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BACKGROUND 

I. Cellular Death: Necrosis versus Apoptosis  

 In the life cycle of every cell, there is time for growth and death. For all 

multicellular organisms, cell death can occur by injury or through a purposeful and 

regulated process called apoptosis. Trauma and toxic agents are examples of physical 

events that cause unexpected cell injury and induce a dying process called necrosis. 

Disrupted by chemical or physical damage, cell structure and activity are compromised, 

resulting in cellular and organelle swelling, cell membrane lysis, and release of cellular 

contents into surrounding tissues. This can quickly precipitate an inflammatory response 

including tissue edema and damage to other cells.  

 Conversely, the process of apoptosis or programmed cell death (PCD) is a non-

traumatic way to remove unwanted cells in a normal, controlled process induced by 

certain death stimuli. An organized suicide program, apoptosis begins when the 

mitochondria break down, releasing cytochrome c into the cytoplasm. The cell then 

shrinks and develops blebs on its surface. The cytoskeleton is destroyed and nuclear 

DNA is degraded. Ultimately, the cell breaks apart into membrane-wrapped cellular 

fragments. Particular events in the apoptotic cellular break down further facilitate this 

highly-organized process and prevent the deleterious effects observed in necrosis. For 

example, components such as the phospholipid phosphatidylserine in the plasma 

membrane are exposed on the surfaces of apoptotic blebs and bind to receptors on 

phagocytic cells. Unlike in necrotic cell death, phagocytic cells such as macrophages and 

dendritic cells quickly engulf the apoptotic fragments, preventing spreading of cellular 
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debris and allowing cellular components to be recycled. In addition, these phagocytic 

cells release cytokines such as IL-10 and TGF-β to inhibit an inflammatory reaction.  

 

A. Role of Apoptosis in Multicellular Organisms 

 Mitosis and cellular proliferation are inarguably critical processes for growth and 

development, however, how cellular death contributes to these processes is often not as 

clear. Apoptosis plays an important role in the normal development and homeostasis of 

multicellular organisms by removing tissues and maintaining cell numbers. An example 

of eliminating certain structures is the sculpting of webbing between the fingers and toes 

of a human fetus or the disappearance of a tadpole’s tail as it develops into an adult frog 

(Baehrecke 2002). In developing cells, apoptosis controls and adjusts cell number to 

ensure healthy growth. This is evident in the vertebrate nervous system where neurons 

which do not form synaptic connections with other neurons are destroyed by apoptosis 

(Hidalgo and ffrench-Constant 2003). In adult tissues where cells are no longer 

developing, apoptosis regulates cell numbers by balancing cellular division and 

proliferation. These cells receive constant extracellular signals to maintain survival; 

without these signals, apoptosis will occur. This balance is needed to maintain a 

relatively unvarying cell population. Without equivalent levels of cell death and mitotic 

growth, tissues would either enlarge or shrink depending on rate of death and division. 

When apoptosis is inhibited or over-stimulated, abnormal tissue degeneration or 

uncontrolled growth ensues, leading to conditions such as autoimmune disease and 

cancer (Thompson 1995). Lack of cell death regulation is observed in cancerous cells 

which are able to survive and divide without extracellular survival signals. In the case of 
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cancer, cells can be insensitive to death stimuli, able to secrete growth signals, or gain 

ability to divide indefinitely and continuously.   

 In addition to maintaining homeostatic cell populations, apoptosis is also needed 

to destroy cells that actively threaten the organism. Viral attacks are opposed by cell-

mediated immunity whereby cytotoxic T lymphocytes kill infected cells by inducing 

apoptosis. This alternative to lysing virus-infected cells prevents virus replication and the 

release of pathogenic particles to surrounding tissues. In addition to destroying infected 

host cells, apoptosis causes the degradation of viral nucleic acid material and interrupts 

the process of virus assembly and further infection. Once the viral pathogen is eliminated, 

activated cytotoxic T cells must be downregulated by inducing apoptosis on each other 

and themselves to prevent further destruction of neighboring cells (Fadeel and Orrenius 

2005). Without this apoptotic regulation, an autoimmune response is mounted.  

 Cells with DNA damage can produce serious consequences during embryonic 

development as well as in non-developing organisms. Defects in the genome can cause 

birth defects and cancerous growth. Programmed cell death is vital in the elimination of 

damaged cells at risk for dividing and producing similarly defected daughter cells. 

Typically, cells with damaged DNA increase production of p53, a protein that stops the 

cell cycle at the G1 phase and induces apoptosis once DNA damage is detected (Fadeel 

and Orrenius 2005). A possible mechanism for apoptosis activation includes the release 

of linker histone (H1) from the chromatin once DNA is damaged. Once H1 exits the 

nucleus into the cytosol, it causes the release of cytochrome c from mitochondria. This 

release begins the apoptosis process (Konishi et al. 2003). As a tumor suppressor gene, 

p53 codes for a protein that suppresses tumor formation by controlling cell growth. 
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Mutations in this gene cause the tumor suppressor to be inactive and can result in 

aberrational cellular proliferation observed in cancer.  

 

B. Signaling Pathways of Apoptosis 

 The induction of apoptosis occurs in a balance between receiving pro-death 

signals and withdrawal of survival signals. These signals may come from the inside of the 

cell or from the outside, however, all signaling pathways result in the activation of  

proteases called caspases for cellular destruction. Through a careful system of receptors, 

membrane proteins, and enzymes, the process of apoptosis can occur by three main 

pathways. These include stimulation by internal signals with mitochondrial participation 

(intrinsic), external signals by way of death receptors (extrinsic) and death by apoptosis 

inducing factor (AIF), a caspase independent pathway (Adams 2003). In addition, the 

endoplasmic reticulum has been found to also participate contribute to the process of 

apoptosis through calcium-ion signaling. Figure 1. 

 

 i. Intrinsic pathway 

 Death stimuli such as exposure to radiation (ultraviolet light or x-rays) and 

chemotherapeutic drugs that damage DNA, or intracellular components such as oxidants, 

and the accumulation of improperly folded proteins are all stimuli that trigger the 

intrinsic pathway. The intrinsic pathway of apoptosis involves the participation of Bcl-2 

family proteins. These integral membrane proteins are found on the outer mitochondrial 

membrane, endoplasmic reticulum, and other organelle surfaces (Kauffmann et al. 2003). 

Here, Bcl-2 and related pro-survival proteins help to maintain organelle structure. In the 
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healthy cell, caspases are inactive and pro-apoptotic Bcl-2 family members such as BH3-

only proteins kept apart from pro-survival Bcl-2 molecules. In the presence of internal 

damage, BH3-only proteins act opposite of Bcl-2, first detecting damage and then 

interacting with this membrane protein to elicit cell death. BH3 binds to Bcl-2 on 

mitochondrial surfaces and recruits pro-death proteins such as Bax and Bak. Bax is 

predominantly confined to the cytosol, however, upon a death stimulus it undergoes 

conformational changes and moves to the outer mitochondrial membrane during 

apoptosis. Bak, a protein that resides in the mitochondria, acts in a similar fashion, 

working with Bax to permealize the organelle’s outer membrane (Newmeyer and 

Ferguson-Miller 2003). This allows cytochrome c to be released from the mitochondrial 

intermembrane space into the cytosol of the cell.  

 In addition to cytochrome c movement out of mitochondria, other mitochondrial 

proteins are released into the cytosol to contribute to apoptosis. In the healthy cell, 

inhibitors of apoptosis proteins (IAPs) keep caspases inactive by binding to them and 

preventing their enzymatic activity. Inhibitors of IAP proteins, such as Diablo/Smac and 

Omi/Htr2, normally reside within mitochondria but are released during apoptosis. These 

IAP inhibitors associate with IAPs in the cytosol and allow caspase activation (Adams 

2003). In addition, apoptosis inducing factor (AIF) and endonuclease G (endoG) are 

released from the mitochondria and translocate to the nucleus, where they degrade DNA.  

 Cytochrome c in the cytosol binds to and activates the apoptotic protease 

activating factor (Apaf-1), causing a conformational change which results in the 

recruitment of procaspase-9. This combination forms the apoptosome complex which 

activates caspase-9 by allosteric change (Jin and El-Deiry 2005). Caspase-9 is an initiator 
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caspase and begins the apoptosis cascade by cleaving and activating other proteases, such 

as caspase-3 and caspase-7. Unlike caspase-9, caspases-3 and -7 are executioner caspases, 

which cleave downstream apoptotic substrates. This protelytic cascade results in the 

degradation of structural proteins in the cytosol and chromosomal DNA in the nucleus. 

Membrane blebbing and phagocytosis of cellular fragments complete the apoptotic 

process.  

 

ii. Extrinsic pathway 

 Apoptosis can also be triggered by extracellular death stimuli through interactions 

between integral membrane proteins, such as members of the death receptor family, and 

their complementary death ligand activators. Tumor necrosis factor-α and lymphotoxin 

(or tumor necrosis factor-β) are examples of death activators that bind to the TNF 

receptor. These ligands are cytokines secreted by macrophages and other immune cells. 

Another death activator is the Fas ligand (FasL) of the cytotoxic T cell which binds to the 

Fas (or CD95) receptor of a target cell. When FasL is bound to Fas, a pro-apoptotic signal 

is sent, resulting in the activation of caspase-8. Like caspase-9, caspase-8 activates 

caspase-3 via direct cleavage. In addition, caspase-8 cleaves Bid, a BH3 protein, 

promoting apoptosis by the mitochondrial pathway and caspase-9 activation (Jin and El-

Deiry 2005). This results in the amplification of the caspase cascade and ultimately, the 

organized elimination of the cell by phagocytosis of membrane-bound fragments.  

 

iii. Caspase-independent cell death 
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 The third apoptotic pathway includes the release of AIF and endoG from the 

intermembrane space of the mitochondria. As mentioned above, when an apoptotic signal 

is received, protein interactions at the mitochondrial surface result in permealization of 

the membrane, allowing many molecules to leak out of the mitochondria. Two of these 

proteins are the apoptosis inducing factor (AIF) and endonuclease G (endoG). Upon 

exiting, AIF and endoG enter the nucleus where they bind to and degrade DNA 

(Penninger and Kroemer 2003). This apoptotic pathway results in cell death when all 

nuclear material condenses and degrades. Although this mechanism does not employ a 

large proteolytic cascade of caspases, it has been hypothesized that AIF-induced 

chromatin fragmentation is dependent on caspase-activated DNase.  

 

iv. Endoplasmic Reticulum-Induced Apoptosis 

 As previously mentioned, the improper folding of protein products can trigger 

apoptosis. The endoplasmic reticulum (ER) is an organelle in which membrane-bound 

and secreted proteins are produced. Detection of inappropriately folded proteins in the 

ER induces apoptosis or necrosis (Rao et al. 2004). As a main storage site of calcium ions, 

the endoplasmic reticulum releases Ca+2 into mitochondria. While the passage of Ca+2 

ions has been hypothesized to act as a signal between the ER and the mitochondria, it is 

uncertain if caspases are involved in inducing apoptosis.  

 Annexin-5 is a Ca+2 binding molecule that mediates Ca+2 signaling and appears 

play an important role in apoptosis. In the absence of annexin-5, mitochondria do not 

release cytochrome c. In addition, when Ca+2 ion efflux is inhibited, cells are protected 
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from apoptosis, suggesting that annexin-5 plays a role in transmitting the apoptosis signal 

to mitochondria (Hawkins et al. 2002).  

 Since Bcl-2 proteins localize to the ER, it is suggested that Bcl-2 and BH3 family 

proteins act similarly at the ER and mitochondria (Adams 2003). Proteins Bax and Bak 

may play a role in the release of Ca+2 from the ER to mitochondria and can activate 

caspase-12. The mechanism of apoptosis by ER stress has not been fully elucidated, 

however, Bax and Bak may need to act on the ER to release Ca+2 and on the 

mitochondria to induce complete apoptosis activity (Scorrano et al. 2003; Zong et al. 

2003).  

 

II. Protein Regulators of Apoptosis 

A. Caspases: Mediators of Apoptosis 

 The involvement of caspases in the destruction of the cell separates the process of 

necrosis from apoptosis. Upon receiving a signal to induce apoptosis, the cell endures 

many regulated morphological changes such as degradation of cellular components. A 

family of cysteine proteases called caspases is responsible for these actions and therefore 

mediates the process of apoptosis. Because of this, elimination of caspase activity results 

in prevention or reduction of apoptosis. Highly conserved through many species, 

caspases cleave after specific aspartate residues however, these lethal enzymes remain as 

zymogens until proteolytically cleaved. There are two main classes of caspases, the 

upstream or “initiator” caspases and the downstream or “executioner” caspases. 

Upstream or “initiator” caspases are activated by dimerization with a protein (Jin and El-

Deiry 2005). This occurs through long N-terminal prodomains necessary for initator 
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caspases to associate with apoptotic complexes. The classic example of this is the 

activation of caspase-9 by Apaf-1. Upon mitochondrial permealization, cytochrome c 

binds to and causes a conformational change in Apaf-1. Procaspase-9 is then able to 

interact with Apaf-1 at its caspase activation and recruitment domain (CARD), forming 

the apoptosome complex and caspase-9 is activated. The apoptosome is then able to 

activate downstream caspases to begin further proteolysis and activate DNase to degrade 

nuclear material (Adams 2003). In the case of the extrinsic apoptotic pathway, caspase-8 

is activated in a similar fashion through interaction with other proteins via its death 

effector domain (DED) and the subsequent formation of a multimeric complex called the 

death inducing signaling complex (DISC). Examples of downstream or “executioner” 

caspases are caspase-3, caspase-6, and caspase-7, which remain inactive until cleaved by 

initiator caspases such as caspase-8 and caspase-9. Executioner caspases have shorter or 

no N-terminal prodomains and function to destroy various protein substrates in the cell 

(Hengartner 2000). 

 Caspases do not randomly destroy any proteins in the cell. Instead, there are 

known to be about one dozen caspases in mammals, each designed to selectively cleave a 

specific set of substrates. The results of caspase cleavage vary depending on the substrate 

and where the cleavage occurs. Caspases activate other proteins by cleaving after the 

aspartate residue, but can inactive target proteins as well. Caspase-6 is responsible for the 

cleavage of nuclear lamins causing shrinkage and fragmentation of the nucleus. Cleavage 

of PAK2 results in kinase activation and contributes to the formation of apoptotic 

blebbing (Hengartner 2000; Jin and El-Deiry 2005). 
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i. Caspase Activation and Regulation 

 To prevent premature activation of apoptosis, capases are synthesized as 

zymogens composed of an N-terminal prodomain, p20, and p10 domains. Active forms 

of the protein contain two p20 and p10 heterodimers as well as two active sites. Most 

caspase activation occurs when an active initiator caspase cleaves a downstream 

zymogen between the p20 and p10 domains or between the prodomain and p20 domain 

after aspartate residues (Hengartner 2000). The continued proteolytic cleavage produces 

the caspase cascade that rapidly activates downstream caspases. The number of 

downstream executioner caspases greatly exceeds the number of upstream initiator 

caspases, facilitating an amplification of protein cleavage. This is the case when caspase-

9 cleaves caspase-3, caspase-6, and caspase-7.  

 In addition to activation by proteolytic cleavage and dimerization, caspases can 

also be activated by induced proximity to other caspases. In the case of caspase-8, when 

death receptors such as Fas bind to their complementary ligands (FasL), receptors 

accumulate, forming large signaling complexes. This attracts many procaspase-8 

molecules which when forcefully crowded, act to cleave and activate each other. This 

mechanism is also seen in caspase-2 activation (Hengartner 2000).  

 

Inhibitor of Apoptosis Proteins 

 Inhibitor of apoptosis proteins (IAPs) are responsible for binding to caspases and 

rendering them inactive until death stimuli indicate the initiation of apoptosis. Highly 

conserved in several species, IAPs bind to and inhibit caspases through their IAP 

baculovirus inhibitors repeat (BIR) domains which are necessary for their anti-apoptotic 
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function. IAPs also promote caspase degradation and isolate caspases from their 

substrates (Salevsen and Duckett 2002). IAPs called c-IAP-1, c-IAP-2, XIAP, and 

survivin are found in mammalian cells. While there are a number of IAPs, they are 

specific for and only interact with certain caspases. In mammalian cells, IAPs XIAP, c-

IAP-1, and c-IAP-2 can only inhibit caspase-3, caspase-7, and caspase-9 but not caspase-

1, caspase-6, caspase-8, and caspase-10. Also, survivin does not interact with caspase-8, 

but is vital to inactivate caspase-3 and caspase-7 (Cashio et al. 2005). Upon receiving 

death stimuli, pro-apoptotic proteins such as Diablo/Smac and Omi/Htr2 are released 

from mitochondria and inhibit IAP activity in the cytosol. This does not actively initiate 

apoptosis, however functions as one of many steps towards apoptosis.  

 

B. Inhibition of Apoptosis by Anti-apoptotic Proteins Bcl-xL and Aven 

 Pro-survival members of the Bcl-2 protein family have been found to have an 

anti-apoptotic function in preventing cytochrome c release from the mitochondria and 

ultimately, caspase activation. The important role of these proteins has been confirmed 

through knockout of Bcl-2 gene knockout experiments. In the absence of these anti-

apoptotic regulators, widespread cell death is observed (Chau et al. 2000). Bcl-xL is a 

member of the Bcl-2 family proteins and exhibits anti-apoptotic functions at various 

stages in apoptosis. It has been suggested that Bcl-xL is located on the outer membrane of 

mitochondria to regulate ion passage across the membrane. As an ion channel and 

component of the outer membrane, Bcl-xL maintains membrane integrity and contributes 

to its function (Adams 2003). Binding to or compromising this protein during apoptosis 

may alter mitochondrial permeability, leading to the release of cytochrome c. In the 
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absence of a death stimulus, Bcl-xL protects the cell from apoptosis by inhibiting 

membrane permeability. Some studies have shown that Bcl-xL binds to pro-apoptotic 

proteins Bax and Bak, inhibiting the initiation of apoptosis, however the mechanism of 

these interactions has not been confirmed (Knudson and Korsmeyer 1997). Bcl-xL 

functions to prevent cell death by inhibiting the release of cytochrome c and AIF from the 

mitochondria and caspase-9 activation (Susin et al. 1999).  

 Recently, a novel protein called Aven has been identified and shown to have 

similar anti-apoptotic functions as Bcl-xL. Aven has been found to bind to both Bcl-xL 

and Apaf-1 and prevents the self-association of Apaf-1 (Chau et al. 2000). To investigate 

Aven interactions with anti-apoptotic Bcl-2 proteins, Chau et al. performed co-

mmunoprecipitation using COS-1 cells. Only anti-apoptotic proteins such as Bcl-xL were 

found to associate with Aven while pro-apoptotic proteins Bax and Bak failed to do so. In 

addition, several Bcl-xL mutants were tested with Aven. Bcl-xL mutants in which the 

region responsible for anti-apoptotic activity was deleted failed to associate with Aven 

while those that retained their protective function could interact with Aven. Specifically, 

the removal of the N-terminus on Bcl-xL gave the protein pro-apoptotic properties and the 

mutant did not interact with Aven. Conservation of the N-terminus retained the anti-

apoptotic activity of Bcl-xL and binding to Aven.  

 Experiments with various death stimuli have been performed to compare the anti-

apoptotic abilities of Aven to Bcl-2 family proteins. For example, it has been 

demonstrated that the Bcl-2 proteins provide a protective effect to cells against various 

apoptotic viruses. The Sindbis virus has a tropism for neurons in the central nervous 

system and induces apoptosis. Genes for anti-apoptotic proteins were introduced to the 
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recombinant Sindbis virus vector and were found to suppress apoptosis induced by viral 

infection in mice. Mice expressing Bcl-2 and infected with the virus had a 59% survival 

rate (Lewis et al.1999). Similarly, Aven was expressed in the recombinant Sindbis virus 

and introduced to mice (Chau et al. 2000). Mice infected with the virus expressing Aven 

had a 60% survival rate while mice infected with control virus lacking Aven only had 

10% survival.  

 This group also tested Aven functions by inducing cell death in FL5.12 pro-B 

lymphoid cells with interleukin-3 withdrawal. This cell line requires IL-3 in the growth 

media for survival and proliferation. It is known that Bcl-2 and Bcl-xL proteins protect 

these cells from apoptosis induced by removal of IL-3. FL5.12 cells that expressed Aven 

had an increased survival rate (20%) compared to cells without Aven. In addition, cells 

with Aven were more protected (20-35%) from gamma-irradiation-induced apoptosis 

than the control.  

 Aven has been found to interact with the adaptor protein Apaf-1 through co-

immunoprecipitation assays of Apaf-1 with either full length or N-terminus-truncated 

Aven (Chau et al. 2000). Both Aven forms were found to associate with Apaf-1 

regardless of the presence of Bcl-xL. Because Bcl-xL did not appear to affect how much 

Aven co-immunoprecipitated with Apaf-1, it is likely that interactions between Aven and 

Apaf-1 are independent of Bcl-xL. To test this, Aven mutants (deleting amino acids 71-

108 and 2-104) were created without Bcl-xL binding capability. These deletions did not 

affect Aven binding to Apaf-1 when compared to wild-type Aven. In addition, a mutant 

Aven protein lacking amino acids 74-104 was created and this deletion did not affect 

binding to either Apaf-1 or Bcl-xL. This indicates that protein domains responsible for 
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binding Apaf-1 and Bcl-xL are not the same. Aven binds to Apaf-1 at a caspase 

recruitment domain (CARD), however Aven does not have the exact CARD found in 

caspases. Typical CARD domains of Apaf-1 and caspase-9 are composed of six to seven 

alpha helices in a globular structure. Aven may contain a similar alpha helix at its center 

and contains many hydrophobic amino acids in its CARD-like domain (Chau et al. 2000). 

This is different from CARD domains because it lacks significant similarities such as 

spacing of helices. The Apaf-1 molecule self-associates to facilitate the activation of 

procaspase-9 by auto-activation. Because Aven binds to Apaf-1, it is speculated that its 

anti-apoptotic properties may be related to its ability to interfere with Apaf-1 self-

association, an event that would block caspase-9 activation.  

 Since Aven is able to associate with Apaf-1, Apaf-1-dependent caspase activation 

and subsequent cell death may be affected. Because Apaf-1 is vital to the formation of the 

apoptosome complex, recruitment, and activation of caspase-9, alone Apaf-1 or caspase-9 

cannot initiate apoptosis. Introduction of Aven to Apaf-1 and caspase-9 causes a decrease 

in cell death. Apoptosis was observed in cells transfected with both Apaf-1 and caspase-9. 

Cells expressing Aven, Apaf-1, and caspase-9 showed less death by apoptosis.  

 To test the interaction between Aven and caspases, cell-free extracts with 

cytochrome c, dATP, and endogenous caspases were prepared from cells previously 

transfected with Aven (Chau et al., 2000). In Aven extracts, the activation of caspase-9 

was suppressed, however not completely inhibited. In these samples, caspase-3 activation 

was arrested, confirming the role of caspase-9 as an initiator caspase required to activate 

caspase-3.  
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 It has been shown that in addition to producing its own anti-apoptotic effect, Aven 

interacts with other Bcl-2 family proteins. As previously stated, Aven does not bind to 

pro-apoptotic proteins, but only anti-apoptotic Bcl-2 proteins such as Bcl-xL. Knowing 

that Aven independently binds to Apaf-1 and Bcl-xL to inhibit apoptosis, it is suggested 

that Aven interacts with Bcl-xL to increase anti-apoptotic function (Figueroa et al. 2004). 

To study the effects of Aven on mammalian cell survival, Chinese hamster ovary (CHO) 

cells expressing Aven, Bcl-xL, or both were exposed to various death stimuli (Figueroa et 

al. 2004). To create overexpression of Aven, Bcl-xL, and both proteins in cells, CHO-K1 

cells were transfected with cDNAs of either Aven, Bcl-xL, or both Aven and Bcl-xL. 

Among the apoptotic conditions tested were exposure to an apoptosis-inducing drug 

called staurosporine, serum deprivation, spent medium, and infection by the Sindbis virus. 

To quantify cell viability under all conditions, cells were stained with trypan blue and 

counted in a hemacytometer.  

 Staurosporine is a known inducer of apoptosis and was used to evaluate cell death 

of CHO-K1 cells expressing Aven, Bcl-xL, and the combination of Aven and Bcl-xL prior 

to testing with cell culture conditions. Exposure to 2µM staurosporine resulted in the 

decrease of cell survival for all clones. Cells that did not express anti-apoptotic proteins 

died at a faster rate than those expressing Aven or Bcl-xL. After 3 days exposure, 20% of 

CHO cells (control) were viable and CHO- Bcl-xL clones showed increased survival rate 

of 85%. CHO-Aven clones exhibited between 20-45% viability depending on separate, 

randomly selected clones. Cells expressing both proteins had a much greater survival 

rates, exceeding 90%. Bcl-xL clones provided the most protection against apoptosis 

compared to cells with Aven alone. However, in cells that expressed both proteins, CHO-
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K1 cells exhibited increased resistance to apoptosis when compared to expression of Bcl-

xL or Aven alone. To test the combined anti-apoptotic effects of Aven + Bcl-xL, CHO, 

CHO- Bcl-xL, and CHO- Bcl-xL+Aven were exposed to staurosporine for 5 days. After 4 

days, cells exhibited survival rates of 10%, 60%, and 85%, respectively (Figueroa et al. 

2004). By the fifth day, most cells exhibited signs of apoptosis, however, even at this 

point, CHO-Bcl-xL+Aven clones displayed survival rates greater than in CHO-Bcl-xL 

alone.  

 Serum in cell culture media is necessary to ensure healthy cell proliferation. 

Hormones, nutrients, growth factors, and specific cytokines are important components of 

the serum to prevent apoptosis. Because serum depletion is observed in cell culture, 

deprivation is a simple, yet effective death stimulus to induce apoptosis. Results from 

staurosporine-induced apoptosis predicted that both Aven and Bcl-xL would offer cells 

higher survival rates when compared to control CHO cells and that expression of both 

proteins together would provide the most protection against cell death. After 2 days in the 

serum deprived condition, CHO-Aven survival rate (90%) was higher than CHO and 

CHO-Bcl-xL cells and matched by survival in CHO-Bcl-xL+Aven clones. However, Aven 

did not provide cells with prolonged protection and cell viability began to decrease after 

the second day. CHO-Bcl-xL clones displayed longer lasting survival until day 5, 

gradually dying over time however, still maintaining increased viability when compared 

to CHO-K1. Similar to exposure to staurosporine, CHO-Bcl-xL+Aven clones offered the 

most anti-apoptotic function of over 85% viability over 5 days. At this time, viabilities 

for CHO-K1, CHO-Aven, and CHO-Bcl-xL were only 20%, 30%, and 55%, respectively 

(Figueroa et al. 2004).  



  Chang 20 

 Spent medium is not only medium in which growth factors and nutrients have 

been consumed, but in which cellular waste has collected. Similar to the serum deprived 

environment, spent medium is not conducive for cell growth and proliferation. In addition, 

spent medium is highly acidic due to metabolic waste products of growing cells. Figueroa 

et al. created 4 and 5-day spent medium by growing CHO-K1 cells in complete medium 

for 4 to 5 days. After 4 days, medium was acidic, however cells were alive and 

maintained a confluent layer. However, after 5 days, cell viability had decreased 

sufficiently and cells appeared unhealthy (e.g. unable to attach to the flask surface). The 

medium was also more acidic due to cellular debris released during death and lysis. 

CHO-K1, CHO-Aven, CHO-Bcl-xL, and CHO- Bcl-xL+Aven cells were exposed to both 

4-day and 5-day spent media. Cells expressing Aven alone had greater survival in 4-day 

medium for 3 days however, after this time viability decreased below that displayed by 

CHO-K1 cells. CHO-Bcl-xL clones also exhibited unusual viability in this environment 

with a drastic decrease in survival after the first day. CHO-Bcl-xL viability leveled off by 

the second day and had greater survival than CHO-K1 cells. CHO-Bcl-xL+Aven cells 

again had enhanced survival compared to all other clones. Even after 4 days in 4-day 

spent medium, cells expressing both proteins had 90% viability. At this point, CHO-Bcl-

xL cells were 70% viable and both CHO-K1 and CHO-Aven cells were only 40% viable.  

 Exposure to 5-day spent medium accelerated cell death in all cells compared to 

treatment with 4-day spent medium. Nonetheless, relative viability trends were similar to 

those seen in 4-day spent medium. After two day exposure to 5-day spent medium, CHO-

Bcl-xL+Aven clones had the highest viability (48%) and CHO-Aven maintained survival 

rates of 20-30%. Protection against apoptosis was greater in CHO-Bcl-xL (42%) than in 
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Aven expressing cells. Decreased cell survival and increased rate of cell death in 5-day 

spent medium indicated that this condition is more toxic, however, expression of Aven, 

Bcl-xL, and Bcl-xL+Aven still enhanced cell survival when compared to CHO-K1 cells 

(13% viable).  

 Exposure of control or cells expressing Aven and Bcl-xL were also exposed to the 

Sindbis virus. CHO-K1, CHO-Aven, CHO-Bcl-xL, and CHO-Bcl-xL+Aven clones there 

infected with the virus to investigate the effects of Aven and Bcl-xL on virally infected 

cells. Cells expressing Aven were not protected from apoptosis upon viral infection. 

CHO-Aven clones had lower survival rates than CHO-K1 at all time points. CHO-Bcl-xL 

clones exhibited protective ability compared to CHO-K1 cells. The apoptosis enhancing 

effect of Aven was translated to the viability of cells expressing Bcl-xL and Aven. CHO-

Bcl-xL+Aven only had higher survival rates than CHO-K1 and CHO-Bcl-xL at the first 

day and slowly decreased below CHO-Bcl-xL after 2 days. These atypical results suggest 

that Aven has pro-apoptotic activity in Sindbis virus infected CHO-K1 cells. It is possible 

the virus is responsible for altering the apoptotic role of Aven. Like Bcl-xL that changes 

from an anti-apoptotic protein to have pro-apoptotic functions after it is truncated at the 

N-terminus, Aven may be capable of various functions. Protection against cell death 

exhibited by CHO-Bcl-xL indicates that Bcl-xL maintains its anti-apoptotic function in 

these virally infected cells (Figueroa et al. 2004).  

 Known to bind and interact with Bcl-xL, Aven has been shown to add to the 

protective effects of Bcl-xL in mammalian cells. Under certain death stimuli, cells that 

overexpressed both Aven and Bcl-xL had much higher viabilities than those that only 

expressed one or the other. The mechanism by which Aven works with Bcl-xL to improve 



  Chang 22 

anti-apoptotic activity is not known. It has been suggested that Aven may prevent the 

inactivation of Bcl-xL. During normal apoptotic processes, Bcl-xL is degraded by 

caspases after a pro-death signal is received. If Bcl-xL is converted into a pro-apoptotic 

protein at this point, it is possible that Aven counters this effect and maintains anti-

apoptotic events by two mechanisms. Aven may bind to and stabilize Bcl-xL, making it 

resistant to degradation by caspases. In addition, Aven has been found to inhibit caspase 

activation, preventing the degradation of Bcl-xL and adding to the protection of cell 

survival (Chau et al. 2000). Another possible mechanism may involve the ability of Aven 

to prevent activation of caspses. Without caspase activation and proteolytic activity, 

cleavage of downstream caspases and cellular components as well as degradation of Bcl-

xL cannot occur. In this case, Aven acts only to prevent the elimination of Bcl-xL, and not 

actively participate in enhancing Bcl-xL function.  

  As demonstrated by Figueroa et al., the overexpression of both Bcl-xL and 

Aven (both upstream inhibitors) provide added protection to CHO cells against a variety 

of death stimuli. Bcl-xL inhibits apoptosis by a number of ways including binding to pro-

apoptotic Bcl-2 family member proteins and maintaining the integrity of the outer 

membrane of mitochondria. Aven also acts upstream by preventing the association of 

Apaf-1 to form the apoptosome. To study viabilities of cells overexpressing upstream and 

downstream inhibitors, Bcl-xL and Aven were expressed in addition to a fragment of 

XIAP, a caspase inhibitor (Sauerwald et al. 2006). XIAP has been shown to effectively 

protect against apoptosis under various death stimuli such as irradiation and chemical 

treatment by inhibiting the activation of caspases-3, -7, -9. In this study, the XIAP-BIR 

segment of XIAP is used to prevent caspase activation. This fragment retains caspase 
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binding domains and BIR repeats critical to the function of anti-apoptotic IAPs. The 

protective effects of the XIAP-BIR variant have been shown to be comparable to wild-

type XIAP (Sauerwald et al. 2002).  

 Bcl-xL, Aven, and XIAP-BIR were overexpressed alone or in combination in the 

CHO cell line and exposed to spent medium, Sindbis virus infection, and chemical 

etoposide death stimuli (Sauerwald et al. 2006). Consistent with previous results, cells 

expressing Aven alone were not protected against viral infection and apoptosis. Figueroa 

et al. demonstrated pro-apoptotic activity of Aven in the presence of viral infection. In 

contrast, both CHO-BIR and CHO- Bcl-xL showed increased survival 40% above the 

control.  

 Cells that co-expressed XIAP-BIR and Aven were subjected to the same virus 

infection and CHO-BIR+Aven showed no improved viability compared to the control 

(Sauerwald et al. 2006). This can be explained by anti-apoptotic XIAP-BIR counteracting 

the pro-apoptotic activity of Aven in the presence of viral infection. The combination of 

Aven and Bcl-xL expression in CHO cells increased viability, however, the most 

significant improvement in survival was observed in CHO-BIR+ Bcl-xL. These cells had 

survival rates of 80% at 48 hours compared to 35% survival observed in CHO-BIR+Aven. 

Over time, CHO-BIR+ Bcl-xL cells had a much greater survival percentage in viral 

infection compared to all other two-protein combinations. Combination of XIAP-BIR, 

Aven, and Bcl-xL afforded increased survival seen in the CHO-BIR+ Bcl-xL combination 

(55%) when compared to survival of 6% of CHO-control after 72 hours of viral infection.  

 Etoposide is an anti-cancer chemical that interrupts DNA replication and 

transcription, resulting in the release of cytochrome c from the mitochondria. This 
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disruption of the mitochondria triggers the caspase cascade. In cells treated with 

etoposide, Aven expression maintained cell survival until 72 hours, at which viability was 

comparable to that in the control line. Cells that expressed XIAP-BIR or Bcl-xL alone 

also showed increased survival throughout the experiment (96 hours) when compared to 

the control.  

 In the presence of etoposide, cells expressing both XIAP-BIR and Aven maintain 

a small improvement in cell survival. However, CHO-Aven+ Bcl-xL and CHO-BIR+ Bcl-

xL maintained survival over 80% over the 96 hour time course. Control cells not 

expressing any inhibitors had a viability percentage of 35% at 96 hours (Sauerwald et al. 

2006). At 96 hours, cells expressing BIR, Aven, and Bcl-xL (90%) showed increased 

survival similar to that observed in CHO-BIR+ Bcl-xL (80%) when compared to control 

cells (viability of 40%) (Sauerwald et al. 2006).  

 The expression of all three apoptosis inhibitors was also tested in 4-day spent 

medium. CHO-BIR+Aven+ Bcl-xL offered the best protection against death and had 25% 

greater viability than control cells at 48 hours. Most cell lines expressing one protein or a 

combination succumbed to death after this time. However, cells expressing both BIR and 

Bcl-xL showed increased viability after 48 hours, suggesting cellular adaptation to this 

condition. Sauerwald et al. determined that this increased survival is not a result of cell 

growth. Instead, dead cells that had lysed were no longer accounted for in the viability 

count and remaining CHO-BIR+ Bcl-xL cells adapted to the spent medium and avoided 

death.  

 The combination of upstream inhibitors to prevent mitochondrial permealization 

and downstream caspase inhibitors has been shown to provide improved protection 
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against apoptosis above and beyond the anti-apoptotic functions of mitochondrial 

inhibitors alone. Like Aven, caspase inhibiting XIAPs may aid in the prevention of Bcl-

xL cleavage and the amplification of the apoptosis cascade. However, expression of all 

three apoptosis inhibitors (XIAP-BIR, Aven, and Bcl-xL) did not offer superior protection 

compared to expression of only BIR and Bcl-xL. This may be due to a change in Aven 

function in the presence of additional proteins or factors. The pro-apoptotic activity of 

Aven in the presence of a Sindbis virus infection is evidence of such a possible alteration. 

For this reason, the two protein combination of XIAP-BIR and Bcl-xL has shown the best 

anti-apoptotic protection while the addition of Aven to this combination does not offer 

much improvement.  

 

III. Inhibition of Apoptosis in Cancer 

 One function of programmed cell death is to maintain cell numbers by balancing 

growth with death. Without this control mechanism, cells proliferate indefinitely and 

produce abnormal growths characteristic of cancer. By understanding how apoptosis is 

inhibited, we can predict mechanisms leading to cancer and possibly how to trigger 

apoptosis in cancerous cells (Ghobrial et al. 2005).  

 Morphological changes characteristic of apoptosis and organized destruction of 

the cell are orchestrated by a number of caspases. Therefore, the inhibition of caspase 

activation pathways can lead to cancerous growth. The anti-apoptotic Bcl-2 family 

proteins are important in the mitochondrial pathway of apoptosis and function to guard 

the outer mitochondrial membrane from permealization and release of cytochrome c into 

the cytosol. Overexpression of anti-apoptotic factors lead to decreased death and 
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prolonged survival of growing cells. Increased Bcl-2 family proteins have been observed 

in serious cancers in human cells such as leukemia, lymphomas, and prostate and ovarian 

cancers (Kaufmann and Gores 2000). Counteracting the action of Bcl-2 family proteins 

are the pro-apoptotic BH3 proteins which bind to Bcl-2 and recruit procaspases. As anti-

apoptotic agents are overexpressed in cancer, pro-apoptotic proteins are underexpressed. 

Decreased expression of Bax and other pro-apoptotic Bcl-2 family proteins has been 

found in tumor growth as well.  

 The death receptor pathway is regulated at many points and as a result, can be 

interrupted in various places to cause cancer. This pathway induces apoptosis when death 

ligands bind to death receptors on cells. Inactivation of this pathway allows cells to 

escape death by cytotoxic T cells. This reduced apoptosis and continued survival of 

aberrant cells aids in tumorgenesis. In the Fas/FasL system, procaspase-8 is activated 

when FasL binds to the Fas receptor on the cell and associates with the Fas-associated 

polypeptide containing a death domain (FADD). Procaspase-8 is then recruited, cleaved, 

and activated. An initiator caspase, caspase-8 cleaves and activates caspase-3, and 

caspase-7 as well (Green and Evans 2002). To interrupt the death receptor pathway early 

on, decreasing death receptor (Fas) prevents the transmission of an apoptotic signal. 

 An obvious target for caspase inactivation is the elimination or reduction of 

procaspases. Mutations that result in the deletion of the procaspase gene should result in 

increased cell viability and survival with death stimuli. It has been demonstrated that 

normal procaspase-8 expression levels are seen in non-cancerous lung cell lines, however, 

in small-cell lung cancer cell lines, procaspase-8 is downregulated (Joseph et al. 1999).  
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 Upon trimerization of the death receptor complex (FasL, Fas, FADD), 

procaspase-8 is recruited and activated. Molecules that interrupt the recruitment of 

procaspase-8 will inhibit caspase activation. Expressed by many cells, flice (caspase-8)-

like inhibitory protein (FLIP) is a protein that has a similar prodomain as procaspase-8. 

As a result, FLIP can bind to the FADD adaptor protein, however, FLIP does not contain 

caspase active sites and cannot act as a caspase. When FLIP is overexpressed, it 

competitively binds to FADD, inhibiting procaspase-8 recruitment and activation (Peter 

2004). The apoptotic signal transmitted by the death receptor cannot continue to 

proteolytic cleavage of downstream caspases and cellular components. Interestingly, 

oncogenic viruses often express viral homologs of FLIP and participate in inhibiting 

apoptosis. An example of this is the human herpes virus-8 that is associated with 

Kaposi’s sarcoma (Thome et al. 1997). Viral FLIPs (v-FLIPs) inhibit procaspase-8 

recruitment and activation from death receptor ligands the same way human FLIPs do. 

 Some cells have high affinity surface proteins called decoy receptors that bind to 

death ligands but do not transmit the apoptotic signal. These receptors prevent 

appropriate receptors from receiving death stimuli while bound to death ligands. DcR3 is 

a secreted protein that selectively binds to FasL on cytotoxic T cells, either decreasing the 

apoptotic signal or inhibiting it all together. In cancerous tumor cells, the DcR3 gene has 

been found to be either overexpressed or amplified (Kaufmann, Gores 2000). This results 

in an increased number of DcR3 decoy receptors that competitively bind to death ligands 

and provide a survival advantage to aberrant cancer cells.   

 Both the mitochondrial and death receptor pathways can be inhibited through 

caspase activation signaling pathways of kinases. When surface receptor tyrosine kinases 
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activate Ras proteins, various lipid kinases are activated to ultimately turn on the Akt 

kinase. Phosphorylation and activation of Akt alters apoptosis by inhibiting cytochrome c 

release from mitochondria and inducing the death receptor pathway. In addition, Akt 

inactivates several pro-apoptotic substrates such as procaspase-9 and Bad, a pro-apoptotic 

Bcl-2 family protein (Kaufmann, Gores 2000).   

 Inihibitors of apoptosis proteins (IAPs) function to maintain inactive caspases in 

both the mitochondrial and death receptor pathways. By inhibiting active caspase activity, 

IAPs can greatly affect the progression caspase cascade and amplification. 

Overexpression of IAP can inhibit the activation of initiator caspase-9, caspase-8 and 

consequently, downstream caspase-3, caspase-6, and caspase-7. Without the proteolytic 

activity of caspases, apoptosis is greatly limited or prevented altogether.  

  

A. Aven in Cancer 

 Because the inhibition of apoptosis frequently results in diseases such as cancer, 

understanding anti-apoptotic protein function is important in predicting prognosis and 

treatment responses. Severity of disease and effectiveness of treatments such as 

chemotherapy may be determined by how cancerous cells resist death. Many of the Bcl-2 

family proteins and IAPs have been found to be over-expressed in tumor cells and have 

been linked to clinical diagnosis of cancer. In a study of adult leukemia, Paydas et al. 

demonstrated Aven expression in relapse patients. To further examine the role of this 

novel anti-apoptotic protein in cancer, Choi et al. conducted a study on childhood acute 

lymphoblastic leukemia patients to determine the relationship between Aven expression 

and disease prognosis and response to treatment. Aven expression was correlated with 
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chromosome abnormalities t(9; 22) and 11q23 rearrangement. Translocation t(12;21) is 

the most common abnormality found in leukemia and correlates with the best prognosis 

however, Aven expression was found to be lower in individuals with t(12;21) (Choi et al. 

2005). The presence of Aven was found to predict treatment outcome in a group of 

standard-risk patients. Similar to previous study on Aven in leukemia, overexpression 

was correlated with disease relapse in patients (Paydas et al. 2003, Choi et al. 2005).  

 

IV. Programmed Cell Death in Drosophila melanogaster 

 Commonly studied as a model for human genetics, Drosophila melanogaster is 

used to understand apoptosis because many common genes and proteins are conserved 

throughout evolution and many human homologs have been identified (Aravind et al. 

2001). In Drosophila, a protein called Dark is homologous to mammalian Apaf-1, 

caspase-9 is named Dronc, Bcl-2 family members Debcl and Buffy are present to also 

regulate apoptosis. Diap-1 is the most important IAP in flies and prevents the activation 

of Dronc and downstream caspases such as Drice (Hay et al. 2004). Mammalian 

inhibitors of IAP such as Diablo/Smac and Omi/Htr2 are homologous to Diap1-binding 

proteins reaper (Rpr), head involution defective (Hid), Grim, sickle (Skl), and Jafrac2 

(Cashio et al. 2005). Figure 2.  

 Similar to apoptosis in human development, Drosophila display embryonic cell 

death in cells of the central nervous system. Apoptosis in the developing fly is governed 

by the five pro-apoptotic genes rpr, hid, grim, skl, and jafrac2. Rpr, hid, and grim are 

located within a gene locus called H99 while skl and jafrac2 are located elsewhere in the 

genome. These pro-apoptotic genes are orthologs of the human gene Smac and code for 
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specific proteins that induce apoptosis. The common RHG gene motif at the N-terminus 

is conserved in all H99 genes of the fly and in mammalian orthologues. This motif codes 

for the pro-apoptotic activity of corresponding proteins and in Drosophila, allow pro-

apoptotic proteins to bind to IAPs such as Diap-1 (Wing et al. 2000). When this occurs, 

IAP can no longer inhibit procaspase activity and apoptosis is initiated.   

   

A. Drosophila Caspases and IAPs 

 As discussed, fly caspases are similar in structure and function to those in the 

human. Initiator caspase Dronc is similar to mammalian caspase-9 and contains a CARD 

motif in the prodomain. Parallel to mammalian caspase activation, Dronc cleaves and 

activates executioner caspase Drice (similar to caspase-3, caspase-6, and caspase-7). 

Without Dronc, downstream caspases such as Drice are not activated and caspase-

mediate apoptosis cannot occur. Conversely, overexpression of the Dronc gene causes 

cell death. Unlike apoptosis in mammalian cells, cell death in flies is initiated by the 

constant activation of Dronc. If Dronc is uninhibited, the active caspase will cleave and 

activate downstream caspases. The only way that cell death is prevented is through the 

IAP binding of caspases.  

 Although there are four IAPs (Diap-1, Diap-2, Deterin, and DBruce) in the fly, 

Diap-1 is the most clearly understood and important in Drosophila apoptosis. Diap-1 

contains two BIR domains and has been found to interact with initiator caspase Dronc 

and executioner capases Drice and Dcp-1 (Cashio et al. 2005). In the absence of Diap-1, 

caspase activation is not controlled and Drosophila cells experience rapid apoptosis 

(Wang et al. 1999).   
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B. Apoptosis in Mammals versus Drosophila 

 In Drosophila apoptosis, IAPs (Diap-1 in particular) are crucial in regulating cell 

death. The zymogen form of Dronc is only inhibited through binding with Diap-1. Only 

downstream capases Drice and Dcp-1 are inhibited by Diap-1 as mature proteins. In 

contrast in mammals, IAPs are only bound to the active forms of caspases (Zachariou et 

al. 2003). The mammalian cell employs several apoptotic regulatory mechanisms aside 

from IAPs while Diap-1 must mediate Dronc activation even in its unprocessed form. 

This suggests that the role of Diap-1 in inhibiting Dronc is the main regulatory action in 

flies.  

 Another difference between mammalian and fly apoptosis is the participation and 

role of mitochondria and cytochrome c. In the mammalian cell, the release and 

association of cytochrome c to Apaf-1 is necessary in the recruitment and activation of 

caspase-9. Interaction between pro-apoptotic BH3 and anti-apoptotic Bcl-2 proteins allow 

for mitochondrial permealization and cytochrome c release. In flies, there is no evidence 

showing a similar participation of cytochrome c (Dorstyn et al. 2002). The Apaf-1 

homolog Dark does not need cytochrome c to be activated. Instead, pro-apoptotic 

proteins Rpr, Hid, and Grim are the driving force to overcome Diap-1 inhibition of Dronc 

(Yoo et al. 2002). Dronc is activated when it binds to the adaptor protein Dark. 

 

RESEARCH QUESTION  

 We identify a putative ortholog aven gene in Drosophila melanogaster and wish 

to determine whether the Drosophila Aven protein affects apoptosis in flies. We wish to 
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determine whether Drosophila Aven functions as an anti-apoptotic factor in Drosophila 

cells and adult flies. Preliminary research has pointed towards an anti-apoptotic role of 

Aven in Drosophila cells with reduced Aven expression. In addition, we hope to map the 

protein domains in the human Aven protein involved in caspase-9 and Bcl-xL binding.  

 

MATERIALS AND METHODS 

I. Plasmid Construction 

 The Aven cDNA was obtained from the Riken embryo pFlc1 plasmid library and 

cloned into the pUAST expression vector using XbaI restriction enzyme sites, creating 

pUAST-Aven.  

 

II. Cell Culture Maintenance 

 Drosophila Schneider (S2) cells were cultured in Scheider’s Drosophila complete 

medium containing 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-

streptomycin (Invitrogen Corp.). Cells were maintained at around 21-24°C without CO2 

and passaged 1:4 every three days.  

 

III. Cell Viability Assays 

A. Hydrogen Peroxide 

 To determine optimal experimental conditions for assessing S2 cell viability, we 

exposed cells to different concentrations of hydrogen peroxide as a death stimulus for 

various periods of time. Cells were treated with 0mM (control), 10mM, 20mM, or 40mM 

of H2O2 and observed at 0, 2, 4, 8, 15, and 24 hours. S2 cells were plated at 1.0 x 106 
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cells/ml in Schneider’s Drosophila medium. Cell viability was determined using trypan 

blue and counted using a hemacytometer. A treatment of 20mM H2O2 for four to eight 

hours was found to be optimal and chosen for further experiments.  

 

B. Serum Starvation  

 For serum starvation, S2 cells were plated at 1.0 x 106 cells/ml in Schneider’s 

Drosophila complete medium over night before exposure to serum-free conditions. At 

this time, complete medium was substituted with serum-free medium and cells were 

observed at 0, 2, 4, 6, and 18 hours. A control group was treated with complete medium. 

Average cell survival at six hours was 93% for cells in complete medium and 89% for 

cells in serum-free medium. Survival rates at 18 hours were 91% and 80% for cells in 

complete and serum-free conditions, respectively (data not shown). Differences in 

survival percentages between cells exposed to complete and serum-free medium were not 

significant enough to qualify the use of serum starvation as a death stimuli. Therefore, 

this treatment was eliminated in subsequent studies. 

 

IV. Gene Knock-down by RNAi 

A. Production of dsRNA of Aven in vitro 

 Double stranded RNA for Aven and GFP RNA were generated for RNAi and 

control treatments, respectively. Aven and GFP cDNA templates were used for 

transcription of dsRNA with T7 RNA polymerase. Reaction mixtures of template cDNA, 

polymerase, and reaction master mixture were incubated at 37°C for 6 hours after which 

samples were treated with DNase and incubated at 37°C for 15 minutes. For dsRNA 
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treatment, condition medium was created from the supernatant of S2 cell culture. Cells 

were washed with complete medium and plated at 1.0 x 106 cells/ml in Schneider’s 

Drosophila complete medium. A 0.5µg/ml dsRNA solution was added to each well (final 

concentration of 10µg/ml) and incubated at room temperature for one hour. Conditioned 

medium (final concentration of 20%) and complete medium were added to each well and 

incubated for two days at room temperature. The solution is then removed and cells are 

washed with serum-free medium. Two successive dsRNA treatments are performed for 

two days at a time before cells are ready for stress treatment.  

  

B. Hydrogen Peroxide Viability Assay  

 After dsRNA treatment, cells were washed with serum-free Schneider’s 

Drosophila medium and treated with serum-free medium (control) with or without 20mM 

H2O2 for 0, 2, 4, and 6 hour intervals. Cell viability was determined using trypan blue and 

counted using AxioVision 4.2 (Zeiss, Inc.). Preliminary results suggest that reduction of 

Aven gene expression may reduce cell viability under oxidative stress, suggesting that 

Aven functions as an anti-apoptotic molecule in S2 cells.  

 

V. Creation of Aven Gene Constructs 

 The creation and expression of various Aven gene constructs will allow 

determination of protein regions vital to a possible anti-apoptotic function. These 

constructs will include the full length gene and the Aven gene with mutations and 

truncations on both amino and carboxyl ends. Subsequent transfection of the constructs 

into S2 cells will explore which protein domains are important to gene function. Four 
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Aven constructs of various lengths were created by PCR amplification using various 

primers. These include the full-length (1-294 bp), lacking the C-terminus (1-274 bp), 

lacking the N-terminus (44-294 bp), and lacking both N and C-termini (44-274 bp). The 

following oligonucleotides were used to create these Aven constructs. 5’-AGA-ATT-

CAT-GGC-ATA-TCC-TTA-TGA-TGT-TCC-TGA-TTA-TGC-TAT-GTC-CGG-CAA-

GGA-CGA-TCG-‘3 (5HAdrAVEN1), 5’-AGA-ATT-CAT-GGC-ATA-TCC-TTA-TGA-

TGT-TCC-TGA-TTA-TGC-TAT-GGT-TGA-TGT-GGC-GGA-CTC-‘3 

(5HAdrAVEN44), 5’-TGA-ACT-AGA-TCT-CTA-TTC-ATC-CAA-AAC-GGA-ATC-

CAG-CCA-TTC-CTC-‘3 (3drAVEN294), and 5’-TGC-AGA-TCT-CTA-TGT-GGC-

CGG-CTG-CAC-CAT-AGG-CAT-TGG-CAT-CGT-‘3 (3drAVEN274) were used to 

create Aven cDNA constructs. After primers (10µM of each ) were added to template 

cDNA and master mixture, 30 cycles of denaturation (94°C for 15 seconds), annealing 

(63°C for 30 seconds), and extension (68°C for 2 minutes) were performed. Constructs 

were successfully cloned into the pUAST expression vector.  

 

VI. Aven Binding to Caspase-9 and Bcl-xL 

 Co-immunoprecipitation assays were used to explore the association of human 

Aven with initiator protein caspase-9 and Bcl-xL. HA-tagged full length human Aven (1-

362) and HA-tagged Aven mutant (1-293) without the C-terminus were co-transfected 

with caspase-9 into COS-1 cells. Cell lysates were precipitated with an anti-HA antibody 

and blotted with an anti-caspase-9 antibody. Similarly, Aven interaction with anti-

apoptotic protein Bcl-xL was explored by co-transfecting the full length Aven construct in 

the presence of Bcl-xL into COS-1 cells. An anti-HA antibody was used to precipitate the 
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proteins and anti-Bcl-xL antibody to blot. An aven construct with mutations in the BH3 

domain was used to examine the importance of this domain to Bcl-xL interaction. Co-

immunoprecipitation of the Aven BH3 mutant ands Bcl-xL was performed similarly to 

the full length Aven-Bcl-xL assay. 

 

RESULTS 

 We have identified a Drosophila ortholog to the mammalian anti-apoptotic gene 

Aven by a database search and sequence alignment. Figure 3. Aven is highly conserved 

in many species such as H. sapiens, M. musculus, G. gallus, and X. tropicalis. Contained 

within the amino acid sequence, we have identified conserved BH3, leucine-rich, and 

caspase binding domains. The intact BH3 domain has been determined to be necessary 

for Aven to bind to Bcl-2 family proteins such as Bcl-xL. The caspase binding domain at 

the C-terminus is responsible for Aven association with caspase-9. These protein-protein 

interactions will be discussed below. Leucine-rich sequences are known nuclear export 

signals necessary for the regulation of protein location and movement in the cell. The 

functioning of export signals influence transcription and other nuclear mechanisms 

crucial to the cell cycle and survival. The exportin called CRM1 has been identified as 

the receptor for leucine-rich nuclear export signals (la Cour et al. 2004). Immunoblot 

analysis revealed the presence of Aven in the cytoplasm as well as in cell nuclei (Chau et 

al. 2000). Therefore, it is likely that the leucine-rich sequences identified are bona fide 

nuclear export signals.   

 To determine the role of the fly Aven protein in apoptosis regulation, we 

performed gene knock-down experiments in Drosophila Schneider (S2) cells by 
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treatment of cells with Aven dsRNA. Viability assays of loss-of-Aven-function S2 cells 

were performed with a 20mM H2O2 insult for up to 6 hours. Optimal H2O2 concentration 

and time intervals of 20mM for 4-6 hours were previously determined by treating S2 cells 

with 0, 10, 20, and 40mM H2O2 for 0, 2, 4, 8, 15, and 24 hours. At these conditions, cell 

viability decreased from 69% to 50% between 2-8 hours. Figure 4.  

 When S2 cells treated with Aven dsRNA and control (GFP dsRNA) were exposed 

to 20mM H2O2, cells with loss-of-Aven-function had decreased survival when compared 

to control cells. At four hours, 68% of control cells were viable while 62% of loss-of-

Aven-function cells were viable. When cells were examined after six hours, survival rates 

were 59% and 45% for control and Aven dsRNA cells, respectively. Figure 5. These 

results suggest that Aven may play a role in maintaining cell survival in S2 cells exposed 

to oxidative stress.  

 To examine the functioning of the caspase binding domain at the C-terminus of 

Aven protein, we performed co-immunoprecipitation assays between full length human 

Aven (1-362) and caspase-9. The two proteins were co-transfected into COS-1 cells, 

precipitated with an anti-HA antibody, and blot with an anti-caspase-9 antibody. Figure 6. 

In lane 2, we see that wild-type Aven co-immunoprecipitated with caspase-9. The same 

assay was performed with an Aven mutant lacking the C-terminus (1-293). In lane 1, 

Aven∆C was unable to co-immunoprecipitate with caspase-9, indicating the importance 

of this region for caspase-9 association.  

 The BH3 binding domain of Aven is important for association with Bcl-2 member 

proteins such as Bcl-xL. We identified a BH3 domain in the Aven sequence (see Figure 

3.) To examine the role of this domainin Aven-Bcl-xL binding, Aven was co-
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immunoprecipitated with Bcl-xL. Figure 7. Full length Aven (1-362) was co-transfected 

with Bcl-xL, precipitated with an anti-HA antibody, and blot with an anti-Bcl-xL antibody. 

In lane 2, we observe that wild-type human Aven efficiently co-immunoprecipitated with 

Bcl-xL. The same assay was performed using a mutant form of Aven containing 

inactivating mutations in the BH3 domain. In lane 3, we see that with BH3 domain 

mutations, Aven is unable to associate with Bcl-xL, confirming the presence and 

importance of this domain for Bcl-xL binding.  

 
CONCLUSIONS 

 In experimenting death stimuli conditions to measure S2 cell viabilities, we 

initially tested various concentrations of hydrogen peroxide to find the optimal conditions 

in which a wide range of survival rates are observed in S2 cells. After exposing cells to 0, 

10, 20, and 40mM H2O2 for time intervals of 0, 2, 4, 8, 15, and 24 hours, we determined 

that treatment of S2 cells with 20mM H2O2 for a period of 4-8 hours was the best 

experimental paradigm for testing the apoptosis-modulating functions of Aven in these 

cells.  

 To determine the effects of Aven expression in S2 cells exposed to death stimuli, 

cells were transfected with Aven dsRNA to knock-down gene function. Preliminary 

results of Aven gene knock-down S2 cells exposed to 20mM H2O2 indicated a decrease 

in cell viability in cells that do not express the Aven protein when compared to the 

control group. Here we used optimal H2O2 concentrations at 4-6 hours and at four hours 

observed a difference between survival percentages of 68% for control cells and 62% for 

loss-of-Aven-function S2 cells. At six hours, survival falls to 59% and 45% for control 

and loss-of-function cells, respectively. Although the viability rates between control and 
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gene knock-down cells vary only by a small percentage, these results suggest that 

reduction of Drosophila Aven expression levels by dsRNA-mediate knock-down may 

reduce cellular survival in H2O2-treated S2 cells. This is also evidence that Aven 

maintains cell viability and has anti-apoptotic activity in the presence of oxidative stress. 

Further experiments are necessary to confirm the effects of Aven gene knock-down in S2 

cells exposed to other death stimuli.  

 As it has been demonstrated that Aven inhibits apoptosis induced by Apaf-1 and 

caspase-9 in mammalian cells (Chau et al. 2000), it can be suggested that Aven may bind 

to and inhibit the action of caspase-9, blocking the initiation of the caspase cascade. 

Presence of a caspase binding domain at the C-terminus is also evidence of association 

with capases. Co-immunoprecipitation assay was performed to determine protein 

interactions between Aven and caspase-9. The wild type Aven protein (1-362) was found 

to bind to caspase-9. The same association was not observed when a mutant Aven lacking 

part of the C-terminus (1-293) was co-immunoprecipitated with caspase-9. In this case, 

the mutant Aven did not bind to caspase-9, suggesting that residues 294-362 of the C-

terminus are vital in the possible binding of caspase-9 by Aven. Furthermore, this may 

point to the function of Aven to inhibit apoptosis by binding with and inactivating 

caspase-9.  

 Figueroa et al. demonstrated that co-expression of Aven and Bcl-xL proteins in 

CHO cells increased protection against apoptosis by 20-30%, however it is unknown how 

the proteins interact to enhance anti-apoptotic activity. To study Aven- Bcl-xL protein 

interactions, wild type Aven and Bcl-xL were co-immunoprecipitated and results showed 

that indeed the proteins bind together. A putative BH3 domain has been identified 
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between amino acid residues 143-151 of human Aven. Introducing mutations into the 

BH3 domain of Aven limited the protein’s binding capability to the anti-apoptotic protein 

Bcl-xL. This was demonstrated by co-immunoprecipitation of BH3 mutated Aven and 

Bcl-xL. Unlike the association of wild type Aven to Bcl-xL, BH3 mutated Aven did not 

bind, indicating the possible function of this BH3 domain as a critical protein binding site. 

However, mutations in BH3 did not affect Aven binding to Apaf-1 or capase-9 (data not 

shown).  

 

FUTURE DIRECTIONS 

 Future direction of this project includes repeating the Drosophila Aven knock-

down experiment using H2O2 and other death stimuli such as UV irradiation and 

staurosporine. We also wish to test the effect of Aven overexpression in S2 cells treated 

with H2O2 and various death stimuli. Demonstration of human Aven protein interactions 

with other anti-apoptotic proteins such as the Bcl-2 family proteins will help elucidate the 

role of Aven to inhibit pro-death or aid anti-apoptotic proteins. In addition to identified 

BH3 and caspase binding domain, we found two leucine-rich protein regions that are 

conserved between fly Aven and human Aven. One of our future goals is to determine 

whether these sequences function as nuclear export signals and to study the importance 

and possible function of Aven in the nucleus. Ultimately, we hope to understand the role 

of Aven as an apoptosis regulator during development in Drosophila melanogaster by 

generating transgenic flies in which overexpression of Aven will be specific to eye tissue.  
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FIGURES 
 

 
 
Figure 1. Comparison of the apoptosis pathways in Drosophila and mammals. In flies 
(left panel), Dark associates with and activates free Dronc. Prior to activation, Diap-1 
inhibits Dronc and effector caspases. Once RHG (Diap-1 binding proteins such as Rpr, 
Hid, Grim, Skl, and Jafrac2) block Diap-1, Dronc can function. The active-form of Dronc 
then cleaves downstream executioner caspase Drice and induces apoptosis. A. In 
mammals (right panel), a death stimulus activates pro-apoptotic protein BH3 which 
promotes similar pro-death proteins Bax and Bak to permealize the mitochondria, 
releasing cytochrome c and Smac/Diablo. Smac/Diablo inhibit IAPs and allow caspases 
to act. Cytochrome c associates with Apaf-1, forming the apoptosome complex which 
activates initiator caspase-9, which in turn cleaves executioner caspases-3 and -7, leading 
to cell death. B. In the extrinsic pathway, death receptors recruit FADD which activate 
caspase-8. Initiator caspase-8 then cleaves and activates caspases-3 and -7, resulting in 
apoptosis.  
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Protein Function 

 
Mammals 

 
D. melanogaster 

IAP Inhibitor Smac/Diablo RHG 
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Executioner Caspases Caspases-3, -7 Drice 
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Figure 2. Core machinery in the apoptosis of Drosophila and mammals. The IAP 
inhibitor Smac/Diablo in humans is analogous to RHG proteins Rpr, Hid, Grim, Skl, and 
Jafrac2 in flies. The prominent IAPs are XIAP in mammals and Diap-1 in flies, acting to 
prevent the activation of caspases. Initiator caspases in both species have similar roles 
and are named caspase-9 in mammals and Dronc in the fly. Both caspase-9 and Dronc 
require association with an adaptor protein for activation. Apaf-1 in mammals is 
orthologous to Dark in Drosophila. Executioner caspases-3 and -7 in mammals and Drice 
in flies cleave structural proteins and nuclear material. Bcl-2 is critical in regulating 
Apaf-1 activation. In flies, a protein called Buffy (Bcl-2 family member) performs this 
function. 
 
Back 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  Chang 47 
 
 
 
D. melanogaster ----------------------------------------------------------------------MSGKDDRSKEAKRRNM 
H. sapiens ---------------------------------------------MQAERGARGGRGRRPGRGRPGGDRHSERPGAAAAVRGGGGG 
M. musculus --------------------------------------------------------MQAERGARGGRGRRGGRERPGGDREPVGAA 
G. gallus  -------------------------------------------------------------------------------------- 
X. tropicalis --------------------------------------------------------------------------------MERGRG 
 
 
 
D. melanogaster KQYNHHHKKDQGRSTTSSGSPPPTSRRSMVDVADSSDEPRLARRGNWQSSGAGRSSLAPQRNRDMLDTLPSDTDDVEQLDLDGAPI 
H. sapiens GGGDGGGRRGRGRGRGFRGARGGRGGGGAPRGSRREPGGWGAGASAPVEDDSDAETYGEENDEQGNYSKRKIVSNWDRYQDIEKEV 
M. musculus TALARGGCGDGGGRRGRGRGFRRGRGGGGLRGGRWEPGGRGGGASTRVEEDSDSETYGEENDEQGNFSRRKIVSNWDRYQDTEKEV 
G. gallus  --------------------------------------------------------------EVKNYSRRKIVSNWNRYEDAEKEG 
X. tropicalis RHRRGGGGRRRPWGERGRGGDRVGPAHSGRGYRGADRQRNEPSEPRIEDRNEAVEPQEEDEQVLLGFSRRKISSNWDRYEETEKES 
 
 
 
D. melanogaster  DENARAQLRAGDFQQLAQFPSLGGGHFTFGSEREWANVAEGQTKLHTKAASAYFTLNLTRLNVGLQTIPLYKRLDYPASLFTRAQ- 
H. sapiens         NNESGESQRGTDFSVLLSSAGDSFSQFRFAEEKEWDSEASCP-----KQNSAFYVDSELLVRA-LQELPLCLRLNVAAELVQGTVP 
M. musculus         NGESGESQRGTDFSVLLSSAGDSFSQFRFAEEKEWDGETSCP-----KQNSALYVDSESLVRA-LEQLPLAVRLNVASELIQTTIP 
G. gallus          QTECGESQRGTDFSVLLSSAGDSFTQFRFAEEKDWDTENVYC-----KQLSALSVDCQSLAQA-LQELPLHLRLNVAAELVQALTP 
X. tropicalis       ESESKVLQRGADYSVLLSSAGDSFTQFRFADEKDWEAETPSY-----KQASAVCLDPQSLVRV-LQELPLHLRLNVEPELVQEVLP 
          _______________                    SAYF    LxVxxLQxIPLxxRLxYxAxLFxxAx 
Consensus          BH3 Domain           Leucine Rich I (NESI?) 
     
 
 
 
 
D. melanogaster  IAA-QEKAAERAEAVYQQCILKDANGG--------------AKSRAPSAKSNKDVAPAAAEKP--IAASAAEP--DELDELLAMTD 
H. sapiens LEVPQVKPKRTDDGKGLGMQLKGPLGPGGRGPIFELKSVAAGCPVLLGKDNPSPGPSRDSQKPTSPLQSAGDHLEEELDLLLNLDA 
M. musculus LELPQVKPRRNDDGKELGMHLRGPI--------SELRSAAGACPRSLGRGSLRQSPLEGLQKAPTPTQSVADHLEEELDMLLHLDA 
G. gallus  VELPQMKSKVVEDSKRR-ELFRQSLSQRETALVSQSVGDSATSSEPGSKRGPVTSAAEPFQRAHLLAKQETDHLDEELDRLLNLDA 
X. tropicalis QELPHFKTRDILITP---PVIQAP---------------PSTGAASSTQVGMAPPEEQVSNTTRAQDSSPQLELDEELDFLLSLEA 
          SAAExxxDELDxLLxMxx 
Consensus                Leucine Rich II (NESII?) 
 
 
 
D. melanogaster  ----------------------TQLDIGSGTITMPM----PMVQPATPSSAASKN----GVEEWLDSVLDE  294 
H. sapiens          PIKEGDNILPDQTSQDLKSKEDGEVVQEEEVCAKPSVTEEKNMEPEQPST--SKNVTEEELEDWLDSMIS-  362 
M. musculus         PVQEEGNISPDQTSRDQEPEKDGQVAQEETGPEKPSVTREKNVEPEQPST--SKNVTEEELEDWLDSMIS-  342 
G. gallus         PI---DSVSGALSYNIS-TEKDLKMESKENDPPTADVPEEKSTALQQEQKT-SKIVTEEELEDWLDSMIS-  269 
X. tropicalis       PVKEAAGVKPTNE------EKECDLHGKRQELLP------ITDEDASSSAEKNKSVTEEDLEDWLDSMIS-  298 
            PxxPSTxxSKNxxxxxVEEWLDSVLxx 
Consensus       Caspase Binding domain 

 
 
 
Figure 3. Aven sequence alignment in D. melanogaster, H. sapiens, M. musculus, G. gallus, and X. tropicalis. 
Highly conservered protein regions include a BH3 domain, leucine rich export sequences, and a caspase binding 
domain. These regions may be responsible for association with Bcl-2 family proteins including Bcl-xL, nuclear 
export signaling, and caspase binding, respectively. Full sequence of G. gallus not identified. 
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Figure 4. Sensitivity of S2 cells to H2O2 treatment. S2 cells were treated with different H2O2 concentrations and 
stained with trypan blue at indicated times (in hours). Treatment of S2 cells in 20mM H2O2 between 2-8 hours 
is optimal for further cell viability assays. 
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Figure 5. Effects of Aven gene knock-down on the sensitivity of S2 cells to 20mM H2O2 treatment. Yellow 
bars, cells transfected with control dsRNA; blue bars, cells transfected with Aven dsRNA. Time is shown in 
hours.  
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Figure 6. Aven binding to caspase-9. COS-1 cells were co-transfected with full length HA-epitope tagged 
human Aven (1-362) and caspase-9 observed in lane 2. In lane 1, COS-1 cells were co-transfected with Aven∆C 
(1-293) observed in lane 1. Cell lysates were immunoprecipitated with anti-HA antibody, separated by SDS 
PAGE and immunoblotted with anti-caspase-9 antibody. In lane 2, full length Aven was observed to associate 
with caspase-9, however Aven mutant with truncated C-terminus was unable to bind to caspase-9 (lane 1). 
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Figure 7. Aven association with Bcl-xL. COS-1 cells were co-transfected with full length Aven and Bcl-xL (lane 
2). Similarly, Aven with BH3 domain mutations was co-transfected with Bcl-xL into COS-1 cells (lane 3). Cell 
lysates were precipitated with anti-HA antibody, separated by SDS PAGE, and blot with anti-Bcl-xL antibody. 
The full length Aven associated with Bcl-xL, but Aven containing BH3 domain mutations failed to bind to this 
protein. 
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