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Abstract 

Cytosolic cytochrome c promotes apoptosis by triggering caspase activation. In 

healthy cells cytochrome c localizes to mitochondria, where it participates in the electron 

transport chain. Apoptotic stimuli induce permeabilization of the outer mitochondrial 

membrane and release of cytochrome c. Once cytosolic, cytochrome c binds Apaf-1, 

inducing the formation of a protein complex that recruits and activates caspases, which 

serve to dismantle the dying cell. Although the steps of this signaling pathway have been 

described, many of the regulatory mechanisms influencing the cellular response to 

cytosolic cytochrome c remain unclear. Using apoptosis assays and microinjection 

techniques, we investigated the response of several cell-types to cytosolic cytochrome c. 

First, we demonstrate that cytosolic cytochrome c kills brain tumor cells but not 

normal brain tissue. This differential sensitivity to cytochrome c is attributed to high 

Apaf-1 levels in brain tumors compared with negligible Apaf-1 in brain tissue. These 

differences in Apaf-1 abundance correlate with differences in E2F1, a previously 

identified activator of Apaf-1 transcription. Chromatin immunoprecipitation assays reveal 

that E2F1 binds the Apaf-1 promoter specifically in tumor tissue, suggesting that E2F1 

contributes to Apaf-1 expression in brain tumors. These results demonstrate an 

unexpected sensitivity of brain tumors to cytochrome c and raise the possibility that this 

phenomenon could be exploited therapeutically to selectively kill brain cancers. 

Secondly, we develop a method for monitoring caspase activity in Xenopus laevis 

oocytes and early embryos. The approach, utilizing microinjection of a near-infrared dye 
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that emits fluorescence only after its cleavage by active caspases, has enabled the 

elucidation of subtleties in the apoptotic program. We demonstrate that brief caspase 

activation is sufficient to cause death. We illustrate the presence of a cytochrome c dose 

threshold, which is lowered by neutralization of inhibitor of apoptosis proteins. We show 

that meiotic oocytes develop resistance to cytochrome c, and that eventual death of these 

oocytes is caspase-independent. Imaging caspase activity in the embryo suggests that 

apoptosis in early development is not cell-autonomous. Finally, we believe this method 

presents a useful screening modality for identifying novel apoptotic regulators as well as 

pro-apoptotic small-molecules that could be useful in treating brain tumors. 
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1.  Introduction 

1.1  Apoptosis 

Apoptosis is a form of programmed cell death in which individual cells are 

removed from an organism without disturbing tissue architecture. In contrast to necrosis, 

or traumatic cell death, programmed cell death is a normal process initiated by and 

conferring advantage to an organism. The phenomenon of programmed cell death was 

first reported by the German scientist Carl Vogt in 1842 (Peter et al., 1997). However, 

coining of the term “apoptosis” to describe this process did not occur until 1972, when 

John Kerr, Alastair Currie and Andrew Wyllie published a seminal article on the topic 

(Kerr et al., 1965). In the report they credit their colleague James Cormack, a Greek 

professor, for suggesting the term. Indeed, the word apoptosis is of Greek origin meaning 

“dropping off” or “falling off,” as in leaves falling from a tree. Notably, as there is often 

debate among researchers studying apoptosis, the scientists suggested the second half of 

the word be pronounced like ptosis, with a silent “p.” 

Apoptosis is a critical process in both development and homeostasis (Cotran et 

al., 1999). During development, extensive cellular proliferation and differentiation 

generate organs and tissues, which are then pruned into their appropriate form by 

apoptosis. For example, digits of the hands and feet begin as webbed structures at the 

ends of limb buds. During development, the webs are lost through apoptosis, resulting in 

individual digits (Mirkes, 2001). The role of apoptosis in development of the central 
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nervous system highlights the essential nature of this process, as a lack of apoptosis in the 

developing brain results in death of the entire organism (Cecconi et al., 1998). Apoptosis 

continues to play an important role in adult organisms, by ridding the body of 

autoreactive or damaged cells. This homeostatic mechanism ensures a constant number of 

cells in the organism and also prevents the accumulation of malfunctioning or potentially 

self-harmful cells (Cotran et al., 1999). 

Cells undergoing apoptosis display characteristic morphological features, 

regardless of the cell type, tissue type, timing, or apoptotic stimulus (Wride and Sanders, 

1995). First the cell shrinks and begins to round up, producing a dense cytoplasm and 

tightly packed organelles. The chromatin condenses, forming a pyknotic nucleus, which 

is followed by nuclear envelope breakdown and fragmentation of the DNA. The cell 

membrane then forms numerous blebs, and ultimately the cellular material is parceled 

into individual vesicles, known as apoptotic bodies (Figure 1.1). These cell remnants are 

recognized and phagocytosed by nearby phagocytic cells, allowing for tidy removal of 

the cell without release of intracellular contents that otherwise would trigger 

inflammation and tissue damage (Li et al., 2003). 

On a biochemical level it is the activity of cysteine-dependent aspartate-directed 

proteases, called caspases, which underlies this characteristic morphological death 

(Earnshaw et al., 1999). Although a variety of signals, both internal and external, can 

trigger apoptosis in a cell, the common mechanism that defines an apoptotic death is 

caspase activation. It is the proteolytic activity of these caspases that results in the  
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Figure 1.1:  Morphological features of apoptosis. 

 

 

Figure 1.1:  Scanning electron micrographs of epithelial cells illustrate the process of apoptotic 
death, with a flat cell, A, undergoing different forms of rounding, surface blebbing and cell 
retraction, B, preceding the typical apoptotic figure, C. Images from W. Malorni, published in: 
The Purdue Cytometry CD-ROM Volume 4, J. Watson, Guest Ed., J.Paul Robinson,  Publisher. 
Purdue University Cytometry Laboratories, West Lafayette, IN 1997, ISBN 1-890473-03-0. 
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precisely timed and efficiently-executed process of cell dismantling. The apoptotic 

program, with the potential to activate caspases, exists in virtually all cells of the body. 

Inappropriate regulation of caspase activity contributes to the pathophysiology of many 

human disease states, including cancer, autoimmunity and neurodegeneration. Thus, it is 

the process by which caspases get activated (and its potential for manipulation) that has 

attracted much scientific inquiry, and over the past two decades we have greatly 

expanded our understanding of the signaling pathways leading to caspase activation. 

1.1.1  Apoptosis signaling pathways 

Apoptotic signaling can occur along two principle pathways: 1) an intrinsic 

pathway in which intracellular signals promote cell death in response to stress or 

developmental cues and 2) an extrinsic pathway initiated by extracellular signals 

engaging cell surface receptors (e.g. FasL binding Fas) (Schultz and Harrington, 2003; 

Bellamy et al., 1995). Although distinct in their upstream events, the two pathways 

converge at the level of effector caspase activation (Figure 1.2). 

Initiation of the intrinsic cell death program is governed by the Bcl-2 family of 

proteins. Bcl-2 proteins can be either pro- or anti-apoptotic, and they function to regulate 

the permeability of the outer mitochondrial membrane (Brunelle and Letai, 2009). 

Apoptotic stimuli, such as irreparable DNA damage, developmental cues or hypoxic 

stress, lead to alterations in the complex interactions of pro-apoptotic (e.g., Bax, Bak) and 

anti-apoptotic (e.g., Bcl-2, Bcl- XL) Bcl-2 family members, resulting in the assembly of 

pore-forming channels in the outer membrane of the mitochondria (Ow et al., 2008). The  
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Figure 1.2:  Caspase activation via the intrinsic and extrinsic pathways of apoptosis. 

 

Figure 1.2:  The activation of caspases during apoptosis proceeds through two distinct 
mechanisms. Activation of caspases through the extrinsic pathway involves the binding of 
extracellular ligands (e.g., FasL) to their cognate receptors (e.g., Fas) and the recruitment of 
intracellular adaptor proteins (e.g., FADD) to activate caspase-8 and subsequent downstream 
effector caspases. The intrinsic pathway involves the release of cytochrome c from the 
mitochondria into the cytosol. This leads to the formation of the apoptosome, the activation of 
caspase-9, and the cleavage of effector caspases. Adapted from Schafer and Kornbluth (2006), 
with permission from Elsevier. 
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resulting mitochondrial permeabilization allows the release of sequestered 

macromolecules, including the electron transfer protein cytochrome c, from the 

mitochondrial intermembrane space to the cytosol (Green and Amarante-Mendes, 1998; 

Green and Reed, 1998). Once cytosolic, cytochrome c induces the assembly of a caspase-

activating complex termed the apoptosome (Cain et al., 1999). Formation of this complex 

begins when cytochrome c interacts with the ATP-binding protein Apoptotic protease 

activating factor-1 (Apaf-1), thereby exposing Apaf-1’s caspase recruitment domain 

(CARD). The altered conformation of Apaf-1 promotes Apaf-1 oligomerization and 

yields recruitment of procaspase-9 to the assembling complex, promoting dimerization- 

induced activation of caspase-9 within the mature apoptosome (Li et al., 1997). 

Apoptosome-bound caspase-9 serves as an initiator caspase that activates downstream 

effector caspases-3 and -7 (Cain et al., 2002). These “workhorses” of apoptosis cleave a 

host of cytoplasmic and nuclear target proteins, ultimately resulting in the cell shrinkage, 

chromatin condensation and membrane blebbing characteristic of apoptotic cell death 

(Cotran et al., 1999). 

The extrinsic pathway is triggered by the binding of a specific extracellular 

ligand, FasL, to the Fas transmembrane death receptor (Kischkel et al., 1995). This 

interaction leads to the recruitment of the Fas-associated death domain (FADD), which 

then leads to further recruitment of an initiator caspase, procaspase-8. This complex of 

Fas, FADD and caspase-8 is referred to as the death inducing stimulus complex (DISC) 

(Peter and Krammer, 2003). The DISC functions to activate caspase-8, which it achieves 
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by bringing together multiple caspase-8 molecules, facilitating its auto-activation (Shi, 

2005). Similarly to caspase-9, caspase-8 functions to cleave and thereby activate 

downstream effector caspases. However, caspase-8 can also trigger the intrinsic pathway 

by cleaving a protein Bid; the resulting truncated Bid (tBid) induces activation of the pro-

apoptotic Bcl-2 protein Bax and subsequent mitochondrial permeabilization and release 

of cytochrome c (Li et al., 1998). In this regard, caspase-8 activity functions as part of a 

positive-feedback loop to enhance the activation of effector caspases. Therefore, both 

intrinsic and extrinsic pathway stimulation can result in mitochondrial release of 

cytochrome c. 

1.2 Post-mitochondrial apoptosis signaling 

1.2.1  Cytochrome c: structure and function 

Cytochrome c is a multifunctional protein primarily known for its role in the 

mitochondria shuttling electrons between complexes III (cytochrome bc1) and IV 

(cytochrome c oxidase) of the electron transport chain (Skulachev, 1998). The redox 

activity of cytochrome c is engendered by its prosthetic heme group, which is covalently 

attached at two cysteine residues by the enzyme cytochrome c heme lyase (Tong and 

Margoliash, 1998). Heme modification occurs in concert with the transport of 

cytochrome c into the intermembrane space of the mitochondria, which will be described 

here below. 
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Like many mitochondrial proteins, cytochrome c is encoded by a nuclear gene, 

translated in the cytosol and transported into the mitochondria. However, unlike many 

mitochondrial proteins, cytochrome c does not contain a cleavable N-terminal targeting 

sequence and its transport does not require ATP hydrolysis or the outer membrane 

components of the mitochondrial transporter outer membrane (TOM) complex (Dumont 

et al., 1998; Dumont et al., 1991; Mayer et al., 1995). Although the details of its transport 

through the outer mitochondrial membrane are not completely understood, a general 

model has been proposed (Diekert et al., 2001). In this model, the translated precursor to 

cytochrome c, known as apocytochrome c, interacts with negatively charged 

phospholipids at the mitochondrial surface, resulting in its partial insertion in the outer 

mitochondrial membrane. This insertion is stabilized by apocytochrome c binding to 

Tom40, a protease-resistant component of the TOM complex. Although this interaction 

begins to drive apocytochrome c across the outer mitochondrial membrane, full 

membrane translocation requires cytochrome c heme lyase, which itself is located in the 

intermembrane space. In this step, cytochrome c heme lyase not only acts as an internal 

receptor for apocytochrome c, but also simultaneously catalyzes the addition of the heme 

moiety to the protein, resulting in properly-localized holocytochrome c. 

Holocytochrome c (referred to as cytochrome c) assumes a compact, globular 

structure, with the heme group located centrally and many surface-exposed lysine 

residues (Figure 1.3). This small protein (roughly 100 amino acids) has a molecular 

weight of about 12,000 daltons, and its structure has been extensively characterized. For  
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Figure 1.3:  Structure of cytochrome c. 

 
 
 
 
 
Figure 1.3:  The image of the crystal structure of bovine heart cytochrome c (2b4z) was 
generated using KiNG, with the ribbon structure in green and the internal heme molecule in gray, 
yellow, blue and red. 
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example, the first crystal structures from horse and tuna cytochromes c were reported in 

1971 (Dickerson et al., 1971). Cytochrome c is highly-conserved across species, from 

yeast to mammals. The conserved structural elements enable cytochrome c to perform its 

function as a mobile electron carrier (Mauk et al., 1995). 

It turns out that the particular three-dimensional structure of cytochrome c is also 

critical for its role in mediating apoptosis (Yu et al., 2001). As was discussed in the 

previous section, apoptotic stimuli induce permeabilization of the outer mitochondrial 

membrane, which results in the release of cytochrome c into the cytosol. The primary 

function of cytosolic cytochrome c is to bind the adaptor protein Apaf-1, triggering 

apoptosome formation and activation of effector caspases. The specific manner in which 

cytochrome c binds Apaf-1 is critical for initiating this process and will be discussed in 

detail below. However, it must be pointed out that cytochrome c has also been reported to 

interact with inositol 1,4,5-triphosphate receptors (IP3R) in the endoplasmic reticulum 

(Boehning et al., 2003). This binding is proposed to facilitate calcium exit from the 

endoplasmic reticulum, which then enters the mitochondria, promoting further (and 

complete) release of mitochondrial cytochrome c (Goldstein et al., 2000). 

1.2.2  Cytochrome c binding to Apaf-1 and apoptosome formation 

Apaf-1 is a large protein (120 kDa) containing an N-terminal CARD, a central 

nucleotide-binding and oligomerization domain (NOD), and 13 WD40 repeats (Figure 

1.4A) (Riedl et al., 2005). Apaf-1 exists in the cytosol in a closed conformation, in which 

the WD40 repeats interact with the CARD domain (Hu et al., 1998). Although a structure  
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Figure 1.4:  Apaf‐1 and apoptosome formation. 

 
 
 
Figure 1.4:  A, Linear diagram of Apaf-1 is shown with color-coded domains. Linkers are shown 
in gray. B, Crystal structure of Apaf1-591 is shown with color-coded ribbons. C, The apoptosome 
is viewed down the 7-fold axis. In this top view, features of the wheel-like particle, including the 
central hub and arms, are revealed. D, An assembly model for the human apoptosome (described 
in text). From Yu et al. (2005), with permission from Elsevier. 
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of full-length Apaf-1 is not known, Apaf-1 lacking the WD40 repeats has been 

crystallized (Figure 1.4B) (Riedl et al., 2005). 

This Apaf-1 deletion mutant demonstrates constitutive activity in promoting 

caspase activation (Srinivasula et al., 1998). Thus, presumably it is the CARD—WD40 

interaction that maintains Apaf-1 inactivity, preventing it from interacting with its 

primary binding partners, procaspase-9 and other Apaf-1 monomers. Functionally, the 

presence of cytochrome c in the cytosol mimics the deletion of the WD40 repeats, 

promoting rapid Apaf-1 activity. 

On a biochemical level, it remains unclear exactly how cytochrome c binds Apaf-

1 in order to achieve this feat. However, research over the last decade, probing the nature 

of the cytochrome c—Apaf-1 interaction has provided some interesting hints. For 

example, one required feature of the binding event is the particular three-dimensional 

structure of cytochrome c. This is perhaps best demonstrated by the observation that 

cytochrome c from the yeast Saccharomyces cervisaie, despite being highly homologous 

to mammalian cytochrome c, is unable to bind Apaf-1 due to the presence of a 

trimethylation on lysine 72 (Yu et al., 2001). Mutational analysis of mammalian 

cytochrome c identified several additional surface-exposed lysine residues as being 

critical for Apaf-1 binding; these residues are not localized in one region of the protein 

but rather exist on opposite faces of the globular structure (Yu et al., 2001). Further, 

apocytochrome c, which lacks the structural components conferred by the heme group, is 

incapable of triggering apoptosis (Yang et al., 1997). One group reported that despite 
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apocytochrome c lacking apoptosome-inducing activity, it retains the ability to bind 

Apaf-1 (Martin and Fearnhead, 2002). However, the determinants of that purported 

binding interaction (and confirmation of the interaction by other researchers) have not 

been reported. 

The importance of the cytochrome c structure in mediating its binding to Apaf-1 

is further supported by studies identifying variants of cytochrome c that demonstrate 

enhanced apoptosis-inducing ability. One such study characterized the testicular form of 

cytochrome c, and found that although it is almost 90% identical to the somatic form, it is 

significantly more potent in its ability to induce caspase activation (Liu et al., 2006). 

Another group identified a mutation in the cytochrome c in a family with autosomal 

dominant thrombocytopenia. The mutation results in a single base pair substitution within 

cytochrome c, from a glycine at residue 41 to a serine. This small change yields a 

cytochrome c mutant protein with enhanced apoptotic activity (Morison et al., 2008). 

Together, these results suggest that very small changes in cytochrome c structure 

influence the ability of the protein to interact with Apaf-1. It is important to note that 

neither of these groups determined specific Apaf-1 binding affinities of the cytochrome c 

variants. Therefore it is possible that these alterations in caspase activation result from 

changes in activity of the formed apoptosome rather than in the cytochrome c—Apaf-1 

binding. However, given that cytochrome c has been reported to be dispensable for the 

function of the fully-formed apoptosome (Hill et al., 2004), it is likely that these changes 
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in caspase activation do reflect changes in the initial interaction of cytochrome c with 

Apaf-1. 

In terms of which region of Apaf-1 is involved in the binding of cytochrome c, it 

has been proposed that cytochrome c interacts with the WD40 repeats because WD40-

deleted Apaf-1 mimics cytochrome c-bound Apaf-1 (Srinivasula et al., 1998; Hu et al., 

1998). However, this presumption remains to be demonstrated experimentally. Although 

much remains unknown about cytochrome c—Apaf-1 binding, we do understand a lot 

about the consequences of this interaction: apoptosome formation. 

In 2005 a group of researchers led by Christopher Akey determined a structure of 

the apoptosome using electron cryomicroscopy (Figure 1.4C) (Yu et al., 2005). Synthesis 

of relevant biochemical analyses with the structural information enabled the group to 

propose a model for apoptosome assembly (Figure 1.4D). Although the structure is 

limited by low resolution and alternative assembly models with slight variations have 

been proposed (Shi, 2006; Riedl and Salvesen, 2007), it does provide a reasonable 

framework for understanding the establishment of this important death platform. Once 

cytochrome c binds Apaf-1, the auto-inhibited form of Apaf-1 is unlocked and Apaf-1 

unfolds. This event triggers hydrolysis of the dATP bound within the nucleotide-binding 

domain of Apaf-1. Hydrolyzed dADP then exchanges for a new molecule of dATP (given 

sufficient cytosolic levels of dATP) (Kim et al., 2005). This dATP exchange is thought to 

confer an additional conformational change in Apaf-1 such that it spontaneously 

oligomerizes with six other primed Apaf-1 molecules. Oligomerization occurs between 
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NOD domains, bringing neighboring Apaf-1 molecules together to form a heptameric 

wheel-like structure. Importantly, the CARD domains are located centrally in this 

structure, with the WD40 repeats extending outwards, like spokes on a wheel. This 

structure is the Apaf-1 apoptosome, an oligomeric adaptor complex that functions to 

regulate the catalytic activity of the initiator caspase, caspase-9 (Shi, 2008). 

1.2.3  Recruitment of caspase-9 and activation of effector caspases 

The Apaf-1 apoptosome functions as a platform for the recruitment and activation 

of caspase-9. Monomeric procaspase-9 is recruited to the apoptosome via interactions 

between its own N-terminal CARD domain with a CARD domain of Apaf-1 (Zhou et al., 

1999). Interestingly, unlike most caspases, caspase-9 does not require cleavage in order 

to become active (Stennicke et al., 1999). Rather the prevailing model for caspase-9 

activation is one of proximity-driven dimerization (Boatright and Salvesen, 2003). It has 

long been postulated that initiator caspases, including caspase-9, autoprocess when 

brought into close proximity of each other (Salvesen and Dixit, 1999). Usually caspase-9 

exists as a monomer in the cytosol, but the high local concentration of caspase-9 at the 

apoptosome is thought to favor dimerization and subsequent activation (Acehan et al., 

2002). Indeed, engineered caspase-9 dimers exhibit catalytic activity, providing evidence 

that dimerization may be sufficient for activation (Yin et al., 2006). However, these types 

of forced caspase-9 dimers demonstrate significantly less activity than apoptosome-

bound caspase-9 (Chao et al., 2005). These data suggest that although dimerization is 

important for caspase-9 activation, there may be additional factors (e.g., induced 
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conformation of caspase-9 or enhanced affinity for effector caspases) conferred by the 

apoptosome that enables maximal caspase-9 activity (Chao et al., 2005; Shi, 2008). 

The active caspase-9-bound apoptosome can be thought of as a holoenzyme for 

activating effector caspases (Rodriguez and Lazebnik, 1999). Effector caspase zymogens 

(procaspase-3, -6 and -7) exist as constitutive dimers and require intrachain cleavage to 

become active (Chai et al., 2001; Fuentes-Prior and Salvesen, 2004). Procaspase-3 and, 

to a lesser extent, procaspase-7 are cleaved by the caspase-9 holoenzyme while 

procaspase-6 is cleaved by active caspase-3 (Slee et al., 1999). Procaspase-3 is 

considered the physiologic substrate of caspase-9 and discussion of “effector caspase 

activity” is often used interchangeably with “caspase-3 activity” (Yin et al., 2006; 

Shiozaki et al., 2002). Importantly, cleavage of procaspase zymogens represents an 

irreversible activation event, meaning that once cleaved, effector caspases exhibit 

constant catalytic activity, which is thought to enable efficient cell dismantling (Denault 

et al., 2006; Riedl and Salvesen; 2007. 

1.2.4  Cell dismantling by activated effector caspases 

(This subsection is adapted with permission from Elsevier: Cell, 2008 Sep 5; 134: 720-1.) 

Activated effector caspases are the chief executioners of apoptotic cell death, 

transforming intact cells into parceled remnants suitable for phagocytic ingestion. 

Although dismantling of cells by caspases could, in theory, result from indiscriminate 

proteolysis, the packaging of apoptotic cells might also reflect the selective proteolysis of 

precise cellular substrates. Distinguishing between these possibilities requires a 
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comprehensive identification and functional analysis of caspase substrates. Many caspase 

substrates have been identified either through large-scale in vitro cleavage of peptide 

libraries, which provides no information about physiological relevance, or through 

analysis of individual proteins by gel electrophoresis, which is low throughput and often 

relies on the availability of specific antibodies to track proteolytic fragments. 

Two recent studies (Dix et al., 2008; Mahrus et al., 2008) address deficiencies in 

these approaches by developing proteomics based platforms that enable large-scale 

profiling of proteolytic events. Despite using different methodologies, both studies 

uncovered hundreds of previously unreported caspase substrates. With Dix et al. 

documenting 170 new substrates and Mahrus et al. finding 240 new substrates, these data 

highlight our incomplete knowledge of caspase-mediated proteolysis. Indeed, Lüthi and 

Martin (2007) recently compiled every caspase substrate published to date in a searchable 

database (CASBAH), with substrate numbers upwards of 400. Given that the lists 

generated by CASBAH, Dix et al,, and Mahrus et al. only have minimal overlap (Figure 

1.5A), it is likely that the list of substrates will only continue to grow. 

Given the vast number of substrates, are caspases acting indiscriminately, or is 

there some method to the madness? Certain substrates are known to be crucial for 

affecting typical apoptotic morphology, such as membrane blebbing induced by cleavage 

of the Rho-associated kinase ROCK1 and DNA fragmentation induced by cleavage of the 

endonuclease CAD/DFF40 (Coleman et al., 2001; Woo et al., 2004). But are these 

examples the exception or the rule? Intriguing data from each study suggest that an active  
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Figure 1.5:  Caspase substrates and potential functions of their cleavage products. 

 
Figure 1.5:  A, Depicted is the overlap between the caspase substrates in apoptotic Jurkat T cells 
identified by Dix et al., 2008, Mahrus et al., 2008, and the previously reported human caspase 
substrates as compiled in the CASBAH database (Lüthi and Martin, 2007). The total number of 
substrates reported in each study is indicated in parentheses. B, Caspase-mediated cleavage of a 
cellular substrate resulting in separation of functional domains could lead to either constitutive 
activity of one of the proteolytic fragments (left) or to loss of function of the substrate (right). 
Depicted is the separation of a kinase domain from its regulatory domain, which allows for 
unchecked phosphorylation of target proteins (left). Conversely, separation of a DNA binding 
domain from a coactivator interaction domain within a transcription factor would prevent 
coactivator recruitment to the DNA, thereby hindering transcriptional induction (right). 
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caspase is not a haphazard “Pac-Man” but rather a purposeful and incisive surgeon. 

Perhaps most surprising is the observation by Mahrus et al. that caspases appear to target  

multiple proteins within single protein complexes or biochemical pathways. Their 

analysis most strongly implicates proteins involved in the regulation of transcription as 

caspase targets but also identifies subnetworks of substrates in eleven other pathways, 

including those that regulate DNA repair and block apoptosis. These data suggest that 

caspases may coordinately control specific biochemical pathways or signaling networks. 

A second surprising result, reported by Dix et al., suggests that more than one-

third of proteolytic fragments generated by caspase cleavage are stable for at least four 

hours (in cells that died within six hours after apoptotic stimulation). This is in contrast to 

the notion that cleaved caspase substrates are rapidly degraded. For example, Ditzel et al. 

(2003) reported that caspase-mediated cleavage of DIAP1, a Drosophila inhibitor of 

apoptosis protein (IAP), generates an unstable N-degron that quickly undergoes complete 

degradation via the N-end rule pathway. Although production of stable fragments may be 

frequent, caspase cleavage-induced degradation of antiapoptotic proteins (such as 

DIAP1) makes sense as a means for “releasing the brakes” on apoptosis. 

Even more interesting, Dix et al. noticed that a number of the persistent peptide 

fragments mapped to distinct, stably folded protein domains, leading them to speculate 

that caspase-mediated proteolysis yields a class of effector protein fragments with new 

activities. As to the purpose of such cleavage events, Mahrus et al. speculate that physical 

separation of functional domains can lead to protein inactivation (or perhaps production 
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of dominant negative fragments) while Dix et al. predict cleavage-induced activation of 

domain-containing fragments. We believe that perhaps both models are correct, 

depending on the individual substrate in question (Figure 1.5B). It has long been 

appreciated that cleavage of kinases can release constitutively active domains (such as 

cleaved HPK1, a modulator of the JNK pathway), whereas cleavage of other substrates, 

such as poly (ADP-ribose) polymerase (PARP), is associated with loss of function (Chen 

et al., 1999; D’Amours et al., 2001). 

Collectively, the data suggest that dismantling the apoptotic cell is more akin to 

folding a tent after careful removal of the pegs than to gathering and disposing of 

indiscriminately destroyed debris after an explosion. Caspases selectively target certain 

biochemical pathways, generating a unique set of stable protein fragments possessing 

new functionality within the dying cell. Given the large number of substrates identified, 

one of the most daunting but important next steps will be to verify each putative caspase 

substrate and determine what, if any, functional significance it may have in mediating the 

execution of apoptosis. 

1.3  Regulation of post-mitochondrial apoptosis 

1.3.1  Regulation of apoptosome formation—Apaf-1 down-regulation 

The complexities of apoptosome assembly are only beginning to be appreciated, 

but already a multitude of factors have been reported to regulate this process. 

Fundamental to our understanding of apoptosome formation, recent work from Xiaodong 
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Wang’s laboratory has identified PHAP1, CAS and Hsp70 as proteins that accelerate 

nucleotide exchange on Apaf-1, thereby enabling proper apoptosome assembly and 

preventing the formation of inactive Apaf-1/cytochrome c aggregates (Kim et al., 2008). 

Implied by these data is the notion that apoptosome formation depends on protein factors 

that do not constitute the core apoptosome machinery. Although PHAP1 and Hsp70 had 

been previously reported to regulate the apoptosome, their mechanism of action was 

unknown and Hsp70 had been reported as a negative apoptosome regulator (Jiang et 

al.,2003; Beere et al., 2000; Saleh et al., 2000); a relationship between CAS and the 

apoptosome had not been described. This work highlights the importance of Apaf-1 

nucleotide exchange in apoptosome assembly and will certainly guide future research in 

the field. 

In addition to the described role of these accessory proteins, formation of the 

apoptosome is thought to depend on ionic conditions, energy status, reducing 

environment, metabolic status and kinase/phosphatase signaling present within the cell 

(Bao et al., 2007; Cain et al., 2001; Chandra et al., 2006; Vaughn and Deshmukh, 2008; 

Martin et al., 2005; Kurokawa et al., 2008). Although a discussion of these factors is 

beyond the scope of this dissertation, the degree of regulatory complexity suggests that 

global cellular homeostasis is “evaluated” before a cell commits to death via apoptosome-

dependent caspase activation. Finally, apoptosome assembly depends on the presence (or 

absence) of the core apoptosome proteins. Down-regulation of Apaf-1 occurs in certain 
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cell types, and employment of this process as a means for preventing apoptosis will be 

described here. 

Observations that children with traumatic brain injury fared worse than adults 

with comparable injuries led to the fundamental discovery that injury-induced apoptosis 

is markedly enhanced in the immature brain (Adelson and Kochanek, 1998; Bittigau et 

al., 1999). Probing for the underlying mechanism, it was demonstrated that during 

cortical maturation Apaf-1 is down-regulated, leading to decreased cellular susceptibility 

to cytochrome c-induced apoptosis (Yakovlev et al., 2001). Thus, immature neurons, 

with high Apaf-1 levels, are particularly susceptible to death-inducing stimuli (like 

trauma) while mature neurons are fairly resistant to similar insults. Decreasing levels of 

Apaf-1 during neuronal differentiation have also been observed in the retina, in 

sympathetic neurons and in cultured PC-12 cells (Donovan and Cotter, 2002; Deshmukh 

et al., 2002; Wright et al., 2002). These observations led to the proposal that Apaf-1 

down-regulation occurs during cell differentiation as a mechanism for preventing 

unwanted apoptosis in long-living cells (Madden et al., 2007). This model has been 

upheld in examining other types of differentiated cells, such as cardiomyocytes and 

skeletal muscle, which also have extremely low levels of Apaf-1 (Sanchis et al., 2003; 

Burgess et al., 1999). Results reported in this dissertation provide additional evidence for 

this phenomenon, demonstrating that resistance to cytochrome c-induced apoptosis 

develops during maturation of a number of different neuronal sub-types, including 

neurons from the cortex and cerebellum. In all cases, apoptotic resistance correlates with 
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decreased Apaf-1 expression while caspase-9 expression remains unchanged. These 

experiments were contributed by the laboratory of our collaborator, Mohanish 

Deshmukh, and the results provided a basis for examining the susceptibility of brain 

cancer cells to cytochrome c-induced apoptosis, which will be discussed in detail in 

sections 1.4 and 1.5. 

It appears that Apaf-1 expression dramatically decreases during cellular 

differentiation, but through what mechanism? As neurons differentiate they exit the cell 

cycle to become post-mitotic cells, a process mediated, in part, by decreasing the 

expression of cell cycle promoting transcription factors such as E2F1. Previous work had 

identified E2F1 as a transcriptional activator of Apaf-1 (Moroni et al., 2001; Furukawa et 

al., 2002), and thus it was hypothesized that re-expression of E2F1 in mature neurons 

might induce Apaf-1 expression. However, recent work by the Deshmukh laboratory 

suggests that mature neurons require both chromatin depression and E2F1 transcriptional 

activity in order to express Apaf-1 (Wright et al., 2007). These data suggest that at least 

two levels of regulation on Apaf-1 expression ensure apoptotic resistance in mature 

neurons. Interestingly, mature neurons are able to restore their apoptotic potential in 

response to certain types of stress, including irreparable DNA damage. In these cases 

there is a delayed apoptotic death that occurs only after re-entry into the cell cycle and 

reactivation of the Apaf-1 gene (Wright et al., 2007). 
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1.3.2  Regulation of caspase activity by inhibitor of apoptosis proteins 

Inhibitor of apoptosis proteins (IAPs) are so named for their ability to protect cells 

from death-inducing stimuli, a characteristic conferred by caspase neutralization. This 

family of proteins is defined according the presence of a Baculovirus IAP repeat (BIR) 

domain, which is an approximately 70 amino acid zinc-binding motif important for 

mediating protein-protein interactions (Deveraux and Reed, 1999). One to three copies of 

the BIR motif are present in the eight identified human IAPs (Salvesen and Duckett, 

2002). The X-linked IAP (XIAP) demonstrates potent anti-apoptotic activity and is the 

best characterized of the human IAPs. XIAP contains three BIR motifs, with apoptosis-

suppressing function attributed to both BIR2 and BIR3, although through distinct 

mechanisms (Srinivasula and Ashwell, 2008). The BIR2 motif and a small segment 

immediately amino-terminal to the BIR2 binds strongly to caspases-3 and -7, preventing 

their interaction with substrates (Huang et al., 2001; Riedl et al., 2001; Chai et al., 2001). 

Interestingly, although XIAP binding occludes the caspase active site, it binds in the 

opposite orientation and does not require the substrate-binding residues, suggesting that 

XIAP simply masks the active site rather than functioning as a pseudosubstrate. The 

XIAP BIR3 motif selectively inhibits caspase-9. It does so through binding to the 

dimerization interface of caspase-9, preventing dimerization-induced activation of the 

caspase (Shiozaki and Shi, 2004). Thus, through these BIR-mediated interactions, XIAP 

serves to inhibit active effector caspases and to prevent caspase-9 activation. 
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Given the widespread expression of endogenous IAPs, how do caspases ever 

become active? IAP inhibitors provide at least a partial answer to this question. Outer 

mitochondrial membrane permeabilization enables release not only of cytochrome c but 

also of several other mitochondrial proteins, including Smac and Omi. These proteins 

interact with the BIR2 and BIR3 motifs, sequestering IAPs and therefore enabling 

caspase activation (Srinivasula et al., 2001). So it would appear that when a cell decides 

to undergo apoptosis it must release the IAP brake in order to execute the pro-death 

cytochrome c signal. However, in many circumstances this does not appear to be case. 

XIAP knockout mice are viable and without any morphological defects (Harlin et al., 

2001). Moreover, in most cell types cytochrome c addition (either to cell lysates or via 

microinjection) is sufficient to induce caspase activation—no IAP inhibition required 

(Wright et al., 2004). So the physiological importance of IAPs (and their inhibitors) in 

apoptosis has been unclear. In fact, mounting evidence suggests that IAPs play a role in a 

diverse set of processes, ranging from cell division to heavy metal homeostasis, and these 

functions may prove more important than their role in mediating cell death (Srinivasula 

and Ashwell, 2008). 

Despite this shifting paradigm, studies in differentiating neurons have identified a 

putative role for endogenous IAPs in regulating apoptosis. Post-mitotic sympathetic 

neurons demonstrate a remarkable resistance to cytochrome c, as was described 

previously. During differentiation, as levels of Apaf-1 are decreasing, IAP inhibition 

enables cytochrome c-mediated caspase activation (Deshmukh et al., 2002). XIAP has 
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been identified as the critical IAP for mediating this phenomenon, and XIAP-deficient 

differentiating sympathetic neurons demonstrate rapid caspase activation in response to 

cytochrome c whereas wild-type differentiating sympathetic neurons are resistant to 

cytochrome c (Potts et al., 2003). Thus, during neuronal differentiation XIAP levels may 

help to set the apoptotic threshold. Importantly, it seems that Apaf-1 levels essentially 

determine when IAPs will be important for regulating apoptosis (Wright et al., 2004). In 

situations of high Apaf-1, an apoptotic stimulus will generate sufficient caspase activity 

to overcome any IAP-mediated inhibition. In cells with virtually no Apaf-1, cytochrome c 

will be unable to induce caspase activation even in the absence of IAPs. However, in 

cases of intermediate Apaf-1 levels, such as in differentiating neurons, IAPs are sufficient 

to prevent cytochrome c-induced death and their inhibition allows apoptosis to proceed. 

1.4  Mechanisms of apoptotic evasion in cancer 

In 2000, Douglas Hanahan and Rober Weinberg published a seminal review on 

the hallmarks of cancer, in which they proposed that all human cancers share a small 

number of acquired capabilities required for oncogenic transformation. These traits 

include self-sufficiency in growth signals, insensitivity to anti-growth signals, tissue 

invasion and metastasis, limitless replicative potential, sustained angiogenesis, and 

evasion of apoptosis (Hanahan and Weinberg, 2000). In discussing the evasion of 

apoptosis, they divide the apoptotic machinery into two broad components—sensors and 

effectors. Any protein that monitors the cellular environment for conditions that influence 

whether a cell should live or die is a sensor, and proteins that are regulated by the sensors 
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are the effectors of apoptosis. On a mechanistic level, a variety of anti-apoptotic 

strategies are employed by cancers, with certain types of cancer inactivating sensors and 

others deregulating effectors. 

The prototypical example of a pro-apoptotic sensor that is lost in cancers is the 

p53 tumor suppressor gene, in which mutation results in functional inactivation of the 

protein (Vazquez et al., 2008). Observed in more than half of human cancers, alterations 

in p53 prevent a cell from being able to sense DNA damage, hypoxia or oncogene 

activation as necessitating apoptosis (Harris, 1996; Levine, 1997). Aside from loss of 

p53, aberrant pro-survival signaling through the phosphoinositide-3 kinase (PI3K)-Akt 

pathway and abrogation of the Fas death signal are two additional illustrations of 

apoptotic sensor abnormalities found in cancers (Cantley and Neel, 1999; Pitti, 1998). 

In terms of apoptotic effectors, Bcl-2 is an anti-apoptotic regulator of 

mitochondrial membrane permeability whose activity prevents cytochrome c release. 

Cancers that up-regulate Bcl-2, such as follicular lymphomas, become resistant to 

apoptotic stimuli—not because they do not sense a given death stimulus but rather 

because transmission of the apoptotic signal is blocked upstream of the mitochondria 

(Korsmeyer, 1992; Verma et al., 2006). In this manner, dysregulation of apoptotic 

effectors allows cancer cells to survive in the absence of survival signals, in hostile 

extracellular environments, and in the presence of DNA damage and oncogene activation. 

Moving further downstream, decreasing apoptosome formation or activity is yet 

another mechanism by which cancer cells could acquire apoptotic resistance. For 
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example, the oncogenic tyrosine kinase Bcr-Abl has been reported to protect leukemic 

cells from apoptosis downstream of cytochrome c release (Deming et al., 2004). More 

recently, it has been demonstrated that this protection is mediated by suppression of 

Hsp90β phosphorylation in cells expressing oncogenic tyrosine kinases. This results in 

tight binding of the hypophosphorylated Hsp90 β to Apaf-1, preventing cytochrome c-

induced Apaf-1 oligomerization and caspase-9 recruitment (Kurokawa et al., 2008). 

Additionally, inactivation and down-regulation of Apaf-1 have been reported in 

melanoma and ovarian cancer, respectively (Soengas et al., 2001; Wolf et al., 2001; Liu 

et al., 2002). However, such findings have been disputed, with more recent studies 

suggesting technical issues limited Apaf-1 detection in melanoma (Allen et al., 2005; 

Peltenburg et al., 2005). Collectively, dysregulation of apoptotic effectors that act 

downstream of cytochrome c release seems to be the exception rather than the rule in 

cancers. Perhaps this is not surprising, given that once a cancer cell has released 

cytochrome c from the mitochondria it is likely to have compromised mitochondrial 

membrane potential and would therefore die via necrosis even if it could suppress 

apoptosis. In other words, there may be less selective pressure for cancer cells to develop 

apoptotic resistance downstream of cytochrome c release because it offers less survival 

advantage than developing resistance upstream of the mitochondria. 

In accordance with this theory, recent work from our laboratory has demonstrated 

that breast cancer cells are actually more sensitive to cytochrome c-induced apoptosis 

than normal mammary epithelial cells (Schafer et al., 2006). The data suggest that breast 
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cancers evade apoptosis by preventing release of cytochrome c while the downstream 

apoptotic machinery remains intact. Further, the observed heightened sensitivity to 

cytochrome c was traced to overexpression of the apoptosome activator Putative HLA 

class II associated protein I (PHAPI) in breast cancers (Figure 1.6). Although the driving 

factors underlying PHAPI overexpression remain unknown, the survival of breast cancer 

cells is unlikely to be compromised by PHAPI since the cells evade apoptosis by 

blocking apoptotic signaling upstream of the mitochondria. The fundamental principle 

that some cancers may be more susceptible to cytochrome c than their normal 

counterparts sparked our interest in investigating apoptosis in brain tumors, due to earlier 

observations that mature neuronal cells display resistance to cytochrome c-mediated 

apoptosis (Wright et al., 2004). 

1.5  Apoptosis regulation in primary brain cancers 

1.5.1  Glial cell cancers 

Primary brain tumors originate in the central nervous system and include a 

heterogeneous group of neoplasms. Glial-cell tumors, or gliomas, account for more than 

70% of brain tumors (Ohgaki, 2009). The majority of gliomas are astrocytomas, with 

glioblastoma multiforme (World Health Organization grade IV astrocytoma) being the 

most frequent sub-type (Lesniak and Brem, 2004). Glioblastoma is a highly-aggressive 

cancer, with a five-year survival less than 3% (Ohgaki, 2009). The currently 

recommended treatment regimen includes surgical debulking combined with post- 
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Figure 1.6:  PHAPI‐mediated sensitivity to cytochrome c‐induced apoptosis in breast 
cancer. 

 
 
 
Figure 1.6:  Malignant mammary epithelial cells activate caspases more efficiently and robustly 
after the release of cytochrome c into the cytosol. This is due to the overexpression of PHAPI, 
which causes enhanced recruitment of caspase-9 to the apoptosome. From Schafer and Kornbluth 
(2006), with permission from Elsevier. 
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surgical radiation therapy and administration of temozolomide, an orally administered 

alkylating chemotherapeutic (Mrugula and Chamberlain, 2008). Even with this intense 

therapeutic intervention median survival remains less than two years (Hart et al., 2008). 

Thus, it is imperative that novel therapeutics be developed to improve outcome in 

patients suffering from aggressive gliomas, such as glioblastoma. 

Constitutive activation of growth factor signaling pathways is observed in almost 

all high-grade gliomas. The epidermal growth factor receptor (EGFR) is overexpressed in 

85% of cases, with glioblastomas often expressing a mutant form of the receptor, 

EGFRvIII, that is constitutively active (Broniscer and Gajjar, 2004; Mellinghoff et al., 

2005). Additionally, malignant gliomas often express both platelet-derived growth factor 

(PDGF) and the PDGF receptor, enabling the tumor cells to fuel their own growth and 

survival via an autocrine (or paracrine) loop (Hermanson et al., 1992). Activity through 

both of these growth factor receptors provides strong and continuous stimulatory input to 

the PI3K/Akt signaling pathway (Knobbe and Reifenberger, 2003). Activation of this 

pathway stimulates cell proliferation and survival, significantly contributing to their 

oncogenic potential. Mutations or deletions of the tumor suppressor PTEN are found in 

over one-third of glioblastomas, and because PTEN plays an important role in regulation 

of the PI3K pathway, loss of PTEN amplifies PI3K/Akt activity (Broniscer and Gajjar, 

2004; Cheng et al., 2009). 

The prevalence of aberrant PI3K/Akt signaling in gliomas has important 

implications for how these cancers evade apoptosis. It is well-recognized that this 
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pathway plays a critical role in keeping cells alive by blocking apoptotic signaling 

(Duronio, 2008). Many potential mechanisms to explain how PI3K/Akt activity prevents 

apoptosis have been reported, including suppression of pro-apoptotic Bcl-2 family 

members and disruption of p53 activation (Tsuruta et al., 2002; Downward, 2004). 

Notably, all proposed mechanisms involve either apoptotic sensors or apoptotic effectors 

that are upstream of cytochrome c release. The particular cellular context may determine 

which process is crucial for mediating the anti-apoptotic effect of PI3K/Akt in a given 

cell type or cancer. Although it remains unclear which specific mechanism is the driving 

force in gliomas, it has been demonstrated that inhibition of the PI3K/Akt pathway 

sensitizes these cancers to apoptotic stimuli (Opel et al., 2008). 

Therefore, it is likely that dysregulation of apoptosis in gliomas is due to a 

blockade of apoptotic signaling upstream of the mitochondria. This is supported by 

studies demonstrating that expression of the EGFR is sufficient to block cytochrome c 

release in response to strong apoptotic stimuli (Nagane et al., 1998; Stegh et al., 2007). 

However, two reports in the literature implicate the involvement of factors downstream 

of cytochrome c release. One study reported Apaf-1 inactivation due to loss of 

heterozygosity at chromosome 12q22-23, the locus of the Apaf-1 gene (Watanabe et al., 

2003). However, since publication of that report a reassessment of the Apaf-1 gene 

location was made, casting serious doubt on whether Apaf-1 LOH occurs at all in 

glioblastoma (Umetanin and Hoon, 2004). A second report characterizes a novel Bcl-2 

family member, Bcl2L12, and its role in inhibiting apoptosis in glioblastoma (Stegh et 
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al., 2007). They find expression of Bcl2L12 in the vast majority of these cancers, and 

show that Bcl2L12 enhances resistance to staurosporine-induced apoptosis, likely 

through its ability to interact with and neutralize caspase-7. While this factor may 

decrease the robustness of caspase activation in glioblastoma, their work did not address 

the functionality of the core apoptotic machinery and whether cytochrome c release in 

these cells could result in apoptosis despite the potential inhibitory effect of Bcl2L12. In 

summary, the primary mechanism of apoptotic resistance in gliomas is likely to be due to 

a blockade of upstream signaling that prevents the release of cytochrome c. Expression of 

apoptosome components and sensitivity to cytochrome c-induced caspase activation 

remain to be examined in these cancers. 

1.5.2  Medulloblastomas 

Medulloblastomas occur predominantly in children and develop exclusively 

within the cerebellum. This tumor accounts for approximately 20% of pediatric brain 

tumors and is highly malignant (Weir et al., 2003). Although medulloblastomas are 

generally sensitive to radiation therapy, this treatment modality is quite harmful to the 

developing central nervous system (CNS). As a result, the majority of patients suffer 

long-term brain damage with demonstrable drops in overall IQ (Mulhern et al., 2004). 

Therefore, alternative therapies that would spare the surrounding normal neural tissue 

while eliminating malignant cells would provide a significant clinical benefit for children 

with this type of cancer. 
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Medulloblastomas are believed to arise from cerebellar granule cell precursors 

(Wechsler-Reya and Scott, 2001). Mitogenesis of these cells is potently stimulated by the 

morphogen Sonic hedgehog (Shh) and conversely is inhibited by the Shh antagonist 

Patched. Consistent with the importance of these factors in medulloblastoma 

development, patients with inherited mutations in Patched display an increased 

propensity to develop medulloblastoma (Pietsch et al., 1997). Moreover, mutations in the 

Shh/Patched pathway have been observed in spontaneous human medulloblastoma 

(Raffel et al., 1997; Xie et al., 1997). 

The transforming action of Shh stimulation in medulloblastomas is thought to be 

enhanced by expression of the Myc oncogene and hyperactivation of insulin-like growth 

factor (IGF) signaling (Ye et al., 1996; Kenney et al., 2004). These factors not only drive 

proliferation but also must prevent apoptosis in order for full oncogenic transformation. 

The anti-apoptotic protein Bcl-2 has been identified as a transcriptional target of Shh (Bar 

et al., 2007), and there is evidence that human medulloblastomas frequently overexpress 

Bcl-2 (Schuller et al., 2004). However, there is also evidence to suggest that IGF-

mediated activation of the PI3K/Akt signaling pathway is essential for preventing 

apoptosis in Shh-driven medulloblastomas (Rao et al., 2004; McCall et al., 2007). 

Similarly to evasion of apoptosis in gliomas, this acquired capability in medulloblastomas 

seems to be fulfilled through modulation of factors that prevent apoptotic signaling 

upstream of mitochondrial cytochrome c release. 
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1.5.3  Sensitivity of brain cancer cells to cytochrome c-induced apoptosis 

Many of the defined signaling pathway abnormalities in both gliomas and 

medulloblastomas involve aberrations in apoptotic signaling upstream of the 

mitochondria. Commonly reported in the literature are examples of inhibition of a 

growth-signaling pathway increasing the apoptotic response of cancer cells to a given 

chemotherapeutic. Implied in this is the presence of functional apoptotic machinery, 

allowing for the cells to undergo apoptosis when the upstream brakes are released. In this 

dissertation, we directly examine the cellular response to cytochrome c in brain cancers. 

We found that brain cancer cells are capable of activating caspases in response to 

cytochrome c. Importantly, we demonstrate that normal brain tissue, including neuronal 

and glial cells, is remarkably resistant to cytochrome c due to down-regulation of Apaf-1. 

Thus, these results suggest direct activation of the apoptosome as a potential anti-cancer 

strategy. 

1.6  Activation of the apoptosome as an anti-cancer therapy 

Since evasion of apoptosis is a requirement for oncogenic transformation, there 

has been significant interest in developing therapeutic strategies to reverse this apoptotic 

block in cancer cells. Many of the efforts to date have focused on targeting the death 

receptors or Bcl-2 family proteins (Fischer et al., 2007). Unfortunately, use of tumor 

necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) or other ligands aimed 

at inducing apoptosis via death receptors have not met much success. Although often the 
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reasons for this are unclear, there are examples of cancer cells upregulating decoy death 

receptors, resulting in sequestration of extracellular death ligands without the typical 

consequent DISC assembly and subsequent caspase activation (LeBlanc and Ashkenazi, 

2003). Targeting Bcl-2 family members has been attempted using antisense technology 

against Bcl-2 or Bcl-XL, but very little anti-tumor activity was observed in preclinical 

trials (Bedikian et al., 2006). The complexity of the Bcl-2 proteins (and their interactions) 

makes it unlikely that targeting just one Bcl-2 family member would overcome a cancer 

cell’s block in apoptosis, and ongoing work aims to develop a number of small molecule 

inhibitors that could be utilized to simultaneously target multiple anti-apoptotic Bcl-2 

proteins (Oltersdorf et al., 2005; Ziegler et al., 2008). 

In addition to the pursuit of these strategies, we believe that additional approaches 

for actively inducing apoptosis in cancer cells should be explored. The differential 

sensitivity to cytochrome c-induced apoptosis that we observed in brain cancers and 

normal brain tissue raises the interesting possibility of selectively activating the 

apoptosome in cancer cells while sparing surrounding normal tissue. Thus, we believe 

that the core apoptosome represents a valid target for anti-cancer therapeutics. By 

inducing apoptosis downstream of the mitochondria, this approach offers the major 

advantage of bypassing blockades in upstream apoptotic signaling, which seem to be 

common in many cancers. Given that there are more than 100 distinct types of cancer 

employing a variety of anti-apoptosis strategies (Hanahan and Weinberg, 2000), it is 

likely that many cancers possess functional apoptotic machinery. Profiling cancer cells 



 

 37

relative to their normal counterparts should help determine in which cases the 

apoptosome would be a valid target. The ability to locally deliver therapeutics to the 

brain make the development of apoptosome activators particularly attractive—even if 

such a therapeutic could not be tolerated systemically it could be used for treating tumors 

of the central nervous system, where the need for novel anti-cancer therapies is critical. 

There have been two reports in the literature of direct activation of the 

apoptosome as an anti-cancer strategy (Nguyen and Wells, 2003; Jiang et al., 2003). 

These studies used a cell-free system to screen small-molecules for their ability to 

enhance cytochrome c-induced caspase activation. Both groups identified compounds 

that function to promote apoptosome formation and the activation of effector caspases. 

However, the requirement of cytochrome c in these assays means that they merely 

augment apoptosome formation rather than possessing the innate ability to trigger 

apoptosome formation. These types of compounds might be useful in combination with 

therapeutics that induce apoptosis upstream of the mitochondria, although they would not 

be expected to elicit apoptosis selectively in cancer cells. Alternative approaches that 

involve downstream apoptotic signaling include triggering the release of endogenous 

cytochrome c from the mitochondria and upregulating the apoptosome components 

(Ledgerwood and Morison, 2009). Pursuit of the first approach identified an inhibitor of 

acyl-CoA-synthase that selectively induces mitochondrial cytochrome c release, and 

pursuit of the second identified a pan-histone deacetylase inhibitor which leads to the 

induction of Apaf-1 and caspase-9 expression (Mashima et al., 2005; Wang et al., 2006). 
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Unfortunately, these compounds would not be expected to demonstrate selectivity for 

cancer cells, and the second approach would merely sensitive cells to apoptotic stimuli 

but would not induce apoptosis on its own. 

We believe the key to a successful anti-cancer drug is its intrinsic ability to 

selectively induce death of a cancer cell. Further, the ideal therapeutic should not merely 

sensitive a cancer cell to other apoptosis-inducing drugs, but stimulate death on its own. 

Based on our work in characterizing apoptosis regulation in brain cancers and normal 

brain, we strongly believe that a therapeutic that directly activates the apoptosome would 

fulfill these criteria and provide a promising new approach for treating brain cancers. In 

this dissertation we aimed to develop a cytochrome c-based therapy. Such a drug would 

be expected to induce caspase activation only in brain cancer cells, since the apoptotic 

function of cytochrome c depends on Apaf-1, which is absent in the surrounding neural 

tissue. Additionally, a cytochrome c-based therapeutic would be sufficient to trigger 

apoptosis in the cancer cells on its own, without the requirement for additional apoptotic 

stimulation. We pursued a multi-tiered strategy in the hopes of developing such a 

therapeutic, in which we attempted to 1) define the molecular contact surfaces between 

cytochrome c and Apaf-1, 2) express a cytosolic form of active cytochrome c, and 3) 

develop a small-molecule screen (and then perform the screen) to identify a cytochrome c 

mimetic. 



 

 39

1.7  Studying apoptosis in Xenopus laevis 

1.7.1  The Xenopus egg extract system 

Eggs laid from the frog Xenopus laevis are arrested in metaphase II of meiosis. 

Crushing of the eggs by centrifugation causes internal release of Ca ++ stores, mimicking 

fertilization and leading to cyclical degradation and synthesis of cyclin B in the resultant 

cell-free extract. Cyclin B expression drives Cdc2 activity and thus, coincident with 

fluctuations in Cdc2 activity, the extract repeatedly enters and exits mitosis (Murray, 

1991). This property has made the cell-free extract an important model system for 

studying the cell division cycle. In the presence of sperm chromatin, the extracts form 

nuclei, replicate DNA and then disassemble the nuclei at entry into mitosis. 

To study the process of nuclear assembly in the absence of cycling, eggs can be 

supplemented with cycloheximide (to prevent synthesis of Cyclin B) prior to 

centrifugation, resulting in an interphase-arrested extract. It was in these interphase-

arrested extracts aged on the bench that recapitulation of apoptosis was first observed 

(Newmeyer et al., 1994). These apoptotic extracts were recognized by the presence of 

irregular chromatin condensation and nuclear fragmentation. Since these original 

observations of apoptosis, the egg extract has become a useful system for studying the 

biochemical properties of apoptosis signaling (Kornbluth and Evans, 2003). 

The crude egg extract described above contains cytoplasmic, membrane and 

nuclear components. Spontaneous induction of apoptosis over time in these extracts 

reflects a latent phase followed by release of cytochrome c from mitochondria and 
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effector caspase activation. Recent work from our laboratory has elucidated the upstream 

signaling events responsible for this phenomenon: nutrient depletion over time in the 

extract results in dephosphorylation of caspase-2, leading to its activation and stimulation 

of the intrinsic apoptotic pathway (Nutt et al., 2005). 

In addition to studying apoptosis in the crude extract, this cell-free lysate can be 

further separated into cytosolic, light membrane (endoplasmic reticulum), heavy 

membrane (mitochondria and rough endoplasmic reticulum) and insoluble (glycogen, 

ribosomes, assembled cytoskeletal proteins, and large protein complexes) fractions by 

high-speed centrifugation. The cytosolic fraction derived from interphase-arrested crude 

extract can be supplemented with various pharmacological compounds and recombinant 

proteins, and depleted of specific proteins using immunoprecipitation. Thus, the cytosolic 

extract can serve as an in vitro system for identifying and characterizing regulators of 

caspase activity. Since the cytosolic extract lacks mitochondria, addition of cytochrome c 

(in the presence of an energy-regenerating system) yields caspase activation, which can 

be assayed by immunoblot analysis or quantitated by monitoring the cleavage of a 

colorimetric (or fluorescent) caspase substrate. Additionally, because the cytosolic extract 

can also be prepared from mitotic-arrested crude, this system is uniquely poised to 

address how the regulation of apoptosis changes throughout the cell cycle, which could 

aid in our understanding of how highly-proliferative cancer cells evade apoptosis. 
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1.7.2  Post-mitochondrial apoptosis in Xenopus oocytes 

Despite these strengths, the Xenopus cell-free system does not allow evaluation of 

apoptosis at the single cell level. As an alternative to preparing extracts from eggs, 

Xenopus oocytes can be isolated from frog ovaries. Stage VI Xenopus oocytes (Figure 

1.7A) are arrested at the G2/M transition of meiosis I, and can be induced to mature with 

progesterone treatment. Progesterone stimulates entry into M phase of meiosis I, which is 

characterized by breakdown of the germinal vesicle (oocyte nucleus). This germinal 

vesicle breakdown (GVBD) can be easily monitored by the appearance of a white spot in 

the animal pole of the oocyte (Figure 1.7B). The oocyte will continue to mature, exiting 

meiosis I and entering meiosis II, where it arrests in metaphase. At this point the mature 

oocyte is awaiting fertilization, and is comparable to the egg which is used to prepare 

cell-free extract. 

Oocytes are very large cells, measuring approximately 1 mm in diameter with a 

volume of about 1 μl. This large size makes oocytes easy to microinject with mRNA, 

protein or morpholinos (antisense oligonucleotides). Thus, the two systems (cell-extract 

and oocyte-based) can be used to complement one another, with studies in the oocyte 

providing an intact cellular system for the study of mitotic entry (Taieb et al., 1997). 

To date, very few studies have utilized oocytes for studying apoptosis. However, 

microinjection of cytochrome c into Xenopus oocytes has been demonstrated to reliably 

induce apoptosis. However, detection of apoptotic death has depended on visual 

observations of changes in oocyte morphology, which take hours to occur (Figure 1.7C).  
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Figure 1.7:  Morphological features of Xenopus oocytes. 

 

 
 
 
 
 
Figure 1.7:  Reflective light photographs of stage VI oocytes either untreated, A, progesterone-
treated and demonstrating GVBD, B, or microinjected with cytochrome c and demonstrating 
apoptosis, C. 
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Indirect markers of caspase activation, such as plasma membrane depolarization, have 

also been reported (Bhuyan et al., 2001). Unfortunately, changes in membrane potential 

are not specific for apoptotic death, lack the sensitivity of the cell-free system, and cannot 

be recorded for more than one oocyte at a time. In this dissertation work, we develop an 

assay for in vivo detection of caspase activation in the Xenopus oocyte and early embryo. 

We demonstrate that this assay offers an alternative to the cell-extract system, in which 

regulation of apoptosis downstream of the mitochondria can be readily examined in an 

intact cell. Using this method, we demonstrate that only a brief period of caspase activity 

is required to ensure apoptotic death, that inhibitor of apoptosis proteins function as a 

brake in the oocyte, and that apoptosis in the early embryo is not a cell-autonomous 

process. These results confirm this method as a valid means for studying apoptosis, and 

reveal several important subtleties of the apoptotic program. Further, we believe that this 

assay will be useful as a screening modality for identifying novel regulators of apoptosis 

as well as apoptosome-activating small-molecules that could ultimately prove useful in 

the treatment of brain tumors. 
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2.  Materials and methods 

2.1  Cell culture and microinjection of neurons 

Primary neurons from the dorsal root ganglion (DRG) and the cerebellum were 

cultured as described (Molliver et al., 1997; Miller and Johnson, 1996). SH-SY5Y 

neuroblastoma cells (gift from Daniel Sanchis, Universitat de Lleida, Lleida, Spain) were 

maintained in a 1:1 mixture of DMEM and Ham’s F12 medium supplemented with 10% 

FBS. Glioblastoma lines, MGR1 and MGR3 (gifts from Francis Ali-Osman, Duke 

University), were maintained in low glucose DMEM supplemented with 10% FBS. 

Medulloblastoma lines UW228 (gift from John Silber, University of Washington, Seattle) 

and MCD1 (gift from William Freed, National Institutes of Health, Bethesda) were 

maintained in DMEM supplemented with nonessential amino acids, L-glutamine, and 

10% FBS. Glioblastoma lines D54P, D54TR, D54OTR, H80P, H80TR, H80OTR, F3, 

F37, F5 and F19 (gifts from Henry Friedman, Duke University) were maintained in ZO-

MEM with 40 mM HEPES, 0.9% sodium bicarbonate, and 20% FBS. Remaining 

glioblastoma and medulloblastoma lines were obtained from the Duke University Preston 

Robert Tisch Brain Tumor Center and maintained in RPMI medium 1640 supplemented 

with 10% FBS. HeLa cells were obtained from the Duke University Cell Culture Facility 

and cultured in DMEM supplemented with 10% FBS. Cells were transiently transfected 

using FuGENE 6 (Roche) according to the manufacturer’s protocol. Sensory neurons 

from the DRG were microinjected by using 10 g/L cytochrome c as described (Wright et 
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al., 2004). The microinjection solution contained 100 mM KCl, 10 mM KPi (pH 7.4), and 

4 mg/mL rhodamine dextran to mark injected cells. Cell viability was determined by 

counting rhodamine positive cells with intact, phase-bright cell bodies. 

2.2  Cell-free lysate preparation and caspase assays 

2.2.1  Preparation of cytosolic lysates (extracts) 

Cytosolic extracts from cultured neurons were prepared as described (Wright et 

al., 2004). Brain tumor cell lines, xenograft tumors, and human cortical tissues were 

harvested, washed with cold PBS, and pelleted. Pellets were resuspended in hypotonic 

lysis buffer [20 mM Hepes (pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM 

EGTA, 1 mM DTT, 1 mM PMSF, 5 μg/mL leupeptin, and 5 μg/mL aprotinin] with 250 

mM sucrose (to protect mitochondrial membrane integrity), and incubated for 15 minutes 

on ice. Tissues were homogenized by using a 0.5-mL Bellco glass homogenizer and 

centrifuged for 30 minutes at 14,000 rpm (Eppendorf 5415C) at 4°C, and the supernatant 

was preserved as extract. Extracts were quantitated by using the Bradford method. 

Xenograft tumors, human cortical tissue, and human high-grade glioma tissue were 

provided by the Tisch Brain Tumor Center. Tissues were diced on ice into 1-mm3 pieces, 

and extracts were prepared as above. Cytosolic lysate was prepared from Xenopus laevis 

eggs according to standard protocols (Kornbluth and Evans, 2001). 
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2.2.2  Cell-free caspase assays 

2.2.2.1  Mammalian caspase assays 

Assays were performed as described (Wright et al., 2004; Schafer et al., 2006). In 

brief, extracts were incubated with 10 μM either mammalian or yeast cytochrome c and 1 

mM dATP at 37°C for 30 minutes before addition of the fluorogenic substrate, Ac-

DEVD-afc (Biomol). Alternatively, extracts alone or with 8 μM cytochrome c were 

incubated as above before addition of the colorimetric substrate Ac-DEVD-pNA 

(Biomol) to 200 μM, and absorbance was measured at 405 nm. 

2.2.2.2  Xenopus caspase assays 

20 μl cytosolic extract was supplemented with horse cytochrome c, yeast 

cytochrome c, or cytochrome c peptide fragments and allowed to incubate for 30 minutes 

at room temperature. 5 μl aliquots of those reactions were then incubated with 85 μl 

DEVDase buffer (50 mM HEPES [pH 7.5], 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 

1 mM EDTA, 10% glycerol) and 10 μl of the substrate Ac-DEVD-pNA (200 μM) at 

37°C for 30–60 min. Absorbance was measured at 405 nm. 

2.3  Antibodies and immunoblotting 

Antibodies used include: anti-cytochrome c (556433, BD Pharmingen), anti-

caspase-9 (M0543, MBL International; 9504, Cell Signaling), anti-procaspase 3 (9665; 

Cell Signaling), anti-active(cleaved) caspase 3 (9661, Cell Signaling), anti-Apaf-1(13F11 
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and 2E12; Alexis; AAP-300, Assay Designs), anti-p53 (DO1; Santa Cruz), anti-E2F1 (C-

20; Santa Cruz), anti-flag (F3165, Sigma), anti-α-tubulin (T9026; Sigma), and anti-β-

actin (A5316 and A1978, Sigma). The anti-XLX serum was a gift from Jean Gautier 

(Columbia University), and the purified anti-xXIAP was a gift from Shigeru Yamashita 

(Toho University). Either Alexa Fluor secondary antibodies (Invitrogen) or streptavidin-

AF680 (S32358, Invitrogen) were used with the LI-COR Odyssey IR Imaging System or 

HRP-conjugated secondary antibodies (Pierce Chemical) along with an ECL-Plus 

detection system (Amersham Biosciences). Protein array of human astrocytomas was 

from the BioChain Institute (A1235713-1). 

2.4  Real-time RT-PCR 

Medulloblastoma tumor cells were isolated for reverse transcriptase polymerase 

chain reaction (RT-PCR) as described (Oliver et al., 2005). RNA was isolated by using 

the small-scale RNAqueous Kit and treated with DNase I (Ambion). Isolated mRNA 

from pre-sorted CD133+ and CD133- populations of glioma cells were a kind gift from 

Jeremy Rich’s laboratory (Cleveland Clinic). For RT-PCR, first-strand cDNA was 

synthesized with an oligo(dT) primer by adding ≈300 μg of RNA with SuperScript III 

Reverse Transciptase (Invitrogen). Real-time PCR was performed by using iQ SYBR 

Green Supermix (BioRad), 5 ng of cDNA, and 10 μM of the following forward and 

reverse Apaf-1 primers: Human, 5'- ATA TGG AAT GTC TCA AAC GGT GAG C -3' 

and 5'- GGT CTG TGA GGA TTC CCC A -3', and mouse, 5'- ATA TGG AAT GTC 

TCA GAT GGC CAG C -3’ and 5'- GGT CTG TGA GGA GTC CCC A -3’. Real-time 
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quantitation was performed by using a BioRad iCycler iQ System. Data were normalized 

to β2-microglobulin (mouse samples) or GAPDH (human samples), and fold change was 

determined by using the 2-∆∆CT method (Livak and Schmittgen, 2001). For RT-PCR 

agarose gel analysis, reactions were performed as above except with iQ Supermix 

(BioRad). 

2.5  Microarray data analysis 

Three independent gene profiling studies (Sun et al., 2006; Freije et al., 2004; 

Phillips et al., 2006) publicly available on the Oncomine Cancer Profiling Database 

(www.oncomine.org) were used to investigate Apaf-1 mRNA levels in human brain 

cancers. The resulting data were analyzed as described by Turley et al. (2007). Briefly, 

the mean Apaf-1 expression and the standard deviation were calculated for each study. 

Differences in Apaf-1 expression between epileptic patient brain and glioblastoma were 

displayed by using a standard box-and-whisker plot. For data from the other two studies 

(Freije et al., 2004; Phillips et al., 2006), we calculated the standard difference in means 

of Apaf-1 mRNA expression between grade III and grade IV astrocytomas by using the 

statistical program Comprehensive Metaanalysis (Biostat). Microarray data from 

CD15+/- mouse medulloblastoma cell mRNA was provided by Rob Wechsler-Reya 

(Duke University), and is available through the NCBI Gene Expression Omnibus site 

(http://www.ncbi.nLm.nih.gov/geo/) under the accession number GSE12430. 
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2.6  Chromatin immunoprecipitation 

ChIP was performed by using the EpiQuik Tissue Chromatin 

Immunoprecipitation Kit (Epigentek P-2003). DNA was purified by using a QIAquick 

PCR purification kit (Qiagen), and PCR was performed by using iQ Supermix (BioRad) 

and the Apaf-1 primers utilized for RT-PCR. Approximately 2% of the input chromatin 

and 7% of the ChIP samples were used as template in each case. Amplicons were 

visualized with ethidium bromide in 2.5% agrarose gels. 

2.7  Cloning, protein expression and mRNA synthesis 

Cytochrome c-eGFP (pCyt c-EGFP-N1)and eGFP-cytochrome c (pEGFP-C1-cyt 

c) were gifts from Doug Greene (St. Jude Children’s Research Hospital, Memphis TN). 

Yeast heme lyase in pcDNA3.1 was a generous gift from Mohanish Deshmukh 

(University of North Carolina Chapel Hill, NC), and was cloned into the pmCherry-C1 

vector (Clontech). 

Cloning, expression and purification of Mos and Emi2 (aa 489-651) T545,551A 

were as described (Wu, Q et al., 2007). Xenopus Bok was cloned from an EST clone of 

the NIBB Xenopus laevis project. Initially xBok cDNA was amplified utilizing an EcoRI 

forward primer (GGA ATT CTA ATG GAG ATG CTA AGA CGA TC), and an XhoI 

reverse primer (GCT CGA GTT ACC GCT CAC GGA GGA C). For mRNA production, 

xBok was cloned into the pSP64T vector to contain an N-terminal FLAG tag. For mRNA 
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synthesis, constructs were digested with SmaI or HindIII, and mRNAs produced using 

the mMessage mMachine RNA kit (Ambion). 

Human Apaf-1 in pFastBac was a generous gift from Xiaodong Wang (University 

of Texas Southwestern), and was utilized to produce human Apaf-1 protein from a 

baculovirus expression system. The Apaf-1 expression plasmid was transformed into 

DH10Bac Escherichia coli cells (Invitrogen, Carlsbad, CA), according to the 

manufacture’s manual. The recombinant baculovirus was then produced in accordance 

with the Invitrogen Bac-To-Bac protocol. In brief, Sf9 cells were infected with the 

baculovirus for 24 hours and then recombinant protein was purified as previously 

described (Zhou et al., 1999). 

2.8  Intermolecular crosslinking and mass spectrometry 

2.8.1  Covalent crosslinking and gel analysis of crosslinked proteins 

Crosslinking of horse cytochrome c (Sigma) and recombinant human Apaf-1 with 

BS3 d0/d4  (21590 and 21595, Pierce) was performed according to the manufacturer’s 

suggested protocol (Pierce). Briefly, proteins were mixed in equal molar amounts (5 μg 

Apaf-1 and 0.6 μg cytochrome c) in 20 mM HEPES buffer, pH 7.5. The BS3 d0/d4 was 

prepared in a 1:1 ratio and added to the protein solution at either 50 μM or 250 μM. 

Control solutions were prepared with adding dimethylsulfoxide (DMSO) (Thermo 

Scientific) in lieu of the crosslinking reagent solution. For initial crosslinking 

optimization, aliquots of the solution were analyzed at various time points. For 

immunoblot and mass spectrometry analysis, the reactions were allowed to proceed for 
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30 minutes. Reactions were terminated by adding NH4HCO3 to a final concentration of 

20 mM. SDS-PAGE sample buffer was added to all samples and they were resolved by 

SDS-PAGE for either immunoblot analysis or silver staining. Silver stained bands of 

interest were excised from the gel and transferred to a clean eppendorf. Gel bands were 

de-stained for 10 minutes in a 1:1 mixture of 100 mM sodium thiosulfate and 30 mM 

potassium ferricyanide. De-stained bands were washed 3 times with water for 15 minutes 

per wash and submitted to the Duke Proteomics Facility for mass spectrometry analysis. 

2.8.2  Sample preparation (performed by the Duke Proteomics Facility) 

2.8.2.1  In-gel digestion 

Excised gel bands were reduced for 30 minutes at room temperature using 10 mM 

dithiolthreitol in 50 mM ammonium bicarbonate, pH 8.0. Samples were then alkylated 

for 30 minutes at room temperature with 20 mM iodoacetamine in 50 mM ammonium 

bicarbonate, pH 8.0 prior to in-gel proteolytic digestion with 50 ng of sequencing grade 

modified trypsin (Promega) at 37°C for 18 hours. Peptides were extracted into 200uL 

50% acetonitrile, 1% formic acid with 10 minutes of bath sonication, brought to dryness 

using a vacuum centrifuge and resuspended in 20 uL 2% acetonitrile, 0.1% TFA. 

2.8.2.2  In-solution digestion 

Rapigest acid labile surfactant (Waters Corp) was added to samples to a final 

concentration of 0.1%. Samples were reduced in 10 mM dithiolthreitol for 15 minutes at 

70°C followed by alkylation with 20 mM iodoacetamide for 30 minutes at room 
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temperature followed by proteolytic digestion with trypsin at a ratio of 50:1 

(protein:enzyme, w/w) for 18 hours at 37°C . Digested samples were brought up to 1% 

TFA and incubated at 60C for 2 hours to hydrolyze Rapigest surfactant. 

2.8.3  LC-MS/MS (performed by the Duke Proteomics Facility) 

Approximately 50% of the total peptide extracted from the gel slices were loaded 

onto a Waters NanoAcquity HPLC equiped with a 180 um x 2 cm Symmetry guard 

column (Waters Corp.) coupled in-line with a 75 um x 15 cm BEH130 UPLC analytical 

column (Waters Corp.) packed with 1.7 um C18 reversed-phase particles. Peptides were 

eluted using a linear gradient from 5% acetonitrile/0.1% formic acid to 40% 

acetonitrile/0.1% formic acid over 60 minutes at a flow rate of 300 nL/min. Analytical 

column temperature was maintained at 55°C throughout analysis. The NanoAcquity 

system was coupled to a Waters Synapt HDMS mass spectrometer or a Thermo LTQ-

Orbitrap XL mass spectrometer through an electrospray ionization interface. Ionization 

was accomplished by applying 4.5 kV (Waters Synapt HDMS) or 1.9 kV (Thermo LTQ-

Orbitrap XL) to a PicoTip Emitter (New Objective) with a 10 um spray tip. 

The Waters Synapt HDMS mass spectrometer was operated in V-mode with 0.95 

s precursor MS scans from m/z 50-1990. Up to 8 sequential product ion MS/MS scans 

from m/z 50-1990 were acquired in a data-dependent mode for all precursor ions which 

were at least 2+ charged and had a threshold of  20 counts/s. MS/MS fragmentation was 

accomplished using collision-induced dissociation CID with He gas in the quadrupole 

region of the instrument. Each product ion selected for MS/MS fragmentation was 
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subsequently placed on an exclusion list for 200 seconds to increase dynamic range. To 

improve mass accuracy, a precursor MS scan from m/z 50-1990 of 200fmol/ul Glu-Fib in 

50% acetonitrile, 0.1% formic acid was acquired every 30 seconds using a lockspray 

modified interface. 

The Thermo LTQ-Orbitrap XL mass spectrometer was operated in full FT-FT 

mode with precursor scans from m/z 400-2000 in the orbitrap at a resolution of 30,000 

and 3 MS/MS scans in the orbitrap at a resolution of 7500 for precursor ions which were 

2+ charged and above ions above a threshold of 10000 counts. MS/MS fragmentation 

was accomplished using collision-induced dissociation (CID) with Argon gas with a CID 

setting of 35%. Each product ion selected for MS/MS fragmentation was subsequently 

placed on an exclusion list for 60 seconds to increase dynamic range. 

2.8.4  MS data analysis (performed in collaboration with the Duke Proteomics 
Facility) 

Data generated from both Waters Synapt HDMS and Thermo LTQ-Orbitrap were 

processed using Mascot Distiller and were then searched using the Mascot database 

searching algorithim against a SwissProt FASTA database containing all mammalian 

entries. A static mass modification of +57.0 Da was applied to all cysteines, 

corresponding to carbamidomethylation during alkylation. Dynamic mass modifications 

of +16.0 Da on methionine corresponding to oxidation, +266.0 Da on lysine 

corresponding to BS3 d0 modification with a water loss, +270.0 Da on lysine 

corresponding to BS3 d4 modification with a water loss, +284.0 Da on lysine 

corresponding to BS3 d0 modification with a free carboxylic acid end, and +288.0 Da on 
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lysine corresponding to BS3 d4 modification with a free carboxylic acid end. Precursor 

scan tolerance were 20 ppm for data acquired on the Waters Synapt HDMS and 10 ppm 

for data acquired on the Thermo LTQ-Orbitrap XL. Product ion scans tolerances were 0.1 

Da for data acquired on the Waters Synapt HDMS and 0.02 Da for data acquired on the 

Thermo LTQ-Orbitrap XL. Searches were set to onLy include fully tryptic peptides (N- 

and C-terminal) with up to 2 missed cleavages per peptide. 

For samples subjected to both heavy (BS3 d4) and light (BS3 d0) crosslinking 

reagents, data was imported to Rosetta Elucidator (Rosetta Biosoftware) and subjected to 

a labeled-pair workflow. Briefly, the data was converted to a three-dimensional image 

(m/z, retention time, and intensity) and pairs of “features” (i.e. signals corresponding to 

peptides) whose M+H were within 4.025 Da (+/- 15 ppm) and whose retention time was 

within 12 seconds, were placed in “preliminary” identification table. Preliminary 

identifications were manually verified for the presence of both heavy and light isotopes, 

with significant signal-to-noise, and in ratios under 1:2. 

2.8.4.1  Dead-end crosslinked products 

To identify dead-end crosslinked products in which one end of the crosslinking 

reagent reacted with a lysine while the other end was hydrolyzed by water, Mascot results 

were searched for peptides containing a mass modification of +284.0 Da (BS3 d0) or +288 

Da (BS3 d4). These spectra were manually verified to ensure adequate sequence coverage 

and the presence of an unmodified C-terminal Lysine residue, if applicable (i.e. trypsin 

cannot cleave C-terminal to a BS3 modified Lysine). 
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2.8.4.2  Intrapeptide crosslinked products 

To initially identify intrapeptide crosslinked products, Mascot results were 

searched for a peptide containing two non-C-terminal lysine residues, in which one of the 

lysines contained a mass modification of +266.0 Da (BS3 d0) or +270.0 Da (BS3 d4). To 

further validate the identification, the labeled-pair was verified for the presence of both 

light and heavy versions, which co-eluted within 12 seconds, and were present in a ratio 

under 1:2 from the Rosetta Elucidator labeled-pair results. To identify intrapeptide 

crosslinks not initially identified in Mascot, a theoretical list of all possible crosslinked 

products was generated using ProteinXXX. These results (output as M+H values) were 

blasted against a table of all identified M+H values recorded by Rosetta Elucidator within 

an error of 30 ppm (Waters Synapt HDMS) or 20 ppm (Thermo LTQ-Orbitrap XL). 

Potential hits were verified for the presence of both light and heavy versions, which co-

eluted within 12 seconds, and were present in a ratio under 1:2. 

2.8.4.3  Interpeptide crosslinked products 

Since no database searching algorithims are able to interpret interpeptide 

crosslinked products, identifications were made using accurate mass, ratio data of light 

and heavy BS3 labeled peptides (if available), and retention-time co-elution. Briefly, a list 

of m/z’s corresponding crosslinked peptides were generated using the program 

ProteinXXX (a standalone crosslinking application within the GPMAW suite of 

programs from Lighthouse Data, Denmark). The following constraints were applied to 
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peak list generation: crosslinking reagent targeting Lysine residues, up to four missed 

cleavages, and an upper mass limit of 12000 Da. Only interpeptide crosslinks were 

considered. M/z’s of all precursor ions selected for MS/MS analysis were searched 

against the theoretical list generated by ProteinXXX using a match tolerance of 20ppm 

for data acquired on the Waters Synapt HDMS and 10ppm for data acquired on the LTQ 

Orbitrap XL. Potential matches were validated by visually inspecting the raw data for 

adequate signal-to-noise, appropriate heavy to light isotope ratios (if applicable), and the 

presence of at least 2 product ions for each of the peptides involved in the crosslink. 

2.9  Cell imaging 

Imaging of transfected mammalian cells was performed at the Duke Light 

Microscopy Core Facility using either an Olympus IX-70 inverted microscope with 

fluorescence capability or a Zeiss Axio Observer Z1 motorized microscope with 

fluorescence capability and images were captured using a Hamamatsu Orca-ER 

monochrome cooled-CCD camera or a Coolsnap EM high resolution CCD camera, 

respectively. Images were analyzed using Metamorph 7.5 software. 

Infrared fluorescence in oocytes was imaged using the Odyssey Infrared Imaging 

system (LI-COR). Three to five oocytes per well in a black-walled 96-well plate (Corning 

Costar) were scanned at a focus offset of 3.0 mm, resolution of 84 um, and intensity 

settings of 5 in the 700 channel and 0.5 in the 800 channel. Embryos were imaged as 

above except at a resolution of 21 μm and intensity settings of either 5 or 2.5 in both 

channels. Analysis of fluorescence (including quantitation) was performed with the 
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Odyssey software, v2.1 (LI-COR). Reflected light images of oocytes and embryos were 

captured using a Stemi SV6 Stereomicroscope (Zeiss) with an attached PowerShot A620 

digital camera (Canon). Alternatively, a WolfVision Professional Visualizer was used to 

capture reflected light images of some of the embryos. 

2.10  Xenopus oocyte isolation, maturation and lysate preparation 

Stage VI oocytes were prepared from ovaries manually excised from frogs primed 

with PMSG (Calbiochem), digested with 2.8 U of Liberase (Roche) in OR-2 buffer (82.5 

mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES [pH 7.5]) for 1.5 hr at room 

temperature, washed with OR-2 and stored in OR-2 + 10% fetal bovine serum (Gibco) + 

0.2% gentamicin (Invitrogen) at 18°C. To induce maturation, oocytes were treated with 

200 μM progesterone (Sigma) in OR-2. Oocyte lysate was made by crushing oocytes in 

oocyte lysis buffer (20 mM HEPES pH 7.5, 20 mM β-glycerophosphate, 15 mM MgCl2, 

20 mM EGTA, and 1 mM PMSF) followed by centrifugation to remove insoluble 

material. For Western blot analysis, three oocyte equivalents were loaded per lane. For 

analysis of caspase activity, the lysate was diluted 10-fold with PBS, and incubated at 

37°C in the presence of the colorimetric substrate Ac-DEVD-pNA (Biomol). Absorbance 

was then measured using a Bio-Rad 680 microplate reader at 405 nm. 

2.11  Xenopus in vitro fertilization 

Testes were manually excised and used to fertilize fresh eggs laid from PMSG-

primed frogs injected human chorionic gonadotropin (Sigma). Fertilized eggs were 
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washed with 0.1x MMR buffer (10x MMR: 1 M NaCl, 20 mM KCl, 10 mM MgSO4, 25 

mM CaCl2, 5 mM HEPES pH 7.8, 0.8 mM EDTA), and then de-jellied following cortical 

rotation using 2% cysteine (Sigma). 

2.12  Microinjection of Xenopus oocytes and embryos 

Oocytes were typically injected with 40 nL solution contained in a capillary 

needle using a PV830 pneumatic picopump (WPI). If multiple rounds of injection were 

performed in a single cell, the injection volume was modified such that 40 nL was 

injected in total. Cytosolic volume of an oocyte was taken to be 1 mL, and used to 

calculate the final intracellular concentration of injected reagents. Microinjected reagents 

include: IRDye® 800CW/QC-1 CSP-3 substrate (LI-COR) at 200-400 nM/oocyte, 

cytochrome c from equine heart or from Saccharomyces cerevisiae (Sigma), caspase-8-

cleaved Bid (tBid) (Calbiochem)), z-VAD-fmk (Biomol), Smac (gift from Mohanish 

Deshmukh, University of North Carolina) used at 280 nM/oocyte, dextran AlexaFluor680 

3000 MW and dextran AlexaFluor 10,000 MW (Invitrogen/Molecular Probes). For 

mRNAs, 20 ng encoding β-globin or FLAG-xBok were injected per oocyte. Embryos 

were kept in a solution of 0.3x MMR buffer containing 4% Ficoll 400 (w/v) for 

microinjection; one blastomere was assumed to have a volume of 0.5 mL, and they were 

injected with 8 nL solution. 
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2.13  Protein binding assays 

Cytochrome c peptides were synthesized by Bruce Kaplan at the Beckman 

Research Institute of the City of Hope (Duarte, CA). Each peptide was synthesized with 

an amino-terminal biotin and a carboxy-terminal amide and HPLC-purified. 1-2 μg of 

recombinant human Apaf-1 was incubated with either soluble cytochrome c peptides or 

cytochrome c peptides pre-bound to streptavidin-sepharose (GE Healthcare) for 30 

minutes at room temperature and then retrieved on the streptavidin-sepharose. 

Alternatively, soluble cytochrome c peptides were incubated with his-tagged Apaf-1 for 

30 minutes at room temperature and then retrieved on Ni-NTA agarose (Qiagen). 

Samples were washed, eluted with SDS-PAGE sample buffer and resolved by SDS-

PAGE for immunoblot analysis. 
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3.  Differential Apaf-1 levels allow cytochrome c to induce 
apoptosis in brain tumors but not in normal neural tissues 

(This chapter is reproduced from: Proc Natl Acad Sci USA. 2007 Dec 26; 104(52): 

20820-20825.) 

3.1  Introduction 

Primary brain tumors arise from cells intrinsic to the brain and intracranial cavity. 

Although these tumors account for only a small percentage of cancers, they cause a 

disproportionate share of cancer-related morbidity and mortality (Newton, 1994). Despite 

resection in conjunction with chemoradiation, the 5-year survival rate for glioblastoma, 

the most common histologic subtype, remains only 3% (CBTR, 2002). Although survival 

rates for childhood medulloblastoma are better, long-term neurological deficits secondary 

to radiation therapy remains a significant problem (Rutkowski and Kaufman, 2004). 

Therefore, therapeutic strategies that selectively induce apoptosis in brain tumors while 

sparing surrounding neural tissue could offer significant clinical promise. 

Apoptosis is a form of programmed cell death required for proper embryonic 

development and tissue homeostasis. Aberrant signaling allows malignant cells to evade 

apoptosis, thus fostering tumor progression (Hanahan and Weinberg, 2000). In the 

intrinsic pathway of apoptosis, death-inducing signals converge upon the mitochondria, 

causing release of cytochrome c. Cytosolic cytochrome c binds to Apaf-1, leading to 

recruitment of procaspase-9 and formation of the apoptosome. Apoptosome-mediated 
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activation of caspase-9 activates executioner caspase-3 and caspase-7, which promote 

cell death (Danial and Korsmeyer, 2004). 

Cytosolic cytochrome c is sufficient to induce apoptosis in many dividing cells, 

including fibroblasts, HEK293, and HeLa (Liu et al., 1996; Li et al., 1997). In contrast, 

differentiated sympathetic neurons are highly resistant to apoptosis induced by 

cytochrome c (Wright et al., 2004). This differential susceptibility to cytochrome c-

induced death in cycling cells and neurons led us to hypothesize that activating apoptosis 

with cytochrome c might selectively induce death in dividing brain tumor cells while 

sparing neurons in the brain parenchyma. However, this idea was tempered by the fact 

that various tumors have been shown to differ markedly in their sensitivity to cytochrome 

c. Although ovarian cancers and melanomas appear resistant to cytochrome c-induced 

apoptosis (Wolf et al., 2001; Soengas et al., 2001), breast cancers are hypersensitive to 

cytochrome c (Schafer et al., 2006). 

We show here that, despite the remarkable resistance of mature neurons and brain 

tissues to cytochrome c, both high-grade astrocytoma and medulloblastoma are 

susceptible to cytochrome c-mediated apoptosis. Importantly, although normal brain 

exhibits nearly undetectable levels of Apaf-1, we demonstrate that brain tumors express 

high levels of Apaf-1 through transcriptional induction of Apaf-1 mRNA. These results 

identify direct activation of the apoptosome as a potential therapeutic strategy for brain 

tumors that would eliminate cancer cells while sparing surrounding neural tissue. 
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3.2  Results 

3.2.1  Multiple types of neurons become resistant to cytochrome c upon 
maturation 

We recently reported that decreased Apaf-1-dependent apoptosome activity, 

which accompanies neuronal differentiation, renders sympathetic neurons resistant to 

cytochrome c-mediated apoptosis (Wright et al., 2004). To determine whether the 

development of cytochrome c resistance is seen in other neurons, including those in the 

CNS, we examined neurons from the dorsal root ganglion (DRG), cerebellum, and 

cortex. Because these neurons mature at different times, we chose two time points for 

each neuronal type, corresponding to early and late stages of differentiation. Sensory 

neurons from the DRG were isolated from embryonic day 15 (E15) and postnatal day 2 

(P2) mice. Microinjection of cytochrome c into E15 DRG neurons after 1 day in culture 

(E16 equivalent) induced extensive death within 3 hours. In contrast, P2 DRG neurons 

injected after 1 day in culture (P3 equivalent) were remarkably resistant to cytochrome c 

(Figure 3.1A). 

To examine the sensitivity of cerebellar granule neurons (CGN) and cortical 

neurons to cytochrome c, we used a cell-free assay, as the small size of these neurons is 

unsuitable for microinjection. In this assay, addition of cytochrome c to cytosolic lysates 

(extracts) prepared from either primary tissue or cultured cells can recapitulate caspase-

dependent apoptosis (Liu et al., 1996). Although cytochrome c induced robust caspase 

activation in extracts of P5 CGN maintained 1 day in culture (P6 equivalent), no 

significant caspase activation was detected in extracts of P5 CGN maintained 14 days in  
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Figure 3.1:  Cytochrome c is incapable of activating caspases and inducing apoptosis 
in mature neurons 

Figure 3.1:  A, E16 and P3 neurons from DRG were microinjected with 10 μg/μl cytochrome c 
and rhodamine dextran (for visualization). Data shown are neuronal survival at times after 
injection and are mean ± SEM of three independent experiments. In corresponding images, 
arrows indicate microinjected cells (Magnification: ×400). B and C, Cytosolic lysates from CGN, 
B, and whole cortex (CTX), C, at early and late stages of neuronal maturation were assessed for 
caspase activation after the addition of 10 μM cytochrome c. Caspase activation was monitored 
via cleavage of DEVD-afc. Yeast cytochrome c, which cannot bind Apaf-1 (Wright et al., 2004), 
was added to extracts as a negative control. D, Immunoblotting shows protein levels of Apaf-1, 
caspase-9, and caspase-3 in DRG, CGN, and whole cortex at early and late stages of neuronal 
differentiation. 
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culture (P19 equivalent) (Figure 3.1B). Next, we examined whether cortical extracts 

exhibited a similar resistance to cytochrome c with maturation. Addition of cytochrome c 

was sufficient to activate caspases in cortical extracts from E16 but not P12 mice (Figure 

3.1C). Together, these results show that our previous observations in sympathetic 

neurons, in which cytochrome c sensitivity is dramatically decreased upon maturation, 

can be generalized to multiple neuronal cell types, including those of the CNS. 

To determine whether the resistance to cytochrome c upon neuronal maturation 

correlated with Apaf-1 down-regulation, we examined components of the apoptotic 

machinery in early and late stages of neuronal differentiation. Immunoblot analysis 

confirmed that, in all neuronal cell types examined, Apaf-1 levels were high in early-

stage neurons but markedly decreased with maturation (Figure 3.1D). 

3.2.2  Cytochrome c induces robust caspase activation in brain tumor cells 

Unlike in neurons, in many dividing cells the introduction of cytosolic 

cytochrome c induces apoptosis. This difference prompted us to investigate whether brain 

tumors would be sensitive to cytochrome c while surrounding neural tissue would be 

resistant. We first confirmed that components of the apoptotic machinery were present in 

extracts from neuroblastoma (SH-SY5Y), medulloblastoma (UW228, D341MED, 

MCD1), and glioblastoma (MGR3, MGR1, D54MG, D247MG, H392) cell lines (Figure 

3.2A). Next, we found that cytochrome c elicited robust caspase activation in all of the 

brain tumor cell line-derived extracts, but not in extracts of mouse cortex or cerebellum 

(Figure 3.2B). 



 

 65

 

Figure 3.2:  Brain cancer cells are hypersensitive to cytochrome c‐induced apoptosis. 

Figure 3.2:  A, Protein levels of Apaf-1, caspase-9, and caspase-3 were examined in human brain 
tumor cell lines by immunoblotting. SY5Y, neuroblastoma; UW228, D341MED, and MCD1, 
medulloblastoma; MGR3, MGR1, D54MG, D247MG, and H392, glioblastoma. B, Extracts from 
human brain tumor cell lines or mouse neural tissue were supplemented with 8 μM cytochrome c. 
Caspase activation was monitored via cleavage of Ac-DEVD-pNA. Data shown are mean ± SEM 
of three independent experiments. mCtx, mouse cortex; mCer, mouse cerebellum. C, Extracts 
from human non-neoplastic temporal cortex and xenograft tumors were assessed for their ability 
to activate caspases as in B. U87MG and D54MG, adult glioma; H2159MG and D456MG, 
pediatric glioma; D341MED, medulloblastoma; EP528 and EP612, ependymoma. 
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As an alternative to working with cultured cells, we examined whether human 

brain tumor cells grown subcutaneously in immunocompromised mice also exhibited 

cytochrome c sensitivity. Xenograft extracts were prepared from human medulloblastoma 

(D341MED), human glioma from adults (D54MG, U87MG) and children (H2159MG, 

D456MG) and ependymoma (EP528, EP612). Consistent with the cultured cell data, 

addition of cytochrome c to the xenograft extracts elicited marked caspase activation. In 

contrast, extract from adult human cortex did not induce caspase activation upon 

cytochrome c addition (Figure 3.2C). 

3.2.3  Endogenous mouse models of high-grade astrocytoma and 
medulloblastoma demonstrate selective cytochrome c-induced caspase 
activation in tumor tissue 

To extend relevance of these results to brain tumor models where spontaneously 

forming lesions within the brain more accurately mimic human disease, we examined 

whether cytochrome c could induce caspase activation in tumors from both high-grade 

astrocytoma and medulloblastoma mouse models. These models enabled us to compare 

tumor tissue with surrounding neural tissue from the same animal. In the high-grade 

astrocytoma model, mice have been engineered to achieve somatic pRb inactivation and 

constitutive K-rasG12D activation with or without PTEN deletion, specifically in adult 

astrocytes. Tumors from these mice have been histopathologically characterized as 

predominantly anaplastic astrocytoma (WHO grade III) or glioblastoma (WHO grade IV) 

(Q.Z., C. R. Miller, C. Yin, C. Y. Yang, E. Bullitt, K. D. McCarthy, T. Jacks, D. N. 

Louis, and T.V.D., unpublished data). Extracts from these tumors exhibited strong 
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caspase activation upon addition of cytochrome c, whereas extracts prepared from 

adjacent neural tissue did not (Figure 3.3A). Next, we examined the ability of cytochrome 

c to activate caspases in tumors from Patched heterozygous mice that develop 

medulloblastoma (Oliver et al., 2005; Goodrich et al., 1997). Caspases were activated in 

medulloblastoma extracts after cytochrome c addition, whereas no caspase activation was 

detected in extracts of adjacent cerebellar tissue (Figure 3.3B). Consistent with 

apoptosome-mediated apoptosis, caspase-9 processing was observed in both high-grade 

astrocytoma and medulloblastoma extracts supplemented with cytochrome c, but not in 

extracts prepared from adjacent neural tissue (Figure 3.3C). These data illustrate the 

potential of cytochrome c to activate caspases selectively in brain tumors in vivo. 

3.2.4  Apaf-1 expression levels determine the differential sensitivity to 
cytochrome c in normal and malignant brain tissue 

In considering the molecular basis for the differential cytochrome c sensitivity of 

brain tumor and normal brain tissue, we reflected on our earlier observations that 

cytochrome c resistance in differentiated sympathetic neurons was caused by low Apaf-1 

levels (Wright et al., 2004). Low Apaf-1 expression was also observed in mature 

cerebellar and cortical neurons (Figure 3.1D) (Yakovlev et al., 2001). In contrast, Apaf-1 

expression was clearly evident in the brain cancer cell lines (Figure 3.2A). Importantly, 

Apaf-1 immunoblotting revealed markedly higher Apaf-1 protein levels in both high-

grade astrocytoma and medulloblastoma tumors compared with adjacent neural tissues 

(Figure 3.4A). A similar difference was observed in human high-grade gliomas compared 

with normal human cortex (Figure 3.4D). 
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Figure 3.3:  A and B, Extracts prepared from tumor tissues and adjacent neural tissues of two 
brain tumor mouse models, high-grade astrocytoma, A, and medulloblastoma, B, were 
supplemented with cytochrome c and caspase activation was monitored. C, Immunoblotting 
shows caspase-9 cleavage in extracts treated in A and B. Astro., astrocytoma; Adj. Cer., adjacent 
cerebellum. 

Figure 3.3:  Brain tumors from mouse models of high‐grade astrocytoma and 
medulloblastoma display sensitivity to cytochrome c‐mediated apoptosis. 

 

 

 

 

 

 

 

 



Figure 3.4: A, Immunoblots demonstrating Apaf-1 protein levels in high-grade astrocytoma (Astro.) and medulloblastoma (Med.) 
relative to their respective adjacent neural tissue (Cer.: cerebellum). Quantitation of Apaf-1 (mean ± SEM of three independent 
experiments) is shown. B, Caspase activation in extracts from mouse cortex, cerebellum, and P19 CGNs was assessed in the presence of 
no cytochrome c, 8 μM cytochrome c, or 8 μM cytochrome c along with 1 μg of recombinant Apaf-1. C, In vitro assay assessing caspase 
activation in mouse cortical extracts when IAPs were inactivated (by Smac addition) or when XIAP was genetically removed (XIAP-/-). 
D, Immunoblots showing relative Apaf-1 levels in human cortex (Ctx) versus four samples of high-grade gliomas. E, Caspase activation 
assay on human cortical extracts in the presence of no cytochrome c, 8 μM cytochrome c, or 8 μM cytochrome c along with 1 μg of 
recombinant Apaf-1. 

 

Figure 3.4:  A marked increase in Apaf‐1 causes the increased sensitivity of brain tumor tissues to cytochrome c 
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To investigate whether differences in Apaf-1 expression were responsible for the 

differential sensitivity to cytochrome c, we added recombinant Apaf-1 protein to extracts 

prepared from late-stage CGNs, adult mouse cortex and cerebellum. Although no caspase 

activation was observed with cytochrome c alone, the addition of Apaf-1 and cytochrome 

c was sufficient to induce caspase activation (Figure 3.4B). Likewise, human cortical 

extracts showed caspase activation with cytochrome c and Apaf-1 but not with 

cytochrome c alone (Figure 3.4E). 

We wanted to determine whether the low levels of Apaf-1 were sufficient to 

activate caspases in the mature brain if caspase inhibition by IAPs was relieved. Addition 

of Smac, an IAP inhibitor, to extract from wild-type adult mouse cortex did not promote 

increased caspase activation (Figure 3.4C). Additionally, extracts of XIAP-/- and wild-

type adult mouse cortex displayed similar resistance to cytochrome c (and similar 

sensitivity upon Apaf-1 addition) (Figure 3.4C). These data illustrate that the low levels 

of Apaf-1 in adult mouse cortex (Figure 3.4C) and cerebellum (data not shown) could not 

induce caspase activation even upon inactivation or removal of IAPs. 

3.2.5  Levels of Apaf-1 in normal and malignant brain tissue are 
transcriptionally regulated 

Having found that levels of Apaf-1 protein underlie the observed sensitivity to 

cytochrome c, we examined whether this difference could be traced back to 

transcriptional regulation. Quantitative RT-PCR revealed that Apaf-1 mRNA was 

significantly more abundant in medulloblastoma than in adjacent cerebellum (Figure 

3.5A). Importantly, Apaf-1 mRNA levels in isolated medulloblastoma cells were 
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Figure 3.5:  A, Quantitative analysis from RT-PCR shows the fold changes of Apaf-1 mRNA from dissected medulloblastoma and adjacent cerebellar 
tissues. Cells isolated from medulloblastoma tumor (Med.) were compared with normal P7 and adult cerebellar tissue. Data display the fold changes of 
Apaf-1 mRNA relative to normal P7 cerebellum, which is arbitrarily set as 1, and a corresponding agarose gel is shown for the PCR. B, Oncomine 
analysis of three independent gene profiling studies, with data from Sun et al. (Sun et al., 2006) used to compare Apaf-1 mRNA expression levels in 
brain from epilepsy patients and in glioblastoma (*, P < 0.0001, independent two-tailed t test) and with data from Phillips et al. (2006) and Freije et al. 
(2004) analyzed by using the Comprehensive Metaanalysis software to plot the standard difference in means along with the 95% confidence intervals 
for Apaf-1 mRNA in grade III astrocytoma (corresponds to 0 on the x axis) compared with glioblastoma (positive values indicate an increase in Apaf-1 
expression in glioblastoma versus grade III astrocytoma). C, A human tissue dot blot with duplicated samples demonstrates Apaf-1 levels in grade II 
astrocytoma and glioblastoma. Areas within the white circles represent sample location. D, Immunoblotting shows levels of E2F1 and p53 in brain 
tumor tissues versus adjacent brain tissue from mouse models of medulloblastoma and high-grade astrocytoma. E, ChIP assay demonstrates E2F1 
asssociation with Apaf-1 promoter in mouse medulloblastoma tissue and in the human glioblastoma cell line MGR3. 

 

Figure3.5:  Transcriptional regulation of Apaf‐1 mRNA levels contributed by E2F1. 
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comparable with developing P7 cerebellum, which is comprised of granule cell 

precursors; levels in both were significantly higher than in mature cerebellum (Figure 

3.5A). 

We then investigated Apaf-1 mRNA abundance in human astrocytomas by 

analyzing data from published gene profiling studies available in the Oncomine Gene 

Profiling Database. Analysis of data from Sun et al. (Sun et al., 2006) demonstrated a 

statistically significant increase in Apaf-1 mRNA levels in glioblastoma compared with 

brain from epilepsy patients (Figure 3.5B). In two additional studies (Frieje et al., 2004; 

Phillips et al., 2006), relative Apaf-1 mRNA expression was increased in glioblastoma 

(grade IV astrocytoma) compared with grade III astrocytoma (Figure 3.5B). Similarly, a 

human tissue dot blot revealed a marked increase in Apaf-1 protein expression from a 

low-grade astrocytoma to a glioblastoma (Figure 3.5C). These data suggest not only that 

Apaf-1 expression is differentially regulated in normal versus tumor cells, but also that 

Apaf-1 expression increases with increasing tumor grade. 

To elucidate the mechanism of Apaf-1 mRNA up-regulation in brain tumors, we 

examined the levels of E2F1 and p53, two previously identified transcriptional activators 

of Apaf-1 (Fortin et al., 2001; Moroni et al., 2002; Furukawa et al., 2002). Levels of 

E2F1, but not p53, were consistently up-regulated in tumor tissues and low in adjacent 

brain tissues (Figure 3.5D). Additionally, many tumors, including two of the brain tumor 

lines we analyzed (MGR1 and MCD1), have mutations in p53 (Moore et al., 1996; 

Francis Ali-Osman, personal communication). We therefore focused on determining 
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whether E2F1 was associated with the Apaf-1 promoter in brain tumors. Indeed, 

chromatin immunoprecipitation assays demonstrated that E2F1 specifically associates 

with the Apaf-1 promoter in mouse medulloblastoma tissue and the human glioblastoma 

cell line MGR3 (Figure 3.5E). In aggregate, the coordinated up-regulation of E2F1 and 

Apaf-1 in brain tumor cells, the previously reported ability of E2F1 to drive Apaf-1 

transcription, and the ability of E2F1 to bind Apaf-1 promoter in brain tumors all suggest 

that E2F1 contributes to Apaf-1 expression in brain tumors. 

3.3  Discussion 

3.3.1  Low Apaf-1 levels offer protection from cytochrome c-dependent 
apoptosis in differentiated neurons and neural tissue 

Resistance to cytochrome c-induced apoptosis in neuronally differentiated rat 

pheochromocytoma PC12 cells and differentiated sympathetic neurons has been reported 

(Wright et al., 2004). In this study, we show that this striking development of resistance 

to cytochrome c during maturation is seen in multiple types of neurons, including those 

of the CNS. Specifically, we demonstrate this resistance in isolated late-stage neurons 

(Figure 3.1) and extracts from adult mouse cortex and cerebellum (Figure 3.2B) and 

human cortex (Figure 3.2C). 

We have examined the mechanistic basis for this neuronal resistance to 

cytochrome c-mediated apoptosis and identified a link between Apaf-1 expression levels 

and the developmental state of a neuron. As neurons mature they dramatically decrease 

their levels of Apaf-1. Reconstitution with recombinant Apaf-1 protein in late-stage 
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neurons and mature neural tissue (Figure 3.4B and 3.4E) restores sensitivity to 

cytochrome c-induced apoptosis, thus providing strong evidence that down-regulation of 

Apaf-1 is the critical factor underlying the observed apoptotic resistance. 

Similarly, other studies in rodent brain (Yakovlev et al., 2001, Madden et al., 

2007) and mouse retina (Donovan and Cotter, 2002) have reported that neuronal 

maturation leads to inhibition of apoptosis, which parallels a decrease in Apaf-1 

expression. We theorize that the reduction in Apaf-1 levels accompanying neuronal 

maturation may be a way of restricting unwanted apoptosis in differentiated neurons, in 

which long-term survival is necessary. Thus, up-regulation of Apaf-1 is predicted to be 

necessary and sufficient for these neurons to undergo cytochrome c-mediated apoptosis 

under pathological conditions. Indeed, during DNA damage-induced neuronal death 

(Fortin et al., 2001, Vaughn and Deshmukh, 2007) and after fluid percussion-induced 

traumatic brain injury (Yakovlev et al., 2001), Apaf-1 levels were markedly increased. 

3.3.2  Brain tumor susceptibility to cytochrome c-induced apoptosis 

Although inhibition of apoptosis is a hallmark of cancer, different cancers use 

distinct mechanisms to serve this purpose. In some instances, cancer cells evade 

apoptosis by preventing mitochondrial cytochrome c release in response to apoptotic 

stimuli. Other tumors display resistance to cytoplasmic cytochrome c because of 

defective apoptosome formation (Schafer and Kornbluth, 2006; Johnstone et al., 2002). 

In contrast, we have previously shown that breast cancers are actually hypersensitive to 
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cytochrome c-induced apoptosis relative to normal mammary epithelial cells (Schafer et 

al., 2006). 

Given this unexpected phenomenon in breast cancer cells, we decided to 

investigate the sensitivity of primary brain tumors to cytochrome c-induced apoptosis. 

Using cultured human brain tumor cells (Figure 3.2B), human brain cancer-derived 

xenograft tumors (Figure 3.2C), and in vivo mouse models of high-grade astrocytoma and 

medulloblastoma (Figure 3.3), we found that, unlike their normal counterparts, brain 

tumors are susceptible to cytochrome c-induced apoptosis. Our mouse model data 

confirm this differential sensitivity between tumor tissue and adjacent neural tissue 

despite common genetic alterations in both tissues in the engineered mice. Although the 

sensitivity of breast and brain cancers to cytochrome c is superficially similar, the 

underlying mechanisms governing this sensitivity appear to be entirely distinct. 

Specifically, breast cancer cytochrome c hypersensitivity reflects overexpression of the 

apoptosome activator PHAPI, without alterations in levels of core apoptosome 

components (Schafer et al., 2006). However, we report here that brain tumor sensitivity 

to cytochrome c is controlled through elevation of Apaf-1 expression relative to the 

extremely low levels present in mature neurons and neural tissue (Figure 3.4). 

Moreover, this difference in Apaf-1 is transcriptionally regulated (Figure 3.5A). 

Of note, Oncomine analysis of publicly available microarray data suggests that Apaf-1 

mRNA levels are not only higher in glioblastoma relative to normal brain, but also that 

Apaf-1 mRNA levels increase with increasing tumor grade (Figure 3.5B). It may be that, 
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because Apaf-1 transcription can be regulated by E2F1, increased Apaf-1 levels are an 

inexorable consequence of the increased E2F1 levels associated with (and in part 

responsible for) increased proliferation in tumor cells. According to this model, we would 

expect elevated Apaf-1 levels in poorly differentiated, highly proliferative brain tumors, 

which we did indeed observe in comparing glioblastoma (grade IV astrocytoma) with 

well differentiated grade II astrocytoma (Figure 3.5C). Furthermore, expression of E2F1 

has recently been shown to be sufficient to cause brain tumors in mice (Olson et al., 

2007). Here, we show that brain tumors harbor high levels of E2F1, whereas levels in 

normal brain are quite low (Figure 3.5D). Furthermore, our ChIP studies suggest a 

physiological role for E2F1 in promoting Apaf-1 transcription in brain tumors (Figure 

3.5E). 

Although Apaf-1 can be regulated at the transcriptional level, it has been reported 

previously that Apaf-1 translation initiates via an internal ribosomal entry segment 

(IRES) (Coldwell et al., 2000). One known factor in IRES-mediated Apaf-1 translation, 

nPTB, is expressed in neuronal cell lines (Mitchell et al., 2003; Boutz et al., 2007). 

Therefore, keeping Apaf-1 protein levels low in mature neurons may critically depend on 

keeping Apaf-1 mRNA levels low. It is attractive to speculate that neurons are poised to 

translate Apaf-1 should the message be produced, for example, under conditions of 

neuronal damage where reinstatement of Apaf-1-dependent apoptosis might be desirable. 
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3.3.3  Apoptosome activation as a therapeutic strategy 

In aggregate, our data show that activating apoptosis with cytochrome c induces 

caspase activation in brain tumors but not in mature neural tissue. We have demonstrated 

that this differential sensitivity to cytochrome c is caused by a transcriptionally regulated 

difference in Apaf-1 levels. Although apoptotic resistance upstream of mitochondrial 

cytochrome c release likely renders brain tumors refractory to standard 

chemotherapeutics, our results show that they remain sensitive to apoptosis induced by 

cytochrome c. 

Exploiting this vulnerability by directly activating the apoptosome with peptides 

or small molecules that mimic cytochrome c is therefore an attractive therapeutic 

approach for cancer cells that maintain functionally active apoptosome components. 

Importantly, our results from extracts of neural tissue, which are comprised of both 

neurons and glia, suggest that, like mature neurons, glia are also likely to be resistant to 

cytochrome c. Therefore, we believe that the development of a cytochrome c mimetic 

would be particularly beneficial in the context of brain tumors where it would selectively 

induce apoptosis in tumor cells while sparing adjacent brain tissue. 

Because local delivery of a cytochrome c mimetic would be necessary to avoid 

potential systemic side effects, wafer implant technology would be one feasible approach. 

During brain tumor excision, gel wafers embedded with chemotherapeutics are inserted 

into the space previously occupied by tumor, resulting in slow release of drug precisely in 

the region of persisting malignant cells (Fleming and Saltzman, 2002). Ongoing studies 
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are focused on the development of a cytochrome c mimetic that could be delivered in 

such a manner to eliminate brain tumor cells without harming surrounding neural tissue. 
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4.  The cytochrome c—Apaf-1 interaction and development of 
a cytochrome c mimetic 

4.1  Introduction 

Apoptotic signaling occurs along an intrinsic pathway when triggered by cellular 

insults such as chemotherapeutic-induced DNA damage (Norbury and Zhivotovsky, 

2004). When the cell deems the damage irreparable, it engages pro-apoptotic Bcl-2 

family members, which initiate apoptosis by triggering permeabilization of the 

mitochondrial outer membrane (Costanzo et al., 2002). Mitochondrial permeabilization 

allows release of the electron transfer protein cytochrome c into the cytosol (Galluzzi et 

al., 2007). Once cytosolic, cytochrome c interacts with an adaptor protein Apaf-1, 

thereby altering the conformation of Apaf-1, exposing a caspase recruitment domain 

(CARD) and triggering Apaf-1 dATP hydrolysis/exchange and oligomerization. The 

assembled heptameric structure containing cytochrome c and Apaf-1 is referred to as the 

apoptosome (Bao and Shi, 2007). The Apaf-1 CARD recruits an initiator caspase, 

procaspase-9, to the oligomerized complex in such a manner that results in dimerization-

induced activation of caspase-9 (Li et al., 1997; Shi, 2005). Apoptosome-bound caspase-

9 activates downstream effector caspases, which are responsible for cleaving a host of 

target proteins, resulting in cell death (Earnshaw et al., 1999). 

Apaf-1 is a critical component within this pathway, serving to link the upstream 

signaling product (cytosolic cytochrome c) to the downstream executioners (active 

caspases). Interestingly, neuronal cells down-regulate Apaf-1 as they differentiate and 
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exit the cell cycle, rendering them resistant to cytochrome c-induced apoptosis (Wright et 

al., 2004). Although the loss of Apaf-1 expression or activity has been reported in 

melanomas and ovarian cancers (Soengas et al., 2001; Wolf et al., 2001; Liu et al., 2002), 

we previously demonstrated that brain cancer cells express Apaf-1 and are sensitive to 

cytochrome c-mediated caspase activation (Johnson et al., 2007). Based on these 

findings, we hypothesize that a cytochrome c mimetic could be clinically beneficial in the 

treatment of brain cancers, specifically targeting malignant cells for apoptosis while 

sparing the surrounding brain parenchyma. 

Treatment of brain tumors has been hampered by the difficulty of targeting 

chemotherapeutics across the protective blood-brain-barrier (BBB) (Lesniak and Brim, 

2004). This challenge has not only led researchers to hone in on lipid soluble 

chemotherapeutics capable crossing the BBB, such as temozolomide (Agarwala and 

Kirkwood, 2000), but also to develop approaches for local drug delivery. For example, in 

the treatment of advanced gliomas, the most common and deadly primary brain tumor in 

adults, Gliadel wafers are now approved for clinical use (Westphal et al., 2003). These 

carmustine(BCNU)-embedded biodegradable wafers are surgically placed immediately 

following tumor excision. The wafers slowly degrade, releasing drug into the region to 

kill any remaining cancerous cells. Additionally, treatment of CNS lymphomas and 

leukemias and primary brain tumors has utilized intrathecal drug delivery, in which 

chemotherapeutics are delivered to the cerebrospinal fluid, literally bathing the brain with 

drug (Ruggiero et al., 2001; Patchell et al., 2002). For example, the Ommaya reservoir is 
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an intraventricular catheter system that can be inserted through brain parenchyma into a 

ventricle (or specific region of the brain) and used to infuse drug locally to a region of 

interest. 

These approaches for local drug delivery significantly decrease the risk of 

systemic toxicity (Rainov et al., 2006), offering potential for testing newly-developed 

therapeutics that might be intolerable if delivered systemically. A cytochrome c-based 

therapeutic fits that profile because such an agent would be expected to induce apoptosis 

of many normal cells in the body, but in the brain it would be expected to induce 

apoptosis selectively in brain tumor cells. The notion of targeting the apoptosome as a 

cancer therapy has been described (Ledgerwood and Morison, 2009), and we believe the 

potential of this approach could be realized in the treatment of brain cancers. So although 

pursuing development of such an agent is certainly risky, we judged it appropriate given 

the dire need for new brain cancer treatments and the available technology that would 

enable local delivery of any developed compounds. 

Here we show that drug-resistant brain tumors and brain tumor stem cells express 

Apaf-1 and are capable of activating caspases in response to cytochrome c, further 

confirming the apoptosome as a valid therapeutic target. We proceed to employ a multi-

tiered strategy aimed at developing a cytochrome c-based therapeutic. We probe the 

fundamental binding interaction between cytochrome c and Apaf-1, reasoning that 

knowledge of the binding sites could aid in rational drug design. We also design a 

construct encoding a cytosolic version of cytochrome c, attempting to express active, 
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cytosolic cytochrome c within brain tumor cells. Finally, we engineer and optimize a 

screening modality to search for a small-molecule cytochrome c mimetic. Although we 

have not yet identified any candidate therapeutics, the small-molecule screen is ongoing 

and the data presented herein provide direction for continued research in this area. 

4.2  Results 

4.2.1  Temozolomide-resistant glioblastoma cells remain sensitive to 
cytochrome c-mediated caspase activaiton 

Our findings in chapter 3 demonstrate that brain tumor cells activate caspases in 

response to cytosolic cytochrome c. However, those studies did not evaluate brain tumors 

harboring drug resistance, which is a significant clinical problem in the treatment of 

advanced gliomas, such as glioblastoma. The first-line chemotherapeutic for these tumors 

is the DNA-alkylating agent temozolomide. Although the drug increases overall survival, 

the benefit is short-lived, as all tumors develop temozolomide resistance (Chakravarti and 

Palanichamy, 2008). The primary mechanism underlying resistance is thought to be the 

upregulation of a DNA repair protein, O6-alkylguanine-DNA alkyltansferase (AGT), 

which allows the cancerous cells to tolerate temozolomide-induced DNA damage (Stupp 

et al., 2007). Cellular AGT can be inactivated with O6-benzylguanine (O6-BG), and 

although combinatorial therapy including O6-BG kills temozolomide resistant cells in 

vitro and in xenograft tumors, the cocktail does not improve patient outcomes over 

treatment with temozolomide alone (Quinn et al., 2009). Although unclear why the 

cocktail lacks improved efficacy, it is thought that some tumors are either innately 

resistant or develop resistance to O6-BG, implying the presence of an additional 
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mechanism of apoptotic resistance that is not understood on a biochemical level. Thus, 

we were curious to evaluate whether these O6-BG- and temozolomide- (OT) resistant 

brain cancers were able to activate caspases in response to cytochrome c. This 

information would be a first step toward identifying the mechanism of OT-resistance, and 

would also provide an indication of whether drug-resistant glioblastomas would be good 

candidates for a cytochrome c-based therapeutic. 

To address this question, we utilized two pairs of glioblastoma cell lines that had 

been cultured as parental lines (P), and also cultured in the presence of temozolomide and 

O6-BG until becoming resistant to both drugs. Immunoblot analysis confirmed the 

continued expression of Apaf-1 in these OT-resistant lines (Figure 4.1A), and cytosolic 

lysates from both OT-resistant lines activated caspases similarly to their respective 

parental cell line in response to cytochrome c (Figure 4.1B). Notably, cells cultured with 

temozolomide alone until becoming temozolomide-resistant (TR) were also tested in 

these assays, demonstrating Apaf-1 expression and sensitivity to cytochrome c-induced 

caspase activation (data not shown). Because OT-resistance was developed in vitro, the 

mechanism for resistance might be a distinct process from what occurs in the clinic. 

Therefore, we also analyzed a panel of glioblastoma cell lines derived from patients who 

had failed temozolomide therapy. These glioblastomas, including one demonstrating 

marked OT-resistance (F3), were all capable of activating caspases in response to 

cytochrome c (Figure 4.1C). Immunoblot analysis of these glioblastoma cell lines 

demonstrated invariable expression of Apaf-1, and caspase-9 processing in response to  
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Figure 4.1:  Drug‐resistant glioblastoma cells remain sensitive to cytochrome c 

Figure 4.1:  A, Immunoblot analysis demonstrating Apaf-1 expression in parental glioblastoma 
lines, D54P and H80P, and in lines resistant to both temozolomide and O6-BG, D54OTR and 
H80OTR. B, Cytosolic extracts from parental (P) and resistant (OTR) lines were supplemented 
with cytochrome c, and caspase activity was monitored via cleavage of Ac-DEVD-pNA. C, 
Cytosolic extracts derived from advanced gliomas (F19, F3, F37 and F5) were supplemented with 
cytochrome c and monitored for caspase activation over time. D, Immunoblot analysis 
demonstrating expression of Apaf-1 and caspase-9 processing in response to cytochrome c. 
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cytochrome c, confirming apoptosome-mediated caspase activation (Figure 4.1D). 

Together, these data indicate that drug-resistant glioblastomas would be sensitive to 

apoptosis induced by cytosolic cytochrome c, and also reveal that the apoptosome 

components are functional in OT-resistant glioblastomas. 

4.2.2  Brain tumor stem cells express Apaf-1 mRNA 

Research over the past several years has demonstrated that a small subset of cells 

within a tumor, known as cancer stem cells, is highly proliferative and possesses the 

ability to reconstitute a tumor (Huntly and Gilliland, 2005). These tumor-propagating 

cells tend to be present in vast minority within a tumor but are highly resistant to most 

therapeutics (Bao et al., 2006). Unfortunately this means that even aggressive treatments 

demonstrating promising tumor shrinkage are incomplete because resistant cancer stem 

cells survive and are capable of continued proliferation. We became interested in this 

subpopulation of brain tumor cells, wondering whether they would be sensitive to 

cytochrome c-induced apoptosis. We hypothesized that proliferating cancer stem cells 

would express Apaf-1 and be sensitive to cytochrome c, based on our previous finding 

that E2F1, a transcription factor critical for promoting cell cycle progression, drives the 

expression of Apaf-1 in brain cancers (Johnson et al., 2007). 

The isolation and culture of brain tumor stem cells is limited by the small number 

of stem cells present in tumors and by their retaining stemness for a very limited time in 

culture (Galli et al., 2004). We were fortunate to receive mRNA prepared from glioma 

cell populations that had been sorted according to their status for a well-characterized 



 

 86

brain tumor stem cell marker, CD133 (Singh et al., 2003). Performing RT-PCR to 

examine Apaf-1 mRNA levels in the past, we had observed significantly more abundant 

transcript in brain tumors than in normal brain (Figure 4.2A). Comparatively, our RT- 

PCR analysis in CD133+/- cells from both an adult and a pediatric glioma demonstrates 

roughly equivalent levels of Apaf-1 mRNA in the two tumor sub-populations (Figure 

4.2B). Interestingly, both CD133+ samples had slightly higher levels of Apaf-1 mRNA 

than the CD133- samples. However we were not able to obtain additional samples to 

determine whether this small difference is reproducible or biologically significant. 

Finally, recent work published by our close collaborator, Dr. Robert Wechsler-Reya, has 

identified CD15 as a marker for tumor-propagating cells in medulloblastoma (Read et al., 

2009). Gene expression profiling was performed to compare CD15+/- medulloblastoma 

cell populations, and we were fortunate to be able to probe the resulting database for 

Apaf-1 expression levels. As was observed with the CD133+/- glioma cells, CD15+/- 

medulloblastoma cells express equivalent amounts of Apaf-1 mRNA (Figure 4.2C). 

Although interpretation of these results is limited because we were not able to obtain 

enough material to perform immunoblotting or caspase assays in these cell populations, 

they certainly suggest that brain tumor stem cells express Apaf-1 and thus are expected to 

be sensitive to cytochrome c-induced apoptosis. 

4.2.3  Cytochrome c fragments are incapable of binding Apaf-1 or mediating 
caspase activation 

In order to develop a cytochrome c-based therapeutic, a fundamental 

understanding of how cytochrome c binds Apaf-1 would be extremely beneficial. Apaf-1  
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Figure 4.2:  Brain tumor stem cells express Apaf‐1 mRNA. 

Figure 4.2:  A, Quantitative analysis from RT-PCR shows the fold changes of Apaf-1 mRNA 
from dissected mouse medulloblastoma and adjacent cerebellar tissue. Data display the fold 
changes of Apaf-1 mRNA relative to the medulloblastoma, which is arbitrarily set at 1. B, 
Quantitative analysis from RT-PCR shows the fold changes of Apaf-1 mRNA from CD133- and 
CD133+ sub-populations from cell lines derived from adult and pediatric gliomas. Data display 
the fold changes of Apaf-1 mRNA relative to the CD133- sub-population, which is arbitrarily set 
at 1. C, Data from microarray gene expression profiling in mouse medulloblastoma CD15- and 
CD15+ sub-populations. Data display the fold changes of Apaf-1 mRNA relative to the CD15- 
sub-population, which is arbitrarily set at 1. 
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is a large protein (120 kDa) containing an N-terminal caspase recruitment domain 

(CARD), a central nucleotide-binding and oligomerization domain (NOD), and 13 WD40 

repeats (Riedl et al., 2005). The Apaf-1 WD40 repeats, with which cytochrome c is 

theorized to interact (Acehan et al., 2002), render the gene prone to recombination and 

consequently make it difficult to clone. On the other hand, cytochrome c is quite small 

(12 kDa) and has been well-characterized due to its role in the mitochondrial electron 

transport chain. It is translated in the cytoplasm in an “apo” form, and is rapidly 

transported into the mitochondria where it heme modified by cytochrome c heme lyase, 

becoming holocytochrome c (Mayer et al., 1995). The heme modification of cytochrome 

c has been shown to be required for its ability to trigger apoptosome formation (Kluck et 

al., 2000). Moreover, several surface-exposed lysine residues on opposite faces of 

cytochrome c have been shown to be important for Apaf-1 binding (Yu et al., 2001) 

(Figure 4.3A), suggesting that the three-dimensional structure of heme-modified 

cytochrome c is important for dictating its interaction with Apaf-1. Perhaps surprisingly 

then, one study demonstrated in cells that apocytochrome c, while incapable of triggering 

apoptosis, does retain its ability to bind Apaf-1 (Martin and Fearnhead, 2002). The same 

group later reported that apocytochrome c binding to Apaf-1 actually prevents 

apoptosome formation and subsequent caspase activation (Martin et al., 2004). 

Intrigued by these findings and eager to determine whether we could identify a 

minimal region of cytochrome c required for Apaf-1 binding, we designed and 

synthesized four overlapping cytochrome c peptide fragments (Figure 4.3B). The  
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Figure 4.3:  Critical lysine residues in cytochrome c and diagram of synthesized 
cytochrome c fragments. 

Figure 4.3:  A, Horse cytochrome c protein is shown as helix and strand with important residues 
indicated as space-filled balls. This figure was generated by Raster 3D and MOLSCRIPT based 
on PDB file 1HRC and is from Yu et al. (2001), with permission from Elsevier. B, Sequence 
alignment for horse, human, Drosophila, and yeast cytochromes c with the horst numbering 
system utilized, from Yu et al. (2001), with permission from Elsevier. This figure has been 
modified to illustrate the four overlapping cytochrome c peptides that were synthesized for use in 
the described experiments. 
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peptides were synthesized to include N-termimal biotinylation, allowing us to perform 

binding assays in which we pulled down soluble Apaf-1 on peptide-linked avidin beads. 

However, none of the cytochrome c peptide fragments were able to pull-down Apaf-1 

while cytochrome c readily pulled down Apaf-1 (data not shown). We also performed the 

converse experiment, in which we utilized His-tagged Apaf-1 on nickel beads to query 

whether we could pull down any of the soluble peptides. Although cytochrome c readily 

bound Apaf-1, none of the cytochrome c peptide fragments displayed Apaf-1 binding 

(data not shown). 

In addition to these binding assays, we also performed a series of functional 

studies to assess whether the cytochrome c peptide fragments were able to influence 

formation of the apoptosome. We first examined whether peptide addition to cytosolic 

lysate was capable of inducing caspase activation. Shown in figure 4.4A, although 

cytochrome c addition to cytosol is sufficient to trigger caspase activity, none of the 

peptides showed any such activity. Then, we proceeded to investigate if any of the 

peptides could dampen (or block) cytochrome c-induced caspase activation, but were 

disappointed to observe that the cytochrome c peptide fragments were unable to negate 

the effects of cytochrome c (Figure 4.4B). 

4.2.4  Intermolecular crosslinking and mass spectrometry analysis of 
cytochrome c—Apaf-1 complexes: can we use this approach to map 
molecular interaction surfaces? 

As a distinct approach for mapping the binding sites between Apaf-1 and 

cytochrome c we pursued the use of intermolecular crosslinking followed by mass  
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Figure 4.4:  Peptide fragments of cytochrome c neither activate nor inhibit caspase 
activation. 

Figure 4.4:  A, Xenopus egg-derived cytosolic extract was supplemented with either yeast 
cytochrome c (YCC), horse cytochrome c (HCC) or a cytochrome c peptide fragment (as 
illustrated in figure 4.3B) and analyzed for caspase activity via cleavage of Ac-DEVD-pNA. B, 
Xenopus egg-derived cytosolic extract was supplemented with cytochromes c or horse 
cytochrome c and a cytochrome c peptide fragment as detailed by the legend, and these reactions 
were then analyzed for caspase activity via cleavage of Ac-DEVD-pNA. 
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spectrometry (MS) analysis as a collaborative effort with the Duke Proteomics Facility. 

Crosslinking reagents have been used as tools in a variety of biological applications, from 

identifying interacting proteins on cell-surfaces to evaluating whether a transcription 

factor is bound to a specific region of DNA. When combined with mass spectrometry 

analysis, crosslinking can be used to identify the molecular contact surfaces between two 

interacting proteins (Sinz, 2003). To this end, a pair of crosslinking reagents have been 

developed which differ only in the number of deuterium atoms in their composition, such 

that one reagent is exactly four mass units heavier than the other. By incorporating the 

two reagents in an equal ratio, crosslinked peptides in low abundance can be identified 

following MS analysis by searching the resulting grand list of peptide hits for any peptide 

products differing by exactly four mass units (Sinz, 2006). Further analysis of identified 

crosslinked peptides can ultimately yield three-dimensional structural insight into a given 

protein-protein interaction (Back et al., 2003; Dihazi and Sinz, 2003; Muller et al., 2001; 

Kalkhof et al., 2005). 

In our particular case we hoped to identify peptide sequences within Apaf-1 and 

cytochrome c involved in their interaction. Thus, our strategy was to crosslink the 

interacting proteins in solution, analyze the products by SDS-Page, submit excised bands 

of interest to the proteomics facility for MS analysis, and finally probe the resulting data 

sets to identify crosslinked products (Figure 4.5). We were successfully able to obtain 

crosslinked product based on immunoblot analysis of cytochrome c and Apaf-1 in the 

presence of crosslinker (Figure 4.6). These data actually provided a significant amount of  
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Figure 4.5:  Crosslinking strategy to map the cytochrome c—Apaf‐1 binding sites. 

 
Figure 4.5:  A schematic overview of the strategy employed to detect crosslinked products 
resulting from the cytochrome c—Apaf-1 interaction. Briefly, Apaf-1 and cytochrome c are 
incubated in the presence of a 1:1 ratio of heavy and light crosslinkers (XL(D0/D4)), analyzed by 
SDS-Page and the resulting crosslinked product (purple band) is proteolytically digested. The 
resulting tryptic peptides, containing predominantly un-crosslinked products but also some 
peptides that have reacted with the crosslinker forming either dead-end products, intramolecular 
or intermolecular crosslinks, are submitted for mass spectrometry analysis (LC-MS/MS). 
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Figure 4.6:  Immunblot analysis of cytochrome c—Apaf‐1 covalent crosslinking. 

 

 

Figure 4.6:  Apaf-1 (A; red signal) and cytochrome c (C; green signal) are incubated in the 
presence of either a DMSO control (D) or crosslinking reagent (X = BS3 d0/d4 low dose; XX = 
BS3 d0/d4-treated high dose). Crosslinked products are visualized as yellow bands, reacting with 
both Apaf-1 and cytochrome c antibodies. 
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information, some of it pertinent to the cytochrome c—Apaf-1 interaction, and so our 

interpretation of the immunoblot will be described here. First, in the absence of 

crosslinker, recombinant human Apaf-1 purified from Sf9 insect cells is detected 

primarily as a single band at roughly 120 kDa, but at least two potential breakdown 

products are also recognized by the employed Apaf-1 antibody (lanes ‘A’ and ‘A+D’). 

Note that purified horse cytochrome c runs at approximately 12 kDa, but there is also a 

larger (approximately 25kDa) band that we routinely observe, which may represent 

cytochrome c dimerization that is stable in the presence of SDS- and reducing agent 

(lanes ‘C+D’ and ‘A+C+D’). When incubated with the crosslinker, monomeric Apaf-1 is 

still detectable, but some of the protein has shifted upwards into larger molecular weight 

products, including a product larger than 250 kDa (lane ‘A+X’). This implies transient 

aggregation or oligomerization of Apaf-1 occurring in solution even in the absence of 

cytochrome c. When a mixture of cytochrome c and Apaf-1 is incubated with crosslinker, 

we observe a yellow band (indicating crosslinked cytochrome c—Apaf-1) slightly higher 

than monomeric Apaf-1 (lanes ‘A+C+XX’ and ‘A+C+X’), and a second yellow band 

greater than 250 kDa (lane ‘A+C+XX’). We interpret these bands to represent one 

molecule of Apaf-1 crosslinked with one molecule of cytochrome c and multiple 

oligomerized Apaf-1 molecules all crosslinked to multiple cytochromes c, respectively. 

In order to provide the Duke Proteomics Facility with the simplest possible protein 

complex, we submitted the smaller of the two yellow bands for MS analysis. Finally, 

there is a prominent green band observed around 100 kDa in the cytochrome c—Apaf-1 
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crosslinked samples, which indicates the presence of cytochrome c at this molecular 

weight. We believe this is due to cytochrome c binding to a breakdown product of Apaf-1 

that is not recognizable by the Apaf-1 antibody. Importantly, because the Apaf-1 

antibody was developed against the N-terminal CARD domain, this result demonstrates 

that cytochrome c does not require the CARD for interacting with Apaf-1. 

After optimizing our crosslinking conditions, we submitted the excised 

cytochrome c—Apaf-1 band to the Duke Proteomics Facility for in-gel tryptic digestion 

followed by LC-MS analysis. Simultaneously, we submitted control samples, including 

Apaf-1 and cytochrome c incubated individually in the presence of crosslinker. MS 

analysis identified the proteins in the samples as Apaf-1 and cytochrome c. Furthermore, 

intrapeptide crosslinked products could be identified from the control crosslinked 

cytochrome c sample, demonstrating that the technique and analytic strategies employed 

were capable of detecting crosslinked peptides (Figure 4.7). However, although “dead-

end” crosslinked products were identified in Apaf-1 alone or cytochrome c—Apaf-1 

samples (indicating that the crosslinking reagent had found Apaf-1 and reacted with a 

few accessible lysines), no thru-space crosslinked peptides were detected. In addition to 

traditional database searching of the MS/MS spectra for mass modifications 

corresponding to the crosslinking reagents, the Duke Proteomics Facility also employed 

an alternative approach of converting the LC-MS run into a three-dimensional image 

(m/z, retention time, intensity). These images were searched for the presence of co-

eluting peaks differing in mass by 4.025 Da, corresponding to the mass difference  
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Figure 4.7:  Intramolecular crosslinking of cytochrome c. 

 

 

Figure 4.7:  Horse cytochrome c protein is shown as helix and strand with identified crosslinked 
lysine (K) residues in red with connecting dashed lines in green (generated in PyMol). 
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between d0 and d4 labeled crosslinking reagents. However, this approach did not yield 

additional identifications, likely due to the large dynamic range of peak intensities within 

a single LC-MS run. Finally, because our method relied upon in-gel retrieval of 

tryptically-digested peptides, it is possible that poor yield in the gel extraction step 

resulted in our negative results. Therefore we crosslinked Apaf-1 alone and submitted the 

sample in-solution for MS analysis. Unfortunately, even in this situation no crosslinked 

peptides were identified. 

4.2.5  Expressing active, cytosolic cytochrome c in brain cancer cells 

As one approach for developing a cytochrome c-based therapeutic without 

knowing the binding sites between Apaf-1 and cytochrome c, we designed a gene therapy 

strategy that would ultimately enable viral delivery of a construct encoding an active, 

cytosolic form of cytochrome c. In order for this to be possible, we would have to prevent 

mitochondrial localization of cytochrome c and heme lyase, the enzyme that catalyzes its 

heme modification. However, we would have to do that in such a way as to retain the 

ability for heme lyase to heme-modify cytochrome c and retain the structure of 

cytochrome c so that it would still bind Apaf-1 and induce apoptosome formation. We 

began by fusing fluorescent proteins to our proteins of interest, hoping that these 

fluorescent protein tags would enable visual tracking of expression and prevent 

mitochondrial localization (Figure 4.8A). When compared to a mitochondrial staining 

pattern characteristic of cytochrome c expression (Figure 4.8B), fusion of cytochrome c 

with green fluorescent protein (GFP) at either the N- or C-terminus successfully disrupts  
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Figure 4.8:  Cytosolic expression of cytochrome c and heme lyase. 

 
 
 
Figure 4.8:  A, Schematic of expression constructs utilized for expressing cytochrome c and 
heme lyase in the cytosol, including eGFP fused to both N- and C-terminals of cytochrome c and 
mCherry fused to the N-terminus of yeast heme lyase. B, Representative image of HeLa cells 
transfected with mito-eGFP, illustrating a mitochondrial staining pattern. C, HeLa cells 
transfected with cytochrome c-eGFP, demonstrating a cytosolic staining pattern. 
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this pattern and results in staining consistent with cytosolic expression (Figure 4.8C). 

Fusion of the red fluorescent protein derivative, mCherry, to the N-terminus of yeast 

heme lyase was similarly able to prevent mitochondrial localization of the lyase (data not 

shown). 

We then performed a series of co-expression studies to determine whether 

cytosolic expression of the two fusion proteins would trigger caspase activity, as 

expected if the mCherry-heme lyase could modify the GFP-apocytochrome c and the 

resulting GFP-holocytochrome c was then able to bind Apaf-1. Our first experiments 

were performed in HeLa cells, and we were encouraged by our observations that cells 

expressing both GFP-cytochrome c and mCherry heme lyase appeared apoptotic (Figure 

4.9A). Even in less clear-cut images, cells expressing both constructs tended to look 

unhealthy compared with cells expressing only one of the constructs (Figure 4.9B). We 

proceeded to test these constructs in additional cell types, including two brain tumor cell 

lines. In these cases, although some double-expressing cells appeared apoptotic, the 

majority appeared healthy, regardless of when they were examined (range from several 

hours post-transfection through four days post-transfection) (Figure 4.9C and D). 

4.2.6  Development of a small-molecule screen to identify a cytochrome c 
mimetic 

For our final approach we were hoping to identify compounds that act similarly to 

cytochrome c by binding Apaf-1 and inducing apoptosome formation. To that end, we 

developed and optimized a small-molecule screen that tests the ability of a given 

compound to substitute for cytochrome c in activating caspases. The assay utilizes the  
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Figure 4.9:  Co‐expression of cytosolic cytochrome c and heme lyase. 

 
 
Figure 4.9:  A, HeLa cells transfected with both cytochrome c-eGFP (green) and mCherry-heme 
lyase (red), with the cell expressing both proteins (yellow) clearly apoptotic (rounded up with 
pronounced membrane blebbing). B, Additional image of cells treated as in A. C, MGR3 
glioblastoma cells transfected with eGFP-cytochrome c and mCherry-heme lyase. D, D54 
glioblastoma cells transfected with cytochrome c-eGFP and mCherry-heme lyase. 



 

 102

Xenopus cell-free system, in which large volumes of concentrated cytosolic lysate can be 

prepared from eggs. Because components of the apoptosome are highly conserved across 

species, this extract approximates a human cytosolic lysate for screening purposes while 

offering the advantage of being easily prepared in large volumes. For the assay, cytosol is 

aliquoted into either a 96-well or 384-well plate (volumes and concentrations of reagents 

have been optimized for both formats), to which a small-molecule and a fluorogenic (or 

colorimetric) caspase substrate are added. After one hour incubation at 37°C plates are 

read in a fluorometer (or spectrophotometer) to evaluate individual wells for the presence 

of caspase activity. Each plate includes positive (cytochrome c) and negative (water or 

yeast cytochrome c) controls in triplicate. Utilizing this screening technique in 

collaboration with the laboratory of Francis Ali-Osman, we have evaluated over 8,000 

small-molecule compounds. Demonstrated in figure 4.10 are results from a small subset 

of compounds, in which a certain threshold value of relative caspase activity is deemed 

significant based on comparisons with negative control wells. The potential hits we have 

identified thus far in the screen have been further analyzed utilizing a caspase assay 

similar to the one described here except with cytosolic lysate prepared from Apaf-/- 

mouse embryonic fibroblasts. This secondary screen allows us to determine whether any 

of the compounds function in an Apaf-1-dependent manner. Additional screening 

modalities with compounds of interest include survival assays in brain tumor cell lines to 

examine if the compounds are able to kill brain cancer cells in vitro. Although we have  
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Figure 4.10:  A small‐molecule screen to identify cytochrome c mimetics. 

 
 
 
 
 
 
 
Figure 4.10:  Representative data obtained from screening small-molecules for their ability to 
activate caspases in cytosolic lysate, with relative caspase activity measured on the y-axis (here 
with absorbance at A405 based on cleavage of Ac-DEVD-pNA). 
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identified several compounds that killed glioblastoma cells in culture, they failed to act in 

an Apaf-1-dependent manner. 

4.3  Discussion 

4.3.1  Drug-resistant brain cancer cells can be targeted for apoptosis with 
cytosolic cytochrome c 

We had previously demonstrated the susceptibility of brain cancer cells to 

cytochrome c-induced apoptosis. Here we show that this sensitivity is seen in multiple 

types of drug-resistant brain cancer cells. Specifically, we demonstrated cytochrome c-

induced caspase activity in glioblastomas resistant to both temozolomide and O6-BG. We 

also detected Apaf-1 mRNA expression in notoriously difficult-to-treat brain cancer stem 

cells. These data support the notion that brain cancer cells could be triggered to undergo 

apoptosis in response to cytosolic cytochrome c. Furthermore, these data suggest that 

even drug-resistant cancer cells and tumor-propagating cells would be susceptible to 

apoptosis induced in this manner. 

One important limitation of this work was our inability to directly examine levels 

of Apaf-1 protein or sensitivity to cytochrome c-induced caspase activity in the cancer 

stem cells. Because of the low abundance of tumor-propagating cells, it was simply 

impractical to obtain enough cellular material to perform such experiments. However, 

future experiments in continued collaboration with Robert Wechsler-Reya and Jeremy 

Rich could address these questions by collecting any available cancer stem cell lysate 

slowly over time until enough was accumulated to perform immunoblotting and caspase 

activity assays. Additionally, it would be interesting to extend these investigations to 
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examine whether normal neural stem cells are sensitive to cytochrome c. Collaborative 

experiments with Chay Kuo at Duke University could be pursued to characterize the 

sensitivity of neural stem cells to cytosolic cytochrome c during postnatal development 

and adulthood. We predict that adult neural stem cells, present in stem cell niches but less 

active than during development (Price, 2001; Kuo et al., 2006), might demonstrate 

increased resistance to cytochrome c when compared to actively proliferating brain tumor 

stem cells. 

Our results with OT-resistant glioblastomas demonstrate that the apoptotic 

pathway downstream of cytochrome c remains intact, and thus the mechanism of OT-

resistance must lie upstream of this point. Future studies hoping to delineate the 

mechanism of resistance should first examine whether cytochrome c gets released from 

the mitochondria following OT treatment. Based on our observations with addition of 

exogenous cytochrome c, we would predict that cytochrome c is not being released, and 

that the apoptotic signal never gets delivered to the mitochondria. If indeed this is true, it 

would be interesting to further examine OT-resistant cells for activation of checkpoint 

kinases, p53/73, and Bcl-2 family members. Based on emerging clinical data, in which 

combination therapy with temozolomide and O6-BG offered no improvement over 

temozolomide alone, priority should be placed on determining the mechanism of OT-

resistance. Understanding this resistance could unveil a new target for therapeutic 

development. Ultimately, novel approaches for treating advanced gliomas are absolutely 
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essential. Based on our work, we believe one promising strategy is apoptosome activation 

with the use of a cytochrome c-based therapeutic. 

4.3.2  Mapping the cytochrome c—Apaf-1 binding sites 

The interaction of cytochrome c and Apaf-1 is critical for inducing apoptosome 

formation. Cytosolic cytochrome c binds to Apaf-1 in such a manner that leads to Apaf-1 

oligomerization and recruitment of procaspase-9. The region of Apaf-1 with which 

cytochrome c interacts remains unknown, and although several residues on cytochrome c 

are thought to be important for mediating binding to Apaf-1, whether a minimal binding 

region of cytochrome c exists has been unclear. Here we show that peptide fragments of 

cytochrome c are unable to bind Apaf-1 or to regulate apoptosome formation in any 

measurable way. These results confirm that the three-dimensional structure of 

cytochrome c is essential for enabling binding to Apaf-1. Unfortunately, our cytochrome 

c fragment experiments have not provided us with any novel binding site information that 

could be applied in the design of an apoptosome-activating therapeutic. 

We also utilized crosslinking followed by mass spectrometry in the hope of 

identifying molecular contact surfaces involved in the cytochrome c—Apaf-1 interaction. 

Importantly, immunoblot analysis of chemical crosslinking revealed that the Apaf-1 

CARD is not required to mediate the cytochrome c—Apaf-1 interaction. This has been 

assumed in the field for some time, but empirical evidence of this has been lacking. 

Future studies with a variety of Apaf-1 antibodies could be utilized to further delineate 

regions of Apaf-1 required for the binding interaction. Our mass spectrometry results 
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with cytochrome c establish the approach as a valid strategy for identifying crosslinked 

peptides. We were, however, unable to detect crosslinked products from Apaf-1 or 

cytochrome c—Apaf-1 samples. The most likely explanation is that crosslinked products 

are at such low abundance relative to non-derivatized tryptic peptides in these samples 

that their signals were masked from being detected. This challenge is routinely 

encountered when using MS to analyze very large crosslinked proteins, like Apaf-1, 

which generate vast numbers of tryptic peptides and highly complex MS spectra (Sinz, 

2006). A common strategy for overcoming this obstacle for other species in low 

abundance, such as phosphorylated peptides, is the use of enrichment techniques prior to 

MS analysis. For phosphorylated samples, all of the peptides are subjected to a TiO2 

column which selectively retains phosphate-containing peptides, thus significantly 

reducing the influence of protein size or complexity in the MS analysis (Pinkse et al., 

2004). Similarly, our experiments would be greatly aided by a tagged crosslinking 

reagent that would allow us to isolate only crosslinked products, thus enriching them in 

our sample prior to MS analysis. An alternative approach would utilize crosslinking 

reagents that incorporate a labile bond within the linker which dissociates under low-

energy, enabling independent isolation and sequencing of crosslinked peptides during the 

mass spectrometry analysis (Soderblom et al., 2007). Although such reagents are not 

commercially available, we believe that re-visiting these experiments would be a 

worthwhile endeavor once an appropriate crosslinker becomes obtainable. 
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4.3.3  Developing a therapeutic to activate the apoptosome 

Collectively, our data indicate that brain cancer cells maintain functionally active 

apoptosome components and thus could be targeted to die with cytosolic cytochrome c. 

We believe that the cytochrome c resistance of normal neural tissue and the ability to 

deliver drugs locally to the brain make apoptosome activation a particularly attractive 

strategy for the treatment of primary brain tumors. Here we have described our work 

towards developing a cytochrome c therapeutic, pursuing both screen-based and gene 

therapeutic approaches. Our gene therapy strategy was based on expressing an active, 

cytosolic version of cytochrome c within brain cancer cells. Although we successfully 

expressed tagged cytochrome c (GFP-cytochrome c and cytochrome c-GFP) in the 

cytosol, co-expressing cytosolic cytochrome c with tagged heme lyase (mCherry-heme 

lyase) did not yield obvious apoptosis in glioblastoma cell lines. Interpretation of these 

results is limited since we did not perform a quantitative measurement of apoptosis in 

these cells compared with control-transfected cells. Moreoever, these cells were 

transiently transfected using lipid-based reagents, yielding relatively low transfection 

efficiencies. Future experiments should first clone the fluorescent fusion proteins into a 

viral vector, infect brain cancer cells with the viral construct, and then quantitatively 

analyze infected cells for induction of apoptosis utilizing flow cytometry with a 

fluorescent antibody against cleaved caspase 3. These experiments, although requiring a 

significant time commitment, are required to establish the potential utility of such an 

approach. One additional limitation is our lack of an assay to analyze whether the tagged 
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heme lyase is functional in modifying the cytochrome c. We attempted to design such an 

assay (data not shown), but were not successful. Development of this assay would help us 

determine if the fusion cytochrome c protein is getting modified when co-expressed with 

the tagged heme lyase. 

In this work we have been able to successfully develop a screening modality to 

search for compounds that act like cytochrome c to induce caspase activity. This assay 

was purposefully designed in cytosolic lysates with caspase activation as the measured 

endpoint so that we can cast a wide net and identify any compound that triggers caspase 

activation in the absence of cytochrome c. For example, a small-molecule that induces 

caspase-9 activation and thus leads to activation of effector caspases, would register as a 

potential hit in our assay. Although secondary screening of this compound would reveal 

that it does not act in an Apaf-1-dependent manner, it would still be a useful tool and a 

compound warranting further characterization. The most important component of the 

assay design is the absence of cytochrome c, which allows us to identify compounds that 

mimic cytochrome c. This is in contrast to previously reported small-molecule screens, 

which have identified apoptosome modulators that enhance caspase activation in the 

presence of cytochrome c (Nguyen and Wells, 2003; Jiang et al., 2003). Additionally, this 

assay can be performed in a high-throughput manner that will enable screening of 

incredibly vast small-molecule libraries. Our screening efforts to date have not identified 

any compounds of interest, but we have only screened roughly 8,000 compounds. 

Certainly continued screening is warranted, and we are optimistic that interesting 
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compounds exist to be found. That being said, we do appreciate the complex binding 

interaction between cytochrome c and Apaf-1. The conformation of Apaf-1 that is 

induced (or stabilized) in response to cytochrome c binding may be difficult to mimic 

with a small-molecule. Fortunately our screening approach does not necessitate the small-

molecule work in exactly the same way as cytochrome c, but merely that it leads to 

apoptosome formation and subsequent activation of effector caspases. 
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5.  Features of programmed cell death in intact Xenopus 
oocytes and early embryos revealed by near-infrared 
fluorescence and real-time monitoring 

(This chapter has been submitted for publication and is currently under review.) 

5.1  Introduction 

Apoptosis is a form of programmed cell death executed by caspases. These 

cysteine proteases exist in the cytosol as zymogens until death stimuli trigger their 

activation (Earnshaw et al., 1999). Apoptotic signals can originate from extracellular 

ligands binding to cell-surface death receptors (extrinsic pathway) or from internal cues 

(e.g. DNA damage) inducing mitochondrial release of cytochrome c (intrinsic pathway) 

(Schultz et al., 2003). In both cases, the resulting adaptor protein complexes recruit 

initiator caspases, leading to their dimerization-induced activation (Shi, 2005). Effector 

caspases are then processed by initiator caspases, greatly enhancing their enzymatic 

activity, freeing them to cleave an array of cellular substrates resulting in tidy cell 

dismantling (Shi, 2002). 

Further study of the biochemical intricacies governing apoptotic signaling 

pathways is warranted, given that dysregulation of apoptosis contributes to the 

development of several important human pathologies, such as cancer and 

neurodegeneration (Bellamy et al., 1995). Monitoring caspase activation is a critical 

component of studying apoptotic death, and numerous techniques that measure caspase 

activity have been developed (Köhler et al., 2002). Traditionally these have relied upon 
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biochemical analyses of lysates prepared from large numbers of cells. More recently, 

fluorescence resonance energy transfer (FRET)-based caspase substrates have been 

developed that enable monitoring of caspase activity in mammalian cells (Rehm et al., 

2002; Morgan and Thorburn, 2001; Liu et al., 2002). These assays generally implement 

cellular expression of a construct encoding two fluorescent proteins linked by a short 

peptide containing a caspase cleavage site (e.g., DEVD); caspase activation in a cell 

results in separation of the two fluorescent proteins and a consequent change in 

fluorescence emission ratios. Although a powerful tool, the strategy relies on treatment of 

cell populations with apoptosis-inducing drugs and fluorescence imaging (microscopy or 

flow cytometry) over many hours. Moreover, use of such genetically-encoded FRET 

indicators to monitor developmental programmed cell deaths would require production of 

transgenic animals and robust expression during embryogenesis. 

The Xenopus system has traditionally been used as a powerful tool for studying 

both early embryonic development and cell cycle control (Jones and Smith, 2008; 

Philpott and Yew, 2005). Given the critical role of apoptosis in developmental processes 

and the emerging interplay between cell cycle and cell death regulators, this system has 

great potential to aid in the delineation of these crucial connections. Although extracts 

prepared from Xenopus eggs develop caspase activity over time (that can be monitored 

using a variety of fluorescent and colorimetric indicators in vitro), these activities reflect 

the “death” of multiple pooled eggs in aggregate, rather than the real-time apoptosis of 

individual cells (Newmeyer et al., 1994; Kornbluth and Evans, 2001). Microinjection of 
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cytochrome c into Xenopus oocytes has been demonstrated to reliably induce apoptosis, 

but detection of death has depended on changes in oocyte morphology (which take hours 

to occur) or on indirect markers of caspase activation (e.g., plasma membrane 

depolarization) (Bhuyan et al., 2001). Unfortunately, changes in membrane potential are 

not specific for apoptotic death, lack the sensitivity of the cell-free system, and cannot be 

recorded for more than one oocyte at a time. Thus, to date, there has been no means for 

directly measuring caspase activity in an intact Xenopus oocyte or early embryo. 

Here we report a novel method based on a near-infrared dye caspase substrate that 

allows measurement of caspase activation in real-time in living Xenopus oocytes. By 

applying this technique we have studied the kinetics of caspase activation, assessed the 

role of IAPs in determining sensitivity to cytochrome c, compared caspase activation 

during different phases of the cell cycle, and imaged caspase activity in the early Xenopus 

embryo. These studies have revealed important subtleties in apoptotic regulation and also 

suggest the utility of this system as a tool for identifying novel apoptotic regulators. 

5.2  Results 

5.2.1  A near-infrared caspase substrate enables the detection of caspase 
activity in Xenopus oocytes 

Recently, a near-infrared (NIR) caspase substrate became commercially available 

from LI-COR, Inc. (X. Peng et al., 2009). This IRDye® 800CW/QC-1 CSP-3 substrate 

(IRDye) emits fluorescence only after being cleaved by effector caspases at a canonical 

DEVD cleavage motif, which separates non-fluorescent quencher and NIR donor dyes, 

thereby restoring donor signal (Figure 5.1A). To determine if the IRDye would be  
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Figure 5.1:  Fluorescence can be detected in oocytes microinjected with the IRDye and 
cytochrome c. 

 
 
Figure 5.1:  A, Schematic of the LI-COR IRDye® 800CW/QC-1 CSP-3, which contains a non-
fluorescent quencher (IRDyeQC-1) conjugated to a donor (IRDye800CW) by a DEVD-
containing peptide. Proteolytic cleavage by active effector caspases separates the dyes, abolishing 
fluorescence resonance energy transfer (FRET) thereby restoring the donor dye fluorescence. B, 
Oocytes were injected as indicated and imaged 30 minutes later. yCC, yeast cytochrome c, and 
CC, cytochrome c, both injected at 67 nM/oocyte. C, Graphical representation of quantitated 
signal in the 800 nm channel from B. D, Mean fluorescence in the 800 channel from 21 
independent microinjection experiments of IRDye with either yCC or CC is displayed +/- S.E.M. 



 

 115

suitable for detecting caspase activation in intact Xenopus oocytes, we microinjected 

oocytes with cytochrome c and the IRDye. As controls, we microinjected either IRDye, 

cytochrome c, or IRDye and Saccharomyces cerevisiae cytochrome c (yeast cytochrome 

c), which is structurally similar to mammalian cytochrome c but lacks the ability to 

trigger caspase activation (Yu et al., 2001). The NIR fluorescence of microinjected (or 

untreated control) oocytes was imaged and results are shown in figure 5.1B. Signal 

detected in the 700 nm channel was caused by oocyte autofluorescence (each red spot 

represents a single oocyte) while the 800 nm signal resulted from fluorescence of cleaved 

IRDye, with intense signal emanating from oocytes co-injected with cytochrome c and 

the IRDye (Figure 5.1C). These data strongly suggest that this method is well-suited for 

detecting caspase activity in intact oocytes. Designating the signal obtained from oocytes 

co-injected with yeast cytochrome c and IRDye as background, oocytes co-injected with 

cytochrome c and IRDye reliably yielded a 9-fold signal increase above background 

when imaged 30 minutes to 1 hour after microinjection (Figure 5.1D). 

To demonstrate that the observed oocyte fluorescence truly reflected caspase 

activation, we first asked whether the signal could be negated by a caspase inhibitor or 

induced by factors that trigger the release of endogenous cytochrome c. Microinjection of 

the broad-spectrum caspase inhibitor z-VAD-fmk inhibited the signal while 

microinjection of tBid, a truncated form of Bid that induces cytochrome c release from 

mitochondria (Li et al., 1998), produced a signal comparable to that of the microinjected 

cytochrome c (Figure 5.2A). Furthermore, expression of Bok, a multi-domain pro- 
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Figure 5.2: Oocyte fluorescence is due to activation of effector caspases. 

Figure 5.2:  A, Oocytes were injected with the IRDye and either yCC (267 nM), CC (267 nM), 
CC (267 nM) + z-VAD-fmk, or tBid and imaged after 1 hour. B, (Left) IRDye and 20 ng of either 
B-globin or flag-tagged Xenopus Bok (xBok) mRNA was injected into oocytes, allowed to 
express for 5 hours at room temperature and them imaged. (Right) Oocyte lysates immunoblotted 
with anti-flag antibody demonstrated xBok expression. C, Cell-free lysates were prepared from 
untreated or CC-injected oocytes, and analyzed for caspase activity over time after the addition of 
the colorimetric caspase substrate Ac-DEVD-pNA. D, (Top) Oocytes were injected with the 
IRDye and increasing doses of CC or yCC and imaged after 1 hour. (Bottom) Lysates prepared 
from these oocytes immunoblotted for active caspase 3. 
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apoptotic member of the Bcl-2 family implicated in cell death in the ovary (Hsu et al., 

1997), triggered apoptosis in oocytes that could be detected by the IRDye signal (Figure 

5.2B). Additionally, we prepared cell-free lysates from cytochrome c-microinjected 

oocytes to confirm the presence of active caspases, which we analyzed using both an in 

vitro colorimetric caspase assay (Figure 5.2C) and immunoblotting of active caspase-3 

(Figure 5.2D). In aggregate, these data validate microinjection of the IRDye as a robust 

technique for imaging effector caspase activity within intact oocytes. 

5.2.2  Caspases are rapidly activated and long-acting, but are required for a 
limited period of time to ensure cell death 

The morphological changes that occur during apoptosis in Xenopus oocytes have 

been described previously (Bhuyan et al., 2001). In response to microinjected cytochrome 

c, oocytes initially appear unchanged, but approximately two hours post-injection they 

develop mottling of the animal pole pigment (Figure 5.3A). Once an oocyte exhibits this 

characteristic morphological feature it will invariably die, but it is thought that caspase 

activation commits the cell to an apoptotic death prior to any detectable change in  

morphology (Shi, 2002). Caspase activation in response to cytosolic cytochrome c is 

thought to be a rapid event (Berger et al., 2006), and indeed, the IRDye-based in vivo 

oocyte caspase assay characterized above yielded detectable fluorescence within five 

minutes of cytochrome c microinjection (Figure 5.3B). This IRDye-based signal was 

detected for more than twenty-four hours after microinjection, suggesting that the cleaved 

IRDye remained stable within the dying cell (Figure 5.3C). Microinjection of cytochrome 

c alone followed by microinjection of the IRDye at various time points resulted in a  
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Figure 5.3:  Caspases are rapidly activated in response to cytochrome c; caspases 
remain active for hours although their activity is only required for 10 minutes to 

ensure apoptosis. 

Figure 5.3:  A, Oocytes were injected with yCC  (healthy) or CC (apoptotic)  at 106 nM, and 
photographed 3 hours later. B, Oocytes microinjected with IRDye and either yCC or CC at 67 nM 
were imaged for fluorescence after 5 minutes. C, Oocytes microinjected with IRDye and either 
yCC or CC at 533 nM were imaged after 24 hours. D, Oocytes microinjected with either CC or 
yCC at 80 nM at t=0 were then injected with IRDye at various times indicated, and imaged 30 
minutes later. E, CC or yCC was microinjected at 533 nM at t=0, then IRDye and z-VAD-fmk 
were injected at times indicated and then imaged 30 minutes later. F, Survival curve based on 
observation of apoptotic morphology of oocytes that had been treated as described in E. 
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fluorescent signal for at least 4.5 hours after exposure to cytochrome c, suggesting that 

caspases remain active and capable of cleaving substrates throughout the apoptotic 

process (Figure 5.3D). 

In order to evaluate how long caspase activity must be maintained to cause 

apoptotic death (i.e., the “point of no return”) we microinjected cytochrome c followed 

by co-injection of IRDye and z-VAD-fmk at 10 minute intervals. As shown in Fig 3E, z-

VAD-fmk effectively inhibited caspase activity as detected by quenching of detectable 

IRDye fluorescence. Remarkably, cytochrome c-injected oocytes whose caspase activity 

was inhibited after 10, 20 or 30 minutes all exhibited apoptotic death, with the time to 

development of apoptotic morphology unchanged in the 20 and 30 minute groups and 

only slightly delayed in the 10 minute group (Figure 5.3F). These data suggest that as 

little as 10 minutes of caspase activity is sufficient to promote cleavage of critical 

substrates and ensure death of the oocyte. 

5.2.3  Inhibitor of apoptosis proteins serve as a brake to apoptosis in the 
oocyte 

During the course of these studies, we observed the presence of a threshold value 

for intracellular cytochrome c concentration, below which caspases did not become active 

and oocytes remained healthy; this cytochrome c threshold seems to fall between 50 and 

100 nM, (Figure 5.2D). These data suggested either that there must be a “buffer” 

preventing caspase activity in these cells and/or that the oocyte can tolerate a certain 

degree of caspase activity. In some systems (e.g., Drosophila), IAPs appear to play a 

critical role in determining cell survival/death. In vertebrates, it appears that IAPs play 
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variable cell-type-specific roles, with a particular importance in setting the apoptotic 

threshold in differentiating cells such as maturing neuronal cells, which harbor low levels 

of Apaf-1 (Wright et al., 2004). We hypothesized that IAP proteins might play a 

heretofore unsuspected role in setting the apoptotic threshold in the oocyte. To test this, 

we first confirmed expression of the two IAPs that have been described in Xenopus, XLX 

and xXIAP (data not shown) (Holley et al., 2002, Tsuchiya  et al., 2005). We then 

microinjected oocytes with a sub-threshold dose of cytochrome c and Smac, an inhibitor 

of IAP function (Deshmukh et al., 2002). Based on IRDye fluorescence, Smac addition 

substantially lowered the dose of cytochrome c required to induce caspase activation 

while heat-inactivated Smac had no effect (Figure 5.4A). In the presence of Smac, 

titration of the cytochrome c concentration to below 25 nM resulted in a failure of 

caspases to activate, suggesting the presence of a residual threshold that is IAP-

independent (Figure 5.4B). 

Careful analysis of the cytochrome c titration studies revealed that individual 

oocytes varied in their response to a peri-threshold dose. For example, in one particular 

batch of oocytes, 90 nM cytochrome c induced caspase activation in 30% of oocytes, 

with IRDye fluorescence of 3 apoptotic and 3 living oocytes displayed in figure 5.4C. 

Unfortunately, we were unable to evaluate IAP levels directly in these two sub-

populations because IAPs are rapidly degraded by active caspases and it is impossible to 

predict prior to cytochrome c microinjection which oocytes will survive and which will 

die (Figure 5.4D). As we have previously reported, an endogenous apoptotic program in  



 

 121

 

Figure 5.4:  Inhibitor of apoptosis proteins contribute to setting the cytochrome c 
threshold in oocytes. 

Fgure 5.4:  A, Oocytes were microinjected with IRDye and either sub-threshold CC (44 nM), 
supra-threshold level of CC (107 nM), 44nM CC plus Smac protein, 44nM yCC plus Smac, or 
44nM CC plus Smac that had been heat-inactivated by heating at 95°C for 5 minutes (HI-Smac) 
and then imaged after 40 minutes. B, Low doses of CC were injected with the IRDye and Smac 
and imaged after 30 minutes. C, Oocytes were injected with IRDye and increasing doses of CC 
and imaged after 45 minutes. The same batch of oocytes was re-injected with IRDye and 90nM 
CC, observed for apoptotic morphology and then 3 apoptotic and 3 living oocytes were imaged 
for fluorescence. D, Lysates were prepared from the apoptotic and living oocyte groups described 
in C and then immunoblotted for XLX. 
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oocytes, including mitochondrial cytochrome c release and caspase activation, is 

manifested when they are incubated on the bench, at least in part because they exhaust 

nutrient stockpiles required for viability (Nutt et al., 2005). We have observed that the 

presence of Smac hastens the induction of apoptosis in oocytes aged on the bench (data 

not shown), further supporting the hypothesis that IAP levels function as a brake to 

apoptosis in the oocyte. 

5.2.4  Meiotic oocytes develop resistance to cytochrome c, and death of 
oocytes arrested in meiosis is caspase-independent 

Stage VI Xenopus oocytes are arrested in G2 of the cell cycle. Treatment with 

progesterone (PG) induces oocyte maturation, which is marked by germinal vesicle 

breakdown (GVBD) and high cdc2 activity indicative of re-entry into the cell cycle 

(Humphrey et al., 2005). GVBD results in a sharply demarcated loss of pigment in the 

animal pole (Maller, 2001), which, although distinct from apoptotic morphology, renders 

visual determination of whether a meiotic oocyte (post-GVBD) is undergoing apoptotic 

death challenging (Figure 5.5A). Using cell-free systems, we and others have reported 

that a meiotic state (M-phase) engenders resistance to cytochrome c-induced caspase 

activation (Allan and Clarke, 2007; Greenwood and Gautier, 2007; Kornbluth, 2002). A 

comparison of IRDye fluorescence in immature and mature (post-GVBD) oocytes 

microinjected with cytochrome c confirmed that sensitivity to cytochrome c decreases 

with maturation (Figure 5.5B). Approximately 30 minutes after stimulation with PG but 

well before GVBD, PG-treated and control oocytes displayed comparable sensitivity to 

cytochrome c, demonstrating that PG is not simply disrupting the IRDye-based assay, and  



 

 123

 

Figure 5.5:  Progesterone‐induced oocyte maturation decreases sensitivity to 
cytochrome c. 

Figure 5.5:  A, Reflected light images of oocytes as indicated. B, Oocytes were treated with 
progesterone and allowed to mature until GVBD, approximately 5 hours. Post-GVBD or control-
treated oocytes were then injected with the IRDye and yCC or CC (at 67 nM), and then imaged 
after 1 hour. C, Oocytes were treated with progesterone for 30 minutes before injecting them or 
control-treated oocytes with the IRDye and yCC or CC (at 533 nM), and imaged after 1 hour. D, 
Oocytes were treated with progesterone or control, microinjected with IRDye after GVBD and 
then imaged for fluorescence 24 hours after progesterone treatment. Oocytes injected at the same 
time with IRDye and CC at 67 nM were included as a positive control. 
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strengthening the notion that resistance develops with entry into M-phase (Figure 5.5C). 

Notably, mature oocytes, arrested in meiosis II, that are not fertilized within several hours 

will die (Figure 5.5A). To determine if such death is caspase-mediated, we evaluated 

IRDye-based fluorescence over time in PG-treated oocytes. We observed that even 24 

hours after PG treatment, when oocytes appeared, by morphological criteria, to be dying 

there was no indication of caspase activity based on the absence of IRDye fluorescence 

(Figure 5.5D), suggesting that death in these oocytes proceeds by a process other than 

classical apoptosis. 

5.2.5  Apoptosis is not cell-autonomous in the early Xenopus embryo 

We sought to extend our studies beyond the oocyte to determine if we could 

image caspase activation in the early embryo and to investigate if there were novel 

features of the apoptotic program at early times post-fertilization. Indeed, caspase activity 

was detected in fertilized eggs microinjected with IRDye and cytochrome c (Figure 

5.6A). Further, individual blastomeres within the embryo were visualized, as in figure 

5.6A, where it was evident that IRDye fluorescence was present in both blastomeres, as 

would be expected since microinjection occurred prior to cell division. In embryos with 

two blastomeres, we microinjected a single blastomere with IRDye and cytochrome c, 

and fluorescence was detected within half of the embryo, suggesting that the signal and 

therefore caspase activation was localized to the microinjected half of the embryo (Figure 

5.6B). Surprisingly, under these circumstances morphological death occurred not only in 

the microinjected half of the embryo but also in the un-injected half, albeit with a slightly  
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Figure 5.6:  Cytochrome c‐induced apoptosis in the early embryo is not cell‐
autonomous. 

 
Figure 5.6:  A, Fertilized eggs were injected prior to the first cell cleavage with the IRDye or 
IRDye and CC and then imaged during the 2-cell stage. Autofluorescence is shown in the 700 nm 
channel and caspase activity in the 800 nm channel. B, One blastomere of a two-cell embryo was 
microinjected with IRDye and either CC or yCC (at 270 nM). Top, injected embryos were 
imaged after 30 minutes (approximately 3 hours after fertilization). Bottom, photographs were 
taken of the embryos 4 hours after fertilization. C, Embryos were injected as indicated and then 
imaged 30 minutes later. D, Photograph of Mos-arrested embryos, with left half arrested while 
right half of embryos continue to divide. 
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delayed time course (Figure 5.6B). In order to determine whether the observed death of 

the un-injected blastomere involved caspase activity, we microinjected one blastomere 

with cytochrome c and the other with IRDye. Caspase-mediated fluorescence was 

detected in the IRDye-injected side, suggesting that cytochrome c introduction into one 

half of the embryo caused caspase activation on the opposite side (Figure 5.6C). 

One explanation for this phenomenon would be movement of cytochrome c from 

one blastomere to the other via cytoplasmic bridges, which have been reported in the 

early Xenopus embryo (Byers and Armstrong, 1986; Cardellini et al., 1988; Landesman 

Y et al., 2000). To evaluate whether we could detect the presence of cytoplasmic bridges, 

we performed a series of experiments utilizing microinjection of cell cycle-arresting 

proteins and fluorescent dyes. Initially we used Mos protein, which has been previously 

shown to arrest the development of one half of an embryo when microinjected (Sagata et 

al., 1989), and confirmed that in our hands we observe arrest of only one side of the 

embryo (Figure 5.6D). 

Next, we took advantage of two fluorescent dextrans, one approximating the 

molecular weight of the IRDye (dextran, AF680 3000 MW) and one roughly the size of 

cytochrome c (dextran, AF680 10000 MW). Patterns of fluorescence in microinjected 

fertilized eggs versus single blastomeres of 2-cell embryos were readily distinguishable, 

yielding a diffuse or partitioned signal, respectively (Figure 5.7A). We then microinjected 

embryos at the two-cell stage, one blastomere receiving cytochrome c and the 3000MW 

fluorescent dextran, and the opposite blastomere receiving the IRDye. As shown in  
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Figure 5.7:  Cytoplasmic transfer between blastomeres prevents cell‐autonomous 
apoptosis. 

Figure 5.7:  A, Fluorescent dextrans were injected as indicated and then embryos were imaged 
30 minutes later. B, One embryo injected as indicated and imaged 30 minutes later. Signal in the 
700 nm channel represent fluorescent dextran and signal in the 800 nm channel represents IRDye 
cleavage. C, Emi2 mutant protein was injected into one blastomere at the two-cell stage and 
photographs were taken approximately 4 hours post-fertilization. The embryo on the left 
demonstrates full arrest. D, Embryos were injected as indicated (approximately 2 hours post-
fertilization) and imaged for fluorescence at the indicated times after fertilization. (Right) 
Photographs of the embryos 19 hours post-fertilization, confirming IRDye-injected embryos are 
dividing normally and show no signs of apoptosis. 
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Figure 5.7B, images of a single embryo illustrate 700 nm channel signal on one side 

(fluorescent dextran) and 800 nm channel signal on the other side (fluorescent IRDye), 

demonstrating that transfer of dyes either does not occur or is not detectable with this 

methodology. Finally, we microinjected a concentrated preparation of an active, non-

degradable fragment of Emi2 protein (aa 489-651 T545,551A), known to inhibit the 

anaphase promoting complex, inducing a cell-cycle arrest similar to that of Mos protein 

(Tung et al., 2005). In the large majority microinjected embryos we observed the 

expected arrest of one half of the embryo, though in roughly one-third of cases we 

observed arrest of the entire embryo, which most likely reflects transfer of Emi2 across 

cytoplasmic bridges (Figure 5.7C). Collectively, these data strongly suggest that 

apoptosis in the early embryo is not cell-autonomous as it is in later embryogenesis and 

adulthood, but whether this reflects a signaling pathway that links blastomeres of the 

early embryo or a true cytoplasmic linkage that is below detection by fluorescent dye 

imaging is not clear.  However, these data are consistent with the notion that it is 

preferable to eliminate the entire embryo when apoptosis initiates in a single cell at a 

point in development when the dying cell represents a significant portion of the embryo. 

5.3  Discussion 

We employed microinjection of an NIR dye caspase substrate to measure caspase 

activity in individual, living Xenopus oocytes and early embryos in real-time. This assay 

provides quantitation of caspase activity that can be obtained rapidly (and repeatedly over 

time), and is easily distinguishable from oocyte maturation-induced GVBD. Relative to 



 

 129

the traditional Xenopus cell-free system, this approach enables evaluation of individual 

cells, and has the unique strength of being able to monitor caspase activity and 

morphological apoptotic death in oocytes and developing embryos as separable entities 

(Figure 5.3E and F; Figures 6 and 7). 

The Xenopus oocyte is easily microinjected and NIR imaging can be performed 

immediately following exposure to cytosolic cytochrome c. This enables us to address 

questions that have been technically impractical, a strength that is illustrated by our 

studies probing caspase activation kinetics. These experiments confirm that caspases 

become activated extremely rapidly in response to cytochrome c (in under five minutes). 

Additionally, we investigated whether continued caspase activity is required to cause 

apoptosis. Our data indicate that even short-term activation of caspases (as brief as 10 

minutes of exposure to cytosolic cytochrome c) causes an oocyte to die via apoptosis, 

suggesting that only caspase substrates cleaved within this timeframe are essential for cell 

dismantling. In light of the vast number of identified caspase substrates (Lüthi and 

Martin, 2007; Dix et al., 2008; Mahrus et al., 2008) and the uncertainty of precisely how 

caspase-mediated proteolysis translates into organized cellular breakdown (Taylor et al., 

2008), this result yields insight into how caspase substrates might be prioritized for 

further functional characterization. 

In addition to the cytochrome c-induced caspase activity described, we also 

observed significant fluorescence of embryos microinjected with IRDye alone by 

nineteen hours after fertilization (Figure 5.7D). Sublethal caspase activity has been 
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reported in Xenopus oocytes as well as in human preimplantation embryos (Arnault et al., 

2008; Martinez et al., 2002), and we hypothesize that our observations reflect the 

accumulation of minimal amounts of active caspases present at any given time that 

become significant only in summation. It is unclear whether these minimal amounts of 

caspase activity are important for development or are simply an inexorable consequence 

of rapid cell division that is tolerated by the embryo. Regardless, this observation 

prompted us reflect upon our IAP studies, where we saw that IAP inhibition could 

decrease the amount of cytochrome c required to activate caspases. Perhaps the levels of 

IAPs endowed to an oocyte determine whether an embryo will be able to limit the 

amount of caspase activation to within a tolerable range. One intriguing possibility 

warranting further investigation is that IAP levels decrease with age, making older 

oocytes more prone to apoptotic death following fertilization. 

A series of studies performed in Xenopus embryos refer to the presence of 

cytoplasmic bridges between daughter cells (Byers and Armstrong, 1986; Cardellini et 

al., 1988; Landesman Y et al., 2000). Our studies in which we microinject cytochrome c 

into individual blastomeres and cause entire embryo apoptosis support this idea. It is well 

known that checkpoint activation does not occur in embryos until after the mid-blastula 

transition (Wroble and Sible, 2005); one important reason for such a delay might be to 

prevent the triggering of apoptosis by minor cellular damage during a time when death of 

an individual blastomere would lead to death of the entire embryo. Conversely, in the 

presence of a cell-damaging stimulus sufficiently strong to warrant induction of cell death 
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in a single cell, it would likely be advantageous to rapidly induce death of the entire 

embryo to avoid significant developmental anomalies. 

Although our experiments with microinjected cytochrome c and Emi2 strongly 

support the notion of communicating cytoplasms, we were unable to image this 

phenomenon using fluorescent dyes. So although this assay offers a powerful means for 

detecting caspase activity within a single cell, it may be that this imaging modality lacks 

the sensitivity required to detect a very weak signal when in direct proximity to a very 

strong one. 

Although clearly advantageous for monitoring apoptosis as part of an inquiry into 

basic cellular and developmental processes, the technique presented here might also be 

employed as a screening modality to identify apoptotic regulators. The 96-well format 

combined with the ease of oocyte microinjection make this system poised for either 

medium-throughput or secondary screens. Given our previous reports suggesting that an 

apoptosome-stimulating therapeutic might be useful in the treatment of breast and brain 

tumors (Schafer et al., 2006; Johnson et al., 2007), it may prove worthwhile to employ 

this assay to screen small-molecule libraries for a cytochrome c mimetic. Moreover, 

Xenopus oocytes have been used to good effect in screening small pool cDNA libraries 

for novel cell cycle regulators (Ferby et al., 1999). A similar approach, using the NIR dye 

as an apoptotic indicator, may allow identification of novel cell death-regulating proteins. 

.
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6.  Conclusions and perspectives 

In 1996, the laboratory of Xiaodong Wang reported the requirement of cytosolic 

cytochrome c for activation of apoptotic proteases in vertebrates (Liu et al., 1996). Since 

that discovery the field of apoptosis has exploded, and we now have a well-established 

model for how cytochrome c functions to induce apoptosis in the cell. Release of 

mitochondrial cytochrome c is induced by pro-apoptotic Bcl-2 family members, which 

permeabilize the outer mitochondrial membrane. Cytosolic cytochrome c binds an 

adaptor protein Apaf-1, triggering dATP hydrolysis/exchange on Apaf-1 and spontaneous 

oligomerization of Apaf-1 to form the apoptosome. This heptameric protein complex 

recruits procaspase-9 and induces its activation. Caspase-9-bound apoptosome functions 

to activate effector caspases, which serve to dismantle the dying cell. Each of these steps 

can be regulated, ultimately determining whether or not a cell will undergo apoptosis. 

Work from this dissertation contributes to a better understanding of how different 

cell-types, including cancerous cells, respond to cytosolic cytochrome c. We demonstrate 

that brain cancer cells maintain functional apoptotic machinery downstream of the 

mitochondria and are thus sensitive to cytochrome c-induced caspase activation. 

Conversely, differentiated cells of the central nervous system, including neurons and glia, 

display marked resistance to cytochrome c due to down-regulation of Apaf-1. This 

differential sensitivity provides a new target for selectively killing brain cancer cells: 

activation of the apoptosome. Although we have not yet developed an apoptosome-

activating agent, we did develop a novel assay that measures caspase activity in intact 
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cells which we believe will be useful in screening compounds for cytochrome c-like 

apoptotic activity. Moreover, utilization of this assay to study apoptosis in the oocyte has 

furthered our understanding of the oocyte’s response to cytosolic cytochrome c and the 

post-mitochondrial regulation of apoptosis in this system. 

6.1  Sensitivity of brain cancer cells to cytochrome c-induced apoptosis 

Data from chapter 3 of this dissertation demonstrate an unexpected sensitivity of 

brain tumors to postmitochondrial induction of apoptosis. We were particularly interested 

in studying brain cancer cells because sympathetic neurons had been shown to develop 

resistance to cytochrome c-mediated apoptosis during differentiation (Wright et al., 

2004). Our findings in isolated neurons from mature cerebellum and cortex confirmed 

this resistance, and we were able to further demonstrate that normal brain tissue, 

comprised of both neuronal and glial cell types, does not activate caspases in response to 

cytosolic cytochrome c. These data suggest that mature glial cells resemble differentiated 

neurons in their resistance to cytochrome c. 

Conversely, cytosolic lysates from a variety of malignant brain cancers readily 

activate caspases in response to cytochrome c. Sensitivity to cytochrome c was not only 

observed in brain cancer cell lines but also in xenograft brain tumors and cancers from 

mouse models of both high-grade astrocytoma and medulloblastoma. We found that 

differences in Apaf-1 expression underlie this differential sensitivity to cytochrome c, 

with protein levels of Apaf-1 being high in brain cancer cells and nearly undetectable in 

normal brain. In these cell types, Apaf-1 protein abundance correlates with Apaf-1 
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mRNA levels and with levels of E2F1, a known transcriptional activator of Apaf-1. In 

brain cancer cells, E2F1 is found bound to the Apaf-1 promoter, suggesting that E2F1 

contributes to the expression of Apaf-1. 

In light of these data, we believe that the expression of Apaf-1 in brain tumors 

reflects the requirement for E2F1 to drive malignancy-associated cell cycle progression 

and proliferation. This model is corroborated by our observations that Apaf-1 abundance 

increases with increasing tumor grade, as a cancer becomes increasingly proliferative and 

de-differentiated. Although we did not examine the relationship between E2F1 levels and 

tumor grade, at least one clinical study of human glioblastoma has reported that lower 

E2F1 expression correlates with longer median survival (Alonso et al., 2005). Similarly, 

since we believe that Apaf-1 levels mirror E2F1 levels in brain tumors, we might expect 

that Apaf-1 expression levels could provide prognostic information, particularly for 

patients with glioblastoma. 

Perhaps it seems contradictory that a cancerous cell would upregulate a pro-

apoptotic protein like Apaf-1 (or that high levels of Apaf-1 might actually be a negative 

prognostic indicator for survival). Indeed, how can a brain cancer cell afford to be 

vulnerable to cytochrome c-induced apoptosis? The simplest explanation is that brain 

cancer cells, which are known to be highly resistant to apoptotic stimuli, employ effective 

anti-apoptosis mechanisms that function upstream of the mitochondria. Thus, these cells 

are usually not exposed to cytosolic cytochrome c and so the presence of Apaf-1 does not 

hinder their survival. In fact, one study examining the effects of Apaf-1 in glioma cells 
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observed reduced cellular proliferation when Apaf-1 is knocked down with siRNA, 

suggesting that Apaf-1 expression might be beneficial for cell-cycle progression (Kugler 

et al., 2005). However, more recent work by the laboratory of Guido Kroemer has 

identified loss of Apaf-1 as compromising the DNA damage checkpoint and causing 

chromosomal instability, leading to the proposal that Apaf-1 functions as a tumor 

suppressor (Zermati et al., 2007; Mouhamad et al., 2007). Based on these contradictory 

findings we believe that any nonapoptotic role of Apaf-1 remains ambiguous and may 

depend upon the cell-type in question. However, our work studying apoptosis in brain 

cancers suggests that brain tumor survival is not negatively influenced by the expression 

of Apaf-1. 

6.2  Selectively killing brain tumor cells with cytochrome c 

We were excited to observe that brain cancer cells are sensitive to cytochrome c-

induced apoptosis, particularly in light of our data demonstrating marked resistance of 

mature brain tissue to cytochrome c. These results suggest that triggering apoptosis 

downstream of the mitochondria, by introducing cytochrome c to the cytosol, would 

selectively kill brain cancer cells while sparing the surrounding brain parenchyma. The 

work presented in chapter 4 of this dissertation was aimed at pursuing this possibility by 

attempting to develop an apoptosome-activating strategy that could ultimately be utilized 

clinically in the treatment of brain tumors. 

Although our multi-tiered approach has been unsuccessful in developing a 

cytochrome c-based therapeutic, we did obtain several important findings that should 
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help direct future research in this area. First, we demonstrated that multi-drug-resistant 

glioblastoma and brain cancer stem cells express Apaf-1 and are sensitive to cytochrome 

c-induced apoptosis. These data indicate that an apoptosome-activating strategy should 

be effective in targeting brain cancer cell populations that are highly-resistant to 

conventional treatments. In terms of the drug-resistant glioblastoma cells, it has been 

assumed that temozolomide resistance occurs due to upregulation of the DNA repair 

enzyme AGT. However, patients treated with temozolomide plus O6-BG to eliminate 

AGT activity fare just as poorly as those treated with temozolomide alone, suggesting the 

presence of an additional mechanism of drug resistance (Quinn et al., 2009. Our results 

demonstrate that these cancers retain apoptotic potential downstream of the mitochondria 

and thus the block to apoptosis must lie somewhere upstream of this point. Although 

future research is necessary to elucidate additional mechanisms mediating drug-resistance 

in these cells, our findings are corroborated by a study reporting that drugs causing 

mitochondrial permeability (and thus cytochrome c release) induce apoptosis in 

temozolomide-resistant glioma cells (Lena et al., 2009). With regard to our finding that 

Apaf-1 is expressed in brain tumor stem cells, we are encouraged by these data but were 

unable to obtain enough material to confirm the sensitivity of these cells to cytochrome c-

mediated apoptosis. CD133+ glioma cells have recently been shown to preferentially 

activate the DNA damage checkpoint in response to radiotherapy, and inhibition of 

checkpoint kinases disrupted the radioresistant-mediated survival of these cells (Bao et 

al., 2006). Although indirect, these results suggest that CD133+ glioma cells are capable 
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of undergoing cytochrome c-mediated apoptosis once upstream apoptotic inhibition has 

been released (e.g., checkpoint activation and DNA repair). 

A second important finding was that cytochrome c peptide fragments are 

incapable of binding to Apaf-1 or inhibiting cytochrome c-induced caspase activation. 

These results highlight the importance of the three-dimensional structure of cytochrome c 

for its interaction with Apaf-1. Previous work from George McLendon’s laboratory 

identifying residues on several faces of the cytochrome c structure as being critical for the 

interaction was suggestive of a three-dimensional binding interface, but more recent work 

reported that apocytochrome c, which lacks three-dimensional structure, maintains the 

ability to bind Apaf-1 (Yu et al., 2001; Martin and Fearnhead, 2002; Martin et al., 2004). 

Our results are consistent with the earlier work, and call into question the findings that 

apocytochrome c interacts with Apaf-1 and prevents cytochrome c-induced apoptosome 

formation. Further, our crosslinking studies identified an Apaf-1 breakdown product that 

is unrecognized by an Apaf-1 CARD antibody but remains capable of binding 

cytochrome c. Mass spectrometry analysis of this crosslinked product confirmed the 

presence of both Apaf-1 and cytochrome c, with no tryptic peptide sequence obtained 

from the first 150 amino acid residues of Apaf-1, consistent with a CARD-lacking Apaf-1 

breakdown product in this sample (Zhou et al., 1999). This result provides empirical 

evidence that the Apaf-1 CARD is not required for the cytochrome c—Apaf-1 interaction, 

which has long been the proposed model but without experimental demonstration (Shi, 

2008). Of note, we believe our approach to use chemical crosslinking followed by mass 
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spectrometry as a means of mapping protein interaction sites is a valid one. 

Unfortunately, a tagged crosslinker that would enable sample encrichment for crosslinked 

peptides prior to mass spectrometry analysis is not yet commercially available. Once such 

an agent becomes obtainable we believe that this approach should be revisited in order to 

elucidate cytochrome c—Apaf-1 interaction surfaces. 

Finally, we have developed a high-throughput screening modality that should 

enable the identification of compounds that act like cytochrome c to induce caspase 

activation in cytosolic lysates. This assay should register any agent capable of activating 

the apoptosome in the absence of cytochrome c. Secondary screens can determine if the 

compound acts in an Apaf-1-dependent manner, which would be our goal for selectively 

inducing apoptosis in brain cancer cells while sparing normal brain tissue. Only 8,000 

small-molecules have been screened to date, and we are hopeful that continued screening 

will be successful in discovering promising compounds that could ultimately be 

developed as an anti-cancer therapeutic. 

6.3  Cytochrome c-induced apoptosis in the oocyte and early embryo 

Our desire to have multiple ways in which to screen compounds for apoptosome-

activating function led us to develop an assay that measures caspase activity in the intact 

Xenopus oocyte. Our work validating this assay and applying it to the study of 

cytochrome c-induced apoptosis in the oocyte are presented as chapter 5 of this 

dissertation. The assay itself utilizes a near-infrared caspase substrate that fluoresces only 

after being cleaved by active effector caspases. We were able to demonstrate that 
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microinjection of cytochrome c into oocytes induces the rapid development of oocyte 

fluorescence, and this fluorescence is due to activation of caspases. We further show that 

we can monitor caspase activation induced by apoptotic stimuli that trigger the release of 

endogenous cytochrome c, such as tBid and Bok. We believe that these experiments 

illustrate the potential of this assay as a screening modality for discovering novel 

apoptotic regulators. This in vivo screening technique would be expected to identify any 

compound that induces mitochondrial cytochrome c release or mimics the action of 

cytochrome c to induce apoptosome formation. However, the assay could be easily 

modified to include microinjection of Bcl-XL, which would serve to protect 

mitochondrial membrane integrity, thus enabling identification of only those compounds 

that induce apoptosis downstream of the mitochondria. In addition to screening small-

molecule libraries, we have obtained a Xenopus oocyte cDNA library that has been 

successfully employed in the discovery of Ringo, a cdc2-binding protein with the ability 

to induce meiotic maturation in the oocyte (Ferby et al., 1999). We believe that this assay 

could be utilized in a similar manner to identify novel apoptotic regulator proteins. 

In addition to its potential as a screening modality, we believe that this assay 

enhances our ability to study the subtleties of apoptosis kinetics and regulation. For 

example, the technique enabled us to probe the kinetics of caspase activation in response 

to cytochrome c. We observed activation of caspases within five minutes of cytochrome c 

microinjection, and to our knowledge, these results are the first in vivo demonstration of 

the rapidity of cytochrome c-induced caspase activation. By microinjecting the caspase 
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inhibitor z-VAD-fmk at various time points following injection of cytochrome c we were 

able to demonstrate that ten minutes of caspase activity is sufficient for ensuring an 

apoptotic cell death. This result implies that ample substrates get cleaved by effector 

caspases within ten minutes to execute apoptotic cellular dismantling. Interestingly, this 

work supports the notion that caspase cleavage creates a novel proteome, possessing 

stable functionality within the dying cell (Dix et al., 2008; Mahrus et al., 2008). Future 

studies should focus on the earliest-cleaved caspase substrates and their mediation of cell 

breakdown. 

We were also able to identify the presence of a minimal cytochrome c 

concentration required for inducing apoptosis in the oocyte and demonstrate that this 

threshold is established, at least in part, by IAPs. Outside of neuronal cells, the 

physiological significance of IAPs has remained controversial (Wright et al., 2004). Here 

we show that IAPs in the oocyte help to establish a cytochrome c threshold, effectively 

determining how much mitochondria cytochrome c leakage must occur before triggering 

an apoptotic response. We believe a cytochrome c threshold is likely to be present in 

most cell types (and regulated by IAP levels), but has been difficult to test 

experimentally. Thus, we believe a major strength of the oocyte microinjection system is 

that it enables us to carefully control the precise amount of cytochrome c (or other 

proteins, such as the IAP inhibitor Smac) delivered to the cytosol. 

Further, we compared cellular cytochrome c sensitivity in S-phase and M-phase 

oocytes, demonstrating for the first time in vivo that M-phase cells are significantly more 
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resistant to cytochrome c than cells in interphase. Although this phenomenon has been 

reported using the Xenopus cell-free extract system, our data offer confirmation in an 

intact cell. Phosphorylation of caspase-9 has been reported as the underlying mechanism 

for the observed mitotic protection from cytochrome c-induced apoptosis (Allan and 

Clarke, 2007). However, we believe that additional mechanisms are at work during M-

phase that all contribute to apoptotic resistance. Ongoing work in the Kornbluth 

laboratory is establishing a role for multiple inhibitory protein phosphorylations, 

including caspase-2 and Apaf-1, in producing mitotic apoptotic resistance. The assay 

described in this work has aided those studies, and promises to be useful for additional 

studies examining the interplay between apoptosis and cell cycle regulation. 

Finally, we show that cytochrome c is capable of inducing apoptosis of the early 

Xenopus embryo. Surprisingly, microinjection of a single blastomere with cytochrome c 

at the two-cell stage induces caspase activation of the opposite blastomere and resulting 

death of the entire embryo. These results suggest that apoptosis in the early embryo is not 

a cell-autonomous process, a phenomenon we attribute to the presence of cytoplasmic 

bridges connecting individual blastomeres. The notion that apoptosis, at certain 

developmental stages or in certain cell types, may not be a cell-autonomous process is an 

intriguing one. In addition to the implications for development, which we believe warrant 

further study, we also find that these results may aid in our understanding of apoptosis 

regulation in other cell-types. Interestingly, skeletal muscle in the adult exists as 

differentiated, syncytial cells (Sandri and Carraro, 1999); perhaps Apaf-1 down-
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regulation observed in these tissues is physiologically important for preventing apoptosis 

of the entire syncytium in response to leaky cytochrome c within an individual muscle 

fiber (Madden et al., 2007). 

6.4  The cellular response to cytosolic cytochrome c 

In healthy cells, cytochrome c exists in the mitochondrial intermembrane space, 

where it shuttles electrons between respiratory complexes III and IV. Apoptotic signaling 

induces permeabilization of the outer mitochondrial membrane, releasing cytochrome c 

into the cytosol. In many cells this single event functions like turning a switch: cytosolic 

cytochrome c binds Apaf-1, the apoptosome forms, caspase-9 is recruited and activated, 

leading to activation of effector caspases. This post-mitochondrial apoptosis signaling 

pathway is remarkably rapid and efficient. Using the cytosolic presence of a previously 

organelle-sequestered protein as a trigger for activating death proteases allows the cell to 

respond in an all-or-none fashion. As the “appropriateness” of an apoptotic stimulus is 

evaluated upstream of the mitochondria by Bcl-2 proteins, once cytochrome c is released 

the cell simply needs to execute the plan. Thus, the apoptotic machinery remains 

continuously poised, awaiting the cytochrome c trigger. 

However, in certain types of cells a flip of the switch (cytosolic cytochrome c) 

fails to turn on the light (caspase activation). These cells are the postmitotic, long-lived 

cells of the CNS and muscle, in which accidental caspase activation and ensuing death of 

individual cells could impair function of the entire system. Down-regulation of Apaf-1 

expression in these cells ensures resistance to any cytosolic cytochrome c because the 
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function of cytochrome c in the cytosol depends on the presence of Apaf-1. Not only does 

this strategy provide an effective means of apoptotic resistance but it also offers a 

sophisticated system for apoptotic regulation. In the face of severe DNA damage or other 

overwhelming stress, the cell can, over time, reactivate expression of Apaf-1 to allow a 

cytochrome c-mediated apoptotic death to occur. 

Cancerous cells have all acquired the ability to evade apoptosis. In theory, this 

could result from an inhibition of apoptotic signaling either upstream or downstream of 

the mitochondria. In practice it seems that many forms of cancer prevent apoptosis 

signaling upstream of the mitochondria, such that cytochrome c is not released from the 

mitochondria in response to even intense apoptotic stimuli. Thus, the cancer cell has 

managed to dramatically change what deems an “appropriate” reason to undergo cell 

suicide. In such cases inhibition of post-mitochondrial apoptotic signaling is unnecessary, 

and the cells maintain expression of the apoptosome components (perhaps in part because 

the expression of these proteins is linked to cellular proliferation, which benefits the 

cancer). Primary cancers of the CNS appear to adhere to this model—although aggressive 

gliomas are resistant to chemotherapeutics that function to stimulate apoptosis upstream 

of the mitochondria, these cancers remain capable of activating caspases in response to 

cytosolic cytochrome c. Regardless of the variety of mechanisms at play in preventing 

cytochrome c release in these cells, the cellular response to cytochrome c remains intact. 

Maintained functionality of downstream apoptotic signaling in these types of cancers 
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could be exploited therapeutically with an agent that mimics the function of cytosolic 

cytochrome c. 

The presence or absence of Apaf-1 in a cell determines the cellular response to 

cytochrome c in an absolute, yes/no manner. Additional post-mitochondrial modes of 

regulation serve more to influence the degree of apoptosome formation/caspase 

activation. Certainly the physiological relevance of these types of regulatory mechanisms 

is questionable unless prevention of apoptotic death can be readily demonstrated. 

Studying the cellular response to cytosolic cytochrome c in the Xenopus oocyte offers a 

valuable model system for evaluating post-mitochondrial apoptosis regulation. The 

oocyte is sensitive to cytochrome c-induced apoptosis, and the amount of cytochrome c 

delivered to the cytosol can be readily manipulated by microinjection. Using this 

approach, the amazing rapidity of cytochrome c-induced caspase activation can be 

measured (and manipulated). Importantly, IAPs prevent caspase activation in response to 

low doses of cytochrome c, demonstrating significance of this post-mitochondrial form of 

apoptosis regulation in the oocyte. Further, in addition to enhancing our ability to study 

the cellular response to cytochrome c, the Xenopus oocyte microinjection system enables 

us to identify compounds that mimic the function of cytosolic cytochrome c. 

6.5  Concluding remarks 

The data presented in this dissertation have furthered our knowledge of how 

different cell-types respond to cytosolic cytochrome c. We observed an unexpected 

sensitivity of brain tumor cells to induction of apoptosis with cytochrome c while normal 
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brain tissue is remarkably resistant. Mechanistically we have demonstrated this 

differential sensitivity is due to high Apaf-1 levels in the tumor tissue with almost no 

Apaf-1 in surrounding non-neoplastic brain tissue. The transcription factor E2F1 

contributes to the high expression of Apaf-1 in brain tumors. These findings raise the 

exciting possibility of apoptosome activation as an anti-cancer therapeutic strategy, 

which we pursued in this dissertation. We were able to develop both a high-throughput 

cytosolic lysate screening modality and a microinjection-based intact cell assay to assess 

caspase activation in response to small-molecules or expressed proteins. Future work will 

aim to continue the screening process using these established techniques in order to 

identify compounds that could act like cytosolic cytochrome c, triggering apoptosis 

selectively in brain tumors while sparing the surrounding normal brain parenchyma. 
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