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ABSTRACT 

Ovarian Cancer Metabolism: Effect of Anoikis Condition and Nitric Oxide on 
Ovarian Cancer Metabolism, and Effect of Metabolites on Ovarian Cancer 

Migration 

by 

Christine Caneba 

Ovarian cancer remains the most lethal gynecological malignancy worldwide, 

with most of the disease detected at later stages.  Elucidating pathways based on 

upregulation of proteins and genes involved in the development and progression of 

ovarian cancer is underway.  However, understanding of the metabolic regulation and 

changes in metabolism involved in ovarian cancer is lacking, and this understanding 

could lead to development of therapies for ovarian cancer.  In order for ovarian cancer 

cells to metastasize, they must be able to survive deprived of extracellular matrix 

attachment in the peritoneal cavity.  In the first part of this thesis, the effect of cell 

detachment on the metabolism of highly-invasive and less-invasive ovarian cancer cells 

was explored by employing culture methods that induced cell detachment.  Experiments 

were designed to collect media from the cells for metabolic analysis to gain insight into 

changes in the glycolytic and oxidative phosphorylation pathways.  Results showed that 

oxidative phosphorylation was higher for highly-invasive versus less-invasive ovarian 

cancer cells in detachment.  It was also observed that highly-invasive ovarian cancer cells 

consumed more pyruvate than less-invasive ovarian cancer cells, which indicated that the 

ovarian cancer cells had functional mitochondria.  In the second part of this thesis, the 

role of metabolites in cancer cell migration was investigated. Results showed that 
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pyruvate increased the cancer cell migration, indicating that mitochondria were important 

for the migration of ovarian cancer cells.  In the last part of this thesis, the role of nitric 

oxide on ovarian cancer cell proliferation and metabolism was explored.  Results showed 

that nitric oxide increased proliferation of ovarian cancer cells, and also maintained their 

high glycolytic rate (i.e. – the Warburg Effect).  This was paired with a decrease in 

oxidative phosphorylation, which was due to inhibition by nitric oxide of complexes II/III 

and complex IV in the mitochondria.  Thus, nitric oxide plays an important role in the 

metabolism of ovarian cancer cells.  Our work is one of the first to elucidate the 

interactions between non-adherent/nitric oxide stress and ovarian cancer metabolism, and 

could pave the way for development of metabolically-based therapies that could halt 

progression of ovarian cancer.   
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1. Introduction 

1.1.  Motivation to Understand Ovarian Cancer Metabolism 

Despite recent medical and pharmaceutical advances in cancer research, ovarian 

cancer remains the most deadly gynecological malignancy.  This is due in part to the lack 

of high specificity screening for early stage cancer (Zhang, Barekati et al. 2010).  Most of 

the cancer is first detected in late stages when metastasis has already occurred (Cannistra 

2004).  In fact, only 20% of those with ovarian cancer are diagnosed when cancer has not 

spread past the ovaries; in the other 80% of cases, the cancer has metastasized, most 

frequently to the peritoneum (Bast, Hennessy et al. 2009).   

This thesis focuses on another major contributor to high ovarian cancer mortality 

– the lack of effective therapies for late stage cancer.  Platinum-based preoperative 

chemotherapy is the standard of care of early stage disease, and surgical resection along 

with platinum-based postoperative chemotherapy is the standard of care for late stage 

disease (Cannistra 2004).   

Recently, there has been a drive to create targeted therapies to inhibit specific 

“abberant” cellular pathways in cancer cells, the rationale being that a targeted approach 

has less unwanted side-effects (Rowinsky 2003).  However, creating a therapy to target a 

certain cellular pathway is challenging, due to pathway interactions.  Rowinsky gives the 

example of targeting erythroblastic leukemia viral oncogene homolog (ErbB) in 

gynecological malignancies (Rowinsky 2003).  The ErbB family of receptors are often 
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upregulated in gynecological malignancy, and there has been success targeting ErbB2 

(Her2/neu) with monoclonal antibodies in the clinic (Rowinsky 2003).  However, the 

ErbB network is integrated with G-protein coupled receptor (GPRC) networks, and 

GPRC agonists can activate the ErbB pathway, leading to production of matrix 

metalloproteinases that can cleave and free ErbB ligands, resulting in ligand-receptor 

binding and activation (Rowinsky 2003).  GPRC can also activate the Src family of 

kinases, leading to phosphorlyation and activation of ErbB receptor (Rowinsky 2003).  

Therefore, although targeting one cellular pathway can provide some clinical response, 

there may be interactions between the targeted pathway and another pathway, which 

could lead to a decrease in the therapy’s effectiveness.  Thus, an alternative therapeutic 

approach besides protein/genetic targeting may be needed for ovarian cancer (Hanahan 

and Weinberg 2011). 

One alternative approach is to target cancer cell metabolism.  In the early 1900’s, 

Otto Warburg first discovered that the rate of glycolysis was higher in cancer cells 

compared to normal cells, even in the presence of oxygen (Warburg 1956).  Ever since, it 

has been shown that cancer cells have certain metabolic defects compared to normal cells 

(Jang, Kim et al. 2013).  Since the “Warburg Effect” has been observed specifically 

utilized by cancer cells to fulfill high bioenergetic demands (Jang, Kim et al. 2013), it 

may be useful to target metabolism to develop new cancer therapies.   
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In this thesis, the link between ovarian cancer cell metabolism and three major 

aspects of cancer cell invasive behavior are studied – detachment from extracellular 

matrix (anoikis condition), migration, and nitrosative stress / arginine deprivation. 

 

Objective 1: Explore metabolism in the detachment of highly-invasive versus less -

invasive ovarian cancers 

 

Figure 1: Objective 1 – Exploring the metabolism in detachment of highly-invasive 
versus less-invasive ovarian cancers.    The figure depicts metabolism of less-invasive 
(left) and highly-invasive (right) ovarian cancer cells. The original hypothesis was that 
highly-invasive ovarian cancer cells in detachment have higher glycolytic rate and less 
OXPHOS capacity than less-invasive ovarian cancer cells. 
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In order for cancer cells to spread and metastasize, they must be able to survive in 

detachment.  The effect of detachment on glycolysis, mitochondrial bioenergetics, and 

amino acid anabolism and catabolism was studied in highly-invasive and less-invasive 

ovarian cancers.  (Caneba, Bellance et al. 2012) 

In this objective, the metabolic activity of cells in suspension versus on adhesive 

substrates was compared.  In order to create suspension culture, three-dimensional 

organotypic and spheroid cultures, such as Matrigel spheroidal cell culture, were 

employed. Two-dimensional cultures on surfaces that did not promote cell attachment 

were also utilized. The differences in glycolytic and oxidative phosphorylation 

(OXPHOS) activity of highly-invasive and less-invasive ovarian cancer cells in each 

condition were then determined.  Results gave clues as to the changes in glycolysis and 

OXPHOS that may be responsible or linked to an increase in ovarian cancer 

aggressiveness, which may lead to the development of therapies targeting glucose 

metabolism in both highly-invasive and less-invasive ovarian cancers. (Caneba, Bellance 

et al. 2012) 
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Objective 2: Probe metabolic regulation of ovarian cancer cell metastasis using 

nutritional systems biology approach  

 

Figure 2: Objective 2 – 
Nutritional systems biology 
approach.  Cancer cells are 
exposed to different nutrients and 
conditions, including low oxygen 
(hypoxia), fatty acids, amino acids, 
lipids, and sugars (glucose and 
galactose), and these nutrients and 
conditions affect the metabolism 
and behavior of cancer cells. 

 

Systems biology is the 

study of biological systems that 

involves integrating genomics, 

proteomics, and metabolic data 

(Panagiotou and Nielsen 2009).  Nutritional systems biology is the study of the effect of 

nutrition on gene, protein, and metabolic pathways (Panagiotou and Nielsen 2009).  In 

this objective, different nutrients were applied to cancer cells in order to determine how 

these nutrients affected migration.  The effect of certain metabolites on cells can indicate 

how nutrition regulates metastasis and could serve as a potential therapeutic approach.   
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Cancer cells are also exposed to low oxygen (hypoxic) conditions within tumors 

(Hoogsteen, Marres et al. 2007), and thus understanding the metabolic changes that occur 

in response to low oxygen can give us ways to metabolically modify hypoxic tumor cells 

to activate apoptotic mechanisms. 

 

Objective 3: Probe the effect of nitric oxide on ovarian cancer cell metabolism 

 

Figure 3: Objective 3 – Exploring nitric oxide pathway and its effect on ovarian 
cancer growth and metabolism.  We hypothesized that nitric oxide (NO) could increase 
proliferation, colony formation, and anoikis resistance in ovarian cancer cells, as well as 
affect their metabolism. 
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Nitric oxide has previously been shown to be either pro-tumorigenic (Dwyer-

Nield, Srebernak et al. 2005; Bradburn, Pei et al. 2007; Tazawa, Kawaguchi et al. 2013) 

or anti-tumorigenic (Dhar, Brindley et al. 2003), depending on culture conditions and 

nitric oxide concentration.  However, the effect of nitric oxide on the metabolism of 

ovarian cancer cells has not yet been shown.  Understanding the effects of nitric oxide on 

the metabolism of ovarian cancer cells may help us understand ways to modulate ovarian 

cancer metabolism using nitric oxide delivery systems in order to decrease cell 

proliferation, invasion, and metastasis. 

 

1.2 Ovarian Cancer 

1.2.1 Biology and Metastasis 

In Hanahan and Weinburg’s paper “The Hallmarks of Cancer: The Next 

Generation,” characteristics shared by cancer cells are stated (Hanahan and Weinberg 

2011).  Among these are the ability for cancer cells to invade and metastastize.  

Metastasis is the ability of cancer cells to spread to other tissues and organs and grow in a 

different environment (Hanahan and Weinberg 2000).  Another hallmark added to the 

original “hallmarks” is that cancer cells can act by “desregulating cellular energetics” 

(Hanahan and Weinberg 2011). Thus, the ability for cancer cells to metastasize may be 

linked to their metabolism.  In 1889, Stephan Paget first observed that metastasis may be 

linked to metabolism when he examined 735 postmortem women with breast cancer and 
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found that cancer cells preferred certain microenvironments, and thus proposed the “Seed 

and Soil Hypothesis” (Langley and Fidler 2011).  Although the hypothesis has been 

contested, it has stood the test of time and today is still highly regarded among cancer 

researchers (Langley and Fidler 2011). 

Cancer cells have been shown to preferentially metastasize to the lung, bone, 

liver, and brain  (Langley and Fidler 2011).  However, metastasis of ovarian cancer is 

unique because the ovaries are in close proximity with other tissues, potentially making 

metastasis more efficient than with many other cancers. 

There are three main origins of ovarian cancer – the epithelial, germ cells, and 

stromal cells.  Epithelial ovarian cancer (EOC) accounts for 90% of all ovarian cancer.  

There are additionally three types of EOC, classified by their resemblance to mullerian 

derived tissues – serous, endometroid, and mucinous.  (Shield, Ackland et al. 2009) 

Ovarian cancer metastasis involves four stages according to the International 

Federation of Gynecology and Obstetrics (FIGO).  In stage I, cells with genetic 

alterations proliferate and are confined to one or both ovaries.  In stage II, these cells shed 

from the tumor and become suspended in fluid that builds up in the peritoneal cavity, 

called ascites.  These cells then seed on neighboring organs in the pelvic cavity.  Stage III 

involves cells seeding on the upper abdominal cavity and involves the lymph nodes.  

Lastly, stage IV involves metastasis to organs outside of the peritoneal cavity.  (Shield, 

Ackland et al. 2009) 
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When cells shed from ovarian tumors starting in stage II, they are reported to live 

as single cells in suspension or to form spheroid aggregates.  Spheroids give these cells a 

better chance for survival due to cell-cell contact.  Spheroids also shield internal cells 

from chemotherapy, since there is a diffusion gradient within the spheroid.  This shielding 

is known to be a factor in ovarian cancer drug resistance.  Since ascites fluid is composed 

of single cells and spheroids, it is important to understand the biology of both systems in 

order to manipulate them with therapies against metastatic disease. (Shield, Ackland et al. 

2009) 

1.2.2 Current Therapies 

The current “standard of care” for patients with ovarian cancer that has 

disseminated to other nearby organs and tissues is first cytoreductive surgery, which is 

surgical removal of visible tumor.  In the past, the acceptable standards of removal have 

varied.   The first study that links residual tumor after cytoreductive surgery to survival 

has shown that patients with less than 1.5 cm residual tumor after surgery have more than 

two times the survival time than those with more than 1.5 cm residual tumor.  Recently, 

the standards have become even higher, with 1 cm being the acceptable amount of 

residual tumor upon cytoreduction.  But in even more modern views, no gross residual 

disease is the gold standard, even if it calls for extensive surgical procedures affecting 

many organs.  In any case, the skill of the surgeon is crucial in determining the outcome 

of a patient with disseminated and late stage ovarian cancer. (Coleman, Monk et al. 2013) 
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In addition to surgery, neoadjuvant chemotherapy can be used to shrink the tumor 

before cytoreduction.  Neoadjuvant chemotherapy has been shown to result in not inferior 

disease-free survival and overall survival compared to without neoadjuvant 

chemotherapy.  However, there is controversy regarding use of neoadjuvant 

chemotherapy because it does not produce as positive results as expected, and 

chemotherapy comes with its own side-effects.  More studies need to be conducted to 

confirm whether the pros of neoadjuvant therapy outweigh the cons.  (Coleman, Monk et 

al. 2013) 

Once cytoreductive surgery has taken place, patients may be put on platinum-

based chemotherapy.  The current regimen is right now carboplatin along with paclitaxel, 

which has been shown to have greater response to treatment than cisplatin along with 

paclitaxel.  However, doses of the therapies, as well as dosing schedules, still have not 

been agreed upon.  Additionally, the method of delivery of drugs is under debate.  For 

example, a study has shown that there is a significant increase in overall survival for 

patients who undergo intraperitoneal therapy versus intravenous therapy.  However, 

intraperitoneal therapy comes with higher toxicity than intravenous therapy, and is still 

not agreed upon by practitioners. (Coleman, Monk et al. 2013) 
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1.3 Overview of Cell Metabolic Pathways 

1.3.1 Glycolysis 

 

Figure 4: Glycolysis pathway.  Glucose is converted to pyruvate, producing a net total 
of 2 ATP and 2 NADH.  Pyruvate is converted to lactate or acetyl-CoA. 

 

Glycolysis is the process by which cells convert glucose into intermediates, 

producing 2 ATP molecules per glucose molecule.  Two NAD+ molecules are also 

reduced to NADH for each glucose molecule.  NADH produced is either used later to 

convert pyruvate to lactate or in oxidative phosphorylation.  Two pyruvate molecules are 

also produced for each glucose molecule.   

The overall reaction is: 



	

	 12

Glucose  +  2ADP  +  2 NAD+    2 Pyruvate + 2ATP + NADH 

The glycolytic cycle can occur in absence of oxygen (anaerobic glycolysis).  At 

the end of the cycle, two potential products can be produced along with Nicotinaminde 

adenine dinucleotide (NADH) and ATP: lactate or pyruvate.  Lactate can serve as an 

energy source for cells, whereas pyruvate can be converted to acetyl-coenzyme A by 

pyruvate dehydrogenase, which enters the next phase of the energy-generation process – 

the tricarboxylic acid cycle (TCA cycle). 

1.3.2 Tricarboxylic Acid Cycle 

 

Figure 5: TCA cycle.  Pyruvate is converted to Acetyl CoA, which is converted to citrate 
and enters the TCA cycle.  A total of 6 NADH, 2 FADH2, and 2 GTP are produced. 
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In the TCA cycle, acetyl-coenzyme A is converted to oxaloacetate, which can then 

be converted to other intermediates, amoung them malate, alpha-ketogluterate, and 

citrate.  The TCA cycle not only produces NADH and FADH2 to be used for reducing 

power later to produce ATP, but intermediates of this cycle can also be converted into 

lipids, amino acids, and purines and pyrimidines for cell growth.  The process is known 

as caterplerosis (Feron et al., 2009).  Molecules can also be added to cells to be converted 

to the TCA cycle intermediates in a process known as anapleurosis.  For example, 

glutamine can be converted to alpha-ketoglutarate and produce purines and pyridines in 

the process (Feron 2009).   For one cycle of the TCA cycle, the net yield is 3 NADH, 1 

FADH2, and 1 GTP.  Since 2 acetyl-CoA enter the cycle for every molecule of glucose, 

the net yield per molecule of glucose is 6 NADH, 2 FADH2, and 2 GTP.  

1.3.3 Oxidative Phosphorylation (OXPHOS) 

 

Figure 6: Electron transport chain.  
NADH and FADH2 provide reducing 
power to create ATP through a series of 
electron carriers. 

 

The last part of the energy-

producing process involves the use of 

oxidation-reduction reactions in the inner mitochondrial membrane in order to produce 

ATP in the presence of oxygen.  This process is called oxidative phosphorylation 
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(OXPHOS).  Electrons from reducing agents produced in glycolysis and the TCA cycle – 

NADH, NADPH, and FADH2 – are passed in series to complexes I-V of the electron 

transport chain (ETC).  As the electrons are passed to stronger and stronger oxidizing 

agents, until they are passed to oxygen and water is formed.  This free energy is used to 

create an electrochemical gradient across the inner mitochondrial membrane by pumping 

H+ across the membrane in Complexes I, III, and IV.  H+ then reenters the mitochondrial 

matrix by binding to subunit F0 in ATP synthase (complex V).  This causes F1, another 

ATP synthase subunit, to change conformation and convert ADP to ATP.  Figure 6 is a 

diagram depicting oxidative phosphorylation (OXPHOS). 

Below is a table for the net yield of ATP from glycolysis, TCA cycle, and 

OXPHOS.  Each NADH is used to produce 3 ATP and each FADH2 produces 2 ATP.  The 

net total ATP produced is 36 ATP. 

Table 1: ATP produced in each energy production step and total ATP production per 
glucose molecule.  The total ATP produced is 38, but 2 ATP are used in molecular 
shuttling, so the grand total is 36 ATP. 

A number of OXPHOS inhibitors and drugs that uncouple oxidation and 

phorphorylation are used to study mitochondrial function, amoung them oligomycin, 
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FCCP, and 2,4,-dinitrophenol.  Oligomycin binds to ATP synthase and prevents H+ 

reentry into the mitochondrial matrix.  The pH and electric gradients thus increase due to 

buildup of H+ in the intermembrane space, and this opposes the pumping of H+ into the 

intermembrane space.  The result is inhibition of OXPHOS. Carbonyl cyanide p-

[trifluoromethoxy]-phenyl-hydrazone (FCCP) is an OXPHOS uncoupler, which opens 

permeability transition pores in the matrix membrane, allowing for reentry of H+ into the 

mitochondrial matrix, and not through ATP synthase.  Thus, ATP production is reduced, 

which can result in apoptosis.  2,4-dinitrophenol is another OXPHOS uncoupler, a 

lipophilic proton carrier that also dissipates the proton gradient by allowing reentry of the 

protons into the mitochondrial matrix.  The amount of protons passing through ATP 

synthase to produce ATP decreases, and the cell undergoes apoptosis.   

These OXPHOS inhibitors and uncouplers will be used to study alterations in 

OXPHOS in cancer cells.   

1.3.4 Pentose Phosphate Pathway (PPP) 

Another pathway that stems from glycolysis and is often used by cancer cells for 

proliferation is the pentose phosphate pathway (PPP).  The pentose phosphate pathway 

shunts glucose from glycolysis to create NADPH used in lipid synthesis, and ribose-5-

phosphate used in nucleotide synthesis.  The pathway starts with glucose-6-phosphate 

dehydrogenase (G6PDH) converting glucose-6-phosphate to 6-phosphogluconolactone in 

the oxidative part of the pathway.  There is also a non-oxidative reversible pathway, in 

which fructose-6-phosphate is converted to xylulose-5-phosphate.  Xylulose-5-phosphate 
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can also be converted back to fructose-6-phosphate, which can be converted by to 

glucose-6-phosphate, and then enter the oxidative pathway to create more NADPH.  

(Jones and Schulze 2012) 

 

Figure 7: Pentose phosphate pathway.  Pathway consists of two routes – oxidative and 
non-oxidative.  Together, both use one molecule of glucose to create 6 molecules of 
NADPH.  Abbreviations: phosphofructokinase (PFK); transketolase (TKT); 
transketolase-like protein 1(TKTL1); transaldolase 1 (TALDO1). 

 

Cancer cells are known to overexpress G6PDH, which leads them to synthesize 

more lipids and nucleic acids, allowing them to proliferate quickly.  TIGAR, regulated by 
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tumor suppressor p53, has been shown to slow down glycolytic rate in cancer cells, 

allowing more entry into the PPP.  (Jones and Schulze 2012)   

 

1.4 Cancer Metabolism 

1.4.1 Warburg Effect 

In 1956, Otto Warburg first made the observation that liver cancer cells in 

normoxia have higher glycolytic activity than normal liver cells (Warburg 1956).  The 

finding that cancer cells have higher glycolytic rates than normal cells has been 

consistently revalidated (Archetti 2013; Giang, Raymond et al. 2013; James, Chan et al. 

2013).  This metabolic switch that occurs in cancer cells, from producing more ATP 

through OXPHOS to producing more ATP through glycolysis, is known as the “Warburg 

Effect ” (Yang, Xiong et al. 2013).   

Warburg postulated that cancer cells switch energy pathways due to mitochondrial 

disfunction.  Other explanations for the Warburg Effect have been explored by Chen et al. 

(Chen, Lu et al. 2007).  Four proposed factors are mutations in mitochondrial DNA, 

mutations in nuclear DNA, transformation of cell by oncogenes, and influence from the 

tumor microenvironment.  Mutations in mitochondrial DNA tend to affect the whole 

mitochondrial oxidative respiration capacity, lowering oxygen consumption and ability to 

produce ATP.  Defects in the complexes of the ETC can also lead to an increase in 

production of reactive oxygen species (ROS).  For example, superoxide is a ROS that is 
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formed when only one electron is added to oxygen instead of two in the process of water 

formation in Complex IV of the ETC.  Since nuclear DNA codes for succinate 

dehydrogenase and fumarate hydratase, two complexes of the ETC, a mutation in nuclear 

DNA can alter the function of the complexes, leading to an increase in ROS.  Oncogenes, 

such as Ras, Src, PI3K/Akt, and breakpoint cluster region-abelson (Bcr-Abl) may activate 

survival pathways and affect glycolysis.  Lastly, tumor microenvironment can affect the 

glycolytic pattern of cancer cells.  Cells in the center of tumors suffer from low oxygen 

levels known as hypoxia.  In response to hypoxia, HIF-1alpha is stabilized and 

transactivates pyruvate dehydrogenase kinase 1 (PDK1), which inhibits phosphate 

dehydrogenase (PDH).  Since phosphate dehydrogenase normally converts pyruvate to 

acetyl-CoA, acetyl-CoA will not be produced through this mechanism and will not enter 

the TCA cycle. (Chen, Lu et al. 2007) 

1.4.2 Reverse Warburg Effect 

Cancer cells have been shown to rely on glycolysis to some extent for survival; 

for example, cisplatin-induced detachment of hexokinase II, a major glycolytic enzyme, 

from the mitochondrial matrix, leads to caspase 2 activation, cytochrome release from the 

mitochondria, and apoptosis (Shulga, Wilson-Smith et al. 2009).  However, a new 

hypothesis has recently emerged to explain the metabolic remodeling of cancer cells to 

induce growth and metastasis.  This hypothesis involves the tumor microenvironment, as 

well as cancer cells.  The tumor microenvironment, or stroma, is what surrounds cancer 
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cells, and includes inflammatory cells, ECM, growth factors, blood vessels, and cancer 

associated fibroblasts (Zhang and Liu 2013).     

Cancer has been termed the “wound that does not heal” due to the similar 

behaviors between cancer associated fibroblasts (CAFs) and myofibroblasts in wound 

healing (Schafer and Werner 2008).  Activated myofibroblasts activate transforming 

growth factor beta (TGFβ) during wound healing, and so creating a model that has 

continuously active TGFβ signaling could be used to study cancer behavior and 

metabolism (Sotgia, Del Galdo et al. 2009).  It was shown that the loss of the inhibitor of 

TGFβ , Cav-1, was enough to provoke CAF behavior in stromal cells in terms of 

contraction, retraction, and gene expression (Sotgia, Del Galdo et al. 2009).  Pavlides et 

al. examined human breast cancer tissue with stroma lacking Cav-1, and found after 

extensive proteomic analysis using mass spectrometry/protein micro-sequencing and 

gene microarray analysis that glycolytic enzymes were upregulated compared to tissue 

with Cav-1 expression (Pavlides, Whitaker-Menezes et al. 2009).  This led the group to 

an alternative hypothesis to the Warburg Effect, in which stromal cells undergo increased 

glycolysis to feed tumor cells (Pavlides, Whitaker-Menezes et al. 2009).  They coined this 

hypothesis the “Reverse Warburg Effect” because stromal cells undergo increased 

glycolysis instead of cancer cells. (Pavlides, Whitaker-Menezes et al. 2009) 

The group led by Michael Lisanti continued to support the hypothesis in 

subsequent publications.  Although it was shown that stromal cells lacking Cav-1 had 

overexpression of glycolytic proteins indicating increased glycolytic activity, it was 
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unclear whether loss of Cav-1 in stromal cells was all that was necessary to induce 

growth and angiogenesis in cancer cells.  Cav-1 deficient stromal cells were injected into 

a xenograft model containing MDA-MB-231 breast cancer cells, resulting in a decrease 

in tumor growth compared with wild-type stromal cells.  Tumors exposed to Cav-1 

deficient stromal cells were also more vascularized compared with tumors not exposed to 

Cav-1 deficient stromal cells, indicating that loss of Cav-1 in stromal cells can stimulate 

angiogenesis in adjacent tumor cells.  Proteomic analysis of Cav-1 deficient stromal 

fibroblasts using two-dimensional differential gel electrophoresis revealed that these 

fibroblasts had upregulated glycolysis, and glycolytic inhibitors decreased the 

proliferation of the fibroblasts.  Thus, Cav-1 loss is necessary for growth and 

angiogenesis in fibroblasts, and for upregulating glycolysis. (Bonuccelli, Whitaker-

Menezes et al. 2010) 

In order to more directly test the hypothesis that upregulation of glycolysis in 

stromal fibroblasts creates “fuel” to stimulate OXPHOS and growth of cancer cells, 

fibroblasts were genetically modified to contain either genes upregulating glycolysis 

(CL4 fibroblasts) or OXPHOS (CL3 fibroblasts) (Migneco, Whitaker-Menezes et al. 

2010).  It was shown that CL4 fibroblasts stimulated tumor growth when both CL3 and 

CL4 were injected into a human breast cancer cell line (Migneco, Whitaker-Menezes et 

al. 2010).  Next, the group investigated whether the products of glycolysis produced by 

the fibroblasts, ketones and lactate, could stimulate cancer growth and metastasis 

(Bonuccelli, Tsirigos et al. 2010).  It was found that ketone 3-hydroxybutyrate could 



	

	 21

stimulate tumor growth, that both lactate and 3-hydroxybutyrate increased cancer cell 

invasion using Boyden chambers, and that intraperitoneal injections of both lactate and 3-

hydroxybutyrate in tail veins of nude mice increased lung metastasis (Bonuccelli, 

Tsirigos et al. 2010).  The group then investigated whether stromal fibroblasts genetically 

engineered to express PKM1 and PKM2 could stimulate in vivo tumor growth and 

production of ketones and lactate (Chiavarina, Whitaker-Menezes et al. 2011).  It was 

shown that PKM1 expression resulted in lactate production, while PKM2 expression 

resulted in ketone production and autophagy to support tumor growth (Chiavarina, 

Whitaker-Menezes et al. 2011).  However, both PKM2 and PKM1 expression in stromal 

fibroblasts resulted in at least a 1.5 fold increase in tumor mass compared to the empty 

vector when injected into MDA-MB-231 cells in nude mice, indicating that PKM1 and 

PKM2 expression in stromal fibroblasts stimulate tumor growth by feeding tumor cells 

products of glycolysis – lactate and ketones (Chiavarina, Whitaker-Menezes et al. 2011). 

The reverse Warburg hypothesis is important because it demonstrates that, 

contrary to the belief that cancer cells have dysfunctional OXPHOS, cancer cells may 

have OXPHOS mechanisms functional enough to provide ATP for survival.   

1.4.3 Reactive Oxygen Species (ROS) and Cancer Metabolism 

Recently, reactive oxygen species (ROS) has been linked to mitochondrial 

metabolism in cancer cells.  Forms of reactive oxygen species, such as superoxide and 

hydrogen peroxide, can be generated in dysfunctional mitochondria, which can cause 

further mitochondrial damage (Lee, Giordano et al. 2012).  Reactive oxygen species have 
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also been seen to be linked to autophagy, or the regulated process in which cells degrade 

their organelles through lysosomal digestion (Zhang, Kong et al. 2009).  If autophagy is 

inhibited in early stages, apoptosis can result (Zhang, Kong et al. 2009).   

The process of mitophagy, or the autophagy of damaged mitochondria, is now 

being studied, since dysfunctional mitophagy can result in the existence of a defective 

mitochondria and thus abnormal metabolism (Lee, Giordano et al. 2012).  ROS does not 

only affect cancer metabolism through the mitochondria, but also affects glycolysis by 

inhibiting pyruvate kinase M2, the major checkpoint between glycolysis and the TCA 

cycle (Anastasiou, Poulogiannis et al. 2011).  This in turn leads to the build up of 

glycolysis intermediates, which are then shunted towards the PPP pathway to create 

antioxidants and to relieve the stress on the mitochondria from ROS (Anastasiou, 

Poulogiannis et al. 2011).  In this way, the cancer cells modify their metabolism in order 

to survive the damaging effects of ROS (Anastasiou, Poulogiannis et al. 2011).  Fatty 

acid oxidation also creates NADPH, which also combats ROS (Pike, Smift et al. 2011). 

Although there is controversy as to whether ROS inhibits (Liu, Zhang et al. 2011) 

or promotes cancer (Gorrini, Harris et al. 2013), the prevailing viewpoint is that ROS 

increases cancer invasiveness.  For example, ROS modulator 1 (Romo1) knockdown not 

only has been shown to decrease ROS production, but also decrease invasiveness of 

hepatic tumor cells, and overexpression of Romo1 has been shown to increase ROS 

production (Chung, Park et al. 2012).  In another example, antimycin A and oligomycin 

have been used to inhibit mitochondrial function, resulting in increased ROS production 
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and migration in human gastric cancer SC-M1 cells, and decreased ROS production and 

migration when antioxidant N-acetylcysteine (NAC) was added (Hung, Huang et al. 

2012).  Expression of mitochondria catalase (mCAT), a gene for catalase antioxidant 

expression, in MMTV-PyMT transgenic mice with primary mammary adenocarcinoma, 

has decreased ROS, metastatic tumor burden, and lung metastasis, compared to those 

without the gene, indicating that ROS is linked to cancer growth and metastasis (Goh, 

Enns et al. 2011).  In prostate cancer cells, ROS generated by an extracellular NOX 

system has been implicated in proliferation, cell viability, and growth in soft agar, and 

inhibiting the system using diphenyliodonium (DPI) has led to a decrease in these 

characteristics (Kumar, Koul et al. 2008). 

Since ROS may increase cancer cell invasiveness, providing cells with 

antioxidants may be an effective cancer therapy.  However, there is the idea that ROS 

production in cancer cells could lead to cancer cell death (Fuchs-Tarlovsky 2013).  For 

example, rotenone, an inhibitor of mitochondrial complex I that blocks electron transport, 

has been shown to produce ROS and elicit apoptosis in MCF-7 cells by upregulating 

apoptotic proteins and decreasing anti-apoptotic proteins (Deng, Huang et al. 2010).  

Tamoxifen is a chemotherapy drug that has been shown to induce apoptosis in MCF-7 

cells, along with an increase in ROS, indicating that mitochondrial dysfunction is 

involved in the death of exposed cells (Kallio, Zheng et al. 2005).   
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1.4.4 Hypoxia and Mitochondrial Metabolism 

Hypoxia is a term used to describe low oxygen conditions.  Cancer metabolism in 

hypoxic environments is important to explore because cancer cells often form together in 

spheroids, the centers of which are devoid of oxygen (Whelan and Reginato 2011).   

Spheroidal or three-dimensional cancer cell culture have now been developed in order to 

more accurately study the role of the microenvironment on cancer metabolism 

(Schmeichel and Bissell 2003), and a similar system is now being used to study hypoxia 

in breast cancer cells (Whelan and Reginato 2011).   

Hypoxia affects cancer cell metabolism by leading to stabilization of hypoxia-

inducible factor – 1 alpha (HIF-1alpha), a transcription factor that is usually destined for 

degredation in the proteosome by hydroxylation by prolyl hydroxylases (PHDs) (Galanis, 

Pappa et al. 2008).  Stabilization of HIF-1alpha leads to upregulation of GLUT1 receptor, 

leading to increased import of glucose into the cell (Chen and Russo 2012).  GLUT-1 

expression correlates with glycolytic activity, and HIF-1alpha stabilization has been 

shown to increase glycolytic rates in cancer cells (Semenza 2000; Chen and Russo 2012).  

HIF-1alpha also serves to stabilize other glycolytic enzymes, including hexokinase II 

(Mathupala, Rempel et al. 2001) and phosphoglycerate kinase 1(Semenza, Roth et al. 

1994), leading to higher glycolytic rate.  

Although the link between hypoxia and glycolysis is well established, the effect 

of hypoxia on mitochondrial metabolism is just beginning to be explored.  Since hypoxia 

leads to stabilization of HIF-1alpha, which ultimately inhibits the flow of pyruvate to the 
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mitochondria and decreases TCA cycle flux and oxygen consumption (Papandreou, 

Cairns et al. 2006), it is logical that the mitochondria is remodeled by this change in 

metabolism.  HIF-1alpha interferes with the mitochondrial biogenesis activities of 

oncogene c-Myc, which leads to decreased mitochondrial mass (Jensen, Binderup et al. 

2011).  In addition, it is logical that the mitochondria is involved in cancer cell hypoxic 

response since dysfunctional mitochondria can lead to ROS, decreasing oxygen 

availability, which can then affect stabilization of HIF-1alpha (Hagen 2012).  Under 

hypoxia, ROS levels have been shown to increase, due to increased production by 

Complex III of the mitochondria (Galanis, Pappa et al. 2008).  The ROS produced thus 

serves to stabilize HIF-1alpha (Chandel, McClintock et al. 2000).  This ROS produced in 

hypoxia has also been seen to activate Met proto-oncogene, leading to an increase in 

invasive behavior (Comito, Calvani et al. 2011).  In this way, mitochondrial metabolism 

helps cancer cells adapt to hypoxic environments.  Another group has shown that p38 

alpha mitogen-activated protein kinase (MAPK) is required for stabilization of HIF-

1alpha under hypoxia, not anoxia, and that this activation is dependent on ROS 

production in Complex III of the mitochondria (Emerling, Platanias et al. 2005).  

However, it has also been shown that ROS produced in Complex III is not completely 

necessary for the stabilization of HIF-1alpha in hypoxia (Chua, Dufour et al. 2010).  By 

utilizing alternative pathways in which electrons could bypass Complex III and by 

introducing antimycin A and sodium azide, it has been shown that HIF-1alpha expression 

is not a result of ROS but is a result of oxygen availability (Chua, Dufour et al. 2010).  In 
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fact, inhibiting Complex I, III, and IV all can lead to halt HIF-1alpha accumulation 

(Chua, Dufour et al. 2010). 

One group has interestingly found that stabilization of HIF under hypoxia leads to 

decrease in pyruvate dehydrogenase kinase 1 activity, leading to a decrease in 

mitochondrial respiration and HIF-dependent decrease in oxygen uptake, as measured by 

a Clark electrode (Papandreou, Cairns et al. 2006).  This increases the amount of oxygen 

available in the cell, which therefore prevents cell death (Papandreou, Cairns et al. 2006).  

Interestingly, the converse has also been reported when inhibiting pyruvate 

dehydrogenase kinase II (PDK II); inactivation of PDK II using dichloroacetate (DCA) 

can lead to stabilization of HIF-1alpha, increased survival, decreased tumor volume, and 

decreased tumor vascularity compared to the control group (Sutendra, Dromparis et al. 

2012). 

There is also evidence that dysfunction in the TCA cycle of the mitochondria due 

to mutation of succinate dehydrogenase (SDH) can lead to stabilization of HIF-1alpha, 

thus further linking HIF-1alpha with mitochondrial metabolism (Selak, Armour et al. 

2005).  SDH is an intermediate in the TCA cycle that also acts as a tumor suppressor 

(Selak, Armour et al. 2005).  When SDH is inactivated by siRNA, HIF-1alpha protein 

levels increased under normoxia, and gas chromatography – mass spectroscopy (GC-MS) 

shows that succinate accumulates in the cells (Selak, Armour et al. 2005).  Succinate has 

been shown to inhibit PHD and also increase HIF-1alpha levels (Selak, Armour et al. 

2005).   
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1.4.5  Cancer Therapies Targeting Cancer Metabolism 

Since the Warburg Effect has been revalidated many times in cancer cells, there is 

a growing interest in exploring cancer metabolism and using findings to therapeutically 

target cancer cells.  When Warburg first observed the increased glycolytic flux in cancer 

cells, he attributed it to mitochondrial dysfunction.  However, as metabolism continues to 

be explored in cancer cells, it is being shown that cancer cells have intact mitochondrial 

function, and that mitochondrial defects do not necessarily cause high glycolytic rate.  

Thus, therapies for cancer that target glycolysis and the mitochondria are currently being 

explored. (Jang, Kim et al. 2013) 

1.4.5.1 Glycolytically-Based Therapies 

Since upregulation of glyolysis is a hallmark of cancer cells, drugs have been 

created to target many enzymes of the glycolytic pathway, which have been stated in 

Pathania et al. (Pathania, Millard et al. 2009).  One such inhibitor, 2-deoxyglucose (2-

DG), inhibits the action of hexokinase, which normally phosphorylates glucose to 

glucose-6-phosphate (Sottnik, Lori et al. 2011).  Although 2-DG can be transported into 

the cell through glucose transporters, it cannot be phosphorylated by hexokinase, and thus 

cannot act in cell signaling (Sottnik, Lori et al. 2011).  Thus, hexokinase is inactivated by 

competitive binding of 2-DG instead of glucose (Pathania, Millard et al. 2009; Sottnik, 

Lori et al. 2011).  2-DG ultimately inhibited migration and invasion of OS cells, and from 
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a metabolic standpoint increased oxygen consumption and decreased lactate secretion 

(Sottnik, Lori et al. 2011).   

Lactate has also been shown to promote metastasis, and inhibitors of lactate 

dehydrogenase A (LDHA), the enzyme that converts lactate to pyruvate, are currently 

being developed.  Gossypol, an antimalarial agent, has been shown to inhibit LDHA, and 

is currently in Phase I and II clinical trials.  FX-11 is a gossypol derivative that is 

selective for LDHA over LDHB, and is now being tested in animal models as a potential 

therapeutic.  Yet another chemical, galloflavin, inhibits both LDHA and LDHB, and has 

been shown to affect hepatocellular carcinoma viability and breast cancer cell 

proliferation.  (Doherty and Cleveland 2013) 

Monocarboxylate (MCT) transporters are also starting to be explored as targets 

for cancer therapy, as they are responsible for transporting lactate out of cancer cells.  

MCT transporters have been shown to be associated with CD147, a surface associated 

protein, and MCT stability is dependent on CD147 expression.  Therefore, targeting 

CD147 with humanized antibodies can affect the stability of MCT transporters, and may 

be a potential therapeutic angle.  Organomercurial reagent p-chloromercuribenzene 

sulfonate (pCMBS) also affects the association of CD147 and MCT transporters, and thus 

can be a potential therapeutic agent. (Doherty and Cleveland 2013) 

MCT transporters are also reponsible for shuttling lactate between cell 

populations, either between tumor cells and their microenvironment (“Reverse Warburg 

Effect”), glycolytic tumor cells versus oxidative tumor cells, or cancer cells and vascular 
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endothelial cells (Doherty and Cleveland 2013).  Inhibiting MCT transporters may inhibit 

these signaling effects, and thus may negatively affect growth and proliferation of tumor 

cells. 

In addition, natural compounds that target cancer glycolysis are being explored, 

since they may be less likely to produce unwanted side effects.  Since cancer cells largely 

rely on glucose, inhibiting the glucose transporters or glycolytic enzymes can be ways to 

inhibit cancer growth and proliferation, and a number of natural compounds have been 

shown to act in this way.  One compound, annonaceous acetogenins, is a long chained 

fatty acid derivative from the tree Graviola that is involved in inhibition of glucose 

transport.  Graviola extracts can also decrease expression of key glyoclytic enzymes – 

GLUT1, GLUT4, hexokinase II, and LDH-A.  Another natural compound that inhibits 

glucose uptake is glucopiericidin A (GPA), perhaps by serving as a an analog of a 

GLUT1 substrate.  Polyphenols have also been known to inhibit glucose transport, 

including fisetin, myricetin, quercetin, apigenin, genistein, cyaniding, daidzein, 

hesperetin, naringenin, and catechin. (Cerella, Radogna et al. 2013) 

Some natural compounds are also known to inhibit glycolytic enzymes.  For 

example, hexokinase II, a main enzyme in the glycolytic pathway, can be inhibited by the 

plant stress hormone methyl jasmonate.  Its binding to hexokinase II also promotes 

cytochrome c release and thus apoptosis.  PKM2, another main glycolytic enzyme, can be 

inhibited by naphthoquinones, including shikonin.  (Cerella, Radogna et al. 2013) 
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1.4.5.2 Mitochondrially-based therapies 

Since cancer cells in part rely on mitochondrial function for growth, 

mitochondrial inhibitors may also have an anti-tumorigenic effect.  These inhibitors can 

be classified according to the mitochondrial complexes they affect.  

 

Complex I Inhibitors 

NADH ubiquinone reductase is Complex I of the mitochondrial electron transport 

chain, and has been shown to be the most complex of the complexes, with half the units 

encoded in the mtDNA (Pathania, Millard et al. 2009).  Complex I can be inhibited by 

agents that bind in its hydrophobic or hydophillic site (Pathania, Millard et al. 2009).  

Therefore, a diverse set of inhibitors can be used to block electron transport, although as 

noted by Pathania et al., Complex I inhibitors oddly do not seem to prefer one site over 

the other (Pathania, Millard et al. 2009).  Complex I inhibitors also fall into two distinct 

classes – those that produce ROS (Class A), and those that prevent ROS production 

(Class B) (Fato, Bergamini et al. 2009). 

A range of agents have been shown to inhibit Complex I.  Class A inhibitor 

rotenone has been shown to inhibit Complex I (Pathania, Millard et al. 2009).  Rotenone 

has been found to initiate p53 dependent mitotic catastrophe and eventually apoptosis in a 

ROS independent manner (Goncalves, Maximo et al. 2011).  When two cell lines, one 
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depleted of mtDNA and one with mtDNA, were exposed to rotenone, the one with 

mtDNA produced more ROS than the one without mtDNA, but cell viability was similar 

in both, indicating that the death was ROS independent (Goncalves, Maximo et al. 2011).  

In addition, using propidium iodide staining, the group showed that more cells were 

growth arrested before the typical G2/M phase when exposed to rotenone than when not 

treated with the inhibitor (Goncalves, Maximo et al. 2011).  In another study, treatment of 

colon carcinoma cells with rotenone and glycolysis inhibitor 2-deoxy-D-glucose resulted 

in more ROS production and cell death than either drug alone, indicating that 

administering mitochondrial Complex I inhibitors combined with glycolytic inhibitors 

may have a potent anticancer effect (Fath, Diers et al. 2009).  

Another mitochondrial complex I inhibitor, acetogenins, has been shown to be as 

effective as rotenone at decreasing ATP production, increasing ROS and superoxide 

production, decreasing mitochondrial membrane potential, and increasing cell death 

when exposed to cyclosporin A (de Pedro, Cautain et al. 2012).  Rhein has been shown to 

block electron transport, and Class A inhibitor Diphenyliodonium (DPI) has led to ROS 

production and apoptosis (Pathania, Millard et al. 2009).   

Although there are a handful of drugs that can inhibit Complex I and have been 

linked to cancer cell death, many of them have not been put to use in the clinic due to 

toxicity.  Therefore, more research must be conducted in order to develop a safe and 

effective Complex I inhibitor. 
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Complex II Inhibitors 

Complex II, called succinate dehydrogenase, is unique in that it does not pump 

protons across the inner mitochondrial membrane, and thus does not contribute to ROS 

production unlike Complexes I and III (Pathania, Millard et al. 2009).  Succinate 

dehydrogenase normally converts succinate to fumarate in the TCA cycle and carries 

electrons from FADH2 into the electron transport chain, and so it was traditionally 

thought that inhibition of this complex can lead to decreased energy production through 

TCA cycle and oxidative phorsphorylation (Pathania, Millard et al. 2009).  However, a 

recent study suggests that Complex II can also be the site of ROS production (Moreno-

Sanchez, Hernandez-Esquivel et al. 2012).   

 

Complex III inhibitors 

Cytochrome c reductase, otherwise known as complex III in the electron transport 

chain, is known for its ROS production in cancer cells.  Inhibitors of cytochrome c 

reductase typically block electron transfer by binding to different sites of the complex to 

hamper its role in the electron transport chain. (Pathania, Millard et al. 2009) 

Myxothiazol is a powerful cytochrome c reductase inhibitor that acts by binding 

to the Q1 center of the protein and inhibiting its electron transport function (Pathania, 

Millard et al. 2009).  It has been shown to be the most effective mitochondrial inhibitor in 

increasing the potency of tamoxifen to induce cell death in MCF7 breast cancer cells 
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(Theodossiou, Yannakopoulou et al. 2012).  Another powerful inhibitor is Stigmatellin, 

which inhibits the electron transfer from Fe2S2 to cytochrome c1 (Pathania, Millard et al. 

2009).  Benzyl isothiocyanate is also a strong complex III inhibitor (Pathania, Millard et 

al. 2009).  MDA-MB0231 and MCF-7 breast cancer cells treated with benzyl 

isothiocyanate undergo apoptosis, as shown by increases in caspase 3 activation (Xiao, 

Powolny et al. 2008).  The ectopic expression of catalase rescues cells from apoptosis, 

which indicates that benzyl isothiocyanate plays a role in ROS-mediated cancer cell death 

(Xiao, Powolny et al. 2008). 

Another promising anti-cancer agent, resveratrol, is a natural compound in fruit 

that acts by inhibiting mitochondrial respiration through complexes I-III (Wang, 

Ogasawara et al. 2010).  Using  H1299, a cell line modified to alter the p53 protein, it has 

been shown that resveratrol relies on p53 activity to effectively induce apoptosis, and that 

resveratrol activates caspases 7 and 9, which can lead to the release of cytochrome C 

(Ferraz da Costa, Casanova et al. 2012).  A resveratrol analogue, HS-1793, has been 

reported to induce apoptosis in murine breast cancer cells (Kim, Yang et al. 2012).  In 

addition to being effective as a single agent, resveratrol has been proven to increase 

effectiveness of doxorubicin in MCF-7 breast cancer cells (Osman, Bayoumi et al. 2012).  

Thus, in recent years, resveratrol has been proven to be a promising chemotherapeutic 

agent. 
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1.5 Metastasis and Cancer Metabolism 

1.5.1 Definition of Metastasis 

The process of cancer metastasis has been extensively reviewed by Dr. Isaiah J. 

Fidler in 2007 (Fidler, Kim et al. 2007).  Metastasis occurs when genetically transformed 

cells invade the tumor stroma, enter circulation, and eventually seed on either the same 

organ or different organs in the organism.  The transformed cells must first create 

capillaries by secreting proangiogenic factors.  The cancer cells must then invade the 

surrounding stroma by secreting enzymes that can degrade tissue components, such as 

collagen.  These cancer cells can then enter the blood vessels and live in circulation, until 

seeding on other organs or tissues.  These transformed cells in the new metastatic lesion 

can also metastasize in a similar way as from the primary tumor, termed “metastasis of 

metastasis.” (Fidler, Kim et al. 2007)  

 

Figure 8: The process of 
lung metastasis.  Cells in 
the original tumor are 
transformed and 
extravasate to the blood 
stream and seed on 
neighboring tissues, and 
if conditions are optimal, 
the cancer cells will grow 
and proliferate in their 
new microenvironment.  
Adapted from (Langley 
and Fidler 2007) 
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Cancer cells are also believed to prefer certain microenvironments for metastasis, 

an idea first explored in 1889 by Stephen Paget.  An English surgeon studying the 

autopsy records of 735 women who died of breast cancer, he was the first to note that 

cancer metastasized mainly to the liver, ovary, and certain bones, and not in other 

locations.  This led to the “seed and soil hypothesis,” which states that cancer cells prefer 

certain environments to grow and proliferate.  (Fidler and Poste 2008)  

This hypothesis is now accepted by many cancer biologists, and highlights the 

importance of studying the characteristics of the “soil” or tumor stroma and the 

metabolites present in the stroma that give the tumor an ideal environment to thrive.   

1.5.2 Previous Research 

Recently, the link between cancer metabolism and metastasis has begun to be 

explored.  A majority of research revolves around the Warburg Effect and how it 

increases proliferation of cancer cells and growth of tumors.  For example, Lin et al. have 

aimed to study the effect of increased glycolysis on cancer metastasis by first knocking 

down citrate sythase, an enzyme that catalyzes the first step of the TCA cycle, and 

comparing the phenotype of cells with and without citrate synthase (Lin, Cheng et al. 

2012).  The group has shown that human cervical cancer cells bear the fibroblast 

phenotype when there is no citrate synthase compared to when citrate synthase is 

expressed.  Growth rate, colony formation, and migration increases when citrate synthase 

expression is knocked down, indicating that cervical cancer cells that rely on glycolysis 
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show more invasive characteristics.  Further, the group has shown that epithelial 

mesenchymal transition (EMT) marker E-cadherin is lost with the loss of citrate synthase 

expression, indicating that an increase in glycolysis in these cells may be related to an 

increase in EMT. (Lin, Cheng et al. 2012) 

1.5.2.1  Amino Acid Uptake and Secretion and Metastasis 

	

Figure 9: Amino acid uptake (blue boxes) and secretion (pink boxes)  in cancer cells 
through caterpleurosis, pentose phosphate pathway, and glycolysis.   

Cancer cells have been shown to depend on uptake of certain amino acids for 

growth  metastasis.  The most widely studied amino acid that is highly consumed by 

cancer cells is glutamine, which is converted to glutamate by glutamate synthase, and 
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finally converted to alpha-ketoglutarate, a component of the TCA cycle (Fig. 9).  Using 

metabolic tracers, glutamine uptake has been shown to increase when glucose is not 

present or in hypoxic conditions, thus sustaining flux through the TCA cycle (Le, Lane et 

al. 2012).  We have additionally shown that glutamine uptake is higher in more 

aggressive ovarian cancer cells than less aggressive ovarian cancer cells in detachment 

(Caneba, Bellance et al. 2012).  Control of glutamine uptake has been shown to be 

affected by c-Myc oncogene transcription (Gao, Tchernyshyov et al. 2009).  Dang et al. 

has shown that c-Myc suppresses miR-23a/b, which is involved in the inhibition of 

mitochondrial glutaminase (Gao, Tchernyshyov et al. 2009).  Thus, c-Myc increases 

glutaminolysis and flux through the TCA cycle in cancer cells. 

Glutaminase inhibitors have also shown promise in in vitro experiments, 

including small molecular inhibitor 968 (Wang, Erickson et al. 2010).  Small molecule 

968 has inhibited colony formation and proliferation of 3T3 cells transfected with Rho 

family-GEF oncogenic Dbl, as well as 3T3 cells transfected with Rho GTPases (Wang, 

Erickson et al. 2010).  Glutaminase BPTES, another glutaminase inhibitor, also has also 

inhibited proliferation and ATP production of P493, as well as tumor growth in a tumor 

xenograft model (Le, Lane et al. 2012).   

Glutamine can also be used to create proline, as shown in Figure 9.  We have 

found that proline secretion corresponds to aggressiveness of ovarian cancer cells in 

detachment (Caneba, Bellance et al. 2012).  However, proline can also be converted back 

into glutamate and into alpha-ketoglutarate, thus entering the TCA cycle.  The catabolism 
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of proline through proline dehydrogenase (POX/PRODH) has been shown to be 

antitumorigenic, and Myc has been shown to suppress POX/PRODH expression, as well 

as increase the expression of pyrroline-5-carboxylate (P5C) synthase and P5C1 reductase, 

both enzymes involved in the conversion of glutamate to proline (Liu, Le et al. 2012).  

The notion of POX/PRODH is a tumor suppressor has been confirmed with the finding 

that it is regulated by p53 in a comprehensive study examining the transcripts of the gene 

(Polyak, Xia et al. 1997). Thus, proline regulation has been linked to metastasis, although 

the connection remains to be clarified.   

Branched chain amino acids (BCAA) are essential amino acids, or ones that 

cannot be synthesized in sufficient amounts endogenously (Hutson, Sweatt et al. 2005).  

Catabolic enzymes of BCAA’s are widely distributed throughout the body and, with the 

exception of the central nervous system, are present in the mitochondria (Hutson, Sweatt 

et al. 2005).  As shown in Figure 9, BCAA’s can be uptaken and transformed in a 

reversible reaction to form branched chain keto acids, which can then be converted to 

coenzyme A’s and enter the TCA cycle (Holecek 2002).  Our data shows that in 

detachment, more aggressive ovarian cancer cells secrete branched chain amino acids 

valine, leucine, and isoleucine, which can happen as a result of the reverse reaction from 

branched chain amino acids to branched chain keto acids (Caneba, Bellance et al. 2012). 

Serine uptake has also been implicated in metastasis.  As depicted in Figure 9, 

serine can be converted into glycine and eventually into glutathione and purines 

(Maddocks, Berkers et al. 2013).  Serine deprivation in cancer cells has been shown to 
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decrease aerobic glycolysis and decrease viability and proliferation, and that survival of 

these cells was p53 dependent, since p53 was recruited to the p21 promoter to initiate G1 

arrest (Maddocks, Berkers et al. 2013).   

Our lab has started exploring amino acid uptake and secretion of ovarian cancer 

cells in metastasis.  However, there is still need to further explore the connection between 

amino acids and metastasis.	

1.5.2.2  Wnt-Pathway and Cancer Metabolism and Metastasis 

Figure 10: Wnt pathway in a 
detached, invading cancer cell with 
ErbB2 overexpression. ErbB2 
overexpression in mammary cells has 
been shown to increase glucose 
uptake, and to increase in TCA flux 
through inhibition of pyruvate 
dehydrogenase kinase (PDK), 
increasing pyruvate dehydrogenase 
activity (PDH).  It also results in 
increased flux through the pentose 
phosphate pathway (PPP), leading to 
increase in NADPH production, 
increase in antioxidant production 
that inhibits reactive oxygen species 
(ROS) production, decreasing fatty 
acid oxidation, and increasing ATP 
generation through electron transport 
chain.  Increased glucose uptake also 
correlates to Wnt pathway activity, 
leading to inhibition of glycogen 
synthase kinase (GSK), activation of 
lymphoid enhancer-binding factor 1 
(LEF-1), and increased invasion. 
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The Wnt-pathway was first studied in the development of Drosophila and 

Xenopus, and it was in these organisms that the canonical Wnt pathway was discovered 

(Clevers and Nusse 2012).  Wnt signaling pathway controls beta-catenin, which is 

involved in the transcription of target genes that control cell cycle (Clevers and Nusse 

2012).  Without Wnt signaling or mutations in the Wnt pathway, beta-catenin is normally 

marked by adenomatous polyposis coli (APC) protein for degradation by the proteasome 

(Clevers and Nusse 2012).  When Wnt ligand is present and the Wnt pathway is intact, 

Wnt binds to its receptor, Frizzled, which initiates a cascade of events that allows beta-

catenin to avoid destruction by the proteasome, allowing it to build up in the cytoplasm, 

eventually translocate to the nucleus, and interact with lymphoid enhancer-binding factor 

1 (LEF-1) protein to promote the transcription of target genes (summarized in Fig.10)  

(Clevers and Nusse 2012; Yang 2012).   

Although more thoroughly studied in relation to development, the Wnt-pathway is 

starting to be explored in cancer metastasis and metabolism.  In 1991, two groups 

independently discovered that chromosome 5q21, which contained mutations in 

colorectal cancer cells, held two genes – APC and MCC (Kinzler, Nilbert et al. 1991; 

Nishisho, Nakamura et al. 1991).  APC was soon shown to interact with beta-catenin, 

thus indicating its connection to the Wnt pathway and metastasis (Rubinfeld, Souza et al. 

1993; Su, Vogelstein et al. 1993).  Since APC alleles are often lost in the development of 

familial adenomous polyposis (FAP) (Lal and Gallinger 2000), reinstatement of APC may 

be used as a cancer therapy.  This approach has shown promise in colorectal cancer in 



	

	 41

vitro studies (Polakis 2012; Polakova Vymetalkova, Vannucci et al. 2013).  Silencing of 

beta-catenin has been found to inhibit tumorigenicity in colon cancer in vivo and in vitro 

(Polakis 2012).  Recently, secreted frizzled receptor protein (SFRP1-5), which bind to the 

Wnt ligand or receptor to inhibit Wnt pathway, have been shown to play a role in 

mesenchymal-epithelial transition (MET) (Ford, Jary et al. 2013).  Treatment with rSFRP 

was shown to increase protein and RNA levels of E-cadherin, a marker of MET, and 

decrease protein and RNA levels of vimentin and twist1, markers of EMT (Ford, Jary et 

al. 2013).  Since MET is involved in promoting adhesion, activating this pathway makes 

cancer cells less invasive; thus, this suggests that treatments involving expression of 

SFRP can be effective at inhibiting metastasis of cancer cells (Ford, Jary et al. 2013). 

The connection between Wnt pathway, metastasis, and metabolism is only 

beginning to be clarified.  Chafey et al. used 2-D DIGE combined with mass 

spectroscopy to quantitatively determine protein expression in mice with deleted APC 

(Chafey, Finzi et al. 2009).  They found that most proteins that were differentially 

expressed in mice with deleted APC versus wild type were involved in the metabolism, 

indicating that the loss of APC and resulting beta-catenin signaling shifted the 

metabolism of cancer cells from OXPHOS to glycolysis (Fig. 10) (Chafey, Finzi et al. 

2009).  Examining the role of the mitochondria in Wnt pathway activation could uncover 

a wealth of metabolic targets that also control the Wnt pathway, which may play a role in 

cancer metastasis. 
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1.6 Anoikis and Cancer Metabolism 

1.6.1 Definition of Anoikis 

 

Figure 11: Epithelial-mesenchymal transition and anoikis resistance.  When epithelial 
cells become cancerous, they lose their tight junctions, causing the apical and basolateral 
proteins to mix resulting in loss of cell polarity.  Matrix metalloproteinases digest ECM 
and cell is free to invade other tissues.  However, cancer cells must be able to live in 
detachment from ECM in order to invade, and must be anoikis resistant. 

Anoikis, defined as epithelial cell death due to extracellular matrix detachment, is 

a form of apoptosis first observed by Frisch and Francis in 1994 (Frisch and Francis 

1994).  There is an interest in studying the role of anoikis in epithelial cancer progression 
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and metastasis.  During invasion and metastasis, cells detach from their basement 

membrane in a process that involves loss of epithelial apical-basal polarity (Frisch, 

Schaller et al. 2013), and upregulation of matrix metalloproteinases, enzymes that cleave 

matrix components and allow cancer cells to migrate (Yoon, Park et al. 2003).  Figure 11 

illustrates the process of epithelial cancer metastasis. 

This process resembles the epithelial-mesenchymal transition that is often seen 

during embroyonic development (Yao, Dai et al. 2011).  After epithelial cells detach from 

the basement membrane, they generally journey through the vasculature or lymphatic 

system to seed on  other organs (Yao, Dai et al. 2011).  In order for cancer cells to survive 

the journey, they must be able to survive without matrix attachment, or be anoikis 

resistant (Frisch, Schaller et al. 2013).  Understanding the mechanisms involved in 

making cancer cells anoikis resistant may lead to the development of new therapies that 

sensitize epithelial cancer cells to anoikis, which may halt or delay cancer progression.  	

1.6.2 Previous Research 

Anoikis has been observed and studied in epithelial cancers, including colon 

(Windham, Parikh et al. 2002), breast (Reginato, Mills et al. 2003), prostate (Giannoni, 

Fiaschi et al. 2009), and naspharyngeal carcinoma (Lui, Yau et al. 2009).  Anoikis-

resistance has been studied as a characteristic of breast cancer.  For example, Dr. Brugge 

and her research group have studied anoikis in mammary epithelial cancer cells in 3-D 

Matrigel culture (Debnath, Mills et al. 2002).  More specifically, they have studied 

apoptotic mechanisms and their role in luminal clearance of mammary acini, and have 
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found that suppressed apoptosis along with enhanced proliferation play a role in luminal 

filling of the acini, seen in more advanced stages of breast cancer (Debnath, Mills et al. 

2002).  The role of CCN6 in anoikis-resistance in invasive breast cancer has also been 

studied using soft agar anchorage-independent assays (Huang, Gonzalez et al. 2010).    

More recently, the effect of antioxidants on anoikis resistance in mammary 

epithelial cells is being explored (Schafer, Grassian et al. 2009) (Kamarajugadda, Cai et 

al. 2013).  Kamarajugadda et al. have shown that depleting p65, a protein needed for 

NFKB transcription factor activity, can lead to a decrease in manganese superoxide RNA 

using QT-PCR, which can lead to a decrease in anoikis resistance (Kamarajugadda, Cai et 

al. 2013).  Since manganese superoxide is an antioxidant enzyme, an increase in ROS 

may lead to an increase in anoikis (Kamarajugadda, Cai et al. 2013). 

In addition to breast cancer, anoikis resistance has been studied in a variety of 

other cancers.  Wei et al. have recently studied anoikis resistance in lung cancer cells and 

the role of Src/Akt/HKII pathway in anoikis resistance of this cancer (Wei, Dai et al. 

2013).  With addition of Oroxylin A, anoikis resistance decreases and the Src/Akt/HKII 

pathway has been shown to be inhibited, indicating that this pathway may have been 

important for the anoikis resistance of lung cancer cells (Wei, Dai et al. 2013).    

Although research has been conducted regarding anoikis resistance and cell death 

pathways in cancer cells, the relationship between anoikis resistance and cancer 

metabolism requires further study.  Grassian et al. have shown that ECM detachment of 

mammary epithelial cancer cells can lead to decreased glucose consumption and lactate 
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secretion, indicating a decrease in glycolytic flux in detachment (Grassian, Metallo et al. 

2011).  The group also has shown that detachment can decrease the flux through pyruvate 

dehydrogenase (PDH) by decreasing the expression of pyruvate dehydrogenase kinase 

(PDK),  and that overexpression of ErbB2, an oncogene, can result in maintainance of 

PDH flux and rescue of glycolytic flux. (Grassian, Metallo et al. 2011)   

In a separate study, Schafer et al. have shown that ECM detachment of mammary 

epithelial cells can result in a decrease in ATP production due to decreased glucose 

uptake and increased ROS production (Schafer, Grassian et al. 2009).   Adding glucose 

can increase flux through the pentose phosphate pathway, which can result in the 

production of antioxidant glutathione (Schafer, Grassian et al. 2009).  This can lead to a 

rescue of ATP production in detachment and a decrease in ROS production (Schafer, 

Grassian et al. 2009).  In a follow-up study, antioxidant enzymes catalase and superoxide 

dismutase have been shown to maintain ATP production and viability of mammary cells 

in detachment (Davison, Durbin et al. 2013), thus further highlighting the role of 

antioxidants and their effects on ATP production of cells in suspension. 

Although the connection between anoikis-resistance and metabolism is beginning 

to be explored in mammary cells, the role of metabolism in anoikis-resistance in ovarian 

cancer has yet to be extensively explored.  The role of metabolism in anoikis-resistance in 

ovarian cancer is important to understand because ovarian cancer cells spend much of 

their time in detachment in peritoneal fluid once they have metastasized.  One 

explanation for the high recurrence rates in epithelial ovarian cancer may be the ability 
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for cancer cells to detach from their native tissue surfaces and to survive suspended in 

ascites fluid before attaching to tissue of another organ.   

1.6.3 Detachment Culture Methods 

Figure 12: Culture 
systems promoting 
anchorage-
independent cell 
growth.  (A) 
Schematic of different 
culture methods.  1) 
Matrigel overlay is 
when cells are seeded 
on a layer of Matrigel 

and media containing matrigel 
is placed on top of the seeded cells, creating a 
sandwich culture.  2) Matrigel embedding is when 
cells are mixed with Matrigel and then seeded in a 
thick layer.  3) Soft agar allows cells to grow on a non-
adherent substrate but still form spheroids. 4) Poly-
HEMA is a hydrophilic coating that does not allow 
cells to attach. (B) SKOV3 ovarian cancer cells in 
Matrigel for 12 days using Matrigel overlay technique.  
Media was changed every other day before imaging. 
(C) SKOV3ip1 ovarian cancer cells in soft agar after 

20 days.  Cells were seeded on a base agar, and top agar layer was added.  Media was 
changed every other day before imaging. 
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In order to study the effects of detachment on cancer cells, researchers have 

utilized different culture techniques and materials.  Many studies employ the use of 

two-dimensional cell suspension cultures, where plates are coated with a polymer 

that inhibits cell attachment (Bao, Qiu et al. 2013; Schackmann, Klarenbeek et al. 

2013; Zhang, Wang et al. 2013).  The most widely used polymer for this purpose is 

Poly(2-hydroxyethyl methacrylate) (Poly-HEMA).  This polymer can be dissolved 

in ethanol with heat (65 degrees Celsius), and used to coat well plates to inhibit cell 

attachment.  This coating material is often used in studies exploring the effects of 

anoikis-resistance on cancer cells (Bao, Qiu et al. 2013; Zhang, Wang et al. 2013).  

Plates coated with other polymers have also been used to achieve the same effect 

(Schackmann, Klarenbeek et al. 2013).  This thesis work utilizes both Poly-HEMA-

coated and hydrogel-coated plates in order to study the effect of anoikis resistance 

on metabolism (Caneba, Bellance et al. 2012).  Another way to culture cells in 

detachment is to embed cells in gels that include extracellular matrix components, 

whereby the cells form clusters and the cells in the center are detached from the 

basement membrane (Debnath, Mills et al. 2002).  Debnath et al. summarizes these 

different cultures for growing cells in three-dimensional cultures (Hebner, Weaver et 

al. 2008).  Engelbreath Holm-Swarm (EHS) derived basement membrane isolated 

from mouse sarcoma is a widely-used material for culturing three-dimensional 
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cultures (Hebner, Weaver et al. 2008).  However, there tends to be variability 

between different batches of EHS, and so collagen I has also been used to grow 

three-dimensional cultures; however, the disadvantage to using collagen I is that not 

all cells form clusters in collagen I (Hebner, Weaver et al. 2008).  Lastly, 

polyacrylamide gels are being utilized to grow cells, although the polymer is toxic to 

cells and a layer of reconstituted basement membrane (rBM) needs to be added 

(Hebner, Weaver et al. 2008).  Figure 13 below depicts the different methods. 

This study of anoikis-resistance and metabolism will utilize EHS derived basement 

membrane to culture ovarian cancer cells in three-dimensional cultures  

 

Figure 13: 3-D Cultures 
Adapted from Debnath et al, 
2007(Hebner, Weaver et al. 
2008).  (A) To form 3-D 
cultures, three methods can be 
used.  First, cells can be 
embedded in reconstituted 
based membrane (rBM) (top 
left).  Cells can be seeded on 
top of rBM, and media 
containing rBM can be overlaid 
over cells (top middle).  Lastly, 
poly-acrylamide can be linked 
with rBM and used as an 
overlay (top right).  (B) MCF-

10A Acini cultured in overlay method for 18 days (bottom left).  Acini stained for 
ezrin/radixin/moesin (green), human discs large (red), and DAPI (blue), and imaged 
using confocal microscopy (bottom right). 
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1.7 Cancer Metabolism and Migration 

1.7.1 Previous Research 

Cancer cell movement has been studied using two common methods – invasion 

assays involving transwell systems and wound healing migration assays.  Invasion assays 

involve seeding cells in porous inserts in well plates containing media with certain 

nutrients.  After a certain time period, the inserts are stained with crystal violet and the  

amount of cells that invaded through the insert were quantified using microscopy.  In a 

wound healing migration assay, cells are seeded in well plates until 90% confluent.  The 

layer is then scratched with a pipet tip and the migration of cells into the “wound” are 

imaged over time.   The channel width or area is then measured using image processing.  

(Kramer, Walzl et al. 2013) 

Cancer cell migration has been studied using the two techniques.  A common 

approach has been to study the role of a particular protein that interacts with cytoskeleton 

or affects focal adhesions and explore its role in cancer migration and metastasis.  For 

example, interfering with lipid rafts with methyl-β-cyclodextrin (M β CD) have been 

shown to affect stress fibers and focal adhesions in human melanoma A375 cells, which 

regulates cell migration (Wang, Bi et al. 2013).  Expression of NEDD9, a focal adhesion 

scaffolding protein, has been shown to be important in the migration of SiHa and HeLa 

cervical cancer cells, and also has correlated to FIGO staging of cervical cancer (Sima, 

Cheng et al. 2013).  Compounds have been explored to target PAK, a member of the 
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serine/threonine kinase family that affects cytoskeletal arrangements, and thus thyroid 

cell migration (Ma, McCarty et al. 2013).   

The effect of metabolic enzymes on cancer cell migration has also been explored.  

For example, 6- phosphogluconate dehydrogenase (6PGD), the third enzyme in the 

OXPHOS pathway, has been studied for its role in migration of lung cancer cells.  

Knockdown of 6PGD using anti-6PGD has resulted in decreased phosphorylation of c-

MET, which has resulted in decreased the migration in a transwell system (Chan, 

Vanderlaan et al. 2013).  G-protein-coupled receptor 120 (GPR120), a receptor for 

unsaturated long-chain free fatty acids, has been seen to be overexpressed in colorectal 

cancer tissues, as well as be important in migration of the cells in a transwell system (Wu, 

Wang et al. 2013).  Lactate dehydrogenase A (LDHA) expression has maintained 

proliferation and motility in breast cancer cells (Arseneault, Chien et al. 2013).  Although 

the role of metabolic enzymes in cancer cell migration has been studied, there is a need to 

study the effect of metabolites on cancer cell migration.  Using metabolites to modulate 

migration serves as a simple and direct way to control the metastatic capabilities of a cell. 

1.7.2 Galactose and Cancer 

D-Galactose is a hexose that can be transported into the mitochondria through 

GLUT transporters and utilized to form glucose, but also can be converted into galactitol 

by aldose reductase (AR) (Li, He et al. 2011).  Although D-galactose is transported via 

the same transporter as glucose, it has been shown that neuroblastoma cells react 

differently after exposure to galactose versus after exposure to glucose (Li, He et al. 
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2011).  D-galactose has been shown to decrease cell proliferation in a concentration 

dependent manner, which has been seen in cells exposed to up to 60 g/L glucose (Li, He 

et al. 2011).  D-galactose has also inhibited colony formation and colony size in soft agar 

after 11 days (Li, He et al. 2011). Lastly, the authors have reported that D-galactose 

activated non-apoptotic cell death, specifically necroptotic cell death (Li, He et al. 2011). 

In addition to affecting cell viability, galactose can also shift the metabolism of 

cancer cells.  Marroquin et al. have compared glucose metabolism and galactose 

metabolism of HepG2 cells using multiple mitochondrial inhibitors and assessing oxygen 

consumption and ATP production (Marroquin, Hynes et al. 2007).  They have found that 

mitochondrial inhibitors only decreased ATP production in cells exposed to galactose and 

not glucose, indicating that galactose forces cells to rely on oxidative phosphorylation for 

ATP production (Marroquin, Hynes et al. 2007).  They have also found that oxygen 

consumption is increased when cells are exposed to galactose compared to glucose, 

which also indicates that galactose shifts the metabolism from the glycolysis to oxidative 

phosphoryllation (Marroquin, Hynes et al. 2007).  Gohil et al. have subsequently used 

glucose or galactose to shift fibroblast metabolism to either glycolysis or oxidative 

phosphorylation, and then have exposed fibroblasts to small-molecule drugs (Gohil, 

Sheth et al. 2010).  They have then compared the growth of cells in glucose and growth 

of cells in galactose media, and thus have created a drug score S glu/gal, indicating log 

ratio of normalized cell number in glucose versus normalized cell number in galactose 
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(Gohil, Sheth et al. 2010).  This ratio is positive for drugs that inhibit mitochondrial 

respiration and negative for those that inhibit glycolysis (Gohil, Sheth et al. 2010). 

Although some research has been conducted to gain insight into the effect of 

galactose versus glucose on cell metabolism and also proliferation, work regarding the 

effect of galactose on cell migration in lacking.  Since this dissertation later shows that 

ovarian cancer cells have intact mitochondrial function based on high uptake of pyruvate 

and oxygen consumption rate, we hypothesize that galactose would have a positive effect 

on the migration of ovarian cancer cells. 

 

1.8 Arginine-Nitric Oxide Pathway and Cancer Metabolism 

1.8.1 Arginine-Nitric Oxide Pathway 

 

Figure 14: Arginine-nitric oxide 
pathway.  Arginine is converted to 
nitric oxide (NO) and citrulline 
through nitric oxide synthase 
(NOS).  NO can alter proliferation, 
metastasis, and metabolism of 
cancer cells.  Citrulline is converted 
to argininosuccinate through 
argininosuccinate synthase (ASS). 
Argininosuccinate can then be 
recycled back to arginine by 
argininosuccinate lyase (ASL).  
Arginine can be converted to urea 
and ornithine through arginase, and 
ornithine can be transported into the 

mitochondria and converted back to citrulline through ornithine transcarboxylase (OTC).   
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Nitric oxide (NO) is an inorganic molecule that often acts as a second messenger, 

and is produced from arginine via nitric oxide synthases (NOS) (Huerta, Chilka et al. 

2008).  There are three known isoforms of NOS – eNOS (endothelial), nNOS (neuronal), 

and iNOS (inducible) (Huerta, Chilka et al. 2008).  Recently, nitric oxide has been shown 

to be upregulated in maliganant versus benign tumor tissues, and through 

immunohistochemical staining of tissue samples, it has been shown that iNOS is 

overexpressed in malignant compared with benign tissues (Nomelini, de Abreu Ribeiro et 

al. 2008).  This suggests that nitric oxide levels can be used to differentiate between 

different stages of ovarian cancer. 

The nitric oxide pathway involves a two step reaction, in which L-arginine is 

hydroxylated by oxygen and NADPH to form N-w-hydroxy-L-arginine, which is 

oxidized to citrulline, hydrogen, and nitric oxide. (Lechner, Lirk et al. 2005)  

In addition to production from arginine via NOS, nitric oxide can be derived from 

diet through intake of nitrates and nitrites (Lundberg, Gladwin et al. 2009).  This suggests 

that by modulating intake of nitrates and nitrites, the levels of nitric oxide in the body can 

be controlled.  Nitrite can be found in green leafy vegetables, and nitrates can be found in 

meat, cheese, and fish (Jiang, Tang et al. 2012).  Nitrites and nitrates that are reduced to 
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nitric oxide by xanthanine oxidoreductase can limit vascular injury (Alef, Vallabhaneni et 

al. 2011).   

Whether nitrite, nitrate, or nitric oxide can stimulate or inhibit cancer cell 

proliferation and tumor growth has long been debated.  For example, sodium nitrite, 

sodium nitrate, or NO donor AT38 has been shown to inhibit cancer cell proliferation and 

cell density of Jurkat cells (Hammami, Bertrand et al. 2012).  However, in another study, 

long term adaptation of breast cancer cells to HNO has resulted in higher dependence on 

glycolysis and resistance to apoptosis when treated with apoptotic inducer Salinomycin 

than the parent cells, indicating that nitrite can increase aggressiveness of breast cancer 

cells (De Vitto, Mendonca et al. 2013).  Another study with breast cancer cell line MCF-7 

has revealed that nitrite may act by binding to estrogen receptor alpha (ERα) to mimic the 

activity of estradiol and increase cell growth (Veselik, Divekar et al. 2008).  In yet 

another study, inhibition of NOS using NOS inhibitor NG-nitro-L-arginine (L-NNA) has 

been shown to enhance the decrease in tumor volume observed with radiation in 

squamous carcinoma xenografts, and the effect of L-NNA with radiation has been shown 

to be as potent as cisplatin based on survival times and xenograft tripling times (Cardnell 

and Mikkelsen 2011).  More research is being conducted to further clarify the role of 

nitric oxide and nitrite/nitrate on tumor growth and cancer cell proliferation.  In addition 

to proliferation, nitrite has been shown to affect the mitochondrial biogenesis in  aortic 

smooth muscle cells through AMP-activated protein kinase (Mo, Wang et al. 2012). 
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One observation that has been noted is that the effect of nitric oxide on 

proliferation seems to be dependent on nitric oxide concentration.  Nitric oxide 

concentration in the body is typically low, less than 100 nM (Burke, Sullivan et al. 2013).  

Low levels of nitric oxide have been shown to enhanced cancer cell proliferation (Burke, 

Sullivan et al. 2013).  For example, Pervin et al. have shown that nanomolar 

concentrations of DETA-NONOate, a nitric oxide donor, enhances proliferation of breast 

cancer cells, as seen from trypan blue staining and cell counting experiments (Pervin, 

Singh et al. 2007).  Conversely, high levels of nitric oxide have been shown to decrease 

proliferation of cancer cells (Burke, Sullivan et al. 2013).  For example, incubation of 

pancreatic cancer cells with GSNO at concentrations of 100 μM or greater can decrease 

proliferation over the span of three days compared with untreated cells (Sugita, Kaneki et 

al. 2010).   

Nitric oxide has also been shown to affect drug resistance of cancer cells.  For 

example, NCX-4040, a nitric oxide-releasing aspirin, has been applied to cisplatin 

resistant ovarian cancer cell line A2780, to determine whether the aspirin can decrease 

cisplatin resistance (Bratasz, Selvendiran et al. 2008).  Using an MTT assay, the group 

has shown that NCX-4040 can sensitize the cisplatin resistant cells to cisplatin (Bratasz, 

Selvendiran et al. 2008).   

There has been research conducted to examine the levels of nitric oxide and nitric 

oxide synthase specifically in ovarian cancer cells.  Using immunohistochemical staining 

of iNOS with anti-iNOS antibodies and measuring nitrate and nitrite levels in cystic fluid, 
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it has been shown that ovarian cancer samples have higher nitrite and nitrate levels, as 

well as higher iNOS expression levels, than benign or nonneoplastic tumor samples 

(Nomelini, de Abreu Ribeiro et al. 2008).  However, it has been shown that iNOS 

expression is higher in well-differentiated versus moderately/poorly differentiated 

tumors, which is counterintuitive (Nomelini, de Abreu Ribeiro et al. 2008).  In another 

study, women ages 50-71 have been evaluated for their nitrite and nitrate intake in 1995-

1996, and have been assessed for primary ovarian cancer in December of 2006 

(Aschebrook-Kilfoy, Ward et al. 2012).  It has been found that the women with the 

highest nitrate intake have a higher risk of developing epithelial ovarian cancer than those 

with the lowest nitrate intake, although there is no association between nitrite intake and 

epithelial ovarian cancer risk (Aschebrook-Kilfoy, Ward et al. 2012).   

1.8.2.1 Role of Mitochondria in Nitrite and Nitrate Oxidation to Nitric Oxide 

It has been shown that nitrite reductase activity directly correlates with tissue 

mitochondrial oxygen consumption (Feelisch, Fernandez et al. 2008).  This indicates that 

the mitochondria plays a major role in nitrite reduction.  Where nitrite is reduced to NO 

in the mitochondria is currently under investigation.  Complex III has been shown to be a 

site of nitrite reduction through use of myxathiozol, an inhibitor of Complex III (Nohl, 

Staniek et al. 2000).  Use of this inhibitor halted nitric oxide production from nitrite 

(Nohl, Staniek et al. 2000).   However, cytochrome c oxidase in yeast can also reduce 

nitrite to NO (Castello, David et al. 2006).  This reduction is oxygen dependent, and NO 

is only produced in hypoxia (Castello, David et al. 2006).  Complex III and cytochrome c 
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oxidase are thus the major nitrite reduction sites in the mitochondria.  It has been 

observed that the site of nitrite reduction may depend on the concentration of nitrite – at 

concentrations less than 50 uM, complex III reduces nitrite, whereas at concentrations 

greater than 300 uM, cytochrome C oxidase reduces nitrite (van Faassen, Bahrami et al. 

2009).   

 

Figure 15: Nitrite reduction in mitochondria in normoxia (A) and hypoxia (B).  In 
normoxia, electrons are passed from complex I and II to complex III through the Z cycle, 
and through cytochrome c (C) to cytochrome c oxidase (complex IV).  However, some 
electrons do escape and form superoxide from oxygen.  (B) In hypoxia, when oxygen 
availability is low, nitrite is reduced to NO in complex III , cytochrome c (C) and 
complex IV.  Adapted from Fig. 1 from Shiva S. “Mitochondria as metabolizers and 
targets of nitrite”(Shiva 2010). 
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 In addition to the mitochondria, nitrite can be reduced by heme globins, or oxygen 

binding proteins, in the following reaction: 

 

Nitrite + deoxyMb (Fe 2+) + H+  NO + metMb(Fe 3+) + OH- 

 

This reaction occurs under hypoxic conditions (Shiva 2010).  According to Shiva et al, 

the site of nitrite reduction depends on the state of the system – in hypoxia, heme globins 

catalyze the reaction, whereas under pathological conditions, mitochondrial reduction of 

nitrite is favored (Shiva 2010).   

 

1.8.5.3 Role of Nitric Oxide on Anoikis Resistance of Ovarian Cancer Cells 

Since nitric oxide has been seen to have tumorigenic effects (Dwyer-Nield, 

Srebernak et al. 2005; Bradburn, Pei et al. 2007; Tazawa, Kawaguchi et al. 2013), it is 

logical that nitric oxide may have positive effects on anoikis resistance in tumor cells.  

However, there is limited research regarding this topic.   

 

1.9 Summary 

Protein and genes that are upregulated or downregulated and overexpressed or 

underexpressed in cancer cells compared with normal cells are currently under 
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investigation.  As research progresses, it is becoming clear that molecular pathways in 

cancer involving these genes and proteins are complex and cannot be generalized from 

patient to patient.  The complexity is such that different pathways are not only 

dysfunctional in cancer, but also interact in different ways.  However, one end result of 

the dysfunction of the various pathways in different cancers is the increase in glycolysis 

in the presence of oxygen, or the Warburg Effect (Warburg 1956).  Therefore, altering the 

metabolism of cancer cells in order to decrease tumor growth in late-stage cancers may 

be a therapeutic approach that will work in most cancers and patients, regardless of the 

mutations and protein alterations that are present.  This means that studying metabolic 

alterations in cancer cells compared with normal cells may be one of the most promising 

approaches for development of cancer therapies.   

Below is a figure depicting what is known about cancer cell metabolic pathways.  

However, much is not yet fully elucidated, including metabolism of cells in detachment 

as they metastasize and cells under certain stress conditions, such as nitrosative stress.  

This thesis explores the changes in metabolism of cancer cells that are exposed to anoikis 

conditions and high levels of nitric oxide. 



	

	 60

 

Figure 16: Overall cancer metabolic pathway. Normal cells have very active 
mitochondrial activity.  However, cancer cells have very high glycolytic, glutaminolysis, 
and PPP fluxes, in addition to high TCA fluxes.  The increase in the activity of these 
pathways may be due to expression of certain genes (HIF and myc), and may play a role 
in promoting cancer metastasis. 
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2.  Effect of Anoikis Condition on Cancer Metabolism 

Much of this chapter is adapated from the following publication: 

Caneba, C., Bellance, N., Yang, L., Pabst, L., D. Nagrath. “Pyruvate uptake is 

increased in highly invasive ovarian cancer cells under anoikis conditions for 

anaplerosis, mitochondrial function, and migration.” American Journal of Physiology – 

Endocrinology. 2012 Oct 15; 303(8):E1036-52. 

 

2.1  Introduction 

Ovarian cancer remains a leading cause of gynecological malignancy related 

deaths, and is often detected in late stages when cancer has already metastasized 

(Cannistra 2004). Of all ovarian cancer diagnoses, most are classified as epithelial 

ovarian carcinoma (Koonings, Campbell et al. 1989). In the process of epithelial ovarian 

cancer metastasis, cancer cells can remain viable while suspended in peritoneal fluid in 

the peritoneal cavity. A normal epithelial cell would in this environment undergo anoikis, 

or epithelial cell death due to detachment first coined by Frisch and Francis in 1994 

(Frisch and Francis 1994). However, cancer cells, including ovarian cancer cells, can 

survive without extracellular matrix attachment, and thus are considered anoikis resistant. 

Anoikis resistance in cancer has been widely studied from the genetics perspective. 

Various genes and proteins, including Zeb1 (Smit and Peeper 2011), mammalian target of 
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rapamycin (mTOR) (Sun, Chen et al. 2011), and yes-associated protein (YAP) in prostate 

cancer (Zhao, Li et al. 2012), have been observed to play a role in anoikis resistance. 

In the 1920’s, Otto Warburg first made the observation that cancer cells had 

higher rates of glycolysis than normal cells (Warburg, Wind et al. 1927). This 

phenomenon is now known as the “Warburg Effect,” and has been observed in various 

types of cancers, including ovarian cancer (Kellenberger, Bruin et al. 2010).  For 

example, 2-deoxy-D-glucose, a glucose analog, has been shown to be effective as an 

anticancer treatment in several cancers, including ovarian cancer in vitro (Zhang, 

Deslandes et al. 2006). Warburg’s finding sparked interest in research in cancer 

metabolism, from the protein and genetic perspective. c-Myc and HIF-1 have recently 

been shown, through western blot and lactate production analysis, to play a role in 

increased glycolysis in early passage breast cancer cells (Robey, Stephen et al. 2008). 

Pyruvate kinase M2 has been shown to be a regulator in glycolysis in cancer cells 

(Mazurek 2011), epidermal growth factor (EGFR) in glioblastoma (Yang, Xia et al. 

2011), and mammalian target of rapamycin (mTOR) (Sun, Chen et al. 2011), which has 

recently been found to interact with lactate dehydrogenase kinase B in cancer cells (Zha, 

Wang et al. 2011). 

The metabolic changes that are linked to anoikis resistance, and the proteins and 

genes responsible for this remodeling, are currently under investigation. Recently, the 

effect of oncogene ErbB2 on glucose uptake and ATP production in detachment (Schafer, 

Grassian et al. 2009) and EGFR stability (Grassian, Schafer et al. 2011), have been 
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investigated in mammary carcinoma MCF-10A cells (Schafer, Grassian et al. 2009; 

Grassian, Schafer et al. 2011). Further, ErbB2 expression has been found to affect 

glycolytic proteins pyruvate dehydrogenase (PDH) and pyruvate dehydrogenase kinase 4 

(PDK4) in these mammary carcinoma cells cultured in detachment (Grassian, Metallo et 

al. 2011). More specifically, when culturing MCF-10A cells in detachment, glucose and 

glutamine uptake decreased and tricarboxylic acid cycle (TCA cycle) and glycolysis rate 

decreased compared to in adherent conditions for this breast cancer cell line (Grassian, 

Metallo et al. 2011). However, the role of metabolism on anoikis resistance of ovarian 

cancer cells, and the differences in metabolism between highly-invasive versus less-

invasive ovarian cancer cells, remains to be studied. Importantly, the generalization of 

cancer metabolic profiling results for cancer cells originating from different organs can 

be restrictive because of the variable metabolic state of cancer cells due to exogenous 

factors, including hormonal dependency, microenvironmental conditions and 

considerable differences in nutrient consumption/uptake. 

We hypothesized that metabolism of highly-invasive ovarian cancer cells would 

contrast with the less-invasive ovarian cancer cells, and that ovarian cancer cells have 

remodeling of metabolism when cultured in detachment as opposed to attachment. 

Recently, more invasive ovarian cells (SKOV3) were shown to have more elevated 

monoacylglycerol lipase activity than less invasive ovarian cells (OVCAR3) (Nomura, 

Lombardi et al. 2011). Here, we used metabolic footprinting (MFP) coupled with 

bioenergetics analysis to investigate the metabolic differences between more invasive and 
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less invasive ovarian cancer cells under both attached and detached conditions. 

Furthermore, we hypothesized that these differences in metabolism would have an effect 

cell migration. Our observations are the first to demonstrate that oxygen consumption 

rate (OCR) was considerably higher in more invasive ovarian cancer cells (SKOV3ip1)  

than less invasive ovarian cancer cells (OVCAR3) in non-adherent conditions. 

Interestingly, we found that pyruvate uptake was significantly higher for the highly-

invasive ovarian cancer cells compared to the less-invasive ovarian cancer cells under 

detached  and attached conditions, indicating that pyruvate may be driving a higher TCA 

cycle flux and the oxidative phosphorylation rate in the more invasive ovarian cancer 

cells. ATP production was also higher in more invasive ovarian cancer cells versus less 

invasive ovarian cancer cells, which indicates that higher TCA cycle flux and oxidative 

phosphorylation may have resulted in higher ATP production. Lastly, we conclude that 

pyruvate has an effect on migration in attached ovarian cancer cells. Our results derived 

from our integrated MFP and bioenergetics based approach demonstrate, for the first 

time, the importance of pyruvate and mitochondrial metabolism in migration and 

alterations of metabolism in ovarian cancer cells with variable metastatic abilities.  

In this chapter, the role of two-dimensional detachment culture on the metabolism 

of highly-invasive and less-invasive ovarian cancer cells will be explored.  In the next 

chapter, three-dimensionaly matrigel culture will be used to explore the role of spheroidal 

culture on the metabolism. 
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2.2  Materials and Methods 

Cells and reagents 

Ovarian cancer cells OVCAR3 and SKOV3 were purchased from ATCC on 

behalf of Rice University. SKOV3ip1 cells were kindly provided by Dr. Anil Sood of MD 

Anderson Cancer Center. Cells were grown in RPMI containing 10% fetal bovine serum. 

Cells used in these experiments were cultured below 75 passages.  

Two-dimensional anchorage-independent experiments  

For a two dimensional Poly(2-hydroxymethacrylate) (Poly-HEMA) culture, each well of 

a 12-well plate were coated two times with 500 μL of 12 mg/mL Poly-HEMA solution 

(Sigma Aldrich) in a tissue-culture hood. Plates were then allowed 1-2 days to dry at 

room temperature. Wells were washed twice with 1 x PBS before use.  OVCAR3, 

SKOV3 and SKOV3ip1 cells that were around 80% confluent in flasks were seeded at 

certain densities in a 12-well plate to obtain at least 50% confluency in wells and to avoid 

overconfluency in the wells.  For 12-well plates, seeding density was determined to be 

150,000 cells/well for 24 hours culture and 90,000 cells/well for 48 hours culture. These 

plates were either uncoated or coated with Poly-HEMA. Similarly, cells were also seeded 

in 6-well low attachment plates (Corning) or uncoated 6-well plates, at densities of 

300,000 cells/well for 24 hours culture and 150,000 cells/well for 48 hours culture.   
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Figure 17: 
Experimental 
timeline of poly-
HEMA metabolic 
experiment.  Cells 
were seeded in 12-
well plates at 50% 
confluency on day 
0.  Media was 
changed 24 hours 
after seeding, and 
media and cell 
pellets were 
collected 24 hours 
and 48 hours after 
media change for 
analysis. 

 

Cell viability 

Cell viability was first determined using LIVE/DEAD® Viability/Cytotoxicity Kit 

for Mammalian Cells (L3224) based on the manufacturer’s protocol. Briefly, cells were 

seeded at 90,000 cells/well in a 12 well plate coated with Poly-HEMA. After 48 hours, 

cells and media were collected, centrifuged, and washed with 1 mL PBS. 200 μL of each 

cell suspension was incubated for 45 minutes in dark with 200 μL cell death staining 

solution (PBS solution with 2 μM Calcein AM and 5 μM Ethidium Bromide) on a 

microscope coverslip. Finally, 10 μL of  cell death staining solution was added to 

microscope slide, and coverslip was inverted onto slide and imaged.  Cell viability was 

also quantified using trypan blue exclusion assay for non-adherent cells, as previously 
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described (Dai and Siemann 2012).  Briefly, cells were seeded at 90,000 cells/well in a 12 

well plate coated with Poly-HEMA and non-coated plates.  Cells were incubated for 48 

hours and then harvested.  After media was removed, cells were exposed for 5 minutes to 

trypsin (0.05%) in order to remove clumps.  Equal parts cell suspension and trypan blue 

were then mixed and live and dead cells were counted on a hemocytometer.  At least nine 

fields of view from each well were analyzed. For pyruvate cell viability, cells were 

seeded at 45,000 cells/well in 12 well plates, and were incubated for 3 days in media 

containing 0 mM, 1 mM , and 10 mM pyruvate.  Cell viability was then assessed using 

trypan blue exclusion assay, as described above. 

Matrigel Invasion Assay 

Invasion assays were conducted using BD Matrigel culture inserts. Briefly, 24-

well 8.0 μm pore size polyethylene terephthalate (PET) membrane inserts (BD 

Biosciences) were washed twice with RPMI medium and then coated with 20 μl  reduced 

growth factor Matrigel (BD Biosciences, 1:6 dilution) and incubated for 30 minutes in a 

5% CO2 incubator for gel formation. Ovarian cancer cells (OVCAR3, SKOV3, SKOV3 

ip) were trypsinized and 100,000 cells in 200 μl of fresh medium were plated into the 

upper chamber. Next, 300 μl of medium was added to the lower chamber, and plate was 

incubated for 24 hours. After incubation, medium in lower chamber was aspirated, and 

invaded cells were treated with 5% glutaraldehyde in PBS for 10 minutes to fix the cells 

and then washed in PBS solution three times. Next, 0.5% toluidine blue in 2% sodium 

carbonate was added to cells for 20 minutes at room temperature.  Subsequently,   inserts 
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were washed three times in PBS solution. The non-invaded cells on the inner surface of 

upper chambers were carefully wiped  by using a cotton swab. Finally, invaded cells were 

counted under 20x magnification for at least 3 fields per insert. 

Metabolic Assays 

Glucose consumption assay was performed using Wako Glucose kit.  The kit is 

based on the following reaction: 

  

Figure 18: Reactions for enzymatic detection of glucose (Wako Diagnostics).  Alpha-
D-glucose is converted to β-D-Glucose through mutarotase.  β-D-Glucose is converted 
through glucose oxidase (GOD) to peroxide (H2O2).  Peroxide reacts with 4-
Aminoantipyrine to form a red pigment that changes the absorbance at 505 nm. 

The kit reagent contains enzymes mutarotase, peroxidase (POD), and glucose 

oxidase (GOD), and compounds 4-aminoantipyrine and phenol.  Alpha-D-glucose in 
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media samples is converted to β - D – glucose through mutarotase, and β - D – glucose is 

converted to peroxide and gluconic acid through GOD.  Peroxide then reacts with  4-

aminoantipyrine and phenol through POD to create a red pigment.  The red pigment 

changes the absorbance of the solution in a 96-well plate, and the absorbance can be read 

in a spectrophotometer.  (Okuda, Miwa et al. 1977) 

The assay to detect glucose in media was conducted based on the manufacturer’s 

protocol.  Briefly, 2 μL sample and 250 μL reconstituted Wako glucose reagent was added 

to a 96-well assay plate and incubated while shaking at 37ºC for 5 minutes. The change in 

absorbance, indicating the presence of glucose, was measured at 505 nm by using a 

spectrophotometer (SpectraMax M5 from Molecular Devices).   

Lactate secretion was calculated based on lactate detected in media samples 

(Loomis 1961).  Lactate was detected based on a similar reaction to the one for glucose 

detection.  The reagent used was from Trinity Biotech, and included enzymes lactate 

oxidase (LOX) and peroxidase, and chromogen precursors.   

Lactate secretion was determined using Trinity Lactate Kit according to 

manufacturer’s protocol.  Briefly, lactate reagent was reconstituted with 10 mL milliohm 

water and diluted 1:4 in 0.1 M Tris Solution (pH = 7.0). Media samples were diluted 1:10 

in PBS and lactate reagent was added to the diluted samples in an assay plate. The plate 

was protected from light and incubated for one hour before reading the change in 

absorbance on a spectrophotometer at 540 nm. 



	

	 70

 

Figure 19: Lactate 
detection in media using 
Trinity Biotech reagent.  
Lactate is converted to 
pyruvate and hydrogen 
peroxide through lactate 
oxidase (LOX) in reagent.  
POD converts hydrogen 
peroxide and chromogen 
precursors to a purple 
colored product. 

 

 

The pyruvate assay used measures the amount of sodium dehydrogenase (NADH) 

oxidized, which correlates with the amount of pyruvate in the samples. Pyruvate uptake 

analysis was performed using the following protocol. Briefly, NADH solution was 

created by reconstituting NADH powder (Sigma Aldrich) in 50 mL Tris solution (pH = 

7.0). Lactate dehydrogenase (LDH) was reconstituted in 50% glycerol and diluted 1:20 in 

Tris solution (pH = 7.0). In a 96-well plate, 20 μL of sample was added to each well 

along with the NADH reagent. A pre-reading was taken at 340 nm in a 

spectrophotometer, and LDH was added to the wells. Plate was incubated for 1 hour 

without carbon dioxide and subsequent measurements were taken on a 

spectrophotometer. 
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Figure 20: Pyruvate conversion of lactate through lactate dehydrogenase. 

ATP Measurements  

In order to measure ATP production, a bioluminescent Cell Titer-Glo Kit 

(Promega) was used.  Half of two 96-well plates (white with clear bottom) were coated 

first with 84 μL of 12 mg/mL Poly-HEMA solution per well, and were allowed to 

completely dry under the hood.  OVCAR3, SKOV3, and SKOV3ip1 were then seeded in 

RPMI complete media without phenol red at a density of 10,000 cells/well in both plates. 

Cells were resuspended in media so that the total volume in each well was 100 μL. One 

plate was cultured for 24 hours and the other for 48 hours. After 24 or 48 hours, cells 

were incubated for 1 hour at 37° C.  The standards were prepared and added to the well 

plates, and 100 μL of reagent was added to each well on the bench. Plates were then 

incubated for 10 minutes and then read in a spectrophotometer (SpectraMax M5 from 

Molecular Devices) under luminescence for 1000 ms, according to the manufacturer’s 

instructions. 

Amino Acid Uptake 

Ultra High Performance Liquid Chromatography (UPLC) was used to assess 

amino acid uptake and secretion using Waters Aquity UPLC device. Briefly, media 



	

	 72

samples were deproteinized and MassTrak Reagent was added to the samples, along with 

Borate Buffer/NaOH.  Samples were then heated and analyzed using Waters ACQUITY 

UPLC system with a 2.1 × 150 mm chromatography column maintained at 43° C. Eluents 

were prepared according to Waters protocol. MassTrak AAA eluent A concentrate was 

diluted 1:10 in milliQwater and MassTrak AAA eluent B was inputted in undiluted form. 

Flow rate of eluents was 0.4 mL/min and UV detection was at 260 nm.   

Oxygen Consumption Rate (OCR) Measurements 

OCR measurements were conducted using Seahorse XF24 Analyzer.  Before 

experiment, Seahorse culture plate was coated with Cell-Tak (BD Biosciences) according 

to manufacturer’s protocol. Briefly, each well of the Seahorse plate was coated with 50 

μL of solution containing Cell-TAK and filtered Sodium Biocarbonate solution, set to dry 

under the hood, washed with autoclaved water, and set to dry again before use. Tissue 

culture petri dishes (100 mm dishes) were either coated with Poly-HEMA or were 

uncoated. Cells were seeded at densities of 1.5 million cells per p100 petri dish for 48 

hours. Cells were then trypsinized from the uncoated dishes, or collected from the Poly-

HEMA coated dishes. Cell clumps were broken up until single cells were obtained and 

counted using a hemocytometer. Cells were then seeded in serum-free media at a density 

of 50,000 cells/well in a Cell-Tak coated Seahorse culture plate. Plate was then 

centrifuged at 450 RPM, centrifuged again at 650 RPM, and then incubated without 

carbon dioxide. Media was then changed and the cells were incubated without carbon 

dioxide. Prior to experiment, Seahorse cartridge was prepared with injections of media, 
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2µg/ml of oligomycin, 2.5 µM of carbonylcyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP), and 2µM of antimycin and allowed to calibrate in the machine. Culture plate 

was then placed in the Seahorse machine to obtain readings. 

Statistical Analysis 

Some statistical analysis was performed using Student’s two-tailed t-Test, and this 

data was reported in all bar graphs as mean ± S.E.M.  In these bar graphs, * represents p 

< 0.05, ** represents p < 0.01, and ***  represents p < 0.001.   

For multiple comparisions, one-way ANOVA with Tukey, Dunnett, and Dunn’s 

post hoc tests were used for statistical analysis.  In these graphs, * represents p < 0.05. 
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2.3  Results 

Ovarian cancer cells used in metabolic analysis confirmed to be anoikis-resistant  

Below is a figure depicting ovarian cancer cells grown in Poly-HEMA conditions 

compared with cells grown in adherent conditions:	 

 

Figure 21: Phase images (20x) of cancer and normal cells cultured on poly-HEMA 
coated and non-Poly-HEMA coated well plates for 24 hours. (a) IMR90 in adherent 
condition, (b) IMR90 in Poly-HEMA-coated wells, (c) OVCAR3 in adherent condition, 
(d) OVCAR3 in Poly-HEMA coated wells, (e) SKOV3 in adherent conditions, (f) 
SKOV3 in Poly-HEMA coated wells, (g) SKOV3ip1 in adherent conditions, and (h) 
SKOV3ip1 in Poly-HEMA coated wells. 

 

Prior to exploring the differences in metabolism between highly-invasive and 

less-invasive ovarian cancer cells, live-dead staining was performed in order to confirm 

that the differences in metabolism between the cell lines would not be influenced by 

differences in cell mortality in detached states (Fig. 23). As seen in the figure, a majority 
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of ovarian cancer cells remained viable in non-adherent conditions as in adherent 

conditions, and mortality was similar in detached state for all cell lines, confirming first 

that OVCAR3, SKOV3 and SKOV3ip were anoikis-resistant. Furthermore, the metabolic 

changes observed in the different cell lines, consecutive to the cell detachment, were not 

affected by cell death.   

 

Figure 22: Cell viability of 
ovarian cancer cells in 
attached and detached 
conditions.  Cells were 
cultured on Poly-HEMA-
coated plates in order to 
create a detached state.  Cell 
viability was assessed using 
trypan blue staining.  Data 
expressed as mean +/- SEM.  
Conducted n=3 times.   
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Figure 23: Cell viability of ovarian cancer cells in two-dimensional anoikis 
(anchorage-independent) condition. Calcein AM (green) and Ethidium Homodimer 
(red) staining was conducted for OVCAR3, SKOV3, and SKOV3ip1 after 48 hours of 
culture in adherent and non-adherent conditions to confirm that cells remain viable in 
detached state. 

 

To further quantify cell viability and confirm that the results were not affected by 

differences in mortality in detached conditions, a trypan blue exclusion assay was 

performed.  Results showed no significant differences between viability of the different 

cell lines and between these cells in adherent and non-adherent conditions (Fig. 22).  This 

additionally confirms that metabolic findings were not significantly affected by 

differences in viability between cells in each condition. 

Since the goal of our study was to investigate metabolic reprogramming of 

ovarian cancer cells based on their invasiveness in both adherent and non-adherent cells, 

we first performed a Matrigel invasion assay in order to assess invasiveness of the three 
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ovarian cancer cell lines – OVCAR3, SKOV3, and SKOV3ip1. Our results showed that 

SKOV3 and SKOV3ip1 cancer cells are significantly more invasive than OVCAR3 cells 

(Fig. 1C). 

Increase in oxygen consumption rate (OCR) in highly-invasive ovarian cancer 

cells in detachment  

 To elucidate the differences in metabolism between highly-invasive and 

less-invasive ovarian cancer cells in non-adherent conditions, we first investigated 

differences in oxygen consumption rate (OCR). Although the mitochondria of ovarian 

cancer cells are known to be competent (Lim, Ho et al. 2011), little is known regarding 

the differences in metabolism between ovarian cancer cells of different invasive potential 

and in non-adherent condition. In contrast to previously known results for adherent cells 

(Ayyasamy, Owens et al. 2011; Owens, Kulawiec et al. 2011), we found that OCR was 

significantly higher in non-adherent conditions in more invasive ovarian cell line 

SKOV3ip1 than the less invasive OVCAR3 (Fig. 24).  
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Figure 24: Oxygen consumption rate of highly-invasive ovarian cancer cells 
(SKOV3 and SKOV3ip1) and a less aggressive ovarian cancer cell (OVCAR3) in 
detachment.  Oxygen consumption rate was measured using Seahorse XF Extracellular 
Flux Analyzer and normalized to the number of cells.  Data expressed as mean +/- SEM.  
Conducted n=3 times, * indicates p<0.05.   

 

This surprisingly indicates that these highly-invasive ovarian cancer cells may 

have higher rates of oxidative phosphorylation than less-invasive ovarian cancer cells 

under anoikis conditions, although the reverse is true for adherent conditions. To further 

examine mitochondrial function of ovarian cancer cells in detachment, we examined the 

maximum respiratory capacity (Fig. 25).  Cells were seeded in Poly-HEMA coated dishes 

for 48 hours and OCR was measured after injection of 2.5 μM FCCP. We found that the 

more invasive ovarian cancer cells (SKOV3 and SKOV3ip1) had significantly higher 

maximum respiratory capacity (176.96427 ± 7.209774853 pmol/min/50,000 cells and 

340.332527 ± 6.518145934 pmol/min/50,000 cells, respectively) than the less invasive 
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ovarian cancer cell, OVCAR3 (90.4147694 ± 12.9885322 pmol/min/50,000 cells). 

Furthermore, we examined the mitochondrial reserve capacity, or the difference between 

the OCR measured after injection of 2.5 μM FCCP and basal OCR (Fig. 25). We found 

that SKOV3ip1 had significantly higher mitochondrial reserve capacity than OVCAR3 

(82.53070964 ± 6.24954086 pmol/min/50,000 cells compared to 8.062421829 ± 

5.82286257 pmol/min/50,000 cells).  

 

Figure 25: Maximum respiratory capacity and reserve capacity of ovarian cancer 
cells.  The maximum respiratory capacity was the OCR after adding FCCP uncoupler and 
reserve capacity was calculated by subtracting pre-oligomycin OCR from FCCP OCR. 
Data expressed as mean +/- SEM, * indicates p<0.05. 

Lastly, to complete analysis of the mitochondrial function of the cells, we 

measured respiratory control ratio (RCR), which indicates the mitochondrial efficiency of 

ovarian cancer cells in detachment (Fig. 26). We did not find any significant differences 

in RCR between highly invasive (SKOV3 and SKOV3ip1) and less invasive ovarian 
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cancer cells (OVCAR3), thus indicating that mitochondrial efficiency of these cells was 

similar.   

 

Figure 26: Respiratory control ratio (RCR) of ovarian cancer cells.  Calculated by 
taking ratio of state 3 (uncoupled by FCCP) to state 4 (oligomycin) respiration.  
Expressed as mean +/- SEM. 

 

Higher pyruvate uptake observed in more highly-invasive ovarian cancer cells 

in detachment 

Since pyruvate uptake could lead to increased TCA cycle flux and oxygen 

consumption in cells, we next investigated whether higher oxygen consumption rate 

under detached conditions correlated with increased pyruvate consumption. We also 

aimed to investigate the differences in rates of glycolysis between ovarian cancer cell 

lines of varying invasiveness. To investigate the consumption/secretion rates of various 
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metabolites, we first induced cell detachment conditions using both Poly(2-

hydroxymethacrylate) (Poly-HEMA) and hydrogel coated (“Low Attachment”) culture 

plates for 24 and 48 hours cultures of highly-invasive and less-invasive ovarian cancer 

cell lines. Our results show that in almost all of the different experimental conditions, the 

pyruvate consumption was significantly higher in SKOV3 and SKOV3ip1 as compared 

to OVCAR3 cells in detached and attached conditions after 24 and 48 hours (Figs. 27A-

27D).  

 

 

 

 

 

Figure 27: Pyruvate uptake in highly-invasive (SKOV3 and SKOV3ip1) versus less-
invasive (OVCAR3) ovarian cancer cells in adherent and detachment conditions.  
Expressed as mean +/- SEM, * indicates p<0.05. 
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The trends for pyruvate uptake were similar when the cells were cultured in 

detachment either in Poly-HEMA coated plates, or hydrogel coated (“Low Attachment”) 

plates. When cells were cultured in low attachment condition for 24 hours, pyruvate 

consumption was approximately 2.5 fold higher for SKOV3 and SKOV3ip1 than 

OVCAR3; adherent SKOV3 and SKOV3ip1 consumed 2 fold higher pyruvate than 

OVCAR3 after 24 hours (Fig 27A).  After 48 hours, SKOV3 and SKOV3ip1 cultured in 

Low Attachment consumed 2.7 and 2 fold more pyruvate than OVCAR3, respectively; 

adherent SKOV3 and SKOV3ip1 consumed 2.1 and 1.7 fold more pyruvate than 

OVCAR3, respectively (Fig. 27B).  Similarly, in cells cultured in Poly-HEMA for 24 

hours, pyruvate consumption was around 2.7 and 1.8 fold higher in SKOV3 and 

SKOV3ip1 than OVCAR3, respectively; in adherent condition, SKOV3 and SKOV3ip1 

consumed 1.6 and 1.2 fold more pyruvate than OVCAR3, respectively (Fig. 27C).  When 

cells were cultured for 48 hours in Poly-HEMA coated plates, SKOV3 and SKOV3ip1 

consumed 1.8 and 1.3 fold more pyruvate than OVCAR3, respectively; adherent SKOV3 

and SKOV3ip1 consumed 1.6 and 1.2 fold more pyruvate than OVCAR3, respectively 

(Fig. 27D).   

Although there were significant differences in pyruvate uptake between cell lines 

in detached and attached conditions, glucose consumption and lactate secretion in 

detachment and attachment were not significantly higher for SKOV3 and SKOV3ip1 

compared with OVCAR3 after 48 hours (Fig. 28).  
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Figure 28: Glucose consumption and lactate secretion of ovarian cancer cells in 
adherent and non-adherent conditions.  Non-adherent conditions include Poly-HEMA-
coated plates and hydrogel-coated plates (low attachment).  Experiment performed n=3 
times.  Expressed as mean +/- SEM, * indicates p<0.05. 

Based on glucose uptake and lactate secretion, our results indicate that rates of 

glycolysis were not significantly increased in more-invasive compared to less-invasive 

ovarian cancer cells in both attachment and detachment.   

Amino acid uptake and secretion of highly-invasive and less-invasive ovarian 

cancer cells 

Next, we decided to determine the correlation between high oxidative 

phosphorylation and TCA flux with amino acid uptake and secretion of ovarian cancer 
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cells in non-adherent condition. To investigate amino acid uptake and secretion, ultra-

high performance liquid chromatography (UPLC) was utilized on media collected from 

cells cultured in 

attachment or detachment 

(on Poly-HEMA coated or 

hydrogel coated plates)	 

for 48 hours (Fig. 4). We 

observed differences in 

uptake and secretion of 

amino acids between the 

cells cultured in different 

conditions (Figs. 29A and 

29B).   

Figure 29: Amino acid 
uptake and secretion of 
ovarain cancer cells in 
attached and detached 
conditions.  (A) Adherent 
versus low attachment 
conditions and (B) adherent 
versus poly-HEMA 
conditions. 

Interestingly, we 

observed higher citrulline 

secretion in more invasive 
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ovarian cancer cells SKOV3 and SKOV3ip1 than less invasive OVCAR3 in almost all 

adherent and non-adherent conditions (Fig. 29). This result indicates that detachment of 

cancer cells affects  not only amino acids consumption but also their catabolism to 

precursors of nitrogen containing small molecules.  

Glutamine may increase TCA cycle flux in highly-invasive ovarian cancer cells  

Figure 30: Glutamine uptake in 
ovarian cancer cells cultured in 
adherent and low attachment 
conditions (upper) and adherent 
and poly-HEMA conditions 
(lower). Data expressed as mean 
+/- SEM, * indicates p<0.05. 

Glutamine consumed by cells can 

enter the TCA cycle and increase 

the rate of oxidative 

phosphorylation. Glutamine is 

first converted to glutamic acid, 

which is then converted to α-

ketoglutarate, a metabolite of the 

TCA cycle. We therefore 

hypothesized that glutamine was 

increasing TCA cycle flux in ovarian cancer cells in detachment. We investigated the 

changes in glutamine uptake rates between the ovarian cancer cells in both attachment 

and detachment (Poly-HEMA or hydrogel coated plates) using UPLC. We observed a 
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significantly higher glutamine uptake in more invasive ovarian cancer cells SKOV3 and 

SKOV3ip1 compared with less invasive OVCAR3 cells in low attachment (Fig. 30).   

We also observed a significantly higher glutamine uptake for the more invasive 

ovarian cancer cells SKOV3 and SKOV3ip1 than less invasive OVCAR3 in attachment 

(Fig. 30). Thus, glutamine, along with pyruvate, may be a contributor to the higher OCR 

in more invasive ovarian cancer cells, as opposed to less invasive ovarian cancer cells.  

Fold changes in uptake and secretion of TCA Cycle Amino Acids 

Since pyruvate consumption results indicate that highly-invasive ovarian cancer 

cells have higher TCA cycle flux than less-invasive ovarian cancer cells, we hypothesized 

that there were significant differences in TCA cycle amino acid secretion and uptake 

between the highly-invasive and less-invasive cells. A comparison of amino acid 

secretion and uptake of highly-invasive (SKOV3 and SKOV3ip1) ovarian cancer cells 

and less-invasive ovarian cancer cells (OVCAR3) revealed an increased cystine uptake in 

SKOV3 and SKOV3ip1 compared with OVCAR3 in low attachment conditions.  

Figure 31: Fold increase in amino acid uptake between SKOV3 and OVCAR3 in 
detachment (low attachment).  ** indicates p<0.01, *** indicates p<0.001,  n=3. 
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Fold increase in uptake between more invasive cell lines –  SKOV3 and 

SKOV3ip1 – and OVCAR3 in low attachment were 5.3 and 3.9, respectively, and in 

adherent condition were 3.2 and 2.2, respectively.  Since cystine can be converted to 

pyruvate, the results indicate that uptake of cystine may be further increasing TCA cycle 

flux through pyruvate and oxidative phosphorylation in highly-invasive versus less-

invasive ovarian cancer cells. Our results show a 4-fold increase in β-amino-isobutyric 

acid (BAIB) secretion in SKOV3ip1 compared with OVCAR3 (Fig. 32) and 5-fold 

increase in SKOV3 compared with OVCAR3 (Fig. 34).  BAIB secretion has been seen to 

be elevated in cancer patients compared to healthy controls (van Gennip, van Bree-Blom 

et al. 1987), and our results indicate that it could be a metabolic indicator of more 

invasive ovarian cancer versus less invasive ovarian cancer. 

 

Figure 32:  Fold changes in secretion of amino acids from SKOV3 versus OVCAR3 
in low attachment.  Data expresssed as mean +/- SEM, * indicates p<0.05, ** indicates 
p<0.01, *** indicates p<0.001.  Conducted n=3 times. 

In Poly-HEMA, a fold decrease in uptake of branched chain amino acids valine, 

isoleucine, and leucine, was observed between SKOV3 and OVCAR3 (Fig. 33A) and 
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SKOV3ip1 and OVCAR3 (Fig. 33B). These three amino acids can be synthesized from 

pyruvate, and thus differences in uptake of these amino acids may be linked to 

differences in pyruvate uptake between these cells in detachment.  

 

Figure 33: Fold decreases in branched chain amino acid uptake of SKOV3 
compared to OVCAR3.  Amino acids detected in media through UPLC.  Data expressed 
as mean +/- SEM, *** indicates p<0.001, ** indicates p<0.01, * indicates p<0.05, n=3. 

Our results also revealed a 40-fold decrease in proline secretion in SKOV3 cells 

compared to OVCAR3 cells in Poly-HEMA, and a seven-fold decrease in proline 

secretion in SKOV3ip1 cells than in OVCAR3 cells under detachment conditions (Figs. 

34A and 34B). In adherent condition, a 17.4 fold decrease in proline secretion in SKOV3 

cells compared to OVCAR3 and 1.1 fold decrease in proline secretion in SKOV3ip1 cells 

compared to OVCAR3 was observed. Since proline metabolism is related to oxidative 

stress (Phang, Liu et al. 2010) and extracellular matrix production, our results suggest 

that more invasive cancer cells may be subjected to less oxidative stress than less 

invasive cancer cells and may have reduced extracellular matrix production.  



	

	 89

Fold decreases in alanine secretion were also observed between SKOV3 and 

OVCAR3 (Fig. 34A) and SKOV3ip1 and OVCAR3 (Fig. 34B). Since alanine can be 

converted to pyruvate, the differences in alanine secretion can also be linked to the 

differences in pyruvate uptake between the cells in detachment. 

 

Figure 34: Fold changes in amino acid secretion between SKOV3 and OVCAR3.  
Amino acids detected using UPLC.  Represented as mean +/- SEM, n=3 times. * 
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. 

Increased ATP production in highly-invasive ovarian cancer cells in detachment  

Since pyruvate uptake can create higher flux through the TCA cycle and increase 

the rate of oxidative phosphorylation, and thus lead to increased ATP production, we next 

investigated whether the more invasive ovarian cancer cells were producing more ATP 

than the less invasive cancer cell lines. We found that both SKOV3 and SKOV3ip1, the 

more invasive ovarian cancer cell lines tested, had higher ATP production than OVCAR3 

in non-adherent (Poly-HEMA) conditions after both 24 and 48 hours (Figs. 35A and 

35B). After 24 hours, SKOV3 and SKOV3ip1 seeded in Poly-HEMA produced 40% and 

45% more ATP than OVCAR3, respectively, SKOV3ip1 seeded in adherent condition 
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produced 42% more ATP than OVCAR3, and SKOV3 seeded in adherent condition did 

not produce significantly more ATP than OVCAR3 (Fig. 35A). After 48 hours, SKOV3 

and SKOV3ip1 cells seeded in Poly-HEMA produced 55% and 72% more ATP than 

OVCAR3, cells respectively, while in adherent condition, SKOV3 and SKOV3ip1 cells 

produced 33% and 55% more ATP than OVCAR3, respectively (Fig. 35B).   

 

Figure 35: ATP production of ovarian cancer cells in adherent and poly-HEMA 
conditions.  Data represented at mean +/- SEM, n=3, * indicates p < 0.05.   

ATP production may therefore have an effect on invasiveness of ovarian cancer 

cells in detachment and attachment, and may be linked to increased OCR in more 

invasive ovarian cancer cells under detached conditions. Notably, detachment condition 

has pronounced effect on ATP generation in more invasive cancer cells. 
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2.4 Discussion 

In the 1920’s, Otto Warburg found that cancer cells have a higher glycolytic rate 

than normal cells, a phenomenon later named the “Warburg Effect” (Warburg, Wind et al. 

1927). Since Otto Warburg, researchers have focused on delineating genetic and protein 

pathways that are responsible for the “Warburg Effect.” Overexpression of glycolysis 

enzymes has been seen to contribute to this effect in cancer. These include hexokinase 

and phosphofructokinase-1, which control conversion of glucose to glucose-6-phosphate 

and conversion of fructose-6-phosphate to fructose-1,6-bisphosphate, respectively 

(Marin-Hernandez, Rodriguez-Enriquez et al. 2006). Genes for enzymes involved in the 

glycolytic pathway have also been seen to be overexpressed in several studies (Altenberg 

and Greulich 2004; Yeh, Wang et al. 2008). Tumor suppressor p53 has also been shown to 

be involved in increasing rates of glycolysis in cancer cells compared to normal cells 

(Matoba, Kang et al. 2006; Yeung, Pan et al. 2008), as well as HIF-1α (Kim, 

Tchernyshyov et al. 2006; Yeung, Pan et al. 2008). Based on these findings, drugs have 

been created in order to inhibit glycolysis pathways, including 3-bromopyruvate (Ko, 

Pedersen et al. 2001; Geschwind, Ko et al. 2002), which inhibits hexokinase, and 2-

deoxyglucose (Zhang, Deslandes et al. 2006). 

Although strides have been made in order to clarify the pathways that play a role 

in cancer cell metabolism, analysis of the overall cancer cell metabolism, including 

oxidative phosphorylation (OXPHOS) as well as glycolysis, is lacking for ovarian cancer.  

Studies have shown that OXPHOS is competent in some cancer cells (Lim, Ho et al. 
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2011; Martinez-Outschoorn, Pestell et al. 2011; Whitaker-Menezes, Martinez-Outschoorn 

et al. 2011). Studying OXPHOS in cancer is important because it may help us better 

understand the glycolytic pathway and other molecular pathways already known to be 

involved in cancer malignancy, and also can potentially lead us to even more promising 

molecular targets, in addition to glycolysis enzymes.  Additionally, the metabolism 

between highly-invasive and less-invasive ovarian cancer cells also needs further in-

depth exploration, since targeted therapy may rely on this knowledge. SKOV3 has been 

shown to secrete more Vascular Endothelisal Growth Factor A (VEGF-A) (Sher, Adham 

et al. 2009) than OVCAR3, and SKOV3ip1 has been categorized as more metastatic than 

OVCAR3 (Rankin, Fuh et al. 2010), indicating that SKOV3ip1 and SKOV3 are more 

highly-invasive cell lines than OVCAR3.   Additionally, our results in Matrigel invasion 

confirm that SKOV3 and SKOV3ip1 are more invasive than OVCAR3 (Fig. 1C).  Study 

of the differences in metabolism in these ovarian cancer cell lines may potentially lead to 

more effective targeted ovarian cancer therapies.   

In this study, we hypothesized that ovarian cancer cells of varying invasiveness 

had different metabolic profiles, and that their metabolism would be altered in detached 

versus attached state.  We have used MFP approach to assess ovarian cancer cell 

metabolism and have summarized our mechanistic understanding of the metabolism 

based on our results in Figure 11.  We have shown that oxygen consumption rate (OCR) 

is higher in more invasive ovarian cancer SKOV3ip1 cells than less invasive ovarian 

cancer OVCAR3 cells in detached conditions, as illustrated in the figure.  High OCR 
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indicates higher rate of oxidative phosphorylation in the mitochondria. This further 

indicates that high respiratory capacity may play a role in cancer cell invasiveness.   

Additionally, we have found that pyruvate uptake is higher for more invasive 

ovarian cancer cells than less invasive ovarian cancer cells in detachment. This indicates 

that pyruvate may be fueling the TCA cycle and may play a role in the increased oxygen 

consumption rate of more invasive versus less invasive ovarian cancer cells. One possible 

mechanism is that pyruvate can be converted into glycerate 2-phosphate in the glycolysis 

pathway. Pyruvate and serine are uptaken to create hydroxypyruvate, which then is 

converted to glycerate via NADPH and further into glycerate 2-phosphate through 

conversion of ADP into ATP (Mazurek 2011).  In this way, pyruvate may be another 

metabolite consumed during glycolysis.   

From our data, we see that supra-invitro pyruvate concentrations (approximately 

10 mM) leads to larger differences in pyruvate consumption and lactate secretion 

between highly invasive and less invasive ovarian cancer cells than normal pyruvate 

concentrations in in vitro cultures (1mM). This shows that pyruvate concentration can 

modulate the metabolism of ovarian cancer cells of different invasiveness. Understanding 

pyruvate metabolism can thus be useful in creating therapies that can be targeted to 

ovarian cancer of varying invasiveness. Our findings can also be used to create powerful 

diagnostic tools that can discern highly-invasive from less-invasive ovarian cancer.  

Lactate secretion has also been shown to increase in high-grade versus low-grade prostate 

cancer tumors using hyperpolarized 13C pyruvate, lactate, and alanine analysis (Albers, 



	

	 94

Bok et al. 2008). Pyruvate uptake can be thus used in addition to lactate secretion in 

cancer diagnostics. 

Using secretomics approach, we found that in two-dimensional cultures, amino 

acids that take part in the urea cycle – citrulline, ornithine, and alanine – are secreted in 

both attached and detached cells. Since citrulline can be produced from mitochondria, 

which essentially is fueled by pyruvate, citrulline, ornithine, and alanine secretion may 

indicate high flux through the TCA cycle, which is producing these amino acids at a high 

rate. In Poly-HEMA, there is a 1.5 – 2 fold decrease in uptake of branched chain amino 

acids valine, isoleucine, and leucine between SKOV3 and OVCAR3 and a 3-6 fold 

decrease in uptake of these amino acids between SKOV3ip1 and OVCAR3. Valine, 

isoleucine and leucine are part of the pyruvate pathway, and thus uptake of these amino 

acids may be lower for more invasive ovarian cancer cells, since pyruvate uptake is high. 

Increased uptake of cystine in low attachment conditions in highly invasive cells 

(SKOV3 and SKOV3ip1) compared to less invasive OVCAR3 cells can be due to the fact 

that cystine is converted into pyruvate, and that cancer cells that require more pyruvate 

may also uptake more cystine. Proline was secreted in all cell lines in Poly-HEMA and 

hydrogel coated plates, which may indicate secretion of matrix to hold cells together in 

detachment, since the cancer cells in detachment were clustered. Glutamine was also 

found to be uptaken at a higher rate in more invasive versus less invasive ovarian cancer 

cells, which suggests that glutamine may be fueling the TCA cycle, leading to high OCR 

in more invasive versus less invasive ovarian cancer cells. Indeed, glutamine has the 
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ability to completely compensate for absence of glucose and maintain ATP levels 

(Nakashima, Paggi et al. 1984).   

 

2.5 Conclusion 

In conclusion, using metabolomics, we have elucidated the differences in 

metabolism between highly-invasive ovarian cancer cells and less-invasive ovarian 

cancer cells in detachment. Our data shows that highly-invasive ovarian cancer cells have 

higher OCR than less-invasive ovarian cancer cells in detachment. Additionally, highly-

invasive ovarian cancer cells uptake significantly more pyruvate than less-invasive 

ovarian cancer cells in detachment, indicating that pyruvate uptake may increase 

oxidative phosphorylation in ovarian cancer cells. High oxidative phosphorylation in 

highly-invasive versus less-invasive ovarian cancer cells may be responsible for the 

higher ATP production in highly-invasive compared to less-invasive ovarian cancer cells 

in detachment. Amino acid uptake and secretion of ovarian cancer cells in detachment 

correlate with their pyruvate uptake and increased TCA cycle flux in more invasive 

ovarian cancer cells. Lastly, we have shown that pyruvate may be used by highly-

invasive ovarian cancer cells to migrate in attached conditions, and thus may enhance 

metastatic potential. 
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3: Effect of Anoikis on Cancer Metabolism Using Three-Dimensional Culture 

Some data in this chapter is from the following publication: 

Caneba, C., Bellance, N., Yang, L., Pabst, L., D. Nagrath. “Pyruvate uptake is 

increased in highly invasive ovarian cancer cells under anoikis conditions for 

anaplerosis, mitochondrial function, and migration.” American Journal of Physiology – 

Endocrinology. 2012 Oct 15; 303(8):E1036-52. 

 

3.1  Introduction 

 In the previous chapter, the role of anoikis condition on the metabolism of highly-

invasive versus less-invasive ovarian cancer cells was explored using two-dimensional 

cultures, namely cultures involving Poly-HEMA coated and hydrogel coated culture 

surfaces.  However, since cancerous cells from solid tumors are often found in masses, 

and ovarian cancer cells often form spheroids in ascites fluid, the role of this type of 

detachment as a three-dimensional spheroid on cancer metabolism also needs to be 

elucidated.  In this chapter, highly-invasive and less-invasive ovarian cancer cells were 

cultured in Matrigel for 14 days in order for cells to proliferation and form spheroids.  

Media was collected periodically and analyzed for the consumption of metabolites.  The 

results show that highly-invasive cells uptake more pyruvate than less-invasive ovarian 

cancer cells in three-dimensional culture, which agrees with results from two-
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dimensional culture.  Additionally, differences in amino acid secretion and uptake 

between highly-invasive and less-invasive ovarian cancer cells were observed.   

 

3.2  Materials and Methods 

Cells and Reagents 

Ovarian cancer cells OVCAR3 and SKOV3 were purchased from ATCC on 

behalf of Rice University. SKOV3ip1 cells were kindly provided by Dr. Anil Sood of MD 

Anderson Cancer Center. Cells were grown in RPMI containing 10% fetal bovine serum. 

Cells used in these experiments were cultured below 75 passages.  

Matrigel Culture 

Matrigel culture protocol was based on that from Dr. Brugge’s lab at Harvard 

University, Boston, MA. Briefly, 8-well chamber slides (Millipore) were chilled and 

coated with 45 μL of Matrigel (BD Biosciences) per well. The coated slides were then 

incubated with 5% carbon dioxide at least 30 minutes prior to seeding. Cells were then 

trypsinized and seeded at 6,000 cells per well in 400 μL of media containing 2% 

Matrigel. Media was changed every other day, and cells were harvested on days 6 and 12 

of culture. 
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Metabolic Assays 

Glucose consumption assay was performed using Wako Glucose kit according to 

manufacturer’s protocol described earlier in chapter 2. Briefly, 2 μL sample and 250 μL 

reconstituted Wako glucose reagent was added to a 96-well assay plate and incubated 

while shaking at 37ºC for 5 minutes. The change in absorbance, indicating the presence 

of glucose, was measured at 505 nm by using a spectrophotometer (SpectraMax M5 from 

Molecular Devices).   

Lactate secretion was determined using Trinity Lactate Kit according to 

manufacturer’s protocol.  Briefly, lactate reagent was reconstituted with 10 mL milliohm 

water and diluted 1:4 in 0.1 M Tris Solution (pH = 7.0). Media samples were diluted 1:10 

in PBS and lactate reagent was added to the diluted samples in an assay plate. The plate 

was protected from light and incubated for one hour before reading the change in 

absorbance on a spectrophotometer at 540 nm. 

The pyruvate assay used measures the amount of sodium dehydrogenase (NADH) 

oxidized, which correlates with the amount of pyruvate in the samples. Pyruvate uptake 

analysis was performed using the following protocol. Briefly, NADH solution was 

created by reconstituting NADH powder (Sigma Aldrich) in 50 mL Tris solution (pH = 

7.0). Lactate dehydrogenase (LDH) was reconstituted in 50% glycerol and diluted 1:20 in 

Tris solution (pH = 7.0). In a 96-well plate, 20 μL of sample was added to each well 

along with the NADH reagent. A pre-reading was taken at 340 nm in a 

spectrophotometer, and LDH was added to the wells. Plate was incubated for 1 hour 
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without carbon dioxide and subsequent measurements were taken on a 

spectrophotometer. 

Amino Acid Uptake 

Ultra High Performance Liquid Chromatography (UPLC) was used to assess 

amino acid uptake and secretion using Waters Aquity UPLC device. Briefly, media 

samples were deproteinized and MassTrak Reagent was added to the samples, along with 

Borate Buffer/NaOH.  Samples were then heated and analyzed using Waters ACQUITY 

UPLC system with a 2.1 × 150 mm chromatography column maintained at 43° C. Eluents 

were prepared according to Waters protocol. MassTrak AAA eluent A concentrate was 

diluted 1:10 in milliQwater and MassTrak AAA eluent B was inputted in undiluted form. 

Flow rate of eluents was 0.4 mL/min and UV detection was at 260 nm.   

Statistical Analysis 

Some statistical analysis was performed using Student’s two-tailed t-Test, and this 

data was reported in all bar graphs as mean ± S.E.M.  In these bar graphs, * represents p 

< 0.05, ** represents p < 0.01, and ***  represents p < 0.001.   

For multiple comparisions, one-way ANOVA with Tukey, Dunnett, and Dunn’s 

post hoc tests were used for statistical analysis.  In these graphs, * represents p < 0.05. 

3.3  Results 

Increased Pyruvate Uptake in ovarian cancer cells in spheroidal cultures 
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 Spheroid matrigel cultures have been used by various researchers to 

simulate anoikis conditions. In matrigel cultures, ovarian cancer cells form spheroids and 

in long term cultures, i.e. greater than seven day cultures, it has been shown that cells in 

inner core of the spheroid are detached or loosely attached and thus mimic anoikis 

conditions (Debnath, Mills et al. 2002; Schafer, Grassian et al. 2009; Grassian, Metallo et 

al. 2011; Grassian, Schafer et al. 2011). We noticed increased glucose uptake in more 

invasive cells (SKOV3ip1) in spheroid cultures on day 12 culture compared to day 6  and 

no significant differences in lactate secretion (Figs. 36A and 36B). This indicates that 

glucose consumed by SKOV3ip1 may be increasing flux through TCA cycle rather than 

increasing lactate secretion as spheroids grow over 12 days.   

 

Figure 36: Glucose consumption (A) and lactate secretion (B) for ovarian cancer cell 
spheroidal culture.  Data is expressed as mean =/+ SEM, n=3, * indicating p < 0.05.   

Remarkably, we observed that highly-invasive ovarian cancer cells consumed all of the 

pyruvate originally in the media (approximately 1 mM) within 6 days of seeding on 
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Matrigel with media being changed and collected every 48 hours. This trend was further 

observed when ovarian cells were cultured in spheroidal conditions in Matrigel over 12 

days with media changed every 48 hours (Fig. 37A).  Protein analysis of each cell line 

cultured in Matrigel after 6 and 12 days showed that SKOV3ip1 protein was around three 

times higher on day 12 versus day 6, indicating that all pyruvate in the media was 

consumed due to high rate of cell proliferation of SKOV3ip1 (Fig. 37B).  

Figure 37: Pyruvate uptake and protein content of ovarian cancer cells in Matrigel 
spheroidal culture.  Cells were cultured for 14 days in Matrigel using overlay method.  
Media was collected on day 6 and day 12 of culture and pyruvate in media was 
determined.  Cells were harvested on day 14 for normalization.  Data represented as mean 
+/- SEM, n=3, * indicates p< 0.05. 

When observing the pyruvate content in the media at day 6 and 12 of the culture, media 

exposed to SKOV3ip1 in Matrigel contained almost no pyruvate, in contrast with 

OVCAR3 media (Fig. 38A). Even when pyruvate concentration was increased in 

Matrigel to three times the original concentration, almost no pyruvate was left in the 

media after day 6 and 12 in the SKOV3ip1 matrigel wells (Fig. 38B).    
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Figure 38: Pyruvate concentration in the media at Days 6 and 12 in Matrigel. Cells 
were cultured for 14 days in Matrigel using overlay method.  Media was collected on day 
6 and day 12 of culture and pyruvate in media was determined.  Cells were harvested on 
day 14 for normalization.  Data represented as mean +/- SEM, n=3, * indicates p< 0.05. 

 

Figure 39: Amino acid 
uptake and secretion of 
ovarian cancer cells in 
spheroidal culture.   
Ovarian cancer cells 
were cultured for 14 
days in Matrigel overlay 
culture.  Media content 
from days 6 and 12 of 
culture was analyzed 
using UPLC.  X-axis 
represents ratio of amino 
acids in spent media to 
original media.  Values 
> 1 mean secretion and 
values <1 represent 
uptake.  Conducted n=3. 
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The higher pyruvate uptake observed above in highly-invasive SKOV3ip1 cells versus 

less-invasive OVCAR3 in spheroidal condition, could as a result increase TCA cycle flux 

in SKOV3ip1 compared to OVCAR3. We hypothesized that TCA cycle flux could be 

correlated with amino acid uptake and secretion since many amino acids serve as 

precursors for TCA cycle metabolites.  In order to investigate differences in amino acid 

uptake and secretion between highly-invasive and less-invasive ovarian cancer cells in 

spheroidal culture, UPLC was conducted on media from OVCAR3 and SKOV3ip1 

cultured in Matrigel for 6 days and 12 days.  Results show large differences in secretion 

of some amino acids (Fig. 39). Specifically, glutamine uptake rate was higher for 

SKOV3ip1 than OVCAR3 on day 6 (Fig. 40A). In Matrigel, secretion of citrulline was 

higher for SKOV3ip1 than OVCAR3 on both day 6 and day 12, and secretion of alanine 

was lower for SKOV3ip1 than OVCAR3 on both day 6 and day 12 (Fig. 40B).  

 

Figure 40: Glutamine uptake (A) and citrulline, ornithine, and alanine secretion (B) 
of ovarian cancer cells in spheroidal culture.  Ovarian cancer cells were cultured for 14 
days in Matrigel overlay culture.  Media content from days 6 and 12 of culture was 
analyzed using UPLC.  Data expressed as mean +/- SEM, n=3, *** indicates p<0.001, ** 
indicates p<0.01, * indicates p<0.05. 
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These differences in secretion of nitrogen compounds over the duration of culture 

suggest differences in amino acids used as precursors of nitrogen containing small 

molecules between highly-invasive and less-invasive ovarian cancer cells and between 

these cells in  spheroidal culture. 

Fold Changes in Uptake and Secretion of TCA Cycle Amino Acids in spheroidal 

culture 

A comparison in amino acid uptake between SKOV3ip1 and OVCAR3 in 

spheroidal culture revealed fold increases in leucine uptake on day 6 (Fig. 9A); in 

contrast, there was greater than a two fold decrease in uptake of branched chain amino 

acids valine, isoleucine, and leucine on day 12 (Fig. 41B). Since, valine, isoleucine, and 

leucine can be synthesized from pyruvate, the differences in uptake of these amino acids 

may be linked to differences in pyruvate uptake between day 6 and 12 of spheroidal 

culture.  

Figure 41:  Fold 
changes in amino acid 
uptake on days 6 and 
12 of SKOV3ip1 
compared to 
OVCAR3 spheriodal 
culture.  Data 
expressed as mean +/-
SEM.  *** indicates 
p<0.001, n=3. 
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Glutamate, proline, alanine, β-aminoisobutyric acid (BAIB), and ornithine were 

secreted by both OVCAR3 and SKOV3ip1 on day 6 and day 12 (Figs. 9C and 9D).  We 

observed a 4.5 fold decrease in alanine secretion between SKOV3ip1 and OVCAR3 on 

day 6 and a 1.4 fold decrease on day 12 (Figs. 42A and 42B).  Since alanine can be 

converted to pyruvate, differences in alanine secretion between SKOV3ip1 an OVCAR3 

can be linked to differences in pyruvate uptake observed between these cells in spheroidal 

culture.  Secretion of BAIB is also increased in SKOV3ip1 compared with OVCAR3 

when cultured in spheroidal conditions (Figs. 42A and 42B).   

Figure 42:  Fold changes in amino acid uptake on days 6 and 12 of SKOV3ip1 
compared to OVCAR3 spheriodal culture (cont.).  Data expressed as mean +/- SEM, 
n=3, *** indicates p<0.001, * indicates p<0.05 

Since BAIB is a known tumor marker for urinary bladder cancer (Irving 1977), 

the increase in BAIB secretion by SKOV3ip1 may be due to its higher invasive potential 

compared to OVCAR3. Glutamate secretion was also higher in SKOV3ip1 than 

OVCAR3 on day 6 and day 12 in spheroidal conditions (Figs. 8C and 8D).  Since 
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glutamate is a TCA cycle intermediate, fold differences in glutamate secretion between 

SKOV3ip1 and OVCAR3 in spheroidal conditions may be due to differences in TCA 

cycle activity. 

Lastly, as indicated in the figure below we explored the changes in metabolism 

that occur when cells are exposed to higher concentrations of pyruvate. 

 

Figure 43: Pyruvate uptake (A), glucose consumption (B), and lactate secretion (C) 
in media with higher concentrations of pyruvate (10 mM) in both adherent and 
poly-HEMA conditions.  Ovarian cancer cells were exposed to media containing 10 mM 
pyruvate for 48 hours before media was collected for metabolic analysis.  Data is 
expressed as mean +/- SEM, n=3, * indicates p < 0.05. 
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High pyruvate concentration results in significantly larger differences in pyruvate 

uptake and lactate secretion between ovarian cancer cells in detachment 

Since we found that ovarian cancer cells consumed almost all pyruvate in media 

after 48 hours, pyruvate concentration was later increased to ten times the original 

concentration in Poly-HEMA culture in order to further elucidate differences in pyruvate 

uptake between more highly- invasive and less-invasive ovarian cancer cell lines 48 

hours after seeding (Fig. 43A). In detachment, SKOV3 and SKOV3ip1 consumed 

significantly more pyruvate than OVCAR3 over the period of 48 hours, respectively, 

whereas in adherent condition, only SKOV3ip1 consumed significantly more pyruvate 

than OVCAR3 after 48 hours. In addition, the higher pyruvate concentration resulted in 

higher lactate production for the more invasive ovarian cancer cells versus the less 

invasive ovarian cancer cells in detachment and attachment with increased  glucose 

consumption occurring in highly-invasive versus less-invasive ovarian cancer cells in 

some conditions (Figs. 43B and 43C). 

 

3.4 Discussion 

Using secretomics approach, we found that in both spheroidal and two-

dimensional cultures, amino acids that take part in the urea cycle – citrulline, ornithine, 

and alanine – are secreted in both attached and detached cells. Since citrulline can be 

produced from mitochondria, which essentially is fueled by pyruvate, citrulline, 
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ornithine, and alanine secretion may indicate high flux through the TCA cycle, which is 

producing these amino acids at a high rate.  

We also show that pyruvate uptake is higher in the more invasive cell lines 

(SKOV3ip1) than the less invasive cell line (OVCAR3) in matrigel culture. The 3-D 

culture approach has been used by other researchers in order to study cancer cells due to 

its closeness to in vivo tumor morphology (Debnath, Mills et al. 2002; Zhang, Fournier et 

al. 2009; Beliveau, Mott et al. 2010). Matrigel culture of mammary epithelial cancer cells 

has been utilized in order to study lack of luminal clearance and luminal filling that takes 

place in mammary cancer, and the oncogenes that play a role in this observation 

(Debnath, Mills et al. 2002). Other researchers have used three dimensional  approaches 

to study the reversion between normal and abnormal (cancer) glandular architecture 

(Zhang, Fournier et al. 2009; Beliveau, Mott et al. 2010). Since our pyruvate results hold 

for three dimensional matrigel cultures, this suggests that pyruvate uptake may be higher 

in more invasive than less invasive ovarian cancer cells in the three dimensional  tumor 

microenvironment. 

 

3.5 Conclusion 

In summary, we have shown that more aggressive ovarian cancer cells have a 

higher TCA cycle and OXPHOS activity in detachment compared with less aggressive 
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ovarian cancer cells.  This confirms that in addition to having robust glycolytic 

mechanisms, ovarian cancer cells also have a functioning mitochondria.   

	

	

Figure 44: Summary of findings: mitochondria of a highly-invasive and cell invasive 
ovarian cancer cell. Diagram shows differences in uptake or secretion of metabolites and 
rates of glycolysis, TCA cycle, and electron transport chain between less-invasive ovarian 
cancer cells in detachment (A) and highly-invasive ovarian cancer cells in detachment 
(B).  Bold and red arrows indicate pathways upregulated in highly-invasive compared to 
less-invasive ovarian cancer cells. 
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4:  Effect of Metabolites on Migration of Ovarian Cancer Cells 

Some data in this chapter is from the following publication: 

Caneba, C., Bellance, N., Yang, L., Pabst, L., D. Nagrath. “Pyruvate uptake is 

increased in highly invasive ovarian cancer cells under anoikis conditions for 

anaplerosis, mitochondrial function, and migration.” American Journal of Physiology – 

Endocrinology.  2012 Oct 15; 303(8):E1036-52.  

	

4.1 Introduction 

Since cancer cells rely on glycolysis for growth and proliferation, it has been 

shown that shifting the metabolism from glycolysis to OXPHOS slows the growth of 

cancer cells (Gohil, Sheth et al. 2010).  In a study conducted by Gohil et al., the 

mechanism of different cancer drugs was determined by culturing MCH58 fibroblasts in 

media containing either only glucose or galactose to shift the metabolism between 

glycolysis and OXPHOS before exposing the fibroblasts to the different drugs.  This 

method helped the researchers screen for which drugs affected OXPHOS and which ones 

affected glyoclysis. (Gohil, Sheth et al. 2010) 

Our previous results showed that more aggressive ovarian cancer cells uptake 

more pyruvate than less aggressive ovarian cancer cells.  We thus hypothesized that 
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cancer cells use pyruvate to increase migration.  Since we wanted to explore the 

mitochondrial involvement in cancer cell migration, we aimed to determine whether 

galactose would increase migration of ovarian cancer cells compared to when galactose 

was not present.  

 

4.2  Materials and Methods – Wound Healing Assay 

Ovarian cancer cells were initially seeded in T-75 flasks and cultured for 72 hours 

in either RPMI containing 0 mM or 10 mM pyruvate.  These cells were then seeded from 

flasks into 12-well plates in densities that allowed cells to be confluent after 12 hours in 

culture.  Assay was performed using low glucose (0.5 mM glucose) RPMI in order to 

specifically study the affects of pyruvate on migration.  At 12 hours after seeding, cell 

monolayers were scratched using a 200 μL pipet tip, washed, and imaged every four 

hours in the same place in each well up to 12 hours after seeding.  Images were processed 

using ImageJ software (NIH) (Schneider, Rasband et al. 2012). 

For glucose to galactose switch, SKOV3 ovarian cancer cells were cultured in 

RPMI and seeded in 12-well plates until 90% confluent.    Monolayer of cells was then 

scratched with a 200 uL pipet tip in the shape of a cross.  Media was then changed to 

media containing either low glucose without galactose or low glucose with galactose.  

Scratch was then imaged in the same location over 12 hours.  The channel area was then 

assessed using ImageJ (Schneider, Rasband et al. 2012).   
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Figure 45: Wound healing migration assay.  Cells are cultured in 12 well plates until 
they are 90-100% confluent.  Pipet tip is used to scratch plate in shape of cross.  Image of 
scratch is taken at time = 0 hours.  After 12 hours, same point is imaged.  Area of scratch 
is analyzed using ImageJ (Schneider, Rasband et al. 2012). 

 

 

4.3 Results and Discussion 

Pyruvate increases the migratory potential of invasive ovarian cancer cells 

Based on our finding that more invasive ovarian cancer cells consumed more 

pyruvate than less invasive ovarian cancer cells both in two-dimensional detachment 

(Poly-HEMA and Low Attachment conditions) and spheroidal conditions, we 

investigated whether pyruvate uptake played a role in the invasiveness of ovarian cancer 

cells. Specifically, we aimed to study the effect of pyruvate on cell migration. Upon 

studying pyruvate’s effect on the migration of OVCAR3 and SKOV3 cells using a wound 

healing assay (Figs. 10A and 10B), it was observed that pyruvate contributed to cell 

migration and that higher concentrations of pyruvate resulted in more migration over the 



	

113	
	

12 hour time period for SKOV3, but not OVCAR3, indicating that pyruvate may 

contribute to the motility of these more invasive cancer cells (Fig. 46A).  We found that 

cell viability did not decrease for any cell line with the addition of pyruvate versus 

addition of no pyruvate (Fig. 46B), indicating that migration results are not influenced by 

differences in cell viability due to pyruvate concentration.  

 

Figure 46: Wound healing assay for OVCAR3 and SKOV3 (A) and cell viability in 
different pyruvate concentrations (B).  For wound healing assay, percent change in 
wound area 12 hours after scratch was determined using ImageJ (Schneider, Rasband et 
al. 2012).  Cell viability in different medias was assessed using trypan blue exclusion 
assay.  Data expressed as mean +/- SEM, n=3, *** indicates p < 0.001. 

Below is a figure that depicts the wound closure of SKOV3 over time under 

different pyruvate concentrations.  As shown, SKOV3 closes the wound more quickly in 

10 mM pyruvate than in 0 mM pyruvate. 
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Figure 47: Effect of pyruvate concentration on migration of highly-invasive versus 
less-invasive ovarian cancer cells. OVCAR3and SKOV3 were seeded at densities that 
produced 80-100% confluent monolayers 12 hours after seeding. Monolayers were 
scratched and imaged right after scratching and again every 4 hours up to 12 hours. 
Migration was assessed by creating binary images using ImageJ (Schneider, Rasband et 
al. 2012) and comparing percent area taken up by cells in each image.  For each 
condition, the cell migration obtained after 12 hours is expressed in percentage of  wound 
area at 0 hours. 

 

Galactose Effect on Migration 

In accordance to our hypothesis, we saw that over time, SKOV3 cells migrated 

more in media with low glucose and galactose than in media containing only glucose.   

This confirms that cancer cell migration is a process affected by TCA cycle flux and 

OXPHOS activity. 
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Figure 48: Effect of galactose on wound healing migration assay for ovarian cancer 
cells.  Percent change in wound area 12 hours after scratch was determined using ImageJ 
(Schneider, Rasband et al. 2012).  Data expressed in mean +/- SEM. 

 

4.4  Conclusion 

Pyruvate and lactate have both been shown to increase the migration of head and 

neck cancer cells (Goetze, Walenta et al. 2011). However, the effect of pyruvate on the 

migration of cells of other cancers has yet to be researched. Our study is the first to show 

that pyruvate has the potential to increase migration of ovarian cancer cells, and thus 

possibly increase metastatic potential of these cells. We show that invasive cancer cells 

migration more in galactose than in glucose, confirming that the mitochondrial 

metabolism does affect cancer cell migration. 
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5: Effect of Arginine-Nitric Oxide Pathway on Ovarian Cancer Cell Proliferation, 

Growth, and Anoikis Resistance 

 5.1  Introduction 

Nitric oxide (NO) shows promise either as a cancer therapy itself, or as a target 

(Rieder, Jahnke et al. 2001).  This may be because nitric oxide can act as a signaling 

molecule or as a source of oxidative and nitrosative stress  (Chowdhury, Godoy et al. 

2012).  At low concentrations, nitric oxide can stimulate mitochondrial biogenesis 

through PRC (Raharijaona, Le Pennec et al. 2009).  In follicular thyroid carcinoma cells, 

S-Nitroso-N-Acetyl-D,L-Penicillamine (SNAP), a nitric oxide donor, was shown to 

increase the expression of genes involved in mitochondrial biogenesis (Le Pennec, 

Mirebeau-Prunier et al. 2011).  A 14-day treatment of lung carcinoma cells with 

dipropylenetriamine NONOate (DPTA NONOate), another nitric oxide donor, increased 

cell migration compared to without treatment (Sanuphan, Chunhacha et al. 2013).  In 

breast cancer cells, exogenous NO increased cell proliferation, as well as cyclin-D1 and 

ornithine decarboxylase expression (Pervin, Singh et al. 2007).  In prostate cancer cells, 

NO was shown to inhibit androgen receptor-dependent promoter activity and 

proliferation of androgen-dependent cells, indicating that NO would select for the 

development of prostate cancer cells that are androgen independent (Cronauer, Ince et al. 

2007).  NO has even been shown to inhibit mitochondrial ATP production, and therefore 

inhibit apoptosis, since ATP is necessary for the apoptotic process (Leist, Single et al. 

1999).   
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On the otherhand, NO produced in response to proinflammatory cytokines, 

induced apoptosis in ovarian cancer cells (Rieder, Jahnke et al. 2001).  NO 

overexpression by transfection of a plasmid containing NOS-3 DNA resulted in increased 

cell death in HepG2 cells (Aguilar-Melero, Ferrin et al. 2012).  In another study, NO was 

implicated in N-(4-hydroxyphenyl)retinamide-mediated apoptosis (Simeone, Broemeling 

et al. 2003).  In yet another study, iNOS knockout mice had less tumor formation than 

wild-type mice, indicating that NO promotes lung tumorigenesis (Kisley, Barrett et al. 

2002).  Lastly, iNOS expression in p53 depleted mice increased apoptosis of lymphoma 

cells compared with p53 deficient mice without iNOS expression (Hussain, Trivers et al. 

2004).  Therefore, NO has been seen to be both an ant-tumorigenic and pro-tumorigenic. 

Arginine, a conditionally essential amino acid used to produce nitric oxide, is also 

along with nitric oxide a potential target for cancer therapy.  L-arginine is normally 

produced by the body; however, in some diseased states, more arginine than what the 

body normally produces is required (Garcia-Navas, Munder et al. 2012).  Arginine can 

come from protein breakdown or from diet in addition to de novo synthesis (Luiking, Ten 

Have et al. 2012).  In the de novo creation of L-arginine, citrulline and aspartate are 

converted to argininosuccinate by arginase, which is then split into arginine and fumarate 

by argininosuccinate lyase (Haines, Pendleton et al. 2011).  L-arginine can also be 

converted to citrulline and nitric oxide through nitric oxide synthase (NOS) (Luiking, Ten 

Have et al. 2012).   
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Some cancer cells, including melanoma and hepatocellular carcinoma, do not 

express argininosuccinate synthase (ASS), an enzyme involved in arginine production, 

and thus rely on exogenous arginine.  Thus, arginine deprivation therapy is being heavily 

explored for the treatment of these cancers (Luiking, Ten Have et al. 2012).  Ovarian 

cancer cells have been shown to express ASS (Nicholson, Smith et al. 2009).  In fact, 

ovarian cancer cells were shown to have increased expression of ASS compared to 

normal ovarian surface epithelium (OSE) (Szlosarek, Grimshaw et al. 2007).  However, 

ASS can be epigenetically regulated via methylation, and the silencing of ASS can 

diminish cisplatin resistance (Delage, Luong et al. 2012).  Since ovarian cancer can 

synthesize arginine de novo, researchers must look for other means to inhibit ovarian 

cancer development.  Therefore, the alternative method of inhibiting ovarian cancer 

development may be to modulate endogenous production of nitric oxide or exposure of 

cells to nitric oxide. 

In this chapter, the role of nitric oxide on the proliferation, growth, and anoikis 

resistance of ovarian cancer is elucidated.  In the following chapter, the role of nitric 

oxide on ovarian cancer metabolism is explored. 
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5.2  Materials and Methods 

Cells and Media 

Ovarian cancer cells OVCAR3 and SKOV3 were purchased from ATCC on 

behalf of Rice University. SKOV3ip1 cells were kindly provided by Dr. Anil Sood of MD 

Anderson Cancer Center. Cells were grown in RPMI containing 10% fetal bovine serum. 

Cells used in these experiments were cultured below 75 passages.  

Liquid Chromatography – Mass Spectroscopy Experiments 

Ovarian cancer cells were seeded at 90,000 cells/mL in a 12-well plate.  After 24 

hours, media was changed to phenol red-free RPMI containing 15N2 arginine at a 10% 

enrichment.  After 24 and 48 hours, media was collected and analyzed for the presence of 

15N citrulline using liquid chromatography-mass spectroscopy.  Protein was collected and 

later analyzed for normalization. 

Proliferation Assay 

Proliferation of ovarian cancer cells was measured using Cell Counting Kit-8 

(Dojindo Molecular Technologies, Inc., Rockville, Maryland).  Briefly, cells were seeded 

in a 96 well plate between 10,000 and 50,000 cells/mL.  After 24, 48, 72, or 120 hours, 

10 uL of kit reagent was added to each well.  Plate was then shaken and incubated for 3 

hours before reading the absorbance in a spectrophotometer at 450 – 490 nm.   
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Soft Agarose Colony Formation 

Bottom agarose solution ( 10% ) was created by dissolving agarose in hot water 

and placing it in the waterbath to cool the solution to 37 degrees Celsius.  Agarose was 

then mixed in a 1:1 ratio with 2xRPMI and 1.5 mL of this solution was used to coat each 

well of a six well plate.  Plate was left under hood for 30 minutes in order to allow 

agarose to solidify before adding cells and top agarose. 

Top agar solution (70%) was created by again dissolving agarose in hot water and 

placing it in the waterbath to cool the solution to 37 degrees Celsius. Cells were then 

harvested, counted, and resuspended at a concentration of 200,000 – 400,000 cells/mL.  

Next, 3 mL of top agarose was mixed with 3 mL of warm 2x RPMI, and 0.1 mL of cell 

suspension was added, and 1.5 mL of the mixture was added to each of a 6 well plate 

already coated with bottom agarose.  Cells were then fed with 0.5 mL of media every 3 

days and kept in culture for 14 days.  Cells were then stained with a 0.5 mL crystal violet 

(0.005% in methanol) solution and colonies were counted using a 4x objective.  Four 

fields of view of each well were imaged and analyzed. 

Arginine Deprivation Experiments 

Cells were seeded in a 96 well plate at a density between 10,000 and 30,000 

cells/mL in complete RPMI 1640 media.  Approximately 24 hours after seeding, media 

was changed to RPMI without arginine (Sigma Aldrich, Madison, WI) or RPMI without 

phenol-red and with arginine (Gibco).  After 24, 48, 72, and 120 hours, plates were 
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assessed using Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc., Rockville, 

Maryland), mentioned above.  Media was changed every 48 hours for the remaining 

plates at each time point. 

Statistical Analysis 

Some statistical analysis was performed using Student’s two-tailed t-Test, and this 

data was reported in all bar graphs as mean ± S.E.M.  In these bar graphs, * represents p 

≤ 0.05, ** represents p ≤ 0.01, and ***  represents p ≤ 0.001.   

For multiple comparisions, one-way ANOVA with Tukey, Dunnett or Dunn’s post 

hoc test was used for statistical analysis.  In these graphs, * represents p ≤ 0.05. 

 

5.3		 Results	and	Discussion 

Conversion of arginine to citrulline occurs in ovarian cancer cells 

In our previous results, we observed using ultra-higher performance liquid 

chromatography that ovarian cancer cells produced citrulline in detached conditions.  

Since arginine can be converted to citrulline through nitric oxide synthase, we 

hypothesized that arginine was being converted to citrulline in our ovarian cancer cells.  

In order to test this hypothesis, we cultured ovarian cancer cells in attached conditions for 

24 and 48 hours in media containing 15N2 arginine, collected media, and analyzed the 

media liquid-chromatography mass-spectroscopy (LC-MS) for 15N citrulline.  Results 
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showed that 15N citrulline was present in the spent media, meaning that the arginine to 

citrulline pathway was active in ovarian cancer cells (Fig. 49). 

 

Figure 49: Radiolabelled citrulline from radiolabelled arginine.  Cells were cultured 
in media containing 10% enrichment of radiolabelled arginine for 24 and 48 hours.  
Media was collected and analyzed using LC-MS.  Data expressed as mean +/- SEM, n=3. 

Nitric oxide affects the proliferation and colony formation, as well as anoikis 

resistance of ovarian cancer cells 

Arginine is converted by nitric oxide synthase (NOS) to nitric oxide and 

citrulline.  Previous research has shown that nitric oxide may positively or negatively 

affect tumor growth based on conditions (Pervin, Singh et al. 2007), (Rieder, Jahnke et al. 

2001).  Since we showed that arginine is a main source of nitric oxide in our cells, in 
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order to determine whether nitric oxide positively or negatively affects tumor growth, we 

deprived cells of arginine over the course of 4 days and measured cell proliferation.  We 

demonstrated that arginine deprivation decreased proliferation in both ovarian cancer cell 

lines (Figs. 50A and 50B).  

 

Figure 50: Proliferation of ovarian cancer cells with or without arginine.  SKOV3 
(A) and OVCAR3 (B) were cultured for 4 days without arginine and cell proliferation 
was determined using Dojindo proliferation kit.  Data expressed in mean +/- SEM, n=3. 
*** indicates p<0.001. 

Interestingly, NOS inhibitor L-NAME decreased colony formation in a dose 

dependent manner of SKOV3ip1 in soft agar (Fig. 3C).  Thus, nitric oxide is important to 

proliferation and colony formation of ovarian cancer cells.  When ovarian cancer cells 

were cultured in suspension with NOS inhibitor L-NAME, cell viability decreased (Fig. 

3D).   
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Figure 51: Effect of nitric oxide on colony formation (A) and anoikis resistance (B).  
For colony formation, cells were embedded in soft agar, with top agar containing RPMI 
with SNAP (50 μM) or RPMI.  Cells were grown for 14 days before staining with crystal 
violet and counting average colonies per well.  Anoikis resistance was determined using 
trypan blue exclusion assay 48 hours after cells in poly-HEMA were exposed to media 
with or without SNAP (50 μM).  Data expressed as mean +/- SEM, n=3, *** indicates p 
< 0.001. 

 

This decrease in proliferation was rescued by addition of NO donor SNAP, 

indicating that NO maintains anoikis-resistance in ovarian caner cells.  Additionally, cells 

were treated with NOS inhibitor L-NAME at different concentrations and proliferation 

was measured over the course of 3 days.  Results showed that L-NAME decreased 

ovarian cancer cell proliferation in a dose dependent manner for two ovarian cancer cells 

(Figs. 52). Thus, nitric oxide and arginine are both important for ovarian cancer cell 

proliferation and anoikis-resistnace. 
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Figure 52: Effect of nitric oxide proliferation of ovarian cancer cells.  SKOV3 and 
OVCAR3 were exposed to different L-NAME concentrations for 1-3 days, and 
proliferation was read using Dojindo proliferation kit.  *** indicates p<0.001, ** 
indicates p< 0.01, * indicates p<0.05. 

 

5.4 Conclusion 

In conclusion, we have shown that nitric oxide increases the proliferation, 

anoikis-resistance, and colony formation ability of ovarian cancer cells.  The positive 

effects of NO on proliferation has been shown, and thus is in agreement with literature 

(Pervin, Singh et al. 2007).  However, the effect of NO on the metabolism of ovarian 

cancer cells remains to be explored, and will be discussed in the next chapter. 
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6: Effect of Arginine-Nitric Oxide Pathway on Ovarian Cancer Cell Metabolism 

6.1  Introduction 

An understanding of the effect of nitric oxide on cancer metabolism is important 

because it can give insight into ways to manipulate ovarian cancer growth.  Despite the 

research conducted regarding cancer cell viability in the presence of nitric oxide, 

comprehensive research regarding the effect of nitric oxide on cancer cell metabolism is 

lacking.  The effect of nitric oxide on mitochondrial respiration has been explored in 

cells.  Glucose depletion in HepG2 cells led to decreased NOS expression and NO 

production, paired with a decrease in ATP level and mitochondrial mass, which was 

rescued by adding NO donor SNP (Hsu, Lee et al. 2007).  NO has also been shown to 

inhibit cytochrome c oxidase in the mitochondria of breast cancer cells, as well as 

decrease oxygen consumption rate (Sen, Kawahara et al. 2013).   

Nitric oxide has also been shown to effect glycolysis of normal cells.  Almeida et 

al. have studied the effect of NO on the metabolism of rat cortical astrocytes and neurons, 

two cells with different glycolytic capacity (Almeida, Almeida et al. 2001).  They showed 

that NO decreased ATP concentration, which led to an increase in glycolysis in 

astrocytes, but not in neurons, indicating that glyoclytic capacity affects the metabolic 

response to NO (Almeida, Almeida et al. 2001).  Nitric oxide has also been shown to 

reduce ATP production via OXPHOS in rat reticulocytes, cells that produce 90% of their 

ATP from OXPHOS (Maletic, Dragicevic et al. 1999).  It was found that glycolysis was 

not enough to compensate for the inhibition of OXPHOS through nitric oxide (Maletic, 
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Dragicevic et al. 1999).  eNOS was also shown to play a role in the upregulation of 

GLUT4 transporters by AMPK and AICAR in heart muscle (Li, Hu et al. 2004).  

Addionally, nitric oxide can serve to stabilize HIF-1alpha in hypoxic conditions through 

S-nitrosylation of PHD2 (Chowdhury, Godoy et al. 2012), and since HIF-1alpha 

upregulates GLUT transporters and glycolysis (Semenza 2000), nitric oxide may affect 

the metabolism of cancer cells.   

Although NO is found to effect the glycolysis of normal cells, the effect of NO on 

glycolysis on ovarian cancer cells has yet to be explored.  The goal of this work was to 

elucidate the effects of nitric oxide on the proliferation and its effect on both glycolysis 

and OXPHOS of ovarian cancer cells.  Results show that nitric oxide decreases 

mitochondrial respiration, forcing ovarian cancer cells to undergo higher glycolytic rates 

to maintain ATP production levels.  Our work is the first to illustrate the central role of 

nitric oxide in ovarian cancer metabolism – specifically, that NO maintains the Warburg 

effect in ovarian cancer cells in addition to affecting mitochondrial respiration, positively 

affecting growth and proliferation. 

 

6.2 Materials and Methods 

Metabolic Assays 

Glucose consumption assay was performed using Wako Glucose kit according to 

manufacturer’s protocol. Briefly, 2 μL sample and 250 μL reconstituted Wako glucose 
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reagent was added to a 96-well assay plate and incubated while shaking at 37ºC for 5 

minutes. The change in absorbance, indicating the presence of glucose, was measured at 

505 nm by using a spectrophotometer (SpectraMax M5 from Molecular Devices).   

Lactate secretion was determined using Trinity Lactate Kit according to 

manufacturer’s protocol.  Briefly, lactate reagent was reconstituted with 10 mL milliohm 

water and diluted 1:4 in 0.1 M Tris Solution (pH = 7.0). Media samples were diluted 1:10 

in PBS and lactate reagent was added to the diluted samples in an assay plate. The plate 

was protected from light and incubated for one hour before reading the change in 

absorbance on a spectrophotometer at 540 nm. 

ATP Measurement 

ATP was measured using Cell Titer Glo assay (Promega).  Briefly, cells were 

seeded at a density of 150,000 and 60,000 cells/mLin a 96 well plate.  After 48 hours in 

culture, media was removed, and phenol red-free media containing L-NAME at different 

concentrations was added to the wells.  Cells were incubated for 3 hours, reagent was 

added (100 uL per well).  Plate was then kept in dark for 10 minutes and read in a 

spectrophotometer in luminescence. 

NADPH Assay 

NADPH Assay was modified from the protocol by de Murcia’s team in Illlkirch, 

France.  Briefly, stock solutions of XTT (251 mM in DMSO) and 1-methoxy-5-
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methylphenazinium methylsulfate (PMS, 0.5 mM in DMSO) were created.  A PMS/XTT 

solution was created by dissolving 3.2 mL XTT in 66.6 uL PMS.   

Cells were seeded in a 96 well plate at a density of 150,000 and 60,000 cells/mL.  

After 48 of culture, media was removed and 100 uL of XTT/PMS reagent was added to 

each well.  For rescue experiments, media containing XTT/PMS with or without nitric 

oxide donor deta NONOate were added to the wells.  Plates were then incubated and read 

in a spectrophotometer at 450 nm with 650 nm as the reference filter 3 hours after reagent 

was added. 

ROS Measurement 

Cells were seeded in 96 well plates at densities of 60,000 – 150,000 cells/mL.  

After 48 hours, wells were washed with PBS and media containing H2DCFDA was 

added to the plate.  After 30 minutes of incubation in dark, plates were washed 2 times 

with PBS and media containing 0 mM, 5 mM, 10 mM, or 20 mM L-NAME was added to 

the wells.  For rescue experiments, media containing deta NONOate along with 10 mM 

L-NAME were added to the wells.  Plate was then read in fluorescence.  Readings were 

taken up to 3 hours after culture. 

Enzymatic Activity Assay 

Complex II/III and complex IV activity were determined according to the protocol 

used in Long et al. (Long, O'Brien et al. 2013).  Cells were cultured to 70% confluency 

before harvesting.  Cells were then trypsinized and counted to ensure that 3 – 5 million 
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cells were available for analysis.  Cells were then washed twice with 3 mL PBS by 

centrifuging at 1000xg for 5 minutes and removing supernatant.  Next, 0.4 mL of 20 mM 

phosphate buffer at pH=7.5 was added to the cells, and cells were mixed with 50 uL 

Hamilton syringe.  Cells were then snap frozen in liquid nitrogen 3 times and kept on ice 

before analysis. 

Protein was analyzed using ThermoFisher BSA Protein Kit.  To analyze complex 

II/III, cytochrome c was freshly prepared according to the protocol.  100 uL potassium 

phosphate buffer (0.5 M, pH = 7.5), 30 uL KCN (10 mM), 25 uL succinate (400 mM), 

and 15-80 ug lysate were added to a 1 mL cuvette.  Volume of distilled water was then 

adjusted so that total volume was 950 uL water.  Cuvette was then inverted to mix and 

incubated for 10 minutes at 37 degrees Celsius inside the spectrophotometer.  50 uL 

oxidized cytochrome c was then added and cuvette was inverted to mix.  Absorbance at 

550 nM was then monitored every 10 minutes for 3 hours.  Activity was then calculated 

based on the change in absorbance. 

To analyze complex IV, cytochrome c was prepared as previously and reduced 

using sodium dithionate.  Reduced cytochrome c, phosphate buffer, water, and 

cytochrome c were then added to the cuvette according to the protocol.  Volume of water 

was added to adjust volume to 950 uL.  Baseline absorbance was then monitored for 3 

minutes at 550 nm.  Lysate was then added to initiate the reaction, and absorbance at 550 

nm was monitored for 3 minutes.  Activity was then calculated based on the change in 

absorbance. 
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Analysis of gene expression using real-time PCR 

SKOV3 and OVCAR3 cells were treated with complete medium, arginine 

deprivation, or arginine deprivation in combination with 100 µM Deta NONOate for 48 

hours. Total RNA was extracted from cells using the RNeasy kit (Qiagen, Germantown, 

MD, USA), following the manufacturer’s instructions. Reverse transcription was 

performed using 1.0 µg of total RNA with the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, California, USA). The expression 

levels of COX-1, CYTB, HIF1-α, and iNOS were examined by quantitative real-time 

PCR (StepOne PLUS Real-Time PCR System, Applied Biosystems, Foster City, CA, 

USA) using 50 ng of the resultant cDNA. Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH; SYBR Green) and Actin, beta (ACTB; TaqMan assay Hs01060605_g1) were 

used as invariant controls. COX-1, CYTB, HIF1-α, and iNOS were detected using the 

SYBR Green PCR Master Mix (Applied Biosystems, Warrington WA1 4SR, UK). 

Specific primer sets were as follows (listed 5’-3’ ; forward and reverse, respectively): 

COX-1, TCGCATCTGCTATAGTGGAG and ATTATTCCGAAGCCTGGTAGG; CYTB, 

TGAAACTTCGGCTCACTCCT and AATGTATGGGATGGCGGATA; HIF1-α, 

ACAGTATTCCAGCAGACTCAA and CCTACTGCTTGAAAAAGTGAA; iNOS, 

AGATAAGTGACATAAGTGACC and CATTCTGCTGCTTGCTGAG. Hexokinase 2 

(HK2) was detected using a custom designed Roche Universal Probe (UPL). Gene 

expression assay: Roche Universal Probe Library probe #85, left primer 
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TGCTGAAGGAAGCGATCC and right primer GCCACAGGTCATCATAGTTCC. Gene 

expression was normalized using the ΔΔCT method.  Statistical differences between 

treatment groups were evaluated by Student’s t-test. Significance was determined when P 

< 0.05.	

 

6.3 Results 

Nitric oxide decreases oxygen consumption by decreasing mitochondrial complex II + 

III, and complex IV activity, but does not signifcantly decrease ATP production in 

ovarian cancer cells 

 

As shown previously, L-NAME decreases glucose consumption and lactate 

secretion in ovarian cancer cells, indicating that nitric oxide is important for glycolysis of 

ovarian cancer cells.  Since nitric oxide has been known to affect the mitochondria and 

we have shown that our ovarian cancer cells have active mitochondrias (Caneba, 

Bellance et al. 2012), we hypothesize that nitric oxide would affect the oxygen 

consumption rate of ovarian cancer cells.  Results show that exposure of cells to deta 

NONOate while deprived of arginine decreases the oxygen consumption both ovarian 

cancer cell lines, indicating that nitric oxide decreases OXPHOS activity in ovarian 

cancer cells (Figs. 53A and 53B). 
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Figure 53: Effect of NO on oxygen consumption rate (OCR) of ovarian cancer cells.  
(A) OCR was assessed for cells exposed to media without arginine (-Arg), media with 50 
mM Deta NONOate (50 mM Deta), and media with 100 mM Deta NONOate (100 mM 
Deta).  (B) OCR determine for cells in media with or without arginine.  Data expressed as 
mean +/- SEM, * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. 

Since nitric oxide has been shown to inhibit cytochrome c oxidase in normal cells, 

we hypothesized that deta NONOate was decreasing oxygen consumption in ovarian 

cancer cells by inhibiting complex II + III and complex IV of the mitochondria.  Results 

show that depriving cells of arginine increases complex II + III and IV activity, and that 

adding deta NONOate decreases the complex II + III and IV activity down to the control 

condition (Figs. 54A – 54D).  Additionally, deta NONOate decreases the mRNA 

production of the complexes COX1 and CYTB (Fig. 54E) This indicates that nitric oxide 

may be inhibiting oxygen consumption in cancer cells by inhibiting mitochondrial 

complex activity and mRNA production. 
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Figure 54:  Effect of NO on Complex II + III activity (A) and (B); Complex IV 
activity (C) and (D); and expression of COX-1 and CYTB (E).  Data expressed as 
mean +/- SEM, n=3, * indicates p < 0.05, ** indiates p<0.01, *** indicates p<0.001. 

These results together suggest that in the prescence of nitric oxide, cancer cells undergo 

high glycolytic rates in order to compensate for the decrease in mitochondrial respiration.  

In order to explore this further, the effect of nitric oxide on ATP production was 



	

135	
	

determined (Figs. 55A and 55B).  Under arginine deprivation, and in the presence of deta 

NONOate, both OVCAR3 and SKOV3 cells did not display a significant decrease in ATP 

production compared to without deta NONOate (Fig. 55A).  However, when 2-

deoxyglucose, a glucose analog that inhibits glycolysis, was added along with deta 

NONOate, ATP production decreased significantly compared to without deta NONOate 

(Fig. 55B).  These results demonstrate that while nitric oxide decreases mitochondrial 

respiration in ovarian cancer cells, while ATP production is not significantly reduced  

	

Figure 55: Effect of NO on ATP production of ovarian cancer cells without 2-
Deoxyglucose (2-DG) (A) and with 2-DG (B).  Without 2-DG yields non-significant 
(NS) differences between with and without deta NONOate, whereas with 2-DG yielded 
significant differences.  Data expressed in mean +/- SEM, n=3, * indicates p<0.05, ** 
indicates p<0.01. 

Nitric oxide exposure decreases uptake of pyruvate and TCA cycle amino acids as a 

result of mitochondrial complex inhibition 
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Since nitric oxide inhibits the mitochondrial function of ovarian cancer cells by 

inhibiting mitochondrial complexes II, III, and IV, we hypothesized that nitric oxide also 

inhibiting uptake of amino acids that feed into the TCA cycle, along with pyruvate 

uptake.  Results show that exposure to nitric oxide with application of deta NONOate 

decreases pyruvate uptake and that uptake of TCA cycle amino acids also decreases 

compared to without deNONOate (Figs. 56A – 56C).  This indicates that nitric oxide also 

inhibits TCA cycle activity, in addition to inhibiting mitochondrial complexes in the 

electron transport chain.	

	

Figure 56: Effect of 
NO on pyruvate 
uptake (A), and 
uptake of amino acids 
(B,C).  Pyruvate uptake 
determined from 
pyruvate media 
concentration after 
cells were exposed to it 
by 24 hours.  Uptake of 
amino acids determined 
through UPLC.  Data 
expressed in mean +/- 
SEM, * indicates 
p<0.05, ** indicates 
p<0.01, *** indicates 
p<0.001. 
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Nitric oxide results in high glycolytic rate ovarian cancer cells (i.e. Warburg Effect) 

Nitric oxide thus inhibits mitochondrial function of both the TCA cycle and 

electron transport chain complexes.  Since ATP production was unaffected by the 

decrease in mitochondrial function observed, we hypothesized that ovarian cancer cells 

would upregulate glycolysis in order to compensate for the decrease in mitochondrial 

ATP production.  Our results show that when NO production is decreased through 

exposure to LNAME, glucose consumption and lactate production decreases compared to 

without LNAME, and that with deta NONOate, there is an increase in glucose 

consumption and lactate secretion compared to without deta NONOate (Figs. 57A and 

57B).  Therefore, NO increases the glycolytic rate of cancer cells in order to maintain 

ATP production due to loss of mitochondrial function.  In this way, NO may be 

responsible for maintainance of the Warburg Effect in ovarian cancer cells. 

 

Figure 57: Effect of NO 
on glucose consumption 
and lactate secretion of 
ovarian cancer cells.  
Cells exposed for 24 hours 
to 0 mM, 5mM, or 10 mM 
L-NAME.  Data expressed 
as mean +/- SEM, n=3, * 
indicates p<0.05. 
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Since deta NONOate increased glycolytic rate in the ovarian cancer cells, it was 

hypothesized that hexokinase2, the rate limiting enzyme in the glycolytic pathway, may 

be overexpressed in response to NO.  PCR was conducted to determine the expression 

levels of hexokinase2, along with the expression levels of HIF-1alpha and iNOS (Fig. 

58).  Interestingly, hexokinase 2 expression was increased with deta NONOate in 

comparison to without deta NONOate, although expression of HIF-1alpha and iNOS 

decreased.  Therefore, the decrease in glycolysis observed in ovarian cancer cells in 

response to NO exposure may be due to decreases in hexokinase2 expression. 

 

Figure 58: Effect of NO on hexokinase2, iNOS, and HIF1-alpha expression.  Cells 
were exposed to 100 uM Deta NONOate for 48 hours.  PCR was performed n=6 or 7.  
*** indicates p < 0.001, ** indicates p < 0.01, * indicates p < 0.05. 
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Nitric oxide contributes to NADPH production through PPP pathway, and decreases 

ROS production in ovarian cancer cells 

Since L-NAME decreases proliferation of ovarian cancer cells and also affects 

glycolysis of ovarian cancer cells, it is possible that it is also affecting ROS production.  

ROS can potentially cause cancer cell death or aid in the development of cancer (Kumar, 

Koul et al. 2008; Goh, Enns et al. 2011; Chung, Park et al. 2012; Hung, Huang et al. 

2012).  In order to determine whether ROS was affecting the death of ovarian cancer 

cells, ROS production was determined in various ovarian cancer cells.  It was shown that 

ROS production increased significantly with exposure to L-NAME in a dose dependent 

manner (Fig. 59A).  Additionally, exposure to deta NONOate along with L-NAME 

resulted in less ROS production compared to L-NAME without deta NONOate (Figs. 

59B and 59C).  These results indicate that nitric oxide decreases ROS production in 

ovarian cancer cells, thus maintaining redox balance and viability. 

 

Figure 59: Effect 
of NO on ROS 
production of 
ovarian cancer 
cells.  Data 
expressed as 
mean +/- SEM, * 
indicates p<0.05. 
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Since the inhibition of nitric oxide production with addition of L-NAME 

decreased glycolytic rates, we hypothesized that high ROS levels could be due to 

decreased PPP pathway activity and thus decreased NADPH production.  NADPH was 

thus measured for a variety of ovarian cancer cell lines.  Results showed that NADPH 

production decreased with addition of L-NAME in a dose dependent manner for all cell 

lines, and that addition of deta NONOate increased NADPH production compared to 

without deta NONOate (Figs. 60A and 60B).  This suggests that the increase in ROS 

production could be due to a decrease in NADPH levels and antioxidant production.   

  

Figure 60: Effect of NO on NADPH production of ovarian cancer cells.  (A) Cells 
exposed to different concentration of L-NAME to inhibit NO synthesis.  (B) Deta 
NONOate rescues increase in NADPH production caused by L-NAME.  Data expressed 
in mean+/- SEM, n=3, * indicates p<0.05, ** indicates p<0.01. 
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6.4 Discussion 

It has been shown that nitric oxide, an unstable gas, can have effects on the 

growth and proliferation of cancer cells, either inhibiting or enhancing growth depending 

on the NO concentration and extracellular conditions (Rieder, Jahnke et al. 2001; Pervin, 

Singh et al. 2007; Aguilar-Melero, Ferrin et al. 2012).  This indicates that NO may play a 

central metabolic role in ovarian cancer cells.  However, the comprehensive role of NO in 

ovarian cancer cell metabolism,  specifically the metabolic sources of NO and the role of 

NO in regulating ovarian cancer cell metabolism, is lacking.  Our study shows for the 

first time that both arginine and glucose are utilized by ovarian cancer cells to produce 

NO in the gas phase, as detected by spectroscopic analysis.  We additionally show that 

NO decreases mitochondrial respiration, forcing the cell to maintain high glycolytic rates 

in order to avoid a decrease in ATP production.  Thus, we have found that NO is 

important in maintaining the Warburg Effect on ovarian cancer cells. 

It is known that arginine is converted to NO by NOS, as shown in Fig. 1A.  

Ovarian cancer cells have been shown to express argininosuccinate synthase (ASS), and 

thus are capable of producing arginine when the cell undergoes arginine deprivation 

(Nicholson, Smith et al. 2009).  However, we have shown that arginine deprivation does 

decrease proliferation of ovarian cancer cells over a period of 4 days.  This indicates that 

although ovarian cancer cells may be able to make their own arginine through ASS, they 

cannot produce enough to support proliferation of cells over long time periods and need 

exogenous arginine to continue proliferating.  Glutamine has been shown to be a potential 
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source of arginine and NO synthesis in murine macrophages (Bellows and Jaffe 1999), 

although research involving the production of arginine from other amino acids and 

metabolites in cancer cells is lacking.  The fact that ovarian cancer cells cannot continue 

proliferation without exogenous arginine and thus NO may make it susceptible to 

arginine deprivation and depletion therapies.  Arginine deiminase (ADI) was first isolated 

from bacteria Pseudomonas putida (Nomelini, de Abreu Ribeiro et al. 2008), and can 

deplete arginine from the blood and induce arginine deprivation (Kelly, Jungbluth et al. 

2012).  ADI PEG-20 has been shown to be effective in inhibiting small cell lung cancer 

growth (Kelly, Jungbluth et al. 2012), inducing autophagy and caspase-independent 

apoptosis in PC3 prostate cancer cells (Kim, Coates et al. 2009), and melanoma cells 

(Feun, Marini et al. 2012).  Since the effectiveness of the drug was dependent on the lack 

of ASS expression in these cells, further studies must be conducted to determine whether 

ADI PEG-20 can have effectiveness in ovarian cancer over longer periods of time. 

It has been shown that nitric oxide can bind to cytochrome c oxidase in the 

mitochondria, in competition with oxygen (Antunes, Boveris et al. 2004), and thus can 

decrease oxygen consumption rate.  However, we have shown by analyzing glycolytic 

flux in addition to ATP production that glycolysis is increased in cancer cells to maintain 

ATP production in response to the inhibition of mitochondrial respiration.  This in turn 

leads to an increase in NADPH production through the pentose phosphate pathway and 

affects ROS production.  This is despite the fact that NOS uses NADPH along with 
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arginine to create NO (Vitecek, Lojek et al. 2012).  This can explain why NADPH levels 

are not affected as much by NO as glucose consumption and lactate secretion. 

 

6.5 Conclusion 

In conclusion, our study results have shown that nitric oxide plays a central role in 

the metabolism of ovarian cancer cells.  Glucose and arginine can be used by cancer cells 

to create nitric oxide as we have detected in the gaseous phase, which can in turn affect 

metabolism of ovarian cancer cells, forcing them to maintain high glycolytic rates and 

thus enhancing proliferation of the cells through high PPP pathway flux and by 

maintaining low ROS levels. 
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7: Conclusions and Future Directions 

7.1  Thesis Summary and Conclusion 

The objectives of this thesis were to 1) elucidate the effect of detached conditions 

(anoikis conditions) on the metabolism of highly-aggressive versus less-aggressive 

ovarian cancer cells, 2) to use the systems biology approach to elucidate the effect of 

nutrition on metastasis, and 3) to determine the effect of nitric oxide on ovarian cancer 

metabolism and metastasis.   

The first objective was fulfilled using non-adherent cultures in Poly-HEMA-

coated plates and in Matrigel, and have shown that highly-aggressive ovarian cancer cells 

have higher oxygen consumption and higher ATP production than less-aggressive ovarian 

cancer cells in detachment.  Additionally, it was shown that highly-aggressive ovarian 

cancer cells uptake more pyruvate than less-aggressive ovarian cancer cells in 

detachment and attachment. (Caneba, Bellance et al. 2012) 

The objective to utilize the nutritional systems biology approach was fulfilled by 

exploring the effects of pyruvate and galactose on migration of highly-aggressive ovarian 

cancer cells.  It was shown that when using galactose as the main sugar source, migration 

of ovarian cancer cells was increased compared to when glucose was the main sugar 

source, indicating that the migration of ovarian cancer cells is linked to mitochondrial 

metabolism.  This was further confirmed by observing that pyruvate increases the 

migration of ovarian cancer cells (Caneba, Bellance et al. 2012).  Pyruvate can be 
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converted to acetyl-CoA and enters the TCA cycle, therefore increase TCA cycle flux in 

the mitochondria (Caneba, Bellance et al. 2012). 

Lastly, the third objective was fulfilled by studying the role of nitric oxide on the 

growth and metabolism of ovarian cancer cells.  It was shown that nitric oxide increases 

proliferation of ovarian cancer cells, and that glycolytic rate increases with nitric oxide, 

due to inhibition of the mitochondrial complexes.   

In conclusion, conditions that ovarian cancer cells face in metastasis (anoikis 

condition and nitrosative stress) can affect the metabolism of ovarian cancer cells.  

Conversely, the metabolism of cells, or the nutrients they are exposed to, can affect the 

migration of ovarian cancer cells. 

   

7.2  Future Considerations 

7.2.1  Future of Anoikis Resistance / EMT and Cancer Cell Metabolic 

Research 

Understanding of pathways and associated enzymes and proteins that are 

upregulated in cancer cells is growing, and thus drugs are being designed to target these 

enzymes and proteins.  However, there is a still need to lower the toxicity of these agents.  

The ability of cells to survive in a detached state is unique to cancer cells (Paoli, 

Giannoni et al. 2013), and thus pathways that are responsible for anoikis resistance in 

cancer cells hold promise as selective therapeutic targets. 
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Unfortunately, not much research has been conducted to target anoikis-resistance 

pathways in cancer.  One protein, tropoxyosin-related kinase B (TrkB), has been shown 

to be involved in anoikis-resistance and EMT, involving the PI3 and MAPK survival 

pathways  (Frisch, Schaller et al. 2013).  There is a need to further explore TrkB as a 

target for anoikis resistance in ovarian cancer. 

Although there are therapeutics being developed to target cancer metabolism, 

targeting metabolism in anoikis condition has yet to be investigated.  Particularly, since 

this thesis has shown that more aggressive ovarian cancer cells have a higher oxygen 

consumption rate than less aggressive ovarian cancer cells specifically in detachment 

(Caneba, Bellance et al. 2012), elucidating the mechanism for this metabolic alteration 

can uncover another target for cancer drug development. 

7.2.2 Future of Cancer Migration Research  

Cancer cell migration has been widely explored, from genetic / protein expression 

angle (Harrison, Knifley et al. 2013; Hsieh, Tsai et al. 2013; Zhang, Zhang et al. 2013) 

and physical angle (Agus, Alexander et al. 2013; Konstantopoulos, Wu et al. 2013).  For 

example, G3BP, a RasGAP protein has been shown to be overexpressed in cancer, and 

knockdown of these proteins inhibit migration of the cancer cells (Zhang, Zhang et al. 

2013).  Certain physical cues, such as ECM mechanical properties and topography of 

surfaces also has been shown to affect cancer cell migration (Stroka and Konstantopoulos 

2013).   
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The effect of cancer cell metabolism on cell migration is just beginning to be 

explored.  In a recent publication, it was shown that lactate transporter MCT-1 was 

necessary for cancer cell migration under glucose deprivation conditions (De Saedeleer, 

Porporato et al. 2013).  However, the effect of cancer cell metabolism on cell migration 

needs to be further studied.   

In future work, emphasis should also be on conducting in vivo studies using 

nutrients seen to enhance cancer cell migration, to determine whether these nutrients also 

make cancer cells more metastatic.   

7.2.3  Future of  Nitric Oxide Research 

Nitric oxide continues to show paradoxical effects – in some studies, it has been 

found to be pro-tumorigenic (Dwyer-Nield, Srebernak et al. 2005; Bradburn, Pei et al. 

2007; Tazawa, Kawaguchi et al. 2013), and in other cases, it has been found to be anti-

tumorigenic (Dhar, Brindley et al. 2003).  According to Janakiram et al., this may in part 

account for the 117,000 publications on the topic over the span of 20 years (Janakiram 

and Rao 2012).  Yet after this research, there is still little clarity regarding the effect of 

NO on cancer growth. 

Although there has been a large advancement in NO-based therapies in cancer due 

to conflicting study results, there has been enough data for colon cancer from numerous 

studies, allowing for therapeutic development (Rao 2004).  NO and NOS expression has 

been shown to correlate with presence of colon cancer,  and thus, inhibitors of NOS are 

being tested for their anti-tumorigenic effects on colon cancer (Janakiram and Rao 2012).   



	

148	
	

For example, dietary administration of L-NAME was shown to inhibit the development 

of aberrant crypt foci (AFC) in F344 male rats (Kawamori, Takahashi et al. 2000).   In yet 

another study, colon cancer cells were produced to constitutively express iNOS, and it 

was shown that constitutive iNOS expression increased tumor growth only in cells with 

mutated p53, showing that NO production provides advantage to tumor cells without p53 

(Ambs, Merriam et al. 1998).  Loss of p53 is known to promote tumorigenesis, and since 

NO selects for these cells, the authors state that NO promotes tumorigenesis in colon 

cancer (Ambs, Merriam et al. 1998).   

The effect of iNOS inhibitors have not been as widely studied in other cancers, 

including breast, prostate, bladder, and skin cancer (Janakiram and Rao 2012).  However, 

there has been almost no research on the effect of iNOS inhibitors on ovarian cancer 

growth and metastasis, let alone ovarian cancer metabolism.  This dissertation provides 

one of the first attempts to investigate the effects of NO and iNOS inhibitors on the 

metabolism of ovarian cancer cells.  Methods used in this dissertation may be applied to 

study the effect of nitric oxide on the metabolism of other cancer cells.  Furthermore, 

understanding the metabolic affects of nitric oxide can lead to development of NO-

releasing or inhibiting compounds that target cancer cells for apoptosis.   

In addition to studying the effect of NO on metabolism of ovarian cancer cells, 

there is also a need to develop more accurate detection methods for NO from cancer cells.  

Although there have been some studies to detect nitric oxide from cells using 

fluorescence labeling (Metto, Evans et al. 2013; Vegesna, Sripathi et al. 2013; Yu, Zhang 
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et al. 2013) and in media (Yu, Zhang et al. 2013), there still remains a need to detect nitric 

oxide from biological samples in the gaseous state.  Detecting nitric oxide as a gas would 

be beneficial, since nitric oxide in the microenvironment can affect other tissues in a 

gaseous state in addition to a liquid state.  Our lab is actively working in conjuction with 

another lab at Rice University to detect gaseous NO from our ovarian cancer cells.  The 

ability to detect NO in the gaseous state would allow us to study the direct effect of 

nutrients on NO released by cells in the gaseous state. 

Lastly, nitrite can be converted to NO in hypoxia (Shiva 2010).  Since the tumor 

microenvironment is often hypoxic (Bailey, Wojtkowiak et al. 2012), delivering nitrite to 

cells can be a way to modulate cancer cell growth and select for cancer cells that are 

growing in low oxygen environments, as opposed to normal cells in normoxia.  More 

research needs to be done to elucidate the effects of nitrite on cancer growth and to 

develop mechanisms to deliver nitrite to cancer cells for growth inhibition.
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