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ABSTRACT 

Programmed cell death is critical to the development and maintenance of 

multicellular organisms, and is also significant in the pathogenesis and treatment 

of various diseases. Several biochemically and morphologically unique forms of 

cell death have been defined in mammalian cells. This thesis examines the 

regulation and mechanism of two distinct cell death processes - apoptosis and 

ferroptosis.  

 

Apoptosis is dependent on the activation of a family of serine proteases, 

known as caspases. The cell intrinsic pathway, one of two critical caspase 

activation pathways in mammals, is characterized by mitochondrial outer 

membrane permeabilization. This leads to release of cytochrome C into the 

cytosol, where it binds to the adaptor protein Apaf-1, and triggers formation of the 

apoptosome, a caspase activation complex. The cellular apoptosis susceptibility 

protein (CAS) can facilitate apoptosome assembly by stimulating nucleotide 

exchange on Apaf-1 following cytochrome C binding. Here, I describe a signaling 

cascade that induces upregulation of CAS during TRAIL-induced apoptosis. I find 

that upon activation, caspase-8 mediates degradation of cIAP1, an E3 ligase that 

targets CAS for ubiquitin-dependent proteasomal degradation. Additionally, using 

in silico analysis, I observe that CAS is overexpressed in a subset of human 

breast tumors, and provide evidence to suggest that this could sensitize these 

tumor cells to apoptotic insults. 
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In the second part of this dissertation, I describe our efforts in 

characterizing a novel cell death process induced by amino acid starvation in the 

presence of serum. We determine this process to be ferroptosis, a recently 

described form of non-apoptotic cell death characterized by an iron-dependent 

accumulation of reactive oxygen species. I subsequently explore the mechanism 

underlying this form of cell death, and find that ferroptosis is accompanied by 

gross morphological changes in the mitochondrial architecture of cells. 

Genetically or pharmacologically perturbing mitochondrial fission inhibits 

ferroptosis. Additionally, using live cell imaging, I observe that ferroptotic stimuli 

induce robust mitochondrial membrane hyperpolarization. Finally, I demonstrate 

that the presence of mitochondria with an intact membrane potential contributes 

to the execution of ferroptosis, downstream of lipid peroxidation. 
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CHAPTER 1  

INTRODUCTION 

1.1 Programmed Cell Death: A Historical Perspective  

Somewhat ironically, the process of cell death is essential to the 

development and maintenance of eukaryotic life. Cell death provides a counter-

balance to cell proliferation, and is thus critical in shaping the structure and 

function of multicellular organs, by allowing for precise control of cell number. 

Historically, the death of cells was viewed as a purely “accidental” phenomenon 

induced by extreme environmental stress. However, as scientists began studying 

the process of development in various model organisms, evidence contradicting 

this idea began to appear. In 1842, Carl Vogt described the death of individual 

notochordal and cartilaginous cells as a normal part of amphibian embryogenesis 

(Vogt, 1842). Many years later, Lockshin and Williams demonstrated that the 

coordinated degradation of muscles cells during silkworm metamorphosis was 

orchestrated by a specific signaling system (Lockshin and Williams, 1964). They 

coined the term “programmed cell death” to describe the idea that a mechanism 

to kill specific cells at particular times is somehow programmed into the 

developmental plan of the organism. Pioneering work in the nematode C. 

elegans revealed that a small family of genes (including Egl-1, Ced-9, Ced-4 and 

Ced-3) mediates the precise and controlled execution of the same 131 (out of 

1090) somatic cells during the maturation of each worm (Ellis et al., 1991).  

Collectively, these studies and others established the concept that cell death is 
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genetically encoded within the dying cell itself, and can be executed in response 

to a specific signal(s). 

 

Since then, programmed cell death has been implicated in a wide variety 

of processes in adult organisms as well. Epithelial cells in the intestine undergo 

constant cycles of death and renewal (Barker, 2014). Lymphocytes undergo 

rapid expansion when participating in host defense, but then contract to resting 

state numbers thereafter (Rathmell and Thompson, 2002). Not surprisingly, cell 

death can also have deleterious effects and is involved in various human 

pathologies including autoimmune diseases, neurological disorders, ageing and 

cancer (Thompson, 1995).  

 

 Historically, cell death has been divided into three types based on 

morphological features: type I (apoptosis), type II (autophagy), and type III 

(necrosis). Apoptosis and autophagy were considered to be “programmed”, while 

necrosis was believed to be unregulated (Schweichel and Merker, 1973). 

However, these traditional lines of classification have increasingly blurred with 

the discovery of additional forms of regulated cell death (Galluzzi et al., 2015). 

Furthermore, it is now well appreciated that necrosis itself can be a regulated 

process (Berghe et al., 2014). Ultimately, studying the signaling pathways 

controlling the different cell death forms will help understand how they are 

interconnected at the molecular level, and refine our understanding of their 

respective physiological relevance. 
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1.2 Apoptosis 

For decades, programmed cell death has been synonymous with 

apoptosis. First described in 1972, apoptosis is now recognized as a 

biochemically and morphologically unique form of cell death, characterized by 

cell shrinkage, chromatin condensation, membrane blebbing and fragmentation 

of the cell into apoptotic bodies (Kerr et al., 1972). Plasma-membrane integrity is 

maintained throughout this process, and the apoptotic bodies are eventually 

eliminated by phagocytosis, thus preventing an inflammatory reaction. 

 

Apoptosis was eventually linked to the programmed cell death pathway 

observed in C. elegans development (Vaux et al., 1992). Subsequently, 

mammalian orthologs of the C.elegans death proteins were identified and shown 

to possess similar functions: Ced-9 was linked to the Bcl-2 family, Ced-4 to Apaf-

1 and Ced-3 to the caspase family (Vaux and Korsmeyer, 1999). A similar set of 

apoptotic regulators were also identified in the fruit fly Drosophila melanogaster, 

establishing that the core machinery of this pathway is conserved across 

metazoans (Fuchs and Steller, 2011). It should however be noted that there are 

clear differences in the relative importance and function of individual proteins in 

the pathway between mammals and invertebrates (Kornbluth and White, 2005). 

 

In mammals, apoptosis appears to be the most common form of cell death 

during development. It is required for many diverse events including the 

elimination of vestigial structures, formation of digits and luminal structures, and 
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negative selection of lymphocytes, among many others (Jacobson et al., 1997). 

Thus, it is not surprising that deletion of the core apoptotic proteins including 

Apaf-1, caspase-9 and caspase-3 leads to perinatal lethality (Kuida et al., 1996; 

Kuida et al., 1998; Yoshida et al., 1998). 

  

Aberrations in apoptosis have been implicated in various human 

pathologies. Evasion of apoptosis has been recognized as a hallmark of cancer, 

since it provides tumors cells the opportunity to proliferate unchecked (Hanahan 

and Weinberg, 2011). In fact, one of the most common alterations in tumors is 

inactivation or loss of the tumor suppressor p53, which is instrumental in directing 

cells to die in response to toxic accumulation of DNA damage or other 

chromosomal abnormalities (Levine, 1997).  Tumor cells also upregulate potent 

anti-apoptotic genes such as members of the Bcl-2 and IAP family of proteins, 

which confer resistance to various apoptotic signals (Yip and Reed, 2008; Gyrd-

Hansen and Meier, 2010).  Consequently, promoting apoptosis is a key strategy 

in developing chemotherapeutic agents. Conversely, excessive apoptosis is 

detrimental as well, particularly when the dying cells are not easily replaced. For 

example, the loss of neurons in neurodegenerative diseases such as 

Alzheimer's, Parkinson's and Huntington’s diseases stems from over activation of 

apoptotic pathways (Mattson, 2000). In these scenarios, inhibiting apoptosis is 

likely to provide therapeutic benefit (Waldmeier, 2003). 
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The successful execution of apoptosis is dependent on the activity of a 

family of cysteine-dependent aspartate-specific proteases, termed caspases. The 

role of caspases in apoptosis first became apparent when it was discovered that 

the C. elegans Ced-3 protein was homologous to the mammalian interleukin-1ß-

converting enzyme, a cysteine protease now known as caspase-1 (Yuan et al., 

1993). Ironically, this founding member of the caspase family does not appear to 

possess any direct apoptotic function, but rather plays a role in inflammation and 

an alternate form of cell death termed pyroptosis (Franchi et al., 2009). To date, 

eleven human and ten murine caspases have been identified, and can be 

functionally divided into apoptotic (caspase-2, -3, -6, -7, -8, -9,-10 ) and 

inflammatory (caspase-1, -4, -5, -11, and -12) subfamilies (Li and Yuan, 2008). 

However this is likely an oversimplification, since caspases clearly play a role in 

other processes like cellular differentiation that cannot be classified as 

inflammatory or apoptotic (Shalini et al., 2015). Additionally, certain caspases 

appear to be involved in both processes, as well as in non-apoptotic forms of 

programmed cell death (Galluzzi et al., 2016).  

 

An alternate way to classify caspases is based on their structure and 

mode of activation. All caspases are synthesized as catalytically inactive 

zymogens and must undergo proteolytic processing in order to be activated 

during apoptosis (Riedl and Shi, 2004). Initiator caspases (caspase-1, -2, -4, -5, -

8, -9, -10, -11, -12) possess long prodomains that contain either a death effector 

domain (DED) or a caspase-activation and recruitment domain (CARD). These 
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domains mediate the recruitment of the initiator caspases to specific adaptor 

proteins, which is believed to increase the local concentration of the caspase, 

and thus promote proximity induced homodimerization and proteolytic processing 

(Thornberry and Lazebnik, 1998; Degterev et al., 2003). In contrast, executioner 

caspases (caspase-3, -7, -8) contain a shorter prodomain and exist as dimers 

even in their inactive state. Their activation is mediated through direct cleavage 

by upstream initiator caspases, which induces a conformational change that 

favors formation of the catalytic site (Pop and Salvesen, 2009). Active 

executioner caspases cleave a variety of cellular substrates resulting in the 

inactivation of apoptotic inhibitors, disassembly of cellular structures, and 

shutdown of various metabolic and homeostatic functions, thus preparing the cell 

for its demise.   

 

As is to be expected, the regulation of apoptosis in mammals is more 

complex relative to lower organisms. Research over the decades has identified 

two primary mammalian apoptotic pathways: the cell intrinsic or mitochondrial-

mediated pathway, and the cell-extrinsic or death receptor-mediated pathway 

(Figure 1.1). In the following sections, I describe the signaling cascades 

underlying these pathways in detail.  
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Figure 1.1. Intrinsic and extrinsic pathways of apoptosis in mammalian cells. 
In the intrinsic pathway, cellular damage signals act through BH3-only proteins to 
activate Bax and Bak, leading to mitochondrial outer membrane permeabilization 
(MOMP). This results in the release of cytochrome C (Cyt. C) and subsequent formation 
of the apoptosome, a scaffold for activating caspase-9 (C9). Caspase-9 goes on to 
activate the effector caspases-3 and -7 (C3/7). MOMP also leads to the release of 
Smac/DIABO which antagonize the IAP family of caspase inhibitors. In the extrinsic 
pathway, extracellular ligands (such as Fas or TNF-α) engage their cognate cell surface 
receptor, leading to the recruitment of adaptor molecules such as FAS-associated death 
domain protein (FADD), and formation of a death-inducing signaling complex (DISC). 
Caspase-8 (C8) is activated by association with the DISC and goes on to activate 
effector caspases-3 and -7 directly. Caspase-8 can also cleave Bid, which leads to 
MOMP by Bax and Bak, thus engaging the intrinsic pathway as well. Figure is modified 
from Crawford ED, Wells JA. (2011) Caspase substrates and cellular remodeling. Annu 
Rev Biochem. 80, 1055-87. 
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Intrinsic apoptosis pathway 

 The cell intrinsic pathway is characterized by its dependence on the 

mitochondria as the sentinel of death (Jiang and Wang, 2004). Upon sensing 

signals like DNA-damage or endoplasmic reticulum (ER)-stress, mitochondria 

undergo outer membrane permeabilization, allowing for the release of 

cytochrome C from the intermembrane space (Liu et al., 1996). In the cytosol, 

cytochrome C binds to the essential mediator Apaf-1, triggering the formation of 

the heptameric protein complex, the apoptosome (Zou et al., 1997). The 

apoptosome recruits the initiator caspase, caspase-9, leading to its dimerization 

and subsequent activation (Zou et al., 1999). Active caspase-9 then directly 

cleaves and activates the executioner caspases-3 and -7, which target a variety 

of substrates, ultimately leading to cellular demise (Li et al., 1997). 

 

The process of mitochondrial outer membrane permeabilization  (MOMP) 

is intricately regulated by the Bcl-2 family of proteins, which includes both pro- 

and anti-apoptotic members. The pro-apoptotic Bcl-2 family members can be 

further divided into two subfamilies: effectors and BH3-only proteins. The 

effectors (Bax, Bak and Bok) contain four Bcl-2 homology (BH1-4) domains. 

Upon activation, Bax and Bak undergo conformational changes leading to homo-

oligomerization and insertion into the mitochondrial outer membrane. Bok 

appears to be a non-canonical effector, activated specifically in response to ER-

stress (Llambi et al., 2016). The BH3-only proteins contain a single BH3 domain 

and include Bid, Bim, Bad, Puma, Noxa, Bik, Mule, Bmf and Hrk. Upon activation 
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by death signals, they stimulate MOMP either by directly inducing oligomerization 

of Bax and Bak (direct activators), or by inhibiting the anti-apoptotic Bcl-2 

repertoire (sensitizers). The anti-apoptotic members of the family (Bcl-2, Bcl-xL, 

Bcl-w, Mcl-1 and A1) also contain four BH domains, and mediate their effect by 

directly inhibiting the pro-apoptotic family members (Youle and Strasser, 2008; 

Chipuk et al., 2010). Thus, the Bcl-2 family of proteins acts as an internal 

“conscience” of the cell, by sensing intracellular stress and relaying these signals 

to the mitochondria to determine cell fate. 

 

Extrinsic apoptosis pathway 

 The cell extrinsic pathway is triggered by transmembrane “death 

receptors”, primarily of the tumor necrosis factor (TNF) superfamily (Ashkenazi 

and Dixit, 1998). Well-characterized apoptosis inducing members of this family 

include TNF-α, CD95/FAS ligand, and TRAIL. Binding of their respective 

extracellular ligands triggers the clustering of these death receptors on the cell 

surface, and promotes association of their death domains on the cytoplasmic 

side. This in turn leads to recruitment of other cytoplasmic adaptor proteins with 

their own death domains including FADD (FAS-associated death domain) and 

TRADD (TNF receptor-associated death domain), which recruit the initiator 

caspases-8 and -10 to form the death-inducing signaling complex (DISC). At the 

DISC, caspases-8 and -10 are activated through autocatalytic processing, and 

can then directly cleave and activate the executioner caspases -3 and -7 (Wilson 

et al., 2009; Ashkenazi and Salvesen, 2014). Activation of caspase-8 can be 
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inhibited by the cellular FLICE inhibitory protein (c-FLIP), a decoy protein that is 

structurally similar to caspase-8 but lacks a functional protease. c-FLIP thus 

competes with and displaces caspase-8 from binding FADD at the DISC  (Irmler 

et al., 1997; Scaffidi et al., 1999a). 

 

 In parallel with activating caspase-3, caspase-8 can also cleave the BH3-

only protein Bid, inducing its translocation to the mitochondria, where it can 

induce MOMP through mechanisms discussed earlier, and thus activate the cell 

intrinsic pathway as well (Li et al., 1998). Intriguingly, in some cell types (type I 

cells, e.g. lymphocytes), induction of MOMP by Bid is dispensable for apoptosis 

induced by death ligands. In contrast, type II cells (eg. hepatocytes) rely on 

MOMP for successful execution of the extrinsic apoptosis pathway. Thus, 

overexpression of anti-apoptotic Bcl-2 family members is sufficient to inhibit 

death-receptor mediated apoptosis in type II cells (Scaffidi et al., 1998; Scaffidi et 

al., 1999b). The reason for this dichotomy is linked to expression of the X-linked 

inhibitor of apoptosis protein (XIAP) (Jost et al., 2009), a direct inhibitor of both 

caspase-3/7 and caspase-9 (Deveraux et al., 1997; Srinivasula et al., 2001). 

XIAP activity in-turn is inhibited by SMAC/DIABLO and Omi/HtrA2, proteins that 

are released from the mitochondria following MOMP (Du et al., 2000; Verhagen 

et al., 2000; Suzuki et al., 2001). Thus MOMP mediated XIAP-antagonism is 

necessary for death receptor-mediated apoptosis in type-II cells. 
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 Remarkably, in some cell lines, if caspase-8 activity is inhibited 

pharmacologically or genetically, activation of certain death receptors (including 

FAS and TNFR1) can promote a programmed necrosis pathway termed 

necroptosis instead (Vandenabeele et al., 2010). Under these circumstances, 

death receptor stimulation leads to the formation of the necrosome, a protein 

complex containing the kinases RIP1 and RIP3 (Degterev et al., 2008; He et al., 

2009; Zhang et al., 2009; Li et al., 2012). The formation of the necrosome is 

regulated by trans-phosphorylation of RIP1 and RIP3 as well as ubiquitin-editing 

of RIP1 by various E3 ligases and deubiquitinases (Cho et al., 2009; 

Vandenabeele et al., 2010). At the necrosome, RIP3 phosphorylates the 

psuedokinase MLKL, promoting its oligomerization and translocation to the 

plasma membrane. Once at the plasma membrane, MLKL oligomers disrupt 

membrane integrity and induce necrotic cell death (Murphy et al., 2013; Cai et 

al., 2014; Wang et al., 2014; Quarato et al., 2016). It is believed that active 

caspase-8 inhibits necroptosis, likely through cleavage of key substrates involved 

in the pathway, including RIP1, RIP3 and the deubiquitinase CYLD (Lin et al., 

1999; Feng et al., 2007; O'Donnell et al., 2011; Oberst et al., 2011).  

 

Several of the death ligands also promote signaling pathways linked to cell 

proliferation including the NF-κB, c-Jun and MAPK pathways (Ashkenazi and 

Salvesen, 2014). The death receptor is thus a key signaling node that can 

mediate apoptotic, necroptotic, and survival pathways depending on cellular 

context and co-stimulatory signals. 
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In summary, apoptosis is a critical programmed cell death process with 

wide ranging physiological implications. While the core apoptotic machinery has 

been well characterized, several novel regulators of the pathways continue to be 

identified. Furthermore, understanding the functional interplay between apoptosis 

and other cell death pathways remains an exciting area of research.  

 

1.3. Non-apoptotic programmed cell death. 

Historically, necrosis or  “type III” cell death was considered to be an 

accidental process, caused by extreme physio-chemical stress. The first hints 

that necrosis can be regulated came from studying caspase-8 independent cell 

death in response to death ligands like TNFR and FAS. The kinase RIP1 was 

subsequently identified as a key effector of this new cell death process, now 

termed necroptosis (Holler et al., 2000). Small molecule screening later led to the 

discovery of necrostatin-1, a chemical inhibitor of necroptosis (Degterev et al., 

2005). Further experiments revealed RIP1 to be the primary cellular target of 

necrostatin-1, lending further credibility to the idea that necrosis can be a 

programmed or regulated process (Degterev et al., 2008). 

 

Concurrent with the characterization of necroptosis, several other forms of 

regulated, non-apoptotic cell death have been described. This includes anoikis 

(Frisch and Francis, 1994), parthanatos (Yu et al., 2002), entosis (Overholtzer et 

al., 2007), NETosis (Steinberg and Grinstein, 2007), ETosis (Wartha and 

Henriques-Normark, 2008), pyroptosis (Bergsbaken et al., 2009), ferroptosis 
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(Dixon et al., 2012), and autosis (Liu et al., 2013). It is important to note that 

while these cell death processes are triggered by distinct stimuli, the associated 

signaling pathways are highly interconnected (Berghe et al., 2014; Galluzzi et al., 

2014). Thus, the term “necrosis” can be considered to encompass several 

different modes of cell death that share common morphological features such as 

cell rounding, swelling, and bioenergetic failure. Elucidating the molecular events 

leading from the initial trigger to cell death in each of these pathways should 

ultimately help develop therapeutic methods of modulating necrosis in vivo. In the 

following section, I describe one such form of programmed necrosis that is a 

focus of my dissertation. 

 

1.4. Ferroptosis 

While genetic and biochemical approaches have been frequently 

employed in cell death studies, small molecules have been an invaluable tool in 

identifying and characterizing programmed cell death pathways as well. Notable 

examples include the use of staurosporine (a broad spectrum kinase inhibitor) in 

the early study of apoptosis (Bertrand et al., 1994), the identification of 

necrostatin-1, which confirmed the programmed nature of TNF-induced necrosis 

(Degterev et al., 2005), and the subsequent use of necrosulfonamide to identify 

MLKL as an essential downstream mediator of this death process (Sun et al., 

2012).  
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In the 2000’s, the Stockwell lab used chemical genetic screens to isolate 

several compounds that displayed synthetic lethality with oncogenic RAS. These 

include erastin (to date, the best characterized one) (Dolma et al., 2003), and the 

structurally distinct compounds RSL3 and RSL5 (Yang and Stockwell, 2008). 

Erastin-induced cell death did not show any of the morphological or biochemical 

features associated with apoptosis such as chromatin condensation, nuclear 

fragmentation, MOMP, caspase activation, or PARP cleavage, clearly indicating 

this is a non-apoptotic cell death process (Yagoda et al., 2007). Subsequent 

studies revealed that antioxidants such as Vitamin E, and iron-chelators such as 

deferoxamine could inhibit cell death induced by these compounds (Yang and 

Stockwell, 2008), indicating that this cell death process is dependent on the 

formation of reactive oxygen species (ROS) and the presence of labile iron. The 

name ferroptosis was thus coined to describe this form of iron-dependent 

oxidative cell death (Dixon et al., 2012). 

 

Mechanism of ferroptotic cell death 

 An early study identified the mitochondrial voltage-dependent anion 

channels VDAC2 and VDAC3 as the direct cellular targets of erastin using an 

affinity purification approach (Yagoda et al., 2007). However, subsequent work 

has demonstrated that the ability of erastin to induce cell death is likely 

dependent on in its inhibition of the cystine/glutamate antiporter, termed system 

xc
- (Dixon et al., 2012; Dixon et al., 2014). System xc

- is a cell surface amino acid 

transporter, which imports extracellular cystine in exchange for intracellular 
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glutamate (Sato et al., 1999). In the cell, cystine is reduced to the amino acid 

cysteine, a precursor for the synthesis of glutathione (GSH), a key cellular 

antioxidant (Lu, 2013). Thus, erastin treatment leads to cellular cysteine 

starvation and concomitant GSH depletion, thereby exposing the cells to 

excessive ROS accumulation. 

 

 RSL3 was shown to induce ferroptosis independent of system xc
--inhibition 

or GSH depletion (Dixon et al., 2012), suggesting the existence of a key 

modulator further downstream in the pathway. Affinity purification revealed that 

RSL3 targets glutathione peroxidase 4 (GPX4) (Yang et al., 2014). GPXs are a 

family of GSH-dependent antioxidant enzymes that catalyze the reduction of 

hydrogen peroxides or organic hydroperoxides to water or the corresponding 

alcohols (Brigelius-Flohé and Maiorino, 2013). Erastin and RSL3 thus represent 

two distinct classes of ferroptosis inducers based on mechanism of action: while 

class 1 compounds like erastin induce depletion of cystine and GSH leading to 

GPX4 inactivation, class II compounds like RSL3 directly inhibit GPX4 without 

affecting cellular cystine or GSH levels (Cao and Dixon, 2016) (Figure 1.2). 
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Figure 1.2. Overview of the ferroptosis pathway. 
System xc

- exchanges one molecule of intracellular glutamate for one molecule of 
extracellular cystine. Inside the cell, cystine is reduced to the amino acid cysteine, which 
is a key ingredient in the synthesis of GSH. GPX4 is a key antioxidant enzyme that 
reduces lipid peroxides in a GSH-dependent manner. Class I ferroptosis inducing 
compounds (FINs) inhibit system xc

- leading to cystine starvation and GSH depletion, 
while class II FINs inhibit GPX4 directly. Both lead to lethal accumulation of lipid ROS in 
an iron-dependent manner, which ultimately induces ferroptosis. Inhibitors of lipid 
peroxidation such as ferrostatin-1 can inhibit ferroptosis. The precise mechanism of 
liproxstatin-1, another ferroptosis inhibitor, is unknown, but structural studies suggest it 
may also function as a lipophilic antioxidant.  
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 Consistent with a central role for cystine, GSH, and GPX4 in mediating 

ferroptosis, other stimulants targeting this pathway have been described to 

induce ferroptosis as well. These include buthionine-(S,R)-sulfoximine (BSO) 

which directly inhibits GSH synthesis (Yang et al., 2014), as well as the clinically 

approved drugs sulfasalazine (Dixon et al., 2012) and sorafenib (Dixon et al., 

2014), which inhibit system xc
-. Additionally, the master tumor suppressor p53 

has been shown to sensitize cells to ferroptosis by repressing expression of 

SLC7A11 (an essential component of the system xc
- transporter), thus inhibiting 

cystine uptake (Jiang et al., 2015). 

  

 How does system xc
- inhibition or GPX4 depletion lead to cell death? 

GPX4 is unique in its ability to reduce oxidized phospholipids and cholesterol 

hydroperoxides (Ursini et al., 1982). Consistently, ferroptosis is accompanied by 

the accumulation of lipid-based ROS derived from oxidation of poly-unsaturated 

fatty acids (Dixon et al., 2012; Dixon et al., 2014). Notably, small molecules that 

neutralize lipid ROS can protect cells from ferroptosis, highlighting the 

importance of lipid peroxidation in this process. Such ferroptosis inhibitors 

include ferrostatin-1 (Skouta et al., 2014) and possibly, liproxstatin-1 (Friedmann 

Angeli et al., 2014). These inhibitors appear to be specific to ferroptosis, as they 

do not inhibit death induced by classic apoptotic and necroptotic insults. 

 

The precise cellular site of lipid ROS generation during ferroptosis is yet to 

be defined. Furthermore, the molecular events that follow lipid peroxidation are 
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also under investigation. Possible explanations include irreversible damage to 

the plasma membrane, or alternatively, inactivation of essential cellular proteins 

by reactive lipid intermediates (Cao and Dixon, 2016). Finally, although the 

requirement for intracellular iron in ferroptosis has been thoroughly established, 

how precisely iron contributes to cell death remains unclear. One proposed 

model is that iron is involved in the generation of lipid ROS, either as a direct 

electron donor through Fenton chemistry, or via the action of iron-dependent 

oxidases (Dixon and Stockwell, 2014; Yang and Stockwell, 2016). However, a 

redox-independent role for iron has not been ruled out either.  

 

Physiological relevance of ferroptosis 

 The role of ferroptosis in development is perhaps best understood in the 

context of GPX4, whose activity appears to be essential to prevent accumulation 

of lipid ROS in the cell. Inducible knockout of GPX4 in cell culture was found to 

be sufficient to induce ferroptosis, while constitutive knockout in mice leads to 

embryonic lethality (Yant et al., 2003; Seiler et al., 2008). Similarly, conditional 

knockout of GPX4 in adult animals induces ferroptosis in various tissues; 

neurons (Yoo et al., 2012), renal tubule cells (Friedmann Angeli et al., 2014), and 

T-cells (Matsushita et al., 2015)  have been shown to be especially susceptible. 

Thus, unlike apoptosis, which is essential for various developmental processes, 

current evidence suggests ferroptosis needs to be actively suppressed to ensure 

normal development.  

 



19 

 Several studies using ferroptosis inhibitors such as ferrostatin-1, improved 

ferrostatin analogs, and liproxstatin-1 have pointed towards a role for ferroptosis 

in various pathological cell death scenarios. These include Huntington's disease, 

acute ischemia-reperfusion induced injury of the kidney, and periventricular 

leukomalacia (Linkermann et al., 2014; Skouta et al., 2014). Work from our own 

lab has implicated ferroptosis in heart injury induced by ischemia-reperfusion as 

well (Gao et al., 2015).  While it is difficult to accurately estimate the specific 

contribution of ferroptosis to cell loss in these scenarios, these studies do 

suggest that inhibiting ferroptosis in vivo could be a promising therapeutic 

approach to treat such conditions.  

 

 While increased ferroptosis is highly detrimental to normal tissue, inducing 

ferroptosis poses to be a promising approach in cancer therapy. The ability of 

ferroptosis inducers to specifically kill RAS-mutant cells has been called into 

question, given that in a panel of 117 cancer cell lines, there was no significant 

correlation between RAS mutation status and erastin sensitivity (Yang et al., 

2014). Yet, the same study found that cells from certain types of cancers 

including diffuse large B cell lymphoma and renal cell carcinoma are intrinsically 

more sensitive to ferroptosis. Further, it is worth noting that the ferroptosis-

promoting ability of p53 significantly contributes to its tumor-suppressive function 

in vivo (Jiang et al., 2015), 

 



20 

 In summary, ferroptosis has emerged as an intriguing form of non-

apoptotic programmed cell death, characterized by the requirement of iron and 

the generation of lipid ROS. Current efforts are directed at further understanding 

the basic mechanism of ferroptosis, as well as developing both inducers and 

inhibitors of this process that could ultimately be used to provide therapeutic 

benefit in the clinic. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 

 
 

 



21 

1.5. Thesis Objectives 

 The aim of this dissertation is to better understand the mechanisms 

underlying both apoptotic and ferroptotic cell death. In Chapter 2, I investigate 

the regulation of apoptosis post-MOMP. Previous work has demonstrated that 

the cellular apoptosis susceptibility (CAS) protein stimulates apoptosome 

formation following cytochrome C release. I characterize the mechanism by 

which CAS levels are regulated following an apoptotic insult, and also briefly 

explore the effect of oncogenic transformation on CAS. In Chapter 3, I interrogate 

the molecular mechanism underlying ferroptosis. My interest in this project was 

triggered by a serendipitous cell death process observed in our lab, which we 

eventually determine to be ferroptosis. I subsequently elucidate a functional role 

for mitochondria in ferroptosis. Finally, in Chapter 4, I discuss the implications 

and unanswered questions stemming from work presented in this dissertation, 

and propose directions for future research to better understand how cells make 

the difficult transition from life to death.  
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CHAPTER 2  

REGULATION OF THE CELLULAR APOPTOSIS SUSCEPTIBILITY PROTEIN 

(CAS) DURING APOPTOSIS 

2.1. Introduction 

Induction of MOMP by the Bcl-2 family of proteins is a signature event 

during mitochondria-mediated apoptosis, and generally has several cellular 

consequences. MOMP is associated with release of several factors from the 

mitochondrial intermembrane space that can induce caspase activation (eg. 

cytochrome C) as well as caspase-independent cell death (eg. endonuclease G, 

apoptosis inducing factor-AIF) (Susin et al., 1999; Li et al., 2001). Additionally, 

loss of outer membrane integrity leads to an eventual decline in membrane 

potential and loss of key mitochondrial activities including ATP synthesis and 

mitochondrial protein import, while also contributing to increased reactive oxygen 

species (ROS) production (Waterhouse et al., 2001; Ricci et al., 2004). Given 

these dramatic consequences, MOMP has been postulated to be a “point-of-no-

return” for cell death, i.e. following MOMP, cells are committed to die regardless 

of caspase activation (Green and Kroemer, 2004). However, while this may be 

true in some cases, several lines of evidence contradict this claim. For instance, 

cells lacking Apaf-1 or caspase-9 (essential components for cytochrome-c 

dependent caspase activation) undergo MOMP but are highly resistant to various 

apoptotic insults in vitro, and loss of these proteins dramatically enhances tumor 

growth in vivo (Cecconi et al., 1998; Hakem et al., 1998; Kuida et al., 1998; 

Yoshida et al., 1998; Soengas et al., 1999; Jia et al., 2001). Neurons undergo 
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cytochrome C release upon nerve growth factor (NGF)-withdrawal, but can be 

protected from cell death by pharmacological or genetic inhibition of caspases, 

and completely recover following NGF re-stimulation (Martinou et al., 1999; 

Deshmukh et al., 2000). Such recovery from late stage apoptosis upon removal 

of the apoptotic insult has also been observed in a variety of other primary and 

immortalized cell lines (Tang et al., 2012). Unsurprisingly, inhibition of caspase-3 

activity has been identified as a key means to survive MOMP, as this allows cells 

to restore their mitochondrial network from the remaining pool of healthy 

mitochondria (Colell et al., 2007; Tait et al., 2010). 

 

The ability to survive MOMP has several important physiological 

implications. Firstly, it provides a mechanism to protect cells against “accidental” 

MOMP. This is particularly relevant in the context of long-lived, post-mitotic cells 

like cardiomyocytes and neurons. Both these cell types express low levels of 

Apaf-1 upon differentiation and have the ability to survive MOMP due to 

decreased apoptosome formation (Potts et al., 2003; Sanchis et al., 2003; Wright 

et al., 2004; Potts et al., 2005). Furthermore, caspase-3 and -9 are involved in 

several non-apoptotic processes (Tang et al., 2015) including differentiation of 

various cell types (Ishizaki et al., 1998; Weil et al., 1999; Fernando et al., 2002; 

Fernando et al., 2005; Murray et al., 2008), development and maintenance of 

neuronal function (Campbell and Holt, 2003; Huesmann and Clayton, 2006; Li et 

al., 2010), and proliferation and maturation of immune cells (Woo et al., 2003; 

Santambrogio et al., 2005). The low levels of caspase-3 activation observed in 

these scenarios is not lethal, but rather leads to changes in cell shape or 
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function, presumably resulting from cleavage of specific substrates. In the 

context of oncogenesis, tumor cells often evolve mechanisms of inhibiting 

caspase-3 activation downstream of MOMP, including down regulation or loss of 

Apaf-1 (Soengas et al., 2001; Wolf et al., 2001) or caspase-3 (Devarajan et al., 

2002), and overexpression of inhibitors of apoptosis proteins (IAPs) (Tamm et al., 

2000; Ferreira et al., 2001). Overcoming chemotherapy or radiation induced 

MOMP by limiting caspase-3 activation can facilitate tumor cell survival and has 

obvious clinical implications. Low levels of caspase-3 activation can also directly 

promote tumorigenesis through genomic instability in the absence of cell death 

(Ichim et al., 2015; Liu et al., 2015). Finally, it is worth noting that even in cases 

where MOMP is sufficient to trigger cell death, caspase-3 activity is essential in 

preventing an immune response in vivo (Rongvaux et al., 2014; White et al., 

2014). Collectively, these findings underscore the importance of understanding 

how caspase activation is regulated post-MOMP.  

 

Mechanisms to regulate caspase activity post-MOMP include direct 

inhibition of caspase-3/7 and caspase-9 by XIAP (Deveraux et al., 1997; 

Srinivasula et al., 2001), as well as XIAP-antagonism by SMAC/DIABLO and 

Omi/HtrA2 which are released from the mitochondria following MOMP (Du et al., 

2000; Verhagen et al., 2000; Suzuki et al., 2001). Caspase-9 is also subject to 

inhibitory phosphorylation by various kinases including Erk1/2, Akt, CDK1 

(Cardone et al., 1998; Allan et al., 2003; Allan and Clarke, 2007).  

 



25 

Regulating apoptosome formation is another critical means by which 

caspase-3 activity can be controlled following MOMP. After binding cytochrome 

C, Apaf-1 undergoes nucleotide exchange, where bound dADP is exchanged for 

dATP. This is a necessary step for apoptosome formation, and in the absence of 

exogenous dATP, cytochrome-C bound Apaf-1 forms nonfunctional aggregates 

(Kim et al., 2005). Previous work in our laboratory demonstrated that the cellular 

apoptosis susceptibility protein (CAS), functioning together with PHAPI and 

Hsp70, stimulates apoptosome formation by enhancing nucleotide exchange on 

Apaf-1 following cytochrome C-binding (Kim et al., 2008) (Figure 2.1). CAS was 

first identified in a screen for factors that inhibit cell death induced by various 

naturally occurring toxins, consistent with its ability to promote apoptosome 

formation (Brinkmann et al., 1995).  

 

In this chapter, I characterize a novel signaling pathway that regulates the 

expression of CAS during apoptosis. Using TRAIL as an apoptotic stimulus, I 

demonstrate that active caspase-8 induces a feed-forward cascade that leads to 

upregulation of CAS and thus amplifies the commitment to cell death following 

MOMP. I conclusively identify cIAP1 as an E3 ligase that targets CAS for 

ubiquitin-mediated proteasomal degradation. Furthermore, I explore the role of 

CAS in cancer cell growth and apoptosis. This work has been published in the 

Journal of Biological Chemistry (Monian and Jiang, 2016). 
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Figure 2.1. Model for apoptosome formation. 
Apaf-1 is present as inactive monomer in resting cells. Upon binding cytochrome c, 
Apaf-1 undergoes a conformational change and subsequent nucleotide exchange, 
leading to efficient apoptosome formation and caspase activation. However, in the 
absence of exogenous dATP, Apaf-1 adapts a permanently inactive conformation. CAS, 
PHAP1 and Hsp70 stimulate nucleotide exchange on Apaf-1 and thus drive apoptosome 
formation. 
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2.2. Results 

CAS promotes TRAIL-induced apoptosis  

Previous work by our lab demonstrated that knockdown of CAS rendered 

cells resistant to specific apoptotic stimuli including UV-irradiation and stimulation 

with TNF-α and IFN-γ (Kim et al., 2008). Intriguingly, these same stimuli also 

cause an upregulation of CAS at the protein level. Meanwhile, apoptosis induced 

by staurosporine remained unaffected by knockdown of CAS, and staurosporine 

failed to induced upregulation of CAS. This striking correlation suggests that 

upregulation of CAS plays a functional role in mediating the cellular response to 

select apoptotic stimuli. I sought to define the regulatory pathway that controls 

the regulation of CAS. In search of an ideal experimental system to study this 

pathway, I found that stimulation of MCF-10A cells with TRAIL (TNF related 

apoptosis-inducing ligand) induces a rapid and robust upregulation of CAS 

(Figure 2.2). TRAIL is a member of the TNF superfamily of cytokines, and has 

been investigated extensively as a therapeutic agent, particularly in the context of 

autoimmunity and cancer (Cretney et al., 2006; Johnstone et al., 2008). 
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Figure 2.2. TRAIL induces robust upregulation of CAS 
MCF10A cells were treated with 30 ng/ml TRAIL and harvested for western blot analysis 
at the indicated time points. 
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To confirm that CAS plays a role in TRAIL-induced apoptosis, I used 

siRNA to silence CAS expression. Relative to control siRNA, I found that 

knockdown of CAS significantly inhibited TRAIL induced caspase-3/7 activation 

in multiple cell lines tested (Figure 2.3A and B). Consistently, overall cell viability 

following TRAIL-treatment was greater in CAS-siRNA transfected cells (Figure 

2.3C and D), confirming that CAS facilitates TRAIL-induced apoptosis by 

stimulating caspase activation. 

 

TRAIL induced upregulation of CAS is caspase-8 dependent, but MOMP-

independent 

TRAIL induces apoptosis via the cell-extrinsic pathway, through activation 

of the initiator caspase-8, followed by the executioner caspases-3/7. I 

hypothesized that activation of one or more of these caspases plays an essential 

role in upregulating CAS upon TRAIL treatment. Indeed, I found that co-

treatment with a pan-caspase inhibitor (ZVAD-FMK) completely blocked TRAIL-

induced CAS upregulation  (Figure 2.4A). Furthermore, specific inhibition (Figure 

2.4A) or shRNA-mediated knockdown of caspase-8 (Figure 2.4B) inhibited 

increase in CAS-levels upon TRAIL-treatment. However, use of a caspase-3 

specific inhibitor failed to inhibit CAS upregulation (Figure 2.4B). All three 

inhibitors completely abolished downstream activation of caspase-3, confirming 

their respective efficacy. These results demonstrate that TRAIL-induced CAS 

upregulation is caspase-8 dependent, but caspase-3 independent. 
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Figure 2.3. CAS promotes TRAIL induced apoptosis. 
MCF10A cells transfected with non-target (NT) or CAS siRNA were treated with TRAIL 
(15 ng/ml for 4 hrs) for measurement of caspase-3/7 activity (A) or for 8 hrs at indicated 
concentration for measurement of cell viability (c). HT-29 cells transfected with NT or 
CAS siRNA were treated with TRAIL (12.5 ng/ml for 6 hrs) for measurement of caspase-
3/7 activity (B) or for 12 hrs at indicated concentration for measurement of cell viability 
(D). Representative phase-contrast images displaying cell morphology and western blots 
confirming knockdown of CAS are shown.  All values are mean ± SEM from at least 
three independent experiments (*P<0.05). 
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Figure 2.4. TRAIL induced CAS upregulation is caspase-8 dependent but caspase-
3 independent. 
(A) MCF10A cells were pre-treated for 30 min with 20 µM of a pan-caspase inhibitor 
(ZVAD-FMK), a caspase-3 inhibitor (C3i; DEVD-FMK) or a caspase-8 inhibitor (C8i; 
IETD-FMK) followed by 40 ng/ml TRAIL for 3 hrs and subsequently harvested for 
western blot analysis. Adjacent panel shows quantification of CAS levels (mean±SD) 
relative to untreated cells from three independent experiments (B) MCF10A cells stably 
expressing control shRNA or one of two different shRNA against caspase-8 were treated 
with 30 ng/ml TRAIL for 3 hrs and expression of the indicated proteins was analyzed by 
western blot. * Indicates a non-specific band 
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 Caspase-8 can in turn activate caspase-3 by two distinct mechanisms: 

direct cleavage of caspase-3, or through cleavage of the BH3-only protein, BID, 

leading to MOMP and cytochrome C release. To determine if MOMP is required 

for upregulation of CAS, I generated an MCF10A cell line stably overexpressing 

Bcl-xL, an anti-apoptotic Bcl-2 family protein that antagonizes MOMP by 

maintaining Bax in the cytosol (Edlich et al., 2011). To monitor the onset of 

MOMP, I used a fluorescent SMAC-cherry reporter construct, which localizes to 

mitochondria in healthy cells, but is released into the cytosol following TRAIL 

stimulation and subsequent MOMP. Bcl-xL overexpressing MCF10A cells were 

resistant to TRAIL-induced MOMP (Figure 2.5A), and caspase-3 activation. 

However overexpression of Bcl-xL failed to inhibit CAS upregulation (Figure 

2.5B), indicating that CAS upregulation occurs upstream of MOMP. Additionally, 

this also demonstrates that MCF10A are “type II” cells, i.e. they rely on the 

mitochondrial pathway to execute cell-extrinsic apoptotic signals. 

 

To dissect the mechanism for CAS upregulation, I tested if TRAIL induces 

an increase in transcription of CAS. qRT-PCR experiments revealed that CAS 

mRNA levels are not increased upon TRAIL treatment (Figure 2.6A). Additionally, 

TRAIL treatment led to comparable upregulation of a GFP-CAS fusion protein 

expressed under the control of a naive retroviral promoter (Figure 2.6B), 

indicating that CAS upregulation is post-transcriptional.   
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Figure 2.5. TRAIL-induced CAS upregulation occurs independent of MOMP. 
(A) Wild type (WT) and Bcl-xL overexpressing MCF10A cells stably expressing SMAC-
cherry were treated with 40ng/ml TRAIL for 2.5 hrs, and imaged for the onset of 
MOMP.  (B) WT and Bcl-xL overexpressing MCF10A cells were treated with 40 ng/ml 
TRAIL for 3 hrs and harvested for western blot analysis with the indicated antibodies. 
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Figure 2.6. TRAIL-induced CAS upregulation is post-transcriptional. 
(A) qRT-PCR was used to detect expression of CAS mRNA in MCF10A cells treated 
with 30 ng/ml TRAIL for 1hr. GAPDH was used as an internal control. Values are mean 
± SEM from three independent experiments. (B) Western blot of MCF10A cells stably 
expressing a GFP-His-CAS fusion protein following stimulation with TRAIL (30 ng/ml, 3 
hrs). 
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Common pathways of post-translational protein regulation include the 

ubiquitin-proteasome system and the lsyosome-autophagy system (Ciechanover, 

2005). To test if either or both of these proteolytic pathways play a role in 

regulating CAS levels, I tested the effects of MG132 (a proteasome inhibitor) and 

Bafilomycin A1 (a lysosome inhibitor) on CAS expression. MG132 treatment was 

sufficient to elevate basal levels of CAS while Bafilomycin A1 failed to do so 

(Figure 2.7A), suggesting that CAS is prone to ubiquitin-mediated proteasomal 

turnover under steady state conditions. Such a model would predict CAS 

ubiquitination to be decreased in response to TRAIL. Indeed, TRAIL-stimulation 

significantly reduced the accumulation of ubiquitinated CAS, but not global 

ubiquitinated proteins (Figure 2.7B). Consistent with the essential role of 

caspase-8 activation in promoting CAS upregulation, addition of the pan-caspase 

inhibitor ZVAD-FMK abolished the decrease in CAS ubiquitination in response to 

TRAIL. 
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Figure 2.7. TRAIL-induced CAS upregulation occurs through inhibition of its 
proteasomal degradation. 
(A) MCF10A cells were treated with the proteasome inhibitor MG132 (75 µM) or the 
lysosomal inhibitor Bafilomycin A1 (BafA, 20 nM) for the indicated time and then 
harvested for western blot analysis. (B) Lysates from MCF10A cells stably expressing 
GFP-His-CAS were subjected to pulldown with nickel beads under denaturing 
conditions, and subsequently probed with the indicated antibodies. Where indicated, 
cells were treated with 10 µM ZVAD for 30 min prior to addition of TRAIL (30 ng/ml, 4 
hrs). 
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Degradation of cIAP1 mediates CAS accumulation during TRAIL-induced 

apoptosis 

I hypothesized that TRAIL-treatment could lead to decreased CAS 

ubiquitination through two possible mechanisms - inhibition of an E3 ubiquitin 

ligase that targets CAS for degradation, or activation of a deubiquitinase (DUB) 

that removes polyubiquitin chains from CAS. To further dissect this signaling 

pathway, I sought to identify the protein(s) involved in this process. I undertook a 

candidate-based approach, focusing on proteins that meet two key criteria: 1) the 

candidate must possess E3 ligase and/or DUB catalytic activity, and 2) its 

expression or activity must be regulated by caspase-8 and/or TRAIL signaling. A 

thorough literature search revealed cIAP1 as a promising candidate. cIAP1 is a 

member of the IAP family of proteins, and possesses significant anti-apoptotic 

activity, but cannot directly inhibit the proteolytic activity of caspases (Eckelman 

and Salvesen, 2006). Rather, cIAP1 promotes cell-survival by regulating 

mitogenic signaling pathways induced by TNF and associated ligands through its 

potent E3 ligase activity (Bertrand et al., 2008; Mahoney et al., 2008). Consistent 

with previously published data (Guicciardi et al., 2011), I found that TRAIL 

stimulation leads to a significant decrease in cIAP1 levels in a caspase-8 

dependent manner (Figure 2.8A), thereby satisfying both criteria in our model.  

To test the relevance of cIAP1 in regulating CAS expression, I transfected siRNA 

targeting cIAP1 into MCF10A cells. Silencing cIAP1 expression led to a modest 

increase in basal levels of CAS relative to control siRNA (Figure 2.8B). 

Additionally, co-immunoprecipitation in 293T cells revealed that cIAP1 and CAS 
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can interact in vivo (Figure 2.8C). Meanwhile, silencing other putative candidates 

including XIAP (another IAP family member with E3 ligase activity that is 

degraded upon TRAIL treatment (Guicciardi et al., 2011)) or CYLD (a DUB 

known to be targeted by active caspase-8 (O'Donnell et al., 2011)) had no effect 

on basal CAS expression or TRAIL-induced CAS upregulation, respectively 

(Figure 2.8D and E). 

 

I found that overexpression of WT- but not E3 dead- cIAP1 in 293T cells 

promoted CAS degradation in a dose-dependent manner (Figure 2.9A). 

Consistently, WT-cIAP1 overexpression significantly increased polyubiquitination 

of CAS in vivo, while E3-dead cIAP1 had no such effect (Figure 2.9B), indicating 

that cIAP1 regulates CAS levels through its E3 ligase activity. To confirm that 

CAS is a direct substrate for cIAP1, I performed an in vitro ubiquitination assay, 

using cIAP1 purified from bacteria and CAS purified from HEK293T cells. I found 

that WT- but not E3-dead cIAP1 was sufficient to catalyze in vitro 

polyubiquitination of CAS in the presence of ubiquitin-activating enzyme (E1), 

ubiquitin-conjugating enzyme (E2), and ATP (Figure 2.9C). Collectively, these 

results demonstrate that cIAP1 directly ubiquitinates and targets CAS for 

proteasomal degradation. TRAIL-induced caspase-8 activation leads to a marked 

decrease in cIAP1 levels, thereby mitigating CAS ubiquitination and allowing for 

its accumulation. 
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Figure 2.8. TRAIL induces CAS upregulation through degradation of cIAP1 
(A) TRAIL induces caspase-8 dependent degradation of cIAP1. MCF10A cells were 
treated with TRAIL (30 ng/ml, 4 hrs) and harvested for western blot analysis. Where 
indicated, caspase-8 inhibitor (C8i, 20 µM) was added 30 min prior to stimulation with 
TRAIL. (B) cIAP1 regulates basal CAS expression. MCF10A cells were transfected with 
non-target (NT) or cIAP1 siRNA and harvested for western blot analysis 72 hrs later. 
Quantification of CAS levels (mean±SD) relative to controls cells from three independent 
experiments is shown on the right. (C) cIAP1 interacts with CAS in vivo. Lysates from 
293T cells expressing the indicated plasmids were subjected to immunoprecipitation with 
HA-agarose beads. Bound proteins were washed and probed by western blotting with 
indicated antibodies. (D) MCF10A cells were transfected with NT or XIAP siRNA and 
harvested for western blot analysis 72 hrs later. (E) MCF10A cells transfected with NT or 
CYLD siRNA were stimulated with TRAIL (30 ng/ml) for 2 hrs and harvested for western 
blot analysis. Adjacent panel shows knockdown of CYLD. 
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Figure 2.9. cIAP1 directly ubiquitinates and targets CAS for degradation. 
(A) cIAP1 mediates the degradation of CAS in vivo. 293T cells were transfected with 
GFP-CAS and WT- or E3-dead (H588A) cIAP1 and subjected to western blot analysis 
24 hours later. Total amount of DNA transfected was balanced using empty vector. 
Quantification of CAS levels (mean±SD) relative to control cells from three independent 
experiments is shown on the right. (B) cIAP1 ubiquitinates CAS in vivo. 293T cells 
transfected with the indicated plasmids were treated with 25 µM MG132 for 4 hrs to 
allow for accumulation of ubiquitinated proteins. Whole cell lysates were then subjected 
to a pulldown with nicked beads under denaturing conditions and bound proteins were 
probed with indicated antibodies. Note that in (A) and (B), expression of E3-dead cIAP1 
is significantly higher than WT due to lack of autoubiquitination-induced degradation. (C) 
CAS is a direct substrate of cIAP1. In vitro ubiquitination of GFP-CAS purified from 293T 
cells was performed using recombinant cIAP1, as described in experimental methods. 
Note that WT-cIAP1 shows a smearing pattern due to autoubiquitination activity. 
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Aberrant expression of CAS in human tumors  

 The pro-apoptotic function of CAS would imply that it is a potential tumor 

suppressor and we would thus expect to find deletions or loss-of-function 

mutations in tumor samples. However, multiple studies have reported that CAS is 

actually amplified in various human tumors (Böni et al., 1999; Wellmann et al., 

2001; Bar-Shira et al., 2002; Brustmann, 2004), thereby implicating CAS as a 

potential oncogene. Consistent with early studies that pointed towards an 

essential role for CAS in cell division (Ogryzko et al., 1997; Bera et al., 2001), I 

found that sustained knockdown of CAS leads to a clear inhibition of cell growth 

in MCF10A cells (Figure 2.10). 

 

 CAS expression has been documented to be higher in rapidly proliferating 

tissue like testis and fetal liver (Brinkmann et al., 1995). I thus reasoned that 

elevation of CAS levels is necessary to support the increased proliferative 

capacity of tumor cells, and sought to understand the cause and consequences 

of such aberrant CAS expression specifically in the context of breast cancer. 

Analysis of the breast carcinoma dataset from The Cancer Genome Atlas 

(TCGA) project revealed alterations in CAS in about 16% of tumors, with mRNA 

upregulation being the most frequent (Figure 2.11A). Given the role of CAS in 

cell proliferation, I hypothesized that oncogenic transformation could drive 

enhanced expression of CAS in tumors. To test this idea, I introduced various 

oncogenes, including Erbb2, Myc, PI3KH1047R, and KRASG12V into untransformed 

MCF10A cells. This led to a clear increase in expression of CAS at the protein 
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level, driven by an increase in the transcription of CAS mRNA (Figure 2.11B and 

C), indicating that multiple oncogenic signaling pathways are capable of driving 

CAS expression to support cell growth. I next examined the co-occurrence of 

CAS mRNA upregulation with alterations in the same set of oncogenes (Figure 

2.11D). CAS mRNA upregulation was significantly correlated with alterations in 

Myc (P<0.001), but not with the other oncogenes tested 

 

Increased CAS expression contributes to the heightened apoptotic 

sensitivity of Myc-overexpressing cells  

 Given the high prevalence of Myc amplification in breast cancer, and its 

tendency to co-occur with CAS mRNA upregulation, I focused on further 

exploring the functional significance of elevated CAS in c-Myc overexpressing 

cells (MCF10A-Myc). Since CAS can facilitate caspase-3 activation by driving 

apoptosome formation, I hypothesized that MCF10A-Myc cells (with higher basal 

CAS expression) would be more sensitive to TRAIL than their wild type 

counterparts. Indeed, in response to TRAIL, I observed increased caspase-3 

activation and lower cell survival in MCF10A-Myc cells (Figure 2.12A & B). 

Importantly, knockdown of CAS reversed these trends (Figure 2.12C and D). 

Collectively, these results indicate that elevated basal levels of CAS can 

sensitize cells to TRAIL. 
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Figure 2.10. CAS plays an essential role in cell growth. 
Knockdown of CAS dramatically inhibits cell proliferation. MCF10A cells were 
transfected with NT or CAS siRNA and seeded at equal density on day 0. At the 
indicated time points, cells were stained with crystal violet, and the relative number of 
cells was quantified. A representative image of stained cells and western blot confirming 
knockdown of CAS are shown. Data represent mean ± SEM from two independent 
experiments each performed in triplicate (*P<0.05). 
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Figure 2.11. Overexpression of various oncogenes mediates transcriptional 
upregulation of CAS. 
(A) CAS expression is upregulated in human breast tumors. Frequency of genomic 
alterations in CAS in the TCGA breast carcinoma data set was retrieved using the 
cBioPortal.  (B) Oncogene overexpression induces transcriptional upregulation of CAS. 
Lysates from MCF10A cells stably expressing the indicated oncogenes were subjected 
to western blot analysis. (C) qRT-PCR was used to measure expression of CAS mRNA 
in the MCF10A cell lines expressing indicate oncogenes. Values are mean ± SEM from 
three independent experiments (*P<0.05). (D) Oncoprint from cBioPortal showing co-
occurrence of CAS mRNA upregulation with alterations in select oncogenes. Increase in 
basal CAS expression significantly correlates with alterations in Myc but not other 
oncogenes tested (Fisher’s exact test: CAS-Myc, P<0.001; CAS-Erbb2/PI3K/KRAS, ns). 
Only cases with alterations in any of the indicated genes are displayed. 
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Figure 2.12. Elevated CAS expression contributes to increased TRAIL-sensitivity 
in Myc-overexpressing cells. 
(A) Myc overexpressing cells display increased sensitivity to TRAIL. WT- and Myc- 
MCF10A cells were treated with 5 ng/ml TRAIL for the indicated time and harvested for 
western blot analysis to detect caspase-3 activation (B) WT- and Myc- MCF10A cells 
were treated with the indicated concentration of TRAIL for 8 hrs and assayed for cell 
viability. (C) MCF10A-Myc cells transfected with NT or CAS siRNA were treated with 
TRAIL (1.25 ng/ml for 4 hrs) for measurement of caspase-3/7 activity or (D) for 8 hours 
with the indicated concentrations for measurement of cell viability. Representative 
phase-contrast images displaying cell morphology and western blots confirming 
knockdown of CAS are shown. All values are mean ± SEM from three independent 
experiments (*P<0.05). 
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2.3. Discussion 

Multiple studies have revealed that cells can survive incomplete MOMP 

provided downstream caspase-3 activity is limited (Colell et al., 2007; Tait et al., 

2010). Thus, the decision to live or die following MOMP is largely determined by 

the extent of caspase-3 activation. However, our understanding of how caspase-

3 activity is regulated following MOMP remains incomplete. Our lab had 

previously found that CAS can drive caspase activity by stimulating apoptosome 

formation (Kim et al., 2008). Here, I demonstrate that during TRAIL-induced 

apoptosis, CAS levels are rapidly upregulated, and that knockdown of CAS 

inhibits TRAIL-induced caspase-3 activity and cell death. Based on these results, 

I propose that upregulation of CAS amplifies the apoptotic signal, and 

strengthens the commitment to cell death following MOMP. 

 

Mechanistically, the upregulation of CAS in response to TRAIL is caspase-

8 dependent. Active caspase-8 induces degradation of cIAP1, an E3-ligase that 

ubiquitinates and promotes degradation of CAS. How caspase-8 targets cIAP1 

for degradation remains an unanswered question. The most straightforward 

explanation is a direct cleavage of cIAP1 by caspase-8. However, I was unable 

to reconstitute this cleavage event in vitro using purified proteins, suggesting 

other factors may perhaps be necessary to mediate cleavage of cIAP1. 

Alternatively, caspase-8 could target a binding partner that stabilizes cIAP1, or 

potentially regulate cIAP1’s auto-ubiquitination activity. Further work will be 

necessary to tease apart these possibilities. My experiments also reveal that 

caspase-8 induces upregulation of CAS independent of stimulating MOMP. Thus, 
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increased levels of CAS can feed-forward into the apoptotic cascade following 

the onset of MOMP (Figure 2.13).  

 

In this study, I focused on examining the regulation of CAS exclusively in 

the context of TRAIL-induced apoptosis. However, it is worth noting that our lab 

has previously reported other extrinsic apoptotic stimuli such as TNF-α and IFN-γ 

can also induce CAS upregulation (Kim et al., 2008), and as with TRAIL, 

knockdown of CAS inhibits apoptosis induced by these stimuli. While these 

stimuli target distinct receptors leading to accumulation of different adaptor 

proteins, they all induce caspase-8 activation. Thus, it is likely that the caspase 8 

- cIAP1 pathway that I have described here for TRAIL, mediates upregulation of 

CAS induced by these stimuli as well.  

 

Contrary to its proto-tumor suppressive role in facilitating apoptosis, CAS 

is frequently amplified in human tumors. CAS levels are higher in proliferating 

fibroblasts and decrease upon growth arrest, highlighting its function in cell 

proliferation (Brinkmann et al., 1995). Furthermore, homozygous deletion of CAS 

in mice leads to embryonic lethality (Bera et al., 2001), and mutations in the 

yeast homologue CSE1, are lethal as well (Xiao et al., 1993). The precise 

molecular function of CAS in cell proliferation remains to be identified. 

Interestingly, overexpression of multiple oncogenes led to increased expression 

of CAS mRNA and protein. This indicates the existence of a regulatory network 

closely linking cell growth and CAS levels, which can be co-opted during 

oncogenic transformation. 
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Figure 2.13. Model for TRAIL-induced CAS upregulation. 
In resting cells, cIAP1 keeps CAS levels in check through ubiquitination-mediated 
proteasomal degradation. Upon stimulation by TRAIL, caspase-8 is activated and 
induces degradation of cIAP1. This allows for the accumulation of CAS, which feeds 
forward into the apoptotic pathway by stimulating apoptosome formation following 
MOMP.  
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The data presented here demonstrate that increased basal expression of 

CAS in oncogene-overexpressing cells is at least partly responsible for 

sensitizing these cells to TRAIL. This raises the intriguing possibility that the 

increased levels of CAS seen in several human tumors could represent an 

“Achilles’ heel”; tumor cells upregulate CAS to support their enhanced 

proliferation, but this in turn could make them more vulnerable to certain 

apoptotic stimuli, providing a therapeutic window to treat such tumors. However, 

not all apoptotic stimuli induce CAS upregulation, and those that do not (e.g., 

staurosporine) are unaffected by knockdown of CAS (Kim et al., 2008). Thus, 

profiling CAS expression in patient tumor tissue could potentially be used as a 

biomarker to guide therapeutic choices in the clinic. 

 

In summary, the data presented here characterize a novel signaling 

pathway wherein caspase-8 amplifies the TRAIL-induced apoptotic signal by 

mediating upregulation of CAS. Further, I highlight the increased transcription of 

CAS in response to oncogene overexpression, and the consequences of this 

upregulation. The regulation of CAS at both the transcriptional and post-

translational levels is reflective of its multiple roles in proliferation and apoptosis. 

It is likely that such intricate regulation is key in maintaining proper function of 

this dynamic protein in these two contrasting cellular processes. 
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2.4. Experimental Procedures 

Cell Culture  

MCF-10A cells were cultured in DMEM/F12 supplemented with 5% horse serum, 

EGF (20 ng/ml), hydrocortisone (0.5 µg/ml), cholera toxin (100 ng/ml), insulin (10 

µg/ml) and penicillin-streptomycin. 293T and HT-29 cells were cultured in DMEM-

high glucose supplemented with 10% FBS, L-glutamine (2 mM) and penicillin-

streptomycin. Lentiviral and retroviral constructs were co-transfected with the 

respective packaging vectors into 293T cells for virus production. Virus 

containing media was passed through a 0.45 µM PES filter and supplemented 

with polybrene before being used to transduce cells. 

 

Reagents, Antibodies and plasmids  

SuperKiller TRAIL (ALX-201-115-3010) and ZVAD-FMK (ALX-260-020) were 

from Enzo Life Sciences. Caspase-8 inhibitor (IETD-FMK, #550380), and 

caspase-3 inhibitor (DEVD-FMK, #550378) were from BD Biosciences. MG132 

was from EMD Millipore (#474790). Bafilomycin A1 was from Sigma. For western 

blot analysis, the following antibodies were used: anti-CAS (Bethyl, #A300-

473A), anti-Caspase-3 (Cell Signaling, #9662), anti-Caspase-8 (Cell Signaling, 

#9746), anti-cIAP1 (Cell Signaling, #7065 and  #4952), anti-XIAP (Cell Signaling, 

#2045), anti-CYLD (Cell Signaling, #8462), anti β-Actin (Sigma, #A1978 and 

#5316), anti α-actinin (Santa Cruz, #sc-17829), anti-Ubiquitin (Millipore, #05-

944), anti-GFP (Roche, 11814460001), anti-HA clone 16B12 (Covance, #MMS-

101P). The SMAC-cherry reporter construct was generated by fusing the N-

terminal 171 bp of human SMAC cDNA to the N-terminus of mCherry, on the 
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pBabe-puro vector. Bcl-xL was subcloned into the pQCXIP vector using the 

EcoRI and BamHI sites. N-terminal tagged GFP-His-CAS and GFP-CAS were 

generated by subcloning the respective fragments into the pQCXIP-GFP vector. 

cIAP1 cDNA was purchased from Addgene (WT-#8311, H588A-#8334), and 

subcloned into the pQCXIP-HA vector (N-terminal tagged) at the XhoI and EcoRI 

sites or the pET28A vector at the Nhe1 and Xho1 sites. pcDNA-Myc-His-

Ubiquitin, pBabe-Erbb2, MSCV-mCherry-Myc, pBabe-PI3KH1047R, and pBabe-

KRASG12V were generously provided by Dr. Filippo Giancotti (MSKCC). 

 

Co-immunoprecipitation  

For co-immunoprecipitation assays, 293T cells grown in 10-cm plates were 

transfected with the indicated plasmids. 24 hours later, cells were lysed in plate 

with IP buffer (10 mM Hepes pH 7.5, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 

mM DTT, and 10% Glycerol) supplemented with protease inhibitors. Lysates 

were cleared by centrifugation at 14,000 rpm for 10 min at 4°C, and incubated 

with HA-agarose beads (Sigma, #A2095) overnight at 4°C. Beads were then 

washed 5 times in IP buffer, and eluted by boiling in 1X SDS sample buffer. 

 

In-vivo ubiquitination assays  

For assays in MCF10A cells, cells stably expressing GFP-His-CAS were lysed in 

100 µL of RIPA buffer supplemented with 25 µM MG132, 10 mM N-ethyl-

maleimide (Sigma), and protease inhibitors. Ni-NTA agarose beads (Qiagen) 

were then used to pull down His tagged protein under denaturing conditions. For 

assays in 293T cells, cells were transfected with Myc-His-Ubiquitin and indicated 
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plasmids in 6-cm plates. 24 hours later, cells were treated with 25 µM MG132 for 

4 hrs. After washing with PBS, a small fraction of cell pellet was saved for input 

and lysed in RIPA buffer. Rest of the cell pellet was resuspended in lysis buffer 

(6 M Guanidine, 0.1 M NaH2PO4, 10 mM Tris pH 8.0, 10 mM β-me) freshly 

supplemented with 15 mM imidazole, 10 µM MG132, 10 mM N-ethyl-maleimide, 

protease inhibitors, and sonicated to reduce viscosity. Lysates were then 

incubated with pre-washed Ni-NTA agarose beads for 3 hours at room 

temperature. Beads were then washed once with buffer A (lysis buffer + 0.2% 

triton), once with buffer B (8 M urea, 0.1 M NaH2PO4, 10 mM Tris pH 8.0, 10 mM 

β-me, 0.2% triton), twice with buffer C (8 M urea, 0.1 M NaH2PO4, 10 mM Tris pH 

6.3, 10 mM β-me, 0.2% triton), and twice with buffer D (8 M urea, 0.1 M 

NaH2PO4, 10 mM Tris pH 6.3, 10 mM β-me, 0.1% triton). All wash buffers were 

freshly supplemented with 15 mM imidazole. Finally, bound proteins were eluted 

by boiling in RIPA buffer containing 1X SDS loading buffer and 200 mM 

imidazole for 10 min. Samples were then subjected to western blot with the 

indicated antibodies. 

 

In vitro ubiquitination assay  

His-tagged cIAP1 proteins were cloned into the pET28A vector, expressed in 

BL21-DE3 cells (Novagen) and purified from bacterial lysates using Ni-NTA 

agarose beads. GFP-CAS was expressed in 293T cells and purified using GFP-

Trap beads (ChromoTek). Briefly, cells were lysed in IP buffer and incubated with 

GFP-Trap beads for 1 hour, followed by sequentially washing three times in IP 

buffer and twice in ubiquitination reaction buffer (50 mM Tris pH 7.5, 5mM MgCl2, 
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and 2 mM DTT). Beads were then resuspended in reaction buffer containing 75 

nM E1, 600 nM E2, 5 mM ATP and 10 µg/uL ubiquitin in a final volume of 20 µL. 

Where indicated, 800 ng of WT- or H588A- cIAP1 were included, and reactions 

were incubated at 30°C for 2 hours with gentle agitation. Following the reaction, 

beads were washed 4 times in denaturing buffer (8M Urea, 1% SDS in PBS) to 

remove nonspecific binding. Following a final wash in IP buffer, bound proteins 

were eluted by boiling in 1X SDS sample buffer and subjected to immunoblotting 

with the indicated antibodies. 

 

Knockdown by siRNA and shRNA  

The caspase-8 shRNA sequences were sh#1:GACATGAACCTGCTGGATATT, 

and sh#2:GCCTTGATGTTATTCCAGAGA. Lentiviruses harboring the 

knockdown sequences were used to infect MCF10A cells. Cells when then 

selected with puromycin for at least 3 days before testing for knockdown. 

siGenome SMARTpool siRNA's (CAS, cIAP1 and XIAP), control siRNA (D-

001210-05-20), and individual siRNA against CYLD (M-004413-02-0005) were 

purchased from Dharmacon. Cells were seeded in 6-well plates at a density of 

80,000 cells/well (MCF10A) or 200,000 cells/well (HT-29) and 24 hours later, 

transfected with 25-30 nM CAS siRNA using Oligofectamine (Invitrogen) or 

Dharmafect 1 (Dharmacon), respectively. Cells were routinely assayed 64-72 hrs 

post-transfection. For cell growth assays, a higher concentration of CAS siRNA 

(75 nM) was used. Knockdown of cIAP1, XIAP and CYLD was achieved with 100 

nM siRNA.  
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Cell viability and growth assays 

Cell viability was measured using the CellTiter-Glo Luminescent Cell Viability 

Assay kit (Promega). Briefly, cells were plated in triplicate, at a density of 1500-

3000 (MCF10A) or 6000 (HT-29) cells/well and allowed to adhere for 24-48 hrs. 

Following treatment with TRAIL, the percent of viable cells was quantified relative 

to untreated cells according to the manufacturer's directions. All cell viability data 

are values from at least three independent experiments. To measure cell growth, 

following transfection with siRNA, cells were split into 12-well plates at a density 

of 10,000 cells/well. At 24 hour intervals, cells were fixed in 10% formalin for 10 

min. Following washing with PBS, cells were stained with 0.1% crystal violet 

solution for 20 min, washed 3 times with water, and allowed to air dry. The stain 

was extracted by incubating in a 10% acetic acid solution for 20 min with 

shaking. The relative number of cells was then quantified by measuring 

absorbance of the extracted stain at 590 nm. 

 

Caspase assay  

To quantify cellular caspase activity, cell lysates were collected following 

treatment, and 20µg total protein was incubated with 15 µM fluorogenic caspase-

3 rhodamine-DEVD substrate (AnaSpec, #60304) in a final volume of 20 µL. 

Samples were then immediately loaded on 384-well plates and fluorescence was 

measured at 30°C at an interval of 2 min for 3 hours using a SpectraFluor Plus 

Spectrometry Reader (Tecan) with an excitation wavelength of 485 nm and an 

emission wavelength of 535 nm.  Average relative fluorescence units (RFU) ± 

SEM of three independent experiments were plotted. 
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qRT-PCR 

Total RNA was extracted using Aurum Total RNA mini kit (Bio-Rad) and reverse 

transcription was performed using iScript cDNA synthesis kit (Bio-Rad). 

Quantitative RT-PCR was performed with iQ SYBR Green Supermix (Bio-Rad) 

using a CFX connect Real-time System (Bio-Rad). The relative level of mRNA 

was calculated by the comparative Ct method using GAPDH as a control.  The 

following primers were used: 

CAS_Fw: TGCCTCGTTTTGTTACAGCC  

CAS_Rev: GGTCTCTCACAAACTGAAGCC  

GAPDH_Fw:TGCACCACCAACTGCTTAGC 

GAPDH_Rev: GGCATGGACTGTGGTCATGAG 

 

Genomic analysis  

The TCGA data set used has been previously described (Network, 2012). All 

data was retrieved and analyzed using the cBioPortal for Cancer Genomics 

(http://cbioportal.org) (Cerami et al., 2012; Gao et al., 2013) 

 

Statistical analysis  

Unless otherwise noted, results were analyzed by a Student's t-test, performed 

using the GraphPad Prism 6 software. Significance was defined as P<0.05. 
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CHAPTER 3  

THE ROLE OF MITOCHONDRIA IN FERROPTOTIC CELL DEATH 

3.1. Introduction 

Mammalian cells have evolved several complex mechanisms to constantly 

monitor and regulate their growth based on signals from their extracellular 

environment. While growth factors typically provide survival signals that stimulate 

metabolism and cell proliferation, nutrients such as glucose, lipids, and amino 

acids are also essential in maintaining cellular viability. Sustained absence of 

nutrients inhibits key metabolic processes and can lead to activation of cell death 

programs. For instance, glucose withdrawal results in impaired glycolytic flux and 

alters the cellular AMP:ATP ratio. This induces activation of the nutrient sensing 

kinase AMPK which triggers a p53-dependent apoptotic cascade (Jones et al., 

2005; Okoshi et al., 2008). Similarly, growth factor deprivation results in 

disruption of mitochondrial homeostasis, prompting the release of cytochrome C, 

subsequently leading to apoptotic cell death (Heiden et al., 1999; Vander Heiden 

et al., 2001; Wei et al., 2001). Thus, nutrient availability and metabolism are 

intricately linked to cell death (Plas and Thompson, 2002; Mason and Rathmell, 

2011).  

 

However, apoptosis is not the only cellular outcome in response to nutrient 

starvation. In the absence of certain nutrients, cells can activate autophagy, a 

catabolic process that utilizes lysosomal activity to degrade intracellular proteins 

and organelles, thus providing an alternate source of nutrients to maintain 
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essential cellular processes (Yorimitsu and Klionsky, 2005). Interestingly, 

excessive starvation induced-autophagy has been reported to induce autosis, a 

form of cell death mediated by the Na+,K+-ATPase pump and dependent on the 

autophagy machinery (Liu et al., 2013). However, only a small fraction of cells 

appear to undergo autosis in culture, and thus the physiological relevance of 

autosis remains unclear.  

 

Can deprivation of nutrients trigger others forms of cell death? In the first 

portion of this chapter, I describe the characterization of an unusual form of cell 

death induced by amino acid starvation in the presence of serum. We eventually 

determined this death to be ferroptosis, a newly described form of iron-

dependent oxidative cell death. This study was carried out in close collaboration 

with Dr. Minghui Gao, a postdoctoral fellow in the lab. The work has been 

published in full in the journal Molecular Cell (Gao et al., 2015), and is included 

here in part. 

 

The molecular mechanism mediating ferroptosis has not been firmly 

established. To date, depletion of cellular glutathione, inactivation of the lipid-

detoxifying enzyme GPX4, and the subsequent formation of lipid-based reactive 

oxygen species (lipid ROS) are the best characterized molecular events during 

ferroptosis (Yang and Stockwell, 2016). However, the precise cellular 

compartment where lipid ROS are generated remains undefined. Furthermore, 

how oxidized lipids ultimately mediate cellular demise is not well understood.  
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In the second portion of this chapter, I explore the role of mitochondria in 

mediating ferroptosis. Morphologically, ferroptosis is characterized by shrunken 

mitochondria with increased membrane density and reduced cristae (Yagoda et 

al., 2007; Dixon et al., 2012; Friedmann Angeli et al., 2014). Notably, an shRNA 

screen for factors required for ferroptosis identified enzymes related to 

mitochondrial fatty acid metabolism (Dixon et al., 2012). However, despite such 

circumstantial pieces of evidence, a clear role for mitochondria in ferroptosis has 

neither been established nor disproved. Based on the data presented in the latter 

part of this chapter, I propose that mitochondria play an essential role in 

mediating ferroptosis induced by multiple triggers including the small molecule 

erastin and cystine starvation.  
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3.2. Results 

Serum induces a non-apoptotic form of cell death under amino acid free 

conditions 

In an effort to model cell death induced by nutrient/growth factor 

deprivation, Dr. Minghui Gao observed a striking phenomenon: when mouse 

embryonic fibroblasts (MEFs) were subjected to amino acid deprivation, the 

presence of serum potentiated robust cell death in virtually all cells within 12 

hours (Figure 3.1A and B). Importantly, deprivation of both amino acids and 

serum only led to very modest cell death in the same time frame. This was 

intriguing since we expected the presence of numerous growth factors in serum 

to mitigate cell death induced by amino acid deprivation. Rather, our 

observations suggested that serum was actively promoting cell death in amino 

acid free conditions. 

 

 To further understand this phenomenon, we attempted to characterize the 

molecular nature of this cell death process. Cell death induced by combined 

deprivation of amino acids and serum was associated with caspase activation 

(Figure 3.1C). However, in the presence of serum, no caspase activation was 

observed. Consistently, serum-dependent cell death was not inhibited in bax/bak 

double knockout (DKO) MEFs, which are deficient for the mitochondrial apoptotic 

pathway (Figure 3.1D), or by the broad-spectrum caspase inhibitor ZVAD-FMK 

(Figure 3.1E), indicating that this is a non-apoptotic cell death process. 
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Figure 3.1. Serum induces potent non-apoptotic cell death upon amino acid 
starvation.  
(A) Images showing cell death induced by serum upon amino acid deprivation. MEFs 
were treated as indicated for 12 hrs. Upper panel: phase-contrast, lower panel: 
propidium iodide (PI) staining. AA: amino acids, FBS: 10% (v/v) fetal bovine serum. 
(B) MEFs were treated as in (A) and cell death was quantified by PI staining coupled 
with flow cytometry. (C) MEFs were treated as indicated for 12 hr and caspase-3 
activation was assessed by immunoblotting.(D) Bax/Bak-DKO MEFs were treated as 
indicated for 12 hrs and cell viability was determined using the CellTiter-Glo Kit. Note 
that dialyzed FBS (diFBS) does not induce cell death, and is thus an appropriate 
negative control. (E) MEFs were treated as indicated with or without the pan-caspase 
inhibitor zVAD-FMK for 12 hrs and cell viability was determined. All data represent 
mean ± SEM, n=3. Experiments in Figure 3.1 were carried out by Dr. Minghui Gao. 
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I performed live-cell imaging to compare the morphological changes 

associated with these two distinct forms of cell death. Cells undergoing serum-

dependent cell death displayed classic morphological features associated with 

necrosis, including cell rounding, swelling, and eventual plasma membrane 

rupture (Figure 3.2A). Furthermore, imaging with the nuclear marker, H2B-

mCherry, revealed that nuclear integrity is maintained throughout this process 

(Figure 3.2B).  In contrast, consistent with caspase activation, cell death induced 

by combined amino acids and serum withdrawal displayed several hallmarks of 

apoptosis including membrane blebbing, chromosomal fragmentation and 

formation of apoptotic bodies (Figure 3.2B).  

 

One of the best characterized forms of programmed necrosis is the TNF-

induced necroptotic pathway involving the activation of the kinases RIP1 and 

RIP3 and subsequent activation of the pseudokinase MLKL (Linkermann and 

Green, 2014). I tested if this signaling pathway was involved in the unique serum-

dependent cell death process we observed. RIP3 knockout MEFs, which were 

completely resistant to TNF-induced necrosis (Figure 3.3A and B), were 

susceptible to serum-dependent cell death (Figure 3.3C and D). Similarly, 

knockdown of MLKL was sufficient to block TNF-induced necrosis but failed to 

inhibit serum-dependent cell death (Figure 3.3E and F). These results indicate 

that serum-dependent necrosis occurs independent of the RIP3-MLKL 

necrosome complex. 
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Figure 3.2. Serum-dependent cell death displays necrotic morphology. 
(A) Representative stills from confocal time-lapse imaging of MEFs treated with amino 
acid starvation in the presence of FBS. Time (hr) after treatment is indicated. (B) 
Representative stills from time-lapse imaging of MEFs expressing H2b-mcherry, treated 
as indicated. Yellow arrowheads indicate fragmented nuclei characteristic of apoptosis. 
 
 

A

0
:0

0
 h

rs
1
1

:0
5

 h
rs

-AA+FBS -AA-FBS

B

H2B-mcherry



63 

 
Figure 3.3. Serum-dependent cell death occurs independent of the RIP3-MLKL 
necrosome. 
(A) RIP3+/+ and RIP3-/- MEFs were stimulated to undergo TNFα-induced necrosis and cell 
viability was determined. (B) Western blot confirming knockout of RIP3. (C) RIP3+/+ and 
RIP3-/- MEFs were treated as indicated and cell death was monitored by phase-contrast 
microscopy and PI staining. (D) Cells were treated as in (C) and cell viability was 
determined. Data are presented as mean ± SD from one representative experiment 
performed in triplicate. (E) MEFs transfected with non-target (NT) or MLKL siRNA were 
treated as indicated, and cell viability was determined. (F) RT-PCR confirming 
knockdown of MLKL by siRNA. Data are presented as mean ± SEM, n=2. Cycloheximide 
(Chx): 1µg/ml; zVAD: 20 µM, TNFα: 100 ng/ml. 
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Transferrin and glutamine are the death-inducing components in serum  

 We hypothesized that one or more factors present in serum was essential 

in driving necrotic cell death under amino acid free conditions. To identify these 

factors, Dr. Minghui Gao used an elegant biochemical approach, where he 

systematically fractionated serum and “chased” the killing activity of fractions that 

were able to induce cell death. Using this approach coupled with mass 

spectrometry analysis, Dr. Minghui Gao identified transferrin and glutamine as 

the two components of serum whose presence correlated well with killing activity. 

Consistently, we found that the combination of recombinant transferrin and L-

glutamine was sufficient to recapitulate the killing activity of FBS death in amino 

acid free conditions (Figure 3.4).  

 

 

 

 

 

 

 

 

 

 

 

 



65 

 

 

 

 

 

 

 
Figure 3.4. Glutamine in combination with transferrin recapitulates the cell death-
inducing activity of serum in amino acid free conditions. 
Bax/Bak-DKO MEFs were treated as indicated for 12 hr and cell viability was 
subsequently measured. L-Glutamine (L-Gln): 0.1 mM; Recombinant human holo-
transferrin (rhTF). Experiments in Figure 3.4 were carried out by Dr. Minghui Gao. 
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Transferrin is an iron-carrier protein in serum that transports iron into the 

cell via receptor-mediated endocytosis (Andrews and Schmidt, 2007). 

Meanwhile, glutamine is the most abundant amino acid in serum, and its import 

into cells is primarily dependent on the receptors SLC38A1 and SLC1A5 

(McGivan and Bungard, 2006). Once inside the cell, glutamine is used for the 

biosynthesis of various other nucleotides, amino acids and other macromolecule 

precursors, via the metabolic process of glutaminolysis (Figure 3.5A). In this 

process, glutamine is first converted into glutamate by glutaminases (GLS) 

(Curthoys and Watford, 1995), which can further be processed into α-

ketoglutarate (α-KG) either by glutamate dehydrogenase (GLUD1)-mediated 

deamination or by transaminase-mediated transamination (Hensley et al., 2013). 

We found that pharmacological inhibition of glutamine uptake by L-g-glutamyl-p-

nitroanilide (GPNA)(Esslinger et al., 2005) markedly blocked serum-dependent 

necrosis (Figure 5B). Additionally compound 968 (an inhibitor of GLS), and 

amino-oxyacetate (AOA - a pan inhibitor of transaminases) (Wang et al., 2010) 

also significantly inhibited cell death (Figure 3.5B). Collectively, these results 

indicate that import of glutamine into the cell, and subsequent metabolites 

derived from glutaminolysis are essential in mediating serum-dependent 

necrosis. 
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Figure 3.5. Glutaminolysis Mediates Serum-Dependent Necrosis. 
(A) Schematic overview of the glutaminolysis pathway. Small molecule inhibitors used 
are shown in red. Glutamate (Glu); Glutaminase (GLS); glutamate dehydrogenase 
(GLUD1). (B) Pharmacological inhibition of multiple components in the glutaminolysis 
pathway abrogates serum-dependent necrosis. The following inhibitors were used: L-Gln 
transporter inhibitor (GPNA, 5 mM); GLS inhibitor (Compound 968, 20 µM); Pan-
transaminases inhibitor (AOA, 0.5 mM). Figure 3.5B was performed by Dr. Minghui Gao. 
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Serum-dependent cell death is ferroptosis. 

 Stockwell and colleagues recently described a novel form of oxidative cell 

death induced by the small molecule erastin, termed ferroptosis (Dixon et al., 

2012). Ferroptosis is characterized by the iron-dependent formation of lipid ROS. 

In the course of our studies, we noticed that serum-dependent cell death and 

ferroptosis share several striking similarities, including the requirement of iron 

import and the obligate accumulation of ROS. Erastin triggers ferroptosis by 

inhibiting cystine uptake and thus depleting glutathione, a key cellular 

antioxidant. In a similar vein, we found that deprivation of cysteine alone, in the 

presence of all other amino acids, was sufficient to induce serum-dependent 

necrosis (Figure 3.6A), leading us to test whether these two cell death processes 

were related. 

 

Several experiments confirmed that serum-dependent necrosis was 

indeed ferroptosis. Firstly, ferrostatin-1 (Fer-1), an inhibitor of erastin-induced 

ferroptosis, also inhibited serum-dependent cell death triggered by full amino acid 

starvation or cystine starvation alone (Figure 3.6B). Secondly, both glutamine 

and transferrin (either recombinant or from dialyzed FBS) were required for 

erastin-induced ferroptosis (Figure 3.6C). Finally, the glutaminolysis inhibitors 

Compound 968 and AOA also inhibited erastin-induced ferroptosis, confirming 

that serum-dependent necrosis is indeed a form of ferroptosis (Figure 3.6D). 
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Figure 3.6. Serum-dependent cell death is ferroptosis. 
(A) Cystine (CC) starvation alone is sufficient to induce serum-dependent cell death. 
MEFs were treated as indicated for 12 hrs and assayed for cell death. (B) Ferroptosis 
inhibitor Ferrostatin-1 (Fer-1) can inhibit serum-induced necrosis upon total AA 
starvation or cystine starvation. MEFs were treated as indicated for 12 hrs and assayed 
for cell death. (C) Erastin-induced ferroptosis requires both transferrin and glutamine. 
Bax/Bak DKO MEFs were treated as indicated for 12 hrs, and assayed for cell death. 
Note that dialyzed FBS (diFBS) contains transferrin but not glutamine, and can thus 
substitute for recombinant transferrin (D) Inhibition of glutaminse by Compound 968 (20 
µM) or transaminases by the pan-transaminases inhibitor AOA (0.5 mM) blocks erastin-
induced ferroptosis. MEFs were treated as indicated for 12 hrs, and assayed for cell 
death. Erastin, 1 µM. In all cases, cell death was measured by PI staining coupled with 
flow cytometry. Figure 3.6 was performed by Dr. Minghui Gao. 
 

  

 

  AA (w/o CC):

FBS:

+

+ + +

+

+ - -

-

CC:

0

20

40

60

80

100

%
 C

e
ll
 D

e
a
th

 

(P
I 
+

v
e
)

-

A

C
T
R
L

D
M

S
O

9
6
8

A
O
A

Erastin

0

20

40

60

80

100

%
 C

e
ll
 D

e
a
th

 

(P
I 
+

v
e
)

120

0

30

60

90

Fer-1: + + + +

FBS:

+

+ + +

+

+ - -

-

CC:

AA (w/o CC): +

+

+

- - - -

Erastin: - - - +

%
 C

e
ll
 D

e
a
th

 

(P
I 
+

v
e
)

d iFBS:

Gln:

Erastin: - + - - -

rTF:

+ + +

+

+

+

+-

-

- -

+

+

-

-

0

20

40

60

80

100

%
 C

e
ll
 D

e
a
th

 

(P
I 
+

v
e
)

B

C D

+ ++AA (w/o Gln): +



70 

Mitochondria undergo dramatic morphological changes during serum-

dependent ferroptosis 

 Despite significant progress in identifying ferroptotic stimuli in vitro and in 

vivo, our understanding of the executionary mechanism in ferroptotic cell death 

remains limited. I decided to explore the role of mitochondria in this process for 

several reasons. Firstly, mitochondria have been clearly implicated in several 

other forms of cell death including apoptosis, as well as several forms of 

programmed necrosis dependent on cyclophilin-D, the mitochondrial permeability 

transition pore (MPTP), and Poly(ADP-ribose) polymerase (PARP) (Bergsbaken 

et al., 2009). Secondly, several of the reactions in the glutaminolysis pathway 

(which we demonstrated to be essential for serum-dependent and erastin-

induced ferroptosis) occur in the mitochondria (DeBerardinis et al., 2008). Finally, 

mitochondria are a chief reservoir of intracellular iron and play a key role in iron 

metabolism through the synthesis of heme and iron-sulfur clusters (Hentze et al., 

2010). 

 

 I first examined mitochondrial morphology using a GFP fusion protein that 

localizes localizes to the mitochondrial matrix. The vast majority of cells grown in 

full media displayed normal morphology, characterized by an interconnected 

network of mitochondria with few to no fragmented structures. However, during 

serum-dependent ferroptosis, I observed that mitochondria underwent dramatic 

morphological changes, characterized by clear loss of a tubular network and 

increased fragmentation into small, condensed spheres (Figure 3.7).  
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Figure 3.7. Serum-dependent cell death is characterized by dramatic changes in 
mitochondrial morphology. 
MEFs expressing mitochondrial matrix-targeted GFP (Su9-GFP) were treated as 
indicated and imaged by confocal microscopy. Two representative fields of view are 
shown.  
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Mitochondria are highly dynamic organelles that undergo constant cycles 

of fusion and fission. By modulating the rates of fusion and fission, cells can 

establish, maintain, and alter the overall architecture of these organelles as 

needed (Detmer and Chan, 2007). Both fusion and fission of mitochondria are 

controlled by members of the dynamin related protein (DRP) family of large 

GTPases, and the master regulator of mitochondrial fission in mammals is Drp1 

(Smirnova et al., 2001; Hoppins et al., 2007). Given the extensive mitochondrial 

fission observed during serum-dependent ferroptosis, I tested if inhibiting fission 

could prevent cell death as well. To do so, I used two independent shRNA 

against Drp1, which resulted in a highly elongated mitochondrial network as 

expected (Figure 3.8A). I found that Drp1-knockdown MEFs were significantly 

resistant to serum-dependent ferroptosis (Figure 3.8B and C).  Notably, Drp1 

knockdown also inhibited ferroptosis induced by erastin, ruling out the possibility 

that this is a stimulus specific phenomenon (Figure 3.8D). Furthermore, chemical 

inhibition of Drp1 by the small molecule Mdivi-1 (Cassidy-Stone et al., 2008), also 

inhibited erastin-induced ferroptosis in MEFs (Figure 3.8E). Collectively, these 

results point towards a fundamental role for mitochondria in regulating 

ferroptosis. 
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Figure 3.8. Inhibiting mitochondrial fission attenuates ferroptosis. 
(A) Mitochondrial morphology of MEFs stably expressing Su9-GFP and indicated 
shRNAs (NT; non-target) was observed by confocal microscopy. (B) Western blot 
confirming knockdown of Drp1 by respective shRNA. (C) MEFs stably expressing 
indicated shRNA were treated as indicated for 10 hrs and assayed for cell death. 
Dialyzed FBS (di) was used as a control. Data are presented as mean ± SD from one 
representative experiment performed in triplicate. (D) MEF expressing indicated shRNA 
were treated with Erastin for 16 hrs and assayed for cell death. Data are mean ± SD, 
n=3 independent experiments. (E) MEFs were treated with Erastin and the Drp1 
inhibitor  Mdivi1 (100µM) for 16 hrs and assayed for cell death. Data are mean ± SD, 
n=2 independent experiments. In all cases, cell death was measured by PI staining 
coupled with flow cytometry. 
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Mitochondrial hyperpolarization during serum-dependent ferroptosis 

 To further characterize functional changes in mitochondria during 

ferroptosis, I performed time-lapse imaging in cells loaded with the membrane 

potential sensitive dye, TMRE, which is readily sequestered by actively respiring 

mitochondria. During serum-dependent ferroptosis, I found that cells undergo 

mitochondrial hyperpolarization shortly before cell-rounding and plasma 

membrane rupture, as observed by a sustained increase in TMRE fluorescence 

(Figure 3.9A). In stark contrast, death induced by combined starvation of amino 

acids and serum was characterized by a gradual reduction in membrane 

potential (Figure 3.9B), as is to be expected with apoptotic cell death (Ly et al., 

2003). Notably, co-treatment with the ROS scavenger N-acetylcysteine (NAC), 

inhibited cell death and abolished mitochondrial hyperpolarization (Figure 3.10A 

and B), indicating that hyperpolarization occurs downstream of, and is dependent 

on, ROS production. 

 

  



75 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9. Serum-dependent ferroptosis is accompanied by mitochondrial 
hyperpolarization. 
Representative stills from time-lapse imaging of mitochondrial membrane potential in 
MEFs undergoing (A) serum-dependent ferroptosis or (B) starvation induced apoptosis 
are shown. Cells were loaded with TMRE (200nM) prior to indicated treatment. 
Quantification of mean cellular fluorescence over time for two distinct cells is shown in 
adjacent panels. 
 
 
Figure 3.10. Mitochondrial hyperpolarization occurs downstream of ROS 
production during ferroptosis. 
Representative stills from time-lapse imaging of mitochondrial membrane potential in 
MEFs. (A) Serum-dependent ferroptosis is accompanied by mitochondrial 
hyperpolarization (B) The ROS scavenger N-acetylcysteine (NAC; 20µM) abolishes 
mitochondrial hyperpolarization. 
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Figure 3.9. (Continued) 
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Figure 3.10. (Continued) 
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Disrupting mitochondrial membrane potential inhibits ferroptosis 

 The potential across the inner mitochondrial membrane is primarily 

established and maintained by the action of the enzymes in the electron transport 

chain (ETC), which couple the reductive transfer of electrons with pumping 

protons (H+) into the inter-membrane space. This generates an electrochemical 

gradient that is used by the F0F1-ATP synthase complex to generate ATP. 

Inhibiting the activity of the ETC thus affects membrane potential (Smeitink et al., 

2001). 

 

 To examine the significance of mitochondrial membrane potential in 

ferroptosis, I tested the effects of several inhibitors of the ETC. Use of rotenone 

and antimycin, inhibitors of Complex I and Complex III of the ETC respectively, 

reduced erastin-induced cell death in HT1080 cells  (Figure 3.11A and B). While 

these inhibitors were both inherently toxic with prolonged exposure themselves, I 

found that carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was especially 

potent in inhibiting both serum-dependent and erastin-induced cell death in 

multiple cell lines, as measured by PI exclusion and clonogenic growth assays 

(Figure 3.11A, B, C and D).  CCCP is a protonophore that rapidly dissipates the 

H+ gradient generated by the ETC, effectively depolarizing mitochondria and 

shutting down oxidative phosphorylation. These results suggest that a healthy 

mitochondrial membrane potential is needed to mediate ferroptosis. 
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Figure 3.11. Disrupting mitochondrial membrane potential inhibits ferroptosis 
induced by erastin or amino acid deprivation. 
(A) HT1080 cells were treated with 5µM erastin and indicated inhibitors for 16 hrs and 
assayed for cell death. Data are mean ± SD, n=3 independent experiments (B) MEFs 
were treated with 1µM erastin and indicated inhibitors for 16 hrs and assayed for cell 
death. Data are mean ± SD, n=2 independent experiments (C) MEFs were treated as 
indicated and assayed for cell death. Data are mean ± SD, n=3 independent 
experiments. In all cases, cell death was measured by PI staining coupled with flow 
cytometry. Rotenone (complex I inhibitor, 10µM in MEFs, 5µM in HT1080);  Antimycin A 
(complex III inhibitor; 50µM); CCCP (membrane decoupler; 10µM). (D) MEFs and 
HT1080 cells were seeded at low density in 12 dishes and treated with erastin for 16 hrs. 
Cells were then allowed to recover for 3 days and subsequently fixed and stained with 
crystal violet. 
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 The formation of lipid-based ROS is considered to be the driving force 

behind ferroptosis (Dixon et al., 2012). I thus examined the effect of CCCP on the 

accumulation of lipid ROS using the redox-sensitive dye BODIPY 581/591 C11. 

Intriguingly, although CCCP potently inhibited erastin-induced cell death, I found 

that it only had a minor effect on the accumulation of lipid ROS (Figure 3.12A and 

B). In contrast, compound 968, a glutaminase inhibitor that also inhibits erastin-

induced ferroptosis, virtually abolished lipid peroxidation. These results 

demonstrate that CCCP and Compound 968 mediate their inhibition of 

ferroptosis through different means; while compound 968 blocks the formation of 

lipid ROS altogether, CCCP inhibits cell death downstream of lipid peroxidation. 

Furthermore, this result also suggests that the formation of lipid ROS is 

necessary, but not sufficient to induce ferroptosis.  
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Figure 3.12. Disrupting mitochondrial membrane potential does not inhibit lipid 
ROS production. 
HT1080 cells were treated as indicated for 10 hrs following which accumulation of lipid 
ROS was assessed by BODIPY C11 staining. (A) A representative histogram from flow 
cytometry analysis. (B) Quantification of median lipid ROS levels. Data are mean ± SD, 
n=3 independent experiments. (Student’s t-test: ns; not significant, *P<0.05). 
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Mitochondrial depletion by Parkin-mediated mitophagy inhibits erastin-

induced ferroptosis 

 To directly test whether mitochondria are required to mediate ferroptosis, I 

adopted a previously characterized approach that allows for depletion of virtually 

all mitochondria from cells (Narendra et al., 2008; Tait et al., 2013). This system 

relies on overexpression of the Parkin protein, which selectively mediates the 

clearance of damaged mitochondria that lack membrane potential through the 

process of mitophagy. Treatment of Parkin-overexpressing HT1080 cells with 

CCCP (to induce depolarization) for 48 hours resulted in virtually no detectable 

mitochondria as assessed by immunostaining for TOM20 or western blotting for 

TIM23, both endogenous mitochondrial proteins (Figure 3.13A and B). These 

mitochondria-depleted cells persisted in such a state for a few days, as 

previously described (Narendra et al., 2008). In contrast, CCCP treatment in wild 

type cells had no major effect on mitochondrial volume in the same time frame. 

  

 Following two days of CCCP treatment to deplete mitochondria, I exposed 

WT and Parkin-overexpressing cells to erastin. Of note, since co-treatment with 

CCCP itself inhibits erastin-induced cell death (as described in the previous 

section), cells were extensively washed to remove traces of CCCP prior to 

addition of erastin. Additionally, a significantly higher concentration of erastin and 

extended treatment duration was used to induce robust cell death in this 

experiment. Remarkably, mitochondria-depleted cells displayed significant 

resistance to erastin-induced cell death relative to WT cells (Figure 3.13 C).   
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Figure 3.13. Mitochondrial depletion by parkin-mediated mitophagy inhibits 
ferroptosis. 
Wildtype or mcherry-Parkin overexpressing HT1080 cells were treated with 30µM CCCP 
for 48 hrs to induce mitochondrial depletion. (A) The presence of mitochondria was 
assessed by immunostaining for endogenous TOM20 or by (B) Western blot for 
endogenous TIM23. (C) Cells were pre-treated with CCCP for 48 hrs and then 
thoroughly washed before being treated with erastin for 24 hrs. Cell death was then 
measured by DAPI staining coupled with flow cytometry. Data are mean ± SD, n=3 
independent experiments. (Student’s t-test: *P<0.05). 
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 Given that ferroptosis requires the formation of lipid ROS and 

mitochondria are generally considered to be among the most important sources 

for cellular ROS (Murphy, 2009), I examined the accumulation of lipid peroxides 

in mitochondria-depleted cells using the BODIPY-C11 redox sensor. Erastin-

induced lipid peroxidation was slightly reduced but not completely inhibited in 

mitochondria-depleted cells (Figure 3.14A and B), implying that mitochondria are 

not the major source of lipid ROS during ferroptosis. Collectively, these results 

implicate a functional role for mitochondria in mediating ferroptosis downstream 

of lipid ROS production. 
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Figure 3.14. Mitochondrial depletion does not affect lipid ROS production during 
ferroptosis. 
Wildtype or mcherry-Parkin overexpressing HT1080 cells were pre-treated with 30µM 
CCCP for 48 hrs to induce mitochondrial depletion and then thoroughly washed before 
being treated with 10µM erastin for 10 hrs. The accumulation of lipid ROS was then 
assessed by BODIPY C11 staining. (A) A representative histogram from flow cytometry 
analysis. (B) Quantification of median lipid ROS levels. Data represent mean ± SD, n=4 
independent experiments. 
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3.3. Discussion 

 We began this project aiming to identify specific molecules present in 

serum that can induce cell death in amino-acid free conditions. These death-

inducing factors were eventually revealed to be the iron-carrier protein 

transferrin, and the amino acid glutamine. Additionally, the metabolic process of 

glutaminolysis, which provides substrates for the TCA cycle and synthesis of 

various macromolecules, is also essential in mediating this cell death process. 

Several lines of evidence suggested that such serum-dependent cell death is in 

fact ferroptosis, a recently described form of iron-dependent oxidative cell death 

(Dixon et al., 2012). These include the requirement of cystine starvation, cellular 

glutathione depletion, and the involvement of iron-carrier transferrin in mediating 

cell death. Further testing confirmed that indeed, cystine starvation in the 

presence of glutamine was sufficient to induce ferroptosis. Thus our studies have 

identified several novel regulators of ferroptotic cell death. 

 

Subsequently, I aimed to characterize the role of mitochondria in serum-

dependent and erastin-induced ferroptosis. I found that mitochondria undergo 

significant fragmentation during ferroptosis. Inhibiting mitochondrial division 

genetically (by knockdown of Drp1) or pharmacologically (using Mdivi-1) 

significantly reduced ferroptosis induced by these stimuli. However, it should be 

noted that Drp1-/- MEFs were susceptible to ferroptotic stimuli, and Drp1 

knockdown cells did eventually die as well, indicating that Drp1 is not essential 

for ferroptosis. Rather, it is likely that cells with hyper-fused mitochondria are 

intrinsically more resistant to ferroptotic cell death. The mechanism underlying 
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this resistance is yet to be defined, but it is tempting to speculate that it involves 

favorable alterations in the basal metabolic state of Drp1-knockdown cells, such 

as increased ATP production and decreased mitophagy (Hoppins, 2014).  

 

Using live-cell imaging, I found that ferroptosis is accompanied by robust 

mitochondrial hyperpolarization prior to plasma-membrane rupture. The 

significance of this hyperpolarization event remains unclear. We originally 

suspected the hyperpolarization to be indicative of an oxidative burst occurring in 

the mitochondria. However, the lack of hyperpolarization in the presence of the 

ROS scavenger NAC, strongly suggests that ROS production precedes 

hyperpolarization. Thus, mitochondrial hyperpolarization is likely a consequence 

rather than the cause of ROS production. The effectiveness of the depolarizing 

agent CCCP in inhibiting erastin and serum-dependent ferroptosis implies that 

this hyperpolarization event is consequential in ultimately mediating cell death. 

 

Mitochondria-mediated ROS formation has been implicated in several 

other forms of cell death (Fleury et al., 2002; Chen et al., 2007; Ott et al., 2007). 

Yet, I found that erastin induced significant lipid peroxidation in mitochondria 

depleted cells, indicating that ferroptosis involves the production of lipid ROS 

from non-mitochondrial sources. This is consistent with a previous study 

demonstrating that a mitochondria targeted lipid redox sensor undergoes 

oxidation with significantly slower kinetics than a non-targeted sensor, and that a 

mitochondria targeted antioxidant is significantly weaker at inhibiting ferroptosis. 

(Friedmann Angeli et al., 2014). Further experiments will be necessary to 
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precisely pinpoint the cellular source of ROS production during ferroptosis. It 

should be noted that erastin-induced lipid ROS production in mitochondria 

depleted cells was slightly lower in comparison to wild type cells. Mitochondria 

play a key role in fatty acid synthesis through the production of citrate from the 

TCA cycle (Vander Heiden et al., 2009). Thus, this slight decrease in lipid ROS 

production could be due to diminished mitochondrial fatty acid metabolism in 

these cells, which is believed to supply specific lipid substrates for oxidation 

during ferroptosis (Dixon et al., 2012). 

 

Despite significant lipid ROS production, mitochondria depleted cells were 

highly resistant to erastin induced cell death. There are two important 

implications from this finding. Firstly, it suggests that lipid peroxidation is 

necessary, but not sufficient, to induce ferroptosis. This is additionally 

substantiated by the finding that CCCP, which potently inhibits cell death, also 

fails to inhibit lipid ROS production. Secondly, it further implicates a functional 

role for mitochondria in mediating ferroptosis, downstream of lipid ROS. The 

precise nature of such a function for mitochondria remains to be defined. One 

intriguing possibility is that lipid peroxides generated elsewhere could be 

transported into the mitochondria and cause damage inside the organelle, 

leading to cell death. In this regard, it is worth noting that several lipid trafficking 

proteins have been implicated in transporting oxidized lipids into the mitochondria 

(Vila et al., 2004; Korytowski et al., 2015). Import of proteins into the 

mitochondrial matrix via the TIM23 channel is known to require a healthy 

membrane potential (Martin et al., 1991; Pfanner and Geissler, 2001). It is thus 
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conceivable that CCCP treatment (which leads to depolarization) inhibits cell 

death by preventing the import of toxic lipids into the mitochondria. Comparing 

the lipidomic profiles of mitochondria isolated from cells treated with erastin± 

CCCP would be an ideal strategy to test this hypothesis.  

 

The involvement of mitochondria in ferroptosis induced by other stimuli 

also remains to be tested. Just as mitochondria are dispensable for execution of 

extrinsic apoptosis in certain cell types (Scaffidi et al., 1998), the existence of 

mitochondria-independent ferroptotic pathways is certainly plausible. Identifying 

such pathways and their relevant stimuli would be mechanistically intriguing.  

 

 In summary, our studies identified several novel regulators of ferroptotic 

cell death (Figure 3.15). Mechanistically, the data presented here support a 

model where mitochondria play an essential role in mediating erastin-induced 

and serum-dependent ferroptosis, downstream of lipid ROS production. Future 

work directed at teasing apart how lipid ROS act in concert with mitochondria to 

induce cellular demise would further our understanding of this unique cell death 

process. Ultimately, this could aid in the development of novel therapeutics that 

can unleash or inhibit ferroptosis for clinical benefit.  
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Figure 3.15. Proposed model for the role of glutamine, transferrin and 
mitochondria in regulating ferroptosis 
Cystine starvation or erastin treatment leads to depletion of glutathione (GSH), a key 
cellular antioxidant. In this scenario, the import of glutamine and subsequent byproducts 
from glutaminolysis lead to an iron-dependent production of oxidized lipids from a non-
mitochondrial source. The accumulation of lipid ROS triggers structural alterations and 
hyperpolarization in the mitochondria, ultimately leading to ferroptotic cell death. 
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3.4. Experimental procedures 

Cell Culture 

MEFs, HT1080 and 293T cells were cultured in DMEM-high glucose 

supplemented with 10% FBS, L-glutamine (2 mM) and penicillin-streptomycin. 

Lentiviral and retroviral constructs were co-transfected with the respective 

packaging vectors into 293T cells for virus production. Virus containing media 

was passed through a 0.45 µM PES filter and supplemented with polybrene 

before being used to transduce cells. 

 

Reagents, Antibodies and plasmids  

The following antibodies were used: Drp1 (BD Biosciences, #611112), RIP3 

(Prosci, #2283), TIM23 (BD Biosciences, #611222), TOM20 (Santa Cruz, 

#11415). The following small molecule inhibitors and chemicals were used: 

Mdivi1 (Sigma, #M0199), Rotenone (Sigma, # R8875), antimycin (Sigma, 

#A8674), CCCP (Sigma, #C2759), Compound 968 (Millipore, #352010). Erastin 

(Millipore, #329600 or Sigma, #E7781), Ferrostatin-1 (XcessBio, # M60042), 

NAC (Sigma, # A7250), AOA (Sigma, # C13408) and GPNA (Sigma, G6133). 

The Drp1 shRNA sequences were sh#1:	 GCTTCAGATCAGAGAACTTAT and 

sh#2:	 CGGTGGTGCTAGGATTTGTTA. Lentiviruses harboring the knockdown 

sequences were used to infect MEF cells. Cells when then selected and 

maintained in puromycin. Su9 cDNA (containing amino acids 1-69 of subunit 9 of 

F0-ATPase) was purchased from Addgene (#23214) and subcloned into the 

pQCXIP vector with a C-terminal GFP tag. The mCherry-parkin construct was 

generously provided by Dr. Cole Haynes (MSKCC). 
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Cell death induction and measurements 

To induce cell death, 80%-confluent cells were washed with PBS twice and then 

cultured in amino acid-free medium, with specific factors added as indicated in 

individual experiments. Alternatively, cells were treated in full media with the 

indicated concentration of erastin. Cell death was analyzed by propidium iodide 

(PI) or DAPI staining. Briefly, following treatment, adherent and floating cells 

were collected by trypsinization and resuspended in FACS buffer (1% FBS in 

PBS) containing PI (0.1µg/uL) or DAPI (1 µg/ml) and analyzed immediately by 

flow cytometry. A minimum of 10,000 cells were recorded per condition. 

Alternatively, cell viability was determined using the CellTiter-Glo luminescent 

Cell Viability Assay (Promega). In assays using WT MEFs, viability was 

calculated by normalizing ATP levels to cells treated with amino acid starvation in 

the presence of 10% (v/v) diFBS, while in assays using bax/bak-DKO MEFs, 

ATP levels were normalized to cells treated with amino acid and FBS double 

starvation. Clonogenic assays were performed as described in chapter two. 

 

Lipid ROS measurements 

Cells were plated in 6-well dishes and treated as indicated. 1.5 µM BODIPY 

581/591 C11 (Invitrogen) was added for the final 1 hour of treatment. Cells were 

then washed, collected by trypsinization, resuspended in FACS buffer, and 

analyzed by flow cytometry. A 488nm laser was used for excitation, and data was 

collected from the FITC (530/50 BP) channel. A minimum of 20,000 cells was 

recorded per condition. All FACS data Analysis were analyzed using FlowJo 
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software (Tree Star). Relative lipid ROS was calculated in relation to control cells 

using median fluorescence intensity in the FITC channel. 

 

qRT-PCR 

qRT-PCR was performed as described in chapter 1, with the following primers: 

MLKL_FW: GGAAGATCGACAGGATGCAG 

MLKL_Rev: GTCCACGGAGGTCCAAGATG  

Actin_FW: GGCACCACACCTTCTACAATG 

Actin_Rev: GGGGTGTTGAAGGTCTCAAAC 

 

Immunofluorescence and fluorescence microscopy 

For imaging mitochondria morphology, MEFs expressing Su9-GFP were plated 

on 35-mm glass-bottom plates (MatTek) and imaged live on a NikonEclipse Ti-U 

confocal microscope. For immunofluorescence, cells were plated onto glass 

coverslips 24 hours prior to the experiment. Following treatment, cells were fixed 

in 3.7% formaldehyde for 20 min, permeabilized with 0.1% Triton X-100 in PBS 

for 5 minutes and incubated in blocking buffer (1% BSA in PBS) for 15 min. After 

washing, the coverslips were incubated with TOM20 antibody (1:500) in blocking 

buffer for 90 min at 37°C. After washing three times, cover slips were incubated 

with Alexa Fluor secondary antibody (ThermoFisher, # A11012 or A11029, 

1:1000) for 30 min at 37°C. After washing, coverslips were mounted on 

microscope slides using ProLong Gold antifade reagent (Life Technologies, # 

P36935). Slides were visualized on a Nikon Eclipse TE2000-U microscope or a 

NikonEclipse Ti-U confocal microscope. Acquired images were processed and 
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analyzed with ImageJ software (NIH). 

 

Time-lapse imaging 

Live-cell imaging of H2b-mCherry-expressing and WT MEFs was performed on 

glass-bottom six-well plates (MatTek) using a Nikon Ti-E inverted microscope 

attached to a CoolSNAP CCD camera (Photometrics). For imaging of 

mitochondrial membrane potential, cells were pre-loaded with 200nm TMRE 

(Enzo Life Sciences) for 1 hour. Subsequently, cells were washed to remove 

traces of TMRE from the media and treated as indicated. Fluorescence and 

differential interference contrast (DIC) images were acquired every 5-7 min, and 

images were analyzed using NIS elements software (Nikon) and ImageJ 

software (NIH). For confocal imaging, MEFs were grown on 35-mm glass-bottom 

plates (MatTek), and DIC images were acquired every 5 min with the Ultraview 

Vox spinning disc confocal system (PerkinElmer) equipped with a Yokogawa 

CSU-X1 spinning disc head and EMCCD camera (Hamamatsu C9100-13) and 

coupled with a Nikon Ti-E microscope. Image analysis was performed with 

Volocity software (PerkinElmer). All imaging was carried out in incubation 

chambers at 5% CO2and 37°C. 

 

Statistical analysis  

Results were analyzed by a Student's t-test, performed using the GraphPad 

Prism 6 software. Significance was defined as P<0. 
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CHAPTER 4  

PERSPECTIVES AND FUTURE DIRECTIONS 

4.1. Regulation of apoptosis post-MOMP 

There has been mounting evidence against MOMP being a universal 

point-of-no-return for cell death. As one might expect intuitively, caspase-3 

activity has been identified as a key determinant of whether cells can recover 

from MOMP (Colell et al., 2007; Tait et al., 2010). This raises the question, how 

can caspase-3 activation be controlled once cytochrome C is liberated from the 

mitochondria? To address this question, I examined the regulation of CAS, a 

stimulant of apoptosome formation. In the context of the extrinsic apoptosis 

pathway induced by TRAIL, I found that caspase-8 induces a signaling cascade 

that leads to upregulation of CAS, and thus contributes to increased apoptosome 

formation and subsequent caspase-3 activation. Caspase-8 can induce caspase-

3 activation through at least two other related mechanisms: by direct cleavage of 

caspase-3, or by cleavage of Bid, which induces MOMP. The upregulation of 

CAS could thus represent a third tool in caspase-8’s repertoire of death.  

  

cIAP1 mediates CAS degradation 

 I found that caspase-8 mediates its effect on CAS levels through 

degradation of cIAP1, an E3-ubiquitin ligase that targets CAS for proteasomal 

degradation. The precise mechanism underlying caspase-8 mediated cIAP1 

degradation remains to be elucidated. Further studies into this mechanism could 

lead to the generation of a cIAP1 mutant that is resistant to such degradation. 
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Overexpression of degradation-resistant cIAP1 would presumably inhibit CAS 

upregulation, allowing us to directly determine if inhibiting CAS upregulation (as 

opposed to knocking down CAS) dampens apoptosis. 

 

 cIAP1 has been characterized to promote cell survival primarily by 

activating the NF-κB pathway through ubiquitination of several substrates (Li et 

al., 2002; Bertrand et al., 2008; Mahoney et al., 2008; Gyrd-Hansen and Meier, 

2010). CAS could be a functionally relevant substrate of cIAP1 in the specific 

context of surviving apoptotic insults. The biological significance of this regulatory 

pathway could be assessed by testing the pro-survival activity of cIAP1 in the 

presence of a CAS mutant that is refractory to ubiquitination. This would first 

require identification and mutation of the relevant ubiquitinated lysine residues in 

CAS.  

 

In this study, I have focused exclusively on understanding the mechanism 

of TRAIL-induced CAS upregulation. We have previously observed that UV-

radiation can also induce upregulation of CAS (Kim et al., 2008). UV-induced 

DNA damage leads to activation of the cell intrinsic apoptotic pathway, and this is 

thought to occur independent of caspase-8 activity (Figure 1.1). How UV-

radiation upregulates CAS thus remains an outstanding question, with several 

possible explanations. Firstly, while I demonstrate that caspase-8 is required for 

TRAIL-induced CAS upregulation, this does not rule out a redundant function for 

caspase-3 if it is activated directly (as in the cell intrinsic pathway). In this regard, 

it is worth noting that cIAP1 has been reported to be a direct substrate of 
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caspase-3 in vitro (Clem et al., 2001). Secondly, a few studies have reported that 

UV-radiation can activate death receptor signaling through ligand-independent 

clustering of receptors at the cell surface (Rosette and Karin, 1996; Rehemtulla 

et al., 1997; Aragane et al., 1998). While this remains to be proven more 

conclusively, low levels of caspase-8 activation thus achieved could be sufficient 

to induce CAS upregulation. Finally, the existence of a caspase-8-independent 

pathway that mediates CAS upregulation in response to intrinsic apoptotic stimuli 

cannot be ruled out. Further studies should help tease apart these possibilities.  

 

CAS in cancer 

CAS is a pro-apoptotic protein, but also appears to play a critical role in 

cell growth. Can this intriguing dichotomy be exploited for therapeutic purposes? 

I found that oncogene-induced upregulation of basal CAS levels plays a 

significant role in sensitizing cells to apoptotic insults. While this correlation 

needs to be tested more rigorously in transformed cells with additional stimuli, it 

suggests that tumors that have increased basal expression of CAS may be 

especially sensitive to select apoptotic triggers. However, the relationship 

between apoptosis and cancer is complicated, and it is certainly possible that 

these tumors develop additional mutations to evade apoptosis in vivo. 

 

Conversely, could artificially raising CAS expression in tumors sensitize 

them to apoptosis? In this regard, it is worth noting the development of a novel 

class of therapeutics known as SMAC-mimetics. These IAP-antagonist 

compounds bind to, and induce auto-ubiquitination mediated degradation of 
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cIAP1 and cIAP2 (Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al., 

2007). SMAC-mimetics have been shown to sensitize cells to apoptosis in 

several contexts. It would be intriguing to test if these compounds can also 

induce expression of CAS, especially in cells where basal expression is low, and 

if so, whether this can sensitize cells to apoptosis. Manipulating CAS expression 

levels to therapeutically target cancer presents an interesting avenue for future 

research.  

 

4.2. Ferroptosis 

 In the third chapter of this dissertation, we identified ferroptosis as the 

specific cell death process triggered by amino acid starvation in the presence of 

serum. Subsequent work revealed that cystine starvation in the presence of 

glutamine and transferrin was sufficient to induce ferroptosis. This stimulus is 

reminiscent of erastin, which inhibits cystine import into the cell to induce 

ferroptosis (Figure 1.2). We also found glutamine metabolism to be a key 

regulator of ferroptosis. Inhibiting glutaminases with compound 968 dramatically 

inhibited the formation of lipid ROS, indicating that glutaminolysis functions 

upstream of ROS production. The precise contribution of glutaminolysis to lipid 

ROS production during ferroptosis remains to be defined, but it likely involves the 

synthesis of lipids via feeding substrates into the TCA cycle (Vander Heiden et 

al., 2009). 
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A role for mitochondria in ferroptosis 

 In the latter part of chapter 3, I describe a significant role for mitochondria 

in erastin-induced ferroptosis. While modulating mitochondrial dynamics or 

inhibiting the ETC led to a partial block of cell death, disruption of membrane 

potential or complete depletion of mitochondria dramatically inhibited ferroptosis. 

A functional ETC has previously been deemed dispensable for erastin-induced 

ferroptosis (Dixon et al., 2012). This conclusion was reached using mitochondrial 

DNA-deficient 143B (ρ0) osteosarcoma cells, which lack mitochondria-encoded 

components of the ETC, and are thus defective for oxidative phosphorylation. 

However, it should be noted that mitochondria in such cells still possess 

significant membrane potential generated by the activity of an adenine nucleotide 

carrier and an incomplete F0F1-ATP synthase (Skowronek et al., 1992; Buchet 

and Godinot, 1998; Appleby et al., 1999). Thus, while this experiment indicates 

that ETC-derived ROS are dispensable for ferroptosis, it does not directly assess 

the importance of mitochondrial membrane potential in this process. 

Nonetheless, my finding that depletion of mitochondria does not dramatically 

effect erastin-induced lipid-ROS accumulation is consistent with the idea that 

ferroptosis involves the generation of ROS from non-mitochondrial sources.  

 

In addition to pinpointing the cellular site of ROS generation, identifying 

which specific lipid species are oxidized during ferroptosis remains an open area 

of investigation. While non-specific lipid oxidation hasn’t been conclusively ruled 

out, current evidence suggests the existence of a complex “lipid oxidation 

signature” associated with ferroptosis (Friedmann Angeli et al., 2014). 
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Identification of such lethal lipids could lead to the development of new 

ferroptosis inhibitors that target specific lipid peroxides.  

 

 The finding that cells can survive lipid ROS production (in the presence of 

CCCP or in the absence of mitochondria), indicates that lipid peroxidation is not a 

point of no return for ferroptosis. Rather, it appears that functional mitochondria 

are essential to “execute” this lethal lipid signal. Such a critical function for 

mitochondria in ferroptosis is in line with its pivotal role in making other cell fate 

decisions. Defining how mitochondria sense and respond to such a lipid signal 

promises to be an exciting area for future research. While it is possible that lipid 

peroxides directly damage mitochondria, the presence of intermediate molecules 

that sense and relay the ROS signal to mitochondria (similar to the function of the 

Bcl-2 family of proteins in apoptosis) would be intriguing and could provide 

another opportunity for therapeutic intervention. 

 

Ferroptosis in disease 

As discussed in chapter 1, the physiological relevance of ferroptosis 

continues to be actively explored. Several studies have demonstrated a 

functional role for ferroptosis in a myriad of diseases, ranging from ischemia-

reperfusion induced organ injury to neurodegenerative conditions.  However, in a 

majority of these scenarios, a role for ferroptosis has been inferred using small 

molecule inhibitors like ferrostatin-1 and liproxstatin-1 to decrease tissue damage 

cause by acute insults. While these inhibitors have been characterized to inhibit 

ferroptosis, the possibility that they inhibit other forms of cell death cannot be 
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ruled out conclusively. The discovery of molecular markers of ferroptosis, akin to 

caspase activation for apoptosis or MLKL phosphorylation for necroptosis, should 

help confirm and identify new roles for ferroptosis in disease.  

 

To my knowledge, ferroptosis has only been observed in vivo as a 

detrimental cell death process that contributes to various pathologies. Could 

ferroptosis also play a role in developmental or homeostatic processes? The 

most obvious way to establish such a function would involve studying mouse 

models where genes essential for ferroptosis are knocked out, analogous to how 

RIP3-knockout mice were used to demonstrate a role for necroptosis in host 

antiviral response (Cho et al., 2009; Upton et al., 2010). However, to date, most 

proteins identified to play a critical role in ferroptosis (eg. system xc
-, GLS2, 

transferrin, etc.) are also required for essential cellular processes, thus 

precluding this approach. 

 

Hypothetically, targeting ferroptosis for clinical benefit could be achieved 

through two means. Firstly, inhibiting ferroptosis is a promising therapeutic 

approach in scenarios where ferroptotic cell death contributes to pathology. This 

approach is dependent on the development of ferroptosis-specific inhibitors with 

favorable pharmacodynamics and metabolic profiles. Conversely, inducing 

ferroptosis could be a novel approach to treat certain cancers and autoimmune 

conditions. While a few clinically used drugs like sulfasalazine and sorafenib 

have been shown to inhibit system xc
-, it remains to be proven whether 

ferroptosis contributes to their respective therapeutic efficacies. Although 
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inhibiting system xc
- can induce ferroptosis, it could also lead to other pleiotropic 

effects associated with cystine starvation. Thus, inhibiting GPX4 might present a 

more targeted approach to induce ferroptosis without leading to cystine 

starvation or GSH depletion.  

 

The development of next-generation ferroptosis inducers needs to be 

accompanied by the identification of biomarkers that can accurately predict 

sensitivity to ferroptosis. Further understanding of the basic mechanism 

underlying ferroptosis should help in this regard. Notably, a recent study using an 

unbiased approach identified NADPH abundance to strongly correlate with 

sensitivity to ferroptosis inducers in vitro (Shimada et al., 2016). This adds to the 

intriguing possibility that the altered metabolic state associated with tumors, 

including increased glutaminolysis, higher NADPH production, and greater levels 

of endogenous ROS, could provide a therapeutic window for selective 

ferroptosis-dependent elimination of cancer cells (Toyokuni et al., 1995; 

Schumacker, 2006; DeBerardinis et al., 2007; Trachootham et al., 2009; Vander 

Heiden et al., 2009 180; Wise and Thompson, 2010).  

 

 

 
 
 
 
 



103 

REFERENCES 

Allan, L.A., and Clarke, P.R. (2007). Phosphorylation of Caspase-9 by 
CDK1/Cyclin B1 Protects Mitotic Cells against Apoptosis. Molecular Cell 26, 301-
310. 

Allan, L.A., Morrice, N., Brady, S., Magee, G., Pathak, S., and Clarke, P.R. 
(2003). Inhibition of caspase-9 through phosphorylation at Thr 125 by ERK 
MAPK. Nat Cell Biol 5, 647-654. 

Andrews, N.C., and Schmidt, P.J. (2007). Iron homeostasis. Annu Rev Physiol 
69, 69-85. 

Appleby, R.D., Porteous, W.K., Hughes, G., James, A.M., Shannon, D., Wei, 
Y.H., and Murphy, M.P. (1999). Quantitation and origin of the mitochondrial 
membrane potential in human cells lacking mitochondrial DNA. European Journal 
of Biochemistry 262, 108-116. 

Aragane, Y., Kulms, D., Metze, D., Wilkes, G., Pöppelmann, B., Luger, T.A., and 
Schwarz, T. (1998). Ultraviolet Light Induces Apoptosis via Direct Activation of 
CD95 (Fas/APO-1) Independently of Its Ligand CD95L. The Journal of Cell 
Biology 140, 171-182. 

Ashkenazi, A., and Dixit, V.M. (1998). Death receptors: signaling and modulation. 
Science 281, 1305. 

Ashkenazi, A., and Salvesen, G. (2014). Regulated Cell Death: Signaling and 
Mechanisms. Annual Review of Cell and Developmental Biology 30, 337-356. 

Bar-Shira, A., Pinthus, J.H., Rozovsky, U., Goldstein, M., Sellers, W.R., Yaron, 
Y., Eshhar, Z., and Orr-Urtreger, A. (2002). Multiple Genes in Human 20q13 
Chromosomal Region Are Involved in an Advanced Prostate Cancer Xenograft. 
Cancer Research 62, 6803-6807. 

Barker, N. (2014). Adult intestinal stem cells: critical drivers of epithelial 
homeostasis and regeneration. Nat Rev Mol Cell Biol 15, 19-33. 



104 

Bera, T.K., Bera, J., Brinkmann, U., Tessarollo, L., and Pastan, I. (2001). Cse1l 
Is Essential for Early Embryonic Growth and Development. Molecular and 
Cellular Biology 21, 7020-7024. 

Berghe, T.V., Linkermann, A., Jouan-Lanhouet, S., Walczak, H., and 
Vandenabeele, P. (2014). Regulated necrosis: the expanding network of non-
apoptotic cell death pathways. Nat Rev Mol Cell Biol 15, 135-147. 

Bergsbaken, T., Fink, S.L., and Cookson, B.T. (2009). Pyroptosis: host cell death 
and inflammation. Nat Rev Micro 7, 99-109. 

Bertrand, M.J.M., Milutinovic, S., Dickson, K.M., Ho, W.C., Boudreault, A., 
Durkin, J., Gillard, J.W., Jaquith, J.B., Morris, S.J., and Barker, P.A. (2008). 
cIAP1 and cIAP2 Facilitate Cancer Cell Survival by Functioning as E3 Ligases 
that Promote RIP1 Ubiquitination. Molecular Cell 30, 689-700. 

Bertrand, R., Solary, E., O'Connor, P., Kohn, K.W., and Pommier, Y. (1994). 
Induction of a Common Pathway of Apoptosis by Staurosporine. Experimental 
Cell Research 211, 314-321. 

Böni, R., Wellmann, A., Man, Y.-G., Hofbauer, G., and Brinkmann, U. (1999). 
Expression of the Proliferation and Apoptosis-Associated CAS Protein in Benign 
and Malignant Cutaneous Melanocytic Lesions. The American Journal of 
Dermatopathology 21, 125-128. 

Brigelius-Flohé, R., and Maiorino, M. (2013). Glutathione peroxidases. 
Biochimica et Biophysica Acta (BBA) - General Subjects 1830, 3289-3303. 

Brinkmann, U., Brinkmann, E., Gallo, M., and Pastan, I. (1995). Cloning and 
characterization of a cellular apoptosis susceptibility gene, the human homologue 
to the yeast chromosome segregation gene CSE1. Proceedings of the National 
Academy of Sciences 92, 10427-10431. 

Brustmann, H. (2004). Expression of cellular apoptosis susceptibility protein in 
serous ovarian carcinoma: a clinicopathologic and immunohistochemical study. 
Gynecologic Oncology 92, 268-276. 

Buchet, K., and Godinot, C. (1998). Functional F1-ATPase essential in 
maintaining growth and membrane potential of human mitochondrial DNA-
depleted ρ cells. Journal of Biological Chemistry 273, 22983-22989. 



105 

Cai, Z., Jitkaew, S., Zhao, J., Chiang, H.-C., Choksi, S., Liu, J., Ward, Y., Wu, L.-
g., and Liu, Z.-G. (2014). Plasma membrane translocation of trimerized MLKL 
protein is required for TNF-induced necroptosis. Nat Cell Biol 16, 55-65. 

Campbell, D.S., and Holt, C.E. (2003). Apoptotic Pathway and MAPKs 
Differentially Regulate Chemotropic Responses of Retinal Growth Cones. 
Neuron 37, 939-952. 

Cao, J.Y., and Dixon, S.J. (2016). Mechanisms of ferroptosis. Cellular and 
Molecular Life Sciences, 1-15. 

Cardone, M.H., Roy, N., Stennicke, H.R., Salvesen, G.S., Franke, T.F., 
Stanbridge, E., Frisch, S., and Reed, J.C. (1998). Regulation of Cell Death 
Protease Caspase-9 by Phosphorylation. Science 282, 1318-1321. 

Cassidy-Stone, A., Chipuk, J.E., Ingerman, E., Song, C., Yoo, C., Kuwana, T., 
Kurth, M.J., Shaw, J.T., Hinshaw, J.E., Green, D.R., et al. (2008). Chemical 
Inhibition of the Mitochondrial Division Dynamin Reveals Its Role in Bax/Bak-
Dependent Mitochondrial Outer Membrane Permeabilization. Developmental Cell 
14, 193-204. 

Cecconi, F., Alvarez-Bolado, G., Meyer, B.I., Roth, K.A., and Gruss, P. (1998). 
Apaf1 (CED-4 Homolog) Regulates Programmed Cell Death in Mammalian 
Development. Cell 94, 727-737. 

Cerami, E., Gao, J., Dogrusoz, U., Gross, B.E., Sumer, S.O., Aksoy, B.A., 
Jacobsen, A., Byrne, C.J., Heuer, M.L., and Larsson, E. (2012). The cBio cancer 
genomics portal: an open platform for exploring multidimensional cancer 
genomics data. Cancer discovery 2, 401-404. 

Chen, Y., McMillan-Ward, E., Kong, J., Israels, S.J., and Gibson, S.B. (2007). 
Mitochondrial electron-transport-chain inhibitors of complexes I and II induce 
autophagic cell death mediated by reactive oxygen species. Journal of Cell 
Science 120, 4155-4166. 

Chipuk, J.E., Moldoveanu, T., Llambi, F., Parsons, M.J., and Green, D.R. (2010). 
The BCL-2 Family Reunion. Molecular Cell 37, 299-310. 

Cho, Y., Challa, S., Moquin, D., Genga, R., Ray, T.D., Guildford, M., and Chan, 
F.K.-M. (2009). Phosphorylation-Driven Assembly of the RIP1-RIP3 Complex 



106 

Regulates Programmed Necrosis and Virus-Induced Inflammation. Cell 137, 
1112-1123. 

Ciechanover, A. (2005). Proteolysis: from the lysosome to ubiquitin and the 
proteasome. Nat Rev Mol Cell Biol 6, 79-87. 

Clem, R.J., Sheu, T.-T., Richter, B.W., He, W.-W., Thornberry, N.A., Duckett, 
C.S., and Hardwick, J.M. (2001). c-IAP1 is cleaved by caspases to produce a 
proapoptotic C-terminal fragment. Journal of Biological Chemistry 276, 7602-
7608. 

Colell, A., Ricci, J.-E., Tait, S., Milasta, S., Maurer, U., Bouchier-Hayes, L., 
Fitzgerald, P., Guio-Carrion, A., Waterhouse, N.J., Li, C.W., et al. (2007). 
GAPDH and Autophagy Preserve Survival after Apoptotic Cytochrome c Release 
in the Absence of Caspase Activation. Cell 129, 983-997. 

Crawford, E.D., and Wells, J.A. (2011). Caspase substrates and cellular 
remodeling. Annual review of biochemistry 80, 1055-1087. 

Cretney, E., Shanker, A., Yagita, H., Smyth, M.J., and Sayers, T.J. (2006). TNF-
related apoptosis-inducing ligand as a therapeutic agent in autoimmunity and 
cancer[ast]. Immunol Cell Biol 84, 87-98. 

Curthoys, N.P., and Watford, M. (1995). Regulation of glutaminase activity and 
glutamine metabolism. Annual review of nutrition 15, 133-159. 

DeBerardinis, R.J., Lum, J.J., Hatzivassiliou, G., and Thompson, C.B. (2008). 
The Biology of Cancer: Metabolic Reprogramming Fuels Cell Growth and 
Proliferation. Cell Metabolism 7, 11-20. 

DeBerardinis, R.J., Mancuso, A., Daikhin, E., Nissim, I., Yudkoff, M., Wehrli, S., 
and Thompson, C.B. (2007). Beyond aerobic glycolysis: Transformed cells can 
engage in glutamine metabolism that exceeds the requirement for protein and 
nucleotide synthesis. Proceedings of the National Academy of Sciences 104, 
19345-19350. 

Degterev, A., Boyce, M., and Yuan, J. (2003). A decade of caspases. Oncogene 
22, 8543-8567. 



107 

Degterev, A., Hitomi, J., Germscheid, M., Ch'en, I.L., Korkina, O., Teng, X., 
Abbott, D., Cuny, G.D., Yuan, C., Wagner, G., et al. (2008). Identification of RIP1 
kinase as a specific cellular target of necrostatins. Nat Chem Biol 4, 313-321. 

Degterev, A., Huang, Z., Boyce, M., Li, Y., Jagtap, P., Mizushima, N., Cuny, 
G.D., Mitchison, T.J., Moskowitz, M.A., and Yuan, J. (2005). Chemical inhibitor of 
nonapoptotic cell death with therapeutic potential for ischemic brain injury. Nat 
Chem Biol 1, 112-119. 

Deshmukh, M., Kuida, K., and Johnson, E.M. (2000). Caspase Inhibition Extends 
the Commitment to Neuronal Death Beyond Cytochrome c Release to the Point 
of Mitochondrial Depolarization. The Journal of Cell Biology 150, 131-144. 

Detmer, S.A., and Chan, D.C. (2007). Functions and dysfunctions of 
mitochondrial dynamics. Nat Rev Mol Cell Biol 8, 870-879. 

Devarajan, E., Sahin, A.A., Chen, J.S., Krishnamurthy, R.R., Aggarwal, N., Brun, 
A.M., Sapino, A., Zhang, F., Sharma, D., Yang, X.H., et al. (2002). Down-
regulation of caspase 3 in breast cancer: a possible mechanism for 
chemoresistance. Oncogene 21, 8843-8851. 

Deveraux, Q.L., Takahashi, R., Salvesen, G.S., and Reed, J.C. (1997). X-linked 
IAP is a direct inhibitor of cell-death proteases. Nature 388, 300-304. 

Dixon, Scott J., Lemberg, Kathryn M., Lamprecht, Michael R., Skouta, R., 
Zaitsev, Eleina M., Gleason, Caroline E., Patel, Darpan N., Bauer, Andras J., 
Cantley, Alexandra M., Yang, Wan S., et al. (2012). Ferroptosis: An Iron-
Dependent Form of Nonapoptotic Cell Death. Cell 149, 1060-1072. 

Dixon, S.J., Patel, D.N., Welsch, M., Skouta, R., Lee, E.D., Hayano, M., Thomas, 
A.G., Gleason, C.E., Tatonetti, N.P., and Slusher, B.S. (2014). Pharmacological 
inhibition of cystine–glutamate exchange induces endoplasmic reticulum stress 
and ferroptosis. Elife 3, e02523. 

Dixon, S.J., and Stockwell, B.R. (2014). The role of iron and reactive oxygen 
species in cell death. Nat Chem Biol 10, 9-17. 

Dolma, S., Lessnick, S.L., Hahn, W.C., and Stockwell, B.R. (2003). Identification 
of genotype-selective antitumor agents using synthetic lethal chemical screening 
in engineered human tumor cells. Cancer Cell 3, 285-296. 



108 

Du, C., Fang, M., Li, Y., Li, L., and Wang, X. (2000). Smac, a Mitochondrial 
Protein that Promotes Cytochrome c–Dependent Caspase Activation by 
Eliminating IAP Inhibition. Cell 102, 33-42. 

Eckelman, B.P., and Salvesen, G.S. (2006). The Human Anti-apoptotic Proteins 
cIAP1 and cIAP2 Bind but Do Not Inhibit Caspases. Journal of Biological 
Chemistry 281, 3254-3260. 

Edlich, F., Banerjee, S., Suzuki, M., Cleland, Megan M., Arnoult, D., Wang, C., 
Neutzner, A., Tjandra, N., and Youle, Richard J. (2011). Bcl-xL Retrotranslocates 
Bax from the Mitochondria into the Cytosol. Cell 145, 104-116. 

Ellis, R.E., Yuan, J., and Horvitz, H.R. (1991). Mechanisms and functions of cell 
death. Annual review of cell biology 7, 663-698. 

Esslinger, C.S., Cybulski, K.A., and Rhoderick, J.F. (2005). N γ-Aryl glutamine 
analogues as probes of the ASCT2 neutral amino acid transporter binding site. 
Bioorganic & medicinal chemistry 13, 1111-1118. 

Feng, S., Yang, Y., Mei, Y., Ma, L., Zhu, D.-e., Hoti, N., Castanares, M., and Wu, 
M. (2007). Cleavage of RIP3 inactivates its caspase-independent apoptosis 
pathway by removal of kinase domain. Cellular signalling 19, 2056-2067. 

Fernando, P., Brunette, S., and Megeney, L.A. (2005). Neural stem cell 
differentiation is dependent upon endogenous caspase 3 activity. The FASEB 
Journal 19, 1671-1673. 

Fernando, P., Kelly, J.F., Balazsi, K., Slack, R.S., and Megeney, L.A. (2002). 
Caspase 3 activity is required for skeletal muscle differentiation. Proceedings of 
the National Academy of Sciences 99, 11025-11030. 

Ferreira, C.G., van der Valk, P., Span, S.W., Ludwig, I., Smit, E.F., Kruyt, F.A.E., 
Pinedo, H.M., van Tinteren, H., and Giaccone, G. (2001). Expression of X-linked 
Inhibitor of Apoptosis as a Novel Prognostic Marker in Radically Resected Non-
Small Cell Lung Cancer Patients. Clinical Cancer Research 7, 2468-2474. 

Fleury, C., Mignotte, B., and Vayssière, J.-L. (2002). Mitochondrial reactive 
oxygen species in cell death signaling. Biochimie 84, 131-141. 



109 

Franchi, L., Eigenbrod, T., Munoz-Planillo, R., and Nunez, G. (2009). The 
inflammasome: a caspase-1-activation platform that regulates immune 
responses and disease pathogenesis. Nat Immunol 10, 241-247. 

Friedmann Angeli, J.P., Schneider, M., Proneth, B., Tyurina, Y.Y., Tyurin, V.A., 
Hammond, V.J., Herbach, N., Aichler, M., Walch, A., Eggenhofer, E., et al. 
(2014). Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure 
in mice. Nat Cell Biol 16, 1180-1191. 

Frisch, S., and Francis, H. (1994). Disruption of epithelial cell-matrix interactions 
induces apoptosis. The Journal of Cell Biology 124, 619-626. 

Fuchs, Y., and Steller, H. (2011). Programmed Cell Death in Animal 
Development and Disease. Cell 147, 742-758. 

Galluzzi, L., Bravo-San Pedro, J.M., Vitale, I., Aaronson, S.A., Abrams, J.M., 
Adam, D., Alnemri, E.S., Altucci, L., Andrews, D., Annicchiarico-Petruzzelli, M., et 
al. (2015). Essential versus accessory aspects of cell death: recommendations of 
the NCCD 2015. Cell Death Differ 22, 58-73. 

Galluzzi, L., Kepp, O., Krautwald, S., Kroemer, G., and Linkermann, A. (2014). 
Molecular mechanisms of regulated necrosis. Seminars in Cell & Developmental 
Biology 35, 24-32. 

Galluzzi, L., López-Soto, A., Kumar, S., and Kroemer, G. (2016). Caspases 
Connect Cell-Death Signaling to Organismal Homeostasis. Immunity 44, 221-
231. 

Gao, J., Aksoy, B.A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S.O., Sun, 
Y., Jacobsen, A., Sinha, R., and Larsson, E. (2013). Integrative analysis of 
complex cancer genomics and clinical profiles using the cBioPortal. Science 
signaling 6, pl1. 

Gao, M., Monian, P., Quadri, N., Ramasamy, R., and Jiang, X. (2015). 
Glutaminolysis and Transferrin Regulate Ferroptosis. Molecular Cell 59, 298-308. 

Green, D.R., and Kroemer, G. (2004). The Pathophysiology of Mitochondrial Cell 
Death. Science 305, 626-629. 



110 

Guicciardi, M.E., Mott, J.L., Bronk, S.F., Kurita, S., Fingas, C.D., and Gores, G.J. 
(2011). Cellular inhibitor of apoptosis 1 (cIAP-1) degradation by caspase 8 during 
TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis. Experimental 
Cell Research 317, 107-116. 

Gyrd-Hansen, M., and Meier, P. (2010). IAPs: from caspase inhibitors to 
modulators of NF-κB, inflammation and cancer. Nat Rev Cancer 10, 561-574. 

Hakem, R., Hakem, A., Duncan, G.S., Henderson, J.T., Woo, M., Soengas, M.S., 
Elia, A., de la Pompa, J.L., Kagi, D., Khoo, W., et al. (1998). Differential 
Requirement for Caspase 9 in Apoptotic Pathways In Vivo. Cell 94, 339-352. 

Hanahan, D., and Weinberg, Robert A. (2011). Hallmarks of Cancer: The Next 
Generation. Cell 144, 646-674. 

He, S., Wang, L., Miao, L., Wang, T., Du, F., Zhao, L., and Wang, X. (2009). 
Receptor Interacting Protein Kinase-3 Determines Cellular Necrotic Response to 
TNF-α. Cell 137, 1100-1111. 

Heiden, M.G.V., Chandel, N.S., Schumacker, P.T., and Thompson, C.B. (1999). 
Bcl-xL Prevents Cell Death following Growth Factor Withdrawal by Facilitating 
Mitochondrial ATP/ADP Exchange. Molecular Cell 3, 159-167. 

Hensley, C.T., Wasti, A.T., and DeBerardinis, R.J. (2013). Glutamine and cancer: 
cell biology, physiology, and clinical opportunities. The Journal of clinical 
investigation 123, 3678-3684. 

Hentze, M.W., Muckenthaler, M.U., Galy, B., and Camaschella, C. (2010). Two to 
Tango: Regulation of Mammalian Iron Metabolism. Cell 142, 24-38. 

Holler, N., Zaru, R., Micheau, O., Thome, M., Attinger, A., Valitutti, S., Bodmer, 
J.-L., Schneider, P., Seed, B., and Tschopp, J. (2000). Fas triggers an 
alternative, caspase-8–independent cell death pathway using the kinase RIP as 
effector molecule. Nature immunology 1, 489-495. 

Hoppins, S. (2014). The regulation of mitochondrial dynamics. Current Opinion in 
Cell Biology 29, 46-52. 



111 

Hoppins, S., Lackner, L., and Nunnari, J. (2007). The Machines that Divide and 
Fuse Mitochondria. Annual Review of Biochemistry 76, 751-780. 

Huesmann, G.R., and Clayton, D.F. (2006). Dynamic Role of Postsynaptic 
Caspase-3 and BIRC4 in Zebra Finch Song-Response Habituation. Neuron 52, 
1061-1072. 

Ichim, G., Lopez, J., Ahmed, Shafiq U., Muthalagu, N., Giampazolias, E., 
Delgado, M.E., Haller, M., Riley, Joel S., Mason, Susan M., Athineos, D., et al. 
(2015). Limited Mitochondrial Permeabilization Causes DNA Damage and 
Genomic Instability in the Absence of Cell Death. Molecular Cell 57, 860-872. 

Irmler, M., Thome, M., Hahne, M., Schneider, P., Hofmann, K., Steiner, V., 
Bodmer, J.-L., Schroter, M., Burns, K., Mattmann, C., et al. (1997). Inhibition of 
death receptor signals by cellular FLIP. Nature 388, 190-195. 

Ishizaki, Y., Jacobson, M.D., and Raff, M.C. (1998). A Role for Caspases in Lens 
Fiber Differentiation. The Journal of Cell Biology 140, 153-158. 

Jacobson, M.D., Weil, M., and Raff, M.C. (1997). Programmed Cell Death in 
Animal Development. Cell 88, 347-354. 

Jia, L., Srinivasula, S.M., Liu, F.-T., Newland, A.C., Fernandes-Alnemri, T., 
Alnemri, E.S., and Kelsey, S.M. (2001). Apaf-1 protein deficiency confers 
resistance to cytochromec–dependent apoptosis in human leukemic cells. Blood 
98, 414-421. 

Jiang, L., Kon, N., Li, T., Wang, S.-J., Su, T., Hibshoosh, H., Baer, R., and Gu, 
W. (2015). Ferroptosis as a p53-mediated activity during tumour suppression. 
Nature 520, 57-62. 

Jiang, X., and Wang, X. (2004). Cytochrome C-Mediated Apoptosis. Annual 
Review of Biochemistry 73, 87-106. 

Johnstone, R.W., Frew, A.J., and Smyth, M.J. (2008). The TRAIL apoptotic 
pathway in cancer onset, progression and therapy. Nat Rev Cancer 8, 782-798. 



112 

Jones, R.G., Plas, D.R., Kubek, S., Buzzai, M., Mu, J., Xu, Y., Birnbaum, M.J., 
and Thompson, C.B. (2005). AMP-Activated Protein Kinase Induces a p53-
Dependent Metabolic Checkpoint. Molecular Cell 18, 283-293. 

Jost, P.J., Grabow, S., Gray, D., McKenzie, M.D., Nachbur, U., Huang, D.C.S., 
Bouillet, P., Thomas, H.E., Borner, C., Silke, J., et al. (2009). XIAP discriminates 
between type I and type II FAS-induced apoptosis. Nature 460, 1035-1039. 

Kerr, J.F.R., Wyllie, A.H., and Currie, A.R. (1972). Apoptosis: A Basic Biological 
Phenomenon with Wide-ranging Implications in Tissue Kinetics. British Journal of 
Cancer 26, 239-257. 

Kim, H.-E., Du, F., Fang, M., and Wang, X. (2005). Formation of apoptosome is 
initiated by cytochrome c-induced dATP hydrolysis and subsequent nucleotide 
exchange on Apaf-1. Proceedings of the National Academy of Sciences of the 
United States of America 102, 17545-17550. 

Kim, H.-E., Jiang, X., Du, F., and Wang, X. (2008). PHAPI, CAS, and Hsp70 
Promote Apoptosome Formation by Preventing Apaf-1 Aggregation and 
Enhancing Nucleotide Exchange on Apaf-1. Molecular Cell 30, 239-247. 

Kornbluth, S., and White, K. (2005). Apoptosis in Drosophila: neither fish nor fowl 
(nor man, nor worm). Journal of cell science 118, 1779-1787. 

Korytowski, W., Wawak, K., Pabisz, P., Schmitt, J.C., Chadwick, A.C., Sahoo, D., 
and Girotti, A.W. (2015). Impairment of Macrophage Cholesterol Efflux by 
Cholesterol Hydroperoxide Trafficking: Implications for Atherogenesis Under 
Oxidative Stress. Arteriosclerosis, Thrombosis, and Vascular Biology 35, 2104-
2113. 

Kuida, K., Haydar, T.F., Kuan, C.-Y., Gu, Y., Taya, C., Karasuyama, H., Su, 
M.S.S., Rakic, P., and Flavell, R.A. (1998). Reduced Apoptosis and Cytochrome 
c–Mediated Caspase Activation in Mice Lacking Caspase 9. Cell 94, 325-337. 

Kuida, K., Zheng, T.S., Na, S., Kuan, C.-Y., Yang, D., Karasuyama, H., Rakic, P., 
and Flavell, R.A. (1996). Decreased apoptosis in the brain and premature 
lethality in CPP32-deficient mice. Nature 384, 368-372. 

Levine, A.J. (1997). p53, the Cellular Gatekeeper for Growth and Division. Cell 
88, 323-331. 



113 

Li, H., Zhu, H., Xu, C.-j., and Yuan, J. (1998). Cleavage of BID by Caspase 8 
Mediates the Mitochondrial Damage in the Fas Pathway of Apoptosis. Cell 94, 
491-501. 

Li, J., McQuade, T., Siemer, Ansgar B., Napetschnig, J., Moriwaki, K., Hsiao, Y.-
S., Damko, E., Moquin, D., Walz, T., McDermott, A., et al. (2012). The RIP1/RIP3 
Necrosome Forms a Functional Amyloid Signaling Complex Required for 
Programmed Necrosis. Cell 150, 339-350. 

Li, J., and Yuan, J. (2008). Caspases in apoptosis and beyond. Oncogene 27, 
6194-6206. 

Li, L.Y., Luo, X., and Wang, X. (2001). Endonuclease G is an apoptotic DNase 
when released from mitochondria. Nature 412, 95-99. 

Li, P., Nijhawan, D., Budihardjo, I., Srinivasula, S.M., Ahmad, M., Alnemri, E.S., 
and Wang, X. (1997). Cytochrome c and dATP-Dependent Formation of Apaf-
1/Caspase-9 Complex Initiates an Apoptotic Protease Cascade. Cell 91, 479-
489. 

Li, X., Yang, Y., and Ashwell, J.D. (2002). TNF-RII and c-IAP1 mediate 
ubiquitination and degradation of TRAF2. Nature 416, 345-347. 

Li, Z., Jo, J., Jia, J.-M., Lo, S.-C., Whitcomb, D.J., Jiao, S., Cho, K., and Sheng, 
M. (2010). Caspase-3 Activation via Mitochondria Is Required for Long-Term 
Depression and AMPA Receptor Internalization. Cell 141, 859-871. 

Lin, Y., Devin, A., Rodriguez, Y., and Liu, Z.-g. (1999). Cleavage of the death 
domain kinase RIP by caspase-8 prompts TNF-induced apoptosis. Genes & 
development 13, 2514-2526. 

Linkermann, A., and Green, D.R. (2014). Necroptosis. New England Journal of 
Medicine 370, 455-465. 

Linkermann, A., Skouta, R., Himmerkus, N., Mulay, S.R., Dewitz, C., De Zen, F., 
Prokai, A., Zuchtriegel, G., Krombach, F., Welz, P.-S., et al. (2014). 
Synchronized renal tubular cell death involves ferroptosis. Proceedings of the 
National Academy of Sciences 111, 16836-16841. 



114 

Liu, X., He, Y., Li, F., Huang, Q., Kato, Takamitsu A., Hall, Russell P., and Li, C.-
Y. (2015). Caspase-3 Promotes Genetic Instability and Carcinogenesis. 
Molecular Cell 58, 284-296. 

Liu, X., Kim, C.N., Yang, J., Jemmerson, R., and Wang, X. (1996). Induction of 
apoptotic program in cell-free extracts: requirement for dATP and cytochrome c. 
Cell 86, 147-157. 

Liu, Y., Shoji-Kawata, S., Sumpter, R.M., Wei, Y., Ginet, V., Zhang, L., Posner, 
B., Tran, K.A., Green, D.R., Xavier, R.J., et al. (2013). Autosis is a Na+,K+-
ATPase–regulated form of cell death triggered by autophagy-inducing peptides, 
starvation, and hypoxia–ischemia. Proceedings of the National Academy of 
Sciences 110, 20364-20371. 

Llambi, F., Wang, Y.-M., Victor, B., Yang, M., Schneider, Desiree M., Gingras, S., 
Parsons, Melissa J., Zheng, Janet H., Brown, Scott A., Pelletier, S., et al. (2016). 
BOK Is a Non-canonical BCL-2 Family Effector of Apoptosis Regulated by ER-
Associated Degradation. Cell. 

Lockshin, R.A., and Williams, C.M. (1964). Programmed cell death—II. 
Endocrine potentiation of the breakdown of the intersegmental muscles of 
silkmoths. Journal of Insect Physiology 10, 643-649. 

Lu, S.C. (2013). Glutathione synthesis. Biochimica et Biophysica Acta (BBA)-
General Subjects 1830, 3143-3153. 

Ly, J.D., Grubb, D., and Lawen, A. (2003). The mitochondrial membrane 
potential (Δψm) in apoptosis; an update. Apoptosis 8, 115-128. 

Mahoney, D.J., Cheung, H.H., Mrad, R.L., Plenchette, S., Simard, C., Enwere, 
E., Arora, V., Mak, T.W., Lacasse, E.C., Waring, J., et al. (2008). Both cIAP1 and 
cIAP2 regulate TNFα-mediated NF-κB activation. Proceedings of the National 
Academy of Sciences 105, 11778-11783. 

Martin, J., Mahlke, K., and Pfanner, N. (1991). Role of an energized inner 
membrane in mitochondrial protein import. Delta psi drives the movement of 
presequences. Journal of Biological Chemistry 266, 18051-18057. 

Martinou, I., Desagher, S., Eskes, R., Antonsson, B., André, E., Fakan, S., and 
Martinou, J.-C. (1999). The Release of Cytochrome c from Mitochondria during 



115 

Apoptosis of NGF-deprived Sympathetic Neurons Is a Reversible Event. The 
Journal of Cell Biology 144, 883-889. 

Mason, E.F., and Rathmell, J.C. (2011). Cell metabolism: An essential link 
between cell growth and apoptosis. Biochimica et Biophysica Acta (BBA) - 
Molecular Cell Research 1813, 645-654. 

Matsushita, M., Freigang, S., Schneider, C., Conrad, M., Bornkamm, G.W., and 
Kopf, M. (2015). T cell lipid peroxidation induces ferroptosis and prevents 
immunity to infection. The Journal of experimental medicine 212, 555-568. 

Mattson, M.P. (2000). Apoptosis in neurodegenerative disorders. Nat Rev Mol 
Cell Biol 1, 120-130. 

McGivan, J.D., and Bungard, C.I. (2006). The transport of glutamine into 
mammalian cells. Frontiers in bioscience: a journal and virtual library 12, 874-
882. 

Monian, P., and Jiang, X. (2016). The Cellular Apoptosis Susceptibility Protein 
(CAS) Promotes Tumor Necrosis Factor-related Apoptosis-inducing Ligand 
(TRAIL)-induced Apoptosis and Cell Proliferation. Journal of Biological Chemistry 
291, 2379-2388. 

Murphy, James M., Czabotar, Peter E., Hildebrand, Joanne M., Lucet, 
Isabelle S., Zhang, J.-G., Alvarez-Diaz, S., Lewis, R., Lalaoui, N., Metcalf, D., 
Webb, Andrew I., et al. (2013). The Pseudokinase MLKL Mediates Necroptosis 
via a Molecular Switch Mechanism. Immunity 39, 443-453. 

Murphy, M.P. (2009). How mitochondria produce reactive oxygen species. 
Biochemical Journal 417, 1-13. 

Murray, T.V.A., McMahon, J.M., Howley, B.A., Stanley, A., Ritter, T., Mohr, A., 
Zwacka, R., and Fearnhead, H.O. (2008). A non-apoptotic role for caspase-9 in 
muscle differentiation. Journal of Cell Science 121, 3786-3793. 

Narendra, D., Tanaka, A., Suen, D.-F., and Youle, R.J. (2008). Parkin is recruited 
selectively to impaired mitochondria and promotes their autophagy. The Journal 
of Cell Biology 183, 795-803. 



116 

Network, C.G.A. (2012). Comprehensive molecular portraits of human breast 
tumours. Nature 490, 61-70. 

O'Donnell, M.A., Perez-Jimenez, E., Oberst, A., Ng, A., Massoumi, R., Xavier, R., 
Green, D.R., and Ting, A.T. (2011). Caspase 8 inhibits programmed necrosis by 
processing CYLD. Nat Cell Biol 13, 1437-1442. 

Oberst, A., Dillon, C.P., Weinlich, R., McCormick, L.L., Fitzgerald, P., Pop, C., 
Hakem, R., Salvesen, G.S., and Green, D.R. (2011). Catalytic activity of the 
caspase-8-FLIPL complex inhibits RIPK3-dependent necrosis. Nature 471, 363-
367. 

Ogryzko, V.V., Brinkmann, E., Howard, B.H., Pastan, I., and Brinkmann, U. 
(1997). Antisense Inhibition of CAS, the Human Homologue of the Yeast 
Chromosome Segregation Gene CSE1, Interferes with Mitosis in HeLa Cells. 
Biochemistry 36, 9493-9500. 

Okoshi, R., Ozaki, T., Yamamoto, H., Ando, K., Koida, N., Ono, S., Koda, T., 
Kamijo, T., Nakagawara, A., and Kizaki, H. (2008). Activation of AMP-activated 
Protein Kinase Induces p53-dependent Apoptotic Cell Death in Response to 
Energetic Stress. Journal of Biological Chemistry 283, 3979-3987. 

Ott, M., Gogvadze, V., Orrenius, S., and Zhivotovsky, B. (2007). Mitochondria, 
oxidative stress and cell death. Apoptosis 12, 913-922. 

Overholtzer, M., Mailleux, A.A., Mouneimne, G., Normand, G., Schnitt, S.J., King, 
R.W., Cibas, E.S., and Brugge, J.S. (2007). A Nonapoptotic Cell Death Process, 
Entosis, that Occurs by Cell-in-Cell Invasion. Cell 131, 966-979. 

Petersen, S.L., Wang, L., Yalcin-Chin, A., Li, L., Peyton, M., Minna, J., Harran, 
P., and Wang, X. (2007). Autocrine TNFα signaling renders human cancer cells 
susceptible to Smac-mimetic-induced apoptosis. Cancer cell 12, 445-456. 

Pfanner, N., and Geissler, A. (2001). Versatility of the mitochondrial protein 
import machinery. Nat Rev Mol Cell Biol 2, 339-349. 

Plas, D.R., and Thompson, C.B. (2002). Cell metabolism in the regulation of 
programmed cell death. Trends in Endocrinology & Metabolism 13, 75-78. 



117 

Pop, C., and Salvesen, G.S. (2009). Human Caspases: Activation, Specificity, 
and Regulation. Journal of Biological Chemistry 284, 21777-21781. 

Potts, M.B., Vaughn, A.E., McDonough, H., Patterson, C., and Deshmukh, M. 
(2005). Reduced Apaf-1 levels in cardiomyocytes engage strict regulation of 
apoptosis by endogenous XIAP. The Journal of Cell Biology 171, 925-930. 

Potts, P.R., Singh, S., Knezek, M., Thompson, C.B., and Deshmukh, M. (2003). 
Critical function of endogenous XIAP in regulating caspase activation during 
sympathetic neuronal apoptosis. The Journal of Cell Biology 163, 789-799. 

Quarato, G., Guy, Cliff S., Grace, Christy R., Llambi, F., Nourse, A., Rodriguez, 
Diego A., Wakefield, R., Frase, S., Moldoveanu, T., and Green, Douglas R. 
(2016). Sequential Engagement of Distinct MLKL Phosphatidylinositol-Binding 
Sites Executes Necroptosis. Molecular Cell 61, 589-601. 

Rathmell, J.C., and Thompson, C.B. (2002). Pathways of Apoptosis in 
Lymphocyte Development, Homeostasis, and Disease. Cell 109, S97-S107. 

Rehemtulla, A., Hamilton, C.A., Chinnaiyan, A.M., and Dixit, V.M. (1997). 
Ultraviolet Radiation-induced Apoptosis Is Mediated by Activation of CD-95 
(Fas/APO-1). Journal of Biological Chemistry 272, 25783-25786. 

Ricci, J.-E., Muñoz-Pinedo, C., Fitzgerald, P., Bailly-Maitre, B., Perkins, G.A., 
Yadava, N., Scheffler, I.E., Ellisman, M.H., and Green, D.R. (2004). Disruption of 
Mitochondrial Function during Apoptosis Is Mediated by Caspase Cleavage of 
the p75 Subunit of Complex I of the Electron Transport Chain. Cell 117, 773-786. 

Riedl, S.J., and Shi, Y. (2004). Molecular mechanisms of caspase regulation 
during apoptosis. Nat Rev Mol Cell Biol 5, 897-907. 

Rongvaux, A., Jackson, R., Harman, Christian C.D., Li, T., West, A.P., de Zoete, 
Marcel R., Wu, Y., Yordy, B., Lakhani, Saquib A., Kuan, C.-Y., et al. (2014). 
Apoptotic Caspases Prevent the Induction of Type I Interferons by Mitochondrial 
DNA. Cell 159, 1563-1577. 

Rosette, C., and Karin, M. (1996). Ultraviolet light and osmotic stress: activation 
of the JNK cascade through multiple growth factor and cytokine receptors. 
Science 274, 1194-1197. 



118 

Sanchis, D., Mayorga, M., Ballester, M., and Comella, J. (2003). Lack of Apaf-1 
expression confers resistance to cytochrome c-driven apoptosis in 
cardiomyocytes. Cell Death & Differentiation 10, 977-986. 

Santambrogio, L., Potolicchio, I., Fessler, S.P., Wong, S.-H., Raposo, G., and 
Strominger, J.L. (2005). Involvement of caspase-cleaved and intact adaptor 
protein 1 complex in endosomal remodeling in maturing dendritic cells. Nat 
Immunol 6, 1020-1028. 

Sato, H., Tamba, M., Ishii, T., and Bannai, S. (1999). Cloning and expression of a 
plasma membrane cystine/glutamate exchange transporter composed of two 
distinct proteins. Journal of Biological Chemistry 274, 11455-11458. 

Scaffidi, C., Fulda, S., Srinivasan, A., Friesen, C., Li, F., Tomaselli, K.J., Debatin, 
K.M., Krammer, P.H., and Peter, M.E. (1998). Two CD95 (APO‐1/Fas) signaling 
pathways. The EMBO Journal 17, 1675-1687. 

Scaffidi, C., Schmitz, I., Krammer, P.H., and Peter, M.E. (1999a). The Role of c-
FLIP in Modulation of CD95-induced Apoptosis. Journal of Biological Chemistry 
274, 1541-1548. 

Scaffidi, C., Schmitz, I., Zha, J., Korsmeyer, S.J., Krammer, P.H., and Peter, 
M.E. (1999b). Differential Modulation of Apoptosis Sensitivity in CD95 Type I and 
Type II Cells. Journal of Biological Chemistry 274, 22532-22538. 

Schumacker, P.T. (2006). Reactive oxygen species in cancer cells: Live by the 
sword, die by the sword. Cancer Cell 10, 175-176. 

Schweichel, J.U., and Merker, H.J. (1973). The morphology of various types of 
cell death in prenatal tissues. Teratology 7, 253-266. 

Seiler, A., Schneider, M., Förster, H., Roth, S., Wirth, E.K., Culmsee, C., Plesnila, 
N., Kremmer, E., Rådmark, O., Wurst, W., et al. (2008). Glutathione Peroxidase 
4 Senses and Translates Oxidative Stress into 12/15-Lipoxygenase Dependent- 
and AIF-Mediated Cell Death. Cell Metabolism 8, 237-248. 

Shalini, S., Dorstyn, L., Dawar, S., and Kumar, S. (2015). Old, new and emerging 
functions of caspases. Cell Death Differ 22, 526-539. 



119 

Shimada, K., Hayano, M., Pagano, Nen C., and Stockwell, Brent R. (2016). Cell-
Line Selectivity Improves the Predictive Power of Pharmacogenomic Analyses 
and Helps Identify NADPH as Biomarker for Ferroptosis Sensitivity. Cell 
Chemical Biology 23, 225-235. 

Skouta, R., Dixon, S.J., Wang, J., Dunn, D.E., Orman, M., Shimada, K., 
Rosenberg, P.A., Lo, D.C., Weinberg, J.M., Linkermann, A., et al. (2014). 
Ferrostatins Inhibit Oxidative Lipid Damage and Cell Death in Diverse Disease 
Models. Journal of the American Chemical Society 136, 4551-4556. 

Skowronek, P., Haferkamp, O., and Rödel, G. (1992). A fluorescence-
microscopic and flow-cytometric study of HeLa cells with an experimentally 
induced respiratory deficiency. Biochemical and Biophysical Research 
Communications 187, 991-998. 

Smeitink, J., van den Heuvel, L., and DiMauro, S. (2001). The genetics and 
pathology of oxidative phosphorylation. Nat Rev Genet 2, 342-352. 

Smirnova, E., Griparic, L., Shurland, D.-L., and van der Bliek, A.M. (2001). 
Dynamin-related Protein Drp1 Is Required for Mitochondrial Division in 
Mammalian Cells. Molecular Biology of the Cell 12, 2245-2256. 

Soengas, M.S., Alarcón, R.M., Yoshida, H., J., A., Giaccia, Hakem, R., Mak, 
T.W., and Lowe, S.W. (1999). Apaf-1 and Caspase-9 in p53-Dependent 
Apoptosis and Tumor Inhibition. Science 284, 156-159. 

Soengas, M.S., Capodieci, P., Polsky, D., Mora, J., Esteller, M., Opitz-Araya, X., 
McCombie, R., Herman, J.G., Gerald, W.L., Lazebnik, Y.A., et al. (2001). 
Inactivation of the apoptosis effector Apaf-1 in malignant melanoma. Nature 409, 
207-211. 

Srinivasula, S.M., Hegde, R., Saleh, A., Datta, P., Shiozaki, E., Chai, J., Lee, R.-
A., Robbins, P.D., Fernandes-Alnemri, T., Shi, Y., et al. (2001). A conserved 
XIAP-interaction motif in caspase-9 and Smac/DIABLO regulates caspase 
activity and apoptosis. Nature 410, 112-116. 

Steinberg, B.E., and Grinstein, S. (2007). Unconventional Roles of the NADPH 
Oxidase: Signaling, Ion Homeostasis, and Cell Death. Science Signaling 2007, 
pe11-pe11. 



120 

Sun, L., Wang, H., Wang, Z., He, S., Chen, S., Liao, D., Wang, L., Yan, J., Liu, 
W., Lei, X., et al. (2012). Mixed Lineage Kinase Domain-like Protein Mediates 
Necrosis Signaling Downstream of RIP3 Kinase. Cell 148, 213-227. 

Susin, S.A., Lorenzo, H.K., Zamzami, N., Marzo, I., Snow, B.E., Brothers, G.M., 
Mangion, J., Jacotot, E., Costantini, P., Loeffler, M., et al. (1999). Molecular 
characterization of mitochondrial apoptosis-inducing factor. Nature 397, 441-446. 

Suzuki, Y., Imai, Y., Nakayama, H., Takahashi, K., Takio, K., and Takahashi, R. 
(2001). A Serine Protease, HtrA2, Is Released from the Mitochondria and 
Interacts with XIAP, Inducing Cell Death. Molecular Cell 8, 613-621. 

Tait, Stephen W.G., Oberst, A., Quarato, G., Milasta, S., Haller, M., Wang, R., 
Karvela, M., Ichim, G., Yatim, N., Albert, Matthew L., et al. (2013). Widespread 
Mitochondrial Depletion via Mitophagy Does Not Compromise Necroptosis. Cell 
Reports 5, 878-885. 

Tait, S.W.G., Parsons, M.J., Llambi, F., Bouchier-Hayes, L., Connell, S., Muñoz-
Pinedo, C., and Green, D.R. (2010). Resistance to Caspase-Independent Cell 
Death Requires Persistence of Intact Mitochondria. Developmental Cell 18, 802-
813. 

Tamm, I., Kornblau, S.M., Segall, H., Krajewski, S., Welsh, K., Kitada, S., 
Scudiero, D.A., Tudor, G., Qui, Y.H., Monks, A., et al. (2000). Expression and 
Prognostic Significance of IAP-Family Genes in Human Cancers and Myeloid 
Leukemias. Clinical Cancer Research 6, 1796-1803. 

Tang, H.L., Tang, H.M., Fung, M.C., and Hardwick, J.M. (2015). In vivo 
CaspaseTracker biosensor system for detecting anastasis and non-apoptotic 
caspase activity. Scientific Reports 5, 9015. 

Tang, H.L., Tang, H.M., Mak, K.H., Hu, S., Wang, S.S., Wong, K.M., Wong, 
C.S.T., Wu, H.Y., Law, H.T., Liu, K., et al. (2012). Cell survival, DNA damage, 
and oncogenic transformation after a transient and reversible apoptotic response. 
Molecular Biology of the Cell 23, 2240-2252. 

Thompson, C.B. (1995). Apoptosis in the Pathogenesis and Treatment of 
Disease. Science 267, 1456-1462. 



121 

Thornberry, N.A., and Lazebnik, Y. (1998). Caspases: Enemies Within. Science 
281, 1312-1316. 

Toyokuni, S., Okamoto, K., Yodoi, J., and Hiai, H. (1995). Persistent oxidative 
stress in cancer. FEBS letters 358, 1-3. 

Trachootham, D., Alexandre, J., and Huang, P. (2009). Targeting cancer cells by 
ROS-mediated mechanisms: a radical therapeutic approach? Nature reviews 
Drug discovery 8, 579-591. 

Upton, J.W., Kaiser, W.J., and Mocarski, E.S. (2010). Virus Inhibition of RIP3-
Dependent Necrosis. Cell Host & Microbe 7, 302-313. 

Ursini, F., Maiorino, M., Valente, M., Ferri, L., and Gregolin, C. (1982). 
Purification from pig liver of a protein which protects liposomes and 
biomembranes from peroxidative degradation and exhibits glutathione 
peroxidase activity on phosphatidylcholine hydroperoxides. Biochimica et 
Biophysica Acta (BBA)-Lipids and Lipid Metabolism 710, 197-211. 

Vandenabeele, P., Galluzzi, L., Vanden Berghe, T., and Kroemer, G. (2010). 
Molecular mechanisms of necroptosis: an ordered cellular explosion. Nat Rev 
Mol Cell Biol 11, 700-714. 

Vander Heiden, M.G., Cantley, L.C., and Thompson, C.B. (2009). Understanding 
the Warburg Effect: The Metabolic Requirements of Cell Proliferation. Science 
324, 1029-1033. 

Vander Heiden, M.G., Plas, D.R., Rathmell, J.C., Fox, C.J., Harris, M.H., and 
Thompson, C.B. (2001). Growth Factors Can Influence Cell Growth and Survival 
through Effects on Glucose Metabolism. Molecular and Cellular Biology 21, 
5899-5912. 

Varfolomeev, E., Blankenship, J.W., Wayson, S.M., Fedorova, A.V., Kayagaki, 
N., Garg, P., Zobel, K., Dynek, J.N., Elliott, L.O., Wallweber, H.J.A., et al. (2007). 
IAP Antagonists Induce Autoubiquitination of c-IAPs, NF-κB Activation, and 
TNFα-Dependent Apoptosis. Cell 131, 669-681. 

Vaux, D.L., and Korsmeyer, S.J. (1999). Cell Death in Development. Cell 96, 
245-254. 



122 

Vaux, D.L., Weissman, I.L., and Kim, S.K. (1992). Prevention of programmed cell 
death in Caenorhabditis elegans by human bcl-2. SCIENCE-NEW YORK THEN 
WASHINGTON- 258, 1955-1955. 

Verhagen, A.M., Ekert, P.G., Pakusch, M., Silke, J., Connolly, L.M., Reid, G.E., 
Moritz, R.L., Simpson, R.J., and Vaux, D.L. (2000). Identification of DIABLO, a 
Mammalian Protein that Promotes Apoptosis by Binding to and Antagonizing IAP 
Proteins. Cell 102, 43-53. 

Vila, A., Levchenko, V.V., Korytowski, W., and Girotti, A.W. (2004). Sterol Carrier 
Protein-2-Facilitated Intermembrane Transfer of Cholesterol- and Phospholipid-
Derived Hydroperoxides. Biochemistry 43, 12592-12605. 

Vince, J.E., Wong, W.W.-L., Khan, N., Feltham, R., Chau, D., Ahmed, A.U., 
Benetatos, C.A., Chunduru, S.K., Condon, S.M., and McKinlay, M. (2007). IAP 
antagonists target cIAP1 to induce TNFα-dependent apoptosis. Cell 131, 682-
693. 

Vogt, K.C. (1842). Untersuchungen über die Entwicklungsgeschichte der 
Geburtshelferkröte (Alytes obstetricans) (Jent & Gassmann). 

Waldmeier, P.C. (2003). Prospects for antiapoptotic drug therapy of 
neurodegenerative diseases. Progress in Neuro-Psychopharmacology and 
Biological Psychiatry 27, 303-321. 

Wang, H., Sun, L., Su, L., Rizo, J., Liu, L., Wang, L.-F., Wang, F.-S., and Wang, 
X. (2014). Mixed Lineage Kinase Domain-like Protein MLKL Causes Necrotic 
Membrane Disruption upon Phosphorylation by RIP3. Molecular Cell 54, 133-
146. 

Wang, J.-B., Erickson, J.W., Fuji, R., Ramachandran, S., Gao, P., Dinavahi, R., 
Wilson, K.F., Ambrosio, A.L., Dias, S.M., and Dang, C.V. (2010). Targeting 
mitochondrial glutaminase activity inhibits oncogenic transformation. Cancer cell 
18, 207-219. 

Wartha, F., and Henriques-Normark, B. (2008). ETosis: A Novel Cell Death 
Pathway. Science Signaling 1, pe25-pe25. 

Waterhouse, N.J., Goldstein, J.C., von Ahsen, O., Schuler, M., Newmeyer, D.D., 
and Green, D.R. (2001). Cytochrome C Maintains Mitochondrial Transmembrane 



123 

Potential and Atp Generation after Outer Mitochondrial Membrane 
Permeabilization during the Apoptotic Process. The Journal of Cell Biology 153, 
319-328. 

Wei, M.C., Zong, W.-X., Cheng, E.H.-Y., Lindsten, T., Panoutsakopoulou, V., 
Ross, A.J., Roth, K.A., MacGregor, G.R., Thompson, C.B., and Korsmeyer, S.J. 
(2001). Proapoptotic BAX and BAK: A Requisite Gateway to Mitochondrial 
Dysfunction and Death. Science 292, 727-730. 

Weil, M., Raff, M.C., and Braga, V.M.M. (1999). Caspase activation in the 
terminal differentiation of human epidermal keratinocytes. Current Biology 9, 361-
365. 

Wellmann, A., Flemming, P., Behrens, P., Wuppermann, K., Lang, H., Oldhafer, 
K., Pastan, I., and Brinkmann, U. (2001). High expression of the proliferation and 
apoptosis associated CSE1L/CAS gene in hepatitis and liver neoplasms: 
correlation with tumor progression. International journal of molecular medicine 7, 
489-494. 

White, Michael J., McArthur, K., Metcalf, D., Lane, Rachael M., Cambier, 
John C., Herold, Marco J., van Delft, Mark F., Bedoui, S., Lessene, G., Ritchie, 
Matthew E., et al. (2014). Apoptotic Caspases Suppress mtDNA-Induced STING-
Mediated Type I IFN Production. Cell 159, 1549-1562. 

Wilson, N.S., Dixit, V., and Ashkenazi, A. (2009). Death receptor signal 
transducers: nodes of coordination in immune signaling networks. Nat Immunol 
10, 348-355. 

Wise, D.R., and Thompson, C.B. (2010). Glutamine addiction: a new therapeutic 
target in cancer. Trends in biochemical sciences 35, 427-433. 

Wolf, B.B., Schuler, M., Li, W., Eggers-Sedlet, B., Lee, W., Tailor, P., Fitzgerald, 
P., Mills, G.B., and Green, D.R. (2001). Defective Cytochrome c-dependent 
Caspase Activation in Ovarian Cancer Cell Lines due to Diminished or Absent 
Apoptotic Protease Activating Factor-1 Activity. Journal of Biological Chemistry 
276, 34244-34251. 

Woo, M., Hakem, R., Furlonger, C., Hakem, A., Duncan, G.S., Sasaki, T., 
Bouchard, D., Lu, L., Wu, G.E., Paige, C.J., et al. (2003). Caspase-3 regulates 
cell cycle in B cells: a consequence of substrate specificity. Nat Immunol 4, 1016-
1022. 



124 

Wright, K.M., Linhoff, M.W., Potts, P.R., and Deshmukh, M. (2004). Decreased 
apoptosome activity with neuronal differentiation sets the threshold for strict IAP 
regulation of apoptosis. The Journal of Cell Biology 167, 303-313. 

Xiao, Z., McGrew, J.T., Schroeder, A.J., and Fitzgerald-Hayes, M. (1993). CSE1 
and CSE2, two new genes required for accurate mitotic chromosome 
segregation in Saccharomyces cerevisiae. Molecular and Cellular Biology 13, 
4691-4702. 

Yagoda, N., von Rechenberg, M., Zaganjor, E., Bauer, A.J., Yang, W.S., 
Fridman, D.J., Wolpaw, A.J., Smukste, I., Peltier, J.M., Boniface, J.J., et al. 
(2007). RAS-RAF-MEK-dependent oxidative cell death involving voltage-
dependent anion channels. Nature 447, 865-869. 

Yang, Wan S., SriRamaratnam, R., Welsch, Matthew E., Shimada, K., Skouta, 
R., Viswanathan, Vasanthi S., Cheah, Jaime H., Clemons, Paul A., Shamji, 
Alykhan F., Clish, Clary B., et al. (2014). Regulation of Ferroptotic Cancer Cell 
Death by GPX4. Cell 156, 317-331. 

Yang, W.S., and Stockwell, B.R. (2008). Synthetic Lethal Screening Identifies 
Compounds Activating Iron-Dependent, Nonapoptotic Cell Death in Oncogenic-
RAS-Harboring Cancer Cells. Chemistry & Biology 15, 234-245. 

Yang, W.S., and Stockwell, B.R. (2016). Ferroptosis: Death by Lipid 
Peroxidation. Trends in Cell Biology 26, 165-176. 

Yant, L.J., Ran, Q., Rao, L., Van Remmen, H., Shibatani, T., Belter, J.G., Motta, 
L., Richardson, A., and Prolla, T.A. (2003). The selenoprotein GPX4 is essential 
for mouse development and protects from radiation and oxidative damage 
insults. Free Radical Biology and Medicine 34, 496-502. 

Yip, K., and Reed, J. (2008). Bcl-2 family proteins and cancer. Oncogene 27, 
6398-6406. 

Yoo, S.-E., Chen, L., Na, R., Liu, Y., Rios, C., Van Remmen, H., Richardson, A., 
and Ran, Q. (2012). Gpx4 ablation in adult mice results in a lethal phenotype 
accompanied by neuronal loss in brain. Free Radical Biology and Medicine 52, 
1820-1827. 



125 

Yorimitsu, T., and Klionsky, D.J. (2005). Autophagy: molecular machinery for 
self-eating. Cell Death & Differentiation 12, 1542-1552. 

Yoshida, H., Kong, Y.-Y., Yoshida, R., Elia, A.J., Hakem, A., Hakem, R., 
Penninger, J.M., and Mak, T.W. (1998). Apaf1 Is Required for Mitochondrial 
Pathways of Apoptosis and Brain Development. Cell 94, 739-750. 

Youle, R.J., and Strasser, A. (2008). The BCL-2 protein family: opposing 
activities that mediate cell death. Nat Rev Mol Cell Biol 9, 47-59. 

Yu, S.-W., Wang, H., Poitras, M.F., Coombs, C., Bowers, W.J., Federoff, H.J., 
Poirier, G.G., Dawson, T.M., and Dawson, V.L. (2002). Mediation of Poly(ADP-
Ribose) Polymerase-1-Dependent Cell Death by Apoptosis-Inducing Factor. 
Science 297, 259-263. 

Yuan, J., Shaham, S., Ledoux, S., Ellis, H.M., and Horvitz, H.R. (1993). The C. 
elegans cell death gene ced-3 encodes a protein similar to mammalian 
interleukin-1β-converting enzyme. Cell 75, 641-652. 

Zhang, D.-W., Shao, J., Lin, J., Zhang, N., Lu, B.-J., Lin, S.-C., Dong, M.-Q., and 
Han, J. (2009). RIP3, an Energy Metabolism Regulator That Switches TNF-
Induced Cell Death from Apoptosis to Necrosis. Science 325, 332-336. 

Zou, H., Henzel, W.J., Liu, X., Lutschg, A., and Wang, X. (1997). Apaf-1, a 
Human Protein Homologous to C. elegans CED-4, Participates in Cytochrome c–
Dependent Activation of Caspase-3. Cell 90, 405-413. 

Zou, H., Li, Y., Liu, X., and Wang, X. (1999). An APAF-1·Cytochrome c 
Multimeric Complex Is a Functional Apoptosome That Activates Procaspase-9. 
Journal of Biological Chemistry 274, 11549-11556. 
 


