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Abstract

The adenoviral Early Region 4 open reading frame 4 (E40rf4) protein has been

shown to induce p53-independent apoptosis in transformed human cell lÎnes. In

rodent cens, E40rf4 has been shown to mediate apoptosis in the presence of a

caspase inhibitor. These early results suggested that E40rf4 triggers a novel, non

classical form of apoptosis that may be independent of the core death machinery. A

series of experiments were performed to analyze the activation of apoptotic

machinery in response to the expression of E40rf4 in human celllines. The analysis

of E40rf4-induced cell death focused on a detailed examination ofmolecular

mechanisms involved in the induction and execution of classical apoptosis. The

results showed that E4orf4 induces moderate levels of cell killing ofhuman cancer

cens and causes sorne externalization of phosphatidylserine. However, E4orf4

mediated cell death is not associated with the activation of caspases or with the

release of cytochrome c from mitochondria. Furthermore, poly(ADP-ribosyl)

polymerase (PARP) is not proteolytically processed, mitochondrial membranes are

not depolarized, and reactive oxygen species (ROS) are not generated. Thus, E4orf4

seems to induce an aberrant type of apoptosis characterized by no apparent

activation of the classic molecular apoptotic machinery.



Résumé

La protéine virale E4orf4 est capable de causer l'exécution de l'apoptose dans des

lignées de cellules humaines immortalisées indépendemment de la protéine p53. De

plus, la protéine E4orf4 peut induire l'apoptose dans des cellules d'ovaires de

hamsters (CHO) et ce malgré la présence d'un inhibiteur de caspase. Les résultats

préliminaires indiquent que la protéine E40rf4 cause une nouvelle forme d'apoptose

qui est possiblement indépendente de l'activation de mécanismes typiquement

associés avec la mort cellulaire programmée. De nombreuses expériences ont été

entreprise dans des lignées cellulaires humaines afin de déterminer l'effet de

l'expression de la protéine E40rf4 sur les mécanismes intrinsèques de l' apoptose

dite "classique". Les caractéristiques biochimiques de l'apoptose furent analysées

pour étudier la mort cellulaire produite par la protéine E4orf4. Les résultats

démontrent que la protéine E40rf4 cause un niveau modéré d'apoptose dans des

cellules cancéreuses, de même qu'une faible externalisation de phosphatidylsérine

au feuillet externe de la membrane plasmique. Par contre, la mort cellulaire induite

par la protéine E4orf4 n'est pas associée avec l'activation des caspases ou de la

liberation de cytochrome C des mitochondries. De plus, l' apoptose observée n'est

pas accompagnée d'une dépolarisation de la membrane des mitochondries, ni d'une

production de radicaux d'oxygène libres et la protéine poly(ADP-ribosyle)

polymérase (PARP) n'est pas modifiée par des protéases. En conclusion, les

résultats obtenus démontrent que la protéine virale E40rf4 orchestre l'exécution

d'une apoptose abbérante qui n'est pas accompagnée de l'activation de mécanismes

généralement observés avec cette dernière.
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1. INTRODUCTION

1.1. Apoptosis

1.1.1. Definition and historical perspective

Apoptosis, or programmed ceIl death (PCD), is a genetically controlled and

biochemically executed process of self-destruction ofmetazoan ceUs. Apoptotic

death oceurs in a series of uniform events in response to various stress signaIs that

activate an intrinsic, highly eonserved ceU death apparatus. Following the activation

of apoptotie macrunery (core death machinery), ceUs die within 30 minutes and are

consumed by macrophages and surrounding ceUs (section 1.1.2).

Although the occurrence ofPCD was observed numerous times over the last 150

years in studies of tissue development (Vogt 1842, Flemming, 1885), molecular

mechanisms involved in regulation and execution of apoptosis have not been

characterized until recently. PCD was tirst deseribed three decades age by an

Australian pathologist John F. Kerr foUowing a series of observations in his studies

ofhypertrophy and ischemic injury ofrat livers. Kerr initiaUy noted that dying

hepatocytes did not exhibit necrotic histology, but instead shrunk and transformed

into round cytoplasmic masses (Kerr, 1965). Using electron microscopy, Kerr later

observed the conversion of damaged liver ceUs into small vesicles eontaining intact

organelles and condensed chromatÎll (Kerr, 1969), which were quickly engulfed by

adjacent cells, leaving no trace of the dead cell's prior existence (Kerr, 1972a).

Initially, Kerr used a term "shrinkage necrosis" to describe the novel type of eeU

death (Kerr, 1971, 1972b), but he later replaced it with the term "apoptosis" (Kerr;

1972a) to completely differentiate between the novel physiological form of ceU death

and necrosis. The word "apoptosis" ("to detach and faU" in Greek) referred to the faU

of leaves from flowers, which coincidentally tumed out to be a programmed death

process as weil. Molecular mechanisms involved in the regulation and execution of

mammalian apoptosis were elucidated in the last decade, following genetic
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characterization ofthe equivalent process in a nematode organism C.elegans (Ellis

and Horvitz, 1986, described in section 1.1.6).

1.1.2. Overview of apoptotic haHmarks

In years following Kerr's early discoveries, apoptosis has been thoroughly studied

and characterized on both molecular and morphologicallevels. The morphological

hallmarks of apoptosis were found to include chromatin condensation, cytoplasmic

shrinkage, cytoplasmic membrane blebbing (Wyllie et aL, 1981, Kerr, 1972a) and

swelling of the outer mitochondrial membrane (Vander Heiden et al., 1997).

Molecular events occurring during apoptosis include degradation ofnuclear DNA

(WyUie, 1981, Brown and Rose, 1992, Oberharnmer et al., 1993), release of

cytochrome c from mitochondria (Kluck et aL, 1997, Yang et al., 1997), proteolysis

of several structural and regulatory proteins (Brancolini et al., 1995, Los M. et al.,

2002, Cryns and Yuan, 1998)), depolarization of the outer mitochondrial membrane

(Green and Reed, 1998), production ofReactive Oxygen Species (ROS) (Shoji et al,

1995, Jacobson, 1996), and extemalization ofphosphatidylserine (PS) (Fadok and

Henson, 1998). End-stage apoptosis is characterized by the enclosure ofceU

fragments into membrane-bound vesicles termed apoptotic bodies (observed by Kerr

in 1969) and their engulfment by macrophages or neighboring ceUs (Savill et al.,

1993). Recognition and phagocytosis of apoptotic ceUs is mediated by binding of

macrophages to severalligands on the cell surface (Savill 1997, SaviU and Fadok,

2000), one ofthem being the extemalized PS (Fadok, et al., 1998, Chimini 2001). PS

is normaUy restricted to the inner leaflet of the membrane bilayer (Zachowski 1993,

Williamson and Schlegel1994), but translocates to the outer layer ofthe membrane

during apoptosis and becomes exposed on the eell surface as a molecular

phagocytosis marker (Schlegel and Williamson., 2001, Fadok et al., 1998, Fadok et

al., 2001).

1.1.3. Distinction of apoptosis from necrosis
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Necrosis is a form of ceU death that lacks the well-defined morphological

haUmarks and regulatory complexity seen in apoptosis (Fiers et al., 1999, Granville

et al., 1998, Los et al., 2001). Necrotic ceU death is a passive, non-physiological

process triggered in extreme cireumstances such as physical assault on the ceU or

severe disruption of cellular metabolism. Typical morphological features ofnecrosis

include complete destruction of organelles, non-specifie degradation of ehromatin

(Sun et al., 1994), fu'1d swelling of the cell membrane. The ultimate consequence of

necrosis is the rupture of the ceU, resulting in the release of cellular contents into the

extracellular environment. The presence of released proteins in the blood stream

generates a strong immune response involving the incursion of macrophages to the

site of damage. Necrosis is therefore an inflammatory form of ceU death that is

neither genetically controUed nor biochemically executed.

1.1.4. Significance of apoptosis

The interest in the study of apoptosis grew rapidly in the last 15 years when it was

realized that programmed cell death plays a very critical raIe in normal physiology.

Physiological processes that are dependent on apoptosis include maintenance of

tissue homeostasis and development of tissues and organs. Prominent examples of

apoptosis in deve10pment include involution of the tadpole tail, involution of

interdigital ceUs in the primitive limb paddle, formation of luminae and cavities, as

well as deletion of neuronal ceUs during self-assembly of the central nervous system

(reviewed in Holbrook et al., 1996). Another important role of apoptosis involves the

destruction of dangerous and injured cells that would otherwise compromise the

integrity of the whole organism. The elimination ofnon-reactive or auto-reactive T

ceUs during the negative selection of lymphocytes proceeds via apoptosis and

prevents immunological destruction ofhealthy tissues by self-directed cytotoxic T

cells. CeUs with damaged DNA and overexpressed oncogenes are removed by

apoptosis to prevent neoplastic transformation leading to tumorigenic states.

Similarly, cells infected with viruses are deleted to terminate viral growth and

prevent potential virally-induced pathogenesis.

3



Deregulation of apoptotic processes has been shown to lead to sorne serious

pathology (Thompson, 1995). Diseases linked with increased rates of apoptosis

resulting in unwarranted cell death include AIDS (Hellerstein and McCune, 1997),

neurodegenerative disorders such as Alzheimer's and Parkinson's diseases (Iwahash

et al., 1997), ischemic injury (e.g. stroke), and sorne autoimmune disorders (Benoist

and Mathis, 1997). On the other hand, suppression of apoptosis is associated with

viral infections, sorne autoirnmune disorders (systemic lupus erythematosus), and

cancer.

1.1.5. Apoptosis in cancer

It has become clear, that together with deregulated growth, inhibition of apoptosis

is a necessary condition for tumorigenesis (reviewed in Zomig et al, 2001, Green and

Evan, 2002). Factors that drive cell proliferation and have a potential oftriggering

aberrant growth are also potent inducers ofPCD (Evan and Littlewood, 1998). These

inc1ude oncogenes such as Myc (Alarcon et al., 1996, Juin et al., 1999) and ElA,

wmch readily induce apoptosis when overexpressed (section 1.1.7.2.). Apoptosis is

also triggered as a result of disruption of cell-to-cell contacts, lack of sufficient

nutrition, and cell detachment from the matrix (anoikis), aIl common to developing

tumors. The suppression of apoptosis is therefore a necessary condition for both the

initial neoplastic transformation of the cell as weIl as the expansion of the

transformed clone of cens.

The evidence obtained in the study of human and mouse carcinogenesis shows

that acquired resistance to apoptosis i8 a hallmark ofmost types ofcancer (Strasser et

al., 1997, Jaattela, 1999, Hanahan and Weinberg, 2000). Cancers have been

associated with deregulation ofboth the inducers and inhibitors of cell death. As

manyas 70% ofhuman cancers have been associated with inactivating mutations of

p53 (Evan GE et al., 1995), a tumor suppressor protein involved in cell cycle arrest

and induction ofprogrammed cell death (Choisy-Rossi and Yonish-Rouach, 1998,

section 1.1.7.3.). Other pro-apoptotic proteins functionally inactivated in cancers

include Bax (Rampino et al., 1997, Shibata et al., 1999, Zhang et al., 2000), Bak

4



(Krajewska et al., 1996), CD95 death receptor (Zomig et al., 1995, Gronbaek et al.,

1998, Park et al., 2001), and caspases (Teitz et al., 2000, Juin and Evan, 2000,

Winter et al., 2001, section 1.1.9.). Cancers are aiso associated with overexpression

or increased activity of endogenous cellular inhibitors of apoptosis, inc1uding Bcl-2

(Bruckheimer et al., 2000), Bel-XL (Naik et al, 1996), and a group of caspase

inhibitors tenned IAP's (Ambrosini et al., 1997, Adida et al., 2000, Islam et al.,

2000, section 1.1.9.4.). The overexpression of Bcl-2 due to a t(14:18) chromosomai

translocation has been reported in 80% ofpatients with human follicular B-cell

lymphoma (Strasser et al. 1997). The above-mentioned regu1ators of apoptosis will

be discussed in section 1.1.7.

1.1.6. Evolutionary conservation of apoptotic machinery

Programmed ceU death has been observed in aIl studied multiceUular organisms,

including plants, slime molds, nematodes, and insects (Vaux et al. 1994). Genetic

studies of apoptosis in a wonn nematode C.elegans have led to a complete

characterization of the developmentallineage of aIl C. elegans celIs as weIl as to the

identification ofkey components ofits apoptotic machinery. During development,

131 ofthe 1090 C.elegans progenitor celIs undergo apoptotic ceU death and 959 are

retained in the adult organism. The study ofmutations in the 131 cells committed to

apoptosis has led to the discovery of several genes involved in the regulation and

execution of nematode ceU death. Three most important apoptotic genes include ced

(ceU death defective)-3, ced-4, and ced-9. Ced-3 and Ced-4 gene products are both

required for apoptosis (Enis and Horvitz, 1986), and their inactivation inhibits ceU

death. Ced-9 gene product is anti-apoptotic, acting to antagonize the killing activity

of Ced-3 and Ced-4. The inactivation of Ced-9 leads to the widespread, lethal

embryonic cell death, whereas gain-of-function mutagenesis of Ced-9 blocks

apoptosis (Hengartner et al., 1992).

The functions of C.elegans Ced genes have been characterized (Vaux, 1997).

Ced-3 protein has been shown to be a protease with a conserved cysteine residue in

its active site and proteolytic specificity for aspartate residues. Ced-4 is an adapter
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protein that physicaUy interacts with both Ced-3 (lrmler et aL, 1997a, Chinnaiyan et

al., 1997), and Ced-9 (James et al., 1997, Spector et al., 1997, Wu et al., 1997).

Binding of Ced-4 to Ced-3 promotes auto-catalytic activation of Ced-3 that is

required for the induction of cell death, whereas binding of Ced-4 to Ced-9 prevents

the activation ofCed-3 and blocks apoptosis (Xue and Horvitz, 1997).

Mammalian homologues of Celegans Ced proteins have also been discovered.

Ced-3, a highly conserved enzyme among metazoans, has been found to be

homologous to mammalian ICE (interleukin IB-converting enzyme)-like protease

caspases 1, a critical player in the execution phase of apoptosis. To date, 13 other

caspases have been identified (Wolf and Green, 1999, Cohen, 1997, discussed in

section 1.1.9.). Ced-9 has been shown to be a homologue ofmammalian proto

oncogene Bel-2, the key inhibitor of cell death whose overexpression leads to cell

transformation and tumorigenesis (section 1.1.5). The mammalian homologue of

Ced-4 has been shown to be Apaf-1 (apoptotic protease activating factor), an adapter

protein involved in cytochrome c-mediated auto-activation of caspases 9 (section

1.1.8.1.3.). Additionally, Celegans protein egl-1 has been linked to mammalian pro

apoptotic BH3-only members of the Bel-2 family, such as Bad or Bid, and shown to

interact with Ced-9 and likely prevent Ced-9-mediated inhibition of Ced-3 (Conradt

and Horvitz, 1998, section 1.1.7.1.). Similarly, the human homologue of Celegans

Ced-6 protein has recently been shown to promote phagocytosis of apoptotic cells

(Liu and Hengartner, 1999, Smits et aL, 1999).

1.1.7. Regulators of apoptosis

1.1.7.1. Bd-2 family of proteins

Bel-2-related proteins are the main cellular integrators of death and survival

upstream signaIs, and perform critical functions in inhibition and activation of core

death machinery. The Bel-2 family consists of a number ofproteins with structural

similarity to Bel-2, the anti-apoptotic homologue of Celegans Ced-9 (section 1.1.6),

and includes both pro- and anti-apoptotic members. The inhibitors of apoptosis
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inelude Bel-2, Bel-Xl, Bel-w, Bft-l, Brag-l, Mel-l, Al, while the promoters of

apoptosis comprise Bax, Bak, Bel-Xs, Bad, Bid, Bik, HrkIDP5, Bim, Blk, and Bok.

The relative ratio between these two subsets ofproteins has been shown to control

the cell's decision to survive or self-destruet (Oltvai et al., 1993). The deregulation

ofBcl-2 members has been linked to a number ofpat."'1ological states:

overstimulation of anti-apoptotic members and inhibition of pro-apoptotic members

of the Bcl-2 family has been implicated in tumorigenesis (section 1.1.5.).

1.1.7.1.1. Structure and localization of Bd-2 family members

The defining structural feature ofthe Bel-2 family members is the presence of

four alpha-helical Bel-2 homology (BH) domains. An four BH domains, designated

BHI, BH2, BH3, and BH4 are conserved in the anti-apoptotic members, whereas the

pro-apoptotic members possess only the first three domains and exhibit less

conservation in the BH4 domain (Cory and Adams, 1998, Kelekar and Thompson

1998, Reed, 1998). The first three BH domains are involved in homo- and hetero

dimerization (Yin et al., 1994), while BH4 is not (Huang et al., 1998). Interestingly,

the most potent indueers of apoptosis in the Bcl-2 family possess only the BH3

region and otherwise bear no resemblance to other members ofBc1-2 family

(Strasser et al., 2000). These proteins inelude Bad, Bik, Bid, HrkIDP5, BimIBod,

Blk, and C.elegans egl-l. An "BH3-only" members eharaeterized to date are pro

apoptotic.

Most members ofthe Bel-2 family have a conserved C-terminal transmembrane

region, which localizes these proteins to the outer leaflets of the mitochondrial

membrane, nuclear envelope, or endoplasmic reticulum (Krajewski et al., 1993, de

Jong et al., 1994). Cellular fractionation studies and electron microscopy analysis

have shown that Bel-2, Bel-Xl, Al, Mel-l, Bax, and Bak alliocalize to the cytosolic

leaftet ofthese membranes (Bomer et al., 1994, Zha et al., 1996). Although some of

these proteins, like Bel-2 and Bel-Xl, are constitutively targeted to outer membranes,

others are redistributed from the cytoplasm to the membrane only in response to

apoptotic stimuli. The potent pro-apoptotic member Bax, for example, is normally
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localized in the cytoplasm, but translocates to the surface of the mitochondrial

membrane in response to stress signaIs (Nguyen et aL, 1994, Gross et aL, 1998,

section 1.1.7.1.3.).

1.1.7.1.2. Post-tnm.slational modifications

An important characteristic ofproteins of the Bcl-2 family is their ability to

homo- or hetero-dimerize. The dimerization ofBcl-2 proteins has been shown to be

mediated by the first three BH domains (Yin et al., 1994, section 1.1.7.1.1.). It has

been proposed that the tendency ofBcl-2 proteins to hetero-dimerize is a mechanism

for binding and inhibition ofBcl-2 proteins mediating opposite effects. This

assumption has led to the "rheostat" model for Bcl-2 and Bax function, which states

that the onset ofceU death is dependent ofthe relative amounts of Bax and Bcl-2

present in the cell (Kroemer , 1997). However, recent reports show that Bax can

promote apoptosis and Bcl-2 can suppress it by heterodimerization-independent

mechanisms (Cheng et aL, 1996, Zha and Reed, 1997).

The activity ofBcl-2 proteins is also regulated by phosphorylation. The BH3

domain-only protein Bad is phosphorylated on two Serine residues (Ser 112 and Ser

136) and sequestered to the cytosol by the 14-3-3 protein (Zha et al., 1996).

Dephosphorylation of Bad following a death stimulus targets Bad to the

mitochondria, where it associates with Bcl-2 and BeI-Xl via its BH3 domain

(Kelekar et al., 1997, Ottilie et aL, 1997, Zha et aL, 1997) and mediates its pro

apoptotic effects. Phosphorylation ofBad likely prevents the exposure of its BH3

domain and thus inhibits dimerization with anti-apoptotic members. The kinases

implicated in phosphorylation of Bad inelude Akt and protein kinase A (PKA) (deI

Peso et al., 1997, Datta et aL, 1997, Harada et al., 1999). Bcl-2 and Bel-Xl, two anti

apoptotic members of the family, are also subject to phosphorylation (Maundrell et

al., 1997, Ho et al 1997, Chang et al., 1997). The phosphorylation of Bel-2 and Bel

Xl has been shown to increase the pro-survival activity ofthese proteins (Ho et al.,

1997, Chang et al., 1997, Poommipanit et aL, 1999), although the mechanism has not

been characterized to date.

8



Proteolysis plays a key role in regulation of one ofthe BH3-only members ofthe

Bel-2 family, Bid. The activation ofBid proceeds via caspase 8-mediated cleavage

offull-length p22 Bid pre-emsor into its truncated form of 15 KD, tBid (Luo et al.,

1998, Li et al., 1998). Cleavage ofBid into tBid results in the translocation ofthe

cleaved produet from the cytosol to the outer mitochondrial membrane and tBid

mediated release of cytochrome c from mitochondria (section 1.1.8.1.).

1.1.7.1.3. Bd-2 members and mitochondria

In addition to generation of energy needed to sustain cellular functions,

mitochondria are also implieated in controlling the onset ofPCD (section 1.1.8.1.).

Many known regulators and effeetors ofPCD either transloeate to, or are released

from mitochondria. Most Bcl-2 family members have been shown to act on

mitochondria to either prevent or induce programmed ceU death. The pro-apoptotic

effects of tBid, described above, are mediated following its interaction with integral,

anti-apoptotic mitochondrial membrane proteins Bcl-2 and Bel-Xl. Otherpro

apoptotic members, ineluding Bax and Bak:, have also been shown to translocate to

the mitochondria during apoptosis (Wolter et al. 1997), where they appear to form

pores and facilitate permeability transition of the outer mitochondrial membrane

(section 1.1.8.1). Homodimerization oftwo Bax molecules and hetero-dimerization

ofBax and Bak: molecules is a necessary step for the insertion ofthese pro-apoptotic

Bcl-2 family members into the mitochondrial membrane. It is unclear, however,

whether Bax and Bak induce the permeability transition autonomously (Martinou JC

and Green DR, 2001), or ifthey require interaction with the permeability transition

pore complex (PTPC) (Zarnzami and Kroemer, 2001, section 1.1.8.1.). In addition to

their pro-apoptotic counterparts, most anti-apoptotic members ofthe Bel-2 family,

including Bcl-2 and Bel-Xl, are also targeted to the mitochondrial membrane

(Kroemer, 1997). The inhibition of cell death by these mitochondrial anti-apoptotic

members is likely related to their ability to inhibit Bax-mediated mitochondrial

membrane permeability transition (Kroemer, 1997).

00
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1.1.7.2 Oncoprotein-induced apoptosis

Another group of proteins invoived in regulation of PCD includes a number of

oncogene products. Overexpression of oncoproteins has been shown to be associated

with increased rates of apoptotic ccll death (Harrington et al., 1994, Green and Evan

2002). Oncoproteins involved in the induction of œU death include c-Myc (Evan et

al., 1992), adenovirus protein ElA (White, 1993, Teodoro et al., 1995, section

1.2.6.1.), c-Jun (Bossy-Wetzel et al., 1997), and c-Fos (Preston et al., 1996), while

other oncoproteins such as Raf and Ras were shown to trigger permanent growth

arrest (Lloyd et al., 1997, Serrano et al., 1997).

The finding that proteins invoived in driving celI proliferation aiso trigger an

opposite process of celI death Ied to the hypothesis that PCD acts as an inbuilt

faiisafe to prevent inappropriate celI growth and division (Harrington et al., 1994,

Evan and Littlewood, 1998). The coupling of contradictory pathways of celI

proliferation and celI death downstream of proteins like c-Myc is considered a potent

safety mechanism for the suppression of carcinogenesis (Hueber and Evan, 1998).

Since the apoptosis-inducing activity ofoncoproteins hinders the expansion of

potentially malignant ceUs, c-Mye, E2F, and other oncogenes can be regarded as

tumor suppressors. Mye appears to sensitize cells to a wide-range of insults on cell

integrity, including nutrient deprivation, hypoxia, and DNA damage (Alarcon et al.,

1996, Juin et al., 1999).

The mechanisms of oncogene-mediated apoptosis have not yet been fully

elucidated. The induction of apoptosis and suppression of growth by sorne

oneogenes, however, is known to operate through the ARFlMdm2/p53 pathway

(Sherr, 2001). Mye, ElA, Ras, and E2F aIl induee the expression of ARP, whieh

binds and inaetivates Mdm-2, an inhibitor ofp53 (Lowe, 1999, section 1.1.7.3.).

E2F-l has aiso been shown to induce apoptosis by upregulation of the p53

homologue p73 (Irwin et al., 2000, section 1.1.7.3.4.), whereas Myc has been shown

to transcriptionalIy upregulate Bax, a pro-apoptotic member ofthe Bcl-2 family.
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1.1.7.3. Roie ofp53 in regulation of apoptosis

The p53 tumor suppressor protein has emerged as the key cellular sensor and

integrator of a wide variety of apoptotic signais (Giaccia and Kastan, 2000, Caspari ,

2000). The best characterized activities of p53 are the induction of apoptosis and

inhibition of the cell cycle in challenged cens (Choisy-Rossi and Yonish-Rouach,

1998, Levine, 1997). P53 is considered to be the main guardian of cellular integrity,

and not surprisingly has been found to be functionally inactivated in as many as 70%

ofhuman tumors (Evan et al., 1995, section 1.1.5.). It is also a common target for

inactivation by a number of viral products during viral infections, as the induction of

p53-mediated œIl death would interfere with viral replication and spread (Teodoro

and Branton, 1997, Roulston et al., 1999).

P53 is a short-lived nuclear protein that is continuously targeted for degradation,

but becomes stabilized and abundant in response to cellular stresses such as DNA

damage, viral infections, hypoxia (lack of oxygen in body tissue or tumor mass),

ionizing radiation, or oncogene expression (Evan and Littlewood., 1998). P53

functions as a DNA-binding transcription factor that drives the expression ofgenes

involved in the induction ofPCD or ceIl cycle arrest. The suppression of the œIl

cycle by p53 is dependent on p53-mediated transcription of p21 (Wafl/CIP1), an

inhibitor of cyclin-dependent kinases involved in driving ceIl proliferation (May and

May, 1999). Similarly, the induction ofapoptosis byp53 is mediated by a number of

pro-apoptotic, p53-responsive genes (section 1.1.7.3.3.).

1.1.7.3.1. Structure of p53

P53 is a 393 a.a. DNA-binding transcription factor composed of several

functional domains (Funk et al., 1992, Kem et al., 1992). The N-terminal region is

involved in transactivation ofp53 target genes (Unger et al., 1992, Raycroft et al.,

1990), binding to the TATA-associated factors TAFll70 and TAFll31 and both

subunits ofTFllD (Lu and Levine, 1995, Thut et al., 1995), and in phosphorylation

mediated regulation ofp53 activity (section 1.1.7.3.2.). The DNA binding domain is
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located in the central part of the protein from residues 102 to 292. It is composed of a

loop-sheet-helix motif and two beta-sheets that support two alpha-helicalloops (Cho

et al., 1994). The a1pha-helicalloops are stabilized by a zinc atom and form the

DNA-binding surface of p53. p53 contacts two specifie sets of inverted repeats of

5bp in target promoters (Kem et al., 1991). The C-terminal domain ofp53,

connected to its DNA binding domain by a 37 a.a.-Iong linker region, is invo1ved in

tetramerization ofp53 molecules (Wang et al., 1994, Pavletich et al., 1993). P53

binds DNA only in its tetrameric form (Wang et al., 1995). The C-terminal domain

appears to regulate DNA binding activity (Hupp et al., 1992), although this function

has not been characterized in detail.

1.1.7.3.2. Regulation ofp53

The regulation ofp53 activity occurs at many different levels (Lakin and Jackson,

1999, Vogelstein et al., 2000). P53 regulates its own stability by a negative feedback

loop involving p53-mediated expression of the Mdm2 protein (Wu et al., 1993),

which binds to the p53 transactivation domain and limits p53 activity in two ways.

Firstly, Mdm2 binding to the p53 N-termina1 domain prevents interaction of p53

with the transcriptiona1 rnachinery, thereby inhibiting the activation ofp53

responsive genes (Mornand et al., 1992, Lin et al., 1994). Secondly, Mdm2 targets

bound p53 for ubiquitin-mediated degradation (Haupt et al., 1997). Following DNA

damage, however, Mdm2 liberates p53 via three independent mechanisms. One

involves the reduction in sumoylation ofMdm2 (decrease in binding ofMdm2 to

protein SUMO-1), leading to the increased levels ofMdm2 self-ubiquitination

(Buschmann et al., 2000). The other mechanism involves the oncoprotein-mediated

upregulation ofp19ARF, the product of an altemate reading frame in the INK4a

locus encoding the Cdk inhibitor p 16. ARF binds Mdm2 and promotes its

degradation (Zhang et al., 1998), thereby preventing Mdm2-mediated proteolysis of

p53. The third mechanism involves the phosphorylation in the p53 N-terminal

dornain at Serine 15 that reduces affinity ofMdm2 for p53 (Shieh et al., 1997).
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Phosphorylation is an important mechanism ofregulating p53 activity. As

mentioned above, phosphorylation ofp53 on SerIS reduces Mdm2-mediated

degradation ofp53. Phosphorylation ofSer15 is mediated by ATM, a

Serine/Threonine kinase expressed from a gene mutated in ataxia telangiectasia

(hence ATM) in response to ionizing radiation (Barlow et al., 1997, Banin et al.,

1998). Phosphorylation of SerIS is also mediated by DNA-dependent protein kinase

DNA-PK (Shieh et aL, 1997). In addition, phosphorylation of Ser-46 controis

transcriptionai activation of the pro-apoptotic p53-target gene p53AIPl (Oda et al.,

2000). Apart from phosphorylation, acetylation and deacetylation have been shown

to regulate p53-mediated inhibition of the cell cycle (Luo et al., 2000).

The upregulation of p53 activity also proceeds via the stabilizing interactions of

p53 with other cellular proteins. The accumulation of p53 in cens deprived of

oxygen (hypoxia) occurs as a result ofHIF (hypoxia-inducible factor)-l alpha

mediated stabilization ofp53 (An et al., 1998). HIF-l alpha binding to p53 has a

stabilizing effect, but does not appear to affect the transcriptional activity ofp53.

1.1.7.3.3. Mechanisms of apoptosis induction by p53

Transcriptional activation and repression of genes appears to be the main

mechanism by which p53 induces apoptosis. P53 has been shown to transactivate as

many as 107 genes and to repress 54 or more other genes that code for proteins

involved in apoptosis (Zornig et al., 2001). One of the identified p53-responsive

genes codes for Bax, a potent pro-apoptotic member of the Bcl-2 family (section

1.1.7.1.). The expression of Bax is transcriptionally upregulated by p53 in response

to variety of stresses including DNA damage (Miyashita and Reed, 1995). Other pro

apoptotic genes transcriptionally activated by p53 include: "BH-3-only" member of

the Bcl-2 familyNoxa (Oda et aL, 2000), Apaf-l (Moroni et al., 2001), PUMA (Yu

et al., 2001), TRAIL death receptor DR5 (Takimoto and EI-Deiry, 2000), CD95

death receptor (Aragane et al., 1998, Gutierrez deI Arroyo et al., 2000), MCGIO

RNA binding protein (Zhu and Chen, 2000), a death domain-containing protein Pidd
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(Lin et al., 2000), and a mitochondrial protein p53AIPl (p53-regulated Apoptosis

Inducing Protein 1) (Oda et al., 2000).

A non-transcriptional mechanism of induction of apoptosis by p53 may involve

its shuttling properties. P53 has been shown to be involved in the transport of CD95

death receptor from the Golgi apparatus to the œIl surface (Bennett et al. 1998),

thereby sensitizing cells to external apoptotic stimuli.

Translocation ofp53 from nucleus to mitochondria also promotes apoptosis

(Marchenko et al., 2000). P53 has been shown to localize both to the surface of and

within mitochondria, where it interacts with a mitochondrial protein heat shock

protein Hsp70 (Marchenko et al., 2000). However, the contribution of the

mitochondrion-targeted p53 to PCD is yet to be determined.

1.1.7.3.4. p53 homologu.es: p51/p63 and p73

Two p53-related genes, p51 (also known as p63) and p73, were recently identified

as structural homologues of the p53 tumor suppressor gene (Ishida et al., 2000). The

sequence similarities in DNA binding domains between pSI and p73, p51 and p53,

and p73 and p53 were shown to be 87%, 60%, and 63%, respectively (Shimada et

al., 1999). PSI and p73 have been shown to share similar transcriptional targets as

p53, and to be able to induce apoptosis (1ost et al., 1997). The transcriptional targets

ofp53 homologues include 14-3-3a (Zhu J et al., 1998), Bax, p21/WAPI, and

MdM2 (Shimada et al., 1999).

As with p53, the p53 homologues have been shown to accumulate in cells

subjected to stress. p51 has been shown to be stabilized in response to DNA damage

in a time course similar to that ofp53 (Katoh et al., 2000), whereas p73 has been

shown to accumulate in response to ionizing radiation (Lohrum .and Vousden, 2000,

Gong et al., 1999, Yuan et al., 1999).

The presence of p53 homologues in the ceU may serve as a way to replace

damaged p53 and thus provide an additionallayer of defense against tumors. Both

p51 and p73 have been shown to activate p53-responsive promoters and induce

apoptosis in sorne turnor ceUs lacking wild-type p53 (Kaghad et al., 1997, Osada et
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al., 1998, Jost et al., 1997, Prabhu et al., 1998). Sorne reports suggest that in a

number of eell lines, p51 and p73 induees apoptosis even more extensively than p53

itself (Ishida et al., 2000). However, the 10ss ofthe funetional p53 is still associated

with a great number ofhuman cancers (section 1.1.5.), suggesting that p73 and pSI

do not complement p53 at aH times. The exact roles ofp53 homologues in growth

suppression and œIl death induction are still to be deterrnined.

Interestingly, recent evidence suggests that viral oncoproteins such as adenoviral

EIB55K, SV40 large T antigen, and papillomavirus E6, which bind and inactivate

p53, do not interact with p73 (Marin et al., 1998, Roth et al., 1998, Bobblestein and

Roth, 1998). Thus, p73 may serve to complement the inactivated p53 in terrnination

of virally-infected cells.

1.1.8. Molecular apoptotic pathways

1.1.8.1. The mitochondrial pathway

In normal cells, mitochondria function as cellular power plants involved in

generation of energy in the forrn of ATP. Recently, these organelles were also

implicated in the induction of cell death. The key apoptotic events that focus on

mitochondria include the regulatory activity ofBcl-2 related protems and the release

ofpro-apoptotic proteins that normally reside inside the organelle (Green and Reed

1998). The characteristic8 ofmitochondria in apoptosis include the disrupted electron

transport and the 1088 ofmitochondrial transmembrane potential (reviewed in Green

and Reed 1998, Wang, 2001).

1.1.8.1.1. Apoptogenic mitochondrial proteins

The best characterized protein released from mitochondria during apoptosis is

cytochrome c (Kroemer and Reed 2000, Martinou et al., 2000). Cytoehrome c i8

norrnally confined to the intermembrane mitochondrial space, where it functions as

an electron carrier in oxidative phosphorylation (Reed 1997). In cells exposed to
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apoptotic stimuli, however, cytochrome c translocates from mitochondria to the

cytosol and participates the activation of caspase 9 (Siee et al., 1999, section

1.1.8.1.2.).

Other proteins released from mitochondria during apoptosis include SmaclDiablo,

which bind and inhibit cytosolic inhibitors of apoptosis called IAPs (Verhagen et al.,

2000, Du et aL, 2000). Cytoplasmic SmaclDiablo thus relieve IAP-mediated

inhibition of the proteolytic activation of procaspases. Homologues of SmaclDiablo,

proteins Reaper, Grim, and Hid, were identified in Drosophila and shown to function

in a similar way as SmaclDiablo (Silke et aL, 2000).

Interestingly, a group of caspases, both in their pro- and cleaved forms, has been

found to localize to mitochondria and to exit the organelle during apoptosis

(Costantini P et al., 2002). These include caspase 2 (Susin et al., 1999a), caspase 3

(Mancini et al, 1998), caspase 8 (Qin et al., 2001), and caspase 9 (Susin et al., 1999a,

Krajewski et al., 1999, Costantini, 2002). Caspases are key effectors of cell death

and will be discussed in section 1.1.9.

AIF (Apoptosis Inducing Factor) is another pro-apoptotic protein that resides in,

and is released from, mitochondria. The non-apoptogenic AIF precursor of 67 KD is

cleaved to a 57 KD form wmch is imported to the intermembrane mitochondrial

space. In normal circumstances, AIF may function in oxidative phosphorylation,

given its sequence homology with bacterial oxidoreductases (Susin et al., 1999b). In

cells exposed to apoptotic stimuli, however, AIF translocates from mitochondria to

the nucleus, where it mediates apoptosis independently of caspases (Daugas et al.,

2000, Joza et al., 2001, section 1.1.9.5.). Typical apoptotic hallmarks Induced by

nucleus-targeted AIF include chromatin condensation, large-scale DNA

fragmentation, loss of the mitochondrial membrane potential, and exp0 sure of

phosphatidylserine (Susin et aL, 1999b).

Lastly, Endonuclease G (EndoG) is released from mitochondria during apoptosis

(Li et al., 2001). Endo G appears to be conserved among metazoans. Cps-6 protein

recently characterized in C. elegans locahzes to the mitochondria and is structurally

and functionally homologous to mammalian EndoG (Parrish et aL, 2001). In normal

cens, EndoG is likely involved in the replication of the mitochondrial DNA (Cote et
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al., 1993). In apoptotic cens, however, Endo G translocates from mitochondria to the

nucleus where it induces nucleosomal DNA fragmentation, a typical hallmark of

apoptosis. Interestingly, unlike DFF40/CAD-mediated DNA fragmentation (Enari et

al., 1998, section 1.1.9.3.), EndoG-induced fragmentation oœurs in a caspase

independent manner (Li et al., 2001). Thus, together with AIF, EndoG contributes to

the induction of cell death independently of caspases (caspase-independent apoptosis

is discussed in section 1.1.9.5.).

1.1.8.1.2. The l'Ole of cytochrome c

The best-characterized mechanism of apoptosis induction through the

mitochondrial pathway involves the activity of released cytochrome c. Cytoplasmic

cytochrome c binds to Apaf-1, dATP, and pro-caspase 9 to form a complex referred

to as apoptosome. Apaf -1 (apoptotic protease activating factor -1) is a mammalian

homologue of C.elegans Ced-4 product (section 1.1.6), although it is larger and

structurally more complex than Ced-4 (Li et al., 1997). The binding ofcytochrome c

to Apaf-1 is thought to induce conformational change in this protein, allowing Apaf

1 to bind and activate caspase 9 (Srinivasula et al., 1998). In the absence of

cytochrome c, the interaction of Apaf-1 and caspase 9 is repressed by Apaf-1 C

terminal WD-40 repeats. The binding ofApaf-1 to caspase 9 is mediated by CARD

(caspase recruitment domain) motifs present on both Apaf-1 and the pro-domain of

caspase 9 (Duan and Dixit, 1997, Hofmann et al., 1997, Zou et al., 1997). Binding of

dATP to the complex completes the apoptosome and triggers the autocatalytic

activation of caspase 9 (Li et al., 1997). The processed caspase 9 activates

downstream effector caspases involved in execution of apoptosis (SIee et aL, 1999,

Thomberry and Lazebnik, 1998, section 1.1.9.).

1.1.8.1.3. Mitochondrial membrane permeability transition

As mentioned, one of the most notable features of apoptotic mitochondria is

membrane depolarization and a general increase in membrane permeability (Vander
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Heiden et aL, 1997). Membrane permeabilitytransition allows the release of the pro

apoptotic proteins from mitochondria, and therefore constitutes a critical event in the

induction of ceU death. The changes in permeability are attributed to the opening of

the permeability transition pore (PTP), a conductance channel spanning both the

outer and inner mitochondrial membranes (Qian et al., 1997). PTP consists oftwo

main components: the adenine nucleotide translocator (ANT) in the inner membrane

and the voltage-dependent anion channel (VDAC) in the outer membrane (Petit et

aL, 1996, Bemardi et al., 1994). Both channels operate in synchrony and exclude

proteins larger than 1.5 KD. Opening ofPTP leads to the efflux ofprotons from the

matrix to the intermembmae space, abolishing the proton gradient and causing

membrane depolarization (Green and Reed 1998). PTP opening also results in the

expansion of the matrix, leading to the rupture of the outer mitochondrial membrane

and release ofpro-apoptotic proteins.

1.1.8.1.4. Regulation of mitochondrial apoptotic pathway

The events pertaining to the opening of the PTP pore are regulated by the Bcl-2

family ofproteins (section 1.1.7.1.). Two anti-apoptotic members of the Bel-2

family, Bel-2 and Bel-Xl, have been shown to prevent permeability transition and

hyperpolarization of mitochondrial membranes (Zamzami et aL, 1996, Green and

Reed, 1998). On the other hand, the pro-apoptotic member Bax has been shown to

induce permeability transition and membrane depolarization by binding to the ANT

component ofPTP (Marzo et al. 1998). The ability ofBax to oligomerize and form

large conductance channels (Martinou et al., 2000) has led to a hypothesis that

membrane permeability transition is potentially caused by the formation of a pore by

Bax molecules in the mitochondrial outer membrane, rather than Bax-mediated

opening of the PTP. This model predicts no pronounced damage to the outer

mitochondrial membrane other than puncturing of the membrane with Bax

oligomers, which serve as channels for the re!ease of the pro-apoptotic proteins. This

mode! is supported by evidence that Bax added to isolated mitochondria will trigger

the release of cytochrome c in the presence ofPT blockers.
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A pro-apoptotic "BH-3 only" member ofthe Bcl-2 family Bid has also been

implicated in the induction ofmitochondrial membrane permeability. Proteolytically

activated Bid (tBid) (section 1.1.7.1.2.) facilitates oligomerization of Bax (Eskes et

a1., 2000, Korsmeyer et al., 2000) and Bak (Wei et al., 2000), two pro-apoptotic

members of the Bc1-2 family of proteins, thereby promoting their insertion into the

mitochondrial outer membrane.

The Bel-2 family members have also been shown to regulate apoptosome activity.

The mammalian homologue ofCed-9, Bel-2, appears play a role in the regulation of

Apaf-l-mediated activation of caspase 9. Bc1-2 present in the outer mitochondrial

membrane binds Apaf-l and blocks the activation of caspase 9. The targeting ofpro

apoptotic molecules like Bax, Bak, tBid, and Bik, potentially promotes apoptosis by

displacing Bcl-2 from Apaf-l (Zornig et al., 2001).

Considering the functions described above, mitochondria constitute an important

control point in the induction of apoptosis. Firstly, mitochondria contain pro

apoptotic molecules, which when released, mediate cell death irreversibly. Secondly,

mitochondria are responsive to upstream stress signaIs relayed by the members of the

Bcl-2 family. They therefore serve as transmitters of apoptotic signais to the death

execution machinery. The mitochondrial apoptotic signaling is depicted in Figure

1.1
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Figure 1.1. Mitochondrial apoptotic pathway. The Bcl-2 family ofregulators as weil as the

released apoptogenic proteins are indicated. (Adapted from Wang, 2001)
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1.1.8.2. Apoptosis mediated from other organelles

1.1.8.2.1. Endoplasmic reticulum

Unfolded protein response (UPR) (Patil and Walter, 2001) and calcium depletion

(Kau:frnan, 1999, Jamora et al., 1996) constitute two main mechanisms of œIl death

initiation from the ER. UPR is triggered by conditions that compromise proper

protein folding. Protein misfolding activates numerous ER transmembrane kinases,

ineluding PERK and AFT-6. PERK phosphorylates and inactivates the translation

initiation factor eIF2-alpha, shutting off protein synthesis. Activated AFT-6, on the

other hand, is severed from the ER membrane and translocates to the nucleus, where

it functions as a transcription factor of the ATF/CREB family. Genes transactivated

by AFT-6 inelude ER chaperones (Bip/Grp78), and an apoptosis regulator

CHOP/GADDl53, a transcription factor involved in downregulation ofBcl-2

expression (McCullough et al., 2001). The ER chaperone Bip/Grp78 localizes to the

lumen of the ER and functions in preserving ER calcium stores, thus preventing the

induction of apoptosis (Miyake et al., 2000). The details ofhow ER calcium

regulates apoptosis have not been elucidated.

The ER also contributes to apoptosis by releasing activated caspase 12.

Procaspase 12 is localized on the cytoplasmic side of the ER membrane and is

proteolytically activated by calcium responsive protease m-calpain (also localized to

the outer side of the ER membrane) (Nakagawa and Yuan, 2000). ER signaling is

therefore connected to the caspase cascade.

Interestingly, Bel-2, the anti-apoptotic protein localized in the outer mitochondrial

membrane, has also been found to reside in the ER membrane. A Bcl-2 variant (Bcl

2/cb5) is targeted exclusively to the ER and has been shown to inhibit Myc-induced

cytochrome c release from mitochondria, depolarization ofmitochondrial membrane,

and the ensuing death of the ceU (Hacki et aL, 2000, Aunis et aL, 2001). Other

reports have shown that BcI-2/cb5 helps to retain calcium in the ER, thus inhibiting

the induction ofER-mediated apoptosis (Distelhorst et al., 1996, He et al., 1997).

20



Bcl-2 has also been shovvn to bind an ER membrane spanning protein Bap31 (Ng et

al., 1997). Bap31 is proteolyticaHyprocessed during apoptosis to a p20 fonu

(p20Bap) and as such promotes apoptosis (Ng et al., 1997). The interaction of Bcl-2

with Bap31 prevents cleavage ofBap31 and generation ofthe p20 apoptogenic form.

Bcl-2-mediated inhibition ofBap31 c1eavage is relieved by Bax in apoptotic ceUs. It

is not clear, however, how p20Bap31 mediates apoptosis, although it could be

implicated in preservation of calcium in the ER (Kroemer et al., 1997).

1.1.8.2.2. Golgi apparatus and endosomes

The finding that inhibition ofprotein glycosylation by alpha-mannosidase II

inhibitors leads to apoptosis (Goss et al., 1995) has implicated Golgi organelles as

potential mediators of ceU death. Although it is not clear how Golgi functions as a

stress sensor, the organelle is knovvn to harbor sorne pro-apoptotic molecules. These

inc1ude caspase 2 (Mancini et al. 2000), death receptors TNF-Rl, CD95 (Bennett et

al. 1998), TRAIL receptors 1 and 2 (Zhang et al., 2000), as weIl as PI(3)K, Beclin,

and GD3 synthase (DeMaria et al., 1997). Recent data indicate that the CD95

receptor localized in Golgi translocates to the cell surface in response to p53

activation (Bennett et al., 1998). Furthenuore, CD3 synthase-cata1yzed conversion of

ceramide to GD3 has been shown to result in the re1ease of GD3 from Golgi and its

targeting to mitochondria, where it induces mitochondrial membrane depolarization

(DeMaria et al., 1997, Rippo et al., 2000).

Endosomes contain a RhoB GTPase, wruch appears to play a role in regulation of

apoptosis. Inhibition ofRhoB famesylation has been shown to result in its

dissociation from the endosomal membrane and induction of apoptosis (Prendergast,

2000).

1.1.8.2.3. Lysosomes

Lysosomes contain several proteases, tenued cathepsins, which are implicated in

the induction of apoptosis (Deiss et al., 1996). The release of cathepsin D from
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lysosomes has been shown to be linked with the release ofcytochrome c from

mitochondria, although the cross-talk pathway is unknown (Roberg, 2001).

Cathepsin B appears to mediate caspase-independent cell death in transformed

WEHI-S cells (Foghsgaard et al., 2001, section 1.1.9.5.), and has been implicated in

the induction of oligonudeosomal DNA fragmentation and proteolytic activation of

pro-inflarnmatory caspase Il (Schotte et al., 1998). A cathepsin-l-related lysosomai

protease has been shown to cleave Bid at a slightly different site than caspase 8 to

generate a modified form oftBid capable ofinducing mitochondrial membrane

depolarization and ceU death (Stoka et al., 2001). Lysosomal proteases clearly play a

role in the induction of apoptosis. However, more research has to be done to

determine their exact roles.

1.1.8.3. The death receptor pathway

The death receptor pathway is generally recognized as the link between

extracellular stress signaIs and the intraceUular apoptotic machinery. Death receptors

are ceU surface receptors that transmit apoptosis signaIs after binding of specific

death ligands (reviewed in Ashkenazi and Dixit, 1998). Death receptors are type 1

membrane proteins ofhomo-trimeric structures stabilized by disulphide bonds, with

a conserved cysteine-rich region in the extracellular domain (Hughes and Crispe,

1995, Smith et al., 1995). Death receptor ligands, which include Fas, CD95L, and

TNF-alpha, are generally released from immune cells or virally-infected somatic

cells. Binding ofligands tO death receptors causes clustering of cytoplasmic receptor

domains that initiates signaling cascades invoiving caspases (section 1.1.9), although

caspase-independent death pathways may aiso be triggered (Charette et al., 2001,

section 1.1.9.5.). The ligands, like their corresponding receptors, are aise homo

trimeric in structure (Smith et al., 1994).

1.1.8.3.1. CD95/Fas signaUng
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CD95 signaling is important for killing ofviraUy-infected ceUs and cancer ceUs

by cytotoxic T ceUs or Natural Killer (NK) ceUs, as weIl as for deletion of activated

mature T ceUs at the end of an immune response (Nagata, 1997). CD95 receptor is

therefore expressed in activated lymphocytes as well as in aH other somatic ceUs.

CD95 ligand (CD95L), on the other hand, is expressed predominantly in cens ofthe

immune system, including lymphocytes, NK cens, and erythroblasts.

The binding of the CD95L trimer to the CD95 receptor induces the clustering of

the receptor cytoplasmic domains (Huang et aL, 1996). The cytoplasmic domains of

death receptors contain 65 amino acid long death domains (DD) involved in the

recruitment of downstream effector molecules (Fraser and Evan, 1996). Death

domains are also present on FADD (Fas-associated death domain) molecules (also

called Mort 1), which are adapter proteins that link the receptor with caspase 8

(Chinnaiyan AM et aL, 1995). The interactions of CD95/Fas and FADD occur via

death domains present on both molecules. The interaction ofFADD with caspase 8 is

mediated by DED (death effector domains) present on both FADD and caspase 8

(Muzio et aL, 1996, Boldin et al., 1996). Linking of caspase 8 to FADD by the

interaction of analogous DED domains leads to the proteolytic autoactivation of

caspase 8 (Muzio M, 1998), and ultimately commits the celi to apoptosis. Caspase 8

is involved in the activation of downstream effector caspases, but it also cleaves Bid

to tBid, which translocates to the mitochondria and induces cytochrome c release (Li

et aL, 1998, Luo et al, 1998, section 1.1.7.1.2.). The death receptor pathway is

therefore linked with the mitochondrial pathway and the two seem to cooperate in

the induction ofcelI death.

Recently, it has been shown that CD95/Fas receptor also binds Daxx protein

(Yang et al, 1997). Linking ofDaxx to the receptor activates Jun N-terminal kinase

(JNK) and promotes CD95-induced apoptosis, although the mechanism has not been

fuliy characterized. In a separate study Daxx has been shown to translocate from the

nucleus to the cytoplasm in response to the activation ofFas receptor (Charette et al.,

2000, Charette and Landry, 2000, Charette et aL, 2001). The Fas-mediated

re1ocalization of Daxx leads to the induction of a novel type of apoptosis

independently of caspases (Charette et aL, 2001, section 1.1.9.5.). Thus, CD95/Fas
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receptor seems to induce two distinct cell death pathways, one involving caspase

activation, the other being caspase-independent (section 1.1.10).

To prevent the induction of apoptosis, sorne viroses produce v-FLIPs (Fas

associated death domain-like ICE inhibitory proteins) which contain death effector

domains (DED) similar to those on FADD and caspase 8 (Thome et al, 1997, Hu et

aL, 1997). The role of v-FLIPs is to bind and sequester FADD and caspase 8, thus

interfering with the induction ofreceptor-mediated ceU death (Thome et aL, 1997).

Cellular homologues ofv-FLIPs (c-FLIPs) were also identified, but their role in

regulation ofcell death is not clear (lrmler et aL, 1997, Han et al., 1997, Rasper et

al., 1998). To further evade the induction of ceU death, viroses have aiso evolved

CD95 decoy receptors (DcR3), which are released to bind CD95L, thereby inhibiting

CD95/CD95L-triggered apoptosis (Pitti et al., 1998).

1.1.8.3.2. TNF receptof signaHng

TNF (tumor necrosis factor) ligand is produced mainly in activated T ceUs and

macrophages in response to infection (Tartaglia and Goeddel, 1992). Binding ofTNF

trimerizes the TNF receptor (TNFR1) and induces the aggregation of the cytoplasmic

domains of the receptors. There are two identified signaling cascades Induced by

activated TNFR1. One signaling pathway leads to apoptosis, while the other pathway

promotes cell survival by activating Nf-kappaB transcription factor and JNK. (c-Jun

N-tenninal kinase) (Lee and Choi 1997). The TNFRI-induced apoptotic pathwayis

similar to that induced by CD95 ligation (section 1.1.8.3.1.), and involves FADD

mediated activation ofcaspase 8 (Hsu et aL, 1996a). In the TNFR1 pathway,

however, FADD does not directly bind to TNFRI but raiher associates with TRADD

(TNFR-associated death domain). TRADD, acting like a bridge between TNFR1 and

FADD, binds to the cytoplasmic DD ofTNFR1 via its own death domain and

recroits FADD. It also recroits RIP (receptor interacting protein) by interacting with

a DD on RIP (Hsu et aL, 1996b, Ting et al., 1996). RIP binds to two proteins,

RAIDD (RIP-associated, ICH-1-homologous protein with DD) and TRAF2 (TNFR

associated factor 2) (Rothe et a1., 1996, Hsu et al., 1996a). RAIDD binds caspase 2
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via DED dimerization, thereby activating caspase 2 and initiating caspase-mediated

apoptosis (Ahmad et al., 1997, Duan and Dixit, 1997). TRAF2, on the other hand,

activates NF-kappaB kinase-inducing kinase NIK, which in tum activates IKK

(Malinin et al., 1997, Zandi et al., 1997), the inhibitor ofI-kappaB kinase complex.

IKK phosphorylates I-kappaB (inhibitor ofNF-kappaB), leading to its degradation.

The elimination ofI-kappaB activates the transcription factor Nf-kappaB, which

drives the expression ofpro-survival genes (Van Antwerp et al., 1996, Wang et al.,

19). RIP-bound TRAF2 also mediates the activation of JNK involved in the

suppression of ceU death (Natoli G et al., 1997). Interestingly, TRAF2 also binds c

IAPs (cellular inhibitors of apoptosis) (Shu et al., 1996), which may be involved in

the inhibition ofTNFRI-mediated apoptosis. Thus, TNFRI signaling promotes both

ceU death and ceU survival mechanisms. The factors controlling the decision whether

to proliferate or die remain largely uncharacterized. Recently identified protein TRIP

has been shown to bind TRAF2 and inhibit TRAF-induced activation of the

apoptosis suppressor Nf-kappaB (Lee and Choi, 1997). Thus, the outcome ofTNFRI

signaling may depend on relative concentrations of pro-apoptotic TRIP and anti

apoptotic cIAPs in the ceU, and their affinities for the receptor (Zomig et al., 2001).

1.1.8.3.3. TRAIL receptor signaling

TRAIL (TNF-related apoptosis inducing ligand) receptors DR4 and DR5 are

expressed in most human tissues and sorne tumor ceUlines. TRAIL (the ligand) is

also broadly expressed, although at higher levels in activated T ceUs (Screaton et al.,

1997, Jeremias et al., 1998). Similarly to CD95L, TRAIL drives apoptosis through

FADD interaction with DR4/5 via their cytoplasmic death domains and subsequent

activation ofcaspase 8 (Bodmer et aL, 2000). However, two other identified TRAIL

receptors, DcRl and DcR2, do not possess functional cytoplasmic domains and are

therefore unable to mediate any cellular signaling (Golstein, 1997). DcRI and DcR2

are decoy receptors that bind TRAIL and prevent TRAIL-mediated activation of

DR4 and DR5, therebyblocking DR4/5-induced apoptosis (Pan et al., 1997). The

role of endogenous decoy receptors for inhibition of apoptosis is not known.
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Death receptor signaling is very often a target of viral products. A number of viral

homologues of cFLIPs involved in sequestering ofFADD and caspase 8 were

identified (Thome et al., 1997, Goltsev et al., 1997). Adenoviruses produce RID

protein that downregulates Fas expression (Tollefson et al., 1998) and EIB-19K

protein, which sequesters FADD (Perez and White, 1998).

Activation of death receptors can also be oftherapeutic use (section 1.1.9.6.).

Death receptor-mediated apoptosis is independent of p53, which is mutated in most

types of human cancer. Thus, targeting death receptors may prove to be an efficient

means ofblocking tumorigenic progression. Apoptotic pathways initiated from death

receptors are summarized in Figure 1.2.
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Figure 1.2. Diagram showing apoptotic pathways initiated from cell surface death receptors.

The mitochondria and the ER are also incorporated in the schematic. Death

receptor-mediated signaling culminates in activation of caspases, the central

effectors of the execution phase of apoptosis (Adapted from Cell Signaling

Teehnology Ine.)
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1.1.9. Caspases: the effectors of eeU death

Both the mitochondrial and death receptor apoptotic pathways converge on an

effector phase of apoptosis that involves activation of a set ofcellular proteases,

termed caspases (reviewed in Cryns and Yuan, 1998, Thomberry and Lazebnik,

1998, Zomig et al., 2001). Activated caspases cleave a number of cellular proteins

and essentially mediate the disassembly of a cell. The first identified caspase,

referred to as ICE or caspase 1, is a homologue of C.elegans Ced-3 protease (Yuan J

et al., 1993, section 1.1.6.). To date, 13 other caspases were identified. Caspase 1,4,

5, and Il are an involved in proteolytic maturation of cytokines, including

interleukin-l beta (Li P et al., 1995, Wang S et al., 1998). AIl other caspases, namely

2,3,6, 7, 8,9, 10, 12, 13, and 14, are involved in the execution of apoptosis (Wolf

and Green, 1999).

1.1.9.1. Structural features of caspases

The caspase catalytic site is highly conserved among metazoans and consists of

the QACXG sequence, where centraIly-positioned cysteine is directly involved in

catalysis. The caspase recognition site in substrates consists of four amino acids,

with aspartate being first in the sequence (Thomberry et al., 1997). The cleavage of

substrates by caspases occurs specificaIly on the carboxy end of the aspartate residue

present in the 4-a.a. recognition sequence (Cryns and Yuan, 1998).

Caspases can be subdivided into three groups based on substrate specificities. The

first group consists ofICE caspases implicated in cytokine processing and includes

caspases 1,4,5, and Il, an with WEHD recognition sequence specificity. The

second Ced-3/CPP32 group of caspases includes caspases 3, 6, and 7, which

recognize DEXD sequences in the substrates and play a role in the execution phase

ofPCD. The last group, ICH-IlNedd-2, contains caspases 2,8,9, and 10, which

recognize (I/LN)EXD sequences, and are primarily involved in the initiation of

apoptosis (Thomberry et al, 1997).
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AIl active caspases exist in hetero-dimeric forms. Larger subunits contain the

catalytic cysteine residue, whereas smaller subunits determine substrate specificity.

Two caspase heterodimers bind to one another to ultimately form a tetramer

consisting of two large and two small subunits (Walker et al., 1994, and Wilson et

al., 1994).

1.1.9.2. Caspase activation

Caspases are synthesized as inactive pro-enzymes with one regulatory pro-domain

and two effector domains. The pro-domain is located on the N-terminus whereas the

large and small subunits comprising the effector domain are localized on the C

terminus. Caspases are activated by proteolytic removal of the pro-domain, which is

cleaved off specifically at caspase substrate cleavage sites. This implies that caspases

are themselves targets of other caspases, or are auto-activated, and this is precisely

the case. Procaspase 8 cleaves and activates itself upon binding to the death receptor

complex (Muzio et al., 1998, section 1.1.8.3.), whereas caspase 9 proteolytically self

activates as part of the apoptosome complex (Wang, et al., 2001, section 1.1.8.1.).

Caspases 8 and 9 are the two best characterized upstream caspases, which upon

activation, cleave a number of downstream effector caspases, thus initiating a

caspase cascade. Downstream effector procaspases 3 and 7 are proteolytically

processed by caspases 8 and 9, and as active caspases execute apoptotic death. The

execution phase involves cleavage of a number of structural and regulatory proteins

by the effector caspases.

The pro-domains of the upstream caspases are long and contain regulatory regions

(Fraser and Evan, Hofmann et al., 1997). The pro-domain of caspase 8 contains the

DED motifinvolved in caspase 8 interaction with death receptor complexes (section

1.1.8.3.), while caspase 9 contains the CARD motifmediating caspase 9 interaction

with Apaf-l (section 1.1.8.1.). In contrast, the effector caspases contain short

prodomains ofmaximum 40 a.a. in length.

1.1.9.3. Cellular targets of activated caspases
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Caspase substrates comprise a large group of proteins with different functions

(Cryns and Yuan 1998, Nicholson, 1999). They inc1ude structural proteins, both pro

and anti-apoptotic regulatory proteins, repair enzymes, as well as signaling

molecules. Downstream procaspases also constitute a group of substrates for their

upstream counterparts.

Sorne weil characterized caspase targets inc1ude Bcl-2 related proteins. Caspase 8

cleaves Bid, generating tBid, a potent inducer ofcytochrome c release (Li et al.,

1998, Luo et aL, 1998, section 1.1.7.1.2.). Caspase 3 c1eaves Bc1-2, thus inactivating

its anti-apoptotic function and actually generating a pro-apoptotic C-terminal Bcl-2

fragment (Cheng et al., 1997, Clem et aL, 1998). Caspase 3 aise cleaves

ICADIDFF45, an inhibitor ofCAD (caspase-activated DNase), thus promoting the

translocation of CAD from the cytoplasm to the nucleus, and CAD-mediated

degradation ofDNA (Sakahira et aL, 1998, Enari et al., 1998). The nuclear DNA

repair enzyme PARP (Poly ADP-ribose polymerase) is also cut and inactivated

(Casciola-Rosen et aL, 1996), possibly to facilitate DNA degradation (Cohen, 1997).

Two structural targets of caspase 6 and caspase 3 include lamins and gelsolin

(Takahashi et aL, 1996, Kothakota et al., 1997). Lamins constitute the major

component of the nuc1ear envelope, and their cleavage by caspase 6 causes nuclear

changes that are hallmarks of apoptosis (section 1.1.2.). Gelsolin, on the other hand,

is critically involved in regulation of actin activity, and its proteolysis by caspase 3

has drastic effects on the integrity of the entire œIl. Cleavage of PAK2/hPAK65 and

FAK kinases induces cellular detachment and phosphatidylserine flip, and is thought

to promote phagocytosis of apoptotic bodies (Brancolini et al., 1997, Wen et al.,

1997).

1.1.9.4. Caspase inhibitors: ceHular, viral, and synthetic

A number of viruses have evolved mechanisms to inhibit caspases, and thus

prevent the induction and execution of cell death (Roulston et al., 1999). Endogenous

caspase inhibitors also exist to perform regulatory functions and prevent unnecessary
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caspase activation. Furthennore, there are a number of synthetic caspase inhibitors

used in research and medical settings (reviewed in Ekert et al., 1999).

Cellular inhibitors of apoptosis, known as cIAPs, constitute a group of

evolutionarily conserved caspase blockers found in yeast, C.elegans, Drosophila,

and mammals (Clem and Duckett, 1997, Uren et al, 1998, LaCasse et al., 1998).

IAPs appear to bind to both activated caspases (Ekert PG et al., 1999) as well as

inactive procaspases (Deveraux et al., 1998) and block their activation, although the

mechanism of inhibition is not clear. cIAPs are themselves inhibited by SmaclDiablo

proteins released from mitochondria during apoptosis (Verhagen et al., 2000, Du et

al., 2000, section 1.1.8.1.2.). IAP overexpression is associated with several types of

cancers including that oflung, colon, prostate, and breast, as weIl as 50% ofnon

Hodgkin's lymphomas (Ambrosini et al., 1997, section 1.1.5).

Several viral caspase inhibitors were identified (reviewed in Roulston et al.,

1999). Baculoviruses and poxviruses produce functional homologues of cIAPs.

Poxviruses also produce serpins, homologs ofmammalian Serine proteinases

inhibitors (Potempa et al., 1994). CnnA, the best characterized viral serpin, inhibits

Fas- and TNF-induced apoptosis by binding to caspases 1 and 8 (Tewari et al., 1995,

Zhou et al., 1997). CnnA acts as a pseudosubstrate that is recognized and bound by

active caspases, thereby neutralizing them (Zhou et al., 1997, Garcia-Clavo et al.,

1998, Komiyama, 1994). Baculoviruses, on the other hand, encode p35 protein that

can inhibit mammalian caspases 1,3,6, 7,8, and 10 as well as C.elegans Ced-3 (Xue

and Horvitz, 1995, Ahmad et al., 1997). Like CnnA, p35 is a caspase

pseudosubstrate, which is recognized and cleaved by caspases. Unlike CnnA,

however, p35 does not dissociate from the inhibited caspase, but rather remains

bound in an inhibitory complex (Bump et al., 1995).

Several synthetic caspase inhibitors have also been designed. The inhibitors are

currently being applied in studies of caspase contribution to celI death. Caspase

inhibitors are designed to contain the caspase recognition sequence and chemical

groups capable of inhibiting caspase catalytic sites. The most notable synthetic

caspase inhibitors are zVAD-fmk, zDEVD-fink, and Boc-Asp-FMK. AlI contain one

or more amino acids presentin the caspase recognition sequence as well as a
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fluoromethylketone (finIe) group, which inactivates cysteine in the active site via

intermolecular interactions (Thomberry et al., 1994).

1.1.9.5. Caspase-independent apoptosis

The observation that caspase inhibition with zVAD-fmk does not always prevent

the induction ofPCD has led to the hypothesis that there must exist caspase

independent apoptotic pathways (reviewed in Bomer and Monney., 1999, Bidere and

Senik, 2001). Although in sorne cases apoptosis has been shown to be inhibitable by

zVAD-fmk and therefore criticaily dependent on caspases (Hara et al., 1997,

Rodriguez et al., 1996), a growing number of reports implicate caspase-independent

mechanisms in the induction ofPCD. In one experiment, addition ofzVAD-fmk to

ceIls with overexpressed Bax inhibited Bax-mediated nuclear fragmentation, but did

not rescue ceIls from apoptosis (Xiang et al., 1996, Miller et al., 1997). In another

setting, addition ofzVAD-fmk to ceIls challenged with DNA damaging and

oncogenic apoptotic stimuli abolished cleavages of caspase substrates, chromatin

condensation, and DNA degradation, but did not block ceIl shrinkage, membrane

blebbing, or the occurrence of cell death (McCarthy et al., 1997). Similarly, zVAD

fmk failed to inhibit cytotoxic T ceIl-mediated cell shrinkage, membrane blebbing,

PS extemalization, depolarization ofmitochondrial membrane, and the onset of cell

death, although it did prevent nuclear damage (Sarin et al., 1997, Trapani et al.,

1998). These observations suggest that caspases are required for mediation of

apoptotic nuclear events, but may be dispensable for the induction of other apoptotic

hallmarks and cell death in general. Similar effects were observed in studies with the

following stimuli: GD3 ganglioside (DeMaria et al., 1997), class 1 MHC antibodies

(Woodle et al., 1997), Fas and puromycin (Schlapbach and Fontana, 1997),

polyamine analogues (Ha et al., 1998), anti-CD2 and staurosporine (Deas et al.,

1998, Weil et al., 1998), the retinoid AHPN (Adachi H et al., 1998), VP-16 (Benson

et al., 1998), actinomycin D, PML (Quignon et al., 1998), mtric oxide (Okuno et al.,

1998), and adenoviral death protein E4orf4 (Lavoie et al., 1998, Szymborski et al.,

publication in preparation, E40rf4 is discussed in detail in section 1.2.11.). AIl of the
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above stimuli appear to mediate a nove!, easpase-independent fOTIn of apoptosis that

is clearly distinct from necrosis, as there is no eell swelling, eeU rupture, or organelle

disintegration.

The mechanism of easpase-independent PCD has yet to be charaeterized.

Apoptogenic proteins residing in mitochondria are good candidates for mediators of

apoptosis without caspases. The onset ofmitochondrial depolarization and

permeability transition, as weIl as pro-apoptotic activity of Bax appear not to be

affected by zVAD-fink, implying that the release ofmitochondrial proteins does not

require caspases. Upon their release to the cytoplasm, sorne pro-apoptotic

mitochondrial molecules mediate apoptotic effects in the presence of zVAD. AIF

and EndoG nuclease (van Loo et al., 2001, deseribed in section 1.1.8.1.1.) are

examples ofmitochondrial proteins implicated in the induction of apoptotic

hallmarks and cell death in the presence ofzVAD-fink. Organelles other than

mitochondria also harbor molecules capable of inducing apoptosis independently of

caspases. One example is cathepsin B present in the lysosomes (discussed in section

1.1.8.2.3.). Lastly, nuclear, PML-associated protein Daxx activated by Fas receptor

signaling has also been implicated in the induction of a novel type of ceU death

independently of caspases (discussed in section 1.1.8.3.1.). Daxx-mediated ceU death

is characterized by crumpled nuclei (Charette et al. 2001) and requires interaction of

Daxx with Askl kinase. This interaction is regulated by HSP27 (heat shock protein

27), which prevents Daxx from binding Askl (Charette and Landry, 2000), although

the mechanism of inhibition is not known. HSP27-mediated inhibition ofDaxx is

relieved foUowing phosphorylation ofHSP27 in response to cellular stresses. Daxx

mediated apoptotic pathway is diagrammed in Figure 1.3.
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Figure 1.3. A mode! for Fas-induced and Daxx-mediated mechanism of apoptosis induction.

Both caspase-dependent and independent pathways are diagrammed (Adapted

from Charette SJ and Landry J, 2000).

1.1.9.6. Caspase inhibition and activation in therapy

The use of caspase inhibitors can potentially be extended from research

laboratories to the clinical setting. Inappropriate activation of caspases has been

linked to many medical conditions, including Alzheimer's disease, stroke, and heart

attacks. Targeting of overactive caspases with caspase inhibitors may cure or

alleviate sorne ofthese diseases. Recent data indicate that baculoviral p35 expression

prevents blindness due to retinal degeneration in Drosophila (Davidson and Steller,

1998), although no data were reported from mammalian models. In the future,

application of caspase inhibitors will inevitably be extended to humans, although

research in the field is still in the initial stages.

Treatment of cancers, on the other hand, may potentially involve activation of

caspases as a means of inducing ceU death in cancerous ceUs. Since p53 is mutated

and inactive in most cancers, caspases should ideally be targeted for activation

through p53-independent channels, such as the death receptor pathway (Ashkenazi

and Dixit, 1998), or p53-homologues (section 1.1.7.3.4.).
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1.2. Adenoviru§

1.2.1. Discovery and Medical Perspective

Adenoviruses were discovered in 1953 by Rowe, who retrieved thern from

adenoid and tonsil œIl cultures during his studies of the cornmon cold (Rowe et al.,

1953). Although adenoviruses tumed out not to be the main causative agents ofthe

common cold, various adenovirus serotypes were linked to a number of other

diseases, includingacute febrile respiratory disease (subgroup B), infantile

gastroenteritis (subgroup F), and pneumonia (subgroup E) (reviewed in Horvitz,

1996). Adenoviruses were also shown to induce malignant transformation in rodent

cells (Trentin et al, 1962), although their oncogenic potential has never been

demonstrated in humans, as to date no human cancers have been causatively

associated with adenoviral infection. Since most individuals acquire neutralizing

antibodies against at least one adenoviral serotype within the first year of life,

adenoviruses are not regarded as serious pathogenic agents in humans (Huebner et

al., 1954).

Adenoviruses have proven to be excellent models for study of cellular processes

that govem cell proliferation andcell death. Molecular examination of the viral

infectious cycle has advanced our understanding of cellular gene expression, cell

cycle regulation, DNA replication, as well as control of apoptosis. Adenoviruses are

also successfully used as targeting vectors in research and gene therapy (reviewed in

Shenk, 1996).

1.2.2. Classification

Adenoviruses belong to the Adenoviridae family which contains over 100

members and is subdivided into two genera. Mastadenovirus genus includes

adenoviruses that infect mammals, while Aviadenovirus genus contains adenoviruses

that infect birds (Norrby et al., 1976). Human viruses of the Mastadenovirus genus
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are further categorized into six groups based on their ability to agglutinate red blood

ceUs (Rosen, 1960). AH members within the same group exhibit similarities in eeU

and tissue tropisms, oncogenic potential in mammals (Green et al., 1980),

guanine/cytosine (GC) content (Pina and Green, 1965), and electrophoretic mobility

ofvirion proteins (Waddell et al, 1979). Members of the six groups are further

c1assified into 47 serotypes based on their reactivity with neutralizing antibodies.

The classification of adenoviruses is depicted in Table 1.1.

F - G 40,41 ?
Table 1.1: Classification ofhuman adenoviruses (Adapted from Shenk et al., 1996, Fields' Virology)

1.2.3. Structure of th.e Virion.

Adenoviruses shell is composed of the capsid that lacks membrane envelope and

is icosahedral in shape (Home et al., 1959). The iscosahedron measures 70-100nm in

diameter and consists of 20 triangular planes and 12 vertices. The capsid shell is

made up of252 units termed caposmeres, ofwhich 240 are hexons at the edges of

the icosahedron, and 12 are pentons at the vertices (Ginsberg et al., 1966). Hexons

are composed ofprotein II trimers stabilized by three other viral proteins, proteins

VI, VIII, and IX (Everitt et aL, 1973). Protein IIIa bridges capsid to the core ofthe

virus as well as joins pentons and hexons (Devaux et al., 1987). Each penton,

composed ofprotein III pentamers, is surrounded by five hexons. The fiber protein,

which is based on each of 12 pentons, is composed of three copies of protein N and
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together with the knob at Hs apex is important for recognition of and interaction with

ceU surface receptors.

The viral core contains one double stranded and supercoiled DNA molecule. Viral

DNA is complexed with proteins V, VII, terminal protein, and mu protein. Protein V

links viral DNA with the penton base is required for the entry of viral genome into

the host's nucleus. Protein VII is an arginine rich histone-like protein which

assembles viral DNA into nucleosomes (Vayda and Flint, 1987). The terminal

protein is covalently bound to the 5' ends ofthe genome and is involved in the

replication of viral DNA (Enomoto et aL, 1981, Tamanoi and StiHman, 1982).

Adenovirus structure is summarized in Figure lA and in Table 1.2.

Protein
Name: Location/Type: Known Functions:

Il Hexon monomer Structural

III Penton base Penetration

Ilia Associated with penton base Penetration
Receptor binding;

IV Fibre haemagglutination
Core: associated with DNA & penton

V base Histone-like; packaging?
Stabilization/assembly of

VI Hexon minor polypeptide particle?
Histone-Iike

VII Core
Stabilization/assembly of

VIII Hexon minor polypeptide particle?
Stabilization/assembly of

IX Hexon minor polypeptide particle?

TP Genome - Terminal Protein Genome replication
Table 1.2. List of adenovirus structural proteins (adapted t'rom Shenk, 1996).
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Figure 1.4. 2-D diagram of adenoviral capsid. Structural components and viral genome are indicated.

(Adapted from Alan Cann)

1.2.4. Adenoviral Genome

Adenovirus genome consists of one double stranded DNA molecule of 30 to 36

kilo bases (kb) in length, depending on the Serotype (reviewed in Petterson and

Roberts, 1986, Chroboczek et a1., 1992). The inverted terminal redundancy regions

(ITR) of 140 kb present at two ends of viral DNA contain the adenoviral origin of

replication and are capable of forming panhandle structures necessary for the

initiation of viral replication (Wolfson and Dressler, 1972, Steenberg et al., 1977).

ITRs also contain cis-acting packaging sequences which are relevant for packaging

ofviral DNA into virions (Hearing et al., 1987).
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Adenoviral genome is conventionally divided into 100 map units. Transcription

of genes proceeds in both directions. The temporal expression of genes is the basis

for their classification into early, delayed early, and late genes. The early

transcriptional units include: ElA, EIB, E2, E3, and E4, each coding for multiple

proteins. There are aiso two delayed-early units (IX and IVal) and one major late

unit coding for five products (LI-L5). AlI adenoviral genes are subject to alternative

splicing, and are transcribed by RNA polymerase n. Adenovirus genome is depicted

in Figure 1.5.

-=*L5--=&
L4

--t~
ElA EiB ~ L2 E3

~l [Eii
R-Stra:nd3'L.~-~==::!E~' =·====~.~========~=~===5'L-Stra:nd 5'::: 3'

E2B
-]

Figure 1.5. The structure of adenoviral genome. Genes are transcribed from both DNA strands.

(adapted from Alan Cann)

1.2.5. Adenoviral DNA Replication

Adenovirus DNA replication begins at either end of the DNA molecule by 6

hours after infection and peaks at 18 hours post-infection (Horwitz et al., 1990). The

terminal protein (PTP) initiates replication by binding to ITR sequences at a 5' end
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ofviral DNA and associating with E2-DNA Polymerase (Rekosh et al., 1977). E2

DNA polymerase initiates DNA synthesis from a deoxy-CMP (dCMP) primer bound

to pTP. Initiation ofreplication also engages two host proteins, nuclear factor 1 and

ID (NF-I and NF-ID) (Chen et aL, 1990, Temperly and Hay, 1992). NF-I is involved

stabilization ofthe preinitiation complex (Chen et al., 1990), whereas NF-ID

promotes separation ofDNA strands (Verrijzer et al., 1991). DNA replication

proceeds in one direction, displacing the non-template strand. Elongation is aided by

cellular NF-2 topoisomerase, which relieves torsional strain Induced in the DNA

molecule during replication (Nagata et al., 1983), and by adenoviral DNA binding

protein stabilizing the single strand oftemplate DNA. The displaced strand is

eventually replicated by forming a panhandle structure by ITR-mediated

hybridization ofits 5' and 3' ends, resulting in its association with pTP and E2-DNA

polymerase. Replication of adenovirus DNA is depicted in Figure 1.6.

Ad DNA B:iniii.ng proteiD.

TI'

o o
N""leor F..tor l

Figure 1.6. Replication of adenoviral DNA. Both viral and cellular factors are involved in the

process. At the end of the cycle, a segment of the pre-terminal protein is cleaved off

while the remaining 55 kD fragment, termed the terminal protein (TP) stays attached to

the core DNA in mature virions (Adapted from Alan Caan)
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1.2.6. Adenovirus Infection

Human type 5 adenovirus primarily targets tenninally differentiated human

epithelial cens of the upper respiratof'j tract (reviewed in Horwitz, 1996). The

adenoviral infectious cycle generally lasts from 24 to 48 hours and culminates in the

release of about 10,000 progeny virions. Initial stages of the infectious cycle involve

adsorption ofvirus to the target celI, virus entry into the host celI, uncoating ofviral

DNA, and expression of early viral genes. Later stages involve DNA replication, late

gene expression, virion packaging, and virion release from the host celI.

The adsorption of adenovirus to target cells is mediated by the interaction of the

carboxy (C-) terminal knob of the penton fiber protein with coxsackievirus

adenovirus receptor (CAR) (Bergelson et al., 1997). Adenoviral fiber knob also

interacts with the alpha2 domain ofthe MHC (major histocompatibility complex)

class 1 receptor expressed on the surface of epithelial ceUs (Hong et al., 1997).

Internalization of attached virus is mediated by the interaction ofviral protein III

of the penton base with the integrin family of cell surface receptors. The binding of

protein III to cellular integrins occurs via an RGD (arginine, glycine, aspartic acid)

sequence present in protein ID (Wickham et al., 1993). RGD recognition sequence is

also present in the extracellular adhesion molecules that are normal ligands of

integrin receptors (Bai et al., 1993). Internalization of virions proceeds via

endocytosis following fiber knob-mediated adsorption (Greber et al., 1993).

Disassembly of the capsid leading to the release of viral core DNA occurs within

endososmes as weIl as in the cytoplasm. Penton capsomeres are removed in

endosomes due to a decrease in pH (Greber et al., 1993), whereas hexon capsomeres

are proteolytically digested in the cytoplasm.

Upon capsid dissociation, the viral DNA core is transported to the nucleus

through nuc1ear pores (Fredman and Bngler, 1993). The transport ofviral core is

catalyzed by microtubules (Luftig and Weihig, 1975) and involves an interaction of

viral protein V with cellular protein p32. p32 is known for its association with

nuc1ear splicing factors ASF/SF2 (Krainer et al, 1991), but its function in the

transport ofviral DNA is not c1ear. Following its entry into the nucleus, viral DNA
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associates with the nuclear matnx via the terminal protein (Bodnar et al., 1989)

which results in the initiation of early gene expression.

1.2.7. Early Gene Expression

Adenoviral early genes are expressed within the first six hours of the infection

(Nevins et al., 1979). Theproducts ofearlytranscriptional unit include ElA, ElB,

E2, E3, and E4. ElA protein, the first expressed viral product and a major regulator

of early events in the infection, is responsible for activation of transcription of the

remaining early genes and stimulation of viral DNA replication.

1.2.7.1 Early Region lA

1.2.7.1.1. mRNA and Protein Structure

The ElA transcription unit encodes five mRNAs of different Svedberg

sedimentation coefficients. The mRNAs, which include 13S, 12S, lIS, lOS, and 9S

molecules, arise as a result of alternate splicing of one large El mRNA transcript.

The functions of products of three smaUest mRNAs are not known (Stephens and

Harlow, 1987). The products of the 13S and 12S transcripts, 289R and 243R proteins

respectively, are major regulators of the adenovirallife cycle (Pericaudet et al, 1980

a,b). The two proteins are identical except for a 46 a.a. internaI segment present only

in the 289R protein. The 46 a.a. segment corresponds to conserved region 3 (CR3)

and is absent from the ElA 12S product. Both 13S and l2S ElA products, however,

contain conserved sequences CRI and CR2. AU conserved regions are involved in

mediating ElA binding to other proteins (Van Ormondt et al, 1980, Kimelman et al.,

1985).

ElA proteins are highly acidic and linear in structure due to a high proline content

(Howe et a1., 1990, Barbeau et al., 1994). The 289R and 243R ElA proteins, each

with a half-life of20-30 minutes (Spindler and Berk, 1984, Branton and Rowe,

1985) localize to the nucleus (Douglas and Quinlan, 1996). In addition to the three
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conserved regions, ElA protein contains auxiliary region l (ARl) and auxiliary

region 2 (AR2), two non-conserved elements located on the C-terminus of the

protein (Bondesson et al., 1992).

1.2.7.1.2. E1A-med:i~ted gene tr~nsacdvation

ElA activates transcription of genes primarily by binding and interacting with a

number of cellular DNA-binding transcription factors and targeting them to the viral

promoters (Fergusson et al., 1985). ElA itselfdoes not possess any DNA binding

domains and therefore is not a classical transcription factor (Hearing and Shenk,

1985). The transactivational activity ofElA is attributed to CR3 in the 13S product

(Berk, 1986), which contains two critical subdomains: the N-terminal transactivation

domain and the C-terminal promoter targeting region (Webster and Ricciardi, 1991).

The transactivation domain is responsible for binding of ElA to the TATA box

binding protein (TBP), a DNA-binding component transcription factor IID (TFIID)

involved in the formation of the transcription initiation complex. This interaction

allows for activation of viral as weIl as sorne cellular promoters containing TATA

box promoters (Wu et al, 1987). The mechanism of ElA CR3-mediated targeting of

TBP to the promoter may involve the displacement ofDrl and p53 from TBP by

ElA. Both p53 and Drl interact with TBP and repress its activity (Horikoshi et al.,

1995). The C-terminal region ofCR3 mediates binding of ElA to several promoter

bound transcription factors including ATF-2, YY1, and AP-l. The ElA, E2, E3, and

E4 promoters aIl contain ATF binding sites and are therefore responsive to ElA

transactivational activity (Lee et al., 1987). By binding to ATF-2 and other DNA

bound factors, ElA is thought to bring TBP to the site of transcription initiation and

thereby promote the formation of the initiation complex (Lee et al., 1991). The

presence of ATF sites within the ElA promoter allows ElA to transactivate its own

transcription in a positive feedback loop. E1B is expressed by read-through from the

ElA promoter (Nevins, 1989).
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The AP-! family consists ofheterodimeric transcription factor complexes, sorne

ofwhich are found to be the binding targets of ElA CR3. AP-l dimers vary in

content and may contain transcription factors such as Fos, Jun, and ATF. ElA

promotes the binding ofcJunJATF heterodimers ta the ATF sites in the viral

promoters, stimulating their transcription (Benbrook and Jones, 1990), although the

mechanism of AP-l action is not fully understood. Another target ofElA CR3, the

Yin Yang (YYl) protein, is a repressor of several promoters containing its binding

sites. Binding of ElA to YYl relieves the YY1-mediated repression, although the

precise mechanism has not been characterized to date.

Furthermore, ElA is able to activate gene transcription through E2F binding sites

present in the E2 viral promoter as weU as in a number of cellular promoters. E2F is

a transcription factor that induces the expression of cellular factors involved in the

induction of ceU cycle progression, including c-myc, N-myc, cdc2, and DHFR gene.

Since the targets of adenoviral infection are non-dividing ceUs, the transcriptional

activity ofE2F is normally inhibited by physical interaction with the retinoblastoma

(Rb) tumor suppressor protein (Sellers and Kaelin, 1997). ElA relieves Rb-mediated

suppression of E2F by binding and dissociating Rb from the transcription factor.

ElA interacts with Rb via its CRI and CR2 domains, thus both 289R and 243R ElA

products can activate E2F. The adenoviral E40rf617 product also aids the E2F

mediated gene transcription bybinding E2F and stabilizing E2F-containing

complexes (Hardy et al., 1989, Weill et al., 1990).

ElA is also able to stimulate transcription through the E4F binding sites that are

present in the E4 transcriptional unit. The binding ofE4F, a cellular transcription

factor, to the E4 promoters is critically required for their stimulation (Bondesson et

al., 1992). ElA promotes E4F binding to its promoters by interacting with the

tra.llscription factor via its two auxiliary regions, AR! and AR2, as weIl as by

stimulation ofE4F phosphorylation (Muller et al., 1989). However, the mechanism

ofElA-mediated activation ofE4F remains uncharacterized.

1.2.7.1.3. EIA-Stimulated DNA Synthesis
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As mentioned, adenovirus infects terminally-differentiated, non-dividing ceUs in

which proliferative mechanisms, including replication ofDNA, are suppressed. ElA

is a viral mitogen that induces ceU growth and allows the virus to replicate. The

induction of the ceU cycle is mediated from the amino terminus as well as CRI and

CR2 domains ofElA. Thus, both 13S and 12S products can induce DNA synthesis

(Spindler et al., 1985, Kaczmarek et al., 1986, Smith and Ziff, 1988).

ElA has been shown to stimulate DNA synthesis through its interaction with

several cellular proteins. One of its main binding partners is the retinoblastoma (Rb)

tumor suppressor protein, a weU recognized inhibitor of the ceU cycle. Rb arrests ceU

cycle progression in mid and late G1 phase by binding to the E2F transcription factor

and undermining its transactivation functions (Chellappan et aL, 1991, Flemington et

aL, 1993, Helin et al., 1993). Rb is brought to the E2F-responsive promoters in

comp1ex with E2F (Sellers et aL, 1995) where it mediates its inhibitory effects by

interacting with histone deacetylase enzymes (HDACs) (Bœhm et aL, 1998).

HDACs catalyze deacetylation of histones, thereby promoting condensation ofthe

chromatin, making it less accessible to the transcription machinery, as weIl as by

deacetylation of sorne transcription factors leading to their inactivation (Imoff et al.,

1997). HDAC activity is therefore associated with decreased rates of transcription.

Rb activity is regulated by phosphorylation (DeCaprio et aL, 1989, Ludlow et aL,

1990). Rb tumor suppressor is able to bind and inactivate E2F in a

hypophosphorylated state. Rb phosphorylation, mediated by cyclin-dependent

kinases (cdk) in late G1 phase, leads to the release ofE2F (Helm et aL, 1992),

thereby disrupting inhibitory effects ofRb and allowing E2F to drive transcription of

its target genes (Hinds et al., 1992). 13S and 12S ElA products also act to remove

Rb from E2F through binding the Rb protein and disrupting its interaction with E2F

factors.

CRI and CR2 regions ofElA cooperate to inhibit Rb. CR2 region mediates the

binding of ElA to Rb (Egan et al., 1988) while CRI region regulates the

displacement ofE2F from Rb (Ewen et al., 1991, Kaelin et al., 1990).

The CR2 region contains a leucine-X-cysteine-X-glutamic acid (LXCXE) sequence
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(Egan et al., 1988, Vlhyte et aL, 1989) which represents an Rb recognition motif

(DeCaprio et al., 1988, Dyson et al., 1990).

ElA activates E2F functions also through cyclin A and cyclin-dependent proteÎn

kinase 2 (cdk-2) proteins (Kleinberger and Shenk, 1991, Tsai et aL, 1991). Cdk-2,

also known as p30, phosphoryIates Rb and releases active E2F. Cyclin A (aIso

referred to as p60) fonns a complex with cdk-2 and regulates its activity (Hunter and

Pines, 1994). ElA binds cyclin A and cdk-2 indirectly through p107 and p130, two

E1A-binding proteins (Schwarz et al., 1993, Howe and Bayley, 1992). This

interaction is associated with increased leve1s of cdk-2-mediated phosphoryIation of

Rb (Barbeau et al., 1994).

ElA aIso promotes celI growth by associating via the amino tenninus and the

CRI region with p300, p400, and CBP proteins (Barbeau et al., 1993, 1994). p300,

p400, and CBP (CREB binding protein) are histone acetyI transferases (HATs) and

act as transcriptiona1 coactivators of genes involved in cell cycle arrest (Arany et al.,

1994). P300 and CBP stimulate gene transcription in response to the accumulation of

second messenger cAMP molecules, which activate protein kinase A (PKA). Upon

activation, PKA phosphorylates cAMP responsive element (CRE) binding protein

(CREB) (Gonzalez and Montminy, 1989). CREB then binds CBP and p300, and the

complex activates transcription of genes containing CRE promoters (Lundland et al.,

1995). P300 is thought to mediate transcriptional coactivation through its intrinsic

HAT activity as well through an associated HAT P/CAF. P/CAF (P300/CBP

associated factor) is a histone acetyltransferase that is brought to CRE-containing

promoters in complex with p300 and CBP (Yang et al., 1996). The products of

CREB responsive genes block celI cycle progression and stimulate the process of

differentiation (Moran, 1993). ElA prevents transcription ofthese genes by binding

p300 and CBP (Arany et al., 1995) and inhibiting HAT activity ofp300 and P/CAF

(Hamamori et al., 1999).

1.2.7.1.4. ElA and Apoptosis
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The E1A-mediated induction ofunscheduled synthesis ofDNA leads to activation

of the p53 tumor suppressor protein (discussed in section 1.1.7.3.) involved in the

induction ofapoptosis and cell cycle arrest (Lowe and Ruley, 1993). ElA increases

p53 halflife :from 20 minutes to 2 hours (Querido et al., 1997b) in part by

upregulating p19/ARF (deStanchina et al., 1998), which complexes with Mdm-2 and

prevents Mdm-2-mediated degradation ofp53 (Pomerantz et al., 1998, discussed in

section 1.1.7.3.2.). ElA can also inhibit p53 activation by a mechanism involving

binding and sequestering ofp300 (section 1.2.6.1.3.) (Gu et al., 1997, Lill NL et al.,

1997).

Furthermore, ElA has been shown to sensitize cells to TNF-induced apoptosis

(Shister et al., 1996, death receptor-mediated apoptotic pathways are discussed in

section 1.1.8.3.). Adenoviral encoded proteins such as early region 3 (E3) 14.7 kD

protein, E3 10.4/14.5 heterodirner, and earlyregion lB (EIB) 19 Kd protein, are

later produced to interfere with the TNF-mediated cell death pathway, thus

preserving host cell for viral replication (Gooding et al., 1991, Chioti et al., 1994).

Thus, in addition to the induction of cell growth and DNA replication, ElA also

transactivates proteins involved in the inhibition of prograrnrned cell death. In later

stages of infection E1A-transactivated viral products induce p53-independent,

caspase-independent cell death that is thought to be the rnechanisrn ofviral exit frorn

infected cells (Marcellus et al., 1996, 1998, Lavoie et a1.,1998, Shtrichrnan and

Kleinberger, 1998). Viral mediators of the novel type of apoptosis are discussed

later.

1.2.7.2 Early Region lB (E1B)

The EIB products arise from an altemate splicing ofthe major EIB mRNA

transcript. The ElB transcription unit produces a number ofrnRNAs as a result of

read-through transcription ofthe ElA region, and is rnostly independent of ElA

transactivation activity. The major EIB transcript is 22S in size and encodes two

critical proteins of 19 and 55 kilodaltons (called EIB-19K and EIB-55K proteins)

(Petterson and Akusjarvi, 1983). Other EIB transcripts, including 13S and 14S,
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encode several additional products such as 84R, 156R, and 93R proteins (Monteil et

al., 1984, Takayesu et al., 1994) whose functions have not been fully characterized.

EIB-19K and EIB-55K are the best characterized EIB products and are critical

for the neutralization of EIA-induced apoptotic effects (Barker and Berk, 1987, Rao

et aL, 1992). EIB-19K protein localizes to nuclear and cytoplasmic membranes,

intermediate filaments and nuclear lamins (Grand et al., 1985, White and Cipriani,

1989) and is essential for inhibition of apoptosis Induced in response to adenoviral

infection (White et al., 1984, 1991, 1992). Mutational inactivation ofE1B-19K has

been shown to result in apoptotic death of infected ceUs and poor viral yields (Ezoe

et al., 1981). The mechanism of EIB-19K-mediated suppression ofapoptosis

involves binding and neutralizing the pro-apoptotic members of the Bcl-2 familyof

proteins, including Bax, Bak, and Bik (Farrow et al., 1995, Han et al., 1996). The

interaction ofE1B-19K with these proteins is achieved through two Bcl-2 homology

(BH) domains present in the 19K and Bcl-2-like proteins (discussed in section

1.1.7.1.). Thus, E1B-19K acts like an anti-apoptotic member of the Bcl-2-like family

ofproteins. InterestingIy, E1B-19K has also been shown to prevent TNF and Fas

mediated apoptosis (Perez and White, 1998), and E1A-induced p53-independent cell

death (Teodoro et al., 1995).

E1B-55K, the second major product of the E1B promoter, is a highly stable viral

protein regulated by phosphorylation (Branton and Rowe, 1985, Rowe et al., 1983).

E1B-55K inhibits p53-induced apoptosis (Marcellus et al., 1996a) bybinding to the

p53 transactivation domain (Lin et al., 1994) and repressing p53-initiated

transcription (Yew and Berk, 1992). By binding to p53, E1B-55K aiso increases p53

affinity for DNA (Martin and Berk, 1998), further promoting its own inhibitory

action. In addition, E1B-55K, in complex with E40rf6, targets p53 for degradation

(Moore et al., 1996, Querido et al., 1997a), thereby eliminating tbis potent inducer of

apoptosis. The roles ofE1B-55K extend to the selective stabilization and transport of

viral mRNA as weB as the shut-off ofhost ceIl functions (discussed later).

1.2.7.3. Early Region 2 (E2)
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The products of the E2 transcription unit are involved in the regulation of viral

DNA replication. The E2 unit produces two different mRNA species, E2A and E2B,

as a result of alternative splicing and different polyadenylation sites (Berk and Sharp,

1977). The E2A 1.11RL'JA encodes the E2 DNA binding protein (E2-DBP) whereas the

E2B mRNA encodes the DNA polymerase (E2-DNA pol) and the pre-terminal

protein (E2-pTP). E2-DNA pol is involved in the replication ofviral genome. It

possesses a 5' to 3' DNA polymerase activity for DNA replication and a 3' to 5'

exonuclease activity for proofreading (Field et al., 1984). E2-pTP is covalently

bound to the 5' end of viral genome and promotes the initiation ofDNA replication

(Stillman et al., 1981). E2-pTP acts as a primer ofDNA synthesis and directs the

formation of the initiation complex at the viral origin of replication (Rekosh et al.,

1977, Challberg et al., 1980). At the end of the replicative cycle, pTP is cleaved by

L4-protease, but the generated 55 kD fragment remains attached to viral genome in

mature virions (Challberg and Kelly, 1981). E2-DBP binds and stabilizes ssDNA

intermediates that arise during adenoviral replication (Field et al., 1984). It is

therefore important at the elongation stage ofreplication (Van der Vliet et al., 1975).

1.2.7.4. Early Region 3 (E3)

The E3 transcription unit produces 9 mRNA families (Chow et al., 1980). The

products of the E3 region are implicated in downregu1ation of the host's immune

response directed against the virus (Gooding, 1992). The E3 region is therefore

essential in in vivo infections (reviewed in Ploegh, 1998), but has no role and is often

deleted for in-vitro studies (Cladaras and Wold, 1985). Several E3 products have

been identified and their functions characterized.

The E3-19 kD protein (gp19K) acts to protect virally-infected ceUs from cytotoxic

T-1ymphocyte (CTL)-mediated celllysis (Andersson et al., 1987). Gp19K localizes

to the endoplasmic reticulum (ER) membranes (Wold et al., 1985) where it binds and

sequesters major histocompatibilty complex (MHC) class 1(Kvist et al., 1978). MHC

class 1molecules are involved in presentation of viral antigens on the host's cell

surface and are therefore markers of infection for the CTLs. Gp19K serves to block
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their relocalizatîon to the cell surface, thereby preventing CTL-mediated cell death

(Paabo et al., 1987).

The E3-14.7 kD protein localizes to the cytoplasm and nucleus and acts to inhibit

tumor necrosis factor (TNF)-mediated cytotoxicity (Tollefson and Wold, 1988,

Horton et al., 1991). TNF-alpha cytokine, released from activated lymphocytes and

macrophages, induees cytopathic effects through its receptor, TNF (reviewed in

Wallach et al., 1997). Ligation ofTNF-alpha to the TNF receptor induces apoptosis

via several distinct pathways, one of which was described in section 1.1.8.3.2. The

second mechamsm involves the induction of calcium-dependent translocation of

phospholipase 2 (cPLA2) to the cytoplasmic membrane where it catalyzes the release

of arachadonic acid (AA). The dissociation of AA is linked to the onset of apoptosis

in infected ceUs. The E3-14.7 kD product blocks this process, inhibiting cPLA2

activity and thereby preventing AA release (Zilli et al., 1992).

Furthermore, the E3-14.5 kD protein inhibits TNF-mediated ceU death in complex

with E3-1 0.4 kD product. These two proteins form heterodimers that localize to the

plasma membranes (ToUefson et al., 1990). The heterodimers, aise referred to as the

receptor intemalization and degradation (RID) complex, prevents cPLA2

translocation to the membranes, thus blocking TNF-induced apoptosis (Krajicsi et

al., 1996). RID also mediates internalization and degradation of ceU surface Fas

receptors (Shisler et al., 1997) and epidermal growthfactor receptors (EGFR)

(Stewart et al., 1995). The elimination of Fas blocks Fas-initiated apoptosis

(discussed in detail in section 1.1.8.3.1.). The purpose of EGFR degradation is not as

clear.

In contrast to other characterized E3 products, the E3-11.6 kD protein does not

appear to be involved in modifying the host immune responses. A deletion ofthe E3

11.6 kD coding region has been shown to result in defective virion release and

improper host cel1Iysis (Tollefson et al., 1996). Thus, this particular E3 product may

promote celllysis in the final stages of infection, although the mechanism of its

action is not known. The pattern of expression of E3-11.6 kD supports this

hypothesis. The protein is present at very low levels in the initial stages of infection,

but is upregulated 400-fold in late stages (Tollefson et al., 1992). Also in the late
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infection, E3-11.6 kD protein translocates the ER and Golgi apparatus to the

nuclear membrane (Scaria et al., 1992), although the significance ofthis movement

is not clear.

1.2.7.5. Ea:rly Region 4 (E4)

The E4 transcriptional unit produces 12 unique rnRNA species that encode at least

seven products from seven different open reading frames (orf) (Virtanen et al.,

1984).

The E40rfl product of 14 kD is possibly a transforming protein. E40rfl from

several adenovirus Serotypes has been shown to induce mammary carcinomas in rats

(Weiss et al., 1996) and transform human cens (Weiss et al., 1997a). The oncogenic

potential ofE40rfl protein is ascribed to its C-terminal PDZ domain (Weiss et al.,

1997b) involved in binding of a number of cellular proteins. One of the characterized

E40rfl binding proteins is the Drosophila disc large tumor suppressor (Lee et al.,

1997), but the significance of this and other interactions is not clear.

The function of E40rf2 is equally elusive. The E40rf2 region encodes a protein of

14.6 kD that localizes to the cytoplasm (Dix and Leppard, 1995), but its role has not

been characterized.

The E40rf3 product of Il kD localizes to the nucleus (Samow et al., 1982) where

it associates with promyelocytic leukemia oncogenic domains (PODs). PODs are

multi-protein complexes involved in regulation of gene expression and DNA

replication. E40rf3 induces the relocation ofPOD proteins to the site of viral

replication and to virallate promoters (Doucas et al., 1996), thereby enhancing the

expression of viral genes. In addition, E40rf3 product contributes to transcription of

the late viral genes by bringing cellular transcription regulators to late viral

promoters.

E40rf4 viral protein is involved in the induction of apoptosis in later stages of

infection and is discussed in more detail in section 1.2.11.

The E40rf6 product of34 kD is involved in the selective transport of viral mRNA

from nuclei to the cytoplasm as weIl as in host cell shut-off. In complex with EIB-
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55K, the E4orf6 product functions to prevent p53-mediated apoptosis Induced in

response to the viral infection. E40rf6 binds to the C-terminus of p53 and may inhibit

p53 gene transactivation ability by displacing TAF 31 (Dobner et aL, 1996, Nevels et

al., 1997). Furthermore, E40rf6-EIB55K complex reduces p53 activityby inducing

turnover ofp53 (Querido et al., 1997a) by targeting it to the ubiquitin degradation

complex (Boivin et al., 1999, Tauber and Dobner, 2001, Querido et al., 2001).

E40rf6/7 is a 19.5 kD hybrid ofE40rf6 and E4orf7 sequences that arises as a

result of alternative mRNA splicing. E40rf6/7 stimulates the expression ofE2

products, which are involved in the synthesis of viral DNA (section 1.2.6.2.). The

mechanism ofupregulation ofE2 genes by E40rf6/7 involves E40rf6/7 mediated

stabilization of transcription machinery at E2 promoters (Obert et al., 1994).

E4orf3/4 product is a 7.1 kD hybrid ofE40rf3 and E4orf4 mRNA due to the

alternative splicing ofmRNA. Its function has not been characterized.

1.2.8. Late Gene Expression

The shift from the expression of early genes to the expression of late genes occurs

at the onset ofreplication ofviral genome. One single late primary transcript 29 kilo

bases (kb) in length is expressed from the major late promoter (MLP). Five late

mRNA transcripts, LI-L5, are produced from the primary transcript as a result of

alternative splicing and different polyadenylation signaIs (Chow et al., 1977). The

splicing oflate viral mRNA is regulated by E40rf3 and E40rf6 (Nordqvist, 1994).

The products of five Iate mRNAs are structural proteins that compose the adenovirus

vmon.

1.2.9 Host ceU sind-off

At the time of viral DNA replication, host protein synthesis is completely turned

offby the virus (Beltz and Flint, 1979). The inhibition ofthe translation ofhost

proteins is achieved by two mechanisms. First, viral mRNA is selectively transported

from the nucleus to the cytoplasm, while cellular mRNA is retained in the nucleus
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(Bridge and Ketner, 1990). Selective rnRNA transport is mediated by the protein

complex composed ofE1B-55K and E40rf6 that shuttles between the cytoplasm and

the viral transcription sites in the nucleus (Samow et aL, 1984, Ornelles and Shenk,

1991). The binding and sequestering ofElB-AP5, a nuclear RNA binding protein,

by E1B-55K also contributes to the selective transcription of viral rnR."NAs (GabIer et

al., 1988).

The second mechanism involves the protection ofviral mRNA from the

interferon response (reviewed in Zhang and Schneider, 1993). Normally, viral

infection activates interferon-inducible protein kinase R (pKR) (O'Malley et al.,

1986), which phosphorylates and inactivates the translation initiation factor eIF

2alpha (deHaro et aL, 1996). Translation of viral rnRNA does not require this factor,

thus the synthesis of viral proteins is not inhibited. Furthermore, the mRNA cap

binding translation initiation factor eIF-4F is also inactivated during adenoviral

infection, so that translation of cellular mRNA is suppressed (Huang and Schneider,

1991). EIF-4F helicase activity is required to overcome the secondary structures at

the site of translation origin. Translation of viral mRNA proceeds efficiently in the

absence of eIF-4F because the 5'-untranslated region (UTR) of viral mRNA is free

of secondary structure (Dolph et aL, 1990).

1.2.10. Virion Assembly and Release

The virions are assembled upon completion of viral DNA replication and

translation of the late structural proteins (reviewed in Philipson, 1984). Hexon

formation is mediated by the L4-100 kD protein which supports the trimerization of

polypeptide II (Cepko and Sharp, 1982). Pentons are formed from polypeptide ID

which pentamerizes and then associates with the fiber composed of three polypeptide

Il molecules (Velicer and Ginsberg, 1970). Hexon and penton capsomeres form an

empty capsid which is then filled with one copy of the viral genome. The

encapsidation of the genome is mediated by two late viral proteins, Ll-52!55 kD and

L3-coded viral protease. The first protein acts as a scaffold component (Hasson et

aL, 1989), whereas the second protein catalyses the digestion of some viral proteins
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that is required for stability and infectivity of the mature virions (Webster et al.,

1993).

The re1ease of adenovirus from infected ceUs does not appear to involve celllysis.

Instead, adenoviral infection is associated with cytoskeleta1 breakdown and

membrane disruption leading to an apoptotic type of œIl death (Defer et al., 1990,

Chen et al., 1993). Recent studies involving E40rf4 support the hypothesis that

adenoviruses kill the host cell by apoptosis to evade the immune response and

efficiently infect new ceUs. Since inactivating mutation of the E3-11.6 kD product

also promotes cell survival, this protein is thought to cooperate with E40rf4 in the

induction of apoptosis at the end of the infectious cycle.

1.2.11. E4orf4: overview

The adenovira1 E40rf4 product is a small 14 kD protein and is produced in the

early phase of infection (reviewed in Branton and Roopchand, 2001, K1einberger T,

2000). E40rf4 localizes primarily to the nucleus, although significant amounts are

also present in the cytoplasm (Miron et al., unpublished). The exact role ofE40rf4 is

not known. A number ofstudies have linked E40rf4 to the suppression ofE1A

promoted gene transcription. E40rf4 has been shown to negatively regulate the

expression of several E1A-activated promoters, including AP-1-responsive genes

JunB and c-Fos (Muller et al., 1989), E4 adenoviral genes (Bondesson et al., 1996),

as well as E2F-responsive genes from the adenoviral E2 region (Mannervik et al.,

1999). These effects were attributed to E40rf4-induced reduction ofphosphorylation

levels ofE1A and AP-1 (Muller et al., 1992).

E40rf4 is also involved in regulation of alternative splicing. E40rf4 modulates the

activity of SR splicing factors involved in spliceosome assembly and recognition of

splice sites (Zahler et al., 1992). E40rf4 protein has been linked to splicing of

adenoviral LI mR..NA products through dephosphorylation of SR products (Kanopka

et al., 1998).
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Most recently, E4orf4 protein has been implicated in killing of infected cells by

apoptosis end stages of the viral cycle (Marcellus et al., 1998). The killing ability

ofE4orf4 also appears to involve dephosphorylation of cellular proteins.

1.2.11.1. E4orf4 and Apoptosis

The induction of apoptosis is generally associated with most viral infections

(Roulston et al., 1999, Teodoro and Branton, 1997). Apoptotic mechanisms are

triggered in metazoan ceUs in response to viral infections in order to prevent viral

growth and spread to other cells and tissues. To counter host-mediated PCD, viruses

have evolved mechanisms to block this apoptotic response (Roulston et al., 1999,

section 1.1.9.4.). Adenoviral EIB 19K, EIB 55K, and E40rf6 proteins, discussed in

previous sections, are aIl involved in the inhibition of the apoptotic machinery that is

activated by ElA. üther viruses produce similar proteins that inhibit apoptosis to

ensure viral survival (reviewed in Roulston et al., 1999).

Unlike EIA-induced apoptosis, however, E4orf4-mediated apoptosis islikely not

an unwanted by-product of the infection, but a deliberate mechanism used by virus to

kill the ceU and promote viral exit. Virally-mediated apoptosis in end stages of

infection confers several advantages for the virus. Firstly, this form of cell death

protects the virus from the host' s immune response as apoptosis is a non

inflammatory process, while cell lysis induces a potent immune response against the

virus. Secondly, the engulfment of apoptotic bodies by surrounding cells facilitates

viral entry into these cells and therefore promotes the viral infectious cycle.

The identification ofE40rf4 as the adenoviral inducer of apoptosis was preceded

by the finding that the expression offull-Iength ElA in p53-null ceUs resulted in the

induction of cell death with sorne apoptotic features such as DNA laddering and

chromatin condensation (Teodoro et aL, 1995). Since E1A-mediated apoptosis

critically relies on functional p53, this finding implied that late adenoviral apoptosis

was caused by another viral product. Infections of ceUs with adenovirus mutants

lacking various regions of the genome showed that the E4 region is essential for the

induction ofp53-independent apoptosis (Marcellus et al., 1996). The killing activity
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was later mapped to E40rf4 following the analysis of several E4 mutants (Marcellus

et al., 1998). It has also been affirmed that E40rf4 can induce eeU death when

expressed alone, and therefore does not need to cooperate with other viral products

to mediate cytotoxic effects (Marcellus et al., 1998). Chinese Hamster Ovary

(CHO) ceUs, E40rf4 has heen shown to induce apoptosis in the presence of zVAD

fink caspase inhihitor (discussed in section 1.1.9.4.). Thus, E40rf4 appears to trigger

apoptosis in a p53- and caspase-independent manner. Most recent data suggest,

however, that in sorne mammalian celllines E40rf4-induced apoptosis may he

associated with the activation of caspase 3, caspase 8, and the release of cytochrome

c from mitochondria (Livne, 2001).

E40rf4-mediated ceU killing and other functions discussed earlier appear to

depend on dephosphorylation ofvarious proteins. Incidentally, the best characterized

binding partner ofE40rf4 is protein phosphatase 2A (PP2A). PP2A consists ofthree

main subunits. A and B subunits perform regulatory functions, whereas the C subunit

is catalytic (Janssens and Goris, 2001). The B subunit defines substrate specificity of

PP2A (Kremmer et al., 1997). PP2A substrates inelude proteins invo1ved in cell

cyele regulation (e.g. cyelin-dependent kinases), DNA replication and cell

metabolism (Janssens and Goris, 2001). Tt has been shown that interaction ofE40rf4

with the B-a1pha subunit ofPP2A is absolutely required for the induction of cell

death, both in mamma1ian cells (Marcellus et al., 2000, Shtrichman et al., 1999) and

in yeast (Roopchand et al., 2001). The significance ofE4orf4/PP2A interaction for

the induction of apoptosis is not elear. Tt has been proposed that E40rf4 could alter

substrate specificity ofPP2A towards proteins involved in apoptosis, or binds and

targets these proteins towards PP2A. Possible targets for E40rf4/PP2A-mediated

dephosphorylation inelude Bel-2 and Bel-Xl, two anti-apoptotic members ofthe Bel

2 family ofproteins, as well as Bad, the pro-apoptotic member of the same family

(section 1.1.7.1.). The activity ofBcl-2 and Bel-Xl is suppressed by

dephosphorylation (Yamamoto et al., 1999), whereas the activity ofBad is strnulated

by it (section 1.1.7.1.2.). Thus, dephosphorylation ofthese proteins by PP2A would

promote apoptosis. In fact, PP2A has been shown to associate with phosphorylated
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Bcl-2 while the AC dimer has been shown to dephosphorylate Bcl-2 in vitro (Deng

et al., 1998).

E4orf4 has aise been found to associate with Sre family kinases and contribute

to extracellular apoptosis, or anoikis (Lavoie et al., 2000). Anoikis is a form of

apoptosis Induced in response to detachment of cells from the extracellular matrix

(ECM). The attachment of cells to the ECM is promoted by Src-mediated survival

signaling, and the association ofE40rf4 with Src appears to interfere with Src

initiated survival cascades (Lavoie et la., 2000). The consequences of the E40rf4

interaction with Src kinases are not entirely clear. Binding ofE40rf4 to Src has been

shown to increase E40rf4 affinity for the cytoskeletal proteins and to increase the

amount of membrane blebbing and nuclear condensation due to E40rf4 expression.

Furthermore, the inhibition of Src family kinases with PP2 chemical inhibitor

reduced the number of apoptotic E40rf4-expressing cells (Lavoie et al., 2000).

Although the mechanism ofE40rf4-mediated anoikis is not known, E40rf4 is

thought to disrupt Src signaling, leading to reorganization of actin cytoskeleton,

induction of apoptotic features such as membrane blebbing, and triggering of cell

death.

The ability ofE40rf4 to induce p53-independent apoptosis presents a great

potential in cancer therapy. As mentioned, most human cancers are associated with

inactivating mutations in p53. Thus, the use ofE40rf4 in gene therapy or as a model

for drug development could facilitate the design of effective cancer treatment. In

addition, the selectivity of E40rf4 killing for transformed cells would ensure that

normal cells be spared from E4orf4's cytotoxic effects.

1.3. Thesis proposai

Adenoviral protein E40rf4 has been shown to induce programmed œIl death

independently ofp53 (Marcellus et al., 1998, Shtrichamn and Kleinberger, 1998) and

caspases (Lavoie et al., 1998). E40rf4 therefore seems to trigger a novel, non

classical form of apoptosis without core death machinery. The goal ofthis project

was to analyze in detail the molecular hallmarks ofE4orf4-induced cell death in
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mammalian cells. The delivery and expression ofE4orf4 in human transformed cell

lines was fol1owed by the examination of the molecular events that are generally

associated with apoptosis. The activation of several mechanisms involved in the

induction and execution of the classical apoptosis was studied by molecular and cell

biology methods. In addition, changes in cellular morphology in response to E4orf4

expression were also examined and compared with those occurring in classical

apoptosis.

58



2. Materials and Methods

2.1 CcU culture

293T cens are derived from human embryonic kidney cells and express Ad5 ElA

and E1B proteins as weIl as SV40 Large T Antigen (Graham et al., 1977). H1299

are p53-/' human non-small-celliung carcinoma cens. Both cellIines were cultured

in a-minimal essential (a-MEM) medium supplemented with 10% fetai bovine

Serum, 100 units/ml penicillin, 100 units/ml streptomycin, and 0.292mglml L

glutamine in a humidified 5% CO2 atmosphere at 37° C.

2.2. Plasmids and Transient Transfections

293T cells were plated in 60-mm dishes and transfected using Lipofectamine

PLUS reagent (Gibco BRL, Gaithersburg, MD) according to the manufacturer's

instructions. For caspase cleavage assessment, cells were transfected with 2.0 ug of

empty vector pCDNA3 (Invitrogen, Burlington, ON, Canada), pFLAG-E40rf4

(Marcellus et al., manuscript in preparation) or pCDNA3-EGFP-p15BID (donated by

Dr. Gordon Shore's lab, McGill University, Montreal, Canada). For luciferase assay,

cells were co-transfected with 1.0 ug ofpCDNA3, pFLAG-E40rf4 orpCDNA3

EGFP-p15BID, and 1.0 ug ofpGL-2 vector expressing firefly luciferase (Promega

Corporation, Madison, WI).

2.3. Adenovectors and Infections

Ad5 rtTA and Ad ind HA-tagged E40rf4 vectors were obtained from GeminX

Biotechnologies Inc. and used to deliver and express E40rf4 in H1299 cells

(Marcellus et al., 1998).

Ad5CMVp53 vector expressing wild-type human p53 protein from the CMV

promoter (Bachetti and Graham, 1993, Marcellus et al., 1996 or Sandig et al., 1997)

and Ad5pm2/3, a 19K deficient adenovirus (Boulakia et al., 1996, McLorie et al.,
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1991), and Ad5tBid expressing the pro-apoptotic fragment ofBid (Szymborski et al.,

in preparation) were used to induce c1assical apoptosis in H1299 control cells.

Doxycycline (Sigma Diagnostics, St-Louis, MO) was added to cens following the

infection at a concentration of 1 uglml.

Z-Val-Ala-Asp(OMe)-FMK Inhibitor (zVAD-fmk) (Enzyme Systems Products,

Livermore, CA), a wide-range caspase inhibitor, was added to cens at a

concentration of40 uM immediately after addition of doxycycline.

2.4. CeH death assays: Trypan Blue and luciferase assay

Cell death in H1299 ceUs was analyzed by 0.4% Trypan Blue dye exclusion. Cells

were plated in 24-well dishes, infected with adenovectors expressing HA-E40rf4 or

p53 or with 19K- adenovirus, and treated with 1 ug/ml of doxycycline in the

presence or absence of20 uM Z.VAD.fmk (Enzyme Systems Products, Livermore,

CA) for 24, 48 or 72 hours. Adherent and non-adherent cens were conected and the

aliquots were mixed with an equal volume of 0.4% Trypan Blue (GIBCO BRL,

Gaithersburg, MD). cens that absorbed Trypan Blue were considered to be dead.

CeU death in 293T ceUs was analyzed using the luciferase assay. cens were

plated and transfected as described above. Cells were harvested 48 hours post

transfection, resuspended in assay buffer (50mM ATP, lM Tris-HCl pH=7.8, lM

MgC12), lysed by three 4-minute n-eeze-thaw cycles, resuspended in luciferin

solution (1 OmM luciferin, lM Tris-HCl pH=7.8), and assayed for luciferase activity

using Lumat LB 9507luminometer (EG&G Berthold, Bundoora, Australia).

2.5. Protein extraction

To perform immunodetection of proteins other than cytochrome c, AIF, or PARP,

H1299 and 293T ceUs were harvested and lysed in SDS Lysis Buffer (1 % Nonidet P

40,1% sodium deoxycholate, 0.1 % SDS, 0.15 M NaCl, 0.01 M NaP, 2 mM EDTA,

2uglmlleupeptin, 2ug/ml aprotinin, 1mM pafabloc). Protein extracts were subjected
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to quantification, SDS-PAGE, electrotransfer, and immunoblotting, as described

below.

2.6. Cellular Fractionation

For immunodetection of cytochrome c and AIF, H1299 cens were harvested,

washed in PBS, and resuspendended in HIM buffeT (200mM mannitol, 70 ml\1

sucrose, 1OmM HEPES, 1mM EGTA, 2ug of leupeptin per ml, 2 ug of aprotinin per

ml, ImM pafabloc). cens were homogenized on ice in a 2 ml motorized teflon

homogenizer by crushing 40 times with a pestle rotating at 1,500 rpm. The

homogenates were centrifuged at 2,500 rpm for 10 minutes at 4° C to remove the

nuc1ei. The supematants were further centrifuged at Il,000 rpm for 20 minutes at 4°

C to isolate mitochondrial (pellet) and cytosolic (supematant) fractions.

Mitochondrial (PlO) extract fraction was subjected to quantification, SDS-PAGE,

electrotransfer, and immunoblotting, as described below.

2.7. PARP extraction

For immunodetection ofPARP, H1299 cells were harvested, resuspended in SDS

sample buffer (50 mM Tris-HCl, pH 6.8,6% B-mercaptoethanol, 3% SDS, 0.0003%

bromophenol blue, 6M Urea), and sonicated on ice 3 times for 15 seconds. Protein

amounts were standardized based on cell number. Extracts from 40,000 cens were

subjected to SDS-PAGE, electrotransfer and immunoblotting.

2.8. SnS-PAGE and Immumoblotting

Protein concentrations, with the exception ofPARP extracts, were quantified

using the Bio-Rad (Biorad Laboratories, Hercules, CA). Equal amounts ofprotein

were loaded on 8-15% acrylamide gels and subjected to SDS-PAGE. Proteins were

electrotransferred onto PVDF membranes (Millipore Corporation, Bedford, MA) and

detected immunologically. To detect protein expression, the following antibodies
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were used: mouse anti-HA (HA.l1, BabCO Richmond, CA), mouse anti-Flag

(Sigma Diagnostics, St-Louis, MO), mouse anti-caspase 1 (Pharmingen, San Diego,

CA), mouse anti-caspase 2 (Pharmingen, San Diego, CA), mouse anti-caspase 3

(Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-caspase 6 (Pharmingen,

San Diego, CA), mouse anti-caspase 7 (Pharmingen, San Diego, CA), mouse anti

caspase 8 (Oncogene Research Products, Cambridge, MA), and mouse anti-caspase 9

(Oncogene Research Products, Cambridge, MA), rabbit anti-cytochrome c (Santa

Cruz Biotechnology, Santa Cruz, CA), mouse anti-AIF (Santa Cruz Biotechnology,

Santa Cruz, CA), mouse anti-PARP (C-2-10) (BIOMOL Research Laboratories,

Plymouth Meeting, PA). Anti-p53 mouse monoclonal antibody Ab1801 was purified

by precipitation using ammonium sulfate from supematants obtained from

hybridoma celI cultures grown in Dulbecco's modified Eagle's medium

supplemented with 10% low-immunoglobulin G (IgG) fetal calf Serum (Bethesda

Research Laboratories). The rabbit anti-actin antibody was a generous gift from Dr.

Gordon Shore (McGill University, Montreal, Canada).

The antigen-antibody complexes were detected using horseradish peroxidase

linked goat anti-mouse or anti-rabbit immunoglobulin G (Jackson ImmunoResearch

Laboratories, mc., West Grove, PA) at a dilution of 1/10000, and visualized using

the enhanced chemiluminescence (ECL) detection system (Amersham Corporation,

Arlington Heights, IL)

2.9. CeH Viability Testing by ATP quantitation

H1299lung carcinoma and C33A cervical carcinoma ceUs were plated in 96 well

dishes at densities of 2000 and 4000 cells/well respectively. The following day the

cens were infected at an MOI of 50 (in replicates of six) with adenovectors

expressing HA tagged E4orf4, p53, a control vector (AdrtTA) or were mock infected.

Cellular ATP levels were measured at time zero, and at 24, 48 and 72 hours post

infection using the ViaLight HS detection system (Bio-Whittaker Molecular

Applications). ATP levels at time zero were set at 100 and other values are plotted
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relative to that. In brief, the ViaLight protocol involves detergent lysis of the ceUs

followed by the addition of luciferase enzyme, which consumes ATP in the process of

light emission. Light production was measured using an EG & G Berthold Lumat LB

9507 luminometer.

2.10. Immunofluorescence (IF) and Fluorescence Activated CeH Sorting (FACS)

2.10.1. Detection ofmitochondrial membrane depolarization by FACS

JC-1 is a lipophylic, cationic fluorescent dye that exhibits potential-dependent

accumulation on negatively charged mitochondria to form "J" complexes that emit

red fluorescence at 585nm wavelength. When mitochondria are depolarized, JC-I

cannot aggregate and thus remains in its monomeric form that emits green

fluorescence at 530nm. The stock of JC-1 dye was prepared in high purity DMSO at

a concentration of 5 mg/ml. CeUs were infected with adenovectors expressing HA

E40rf4 or p53, and incubated for 48 hours. CeUs were then harvested, resuspended in

a-MEM media at a concentration of 1,000,000 cells/ml and incubated with JC-l

antibodyat a concentration of 10 ug/ml for 15 minutes at 37 C. Following the

incubation, mitochondrial membrane polarity was analyzed using flow cytometry.

Data acquisition was done on a Coulter Epics XL 4 colors (Miami, Florida) equipped

with a 488nm argon air-cooled laser. Emission was measured using the FLI (BP

525nm filter) and FL2 (BP 575nm filter) channels. The analysis was performed using

the SYSTEM II software.

2.10.2. Detection of ROS by FACS

The stock of2,7-dihydrodichlorofluorescin (DFC) dye was prepared in high

purity DMSO at a concentration of 5 mM. H1299 ceUs were infected with

adenovectors expressing E4orf4 or p53. After 16 hours of incubation, ceUs were

harvested, washed with PBS, and resuspended in a-MEM media at a concentration of

1,000,000 ceUs/ml. Cells were treated with 5 uM ofDFC and incubated at room
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temperature for 15 minutes. Following the incubation, eeUs were analyzed by flow

cytometry. Samples were run on a BD Biosciences Facscan (San Jose, CA) equipped

with a 488 nm air-cooled laser. Emission was measured using FLI channel (530/30

filter). Analysis was done with CellQuest Pro software.

2.10.3. Detection of phosphatidyiserine exposure by FACS and IF

H1299 cens were infected with adenovectors expressing E4orf4 or p53. After 48

hours, ceUs were harvested, washed with PBS, and resuspended in Annexin-Binding

Buffer (10 mM HEPES, 140 mM NaC1, 2.5 mM CaC12, pH 7.4) at a concentration of

1,000,000 ceUs/mi. The aliquots of 100uL of celI suspension were treated with 5uL

of annexin V alexa fluor 488 conjugate or annexin V alexa fluor 594 conjugate

(Molecular Probes, Eugene, OR) and incubated for 15 minutes at room temperature.

Cells treated with a1exa fluor 488 conjugates were analyzed by flow cytometry.

Samples were run on a BD Biosciences Facscan (San Jose, CA) equipped with a

488nm argon air-cooled laser. Emission was measured using FL1 channel (530/30

filter). Analysis was done with Cellquest Pro software.

Samples treated with alexa fluor 594 conjugates were mounted on coyer slips and

analyzed by fluorescence microscopy (see Fluorescence Microscopy).

2.10.3.1. Fluorescence Microscopy

The binding of annexin V probe were visualized using a Nikon TE-300 inverted

microscope using the 40X objective. The images were captured with a CCD camera

driven by Act-1 software.
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3. Re~mlt§

3.1 E4m:f4 induces cell deatb in Jmman H1299 cens

Ta assess the cytotaxicity ofE40rf4 in mammalian cens, H1299 cells were

infected with adenovectar expressing E4orf4. An HA-tagged version of E40rf4 was

used to facilitate the detection of the expressed product. E40rf4 expression, as

assessed by western blot, was evident after 24 hours after exposure to doxycycline,

and peaked at 48 haurs (Figure 3.lB). Cytotoxicity, measured by uptake of Trypan

Blue, was not very pronounced at 24 hours post-infection, but became evident 48

hours of exposure to doxycycline. The levels ofmembrane permeability to Trypan

Blue were about 35% of the total cell population at 72 hours of infection, clearly

higher than those in non-expressing cells (Figure 3.lA). These results imply that

E40rf4 induces moderate levels of cell death in H1299 cells. Ad p53 and Ad pm2/3,

the inducers of classical apoptosis, induced higher levels of cell death than E4orf4

(Fig 3.1A).

3.2. zVAD-fmk does not inbibit E4orf4-mediated apoptosis in H1299 ceUs

The classical apoptotic pathway implicates a group of cysteine-aspartate proteases

known as caspases (section 1.1.9.). To examine caspase requirement in the induction

of apoptosis by E40rf4, H1299 cells were treated with a wide-spectrum caspase

inhibitor zVAD-fmk shortly after infection. Addition ofzVAD-fmk has effectively

impaired p53-mediated apoptosis, but it had no effect on E4orf4-mediated

cytotoxicity. Expression of E4orf4 induced the same amount of cytotoxicity in the

presence ofzVAD-fmk as in its absence, in both cases reaching about 35% of the

total cell population (Figure 3.2.A). However, addition ofzVAD-fmk to cens treated

with p53 caused an almost 50% decrease in cell killing, from 73% in the absence of

the drug, to 26% in its presence (Figure 3.2.A). Since p53 is a known mediator of the

65



Figu.re 3.1. ViabiHty of E4orf4-expressing H1299 cens

A. CeUs were infected with indicated adenovectors and treated with 1ug/ml of

doxycycline. Cell viability was analyzed by Trypan Blue exclusion. As

indicated, Ad p53 and Ad pm2/3 induce high levels of cytotoxicity, while

E4orf4 mediates moderate cytotoxicity. The results are representative of

three separate experiments.

B. The expression of E4orf4 was confirmed by western blot. E4orf4 is

expressed at high levels throughout the course of the experiment.
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Figure 3.2. The effect of caspase inhibition on E40rf4-mediated cytotmdcity.

A. H1299 ceU were infected with indicated vectors for 24,48 and 72 hours. CeUs

were either treated with 40uM of zVAD-fmk, or left untreated. Cell viability was

assessed by 0.4% Trypan Blue exclusion. Results show that caspase inhibition

does not affect the cytotoxic potential ofE4orf4, but reduces that ofp53. Data

are representative ofthree separate experiments.

B. The expression ofE4orf4 and p53 was analyzed by western blot. The expression

of p53 decreases in cens undergoing classical apoptosis, but is stable in cens

rescued with zVAD-fmk. The expression ofE4orf4 is high in the presence and

absence of the drug.
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classical apoptotic pathway, it is not surprising that its killing efficiency was

diminished by the addition of zVAD-fink. Failure of zVAD-fink to hinder E4orf4

mediated cytotoxicity suggests that E4orf4 triggers cell death in a caspase

independent manuer. The expression of E40rf4 and p53 over the course of 72 hours

was monitored by western blots (Figure 3.2.B). The expression ofE40rf4 is stable

over the duration of the experiment (Fig. 3.2.B). The expression ofp53, on the other

hand, is detectable for only 24 hours due to the instability ofp53 in apoptotic ceUs.

In ceUs rescued with zVAD-fink, however, the expression of p53 is stable over 72

hours (Fig. 3.2 B).

3.3 E4orf4 docs Ilot induce caspasc activity in H1299 ceUs

To further analyze the involvement of caspases in E40rf4-induced apoptosis, the

activity of seven known caspases was specifically examined. It was recognized that

procaspases undergo cleavage from full-length forms into shorter forms upon

activation (section 1.1.9). Western blots were used to assess the processing of pro

caspases 1,2,3,6, 7, 8, and 9 over 96 hours after exp0sure ofH1299 cens to E40rf4.

No 10ss of the pro-form was detected in any of the studied caspases in E40rf4

expressing ceUs (Figure 3.3.), therefore implying that none ofthese caspases were

activated. This result is consistent with the fact that caspase inhibition with zVAD

fink does not exert any detrimental effect on E4orf4-mediated apoptosis (Figure

3.2.A). E40rf4, therefore, seems to induce cell death via a caspase-independent

pathway.

3.4. E4orf4 induccs ecU dcath but no caspase activity in 293T ecUs

It has been previously shown (Livne et al, 2001) that in mammalian 293T ceUs

E4orf4 induces apoptosis through the death receptor pathway wmch involves the

activation of caspase 8, but not caspase 9. Furthermore, caspase inhibition with a
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Figure 3.3. Analysis of caspase activation by E4orf4 in H1299 cens.

H1299 ceUs were infected with indicated adenovectors. Caspase activation was

analyzed by western blot. E4orf4 does not induce activation of caspase 1,2,3,6, 7,

8, and 9, wmch remain in their inactive pro-form state. Massive activation of aIl

studied caspases occurs in ceUs infected with Ad pm2/3 and Ad p53. The expression

ofE4orf4 was confirmed by immunoblotting with anti-HA antibody.
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known viral inhibitor CrmA impaired E40rf4-induced apoptosis in this cell line

(Livne et al., 2001). To verify these results, 293T ceUs were transfected with a

pcDNA3 vector expressing E40rf4 and analyzed for caspase activation by western

blotting. As in H1299 cens, no 10ss ofthe pro-form of caspases 3, 8, and 9 was

observed (Figure 3.4A). The expression ofE40rf4 was confirmed by immunoblotting

against the Flag tag (Figure 3.4A). To ana1yze the cytotoxic effects ofE40rf4 in

293T cells, luciferase assays were performed. The levels ofluciferase activity

corre1ate positively with ceU viability, so that apoptotic ceUs exhibit less luciferase

activity. The results showed that at 48 hours post-transfection the viability of ceUs

expressing E4orf4 is significantly 10wer than that of cens transfected with the

pcDNA3 vector alone (Figure 3.4B). It is therefore c1ear that E40rf4 kills 293T ceUs

efficiently, yet it fails to activate caspases. Thus, as in H1299 ceUs, a caspase

independent apoptotic pathway seems to be at work.

3.5. PARP is not processed in E40rf4-expressing H1299 cells

Poly-ADP Ribose Polymerase (PARP) is a DNA repair enzyme that is c1eaved

and thereby inactivated during apoptosis (Los et al. 2002) and is one ofmany known

substrates of downstream caspases (section 1.1.9.3). The c1eavage ofPARP was

analyzed by western blotting with an antibody that detects bath its fuU-length form

(116 kD) as weIl as the c1eaved product (85 kD). The results show that PARP is not

processed in response to E40rf4 expression 48 hours after addition of doxycyc1ine

(Figure 3.5). After 72 hours, a shght processing of the enzyme can be seen, however

not as pronounced as in ceUs undergoing c1assical apoptosis in cells expressing 19K

adenovirus. In these ceUs, PARP is c1eaved very efficiently within 48 hours of

infection (Figure 3.5).
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Figure 3.4. Analysis of caspase activation in E4orf4-expressing 293T ceUs.

A. Caspase activation in 293T cells was analyzed by western blots. Cells were

transfected with indicated vectors expressing E40rf4 or tBid. At 48 hours

post-transfection, the expression ofE40rf4 did not induce cleavage of

procaspases 3,8, and 9, suggesting that these caspases remain inactive. In

contrast, the expression of tBid, a known mediator of classical apoptosis,

induced activation of caspases 3 and 9, but not 8.

B. Cytotoxicity ofE40rf4 in 293T cells was measured by luciferase assay. cens

were co-transfected with vectors expressing E40rf4 or tBid, and pGL-2

vector expressing firefly luciferase. The expression of E40rf4 reduced the

transcription of the luciferase enzyme by 50%, implying that E4orf4

effectively killed 50% ofE40rf4-expressing cens. The expression oftBid led

to higher levels of cytotoxicity, killing 80% oftBid-expressing cells. Data are

representative of three separate experiments.
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Figure 3.S. Analysis of PARP deavage in H1299 ceUs expressing E4orf4.

H1299 ceUs were infected with indicated vectors. PARP cleavage was analyzed by

immunoblotting with C-2-1Ü antibody that detects both full-length and the cleaved

product ofPARP. E4orf4 induced a weak processing ofPARP 72 hours post

infection. In contrast, Ad pm2/3, which triggers ceU death in a caspase-dependent

manner, induced cleavage ofPARP within 48 hours.
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3.6 E4orf4 does Ilot induce release of cytochrome c from mitochondria.

The release of cytochrome c from mitochondria is a molecular hallmark ofthe

classicai apoptosis. Cytochrome c released into the cytoplasm binds to APAF-1,

dATP, and caspase 9 to form apoptosome (Zou H. et al., 1997, section 1.1.8.1.).

Caspase 9 is then activated by auto-proteolysis to initiate the caspase cascade that

culminates in apoptotic death of the ceU. The release ofcytochrome c from

mitochondria in H1299 ceUs was studied by fractionation of ceUs into microsomai

and cytoplasmic fractions and subsequent analysis of the protein content ofthe

mitochondrial fraction. No loss of cytochrome c from the mitochondrial fraction was

detected in cells infected with Ad E40rf4 after 48 hours, at which time it was

depleted from mitochondria in ceUs expressing p53 and tBid (Figure 3.6). The lack

of release of cytochrome c from mitochondria was also confirmed with

immunofluorescence analysis (Miron MJ et al., unpublished data). Thus, E40rf4 does

not seem to operate through the mitochondriai pathway, as was suggested elsewhere

(Livne et al, 2001). The reasons for this discrepancy are still to be determined.

3.7. MF does Ilot mediate kHling ofH1299 cens by E4orf4.

AIF is located in the intermembrane mitochondrial space and has been proposed

to have an electron donor/acceptar function based on its shared homology with

bacterial oxidoreductases (Susin et al., 1999). Interestingly, in apoptotic ceUs, AIF

has aiso been shown to translocate from mitochondria to the nucleus in order to

induce oiigonucleosomai DNA degradation and chromatin condensation, two

hallmarks of classical apoptosis (Daugas et al., 2000, 1999, section 1.1.8.1.2.).

Therefore, like cytochrome c, AIF seems to be a bifunctional protein with a raIe in

cellular respiration and in the induction of apoptosis. To assess whether AIF is
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relevant in E40rf4-mediated apoptosis, fractionation of cells expressing E4orf4 was

performed and the content ofthe mitochondriai fraction was analyzed. After 48

hours of infection with AdE4orf4, no AIF has been released from mitochondria

(Figure 3.6.). At the same time, exposure ofcells ta p53 and tBid efficiently depleted

AIF from mitochondria. This result mIes out the involvement of AIF in E4orf4

induced apoptosis, and further suggests that the mitochondriai pathway is not

implicated in this process.

3.8. Mitochondrial membrane is not depolarized in E4orf4-expressing cens.

To further examine the involvement ofmitochondria in E40rf4-mediated cell

death, measurements of the mitochondrial membrane potentiai were carried out. In

healthy cells mitochondrial membrane is negatively charged due to an electron

gradient. In c1assicai apoptosis, mitochondria undergo pronounced changes in

membrane permeability, which results in the dissipation ofthe proton gradient and

depolarization of the membrane (Kroemer and Reed, 2000, section 1.1.8.1.4.). The

polarity status ofmitochondria can be detected with cationic dyes that bind intact

mitochondria through interactions with the negatively charged membranes (Kroemer

G. and Reed J.C. 2000). JC-l is a lipophilic, cationic dye that is monomeric in the

cytoplasm but dimerizes upon binding to intact mitochondrial membranes. In its

monomeric form it emits green fluorescence, while in its dimeric form it emits red

fluorescence. In cens undergoing apoptosis, the mitochondrial electron gradient is

abolished, so that JC-1 monomers cannot bind mitochondria and are therefore unable

to dimerize. Thus, the concentration of monomeric forms increases and results in a

shift in JC-l emission spectra. Cens undergoing mitochondrial depolarization exhibit

higher levels of green fluorescence detectable by flow cytometry (Cossarizza A. et al

1993). As can be seen in Figure 3.7A, E40rf4-expressing cens do not exhibit a

pronounced shift in green fluorescence that is c1early evident in p53-expressing cells.

The magnitude of JC-l signal emitted from E40rf4-expressing cells does not differ

from the one emitted from control non-
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Figure 3.6. Amdysis of cytochrome c and MF release from mitochondria in

response to E4orf4 expression in H1299 cens.

cens were infected with indicated vectors for 48 hours. The microsomal fraction was

obtained by fractionation and immunoblotted for cytochrome c, AIF, and TüM2ü.

E4orf4 did not induce any release of cytochrome or AIF from mitochondria as both

proteins are clearly retained in the mitochondrial fraction. In contrast, tBid and p53

triggered the release ofboth cytochrome c and AIF. TüM2ü is an integral

mitochondrial protein that served as loading control.

75



Microsomal fraction
Western blot
48 hours post..infection

Vector:

time (hours):

AIF

TOM20

cytochrome c

~
~ 0 CV) "'0r..: ~ I!) --

'TI 1: LU c.~

E
o "C "C "0 "0

<{ <{ <{ <{

o 48 48 48 48 48

<-- 57 KOa

<-- 20 KOa

<-- 18 KOa



Figure 3.7. Analysis of mitochondrial membrane depolarization, ATP

synthesis, and formation of Reactive Oxygen Species (ROS) in E4od4

expressing H1299 cens.

A. Mitochondrial membrane depolarization was analyzed 48 hours after exposure

of cens to E40rf4. First panel shows relative emission of green and red

fluorescence from Ad rtTA, Ad E40rf4, and Ad p53-infected cells, as well as

from uninfected mock population. A pronounced shift in green fluorescence

can be seen with p53-expressing cens, but not with E40rf4-expressing cens.

Second panel depicts morphology of analyzed cens. Only p53-expressing cells

exhibit rounding and shrinkage typical of apoptosis, while other cens retain

normal morphology.

B. Graph showing the mean intensity of emission of green fluorescence. E40rf4

expressing cells emit green fluorescence at levels comparable to those seen in

mock and Ad rtTA-infected cells. Data are representative ofthree separate

experiments.

C. ATP synthesis was measured using vialight assay. E40rf4 does not

significantly affect the production ofATP, while p53 induces a massive drop

in ATP synthesis.

D. Formation of ROS was measured using DFC dye 16 hours post-infection. The

expression ofE40rf4 in H1299 cells did not result in any increase in ROS

production.

76



A.
mock

B.

mock Ad rtTA Ad E4orf4 Ad p53

Vector
Ad p53

Ad rtTA

Ad E4orf4

,~

>......
';:

v S!!
U ::lC
al

C
() ro...
CIl Cl
al... Q30
::l U

c;::

"C ...
V <P........ .....
.... III, ()

ü CIl.., al
"C
ëii

forward scatter
cell size

JC-1 green fluorescence

:g :g :g
~~M ~~M ~~M

Vector:
TI1:w'2. TI1:w'2. TI 1: W '2.
0-0-0-0 0-0-0-0 0-0-0-0E««« E««« E«««

day 1 day 2 day 3

Vector

mock Ad rtTA Ad E4orf4 Ad p53

o.
200

<Il
>.oJ!J 150
~ c: 'ë
ê ~::l
<Il (JJ '::R.

100..... <Il 0c: ...
.- 0 <Il
c: ::l >
rot;:::;';
<Il ü !!1 50
Eu.. ~

0

0

900
800
700
600
500
400
300
200
100

c.



expressing cens (Fig. 3.7 B). CeUs expressing p53, on the other hand, produce a

stronger signal, 50% higher than that in the control population.

3.9. E4orf4 does not affect ATP production in H1299 cens

In nonnal, healthy cells mitochondria function as cellular "power-plants", which

generate energy in the fonn of ATP. ATP production is diminished in apoptotic cens

due to the disruption ofmitochondria (Wang, 2001). The effects ofE40rf4

expression on synthesis of ATP in H1299 ceUs were studied using the vialight

method, which correlates the intensity of produced light to the amount of ATP

produced in the ceU (section 2.9., Szymborski et al., in preparation). Analysis of

vialight intensity indicates that ATP production levels seem unaffected by E40rf4

(Figure 3.7.C). Levels of ATP increase in E40rf4-expressing ceUs as in control cells

over the course of 72 hours. In p53-expressing ceUs, however, production of ATP is

hindered and drops significantly (Fig 3.7.C). Thus, the energy status of ceUs

committed to death by E40rf4 does not seem to be affected.

3.10. E4orf4 does not induce accumulation of ROS in H1299 ceUs

The production of ROS, such as H202 and 02-, is a haUmark of classical apoptosis

(section 1.1.2.). The accumulation ofH202 and 02- has been shown to play an

important role in the induction of p53-mediated classical apoptotic ceU death (Li et

al., 1999). The amounts ofhydrogen peroxide produced in response to E40rf4

expression were measured using fluorescent die 2,7-dihydrodichlorofluorescin

(DFC). These results clearly indicate that there is no accumulation ofH202 in

H1299 ceUs in response to E40rf4 expression. As shawn in Figure 3.7.D, DFC signal

emitted from E40rf4-expressing ceUs does not differ significantly from the signal

emitted from non-expressing control ceUs. At the same time, p53 induces a 50%

increase in the magnitude ofDFC signal, implying a half-fold increase in the
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production ofH202. This result shows that E40rf4-induced cell death does not seem

to be associated with elevated levels ofROS.

3.1 E4orf4 induces sorne externalization of phosph.atidyiserine

Phosphatidylserine is a fatty acid localized in the inner leaflet of the cytoplasmic

membrane that translocates to the outer leaflet of the membrane in cens undergoing

apoptosis and becomes exposed on the extracellular surface ofthe cell (Fadok et al,

1998, section 1.1.2.). Phosphatidylserine-specific antibody annexin V was used to

study levels of phosphatidylserine exposure induced by E40rf4. Cells were infected

with adenovectors expressing E40rf4 or p53 for 48 hours and treated with two types

of annexin V antibody. Alexa Fluor 488 conjugate of annexin V was used to perform

cytometric analysis, whereas alexa fluor 594 was used for immunofluorescence

analysis. In flow cytometry, population of 10000 cells was analyzed by cell sorting

for the amounts of emitted fluorescence, which correlates positively with the amount

of antibody bound to the externalized PS. As shown in Figure 3.8.A, p53-expressing

apoptotic cells exhibit very high intensity of alexa 488 fluorescence, whereas

AdE40rf4-infected cells exhibit intensity oflesser magnitude. As shown in Fig 3.8.B,

E40rf4 induces a 4-fold increase in the alexa 488 signal as compared to that in non

expressing cells. However, the signal emitted from p53-treated cens is 15 times

stronger than that in non-expressing cens. This suggests that E4orf4 induces sorne

exposure of phosphatidylserine, although significantly less than is seen in classical

apoptosis.

Moderate extemalization of phosphatidylserine by E40rf4 was also observed

when cells were analyzed by immunofluoresce. Cells were infected for 48 hours and

incubated in the presence of alexa fluor 594 conjugate of annexin V. Pictures of

selected fields in Figure 3.8.C depict annexin V-positive cells in the row on the right

and the entire analyzed field (phase contrast) shown on the left. In order to quantify

the externalization ofphosphatidylserine, the number of fluorescent cells in a given

field was compared to the total number of cens in that field. Roughly one third

(32%) of cells infected with Ad E40rf4 stained red (data not shown), as compared to
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one tenth (l0%) of cens infected with vector alone (data not shawn). The ratio of

red, annexin V-positive, ceUs to the total ceU population was significantly higher

(95%) in Ad p53-infected population (data not shawn).
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Figure 3.8. ExternaHzation of phosphatidylserine in response to E4orf4

expression.

A. H1299 ceUs were infected with indicated vectors and treated with annexin V

alexa fluor 488 conjugate 48 hours later. The intensity of emitted fluorescence

was examined by FACS. First panel shows the intensity of alexa 488 signal and

corresponding ceU numbers. Second panel depicts cellular morphology.

B. Mean of alexa 488 intensity is shown for each vector. Cells expressing E4orf4

emit slightly higher levels of fluorescence than cells infected with a control

vector. P53-expressing ceUs undergoing classical apoptosis produce a much

stronger signal.

C. Cells were treated with annexin V alexa 594 conjugate 48 hours post-infection.

Binding of annexin V was analyzed by immunofluorescence. Pictures of selected

fields are shown. Cell treated with E4orf4 and p53 exhibit more binding of alexa

594 than non-expressing ceUs.
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4. Discussion and future work

The mechanism of induction of classical apoptosis through two distinct pathways

has been characterized in detail. The upstream and downstream mediators ofboth the

mitochondrial and death receptor pathways were identified and described

(Introduction, figure 1.1. and 1.2.). In recent years, however, sorne studies have

implied that there may be other molecular mechanisms that trigger programmed ceIl

death (section 1.1.10). These mechanisms have not been characterized to date.

It has been suggested that adenoviral death protein E40rf4 does not require

activation of core death machinery to induce apoptosis in rodent cells, and may

utilize a yet uncharacterized apoptotic pathway (Lavoie et al, 1998). In this study we

examined E40rf4-mediated apoptosis in transformed mammahan ceU lines. The

major focus was to analyze the effects ofE40rf4 on known elements of the classical

apoptotic pathway in order to verify whether or not they are dispensable in the

induction of ceIl death by the adenoviral death protein. The results indicate that even

though E40rf4 induces ceU death with sorne, but not an, hallmarks of apoptosis, it

does not activate any of the studied components of core death machinery. We

therefore hypothesize that in transformed mammalian cens E40rf4 operates through

a pathway that is distinct from the classical one, yet yields a similar end-result. The

characterization of that pathway is the next step.

Proteins regulating and executing nuclear apoptotic changes are possible

mediators of E40rf4-related cen death. Results from our lab indicate that E40rf4

induces massive condensation ofnuclear chromatin (Miron, unpublished data),

suggesting the involvement ofDNA nucleases. A closer look at the mechanisms

regulating the processing ofDNA might therefore provide some insights about

E40rf4 mode of action. A promising candidate to study is a mitochondrial protein

Endonulease G (Endo G), which has been shown to mediate DNA degradation

independently of caspases (van Loo et al, 2001, section 1.1.8.1.2.). It is therefore
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possible that Endo Gis part of a caspase-independent apoptotic pathway that is

induced by the adenoviral death protein. The key experirnent that must be done is to

track the localization of EndoG throughout the course ofAd E40rf4 infection. The

translocation of EndoG to the nucleus would irnplicate the nuclease as the key player

in E40rf4-induced apoptosis. The identification of proteins interacting with EndoG

during its translocation from mitochondria to the nucleus would provide further

insights into the mechanism of caspase-independent apoptosis induced by E40rf4.

Signal transduction pathways have been shown to play a key role in the

characterized apoptotic pathways, as in the death receptor pathway (Ashkenazi A.

and Dixit V.M. 1998, section 1.2.7.11.1.). It is therefore possible that E40rf4

regulates sorne uncharacterized signaling cascade through its binding partner Protein

Phosphatase 2A (PP2A). It has been shown that E40rf4 binding to PP2A is essential

to œIl killing, as the mutants that are unable to bind PP2A are defective at killing

(Marcellus et al., 2000, Shtrichman and Kleinberger, 1998, Shtrichman R. et al.

1999). Thus, it is possible that E40rf4 mediates signaling events through regulation

ofPP2A specificity by selectively targeting PP2A to its substrates. A group of

potentiai phosphatase substrates might include heat shock proteins that are

implicated in the regulation of sorne apoptotic pathways. It has been reported that in

its phosphorylated form, heat shock protein 27(HSP 27) inhibits caspase-independent

apoptosis mediated by Daxx (section 1.1.8.1.2.). Dephosphorylation ofHSP 27

relieves inhibition of Daxx and leads to the induction of aberrant, non-classical ceU

death (Charette et al., 2000). The contribution ofDaxx to E40rf4-mediated apoptosis

can be confirmed co-immunoprecipitation ofDaxx and PP2A in the presence and

absence ofE40rf4. Interaction ofPP2A and Daxx in the presence ofE40rf4, but not

in its absence, wouId suggest that PP2A is in fact targeted to Daxx by E40rf4.

Inhibition or knock-out of Daxx would allow to definitively implicate Daxx as a

critical player in E40rf4-mediated apoptosis.

Other potential mediators ofE40rf4-induced apoptosis are non-caspase proteases.

Cathepsin Band calpains are two examples ofproteases that have been previously
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implicated in the induction ofcaspase-independent cell death (section 1.1.8.2.).

Similarly to E40rf4, cathepsin B has been shown to induce non-classical type of

apoptosis in transformed cens while eliciting no apparent effects in primary cens

(Foghsgaard et al. 2001). Cathepsin Bis therefore potentially involved in E40rf4

induced apoptosis. The involvement of cathepsin B in E40rf4-mediated cell death

can be verified by inhibition of the protease with CA-074-Me, a protease inhibitor

specifie for cathepsin B. The same effect can be achieved by RNA anti-sensing.

Decrease of apoptotic rates in E40rf4-expressing cens due to the inhibition of

cathepsin B would implicate cathepsin B as the key mediator of cytotoxicity of

E40rf4. The activation of cathepsin B can also be verified by immunofluorescence

that allows to track the release of the protease from lysosomes to the cytoplasm, as

well as by the use of synthetic cathepsin B-specific substrates.

Although the mechanism ofE4orf4-induced apoptosis remains largely

uncharacterized, the clinical potential of E4orf4 is widely recognized. Apoptosis

triggered by E4orf4 is unique in that it is specifie to transformed celllines

(Marcellus, in preparation, Shtrichman et al, 1999) and is induced independently of

p53 (Marcellus, 1998). Since most human tumors arise as a result ofmutations in the

p53 gene, the elucidation of a mechanism that triggers p53-independent cell death

might provide insights into treatment of most human cancers. The ability of E4orf4

to induce cell death only in transformed cells could also provide ideas on selective

elimination of tumor cells. The work on E4orf4 is on-going in academic and

industrial settings and will hopefully yield results that will benefit scientific research

as well as the medical field.
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