cases and 

deaths worldwide, for all sexes, and all ages in 2018. CRC is the third most common 

cancer and the second cause of cancer-related death (WHO 2018). 
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b. Colorectal CancerRisk Factors, Symptoms, Diagnosis, and Prognosis 

 

  The risk factors of developing CRC include modifiable and unmodifiable risk 

factors. While age (over 65 years old) and family history are uncontrollable factors, other 

life-style risk factors such as smoking, alcohol consumption, diet, body mass index, and 

physical activity are modifiable risk factors (Oines et al., 2017). Additionally, a personal 

history of inflammatory bowel disease including ulcerative colitis and Crohn’s disease 

increase a patient’s risk in developing CRC (Marmol et al., 2017). Furthermore, a growing 

body of evidence suggests that the dysbiosis of the gut microbiome is a component 

influencing the multistep process of cancer development (Montalban-Arques et al., 2019). 

The signs and symptoms of CRC depend on the sight of the cancer in the colon or the 

rectum and include abdominal discomfort, changes in stool caliber, gastrointestinal 

bleeding, and fatigue. Screening for adenomatous polyps in the large intestine is used as a 

mean to identify CRC. Invasive screening modalities include colonoscopy, 

sigmoidoscopy, and computed tomographic colonography. Non-invasive detection 

methods include the fecal immunochemical and fecal occult blood tests and stool DNA 

testing (Nee et al., 2020). Another non-invasive advanced method for the genomic 

profiling of tumors is the use of next generation sequencing technology on circulating 

tumor DNA derived from blood or liquid biopsies of cancer patients. This allows for the 

evaluation of the molecular characteristics and makeup of the tumor (Schwaederle et al., 

2017). The five-year survival rate of CRC in patients with localized tumors is 90%, 

however, only 39% of patients are diagnosed at this early stage. The general five-year 

survival rate is 39% (ACS, 2020). 
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c. Molecular Pathogenesis of Colorectal Cancer 

 Colorectal cancer can be classified as sporadic (70%), inherited (5%), and familial 

(25%) (Marmol et al., 2017). The disease has a heterogenous etiological background. It 

develops as a result of the sequential acquisition of genetic and epigenetic modifications 

that inactivate tumor-suppressor genes, activate oncogenes, and alter DNA repair 

mechanism genes. Normal colorectal epithelial tissue is morphologically transformed into 

benign polyps through the stepwise process of successive accumulation of mutations 

overtime. Polyps are adenomatous neoplastic lesion precursors that some might evolve into 

a carcinoma state over an estimated 10-15-year period (Figure 2) (Vogelstein et al., 2013).  

 Globally, there are three major distinct mechanisms that can lead to CRC, namely 

chromosomal instability (CIN), microsatellite instability (MSI), and CpG island methylator 

phenotype (CIMP). Chromosomal instability is the most common abnormality in sporadic 

CRCs (70-90%) and is also referred to as the traditional adenoma-carcinoma pathway. This 

instability is typically initiated by mutations in the adenomatous polyposis coli (APC) 

followed by RAS activation and loss of heterozygosity or function of the crucial tumor 

suppressor p53 gene, whereby, p53 is a key regulator of cell proliferation, apoptosis, and 

cell cycle checkpoint. Conversely, the epigenetic CpG island methylation phenotype (10-

20%) is characterized by the abnormal methylation of cancer-related genes thus leading to 

genetic silencing or overactivation. This pathway is associated with RAS and RAF 

mutations (Dekker et al., 2019).  

Hereditary CRC can be subdivided into polyposis and non-polyposis (Lynch 

syndrome and familial CRC) cancers. The familial adenomatous polyposis (FAP) variant is 

involving multiple polyps in the colon. Lynch syndrome is characterized by the expansion 
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or contraction of microsatellite regions in the tumor, which is caused by defects in the DNA 

mismatch repair system genes, such as MLH1 and MSH2 genes (Nguyen et al., 2018). 

 

 

 

 

d. Therapy of Colorectal Cancer 

 The treatment of CRC depends on the stage of diagnosis. For the early stages of the 

disease the cancer will have either only invaded locally (stage I-II) or with regional lymph-

node metastases (stage III). Surgery is the mainstay therapy for these patients. 

Alternatively, patients may undergo endoscopic resection of polyps as the source of 

management to remove the neoplastic tissue. Metastatic CRC (stage III-V) patients usually 

present with more advanced and unresectable tumors (Dekker et al., 2019). Therefore, 

adjuvant radiotherapy, systematic chemotherapy, and/or targeted therapeutic regimens are 

generally required (Punt et al., 2017). 

Fluoropyrimidine-based chemotherapy, mainly 5-Fluorouracil (5-FU), is considered 

the backbone of first-line metastatic CRC treatment. It can be received as a single-agent 

therapy or improved with combination regimens containing other cytotoxic drugs, such as 

oxaliplatin and irinotecan. However, chemotherapy is associated with certain limitations 

Figure 2. Genetic and histological changes during colorectal cancer development. Driver 

mutations mostly appear in the APC gene followed by second and third round hit that 

expand tumor tissue (Vogelstein et al., 2013). 
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such as systematic toxicity, low tumor-specific selectivity, and acquired resistance. Hence 

this lead to the emergence of monoclonal antibody-targeted therapy that inactivates cancer 

cells directly by inhibiting various cell proliferation and migration pathways. Some of the 

first food and drug administration (FDA) approved drugs for targeted CRC therapy are 

cetuximab (anti-EGFR) and bevacizumab (anti-VEGF). Targeted therapy can be used in 

conjunction with first-line chemotherapy or as a second-line of treatment (Ciombor et al., 

2015). In addition, advances in immunotherapy are being made that enhance immune 

recognition pathways against cancer cells (Kruger et al., 2019). Since cancer cells harbor 

various genetic and epigenetic modifications, tumor cells can be identified and obliviated 

by the host immune system through activation of T cells to bind to major histocompatibility 

complex of antigen-presenting cells. Microsatellite instability-high patients have a high 

mutational burden that results in many neoantigen with potential to be recognized by one’s 

immune system (Kopetz, 2019). 

1- 5-Fluorouracil Resistance 

5-FU is an S-phase inhibitor fluorinated pyrimidine analogue antimetabolite drug 

used worldwide for the treatment of metastatic CRC (De Angelis et al., 2006). 5-FU works 

by inhibiting the rate-limiting nucleotide synthetic enzyme thymidylate synthetase (TS), the 

sole de novo source of thymidine. It also acts by misincorporation into the DNA and RNA 

structures thus disrupting RNA processing and blocking cell proliferation (Longley et al., 

2003) (Figure 3). Although 5-FU improves overall response in patients, unfortunately as 

high as 50% of metastatic CRC develop resistance to 5-FU based chemotherapy (Douillard 

et al., 2000; Giacchetti et al., 2000). Discovered mechanisms of resistance to 5-FU showed 

that its effect can be hindered at many levels, such as at the stage of drug influx and efflux, 
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its early metabolism and degradation by various enzymes, and resistance at the cell cycle 

kinetic and apoptotic levels (Mader et al., 1998). Similarly, data suggest that MSI-high 

patients lack benefit towards 5-FU-based chemotherapy compared to microsatellite-stable 

patients (Battaglin et al., 2018).  

 

 

 

  

 

B. Cancer Metabolism 

a. Overview 

 Cancer cells rewire their metabolism to generate sufficient levels of cellular 

components to support cell proliferation. The hallmarks of cancer establish an 

organizational principle for explaining the complexities during the multistep process of 

tumorigenesis. The hallmarks include resisting cell death, sustaining proliferative signaling, 

evading growth suppressors, enabling replicative immortality, activating invasion and 

metastasis, inducing angiogenesis, avoiding immune destruction, and reprogramming 

Figure 3. Mechanism of action of 5-FU on a neoplastic cell. 5-FU inhibits the action of 

Thymidylate synthase by binding to its cofactor site. Thus, it reduces DNA synthesis 

and replication (Micali et al., 2014). 
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cellular energetics (Figure 4) (Hanahan et al., 2011). The last two hallmarks emerged in 

2011 and have been drawing a growing amount of attention since. Interest in targeting 

metabolic pathways in cancer has been renewed over the past decade. The higher rates of 

energy metabolism involve the alteration of protein, lipid, carbohydrate, and nucleic acid 

metabolism (Figure 5). The abnormal tumor microenvironment induces stressors such as 

hypoxia, low pH, and nutrient deprivation, elicit to cancer metabolism alteration, including 

autophagy (Cairns et al., 2011). 

 The uncontrolled proliferation of cancer cells demands an increased import of 

building blocks that support tumor progression. Glucose and glutamine, the principle 

growth-supportive substrates, provide intermediates that are diverted into branching 

pathways for numerous biosynthetic precursors. These nutrients fuel ATP generation and 

produce nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide 

phosphate (NADPH). Furthermore, these precursors assist in assembling nucleotide and 

non-essential amino acids as well as supporting fatty acid and organelle biosynthesis 

(Martinez-Outschoorn et al., 2017). First in the series of the routs that branch from 

glycolysis is the pentose phosphate pathway (PPP), a reducing anabolic pathway essential 

for neoplastic transformation. Tumor cells aberrantly activate oncogenes and/or repress 

tumor suppressor genes that lock cancer cells in a constitutively scavenging state. Notably, 

the RAS and phosphoinositide 3-kinase (PI3K)/ protein kinase B (AKT)/ mammalian target 

of rapamycin (mTOR) signaling pathway offer restorative overexpression of the plasma 

membrane glucose transporter 1 (GLUT1) along with the first enzyme of glycolysis, 

hexokinase (Pavlova et al., 2016). This marked increase in consumption of glucose by 

tumors compared to healthy counterpart tissue is known as the Warburg effect. Under 



 

 8 

aerobic conditions, normal cells metabolize glucose through glycolysis then further in the 

mitochondria through oxidative phosphorylation. Otto Warburg observed that in most 

cancer cells, even in the presence of oxygen, tumor cells favor and reprogram their glucose 

metabolism to rely largely on glycolysis for energy production, resulting in a state of 

“aerobic glycolysis” (Bader et al., 2020).  

 

 

 

 

Figure 4. The eight aquired capabilities that constitute the hallmarks of cancer. 

Neoplastic cells acquires progressive functional capabilities during the 

pathogenesis. The latest two hallmarks, relating to cancer metabolism and 

immunotherapy, emerged in 2011 and have been gaining widespread interest since  

(Hanahan et al., 2015) 
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b. The Pentose Phosphate Pathway 

 
The PPP, also known as the hexoses monophosphate shunt (HMP) or the 

phosphogluconate pathway, is a pivotal elevated pathway in neoplasms (Figure 6). It 

contributes to ribonucleotides synthesis and maintains cytosolic reduction-oxidation 

Figure 5. The metabolic pathways comprised in a tumor cell. Cancer cells utilize big 

amounts of glucose and glutamine. Multiple interconnected metabolic coupling 

supports the incorporation of various precursors into anabolic routs to synthesize 

ATP, nucleotides, NADPH, proteins, and lipids for continuous growth (Martinez-

Outschoorn et al., 2017) 
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(redox) balance through NADPH production. Glucose 6 phosphate dehydrogenase (G6PD), 

the first and rate-limiting PPP enzyme, gained significant interest when discovered to be 

correlated with hemolytic anemia, a condition induced by oxidizing agents such as fava 

beans. Moreover, red blood cells are rendered vulnerable as the PPP is the singular source 

of NADPH production for protecting them from reactive oxygen species (ROS) damage 

(Patra et al., 2014). With over 400 million people suffering from genetic defects in G6PD, 

it is interesting to study its correlation with a lower risk of CRC, which calls into question 

whether this confers a selective growth advantage in these patients (Dore et al., 2016). 

Collectively, the PPP maintains redox homeostasis and reduced nitrogenous bases. It 

shuttles intermediates with tricarboxylic acid (TCA), lipid, and amino acid metabolism 

depending on the cellular demand. The PPP is divided into two interrelated phases: the 

irreversible oxidative phase and the reversible non-oxidative phase. 
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Figure 6. The pentose phosphate pathway. It has two phases: oxidative and non-

oxidative. The main product of the first phase is NADPH, and that of the second part is 

Ribulose 5 Phosphate. Glucose 6 Phosphate, Frutose 6 Phosphate, and Glyceraldehyde 3 

Phosphate circulate with glycolysis (Let's Talk Academy, 2018) 
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1- The Oxidative Phase 

This pathway goes through dehydrogenation, hydrolyzation, and decarboxylation steps 

to generates 2 NADPH molecules and a ribose. The primary substrate, glucose 6 phosphate 

(G6P), is oxidized to 6-phosphogluconate (6PG) by G6PD, yielding an NADPH molecule. 

Then, 6PG undergoes oxidative decarboxylation by 6-phosphogluconate dehydrogenase 

(6PGD) to produce ribulose 5 phosphate (Ru5P) and a second NADPH molecule. Being a 

critical enzyme, the expression and activity of G6PD are tightly regulated.  In rapidly 

proliferating cells, a high NADP+/NADPH ratio positively regulates G6PD to support 

NADPH production. Additionally, G6PD can be extrinsically regulated by some oncogenes 

such as platelet-derived growth factor (PDGF), epidermal growth factor (EGF), PI3K, and 

RAS (Patra et al., 2014), whereas p53 was reported to be a negative regulator of G6PD by 

binding directly to it, preventing monomer dimerization (Peng Jiang et al., 2011). 6PDG 

has frequently been studied with G6PD for its pivotal role in tumorigenesis. In fact, 6PDG 

genetic silencing  revealed p53 accumulation and senescence of lung cancer cells, and 

slowed tumor growth in mouse xenograft models (Sukhatme et al., 2012). Moreover, 

enhanced G6PD activity was reported in papillary thyroid carcinoma, colorectal, renal, and 

prostate cancer. NADPH is an essential anabolic reducing agent that supports reductive 

biosynthesis of fatty acids and nucleotides. Furthermore, NADPH maintains survival under 

oxidative stress conditions that are generated from deregulated mitochondria or 

metabolically active cells (Kowalik et al., 2017). Moreover, glutathione (GSH) is an 

essential antioxidant tripeptide that scavenges of ROS, and NADPH is a critical cofactor 

involved in continuously replenishing the glutathione reductase pool (Figure 7) (Pai et al., 

1983). 
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2- The Non-Oxidative Phase 

The recycling phase starts with Ru5P that is converted into the anabolic pentose sugar 

ribose 5 phosphate (R5P), a structural component for purine and pyrimidine nucleotides 

biosynthesis. Xylulose 5 phosphate (Xu5P) was reported to increase glycolytic flux. The 

major enzymes that lead the non-oxidative PPP are transketolase (TKT) and transaldolase 

(TALDO). The reversible nature of these enzymes allows glycolytic intermediates, such as 

fructose 6 phosphate (F6P) and glyceraldehyde 3 phosphate (GA3P), to be recruited into 

this pathway and vice versa (Patra et al., 2014). Overexpression of TKT has been 

associated with tumor invasiveness and poor cancer prognosis in colon and urothelial 

cancers (Langbein et al., 2006; Patra et al., 2014). 

3- Regulation 

PPP enzymes can be allosterically regulated by their own metabolic products to 

maintain expression and facilitate growth. Depending on the need, the PPP can operate in 

different modes. In rapidly dividing cells, TKT and TALDO reversely channel GA3P and 

Figure 7. NADPH produced from G6PD is an essential cofactor in 

reducing glutathione. Glutathione is oxidized to GSSG to protect cells 

from ROS derivatives and free radicals (Rudd, 2012). 



 

 14 

F6P from glycolysis to the non-oxidative PPP to generate RNA and DNA precursors from 

R5P. During oxidative stress, F6P is converted back to G6P through glycolysis and shuttled 

back to the PPP to maintain NADPH homeostasis. On the other hand, when ATP is in 

higher demand, PPP products can be circulated back into the glycolytic pathway (P. Jiang 

et al., 2014). When glucose availability is scarce, pathways other than the PPP maintain 

NADPH thresholds to prevent cell death. One of these mechanisms is mediated by the 

activation of AMP-activated protein kinase (AMPK) that halts the consumption of NADPH 

by fatty acid synthesis. Rather, the malic enzyme and isocitrate dehydrogenase induce fatty 

acid oxidation which generates more NADPH molecules (Patra et al., 2014). 

 

c. Pentose Phosphate Pathway Deregulation in Cancer Metabolism 

Cancer cells can overcome strict metabolic surveillance of the PPP by acquiring genetic 

mutations and epigenetic modifications that impact this pathway. In addition to stimulating 

the expression of p53-induced glycolysis and apoptosis regulator (TIGAR), p53 can repress 

transcription of GLUT1 and GLUT4. TIGAR functions as a fructose 2,6 biphosphate 

phosphatases, which inhibits phosphofructose kinase, thereby redirecting glycolytic 

intermediates towards the PPP (Galluzzi et al., 2013). P21-activated kinase 4 (PAK4) 

promotes glucose uptake, NADPH production, and lipid biosynthesis. It positively 

correlated with CRC in tissue samples as it binds to G6PD and over activates it (X. Zhang 

et al., 2017). mTOR complex 1 is frequently activated in cancer cells (Figure 8). Its 

activation revealed a significant upregulation in the oxidative PPP, mainly G6PD, by 

elevating the activity of transcription factor sterol regulatory element-binding protein 

(SREBP) (Duvel et al., 2010). 
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We and others have shown the activity of oxidative phase PPP enzymes to be 

upregulated in CRC (Figure 9) (Al Saleh et al., 2018). Shibuya et al. showed that the 

synthesis of G6PD and TKT enzymes were augmented in CRC patients (Shibuya et al., 

2015) while Shimizu et al. published similar findings in  hepatocellular carcinoma 

specimens (Shimizu et al., 2014). In a pancreatic cancer mouse model, K-Ras stimulation 

was shown to activate the non-oxidative phase of the PPP (Ying et al., 2012). Thus, 

exploiting the reprogrammed metabolic differences between tumor and healthy cells holds 

promises as novel therapeutic approaches that selectively target cancer cells (Martinez-

Outschoorn et al., 2017).  

 

 

 

 

Figure 8. Key glycolytic and PPP oncoproteins and tumor suppressor proteins 

that regulate metabolic flux between the pathways (P. Jiang et al., 2014). 



 

 16 

 

 

 

 

C. Pentose Phosphate Pathway Inhibitors 

 The PPP influx correlates with malignancy and tumor invasion, and its inhibition 

remains an attractive research approach against cancer. Unfortunately, efficient anti-PPP 

agents are still not available in the clinical setup and investments are still needed. Listed 

below are a set of synthetic and natural oxidative PPP inhibitors, namely inhibitors of G6PD 

and 6PGD, that could be used to treat CRC and restore sensitivity to chemotherapy. 

 

a. Polydatin 

Polydatin, (3,4′,5-trihydroxystilbene-3-β-d-glucoside; trans-resveratrol 3-β-mono-

D-glucoside; piceid), is a glucoside of resveratrol extract from the Chinese herb Polygonum 

cuspidatum. It is abundantly found in other plants such as grapes, peanuts, and cocoa-

containing products. It has many biomedical properties such as cardioprotective activity, 

anti-inflammatory, immunomodulatory, and antioxidative effects (Du et al., 2013). 

Figure 9. Comparison of total dehydrogenase basal activity of the PPP in 

human colorectal cancer cells (HCT116, HCT p53-/-, HCT116 p21-/-) and 

the normal-like NCM460D cells (Al Saleh et al., 2018) 
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Additionally, it has apoptotic characteristics in neoplastic cells through direct inhibition of 

G6PD enzymatic activity and imparing NADPH production (Figure 10). In head and neck 

squamous cell carcinoma cells, polydatin was shown to increase ROS, endoplasmic 

reticulum stress, and apoptosis while arresting the cell cycle and inhibiting invasion. In an 

in vivo tongue cancer model, it shrank tumor size while inhibiting lymph node metastasis 

(Mele et al., 2018). Moreover, polydatin revealed a synergistic effect with Lapatinib, a 

tyrosine kinase inhibitor in breast cancer cells, by inducing autophagy (Mele et al., 2019).  

In CRC, polydatin was shown to induce cell-specific differentation and apoptosis (De 

Maria et al., 2013). Currently, polydatin is in phase II clinical trials and was shown to have 

minimal side effects and high tolerance in humans (40 mg twice per day for 90 days) 

making it a natural favorable treatment (Cremon et al., 2017). Admittedly, the definitive 

target proteins and mechanism of action of polydatin remain undetermined.  
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b. Dehydroepiandrosterone 

The discovery of the metabolic pathway of Dehydroepiandrosterone (DHEA) won the 

Nobel Prize in 1939 (Klinge et al., 2018). DHEA, (3β-hydroxy-5-androsten-17-one), is a 

19-carbon endogenous hormone synthesized de novo from cholesterol in the adrenal gland. 

This steroid is a precursor for estrogen and androgen (Di Monaco et al., 1997). Together 

with its sulfur ester DHEA-S, they make up the most abundant steroid in the body and peak 

during the second and third decade of life (Klinge et al., 2018). However, DHEA is a 

hundered times more potent G6PD inhibitor (Di Monaco et al., 1997). 

Figure 10. Schematic representation of polydatin in action in a cancer cell 

(Mele et al., 2018) 
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DHEA was originally found to employ a chondroprotective role and effective against 

osteoarthritis. It exerts a beneficial effect on osteoarthritic cartilage by positively 

modulating the balance between anabolic and catabolic signaling pathways. DHEA 

increased the expression of the tissue inhibitor of metalloproteinases-1 (TIMP-1) while it 

inhibited the expression and protein synthesis of metalloproteinases-1 (MMP-1). It was also 

found to suppress pro-inflammatory cytokines and inhibit atherosclerosis (Huang et al., 

2018). Epidemiological analysis showed an inversely proportional correlation between 

serum DHEA levels and risk of developing breast hyperplasia (Zumoff et al., 1981).  

Besides its natural hormonal role, research suggests that it is a potent inhibitor of 

mammalian G6PD. DHEA uncompetitively binds to both G6P and NADP+, where DHEA 

adheres to the enzyme-coenzyme-substrate ternary complex, however other studies show 

DHEA to be a noncompetitive G6PD inhibitor (Fang et al., 2016). It decreases cellular 

NADPH and increases ROS production (Gordon et al., 1995). DHEA studies showed that it 

was able to in reduce G6PD activity in preneoplastic liver lesions and inhibit proliferation 

of CRC in soft agar assay (Kowalik et al., 2017). DHEA is, however, rapidly converted into 

other steroid hormones in vivo which renders its efficacy as an inhibitor of the oxidative 

PPP disputable (Di Monaco et al., 1997). Clinical trails of DHEA are encumbered by the 

high oral doses required and, therefore, DHEA is still in early development. 

 

c. 6-Aminonicotinamide  

6-aminonicotinamide (6-AN) (Figure 11) is a monocarboxylic acid amide that is the 

most potent antagonist of niacin. This antimetabolic drug is activated when it is converted 

into the respective analogs of NAD+ and NADP+, with NADP+ being converted into 6-
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aminonicotinamide adenine dinucleotide phosphate (6ANADP) much faster and more 

completely than NAD is converted into 6-aminonicotinamide adenine dinucleotide 

(6ANAD) (Herken, 1968). These analogs are incapable of participating as coenzymes in the 

redox reactions of the body (Carmona et al., 1990). Conversion of NAD and NADP into 

these corresponding analogs requires one of two possible mechanisms: (1) by 6-AN 

replacing the nicotinamide moiety of existing NAD and NADP in the reaction catalyzed by 

NAD(P) glycohydrolase. Alternatively, (2) by 6-AN being incorporated into these pyridine 

nucleotides during their de novo synthesis (Dietrich et al., 1958). 

 

 

 

 

 

6-AN acts as a competitive inhibitor of the NADP-dependent G6PD and 6-PDG 

enzymes, evidenced by 6-AN increasing the levels of ROS production while reducing 

NADPH biosynthesis (Budihardjo et al., 1998). The incubation of 6-AN with isolated 

hepatocytes (Carmona et al., 1990) and human lung carcinoma cells (Varnes, 1988) 

resulted in a marked buildup of 6PG levels. Preclinical trials have shown that the 

Figure 11. Chemical Structure of 6-AN (Ren et 

al., 2019) 
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application of 6-AN in adjuvant antineoplastic drugs serves to potentiate the effects of 

radiation and chemotherapy (Koutcher et al., 1993), as reported in mammary carcinoma 

mouse models (Kowalik et al., 2017). 6-AN induced an increase in the expression of the 

glucose-regulated stress protein (GRP78) and was found to be associated with enhanced 

responsiveness to DNA cross-linking agents in CRC (Belfi et al., 1999). Notably, the 

combination of cisplatin and 6-AN resulted in accumulation in platinum-DNA adducts 

(Budihardjo et al., 1998). Combining 6-AN with other drugs sensitizes treatment in distinct 

cancers such as breast, ovarian, leukemia (Stolfi et al., 1992), and hepatocarcinoma 

(Dietrich et al., 1968).  In CRC, 6-AN was able to reverse the increase of G6PD and GSH 

as well as inhibited multidrug resistance in the doxorubicin-resistant human colon cancer 

cell line HT29-DX (Polimeni et al., 2011). 

Additionally, 6-AN has cytotoxic and high antiviral activity, as evidenced in several 

cell lines and transgenic- hepatitis B virus (HBV) mouse models. Manifestly, 6-AN was 

able to inhibit the secretion of HBV surface antigen in hepatoblastoma cells through a 

reduction in the peroxisome proliferators-activated receptor-α (PPARα) transcription factor 

activity. Previous studies have also demonstrated its implication in treating skin diseases, 

namely psoriasis. 6-AN has antiparasitic responses against Leishmania and Plasmodium 

falciparum microorganisms (Ren et al., 2019). 

Unfortunately, the clinical use of 6-AN is hampered by its toxicity at high 

concentrations, severe side effects, such as B-complex vitamin deficiency and serious 

neurological damage and paralysis presumably due to its direct action on the central 

nervous system (Penkowa et al., 2004). Therefore, further clinical research is still 

undergoing for identifying effective dosages of 6-AN administered to patients.  
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Drug 
Mechanism of  

action 
Nature of the drug Phase in clinics 

Polydatin 
Natural inhibitor of 

G6PD 

Glucoside of 

resveratrol 

Phase II clinical trials 

(Mele et al., 2018) 

DHEA 
Non-competitive 

inhibitor of G6PD 
Steroid hormone 

On the market 

(Vassallo, 2019) 

6-AN 
Competitive inhibitor 

of G6PD and 6PGD 

Monocarboxylic acid 

amide 

Preclinical 

development 

(Zackheim, 1975) 

(Budihardjo et al., 

1998)  

 

 

d. Combination therapies 

Researchers commonly use drug combinations to treat a range of diseases such as 

AIDS, bacterial infections, and cancer. Such combinations are less likely to be impeded by 

resistance and have the desirable potential to be synergistic. Synergistic combination 

therapies conceptualize that if lower doses of the principle agents can be used there can be 

dwindled toxicity (Torres et al., 2013). Chou-Talalay’s Compusyn software, a combination 

index algorithm, is a simple method for the quantitative assessment of synergistic and 

antagonistic drug combinations. The utilization of such algorithms is time-efficient, 

economical, and reduce the number of animals needed in an experiment or of patients 

needed in a clinical trial (Chou, 2010).  

  

Table 1. Comparison between different oxidative PPP inbibitors 
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CHAPTER II 

RATIONALE, SPECIFIC AIMS, AND SIGNIFICANCE 

Colorectal cancer remains one of the deadliest cancers worldwide. Scientists have 

been massively investing in developing of new approaches to improve existing CRC 

chemotherapy (Xie et al., 2020). Cancer metabolism, a hallmark of cancer, is an emerging 

vulnerability of tumor cells, which offers a new therapeutic window for researchers to 

study (Hanahan et al., 2011). Glycolysis and the PPP enzymes are shown to be upregulated 

in CRC (Shibuya et al., 2015), and p53 is a crucial regulator. The latter inhibits the PPP by 

binding to the rate limiting enzyme, G6PD (Peng Jiang et al., 2011).  

5-FU is the reference drug selected against CRC and is the most common 

chemotherapeutic treatment against solid tumors globally (Sara et al., 2018). However, 

drug-related toxicity and resistance are frequently seen in 5-FU treated patients. Therefore, 

combination treatments are often considered in CRC management. More recently, 

metastatic CRC protocols are considering combining 5-FU to other chemotherapeutic drugs 

(Sánchez-Gundín et al., 2018), but it is not known whether inhibiting the PPP sensitizes 

cells to 5-FU and whether 5-FU resistance in tumor cells is linked to PPP regulation.   

We aim in this study to examine the different metabolic drugs that regulate the PPP 

in CRC and to determine whether they improve treatment outcomes in combination with 

current standard chemotherapy. 

Accordingly we will use in vitro human CRC models harboring mutations relevant 

to colorectal tumorigenesis (mainly HCT116 and HCT116 p53-/-) and HCT116 5FU-R 

cells. In this study, we will characterize the potential treatment and investigate its 
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implications in various cellular processes involved in CRC progression and PPP 

upregulation. Specifically we will target the following aims: 

1- Investigate the levels of G6PD expression in human normal and CRC tumors 

through in silico analysis. 

2- Investigate the anti-tumor effect, modulation of metabolism, and the mechanism 

of action of several G6PD inhibitors, particularly, 6-AN, alone or in 

combination with 5-FU in human CRC in vitro models. 

3- Assess the regulation of key PPP and related enzymes by 6-AN alone or in 

combination with 5-FU treatment. 

Therefore, our hypothesis is that inhibiting the PPP in CRC may halt tumor 

progression and sensitize treatment to conventional chemotherapy. This research may lead 

to novel therapeutic strategies in CRC with drugs that target metabolism thus having 

implications in the future of clinical research. 
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CHAPTER III 

MATERIALS AND METHODS 

 

A. In Silico Analysis of G6PD Expression 

Expression levels of G6PD mRNA were evaluated in publicly available datasets 

comprised of a wide collection of colorectal tumor versus normal counterparts. In silico 

analysis was conducted to investigate G6PD expression in malignant and premalignant 

(adenoma) lesions of the colon and rectum along with normal colon and rectal tissue. P 

values < 0.05 were considered statistically significant. The keywords used were CRC, 

G6PD, and P-value < 0.05, where the inclusion criteria included any significant study 

presenting G6PD mRNA expression in colorectal cancer vs. normal tissue. Particularly, 

data collected for our studies were obtained from (Hong et al., 2010), (Skrzypczak et al., 

2010), (TCGA, 2011), and (Sabates-Bellver et al., 2007). Boxplots were obtained from the 

Oncomine website (Oncomine). 

 

B. Cell Culture 

1- In Vitro Human Model of Colorectal Cancer 

Human CRC cell lines: HCT116, HCT116 p53-/-, and HCT116 5-FU resistant 

(HCT116 5FU-R) were used in these studies.  

a. HCT116 Cell Line 

HCT116 is a well-characterized human epithelial adherent malignant cell line; one 

of three subpopulations of colonic carcinoma primary cell culture derived from an adult 



 

 26 

male. HCT116 cells are highly motile, invasive, and tumorigenic in xenographt mouse 

models (Brattain et al., 1981). They can be used as a transfection host (Rajput et al., 2008). 

This cell line possesses a wild-type p53 gene (Waldman et al., 1995). This cell line harbors 

a mutation in codon 13 of the Ras proto-oncogene and expresses the transforming growth 

factor beta 1 and beta 2. HCT116 is listed as CCL-247TM in the ATCCcell bank and is 

considered as microsatellite instable cell line (Ahmed et al., 2013). 

b. HCT116 5FU-Resistant Cell Line 

HCT116 5FU-R CRC cell line was derived from the parental HCT116 cell line by 

incubating it with increasing concentrations of 5-FU (0.1 to 40 M), for a total period of 

eight months (Abdel-Samad et al., 2018). HCT116 5FU-R cells were regularly treated 

with 60 M of 5-FU the day after thawing without observing any effect on cell viability. A 

number of genes altered by 5-FU resistance were identified through microarray 

techniques, and include: alteration of nucleotide, amino acid, and oxygen metabolism, 

cytoskeletal organization, and transportation. Although 5-FU has been the reference drug 

for the last five decades, it is normally toxic and exhibits resistance in CRC patients (N. 

Zhang et al., 2008). 

c. HCT116 p53-/- Cell Line 

p53 protein is a major governer of the cell cycle, DNA repair mechanism, cell death 

and survival. More recently, p53 was shown to be a key regulator of cellular metabolism 

(Eriksson et al., 2017) and inhibits the PPP by binding to its rate limitng enzyme G6PD 

(Peng Jiang et al., 2011). Deregulated p53 is observed in 50 % of CRC patients and infers 

an  aggressive and resistant behavior to chemotherapy (Li et al., 2015). This isogenic in 
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vitro cell line has the same characteristics as HCT116 but p53 was knocked out by 

homologous recombination. HCT116 p53-/- cells are relatively more resistant to drugs than 

their parental counterparts (Boyer et al., 2004). 

 

2- Cell Culture Conditions 

HCT116 and HCT116 5FU-R cells were maintained in RPMI 1640 medium 

(Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma-

Aldrich), 100 U/ml penicillin-streptomycin (Sigma-Aldrich) and 1 mM sodium pyruvate 

(Sigma-Aldrich). HCT116 p53-/- cells were maintained in DMEM (Sigma-Aldrich) media 

containing 10% FBS, 100 U/ml penicillin-streptomycin (Sigma-Aldrich), 1 mM sodium 

pyruvate (Sigma-Aldrich), and 1x MEM non-essential amino acid (Sigma-Aldrich). All 

cells were cultured in an incubator with 5% CO2 at 37C and under humidified conditions.  

 

C. MTT Proliferation Assay 

HCT116 and HCT116 5FU-R cells were seeded in triplicates in a 96-well plate at a 

density of 5,000 cells/well, left overnight, and treated the next day using the below 

mentioned drugs. Cells were treated with a panel of Polydatin (Phytolab) concentrations 

with daily replenishment for up to 72 hours. Cells exposed with different concentrations of 

DHEA (Sigma) and 6-AN (Aldrich) were treated once and left up to 72 hours. Cells treated 

with Polydatin and 5-FU (Sigma) combinations were replenished daily for up to 72 hours. 

Cells treated with DHEA and 5-FU combinations and 6-AN/5-FU combinations were 

treated once and left up to 72 hours. Thiazolyl blue tetrazolium bromide dye (MTT, Sigma-



 

 28 

Aldrich) at 5 mg/ml was added at each time point (final concentration 0.5 mg/ml). After 3 

hours, the resultant intracellular formazan crystals were dissolved by adding 100 L of 

SDS-based solubilizing agent and left to incubate overnight. The absorbance (O.D.) was 

measured at 595 nm using the enzyme-linked immunosorbent assay (ELISA) microplate 

reader (Multiskan Ex). 

 

D. SRB Proliferation Assay 

The inhibitory effect of the following drugs was tested using the Sulforhodamine B 

(SRB) cell cytotoxicity assay kit (abcam 235935). It is a colorimetic assay based on total 

cellular protein content. HCT116, HCT116 p53-/-, and HCT116 5FU-R CRC cells were 

seeded in a 96-well plate at a density of 5,000 cells/well, left overnight, and treated the next 

day. HCT116 cells were treated either with a panel of different 6-AN concentrations or 

using 6-AN/5-FU combinations up to 72 hours. HCT116 5FU-R and HCT116 p53-/-  were 

treated with 6-AN (10 M), 5-FU (5 M), or 6-AN (10 M) + 5-FU (5 M) up to 72 hours. 

The steps followed were utilized as per the manifacturer’s protocol. Briefly, treated cells 

were treated using a fixation solution, washed, and incubated with the SRB salt to be 

stained by it. Next, cells were washed with a solublization solution for bound SRB to 

dissolve. The plate was read at an absorbance of 595 nm using the ELISA Multiskan Ex 

microplate reader. This assay was used to confirm the results seen in the MTT assay results.  
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E. Compusyn 

To investigate the drug-drug pharmacodynamics, the software Compusyn was used 

to describe the interactions and to determine possible synergy. Cell viability of three 

different concentrations of each drug and their combinations obtained by MTT assay were 

fed into the software to evaluate drug/drug interactivity. According to this algorithm, a 

combination index (CI) higher than one indicates an antagonistic effect of the investigated 

drugs, a CI equal to one refers to an additive effect, while a CI lower than one indicates 

synergy.  

 

F. Nitroblue Tetrazolium Reduction Assay 

HCT116 human CRC cells were seeded in triplicates in a 96-well plate at a density 

of 5,000 cells/well. Cells were incubated overnight and then treated with 6-AN (10 M), 5-

FU (5 M), or 6-AN (10 M) + 5-FU (5 M). The levels of ROS produced were 

determined using the nitroblue tetrazolium (NBT) assay where NADPH reduced NBT salt 

into formazan that correlates with ROS levels. NBT (ARCOS) (1 mg/ml, 100 l) was 

added to control and treated wells and incubated for one hour. Then, cells were washed 

with methanol (100 l/well), and left to dry at room temperature. The formazan crystals 

were solubilized with potassium hydroxide (KOH) (2 M, 120 l) and dimethyl sulfoxide 

(DMSO) (140 l). The developed color was read at an absorbance of 630 nm using the 

enzyme-linked immunosorbent assay ELISA microplate reader MultiSkan Ex. The 

percentage of reduced NBT was calculated from the ratio of the absorbance obtained from 
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treated cells over control multiplied by 100. ROS levels were then determined by 

substracting % NBT reduced from 100.  

 

G. Cell Cycle Analysis 

HCT116 and HCT116 p53-/- cells were seeded in a 6-well plate at a density of  

200,000 cells/well. Cells were incubated overnight and then treated the next day with 6-AN 

(10 M), 5-FU (5 M), or 6-AN (10 M) + 5-FU (5 M). Cell cycle analysis was 

performed using the propidium iodide (PI) assay. Cells were washed with 1x PBS, 

trypsinized, and harvested. Then cells were centrifugated at 1500 rotations per minute 

(rpm) for 5 minutes at 4C. The supernatant was discarded, pellets were washed with ice-

cold 1x PBS and centrifugated again at 1200 rpm for 5 minutes at 4C. Cells were fixed 

with 80% ethanol and kept up to 10 days at -20C. Next, fixed cells were incubated with 

100 L RNase A (Roche Diagnostics) for 1 hour, resuspended in up to 500 ml 1x PBS, and 

then stained with 30 L PI (Sigma-Aldrich) then incubated for 10 minutes in the dark. 

10,000 cells were collected and analyzed using FACScan flow cytometer (Becton 

Dickinson) and cell cycle distribution was verified using BD FACSDIVA software (Becton 

Dickinson). 

 

H. G6PD Activity Assay 

The G6PD enzymatic activity was measured utilizing the G6PD colorimetric 

activity assay kit (abcam 102529). The assay is based on the oxidation of G6P to gluconate 

by G6PD present in the sample. HCT116, HCT116 p53-/-, and HCT116 5FU-R cells were 
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seeded at a density of 100,000 cells in a 6-well plate and incubated to settle overnight. 

These cells were then treated with 6-AN (10 M), 5-FU (5 M), or 6-AN (10 M) + 5-FU 

(5 M) for 48 hours. Total protein content was extracted using ice cold PBS by repetitive 

(10x) syringing and 5 cycles of freezing/thawing. Then, cells were centrifugated to collect 

proteins found in the supernatant, and quantified using the Bradford Protein Assay (Bio-

Rad). A total of 10 g of protein was mixed with assay buffer, G6PD substrate, and G6PD 

developer according to the manufacturer’s protocol. A positive and negative control 

ensured the assay was running correctly. Colorimetric measurement was read kinetically 

every 1 minute for 30 minutes at an O.D. of 450 nm at 37C protected from light using the 

microplate Tristar multimode reader. The unit activity of the G6PD enzyme was defined as 

the amount of G6PD that will generate 1.0 mol of NADPH per minute at 37C. The 

formula followed when calculating the activity was ( B / (ΔT x V)) x D. Where B = amount 

of NADPH present in the sample wells calculated from the standard curve obtained (nmol), 

ΔT = linear phase reaction T2 – T1 (minutes), V = original sample volume added into the 

reaction well (mL), and D = sample dilution factor. 

 

I. Transketolase Assay 

The Transketolase (TKT) Human SimpleStep ELISA kit (abcam 187398)  

quantitatively measures the amount of TKT present in human cells. Signals generated 

from the assay are measured colorimetrically and are proportional to the amount of TKT 

analyte present in the samples. HCT116 cells were seeded at a density of 1,500,000 cells 

in a 10 cm plate and incubated overnight. Cells were treated with 6-AN (10 M), 5-FU (5 
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M), or 6-AN (10 M) + 5-FU (5 M) for up to 72 hours. Samples were solubilized and 

total protein lysates were extracted using cell extraction buffer supplied by the kit. Lysates 

were centrifugated, and quantified using the Bradford Protein Assay. 50 L of the sample 

(containing 100 g/ml protein) was topped with 50 L antibody cocktail into each well 

and incubated for 1 hour. Each well was washed and incubated with 3,3′,5,5′-

Tetramethylbenzidine (TMB) substrate. Color development was recorded kinetically for 

15 minutes at 600 nm wavelenght. Finally, the plate was read at an endpoint reading after 

adding a stop solution at an O.D. of 450 nm using the ELISA Multiskan Ex microplate 

reader. 

 

J. Glutathione Peroxidase Assay 

The Glutathione Peroxidase (GPx) assay kit (Cayman 703102) measures GPx 

activity indirectly by a coupled reaction with glutathione reductase (GR). Oxidized 

glutathione (GSSG) is produced by the reduction of hydroperoxide by GPx and is reduced 

back by GR and NADPH. The rate of decrease in absorbance is directly proportional to the 

activity of GPx in the sample.  HCT116 cells were seeded at a density of 200,000 cells in a 

6-well plate and incubated overnight. Cells were treated with 6-AN (10 M), 5-FU (5 M), 

or 6-AN (10 M) + 5-FU (5 M) for up to 48 hours. Whole cell lysates were prepared by a 

centrifugation step followed by two cycles of ultra-sonication in cold buffer supplied by the 

kit. The samples were centrifugated again and the supernatants were collected and 

quantified using the Bradford Protein Assay. The steps that followed were done according 

to the manufacture’s protocol. Briefly, 50 l of the assay buffer, 50 l of the co-substrate, 
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50 l of NADPH, and 20 l of the protein sample (22 g) were mixed. The reaction took 

place upon the addition of 20 l cumene hydroperoxide and the absorbance was read 

kinetically every minute for 15 minutes at an O.D. of 340 nm using the ELISA Multiskan 

Ex microplate reader.  

 

K. Western Blottting 

HCT116 cells were seeded at a density of 1,000,000 cells in a 10 cm plate and left 

to incubate overnight. Then cells were treated with 6-AN (10 M), 5-FU (5 M), or 6-AN 

(10 M) + 5-FU (5 M) for up to 72 hours. Total protein extracts (30 g) were obtained 

using NonidetTM P 40-based lysis buffer (NP-40) and were quantified using the Bio-Rad 

Bradford Protein assay. Proteins were separated by SDS-PAGE (8-12%) under reducing 

conditions and transferred to nitrocellulose membranes. The latter were blocked for 1 hour 

at 37C in 5% non-fat milk, then immunoblotted against G6PD (Abcam) (1:1000), TKT 

(Cell Signaling) (1:1000), B-cell lymphoma 2 (BCL-2) (Santa Cruz) (1:500), 

phosphorylated H2A histone family member X (-H2AX) (Cell Signaling) (1:1000), p21 

(Cell Signaling) (1:1000), BCL-2 associated X protein (BAX) (Cell Signaling) (1:500), 

Poly (ADP-ribose) polymerase (PARP) (Santa Cruz) (1:1000), and -actin (Abcam) 

(1:1000), primary antibodies overnight. Then membranes were incubated for one hour 

against the corresponding secondary antibodies at different optimized dilutions. The 

immunoreactive bands were visualized by adding using the Western Blotting Luminol 

Reagent (Santa Cruz) and the ClarityTM enhanced chemiluminescence reagent (ECL, Bio-

Rad), and imaged the ChemidocTM MP Imaging System (Bio-Rad). 
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L. Statistical Analysis 

All the results represent the average of three independent experiments ±  standard 

error of the mean (SEM) unless stated otherwise. Result comparisons were analyzed by 

ANOVA analysis using GraphPrism. P values less than 0.05 were considered significant 

from the control. *, **, *** indicate P values less than 0.05, 0.01, and 0.001, respectively.  
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CHAPTER IV 

RESULTS 

A. G6PD Expression is Elevated in Colorectal Cancer Tissues 

The expression of G6PD in human tissues was conducted through in silico analysis of 

G6PD mRNA expression in publicly available databases offering a wide collection of 

genetic expression profiles pertaining to colorectal tumors and normal counterparts (Figure 

12). Data was filtered for colon and rectal tissues and was focused on G6PD expression in 

studies that had a P value < 0.05. As expected, colorectal pre-malignant (adenoma) and 

malignant (carcinoma and adenocarcinoma) tissues showed a higher G6PD mRNA level 

when compared to normal rectum or different colon sections in all the selected studies.  

 

B. G6PD Inhibitors  

Figure 12. G6PD levels are elevated in colorectal cancer. Expression levels of G6PD 

mRNA were evaluated in publicly available datasets comprised of malignant and 

premalignant (adenoma) lesions of the colon and rectum along with normal colonic 

and rectal tissues. P values < 0.05 are considered statistically significant. Boxplots 

are obtained from oncomine.com. 
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B. G6PD Inhibitors Suppress the Growth of HCT116 Colorectal Cancer Cells 

To characterize the effect of G6PD inhibitors in CRC, HCT116 cells were treated 

with three different G6PD inhibitors (Polydatin, DHEA, and 6-AN) for up to three days 

(Figures 13-17). 

1- Panel Treatment on HCT116 

To investigate the effect of Polydatin, a specific G6PD inhibitor, in CRC, 

HCT116 cells were treated with different concentrations of Polydatin ranging between 12.5 

M  and 400 M and cell growth was assessed by MTT assay. Results showed a dose- and 

time-dependent inhibition of cell growth, with a significant reduction by 30 % in HCT116 

cells growth observed at as low as 100 M on day 1 and by 20 % when using 25 M of 

Polydatin on days 2 and 3 after treatmet when compared to control cells (Figure 13). 

 

 

 

 

Figure 13. Polydatin treatment shows a concentration and time-dependent reduction of cell 

growth in HCT116 human colorectal cancer cells. Cells were treated with the indicated 

concentrations of Polydatin with daily replenishment for up to three days and cell growth was 

measured in triplicate wells using the MTT cell proliferation assay. Results are expressed as 

percentage of control and represent the average of at least three independent experiments ± SEM. 

**P values< 0.01 and ***P< 0.001 are considered statistically significant.  
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2- DHEA Treatment on HCT116 

 
The steroid DHEA is known to be an allosteric inhibitor of G6PD. Therefore, we 

determined its effect on HCT116 cellular growth. Cells were treated with a panel of DHEA 

concentrations ranging between 1 M and 20 M for up to 3 days (Figure 14) to study the 

DHEA effect of inhibiting the G6PD enzyme on these cells. Results presented  that the use 

of 20 M DHEA was able to significantly inhibit 20% cell proliferation at day 1 and 5 M 

DHEA was able to significantly reduce cellular growth by 20% at days 2 and 3 of treatment 

(Figure 14). Whereby, DHEA concentrations lower than that had a minimal effect on 

growth inhibtion when compared to untreated cells.  

 

 

 

 

 

Figure 14. Effect of DHEA treatment on cell growth of HCT116 human colorectal cancer 

cells. Cells were treated with the indicated concentations of DHEA for up to three days and 

cell growth was measured in triplicates using the MTT cell proliferation assay. Results are 

expressed as percentage control and represent the average of at least three independent 

experiemts ± SEM. **P values < 0.01 are considered statistically significant 
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3- 6-aminonicotinamide Treatment on HCT116  

Next, in order to study the effect of inhibiting both reducing enzymes of the 

oxidative phase of the PPP (G6PD and 6-PGD), the competitive G6PD inhibitor 6-AN was 

tested on CRC growth. HCT116 cells were treated with a panel of 6-AN concentrations 

ranging from 1.25 M to 40 M for up to 3 days (Figure 15). Cell proliferation was assessed 

by MTT, and results revealed that 6-AN treatment had a dose- and time-dependent effect on 

HCT116 cell growth inhibition, with a significant reduction in cell proliferation was 

recorded at as low as 1.25 M 6-AN, where viability reached 90% at day 1 and 80% on day 

2 and day 3 post-treatment.  

Consequently, inhibiting both G6PD and 6-PGD enzymes showed an enhanced 

effect in limiting HCT116 cell proliferation in comparision to Polydatin and DHEA. Thus, 

when comparing the different G6PD inhibitors, 6-AN was found to have the most potent 

effect. 

 

 

 

Figure 15. 6-AN treatment shows a concentration and time-dependent reduction of cell 

growth in HCT116 colorectal cancer cells. Cells were treated with the indicated 

concentrations of 6-AN for up to three days and cell growth was measured in triplicate 

wells using the MTT cell proliferation assay. Results are expressed as percentage of 

control and represent the average of at least three independent experiments ± SEM. *P 

values < 0.05 and ***P<0.001 are considered statistically significant.  
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The colorimetric MTT assay measures cellular metabolic activity, therefore 

inhibiting G6PD might reduce NADPH-dependent cellular enzymes thus reflecting an 

incorrect number of viable cells. Therefore, we verified our cell growth results by the 

means of a different viability assay using SRB dye. The SRB assay is based on the binding 

of a bright pink dye to basic amino acids of viable cells under mildly acidic conditions. 

HCT116 cells treated with a panel of 6-AN concentrations (1.25 M – 40 M) for up to 3 

days were assessed by SRB assay. Both MTT and SRB methods revealed similar growth 

inhibition trends with minimal discrepancies. However, SRB revealed higher drug effect 

towards cellular inhibition. This confirmed the previously obtained MTT results suggesting 

that 6-AN and MTT dye mechanisim of action are independent (Figure 16).  
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To verify the stability of the 6-AN drug, an MTT assay was conducted to confirm 

whether 6-AN treatment needs to be replenished daily for up to three days. Two MTT 

assays were run in parallel where in one HCT116 cells were treated with a panel of 6-AN 

concentrations and replenished daily, and in the other assay HCT116 cells were treated 

one day after seeding only without replenishment. The presented results showed similar 

Figure 16. MTT and SRB assays indicate similar trends on the growth of 6-AN 

treated human colorectal cancer cells. Comparison of the effect of a panel of the 

indicated 6-AN concentrations on HCT116 cell growth using MTT and SRB 

assays in treated cells up to 3 days. Results are expressed as percentage of control 

and represent the average of at least three independent experiments ± SEM. 
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growth inhibition rates. This suggests that 6-AN has an irreversible effect on HCT116 cell 

growth (Figure 17) and does not require daily replenishment.  

 

 

 

 

 

 

 

Figure 17. 6-AN treatment of colorectal cancer cells does not require daily 

replenishment. Comparison of the effect of a panel of the indicated 6-AN 

concentrations on HCT116 cells with and without daily replenishment for up to 

three days using the MTT assay. Results are expressed as percentage of control 

and represent the average of at least three independent experiments ± SEM. 
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C. G6PD Inhibitors in Combination with 5-FU Further Suppress the Growth of 

Different Colorectal Cancer Cells 

To characterize the effect of G6PD inhibitors in CRC cells, HCT116 cells were 

treated with three different G6PD inhibitors  (Polydatin, DHEA, and 6-AN) in 

combination with 5-FU for up to three days (Figures 18-21). 

1- Polydatin and 5-FU Combination Treatment on HCT116 

To examine whether the effect of Polydatin in combination with chemotherapy 

would have any synergistic effect, HCT116 cells were treated simultaneously with Polydatin 

and 5-FU. The nine different treatment possibilities using Polydatin (25, 50, and 100 M) 

and 5-FU (2.5, 5, and 10 M) concentrations were assessed using MTT assay. The below 

graph is representative of all the possible combinations as none showed a synergistic effect 

(Figure 18). To further investigate the drug-drug interactions, the cell viability values 

obtained from these nine combinations were plotted using the Compusyn program. This 

software generated the CI of each treatment which described the interactions and determined 

the presence of synergy (Table 2). Treatments showed some antagonistic or additive effects 

of several combinations such as (Polydatin 10 M + 2.5 M 5-FU at 24 hours), while other 

combinations (e.g. Polydatin 50 M + 2.5 M 5-FU at 24 hours) showed a mathematical 

synergy that was insignificant biologically. The growth inhibition effect of the selected 

Polydatin/ 5-FU combination concentrations was scarcely different when compared to the 

treatment of any of the two sinlge drug treatments, suggesting the low effectivity of this 

combination.  
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Figure 18. Effect of Polydatin and 5-FU combination treatment on HCT116 human 

colorectal cancer cells. Cells were treated with the indicated concentrations of Polydatin 

and/or 5-FU with daily replenishment for up to three days and cell growth was measured in 

triplicate wells using the MTT cell proliferation assay. Results are expressed as percentage 

of control and represent the average of at least three independent experiments ± SEM.  

 

 

 

 

 

 

 

 

 

 

 

Table 2. Polydatin and 5-FU Compusyn synergy study. Compusyn report generation 

shows the effect of combination treatment on HCT116 colorectal cancer cells on the CI 

for up to 3 days. Red values indicate synergy. CI= 1 additive effect, CI<1 synergistic, 

CI>1 antagonistic.  
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2- DHEA and 5-FU Combination Treatment on HCT116 

 
Similarly to Polydatin, the combination of DHEA and 5-FU was investigated to test 

the effect of the dual inhibition of the G6PD activity and DNA synthesis. Therefore, 

HCT116 cells were treated with a panel of DHEA (1, 10, and 50 M) and 5-FU (2.5, 5, and 

10 M) combination treatments. Figure 19 shows a representative graph as none of the  

combination treatments revealed biologically significant synergy. Table 3 represents all the 

considered combinations and their corresponding CIs. In general, the DHEA concentrations 

had an additive effect when used in combination with 5-FU. 

 

 

 

 

Figure 19. DHEA and 5-FU combination treatment on HCT116 human colorectal 

cancer cells. Cells were treated with the indicated concentrations of DHEA and/or 

5-FU for up to three days and cell growth was measured in triplicate wells using 

the MTT cell proliferation assay. Results are expressed as percentage of control 

and represent the average of at least three independent experiments ± SEM.  
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3- 6-AN and 5-FU Combination Treatment on HCT116 Cells 

Next, to study the consequence of simultaneously inhibiting the main enzymes of 

the oxidative phase of the PPP, we studied the effect of the concurrent combination 

treatment of 6-AN on 5-FU had on CRC cells. Therefore, HCT116 cells were treated with 

the nine different concentrations generated from the panel of 6-AN (5, 10, and 20 M) and 

5-FU (2.5, 5, and 10 M) combinations using the MTT assay (Figure 20). The below 

graphs represent all the executed possible combinations tested over three days, whereby all 

of the combinations except those with 2.5 M 5-FU showed a greater inhibition than when 

each drug was used alone. Compusyn algorithm revealed that synergy was observed in 

most of the conducted combinations (Table 4). The highest biologically significant 

synergy (CI = 0.36) was detected at 24 hours when 10 M 6-AN was combined to 5 M 

5-FU (Table 4). Based on these values, this combination concentration was selected and 

used in the further conducted studies. 

Table 3. DHEA and 5-FU Compusyn synergy study. Compusyn report generation 

showed the effect of combination treatment on HCT116 colorectal cancer cells on the 

CI. Red values indicate synergy. CI= 1 additive effect, CI <1 synergistic, CI > 1 

antagonistic 
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Table 4. 6-AN and 5-FU Compusyn synergy study on HCT116-treated cells. Compusyn 

report generation for the effect of 6-AN and 5-FU combination treatment on HCT116 

colorectal cancer cells on the combination index (CI). Red values indicate synergy. CI=1 

additive effect, CI<1 synergistic, CI>1 antagonistic. 

 

 

 

 

 

 

 

 

 

Figure 20. 6-AN and 5-FU combination treatments on HCT116 human colorectal 

cancer cells show synergistic interactions. Cells were treated with the indicated 

concentrations of 6-AN and/or 5-FU for up to three days and cell growth was measured 

in triplicate wells using the MTT cell proliferation assay. Results are expressed as 

percentage of control and represent the average of at least three independent 

experiments ± SEM.  
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4- 6-AN and 5-FU Combination Treatment on HCT116, HCT116 p53-/-, and 

HCT116 5FU-R Cells  

An SRB viability assay was conducted on HCT116 cells using 6-AN (10 M) + 5-

FU (5 M) to confirm results obtained through the MTT assay. The effect of this 

combination treatment was tested on HCT116 5FU-R and HCT116 p53-/- cells (Figure 21) 

since many patients develop resistance to 5-FU and  p53 gene is deregulated in around 50% 

of cancers. The data suggested that inhibiting G6PD and 6-PGD was able to sensitize 5-FU 

resistant cells as well as p53-/- cells to 5-FU.  

6-AN enhanced the 5-FU effect in HCT116 5FU-R cells whereby at day 2, 5 M 5-

FU induced 30 % cell growth inhibition while 60% was measured when 10 M 6-AN was 

combined to 5 M 5-FU (Figure 21). The combination of 6-AN (10 M) + 5-FU (5 M) on 

HCT116 p53-/- cells reported the lowest growth inhibition percentage (40% at 48 hours) 

while enhancing the effect of both drugs administrated alone (Figure 21). 

 

 

 

 

 

Figure 21. Comparison of the effect of 6-AN and 5-FU single and combination 

treatments on the growth of HCT116, HCT116-FUR, and HCT116 p53-/- human 

colorectal cancer cell lines. Cells were treated with the indicated concentrations of 6-

AN/5-FU for up to three days and cell growth was measured in triplicate wells using 

the SRB cell proliferation assay. Results are expressed as percentage of control and 

represent the average of three independent experiments ± SEM.  
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D- 6-AN and/or 5-FU Treatment Did Not Modify G6PD nor TKT Protein Levels 

but Decreased G6PD Activity 

To support the fact that the effect of cell proliferation arrest of 6-AN was indeed 

through the inhibition of G6PD by 6-AN, G6PD activity and protein levels were measured. 

HCT116 cells were treated with 6-AN (10 µM), 5-FU (5 µM), or 6-AN (10 µM) + 5-FU (5 

µM) for up to three days and cellular pellets were collected. Total SDS protein lysates were 

obtained from the different conditions and subjected to immunoblotting against G6PD. 

Results demonstrated that 6-AN did not modify G6PD protein levels when compared to 

untreated samples (Figure 22 A). These western blot results were only conducted once and 

need to be repeated at least twice for significance studies. Similarly, 5-FU and the 

combination treatment of 6-AN and 5-FU did not show any decrease in G6PD protein 

levels relative to actin. However, when evaluating activity through the G6PD enzymatic 

activity, it showed that 6-AN and the combination treatment did reduce G6PD activity in 

HCT116, HCT116 5FU-R, and in HCT116 p53-/- cells at 48 hours post-treatment (Figure 

22 B), although not significantly.  
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A 

B 

Figure 22. G6PD levels and activity upon 6-AN and/or 5-FU single and 

combination treatments of human colorectal cells. (A) HCT116 cells were treated 

with 6-AN (10 µM) and/or 5-FU (5 µM) for up to three days. Total SDS protein 

lysates (30 µg) were immunoblotted against G6PD antibody. -Actin was used as 

loading control. (B) G6PD activity was measured in human HCT116, HCT116 

5FU-R, and HCT116 p53-/- colorectal cancer cells. Lysates (10 µg) of cells treated 

with with 6-AN (10 µM) and/or 5-FU (5 µM) for 48 hours were collected. G6PD 

activity was measured according to manufacturer’s recommendations. Results 

represent the average of three independent experiments ± SEM.    
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Since G6PD is the rate limiting enzyme of the oxidative phase of the PPP, 

investigations were made to assess whether 6-AN had any implications on one of the 

major enzyme of the non-oxidative phase, TKT. Therefore, HCT116 cells were treated 

with 6-AN (10 µM), 5-FU (5 µM), or 6-AN (10 µM) + 5-FU (5 µM)  for up to three days 

and cellular pellets were collected. TKT protein levels were measured (n=1) by 

immunoblotting (Figure 23 A) and were confirmed by the mean of a commercially 

available ELISA kit (Figure 23 B) (n=1, samples run in duplicates). Both methods showed 

that none of the treatments (6-AN and/or 5-FU) significantly modified TKT protein levels 

(Figure 23).  
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A 

B 

Figure 23. Transketolase levels are unaltered upon 6-AN and/or 5-FU single and 

combination treatment of human colorectal cells. (A) Cells were treated with the indicated 

concentrations for up to three days. Total SDS protein lysates (30 µg) were immunoblotted 

against TKT antibody. -Actin was used as loading control. (B) HCT116 cells were treated 

with with 6-AN (10 µM) and/or 5-FU (5 µM) for up to three days. Total cell lysate (100 

µg/ml) of the different conditions were collected and TKT levels were measured. Results 

represent the average of two measurements (± SD). 

 



 

 52 

E- 6-AN and/or 5-FU Treatments Altered the Cell Cycle and Increased HCT116 

Cell Death  

Since 6-AN hinders cell proliferation through binding to G6PD and 5-FU arrests 

nucleotide biosynthesis, we aimed to explore the impact of 6-AN and 5-FU single or the 

combination treatments had on the progression of the cell cycle of HCT116 cells. Cell cycle 

analysis was conducted based on DNA content distribution stained with PI (Figure 24). The 

distribution of control cells in the sub-G1 phase was less than 5% at days 1 and 2 and 10% 

at day 3, thus indicating a minimum amount of cell death in control cells (Figure 24 A). 

Treatment of HCT116 cells with 5-FU (5 M) or 6-AN (10 M) + 5-FU (5 M) resulted in 

a significant increase in the sub-G1 region arrest by 15% and 10%, respectively at day 2. 

(Figure 24 A). Furthermore, when compared to the control, 6-AN (10 M), 5-FU (5 M), 

and the combination treatments of 6-AN (10 M) + 5-FU (5 M)  significantly increased 

the S-phase arrest at day 1 by 21%, 77%, and 32%, respectively (Figure 24 B).   
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To further investigate the mechanism of action of 6-AN (10 M), 5-FU (5 M), or  

6-AN (10 M) + 5-FU (5 M) treatments in altering the cell cycle of HCT116 cells, 

samples were immunoblotted (n=1) with different cell cycle regulators and cell death 

proteins of interest (Figure 25). PARP cleavage was examined to explore the mechanism of 

cell death upon treatment since HCT116 cells presented a cell accumulation in the sub-G1 

phase (Figure 24 A). However, PARP did not show significant cleavage, suggesting that 

apoptosis is not the mechanism of cell death. 5-FU (5 M) and 6-AN (10 M) + 5-FU (5 

M) treatments substantially increased -H2AX levels indicating DNA damage. 

Furthermore, the S-phase arrest observed in flow cytometry (Figure 24 B) is concordant 

A B 

Figure 24. Cell cycle distribution of 6-AN and/or 5-FU treated HCT116 colorectal 

cancer cells. HCT116 cells were treated with 6-AN (10 μM), 5-FU (5 μM), or their 

combination up to three days and stained with propidium iodide (50 mg/ml). 

(A)Treatment induced an accumulation of cells in sub-G1 phase. (B) Cell cycle 

distribution of HCT116 cells treated with 6-AN (10 μM) and/or 5-FU (5 μM) for 

one day. The sum of G0/G1, S, and G2/M phases is a percentage of nonapoptotic 

cells. Percentage cells in the G0/G1 phase are calculated as 100 - (S+G2/M). 

Results represent three independent experiments (± SEM). (B) *P values < 0.05 are 

considered statistically significant.  
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with the increase in p21, a cyclin-dependent kinase inhibitor. Experiments should be 

repeated independently to calculate densitometry analysis on BAX:BCl2 ratio.  

 

 

 

 

 

 

 

Figure 25. Mechanism of action of 6-AN and/or 5-FU treated HCT116 colorectal 

cancer cells. HCT116 cells were treated with 10 μM 6-AN, 5 μM 5-FU, or their 

combination up to three days. (B) Total SDS protein lysates (30 µg) were 

immunoblotted against PARP, -H2AX, BCl-2, BAX, and p21 antibodies. -

Actin was used as loading control.  
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F- 6-AN and/or 5-FU Treatment Altered the Cell Cycle and Increased HCT116 

p53-/- Cell Death 

Next, to measure the effect on the cell cycle regulation of HCT116 p53-/- in response 

to 6-AN and/or 5-FU combination treatments, flow cytometry analysis was preformed 

(Figure 26). The distribution of control cells in the sub-G1 phase was less than 5% at all 

three time points indicating a minimum amount of cell death in control samples (Figure 26 

A). Treatment of 5-FU (5 M) and 6-AN (10 M) + 5-FU (5 M) increased cell death 

significantly at day 2 and 3, respectively reaching 29% and 23% increase at day 2, and 

31% and 28% at day 3 (Figure 26 A). Moreover, the 5-FU (5 M) and 6-AN (10 M) + 5-

FU (5 M) treatments at day 1 increased the G0/G1 phase accumulation of 30% and 40%, 

respectively. 6-AN single treatment had no substantial effect on the HCT116 p53-/-  cell 

cycle (Figure 26 B).  
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G- 6-AN and 5-FU Combination Induced Reactive Oxygen Species Generation in 

HCT116 Cells  

Reduction of NADPH levels due to PPP inhibition favors an increase in oxidative 

stress. Therefore, ROS production was assessed in HCT116 treated with 6-AN and/or 5-FU 

for up to 3 days using NBT reduction assay (Figure 27, n=2). No ROS production was 

detected at day 1(data not shown). HCT116 cells treated with the combination of 6-AN (10 

M) + 5-FU (5 M) increased ROS production by 20 % compared to cells treated with 6-

AN (10 M) alone, at day 2. Furthermore, 6-AN and/or 5-FU treated cells at day 3 revealed 

A B 

Figure 26. Cell cycle distribution of 6-AN and/or 5-FU treated p53-/- colorectal cancer 

cells. HCT116 p53-/- cells were treated with 6-AN (10 μM) and/or 5-FU (5 μM) for up to 

three days and stained with propidium iodide (50 mg/ml). (A)The combination treatment 

induced significant accumulation of cells in sub-G1 phase. (B) Cell cycle distribution of 

HCT116 p53-/- cells treated with 6-AN (10 μM) and/or 5-FU (5 μM) for 1 day. The sum of 

G0/G1, S, and G2/M phases is a percentage of nonapoptotic cells. Percentage cells in the 

G0/G1 phase are calculated as 100 - (S+G2/M). Results represent three independent 

experiments (± SEM). **P values < 0.01 are considered statistically significant. 
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an elevated ROS production compared to untreated counterparts (Figure 27). This 

experiment should be repeated one more time to evaluate statistical significance. 

 

 

 

 

 

 

 
H- 6-AN and 5-FU Combination Increased Glutathione Peroxidase (GPx) Activity  

Glutathione is the main intracellular thiol that serves a protective role in cellular 

defense against oxidative stress. G6PD activity in the normal and the different tumor cell 

lines affect the levels of NADPH, and subsequently the reduced glutathione (GSH) levels. 

GPx converts GSH into oxidized glutathione (GSSG) and thus reflects ROS detoxification. 

Whole cell lysates of HCT116 cells treated with 6-AN (10 M) and/or 5-FU (5 M) up to 

48 hours were used to assess GPx activity (Figure 28, n=1). No change in activity was 

Figure 27. Effect of 6-AN and/or 5-FU on NBT reduction (inversely correlated to 

ROS generation) in HCT116 human colorectal cancer cells using NBT assay. 

Treatment with 6-AN and/or 5-FU increases ROS levels. HCT116 human colorectal 

cells were treated with the indicated concentrations of 6-AN and/or 5-FU for up to 

three days. ROS levels were determined in triplicate measurements using the NBT 

reduction assay. ROS levels were calculated by subtracting % NBT reduced from 100. 

Results represent the average of two independent experiments (± SD). 

 



 

 58 

observed at 6 and 24 hours. However, the combination treatment of 6-AN (10 M) + 5-FU 

(5 M) increased GPx activity by 50% compared to control and single drug treatments 

(Figure 28). This experiment was conducted once and, therefore, needs to be repeated at 

least twice for statistical and biological significance. 

 
 

 

 

 

 

 

 

 

 

Figure 28. Effect of 6-AN and/or 5-FU on GPx activity in HCT116 human colorectal 

cancer cells. HCT116 cells treated with the indicated concentrations of 6-AN and/or 

5-FU for up to 48 hours. GPx activity was determined in duplicate measurements 

Results represent the average of two measurements (± SD).    
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CHAPTER V 

DISCUSSION 

 

Colorectal cancer is the third most common cancer and the second cause of cancer-

related death worldwide (WHO, 2018). Numerous areas of cancer research have been 

exhaustively and extensity studied, therefore targeting cancer progression from a metabolic 

perspective might offer unique therapeutic opportunities. Energy metabolism is 

reprogrammed in many tumors, and these alterations confer a growth advantage in cancer 

(Patra et al., 2014). Cancer cells develop a network of interconnected signaling events that 

lead to initiation and progression in which cellular metabolism, including the PPP, is an 

indispensable part of it (Hanahan et al., 2011). The PPP is an essential pathway for glucose 

metabolism that is diverted from glycolysis. It offers anabolic properties and supplies the 

cells with NADPH that has reducing capabilities and scavenges ROS. This pathway also 

provides the cell with R5P, a precursor for DNA and RNA nucleotide biosynthesis (Patra et 

al., 2014). 

This research focuses on the therapeutic targeting of the PPP in CRC. We aimed 

here to use PPP inhibitors and not upstream inhibitors of the general glucose metabolic 

pathway. Targeting the hexokinase enzyme or halting glycolysis (Tsouko et al., 2014), for 

example, would lead to off taget alterations and impedes the performance of in vivo studies. 

Inhibiting the main and well-regulated enzymes of the PPP, including G6PD and 6-PGD, 

may offer a new therapeutic window to approach cancer treatment. Using in silico analysis, 

we showed that the basal G6PD mRNA level are overexpressed in CRC tissue compared to 
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healthy counterparts (Figure 12). This led us to investigate whether therapeutically 

targeting G6PD would hinder its overactivation.  

6-AN (Herken, 1968) and DHEA (Klinge et al., 2018) are well-known inhibitors of 

G6PD, however wether the activity of DHEA inhibition is non-comeptitive or 

uncompetitive on G6PD remains inconclusive. Polydatin has been recently characterized as 

a non-competitive inhibitor of G6PD (Mele et al., 2018). Using a panel of different 

concentrations of these drugs we investigated their effect on HCT116 CRC growth. 6-AN 

showed the most favorable response in cell viability reduction (Figure 17) when compared 

to DHEA (Figure 15) or to Polydatin (Figure 13) responses. Testing the effect of 6-AN on 

the normal-like colon cell line (NCM460D) were the least affected cell line when compared 

to HCT116 cells with different p53 and p21 statuses (Al Saleh et al., 2018).This makes the 

usage of 6-AN favorable as a chemotherapeutic drug because of its ability to spare normal 

tissue. 

 We hypothesize that 6-AN has shown the highest inhibitory response due to the 

fact that it inhibits both dehydrogenase enzymes of the PPP, G6PD and 6-PGD (Budihardjo 

et al., 1998), which makes it a more potent inhibitor. The plant-derived Polydatin molecule 

is a naturally occurring compound, and thus high administered dosages may seem to have a 

more appealing clinical potential and might offer lower side effects (Rajesh et al., 2015).   

Using the Compusyn software, we were able to generate 81 different CIs for three 

different drugs, at three different time points, using three different concentrations, each in 

combination with 5-FU. Interestingly, 6-AN combined with 5-FU had the most favorable 

response in lowering HCT116 cell viability (Figure 20). Particularly when combining 10 

M of 6-AN with 5 M of 5-FU, we obtained the lowest CI observed. The rationale behind 
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combining these drugs with 5-FU is to deplete cellular energy sources and to inhibit DNA 

synthesis and repair (Almugadam et al., 2018). 

Owing to the fact that 5-FU is the standard reference chemotherapeutic drug in CRC 

and many patients develop drug resistance (Sara et al., 2018), we aimed to tackle 5-FU 

resistance in HCT116 cells. Therefore, in an effort to overcome this resistance, we 

combined 6-AN with 5-FU to explore whether it would sensitize HCT116 5FU-R cells, 

HCT116 cells resistant to high doses of 5-FU. Our results suggest that 6-AN combined to 

5-FU sensitizes HCT116 5FU-R cells as a greater growth inhibition effect was obsereved  

when compared to 6-AN or 5-FU treatments alone (Figure 21). Lastly, this combination 

also showed a more significant growth inhibition when tested on HCT116 p53-/- cells, an 

aggressive cell line and where p53 is deregulated in 50% of human CRC tumors.  

5-FU has been shown to lower G6PD activity, increase nitric oxide (NO) 

production, and elevate ROS levels (Focaccetti et al., 2015). NO induces cell cycle arrest, 

mitochondrial depolarization, and apoptosis (Jahani et al., 2017). This is a proposed 

mechanism of the synergy observed in our study whereby 6-AN and 5-FU both inhibit 

PPP-related enyzmes and alterate free radicals levels. 

Moreover, MTT replenishment assay indicated that neither 6-AN (Figure 18) nor 

DHEA (data not shown) needed daily replenishment, whereas Polydatin must be 

replenished daily (data not shown). Since the MTT assay measures cellular viability based 

on the reducing power of mitochondria, it was evident that 6-AN did not interfere with this 

pathway after performing the SRB assay in parallel, which assesses cellular viability 

considering the total protein content of the cell (Figure 19).  
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Mechanistically, we showed that 6-AN, 5-FU, or 6-AN/5-FU combination 

treatments did not alter G6PD nor TKT protein expression levels suggesting the drugs may 

work independently from mRNA transcription or translation (Figures 22 and 23). However, 

treatments were able to reduce the activity of G6PD in all tested cell lines. Interestingly, the 

combination treatment suggests a potent synergistic inhibition of G6PD activity in HCT116 

p53-/-. This can be validated further through in vivo models whereby the inhibition of this 

enzyme may have many promising implications in treatment, particularly in the setting of 

5-FU resistance or p53 mutation. The results obtained, however, did not reach significance 

and must be repeated with lower variability and where higher drug concentrations can be 

used. TKT levels were measured using western blotting and validated through an ELISA 

assay. Both experiments showed the amount of TKT protein to remain unaltered by 6-AN, 

5-FU, or 6-AN/5-FU combination treatment. Further experiments are needed to determine 

if this treatment alters the enzymatic activity of TKT. Previously obtained data in our lab 

(Al Saleh et al., 2018) showed that HCT116 p53-/- had a lower G6PD activity than the 

HCT116 cells wild type for p53, however, the present results showed otherwise. This 

discrepancy might be due to the fact that different protocols were used and further 

optimization is needed to be performed at the level of each cell line. 

Cell cycle deregulation is a common feature in human tumors (Malumbres et al., 

2009). To gain insight into the mechanism of cell death, we analyzed the cell cycle of 

HCT116 cells upon combination treatment. Results showed that there was an increase in 

cell death two days post-treatment. These cells are presumably apoptotic as indicated by the 

less than 2n DNA contect which infers DNA fragmentation. However, further experiments 

such as the TUNEL assay are needed to confirm the mode of death observed. Moreover, 5-
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FU treatment increased the S-phase arrest of HCT116 cells (Figure 24). Importantly, cells 

left in culture for longer time points may provide further understanding of the mechanism 

of cell death in these cell lines and whether the combination treatment induces senescence 

such as when cells were treated with 50 M of 6-AN (Al Saleh et al., 2018). 

Immunoblotting showed that the death observed initially up to three days did not induce 

PARP cleavage, suggesting it to be a caspase 3-independent death. Of note, 6-AN was 

shown to be a weak inhibitor of PARP (Sims et al., 1982) (Figure 25). Longer cell death 

time points and other modes of non-apoptotic cell death should be investigated. 5-FU and 

6-AN/5-FU combination treatment substantially increased levels of -H2AX, which is 

indicative of DNA damage. The BAX protein has a critical role in tumor response to 

chemotherapy that may influence cell metabolism, and the BAX/BCL-2 serves as a marker 

to determine cell susceptibility to apoptosis (Salakou et al., 2007). However, 

immunoblotting against these proteins must be independently repeated for more definite 

results with densitometry analysis. p21 is a cyclin-dependent kinase (CDK) and CDK/cylin 

complex inhibitor and is known to be upregulated in senescent cells (Georgakilas et al., 

2017). The upregulation of p21 protein expression on day one upon 5-FU treatment is 

concomitant with the S-phase arrest seen in HCT116 cells. Altogether, the 6-AN/5-FU 

combination treatment alters the cell cycle, and preliminary evidence suggests that 

treatment induces caspase3-independent death. Moreover, 5-FU and 6-AN/5-FU 

combination treatments induced a G0/G1 phase arrest on day one and increased cell death 

on day two and day three in HCT116 p53-/- cells (Figure 26). Western blotting must be 

conducted to investigate the mechanism of action leading to this increase.  
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ROS generation plays a major role in cancer signaling and progression. It is an 

essential part of the cell life cycle, and its overproduction can have detrimental effects on 

cell viability, as it can damage the DNA and inhibit proliferation (McConnell et al., 2018). 

Here, we show that the inhibition of the two main dehydrogenase enzymes of the oxidative 

phase of the PPP leads to an accumulation of ROS production (Figure 27). These enzymes 

are known to aid in the detoxification and scavenging of ROS and other free radicals. 

Interestingly, the percentage of ROS generation increased upon treatment with 6-AN, 

which is in harmony with our hypothesis stating that inhibiting G6PD would halt tumor 

progression. Moreover, the combination treatment of 6-AN (10 µM) + 5-FU (5 µM) further 

increased ROS production. This is concordant with the high inhibitory synergistic effect 

seen through the Compusyn algorithm.  

Glutathione is the main intracellular thiol that serves a protective role in cellular 

defense against oxidative stress. Glutathione peroxidase, GPx, catalyzes the reduction of 

hydroperoxides, including H2O2, into water while using reduced glutathione, GSH (Figure 

7). GPx functions to protect the cell from oxidative damage and participates in the 

electronic reduction of the peroxide substrate (Dalvi et al., 2012). In the assay we 

conducted, the rate of decrease in absorbance observed was directly proportional to the GPx 

activity in the sample. The increase in GPx activity seen in HCT116 cells upon treatment 

(Figure 28) might be due to the increased ROS production (Figure 27), thereby inducing a 

negative feedback mechanism to lower free radical levels. It is possible that the increased 

levels of ROS led to a regulation in GPx activity to detoxify ROS.  

In conclusion, our findings demonstrate that combining the G6PD inhibitor 6-AN to 

5-FU may decrease resistance and further sensitize CRC cells to chemotherapy 
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independently of their p53 and 5-FU resistance status. This study provides further 

understanding into areas of current knowledge on CRC and cancer metabolism while 

recognizing that the insights presented are only fragments of the total picture. 

 

Limitations of the Study 

Although this study provides novel information on the combination treatment of 6-

AN and 5-FU in the CRC setting, it does not go without limitations and restrictions. Some 

experiments must be replicated independently to validate our results. Other experiments 

need to be repeated to achieve lower variability and ultimately reach statistical significance. 

Moreover, we are aware of the fact that in vitro results do not necessarily reflect in 

vivo or physiological settings. Therefore, the translation of this work into an animal model 

is crucial for moving forward with these findings. In this study, we focused on the PPP and 

a few associated proteins. We acknowledge that the PPP is largely interconnected with the 

complex cancer metabolic network and interplays with normal cellular metabolism. 

Consequently, a more holistic approach is needed when studying the PPP and designing 

experiments. 

 

Future Perspectives  

In the future, we aim to translate these in vitro findings into an animal CRC model 

to study the therapeutic properties of 6-AN and 5-FU drug combination treatment in mice. 

We are also generating and characterizing HCT116 CRC cells with G6PD gene knockout 

using the CRISPR/Cas9 system. We will examine the consequence of abrogating the main 
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enzyme of the PPP and test its effect on cancer cell growth and cell death. Future studies 

will also test the effect of kncocking out G6PD in CRC in vivo models. 

The monosaccharide mannose has recently been characterized as an inhibitor of 

cellular growth and impairs the oxidative phase of the PPP through inhibiting G6PD 

(DeRossi et al., 2006). Mannose is well-tolerated in humans and is negatively correlated 

with the metabolic enzyme phosphomannose isomerase (PMI) levels in the cells. Colorectal 

cancer cells are characterized by low levels of PMI and are, therefore, sensitive to mannose 

(Gonzalez et al., 2018), therefore, we will investigate the effect of mannose treatment in 

combination with 5-FU on CRC in vitro and in vivo models.  
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