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ABSTRACT 

Cancer is a group of diseases characterized by the uncontrolled growth of cells and is 

caused by the accumulation of genetic mutations that contribute to cell division, cell growth, and 

the DNA repair system. According to the American Cancer Society, more than 1.9 million new 

cancer cases will be diagnosed in 2022, hence there is a need to study new molecular mechanisms 

leading to tumorigenesis and develop novel treatment options. 

 While significant research has been done to understand the underlying mechanisms, cancer 

still poses challenges as it 1) resists cell death, 2) activates metastasis, 3) sustains proliferative 

signaling, and 4) deregulates cellular metabolism. The present work explores the cancer supporting 

role of apoptosis-inducing factor (AIF), a mitochondrial flavoprotein positioned at the convergence 

of the four hallmarks of cancer. AIF was initially characterized as an effector of caspase-

independent death; however, increasing evidence has identified the physiological role of AIF in a 

variety of cancer including colorectal, prostate, and pancreatic cancer.  

Expanding AIF activity studies in additional cancers, such as breast cancer, revealed the 

capability of AIF to modulate the consumption of biochemical substrates other than glucose, thus 

deregulating cellular metabolism. These alterations suggest the role of AIF in controlling a switch 

from metabolic flexibility to metabolic dependency, which can be exploited for therapeutic 

interventions. Moreover, AIF might be involved in mitochondrial biogenesis of breast cancer, 

unreported in cancer tested so far. 

In addition to their metabolic function, AIF serves as a signaling molecule that promotes 

cadherin switching in a 3-dimensional cell culture model of pancreatic ductal adenocarcinoma, 

which is associated with tumor growth. Finally. When grown in 3-dimensional culture conditions, 

pancreatic cancer cells were sensitized to a metabolic inhibitor in an AIF-dependent manner. 
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Altogether, these AIF activities are functionally dissociable and demonstrate that AIF-

mediated therapy has promise as a next-generations cancer treatment strategy. 
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I. INTRODUCTION  

Mitochondria: ATP production, ROS signals, and cell death  

Structure and function of Mitochondria  

Mitochondria are membrane-bound organelles found in the cytoplasm of eukaryotic cells. 

They generate adenosine triphosphate (ATP), the primary source of cellular energy, and hence are 

referred to as “powerhouses of the cell”. Mitochondria provide energy to perform fundamental cell 

functions such as muscle contraction, cell division, biosynthesis, folding and degradation of 

proteins, and the generation and maintenance of membrane potentials. Apart from ATP synthesis, 

mitochondria execute numerous functions, including the production of NADH and GTP in the 

citric acid cycle, the biosynthesis of amino acids, heme groups, and iron-sulfur clusters, and the 

synthesis of phospholipids for membrane biogenesis (5). They also act in calcium signaling (6), 

stress responses (7), and generally as cellular signaling hubs (8). Mitochondria may rapidly change 

from controlling normal cell function to promoting cell death as these organelles also play a central 

role in necrosis and apoptosis (9). 

Mitochondria are approximately 0.5-3 micrometers in size and are characterized by a 

spherical or elongated ovoid shape (10). Unlike most organelles, mitochondria have two 

membranes that split the organelle into four distinct compartments: the outer membrane, the 

intermembrane space, the inner membrane, and the matrix. The outer membrane (OMM) consists 

of protein-based porins that allow the passage of ions and molecules as large as a small protein 

(e.g., H2O, ATP, pyruvate). The intermembrane space (IMS) is the space between the outer and 

inner membranes that contains proteins (e.g., cytochrome c), which play major roles in 

mitochondrial energetics and apoptosis (9). The inner membrane (IMM) is also loaded with 

proteins involved in electron transport and ATP synthesis. In contrast to the outer membrane, the 
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inner membrane is highly impermeable, and most ions and molecules require transporters to cross. 

The inner membrane surrounds the mitochondrial matrix, which contains enzymes for the citric 

acid cycle, amino acid transamination, β-oxidation of fatty acids, and the initial stages of the urea 

cycle (9). The inner membrane is arranged into many folds called cristae. These folds increase the 

surface area, which is the seat of the electron transport chain (ETC).  

The ETC produces energy via oxidative phosphorylation reactions  as shown in Figure 1.1 

and responds to fluctuating ATP/ADP levels (11). Mitochondrial oxidative phosphorylation is the 

final energy yielding pathway under aerobic conditions and the major provider of ATP. During 

glycolysis, β-oxidation, and the tricarboxylic acid cycle (TCA), substrates are oxidized, and their 

electrons are used to reduce NAD+ to NADH or FAD to FADH2. Electrons derived from NADH 

and FADH2 pass through a series of protein electron carriers; final acceptor is the molecular 

oxygen. This pathway is called the electron transport chain. Electrons from NADH enter the 

electron transport chain in complex I and then are transferred from NADH to flavin 

mononucleotide and then, through iron-sulfur carriers, to coenzyme Q (also called ubiquinone). 

Electrons can also enter from complex II via FADH2 and transfer directly to coenzyme Q. 

Coenzyme Q is a lipid-soluble molecule that carries electrons from complex I through the 

membrane to complex III. In complex III, electrons are transferred from cytochrome b to 

cytochrome c. Cytochrome c, a peripheral membrane protein bound to the outer face of the inner 

membrane, then carries electrons to complex IV (cytochrome oxidase), where they are finally 

transferred to molecular oxygen.  
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Figure 1.1: Oxidative phosphorylation in mitochondria.  
Mitochondria consist of two membranes (OMM and IMM) separating the IMS and the matrix, 
with the IMM folded into cristae. Electrons enter the electron transfer chain at two primary sites: 
complex 1, where the electron donor is NADH, and complex 2, where the electron donor is FADH2. 
Electrons are passed from complex I and II by coenzyme Q/ubiquinone (Q) to complex III. 
Cytochrome c (cyt c) is the mobile electron carrier from complex III to complex IV where electrons 
are passed to the terminal electron acceptor, O2, which is then reduced to water in this step. Protons 
are pumped across the inner membrane at complex I, III and IV. ATP synthase, also known as 
complex V, uses the energy stored in the mitochondrial membrane potential to drive the 
phosphorylation of ADP to yield ATP, the energy currency in cells (12).  

Electron transport through complexes I, III, and IV is coupled with the pumping of protons 

(H+) from the matrix (low concentration of H+) into the intermembrane space (high concentration 

of H+). The pumping of the protons into the intermembrane space generates a pH gradient and a 

charge gradient across the inner mitochondrial membrane. The electrochemical potential energy 

generated by these gradients is called the proton motive force (12). When protons pass through the 
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inner mitochondrial membrane across electrochemical gradient, Complex V (ATP synthase 

complex) captures the proton-motive force for the production of ATP. This process is called 

chemiosmosis as shown in Figure 1.1 (13). 

Aerobic metabolism occurs in mitochondria 

 
Figure 1.2: Glucose metabolism under aerobic and anaerobic conditions.  
When oxygen is present, pyruvate is fully oxidized during the TCA cycle (Panel A). In absence of 
oxygen, pyruvate is converted to lactate to regenerate NAD+ for continued glycolysis-derived ATP 
production (Panel B)  

In eukaryotes, the fate of the glycolysis’s end product, pyruvate, depends on oxygen 

availability. Aerobic metabolism occurs in the presence of oxygen and involves two pathways- the 

citric acid cycle and electron transport chain (ETC), which take place in the matrix and the inner 

membrane of the mitochondria, respectively. During aerobic metabolism, pyruvate is converted 

into acetyl CoA by pyruvate dehydrogenase. Acetyl CoA is then completely oxidized to carbon 

dioxide by the citric acid cycle. The TCA cycle produces NADH (nicotinamide adenine 

dinucleotide), and FADH2 (flavin adenine dinucleotide), which then fuels oxidative 
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phosphorylation to maximize ATP production, with minimal production of lactate. Under 

anaerobic conditions, when sufficient oxygen is unavailable in the cells, pyruvate undergoes a 

reduction reaction to produce lactate. This generation of lactate allows glycolysis to continue by 

cycling NADH back to NAD+ but with less efficient ATP production compared with oxidative 

phosphorylation as shown in Figure 1.2. 

Mitochondria and reactive oxygen species 

Besides ATP synthesis, mitochondria generate 90% of reactive oxygen species (ROS) in 

mammalian cells as a byproduct of normal mitochondrial metabolism and homeostasis (13). During 

oxidative phosphorylation (OXPHOS), electrons can leak from complex I and III to generate 

superoxide anion radical (O2.-), caused by single-electron reduction of molecular oxygen (O2). The 

O2
- is rapidly converted into H2O2 by two dismutases: Cu/Zn superoxide dismutase (SOD 1) and 

manganese-dependent superoxide dismutase (SOD 2). Subsequently, H2O2 can be decomposed to 

water and oxygen by multiple enzymes such as peroxiredoxins, glutathione peroxidases, 

thioredoxins, and catalases (14) . 

Under physiological conditions, both the generation of ROS and ROS scavenging are 

highly regulated. "Oxidative stress" occurs when the ROS production is beyond the normal or 

physiological threshold levels, and the existing endogenous antioxidants fail to regulate it. At the 

opposite end of the spectrum, if the reduced glutathione levels are too high in a cell, it will 

demonstrate a state of "reductive stress" (13). Mitochondria are well positioned to play a critical 

role as they can regulate the flux of metabolic regulators to fine-tune ROS levels depending on 

cellular demands.  

Excessive production of ROS has been implicated in multiple conditions including asthma 

progression, cardiovascular diseases, cancer, digestive diseases, type II diabetes, aging, and 
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neurodegenerative disorders such as Alzheimer's, Huntington's, amyotrophic lateral sclerosis, and 

Parkinson's (15,16,17,18). At the cellular level, ROS damages DNA by reacting with nitrogenous 

bases and deoxyribose, leading to mutations. Another main effect of ROS is lipid peroxidation, 

where the free radical oxidizes an unsaturated lipid chain, thus resulting in alterations of cell 

membrane structure (19). One of the critical aspects of oxidative stress is the oxidation of amino 

acid residues within proteins and the loss of catalytic activity of enzymes (20). Under normal 

cellular conditions, the levels of ROS account for ~2% of total oxygen consumed by mitochondria 

(21). Regulated oxidative stress or moderate levels of ROS are beneficial as these initiate diverse 

cellular responses ranging from signaling pathways involving cellular proliferation, 

differentiation, innate and adaptive immunity, and coordinated activation of mitochondrial fission 

and autophagy. Autophagy facilitates the clearance of abnormal mitochondria and cells by an 

orderly degradation and recycling of cellular components (22,23). Furthermore, ROS has been 

shown to play a central role in regulating cell cycle progression, migration, and cell senescence 

(24). Interestingly, reductive stress is also detrimental to a cell as the ROS levels are too low to 

provide proper cellular functioning by regulating many biochemical reactions. As ROS serves as 

a signaling molecule, the principle "multet nocem" (excess is harmful) may become a key element 

in a switch operating between "pro-survival signaling" and “pro-death signaling” (25).  

Significance of mitochondrial membrane potential  

Mitochondrial membrane potential (ΔΨm) is a key indicator of mitochondrial function (26). 

As mitochondria are the power plant of cells, mitochondria generate ATP utilizing proton 

electrochemical gradient potential, or electrochemical proton motive force (Δp). The 

electrochemical gradient potential (Δp) is the force driving protons into mitochondria; it is a 
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combination of both the mitochondrial membrane potential (ΔΨm, a charge or electrical gradient) 

and the mitochondrial pH gradient (ΔpH, an H+ chemical or concentration gradient) (27).  

While Δp helps regulate ATP production by providing the driving force, ΔΨm is not only 

related to energy production but also performs diverse non-energetic functions. It is suggested that 

mitochondrial membrane potential is necessary to transport metal cations and proteins carrying 

positively charged amino acids in the mitochondria, possibly providing retrograde signaling. These 

seem essential for maintaining mitochondrial structure and metabolism (28). Mitochondrial 

membrane potential also plays a crucial role in regulating the levels of ROS in the mitochondria. 

There is a threshold ΔΨm value above which a small increase in ΔΨm will result in a significant 

increase in ROS, thus displaying an exponential dependence of ROS on ΔΨm (29). Moreover, ΔΨm 

is also essential for eliminating damaged and dysfunctional mitochondria by a multistep process 

called mitophagy (mitochondrial autophagy). When the mitochondrial membrane potential is 

dissipated, PINK1 accumulates in the outer membrane, where it recruits the E3 ubiquitin ligase 

Parkin for ubiquitination and subsequent degradation of the impaired mitochondria (28,30). Thus, 

to maintain a healthy population of mitochondria, the mitochondria membrane potential is a critical 

element in disposing of the dysfunctional mitochondria. Also, a controlled regulation of 

mitochondria abundance/population represents a crucial requirement for cell homeostasis.  

Mitochondria are highly dynamic organelles that maintain homeostasis and morphology 

by undergoing continuous fission, fusion, and constant turnover through mitochondrial biogenesis 

and mitophagy (31). Mitochondria biogenesis might be enhanced through external stress stimuli 

such as cold exposure, energy deprivation, and physical exercise (32,33). The imbalance of 

mitochondria abundance leads to various neurodegenerative diseases, including Alzheimer’s 
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disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS), and myopathies 

(34). 

The role of mitochondria in cell death  

Mitochondria are "life-essential" organelles for producing ATP, but paradoxically, they 

also play a critical role in cell death (35). Cell death is an active and indispensable process to get 

rid of damaged cells in order to maintain homeostasis and regulate development in multicellular 

organisms. The existence of a tightly controlled and regulated signaling pathway that induces cell 

death is required for the normal functioning of cells and its deregulation can lead to catastrophic 

diseases such as cancer and autoimmunity (too little cell death) as well as degenerative diseases 

(too much cell death) (36). There are at least four significant types of morphologically distinct cell 

death: apoptosis, autophagy, necrosis, and entosis. Although they are executed distinctly, their 

signaling pathways might overlap in response to specific stimuli (36,37). Mitochondria play a 

critical role in activating apoptosis in mammalian cells (38). The term "apoptosis" is derived from 

Greek, referring to the "falling off" leaves from trees in autumn. Apoptosis is a silent form of death 

that occurs in physiological and pathological conditions (39). In contrast to necrosis, damaged cells 

undergoing apoptosis fragment into smaller apoptotic bodies and are engulfed by neighboring cells 

or phagocytes, thus avoiding immune response without eliciting inflammation (40).  

Apoptosis is characterized by morphological alterations such as chromatin condensation, 

nuclear fragmentation, blebbing, cell shrinkage, and chromosomal DNA fragmentation. The 

biochemical hallmarks of apoptosis are activation of caspases, flipping phosphatidylserine 

membrane lipids, permeabilization of the mitochondrial membrane, and activating pro-apoptotic 

Bcl-2 protein family members (39). Apoptosis can be triggered by two major signaling pathways: 

the extrinsic or death receptor pathway and the intrinsic or mitochondrial pathway. As the name 
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implies, the extrinsic (death receptor pathway) is triggered by a death ligand binding to a death 

receptor, such as TNF-α to TNFR1 or FasL to FasR. Upon ligand binding, recruitment of adapter 

proteins such as TRADD and/or FADD leads to dimerization of death effector domains followed 

by activation of initiator caspase 8. Caspases are cysteine proteases with specificity for aspartic 

acid residues in their substrates. The initiator caspase 8 triggers apoptosis by cleaving other 

downstream or executioner caspases (39). In contrast, the intrinsic or mitochondrial pathway is 

initiated within cells and is triggered by non-receptor mediated stimuli such as DNA damage, 

hypoxia, extremely high concentrations of cytosolic Ca2+, and oxidative stress (39). All of these 

stimuli result in the opening of the mitochondrial permeability transition (MPT) pore and loss of 

mitochondrial membrane potential. The Bcl-2 family of proteins governs mitochondrial membrane 

permeability and can be either pro-apoptotic (e.g., Bax, Bak, Bad, Bid, Bik, and Bim) or anti-

apoptotic (e.g., Bcl-2, Bcl-XL, and Bcl-W) (39,41). While the anti-apoptotic proteins regulate 

apoptosis by blocking the mitochondrial release of the ETC molecule, cytochrome-c, the pro-

apoptotic proteins promote its release. Cytochrome-c binds and activates Apaf-1 as well as 

procaspase-9, forming an “apoptosome.” When the mitochondria membranes are permeabilized, 

other apoptotic factors are also released including apoptosis-inducing factor (AIF), the second 

mitochondria-derived activator of caspase (Smac). Upon apoptotic insult, Smac promotes 

apoptosis by inhibiting X-linked inhibitor of apoptosis proteins (XIAPs) activity (41). This 

subsequently results in activation of executioner caspases (caspase -3 or-7) to mediate cellular 

changes associated with apoptosis (36).  

The mechanisms underlying cellular changes, cell death, cancer research, and drug 

discovery were studied on a 2-dimensional monolayer cell culture system (42). However, there has 

been an increasing trend to transit from 2D to 3D cell culture model system. 
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Three-dimensional cell culture: A potential bridge between traditional two-dimensional cell 

culture and animal models 

Overview of 3D cell culture models 

Mammalian cells have been cultured as two-dimensional (2D) monolayers for decades. 

However, the 2D monolayer fails to imitate the architecture and microenvironment found in vivo. 

They differ in terms of morphology, proliferation, cell-cell and cell-matrix interactions, signal 

transduction, differentiation, and other aspects as observed in the in vivo microenvironment (43,44).  

Therefore, there has been a growing interest in the use of three-dimensional (3D) cell culture 

models in recent years. An ideal 3D cell culture system would recapitulate a tissue-specific 

physiological or pathophysiological disease-specific microenvironment where cells can 

proliferate, aggregate, and differentiate (45). Compared to 2D cell culture, the 3D cell culture model 

exhibits cell-to-cell, cell-to-ECM interactions, tissue-specific matrix stiffness, oxygen, nutrient, 

and metabolic waste gradients (45). In contrast to the 3D cell culture system, 2D lacks the 

interconnections between cells and the extracellular matrix (ECM). The extracellular matrix 

(ECM) is a highly complex fibrous mesh including matrix proteins (e.g., collagens), glycoproteins 

(e.g., fibronectin), glycosaminoglycans (e.g., hyaluronan), growth factors such as transforming 

growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), platelet-derived growth 

factor (PDGF), hepatocyte growth factor (HGF) and other secreted proteins. The composition of 

ECM and its physical properties can influence cell proliferation, differentiation, migration, 

survival, adhesion, cytoplasmic structural organization, and cell signaling in normal physiology 

and development and many diseases such as fibrosis, cancer, and genetic disorders (46). The 

physical properties of the extracellular matrix, like stiffness and topography, contribute to drug 

resistance (47). Also, a multicellular 3D tissue model associated with stromal cells can stimulate 
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cell growth, induce angiogenesis, and promote inflammation in tumor cells, thus providing a better 

model platform for disease modeling, drug screening, and drug development (48,49,50). 

  

Figure 1.3: Schematic representation gradients in 3D spheroids. 
3D spheroids are characterized by an external proliferating region and an internal quiescent zone 
(caused by the gradient of nutrient and oxygen diffusion), which surrounds a necrotic core, 
mimicking the cellular heterogeneity observed in solid tumors.  

Figure 1.3 shows that concentration gradients for oxygen, pH, and nutrients exist in the 3D 

model, which are absent in a traditional monolayer. In in-vivo solid tumors, these natural gradients 

are influenced by the proximity to blood vessels, the diffusion of molecules through the ECM, and 

the extent of cellular metabolism that regulates oxygen and nutrient consumption and the 

production of cellular waste products. (45). Like a solid tumor, 3D has heterogeneous architecture, 

internal gradients of signaling factors, and pathophysiological gradients. The outer layer is the 

proliferating zone owing to the accessible access to oxygen and nutrient, the inner layer is the 

quiescent zone, and the necrotic zone in the core (51). The availability of oxygen and nutrients 

decreases, and the amount of carbon dioxide and waste products increases as we move from the 

outer layer to the core. Therefore, cells in the necrotic zone are either senescent or undergoing 

necrosis. Thus, 3D cultures, such as spheroids, give us insight into oxygen availability, growth 



 

12 

factor, and nutrient-mediated mechanisms leading to cell phenotype changes and drug response 

alterations (45).  

Different types of 3D cell cultures 

While 2D cell culture can be grown in a flat monolayer on a plate, 3D cell culture growth 

is often categorized into scaffold-based and scaffold-free 3D culture systems. 

Scaffold-based 3D cell culture:  

Scaffolds can be of biological origin or synthetically engineered to mimic key properties 

of ECM such as stiffness, charge, or adhesive moieties and provide physical support on which 

cells can aggregate, proliferate, and migrate. In scaffold-based cultures, cells are embedded into 

the matrix, and the chemical and physical properties of the scaffold material will influence cell 

characteristics (52). In scaffold-based techniques, scaffolds can either be natural hydrogels derived 

from sources such as collagen, chitosan, glycosaminoglycans, fibroin, agarose, alginate, and starch 

(mainly used as additives); or can be synthetic hydrogels such as polyethylene glycol (PEG), 

polylactic acid (PA), and polyglycolic acid (PGA) (45). Natural hydrogels are biocompatible, have 

lower toxicity, and sustain many physiological cell functions, while synthetic hydrogels are 

reproducible, versatile, and exhibit enhanced workability (44). 

Scaffold-free 3D cell culture:  

Scaffold-free 3D culture methods can culture cells on different media such as non-adherent 

plates, hanging drop plates, low adhesion plates with ultra-low attachment coating that promotes 

spheroid formation, and micropatterned plates that allow for microfluidic cell culture (45). This 

promotes the formation of spheroids by avoiding cell adhesion to surfaces and favoring cell-cell 

interactions and cell self-aggregation (45). The non-adherent plates are coated with a hydrophilic 

polymer such as agarose that inhibits cells from sticking to the surface and promotes cell clustering, 
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encouraging the formation of an extracellular matrix. This method is called a liquid-overlay 

technique. In a hanging-drop method, cells self-aggregate into spheroids at the bottom of the 

droplet when a surface is unavailable for cell attachment. Spheroids formed by the hanging-drop 

technique may represent tumor layers and gradients, as shown in Figure 1.3. 

A 3D in vitro model to explore epithelial mesenchymal transition 

Epithelial-to-mesenchymal transition (EMT) is a complex process occurring during 

embryogenesis (type 1 EMT) and wound healing (type 2 EMT) and is also highly implicated in 

cancer progression (type 3 EMT) (53). Type 3 EMT is associated with cancer progression and 

metastasis. An early event of EMT is the loss of epithelial phenotype and the down-regulation of 

E-cadherin, a well-characterized adhesive junction protein expressed in differentiated and 

polarized epithelial cells to assume a mesenchymal cell phenotype, which includes enhanced 

migratory capacity, invasiveness, elevated resistance to apoptosis, and significantly increased 

production of ECM components (54). The graded loss of E-cadherin correlates with the 

aggressiveness of numerous carcinomas, whereas the forced expression of E-cadherin suppresses 

tumor development in various in vitro and in vivo experimental tumor models (55). 

EMT is regulated by multiple factors, including cell signaling, transcriptional control, 

epigenetic modification, and post-translational modifications (56). Epithelial cells receive EMT-

inducing signals emanating from the tumor-associated stroma, such as HGF, EGF, PDGF, and 

TGF-β, which can induce or promote the EMT process (54,57). These EMT-inducing signals 

upregulate specific transcription factors, notably Snail, Slug, zinc finger E-box binding homeobox 

1 (ZEB1), and Twist (54,58). The activated transcription factors can act pleiotropically to 

choreograph the complex EMT program through a series of intracellular signaling networks 

involving, among other signal-transducing proteins, ERK, MAPK, PI3K, Akt, Smads, β-catenin, 
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and lymphoid enhancer-binding factor (LEF) as well as cell surface proteins such as β4 integrins, 

α5β1 integrin, and αVβ6 integrin (54,59). Though EMT has been largely studied, identifying a 

molecular target controlling invasion and metastasis events that lead to EMT still needs to be 

discovered due to the need for a proper cell culture model system. The traditional 2D models are 

not ideal for explaining the molecular mechanisms controlling EMT as they lack biological 

requirements such as nutrient and oxygen gradients and angiogenesis, unlike the 3D models that 

show heterogeneity and cell-matrix interactions that are better recreated by a complex aggregated 

cell population found in 3D (57). Therefore, 3D spheroids provide a pragmatic pathophysiological 

microenvironment and serves as a tool in better understanding changes, interactions, invasion, 

cellular and molecular signaling in cancer research.  

However, traditional two-dimensional (2D) in vitro cell culture system has long been used 

in cancer research to delineate modes of regulated cell death as they play a critical role in 

organismal development, homeostasis, and pathogenesis. Of all the various types of regulated cell 

death, apoptosis is the best-understood and most relevant mode of cell death. Hence, it becomes 

imperative to employ a 3D cell culture model to study the critical importance of apoptosis in 

battling cancer. 

Apoptosis-inducing factor: Dissociating the apoptotic role and physiological role of AIF  

Overview of AIF architecture and activities  

Apoptosis-inducing factor (AIF) is an evolutionary conserved, caspase-independent death 

effector (60). The AIF gene, also known as PCDC8 and AIFM1, was mapped within X chromosome 

region A6 in mice and the Xq25–26 region in humans respectively (61). Phylogenetic analysis 

revealed that AIF possesses significant homology with NADH ferredoxin reductases from 

eubacteria, archaebacteria and the yeast NDH-2 enzyme Ndi1 (designated as internal NADH 
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dehydrogenase) (62). Among eukaryotes, AIF has the strongest homology with dehydroascorbate 

reductase from Arabidopsis thaliana. AIF also shares substantial homology with four putative 

oxidoreductases from vertebrate (Xenopus laevis) and invertebrate (C. elegans, Drosophila 

melanogaster) animals, as well as S. pombe, nematodes, and fungi (60). Approximately 90% 

sequence identity was observed in AIF among mammals, thus implying that the AIF gene has been 

conserved throughout the eukaryotic kingdom (61). Transcription and translation of the nuclear-

encoded AIFM1 gene (in humans) gives rise to a 67 kDa precursor molecule containing 613 amino 

acid residues (612 amino acid residues in mice), containing the N-terminal mitochondrial 

localization sequence (MLS), two nuclear-localization sequences (NLS), and the NAD- and FAD-

binding motifs as shown in the Figure 1.4. The precursor AIF molecule can be imported into 

mitochondria and after the import, the N-terminal mitochondrial localization sequence (MLS) is 

cleaved at residue 54. This 62 kDa mature form of AIF (∆1-54) is tethered to the intermembrane 

space of mitochondria by a stretch of hydrophobic amino acids with the soluble protein surfaces 

extending into the intermembrane space. Following import into mitochondria, AIF incorporates 

the flavin and adopts a glutathione reductase (GR) fold. Due to the incorporation of FAD, AIF was 

proposed to function in vivo as a superoxide producing NADH oxidase. Upon apoptotic insult 

followed by outer membrane permeabilization, membrane-bound mature AIF undergoes a second 

round of proteolytic cleavage at position 102 by cathepsins and/or calpains, forming the soluble 

apoptogenic 57 kDa fragment of AIF (∆1-102). This apoptogenic AIF translocates to the nucleus, 

where it induces peripheral chromatin condensation and high-molecular-weight DNA 

fragmentation and eventually the demise of the cell (63,64).  
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Figure 1.4: Domains of AIF. 
AIF is translated into a precursor polypeptide containing a mitochondrial localization sequence 
(MLS), two FAD-binding domains, an NADH binding domain, two nuclear localization sequences 
(NLS), and a C-terminal (Ct) DNA-binding domain. AIF is cleaved at the indicated positions 
during processing and mitochondrial release. 

The role of AIF in cell death  

Kroemer and coworkers first demonstrated the role of AIF in cell death in 1996, when a 

soluble factor released from mouse mitochondria in a cell-free in-vitro system caused isolated 

nuclei to undergo apoptotic changes such as chromatin condensation and internucleosomal DNA 

fragmentation (65). Later, the soluble factor was identified as an apoptosis-inducing factor (AIF), 

as it could maintain the apoptogenic ability in the presence of a pan-caspase inhibitor 

benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (z-vad.fmk) thus suggesting that AIF 

induces cell death in a caspase-independent manner (66). 

When apoptosis is induced, the mitochondrial outer membrane is permeabilized, and AIF 

translocates to the nucleus. AIF interacts with DNA and recruits additional proteins, including 

histone H2AX, cyclophilin A (CypA), and endonuclease G (EndoG), to form DNA degrading 

complexes, degradosomes to induce peripheral chromatin condensation and a high-molecular-
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weight (50kbp) DNA degradation (67,68,69,70). The AIF-H2AX interaction is essential for AIF-

mediated chromatin condensation and for initiation of DNA degradation; CypA assists cytonuclear 

translocation of apoptogenic AIF, whereas EndoG is a nonspecific nuclease that cleaves single- 

and double-stranded DNA and RNA in an Mg2+/Mn2+-dependent fashion (71,72,73). 

AIF also participates in multiple death paradigms to facilitate the completion of apoptosis. 

Cell death signaling can be triggered by various stimuli, one such stimuli is excessive calcium 

influx that results in poly (ADP-ribose) polymerase (PARP) overactivation, which facilitates the 

translocation of AIF and initiates chromatin condensation (74). In response to p53 death signaling, 

the pro-apoptotic Bcl-2 family members, such as Bax and Bak, undergo conformational changes, 

forming pores in the OMM that induces the release of AIF (69,75). In recent findings, it was 

demonstrated that AIF may bind to macrophage migration inhibitory factor (MIF), a previously 

unrecognized nuclease, and translocate to the nucleus, where it directly degrades chromosomal 

DNA and causes cell death (76).  

Our lab also identified an additional AIF-associated factor, a mitochondrial 

phosphoglycerate mutase, PGAM5 that triggers a novel death pathway leading to mitophagic cell 

death. AIF and PGAM5 can both be ubiquitinated and inhibited by XIAP. X-linked inhibitor of 

apoptosis protein (XIAP) belongs to the family of IAPs and possess E3 ubiquitin ligase activity 

(77). This AIF/PGAM5/XIAP axis could regulate mitophagy, indicating AIF is likely to play a role 

in atypical death mechanisms associated with XIAP and PGAM5. Additionally, this death triad 

also regulates antioxidant response which are crucial for cell survival. Therefore, further 

exploration on this triad axis is required to determine how non-canonical ubiquitination influences 

decisions of cell fate.  
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Heat shock protein 70 (Hsp70) is not only the first cytoplasmic partner of AIF but also the 

pro-survival partner of AIF. Hsp70 interacts with the exogenous and endogenous AIF and retains 

AIF in the cytoplasm, preventing the initiation of nuclear apoptosis (78). XIAP is also another pro-

life partner of AIF. AIF can inhibit the interaction of XIAP with Smac/DIABLO, another death-

signaling protein released from mitochondria that prevent XIAP from binding to caspases. XIAP 

in cooperation with AIF, decreases ROS levels and removes both initiator and executioner 

caspases from the cell via ubiquitination and proteasome degradation, thus promoting cell survival 

(77,79). Therefore, apoptogenic AIF can exert diverse effects depending upon the interactions with 

the cytoplasmic proteins acting as pro-survival or pro-death effectors. 

Altogether, AIF has a crucial role as a death effector in various cell demise paradigms. 

However, pro-death functions of AIF contribute to pathological conditions limited to a narrow 

range of cell types, primarily neurons and cardiomyocytes (80,81,82). The death activity of AIF is 

also limited to certain stimuli such as hypoxia, glucose deprivation, formation of free radicals, and 

DNA damage implying that whether AIF is essential for cell death depends on the cell type, 

apoptotic stimuli, and interactions with cytoplasmic proteins (64,83,84). Therefore, contrary to its 

name and initial characterization, AIF does not function as a universal effector of cell death. 

Role of AIF in cell survival and homeostasis  

For decades, the role of AIF as an evolutionarily conserved death executioner grabbed 

attention of researchers. However, over the past few years, compelling evidence has emerged that 

AIF has additional functions beyond apoptogenic activity. AIF is a flavoprotein and belongs to the 

electron-transferase class of NADH reductases. AIF can catalyze the oxidation of both NADH and 

NADPH while reacting rapidly with oxygen to form superoxide (O2
-) in vitro (85). Still, the NADH 

oxidase activity in vivo and how it contributes to cellular homeostasis remains unclear.  
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The physiological significance of AIF was first reported in a homozygous AIF knockout 

in mice, where genetic inactivation of Aifm1 resulted in cell death during early embryogenesis 

(86). Next, progressive neurodegeneration, ataxia, and blindness were observed in Harlequin 

mutant mice. The Harlequin mutation was derived from a proviral insertion in the X-linked Aifm1 

locus, causing an 80% reduction in Aifm1 mRNA expression, thus bolstering the significance of 

AIF (87). Moreover, gene silencing of AIF by small interfering RNA (siRNA) in HeLa cells and 

genetic deletion of Aifm1 in mouse ES cells led to diminished oxygen consumption rate (OCR) 

and enhanced lactate production (88). Further tissue and cell-specific AIF knockout studies 

demonstrated defects in mitochondrial respiration, dilated cardiomyopathy, skeletal atrophy, 

aberrant mitochondrial morphology, and loss of cristae organization (88,89,90). Together, these 

studies suggest that AIF regulates mitochondrial bioenergetics. It was proposed that AIF might 

regulate mitochondrial function by participating in the respiratory complex assembly and/or 

stabilization. This was further supported by the discovery that AIF interacts with the coiled-coil-

helix-coiled-coil-helix domain containing 4 (CHCHD4), a crucial component of the mitochondrial 

import machinery. AIF deficiency enhances intermembrane space degradation of CHCHD4 and 

eventually results in a loss of OXPHOS subunits. These findings support that AIF indirectly assists 

the assembly of the OXPHOS system since it contributes to the proper folding of OXPHOS 

subunits and other factors in a CHCHD4-dependent fashion (91,92,93). On the other hand, AIF may 

influence the cellular process by associating with eukaryotic translation initiation factor 3 subunit 

g (eIF3g) to inhibit protein synthesis during apoptosis (94). Similarly, AIF maintains the reduced 

state of PTEN, a tumor suppressor, and regulates the Akt signaling pathway (95). Several clinical 

reports have described mutations in the AIFM1 gene that are causally linked to mitochondrial 

diseases that lead to respiratory chain malfunction with a spectrum of clinical manifestations, 
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including mitochondrial encephalomyopathy, familial and sporadic auditory neuropathy, 

Cowchock syndrome and early-onset severe infantile motor neuron dysfunction (96,97,98,99).  

Together, these findings establish the widespread view of AIF as a death effector with a 

critical role in maintaining mitochondrial function and confirm AIF as a significant mediator of 

cell survival and homeostasis. 

AIF functions as a pro-tumor molecule 

Cancer cell metabolism and redox homeostasis  

Cancer is a large group of diseases that occurs when cells accumulate genetic mutations, 

resulting in uncontrolled cell division and eventually forming tumors that can spread to other 

tissues and organs. In order to fuel their rapid proliferation rate and tumor progression, cancer cells 

alter their cell metabolism. Otto Warburg discovered that cancer cells exhibit high glucose uptake 

rates and lactic acid production, even in the presence of oxygen, often referred to as “aerobic 

glycolysis. (100). This so-called "Warburg effect" hypothesized that cancer cells prefer aerobic 

glycolysis to OXPHOS due to functional defects in mitochondria (101). It was later confirmed that 

cancer cells upregulate aerobic glycolysis while retaining mitochondrial respiration, contradicting 

Warburg's claim for mitochondrial defects (102). In cancer cells, a switch in metabolism towards 

glycolysis over respiration despite their functional oxidative phosphorylation machinery 

constitutes metabolic reprogramming. However, the Warburg effect is generally thought to confer 

growth advantages to tumor cells by enhancing glycolysis to supply carbon for anabolic processes 

and biomass needed to favor the growth of rapidly proliferating cells (103). This excess carbon is 

used for the de novo synthesis-up of nucleotides, lipids, and proteins and can be redirected into 

several pathways that arise from glycolysis (104). This suggests that targeting Warburg Effect 

mediators is an emerging and promising strategy for cancer treatment. 
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Racker, Jeffrey Flier, and Morris Birnbaum proposed the Warburg Effect confers growth 

factor signaling function to tumor cells (104,105,106,107). The signaling function of tumors is 

attributed to the generation and modulation of reactive oxygen species (ROS) (108). A threshold 

exists for increased ROS and maintaining an appropriate balance of ROS is essential since 

excessive ROS has other deleterious effects (14,109). Insufficient ROS disturbs signaling processes 

beneficial for cell proliferation, such as inactivating phosphatase tensin homolog (PTEN), and 

tyrosine phosphatases (109). ROS-dependent signaling regulated by the mitogen-activated protein 

kinase (MAPK) family of proteins is a significant example of how ROS levels impact cell fate. 

MAPK cascades consisting of the extracellular signal-related kinases (ERK1/2), the c-Jun N-

terminal kinases (JNK), and the p38 kinase (p38) are major intracellular signal transduction 

pathways that play an essential role in cell growth, differentiation, development, cell cycle, 

survival, and cell death (110). ERK and JNK pathways can be activated through phosphorylation 

by upstream kinases (MAPKKK) and relief of MAPK phosphatase (MKP)-mediated inhibition 

(108,111).  

The ERK signaling pathway plays an important role in proliferation, tumor invasion, and 

metastasis. Thus, inhibiting the ERK signaling pathway will prevent tumor cell proliferation and 

promote cell apoptosis (112). Similarly, transient activation of JNK activity promotes cell survival, 

whereas prolonged JNK activity induces apoptosis (113). Cancer cells elevate ROS levels that drive 

both pro-survival and proliferative activities through ERK and JNK signaling pathways. Therefore, 

therapeutic targeting of redox-mediated signaling could lead to cancer cells exhibiting an increased 

sensitivity to oxidative stress-induced toxicity relative to normal cells. 
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Tumorigenic activities of AIF  

The NADH oxidoreductase activity of AIF in normal cells is well positioned to be 

exploited by cancer cells for cell survival and mitochondrial homeostasis (63,64,85). An increased 

expression of AIF was observed in diverse cancer cell types, including esophageal, skin, colorectal, 

gastric, pancreatic, and prostate, indicating that AIF might support tumor development contrary to 

its tumor-suppressive capabilities (114,115,116,117,118,119). 

How might an overexpression of AIF in cancer benefit cancer growth? Firstly, the death 

function of AIF contributes to pathological conditions but is limited to a narrow range of cell types, 

primarily neurons and cardiomyocytes, and responds to limited stimuli such as hypoxia, glucose 

deprivation, formation of free radicals, and DNA damage (79,80,81). Secondly, the expressions of 

pro-survival partners of AIF (Hsp70, XIAP) are also elevated in cancer, and together, they could 

prevent the initiation of nuclear apoptosis or ubiquitination of caspases, thus promoting cell 

survival (78,120). Therefore, contrary to its name and initial characterization, the pro-survival 

activities of AIF would serve to mediate tumor permissive metabolic and oxidative states.  

A potential explanation of the supportive role of AIF in cancer might be due to its ability 

to regulate the biogenesis of the electron transport chain and eventually play a role in mitochondrial 

bioenergetics (121). Studies have shown that an impairment of the mitochondrial respiratory chain 

in cancer cells promotes cancer progression to a chemoresistance or invasive phenotype (122). AIF 

might also support tumor progression through elevated levels of ROS, which would serve as 

signaling molecules in the MAPK pathway to promote proliferation and survival (14,108,123). 

Knockout studies conducted in two human colon carcinoma cell lines first demonstrated a 

pro-tumor role for AIF. In these cells, knockout of AIF resulted in lower mitochondrial complex I 

oxidoreductase activity and decreased production of ROS but increased sensitivity to peroxide- or 



 

23 

drug-induced apoptosis (124). This signifies for the first time that AIF could function in a tumor-

permissive manner rather than as a tumor suppressor of tumor, likely through control of cellular 

metabolism and/or ROS-mediated survival signaling. 

AIF enzymatic activity supports advanced prostate cancer 

Our group has extended the investigation of the tumorigenic role of AIF in the context of 

advanced prostate cancer (117). Loss of PTEN, a tumor suppressor, in prostate cancer (PCa) 

promotes tumor progression and metastasis (125,126). In a mouse model of prostate cancer, deletion 

of PTEN substantially increased AIF expression compared to the wild-type prostate tissues, 

indicating a potential role of AIF in prostate tumorigenesis. The bioinformatics and 

immunohistochemical analysis in prostate cancer patients further demonstrated an increased AIF 

expression at both the RNA and protein levels in patient’s tumors relative to normal tissue. These 

data suggest that elevated AIF is a signature of prostate tumorigenesis in humans and mice.  

To test the involvement of AIF in cancer progression, AIF was stably suppressed in various 

PCa cell lines: androgen-sensitive (LNCaP) and androgen-insensitive (PC3 and DU145). Under 

nutrient-rich conditions in vitro, the proliferation rate of AIF ablated prostate cancer was 

unaffected. However, PC3 and DU145, the advanced prostate cancer cell lines, require AIF for 

invasion, migration, and growth in the Matrigel™ substrate. Xenograft studies of AIF-mediated 

tumorigenesis in mice were then conducted using PC3 cells, demonstrating that AIF is critical for 

tumor growth in vivo. Also, AIF-deficient advanced prostate cancer cell lines exhibited decreased 

levels of complex I but were unaffected in LNCaP cells. Interestingly, this was the first report of 

a context in which AIF does not regulate complex I. The knockdown of AIF in advanced prostate 

cancer cells also exhibited metabolic changes, including increased glucose consumption, lactate 

secretion, and decreased oxygen consumption. These metabolic studies suggests that the increased 
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glucose consumption results from the impairment of OXPHOS, confirming that a metabolic switch 

occurs in DU145 and PC3 cells following AIF ablation. To determine the significance of altered 

glucose metabolism, cells were treated with the glycolysis inhibitor, 2-deoxyglucose. Following 

2-deoxyglucose treatment, only AIF-deficient PC3 and DU145 cells demonstrated reduced 

viability, while LNCaP cells (androgen-sensitive) were unaffected. Together, these data suggested 

that AIF plays a critical role in advanced prostate cancer cell lines surviving under conditions of 

growth stress both in vitro and in vivo.  

To determine if the NADH-oxidase activity of AIF is necessary for the support of prostate 

cancer cell growth, cells were restored with either wild-type (WT) AIF or AIF with T263A/V300A 

mutations (TVA), which impairs catalytic activity. AIF-deficient PC3 cells restored with WT-AIF 

restored the metabolic and growth effects of AIF deficiency to control levels, but not TVA AIF, 

demonstrating that the NADH-oxidase activity of AIF supports normal glucose consumption, 

aggressive growth, and survival under growth stress in advanced prostate cancer cells. While WT-

AIF can restore growth and metabolism, both WT-AIF and TVA-AIF can restore complex I. This 

suggests that the enzymatic activity of AIF is not significant to the complex I level but is required 

for cellular metabolism. Altogether these experiments demonstrate the essential role of AIF 

enzymatic activity in support of prostate cancer cells that is restricted to cells that have achieved a 

more advanced status, suggesting that AIF acts at a later stage in tumor development.  

The impact of enzymatic activity of AIF in the activation of JNK, a redox-sensitive MAPK, 

was explored in PC3 cells (127). AIF-deficient (shAIF) and AIF-proficient (shLacZ ) PC3 cells 

were restored with either empty vector, WT-AIF, or TVA-AIF and were induced oxidative stress 

(128). Restoration of AIF-deficient PC3 cells with WT-AIF, but not TVA-AIF, resulted in 

activation of JNK following ROS stimulation and demonstrated that the enzymatic activity of AIF 
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is required for oxidant induced JNK phosphorylation. The JNK subfamily consists of three 

isoforms: JNK1, JNK2, and JNK3. JNK1 and JNK2 are ubiquitously expressed, whereas JNK3 is 

expressed primarily in the brain and, to a lesser extent, in the heart and testis (129). In order to 

identify the isoform of JNK that has been activated by ROS stimulation, we used isoform-specific 

antibodies for JNK1 and JNK2. Only JNK1 was phosphorylated in response to acute oxidant 

stimulation, suggesting JNK1 is the target of tBHQ. It was also worth noting that under basal 

conditions, AIF-dependent changes in JNK phosphorylation were observed in PC3 (prostate 

cancer); HPAC (pancreatic cancer); MRC-5 (normal lung); HCT 116 (colorectal cancer); and MIA 

PaCa-2 (pancreatic cancer), thus indicating that AIF-dependent JNK phosphorylation is 

widespread among cell types.  

To determine the downstream effects of AIF-mediated JNK signaling, alteration in protein 

expression of cadherin levels in AIF-deficient PC3 cells were assessed. JNK contributes to various 

cellular programs regulating death, survival, proliferation, and differentiation (130). One important 

cellular activity influenced by JNK in cancer is the epithelial-to-mesenchymal transition (EMT) 

(131). A key event of EMT is the cadherin switch, whereby cells reduce the expression of E-

cadherin and elevate N-cadherin, thus leading to metastasis (132). Immunoblot analysis revealed 

that AIF ablation resulted in the upregulation of E-cadherin and downregulation of N-cadherin, 

thus demonstrating that AIF promotes cadherin switch in PC3. To further assess the involvement 

of JNK in the cadherin switch in PC3 cells in an AIF-dependent manner, JNK activity was 

suppressed either by a pan-JNK inhibitor, SP600125, or by genetic knockdown in AIF-deficient 

(shAIF)/ AIF-proficient (shLacZ) PC3. Inhibition of JNK activity triggered an elevation in E-

cadherin and a reduction in N-cadherin levels in AIF-deficient PC3. Moreover, JNK1 activity in 

AIF-deficient PC3 was restored using constitutively active forms of JNK (CA-JNK1) fused with 
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the JNK activator MKK7 and tagged with a FLAG epitope. When CA-JNK1 was introduced in 

AIF-deficient PC3, E-cadherin expression levels were similar to AIF-proficient cells, confirming 

that AIF regulates the cadherin switch by activating JNK1 and not by JNK2.  

Since AIF regulates E-cadherin expression by activating JNK1, effects of reverting E-

cadherin were assessed in AIF-deficient cells. Stable knockdown of E-cadherin in AIF-deficient 

PC3 cells (PC3–shAIF/shE-cadherin) increased levels of N-cadherin, suggesting N-cadherin levels 

can be altered by E-cadherin in an AIF-dependent manner. Taken together, these data suggest that 

AIF is an upstream effector of JNK1, and AIF/JNK1/E-cadherin/N-cadherin axis likely exists. 

AIF supports the growth and survival of metabolically defined pancreatic cancer cells  

Additional publications from our group also demonstrated AIF as a major contributor to 

the growth-promoting metabolic state of pancreatic tumor cells (118). Pancreatic ductal 

adenocarcinoma (PDAC), the most common form of pancreatic cancer, is not only one of the most 

bioenergetically sensitive and metabolically diverse, but also considered an aggressive tumor 

(133,134). Since pancreatic cancer is notoriously aggressive and are particularly evasive and resilient, 

it becomes difficult to treat. Therefore, we further evaluated the role of AIF in pancreatic cancer 

tumorigenesis. 

Oncomine data analysis indicated that elevated AIF expression is not a global trend in 

pancreatic cancer, but there exists a subtype of pancreatic tumors (approximately one-third of the 

population) in which AIF expression is significantly elevated. To test the involvement of AIF in 

pancreatic tumorigenesis, AIF was suppressed in a panel of pancreatic cancer cell lines (PANC-1, 

BxPC-3, HPAC, HPAF-II, and MIA PaCa-2). According to gene expression analysis, sensitivity 

to metabolic inhibitors, and metabolite profiling, PANC-1 and BxPC-3 cells derived most of their 

energy from OXPHOS. In contrast, HPAC cells rely on lipogenic pathways, whereas HPAF-II and 
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MIA PaCa-2 are more reliant on glycolysis. AIF ablation did not impact cell death in pancreatic 

cancer cells in response to toxic chemical triggers such as actinomycin D and gemcitabine, 

indicating that AIF does not play a significant regulatory role in death induction. Further, AIF 

contributes to growth rate and migration in AIF ablated pancreatic cancer cells (PANC-1, BxPC-

3, HPAC) under nutrient-rich conditions in vitro through a mechanism that appears different from 

that shown in prostate cancer. Also, AIF-deficient pancreatic cancer cell lines (PANC-1, BxPC-3, 

HPAC) exhibited decreased levels of complex I activity and increased glucose consumption rate 

that were correlated with both metabolic phenotype and changes in growth. To further define the 

significance of AIF-mediated glucose metabolism in cell survival, glycolysis was inhibited in our 

panel of cell lines by treatment with 2-deoxyglucose. Following 2-deoxyglucose treatment, 

OXPHOS-dependent cell lines PANC1 and BxPC-3 were sensitized to glycolytic disruption in an 

AIF-dependent manner. However, due to their metabolic flexibility, AIF-deficient HPAC cells 

were not sensitized to 2-deoxyglucose treatment. Moreover, minimal or no changes in either 

growth or glucose metabolism were identified in HPAF-II and MIA PaCa-2 cells as they exhibit a 

greater dependence on glycolysis that could not be further exacerbated by AIF ablation. 

Altogether, these experiments demonstrate the essential role of AIF in support of some pancreatic 

cancer cells by facilitating a metabolic balance, and this metabolic function is most beneficial to 

cell populations that display a metabolic phenotype not solely reliant on glycolysis for survival. 
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Open questions and research objectives  

Optimizing a 3D cell culture model of PDAC to evaluate AIF-mediated tumorigenesis  

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive and lethal 

diseases,  and most PDAC tumors exhibit higher drug resistance (138,137). Therefore, there is an 

urgent need for new strategies to treat pancreatic cancer and improve therapeutic efficacy and 

clinical outcomes.  

Previous work from our lab has demonstrated that in a 2D cell culture system, AIF supports 

the growth of metabolically defined pancreatic cancer cell lines, that do not rely entirely on 

glycolysis for survival (118). Still, the underlying mechanism of how AIF promotes growth and 

whether AIF holds relevance to pancreatic cancer in a more complex environment, such as a 3D 

cell culture system, needs further investigation. 2D cultures do not necessarily reflect the complex 

microenvironment cells encounter in cancer. One of the physiological limitations of 2D cultures is 

the lack of interconnections between cells and the extracellular matrix, which contributes to drug 

resistance (45). Also, an additional publication from our lab has assessed the role of AIF in 

promoting the EMT pathway in PC3, prostate cancer. However, the assessment was limited to only 

one type of cancer and was conducted in a conventional 2D cell culture system. Therefore, it is 

imperative to include more types of cancer cells and perform it in a 3D cell culture system that 

closely mimics the tumor microenvironment.  

Expanding studies of AIF metabolic activity to breast cancer 

Urbano et al. demonstrated that AIF promotes increased chemoresistance in colon cancer, 

suggesting that AIF represents a novel drug target (124). Our lab demonstrated that AIF supports 

the growth and survival of advanced prostate cancer (androgen-irresponsive). Also, in pancreatic 

cancer, the selectivity of AIF dependence in tumorigenesis is more critical as cells become 

aggressive, requiring a crucial balance between mitochondrial energy metabolism and glycolysis. 
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Altogether, AIF expression and metabolic contribution increases with disease progression and are 

associated with the aggressive phenotype. Is the pro-tumor function limited to cancer progression 

in the prostate, pancreatic and colorectal cancer? Consequently, we want to expand the pro-survival 

activity in additional cancer cells such as breast cancer. Breast cancer is a heterogeneous disease 

driven by genetic, epigenetic, and metabolic phenotypes (135).  

Breast cancer is one of the most common malignancies among women worldwide. Breast 

cancer can be classified into different subtypes depending upon several clinical biomarkers, such 

as estrogen (ER) and progesterone (PR) receptors and the human epidermal growth factor receptor 

2 (HER2) gene amplification (3). Triple-negative breast cancer (TNBC) accounts for about 15% 

of all breast cancers and is considered the most aggressive. TNBC is characterized by a lack of 

ER, PR, and HER2 receptors and is regarded as aggressive as they are unresponsive to endocrine 

therapy and HER2-targeted treatment. Also, one of the molecular features of TNBC is metabolic 

reprogramming. TNBCs reprogram their metabolic phenotype and that of stromal cells in the 

microenvironment to survive under nutrient-deprived conditions (136). Hence, it can be 

hypothesized that AIF in breast cancer might be well-positioned to influence aggressive breast 

cancer that critically rely on metabolic reprogramming for growth and survival. Therefore, AIF 

might contribute to metabolic vulnerabilities and thus could be implicated as a potential therapeutic 

target. 

Summary of research  

The present study explores the role of AIF in cellular energetics and metastasis in a more 

complex environment than observed in 2D monolayer, such as a 3D cell culture system. Analyses 

of 3D pancreatic cancer cell lines implicated AIF's role in their growth and metabolism. AIF was 

revealed to promote metastatic events known as the cadherin switching in a 3D model of pancreatic 

cancer. This was in contrast to our previous studies where AIF influencing metastasis was limited 
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to a 2D model of PC3, thus indicating that 3D is a better model to study AIF-mediated cadherin 

switching due to the presence of stronger cell-to-cell interactions in the 3D cell culture system. 

Studies conducted in breast cancer cell lines of clinically and metabolically diverse phenotypes 

revealed that AIF supports the growth and survival in triple-negative breast cancer cell lines. The 

critical role of AIF in regulating mitochondrial biogenesis might be restricted to triple-negative 

breast cancer and has been undocumented in other cancer cell lines examined so far. The metabolic 

function of AIF highlights the ability of AIF to alter the consumption of biochemical substrates 

other than glucose, thus deregulating cellular metabolism to produce energy required for growth, 

and survival in triple-negative breast cancer cell lines. Finally, AIF activity can be maximally 

exploited in aggressive breast cancer as it switches from metabolic plasticity to metabolic 

dependencies and provides a framework for AIF-mediated therapies. 
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II. 3D CELL CULTURE REVEALS THE ROLE OF AIF AS A DRIVER OF EMT IN 

PDAC TUMORIGENESIS 

Abstract 

Apoptosis-inducing factor (AIF) is a flavoprotein that resides in the intermembrane space 

of mitochondria. Contrary to its death activity, AIF functions as a survival factor via NADH 

oxidoreductase activity in vitro. Our previous publications demonstrated how AIF supports the 

growth of metabolically defined pancreatic cancer and advanced prostate cancer cell lines. These 

studies showed that AIF-deficient cancer cells display increased sensitivity to metabolic-mediated 

cell death, further suggesting that targeting AIF is a novel approach in cancer therapy. Recently, 

three-dimensional (3D) cell cultures have gained popularity due to their complex tissue 

architecture closely mimicking the in vivo cancer environment, thus making these culture systems 

better models for drug screening. In our current studies, we used 3D tumor spheroids of PDAC to 

investigate the role of AIF in promoting cancer progression and metastasis. A modified hanging 

drop technique was employed to generate cohesive, compact, robust, and manageable 3D 

spheroids of AIF-deficient PDAC cells. AIF-deficient 3D spheroids of PDACs were smaller than 

the control spheroids. Also, the size of 3D spheroids was greater than 400μm in diameter size, 

suggesting the presence of hypoxia core as observed in in-vivo tumors. We observed that the 

protein expression of examined EMT markers such as E-cadherin and N-cadherin was more 

evident in the 3D arrangement than in the 2D monolayer, suggesting a stronger cell adhesion in 

the 3D model. Also, the AIF-deficient 3D PDAC cells displayed increased expression of E- 

cadherin and reduced expression of N- cadherin, which inversely might affect the tumor cells' 

motility and impede invasion to distant sites. The present study also highlights the metabolic 

significance of AIF by demonstrating an increased sensitivity of AIF-deficient 3D spheroids to 2-
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deoxyglucose. Future work will define how cadherin switching driven by AIF expression affects 

intracellular signal transduction cascades. 

Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is projected to be the second most frequent 

cause of cancer-related deaths worldwide by 2040, with a 5-year overall survival of less than 10%, 

due to the high incidence of recurrence and metastasis (140). The current challenges in treating 

pancreatic cancer arise due to difficulties in detecting at an early stage, increased metastatic 

potential to distinct sites, and poor prognosis (137). Unfortunately, most PDAC patients die after 

cancer has metastasized to other body parts; this emphasizes the urgent need to develop novel 

therapeutics that target not just the primary tumor but also the biological vulnerabilities of 

metastatic PDAC cells. 

"Epithelial-to-mesenchymal transition" (EMT) plays a pivotal role in PDAC tumorigenesis 

and is characterized by the loss of epithelial features, including their cell polarity and cell-cell 

adhesion, to become the mesenchymal cells that have enhanced migratory capacity, invasiveness, 

elevated resistance to apoptosis, and significantly increased production of ECM components 

(141,56). A key event of EMT is the cadherin switch, whereby cells reduce the expression of the 

tumor suppressor E-cadherin and elevate N-cadherin, rendering tumor cells invasive and able to 

metastasize distant organs (54). The graded loss of E-cadherin correlates with the aggressiveness 

of numerous carcinomas, whereas the forced expression of E-cadherin suppresses tumor 

development in various in vitro and in vivo experimental tumor models (55). 

Previous work has demonstrated the significance of apoptosis-inducing factor (AIF) in 

promoting the cadherin switch in PC3, a prostate cancer cell line (127). AIF is a mitochondrial 

oxidoreductase that contributes to caspase-independent cell death but also possesses an intrinsic 
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NADH-oxidase activity that was demonstrated to be critical to the growth and survival of 

pancreatic (118), prostate (127,117), and colorectal (115) cancers. The ability of AIF to act as a redox-

signaling molecule and control the JNK1-mediated cadherin switch in PC3 was indeed a novel 

finding (127). However, the assessment was limited to only one type of cancer and was conducted 

in a conventional 2D cell culture system.  

2D monolayer cell cultures grown on glass or plastic substrates are often not representative 

of the in vivo cellular environment, and sometimes signaling pathways such as Wnt or Notch  are 

regulated differently in polarized structures (56,142). 3D spheroid formation is one of the best-

characterized models to reflect the in vivo behavior of cells in tumor tissues as they display nutrient 

and oxygen gradients, complex cell–cell and cell–extracellular matrix (ECM) contact interactions 

(142,44,143). The growth of 3D spheroids was obtained by a modified hanging drop method utilizing 

methylcellulose, as described (144). Methylcellulose is a good thickening agent, cell-impermeable, 

non-ionic, non-toxic, and protects suspended cells from shear stress (145,146). 

The present study aimed to generate and characterize homogenous 3D spheroids of AIF-

deficient/proficient PDACs and to investigate the role of AIF in cadherin switch in PANC1 and 

HPAC cell lines grown as 3D spheroids. Our goal was to employ 3D spheroids to bridge the gap 

between traditional two-dimensional cell culture and animal models. Here, we not only explored 

the ability of AIF to induce a cadherin switch in a 3D cell culture system but also revealed a 

metabolic function of AIF in a 3D model that might pave a new pathway to AIF-mediated therapy. 

Materials and methods 

Materials 

DMEM, DMEM/F-12, GlutaMax, insulin, transferrin, epidermal growth factor, trypsin, 4-

12% bis-tris polyacrylamide gels, nitrocellulose membranes, fetal bovine serum (FBS), phosphate 
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buffer saline (PBS), and Pierce ECL 2 Western blotting substrate were from Thermo-Fisher 

Scientific; protease inhibitor tablets were from Roche Applied Science; all other materials were 

from Sigma. Antibodies were obtained as follows: anti-AIF (Santa Cruz Biotechnology, sc-

13116); anti-E-cadherin (Cell Signaling, 4065); anti-N-Cadherin (Cell Signaling, 4061); anti-

Vimentin (Cell Signaling, 5741); anti-Snail (Cell Signaling, 3879) and anti-ꞵ-actin (Sigma, 

A5316). 

Cell culture 

Cells were cultured in an atmosphere of 95% air and 5% CO2 at 37°C. All media 

formulations were supplemented with 2mM GlutaMAX. HEK293T and PANC-1 cells were 

cultured in DMEM supplemented with 10% FBS and HPAC cells in a 1:1 mixture of DMEM and 

Ham’s F-12 medium were supplemented with 5% FBS, 2µg/ml insulin, 5µg/ml transferrin, 

40ng/ml hydrocortisone, and 10ng/ml EGF. 

NOTE: Cell cultures were not used for more than 90 days after thawing of stock cultures. 

Plasmids 

Lentiviral plasmids FG12-shLacZ-puro and FG12-shAIF-puro have been assessed and 

used as described (127,118,117). The 64-bp oligonucleotide containing the LacZ and AIF targeting 

sequence were sequenced. FG12-shAIF-puro, a lentiviral plasmid for RNA suppression (RNAi) 

of AIF that contains the targeting sequence GATCCTGAGCTGCCGTACA, was generated as 

described (147). Lentiviral packaging plasmids pRRE, pRSV-rev, and pHCMV-G are as described 

(148).  

Lentiviral pLKO.1 plasmids were obtained as follows: psPAX2 and pMD2.G-vsv-G from 

Dr. Didier Trono (Addgene plasmids 12260 and 12259); pLKO.1–puro-scramble (149) from Dr. 

David Sabatini (Addgene plasmid 1864); pLKO.1–puro-shE-cadherin (150) from Dr. Robert 
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Weinberg (Addgene plasmid 18801). All shRNA sequences have been rigorously assessed for off-

target effects and used as described previously (127,118,117,148,149,150). 

Lentiviral production and stable infection of cell lines 

To establish cell lines stably suppressing AIF, RNAi plasmids and equal amounts of 

lentiviral packaging plasmids were transfected into HEK293T cells using the calcium phosphate 

precipitation method (147). Virus containing supernatants of transfected HEK293T cultures were 

then collected and filtered through 0.45-μm PVDF Millex-HV filters (Millipore), and concentrated 

by centrifugation at 20,000 × g for 90 min at 4°C. Viral pellets were resuspended in PBS and then 

incubated overnight at 4°C prior to use. Cell lines were then infected as described (117). PANC-1 

and HPAC cells were infected with lentiviruses carrying shLacZ-puro or shAIF-puro and then 

selected using 2 μg/mL puromycin. 

For the establishment of cell lines stably suppressing E-cadherin, pLKO.1-based 

lentiviruses were generated by transfecting HEK293T cells with pMD.2, psPAX2, and pLKO.1 

shRNA using the calcium phosphate method. Viral supernatant was collected at 72 h post-

transfection and then filtered using 0.45-μm pore size Millex HV PVDF filter units. Target cells 

were incubated with viral supernatant and 8 μg/ml Polybrene for 24h. Stably infected cells were 

selected using 2 μg/ml puromycin. 

NOTE: After establishing and verifying the stable cell lines, cells were frozen in multiple 

vials. Cells were not used more than 90 days after the thawing of stock cultures. 

Formation of 3D spheroids by hanging-drop method 

For spheroid formation media, cell media specific to the cell line was supplemented with a 

20% methylcellulose stock solution. For the preparation of methylcellulose stock solution: 6 g of 

autoclaved methylcellulose powder (Sigma, M0512) was dissolved in preheated 250 mL basal 
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medium (60°C) for 20 min. Thereafter, 250 mL of medium (room temperature) containing 

supplements specific to the cell line and double the amount of FBS was added to a final volume 

of 500 mL, and the whole solution was mixed overnight at 4°C. The final stock solution was 

aliquoted and cleared by centrifugation (4000 rpm for 90 minutes at room temperature). Only the 

clear, highly viscous supernatant was used for the spheroid formation, which was approximately 

90–95% of the stock solution (144). We used 20% of the stock solution and 80% culture medium 

for a spheroid generation, corresponding to the final 0.24% methylcellulose. Twenty microliters 

drop of the 0.24% methylcellulose-culture medium solution containing 20,000 cells were pipetted 

onto the lid of 100 mm dishes and were inverted over dishes containing 10 mL phosphate buffer 

solution as a humidity source. Hanging drop cultures were incubated under standard culture 

conditions (5% CO2, at 37°C) for 7 days, and the images were captured by phase contrast 

microscopy using the 4× objective of a Nikon TS100F microscope equipped with a Nikon DS-Fi1 

digital camera detection system and NIS elements 4.0 software and analyzed by ImageJ software 

(151). 

Formation of 3D spheroids by liquid overlay method 

Each well of a 96-well plate was coated with 100μl of 1% agarose and was left to dry for 

20-30 minutes in laminar hood. After drying, 100μl of media containing 20,000 cells was seeded 

and incubated at (5% CO2, at 37°C) for 7 days. 

Cell lysis and Immunoblot analysis 

For 2D cell lysates, cells were harvested by trypsinization, washed, and resuspended in 

radioimmune precipitation assay lysis buffer (PBS containing 1% Nonidet P-40, 0.5% sodium 

deoxycholate, 0.2 % sodium dodecyl sulfate, 1 mM dithiothreitol, 1 mM phenylmethanesulfonyl 

fluoride, and 1 protease inhibitor mixture tablet per 10 mL). For 3D cell lysates, fifty spheroids 
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were suspended in 2ml of media and centrifuged at 400rpm for 5 mins; the resultant pellet was 

washed and resuspended in Laemmli buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 

and 5% β-mercaptoethanol), followed by sonication. Lysates obtained from 2D, and 3D cells were 

then normalized for protein content using Bradford. 30 ug protein sample were loaded on 4-12% 

gradient SDS-polyacrylamide followed by electrotansfer to nitrocellulose membranes. Membranes 

were blocked with 5% milk or BSA in TBS containing 0.1% Tween 20 and then incubated with 

the indicated primary antibodies. Membranes were washed three times and incubated with HRP-

conjugated anti-mouse or anti-rabbit, followed by visualization using enhanced 

chemiluminescence with a MyECL imaging system (Thermo Scientific). 

Viability assay 

The 3D spheroids were grown by hanging-drop method in a 100mm dish for 6 days.  

Spheroids were removed and placed separately in single wells of a 96-well opaque culture plate 

(BD falcon, 353948). Cell Titer-Glo® 3D reagent was added to each well and the luminescence 

signal was read after 30 minutes with the Agilent BioTek Gen 5 microplate reader.  

Glucose consumption measurements 

The 3D spheroids were grown on 1% Agarose overlay in a 96-well plate for 6 days. After 

6 days, 3D spheroids were collected for glucose consumption assay. Each spheroid was harvested 

and disrupted using trypsin. 0.4% Trypan blue solution (Sigma, Milan, Italy) was used to stain the 

dead cells. Viable cells were then counted manually with a hemocytometer. Media was collected 

from each well, and total glucose was measured using the QuantiChromTM Glucose Assay Kit 

(BioAssay Systems). In order to assess glucose consumed per cell, total glucose consumption per 

sample was divided by its corresponding cell count. Fold change in glucose consumption was 

determined by dividing populations of AIF-deficient cells by corresponding control populations. 
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Scratch assay 

The cells were harvested by trypsinization, washed, resuspended in fresh media, and seeded 

in replicate 35mm dishes. The cells were incubated for 12–36 h, and a single scratch was made 

through the middle of each well using a p-200 pipette tip (152). Cells were immediately washed, 

fresh media was added, and each scratch was imaged. Cells were then incubated for 24–48 h before 

the final assessment of scratch width. All images were captured by phase contrast microscopy 

using the 10× objective of a Nikon TS100F microscope equipped with a Nikon DS-Fi1 digital 

camera detection system and NIS Elements 4.0 software. 

Drug treatment 

The 3D spheroids were grown using the hanging drop method for 72 h. After 72 h, 

spheroids were left untreated or treated with 200 mM 2-deoxyglucose and were observed for 

additional 7 days. The untreated and treated spheroids were transferred to a glass slide using a p-

200 pipette tip to evaluate their robustness or integrity. They were imaged using phase contrast 

microscopy using the 4× objective of a Nikon TS100F microscope equipped with a Nikon DS-Fi1 

digital camera detection system and NIS Elements 4.0 software. 

Statistics 

Statistical analyses were performed using two-tailed, Student’s t tests for unpaired samples 

A minimum of three independent biological replicates (unless otherwise stated) were assessed for 

all experiments. Statistical significance is represented as: *P < 0.05; **P < 0.01; ***P < 0.001. 

Results 

Generation of 3D pancreatic cancer cell cultures 

We have previously shown that AIF mediates the cadherin switch in 2D-monolayer 

cultures of PC3 cancer cells, an androgen-independent line of prostate cancer cells commonly used 
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as a model for advanced prostate cancer (127,153). However, that study was limited to PC3 cells and 

could not be replicated in other monolayer cultures of various cancer types. Thus, to assess whether 

the AIF-mediated cadherin switch mechanism translates in different cancer cells, we used a 3D 

cell culture model. As in vitro, 3D cell culture mimics better cell-cell and cell-matrix interactions 

of tumor microenvironment compared to monolayer; thus, spheroids were regarded as the potential 

model to study cadherin-mediated cell signaling (144,143,154,155). To determine whether cadherin-

associated cell signaling is AIF-dependent, we suppressed  AIF in PANC1 and HPAC cells using 

the lentiviral RNAi approach, as described (118,147,148). Figure 2.1 shows the stable suppression of 

AIF was successful and was assessed by immunoblot analysis. 

 

Figure 2.1: Establishment of AIF-deficient pancreatic cancer cell lines.   
PANC1 and HPAC were stably infected with shRNA hairpins targeting LacZ or AIF with 
Puromycin as a selectable marker via lentiviral delivery. Immunoblot was performed to verify the 
suppression of AIF protein expression. Representative blot image is shown and actin was used as 
the loading control Actin was used as the loading control.  
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Figure 2.2: Generation of 3D spheroids using modified hanging drop method. 
Representative image of AIF-deficient/proficient PDAC (PANC1 and HPAC) grown as 3D 
spheroids by hanging drop method using methylcellulose as an additive. 

To delineate the role of AIF in regulating any morphological difference in spheroid 

formation in PDAC cells, spheroids were grown by the hanging drop method. Previously it was 

reported that pancreatic cancer cells are weak in self-aggregating to form spheroids using 

conventional approaches such as traditional hanging drop or liquid overlay methods (144,156); 

therefore, a modified hanging drop method was employed by adding methylcellulose to the 

hanging drop (156). Spheroids were grown in media containing 0.24% methylcellulose and were 

imaged at different time points using phase contrast microscopy. The spheroids of PANC1 were 

circular, but in the case of HPAC, only a few spheroids were circular (4 out of 50 spheroids), while 

the rest were irregular in shape. The diameter of AIF-proficient PANC1 spheroids was larger than 

that of AIF-deficient PANC1 spheroids as shown in Figure 2.3A, and their diameter was measured 

using ImageJ software (https://imagej.nih.gov). The diameter of the AIF-deficient PANC1 

spheroids was significantly less than the AIF-proficient PANC1 as shown in Figure 2.3B. The size 

of the 3D-spheroids was approximately in a range of 500-1600 µm. 
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Figure 2.3: Effect of AIF ablation on the 3D PANC1s spheroid formation. 
Spheroids of AIF deficient/proficient PANC1 were grown in hanging drop seeded with 20,000 
cells per 20 μL drop and cultivated in DMEM and 0.24% methylcellulose at 37°C. All images 
were captured by phase contrast microscopy using the 4× objective of a Nikon TS100F microscope 
equipped with a Nikon DS-Fi1 digital camera detection system and NIS Elements 4.0 software. 
Images were analyzed using the open-source software ImageJ (Panel A). Diameter and all shape 
parameters were classified according to the image analysis function of ImageJ. Data are shown as 
average ± s.e.m (Panel B) The statistical significance was determined by Student's t-test. (*, p < 
0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.05) N=20. Scale bar: 500μm 
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Figure 2.4: Effect of AIF ablation on the 3D HPACs spheroid formation. 
Spheroids of AIF deficient/proficient HPAC were grown in hanging drop seeded with 20,000 cells 
per 20 μL drop and cultivated in DMEM/F-12 and 0.24% methylcellulose at 37°C. All images 
were captured by phase contrast microscopy using the 4× objective of a Nikon TS100F microscope 
equipped with a Nikon DS-Fi1 digital camera detection system and NIS Elements 4.0 software. 
Images were analyzed using the open-source software ImageJ (Panel A). Diameter and surface 
area parameters were classified according to the image analysis function of ImageJ. Data are 
shown as average ± s.e.m (Panel B). The statistical significance was determined by Student's t-
test. (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.05) N=20. Scale bar: 500μm  
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Interestingly, there were no evident differences in the size of both AIF-proficient/deficient 

PANC1 spheroids after 7 days. As 3D spheroids of HPACs possess irregularity, the surface area 

was selected as a parameter to characterize the spheroids instead of diameter. The assessment was 

done by Image J software. The surface area of AIF-deficient HPACs was less than its control cells 

as shown in Figure 2.4B. However, the growth of AIF-proficient/deficient PDAC 3D spheroids 

plateaued after 7 days. The data after 7 days not shown. 

 

Figure 2.5: Viability assay using ATP based cell viability kit method. 
3D spheroids were grown for 6 days and were treated with Cell Titer-Glo 3D reagent, shaken for 
5 minutes to mix the contents and luminescence was recorded 30 minutes after reagent addition. 
It is a homogeneous method to determine the number of viable cells in 3D cell culture based on 
quantitation of the ATP present, which is a marker for the presence of metabolically active cells.  
Data are presented as average ± standard deviation. The statistical significance was determined by 
Student's t-test. (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.05) N=4  

Next, an ATP viability assay was conducted using Cell Titer-Glo® 3D Cell Viability Assay 

to determine if the viability of 3D spheroids was affected when AIF was ablated. The spheroids 

were grown in hanging drop for 6 days, and then an equal number of spheroids were collected in 

96-well plates and mixed with equal volume of Cell Titer-Glo® 3D Reagent; the plate 

luminescence was measured by Agilent BioTek Gen 5 microplate reader and recorded. Figure 2.5 
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shows luminescence intensity (in relative intensity units) for PANC1 and HPAC cells, it can be 

observed that the AIF-deficient PDAC demonstrated lower viability (lower luminescence) than the 

control PDAC cells (higher luminescence) which was statistically significant. This implies that 

AIF supports the growth and affects the size and surface area of PDACs under a 3D environment. 

AIF regulates cadherin switching in 3D PDAC 

The 3D AIF-deficient PDAC cells were less viable than AIF-proficient PDACs, suggesting 

that AIF has a role in controlling the growth of three-dimensional PANC1s and HPACs. PANC1 

and HPACs are characterized as being aggressive and invasive (157,158). Literature suggests that 

the loss of E-cadherin expression and overexpression of N-cadherin, inducers of epithelial-to-

mesenchymal transition (EMT), is correlated to the histological grade and invasive phenotype of 

pancreatic adenocarcinoma tissue (159).  

  

Figure 2.6: AIF suppresses E-cadherin and elevates N-cadherin in 3D PDAC. 
AIF-proficient/deficient pancreatic cancer cells were grown as 2D monolayer and 3D spheroids 
and were lysed and probed with the indicated antibodies by immunoblot analysis. Representative 
blot image is shown and actin was used as the loading control. 
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EMT is a highly dynamic process in which epithelial cells convert into a mesenchymal 

phenotype and plays a fundamental role during the early steps of invasion and metastasis of 

carcinomas (160,131). Therefore, we sought to evaluate the role of AIF in EMT.  

In our previous studies, the ability of AIF to promote the cadherin switch was only observed 

in monolayer prostate cancer cell line (PC3), and cadherin expression were observed in PDAC 

cells when grown in 2D (127). In the search for an EMT profile, there is increasing evidence that 

3D spheroids are superior to a 2D monolayer; therefore, we changed our model from a 2D 

monolayer to a 3D spheroid to study the cadherin switch (161,56). When 2D monolayer cultures are 

compared with 3D spheroids, 3D spheroids mimic in vivo tumor microenvironments more 

accurately, such as their spatial architecture, cell morphology, and cell-cell interactions, and the 

process of EMT involves changes in cell-cell adhesion or cell-matrix adhesion, proving 3D 

spheroids as a better alternative (143,42). To determine whether AIF is responsible for a cadherin 

switch in PDAC cells, we grew AIF-deficient PDAC in the hanging drop method for 7 days to 

generate 3D spheroids and then were harvested, and their lysates were probed for E-cadherin and 

N-cadherin. Figure 2.6 shows that the examined EMT markers were undetectable in 2D cells, but 

PANC1s exhibited a cadherin switch by expressing high levels of E-cadherin and low levels of N-

cadherin after AIF knockdown, thus suggesting that AIF is required for cadherin switch in 

PANC1s when grown in 3D. However, in 3D HPACs, the E-cadherin protein expression was 

modestly affected, but the N-cadherin protein expression was suppressed when AIF was ablated. 

This behavior of HPAC may reflect its metabolic flexibility derived from its lipogenic phenotype 

and is consistent with our previous observations that HPAC only partially relies on AIF or 

mitochondria for survival and growth and therefore HPAC cells are moderately sensitized to AIF 

ablation (162).  
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Figure 2.7: AIF alters the protein expression of Vimentin in 3D PDAC. 
AIF-proficient/deficient pancreatic cancer cells were grown as 2D monolayer and 3D spheroids 
and were lysed and probed with the indicated antibodies by immunoblot analysis. Representative 
blot image is shown and actin was used as the loading control Actin was used as the loading 
control. 

Figure 2.7 shows a concomitant downregulation of Vimentin, a mesenchymal marker, in 

AIF-ablated PDAC cells thus supporting the hypothesis that PDACs cells require AIF for cadherin 

switching and 3D spheroids are better models to study EMT as most EMT markers are undetected 

in 2D monolayers. Also, different isoforms of Vimentin (57kDa and 49kDa) were observed in 

PANC1 cells but the expression levels of isoforms were at low levels particularly in HPAC cells. 

Metabolic function of AIF in 3D PDACs 

Previously we have defined the metabolic role of AIF in 2D pancreatic cancer cells by 

assessing alteration in glucose consumption (118). Increased glucose consumption is associated 

with AIF ablation due to impairment of the mitochondrial respiratory complex. PANC1 and HPAC 

cells display a metabolic phenotype that is not solely reliant upon glycolysis, followed by AIF 
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ablation exhibiting elevated glucose consumption in 2D monolayer. Hence, we performed a 

glucose consumption assay on PDAC grown as 3D spheroids to assess whether AIF's metabolic 

function depends on the cell culture system. 

  

Figure 2.8: Metabolic function of AIF via glucose consumption assay. 
The 3D spheroids were grown on 1% Agarose overlay in 96 well plate and after 6 days, glucose 
consumption assay was carried out using BioAssay systems QuantiChromTM glucose assay kit. 
The total cell number was assessed using both hemocytometer and ATP-based Cell Titer-Glo 3D 
kit. Data are shown as average ± standard deviation. *, p < 0.05. **, p < 0.01. N=3 

3D spheroids of AIF-deficient/proficient PDAC were grown by liquid overlay for 6 days. 

AIF-deficient PANC1s consumed ~4-fold more glucose whereas AIF-deficient HPACs consumed 

only ~1.5 fold more glucose than their controls when grown in a 3D cell culture system as shown 

in Figure 2.8. This corroborated the relevance of AIF in glucose metabolism when grown under 

3D. Next, to determine the benefit of AIF-mediated glucose metabolism, we inhibited glycolysis 

with 2-deoxyglucose only in PANC1 (relies on oxidative phosphorylation as a source of energy) 

and not in HPAC cells. 
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Figure 2.9: AIF ablation sensitizes pancreatic cells to a glycolytic inhibitor.  
The 3D spheroids were grown in hanging drops and treated with 200mM 2-deoxyglucose after 72 
hours, and then it was observed for additional 7 days. On day 7, the spheroids were transferred on 
to slide for imaging. All images were captured by phase contrast microscopy using the 4× objective 
of a Nikon TS100F microscope equipped with a Nikon DS-Fi1 digital camera detection system 
and NIS Elements 4.0 software. Representative blot images are shown Scale bar = 500µm 

 In our previous publication, 2D AIF-deficient PANC1 demonstrated increased sensitivity 

to glycolytic disruption; however, 2D AIF-deficient HPAC consumed modest levels of glucose 

and were not sensitized to 2-deoxyglucose (glycolysis inhibitor) as HPAC display metabolic 

flexibility and has the capacity to derive energy from lipid metabolism and thus circumvent the 

metabolic blockage. Therefore, 3D HPAC cells were not assessed for the sensitivity to 2-

deoxyglucose (glycolytic inhibitor).  

To assess sensitivity in PANC1s, 3D spheroids were grown by hanging drop for 72 h and 

then treated with 200 mM 2-deoxyglucose for additional 7 days. On 10th day, the 3D spheroids 
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were transferred onto the microscopic slide to determine if the 3D spheroids maintain their 

spherical shape or integrity The robustness of 3D spheroids meant that spheroids avoid 

disassembly or disintegration after gentle agitation or undergoing several experimental steps. The 

integrity and robustness of untreated and treated 3D spheroids revealed that AIF-proficient PANC1 

cells were capable of maintaining their integrity after 2-deoxyglucose treatment i.e., both the 

replicates of spheroids were mostly spherical and did not disintegrate completely when they were 

transferred onto the microscopic slide. However, the spheroids of AIF-deficient PANC1 cells were 

treated with 2-deoxyglucose, the spheroids disintegrated and failed to maintain their sphericity 

after they were transferred onto a slide as shown in Figure 2.9. These data and our previous 

publication support the hypothesis that sensitivity of AIF-deficient PANC1 to glycolytic inhibitors 

increases as the glycolysis pathway becomes critical due to suppression of AIF. 

Suppression of E-cadherin in AIF-deficient cells promotes migration 

We observed that AIF ablation leads to overexpression of E-cadherin and how AIF 

facilitates migration in PANC1 (118); therefore, we then explored the effects of reverting E-

cadherin in AIF-deficient cells in controlling the aggressiveness of pancreatic tumor cells. To test 

this concept, PANC1 shLacZ and PANC1 shAIF cells were subjected to a second round of 

lentiviral infection in which E-cadherin levels were suppressed. Lentiviral vectors, derived from 

the human immunodeficiency virus, have been extensively used due to their ability to transduce 

stably and with high efficiency (163). 

Lentiviruses harboring either control scramble shRNA or shRNA against E-cadherin (127) 

were generated and then used to infect PANC1–shLacZ and PANC1–shAIF cells. And the shRNA 

sequences were rigorously assessed for off-target effects and used as described previously 

(127,148,150). 
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Figure 2.10: Suppression of E-cadherin in AIF-deficient PDACs promotes migration.  
AIF-deficient/proficient PANC1s were stably infected with lentiviruses harboring either control 
scramble shRNA or shE-cadherin followed by immunoblot for E-cadherin. Actin was used as the 
loading control (Panel A). The cells were seeded at 1,000,000 cells/35-mm dish and allowed to 
attach for 16h. A p-200 pipette tip was used to scratch a region from the center of each plate, the 
plates were immediately washed, and fresh medium was added. Gap size was then measured as 
time 0 hr. The cells were incubated for an additional 24 h, and percentage of distance migrated for 
each cell line was then determined (Panel B-C). All quantitative data are presented as average ± 
standard deviation. N=4. 

Stable knockdown of E-cadherin in AIF-deficient PANC1 cells (PANC1–shAIF/shE-

cadherin) and AIF-proficient PANC1 cells (PANC1-shLacZ/shE-cadherin) were generated and 

verified by immunoblot as shown in Figure 2.10A.  

To define the role of E-cadherin in mediating migration in an AIF-dependent manner, the 

scratch assay was performed. High densities of cells were plated in replicate and allowed to attach 

for 12–24 h; a scratch was made across the middle of each well with a p-200 pipette tip, the plates 



 

51 

were immediately washed, and fresh medium was added. Gap size was assessed immediately 

following cell displacement at 0 h and incubated for an additional 12–24 h later, and the width of 

the closed gap was measured. PANC1-shAIF/shE-cadherin exhibited increased migration 

compared to cells harboring control scramble shRNA. However, for PANC1-shLacZ/shE-

cadherin, E-cadherin is ablated, and suppression of E-cadherin results in elevation of N-cadherin 

(as observed in EMT) that has migratory properties and thus a modest increase in migration was 

observed. 

Discussion 

Several studies have reported the advantages of the 3D tumor spheroids when compared to 

traditional 2D cultures as they mimic better in vivo tumor morphology (142,164). 3D Spheroids 

display heterogeneity in tumor cell proliferation, metabolic activity, and DNA damage repair 

(DDR) signaling (165). Our long-term objective is to elucidate the cellular signaling mechanisms 

and metabolic significance of AIF in a 3D culture system that mimics the tumor microenvironment 

and apply that knowledge to AIF-mediated therapy. A previous publication demonstrated that the 

suppression of AIF in prostate tumors substantially affected tumor growth in vivo (117). And the 

present study assessed the diameter size and surface area of AIF-deficient/proficient 3D pancreatic 

spheroids. AIF-deficient PDACs were significantly smaller than the AIF-proficient PDACs, thus 

confirming that AIF directly contributes to the growth of aggressive pancreatic cancer. As shown 

in Figure 2.3 and 2.4, spheroids displayed a formation pattern: cell sedimentation, an increase in 

density and compactness, and a plateau phase in growth. The plateau phase during the growth of 

spheroids after 7 days can be attributed to the degradation of nutrients, growth factors, vitamins, 

and amino acids and increased osmolarity due to evaporation (144). Alternatively, the 3D spheroids 

could be replenished with fresh media solution after 7 days or the spheroids can be harvested 
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before the onset of hypoxia or necrosis. The diameter of AIF-deficient/proficient PDAC 3D 

spheroids was larger than 500 μm, suggesting the presence of a hypoxia center as spheroids 

exceeding 400 μm in diameter do pack tightly, develop a hypoxic core and activate known survival 

signaling pathways to maintain cell viability (166,167). The ATP-based viability data suggests that 

AIF is an essential factor for pancreatic cancer progression in a 3D environment. Altogether, this 

corroborates using a modified hanging drop to generate 3D spheroids of PDAC to study AIF-

mediated signaling. Also, from the Figure 2.2, it can be observed that AIF-deficient PANC1s 

spheroids turned yellow after 5 days; this can be attributed to the fact that AIF-deficient cells 

secrete more lactic acid, as observed in 2D prostate cancer (117). 

Epithelial-mesenchymal transition (EMT) is a biological process by which epithelial cells 

lose their cell polarity and cell-cell adhesion to become the mesenchymal cell that has enhanced 

migratory capacity, invasiveness, elevated resistance to apoptosis, and significantly increased 

production of ECM components (160). An early essential event of EMT is the downregulation of 

E-cadherin, a well-characterized adhesive junction protein expressed in differentiated and 

polarized epithelial cells. Various in vitro and in vivo literature revealed that the graded loss of E-

cadherin is correlated with the aggressiveness of numerous carcinomas. In contrast, the forced 

expression of E-cadherin suppresses tumor development (55). Other publications have shown that 

primary tumors of pancreatic cancers display a reduced expression of E-cadherin and an increased 

expression of N-cadherin, which are significantly related to histological grade and the 

invasive/undifferentiated phenotype. Figure 2.6 showed protein expression of E-cadherin and N-

cadherin in 3D; conversely, the cadherin proteins were undetectable in 2D as 3D-spheroids have 

stronger cell adhesion. Immunoblot analysis demonstrated a reversal of the cadherin switch by 

expressing high levels of E-cadherin and low N-cadherin following AIF ablation in both types of 
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pancreatic cancer. In HPAC, E-cadherin degradation fragments were observed, which can be 

explained by posttranslational modifications such as ubiquitination (168) or glycation (169). Figure 

2.7 showed a decrease in another mesenchymal marker, Vimentin when AIF was suppressed. 

Figure 2.11 also reveals an inverse correlation between Snail and E-cadherin at the protein level 

in PANC1, while protein expression of Slug and Twist (not shown) was undetectable. We have 

already shown how AIF deficiency in prostate cancer results in a substantially reduced ability to 

form aggressive tumors in vivo in mice. (117), and others have shown that overexpression of E-

cadherin is inversely proportional to tumor growth (55). 

 

Figure 2.11: AIF alters the protein expression of Snail in 3D PANC1s. 
AIF-proficient/deficient pancreatic cancer cells were grown as 2D monolayer and 3D spheroids 
and were lysed and probed with the indicated antibodies by immunoblot analysis. Representative 
blot image is shown and actin was used as the loading control  

The current study demonstrates a likely axis of suppression of AIF/ upregulation of E-

cadherin/downregulation of N-cadherin/ decrease in spheroid size. Thus, AIF is possibly well-

positioned to regulate tumor progression via E-cadherin. The contribution of AIF in E-cadherin-
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mediated migration, as shown in Figure 2.10, also underscores the emphasis on AIF mediating the 

aggressiveness of pancreatic cancer. In the previous study, we established a pro-tumorigenic role 

for AIF in 2D pancreatic cancer derives from its basal metabolic state (118). 3D spheroids of PANC-

1, and HPAC cells, possess a metabolic phenotype that is not solely reliant upon glycolysis and 

thus exhibited reduced viability and elevated glucose consumption levels in the range of (~1.5-4-

fold) following AIF ablation. Figure 2.9 suggests that AIF-deficient PANC1 was sensitized to 

glycolytic disruption as AIF-deficient spheroids lost their integrity and robustness after 2-

deoxyglucose treatment. The elevated AIF expression is not a universal feature in pancreatic 

cancer; however, there is a subtype of pancreatic cancer population (~33%) in which AIF is 

significantly elevated. Nevertheless, the study presented here highlights the metabolic significance 

of AIF and cadherin switch by AIF to PDAC in a 3D environment and suggests a strong possibility 

of AIF representing as a novel therapeutic target. 
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III. RELIANCE ON AIF IN TRIPLE-NEGATIVE BREAST CANCER INCREASES 

METABOLIC DEPENDENCIES 

Abstract 

Apoptosis-inducing factor (AIF) is a phylogenetically conserved mitochondrial 

flavoprotein that induces cell death but also possesses a 'life' function by participating in the 

assembly of respiratory chain complexes. Early studies on colorectal cancer revealed that an 

elevation of AIF protects tumor cells from chemotherapy. More recently we demonstrated that 

advanced prostate cancer cells exhibit reduced growth and survival following AIF ablation. Further 

studies revealed that AIF-deficient pancreatic cancer cells display increased sensitivity to 

metabolic and chemical stress-mediated cell death, further suggesting that targeting AIF is a novel 

approach in cancer therapy. Presently, AIF's role as a tumor promotor in breast cancer is undefined. 

Breast cancer is the second most common cancer in women, and new target molecules for 

developing advanced therapeutics are sorely needed. The implication of the potential role of AIF 

in subsets of breast cancer specimens was revealed by a modest elevation of AIF transcript levels 

using the Oncomine database. Knockdown of AIF in breast cancer cell lines such as MDA-MB-

231 and MDA-MB-468 resulted in changes in growth rate, alteration in glucose consumption, and 

decreased expression of mitochondrial complex I subunits changes that were not observed in MCF-

7, a non-invasive breast cancer cell line. These data suggests that the activity of AIF in support of 

breast cancer cells is restricted to triple-negative breast cancer cells that have achieved a more 

aggressive state. AIF ablation dissipated the mitochondrial electrochemical gradient and decreased 

mitochondrial abundance in AIF-deficient MDA-MB-231 and MDA-MB-468, undocumented in 

other cancer types tested so far. Moreover, suppression of AIF in MDA-MB-231 and MDA-MB-

468 results in modulation in consumption of glycolytic substrates and TCA cycle substrates in 
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favor of tumor cell growth but not in MCF-7. Altogether these data provide a promising framework 

for AIF-mediated therapy by indicating that AIF can be exploited to initiate a metabolic switch 

that can be manipulated to limit substrate flexibility in triple-negative breast cancer cells. 

Introduction 

The Warburg effect is a hallmark of cancer cells that refers to the preference of cancer cells 

to rely on glycolysis regardless of the availability of oxygen, and hence this metabolism is often 

referred to as "aerobic glycolysis." Warburg initially hypothesized that dysfunctional mitochondria 

are the root of aerobic glycolysis in cancer cells. (101,100). However, increasing evidence shows that 

cancer cells generate the most energy through mitochondrial functions despite their high glycolytic 

rates, suggesting that targeting both aerobic glycolysis and mitochondrial metabolism may be 

required (102,170). Mitochondria are not only "life-essential" organelles for providing cellular 

energy via the electron transport chain (ETC) and oxidative phosphorylation (OXPHOS), but they 

also play a critical role in activating apoptosis. 

Apoptosis-inducing factor (AIF) is a mitochondrial flavoprotein initially identified for its 

role in caspase-independent cell death. However, the pro-death function of AIF is limited to a 

narrow range of cell types, primarily neurons and cardiomyocytes (80,81,82), and is also limited to 

certain stimuli such as hypoxia, glucose deprivation, DNA damage, or the formation of free 

radicals (64,83,86). In contrast to its role in cell death, AIF also possesses an intrinsic NADH-oxidase 

activity that can be linked to mitochondrial homeostasis, regulation of metabolism, and oxidative 

stress (87,117,118,127). 

The biological implications of AIF in mitochondrial homeostasis have been demonstrated 

in studies of genetic deletion of AIF in mouse embryonic stem cells (88) and tissue and cell-specific 

AIF knockout studies (89,90). Together these studies suggested that AIF regulates mitochondrial 
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bioenergetics by participating in the complex respiratory assembly and stabilization as AIF 

interacts with a crucial component of mitochondrial import machinery (CHCHD4) that contributes 

to the proper folding of OXPHOS subunits (91,92,93). Also, studies conducted in mice with AIF 

deficiency displayed adaptive mechanisms such as increased glycolysis, mild acidosis, and 

mitochondrial biogenesis, thus supporting the widespread role of AIF in cell metabolism and 

survival (121).  

The pro-survival activity of AIF in normal cells is well-positioned to be exploited by cancer 

cells in promoting their growth. Moreover, various publications have reported increased 

expression of AIF in diverse cancer cell types, including esophageal, skin, colorectal, gastric, 

pancreatic, and prostate, indicating that AIF might support tumor development contrary to its 

tumor-suppressive capabilities (117,118,113,114,115,116). Increased AIF levels in colorectal cancer 

protect cells from chemoresistance (115). Furthermore, our published data demonstrated the 

significance of AIF in the growth and survival of advanced prostate cancer cells (androgen-

insensitive) (117), and in pancreatic cancer, where the selectivity of AIF dependence in 

tumorigenesis correlates with cellular metabolic preferences (118). Based on our finding that AIF 

is essential for the aggressiveness of advanced-stage prostate cancer cells (as discussed in chapter 

1) and pancreatic ductal adenocarcinoma (PDAC) (as shown in chapter 2), a disease that almost 

always reaches an advanced stage before diagnosis. Consequently, we questioned whether the pro-

survival activity of AIF contributes to breast cancer tumorigenesis.  

Breast cancer is a heterogeneous disease and one of the most common malignancies found 

in women. Breast cancer can be classified into different subtypes depending upon several clinical 

biomarkers, such as estrogen (ER) and progesterone (PR) receptors and the human epidermal 

growth factor receptor 2 (HER2) gene amplification (3). Triple-negative breast cancer (TNBC) is 
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characterized by a lack of receptors and is regarded as aggressive as they are resistant to endocrine 

therapy and HER2-targeted treatment. Also, one of the molecular features of TNBC is metabolic 

reprogramming (136). Hence, it can be hypothesized that AIF in breast cancer might be well-

positioned to influence aggressive breast cancer that critically rely on metabolic reprogramming 

for growth and survival. Therefore, AIF might contribute to metabolic vulnerabilities and thus can 

be implicated as a potential therapeutic target. 

In the present study, we propose that AIF could maximally be exploited in triple-negative 

breast cancer by revealing a metabolic vulnerability as it switches from metabolic plasticity to 

metabolic dependencies. Previously, cells that relied only upon glycolysis could not benefit from 

AIF's metabolic activity in pancreatic cancer cell lines. Therefore, our efforts are to identify 

different substrates other than glucose that could be manipulated to increase the sensitivity and 

selectivity of hormone-independent breast tumors and can be exploited for neoadjuvant or adjuvant 

chemotherapy. 

Materials and methods 

Materials 

RPMI 1640, GlutaMAX, trypsin, 4–12 % bis-tris polyacrylamide gels, and nitrocellulose 

membranes were obtained from Life Technologies; fetal bovine serum, phosphate-buffered saline, 

and Pierce ECL 2 Western Blotting Substrate were from Thermo-Fisher Scientific; 

QuantiChrom™ Glucose Assay Kit was from BioAssay Systems, protease inhibitor tablets were 

from Roche Applied Science; all other materials were from Sigma. Antibodies were obtained as 

follows: anti-AIF (Santa Cruz Biotechnology, sc-13116); anti-complex I 39 kDa (Life 

Technologies, 459100); anti-complex I 20 kDa (Life Technologies, 459210); anti-complex I 17 

kDa (Life Technologies, A21359); anti-phospho-ERK Thr-202/Tyr-204 (Cell Signaling, 4377); 
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anti-ERK1/2 (Cell Signaling, 9107); anti-JNK (Cell Signaling, 9252); anti- β-actin (Sigma, 

A5316); peroxidase-conjugated anti-mouse (Amersham Biosciences, NA931V); and peroxidase-

conjugated anti-rabbit (Amersham Biosciences, NA934B). 

Oncomine data analysis 

Data sets examining AIF mRNA expression in breast tumors versus normal breast tissue 

from 11 studies  were analyzed using Oncomine (4,171). Statistical calculations and normalization 

techniques are given by the Oncomine website (http://www.oncomine.org).  

NOTE: Oncomine is no longer available since January 17th, 2022 

Cell culture 

MDA-MB-231, MCF-7, and MDA-MB-468 cells were from ATCC. HEK293T cells were 

as described (117). Cells were grown in an atmosphere of 95 % air and 5 % CO2 at 37°C. All media 

was supplemented with 2 mM Gluta-MAX. Cell lines were grown and cultured with the following 

media formulations: HEK293T cells in DMEM supplemented with 10 % FBS and breast cancer 

cell lines in RPMI 1640 supplemented with 10 % FBS. 

Lentivirus production and infection 

Lentivirus harboring FG12-derived plasmids that target AIF and LacZ by RNA 

interference (RNAi) has been assessed and used as described (117). Lentiviral packaging plasmids 

pRRE, pRSV-rev, and pHCMV-G are as described (172). RNAi plasmids and equal amounts of 

lentiviral packaging plasmids were transfected into HEK293T cells using the calcium phosphate 

precipitation method (147). Supernatants of transfected HEK293T cultures were then filtered 

through 0.45-μm PVDF Millex-HV filters (Millipore) and concentrated by centrifugation at 20,000 

× g for 90 min at 4°C. Viral pellets were resuspended in PBS and then incubated overnight at 4°C 

prior to use. Cell lines were then infected as described (173,174). MDA-MB-231, MCF-7, and MDA-



 

60 

MB-468 cells were infected with lentiviruses carrying shLacZ-puro or shAIF-puro and then 

selected using 2 μg/mL puromycin. 

NOTE: After establishing and verifying the stable cell lines, cells were frozen in multiple 

vials. Cells were not used more than 90 days after the thawing of stock cultures. 

Drug treatment 

Equal density of cells was seeded and then subjected to (tert-Butylhydroquinone) tBHQ 

treatment at 0-4mM for 30 minutes to stimulate ROS. Following treatment, cells were harvested 

and assessed in assays as described below. 

SDS-PAGE and immunoblotting 

For western blotting, the whole protein was extracted by (RIPA) radioimmune precipitation 

assay lysis buffer (PBS containing 1 % Nonidet P-40, 0.5 % sodium deoxycholate, 0.1 % sodium 

dodecyl sulfate, 1 mM dithiothreitol, 1 mM phenylmethanesulfonyl fluoride, and 1 protease 

inhibitor mixture tablet per 10 mL). Lysates were then normalized for protein content, separated 

by SDS-PAGE, and transferred to nitrocellulose membranes. Membranes were blocked with 5 % 

milk in Tris-buffered saline with 0.1 % Tween-20 and incubated with primary antibodies for 

overnight at 4°C under shaking conditions. Membranes were then washed and incubated with 

peroxidase-conjugated anti-mouse or anti-rabbit IgG secondary antibody for 45 min at room 

temperature, followed by washing and visualization using enhanced chemiluminescence with a 

MyECL imaging system (Thermo Scientific). 

Cell growth rate measurements 

Cells were harvested by trypsinization, washed, resuspended in fresh medium, and seeded 

at 30,000 cells/well, and replicate wells of 6-well plates were prepared. Three wells from each cell 
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type were harvested by trypsinization at 24 h intervals for a total of 96 h, and the total number of 

cells in each replicate was determined by CellDrop™ Automated Cell Counters – DeNovix.  

Immunofluorescence 

Cells were grown to at least 80% confluence. The cells were washed three times with PBS 

for 5 minutes, followed by fixing with 4% paraformaldehyde for 15 minutes at room temperature. 

The cells were then permeabilized with 0.1% Triton-X-100 in PBS for 15 minutes and then blocked 

with 5% BSA in PBS for 1 hour. The cells were subsequently incubated with an anti-AIF antibody 

(dilution 1:50) for 1 hour or overnight at 4°C. Following washing with PBS, the cells were 

incubated with a secondary antibody (goat anti-rabbit Alexa-Fluor 488; dilution 1:50) for 1 hour. 

After the final wash, the nuclei of the cells were stained with DAPI. Images were acquired on a 

Zeiss Axio Scope A1 (Carl Zeiss, Jena, Germany) with an AxioCam ICc1 camera under a × 20 

objective. The images were photographed using Zen 2.6 lite software and analyzed by ImageJ 

software (151). Equivalent exposure conditions and scaling were used between controls and test 

cells and adjusted with only contrast and brightness adjustment 

Glucose consumption measurements 

The cells were harvested by trypsinization, washed, resuspended in fresh medium, and 

seeded at equal densities in 6-well plates. Cells were grown at 37°C for 72 h. Media was then 

collected from each well, and total glucose was measured using the QuantiChromTM Glucose 

Assay Kit (BioAssay Systems). The total cell number in each sample was determined by CoulterTM 

counting. In order to assess glucose consumed per cell, total glucose consumption per sample was 

divided by its corresponding cell count. Fold change in glucose consumption was determined by 

dividing populations of AIF-deficient cells by corresponding control populations. 
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Measurements of mitochondrial ∆Ψm and abundance 

The membrane potential was monitored using the dye Tetramethyl Rhodamine Methyl 

ester (TMRM) and was carried out as described previously (175). Equal density of cells was seeded 

and allowed to attach for overnight at 37°C. The cells were harvested and resuspended in PBS 

containing 200 nM TMRM and incubated at 37°C for 15 minutes, followed by a flow cytometer. 

Staining for mitochondrial abundance was carried out by incubating cells with 100 nM 

MitoTrackerTM Red at 37°C for 15 minutes, followed by an assessment of stain intensity using an 

Accuri C6 flow cytometer  

Modified MitoPlate assay 

A Mitoplate assay was employed with a slight modification to assess the mitochondrial 

function of cells as described previously (176). The assay used a standard half-area 96-well plate 

with Biolog Mitochondrial Assay Solution (BMAS, catalog# 72303) together with dye mixture 

MC (tetrazolium-based dye, catalog# 74353) provided by Biolog, Inc. Dye mixture MC uses a 

modified version of tetrazolium dye that acts as a terminal electron acceptor in the electron 

transport chain, resulting in the formation of water-soluble formazan upon reduction. The 

formation of purple-colored formazan directly correlates with cellular ETC activities and can be 

measured at an absorbance of 590nm (OD590). An assay mixture consisted of 2x BMAS, MC, 2.4 

mg/ml saponin, and 100 mM substrate solution in the ratio of 6:4:1:1. Twenty-three substrates 

used comprised from glycolysis, the pentose phosphate pathway, TCA cycle anaplerosis, fatty acid 

transport/oxidation, one-carbon metabolism and amino acid metabolism. All the substrates were 

acquired from Sigma. Thirty microliters of the assay mixture were distributed to each well of the 

96-well plate. AIF deficient/proficient cells were collected in a 15-ml centrifuge tube and 

centrifuged at 400 × g for 5 min. The supernatant was removed, and the cell pellet was washed 



 

63 

with PBS and centrifuged. Finally, the cell pellet was resuspended in 1x BMAS to achieve a final 

cell density of 2 × 106 cells per ml. Thirty microliters of the cell suspension was pipetted into each 

well of the microarray containing the assay mixture. The final assay mixture was composed of 6 

× 104 cells per well. After inoculation, the OD590 was measured every 10 min with an Agilent 

BioTek Gen 5 microplate reader for total of 3 hours and 30 minutes. These data were then 

normalized by subtracting the absorbance readings of control (no substrate) wells containing 2x 

BMAS, MC, saponin, and water at a 6:4:1:1 ratio. 30 μL of the assay mixture (no substrate) was 

transferred to each well of the plate and 30 μL of the cell suspension in 1x BMAS was added to 

each well, and OD590 measurements were performed similarly. 

Furthermore, to test whether chemotherapeutic drug such as lonidamine (a complex II 

inhibitor) or lithium chloride (phosphoglucomutase inhibitor) reverses the consumption of the 

substrates as the control cells was assessed by the use of modified Mitoplate assay. In this assay, 

cells were permeabilized and added to the assay mixture with or without the chemotherapeutic 

drug. The final concentration of the inhibitors in the well were 100 μM of lonidamine or 10 mM 

lithium chloride. The data was then normalized by subtracting the absorbance readings of control 

(no substrate) wells. 

MTT assay 

Cells were seeded with 30,000- 50,000 cells per well in 24-well plates and allowed to attach 

overnight. Cells were left untreated or treated with 100 μM lonidamine or 10 mM lithium chloride 

for 48-72h. Cells treated with DMSO were the solvent control. The media was removed, followed 

by adding a fresh medium of 100 μl containing 10 μl of the MTT stock [3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT, catalog # 97,062–376, VWR) (5 mg/ml)] and 

incubating it at 370C for 3 hours. After incubation all but 25 μl of the medium was removed, and 
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50 μl of DMSO was added and incubated at 37°C for 10 minutes in order to solubilize the 

formazan. The solubilized formazan was then transferred to a 96-well plate, and the absorbance 

was measured at 540 nm using a microplate reader. The absorbance was adjusted by subtracting 

the absorbance of the media control. 

Statistical analysis 

Statistical analyses were performed using two-tailed, Student’s t tests for unpaired or paired 

samples A minimum of three independent biological replicates (unless otherwise stated) were 

assessed for all experiments. Statistical significance is represented as: *P < 0.05; **P < 0.01; 

***P < 0.001. 

Results 

Elevation of AIF mRNA transcripts in breast cancer 

To evaluate the potential role of AIF in breast cancer, we analyzed the catalogued 

microarray database available at Oncomine (oncomine.com), a web-based data mining platform. 

Archival data from a total of 11 data sets comparing AIF expression in breast carcinoma to normal 

breast tissue were assessed (1,177,2). While comparing the average AIF expression between cancer 

vs. normal groups, AIF mRNA transcript was significantly overexpressed in six data sets (p < 

0.001) from a total of 11 data sets (fold change ranging from 1.543-1.639). Representative data 

sets as shown in Figure 3.1 were shown that were statistically significant, with p values in the 

range from 0.013-0.043. 

To further explore AIF expression changes in these cohorts of cancer vs. normal tissues, 

we compared individual expression data from each sample within each cohort (Figure 3.1.D-F). 

Interestingly, in 6 of the 11 data sets, a subtype within each cancer group displays elevated AIF 

expression significantly beyond the 90% confidence interval defined for normal tissues (1,2).  
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Figure 3.1: AIF expression in breast cancer. 
Data comparing AIF mRNA transcript expression in breast tumors compared to normal breast 
tissue was retrieved from the Oncomine database. Panels A-C: Average relative AIF mRNA 
expression in breast tumors vs. normal breast tissue. Panels D-F: Relative AIF mRNA levels 
among individual samples within each cohort. Fractions of tumor specimens within each cohort 
exhibiting statistically significant AIF expression changes relative to normal tissue are (p-value in 
range from 0.013-0.043) indicated in red. The number of samples in each class is given in 
parentheses. Each gene was assessed for differential expression with t-statistics using Total Access 
Statistics 2002 (FMS Inc., Vienna, VA). t-Tests were conducted both as two-sided for differential 
expression analysis and one-sided for specific overexpression analysis. 



 

66 

This subtype represents ~33 % of the total among these six cohorts, and while elevated AIF 

is observed, the magnitude of this elevation remains modest (less than 3-fold relative to control 

tissue). These data are in accordance with similar analyses examining AIF mRNA and protein 

expression in prostate cancer and pancreatic cancer tissues (118,117). These data collectively suggest 

that while elevated AIF expression is not a universal feature of breast cancer, there exists a subtype 

of breast tumors (approximately one-third of the total samples assessed) in which AIF expression 

is significantly elevated. Earlier studies revealed that overexpression of AIF induces cell death; 

however, the expression of AIF in breast cancer is modestly elevated, indicating that elevated AIF 

expression in breast cancer cells is insufficient to trigger cell death. This suggests that the range of 

overexpression over which the increased AIF is of benefit is narrow and that greater levels of AIF 

may become toxic. Thus, there exists a benefit of AIF expression in breast cancer that is worth 

exploring (67). 

Establishment of AIF-deficient breast cancer cell lines 

The Oncomine analysis of AIF gene expression microarray data from clinically derived 

breast cancer tissues implied a connection between elevated AIF expression and breast tumors. In 

one of our studies, AIF supports the growth of advanced prostate cancer which was androgen-

insensitive, and in other studies, AIF supports the growth of metabolically defined pancreatic 

cancer, thus demonstrating the role of AIF in tumor development (117,118). Therefore, to determine 

the potential role of AIF in breast cancer, a panel of breast cancer cells was selected to reflect 

diversity both in metabolic requirements and hormonal status. Thus, we targeted AIF in a panel of 

three breast cancer cell lines (MDA-MB-231, MDA-MB-468, and MCF-7) that displayed diverse 

metabolic characteristics. A comprehensive systems biology analysis of metabolic profiling, 
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metabolic inhibitor responses, siRNA screening, and tyrosine kinase inhibitor analysis has 

revealed metabolic heterogeneity in breast cancer and its subtypes (178). 

 

 
  

 

Together these analyses indicated that MDA-MB-231 relies on glycolytic metabolism 

while MDA-MB-468 depends on oxidative metabolism in the basal state (178). However, MCF-7 

does not display a consensus regarding its metabolic phenotype. Some reports suggest that MCF-

7 can show stronger glycolytic dependence (3), while other studies suggest that MCF-7 are more 

dependent on mitochondrial respiration (179). Therefore, there is a likelihood of MCF-7 exhibiting 

metabolic flexibility by balancing the energy requirements derived from glycolysis and oxidative 

metabolism. There is additional literature suggesting that glutamine, but not pyruvate, confers 

additional oxidative capacity in MCF-7 cells (180). 

 Among these breast cancer cell lines, MDA-MB-231 (mesenchymal-like subtype) and 

MDA-MB-468 (basal-like subtype) cells are triple-negative breast cancer cells (TNBC) that are 

considered as aggressive and invasive, display poor prognosis, and are poorly differentiated. In 

Table 1: Molecular classification and metabolic phenotype of breast carcinoma  

ER: estrogen receptor 

HER2: human epidermal growth factor receptor 2 

PR: progesterone receptor 
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contrast, MCF-7 (luminal-like subtype) cells is human epidermal growth factor receptor 2 (HER2) 

negative, and weakly invasive (181,182,183,184). Knockdown of AIF was achieved by infecting with 

lentiviruses harboring short-hairpin RNA (shRNA) sequences targeting either AIF (shAIF) or 

LacZ (shLacZ) as control via RNA interference. Breast cancer cell lines were infected with 

lentiviruses carrying the puromycin N-acetyl transferase gene as a selectable marker, and stably 

infected cells were derived by treatment with 2ug/ml of puromycin. To determine if AIF was 

successfully suppressed in our panel of breast cancer cell lines, immunoblot analysis was 

employed, which demonstrated AIF knockdown levels greater than 95 % in all cases when 

compared to either parental cells or shLacZ negative controls as shown in Figure 3.2A. 

Immunoblot data was further confirmed by immunofluorescence analysis of the endogenous 

expression of AIF in our panel of breast cancer cell lines. In agreement with our previous 

immunoblotting experiments, shLacZ cells were positive for shAIF cells were negative for AIF as 

shown in Figure 3.2B 

 

Figure 3.2: Establishment of AIF-deficient breast cancer cell lines. 
MDA-MB-231, MCF-7, and MDA-MB-468 were stably infected with shRNA hairpins targeting 
LacZ or AIF with Puromycin as a selectable marker via lentiviral delivery. (Panel A) Suppression 
of AIF protein expression was verified by immunoblot analysis. Representative blot image is 
shown and actin was used as the loading control. (Panel B) Suppression of AIF protein expression 
was verified by immunofluorescence analysis. Images were taken at 20X magnification. Scale bar 
= 200μm. 
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Figure 3.2: Establishment of AIF-deficient breast cancer cell lines (continued).  
MDA-MB-231, MCF-7, and MDA-MB-468 were stably infected with shRNA hairpins targeting 
LacZ or AIF with Puromycin as a selectable marker via lentiviral delivery. (Panel A) Suppression 
of AIF protein expression was verified by immunoblot analysis. Representative blot image is 
shown and actin was used as the loading control. (Panel B) Suppression of AIF protein expression 
was verified by immunofluorescence analysis. Images were taken at 20X magnification. Scale bar 
= 200μm. 

AIF-mediated signaling is uncoupled from AIF-dependent metabolism 

The role of AIF in maintaining cell homeostasis and survival and growth of cells has been 

extensively studied (127). However, AIF dependent redox-mediated signaling pathways that 

regulate tumorigenesis need more exploration. We have shown previously that AIF is required for 

oxidant-induced JNK phosphorylation in PC3 (prostate cancer), HPAC, and MIA PaCa-2 

(pancreatic cancer) (127). Therefore, we further explored whether AIF -dependent phosphorylation 

of JNK is true in breast cancer.  
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Figure 3.3: Effect of tBHQ on JNK phosphorylation in AIF-deficient breast cancer cell lines.  
MDA-MB-231-derived (A), MCF-7-derived (B), and MDA-MB-468-derived were treated with 
increasing concentrations of tBHQ as follows: 0, 0.1, 0.25, 0.5, and 1mM.Following treatment, 
immunoblots were performed with the indicated antibodies. Representative blot image is shown 
and actin was used as the loading control. 

Figure 3.3 suggests that AIF is not required for JNK activation in our panel of breast cancer 

cells, thus implying that ROS-mediated AIF-dependent JNK signaling is not a global trend. 

However, ROS is also believed to act as a stimulus to another mitogen-activated protein kinase 

pathway (MAPK) related protein such as extracellular signal-regulated kinase (ERK); ROS-

responsive signaling molecules whose activation by phosphorylation can control a spectrum of 

cellular activities ranging from cell death to survival (123,14).  
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Figure 3.4: Effect of tBHQ on ERK phosphorylation in AIF-deficient breast cancer cell lines. 
MDA-MB-231-derived (A), MCF-7-derived (B), and MDA-MB-468-derived (C) cell lines were 
treated with increasing concentrations of tBHQ as follows: 0, 1, 2, and 3mM (MCF-7); 0, 1, 2, 3, 
and 4mM (MDA-MB-231, and MDA-MB-468) for 30 minutes. Following treatment, immunoblots 
were performed with the indicated antibodies. Representative blot image is shown and actin was 
used as the loading control. 

Thus, we then questioned whether AIF acts as secondary messenger in cellular signaling 

in the ERK pathway and if it is coupled to the stabilization of the mitochondrial respiratory chain. 

We treated our panel of breast cancer cell lines with an increasing concentration of tert-

butylhydroquinone (tBHQ) to stimulate ROS; we then assessed protein levels of activated ERK, a 

phosphorylated form of ERK. Only in MCF-7 cells was AIF dependency apparent in ERK 

phosphorylation but not in MDA-MB-231 or MDA-MB-468. It was interesting to note that in 
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aggressive breast cancer cell lines, AIF-dependent redox-signaling was not apparent but was 

observed in non-invasive breast cancer cell lines as shown in Figure 3.4. These suggests that AIF 

does not regulate the aggressiveness of breast cancer cell lines via ROS dependent ERK or JNK 

activity but must be vital in modulating cellular metabolism. 

Triple-negative breast cancer cells require AIF for in vitro growth, membrane potential 

∆Ψm and mitochondrial abundance. 

A growth assay was performed to determine whether AIF ablation in breast cancer affects 

its ability to grow under nutrient-rich conditions. AIF-deficient MDA-MB-231 and MDA-MB-

468 cells grew more slowly than AIF-proficient cells, but no spontaneous death was observed. 

However, suppression of AIF did not affect the growth of MCF-7. Combined with the observation 

that AIF ablation alters the growth of MDA-MB-231 and MDA-MB-468 cells but not for MCF-7, 

these data suggested that AIF might contribute to the growth of triple-negative breast cancer cells 

but not for less aggressive breast cancer cells, under nutrient-rich conditions. Moreover, these 

results are distinct from our previous publications:  in prostate cancer, the growth rate is unaffected 

in AIF ablated advanced prostate cancer cells, under nutrient-rich conditions whereas, in 

pancreatic cancer, the selectivity of AIF support for growth rate relies on the cellular energy 

preferences. The current data is inconsistent with previous data that the growth rate of AIF ablated 

breast cancer is correlated to the aggressiveness of breast cancer and not to its metabolic 

preferences.  

We evaluated the mitochondrial status in our panel of breast cancer cell lines to determine 

whether mitochondrial function and/or biogenesis was impaired when AIF was ablated. 

Mitochondria are responsible for maintaining oxidative phosphorylation, and they do so by 
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creating a membrane potential that supports the correct functioning of the electron transport chain 

(26,28,31).   

 

Figure 3.5: Growth of triple-negative breast cancer cells in nutrient-rich medium is affected 
by AIF ablation.  
MDA-MB-231-derived (A), MCF-7-derived (B), and MDA-MB-468-derived (C) cell lines were 
plated at 30,000 cells/well in replicate plates. The cells were then harvested every 24 h (for a total 
of 96 h), and the total number of cells in each well was assessed by CellDrop™ Automated Cell 
Counters – DeNovix (n=3). The averages ± standard deviation of triplicate samples is shown for 
each data point. The statistical significance of end point values was determined by Student's t test. 
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.05 
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Thus, we investigated whether the membrane potential was altered after AIF was ablated. 

For evaluating membrane potential, cells were stained with TMRM, and then stain intensity was 

assessed by flow cytometry. It was observed that AIF ablation dissipated mitochondrial 

electrochemical gradient in invasive breast cancer lines such as MDA-MB-231, and MDA-MB-

468 but was minimally decreased in non-invasive MCF-7. Thus far, it seems that AIF is more 

important in invasive breast cancer than non-invasive breast cancer. Next, we extended to study 

the impact of AIF ablation on mitochondrial abundance and whether any changes are selectively 

observed in invasive breast cancer cell lines. We then focused on another aspect of mitochondrial 

status: mitochondria abundance and whether AIF deficiency results into a similar trend as observed 

in membrane potential. MitotrackerTM Red staining was performed as an indicator of mitochondrial 

abundance; surprisingly, AIF ablation resulted in decreased mitochondria in our panel of breast 

cancer cell lines. Intriguingly, this AIF-dependent mitochondrial status change was not reported 

in other AIF-ablated cancer cells tested so far suggesting that mitochondrial response to AIF is 

distinct in different cancer cell lines and AIF might be more critical for mitochondrial biogenesis 

and fitness in triple-negative breast cancer cell lines.  

The ability of AIF to alter glucose consumption in aggressive breast cancer cells is dependent 

on complex I activity but not metabolic phenotype 

Mutation in the AIFM1 locus on the X chromosome leads to a disease that is phenotypically 

similar to those caused by the mutation in the mitochondrial components. These defects are 

presumably due to the role of AIFM1 in the biogenesis of complex I or its involvement in the 

transport of electrons from NADH (or NADPH) to ubiquinone (88). This demonstrates the 

significance of AIF in regulating oxidative phosphorylation by controlling the expression of 

proteins subunits in the respiratory chain, especially of complex I (88,90).  
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Figure 3.6: AIF is required for the mitochondrial ∆Ψm and abundance. 
The indicated cell lines were stained with either TMRM (Panel A-B) or MitotrackerTM Red (Panel 
C-D) was used to determine membrane potential and the abundance of mitochondria, respectively, 
in cells proficient (shLacZ) and deficient in AIF (shAIF). (Panel A and C) are representative 
images from AIF proficient/deficient breast cancer cells stained with TMRM or MitotrackerTM 
Red and measured by flow cytometer. Changes following AIF ablation compared with control 
cells are shown. 
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Figure 3.7: AIF-deficient TNBC cells exhibit reduced complex I expression and increased 
glucose consumption. 
AIF selectively controls respiratory chain protein expression in breast cancer cell (Panel A). 
Following suppression of AIF, respiratory chain status was assessed by immunoblot analysis of 
complex I (39-, 20-, and 17-kDa subunits) and actin was used as the loading control. Glycolytic 
dependence is reflected by the metabolic phenotype of AIF-deficient breast cancer (Panel B). The 
indicated cell lines were harvested, washed, and seeded at equal densities in fresh medium. 48 h 
after plating, medium was collected, and the total glucose was assessed using the BioAssay 
systems QuantiChromTM glucose assay kit. The total number of cells in each well was assessed by 
Coulter counting and used to determine glucose consumption per cell (N=3). The data shown are 
pooled from three independent experiments. Data are shown as average ± s.e.m. *, p < 0.05. **, p 
< 0.01, p ***< 0.001 
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Immunoblot analysis was used to determine whether knockdown of AIF affects the 

expression levels of complex I in the panel of breast cancer cell lines. In MCF-7, none of the 

complex I subunits was reduced after AIF ablation; however, reductions in 39-kDa, 20-kDa, and 

17-kDa complex I subunits was observed in MDA-MB-231; whereas suppression of only 39-kDa, 

and 20-kDa were altered in MDA-MB-468 as shown in Figure 3.7A. These data suggest that the 

loss of complex I in breast cancer is dependent on the aggressive phenotype of breast cancer in 

agreement to our previous publication where AIF supports the advanced prostate cancer or 

aggressive pancreatic cancer cell lines. 

Mitochondria are essential for cellular energetics and metabolism (185, 186,186). Since the 

loss of complex I impairs oxidative phosphorylation, any alterations in the respiratory subunits of 

complex I will likely switch reliance on energy production from oxidative phosphorylation to 

glycolysis (187). Thus, to determine whether the ablation of AIF affects the glucose consumption 

in our panel of AIF-ablated breast cancer cell lines, glucose consumption was measured. MCF-7 

displayed slight alteration in glucose consumption when compared to control. These data are in 

concurrence with AIF ablation having a negligible effect on its complex I subunits. The AIF- 

deficient MDA-MB-231, and MDA-MB-468 consumed 4-fold and 6-fold, respectively, more 

glucose than their corresponding controls as shown in figure 3.7B. Moreover, MDA-MB-231 

likely displays an addiction to glycolysis (Table 1), revealing an upregulated glucose consumption 

when AIF was ablated. These findings were not identified in MIA PaCa-2, a pancreatic cancer cell 

line, which displayed a severe pre-existing addiction to glycolysis, and thus no changes in glucose 

metabolism were observed when AIF was ablated. Thus, AIF-ablated breast cancer studies are 

different from our previous publication, where the basal metabolic phenotype of pancreatic cancer 
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cell lines dictated the AIF activity in cancer (118). This evidence indicates a weak association 

between metabolic phenotype and sensitivity to AIF ablation in breast cancer. 

Differences in substrate utilization in AIF-deficient breast cancer cell lines 

 

Figure 3.8: AIF-deficient breast cancer cells were not selective to glycolytic disruption. 
MDA-MB-231-derived (A), MCF-7-derived (B), and MDA-MB-468-derived (C) cell lines were 
seeded in equal densities and allowed to attach overnight before treatment with 50 mM 2-
deoxyglucose. After 48 h cells were collected, and viability was determined by propidium iodide 
staining and flow cytometry. Data are shown as average ± standard deviation. 

Figure 3.7B demonstrates how AIF ablation altered glucose consumption in MDA-MB-

231 and MDA-MB-468. This alteration suggests that triple-negative breast cancer cell lines 

increased glucose uptake thus rendering them sensitive to AIF ablation. Therefore, we investigated 
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whether our panel of breast cancer cell lines is sensitized to glycolytic disruption. To test this 

hypothesis, we treated AIF deficient/proficient breast cancer cell lines with 2-deoxyglucose, a 

glycolysis inhibitor. In contrast to our previous findings, MDA-MB-468, whose basal metabolism 

relied on oxidative phosphorylation, was not sensitized to 2-deoxyglucose as shown in 3.8C. Also, 

MDA-MB-231, which has a predilection for glycolysis, was not sensitized further by AIF ablation. 

From Table 1, it can be suggested that MCF-7 can balance between glycolysis and oxidative 

phosphorylation and is flexible metabolically; thus, is most resistant to AIF ablation. Table 1 also 

demonstrates the metabolic flexibility of MDA-MB-468, which might contribute to bypassing 

metabolic hindrances caused by AIF ablation. 

 

Figure 3.9: Metabolic alterations in AIF-deficient MDA-MB-231 breast cancer cells. 
To assess the mitochondrial activities, the AIF-deficient/proficient MDA-MB-231 were 
transferred to a 96-well plate that also included a 100mM substrate, 6x tetrazolium-based dye and 
2.4mg/ml saponin. The consumption rates of substrates were monitored by measuring the OD590 
at the indicated time points (for 210 mins total). Unsupervised clustering of absorbance data was 
performed using OriginPro. The generated heat maps show metabolite clusters that are upregulated 
(blue) or downregulated (yellow) in the AIF-deficient group compared to the AIF-proficient 
control group. Each column represents a biological replicate from three-independent experiments; 
each row represents a metabolite. N=5. 
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Figure 3.10: Representative boxplots of altered metabolites in AIF-deficient MDA-MB-231 
breast cancer cells. 
Representative boxplots show the metabolites: Malic acid, Fumaric acid, Succinic acid, D-
Glucose-6-phosphate, D-Glucose-1-phosphate, and L-Glutamine that are altered in AIF-deficient 
cells compared to control cells. Statistical significance was assessed with Student’s t test (*, p < 
0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.05). N=5. 
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Therefore, we investigated if other substrates could be utilized for energy production in 

AIF-deficient/ proficient breast cancer cell lines. Here, we used a modified MitoPlate assay, which 

is a metabolic screening assay comprised of 23 substrates from glycolysis, the pentose phosphate 

pathway (PPP), TCA cycle, anaplerotic reactions, fatty acid transport/oxidation, and one-carbon 

metabolism. MDA-MB-231shAIF displayed a higher capacity to utilize intermediates of 

glycolysis (glucose-6-phosphate), glycogen synthesis(glucose-1-phosphate), and TCA cycle’s 

intermediates (fumarate, succinate, malate) as shown in Figure 3.9. The PPP is tightly connected 

to glycolysis as they share intermediates, including glucose-6-phosphate (G-6-P). Additionally, 

AIF-deficient MDA-MB-231 has a modest capacity to utilize tryptamine, citric, glutamine, serine, 

and hydroxybutyric acid more than its controls. Several TCA intermediates (succinic acid, 

fumarate, malic acid) were utilized more by MDA-MB-468shAIF than MDA-MB-468shLacZ as 

shown in Figure 3.13. However, for MCF-7, glutamine and D-Gluconate-6-phosphate are 

modestly consumed more in AIF-deficient cells than their counterparts as shown in Figure 3.11. 

Here, the capacity of cells to alter the metabolite consumption when AIF is ablated is correlated to 

their basal metabolic requirements. 

Control experiments were conducted to verify the accuracy of the MitoPlate assays, which 

revealed the increased consumption of specific substrates when AIF was ablated in breast cancer. 

Metabolic inhibitors such as lithium chloride and lonidamine were employed to validate the 

accuracy of the MitoPlate assay. Lithium chloride has demonstrated anticancer properties and is 

known to inhibit phosphoglucomutase, which catalyzes the interconversion of glucose-1-

phosphate (G-1-P) to glucose-6-phosphate (G-6-P) (188,189). Therefore, AIF-deficient cells 

consuming more glucose-6-phosphate and glucose-1-phosphate should give an absorbance reading 

similar to the control cells in the presence of lithium chloride.  
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Figure 3.11: Metabolic alterations in AIF-deficient MCF-7 breast cancer cells. 
To assess the mitochondrial activities, the AIF-deficient/proficient MCF-7 were transferred to a 
96-well plate that also included a 100mM substrate, 6x tetrazolium-based dye and 2.4mg/ml 
saponin. The consumption rates of substrates were monitored by measuring the OD590 at the 
indicated time points (for 210 mins total). Unsupervised clustering of absorbance data was 
performed using OriginPro. The generated heat maps show metabolite clusters that are upregulated 
(blue) or downregulated (yellow) in the AIF-deficient group compared to the AIF-proficient 
control group. Each column represents a biological replicate from three-independent experiments; 
each row represents a metabolite. N=5  

Lonidamine (LND) is a derivative of indazole-3-carboxylic acid and is known to inhibit 

mitochondrial hexokinase, inhibit the formation of fumarate and malate, and inhibit the succinate-

ubiquinone reductase activity of respiratory complex II (190,191). Therefore, AIF-deficient cells 

consuming more succinic acid should give an absorbance reading similar to the control cells in the 

presence of lithium chloride. From the figure 3.15(A-F), it can be observed that lithium chloride 

and lonidamine reverse the consumption of glucose-6-phosphate and succinic acid to the control 

levels, thus reinforcing our rationale and validating the efficacy of the MitoPlate assay.  

To assess sensitivity to lithium chloride and lonidamine, cell viability was measured using 

MTT assay. 
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Figure 3.12: Representative boxplots of altered metabolites in AIF-deficient MCF-7 breast 
cancer cells. 
Representative boxplots show the metabolites: Malic acid, Fumaric acid, Succinic acid, D-
Glucose-6-phosphate, D-Glucose-1-phosphate, and L-Glutamine that are altered in AIF-deficient 
cells compared to control cells. Statistical significance was assessed with Student’s t test (*, p < 
0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.05). N=5. 

Our results revealed that AIF-proficient MDA-MB-231 were resistant to lithium chloride, 

those that lack AIF displayed increased sensitivity with only 40% survival as shown in Figure 

3.16A. However, both AIF-deficient/proficient MDA-MB-468 were affected after treatment with 
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lonidamine with AIF-deficient MDA-MB-468 exhibiting substantial sensitivity with only 30% 

survival as shown in Figure 3.16B. This lack of selectivity might be due to capability of lonidamine 

to inhibit broad range of energy-yielding processes, the selectivity and sensitivity to AIF-deficient 

cells can be refined by employing better formulations of metabolic inhibitors having enhanced 

specificity. Although we did not test a wide range of drugs; our results suggest that metabolic 

inhibitors can potentially increase the selectivity and sensitivity of AIF-deficient cells. 

 

Figure 3.13: Metabolic alterations in AIF-deficient MDA-MB-468 breast cancer cells. 
To assess the mitochondrial activities, AIF-deficient/proficient MDA-MB-468 were transferred to 
a 96-well plate that also included a 100mM substrate, 6x tetrazolium-based dye and 2.4mg/ml 
saponin. The consumption rates of substrates were monitored by measuring the OD590 at the 
indicated time points (for 210 mins total). Unsupervised clustering of absorbance data was 
performed using OriginPro. The generated heat maps show metabolite clusters that are upregulated 
(blue) or downregulated (yellow) in the AIF-deficient group compared to the AIF-proficient 
control group. Each column represents a biological replicate from three-independent experiments; 
each row represents a metabolite. N=5  
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Figure 3.14: Representative boxplots of altered metabolites in AIF-deficient MDA-MB-468 
breast cancer cells. 
Representative boxplots show the metabolites: Malic acid, Fumaric acid, Succinic acid, D-
Glucose-6-phosphate, D-Glucose-1-phosphate, and L-Glutamine that are altered in AIF-deficient 
cells compared to control cells. Statistical significance was assessed with Student’s t test (*, p < 
0.05; **, p < 0.01; ***, p < 0.001; ns, p > 0.05). N=5. 

Discussion 

The biological role of apoptosis-inducing factor (AIF) in inducing chromatin condensation, 

DNA fragmentation, and cell death in a caspase-independent manner grabbed the attention of 

researchers for more than two decades (192,60). Studies conducted on harlequin mutant mice derived 



 

86 

from the inactivation of Aifm1 by proviral insertion in X-linked Aifm1 locus, showed that mice 

displayed higher oxidative stress and increased cerebellar degeneration (87). These observations 

implied that the apoptogenic function of AIF might be secondary and raised the possibility that its 

physiological functions might still be elusive. Previous studies on colorectal cancer demonstrated 

an elevated AIF expression and delineated the role of AIF in aiding tumor development via 

resisting chemical stress (115). In current studies, we demonstrated that AIF transcript levels are 

modestly elevated (less than 3-fold) in breast cancer tissues. The modest elevation of AIF 

expression in breast cancer cells is insufficient to trigger cell death, implying that the range of 

overexpression over which the increased AIF levels are either slightly advantageous or greater 

levels of AIF may become toxic. 

An increased expression of AIF was observed in diverse cancer cell types (more than 2 

fold), indicating that AIF might support tumor development contrary to its tumor-suppressive 

capabilities (116,114). The studies have shown that AIF's enzymatic activity can regulate cellular 

redox signaling, which explains how overexpression of AIF in cancer might benefit cancer growth 

(117,118,127,124). The catalytic activity of AIF in the JNK pathway is widespread, diverse, and 

dependent upon factors such as oncogene status and cellular metabolic activity; therefore, it might 

explain why AIF did not contribute to redox-mediated JNK activation in breast cancer as shown 

in Figure 3.3. From Table 1, it can be noted that our breast cancer panel is heterogeneous and 

differs in terms of histological grade and metabolic energy requirements. However, it was 

interesting to note that AIF leads to the activation of another redox-sensitive MAPK member, 

Extracellular signal-related kinase (ERK), in MCF-7, which is not reported in other cancer cell 

lines. Together this data suggests that in breast cancer, AIF-dependent redox activity might be 

correlated to the expression of the estrogen receptor. 
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Figure 3.15: Control experiments verifying the sensitivity of AIF-deficient triple negative 
breast cancer cell lines to metabolic inhibitors. 
The indicated cell lines were transferred to 96-well plate including the indicated substrates in 
presence of 10mM Lithium chloride or 100μM Lonidamine. The substrates consumption rates 
were measured with the modified MitoPlate assay for 210 minutes. Cells were seeded in equal 
densities and allowed to attach overnight before treatment with 10 mM Lithium chloride or 100μM 
Lonidamine. After 48-72 hours cells, viability was determined by MTT assay (Panel G-H). The 
data were pooled from three independent experiments. Data are shown as average ± s.e.m 
Statistical significance was assessed with Student’s t test *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
ns, p > 0.05). N=6. 
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Figure 3.16: AIF-deficient triple negative breast cancer cell lines are sensitive to metabolic 
inhibitors. 
Cells were seeded in equal densities and allowed to attach overnight before treatment with 10 mM 
Lithium chloride or 100μM Lonidamine. After 48-72 hours cells, viability was determined by 
MTT assay (Panel G-H). The data were pooled from three independent experiments. Data are 
shown as average ± s.e.m Statistical significance was assessed with Student’s t test *, p < 0.05; **, 
p < 0.01; ***, p < 0.001; ns, p > 0.05). N=6. 

Research on gene silencing of AIF in HeLa cells using small interfering RNA and genetic 

deletion of Aifm1 in mouse ES cells resulted in diminished oxygen consumption rate and increased 

lactate production (88). More studies in AIF deficient Saccharomyces cerevisiae and AIF-knockout 

Drosophila melanogaster displayed impaired OXPHOS due to loss of complex I and complex IV 

activities (187). Further studies implied that AIF interacts with IMS oxidoreductase CHCHD4 

(coiled-coil-helix-coiled-coil-helix domain containing 4), which is the mammalian homolog of 

yeast Mia40. AIF interacts with the crucial component of the mitochondrial import machinery that 

provides oxidoreductase-mediated protein folding function along with the sulfhydryl oxidase 

GFER (ALR/Erv1) as a vital part of the disulfide relay system (DRS) within the mitochondrial 

IMS (91,92,193,93). This line of evidence indicates that AIF indirectly assists in assembling the 

OXPHOS system, thus implying that dysfunctional OXPHOS impairs other mitochondrial 
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processes, apart from ATP synthesis (194). Our data show not only that AIF ablation leads to loss 

of complex I subunit expression but also that this loss is limited to triple-negative breast cancer. 

How this selectivity is achieved is unclear. Moreover, the mitochondrial status in our panel of 

breast cancer was affected by AIF ablation, which was undocumented in other cancer cell lines 

(127). Assessment of mitochondrial status by staining with tetramethylrhodamine ester (TMRM) 

and MitoTrackerTM Red suggests that AIF ablation does dissipate the mitochondrial 

electrochemical gradient and mitochondrial abundance, which was undocumented in other cancer 

cell lines (127). Therefore, AIF likely controls complex I and might be critical for mitochondrial 

biogenesis restricted to triple-negative breast cancer cell lines. 

The enzymatic activity of AIF is critical for the support and growth of prostate cancer and 

was more selective for advanced prostate cancer (117). In contrast, in pancreatic cancer cell lines, 

AIF selectively promotes the cancer progression directly related to cellular energy preferences 

(118). Presently, in breast cancer, the changes in growth rate in a nutrient-rich medium are correlated 

with changes in respiratory chain protein expression and concomitant alterations in glucose 

metabolism that were also selective for triple-negative breast cancer cell lines, an aggressive 

phenotype, but not based on its metabolic preferences. MDA-MB-468 cells relied on oxidative 

phosphorylation, demonstrating a decrease in complex I protein expression and elevated glucose 

consumption (approximately 6-fold) following an AIF ablation in agreement to our previous 

publication. MDA-MB-231 exhibits an elevated dependence on glycolysis compared to MDA-

MB-468 and MCF-7 cells as shown in Table.1. In contrast to our previous publications, pancreatic 

cancer cell lines such as HPAF-II or MIA PaCa 2 cells addicted to glycolysis neither lost complex 

I subunits nor exhibited altered glucose consumption, but MDA-MB-231 displayed a reduction in 

all three subunits of complex I protein expression. A similar trend is observed that supports the 
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hypothesis that the role of AIF in maintaining efficient mitochondrial electron transport becomes 

more critical as cells become more aggressive. 

AIF-deficient MDA-MB-231 and MDA-MB-468 displayed a metabolic phenotype of 

increased glucose consumption, but surprisingly, it was observed that AIF-deficient MDA-MB-

231 and MDA-MB-468 cell lines were not selectively sensitized to glycolytic disruption with 2-

deoxyglucose treatment as shown in Figure 3.8. Table 1 shows that MDA-MB-231 is already 

addicted to glycolysis; thus, AIF ablation would not aggravate the glycolytic disruption further. 

However, MDA-MB-468, which exhibits the greatest bias towards basal utilization of oxidative 

metabolism, did not demonstrate sensitivity to glycolytic disruption. The only possible explanation 

is that MDA-MB-468 cells exhibit the greatest metabolic flexibility, and thus, they can circumvent 

glycolytic disruption (180). Previously, we have shown that AIF plays a critical role in pancreatic 

cancer by inducing the cells to be reliant on glycolysis (118); however, AIF activity can be 

maximally exploited when a cell possessing a metabolic phenotype relies on a fuel source distinct 

from glucose. Therefore, we performed an experiment aimed at identifying additional metabolic 

substrates that are altered due to AIF ablation in our panel of breast cancer using a modified 

MitoPlate assay. Our Mitoplate assay shows that most of the consumption of Krebs cycle 

intermediate's such as succinate, malate, and fumarate was upregulated in AIF-deficient triple-

negative breast cancer cells than their control cells. The increased mitochondrial metabolism in 

AIF-deficient cells can be attributed to the fact that cells with mitochondrial defects use 

bidirectional metabolism of the TCA cycle (195). The TCA cycle not only generates reducing 

equivalents for oxidative phosphorylation but also maintains pools of biosynthetic precursors that 

feed biosynthetic pathways to produce lipids, proteins, and nucleic acid (196). Increased 

consumption of succinic acid in AIF-deficient TNBCs can be due to the increased respiratory 
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capacity in order to compensate for complex I deficiency (197). Thus, succinic acid can provide 

reducing equivalents to complex II or replenish the pool of TCA cycle intermediate to bypass the 

complex I deficiency in both (OXPHOS-dependent) MDA-MB-468 and (glycolytic-dependent) 

MDA-MB-231. However, lonidamine, an inhibitor of succinate-ubiquinone reductase activity of 

respiratory Complex II, selectively inhibits AIF-deficient MDA-MB-468 but not MDA-MB-231 

(data not shown) as MDA-MB-231 is glycolytic and lonidamine also targets hexokinase activity. 

The glycolytic phenotype in MDA-MB-231 can be due to the high preference to glycolysis rather 

than defects in mitochondrial function (198). In addition to TCA cycle intermediates, MDA-MB-

231 consumes (more than 2-fold) glucose-6-phosphate and glucose-1-phosphate when AIF is 

ablated. However, it should be noted that glucose-6-phosphate can interconvert into glucose-1-

phosphate. Both can act as a hub to metabolically connect glycolysis, the pentose phosphate 

pathway, glycogen synthesis, de novo lipogenesis, and the hexosamine pathway (199,200). There 

has been increasing evidence of glycogen metabolism contributing to MDA-MB-231 growth, and 

oncogenic factors such as c-myc are likely upstream candidates to modulate glycogen metabolism 

(201,202,203,204,205,206,207). Lithium chloride is a potent inhibitor of phosphoglucomutase activity 

resulting in alterations in glucose-phosphate levels (188,189). Therefore, lithium chloride inhibited 

AIF-deficient MDA-MB-231 more than their controls. The variations in substrate consumption in 

our panel of AIF-deficient breast cancer can potentially be correlated to their basal metabolic 

status, oncogenic status, or MAPK regulators. Additionally, we would like to emphasize that our 

study was conducted in an in-vitro 2D cell culture system; thus, our future goal is to conduct these 

experiments in a clinically relevant sample, such as patient-derived tissues or animal models, as 

their heterogeneity contributes to the metabolic reprogramming. Also, investigating the 
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involvement of the enzymatic activity of AIF in limiting metabolic flexibility can be another 

parameter to consider.  

Based on our current data, we propose that AIF activity can be maximally exploited in 

aggressive breast cancer as it switches from metabolic plasticity to metabolic dependencies. At 

present, the molecular mechanism defining AIF's role in breast cancer remains to be investigated. 

However, our current and previous studies highlight how mitochondrial dynamics and ERK 

pathway might be involved in breast cancer in an AIF-dependent manner, which was 

undocumented in other cancers. Also, current studies provide a potential framework for how AIF-

mediated therapy, in combination with an existing or new formulation of metabolic inhibitors, can 

increase the sensitivity and selectivity of hormone-independent breast tumors and can be exploited 

for neoadjuvant or adjuvant chemotherapy. 
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IV. SUMMARY, CONCLUDING REMARKS, AND FUTURE DIRECTIONS 

The pro-survival activity of AIF benefits tumorigenesis 

In 1996, Kroemer et al. first demonstrated the role of AIF in inducing cell death in a 

caspase-independent manner (65). However, contrary to its name and initial characterization, AIF 

does not function as a universal cell death effector. In contrast to apoptogenic activity, AIF also 

possesses intrinsic NADH oxidase activity that plays a critical role in maintaining the 

mitochondrial structure and function (64). In healthy cells, AIF is required to regulate mitochondrial 

bioenergetics through regulating ETC protein subunits, metabolic flux, and cellular redox state, as 

observed in knockout studies in mice and clinical mutations in humans (121).  

Thus, the pro-survival activity of AIF in normal cells is poised to benefit cancer cell 

growth, survival, and mitochondrial homeostasis. An increased expression of AIF was observed 

in diverse cancer cell types, bolstering that AIF might support tumorigenesis contrary to its tumor-

suppressive capabilities. Urbano et al. were the first to demonstrate that AIF promotes increased 

chemoresistance in colorectal cancer, suggesting that AIF might represent a novel drug target.  

The work in our lab demonstrated the significance of the enzymatic activity of AIF for 

aggressiveness and metabolism of prostate cancer, but not early-stage prostate cancer cells, a 

prostate cancer that grows slowly and has not disseminated outside the prostate gland. When AIF 

was ablated, decreased levels of complex I, changes in growth rate, alteration in glucose 

metabolism, and lactate secretion were observed in advanced prostate cancer cells. Subsequent 

published data implicated that the enzymatic activity of AIF was required for the activation of 

JNK, a redox-sensitive MAPK. AIF also promoted the cadherin switch in PC3 by activating JNK1. 

Altogether, these data strongly suggest that AIF plays a critical role in advanced prostate cancer 

cell lines by mediating mitochondrial metabolism and AIF-mediated JNK signaling. Additional 
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publications from our lab demonstrated that AIF supports metabolically defined pancreatic cancer 

growth and survival. A spectrum of metabolic sensitivity to AIF ablation was observed in 

pancreatic cancer, which was not identified in prostate cancer. Overall, the basal energetic 

requirements of pancreatic cancer cells determine the ability of AIF to support metabolic plasticity 

that benefits growth and survival. AIF was regarded as a metabolic sensor, thus projecting it as a 

promising novel therapeutic target. 

The physiological role of AIF in redox-signaling and mitochondrial metabolism unleashed 

the diverse possible functions of AIF but gives rise to more open-ended questions. Is AIF 

dependence associated with metabolic phenotype a unique feature of pancreatic cancer, or more 

cancer types? Further is the AIF-mediated signaling and metabolic activity relevant in a 3D cell 

culture model system? Therefore, the work presented in chapters 2 and 3 sought to answer the 

above questions and explore the potential of AIF as a therapeutic target.  

AIF promotes a cadherin switch in 3D PDAC, unreported in the 2D monolayer 

The enzymatic activity of AIF promotes the JNK1-mediated cadherin switch in the 2D 

monolayer culture of prostate cancer cells, PC3. We then questioned whether AIF-mediated 

cadherin switching was a unique feature of PC3 or whether a need to employ a different cell culture 

system was necessary  

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive cancers and are 

difficult to treat as it metastasizes to distant sites. PANC1 and HPAC that differs in metabolic 

phenotype were employed to assess the significance of AIF in metastasis. However, the study was 

conducted in a 3D cell culture system as it is one of the best-characterized models to reflect the in 

vivo behavior of cells in tumor tissues as cells display nutrient and oxygen gradients, complex 

cell-cell and cell-extracellular matrix (ECM) contact interactions (44,142).  
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Using methylcellulose as an additive in hanging drop proved to generate 3D spheroids of 

AIF-deficient/proficient PDAC cells as these cells are weak in self-aggregating. The 

characteristics of AIF-deficient PDAC were different from AIF-proficient PDAC in terms of 

viability, diameter size, and area of the spheroids. The diameter of 3D spheroids was also more 

than 400 μm, suggesting the presence of a hypoxia core. Immunoblot analysis demonstrated the 

involvement of AIF in promoting cadherin switch when PDACs were grown as 3D spheroids. The 

mechanism by which AIF might affect the downregulation of E-cadherin may be attributed to 

XIAP, one of the pro-survival binding partners of AIF. XIAP, an E3 ubiquitin ligase, ubiquitinates 

and induces E-cadherin endocytosis and promotes migration by activating TGF-β mediated 

EMT.(208). Another speculation is the involvement of the ERK pathway in the regulation of the 

EMT. In chapter 3, we demonstrated AIF-mediated ROS-dependent ERK activation. And ERK is 

required to disassemble cell adherent’s junctions and induce cell motility by TGF-β (209). 

Therefore, likely crosstalk between TGF-β signaling and AIF-mediated ERK signaling needs 

further investigation. 

The EMT markers such as E-cadherin and N-cadherin were undetectable in 2D as 2D 

monolayer fails to exhibit strong cell-cell or cell-matrix interactions. The metabolic significance 

of AIF in 3D was revealed by increased glucose consumption in AIF-deficient PANC1 and HPAC 

cancer cell lines. However, the magnitude of increased glucose consumption was correlated to the 

metabolic phenotype of PDACs. Therefore, 3D spheroids of AIF-deficient PANC1 were more 

sensitized to glycolytic disruption as AIF-deficient spheroids lost their integrity and robustness 

after 2-deoxyglucose treatment. Altogether, these data demonstrated the metabolic significance of 

AIF and revealed a likely axis of AIF/E-cadherin/N-cadherin/ tumor size. The in vivo studies will 

better bolster the proposed axis of AIF supporting the growth of the tumor as shown in Figure 4.1. 
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Future studies can be extended to additional cancer cell lines in a more complex 3D system, 

such as a heterogenous 3D cell culture system or organoids, to understand the significance of AIF. 

The intricate architecture of the 3D cell culture model will provide a better understanding of AIF-

mediated cellular signaling and AIF-mediated targeted therapy as it mimics the native ECM 

microenvironment. The metabolic function of AIF in 3D culture can further be expanded to 

identify additional substrates being altered in AIF-deficient cancer cell lines using MitoPlate and 

then employ appropriate metabolic inhibitors to inhibit cancer cells in an AIF-dependent manner. 

Expanding the spectrum of AIF metabolic activity in breast cancer 

The pro-survival activity and metabolic contribution of AIF increase with disease 

progression and are associated with an aggressive phenotype, as observed in prostate and 

pancreatic cancer (117,127). Breast cancer is heterogenous and can be classified into clinical 

subtypes. TNBCs are considered the most aggressive breast cancer as they resist hormone-

dependent therapy. Therefore, it was hypothesized that AIF might be well-positioned to influence 

TNBCs that critically rely on metabolic reprogramming for growth and survival. 

The evaluation of AIF's role in breast cancer revealed an essential role for AIF-dependent 

metabolism in pancreatic tumorigenesis. The panel of breast cancer cell lines (MDA-MB-231, 

MCF-7, and MDA-MB-468) was selected to reflect diversity in metabolic requirements and 

clinical subtypes. A stable knockdown of AIF in breast cancer cell lines revealed a decrease in 

protein expression of complex I subunits, increased glucose consumption, and impaired cell 

growth. These observations were seen in TNBCs, considered an aggressive form of breast cancer, 

concurrent to our previous findings where AIF ablation affected the advanced prostate cancer cells. 

However, this spectrum of alterations was not correlated to metabolic sensitivity as observed in 

pancreatic cancer cells but based on its clinical subtype. Moreover, changes in membrane potential 
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and mitochondrial abundance were observed in AIF-deficient triple-negative breast cancer cell 

lines (MDA-MB 231 and MDA-MB-468), which were undocumented in other cancer cell types 

tested in our lab. Tissue-specific AIF knockout studies in mice demonstrated reduced activation of 

the PGC1α pathway (210). And peroxisome proliferator-activated receptor-gamma coactivator 1 

alpha (PGC-1α) is the central regulator of mitochondrial biogenesis (211). Analysis of invasive 

breast cancer also revealed overexpression of Drp1, which has been implicated with the 

upregulation of mitochondrial biogenesis in breast cancer (212). The AIF ablation sensitivity in 

breast cancer was different than that observed in pancreatic or prostate cancer due to the 

heterogeneous characteristics of breast cancer. Relative to other cancer, breast cancer exhibits a 

complex overlap of clinical subtype and metabolic phenotype, which is not reported in pancreatic 

or prostate cancer. Additional factors such as oncogenic status (KRAS, PI3K, Akt, and c-MYC) 

and tumor suppressor genes (p53 and AMPK) in breast cancer might interact with cell signaling 

and epigenetic pathways orchestrating the network of metabolic adaptations, which in turn 

influence breast cancer progression (3). 

In pancreatic cancer, AIF sensitivity was maximized when the cancer cells were dependent 

on OXPHOS; however, in the breast cancer cell lines, MDA-MB-468, regarded as OXPHOS-

dependent, was insensitive to glycolytic disruption when AIF was ablated. This was attributed to 

the metabolic flexibility of MDA-MB-468 to circumvent the AIF deficiency. However, this data 

led to the exploration of additional metabolic substrates other than glucose that are altered due to 

AIF ablation in our panel of breast cancer using a modified MitoPlate assay. Mitoplate assay 

identified an upregulation in the consumption of intermediates of glycolysis (glucose-6-

phosphate), glycogen synthesis(glucose-1-phosphate) in MDA-MB-231; TCA intermediates 

(fumarate, succinate, malate) in MDA-MB-468; and glutamine consumption was modestly 
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elevated in MCF-7 when AIF was ablated. These data gave a novel insight into employing 

metabolic inhibitors such as lonidamine and lithium chloride to inhibit triple-negative breast 

cancer in an AIF-dependent manner. The MitoPlate assay highlights the identification of 

oncometabolite and provides potential therapeutic opportunities for targeting the TCA cycle 

intermediates in cancer cells. To date, fumarate and succinate have been characterized as bona fide 

oncometabolites (213). The TCA cycle intermediates qualify more than the ordinary intermediate 

as the intermediates can act as effector molecules to activate or inhibit signaling pathways or 

assume cytokine-like or chemokine-like roles (214). Overall, these suggest that AIF exerts its pro-

tumorigenic role by modulating oncometabolite abundance. Altogether, the data conveys that AIF 

activity can be maximally exploited in aggressive breast cancer as it switches from metabolic 

plasticity to metabolic dependencies. 

Future experiments should focus on investigating the molecular mechanism defining the 

role of AIF in breast cancer and also define the enzymatic activity of AIF in breast cancer 

progression. The present study observed AIF-mediated ROS-dependent ERK activation in MCF-

7, a non-invasive breast cancer, which was undocumented in other cancers. Therefore, identifying 

downstream or upstream effectors in AIF-mediated ERK activation will draw a detailed picture of 

AIF in MAPK signaling. We also questioned the ability of AIF to influence other redox sensitive 

pathways that needs further investigation. Moreover, the Mitoplate assay allowed the identification 

of substrates involved in myriad biochemical pathways that can be extended to additional cancer, 

including prostate and pancreatic cancer. Also, current studies provide a potential framework to 

employ a combination of existing or new formulations of metabolic inhibitors to increase the 

sensitivity and selectivity of a tumor in an AIF-dependent manner that can be exploited for 

neoadjuvant or adjuvant chemotherapy. Cell-targeted delivery such as liposome-based, gold-, and 
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magnetic-nanoparticle-based delivery systems can reduce the overall toxicity of cytotoxic drugs 

and increase their effectiveness and selectivity.  

  

Figure 4.1: Proposed mechanism of AIF-mediated control of metabolism, mitochondrial 
dynamics, and redox-signaling observed in various cancers. 
AIF activity promotes redox-signaling regulating EMT. AIF regulates metabolism by modulating 
the TCA cycle’s intermediates. AIF activity mediates the control of membrane potential. AIF 
activity mediated ROS-dependent ERK and JNK activation. (Note: The spectrum of AIF-mediated 
regulation can be cancer-specific). 
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Conclusions  

Altogether, the present study underscores the pleiotropic role of AIF in mediating a balance 

among different hallmarks of cancer, notably 1) resists cell death, 2) activates metastasis, 3) 

sustains proliferative signaling, and 4) deregulates cellular metabolism as proposed in Figure 4.1. 

The significance of AIF in a complex 3D environment reinforces the impact of AIF on cadherin 

switch and metabolic function. The metabolic function of AIF modulates cellular activities, 

including metabolism, ERK signaling, and mitochondrial biogenesis in breast cancer as shown in 

Figure 4.1. The current study highlighted AIF activity in modulating TCA cycle metabolites, 

especially succinic acid and fumarate, a bonafide oncometabolite. These provide a fresh insight 

into cancer metabolism, which was predisposed by the Warburg effect. Overall, AIF plays a pivotal 

role in identifying metabolic vulnerabilities for therapeutic interventions, eventually bringing 

targeted metabolomics to fruition. 
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