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ABSTRACT

ÑAPO as a novel apoptosis marker 

Berna S. Sayan

Ph.D. in Molecular Biology and Genetics 

Supervisor: Prof. Dr. Mehmet Oztiirk 

2002, 128 pages

Apoptosis or programmed cell death plays a pivotal role in embryonic 

development and maintenance of homeostasis. It is also involved in the etiology 

and of pathophysiological conditions such as cancer, neurodegenerative, 

autoimmune, infectious and heart diseases. Consequently, the study of apoptosis 

is now at center of both basic and clinical research applications. Therefore 

sensitive and simple apoptosis detection techniques are required. This study 

involves identification and characterization of a monoclonal antibody-defined 

novel antigen, namely NAPO (negative in apoptosis), which is specifically lost 

during apoptosis. The anti-NAPO antibody recognizes two nuclear polypeptides 

of 60 kD and 70 kD. The antigen is maintained in quiescent and senescent cells, 

as well as in different phases· of the cell cycle including mitosis. Thus, 

immunodetection of NAPO antigen provides a specific, sensitive and easy 

method for differential identification of apoptotic and non-apoptotic cells.
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ÖZET

Yeni bir apoptoz belirteci: NAPO 

Berna S. Sayan

Doktora Tezi, Moleküler Biyoloji ve Genetik Bölümü 

Tez yöneticisi: Prof. Dr. Mehmet Öztürk 

2002, 128 sayfa

Apoptoz veya programlanmış hücre ölümü embriyonik gelişimde ve homeostazm 

sağlanmasında çok önemli bir role sahiptir. Ayrıca kanser, nörodejeneratif 

hastalıklar, otoimmün hastalıklar ve kalp hastalıklarının patofızyolojilerinde de 

rol alır. Buna bağlı olarak, apoptozun tayini ve çalışılması hem temel hem de 

klinik araştırmalar açısından son derece önemlidir. Bu sebeple apoptoz tayininde 

kullanılacak hassas ve basit metodların geliştirilmesi gerekmektedir. Bu çalışma 

NAPO (apoptozda negatif) adlı, spesifik olarak apoptoz sırasında yok olan yeni 

bir antijenin bulunması ve karakterizasyonunu içermektedir. NAPO’ya karşı olan 

anti-NAPO antikoru 60 ve 70 kDa civarında yürüyen iki adet polipeptidi 

tanımaktadır. Bu antijen kuisens, senesens ve mitoz da dahil olmak üzere hücre 

siklüsünün tüm safhalarında varlığını sürdürmektedir. Yani NAPO antijeninin 

immünodeteksiyonu apoptotik olan ve olmayan hücrelerin teşhisi için 

kullanılabilinecek spesifik, hassas ve kolay bir metoddur.
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CHAPTER I

INTRODUCTION

1-1 GENERAL INTRODUCTION

Apoptosis (programmed cell death) is the most common physiological 

form of cell death. It is essential for the precise regulation of cellular homeostasis 

and development as it serves to remove unwanted (excess, damaged or infected) 

cells at critical and appropriate times (Vaux and Korsmeyer, 1999; Wyllie and 

Golstein, 2001). Apoptosis is a tightly regulated process and can be activated by 

various mechanisms as summarized in figure 1-1. Many morphogenetic 

abnormalities and diseases are linked to dysrégulation of this process thus it is 

critical for development and survival of all metazoans (Reed, 2000; Mattson, 

2000; Chervonsky, 1999; Roulston et al., 1999; Narula et al., 2000). For example 

in many different types of cancer, pro-apoptotic factors are inactivated and pro­

survival (anti-apoptotic) factors are upregulated. This leads to accumulation of 

apoptosis-resistant cells and since effective chemotherapy depends on the 

induction of programmed cell death, these types of cancers are hard to treat 

(Lowe and Lin, 2000).

Apoptotic cell death is characterized by a series of morphological changes 

including cell shrinkage, nuclear condensation, chromatin segregation, membrane 

blebbing, formation of membrane-bound apoptotic bodies and internucleosomal 

DNA cleavage. In more detail, chromatin condenses and forms aggregates near 

the nuclear membrane, the nucleolus becomes enlarged and appears abnormally 

granular. Chromatin is then degraded first into 300-350 kb, then into 180 bp 

fragments by the actions of different activated endonucleases (Brown and Rose, 

1992; Oberhammer et al., 1993; Wyllie AH., 1980). Then the cells shrink and



form apoptotic bodies. These apoptotic bodies are rapidly phagocytosed and 

digested by neighboring cells or macrophages thus inflammation does not occur 

during apoptosis (Saraste and Pulkki, 2000). These features of apoptosis make it 

a unique mechanism of cell death. In the other form of cell death, which is 

necrosis, cells swell and inflammation occurs. The major differences between 

apoptosis and necrosis are summarized in table 1-1.

growth
factor

withdrawal

free
radicals death

receptor
activation

p53

DNA
damage

Î
Ionizing radiation

A

metabolic or 
cell cycle 

perturbation

^  caspase 
activation

y

CELL DEATH

Figure 1-1: Schematic representation of mechanisms leading to apoptotic cell 

death.



Table 1-1: Differences between apoptosis and necrosis.

Features Necrosis Apoptosis

Stimuli

Toxins, severe hypoxia, 

massive insult and 

conditions of ATP 

depletion

Physiological and 

pathological conditions 

without ATP depletion

Energy Requirement None ATP dependent

Histology

Cellular swelling, 

disruption of organelles, 

death of patches of tissue

Chromatin condensation, 

apoptotic bodies, death of 

single isolated cells

DNA breakdown 

pattern

Randomly sized 

fragments

Ladder of fragments in 

internucleosomal multiples 

of 180 bp

Plasma membrane Lysed
Intact, blebbed, with 

molecular alterations

Phagocytosis of dead 

cells
Immigrant phagocytes Neighboring cells

Tissue reaction Inflammation No inflammation

Components of the apoptotic cell death mechanism are conserved in all 

metazoans, from nematodes to humans (figure 1-2). Thus, study of programmed 

cell death in the nematode “Caenorhabditis elegans” (C. elegans) has revealed 

both the mechanisms underlying the highly regulated apoptotic processes and the 

genes that are involved in the regulation of this process. As nomenclature, the 

genes whose protein products induce apoptosis are called “pro-apoptotic” and the 

ones whose protein products inhibit apoptosis are called “pro-survival” or “anti- 

apoptotic”.

In metazoans, apoptosis can be activated by one of the two pathways. The 

first is the activation of death receptors by binding of a death inducing ligand to 

its cognate receptor (summarized in figure 1-3). In the other pathway, apoptosis



is induced by the release of cytochrome c from the mitochondria due to activation 

of apoptosis inducing factors such as the pro-apoptotic members of the bcl-2 

family (summarized in figure 1-4). In both cases the final outcome is the 

activation of the caspase cascade.

C, Blegans M aftim als 
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ifte c to r  К  ^  Effector 1
: :^ s p a s e s ; ) e aspa ses I

i ... ........................ 1....
Ap-Qptosis A p o p to sis Apoptosis

Figure 1-2: The apoptotic pathway is conserved in metazoans.
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1-2 CM egans AS THE MODEL ORGANISM

One of the organisms that have been used extensively for the study of 

apoptosis is the nematode C. elegans. During development 131 cells among 1090 

cells die by apoptosis to leave a final total of 959 in the adult. The analysis of 

apoptosis in C. elegans has identified four steps in apoptosis. These are: (1) 

determination step, (2) execution step, (3) enguliment of apoptotic bodies, (4) 

degradation of engulfed cell DNA.

In the execution steps, three genes have been identified that play critical 

roles. These are named as “ced (cell death defective)” genes as they were first 

identified by analysis of mutant nematodes, which had abnormalities in their 

apoptotic procedures (Ellis and Horvitz., 1986). Two of these ced-3 and ced-4 are 

required for cell death. When a mutation occurs hitting one of these genes, none 

of the 131 cells dies. The third gene ced-9 acts as an antagonist of the other two 

ced genes. When a “gain of function” mutation occurs in ced-9 gene, cells 

become resistant to apoptosis and mutations leading to “loss of function” result in 

extensive apoptosis (Hengartner et al., 1992). Therefore, ced-3 and ced-4 are 

regarded as pro-apoptotic, whereas ced-9 is regarded as anti-apoptotic. 

Biochemical analysis revealed that these proteins function as a ternary complex, 

in which activation of the protease CED-3 by the adapter protein CED-4 is 

normally repressed by the anti-apoptotic CED-9. In cells destined to die, 

expression of EGL-1 results in displacement of CED-4, activation of CED-3, and 

cellular demise. In more detail, the protein encoded by ced-3; Ced-3 is a cysteine 

aspartyl protease (caspase), which cleaves after aspartate residues. Caspases are 

synthesized as inactive pro-enzymes and upon activation their N-terminal pro­

domain is cleaved resulting in the formation of an active caspase. The protein 

encoded by ced-4; Ced-4 can physically interact with both Ced-3 and Ced-9, 

acting as an adaptor molecule (Chinnaiyan et al., 1997). It contains a putative 

ATPase domain, which is required for its ability to activate Ced-3. The human 

homologue of Ced-4 is the Apaf-1 protein. The protein encoded by ced-9; Ced-9 

prevents apoptosis by blocking the activation of Ced-3. It has been shown that 

Ced-9 utilizes two different mechanisms to inhibit Ced-3 mediated apoptotic 

pathways (Xue and Horvitz., 1997). It may interact directly with Ced-3 inhibiting 

the cleavage of pro-domain of Ced-3 or it may compete with Ced-3 and inhibit
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apoptosis indirectly. For the latter mechanism first Ced-9 is cleaved by Ced-3 to 

form a Ced-3 like Ced-9 protein fragment. A schematic representation of the 

activation of apoptosis machinery in the nematode C. elegans is shown in figure 

1-5, where egl-1 gene product acts as a pro-apoptotic protein for the inhibition of 

the anti-apoptotic Ced-9 protein.

EGL-1 (BH3 dornainl

ol isomerization

4
3 ri-3
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artive Ced 3

Figure 1-5: Activation of apoptosis machinery in the nematode C. elegans.



Caspases are cysteine proteases that cleave substrates after a conserved 

aspartate residue and are known to be the executers of apoptosis in metazoans. 

They are found as inactive zymogens and are activated when cleaved 

appropriately. The activated caspases initiate a caspase cascade by cleaving each 

other and the initially activated caspases are called “initiator ca.spases”. The 

caspases activated as a result of this cascade and have functions in the execution 

phase of apoptosis are called “effector caspases”. The first caspase; caspase-1 

(ICE: Interleukin-1P converting enzyme) was identified in 1993 as the human 

homologue of ced-3 (Yuan et al., 1993). Today 14 different caspases are known. 

These caspases are divided into three main sub-groups according to their 

phylogenetic background as shown in table 1-2.

1-3 CASPASES

Table 1-2: The main sub-groups of mammalian caspases

Name Components

ICE-subfamily Caspa.se-1, -4, -5, -11, -12, -13, -14

Ced-3/CPP32 subfamily Caspase-3, -6, -7

ICH-1/Nedd2 subfamily Caspase-2, -8, -9,-10

1-3.1 STRUCTURE OF CASPASES

Caspases share structural and catalytic homologies. In all caspases the 

active site is composed of a pentapeptide sequence with the general structure 

QACXG (X=G, Q or R), where the cysteine in the middle, together with a distant 

histidine, is directly involved in the catalysis. Caspases recognize a tetrameric 

primary sequence in their targets, which contains an aspartic acid in the first 

position (Thornberry and Lazebnik. 1998).



The inactive caspases are called pro-caspases, and they contain a N- 

terminal prodomain, which is cleaved during activation. Caspases can be 

activated by one of the three mechanisms. They can cleave themselves 

(autoactivation), can be cleaved by previously activated caspases or they can be 

activated by non-caspase activators such as granzyme-B. After cleavage the 

cleaved subunits (large subunit and small subunit) form a heterodimer and two 

heterodimers form the active caspase as shown in figure 1-6.

Caspases differ in the length of their prodomains. Caspases -3, -6, -7 and - 

10 contain short prodomains (10-40 residues). The caspa.ses with long 

prodomains contain recognizable domains in their prodomains involved in signal 

transduction via protein-protein interaction. Thus these prodomains play 

important roles in caspase regulation and function (Earnshaw et al., 1999). For 

example the prodomain of caspase-8 and -10 contain “death effector domain” in 

their prodomain, which mediate signal transduction between the death receptor 

and the downstream caspases through adaptor molecules. This allows death 

receptor-induced activation of downstream caspases in response to ligand binding 

to the receptor. The caspa.ses -1, -2, -4 and -9 contain CARD domain (caspase 

recruitment domain) in their prodomain. CARD domain is also present in the 

adaptor molecule Apaf-1. The CARD domain is thought to mediate specific 

intermolecular interactions that regulate caspase activation. Structures of some of 

the caspases are shown in figure 1-7.
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Figure 1-6: Activation of caspases due to cleavage of the prodoniain region 

and cleavage of the remaining part into two subunits namely small and large 

subunits.
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The availability and activation of caspases are crucial steps in the 

commitment of a cell to die; therefore their regulation is strictly controlled and 

maintained by several cellular processes. For example, caspases are subject to 

transcriptional regulation and posttranslational modification (Earnshaw et al., 

1999). In addition, active caspases can be permanently eliminated by the 

ubiquitination-mediated proteasome degradation pathway (Huang et al., 2000; 

Suzuki et al., 2001).

Being the executers of apoptosis, caspases are targets of various caspase 

inhibitory proteins. This inhibition plays a very important role in pathogenesis as 

well as tumorigenesis. For example, as infected cells commit suicide and undergo 

apoptosis for the benefit of the organism, some viruses have developed 

mechanisms to inhibit caspase function in order to overcome the cellular 

apoptosis response generated due to the viral infection.

Baculoviruses express the “caspase inhibitory protein p35”, which 

competes with the substrates of the caspase-8 for binding to the enzyme. After 

binding of p35 to the caspase, caspase-8 cleaves p35 and the N-terminal fragment 

of p35 protein blocks the active site of the caspase in an irreversible manner (Xu 

et al., 2001). In mammals a homologue of p35 has not yet been identified.

A cowpox protein “cr.mA” (cytokine response modifier A) has been 

shown to be the inhibitor of caspase-1 and -8. Like the baculovirus protein p35, 

crmA is also cleaved by the caspase that it inhibits, but the inhibitory effects 

results from a conformational change in the active site of the ca.spase due to 

crmA binding (Renatus et al., 2000).

Baculoviruses also encode for another type of proteins named “lAPs” 

(inhibitor of apoptosis proteins). The enzymatic activity of caspases is subject to 

inhibition by the conserved lAP (inhibitor of apoptosis) family of proteins 

(Deveraux and Reed, 1999).

Some chemicals are also known to inhibit caspase activation. These are 

aldehydes or fluoromethyl ketone-derivatized synthetic peptide inhibitors such as 

(ZVAD-fmk).

1-3.2 REGULATION OF CASPASE ACTIVATION

13



1-3.3 INHIBITOR OF APOPTOSIS PROTEINS (lAPs)

lAPs have been identified in many different organisms ftom viruses to 

mammals due to the presence of a 65 amino acid homology domain named “BIR” 

(bacLilovirus lAP repeats). These repeats are typically found in the N-terminal 

region of the lAPs and mediate various types of protein-protein interactions. 

Certain lAPs also contain a C-terminal ring finger, which is presumed to mediate 

other specific protein-protein interactions. Eight distinct mammalian lAPs, 

including XIAP, c-IAPl, C-IAP2, and ML-IAP/Livin (Ashhab et al., 2001; Kasof 

and Gomes, 2001; Vucic et al., 2000), have been identified, and they target the 

initiator caspase, caspase-9, and the effector caspases, caspase-3 and -7 

(Deveraux and Reed, 1999).

Recent structural analyses revealed that a linker segment at the N-terminal 

region between BİRİ and BIR2 of XIAP occupies the active site of caspases 

directly which results in a blockade of substrate entry. This makes lAPs unique 

inhibitors of caspases that function by directly binding to and inhibiting caspase 

function, rather then targeting the enzyme indirectly and affecting their 

activation. (Chai et al., 2001; Huang et al., 2001; Riedl et al., 2001). It is also 

noteworthy to mention that only processed caspase-9 is subject to inhibition by 

lAPs. It has been shown that, BIR3 of XIAP binds to the N terminus of the small 

subunit of caspase-9, which becomes exposed after proteolytic processing 

(Srinivasula et al., 2001).

However induction of apoptosis requires elimination of the caspase 

inhibition enforced by lAPs. Thus when apoptosis is induced, lAPs are inhibited 

by binding of a mitochondrial apoptosis promoting factor Smac/DIABLO to the 

BIR domains of lAPs (Green DR., 2000) (Figure 1-8).
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Figure 1-8: Release of inhibitory effects of lAPs on caspases by the 

SMAC/DIABLO protein.

it has been shown that deregulation of lAPs contribute to human disease. 

For example a single BIR domain containing lAP “Survivin’’ has been shown to 

be upregulated in many human tumours.

1-3.4 TARGETS OF ACTIVE CASPASES

When activated, initiator caspases activate downstream caspases and when 

the effector caspases are activated they cleave critical cellular protein substrates 

in order to advance apoptosis. (Thornberry and Lazebnik, 1998). The targets of 

active caspases can be grouped in 4 groups.

1- Pro- and anti-apoptotic proteins:

a) Pro-caspases; The already activated caspases transactivate other 

caspases. This allows the generation of a caspase activation cascade.

b) Anti-apoptotic proteins: Bcl-2 and bcl-XL are cleaved by caspase-3. 

This way the anti-apoptotic activities of these proteins are eliminated.
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c) Cleavage of the pro-apoptotic protein Bid by caspase-8: The cleavage 

product t-Bid translocates to the mitochondria and induces the release of 

cytochrome c.

2- Components of apoptotic machinery:

The inhibitor of CAD (caspase activated DNAase) ICAD is cleaved by 

caspase-3, allowing CAD to translocate to nucleus and cleave DNA.

3- vStructural proteins:

The structural proteins gelsolin (which regulates actin dynamics), lamins 

(which are the major structural proteins of nuclear envelope) and P-catenin 

(which plays important roles in cell-cell adhesion) are degraded by caspases.

4- Homeostatic proteins:

Poly (ADP-ribose) polymerase (PARP) is a DNA double-break repair 

enzyme that is cleaved to facilitate the DNA degradation during apoptosis.

1-4 THE BCL-2 FAMILY 

1-4.1 GENERAL STRUCTURE

Bcl-2 family proteins play a pivotal role in deciding whether a cell will 

die or survive. Bcl-2 was first identified as a proto-oncogene in follicular B-cell 

lymphoma (Tsujimoto et al., 1985). In 1993 Oltvai et al discovered the first pro- 

apoptotic member of the Bcl-2 fomily namely Bax (Oltvai et al., 1993).

The growing Bcl-2 femily consists of ‘multidomain’ death antagonists 

(e.g. Bcl-2, Bcl-XL, Bcl-w, Mcl-l, Al) and death agonists (e.g. Bax, Bak, Bok), 

which function primarily to protect or disrupt the integrity of mitochondrial 

membranes, respectively. The homology between the Bcl-2 family members is 

restricted to four Bcl-2 homology (BH) domains (Figure 1-9). Through these 

homology domains they can form homo- or heterodimers with each other. Thus 

the ratio of pro- versus anti-apoptotic members is very critical for making the 

decision of cell death. All of the anti-apoptotic members have four of the BH
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domains whereas the pro-apoptotic members do not have the BH4 domain except 

for Bcl-Xs. There are also “BH3 only” pro-apoptotic members, which carry only 

the BH3 homology domain. These proteins serve as ligands to activate 

multidomain pro-apoptotic Bcl-2 family members or inactivate anti-apoptotic 

Bcl-2 family members (Huang and Strasser, 2000). BH3-only proteins include 

Bim, Bid, Bad, Bik/Nbk, BNIP3, Blk, Noxa, Puma, and Hrk. Another 

characteristic of these proteins is that they can become integral membrane 

proteins.

Protein crystallography and liposome reconstitution analysis with purified 

Bcl-2 family members suggest that, these proteins regulate the mitochondrial 

membrane barrier by forming channels themselves or influencing pre-existing 

channels in the membrane (Martinou and Green, 2001).

Alterations in expression, subcellular localization, phosphorylation status, 

and proteolytic processing of Bcl-2 family molecules determine whether the 

death program will be activated.

The anti-apoptotic members can dimerize with pro-apoptotic members to 

inhibit apoptosis. Among these, BHl and BH2 are impoi'tant for 

heterodimerization of the anti-apoptotic members Bcl-2 and B c1-Xl with Bax for 

the suppression of apoptosis (Borner et al., 1994). But anti-apoptotic members 

can perform their inhibitory effects on apoptosis without the need to bind and 

inactivate a pro-apoptotic member. It has been shown that a mutant form of Bcl- 

X l, which cannot bind the anti-apoptotic members Bax or Bad can still preserve 

the 70-80% of its anti-apoptotic ability (Cheng et al., 1996).

BH3 domain is the most critical domain for pro-apoptotic activity. This 

domain has been termed as “suicide domain” because when the BH3 domain of 

Bax was inserted into Bcl-2, the anti-apoptotic protein became a killer protein 

(Hunter et al., 1996). Also although the “BH3 only” pro-apoptotic members (Bid, 

Bik, Bim, Blk and Bad) carry the BH3 domain, they induce apoptosis through 

heterodimerizing with pro- or anti-apoptotic proteins. Crystal structure of Bcl-Xi. 

and Bid showed the presence of a region named the “flexible region” at the N- 

terminal of the BH3 domain, which serves as a potential phosphorylation site 

(Muchmore et al., 1996).

BH4 domain can be regarded as the anti-apoptotic domain, as its presence 

is enough to confer anti-apoptotic activity to Bcl-2 family members. BcI-2
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mutants lacking BH4 domain loose their anti-apoptotic activity and become killer 

proteins (Grandgirard et al., 1998). It has also been shown that during apoptosis, 

the BH4 domain of Bcl-2 is cleaved to accelerate the apoptotic procedure (Cheng 

et al., 1997, Grandgirard et al., 1998)

Another important domain found in some Bcl-2 family members is the C- 

terminal hydrophobic domain, which mediates the localization of these proteins 

to membranes.
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Figure 1-9: Structure of some pro- and anti-apoptotic Bcl-2 family members.

(TM: transmembrane domain)
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1-4.2 BCL-2 FAMILY FUNCTION IN APOPTOSIS

Currently, three (non-exclusive) models are used to explain Bcl-2 

function. In the first model, it is proposed that Bcl-2 proteins can act as ion 

channels due to their structural resemblance to the diphtheria toxin and colicin 

(Muchmore et al., 1998). The second model suggests that Bcl-2 proteins function 

in the modulation of caspase activation for example by inhibition of the apical 

caspase-9 by Bcl-2/Bcl-xL. According to this model, Bcl-2/Bcl-xL should 

displace Bcl-2/Bcl-xL from the Apaf-1/ cytochrome c/caspase-9 complex and so 

trigger caspase-9 autoactivation just as in the case of C. elegans (Chinnaiyan et 

al., 1997). Finally, the third model proposes that these proteins act as inhibitors 

of cytochrome c export from mitochondria. Very recently it has been shown that 

Bax and Bak serve as the major mitochondrial sensors of upstream apoptosis 

signaling, and cells missing both factors are resistant at the mitochondrial level to 

killing by a wide range of stimuli (Wei et al., 2001).

Another possible mechanism by which Bcl-2 might function in the 

suppression of apoptosis arose from observations that Bcl-2 expression can 

affect intracellular Câ "̂  homeostasis. Alterations in intracellular Câ "̂  

concentrations are known to influence apoptosis so it remains possible that Bcl-2 

either directly modulates calcium channels or acts to protect lipid membranes 

from damage by peroxide radicals which is known to disrupt Ca""̂  homeostasis 

(Pintón et al., 2002).

1-4.3 REGULATION OF Bcl-2 FAMILY MEMBERS

Regulation and activity of the family members is regulated by 

phosphorylation, proteolysis, dimerization and by their cellular localization.

1-4.3.1 POST-TRANSLATIONAL MODIFICATIONS

Members of the Bcl-2 family can be regulated by phosphorylation or 

proteolysis. The anti-apoptotic activity of Bcl-2 can be either inhibited or
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amplified by phosphorylation. Phosphorylation of Bcl-2 at residues serine 70 and 

87 and threonine 56 and 74, has been shown to inactivate its anti-apoptotic 

activity (Chang et ah, 1997). Bcl-2 was found to be phosphorylated and thus 

inactivated in many tumor cell lines that are treated with chemotherapeutic agents 

such as taxol (Haidar et al., 1995 and 1996). One of the kinases responsible for 

Bcl-2 phosphorylation is a МАРК (mitogen-activated protein kinase) family 

member JNK/SAPK (c-Jun N-terminal Kinase/Stress-activated protein kinase) 

(Maundrell et al., 1997). JNK/SAPK is known to be activated by stimuli 

favouring apoptosis. The anti-apoptotic function of bcl-2 has been shown to be 

amplified by phosphorylation at serine 70 by the activation of a classic protein 

kinase C (PKC) isoform. This phosphorylation is required for suppression of 

apoptosis by Bcl-2 in murine growth factor-dependent celt lines (Ruvolo et al.,

1998). Another МАРК family member ERK (extracellular signal-related kinase), 

is also involved in the regulation of apoptotic proteins. While JNK/SAPK 

functions to promote apoptosis by inhibiting Bcl-2, ERK can be activated to 

inhibit apoptosis (Xia et al., 1995). When activated ERK phosphorylâtes Bad at 

residues serine-112 and serine-136. Phosphorylated Bad associates with 14-3-3 

protein and becomes sequestered in the cytosol (Zha et ah, 1996). To inhibit this 

inhibitory function of Erk, during apoptosis this kinase is inactivated by the 

actions of caspase 3 (Widmann et al., 1998).

Similar to Bcl-2, the pro-apoptotic “BH3 only” protein Bad is a target for 

kinases. In the presence of survival factors BAD is phosphorylated on two serine 

residues (Ser-112 and Ser-136) and sequestered in the cytosol by the 14-3-3 

protein (Zha et al., 1996). The kinases responsible for Bad phosphorylation are 

PKA (Protein kinase A) and PKB/Akt (Protein kinase B) (Harada et ah, 1999, del 

Peso et ah, 1997). PKA phosphorylâtes Bad at ser-112 and PKB/Act from serine- 

136. Thus when cells are stimulated with survival factors. Bad is phosphorylated 

and its anti-apoptotic activity diminishes. Following a death signal BAD is de- 

phosphorylated and binds to the anti-apoptotic molecules Bcl-2 and Bc1-Xl·

Cleavage of pro- or anti-apoptotic proteins is also an important factor, 

affecting the apoptotic process. By cleavage anti-apoptotic factors may become 

pro-apoptotic and pro-apoptotic members become more apoptotic. For example, 

the pro-apoptotic Bcl-2 family member Bid has been shown to be cleaved during 

Fas-mediated apoptosis by caspase 8 (Li et al., 1998). After activation, caspase 8
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cleaves Bid, generating a C-terminal fragment of the protein that is “truncated 

Bid” (tBid). While full-length p22 Bid is localized in cytosol, pl5 tBid 

translocates to mitochondria and thus transduces apoptotic signals from 

cytoplasmic membrane to mitochondria. Cleavage of Bcl-2 by activated caspases 

results in formation of a C-terminal cleavage product which has a pro-apoptotic 

function (Cheng et al., 1998). It has also been demonstrated that Bax is a 

substrate for both caspases and the calcium-activated protease calpain (Wood et 

al., 1998).

1-4.3.2 CELLULAR LOCALIZATION AND DIMERIZATION

The Bcl-2 members have been shown to be both cytosolic and membrane 

associated. A considerable portion of pro-apoptotic members are localized to 

cytosol in the absence of an apoptotic signal in contrast to anti-apoptotic 

members which are localized to membranes (Hsu et al., 1997, Gross et al., 1998, 

Puthalakath et al., 1999). Following a death signal the pro-apoptotic members 

undergo a conformational change and this alteration enables them to target and 

integrate into membranes, especially the outer membrane of the mitochondria. 

Activation of Bax requires both dimerization and cellular localization.

In viable cells Bax is monomeric and localized to cytosol. Following a 

death stimulus Bax is translocated to mitochondria where it becomes an integral 

membrane protein and forms a homo or heterodimer with Bcl-2/Bcl-xL (Wolter 

et al., 1997, Gross et al., 1998). However in contrast to Bax, Bak is usually 

resides in the outer mitochondrial membrane.

The anti-apoptotic protein Bcl-2 resides in the outer mitochondrial 

membrane, endoplasmic reticulum and the nuclear membrane (Krajewski et al., 

1993; Lithgow et al., 1994). The three dimensional structures of Bc1-Xl and Bid 

demonstrated that they share structural homology with the pore-forming domain 

of certain bacterial toxins especially diphtheria toxin and colicins A and El 

(Muchmore et al., 1996). It has been shown that Bc1-Xl, Bcl-2 and Bax can form 

channels in synthetic lipid membranes (Minn et al., 1997, Schendel et al., 1997, 

Antonsson et al., 1997).
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Thus localization of Bcl-2 family members to mitochondria and their 

pore-forming activities play a very important role during apoptosis.

1-5 DEATH RECEPTOR PATHWAY

Activation of a specific group of transmembrane receptors also induce 

activation of caspases hence apoptosis. These receptors belong to the “tumor 

necrosis factor (TNF)” superfamily. Mammalian TNF-R (TNF receptor) family 

members are type I membrane proteins with conserved extracellular cysteine-rich 

domains. The TNF-R superfamily members include: TNF-Rl, TNF-R2, TNF-R3, 

CD95, LT-aR, LT-^R, Ox 40, CD27, CD 28, CD 30, CD 40, 4-1 BB, p75 NGFR, 

GIT-R, Rank, DR6 and the TRAIL receptors. When a receptor is activated it 

typically forms trimeric or multimeric complexes stabilized by disulfide bonds. 

Some of these receptors such as CD95, TNF-Rl and TNF-R2 can also exist in 

soluble forms (Hughes DPM. and Crispe IN., 1995).

The ligands of these receptors also comprise a family. Some members of 

this family are; TNF, CD 95 ligand (FasL/CD95L), LT-a (lymphotoxin-a), LT-P, 

Ox 40L, CD27L, CD 28L, CD 30L, CD 40L and 4-1 BBL. These ligands share a 

characteristic 150 amino acid region at their C-terminus. This C-terminal region 

is responsible for .specific interaction of the ligand with its cognate receptor. 

Although TNF and CD95L can exist as soluble proteins, others are usually found 

as membrane-bound trimeric or multimeric complexes.

Some members of the TNF superhimily have been shown to induce 

apoptosis when activated by binding of their cognate ligand and therefore are 

called as “death-receptors”. These include CD95, TNF-Rl, DR3, DR4, DR5 and 

DR6. These receptors share a homology region at their cytoplasmic region, which 

is called “death domain”. This domain is responsible for transduction of death 

signals to intracellular proteins by initiating a protein-protein interaction and 

activation cascade.

Upon ligand binding to the receptor, intracellular adapter proteins such as 

FADD/MORTl, TRADD and RAIDD are recruited to the cytoplasmic regions of 

the receptors through homotypic death-domain (DD) interactions to form a death- 

inducing signaling complex (DISC) (Ashkenazi and Dixit, 1998). In turn, FADD
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recruits pro-caspase- 8 via interactions between death-effector-domains (DEDs) 

present in both proteins, thereby stimulating caspase-8 autoproteolytic activation 

and initiating a caspase cascade leading to cell death. Caspase-2 can also 

associate with the cytoplasmic regions of death receptors, and this association 

requires the interaction of caspase-2 with the molecular adapter RAIDD/CRADD 

(Duan and Dixit, 1997; Ahmad et al., 1997)

1-5.1 CD95/Fas/Apo-l

CD95 is expressed in activated lymphocytes and in all other tissues 

including liver, lung and heart. The ligand of the receptor CD95L is expres.sed in 

activated lymphocytes, natural killer cells, erythroblasts, immune privileged 

tissues and in some tumors. The main function of CD95/CD95L signaling is 

deletion of autoreactive lymphocytes and maintenance of peripheral tolerance.

CD95 does not have a catalytic domain. Thus in order to activate 

downstream signaling effector molecules it has to interact with an adaptor 

molecule. This interaction is mediated by a 65 amino acid intracellular domain of 

CD95, which is called “death domain (DD)”. Through this domain CD95 can 

recruit downstream effector molecules and induce apoptosis (Itoh and Nagata, 

1993). These adaptor/effector znolecules include FADD/MORT (Fas-associated 

death domain), RIP (receptor interacting protein), Daxx (death domain associated 

protein) and FIST/HIPK3 (Fas interacting serine/threonine kinase/Homeodomain 

interacting protein kinase).

One of the adaptor molecules that interact with DD of CD95 is 

FADD/MORT. FADD contains a DD at its C-terminus and a death effector 

domain at its N-terminus. Through this DED, the adaptor protein can interact 

with the DED of procaspase-8 leading to autocleavage and activation of caspase- 

8. (Boldin et al., 1996; Muzio et al., 1996). This protein complex generated upon 

activation of CD95 is called “DISC (death inducing signaling complex)”. Thus, 

recruitment of DISC to the activated receptor provides a direct link between 

external apoptotic signals and the basal apoptotic machinery of the cell (Kischkel 

et al.,1995). When caspase-8 is activated it can either directly activate 

downstream caspases such as caspa,se-3 or it can cleave the pro-apoptotic
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molecule Bid to generate a Bid fragment namely t-Bid (truncated Bid). t-Bid then 

translocates to mitochondria where it can induce cytochrome c release (Li et al., 

1998; Lluo et al., 1998).

Another receptor-associated signal transducer molecule is RIP (Stanger et 

al., 1995). RIP contains a DD at its C-terminal and a tyrosine kinase-like domain 

at its N-terminal. It has been shown that blockers of tyrosine kinase activity also 

inhibit the CD-95 mediated apoptotic signal transduction (Eischen et al., 1994). 

RIP can also activate caspase-2 through an interaction with an adaptor molecule 

named “RAIDD (RIPP associated ICH-l/Ced-3 homologous protein with a death 

domain)” (Wallach D., 1997). This DD-DD interaction recruits procaspase-2, 

which interacts with RAIDD through the ICH-l/Ced-3 homology region. Another 

molecule activated by RIP is the anti-apoptotic molecule NF-kB. Thus RIP can 

also be an intermediate for inhibition of apoptosis. Therefore caspase-8 can also 

cleave RIP in order to inhibit the NF-kB activation (Lin et al., 1999).

Daxx is an inducer of “c-Jun N-terminal kinase” INK and has been shown 

to bind to DD of CD95 although it lacks a DD (Yang et al., 1997). Therefore 

Daxx functions as an intermediate protein that couples CD95 to activation of 

JNK hence apoptosis. CD95 mediated JNK activation can be inhibited by 

FIST/HIPK3 (Rochat-Steiner et al., 2000). FIST/HIPK3 can also interact with 

CD95 as well as FADD. Binding of FIST/HIPK3 to FADD induces FADD 

phosphorylation and inhibits CD95 mediated JNK activation.

There are two main inhibitors of CD95 mediated apoptotic signaling. One 

of these inhibitors is FLIPs (Fas-associated death domain like ICE inhibitory 

proteins) and the other is the “decoy receptors”. FLIPs exert their inhibitory 

effect by interfering with recruitment of caspases to CD95 signaling complex. 

Some viruses synthesize FLIPs (v-FLIP) in order to evade host immune system 

(Thome et al., 1997). The cellular homologue of v-FLIP is c-FLIP and been 

identified by several groups in 1997 (Srinivasula et al., 1997; Irmler et al., 1997; 

Goltsev et al., 1997; Shu et al., 1997; Inohara et al., 1997; Hu et al., 1997; Han et 

al., 1997; Rasper et al., 1998). c-FLIP shows homology to caspase-8 containing 

two DEDs. It also contains an inactive caspase-like domain without the 

conserved functional cysteine domain. Therefore c-FLIP can block caspase-8 

activation at the DISC and can inhibit CD95-mediated apoptosis (Scaffidi et al.,

1999).
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1-5.2 TNF RECEPTORS

TNF is a cytokine produced by activated T-cells and macrophages that 

influences the proliferation, differentiation and apoptosis of cells involved in 

inflammation. Thus TNF plays a pivotal role in the regulation the host 

inflammatory response.

There are two receptors for TNF: TNF-Rl and TNF-R2. TNF- R1 is able 

to mediate most of the biological responses initiated by TNF, whereas TNF-R2 

provides an auxiliary function in cooperating in the binding of TNF to TNF-Rl 

(Tartaglia et al., 1993). Although TNF-Rl alone can trigger apoptosis TNF-R2 

mainly seems to promote cell survival. Nevertheless TNF-R2 was also shown to 

kill certain cells when over-expressed (Grell et al., 1999). Both TNF-Rl and 

TNF-R2 can activate the pleiotropic transcription factor NF-icB (Rothe et al., 

1994).

Binding of the ligand to TNF-Rl activates the proteolytic caspa.se cascade 

by recruiting caspase-8 via FADD/MORT. However FADD/MORT adapter 

molecule cannot directly bind to TNF-Rl, therefore another cytoplasmic adapter 

molecule with a death domain called “TRADD” (TNF-R-associated death 

domain) is recruited to the activated receptor. TRADD can also bind to RIP, 

thereby linking TNF-Rl to caspa.se-2 activation via RAIDD and CRADD.

Another class of signaling adapter proteins recruited to the TNF receptor 

is the “TRAFs” (TNFR-associated factors) of which six are currently identified 

(Inoue et al., 2000). TRAF proteins are signal transduction adapter proteins. All 

TRAFs share a conserved 230 amino acid “TRAF domain” which mediates their 

homo- or hetero-oligomerization with other TRAFs, their interaction with the 

cytoplasmic tails of members of the TNF-R superfamily, and interactions with 

downstream signal transducers (Lee et al., 1997). TRAFs are held in abeyance in 

the cytoplasm through their association in oligomeric complexes with I-TRAF 

[177].

TRAF-2, -5, and -6 mediate activation of SAPK/JNK or NF-kB (Lee et 

al., 1997), the latter by interaction with the downstream signaling kinase NIK. 

NIK, in turn, activates the IkB kinases, which phosphorylate and inactivate IkB, 

the endogenous cellular inhibitor of NF-kB (Malinin et al., 1997; Ye et al..
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1999). It is believed that TRAFs’ anti-apoptotic effect is due to the activation of 

NF-kB. TRAF proteins can also interact with the death domain kinase RIP and 

the serine/threonine kinase IRAK. On the other hand, apoptosis signal-regulating 

kinase ASK-1, a TRAF-interacting kinase, was recently demonstrated to be a 

downstream target of TRAF-2, TRAF-5, and TRAF-6 in the INK signaling 

pathway.

TRAFs can also interact with “TRIP” (TRAF-interacting protein) (Lee et 

al., 1997). TRIP associates with TNF receptor family members through its 

interaction with TRAF proteins. This binding inhibits TRAF-mediated activation 

of the apoptosis suppressor NF-kB. However TRAFs can also interact with the 

lAP proteins. Thus, TRAF interactions with cIAPs would suppress apoptosis 

whilst interactions with TRIP would promote it. The availability of TRAF 

interacting proteins, therefore influence the outcome of TNF-R activation.

In another report it has been shown that in the presence of RIP (required 

for NF-kB activation by TNF-R 1), TNF-R2 triggers cell death in T-cells whereas 

in the absence of RIP, TNF-R2 activates NF-kB (Pimentel-Muinos and Seed, 

1999). RIP is induced during interleukin (IL)-2-driven T-cell proliferation, and 

its inhibition reduces susceptibility to TNF-dependent apoptosis.

1-5.3 TRAIL RECEPTORS

Another subfamily of TNF receptors is the “TRAIL receptors” (TNF- 

related apoptosis-inducing ligand receptors) (Golstein, 1997; Gura, 1997; 

Ashkenazi and Dixit, 1998). The ligand TRAIL (is also called as apo-2L) is 

synthesized as a membraire-bound protein and cleaved to generate a soluble 

ligand, which does not to bind either CD95 or TNF-R 1.

The receptors for TRAIL are: DR4 (TRAIL-Rl), DR5 (TRAIL- 

R2/KILLER), decoy receptor l(DcRl/TRID/LIT/TRAIL-R3), decoy receptor 2 

(DcR2/TRUNDD) and osteoprotegerin. The latter three are called “decoy 

receptors” because although they can bind to TRAIL they cannot transduce 

signals as they lack a death domain. TRAIL induces apoptosis through binding to 

DR4 and DR5 requiring FADD and caspase-8 (Bodmer et al., 2000).
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Although many human tumor cells and tumor cell lines are sensitive to 

induction of apoptosis by cell surface or soluble TRAIL; normal cells are 

insensitive (Pitti et al., 1996). Treatment of human cancer cell lines and tumors 

of mice and non-human primates with TRAIL, showed some promising results 

such as the apoptosis induction in TRAIL treated cancer cells and regression of 

tumors while keeping the non-tumor tissues unharmed, respectively (Walczak et 

al., 1999; Chinnaiyan et al., 2000; Gibson et al., 2000; Jo et al., 2000; Nagata,

2000). This is because of the expression profile of TRAIL and its receptors 

(with/without death domain) in tumorous and non-tumorous tissues. Although 

DR4 and DR5 are expressed in most human tissues and some tumor cell lines, 

DcR 1 and DcR2 are expressed in many tissues although not in most cancer lines 

examined.

1-6 MITOCHONDRIA

Whereas death receptors respond to instructive signals from neighboring 

cells or soluble ligands, an alternative cell death pathway depends on 

mitochondrial dysfunction and is initiated in re.sponse to primarily cell-intrinsic 

cues. An array of intracellular stimuli including DNA damage, glucocorticoids, 

perturbations in redox balance, ceramide generation, and loss of growth factor 

signals can trigger permeabilization of the outer mitochondrial membrane and 

leakage of mitochondrial pro-apoptotic effectors into the cytosol (Kroemer and 

Reed, 2000; Adrain and Martin, 2001).

One such effector is cytochrome c, which stimulates assembly of a ternary 

complex, called the mitochondrial ‘apoptosome’, that consists of cytochrome c, 

apaf-1 and caspase-9. Cytosolic cytochrome c binds to Apafl and induces its 

oligomerization. Oligomerized Apafl recruits pro-caspase-9, which is activated 

auto-proteolytically and triggers activation of caspase-3.

Death-receptor apoptosis signaling is also linked with mitochondrial 

cytochrome c release. Caspase-8, which is initially activated at the death- 

inducing signaling complex (DISC) of cell surface death receptors, can cleave the 

pro-apoptotic Bcl-2 family member Bid (Li et al.,1998; Luo et al.,1998). Binding 

of cleaved Bid (tBid) to Bax leads to Bax oligomerization and integration into the
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outer mitochondrial membrane where it triggers cytochrome c release (Eskes et 

al., 2000). Similarly, tBid can bind to and oligomerize to another pro-apoptotic 

Bcl-2 homologue, Bak, resulting in cytochrome c release (Wei et al., 2000).

1-6.1 GENERAL STRUCTURE

Mitochondria are not only the power plants of the cells but they also play 

a key role in the regulation of gene expression and making the decisions between 

survival and death. Mitochondrial intermembrane space contains several proteins 

that are liberated through the outer membrane in order to participate in the 

degradation phase of apoptosis.

Mitochondria are organized into several spaces (Mannella et al., 1998). 

The matrix, which is surrounded by the inner membrane, is filled with enzymes 

of the tricarboxylic acid cycle. Cristae are structures formed by the inner 

membrane and are projected through the matrix space. The crista membrane 

contains the electron transport complexes. In the intermembrane space 

cytochrome c, cytochrome c reductase, cytochrome oxidase, cardiolipin, 

procaspase 2, 3 and 9, SMAC/DIABLO and apoptosis initiating factor (AIF) are 

found. Approximately 90% of cytochrome is estimated to rest in the cristae 

lumen (Bernard! et al., 1999, Susin et al., 1999(a) (b)).

The inner membrane and the cristae membrane are extremely resistant to 

proton leakage. Due to this resistance there is approximately a -220 mV 

membrane potential. The FoF| ATPase which is located to the matrix side of the 

cristae membrane lets the accumulated protons in the lumen of the cristae, leak 

back down their electrochemical gradient through the FqFi ATPase, which ends 

up in the production of ATP (Gottlieb RA., 2000). In the inner membrane there is 

also a protein named ANT (adenine nucleotide transporter), which forms the 

“permeability transition pore” (PTP) when associated with VDAC (located in the 

outer mitochondrial membrane) and cyclophilin D (located in mitochondrial 

matrix).

In the outer membrane there are voltage-dependent anion channels 

(VDAC), which make the outer membrane permeable to small molecules, which
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are smaller than 1000 Da. The anti-apoptotic Bcl-2 family member Bcl-2 is 

anchored to the outer membrane of the mitochondria (Gottlieb RA., 2000).

1-6.2 CYTOCHROME C RELEASE FROM THE MITOCHONDRIA AND 

APOPTOSIS

Cytochrome c is found in the space between the outer and inner 

membranes of mitochondria in association with anionic phospholipids of the 

inner membrane, primarily with cardiolipin, where it participates in the process 

of oxidative phosphorylation (Córtese et al., 1998; Gorbenko GP., 1999)

When cells are exposed to apoptotic stimuli, cytochrome c is released 

from mitochondria into the cytosol, where it is one of several factors implicated 

in the proteolytic activation of caspase-3 by caspase-9 (Slee et al., 1999). The 

release of cytochrome c can be induced by two different mechanisms: Ca- 

dependent and Ca-independent (Gogvadze et al., 2001). In the Ca“  ̂ dependent 

cytochrome c release pathway, mitochondrial Ca“̂  overload causes mitochondrial 

dysfunction and opening of the permeability transition pore, which results in 

matrix swelling and rupture of the outer mitochondrial membrane, thus release of 

cytochrome c. In Ca^^ independent cytochrome c release pathway, the pro- 

apoptotic members of the Bcl-2 family such as Bax, stimulates the release.

The mitochondrial cytochrome c can be found in two distinct forms. It 

may be loosely or tightly bound to cardiolipin. When tightly bound it becomes a 

part of the mitochondrial inner membrane. Therefore for cytochrome c to be 

available to be released from the mitochondria, first it should be dissociated from 

cardiolipin. In other words, a disruption of the cytochrome c-cardiolipin 

interaction should occur before, or concomitantly with, permeabilization of the 

outer membrane in order for cytochrome c to be released from mitochondria (Ott 

et al., 2002).

Released cytochrome c can interact with the Ced-4 -like protein Apaf-1. 

ApaL 1 contains a Ced-4 homology domain flanked on one side by a region with 

strong homology to the CARD motif within the prodomains of Ced-3 and 

mammalian caspases-2 and -9 and on the other side by several WD-40 repeats 

believed to mediate protein-protein interactions. The CARD domains in Apaf-1
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and the prodomain of caspase-9 interact and, in the presence of cytochrome c and 

either ATP or ADP, this induces autocatalytic activation of the caspase, which 

then activates the downstream caspase effector cascade involving caspases-2, -3, 

-6, -7, -8 and -10 (Slee et al„ 1999).

As mentioned above pro-apoptotic Bcl-2 family members reside in the 

cytosol and translocate to the mitochondria upon apoptotic stimulus to achieve 

cytochrome c release by interacting with other proteins. One of the pore-forming 

members is Bax. Bax has been shown to interact with VDAC to form a channel.

It is speculated that cytochrome c binding to the WD repeats induces a 

conformational change that allows Apaf-1 to oligomerize and by promoting 

clustering of this caspase to activate caspase-9 (Srinivasula et al., 1998). The 

anti-apoptotic Bcl-2 family members Bcl-2 and Bcl-xL reside in the outer 

mitochondrial membrane, where they function to suppress apoptosis in both or 

either of two ways: blocking cytochrome c release and binding to Apaf-1 to 

prevent its activating caspase-9 although a direct binding of Bel- 2 or Bcl-xL to 

Apaf-1 has not been shown by in-vivo experiments. The mammalian pro- 

apoptotic Bcl-2 family members, such as Bax, Bak and Bik, may promote 

apoptosis by displacing Apal-1 from Bel- 2 or Bcl-xL. The anti-apoptotic protein 

Aven has been shown to bind to both Bcl-xL and Apaf-1 and this molecule might 

link the two molecules and target the Bcl-2 family member to the apoptosome 

(Chau et al., 2000). It was recently demonstrated that the release of cytochrome c 

always precedes exposure of phosphatidylserine at the cell surface and the loss of 

plasma membrane integrity (Goldstein et al., 2000). This study also showed that 

the drop in the mitochondrial membrane potential typically seen in apoptotic cells 

occurs later than cytochrome c release from mitochondria and that this process is 

dependent on caspase activation, whereas cytochrome c release is not. These 

results suggest a specific permeability of the outer mitochondrial membrane 

without alteration of the inner mitochondrial membrane.

So far, several competing models exist to explain exactly how 

permeabilization of mitochondrial membranes is mediated during apoptosis 

(Martinou et al., 2000). All models accept the opening of a megachannel called 

the permeability transition pore (FTP). The adenine nucleotide translocator 

(ANT; located in the inner mitochondrial membrane) and the voltage-dependent 

anion channel (VDAC, found in the outer mitochondrial membrane) are major
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components of the FTP which is proposed to span both the inner and the outer 

mitochondrial membranes at sites at which the two membranes are opposed.

1- FTP model proposes the presence of FTP openers, including the pro- 

apoptotic Bcl-2 family member Bax, which cause permeabilization of the inner 

membrane and mitochondrial depolarization by binding to the ANT (Marzo et al., 

1998). This process allows entry of water and solutes into the matrix and leads to 

mitochondrial swelling.

2- VDAC closure model proposes that swelling is due to a defect in 

mitochondrial ATP/ADP exchange as a result of closure of the VDAC thus 

leading to hyperpolarization of the inner mitochondrial membrane and 

subsequent matrix swelling.

3- Bax channel model suggests that the outer mitochondrial membrane is 

not damaged but rather a pore is generated in the outer mitochondrial membrane 

allowing the passage of cytochrome c (and other mitochondrial proteins) into the 

cytosol. Bax oligomers can form large conductance channels in lipid planar 

bilayers (Martinou et al., 2000). Addition of Bax directly to isolated 

mitochondria triggers release of cytochrome c through a mechanism that is 

insensitive to FTP blockers and does not involve mitochondrial swelling. But it is 

known that some factors such as SMAC/DIABLO are too big to pass through this 

channel (Satio et al., 2000).

4- Another model suggests the cooperation of Bax with the VDAC to form 

a cytochrome c-conducting channel (Shimizu et al., 1999).

Very recently presence of a novel type of channel in the outer membrane 

of mitochondria is demonstrated. This “apoptotic mitochondrial channel” (MAC) 

is a voltage-independent channel with multiple conductance levels allowing the 

passage of cytochrome c and other mitochondrial proteins across outer 

mitochondrial membrane (Pavlov et al., 2001). Pavlov et al., demonstrated that 

although MAC is not equivalent to Bax channel, Bax overexpression can induce 

the formation of MAC and MAC formation can be inhibited by overexpression of 

BcI-2.
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1-6.3 OTHER FACTORS RELEASED FROM THE MITOCHONDRIA 

DURING APOPTOSIS

Several proteins in addition to cytochrome c are released from 

mitochondria in cells induced to undergo apoptosis. These include Smac/Diablo, 

pro-caspases, and AIF.

1-6.3.1 SMAC/DIABLO

Smac/Diablo molecule Ccin bind to, and inactivates, lAPs (Verhagen et 

al.,2000; Du et al., 2000). lAPs inhibit cell death by binding to procaspases and 

activated caspases, thereby blocking their processing and their activity. Smac/ 

Diablo is released from the mitochondria along with cytochrome c during 

apoptosis and relieves inhibition of caspase-9 activation by lAP inactivation 

(Green, 2000).

1-6.3.2 APOPTOSIS INDUCING FACTOR (AIF)

AIF is a mitochondrial flavoprotein protein that is synthesized 

from a single gene locus in X chromosome and imported to the mitochondrial 

intermembrane space. It is ubiquitously expressed in normal tissues as well as in 

some cancer cell lines. When AIF is microinjected into cytoplasm of normal 

cells, it causes release of cytochrome c from the mitochondria, condensation of 

nuclear chromatin and activation of flippase in a caspase-independent manner 

(Daugas et al., 2000; Susin et al., 1999a). Genetic inactivation of AIF renders 

embryonic stem cells resistant to cell death after serum deprivation and disables 

PCD during caviation of embryoid bodies in early mouse morphogenesis (Joza et 

al., 2001).
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1-6.3.3 PRO-CASPASES

Mitochondrial integrity is also important for the regulation of caspase 

activation (Vander Heiden and Thompson, 1999). A fraction of both caspase-9 

and caspase-3 has been localized to the mitochondrial intermembrane space in 

some cell types, and caspase-2 has also been reported to reside in mitochondria. 

These caspases are released from the mitochondria to the cytosol during 

apoptosis induction, like cytochrome c.

1-7 REGULATION OF APOPTOSIS

Several hictors are implicated in the regulation of apoptosis such as 

activation of p53 tumor suppressor, oncoproteins, and the expression/ 

activation/modulation of the Bcl-2 family members.

Among these p53 can be regarded as the “master regulator” of the 

apoptotic program, capable of coordinating the process at multiple levels via 

several mechanisms. Cellular stress such as DNA damage, hypoxia, and survival 

factor deprivation can activate apoptosis, where p53 is the critical initiator of this 

pathway (Lowe and Lin, 2000). p53 can be activated by DNA damage sensors 

such as ATM and Chk2, or by mitogenic oncogenes (Khanna and Jackson, 2001). 

When activated, p53 can initiate apoptosis by transcriptionally activating 

proapoptotic Bcl-2 family members and repressing antiapoptotic Bcl-2 and lAPs 

(Bartke et al., 2001; Hoffman et al., 2001; Ryan et al., 2001; Wu et al., 2001). In 

addition, p53 can transcriptionally activate both CD95 and TRAIL receptor 2 

(TRA1L-R2/DR5), thereby sensitizing cells to death-receptor-mediated apoptosis 

(Herr and Debatin, 2001; Ryan et al., 2001). p53 may also have transcription- 

independent activities that potentiate cell death once the transcription-dependent 

functions initiate the process (Ryan et al., 2001). Similarly the p53 homologue 

p73 is shown to induce apoptosis (Stiewe and Putzer, 2001).

A number of oncoproteins induce apoptosis when overexpressed in cells. 

The best characterized examples are the transcription factors c-Myc, c-Jun, c-Fos, 

E2F1 and cyclin E. Although induction of apoptosis seems to represent the 

general cellular response upon oncogene overexpression, in certain cases the
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reduction of c-Myc, Jun or Fos expression via an unknown mechanism leads to 

apoptosis. There are two hypothesis that explain how oncoproteins induce 

apoptosis. The first one proposes that apoptosis is induced because of the cellular 

conflict, that is generated through induction of cell proliferation by oncoprotein 

expression but in the absence of a completely activated or coordinated 

proliferative machinery. The other hypothesis suggests that Мус promotes 

proliferation and apoptosis at the same time, but in the presence of enough anti- 

apoptotic signals proliferation is hivored and vice versa (Zornig et al., 2001). 

Nevertheless TRAP-1, Bax and p53 have been revealed to be activated by c-Myc 

(Coller et al., 2000; Mitchell et al., 2000; Zindy et al., 1998) An interaction 

between c-myc induced apoptosis and CD95 and CD95L has just been 

demonstrated such that c-Myc-induced apoptosis requires activation of the CD95 

activation (Hueber et al., 1997).

As mentioned in part 1-4.3 the activities of Bcl-2 proteins can be 

modulated by post-translational modifications, such as phosphorylation of Bad by 

several prosurvival kinases, inhibiting its interaction with antiapoptotic Bcl-2 

proteins, and sequestration away from the mitochondria through binding of 14-3- 

3 adaptor proteins (Bonni et al., 1999; Harada et al., 2001; Wang, 2001). Bcl-2 

can also be phosphorylated by MAP kinases and dephosphorylated by the PP2A 

tumor suppressor, leading to changes in its activity (Blagosklonny, 2001).

1 -8 ROLE OF APOPTOSIS IN HUMAN DISEASE

Apoptosis plays a major role in the maintenance of homeostasis in adult 

tissues (Vaux DL. and Korsmeyer SJ., 1999; Wyllie AH. and Golstein P., 2001). 

Abnormalities in the apoptosis program may result in a variety of diseases such 

as autoimmune, neurodegenerative, infectious and heart diseases and cancer, 

(Reed CJ., 2000; Mattson MP., 2000; Chervonsky AV., 1999; Roulston A. et al., 

1999; Narula J. et al., 2000)

Autoimmunity represents a diverse set of diseases defined clinically by 

the destruction of the target organ. For example in rheumatoid arthritis, T cells 

attack of the joints and in type I diabetes, T cell attack the insulin secreting p 

cells of pancreas. Lymphocyte development, selection and education represent
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tightly controlled immune processes that normally prevent autoimmunity. 

Lymphocyte development requires cellular selection through apoptosis to remove 

potentially autoreactive cells. Dysregulated apoptosis, both interrupted as well as 

accentuated apoptosis, are now demonstrated as central defects in diverse human 

autoimmune diseases as shown in table 1-3 (Hayashi and Faustman, 2001).

Table 1-3: Dysrégulation of apoptosis in some autoimmune diseases.

Disease Apoptotic defect

Lupus

I NF-kB (p65) expression, 

|CD95 and CD95L expression, 

I TGF-P secretion,

I CD95 apoptosis

Rheumatoid arthritis i NF-kB

Type I diabetes ITNF-a apoptosis

Lymphoprolifération with 

autoimmunity
I CD95 apoptosis

Autoimmune lympho­

proliférative syndrome
I CD95 apoptosis

Neuronal cell death due to dysrégulation of apoptosis plays the major role 

in the formation of symptoms of many neurological disorders, including 

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, stroke and 

amyotrophic sclerosis. Among the factors that induce apoptosis in these 

phenomena include oxidative stress, disturbed calcium homeostasis, 

mitochondrial dysfunction and activation of caspases (Mattson MP., 2000). 

Neurotrophins regulate neuronal apoptosis through the action of protein kinase 

cascades including Akt and МАРК pathways. This regulation can be
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overwhelmed by the expression of abnormal protein structures in these cells such 

as the amyloid fibrils in Alzheimer’s disease.

Apoptosis is also widely seen in infectious diseases, including AIDS. 

Infection with HIV-1 causes apoptosis in CD4+ T-cells which results in 

progressive immunodeficiency and predisposition to opportunistic infectious 

diseases and neoplasms. It has been demonstrated that the viral proteins activate 

both pro-apoptotic and pro-survival genes. For example the “tat” protein of the 

virus has been shown to activate caspase 8 and upregulate CD95L expression and 

on the other hand it also activates Akt. Nevertheless the protein encoded from 

the “env” gene causes the upregulation of CD95 and an increase in Bax 

concentration versus Bcl-2 concentration (Roshal et al., 2001).

Death of myocardial cells due to apoptosis may lead to cardiovascular 

disease, which is the leading cause of death worldwide. Apoptotic cell death is 

observed after ischemia/reperfusion injury (Freude et al., 2000) and in heart 

failure (Narula et al., 1999). For example in the case of i.schemia/reperfusion the 

inhibitor of the Fas pathway, c-Flip has been shown to be degraded (Jeremias et 

al., 2000). Similarly overexpression of TNF-a and TNFR has been shown to 

associate with heart failure (Torre-Amione et al., 1996). Mitochondrial pathways 

is also involved in myocardial cell apoptosis. It has been shown that caspases 3 

and 9 are activated following cytochrome c is released from the mitochondria 

when ischemic conditions are mimicked in cell culture system (Bialik et al., 

1999).

Defects in apoptosis underpin both tumorigenesis and drug resistance, and 

because of these defects chemotherapy often fails. Tumorigenesis is a multistep 

process in which mutations in key cellular genes produce a series of acquired 

capabilities that allow the cancer cells to grow -even in the absence of growth 

signals and in the presence of growth-inhibitory signals- and evade the immune 

system (Hanahan and Weinberg, 2000). The p53 tumor suppressor gene is the 

most frequently mutated gene in human tumors, and loss of p53 function may 

result in the inhibition of apoptosis. Moreover, fenctional mutations or altered 

expression of p53 downstream effectors or upstream regulators occur in many 

human tumors. Bcl-2 family members are also altered in tumor samples. It has 

been shown that Bcl-2 overexpression can accelerate tumorigenesis in transgenic 

mice. Conversely, proapoptotic Bcl-2 proteins are inactivated in certain cancers
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and disruption of these genes also promotes tumorigenesis mice. In addition, 

mutations or altered expression of upstream regulators of Bcl-2 proteins (such as 

АКТ) are also associated with cancer. Alterations that disrupt apoptosis 

downstream of the mitochondria is also seen in cancers such as the silencing of 

Apaf-1 in melanomas. Inactivation of death-receptor pathway mediated apoptosis 

is also observed in many tumors due to mutations in CD95, TRAIL receptors, and 

downstream signaling pathways (Johnstone et al., 2002).

The mutations of the apoptosis pathways in tumorigenesis are summarized 

in table 1-4.
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Table 1-4: Summary of the Roles of Apoptotic Initiators, Regulators or 

Executioners in Tumorigenesis and Apoptosis

Protein Role in tumorigenesis and apoptosis

p53
Mutated or altered expression in many cancers. 

Initiates the intrinsic apoptotic pathway.

P I9AK1
Mutated or altered expression in many cancers. 

Blocks MDM2 inhibition of p53.

ATM

Mutated in ataxia-talangiectasia syndrome. Senses DNA double 

strand and stabilizes p53.

Deficiencies increase risk of developing haematological 

malignancies and breast cancer.

Chk2

Mutated in Li-Fraumeni syndrome.

Senses DNA double strand breaks and phosphorylâtes and

stabilizes p53.

Rb

Mutated in some cancers, and frinctionally disrupted in many 

cancers. Inhibits E2F-medidated transcription.

Loss of Rb function induces p53-dependent and independent

apoptosis.

Bax
Mutated or decreased expression in some tumors. 

Mediates mitochondrial membrane daimige.

Bak
Mutated or decreased expression in some tumors. 

Mediates mitochondrial membrane damage.

PTEN

Mutated or altered expression in cancers. Regulates Akt activation 

and subsequent phosphorylation of Bad.

Loss of PTEN results in resistance to many apoptotic stimuli.

Apaf-1

Mutated and transcriptionally silenced in melanoma and leukemia

cell lines.

Necessary for activation of caspase-9 following cytochrome c

release.

CD-95/Fas
Mutated and down-regulated in lymphoid and solid tumors. 

Initiates the extrinsic apoptotic pathway.
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TRAIL-

R1/R2

Mutated in metastatic breast cancers.

Initiate the extrinsic apoptotic pathway. 

Mutations lead to suppression of death receptor-mediated

apoptosis.

Caspase-8
Gene silenced in neuroblastomas.

Activates both extrinsic and intrinsic apoptotic pathways.

Bd-2

Frequently overexpressed in many tumors. 

Antagonises Bax and/or Bak and inhibits mitochondrial membrane

disruption.

MDM2
Overexpressed in some tumors. 

Negative regulator of p53.

lAPs

Frequently overexpressed in cancer.

Down regulation of XIAP induces apoptosis in chemoresistant

tumors.

NF-kB

Deregulated activity in many cancers. 

Transcriptionally activates expression of anti-apoptotic members of 

the Bcl-2 and lAP families. Can inhibit both the 

extrinsic and intrinsic death pathways.

Myc

Deregulated expression in many cancers.

Induces proliferation in the presence of survival factors, such as 

BcI-2, and appptosis in the absence of survival factors.

Akt
Frequently amplified in solid tumors. 

Phosphorylâtes Bad.

PI3K

Overexpressed or deregulated in some cancers. 

Responsible for activation of Akt and downstream phosphorylation

of Bad.

Ras

Mutated or deregulated in many cancers. 

Activates PI3K and downstream pathways. 

Induces proliferation and inhibits c-myc.

FLIP

Overexpressed in some cancers. 

Prevents activation of caspase-8 and apoptosis 

induced by some chemotherapeutic drugs.
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CHAPTER II

DETECTION OF APOPTOSIS IN CELLS AND TISSUES

Detection of apoptosis in cells and tissues is a very important issue for 

both to study the molecular mechanisms of apoptosis and to study the role of 

apoptosis in human disease.

Several hallmarks of apoptosis, including activation of death receptors, 

cytochrome-c/Apaf-1 complex formation, mitochondrial potential decrease, 

caspase activation, phosphotidylserine exposure, DNA laddering and 

morphological changes, are used for the development of techniques to 

characterize apoptosis. Several commonly u.sed techniques for the detection of 

apoptosis are summarized below.

2-1 Analysis of morphological features of apoptosis

Since the discovery of apoptosis, the morphological changes associated 

with apoptosis have been widely used to detect apoptotic cell death. The.se 

morphological changes include, membrane blebbing, shrinking of cytoplasm, 

condensation of nucleus and formation of apoptotic bodies (figure 2-1).

Although this techniques offers a simple and quantitative method to 

detect apoptosis, it is not possible to detect apoptosis in the early stages and 

these late apoptotic cells may not be easily observed under a light microscope 

due to their small size.
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Figure 2-1: Basic morphological features of apoptosis, differing from 

necrosis used in the detection of apoptosis.

2-2 DNA fragmentation assays

Agarose gel electrophoresis is a commonly used technique to demonstrate 

the ladder pattern of DNA, which is generated by the activation of caspase 

dependent endonucleases during apoptosis. As described above in section 1-1, 

during apoptosis chromatin is first cleaved into 300-350 kb, then into 180 bp 

fragments, leading to generation of monomers (180 bp) and oligomers (multiples 

of 180 bp) of DNA as shown in figure 2-2 (Brown and Rose, 1992; Oberhammer 

et al„ 1993; Wyllie AH., 1980).

Several drawbacks of this method is that, DNA isolation requires millions 

of cells and obtained results can not be quantified.
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Figure 2-2: Principle of DNA laddering assay and a typical gel appearance 

of apoptotic cell DNA.

(Lane 1: nonapoptotic cells, Lane 2: apoptotic cell)

DNA fragmentation can also be detected by using the ELISA approach 

which allows semi-quantitative detection of apoptosis or necrosis without 

previous cell labeling. This method involves permeabilization of cell membrane 

and release of cytoplasmic nucleosome fragments, followed by utilization of a 

anti-histone antibody that reacts with nucleosomes.
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Cleavage of genomic DNA during apoptosis may yield double-stranded, 

low molecular weight DNA fragments, as well as single strand breaks ("nicks") 

in high molecular weight DNA. Those DNA strand breaks can be identified by 

labeling free 3’-OH termini with modified nucleotides in an enzymatic reaction.

There are two methods for the labelling fragmented DNA. The first 

utilized the “terminal polymerase” which incorporates labelled nucleotides at 

nicked sites of the DNA (figure 2-3). The second method which is also known as 

“TUNEL” (TdT-mediated dUTP nick end labeling) uses the “terminal transferase 

(TdT)” enzyme. This enzyme tails labelled nucleotides at nicked DNA as well as 

at 3"OH-ends of fragmented DNA in a template-independent manner (figure 2- 

3). TUNEL is a more sensitive method and therefore is preferred over the first 

method.

Although sensitive, this method is associated with a number of artifacts, 

as it labels DNA strand breaks occurred by any cause, in both apoptotic and 

nonapoptotic cells.

2-3 Analysis o f free DNA ends
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Figure 2-3: Labelling principle of terminal polymerase and terminal 

transferase
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Annexin V is a commonly used method for the detection of apoptosis in 

unfixed cells. Annexin V is a member of a family of calcium-dependent 

phospholipid-binding proteins that has a strong affinity for phosphotidylserine. 

Phosphotidylserines in cell membrane is externalized to the surface in very early 

stages of apoptosis by the action of flippase.

A drawback of this method is that annexin V detects phosphotidylserines 

in the outer membrane that has occurred after any kind of cell membrane injury.

2-4 Use o f Annexin V

2-5 Detection of caspase activity

Caspase activity can be assessed in cell populations as well as single 

cells. Measurement of apoptosis in single cells offers a sensitive, antibody based, 

quantitative analysis, however this requires antibodies against either active forms 

of caspases or caspase targets.

Detection of apoptosis in cell populations is also performed by antibodies 

against either active forms of caspases or caspase targets. One of the most widely 

used antibody is anti-PARP (Poly-(ADP-ribose)-polymerase) antibody. PARP is 

a zinc-dependent, eukaryotic, DNA-binding protein that specifically recognizes 

DNA strand breaks produced by various genotoxic agents. During apoptosis, 113 

kD PARP is cleaved by Caspase-3 into 89 kD and 24 kD fragments, which could 

serve as an early specific marker of apoptosis as shown in figure 2-4. Another 

method involves usage of substrates that contain a caspase target sequence. 

These methods utilizes the ELISA principles, in which an anti-caspase antibody 

coated plate is treated with cell lysate, followed by exposure of the plate wells to 

a caspase substrate which in the end facilitates fiuorometric analysis of 

apoptosis.
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Figure 2-4: Use of PARP cleavage for the detection of apoptosis by western 

blotting.
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CHAPTER III

AIM OF THE STUDY

Apoptosis is the target subject for understanding cellular mechanisms of 

many diseases, as well as for de veloping new drugs that interfere with either pro- 

apoptotic or anti-apoptotic molecular networks. A major difficulty with 

researching apoptosis and drugs to control it, is that a reliable marker of 

apoptosis has not yet been developed. Currently available techniques for 

apoptosis detection are based on the study of morphology of apoptotic cells 

(light microscopy and fluorescence micro.scopy coupled to nuclear staining with 

specific dyes, electron microscopy), DNA fragmentation detected by TUNEL 

and similar techniques, membrane changes detected by annexin V in vivo 

labelling, and on immunological assays using antibodies directed to apoptosis- 

related proteins such as PARP and caspases.

Therefore there is a great need for a specific, antigenic, versatile marker 

for the rapid detection of cell death by apoptosis, which can be used for research, 

diagnostics, and therapeutics. This marker must be able to distinguish between 

cell death by apoptosis and other known states of cells which includes 

quiescence, proliferation (composed of Gl, S, G2 and mitosis phases), and 

senescence. Essential requirements for apoptosis detection techniques include 

high sensitivity for apoptotic cells, the ability to differentiate between apoptosis 

and other forms of cellular states. However, there is a relative paucity for simple 

techniques folfilling these requirements, and furthermore allowing quantitative 

analysis. Immunological detection of apoptosis-related proteins is probably the 

best approach to overcome this obstacle, but there are only a few known 

apoptosis marker antigens.
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This study is directed to the characterization of the biochemical features 

of anti-NAPO antibody and development of a novel method to detect and 

quantify apoptosis, and to distinguish apoptotic cells from quiescent, 

proliferating, mitotic and senescent cells by using this antibody.
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CHAPTER IV

MATERIALS AND METHODS

4-1 Production of stnii-NAPO antibody from hybridomas 

4-1.1 Production of anti-AAPO antibody producing hybridomas

Ax\t\-NAPO antibody producing hybridomas were previously produced by 

Mehmet Ozturk. Ten millions of COLO 320 cells were lysed in 2 ml PBS and 0.5 

ml of lysate was injected into tail vein of Balb/c mice. One month later, mice 

were immunized twice more at one week intervals, hybridomas were prepared 

from splenic cells, and antibody-producing clones were selected as described 

previously (Ozturk et al., 1989). One of the antibodies named Anti-A(/)iP(9 

(negative in apoptosis) was used for further studies.

The frozen anti-VAPO antibody producing hybridoma stocks were cultured 

in RPMI medium supplemented with 20% PCS, 1% penicillin/streptomycin and 

1 % non-essential amino acids. Cells were grown in the incubator set to 37“C and 

5 % CO2 and the hybridoma supernatant was collected by centrifugation of the 

culture at 5000 rpm for 5 minutes at 4“C. This supernatant containing the anti- 

NAPO antibody was stored at -40"C. New stocks were prepared by frosting 10 

million hybridoma cells in 90% PCS and 10% DMSO.
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4-1.2 Production of anti-NAPO ascites in Balb/c mice

The balb/c mice was primed by injecting 500 pi incomplete Freund’s 

adjuviint to the intraperitoneal region. After 7-14 days 5x10^ cells were washed 

twice in sterile PBS and centrifuged at 1500 rpm for 5 minutes. The cell pellet 

was resuspended in 500 pi PBS and injected to the intraperitoneal region of the 

mice. After 7-14 days the ascitic fluid was taken horn the animal by using an 

injector and was incubated at 37“C for 1 hour. The ascitic fluid was then 

incubated at 4°C overnight and centrifuged at 3000 g for 10 minutes. The oil 

layer was discarded and the supernatant was stored at -70"C.

4-1.3 Characterization of Ig subtype of the anti-NAPO antibody

The ELISA plates were coated O/N at 4"C with 150 pi Anti-NAPO ascitic 

fluid diluted as 1:100, 1:1000 and 1:10,000 in PBS. Next day following one hour 

saturation with 200 pi PBS containing 3% BSA, 100 pi HRP-conjugated 

secondary antibodies (IgGl, IgG2a, IgG2b and IgG3) which were diluted in 

different ratios (1:1000, 1:1500 and 1:2000) were added to the plates. After a 

one-hour incubation at room temperature, Lumilight (Roche- 2 015 200) 

substrates A and В were mixed in equal rate and was added to each well. After 

incubation with Lumilight substrate for 5 minutes, ELISA plates were put onto 

X-ray films in the dark room and the films were developed. The secondary 

antibodies used are listed below.

Name of the antibody Company-catalog number

Anti-IgGl-HRP conjugated 

Anti-IgG2a-HRP conjugated 

Anti-IgG2b-HRP conjugated 

Anti-IgG3-HRP conjugated

Santa Cruz/sc-2060 

Santa Cruz/sc-2061 

Santa Cruz/sc-2062 

Santa Cruz/sc-2063
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4-2 Screening of A<TripIEx expression library with the sMi\-NAPO 

antibody

4-2.1 Bacterial strains

The screening bacteria XL-1 Blue was grown in media containing 15 

pg/ml tetracycline in all studies. The BM25.8 bacteria which is used for cre-lox- 

mediated excision of pTriplEx from A,TripIEx was grown in media containing 50 

|i.g/ml kanamycin and 34 pg/ml chloramphenicol.

4-2.2 Solid and liquid mediums 

LB medium:

lOg/L tryptone, 5 g/L yeast-extract, 5 g/L NaCl 

(pH was adjusted to 7.0 with 5 M NaOH)

LB/MgS04/maltose broth:

10 rtiM MgS04 in LB medium. Autoclaved, cooled to 50“C, 0.2% 

maltose was added,

LA medium:

lOg/L tryptone, 5 g/L yeast-extract, 5 g/L NaCl, 15 g/L agar 

(pH was adjusted to 7.0 with 5 M NaOH)

LB/MgS04 soft agar:

1 It LB broth, 10 mM MgS0 4 , 7.2 g agar 

Supplemented with appropriate antibiotics.
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Kanamycin, tetracycline and chloramphenicol were used in this study 

(Table 4-1).

4-2.3 Antibiotics

Table 4-1: Concentrations of the antibiotics used in this study

Stock solution working concentration

Name concentration storage

Kanamycin 25 mg/ml in H2O - 2QOC 50 |ag/ml

Tetracycline 15 mg/ml in H2O 200c 15 p,g /ml

Chloramphenicol 34 mg/ml in EtOH - 2 Q O C 34 p.g /ml

4-2.4 Growth and maintenance of primary and working bacterial stocks

5 p.1 of frozen culture of XL-1 Blue was streaked on LB-agar plate and 

grown overnight at 37“C. A single colony from this primary plate was streaked 

on LB/MgS04 agar plate and grown overnight. These plates were used as a 

source of fresh colonies for inoculating liquid cultures and for preparing the next 

fresh working stocks.

4-2.5 Titration of A,TripIEx expression library

A single colony from this plate was inoculated into 20 ml LB/MgS04 

maltose broth without antibiotic. The culture was incubated at 37“C overnight 

shaking (140 rpm) until OD^oo reaches 2 .0 . The culture was centrifuged for 5 

minutes at 5000 rpm and the pellet was dissolved in 7.5 ml 10 mM MgS0 4 . 

Meanwhile 4 LB/MgS04 agar plates were warmed to 37“C in a bacteria
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incubator. 1:100 (10 )J,1 of library lysate into 1 ml IX lambda dilution buffer) and 

1:10.000 (10 fj.1 of 1:100 dilution into 1 ml IX lambda dilution buffer) dilutions 

of the phage lysate were prepared. From the 1:10.000 dilution four different 

library dilutions was generated as described in table 4-2.

Table 4-2: Dilution chart of A,TripIEx for titration

Tube IX lambda O/N bacterial 1:10.000

dil. buffer culture phage dil.

1 100 pi 200 pi 5 pi

2 100 pi 200 pi 10 pi

3 100 pi 200 pi 20 pi

4 100 pi 200 pi Opl

The tubes were incubated at 37“C water bath for 15 minutes and 3 ml 

melted- warmed (45'^C) soft-agar was added to each tube. Mixture was vortexed 

briefly and the contents were poured onto pre-warmed LB/MgS04 agar plates. 

These plates were cooled at room temperature for 10 minutes to allow the soft- 

agar harden and incubated at 3TC  for at least 6-7 hours until the plaques appear. 

The plaques were counted and the titre was calculated as follows:

Pfu/ml = # of plaques x dilution factor x 10'̂  pi /ml 

pi of diluted phage plated

10 X lambda dilution buffer:

IM NaCl, 0.1 M MgS0 4 .7 H2 0 , 0.35 M Tris.CI (pH 7.5)

1 X lambda dilution buffer:

100 ml 10 X lambda dilution buffer, 0.01 % gelatine (Volume was 

adjusted to 1 It and autoclaved)
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A single colony Irom this plate was inoculated into 20 ml LB/MgS04 

maltose broth without antibiotic. The culture was incubated at 37"C overnight 

shaking (140 rpm) until OD^oo reaches 2 .0 . The culture was centrifuged for 5 

minutes at 5000 rpm and the pellet was dissolved in 7.5 ml 10 mM MgS0 4 . 

Appropriate dilutions of the library were prepared in IX lambda dilution buffer 

so that 3x10^ plaques will be formed on a 100 mm plate or 1.2x10"  ̂ plaques will 

be formed on a 150 mm plate. Appropriate amount of the diluted phage was 

mixed with 200 pi concentrated XL-1 Blue 0/N culture and incubated at 37°C 

for 15 minutes. 2.5 ml (for 100 mm plate) or 5 ml (for 150 mm) melted and 

warmed LB/MgS04 soft agar was added to each tube. After vortexing briefly the 

mixture was poured onto pre-warmed LB/MgS04 agar plates. These plates were 

cooled at room temperature for 10 minutes to allow the soft-agar harden and 

incubated at 42“C for 3-5 hours. Meanwhile nitrocellulose filters were soaked 

into 10 mM IPTG for 20 minutes and blot-dried. As soon as the plaques were 

visible the damp nitrocellulose filters were placed onto each plate. The 

orientation of the filters was spotted and the plates were incubated at 37“C for 3- 

5 hours. The plates were incubated at 4"C for 30 minutes to avoid sticking of the 

soft-agar to the filters. The filters were removed and washed in TBS-T 3-5 times. 

The plates were wrapped with parafilm and stored at 4“C.

TBS Buffer:

10 mM Tris.Cl (pH 8.0), 150 mM NaCl 

TBS-T Buffer:

IX TBS buffer, 0.1% Tween-20

4-2.6 Transfer of plaques to nitrocellulose filters
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4-2.7.1 Optimization of the secondary antibody concentration

Protein lysates from different cell lines were subjected to western blotting
1 '̂ 5by using anti-p53 antibody as the primary antibody and Amersham " I labelled 

sheep-anti-mouse as the secondary antibody. Two different concentrations of the 

secondary were tested and the optimal concentration was chosen for the 

immunodetection studies.

4-2.7 Im m unodetection

4-2.7.2 Immunodetection

The filters were washed 3 times with TBS-T following incubation with 

blocking solution for 30 minutes at room temperature. The primary antibody 

{■dnix-NAPO antibody) was diluted in TBS-T and the filters were incubated with 

the primary antibody for 1 hour at room temperature. After washing the 

nitrocellulose filters 3 times with TBS-T, secondary antibody (Amersham “ I 

labelled sheep-anti-mouse) was diluted as 2.5 pCi/lO ml and incubated with the 

filters for 1 hour at room temperature. The filters were washed 3 times with 

TBS-T and exposed to autoradiograms.

4-3 Western Blotting with the smi\-NAPO antibody 

4-3.1 Tis.sue culture studies

All cells (listed in table 4-3) were grown in media supplemented with 10% 

fetal calf serum (PCS), 1% non-essential amino acids, 100 |Lig/ml 

penicillin/streptomycin at 37"C and 5% CO2.
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One vial of the frozen cell line Irom the nitrogen tank was taken and 

immediately put into ice. The vial was left 1 minute on the bench to allow excess 

nitrogen to evaporate and then placed into 37”C water bath until the external part 

of the cell solution is thawed (takes approximately 1-2 minutes). The cells were 

resuspended gently using a pipette and transferred immediately into a 15 ml. 

sterile tube containing 10 ml cold medium. The cells were centrifuged at 1500 

rpm at 4“C for 5 minutes. Supernatant was discarded and the pellet was 

resuspended in 10 ml 37“C culture medium to be plated into 100 mm dish. Cells 

were left 0/N  in culture. The following morning culture medium was refreshed.

4-3.1.1 Defrosting cells
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Table 4-3: The cell lines used for characterization of NAPO (Supp.Chem.: 

Supplementary chemical)

NAME SPECIES TISSUE/ORIGIN MEDIUM SUPP. CHEM.

COS-7 Monkey kidney DMEM -

IAR-6 Rat DMEM -

HCl l mouse RPMI-1640 10 ng/ml EOF 

5 pg/ml Insulin

CHOK-1 Hamster ovary DMEM

Huh7 Human Hepatocellular

carcinoma

DMEM

Mahlavu Human Hepatocellular

carcinoma

DMEM

Hep 40 Human Hepatocellular

carcinoma

DMEM

SNU 398 Human Hepatocellular

carcinoma

DMEM

MCF7 Human Breast Cancer DMEM -

HeLa Human Cervix Cancer DMEM -

SW480 Human Colon cancer DMEM -

LNCaP Human Prostate Cancer RPMI-1640 -

U20S Human Osteosarcoma DMEM -

A375 Human Melanoma DMEM -

Jurkat Human Acute T-cell leukemia RPMI-1640 -

MRC5 Human Lung fibroblast DMEM -

293 Human Kidney DMEM -
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4-3.1.2 Subculturing of cells

All cells were splitted once-per-week. Culture renewal was done every 

three days. For splitting, the medium was aspirated and the cells were washed 

with PBS pH 7.2 once. PBS was removed and trypsin was added to the plates. 

Plates were incubated in the incubator for 3-10 minutes until the cells are 

detached. Cells were plated in the desired dilution into new plates. For 

suspension cultures, cells were centrifuged at 1000 rpm for 3 minutes and desired 

number of cells was resuspended in fresh medium.

4-3.2 Protein extraction from cells

Cells were grown to 70-80% confluency and washed two times with ice- 

cold PBS. Cells were scraped in ice-cold PBS and centrifuged at 1500 rpm for 5 

minutes at 4“C. Pellet was either frozen in liquid nitrogen or lysed immediately in 

NP-40 lysis buffer (150 mM NaCl, 1.0% NP-40, 50 mM Tris (pH 8.0)). For lysis, 

the pellet was resuspended in 4-5 volume of NP-40 lysis buffer supplementad 

with protease inhibitors (Roche-complete protease inhibitor coctail) and 

incubated in ice for 30 minutes. The lysate was centrilbged at 13.000 rpm for 30 

minutes at 4“C. Supernatant was taken to a fresh tube and following protein 

quantitation, aliquoted and stored at -70“C.

4-3.3 Bradford assay for protein quantitation

A standard curve was prepared by using BSA as described below;

Tubes nb.s 1 2 3 4 5 6 7 8

BSA (pi) 0 2.5 5 7.5 10 12.5 15 20

dH20  (pi) 100 97.5 95 92.5 90 87.5 85 80

Bradford (pi) 900 900 900 900 900

________

900 900 900
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Protein samples were prepared as described below:

tubes nb.s 1 2 3 4 5 6

sample(jil) 0 2 2 2 2 2

dH2 0 (pl) 98 98 98 98 98 98

Bradford (pi) 900 900 900 900 900 900

lysis buffer (pi) 2 - - - - -

(1 = blank in both tables)

OD595 were read after samples were incubated at room temperature in dark for 5 

minutes.

Bradford Stock Solution:

4.75ml e t h a n o l  + 250 |Lil dHaO (95 % e t h a n o l )

10 ml 85% phosphoric acid

17.5 mg Coomassie Brilliant Blue

Bradford Working Solution:

21.25 ml dHaO 

0.75 ml 95% ethanol

1.5 ml 85% phosphoric acid

1.5 ml Bradford stock solution

4-3.4 SDS-Polyacrylamide gel electrophoresis of proteins

The glass plates were assembled according to the manufacturer's 

instructions (EC). The volume of the gel mold was determined according to the 

information provided by the manufacturer (EC). In an Erlenmeyer flask, the 

appropriate volume of solution containing the desired concentration of 

acrylamide for the resolving gel was prepared. Effective range of separation ol
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SDS-PAGE gels due to different acrylamide concentrations are summarized in 

table 4-4 and concentrations of components of the resolving gel at different 

concentrations are summarized in table 4-5.

Table 4-4 Effective range of separation of SDS-PAGE gels:

Acrylamide concentration (%) Linear range of separation (kD)

15 12-43

10 16-68

7.5 36-94

5.0 57-212

Without delay, the mixture was swirled rapidly and the acrylamide 

solution was poured into the gap between the glass plates. Sufficient space for 

the stacking gel was left. The acrylamide solution was overlayed by using a 

pasteur pipette with 0.1 % SDS (for gels containing <8% acrylamide) or 

isobutanol (for gels containing >10% acrylamide). The gel was placed in a 

vertical position at room temperature. After polymerization was complete, the 

overlay was poured off and the top of the gel was washed several times with 

deionised water. As much fluid as possible was drained from the top of the gel. 

Any remaining water was removed with the edge of a paper towel.

Stacking gel was prepared in a disposable plastic tube at an appropriate 

volume and at desired acrylamide concentration. Concentrations of components 

of the stacking gel at different volumes are summarized in table 4-6. Without 

delay, the mixture was swirled rapidly and the stacking gel solution was poured 

directly onto the surface of the polymerized resolving gel. The comb was 

immediately inserted into the stacking gel, being careful to avoid trapping air 

bubbles. The gel was placed in a vertical position at room temperature.

While the stacking gel was polymerizing, the samples to be loaded were

prepared by heating them to lOO^C for 5 minutes in IX SDS gel-loading buffer 

to denaturate the proteins. After polymerization was complete, the comb was
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removed carefully. By using a squirt bottle, the wells were washed with 

deionized water to remove any unpolymerized acrylamide. The gel was mounted 

in the electrophoresis apparatus. Tris-glycine electrophoresis buffer was added to 

the top and bottom reservoirs. The bubbles that were trapped at the bottom of the 

gel between the glass plates were removed by a bent hypodermic needle attached 

to a syringe. 30-200 |î g of protein was loaded in a predetermined order into the 

wells.

The electrophoresis apparatus was attached to an electric power supply 

and the gel was run at 15-30 mA until the dye front has moved to the resolving 

gel, after the voltage was increased to 15 V/cm, until the bro mo phenol blue 

reaches the bottom of the resolving gel. Then the power supply was turned off. 

The glass plates were removed from the electrophoresis apparatus and placed on. 

a paper towel. By using a spatula, the plates were pried apart. Cutting a corner 

from the bottom marked orientation of the gel.

Tris-glycine electrophoresis buffer:

25 mM Tris

250 mM glycine (electrophoresis grade)

0.1% SDS

30% mix (Acrylamide and bis-acrylamide solution)

A stock solution of 29% (w/v) acrylamide and 1% (w/v) bis-acrylamide.

Solution was stored in a dark bottle at 4*̂ C.

10% SDS
A 10% (w/v) stock solution was prepared in deionized water

APS
A small amount of 10% stock solution was prepared in deionized water 

and stored at 4®C.
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5X gel loading buffer

3.8 ml distilled water, 1.0 ml 0.5 M Tris-HCl

0.8 ml glycerol, 1.6 ml 10% SDS

0.4 ml 0.05% BPB

400 |J,1 2-|3Me (added freshly)

Table 4-5 Solution of preparing resolving gels for Tris-glycine SDS-PAGE

Solution

components

Component Volumes (ml) I

6% 5 ml 10 ml 15 ml 20 ml 25 ml 30 ml 40 ml 50 ml 1
dH20 2.6 5.3 7.9 10.6 13.2 15.9 2 1 .2 26.5

30% mix 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0

1.5 M Tris 

(pH 8.8)

1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5

10% SDS 0.05 0.1 . 0.15 0.2 0.25 0.3 0.4 0.5

10% APS 0.05 0.1 0.15 0.20 0.25 0.30 0.40 0.50

TEMED 0.004 0.008 0 .0 12 0.016 0.020 0.024 0.032 0.040

8%

dH20 2.3 4.6 6.9 9.3 11.5 13.9 18.5 23.2 1
30% mix 1.3 2.7 4.0 5.3 6.7 8.0 10.7 13.3

1.5 M Tris 

(pH 8.8)

1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5

10% SDS 0.05 0.1 0.15 0.20 0.25 0.30 0.40 0.50

10% APS 0.05 0.1 0.15 0.20 0.25 0.30 0.40 0.50

TEMED 0.003 0.006 0.009 0 .0 12 0.015 0.018 0.024 0.030 1
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10%

dH2 0 1.9 4.0 5.9 7.9 9.9 11.9 15.9 19.8

30% mix 1.7 3.3 5.0 6.7 8.3 10.0 13.3 16.7

1.5 M Tris 

(pH 8.8)

1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5

10% SDS 0.05 0.1 0.15 0.20 0.25 0.30 0.40 0.50

10% APS 0.05 0.1 0.15 0.20 0.25 0.30 0.40 0.50

TEMED 0.002 0.004 0.006 0.008 0.010 0 .0 12 0.016 0.020

12%

dH2 0 1.6 3.3 4.9 6.6 8.2 9.9 13.2 16.5

30% mix 2.0 4.0 6.0 8.0 10.0 12.0 16.0 20.0

1.5 M Tris 

(pH 8.8)

1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5

10% SDS 0.05 0.1 0.15 0.20 0.25 0.30 0.40 0.50

10% APS 0.05 0.1 0.15 0.20 0.25 0.30 0.40 0.50

TEMED 0.002 0.004 0.006 0.008 0.0 10 0 .0 12 0.016 0.020

15%
"

dH2 0 1.1 2.3 3.4 4.6 5.7 6.9 9.2 11.5

30% mix 2.5 5.0 7.5 10.0 12.5 15.0 20.0 25.0

1.5 M Tris 

(pH 8.8)

1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5

10% SDS 0.05 0.1 0.15 0.20 0.25 0.30 0.40 0.50

10% APS 0.05 0.1 0.15 0.20 0.25 0.30 0.40 0.50

TEMED 0.002 0.004 0.006 0.008 0.010 0.0 12 0.016 0.020
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Table 4-6 Solution of preparing 5% stacking gels for Tris-glycine SDS- 

PAGE

Solution

components

Component Volumes (ml)

5% gel 1 ml 2 ml 3m l 4 ml 5 ml 6 ml 8 ml 10 ml

CIH2O 0.68 1.4 2.1 2,7 3.4 4.1 5.5 6.8

30% mix 0.17 0.33 0.50 0.67 0.83 1.0 1.3 1.7

1.0 M Tris

(pH 6.8)

0.13 0,25 0.38 0.50 0.63 0.75 1.0 1.25

10% SDS 0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.1

10% APS 0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.1

TEMED 0.001 0.002 0.003 0.004 0.005 0.006 0.008 0.01

4-3.5 Transfer of proteins from SDS-polyacrylamide gels to solid supports

As the SDS-polyaci’yiamide gel was approaching the end of its run, four 

pieces of Whatman 3MM paper and one piece of transfer membrane (PVDF or 

nitrocellulose) was cut to the exact size of the SDS-polyacrylamide gel by 

wearing gloves. The membrane was left in methanol for 1 minute and then 

washed with deionized water and soaked into transfer buffer for 15 minutes. 

Prior to assembly of the transfer sandwich, Whatman 3MM paper were soaked 

into transfer buffer.

The transfer apparatus was set as follows:

- 2 layers of Whatman 3MM paper that have been soaked in transfer buffer were 

put onto the plate, which will be positively charged (anode). All air bubbles were 

squeezed.
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- The membrane was placed onto the Whatman 3MM papers. (The transfer 

membrane should be exactly aligned and the air bubbles trapped between it and 

the Whatman 3MM paper should be squeezed out.)

- The glass plates holding the SDS-polyacrylamide gel were removed from the 

electrophoresis tank, and the gel was transferred to a tray of deionized water.

- SDS-polyacrylamide gel was placed onto the transfer membrane. Any trapped 

air bubbles were squeezed out with a gloved hand.

- 2 layers of Whatman 3MM paper were placed to the top of the sandwich (this 

side will be negatively charged during the transfer (cathode side).)

- The upper plate of the apparatus, which will be the cathode during the transfer, 

was put onto the top.

The electrical leads of the apparatus were connected to the power supply 

and the transfer was carried out at a current of 3.5 mA/square cm of the gel for a 

period of 30-45 minutes. The electric current was turned of at the end of the run 

time and the transfer apparatus was disassembled from top downward, peeling off 

each layer in turn. The gel was transferred to a tray containing Coomassie 

Brilliant Blue and stained in order check if the transfer is complete or not. The 

bottom left-hand corner of the membrane was cut as insurance against 

obliteration of the pencil mark.

Transfer Buffer;

2.9 g Glycine 

5.8 g Trisma base 

0.37 g SDS 

200 ml methanol

Adjust volume to 1 It with ddHaO

Transfer Buffer for Denaturing/Renaturing Western:

25 mM Tris.Cl (pH: 8.3)

192 mM glycine 

0.01% SDS
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4-3.6 Staining proteins immobilized on solid surfaces with Ponceau S

The membrane onto which proteins were transferred was washed with 

deionized water and then soaked into Ponceau S. When bands of proteins 

become visible, the membrane was washed in several changes of deionized water 

at room temperature. The positions of proteins used as molecular-weight 

standards were marked.

Ponceau S:

10 % glacial acetic acid 

5% Ponceau S

4-3.7 Dénaturation and renaturation of proteins on nitrocellulose 

membranes

After transfer of proteins to nitrocellulose, the membrane was incubated 

with the dénaturation buffer for 30 minutes at room temperature. Then the 

membrane was soaked into the renaturation buffer for 1 hour at room 

temperature. Blocking was performed at 4“C for 90 minutes in the DR-Blocking 

buffer.

Dénaturation Buffer:

25 mM Hepes 

25 mM NaCl 

5 mM MgC12

1 mM DTT, 6 M Guanidine (add freshly)

Renaturation Buffer:

25 mM Hepes 

25 mM NaCl 

5 mM MgC12

1 mM DTT, 0.187 M Guanidine (add freshly)
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DR-BIocking Buffer:

25 mM Hepes 

25 mM NaCl 

5 mM MgC12 

1 mM DTT

1 % non-fat dried milk powder 

0.05% NP-40

4-3.8 Immunological detection of immobilized proteins (Western Blotting)

After staining the proteins immobilized on transfer membrane with 

Ponceau S, the membrane was washed gently with deionized water and 

neutralized with the blocking buffer for 5 minutes. In order to inhibit non­

specific binding sites, the membrane was immersed in the blocking solution for 

one hour. Primary antibody (imii-NAPO antibody) was diluted 1:1 in blocking 

solution and incubated with the membrane at room temperature for one hour or at 

4“C O/N on a slowly rotating platform. Afterwards the membrane was washed 

three times, once for 15 minutes and twice for 5 minutes, with TBS-T. Following 

the washes the membrane was incubated with the secondary antibody (HRP- 

conjugated rabbit anti-mouse Ig-DAKO) diluted as recommended by the supplier 

in blocking solution for I hour at room temperature and then washed three times 

with TBS-T. Finally the membrane was washed with deionized water and 

become ready for development.

Blocking Solution:

3% milk powder in 0.1% Tween 20-TBS solution

4-3.9 Detection of proteins immobilized on membranes

Detection of proteins immobilized on membranes were done by using the 

ECL Western Blotting kit (Amersham Life Science) (Catalog no: RPN 2106)
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Huh7 cells grown to 70% confluency were starved in DMEM lacking 

methionine (Sigma) and labeled with 200 pCi ^^S-methionine (Amersham) per 4 

ml medium for two hours. Cells were scraped in ice-cold PBS and lysed in NP-40 

lysis buffer (150 mM NaCl, 1.0% NP-40, 50 mM Tris pH 8.0, protease inhibitor 

cocktail-Roche), and centrifuged at 13,000 rpm at 4“C for 30 minutes. The cell 

lysate was incubated with the nnú-NAPO antibody for 2 hours at room 

temperature. Meanwhile Protein G sepharose (Pharmacia) was equilibrated with 

lysis buffer. Following anti-NAPO antibody incubation, the NAPO antigen was 

immunoprecipitated by using the equilibrated Protein G sepharose for 2 hours at 

4‘'C. The pellet was washed three times with lysis buffer, resuspended in 2X gel 

loading buffer and loaded to 10% SDS-polyacrylamide gel. Then the gel was 

fixed for 30 minutes and incubated in the Amplify solution (Amersham) for 30 

minutes at room temperature. Then the gel was dried and exposed to X-ray film.

Fixative solution:

50% dH20

40% methanol

10 % glacial acetic acid

4-4 Im m unoprécipitation with the stnti-NAPO  antibody

4-5 Immunofluorescence with the anti-AAPf? antibody

Cells were plated onto sterile cover slips and incubated in the incubator 

overnight to allow cells attach the cover slips. Cells were washed with PBS once 

and fixed either with 100% ice-cold acetone for 1 minute or with 4% 

paraformaldehyde for 1 hour. When paraformaldehyde was used, cells were 

permeabilized for 3 minutes with 0.1% Triton X-100 in ice-cold 0.1% sodium 

citrate. Following saturation with 3% BSA in PBS-T (0.1%) for 15 minutes, fixed 

cells were incubated with i\ni\-NAPO antibody (diluted 1:1) for 1 hour at room 

temperature. FITC-conjugated goat-anti-mouse antibody (DAKO) was used as 

the secondary antibody and diluted as recommended by the supplier. In each 

immunonuorescence cells were counterstained with Hoechst 33258 (Sigma). For
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this purpose Hoechst 33258 stock solution was diluted to 3 p-g/ml in water and 

then cells were incubated with the dye for 5 minutes in dark. Cover slips were 

washed for 15 minutes with distilled water, mounted on glass microscopic slides 

in the mounting solution and examined under fluorescent microscope (Zeiss).

Hoechst solution:

Hoechst 33258 dye stock solution: 400 |ag/ml in water 

Hoechst 33258 dye final solution: 3 |Lig/ml

Mounting solution:

50% glycerol 

50% ddH^O

4-6 Induction of apoptosis in different cell lines

Apoptotic cell death was induced by either serum starvation or treatment 

with H2O2, UV-C, cisplatin, anti-Fas antibody or TNF-a treatment. In each set of 

experiment TUNEL assay was performed in parallel to the NAPO staining as 

described in section 4-8.

4-6.1 Induction of apoptosis by serum starvation

Hepatocellular carcinoma-derived SNU 398 cells, which undergo 

apoptosis when grown under serum-free conditions were plated onto cover slips 

and serum starved for three days. By the end oí this period the cells start to 

display morphological characteristics of apoptosis (cell shrinkage, nuclear 

condensation and fragmentation) and tested for NAPO antigen immunoreactivity 

as described in section 4-5.

68



For oxidative stress-induced apoptosis, Huh7 hepatocellular carcinoma 

cells were incubated in a culture medium containing 0.1% FCS for 72 hours, and 

treated with freshly prepared 100 pM H2O2 for at least 4 hours prior to apoptosis 

assay. 293 kidney cells were directly treated with 200 pM H2O2 or 100 pM 

cisplatin. After 48 hours cells were analysed for NAPO immunoreactivity by 

immunofluorescence.

4-6.2 Induction of apoptosis by oxidative stress and cisplatin

4-6.3 Induction of apoptosis by UV-C treatment

MCF-7, HeLa, U20S, A375, SW480, LNCaP, Jurkat and MRC-5 cells 

were treated with UV-C irradiation (60-120 mJ/cm“) to induce apoptosis. For this 

purpose cells were plated onto cover slips in 35 mm tissue culture dishes and 

incubated over-night in the incubator. Cells were then washed twice with sterile 

PBS. PBS was aspirated and cells were exposed to different dosages of UV-C. 

After addition of fresh DMEM/RPMI, plates were put into incubators and 

incubated for 24-72 hours until cipoptotic cells begin to appear.

4-6.4 Induction of apoptosis by activation of death-receptor mediated 

apoptosis

For physiologically induced apoptosis studies, TNF-a-treated (Boehringer 

Mannheim) MCF-7 and anti-fas antibody-treated (Upstate Biotechnology-clone 

CHI 1) Jurkat cells were used.

4-6.4.1 Induction of apoptosis by TNF-a treatment

50.000 MCF-7 breast adenocarcinoma cells were plated onto cover slips 

so that the confluency would be 50% and incubated in the incubator over-night
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to allow cells attach the coverslips. TNF-oc was diluted to 50 ng/ml concentration 

in DMEM. 80-90% of cells entered apoptosis after incubation with TNF-a for 72 

hours and were subjected to immunofluorescence.

46.4.2 Induction of apoptosis by anti-Fas antibody treatment

400,000 Jurkat acute T-cell leukemia cells were plated in 500 pi RPMI 

into 12 well dishes. Anti-Fas antibody was diluted to 50 ng/ml in RPMI lacking 

FCS and 500 pi of this dilution was distributed to wells. Thus 25 ng/ml anti-Fas 

antibody was used to induce 400.000 Jurkat cells to undergo apoptosis. After 24 

hours cells were centrifuged for 3 minutes at 800 rpm and washed once with 

PBS. For immunofluorescence cells were cytospinned (Shandon) for 3 minutes at 

200 rpm.

4-7 p53 staining of apoptotic versus non-apoptotic Hub? cells

In order to assess that the negative NAPO immunostaining of apoptotic 

cells is not a common feature of all nuclear antigens, 50.000 Huh7 cells were 

plated onto coverslips and induced to undergo apoptosis after they attached. 

These induced cells were stained with the anti-p53 antibody 6B10 (Yolcu et al., 

2001) in parallel with non-apoptotic counterparts. The 6B10 antibody was diluted 

in the ratio of 1; 1 in PBS-T.

4-8 TUNEL staining of apoptotic cells

The TUNEL (Terminal Deoxynucléotidyl Transferase Mediated dUTP 

Nick End Labelling) assay was performed using In Situ Cell Death Detection Kit 

(Roche). Cells were fixed with 4% paraformaldehyde for 1 minute and 

permeabilized with 0.1% Triton-X in 0.1 % sodium citrate for 2 minutes on ice. 

Then cells were incubated with the TUNEL mixture prepared according to
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manufacturer’s recommendations. After the TUNEL assay, cells were 

counterstained with Hoechst 33258 and examined under microscope.

4-9 Synchronization of MRC5 and Huh7 cells

In order to analyse the expression pattern of NAPO during cell cycle two 

different cell types: fibroblastic (MRC5) and epithelial (Huh7) cells were 

synchronized and stained with the íxnú-NAPO antibody at 4 hour intervals for 48 

hours.

4-9.1 Synchronization of MRC5 cells by serum withdrawal

MRC-5 human embryonic lung fibroblast cells (passage 18) were grown 

to confluency in 100 mm tissue culture plates and splitted onto cover-slips in 6 

well tissue culture dishes. Next morning cells were washed twice with PBS and 

incubated with serum free DMEM for 3 days to induce quiescence. Then cells 

were induced to enter cell cycle by addition of 20% ECS to culture medium. 

Starting from TO (quiescent state), these cells were immunostained with the anti- 

NAPO antibody for 48 hours at 4 hour intervals. In order to observe S phase 

cells, Brd-U incorporation assay was also performed in parallel with NAPO 

stainings as described in section 4-10.

4-9.2 Synchronization of Huh7 cells by nocodazole treatment

In order to induce cell cycle arrest in Huh7 cells nocodazole was used. 

Nocodazole is a microtubule depolymerizing drug thus incubation of cells with 

nocodazole results in arrest of cell cycle at M phase (Zieve et al., 1980). Its effect 

can be reversed by incubating cells in nocodazole free medium.
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4-9.2.1 Optimization of nocodazole concentration

Huh7 were plated onto cover-slips and incubated with different dosages of 

nocodazole for different time periods to find out minimum concentration of 

nocodazole required to arrest cells in M phase with minimum cytotoxic activity. 

For this purpose cells were incubated with 50, 100, 200 or 400 ng/ml nocodazole 

for 6, 12, 18 or 24 hours. By the end of each time period cells were fixed with 

acetone and stained with the Hoechst 33258 dye.

4-9.2.2 Mitotic shake-off

Huh7 cells were plated into 150 mm tissue culture dishes and grown to 

60% contluency and incubated with 50 ng/ml nocodazole (Sigma) for 18 hours. 

Mitotic cells were collected by mitotic shake-off and replated onto coverslips. 

For mitotic shake-olT medium was aspirated smoothly and 8 ml DMEM was 

spurted onto cells for several times until the slightly attached round-shaped 

mitotic cells detach from the plate. Then mitotic cells were washed once with 

PBS, counted and replated onto coverslips. Cells were immunostained with the 

i\x\t\-NAPO antibody at 4 hour intervals, taking the time of plating cells as TO. In 

order to observe S phase cells, Brd-U incorporation assay was also performed in 

parallel with NAPO stainings as described in section 4-10.

4-10 BrdU labeling and identification of S phase ceils:

For BrdU incorporation, cells were incubated with 30 |iM BrdU for 1 hour 

prior to fixation with ice-cold 70% ethanol for 10 minutes. Following DNA 

dénaturation in 2 N HCl for 20 minutes, cells were incubated with FITC- 

conjugated anti-BrdU antibody (DAKO) in the dilution as recommended by the 

supplier. Then cells were counterstained with Hoechst 33258 and examined as 

described.
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4-11 Induction of quiescence in MRC5 ceils

Fibroblasts are known to enter quiescence by both serum starvation and 

growth to confluency (Campisi et al.,1984). Thus pre-senescent MRC-5 cells 

(passage 18) were grown to confluency on coverslips and serum starved for 3 

days. At the end of 3 days, one set of cells was tested for BrdU labeling and the 

other set was subjected to immunofluorescence for the expression of the NAPO 

antigen. Asynchronizely growing MRC-5 cells of the same passage were used as 

a control.

4-12 Senescence associated P-Galactosidase Assay

MRC-5 cells were grown to passage 40 and subjected to senescence- 

associated P-galactosidase (SA P-gal) assay, as described by Dimri et al. (Dimri 

et al., 1995). Briefly, cells were fixed in 3% formaldehyde for 5 minutes and 

incubated with SA-^-gal solution for up to 12 hours, and examined under light 

microscope.

SA-P-gal solution:

40 mM citric acid/sodium phosphate buffer (pH; 6.0)

5 mM potassium ferro cyanide 

5 mM potassium ferric cyanide 

150 mM NaCl 

2 mM MgCF 

1 mg/ml X-Gal
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CHAPTER V

RESULTS

5-1 Introduction

Results are explained in the following order:

Production of the anti-A^APO monoclonal antibody

• Production of anti-AAPO antibody producing hybridomas

• Characterization of Ig subtype of the anti-AAPO antibody 

Screening of A,TripIEx expression library with the <xnii-NAPO antibody 

Biochemical characterization of the NAPO antigen

• Western Blotting with the anti-AAPO antibody

• Immunoprécipitation with the anti-AAPO antibody

• Immunofluorescence with the anti-AAPO antibody

• Staining of HCC cell lines with the anti-AAPC antibody

• Species specific expression of the NAPO antigen 

Identification of NAPO as an apoptotic marker 

Expression of the NAPO antigen in quiescent cells 

Expression of the NAPO antigen during cell cycle 

Expression of the NAPO antigen in senescent cells

74



5-2 Production of the anti-A^APO monoclonal antibody 

5-2.1 Production of a\\i\-NAPO antibody producing hybridomas

After the immunization of Balb/c mice with the colorectal cell line COLO 

320 cells the animal was sacrificed and hybridomas were prepared from splenic 

cells and antibody-producing clones were selected. One of the antibodies named 

Anti-AAPO (negative in apoptosis) was used for further studies (Performed by 

M.OztLirk).

5-2.2 Characterization of Ig subtype of the anti-AAPO antibody

The ELISA plates were coated 0/N with Anti-AAPO ascitic fluid and 

incubated with secondary antibodies against different IgG subtypes. Incubation 

of the ELISA wells with Lumilight substrate and exposure to autoradiograms 

revealed that anti-AAPO antibody is of IgG 1 isotype.

5-3 Screening of A,TripIEx expression library with the anti-AAPO 

antibody

5-3.1 Titration of A,TripIEx expression library

Two different phage libraries, HeLa and human liver, were subjected to
9

titration. Hela phage library titration was calculated to be 4.624 x 10 pfu/ml and 

human liver library titration was calculated to be 4.65x 10  ̂ pfu/ml. Hela phage 

library was chosen to be studied first.
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Total cell lysate was prepared from 3 different HCC cell lines, Huh7, MV 

and Hep 40, and 25 pg of protein was loaded to 10% SDS-PAGE. The anti-p53 

antibody 6B 10 was used for western blotting as the primary antibody in the 

dilution of 1:1 in TBS-T. Two different secondary antibody ('"'^I-labelled anti­

mouse antibody) concentration was tested: 5 pCi/10 ml and 2,5 pCi /10 ml. As 

2.5 pCi /10 ml result were as good as that of 5 pCi /10 ml, this concentration was 

chosen for further studies.

5-3.3 Immunodetection

Total 400.000 plaques were screened and among these, 70 plaques were 

subjected to secondary screening. None of these 70 candidates were found to be 

positive for NAPO immunoreactivity.

5-3.2 Optimization of the secondary antibody concentration

5-4 Biochemical characterisation of the NAPO antigen 

5-4.1 Western Blotting with the sínü-NAPO antibody

Total cell lysate Irom the Huh7, Mahlavu and Hep 40 HCC cell lines was 

prepared and loaded to 10% SDS-PAGE as a duplicate. Proteins were transferred 

to nitrocellulose membranes with appropriate transfer buffers. One set of the 

duplicate was subjected to western blotting with the anú-NAPO antibody directly 

whereas the other half was treated with the protein denaturing and renaturating 

buffers prior to western blotting.

No significant bands were observed in both types of western blotting 

suggesting that the ixnú-NAPO antibody cannot recognize its epitope under our 

experimental conditions.
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Detergent-soluble proteins were prepared from metabolically labelled 

Huh7 cells and subjected to immunoprécipitation with the anti-AAPD antibody. 

As shown in figure 5-1, anti-AAPD antibody recognized two proteins migrating 

at approximately 60 and 70 kD, respectively.

5-4.2 Im m unoprécipitation with the anti-A^APO antibody

116kD

66 kD

45 kD

Figure 5-1: Immunoprécipitation of the NAPO antigen from Huh7 cell 

lysate.

(Lane 1: (-) control, Lane 2: Huh7)

5-4.3 Immunofluorescence with the anti-NAPO antibody

5-4.3.1 Staining of HCC cell lines with the anti-AAPO antibody

SNU 398 and Huh7 HCC cells were grown on coverslips and subjected to 

immunofluorescence with the anú-NAPO antibody. Counter-staining with the 

Hoechst 33258 revealed that in both cell lines expression of the NAPO antigen 

was nuclear (figure 5-2).
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Figure 5-2: Nuclear localization of the ÑAPO antigen in Huh? and SNU 398 

cell lines. Arrows indicate cells that show morphologic characteristics of 

apoptosis.

(A: NAPO staining of Huh? cells, B: Hoechst 33258 counterstaining of Huh? 
cells, C: NAPO staining of SNU 398 cells, D: Hoechst 33258 counterstaining of 
SNU 398 cells)

5-4.3.2 Species specific experession of the NAPO antigen

Mouse (HC 11), rat (IAR-6), hamster (CHOK-I), bovine (Ankara) and 

monkey (COS-7) cells were grown on cover-slips and immunostained with the 

wíiú-NAPO antibody (table 5-1). The NAPO antigen was absent in all of these cell 

lines tested except for the monkey cell line COS7.
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Table 5-1: Expression of the N A PO  antigen in cell lines o f different species.

Species Cell Line NAPO staining

Human Huh7 Positive

Monkey Cos-7 Positive

Hamster CHOK-1 Negative

Mouse HC-11 Negative

Rat IAR-6 Negative

Bovine Ankara Negative

These results suggest that this antibody is specific for human and monkey 

NAPO, since the human cell lines tested and monkey cell line COS-7 showed 

positive immunostaining, but mouse (HC 11), rat (IAR-6) and hamster (CHOK-I) 

cell lines are negative.

5-5 Identification of NAPO as an apoptotic marker

Although NAPO antigen was ubiquitously present in all human cell lines 

so far tested, small nuclear fragments, which are occasionally observed with 

some cell lines under normal culture conditions, were negative (figure 5-2 , panels 

C and D, as an example). This suggested us that NAPO antigen could be lost 

during apoptosis. For this purpose several different cell lines originated from 

different tissues were induced to undergo apoptosis by exposure to different 

apoptotic stimuli as summarized in table 5-2.
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Table 5-2: List of cell lines tested for loss of NAPO immunoreactivity after 

induction of apoptosis by various stimuli.

Cell line Origin Morphology Apoptosis stimuM

Huh7 Hepatocellular carcinoma Epithelial H2O2

SNU 398 Hepatocellular carcinoma Epithelial Serum starvation

MCF7 Breast cancer Epithelial TNF-a, UV-C

HeLa Cervix cancer Epithelial UV-C

SW480 Colon cancer Epithelial UV-C

LNCaP Prostate cancer Epithelial UV-C

U20S Osteosarcoma Epithelial UV-C

A375 Melanoma Epithelial UV-C

Jurkat Acute T-cell leukemia Lymphoid Anti-Fas, UV-C

MRC-5 Lung Fibroblastic UV-C

Hek 293 Embryonal kidney Epithelial Cisplatin, UV-C

5-5.1 NAPO immunoreactivity of apoptotic SNU 398 and Hub? cells

Hepatocellular carcinoma-derived SNU 398 cells, which undergo 

apoptosis when grown under serum-free conditions, were serum starved for thi-ee 

days and tested for NAPO antigen immunoreactivity. Cells displaying 

morphological characteristics of apoptosis (cell shrinkage, nuclear condensation 

and fragmentation) displayed negative NAPO staining in contrast to positive 

nuclear staining of all non-apoptotic cells (figure 5-3).
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Figure 5-3; Loss of the NAPO antigen in serum-starved SNU 398 HCC cells.

Arrows indicate the cells displaying morphological characteristics of apoptosis.

(A: NAPO staining of SNU 398 cells, B: Hoechst 33258 counterstaining of SNU 
398 cells)

To confirm the loss o í NAPO antigen during apoptosis in another cellular 

system, hepatocellular carcinoma-derived Huh? cells were used. Huh? cells are 

known to enter apoptosis when treated with 100 pM H2O2 under serum deficient 

conditions. Thus these cells were grown on cover-slips for three days in medium 

supplemented with 0.1% PCS and then treated with 100 pM H2O2 for 24 hours. 

Our NAPO antigen was negative in apoptotic Huh? cells that are identified as 

cells with small nuclei by Hoechst 33258 counterstaining (figure 5-4). In order to 

demonstrate that these small-nucleated cells are in fact apoptotic, TUNEL assay 

was performed in parallel with the NAPO immunostaining.
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Figure 5-4: ÑAPO immunoreactívity of apoptotíc Huh7 cells in comparison

with TUNEL assay. The white arrow indicates the apoptotic cells.

(A: NAPO immunostaining of H2O2 treated apoptotic Huh7 cells; B: Hoechst 
33258 counterstaining of the cells shown in panel A; C: TUNEL assay of H2O2 
treated apoptotic Huh7 cells; D: Hoechst 33258 counterstaining of the cells 
shown in panel C)

5-5.2 p53 immunoreactivity of apoptotic Huh7 cells

To test whether the loss of NAPO expression is specific to this antigen, 

rather than a common feature shared by nuclear proteins, Huh7 cells were also 

tested for p53 protein immunoreactivity, under similar conditions. Huh7 cells 

express a mutant p53 protein that accumulates in their nuclei (Volkmann et al., 

1994). Both apoptotic and non-apoptotic Huh7 cells displayed positive staining 

for p53 protein. Indeed, apoptotic cells displayed stronger p53 immunoreactivity 

when compared to non-apoptotic cells (figure 5-5).
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Figure 5-5: p53 staining of apoptotic Huh7 ceils.

(A: p53 immunostaining of H2O2 treated apoptotic Huh7 cells; B: Hoechst 33258 
counterstaining of the cells shown in panel A.)

This indicated that the loss of NAPO immunoreactivity in apoptotic Huh7 

cells was specific to this antigen rather than a common feature of nuclear 

proteins.

5-5.3 NAPO immunostaining in cells treated with various apoptotic stimuli

For further characterization of NAPO as an apoptosis marker, additional 

studies were performed in different cell lines treated with different apoptosis 

stimuli. For all experiments NAPO tests were run in parallel with TUNEL or 

Annexin-V staining.

5-5.3.1 NAPO immunostaining in death-receptor mediated apoptosis

In order to show whether NAPO antigen is lost during death-receptor 

mediated apoptosis, MCF 7 breast cancer and Jurkat acute T-cell leukemia cells 

were used. To initiate apoptosis MCF7 cells were treated with TNF-a and Jurkat 

cells were treated with anti-Fas antibody. As shown in figure 5-6 NAPO was lost 

in apoptotic Jurkat and MCF-7 cells.
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Figure 5-6: ÑAPO ímmunostainíng in death receptor mediated apoptosis in

MCF-7 and Jurkat cells. The white arrows indicate the apoptotic cells.

(A: NAPO immune staining of TNF-a treated apoptotic MCF7 cells; B: Hoechst 
33258 counterstaining of the cells shown in panel A; C: NAPO immunostaining 
of antagonistic anti-Fas antibody treated apoptotic Jurkat cells; D: Hoechst 33258 
counterstaining of the cells shown in panel C.)

5-5.3.2 NAPO immunostaining in UV-C irradiation induced apoptosis

To demonstrate that NAPO antigen is lost during apoptosis induced by 

exposure to UV-C irradiation, MCF-7 and Jurkat cell lines were plated onto 

coverslips and exposed to 60-120 mJ/cm UV-C irradiation and after 24 hours the 

cells were tested for NAPO immunoreactivity. As shown in figure 5-7, NAPO 

immunoreactivity was lost in apoptotic cells whereas the viable cells were still 

NAPO immunoreactivity positive.
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Figure 5-7: ÑAPO staining of UV-C induced apoptotic MCF-7 and Jurkat 

cells. The white arrows indicate the apoptotic cells.

(A: NAPO immunostaining of UV-C treated apoptotic MCF7 cells; B: Hoechst 
33258 counterstaining of the cells shown in panel A; C: NAPO immuno staining 
of UV-C treated apoptotic Jurkat cells; D: Hoechst 33258 counterstaining of the 
cells shown in panel C.)

This result suggests that NAPO is also lost during UV-C mediated 

apoptosis in the same manner with death-receptor mediated apoptosis.

5-5.4 NAPO immunostaining in tumorous versus non-tumorous cells 

exposed to various apoptotic stimuli

To further verify that NAPO loss is universal among cell lines of different 

origin, the other cell lines summarized in table 5 -2  were also induced to undergo 

apoptosis and subjected to NAPO immunostaining.
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5-5.4.1 ÑAPO immunostainíng in apoptotic tumorous cell lines versus

viable counterparts

HeLa (cervix cancer), SW480 (colon cancer), U20S (osteosarcoma), 

A375 (melanoma) and LNCaP (prostate cancer) cell lines were exposed to UV-C 

and tested for NAPO staining. It was observed that NAPO staining was lost in all 

apoptotic cells in contrast to strong nuclear staining of the non-apoptotic 

counterparts as shown in figure 5-8. This suggests that NAPO is ubiquitously 

expressed in cell lines originated from different tumorous tissues and is lost 

during apoptosis.

5-5.4.2 NAPO immuuostaiuiug iu apoptotic uou-tumorous cell Hues 

versus viable couuterparts

MRC-5 lung and Hek293 embryonic kidney cell lines were exposed to 

UV-C and H202 respectively and tested for NAPO staining to assess the NAPO 

immunoreactivity in apoptotic normal tissue originated cell lines. As shown in 

figure 5-9, these cells also do not express NAPO when they are induced to 

undergo apoptosis.
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Figure 5-8: Expression of NAPO in cells induced to undergo apoptosis by

UV-C irradiation. The white arrows indicate the apoptotic cells.

(A: NAPO immunostaining of UV-C treated apoptotic HeLa cells; B: Hoechst 
33258 counterstaining of the cells shown in panel A; C: NAPO immunostaining 
of UV-C treated apoptotic SW480 cells; D: Hoechst 33258 counterstaining of the 
cells shown in panel C; E: NAPO immunostaining of UV-C treated apoptotic 
U20S cells; F: Hoechst 33258 counterstaining of the cells shown in panel E; G: 
NAPO immunostaining of UV-C treated apoptotic A375 cells; H: Hoechst 33258 
counterstainmg of the cells shown in panel G.)
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Figure 5-9: Expression of NAPO in non-tumorous cells induced to undergo 

apoptosis. The white arrows indicate the apoptotic cells.

(A: NAPO immunostaining ofUV-C treated apoptotic MRC-5 cells;· В: Hoechst 
33258 counterstaining of the cells shown in panel A; C: NAPO immuno staining 
of H202 treated apoptotic Hek 293 cells; D: Hoechst 33258 counterstaining of 
the cells shown in panel C.)

These results demonstrate that NAPO is ubiquitously expressed in living 

cells but lost during apoptosis independent of the apoptosis-activating pathway 

(Table 5-2).

The loss of NAPO during apoptosis strongly suggests that this antigen is a 

nuclear caspase substrate. The epitope recognized by ovAx-NAPO antibody on this 

antigen is probably lost as a result of caspase mediated protein cleavage. 

However, it is presently unclear whether any of 60 and 70 kD polypeptides of the 

NAPO antigen are known caspase substrates. Thus, NAPO appears to be a novel 

marker for apoptosis that could serve to distinguish apoptotic from non apoptotic 

cells. However, it was important to know whether the antigenic reactivity is
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modified under different growth conditions such as quiescence, cell cycle 

(especially mitosis) and senescence.

5-6 Expression of the NAPO antigen in quiescent cells

MRC-5 human embryonic lung fibroblast cells (passage 18) were grown 

to confluency and serum starved for 3 days to induce quiescence. To show that 

these cells are indeed quiescent, BrdU incorporation was also tested. Our results 

indicate that approximately 15 % of asynchronously growing MRC-5 cells is 

positive for BrdU i.e. in S phase, whereas no BrdU labeling was observed in 

quiescent cells (figure 5-10).

NAPO immunostaining of serum starved cells versus cells grown in 

DMEM supplemented with 10% PCS revealed that these quiescent cells also 

express NAPO as shown in figure 5-11.
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Figure 5-10: Brd-U incorporation test to serum starved and non-starved pl8  

MRC-5 cells.

(A: Brd-U incorporation test of MRC-5 cells grown in DMEM supplemented 
with 10% FCS; B: Hoechst 33258 counterstaining of the cells shown in panel A; 
C: Brd-U incorporation test of serum starved MRC-5 eells; D: Hoeehst 33258 
eounterstaining of the cells shown in panel C.)
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Figure 5-11: ÑAPO immunostaíníng of serum starved and non-starved pl8  

MRC-5 cells.

(A: ÑAPO immunostaining of MRC-5 cells grown in DMEM supplemented with 
10% FCS; B: Hoechst 33258 counterstaining of the cells shown in panel A; C: 
NAPO immuno staining of serum starved MRC-5 cells; D: Hoechst 33258 
counterstaining of the cells shown in panel C.)

Under both conditions, all cells displayed a similarly positive nuclear 

staining for NAPO. These observations indicated that NAPO expression is not 

lost in non-dividing quiescent cells.

5-7 Expression of the NAPO antigen during cell cycle

In order to claim NAPO as a novel apoptotic marker, it was also necessary 

to demonstrate that the NAPO antigen is present in cells throughout the cell
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cycle. For this purpose Huh7 and MRC5 cells were synchronized and tested for 

NAPO immunoreactivity at 4 hour intervals for 36 and 48 hours respectively.

5-7.1 Expression of NAPO in synchronized Huh7 cells

5-7.1.1 Synchronization of Huh7 cells hy mitotic shake-off

Huh7 cells were treated with different doses of the microtubule 

depolymerizing drug nocodazole, to arrest cells at the M phase of the cell cycle. 

Cells exit M phase when incubated in nocodazole free medium. A high dose of 

nocodazole is known to have cytotoxic effects on cells. Therefore first cells were 

incubated in different doses of nocodazole for different periods of time, to 

optimize the required least cytotoxic drug amount required to arrest cells in M 

phase. As shown in figure 5-12, incubation of cells in 50 ng/ml nocodazole for 18 

hours resulted in a highly efficient M phase arrest with the least cytotoxic effect.
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Figure 5-12: Optimization of the most efficient nocodazole concentration 

required to arrest Huh7 cells in M phase of the cell cycle with the least 

cytotoxic effect.

(Columns represent % mitotic cells or % of micronuclei, lines represent % 
healthy cells; yellow bars represent % mitotic cells at 18 hour and pink bars 
represent 24 hour incubation with nocodazole; green bars represent % 
micronuclei at 18 hour incubation and purple bars represent % micronuclei at 24 
hour incubation; white line represents % healthy cells at 18 hour incubation and 
brown line represents % healthy cells at 24 hour incubation.)

5-7.1.2 Determination of S phase cells by BrdU incorporation assay

After nocodazole treatment, cells were collected by mitotic shake-off and 

mitotic cells were plated onto coverslips. Synchronized Huh7 cells were tested 

every 4 hours for 36 hours of culture for both BrdU incorporation and NAPO 

staining. BrdU incorporation was minimal until 16 hour after the release from 

mitotic arrest with a maximum of BrdU incorporation at 24 hour, followed by a 

significant decrease at 36 hour (figure 5-13). According to BrdU incorporation 

index, cells at time points before 16 hour were evaluated as G1 phase cells, cells
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between time points 20 hour and 32 hour as S phase cells, and those at time point 

36 hour as G2 phase cells.

J L J L
G1 G2

Figure 5-13: BrdU incorporation index of M phase arrested Huh7 cells after 

mitotic shake-off.

(Time points before 16 hour were evaluated as G1 phase cells, cells between time 
points 20 hour and 32 hour as S phase cells, and those at time point 36 hour as 
G2 phase cells.)

5-7.1.3 NAPO immunostaining at different phases of the cell cycle

Staining of these cells with the mii-NAPO antibody demonstrated that, 

mitotically arrested cells showed a diffusely positive (nuclear and cytoplasmic) 

NAPO staining (figure 5-14). NAPO staining pattern was nuclear thi’oughout the 

cell cycle, at all time points (time points 8 h, 24 h and 36 h are shown in figure 5- 

14).
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Figure 5-14: ÑAPO immunostaining of synchronized Huh7 cells. Arrows 

indicate mitotic cells
(A: ÑAPO staining of Huh7 celts arrested in M phase of the cell cycle; B: 
Hoechst 33258 counterstaining of the cells shown in panel A; C: NAPO 
immunostaining of Huh7 cells 8 hours after mitotic shake-off, D. Hoechst 33258 
counterstaining of the cells shown in panel C; E: NAPO immunostaining of Huh7 
cells 16 hours after mitotic shake-off; F: Hoechst 33258 counterstaining of the 
cells shown in panel E; G: NAPO immunostaining of Huh7 cells 36 hours after 
mitotic shake-off; H: Hoechst 33258 counterstaining of the cells shown in panel 
G.)
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These results demonstrated that, NAPO staining was always positive 

during the cell cycle, the only noticeable change being a diffuse staining during 

mitosis, in contrast to strictly nuclear staining in other phases of the cell cycle.

5-7.2 Expression of NAPO in synchronized MRC-5 cells

5-7.2.1 Synchronization of MRC-5 cells hy serum starvation

MRC-5 human embryonic lung fibroblast cells (passage 18) were grown 

to confluency and serum starved for 72 hours to induce quiescence. Then cells 

were induced to enter cell cycle by addition of 20% PCS to culture medium.

5-7.2.2 Determination of S phase cells by BrdU incorporation assay

Starting from TO (quiescent state), these cells were immunostained with 

the Sinii-NAPO antibody for 48 hours at 4 hour intervals in parallel with BrdU 

incorporation assay. The quiescent cells did not show any BrdU incorporation 

whereas cells at different time points showed BrdU incorporation as shown in 

figure 5-15.
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Figure 5-15: Brdü incorporation assay of synchronized MRC-5 cells.

(A: TO-quiescent cells; B: Hoechst 33258 counterstaining of the cells shown in 
panel A; C: T16 cells; D: Hoechst 33258 counterstaining of the cells shown in
panel C; E: T24 cells; F: Hoechst 33258 counterstaining of the cells shown in
panel E; G: T28 cells; H: Hoechst 33258 counterstaining of the cells shown in
panel G; I: T36 cells; J: Hoechst 33258 counterstaining of the cells shown in
panel I.)
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According to the BrdU incorporation assay a graph representing the 

estimated cell cycle phases of synchronized MRC-5 ceils were drawn as shown in 

figure 5-16. Due to this curve cells at time points before 20 hour were evaluated 

as G1 phase cells, cells between time points 24 hour and 36 hour as S phase cells, 

and those at time point 40 hour as G2 phase cells.

G1 S G2
Figure 5-16: BrdU incorporation index of serum starved MRC-5 cells after 

release from the quiescent state.

(Time points before 20 hour were evaluated as G1 phase cells, cells between time 
points 24 hour and 36 hour as S phase cells, and those at time point 40 hour as 
G2 phase cells.)

5-7.2.3 NAPO immunostaining at different phases of the cell cycle

Staining of these cells with the &nti-NAPO antibody demonstrated that, 

NAPO staining pattern was nuclear throughout the cell cycle as shown in figure 

5-17.
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Figure 5-17; ÑAPO immunostaining of synchronized MRC-5 cells.

(A: ÑAPO staining of T4 MRC-5 cells; B: Hoechst 33258 counterstaining of the 
cells shown in panel A; C: NAPO immunostaining of T28 MRC-5; D: Hoechst 
33258 counterstaining of the eells shown in panel C; E: NAPO immunostaining 
of T40 MRC-5 cells; F: Hoeehst 33258 counterstaining of the cells shown in
panel E.)

These results showed that NAPO is present in all phases of the cell cycle 

as demonstrated in two different cell lines, synchronized by two different 

approaches. The only exception was the M phase in which NAPO was still 

positive but showed cytoplasmic and nuclear diffused staining.
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5-8 Expression of the NAPO antigen in senescent cells

To test whether NAPO antigen expression is modified during senescence, 

MRC-5 cells were grown until passage 40 at which point they remain alive and 

attached to cell plate, but they stop dividing, a characteristic feature of 

senescence (Fulder and Holliday, 1975).The senescence is often accompanied by 

a positive SA-^-gal activity, which is negative in pre-senescent cells (Dimri et 

al., 1995).

In figure 5-18, panels A, C and E represent the pre-senescent MRC-5 cells 

and panels B, D and F represent the senescent MRC-5 cells. In contrast to pre- 

senescent MRC-5 cells at passage 18, senescent MRC-5 cells at passage 40 were 

positive for SA-P-gal activity. Immunofluorescence data indicated that both pre- 

senescent and senescent MRC-5 cells were positive for NAPO antigen 

immunoreactivity, demonstrating that NAPO expression is not lost in senescent 

cells.
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Figure 5-18: SA-P Galactosidase and NAPO immunostaining of P18 and p40 

MRC-5 cells.

(A: SA-P Galactosidase assay of pi 8 MRC-5 cells; B: SA-P Galactosidase assay 
of p40 MRC-5 cells; C: NAPO immunostaining of p i 8 MRC-5 cells; D: NAPO 
immunostaining of p40 MRC-5 cells; E: Hoechst 33258 counterstaining of the 
cells shown in panel C; F: Hoechst 33258 counterstaining of the cells shown in 
panel D.)

Together these data demonstrate that, NAPO is a nuclear antigen 

composed of two polypeptides, that is present in all human cell lines so far 

tested. The unique feature of this antigen is that it gets lost in apoptotic cells
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independent of the mechanism of apoptosis induction. Furthermore this antigen is 

present throughout the cell cycle and also during quiescence and senescence. 

Therefore the mouse monoclonal anti-A(AP6> antibody would serve as a perfect 

tool for the detection of apoptosis in human and monkey cells.
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CHAPTER V

DISCUSSION AND PERSPECTIVES

NAPO is a monoclonal antibody-defined nuclear antigen, which is lost 

specifically in apoptotic cells, while it is ubiquitously expressed in living cells 

independent of cell cycle, quiescence and senescence. The immunoreactivity of 

NAPO in living cells is strong enough to easily distinguish apoptotic from non 

apoptotic cells. Immunoprécipitation experiments indicate that the anti-NAPO 

monoclonal antibody captures specifically two different polypeptides of 60 and 

70 kD. Our attempts to detect these antigens by western blotting, and expression 

cloning of their coding cDNAs were so far unsuccessful. Thus, it is presently 

unclear whether anti-NAPO antibody recognizes an epitope, which is common to 

or shared by these two polypeptides. Alternatively, these two proteins could be a 

heterodimer and the antibody recognizes either one of them under our 

experimental conditions.

The loss of NAPO during apoptosis strongly suggests that this antigen is a 

nuclear caspase substrate. The epitope recognizes by anú-NAPO antibody on this 

antigen is probably lost as a result of caspase mediated protein cleavage. 

However, it is presently unclear whether any of 60 and 70 kD polypeptides of the 

NAPO antigen are known caspase substrates. To our knowledge, proteins with 

similar molecular weight have not been described previously as apoptosis- 

associated proteins. Thus, NAPO appears to be a novel marker for apoptosis. 

When compared to other available apoptosis detection systems, NAPO antigen 

offers the simplicity of antibody-based assays. The anú-NAPO antibody can be 

used for detection of apoptotic cells under different conditions such as in situ 

staining of cells and tissue sections, and for flow cytometry. TUNEL assay 

(Gavrieli et al., 1992) is widely used for the identification of apoptotic cells, even
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though it requires several cumbersome experimental steps. As NAPO and 

TUNEL assays provide exclusive nuclear staining of alive and apoptotic cells, 

respectively, both assays may be combined for better identification of apoptosis. 

Moreover, NAPO assay may detect apoptotic cells prior to DNA fragmentation 

and it does not require special pre-treatment of assay samples. NAPO may also be 

used in combination with Annexin V staining (Martin et al., 1995). NAPO differs 

from previously identified and antibody-defined apoptosis markers (Grand et al., 

1995; Hammond et al., 1998; Srinivasan et al., 1998; Leers et al., 1999; Zhang et 

al., 1996) by its exclusive loss in apoptotic cells, but not in quiescent, 

proliferating, senescent or even mitotic cells. We believe that this antibody will 

be very helpful for development of simple and easy immunoassays for 

measurement of apoptosis in both cell lines and tissue samples.

A eukaryotic cell can be in proliferation, quiescence, senescence and 

apoptosis states, depending on its internal program that can be regulated by 

external effectors. When it is proliferating, a cell passes through different stages 

of the cell cycle (Gl, S, G2 and M). Quiescence is the non-proliferating state of 

cells and can be reversible. Senescence defines a physiologically irreversible 

state in which cells are no longer able to reenter the cell cycle, unless the 

senescence program is overwrote by a process called immortalization as seen in 

most cancer cells (Nurse, 2000; Sherr CJ. and DePinho RA., 2000; Murray A. 

and Hunt T., 1993)

Apoptosis is programmed cell death, a naturally occurring process 

involved in both the development and aging of cells. It is the process where the 

body can rid itself of unwanted, old, or damaged cells. Apoptosis is the 

physiological counterpart of cell proliferation. It is essential for both biological 

processes such as normal tissue turnover, embryonic development, and 

maturation of the immune system, including pathological processes, such as 

hormone deprivation, thermal stress and metabolic stress. Programmed cell death 

is required for proper embryonic development as well as for the maintenance of 

homeostasis in adult tissues (Vaux DL. and Korsmeyer SJ., 1999; Wyllie AH. 

and Golstein P., 2001). Moreover, apoptosis is involved in the etiology and 

pathophysiology of a variety of diseases such as cancer, neurodegenerative, 

autoimmune, infectious and heart diseases (Reed CJ., 2000; Mattson MP., 2000; 

Chervonsky AV., 1999; Roulston A. et al., 1999; Narula J. et al., 2000)
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Apoptosis is characterized by a decrease in cell volume, condensation of 

chromatin, cellular budding, and the fragmentation of DNA into a ladder of 180 

base pair (bp) oligomers with 3'-OH free ends, a hallmark of apoptosis. Cell 

membranes maintain their integrity through the process, and lysosomes remain 

intact (Saraste A., and Pulkki K., 2000). There is no inflammatory response from 

apoptosis. Affected cells undergo phagocytosis by adjacent normal cells and by 

some macrophages.

Morphological changes observed in apoptotic cells result from a series of 

genetically programmed biochemical changes initiated by either the activation of 

death receptors or by intracellular stress conditions such as DNA damage. These 

pro-apoptotic signals are conveyed to mitochondria to cause the release of 

caspase-activating factors from this organelle, followed by a cascade of caspase 

activation, which leads to cell death (Earnshaw WC. et al., 1999; Gottlieb RA., 

2000).

Apoptosis can be activated by a number of intrinsic or extrinsic signals. 

These signals include mild physical signals, such as ionization radiation, 

ultraviolet radiation, or hyperthermia, low to medium doses of toxic compounds, 

such as azides or hydrogen peroxides; chemotherapeutic drugs, such as 

etoposides and cis-platinium, death receptor activators such as tumor necrosis 

factor-a, fas ligand and its agonists. Apoptosis can also be activated when cells 

are deprived from their survival factors that maintain them in a viable condition 

(Zornig M. et al., 2001).

Unregulated apoptosis is involved in diseases such as cancer, heart 

disease, neurodegenerative disorders, autoimmune disorders, and viral and 

bacterial infections. Cancer, for example, not only triggers cells to proliferate but 

also blocks apoptosis. Cancer is partly a failure of apoptosis; the orders for the 

cells to kill themselves by apoptosis are blocked (Huang P and Oliff A., 2001). 

Disease and shock can cause cardiac cells to induce apoptosis. For example, cells 

deprived of oxygen after a heart attack release signals that induce apoptosis in 

cells in the heart (Haunstetter A and Izumo S, 2000; Hajjar RJ. et al., 2000). 

Apoptosis may also be involved in the destruction of neurons in people afflicted 

by strokes or neurodegenerative diseases such as Alzheimer's disease and 

Parkinson's disease. There is evidence suggesting that ischemia can kill neurons 

by inducing apoptosis. Thus, inhibition of apoptosis may be a therapeutic
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strategy for the treatment of neurodegenerative disorders such as stroke (Deigner 

H. et al., 2000; Irizarry MC. and Hyman BT., 2001). A failure of apoptosis in the 

immune system can lead to autoimmune diseases. T-cells differentiate between 

self and nonself (foreign) cells in the body. Autoimmune diseases such as 

rheumatoid arthritis, diabetes, and multiple sclerosis, result when a small 

percentage of T-cells attack the body's own tissue (Vaux DL. and Flavell RA., 

2000). There is also evidence suggesting that AIDS develops when the human 

immunodeficiency virus (HIV) sets off unregulated and untimely apoptosis in 

CD-4 and CD-8 cells, the defenders of the immune system. Inhibition of HIV- 

induced apoptosis is a target field for treatment of AIDS (Gougeon ML. and 

Montagnier L., 1999).

There is an enormous therapeutic potential in controlling apoptosis in 

these diseases. Therefore, apoptosis is a target subject for understanding cellular 

mechanisms of many diseases, as well as for developing new drugs that interfere 

with either pro-apoptotic or anti-apoptotic molecular networks. Much research is 

now focusing on developing drugs that can either inhibit or induce apoptosis 

depending on the targeted disease.

A major difficulty with researching apoptosis and drugs to control it is 

that a reliable marker of apoptosis has not yet been developed. Therefore, it has 

become important to develop reliable assays to measure cell death. A marker is 

also needed in order to determine whether cells are dying or have been killed by 

apoptosis in the diagnosis of these diseases. For example, a marker for apoptosis 

could be used to determine the extent of neuronal damage caused by a stroke. 

Apoptosis drugs are being used in therapy, and a reliable marker is needed in 

order to evaluate the progress of the therapy. For example, a major goal of some 

cancer chemotherapies has become to kill cancer cells by inducing apoptosis in 

these cells. It is estimated, however, that almost 50 percent of cancer drug 

treatments fail. It would be useful to have a method to assess the performance of 

new treatments in a reliable and effective manner.

Currently available techniques for apoptosis detection are based on the 

study of morphology of apoptotic cells (light microscopy and fluorescence 

microscopy coupled to nuclear staining with specific dyes, electron microscopy), 

DNA fragmentation detected by terminal transferase-mediated dUTP nick-end 

labelling (TUNEL) and similar techniques, membrane changes detected by
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annexin V in vivo labelling, and on immunological assays using antibodies 

directed to apoptosis-related proteins (Stadelmann C. and Lassmann H., 2000).

Currently, the most commonly used marker to detect apoptosis is TUNEL 

labelling of the 3'-OH free end of DNA fragments produced during apoptosis 

(Gavrieli Y. et al., 1992). The TUNEL method consists of catalytically adding a 

nucleotide, which has been conjugated to a chromogen system or to a fluorescent 

tag, to the 3'-OH end of DNA fragments as indicative of apoptosis. However this 

method involves a number of limitations. Early detection of apoptosis is not 

possible with this method as the DNA fragmentation is an end-point in the 

apoptosis pathway. False positives are often obtained when using the TUNEL 

method as a result of DNA damage that generates DNA fragments that have 3'- 

OH ends. In most TUNEL applications, mitotic cells can give false positive 

results. False negatives can also occur in certain cell types or situations where 

apoptosis does not lead to DNA laddering. Furthermore, the method is not 

quantitative since the amount of DNA fragments per cell is dependent upon the 

stage of apoptosis of the cell. In addition, this method is tedious, requires many 

steps and basic skills of molecular biology.

Another marker that is currently available is Annexin-V. During 

apoptosis, due to activation of the enzyme flippase, a cell membrane's 

phospholipid asymmetry changes such that the phospholipids of the inner 

membrane are exposed on the outer membrane (Fadok et al., 1992). Annexins are 

a homologous group of proteins that bind these phospholipids in the presence of 

calcium. This marker, however, suffers from a number of problems. Annexin- 

based tests have a strong potential for a lack of specificity due to the fact that the 

binding reaction is not as specific as antigen-antibody binding reactions. As well, 

its use is often limited to cells grown in suspension, however, most cells are 

adherent and are grown on a matrix. The method also requires the use of live or 

unpreserved cells.

There is therefore a great need for a specific, antigenic, versatile marker 

for the rapid detection of cell death by apoptosis, which can be used for research, 

diagnostics, and therapeutics. This marker must be able to distinguish between 

cell death by apoptosis and other known states of cells, which includes 

quiescence, proliferation (composed of G l, S, G2 and mitosis phases), and 

senescence. Essential requirements for apoptosis detection techniques include
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high sensitivity for apoptotic cells, the ability to differentiate between apoptosis 

and other forms of cellular states. However, there is a relative paucity for simple 

techniques fulfilling these requirements, and furthermore allowing quantitative 

analysis (van Heerde WL. et al., 2000). Immunological detection of apoptosis- 

related proteins is probably the best approach to overcome this obstacle, but there 

are only a few known apoptosis marker antigens (Stadelmann C. and Lassmann 

H., 2000).

The anti-NAPO antibody recognizes the nuclear antigen “NAPO” that 

comprises two proteins of about 60 kD and 70 kD. As analyzed by indh'ect 

immunofluorescence microscopy, this antigen is present in all normal and 

cancerous human cell types tested including epithelial, lymphoid and fibroblastic 

cells as well as in all different states of a cell namely quiescence, proliferation 

(composed of G l, S, G2 and mitosis phases) and senescence. In contrast, the 

antibody fails to label cells undergoing apoptosis regardless the apoptosis- 

inducing stimuli.

The use of anti-NAPO antibody to detect apoptosis has numerous 

advantages over other methods that are currently commercially available. First of 

all usage of the anti-NAPO antibody offers the specificity of the antibody-antigen 

interaction. Furthermore the use of anti-NAPO antibody can distinguish cells that 

are dead or dying by apoptosis, from those that are viable, quiescent, 

proliferating, mitotic or senescent; thus provide reliable results. Most cell death 

kits currently available on the market are based on markers present in apoptotic, 

but absent in viable cells. NAPO is a marker with opposite features meaning that 

it is a marker present in viable, but absent in apoptotic cells. It can easily be used 

in combination with currently available kits to increase test specificity and for 

confirmation.

Furthermore the protocols used by current products are time consuming 

and require sophisticated laboratory equipment and expertise. A further 

advantage of use of the anti-NAPO antibody is that it can be used with a choice 

of qualitative and quantitative protocols adaptable to various laboratory 

equipment and expertise. For example, it can be applied using common 

laboratory techniques such as ELISA and immunochemistry where no specialized 

laboratory equipment is required. It can also be applied using specialized 

equipment such as a flow cytometer.
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Therefore the mouse monoclonal anti-NAPO antibody can be used in the 

detection and quantification of cell apoptosis as well as to distinguish apoptotic 

cells from quiescent, proliferating, mitotic and senescent cells. This antibody can 

also be used as a valuable diagnostic tool in research relating to diseases in which 

apoptosis is involved to test the ability of cells to undergo apoptosis upon 

treatment with a selected agent and for testing the ability of a drug to induce or to 

inhibit apoptosis. Thus it can serve both to determine the mechanisms of the 

diseases and method of treatment.

For example, anti-NAPO antibody could be used in cancer research, 

where a potential chemotherapeutic drug could be tested for its ability to induce 

apoptosis. This could be done by exposing a cell sample to different 

concentrations of the test drug. The cells would then be analyzed for the presence 

of NAPO using the anti-NAPO antibody. The ability of the chemotherapeutic test 

drug to induce apoptosis could be determined and compared to the apoptosis 

induction of well-known drugs. Additionally, anti-NAPO antibody could be used 

as markers to assess the dose response of cells to chemotherapeutic drugs in order 

to determine ideal dosages for treatment.

The anti-NAPO antibody could also be used in the basic research and drug 

development for neurodegenerativo disorders such as Alzheimer's disease and 

Parkinson's disease, including neuronal post-ischemic damage in stroke. For 

example, cells could be treated with an apoptosis inhibitor test drug at different 

concentrations and at different times post-apoptosis induction. Cells would then 

be collected at chosen times after the introduction of the test drug. The anti- 

NAPO antibody would provide a method of assessing the drug's apoptosis 

inhibitory potency. It would also allow determination of the stage of apoptosis at 

which the test drug has an inhibitory effect and the stage at which the drug is not 

longer effective.

The high specificity of the anti-NAPO antibody in recognition of 

apoptosis enables the usage of the antibody in identification of the extent of 

damage caused by a particular disease such as diseases caused by apoptosis due 

to post-ischemic neuronal damage. The TUNEL method has proven to be an 

inadequate marker for estimation of neuronal damage by necrosis versus 

apoptosis within in vivo and in vitro models. With the anti-NAPO antibody, 

however, it would be possible not only to quantify the severity of the damage
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caused by ischemia but also the proportion of cell death that was caused by 

apoptosis at various time points. This knowledge is important for designing and 

monitoring apoptosis inhibitor drug therapies, especially in terms of 

effectiveness, doses, and treatment schedule of the drugs. The same strategy 

could also be applied to neurodegenerativo diseases.

As a summary the anti-NAPO antibody can be used for the detection and 

quantification of apoptosis as well as to test the ability of drugs to modulate 

apoptosis in cell culture systems.

The anti-NAPO antibody can also be used in combination with other 

apoptotic markers such as TUNEL or Annexin-V staining for better definition of 

apoptotic cells in the same sample. Following staining with Annexin V, cells can 

be fixed and permeabilized and stained with anti-NAPO antibody. Cells in which 

a decrease or loss of NAPO immunoreactivity is observed combined with a 

positive Annexin V staining indicates apoptotic cells; cells in which NAPO levels 

are not decreased/not lost in combination with a negative Annexin V reading 

indicates viable cell.

However the anti-NAPO antibody based apoptosis detection system 

should also be tested in tissue sections by immunohistochemistry. As the NAPO 

system stains living cells but not apoptotic cells, utilization of this system in 

tissue sections, in combination with another apoptosis marker that stains 

apoptotic cells but not living cells, will provide more accurate and reliable data 

about the rate of apoptosis in that particular tissue section.

Although the nature of the epitope/antigen recognized by the anti-NAPO 

antibody is still unknown, determination of the stage of apoptosis, where the 

NAPO immunoreactivity is lost, would provide valuable information about the 

nature of the antigen recognized by the anti-NAPO antibody. For this purpose 

after celts are induced to undergo apoptosis the decline in NAPO expression can 

be assessed by FACS analysis. Usage of caspase inhibitors followed by NAPO 

staining would also provide data about the stage of NAPO immunoreactivity loss 

as well as data about the effect of caspase cascade activation on the NAPO 

epitope loss.

The effect of NAPO expression/loss on apoptosis can also be identified by 

inhibiting the NAPO antigen activity, by microinjecting the anti-NAPO antibody 

to cells. Following microinjection if apoptosis is induced this would mean that
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the ÑAPO antigen is a protein involved in the prevention of apoptosis (acts like a 

pro-survival factor) and its loss promotes apoptosis. This experiment would 

provide an evidence about the importance of NAPO loss during apoptosis.

Furthermore the NAPO antigen recognized by the anti-NAPO antibody 

could be tried to be purified and identified by using affinity-chromatography, 

followed by micro-sequencing or mass spectrophotometry. The collected data 

would be analysed in-silico on the protein databases and the candidate proteins 

would be evaluated.
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ÑAPO  as a novel marker for apoptosis
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Apoptosis or programmed cell death plays a pivotal 
role In embryonic development and maintenance 
of homeostasis. It is also involved in the etiology of 

pathophysiological conditions such as cancer, neurode- 
generatlve, autoimmune, Infectious, and heart diseases. 
Consequently, the study of apoptosis is now at center of 
both basic and clinical research applications. Therefore, 
sensitive and simple apoptosis detection techniques are 
required. Here we describe a monoclonal antibody-defined

novel antigen, namely NAPO (negative in apoptosis), 
which is specifically lost during apoptosis. The anti-NAPO 
antibody recognizes two nuclear polypeptides of 60 and 
70 kD. The antigen is maintained in quiescent and senescent 
cells, as well as in different phases of the cell cycle, including 
mitosis. Thus, immunodetection of NAPO antigen provides 
a specific, sensitive, and easy method for differential 
identification of apoptotic and nonapoptotic cells.

Introduction
During the last decade, apoptosis has become a major focus of 
interest for many fields of biomedical research. Programmed 
cell death is required for proper embryonic development as 
well as for the maintenance of homeostasis in adult tissues 
(Vaux and Korsmeyer, 1999; Wyllie and Golstein, 2001). 
Moreover, apoptosis is involved in the etiology and patho­
physiology of a variety of diseases, such as cancer, neuro- 
degenerative, autoimmune, infectious, and heart diseases 
(Chervonsky, 1999; Roulston et ah, 1999; Mattson, 2000; 
Narula et ah, 2000; Reed, 2000). Apoptotic cell death is 
characterized by a series of morphological changes, including 
cell shrinkage, nuclear condensation, chromatin segregation, 
membrane blebbing, formation of membrane-bound apoptotic 
bodies, and internucleosomal DNA cleavage (Saraste and 
Pulkki, 2000). These morphological changes result from 
a series of genetically programmed biochemical changes 
initiated by either the activation of death receptors or in­
tracellular stress conditions such as DNA damage. These 
proapoptotic signals are conveyed to mitochondria to cause 
the release of caspase-activating factors from this organelle, 
followed by a cascade of caspase activation which leads to 
cell death (Earnshaw et ah, 1999; Gottlieb, 2000).

Apoptosis, as a critical component of life in multicellular 
organisms, is a target subject for understanding cellular 
mechanisms of many diseases, as well as for developing new
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drugs that interfere with either proapoptotic or antiapoptotic 
molecular networks. Consequently, it has become important 
to develop reliable assays to measure cell death. Techniques 
currently available for apoptosis detection are based on the 
study of morphology of apoptotic cells (light and fluores­
cence microscopy coupled to nuclear staining with specific 
dyes and electron microscopy), DNA fragmentation detected 
by terminal transferase-mediated dUTP nick-end labeling 
(TUNEL)* and similar techniques, membrane changes 
detected by annexin V in vivo labeling, and on immunological 
assays using antibodies directed to apoptosis-related proteins 
(Stadelmann and Lassmann, 2000). Essential requirements 
for apoptosis detection techniques include high sensitivity 
for apoptotic cells, the ability to differentiate between 
apoptosis and other forms of cellular changes, as well as 
distinction between different stages of the cell death process. 
However, we are facing a relative paucity for simple tech­
niques fulfilling these requirements, and furthermore allowing 
quantitative analysis (van Heerde et al., 2000). Immunological 
detection of apoptosis-related proteins is probably the best 
approach to overcome this obstacle, but there are only a few 
known apoptosis marker antigens (Stadelmann and Lass­
mann, 2000).

Here we describe a mouse monoclonal antibody-defined 
nuclear antigen composed of two polypeptides that we call 
NAPO  (for negative in apoptosis), which is strongly expressed 
in cells under many conditions (proliferation, quiescence, mi­
tosis, and senescence) except apoptosis. The immunoreactivity 
of the antigen, as tested by immunofluorescence technique.

*Abbreviations used in this paper: TUNEL, terminal transferase-medi­
ated dUTP nick-end labeling.
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Figure 1. Initial characterization of NAPO  antigen. An{\-NAPO 
monoclonal antibody recognizes two bands migrating at ^^60 and 
70 kD. P^S]methionine-labeled Huh7 cells were subjected to 
immunoprécipitation with anti-N/\PO antibody (+). ( - )  is a 
negative control (A). Immunofluorescence staining of Huh7 cells 
with anti-NAPO antibody indicates that NAPO  is a nuclear antigen 
(B). Hoechst 33258 counterstain for nuclear DNA (C). NAPO  
immunofluorescence staining of SNU 398 cells growing in standard 
culture medium indicates that the majority of cell nuclei are 
positive, but occasionally some cells with small nuclei (presumably 
apoptotic) are negative (D), as indicated by white arrows in nuclear 
DNA staining (E). NAPO antigen is negative In apoptotic SNU 398 
cells which are Induced by growth in serum-free medium (F). 
Apoptotic cells are indicated by white arrows in Hoechst 33258 
counterstaining (G).

is lost in apoptotic cells in a way opposite to TUNEL and 
annexin V staining. Thus, NAPO  antigen may serve as a reli­
able marker for apoptosis.

Results and discussion
Biochemical characterization of the NAPO antigen
A mouse IgG monoclonal antibody (named m ú-N A P O  an­
tibody) was generated against a nuclear antigen after immu­
nization with human colorectal cell line COLO 320. Deter­
gent-soluble proteins were prepared from metabolically 
labeled Huh7 cells and subjected to immunoprécipitation 
with anti-7V/4PO antibody. As shown in Fig. 1 A, anti- 
N APO  antibody recognized two proteins migrating at ^̂ 60

Figure 2. Identification of NAPO  as a common apoptosis marker.
NAPO  is negative in 100 p,M H202-treated apoptotic Huh7 cells 
(A), in contrast to positive staining with TUNEL (C). NAPO is also 
lost In Fas-mediated apoptosis in Jurkat cells (E), H202-mediated 
apoptosis in 293 cells (G), and UV-C-mediated apoptosis in MRC-5 
cells (I). B, D, F, H, and J show Hoechst 33258 counterstaining.

and 70 kD, respectively. Immunofluorescence studies re­
vealed with the same cell line indicated that NAPO  was a 
nuclear antigen (Fig. 1, B and C). This antibody was specific 
for human and monkey NAPO^ since all human cell lines 
and monkey COS-7 showed positive immunostaining, but 
mouse (HC 11), rat (IAR-6), and hamster (CHOK-I) cell 
lines were negative (unpublished data).

Although NAPO  antigen was ubiquitously present in all 
human cell lines so far tested, small nuclear fragments which 
are occasionally observed with some cell lines under normal 
culture conditions were negative (Fig. 1, D and E as an ex­
ample). This suggested to us that NAPO  antigen could be 
lost during apoptosis.

Identification of NAPO as an apoptotic marker
Hepatocellular carcinoma-derived SNU 398 cells, which 
undergo apoptosis when grown under serum-free conditions 
were serum starved for three days and tested for NAPO  anti­
gen immunoreactivity. Cells displaying morphological char-
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Table I. List of cell lines tested for loss of N A P O  immunoreactivity 
after induction of apoptosis by various stimuli

Cell line Origin Morphology Apoptosis stimuli

Huh 7
SNU 398
MCF7
HeLa
SW480
LNCaP
U20S
A3 75
Jurkat
MRC-5
293

HCC
HCC
Breast cancer 
Cervix cancer 
Colon cancer 
Prostate cancer 
Osteosarcoma 
Melanoma 
TCL 
Lung
Embryonal kidney

Epithelial
Epithelial
Epithelial
Epithelial
Epithelial
Epithelial
Epithelial
Epithelial
Lymphoid
Fibroblastic
Epithelial

H 2 O 2

Serum starvation
TNF-(x, UV-C
UV-C
UV-C
UV-C
UV-C
UV-C
Anti-Fas, UV-C 
UV-C
Cisplatin, H2O 2

HCC, hepatocellular carcinoma; TCL, acute T cell leukemia.

acteristics of apoptosis (cell shrinkage, nuclear condensation, 
and fragmentation) displayed negative N A P O  staining in 
contrast to positive nuclear staining of all nonapoptotic cells 
(Fig. 1, F and G).

To confirm the loss of N A P O  antigen during apoptosis in 
another cellular system, hepatocellular carcinoma-derived 
Huh7 cells were used. H2O2 (100 puM) treatment of these 
cells induce apoptosis under serum-deficient (0.1% FCS) 
conditions (unpublished data). As shown in Fig. 2 A, N A P O  
antigen was negative in apoptotic Huh7 cells that are identi­
fied as cells with small nuclei by Hoechst 33258 counter- 
staining (Fig. 2 B). To test whether the loss of N A P O  expres­
sion is specific to this antigen, rather than a common feature 
shared by nuclear proteins, we also tested Huh7 cells for p53 
protein immunoreactivity under similar conditions. Huh7 
cells express a mutant p53 protein that accumulate in their 
nuclei (Volkmann et al., 1994). Both apoptotic and nonap­
optotic Huh7 cells displayed positive staining for p53 protein. 
Indeed, apoptotic cells displayed a stronger p53 immunore­
activity when compared with nonapoptotic cells (unpub­
lished data). This indicated that the loss of N A P O  immu­
noreactivity in apoptotic Huh7 cells was specific to this 
antigen rather than a common feature of nuclear proteins.

For further characterization of NAPO as an apoptosis 
marker, additional studies were performed in different cell 
lines treated with different apoptosis stimuli. For all experi­
ments NAPO tests were run in parallel to TUNEL or an- 
nexin V staining (TUNEL data for Huh7 shown in Fig. 2 C 
as an example). To show whether NAPO antigen is lost dur­
ing death receptor-mediated apoptosis, TNF-a-treated 
MCF 7 and anti-Fas antibody-treated Jurkat cells were used. 
NAPO was lost in apoptotic Jurkat (Fig. 2 E) as well as 
MCF-7 cells (unpublished data). To test whether N A P O  loss 
during apoptosis was common to cells of different origin, ad­
ditional tumor-derived (FleLa, U20S, N 5 7 5 y SW480, LN­
CaP) as well as normal tissue-derived (293 and MRC-5) cell 
lines were induced to undergo apoptosis by H2O2, UV-C, or 
cisplatin treatment (Table I). NAPO staining was lost in all 
apoptotic cells in contrast to strong nuclear staining of the 
nonapoptotic counterparts (example data on 293 and MRC-5 
cells are shown in Fig. 2, G and I, respectively).

These results demonstrate that NAPO is ubiquitously ex­
pressed in living cells, but lost during apoptosis independent 
of the apoptosis activating pathway (Table I). The loss of
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Figure 3. NAPOantigen is positive in quiescent cells. MRC-5 cells 
were tested in parallel for BrdU incorporation {A and E) or NAPO  
antigen (C and G). Cells in A -D  were grown under standard culture 
conditions. Cells in panels E-H were serum starved for 3 d to induce 
a quiescent state, as indicated by negative BrdU staining In E. Note 
that both actively growing (C) and quiescent cells (G) are positive 
for NAPO. B, D, F, and H show Hoechst 33258 counterstaining.

N A P O  during apoptosis strongly suggests that this antigen is 
a nuclear caspase substrate. The epitope recognized by anti- 
N A P O  antibody on this antigen is probably lost as a result of 
caspase-mediated protein cleavage. However, it is presently 
unclear whether any of 60- and 70-kD polypeptides of the 
N A P O  antigen are known caspase substrates. To our knowl­
edge, proteins with similar molecular weight have not been 
described previously as apoptosis-associated proteins. Thus, 
N A P O  appears to be a novel marker for apoptosis that could 
serve to distinguish apoptotic from nonapoptotic cells. How­
ever, it was important to know whether the antigenic reactiv­
ity is modified under different growth conditions such as 
quiescence, cell cycle (especially mitosis), and senescence.

Expression of the NAPO antigen in quiescent cells
MRC-5 human embryonic lung fibroblast cells (passage 18) 
were grown to confluency and serum starved for 3 d to in­
duce quiescence. To show that these cells are indeed quies­
cent, BrdU incorporation was also tested. Our results indi­
cate that ^ 1 5 % of asynchronously growing MRC-5 cells are 
positive for BrdU i.e., in S phase (Fig. 3 A), whereas no 
BrdU labeling was observed in quiescent cells (Fig. 3 E). 
Under both conditions, all cells displayed a similarly positive 
nuclear staining for N A P O  (Fig. 3, C and G). These obser-



7 2 2  T h e  J o u r n a l  o f  C e l l  B i o l o g y  | V o l u m e  1 5 5 ,  N u m b e r  5 ,  2 0 0 1

A ”
30  

~  ?  5

Э 20

a  3 2 3 <3

Figure 4. N A P O  expression during cell cycle. Huh7 cells were 
synchronized by nocodazole treatment, followed by mitotic shake- 
off. Freshly collected cells were then grown in culture for up to 
36 h. The S phase was identified by BrdU incorporation assay. Time 
points between 0-16, 20-32, and 36 h were evaluated respectively 
as C l,  S, and C2 phases according to the BrdU incorporation index 
(A). NAPO and BrdU staining were performed at4 h intervals. B, D, 
F, and H illustrate NAPO  staining of cells at mitotic arrest (B), 8 h 
(D), 24 h (F), and 36 h (H), respectively. C, E, G, and I show 
Hoechst 33258 counterstaining. Note diffused NAPO staining in 
mitotically arrested Huh7 cells (B and C) which were digitally 
magnified threefold for better visualization.

vations indicated that N A P O  expression is not lost in nondi­
viding quiescent cells.

Expression of the NAPO antigen during cell cycle
We also analyzed the expression pattern of N A P O  in syn­
chronized cells in order to follow its positivity during differ­
ent phases of the cell cycle. For this purpose Huh7 cells were 
treated with nocodazole and mitotic cells were collected by 
mitotic shake-off and plated onto coverslips. Synchronized 
Huh7 cells were tested every 4 h for 36 h of culture for both 
BrdU incorporation and N A P O  staining. BrdU incorpora­
tion was minimal until 16 h after the release from mitotic ar­
rest with a maximum of BrdU incorporation at 24 h, fol­
lowed by a significant decrease at 36 h (Fig. 4 A). According 
to BrdU incorporation index, cells at time points before 16 h 
were evaluated as G1 phase cells, cells between time points

20 and 32 h as S phase cells, and those at time point 36 h as 
G2 phase cells. Mitotically arrested cells showed a diffusely 
positive (nuclear and cytoplasmic) N A P O  staining (Fig. 4 B). 
NAPO'SX.amm^ pattern was nuclear throughout the cell cy­
cle, at all time points (time points 8, 24, and 36 h are shown 
in Figs. 4, D, F, and FI, respectively). Thus, NA1Ю  staining 
was always positive during the cell cycle, the only noticeable 
change being a diffuse staining during mitosis, in contrast to 
strictly nuclear staining in other phases of the cell cycle.

Expression of the NAPO antigen in senescent cells
To test whether N A P O  antigen expression is modified dur­
ing senescence, MRC-5 cells were grown until passage 40, at 
which point they remain alive and attached to cell plate, but 
they stop dividing, a characteristic feature of senescence 
(Fulder and Holliday, 1975).The senescence is often accom­
panied by a positive SA-(3-gal activity, which is negative in 
presenescent cells (Dimri et al., 1995). As shown in Fig. 5, 
in contrast to presenescent MRC-5 cells at passage 18 (Fig. 
5 A), senescent MRC-5 cells at passage 40 were positive 
for SA-|3-gal activity (Fig. 5 B). Immunofluorescence data 
shown in Fig. 5, C and D, indicated that both presenescent 
and senescent iylRC-5 cells were positive for N A P O  antigen 
immunoreactivity, demonstrating that N A P O  expression is 
not lost in senescent cells.

Our observations demonstrate that N A P O  is present in liv­
ing cells in all phases of the cell cycle as well as during senes­
cence and quiescence, getting lost only during apoptosis. 
When compared with other available apoptosis detection sys­
tems, N A P O  test is highly specific for apoptosis and offers the 
simplicity of antibody-based assays. The anú-N A PO  anti­
body can be used for detection of apoptotic cells under differ­
ent conditions, such as in situ staining of cells and tissue sec­
tions, and for flow cytometry. TUNEL assay (Gavrieli et al., 
1992) is widely used for the identification of apoptotic cells, 
even though it requires several cumbersome experimental 
steps. As N A P O  and TUNEL assays provide exclusive nuclear 
staining of alive and apoptotic cells, respectively, we believe 
that both assays may be combined for better identification of 
apoptosis. Moreover, N A P O  assay may detect apoptotic cells 
before DNA fragmentation and it does not require special 
pretreatment of assay samples. N A P O  may also be used in 
combination with annexin V staining (Martin et al., 1995). 
N A P O  differs from previously identified and antibody- 
defined apoptosis markers (Grand et al., 1995; Zhang et al., 
1996; Hammond et al., 1998; Srinivasan et al., 1998; Leers 
et al., 1999) by its exclusive loss in apoptotic cells, but not in 
quiescent, proliferating, senescent, or even mitotic cells. We 
believe that this antibody will be veiy helpful for develop­
ment of simple and easy immunoassays for measurement of 
apoptosis in both cell lines and tissue samples.

Materials and methods
Monoclonal antibody production
10,000,000 COLO 320 cells were lysed in 2 ml PBS and 0.5 ml of lysate 
was injected into tail vein of Balb/c mice. 1 mo later, mice were immu­
nized twice more at 1 wk intervals, hybridomas were prepared from 
splenic cells, and antibody-producing clones were selected as described 
previously (Ozturk et al., 1989). One of the antibodies of IgG isotype, 
named anti-NAPO, was used for further studies.
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Figure 5. Ñ A P O  antigen is positive in senescent cells. Presenescent 
(A, C, and E) and senescent (B, D, and F) MRC-5 cells were stained 
for senescence-associated (3-galactosidase activity (A and B), NAPO  
immunoreactivity (C and D), and Hoechst 33258 DNA staining 
(E and F). Note that senescence-associated p-galactosidase-positive 
cells are also positive for NAPO  antigen.

Tissue culture
Huh7, SNU 398, COLO 320, MCF-7, HeLa, U20S, SW480, A375, 293, 
MRC-5, COS7, IAR-6, and CHOK-I cells were grown in DME (Biochrome 
or GIBCO BRL). FICII was grown in RPMI 1640 (Biological Industries) 
supplemented with 10 ng/ml EGF (Sigma-Aldrich) and 5 p-g/ml insulin 
(Sigma-Aldrich). jurkat and LNCaP cells were grown in RPMI 1640. All 
cells were grown in media supplemented with 10% FCS, 1% nonessential 
amino acids, 100 jxg/ml penicillin/streptomycin at 37°C and 5% CO2 .

Induction of apoptosis
Apoptotic cell death was induced by either serum starvation or treatment 
with FI202, UV-C, cisplatin, anti-Fas antibody or TNF-a treatment. SNU 
398 hepatocellular carcinoma cells were induced in serum-free medium 
for 3 d and tested for apoptosis. For oxidative stress-induced apoptosis, 
Huh7 cells were incubated in a culture medium containing 0.1% FCS for 
72 h, and treated with freshly prepared 100 p.M F1202 for at least 4 h be­
fore apoptosis assay. 293 cells were treated with 200 |xM H2O2 or 100 |xM 
cisplatin. MCF-7, HeLa, U20S, A375, SW480, LNCaP, Jurkat, and MRC-5 
cells were treated with UV-C irradiation (60-120 mj/cm^). For physiologi­
cally induced apoptosis studies, TNF-a-treated (Boehringer; 50 ng/ml for 
72 h) MCF-7 and anti-fas antibody-treated (Upstate Biotechnology; clone 
CHI 1, 25 ng/ml for 24 h) Jurkat cells were used.

Induction of quiescence
Presenescent MRC-5 cells (passage 18) were grown to confluency on cov- 
erslips and serum starved for 3 d. At the end of 3 d, one set of cells was 
tested for BrdU labeling and the other set was subjected to immunofluores­
cence for the expression of the NAPO antigen as described later. Asynchro­
nously growing MRC-5 cells of the same passage were used as a control.

Mitotic arrest and cell cycle synchronization
Huh7 cells were grown to 60% confluency and incubated with 50 ng/ml 
nocodazole (Sigma-Aldrich) for 18 h. Mitotic cells were collected by mi­
totic shake-off and replated onto coverslips. At indicated time points (be­
tween 4 and 36 h), one set of cells was tested for BrdU labeling, and the 
other set was subjected to immunofluorescence for the expression of the 
NAPO antigen.

Immunoprécipitation
Huh7 cells grown to 70% confluency were starved in DME lacking me­
thionine (Sigma-Aldrich) and labeled with 200 p,Ci l^'^Slmethionine (Amer-

sham Pharmacia Biotech) per 4 ml medium for 2 h. Cells were scraped in 
ice-cold PBS and lysed in NP-40 lysis buffer (150 mM NaCI, 1.0% NP-40, 
50 mM Tris pH 8.0, protease inhibitor cocktail; Roche), and centrifuged at 
13,000 rpm at 4°C for 30 min. The cell lysate was incubated with anti- 
NAPO antibody for 2 h and the NAPO antigen was immunoprecipitated 
by using protein G sepharose (Amersham Pharmacia Biotech).

Immunofluorescence
Cells were grown on coverslips and fixed with 100% ice-cold acetone for 
1 min or by 4% paraformaldehyde for 1 h. When paraformaldehyde was 
used, cells were permeabilized for 3 min with 0.1% Triton X-100 in 0.1% 
sodium citrate. After saturation with 3% BSA in PBS-T (0.1%) for 15 min, 
fixed cells were incubated with anti-NAPO antibody for 1 h at room tem­
perature. FITC-conjugated goat anti-mouse antibody (Dako) was used as 
the secondary antibody and diluted as recommended by the supplier. The 
immunofluorescence staining of Huh7 cells for p53 protein was tested us­
ing 6B10 monoclonal antibody (Yolcu et al., 2001). Nuclear DNA was vi­
sualized by incubation with 3 |xg/ml Floechst 33258 (Sigma-Aldrich) for 5 
min in the dark. Cover slips were then rinsed with distilled water, mounted 
on glass microscopic slides in 50% glycerol, and examined under fluores­
cent microscope (ZEISS). Jurkat cells were cytospinned (Shandon) for 3 
min at 200 rpm before immunofluorescence procedures.

TUNEL and annexin V stainings
The TUNEL assay was performed using an in situ cell death detection kit 
(Roche), according to manufacturer's recommendations. The annexin V 
assay was performed by annexin V-PE reagent (PharMingen), according to 
manufacturer's recommendations, and cells were fixed in ethanol. After 
TUNEL and annexin V assays, cells were counterstained with Hoechst 
33258 and examined as described.

BrdU labeling and identification of S phase cells
For BrdU incorporation, cells were incubated with 30 fiM  BrdU for 1 h be­
fore fixation with ice-cold 70% ethanol for 10 min. After DNA dénatur­
ation in 2 N HCI for 20 min, cells were incubated with FITC-conjugated 
anti-BrdU antibody (Dako) in the dilution as recommended by the sup­
plier, cells were counterstained with Hoechst 33258 and examined as de­
scribed.

Senescence-associated (3-galactosidase assay
MRC-5 cells were grown to passage 40 and subjected to senescence-asso­
ciated p-ga I actos i dase (SA 3-g3l) assay, as described by Dimri et al. 
(1995). Briefly, cells were fixed in 3% formaldehyde for 5 min and incu­
bated with SA p-gal solution (40 mM citric acid/sodium phosphate buffer, 
pH 6.0, 5 mM potassium ferro cyanide, 5 mM potassium ferric cyanide, 
150 mM NaCi, 2 mM MgCh, and 1 mg/ml X-Gal) for up to 12 h, and ex­
amined under light microscope.
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p53 and p73 proteins activate similar target genes and 
induce apoptosis and cell cycle arrest. However, /?55, but 
not p73 is considered a tumour-suppressor gene. Unlike 
/?53, p73 deficiency in mice does not lead to a cancer- 
prone phenotype, and p73 gene is not mutated in human 
cancers, including hepatocellular carcinoma. Here we 
report that normal liver cells express only AN-p73 
transcript forms giving rise to the synthesis of N- 
terminally truncated, transcriptionally inactive and 
dominant negative p73 proteins. In contrast, most 
hepatocellular carcinoma cells express TA-p73 transcript 
forms encoding full-length and transcriptionally active 
p73 proteins, in addition to AN-p73. We also show that 
together with the acquired expression of TA-p73, the 
Retinoblastoma pathway’ is inactivated, and £2Fl-target 
genes including cyclin E  and are activated in
hepatocellular carcinoma. However, there was no full 
correlation between Retinoblastoma pathway’ inactiva­
tion and TA-p73 expression. Most TA-p73-expressing 
hepatocellular carcinoma cells have also lost p53 function 
either by lack of expression or missense mutations. The 
p73 gene, encoding only AN-p73 protein, may function 
as a tumour promoter rather than a tumour suppressor in 
liver tissue. This may be one reason why p73 is not a 
mutation target in hepatocellular carcinoma. Oncogene 
(2001) 20, 5111-5117.

Keywords: liver cancer; p73; retinoblastoma; pi
pl4ARF; Qyciin E

Introduction

The p53 and its newly discovered homologues, 
namely p73 and p63 form a family of genes that 
activate similar target genes, and induce apoptosis 
and cell cycle arrest (Marin and Kaelin, 2000; 
Lohrum and Vousden, 2000). However, p53, but 
not the other family members, is considered a 
tumour-suppressor gene. For example, unlike p53, 
p73 deficiency in mice does not lead to a cancer- 
prone phenotype (Yang et al., 2000), and p73 gene is 
not mutated in human tumours, including hepatocel-
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lular carcinoma (HCC) (Marin and Kaelin, 2000; 
Mihara et ciL, 1999). Presently, the reasons for this 
discrepancy are not known. One of the major 
differences between p53 and the two other family 
members is the ability of p63 and p73 genes to 
encode multiple transcript isoforms (Marin and 
Kaelin, 2000; Lohrum and Vousden, 2000). Different 
p63 and p73 C-termini are generated as a result of 
alternative splicing between exons 10-15 and 10-14, 
respectively (Marin and Kaelin, 2000). In addition, 
p63 utilizes a cryptic promoter located in intron 3 to 
generate additional transcripts called AN-p63 iso­
forms (Yang et ai, 1998).

Our knowledge on truncated AN-p73 isoforms is 
scarce, but AN-p73 transcripts lacking transactivation 
domain were proposed to be predominant p73 gene 
products in some mouse tissues (Yang et ai, 2000). 
Pozniak et al. (2000) have recently demonstrated that 
p73 is primarily present in developing neurons as a 
truncated AN-p73 isoform in mouse. Like the tran­
scripts encoding AN-p63 (Yang et ai, 1998), murine 
AN-p73 messages were derived from an alternative 
promoter located in intron 3, and AN-p73 failed to 
activate transcription from a p53-reporter gene, but 
suppressed the transactivation activity of both TA- 
p73a and wild-type p53 (Yang et al., 2000; Pozniak et 
al., 2000). On the other hand, most, if not all reported 
studies on the expression of p73 in different cancers did 
not distinguish between AN-p73 and TA-p73 isoforms 
(reviewed in Marin and Kaelin, 2000; Lohrum and 
Vousden, 2000).

With regard to p73 implications in liver malig­
nancy, Tannapfel et al. (1999a,b) have reported that 
both p73 transcripts and protein were undetectable in 
most normal liver cells, but p73 protein was over­
expressed in a subset of HCCs, and could serve as an 
indicator of poor prognosis (Tannapfel et al., 1999b). 
On the other hand, Mihara et al. (1999) reported the 
absence of mutation, as well as absence of over­
expression of p73 gene in HCC. These observations 
were in apparent contradiction and they did not 
provide evidence about the mechanisms of p73 
involvement in liver malignancy. These reports, 
together with the identification AN-p73 in some 
mouse tissues (Yang et al., 2000; Pozniak et al., 
2000), led us to test whether p73 expression in 
normal liver and HCC differs in terms of AN-p73 
and TA-p73 isoforms. We also compared p73
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expression in HCC cells with the. status of ‘retino­
blastoma pathway’ and p53.

Results

By comparison of murine p73 cDNA sequences with 
that of human p73 gene, we developed assays for 
identification and detection of AN-p73 and TA-p73 
transcript isoforms (Figure la). Initial R T -PC R  
assays and nucleic acid sequencing identified AN-p73 
isoform in SNU 398 HCC cell line (Figure lb). The 
AN-p73 was also detected uniformly in mouse, rat 
(data not shown) and human liver tissues, as well as 
HCC cell lines (Figure Ic). In contrast, TA-p73 was 
not detectable in normal liver, but it was present in 14/ 
15 (93%) of HCC cell lines. However, TA-p73 bands 
displayed various intensities. They were at the limit of 
detection in cDNAs from SNU 182 and SNU 423 cell 
lines, and there was no detectable TA-p73 expression in 
Mahlavu cell line (Figure Ic). p73 transcripts also differ 
in their 3' regions because of alternative splicing 
between exons 10 to 14, giving rise to a, p, y, S, e 
and (j) isoforms (Zaika et al., 1999). p73 transcripts 
expressed in normal liver and HCC cell lines were 
mainly a, P and (j) isoforms (data not shown). To 
confirm the expression of AN-p73 and TA-p73, we 
tested the presence of these protein isoforms in SNU 
398 as compared to COS7 (Figure Id), using ER 13 
monoclonal antibody against amino acids 495-636 of 
p73-a (Oncogene Research Products, MA, USA). This 
antibody was shown to react with the a, but not p 
isoform of p73 protein (Marin et al., 1998). As shown 
in Figure Id, ER13 antibody reacted with« full-length 
p73-a (i.e. TA-p73-a) in COS7 cell line which was used 
as a positive control (Marin et ai, 1998). SNU 398 cell 
line expressed TA-p73-a similar to COS7, but also a 
shorter polypeptide with an apparent molecular weight 
of 62 kD. This polypeptide can not be p73-/? because 
of ER 13 specificity. Its apparent molecular weight 
correlates with that of mouse AN-p73-a described by 
Pozniak et al. (2000). Since, SNU 398 express both 
TA-p73 and AN-p73 transcripts (Figure Ic), the 
presence of both TA-p73 and AN-p73 proteins in this 
cell line is expected.

Next, p73 expression was studied in primary HCC 
tumours. As shown in Figure le, all tumours, as well 
as non tumour liver samples expressed AN-p73 
isoform. In addition, two of seven (29%) HCC tumour 
samples expressed TA-p73 isoform. An additional 
tumour (Tl) displayed a weakly positive TA-p73 band. 
There was no detectable TA-p73 in the remaining T3, 
T4, T6 and T7 tumours, as well as in non tumour liver 
NTl. Thus, acquired expression of TA-p73 in HCC 
was demonstrated in both primary HCC tumours and 
HCC-derived cell lines. However, the presence of TA- 
p73 was more frequent in cell lines than primary 
tumours. The TA-p73 transcripts shown in Figure 1 
were tested with a primer pair located on exons 3 and 
4, respectively. It has recently been described that, in 
some breast carcinoma cell lines overexpressing TA­

p73, a transactivation-deficient splice variant lacking 
exon 2 (p73Aexon2) is also detected (Fillippovich et al., 
2001). Since our TA-p73 transcript test system would 
not distinguish between TA-p73 and p73Aexon2, we 
performed additional R T -P C R  experiments. Using a 
forward primer located on exon 1 together with a 
reverse primer located on exon 4 (Fillippovich et ai, 
2001), we detected mainly TA-p73 transcripts in both 
primary HCC and cell lines (data not shown). This 
confirms that TA-p73 forms described in Figure 1 are 
indeed full-length forms, even though one can not rule 
out a weak expression of p73Aexon2 form in some cell 
lines.

Induced expression of TA-p73 in some HCCs 
suggested that its expression is acquired during 
malignant transformation of hepatocytes. Recently, 
E2F1 transcription factor has been shown to activate 
p73 transcription through E2F1-binding motifs around 
non-coding exon 1 of p73 gene (Stiewe and Putzer 
2000; Lissy et ai, 2000; Irwin et al., 2000; Zaika et ai, 
2001). E2F1-responsive p73 gene products have been 
identified as full-length p73a and p73/? proteins (Stiewe 
and Putzer, 2000; Lissy et al., 2000; Irwin et ai, 2000) 
that can be encoded by TA-p73, but not AN-p73 
transcript isoforms (Figure la). Thus, we hypothesized 
that the selective induction of TA-p73 expression in 
HCC tumours is due to E2F1 activation. Therefore, we 
also tested the expression of E2F1 target genes 
and CCNEl encoding cyclin E (Dyson, 1998). As 
shown in Figure le, the expression of cyclin E was 
induced in three tumours (Tl, T2, T5), as compared to 
non tumour liver tissue NTl. The expression of pl4^‘̂  ̂
was also induced in two tumours (Tl and T2). It was 
also noteworthy that in TA-p73-positive T2 and T5 
tumours, cyclin E expression was also induced, but 
only T2 showed pl4"̂ '̂ '' induction. Thus, three E2F1 
target genes (i.e. p73, Cyclin E and were
induced in some HCC tumours. However, there was 
no full correlation between their expression patterns in 
different tumours. This could be due to the quality of 
RNA extracted from these archival tumour tissues. 
(We were not able to test additional samples, because 
HCC is a rarely operated tumour). Alternatively, the 
expression of these E2F1 target genes in HCC may be 
under the influence of additional factors.

As the activity of E2F1 is controlled by the protein 
product of retinoblastoma (RBI) gene (pRb) (Dyson, 
1998), we studied whether the induction of TA-p73 
expression is related to the inactivation of ‘retinoblas­
toma pathway’ in HCC cells. The ‘retinoblastoma 
pathway’ in cancer cells is altered mainly by inactiva­
tion of either RBI or gene (Dyson, 1998). In
HCC, RBI mutations are rare, but allelic loss and 
decreased pRb levels occur frequently (reviewed in 
Ozturk, 1999), which may be due to overexpression of 
gankyrin that reduces the stability of pRb, and releases 
‘free E2F1’ (Higashitsuji et ai, 2000). Loss of plb'̂ *̂ ·̂ “ 
expression by gene deletion or promoter méthylation is 
also common in HCC (see Ozturk, 1999; Baek et ai, 
2000). Therefore, we compared the expression of TA- 
p73 with the expression of pRb protein and pJ6'^^‘̂‘'
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a
TA-p73 Primer TAP Primer R

AN-p73
Primer DNF

T Exon 4
Hximan TA-p73 (3AC GTC TTC GAG GTG GAG GGG ATG ACT ACA TCT GTC ATG GCC GAG
(aa 50>64) D V F H L E G M T T s V M A Q

H\man AN-p73 ATG CTG TAG GTG GGT
Exon 3' 
GAG GGG GCA CGG GAG CTC GCC

T Exon 4 
ACG GCC GAG

(aa 1-15) M L Y V G D P A R H L A T A Q

Mousa AN-p73 ATG CTT TAG GTG GGT
Exon 3'
GAG GGC ATG AGA GAG CTC GCC

T Exon 4 
ACG GCC GAG

(aa 1-15) M L Y V G D P M R H L A T A Q

\4 TA-P73

TA-P73 ^  

AN-p73 ^

MW(kD)

—  119

- 87

46.5

Figure 1 Identification of TA-p73 and AN-p73 transcripts and their expression in normal liver, HCC cell lines and primary HCC 
tumours, as compared to E2F1 target genes cyclin E and p i (a) Exon-intron structure of 5' coding region of human p73 gene 
showing the transcription start sites and splicing events leading to TA-p73 and AN-p73 isoforms. Initiation of transcription in exon 
1 produces the TA-isoforms, containing the transactivation (TA) domain (previously called p73), while initiation in exon 3' gives rise 
to the AN-isoforms without the TA domain. The putative transcriptional start site and exon 3' for AN-p73 were identified by in 
silico analysis of human p73 gene, as compared to mouse AN-p73 transcript sequence. Primers TAP and DNF indicate the positions 
of isoform-specific forward primers used to identify respectively TA-p73 and AN-p73 transcripts, in combination with Primer R 
common to both isoforms, (b) Partial nucleotide and amino acid sequences of human TA-p73 and AN-p73 transcript isoforms as 
compared to mouse AN-p73 isoform. Data for human AN-p73 was obtained from direct sequencing of a 186 bp R T -PC R  product 
obtained from SNU 398 HCC cell line, using DNF and R primer pair, (c) As compared to normal liver (NL), the expression of TA- 
p73, but not AN-p73 is induced strongly in 14 out of 15 (93%) HCC cell lines. TA-p73 and AN-p73 isoforms were tested as 
described in a. GAPDH was used as a control for equal template loading in PCR. Neg; negative control, (d) Western blot analysis 
of p73 protein in SNU 398 and COS7 reveals the presence of a ~62 kD polypeptide (presumably AN-p73 according to Pozniak ei 
al., 2000) in SNU 398, in addition to TA-p73 protein present in both cell lines. Five-hundred fig total protein was analysed with 
anti-p73 ER13 monoclonal antibody which recognizes p73-a, but not p73-/? isoforms (Marin et a i, 1998). (e) Expression of TA-p73, 
AN-p73, cyclin E and transcripts in primary HCC tumours. R T -PC R  analysis using oligonucleotide primers shown in a,
reveals the expression of AN-p73 in all samples tested. TA-p73 is easily detected in two out of seven tumours (T2, T5), T1 shows 
only weak expression, non tumour liver NTl (counterpart of T l) is negative. Similarly, cyclin E expression is also induced in T l, T2, 
and T5, but transcripts are induced only in Tl and T2. GAPDH was used as a control for equal template loading in PCR.
Neg; negative control
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transcripts in HCC cell lines. The expression of either 
pRb or was lost in six cell lines, and
significantly decreased in five others. Thus, ‘retinoblas­
toma pathway’ appeared to be inactivated in at least 11 
out of 15 (73%) cell lines (Figure 2a). Indeed, this 
inactivation has previously been reported for eight of 
these cell lines (Morel ei al., 2000; Baek et al, 2000; 
Puisieux et al, 1993; Suh et al, 2000). In support of 
this conclusion, the expression of E2F1 target genes 
cyclin E and were also induced in all cell lines,
except three for p i ( F i g u r e  2b), due to CDKN2A 
gene deletion in SNU 387 and SNU 449 (Baek et al, 
2000), and probably in SK-Hepl. These studies showed 
that both the inactivation of ‘retinoblastoma pathway’

and the induction of TA-p73 expression are relatively 
common events in HCC cell lines. However, our 
observations do not allow establishing a direct 
correlation between these two events. Additional 
studies are needed to address this issue.

The overexpression of TA-p73 is not compatible 
with cellular growth (Marin and Kaelin, 2000; Fang et 
al, 1999), but HCC cells can apparently tolerate TA- 
p73 expression (Figure Ic). The AN-p73, co-expressed 
in these cells, is known to suppress both TA-p73 and 
p53 activities (Yang et ai, 2000; Pozniak et al, 2000). 
In addition, some tumour-derived p53 mutant proteins 
were shown to bind and inactivate TA-p73 protein 
(Marin and Kaelin, 2000; Di Como et al, 1999; Strano
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Figure 2 Comparative analysis of the status of retinoblastoma pathway (pRb and p l6"^‘̂ '̂ ‘*), E2F1 target (cyclin E and pl4'^‘̂*‘) 
and p53 genes in HCC cell lines, (a) Either pRb or p lb ’̂ ·̂ *̂ “ expression is totally lost (Hep3B, SNU 387, SNU 449, Hep3B-TR, 
Hep40, SK-Hepl), or significantly decreased (SNU 398, SNU 423, SNU 475, FOCUS, PLC/PRF/5) in 11 out of 15 (73%) cell lines 
tested. Western blot analysis using antibody IF8 reveals that pRb protein is not detectable in HepB3, Hep3B-TR and Hep40, or 
weakly positive in SNU 423, SNU 449 and FOCUS. The asterix (*) denotes a non-pRb cross-reactive antigen (Morel et at., 2000), 
serving as a loading control for Western blot assay. R T -PC R  analysis shows that p l6' '̂ '̂^“ is not detectable in SNU 387, SNU 449 
and SK-Hepl, or weakly positive in SNU 398, SNU 423, SNU 475 and PLC/PRF/5. See Figure Ic for template loading control 
using GAPDH. Negative control for p l6"^‘̂ '*“ R T -PC R  is not shown, (b) The expression of E2F1 target cyclin E and genes
is induced in HCC cell lines. R T -PC R  analysis of cyclin E transcripts reveals that their expression is uniformly induced in all cell 
lines tested, as compared to normal liver (NL). The induction of pl4^*^^‘ expression is detectable in all but three cell lines. The lack 
of expression in SNU 449 and SNU 387 (see Baek ei at., 2000), and probably SK-Hepl (notice the lack of both p l6''̂ ' '̂’'* and 
PI4ARF expression) is due to CDKN2A gene deletion. See Figure Ic for the use of GAPDH as template loading control. Negative 
control is not shown, (c) Western blot assay for p53 shows no expression in FOCUS, SNU 387, SNU 398, Hep3B, Hep3B-TR, and 
high levels in Hep40, Mahlavu, PLC/PRF/5, SNU 423, SNU 449, Huh7, SNU 475 cell lines. Mahlavu and PLC/PRF/5 display 
Arg249Ser, and Huh7 Tyr220Cys mutations. HepG2 and SK-Hepl express wild-type p53 (Puisieux et at., 1993; Hsu et at., 1993). 
pRb Western blot data was used as a loading control (as in a)
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ei al., 2000; Marin et ai, 2000; Gaiddon et aL, 2001). 
Therefore, we tested whether there was a correlation 
between TA-p73 expression and p53 gene status in 
HCC cells. As shown in Figure 2c, p53 protein was 
either lost or mutant in at least eight out of 15 (53%) 
cell lines tested.

Discussion

Our observations demonstrate that p73 gene in normal 
liver cells encodes only truncated AN-p73 transcript 
isoform. In mouse, this isoform was shown to code for 
an inactive p73 protein, acting as a dominant negative 
form on the activities of full-length TA-p73 as well as 
wild-type p53 proteins (Yang el ai, 2000; Pozniak et 
al, 2000). The dominant expression of AN-p73 
transcript isoform was demonstrated in normal liver 
tissues from human, mouse as well as rat organisms 
(see Figure lc,e for human liver, other data not 
shown). In contrast, p73 gene encodes both TA-p73 
and AN-p73 isoforms in most HCC cell lines and some 
primary tumours. The acquired expression of TA-p73 
in HCC cells appears to be transformation-related 
rather than proliferation-related, since Mahlavu cells 
did not express detectable TA-p73 transcripts, while 
expressing AN-p73 isoform (Figure Ic). We also 
detected AN-p73, but not TA-p73 transcripts in 
proliferating normal human fibroblast cell line MRC5 
(data not shown).

Separate analysis of AN-p73 and TA-p73 tran­
scripts in liver and HCC has not been reported yet. 
However, Tannapfel el al. (1999a) reported the 
absence of p73 expression in normal hepatocytes, 
using an antibody directed against amino acid 
residues encoded by exon 3 of p73, which is absent 
in AN-p73, but present in TA-p73 transcripts (see 
Figure lb). Studies with this antibody (together with 
another anti-p73 antibody directed against a region 
common to both TA-p73 and AN-p73 proteins) also 
demonstrated that the p73 protein was negative in 
non tumour liver tissues, but positive in 32% of 
HCCs (Tannapfel et al., 1999b). Based on observa­
tions described here, it now appears that p73 detected 
in these HCCs is the TA-p73 form, although this 
requires a separate confirmation analysis with the 
TA-p73-specific antibody alone.

The induction of TA-p73 and the ‘retinoblastoma 
pathway’ inactivation was common in HCC cell lines 
(Table 1). However, comparative studies did not allow 
us to establish a link between the induction of TA-p73 
expression and the inactivation of ‘retinoblastoma 
pathway’. For example, the expression of E2F1-target 
genes was also induced in cell lines with apparently 
normal pRb and plb'̂ '̂ '**' expression. Nevertheless, our 
results indicate that ‘retinoblastoma pathway’ inactiva­
tion is common in HCC cell lines and it is 
accompanied by an induction of E2F1 target genes 
(i.e. p73, cyclin E and in most HCCs. This may
suggest that the acquired expression of TA-p73 in some 
HCC cell lines is due to the inactivation of ‘retino­
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blastoma pathway’. However, this remains to be 
demonstrated with further studies.

The expression of AN-p73 in normal liver, and the 
acquired expression of TA-p73 in HCC reveal new 
implications for p73 in tumour biology. The p73 gene, 
encoding only AN-p73 transcripts in normal liver, may 
function as a tumour promoter rather than a tumour 
suppressor in this tissue, by interfering with wild-type 
p53 function (Yang et al., 2000; Pozniak et al., 2000). 
This could explain why p73 is not mutated in HCC 
(Mihara et al., 1999). However, p53 gene is frequently 
mutated in HCC (Ozturk, 1999), as also demonstrated 
here in HCC-derived cell lines (Figure 2c). Thus, AN- 
p73 protein may not completely neutralize wild-type 
p53 activity. Alternatively, the induction of TA-p73 
transcription in tumour cells may redirect AN-p73 
protein from wild-type p53 to newly expressed TA-p73 
proteins.

On the other hand, the expression of TA-p73 
transcripts in HCC cells is puzzling, based on the fact 
that TA-p73 overexpression is known to induce growth 
arrest and apoptosis (Marin and Kaelin, 2000; Lohrum 
and Vousden, 2000). Therefore, HCC cells expressing 
TA-p73 need to equip themselves with mechanism(s) to 
tolerate TA-p73 protein expression. In addition to a 
possible role of AN-p73 protein for TA-p73 inactiva­
tion (Yang et al., 2000; Pozniak et al., 2000), mutant 
p53 proteins may also inactivate TA-p73, as reported 
previously (Di Como et al., 1999; Strano et al., 2000; 
Marin et al., 2000; Gaiddon et al., 2001). Accordingly, 
several HCC cell lines reported here (Mahlavu, PLC/ 
PRF/5, Huh7 etc.) express mutant p53 proteins that 
may inactivate TA-p73 protein. However, some other 
cell lines (FOCUS, Hep3B, SNU 387, SNU 398 etc.) 
have lost p53 expression. In this later group of cell 
lines, the tolerance of TA-p73 expression may require 
mutant p53-independent mechanisms. One additional 
hypothesis is that TA-p73 protein levels and/or its 
growth, suppressive activities are regulated by post- 
translational mechanisms, independent of both AN-p73 
and mutant p53. For example, endogenous p73 protein 
in a tumour cell line was shown to be stabilized by 
cisplatin and by c-Abl kinase, with no change in p73 
transcript levels (Gong et al., 1999). Moreover, the 
apoptosis-inducing function of p73 was demonstrated 
to be dependent to or enhanced by the c-Abl kinase in 
different cell types (Yuan et al., 1999; Agami et al., 
1999; Gong et al., 1999). Thus, some HCC cell lines 
may tolerate TA-p73 expression, if, for example, they 
are deficient in c-Abl kinase activity.

Materials and methods

Tissues and cell lines

Normal liver tissues from Balb/c mice and Sprague-Dawley 
rats were obtained after ether anaesthesia. Normal human 
liver tissue was obtained from discarded surgical material 
from a patient operated for hepatic hydatid cyst. Primary 
HCC tumours and non tumour liver were freshly frozen
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Table 1 Comparative analysis of TA-p73 induction, E2F1 target gene activation and the retinoblastoma (RB/)  pathway inactivation in HCC

_______  cell lines

Ce// lines
RBI pathway genes 

pRb pl6^^^^^^ TA-p73

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Traces

ND
Traces
Positive
Positive

EF2I target genes 
p I4'4(i··

Positive
Positive
Positive
Positive
ND
ND
ND
Positive
Positive
Positive
Positive

Positive
Positive
Positive
Positive

Cyclin E

Group I: Inactivated RBI pathway
hep3B ND Positive
Hep3B-TR ND Positive
hep40 ND Positive
FOCUS Traces Positive
SNU-449 Positive ND
SNU-387 Positive ND
SK-hepl Positive ND
PLC/PRF/5 Positive Traces
SNU-475 Positive Traces
SNU-398 Positive Traces
SNU-423 Traces Traces

Group II: Normal RBI pathway
Mahlavu Positive Positive
SNU-182 Positive Positive
HepG2 Positive Positive
Huh-7_________________  Positive Positive

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Positive
Positive
Positive
Positive

ND: not detected

archival materials. Fifteen human hepatoma-derived cell lines 
(14 HCC and one hepatoblastoma), MRC5 and COS7 were 
grown in culture as described (Morel et al., 2000). Most cell 
lines were from ATCC, the others have been previously 
described (Morel et al., 2000; Baek et al., 2000; Puisieux et 
al., 1993; Bouzahzah et al., 1995).

RNA and cDNA preparations

Total RNA from cell lines and tissues was extracted using 
NucleoSpin RNA II Kit (MN Macherey-Nagel, Duren, 
Germany) and TriPure reagent (Boehringer Mannheim, 
Indianapolis, IN, USA), respectively. The cDNAs were 
prepared from total RNA (5 pg) using RevertAid First 
Strand cDNA Synthesis Kit (MBI-Fermentas, Vilnius, 
Lithuania).

Transcript analysis by R T - P C R

For the identification of TA-p73 and AN-p73 forms, we used 
the available human p73 genomic sequence and mouse AN- 
p73 cDNA sequence data and designed two forward and one 
reverse (Primer R; 5'-GCGACATGGTGTCGAAGGTG- 
GAGC-3') primers to specifically amplify these forms from 
human, mouse and rat tissues. These sequences were selected 
on the basis of highest homology between mouse and human 
DNA sequences (maximum one mismatch, data not shown). 
The forward primers TAF (5'- AACCAGACAGCACCT- 
ACTTCGACC-3') and DNF (5'-ACCATGCTG TAC- 
GTCGGTGACCCC-3') were used for specific amplification 
of TA-p73 and AN-p73 forms, respectively. For the detection 
of p73 isoforms generated by differential splicing between 
exons 10 to 14, a forward primer from exon 10 (5'- 
CGGCCATATT GGTGCCGCAGCCACTGGTG-3') and 
two different reverse primers were used. A reverse primer 
from exon 13 (5'-GTTTGGCACCCCCAATCCTGT-3') was 
used for specific amplification of transcripts containing this 
exon, i.e. p73a, p73e, and p73y (see Zaika et al., 1999 for 
terminology). Another reverse primer, encompassing se­
quences from exon 12 followed by exon 14 (5'-AGGGCCCC- 
CAGGTCCTGAGC-3'), was used for specific amplification 
of p73/i and p73(/; isoforms (Zaika et al., 1999) that contain

this particular sequence, plb'̂ '̂ '’“ and RT-PCRs were
done using a specific forward primer for each transcript (5'- 
CGGAGAGGGGGAGAACAGAC-3' for p i a n d  5'- 
TCACCTCTGGTGCCAAAGGG-3' for pM'̂ '"') and a 
common reverse primer (5'-GGCAGTTGTGGCCCTG- 
TAGG-3'). For the detection of cyclin E mRNA levels, 
cyclin E-F (5'-TTGACCGGTATATGGCGACACAAG-3') 
and cyclin E-R (5'-ATGATACAAGGCCGAAGCAG- 
CAAG-3') primers were used. All RT-PCR reactions were 
done using appropriate annealing and extension conditions 
(additional information is available upon request). Equal 
amount of RNA was used in cDNA synthesis and the 
quality of cDNA was initially tested by GAPDH RT-PCR 
amplification with primer pair F (5'-GGCTGAGAACGG- 
GAAGCTTGTCAT-3') and R (5'-CAGCCTTCTCCAT- 
GGTGGTGAAGA-3'), using 1/40 vol-ume of cDNA 
preparation. Further PCR studies were performed with 
cDNA preparations yielding equal amounts of GAPDH 
amplification products. Total PCR cycle numbers have been 
defined following an initial study at 22, 26, 30 and 34 
cycles, in order to remain in the logarithmic phase of 
amplification. All RT-PCR results have been repeated 
several times from different batches of RNA preparations 
except primary tumours for which single RNA preparations 
were used. The expression of TA-p73 isoform was 
confirmed with an additional pair of primers, as described 
by Fillippovich et al. (2001). The identity of different p73 
isoforms (TA-p73, AN-p73, p73a, p73/i, p73y, p73(/>) has 
been confirmed by restriction enzyme mapping and 
automated sequencing (PE, ABI PRISM 377 automated 
sequencer) techniques.

Western blotting

The expression of retinoblastoma (pRb) and p53 proteins in 
different cell lines was studied by Western blotting, using 
anti-pRb IF8 (SC 102, Santa Cruz Biotechnology) and anti- 
p53 6B10 (Yolcu et al., 2001) monoclonal antibodies, 
respectively, as described previously (Morel et al., 2000). 
Equal protein loading was confirmed by blotting with control 
antibody against cytokeratin 18 (JAR 13 clone, gift from D 
Bellet, Institut Gustave Roussy, France). p73 protein Western
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blot assays were done with ER13 (Ab-1, Oncogene Research 
Products, MA, USA) using the experimental procedure 
described by Marin et al. (1998).

Abbreviations
HCC, hepatocellular carcinoma; 
gene; pRb, retinoblastoma protein.

RBI, retinoblastoma
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A monoclonal antibody against DNA binding helix of p53 protein
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Three monoclonal antibodies (Mabs) were generated 
against p53 DNA-binding core domain. When tested by 
immunoprécipitation, Western blot and immunofluores­
cence techniques, Mab 9E4, as well as 7D3 and 6B10 
reacted with both wild-type and various mutant p53 
proteins. The epitopes recognized by Mabs 7D3, 9E4 and 
6B10 were located respectively within the amino acid 
residues 211-220, 281-290 and 291-300 of human p53 
protein. The epitope recognized by 9E4 Mab coincides 
with helix 2, also called p53 DNA binding helix, which 
allows the direct contact of the protein with its target 
DNA sequences. This antibody may be useful to study 
transcription-dependent and transcription-independent 
activities of wild-type and mutant p53 proteins. Onco­
gene (2001) 20, 1398-1401.

Keywords: p53; hybridoma; DNA binding helix

Encoded by a tumor suppressor gene, p53 protein is 
one of the most intensively investigated molecules in 
the tumor biology field (Levine, 1997). Wild-type p53 
protein is a transcription factor that regulates the 
expression of a large list of genes involved in many 
different cellular processes such as growth arrest, 
apoptosis, senescence, DNA repair and tumor metas­
tasis. The best-described functions of wild-type p53 are 
cell cycle arrest and apoptosis as a response to DNA 
damage. Cell cycle arrest is mediated by p53-induced 
transcriptional activation, whereas apoptosis was 
reported to be induced by both transcription-dependent 
and transcription-independent pathways (Agarwal et 
ai, 1998).

In normal cells, p53 protein is actively degraded by a 
mechanism involving p53-mdm2 interaction. Following 
DNA damage or oncogene activation, p53 is stabilized 
and accumulates in cells (Oren, 1999). Transcriptional 
activation induced by p53 results from its nuclear 
localization and binding, as a tetramer, to specific p53- 
binding pentamers (PuPuPuCA/T) located at the 
regulatory regions of different p53-responsive genes 
(Levine, 1997). The central core region of p53 is
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Received 4 December 2000; revised 8 January 2001; accepted 8 
January 2001

directly involved in its binding to target DNA motifs. 
This region is known as an independently folded, 
compact structural domain. Cho et al. (1994) demon­
strated that the structure of the p53 core domain 
contains a P sandwich composed of two antiparallel P 
sheets, and a loop-/i -  sheet-a -  helix motif that packs 
tightly against one end of the f  sandwich. At this end 
of the P barrel, there are two long loop regions (L2 and 
L3) that are stabilized by a tetrahedrally coordinated 
zinc atom. Although the p barrel comprises a major 
part of the core domain structure, two loops and one a 
helix of p53 are directly involved in DNA binding. 
Protein-DNA interactions are composed of major 
groove contacts with C-terminal sequence of the a 
helix H2 (aa 278-286) and loop LI (aa 112-124) of 
the loop-sheet-helix motif; minor groove interactions 
which take place in the A:T-rich region of the DNA 
and involve Arg-“’*’ from L3 loop (aa 236-251), and 
interactions of p53 with the phosphate backbone 
connecting major and minor groves (Cho et ciL, 
1994). The majority of p53 gene alterations are 
missense mutations leading to the synthesis of mutant 
proteins. These mutant proteins are unable to bind the 
target DNA sequences due to the substitutions at key 
amino acid residues of the DNA binding core domain 
(Soussi et al., 2000).

Monoclonal antibodies directed against linear and 
conformational epitopes at different domains of p53 
protein are highly useful tools to investigate structure- 
function relationship of wild-type and mutant p53 
proteins. Most of these antibodies react with epitopes 
located at the antigenically dominant N-terminal and 
C-terminal regions of p53 (Legros et al., 1994). The 
centrally located core region is poorly antigenic, and 
only a few monoclonal antibodies have been generated 
to this critical DNA binding domain (Legros et al., 
1994). We generated three monoclonal antibodies 
against p53 DNA binding domain, from mice 
immunized with recombinant full length human p53 
protein, by selective screening of antibody-producing 
hybridomas using a truncated p53 polypeptide lacking 
both N-terminal and C-terminal regions (a histidine- 
tagged 237 amino acid polypeptide spanning residues 
72-308 of human p53 protein).

Three hybridoma clones (named 6B10, 7D3 and 
9E4) producing monoclonal anti-p53 antibodies were 
selected for further studies. All three Mabs were first
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tested for their ability to recognize human p53 protein 
using western immunoblotting technique (Figure 1). 
Both 9E4 and 6B10 recognized wild-type p53 expressed 
in HepG2 cells, but 7D3 reacted only weakly. All three 
antibodies also reacted with two different mutant p53 
proteins, p53-Y220C and p53-R249S, expressed in 
Huh-7 and Mahlavu cells, respectively. p53-deleted 
Hep3B cells were used as a negative control (Hsu ei aL, 
1993). Interestingly, 9E4 reacted with three antigens in 
these p53-deiicient cells, as well as three other cell lines 
tested (Figure 1). These antigens showed a different 
migration pattern than wild-type or mutant p53 
proteins (compare 9E4 with 6B10 in Figure 1), and 
appear to be unrelated to p53 protein. The apparent 
molecular weights of two antigens were higher than 
that of p53. The nature of these antigens recognized by 
9E4 is presently unknown. On the other hand, 9E4 
antibody reacted only with p53 when tested by 
immunoprécipitation after ■̂‘'S-methionine labelling of 
transfected Saos cells (Figure 2). This suggests that 9E4 
recognizes several cross-reacting antigens under dena­
turing conditions of Western blot assay, but not in 
their native form. The immunoprécipitation experi­
ments with both 9E4 and 6B10, in comparison with 
D 07 antibody (Vojtesek et a i, 1992) also indicated 
that their immunoreactivities with different p53 
proteins were weaker, probably because their respective 
epitopes are less accessible under non-denaturing 
conditions of immunoprécipitation assay (Figure 2). 
Figure 2 shows that all tested p53 mutants are 
recognized by 9E4, and to a lesser degree by 6B10. 
Some of these mutants such as p53-Rl75P retain 
transcriptional activity and the ability to induce G1 
arrest, but have lost apoptotic activity, while others 
such as p53-R175Y and p53-R175 W have lost both 
activities (Ryan and Vousden, 1998).

We also tested 9E4, 6B10 and 7D3 antibodies by 
indirect immunofluorescence after fixation and permea- 
bilization of cells with methanol. A strongly positive 
nuclear staining was observed with 9E4 and 6B10 in 
many cell lines expressing different mutant p53 
proteins. The 9E4 Mab also reacted strongly with a 
cytoskeleton-associated antigen in different cell lines 
tested, including p53-negative Hep3B cells, under these 
conditions. These observations confirm our hypothesis 
that antigens cross-reacting with 9E4 antibody are 
recognized only under denaturating conditions. The 
immunoreactivity observed by 7D3 was weak in 
indirect immunofluorescence assay, similarly to Wes­
tern blot data (data not shown).

The main characteristics of our antibodies are 
summarized in Table 1. The epitopes recognized by 
these antibodies were determined by Pepscan ELISA, 
as previously described (Legros et ai, 1994). The 7D3 
Mab reacted with an epitope located within amino acid 
residues 211-220 (TFRHSVVVPY) of human p53. 
This 10 amino-acid fragment carries epitopes for two 
previously identified antibodies, namely Pab240 that 
recognizes the residues 213-218 (Stephen and Lane, 
1992) and HO 13.1 (Legros et a i, 1994). The 6B10 Mab 
recognizes amino acids residues 291-300 (KKGEPH-

9E4 6B10 7D3

Figure 1 Immunoreactivities of 6B10, 7D3 and 9E4 monoclonal 
antibodies with wild-type and mutant p53 protein as tested by 
Western immunoblotting. Cell lysates were prepared from 
indicated cell lines using a buffer containing 150 mM NaCl, 
1 mM EDTA, 1.0% NP-40, 10 niM Tris (pH 8.0), 1.0% sodium 
deoxycolate and 1 x complete EDTA-free protease inhibitor 
cocktail (Roche). A total of 30 ¡xg protein was loaded from each 
lysate and subjected to 10% SD S-PAGE. Transfer of the 
proteins to PVDF membrane (Millipore) was performed by Bio- 
Rad semi-dry transfer cell. Membranes were blocked in TBS-T 
containing 3% dried non-fat milk powder and incubated with the 
indicated anti-p53 antibodies. Detection was performed with 
Lumilight-plus kit (Roche). Black arrows indicate p53 protein. 
Note that Hep 3B cells are p53-negative, while HepG2, Huh-7 
and Mahlavu cells express wild-type, mutant p53-Y220C and 
mutant p53-R249S, respectively (Hsu et at., 1993)

WT-p53

I I
Pro-175 Trp-175 Trp-248

I I I II I

Ш

His-175 Ala-143

--------- 1̂---------
His-273

I 11 11 I

1399

Figure 2 Immunoprécipitations of wild-type and mutant p53 
proteins with 9E4 and 6B10 monoclonal antibodies indicate that 
both 9E4 and 6B10 recognize both wild-type and mutant p53 
proteins, although their immunoreactivities are weak in compar­
ison to D07 monoclonal antibody. The experiments for wild-type 
p53 protein were performed with in-vitro translated human p53. 
All other experiments were performed with p53 negative SaOs 
cells following transient transfection with the indicated mutant 
forms of human p53. Following transfections, cells were 
metabolically labelled with ‘̂ ^S-methionine, and lysed in a buffer 
containing 150 niM NaCl, 1 mM EDTA, 1.0% NP-40, 10 niM Tris 
(pH 8.0), 1.0% sodium deoxycholate, 10 jwg/ml leupeptine, 1 \xgj 
ml pepstatin and 10 /¿g/ml aprotinin. Following centrifugation, 
supernatants were immunoprecipitated with the indicated anti­
bodies and Protein G agarose, run on SD S-PA G E and subjected 
to autoradiography

HELP), similar to H07.1 and H033.8 antibodies 
described by Legros et al. (1994).

The Mab 9E4 recognizes a new epitope located within 
amino acids residues 281-290 (DRRTEEENLR). This 
epitope comprises six (DRRTEE) of the nine amino acid
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Table 1 Characteristics of monoclonal antibodies 6B10, 7D3 and 9E4

Monoclonal
antibodies

Ig isotype 
(light chain)'*

Epitope on human p53 
(amino acid residues)^’

Related structural motifs 
(amino acid residues)

7D3 IgG2a (/c) TFRHSVVVPY Pab240 epitope"
(2 1 1 - 220) (213-218)

9E4 IgGl (/c) DRRTEEENLR H2 Helix*“
(281-290) (278-286)

6B10 IgGl { k ) KKGEPHHELP H07.1 and H033.8 epitopes'’
(291-300) (291-300)

“Isotypes were determined by ‘Mouse-Hybridoma Subtyping Kit’ (Boehringer). ‘’Epitopes were mapped by Pepscan ELISA assay (Legros et al 
1994). "Stephen and Lane (1992). '̂Cho et al. (1994)

residues (PGRDRRTEE) that form the DNA binding 
H2 a helix motif (H2) of human p53 (residues 278-286). 
p53 interactions with its target pentamer involve both 
major and minor groove contacts. Several amino acid 
residues of H2 motif are involved in these contacts. The 
Arg28o residue, reinforced by Asp̂ *̂ ', makes the most 
critical major groove contact with the invariant C : G 
base pair of the pentamer consensus. The Asp̂ ^̂ ', does 
not participate directly to DNA contacts, but it forms 
salt bridges with both Arĝ ^̂  ̂ and Arg“̂  ̂ which itself 
binds to a phosphate group in the consensus motif. 
Finally, Arg“̂ '̂̂ of H2 helix participates to DNA back­
bone contacts by binding to another phosphate of the 
consensus motif. A forth residue of H2 helix, Arĝ *̂ % one 
of the six mutational hotspots of p53, plays a structural 
role in the loop-sheet-helix  motif, being involved in the 
packing of H2 helix against the /i hairpin and LI loop 
(Cho et a i, 1994). Thus, the epitope recognized by 9E4 
harbors several key amino acid residues directly involved 
in specific binding of p53 to its target DNA sequences.

The positions of epitopes recognized by 7D3 and 
9E4 Mabs are shown in Figure 3. We believe that the 
9E4 antibody will be a quite useful tool for difibrent 
studies related to the specific binding qf p53 to its 
target DNA sequences, as well as for the comparison 
of its transcription-dependent and transcription-inde­
pendent cellular activities. It is expected that 9E4 
antibody will block both specific DNA-binding and 
transcriptional regulatory activities of p53, when 
introduced into cells by micro-injection or as an 
intracellular antibody (Cohen et al., 1998; Caron de 
Fromentel et al., 1999). By the same methods, 9E4 may 
also be useful to test whether certain p53 mutants 
display any transcriptional activity, either as a 
repressor or activator, directly or indirectly (Blandino 
et al., 1999). Finally, two recently discovered p53 
homologue proteins, namely p63 and p73, are known 
to display p53-like transcriptional activities. These new 
proteins have different amino acid sequences in the 
region homologous to 9E4 antibody epitope on p53

Figure 3 The location of p53 protein epitopes recognized by 
7D3 and 9E4 mouse monoclonal antibodies on the p53 core 
domain. The three dimensional model of the core domain of 
human p53 and its DNA binding site (Cho et al., 1994), 
illustrating the epitope structures (ball and stick in black) 
involved in direct interaction with 7D3 and 9E4 monoclonal 
antibodies

protein. In contrast to the DRRTEEENLR sequence 
on p53, p63 and p73 have respectively DRKADEDSIR 
and DRKADEDHYR sequences (underlined residues 
differ from that of p53) at the same region (Kaghad et 
al., 1997; Osada et al., 1998). It is highly unlikely that 
9E4 will be able to recognize these corresponding 
amino acid residues on p63 and p73. Therefore, 9E4 
may be used to block specifically any p53-related 
transcriptional activity, when studying cellular activ­
ities of p63 or p73 under experimental conditions. Such 
studies are under investigation.
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