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Zusammenfassung 

 

Das INK4a Gen kodiert für das Suppressorprotein  p14ARF, welches in fast der Hälfte aller 

Tumore mutiert ist. Es wurde gezeigt, dass p14ARF eine wichtige Rolle in der Regulation des 

Zellzyklusarrestes und der Apoptose spielt. Das Ziel dieser Arbeit war es, die Regulation 

des p14ARF-induzierten Zelltodes zu untersuchen. Aus diesem Grund wurde eine MCF-7 p53 

wildtyp Brustkrebs Zelllinie verwendet, welche keine Effektor Caspase-3 exprimiert, sowie 

MCF-7 Zellen die stabil mit Caspase-3 retransfiziert wurden. Die Expression von p14ARF 

induzierte einen G1 Arrest, sowohl in Caspase-3 defizienten als auch in Caspase-3 

exprimierenden MCF-7 Transfektanten, jedoch konnte kein Zelltod detektiert werden. Eine 

zusätzliche Behandlung mit dem Kinase Inhibitor Koffein führte zu einem Verlust der 

Zellviabilität in den Caspase-3 profizienten als auch defizienten MCF-7 Zellen.  Die MCF-7 

Zellen starben dabei aus der G2 Phase des Zellzykluses heraus, unabhängig von der 

Caspase-3 Expression. In Caspase-3 exprimierenden MCF-7 Zellen, induzierte p14ARF, nach 

Sensibilisierung mit Koffein, Apoptose. Die Vermittlung erfolgte über den mitochondrialen 

Apoptosesignalweg, detektiert durch den Zusammenbruch des mitochondrialen 

Membranpotentials, der Cytochrom c Freisetzung und der Caspaseaktivierung. Im 

Gegensatz dazu, starben Caspase-3 defiziente MCF-7 Zellen durch einen nicht 

apoptotischen Mechanismus, welcher als Autophagie charakterisiert werden konnte. Die 

durch Koffein ausgelöste Hemmung der Zellantwort auf DNA-Schäden verminderte die 

Expression des CDK Inhibitors p21, was  zu einer Zelltodinduktion durch p14ARF führte. Der 

Verlust von p21 führte zu einer Caspase-3 anhängigen p14ARF-induzierten Apoptose bzw. zu 

Autophagy in Abwesenheit einer effizienten Caspaseaktivierung durch den Verlust von 

Caspase-3. Diese Daten zeigen, dass die Beeinflussung des Zellzyklus entscheidend für die 

p14ARF-induzierte Apoptose ist, welche von der Expression von Caspase-3 abhängig ist. Der 

Verlust der Caspase-3 führt zu einem Zelltod der durch Autophagie vermittelt wird. 

Des Weiteren wurde der Einfluss des anti-apoptotischen Proteins Bcl-2 auf die p14ARF-

induzierte Apoptose in Kombination mit Koffein in SW480 Zellen untersucht, die stabil 

Bcl-2 entweder am Endoplasmatischen Retikulum oder an den Mitochondrien exprimieren. 

Die Ergebnisse zeigten eindeutig, dass die Überexpression von Bcl-2, die p14ARF- induzierte 

Apoptose komplett hemmt, jedoch nur, wenn Bcl-2 an den Mitochondrien lokalisiert war. 

Dies legt den Schluss nahe, dass nach Sensibilisierung mit Koffein, p14ARF vorzugsweise 

über die Mitochondrien Apoptose induziert. 
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Ein weiteres wichtiges Ziel dieser Arbeit war es, neue brauchbare Therapien für 

bestrahlungsresistente MCF-7 Zellen zu entwickeln. Hier zeigte sich, dass eine 

Sensitivierung der Zellen für strahlungsinduzierten apoptotischen  Zelltod und eine 

begünstigte Zellzyklusprogression durch p14ARF von Caspase-3 abhängig ist. 
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1. Summary 

 

The tumour suppressor protein p14ARF is encoded by the human INK4a gene locus and it is 

known that a mutation of this gene is present in almost half of all cancers. It has been shown 

that p14ARF plays a unique role in the regulation of cell cycle arrest and apoptosis following 

oncogenic stress. The aim of this thesis was to investigate the regulation of p14ARF induced 

cell death. To this end, p53 wild type MCF-7 breast carcinoma cells, which have lost the 

key executioner caspase-3 and MCF-7 cells stably re-transfected with procaspase-3 were 

employed. Expression of p14ARF induced a dominant G1 arrest in both caspase-3 deficient 

mock and caspase-3 re-expressing MCF-7 transfectants, but no cell death. Additional 

checkpoint abrogation by the kinase inhibitor caffeine was accompanied by loss of cell 

viability in both caspase-3 and mock transfectants. Regardless of the presence of caspase-3, 

MCF-7 cells died from the G2 phase of the cell cycle. In caspase-3 proficient MCF-7 cells, 

p14ARF induced apoptosis (type I cell death) after sensitization with caffeine. This was 

executed via the mitochondrial pathway as evidenced by a breakdown of the mitochondrial 

membrane potential, cytochrome c release and caspase activation. In contrast, caspase-3 

deficient MCF-7 cells died through a non-apoptotic mechanism that was characterized as 

autophagy. Inhibition of the DNA damage response by caffeine impaired expression of the 

CDK inhibitor p21 and this was linked to induction of cell death by p14ARF. Thus, loss of 

p21 facilitates p14ARF-induced apoptosis in a caspase-3 dependent manner or autophagy in 

the absence of efficient executioner caspase activation. These data indicate that cell cycle 

arrest programs interfere with p14ARF-induced apoptosis that strictly depends on caspase-3 

and that loss of this executioner caspase facilitates induction of autophagy cell death.  

The impact of the antiapoptotic Bcl-2 protein on p14ARF-induced apoptosis in combination 

with caffeine was examined using SW480 cells stably overexpressing Bcl-2 at the 

endoplasmic reticulum or at the mitochondria. Obtained data clearly showed that only when 

Bcl-2 was localized at the mitochondria apoptosis was completely blocked. These data 

provide evidence that after sensitization with caffeine, p14ARF predominantly targets the 

mitochondria to execute cell death.  

Another essential objective in this thesis was to propose a new useful tool against radiation 

resistance MCF-7 cells. Additionally, p14ARF sensitized cells for ionizing irradiation, 

promoted cell cycle progression, and triggered apoptosis via an entirely caspase-3 dependent 

pathway. 



INTRODUCTION 
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2. Introduction 

 

2.1 Cell death  

2.1.1 Necrosis 

 

Necrosis is a form of cell death referred to as an accidental and uncontrolled cellular event 

following e.g. thermic, toxic or mitochondrial damage. The process is, however, also 

initiated when cells, undergoing regulated cell death are not able to activate the energy-

dependent apoptotic pathway. The main features of necrosis are due to bio-energetic 

failures, rapid loss of plasma membrane integrity and swelling of the organelles and the 

nucleus without chromatin condensation. Release of intracellular components into the 

extracellular matrix leads to an inflammatory response and can damage the neighbouring 

cells and tissues (Zong and Thompson, 2006). 

 

2.1.2 Mitotic catastrophe 

 

Mitotic catastrophe is a form of cell death occurring from a deregulated or failed mitosis. It 

can be accompanied by morphological alterations such as formation of large cells with 

multiple micronuclei and decondensed chromatin micronucleation (Roninson et al., 2001; 

Swanson et al., 1995). The combination of checkpoint insufficiency and different types of 

damage may lead to mitotic catastrophe. Pharmacological inhibition or genetic suppression 

of several G2 checkpoint genes such as ATM, ATR, Chk1, Chk2 and polo-like kinase 

(Plk)1, can promote DNA-damage-induced mitotic catastrophe (Bunz et al., 1998; Chen et 

al., 2003). 

 

2.1.3 Apoptosis (Type I cell death) 

 

The term “programmed cell death”, utilized for the first time in 1964, proposes that cell 

death during development is not accidental, but follows controlled steps leading to a locally 

and temporally defined self-destruction (Lockshin, 1964). Following these studies, John 

Kerr et al., established in 1972 the term “apoptosis” in order to describe the morphological 
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and biochemical changes leading to controlled cellular suicide. Apoptosis is also known as 

type I cell death and is an active and tightly regulated process employed to remove 

unwanted, damaged or aged cells. This physiological mechanism of cell removal has 

important biological significance in embryonic development, differentiation, tissue 

homeostasis, and is vital for tissue repair in response to damage (Vaux and Korsmeyer, 

1999). Apoptosis involves activation of catabolic enzymes (proteases) in a signalling 

cascade, leading to the rapid destruction of cellular structures and organelles. The cell 

membrane remains intact, cellular content is contained and no inflammation occurs. 

Apoptosis is consisting of cellular shrinkage, blebbing of the plasma membrane, chromatin 

condensation, which coincides DNA fragmentation and due to proteolysis of structural 

proteins, culminates in the formation of apoptotic bodies (Wyllie et al., 1984).  

 

 

 

Figure 1. Morphological changes during apoptosis. 

Apoptosis is a controlled process consisting of shrinkage of the cell, condensation of the chromatin 

and membrane blebbing which leads to nuclear fragmentation, formation of apoptotic bodies and 

finally to phagocytosis (Kerr et al., 1994). 

 

The crucial role of apoptosis is revealed by apoptotic dysfunctions, which cause 

abnormalities not only during development but also in the pathogenesis of various diseases. 

Many diseases are associated with either too much or too little cell death. Insufficient cell 

death shifts the equilibrium of cell homeostasis toward cell proliferation and can therefore 

lead to cancer (Thompson, 1995).  

The apoptotic signalling is divided into two main pathways, based on the mechanism of 

induction. The intrinsic pathway, which is triggered by different intracellular stress signals 

mainly depends on mitochondrial changes and formation of the apoptosome reviewed in 

(Daniel et al., 2003). The extrinsic pathway is activated by extracellular factors that act via 

the death receptor (DR) mediated signalling cascade (Daniel et al., 2001). Although 
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different proteins participate in the apoptotic machinery, there is a crosstalk between both 

apoptosis signalling pathways. 

 

2.2 Apoptotic pathways 

2.2.1 The intrinsic mitochondrial pathway 

 

The intrinsic or mitochondrial apoptotic pathway is activated upon various cytotoxic insults 

such as cytotoxic drugs, DNA damage, viral infections, ionizing radiation and growth factor 

deprivation. Also, this pathway can be initiated via the endoplasmatic reticulum (ER) or the 

lysosomal stress pathway. The key step in intrinsic pathway is the release of certain 

mitochondrial proteins into the cytosol by mitochondrial outer membrane permeabilization 

(MOMP). This is followed by activation of a caspase cascade eventually leading to 

apoptotic cell death.  

Key regulators of mitochondrial breakdown events are proteins of the Bcl-2 family (Cory 

and Adams, 2002). They are known to regulate mitochondrial integrity and function by 

controlling the permeability of the mitochondrial membrane (Krajewski et al., 1993; Tanaka 

et al., 1993). Different members of the Bcl-2 family can either induce breakdown of the 

mitochondrial membrane potential or stabilize mitochondrial barrier functions. In response 

to mitochondrial disruption, cytochrome c is released together with other mitochondrial 

factors (Green and Reed, 1998; Kluck et al., 1997) and acidification of the cytosol and ion 

fluxes occur (Daniel et al., 2003; Vaux and Korsmeyer, 1999). Thus, MOMP in turn triggers 

the formation of a complex consisting of cytochrome c, Apaf-1, ATP and procaspase-9, the 

so-called apoptosome (Acehan et al., 2002; Yu et al., 2005). Cytochrome c/apoptosome-

mediated caspase activation results later in the swelling of the mitochondrial matrix and 

rupture of the inner and outer mitochondrial membranes (Zamzami and Kroemer, 2001). 

Apoptosome-activated caspase-9 further activates downstream caspases, such as caspase-3 

and -7, which then execute apoptosis (Li et al., 1997; Liu et al., 1996; Zou et al., 1997). 

 

2.2.1.1 Released factors during mitochondrial permeabilization 

 

Several factors are released upon disruption of the mitochondrial membrane, including 

cytochrome c (Liu et al., 1996), Smac/DIABLO (Du et al., 2000; Verhagen et al., 2000), 
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AIF (Joza et al., 2001), endonuclease G (EndoG) (Li et al., 2001; Parrish et al., 2001), and 

HtrA2/Omi (Mizushima et al., 2001) triggering caspase-dependent and independent cell 

death.  

Smac/DIABLO (second mitochondria-derived activator of caspases/direct IAP binding 

protein with low pI) is one of the proteins, which is released from the mitochondria. It can 

antagonize IAPs (caspase inhibiting proteins) thereby promoting apoptosis (Du et al., 2000; 

Verhagen et al., 2000). During apoptosis Smac is released from the mitochondria and 

relieves IAPs inhibition. Thereby, it reactivates processing of caspases. The serine protease 

Omi/HtrA2 (high temperature requirement A2), a mitochondrial matrix protein, shows a 

similar synergistic effect, as it is able to bind and inactivate IAPs, indirectly promoting 

activation of caspases (Martins et al., 2002; Srinivasula et al., 2003; Suzuki et al., 2001). 

Further, apoptosis-inducing factor (AIF) released from the mitochondria, was reported to 

translocate to the nucleus, initiating chromatin condensation and DNA fragmentation in a 

caspase independent manner (Daugas et al., 2000; Susin et al., 1999). It was also proposed 

to contribute to the regulation of apoptotic mitochondrial membrane permeabilization 

triggering cell death through reactive oxygen species (Joza et al., 2001). However, 

molecular mechanisms via which AIF induces apoptosis are still discussed. 

Endonuclease G is a DNA degrading enzyme, which is important for the repair of 

mitochondrial DNA and is released from the mitochondria in response to Bid insertion into 

the mitochondrial membrane during apoptosis (van Loo et al., 2001). 

 

2.2.2 The extrinsic mitochondrial pathway 

 

Death receptors (DRs) are located in the plasma membrane and are responsible for induction 

and transmission of the extrinsic apoptosis signalling pathway. Activation of death receptors 

and transmission of extracellular signals into the cytosol occurs upon binding of their 

respective extracellular death ligands, such as CD95/Fas, tumour necrosis factor alpha 

(TNF) and TNF-related apoptosis inducing ligand (TRAIL). The DR family is part of the 

TNF receptor “superfamily” (Bhardwaj and Aggarwal, 2003). Currently, eight death 

receptors are known: TNF-R1 (DR1/CD120a/p55/p60), Fas (Apo-1/CD95), DR3 (APO-

3/LARD/TRAMP), TRAIL-R1 (DR4/APO-2), TRAIL-R2 (DR5/KILLER/TRICK2), DR6, 

ectodysplasin A receptor (EDAR) and nerve growth factor (NGFR) (Ashkenazi and Dixit, 

1998; French and Tschopp, 2003; Lavrik et al., 2005).  
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Death receptors have cysteine-rich repeats in their intracellular domain, termed “death 

domain” (DD) (Smith et al., 1994). This domain is crucial for the transduction of the 

apoptotic signal, which is induced by ligand-death receptor binding upon their trimerization. 

The intracellular DD of the receptor recruits adaptor proteins, such as FADD (Fas-

Associated Death Domain) (Daniel et al., 2001; Nagata, 1997). The DD of the receptor 

interacts with the DD of FADD, whereas the death effector domain (DED) of FADD 

interacts with the N-terminal tandem DEDs of procaspase-8, leading to the formation of a 

so-called “death-inducing signalling complex” (DISC) (Kischkel et al., 1995; Muzio et al., 

1996). Binding of procaspase-8 to the DISC leads to dimerization, autocatalytic activation, 

and conversion to the processed heterotetrameric mature form of caspase-8, containing two 

large subunits (p18) and two small subunits (p10). Procaspase-10 can also bind to the DISC 

and gets activated by formation of an active heterotetramer (Sprick et al., 2002). 

Nevertheless, the precise function is still controversial and needs further investigation. In 

type I cells, the amount of active caspase-8 is sufficient to initiate apoptosis by directly 

activating the effector caspase-3, -6, -7. However, in type II cells, the amount is too low and 

mitochondria are used to amplify the death signal via activation of the Bcl-2 family member 

Bid. Its cleavage by caspase-8 to truncated Bid (tBid) induces the activation of the 

mitochondrial cell death pathway (Scaffidi et al., 1998). The extrinsic and intrinsic pathways 

can be connected by the cleavage of Bid to tBid through a caspase-8 dependent mechanism. 

Truncated Bid can interact with Bax and, by activating it, induces its translocation and 

insertion into the outer mitochondrial membrane (Luo et al., 1998).  

The major regulators at the DISC level are the antiapoptotic c-FLIP (c-FLICE inhibitory 

proteins), which exist in three splice variants: the long form c-FLIPL, the short form c-FLIPS 

and Raji c-FLIPR (Golks et al., 2005). C-FLIPS and c-FLIPR are antiapoptotic proteins due to 

binding competitively to FADD, thereby blocking activation of caspase-8 (Thome and 

Tschopp, 2001). C-FLIPL can exhibit pro- or antiapoptotic functions depending on its 

expression levels. C-FLIPL acts as an apoptosis inhibitor only at high expressional levels. In 

contrast, it was proposed that c-FLIPL might facilitate procaspase-8 activation through 

heterodimerization of their respective protease domains and thereby promoting apoptosis 

(Chang et al., 2002; Yu et al., 2009; Zang et al., 2008). 
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Figure 2: The intrinsic and extrinsic apoptosis pathway.  

Right side: The mitochondrial (intrinsic) apoptotic signalling pathway is initiated upon cellular 

stress stimuli leading to activation and translocation of proapoptotic members of the Bcl-2 family. 

Mitochondria are losing their membrane potential triggering the release of cytochrome c and other 

proapoptotic factors. Released cytochrome c associates with Apaf-1 and procaspase-9 in the 

presence of dATP to form a cytosolic complex called apoptosome. Activated caspase-9 triggers the 

caspase cascade network leading to apoptosis. 

Left side: The death receptor (extrinsic) pathway is activated when extracellular death receptor 

ligands of the TNF family bind to transmembrane death receptors. Binding of the ligand induces 

trimerization of the receptor and recruitment of the adaptor protein FADD and caspase-8. Within 

this complex, caspase-8 is activated and in turn cleaves and activates casapse-3. 

The two pathways can be connected via cleavage of Bid to tBid by a caspase-8 dependent 

mechanism. 

 

2.2.3 The Bcl-2 family 

 

Bcl-2 (B-cell lymphoma-2) family members are crucial regulators of the intrinsic apoptosis 

pathway (Cory and Adams, 2002; Daniel et al., 2003). They are divided into two 

functionally different groups of proteins consisting of anti- and proapoptotic proteins (Cory 

and Adams, 2002). Prosurvival proteins (Bcl-2, Bcl-xL, Mcl!1, Bfl!1/A1, Bcl!w) contain 

four Bcl-2 homology (BH) domains. Proapoptotic Bcl-2 family members can be subdivided 
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into multi-domain class proteins i.e. Bak, Bax and Bok comprising BH1-3 and those that 

only contain the BH3-domain and are referred to as BH3-only proteins, including Bim, Bid, 

Bmf, Puma/Bbc3, Noxa/APR, Bad, Nbk/Bik, and Hrk/DP5 (Youle and Strasser, 2008).  

Bcl-2 was the first antiapoptotic gene discovered and was found at the chromosomal 

breakpoint of a chromosomal translocation present in a B cell lymphoma (Tsujimoto et al., 

1984). Antiapoptotic proteins antagonize their proapoptotic relatives, thereby preventing 

mitochondrial membrane permeabilization (Cory and Adams, 2002). Bcl-2 is localized at 

the outer mitochondrial membrane but also at the nuclear envelope and the membrane of the 

ER (Strasser et al., 2000). The prosurvival proteins Bcl-2 and Bcl-xL have been shown to 

inhibit the release of cytochrome c from mitochondria and to inhibit apoptosis (Daniel et al., 

2003; Kluck et al., 1997). BH3-only proteins have different antiapoptotic proteins as 

favourite targets. For example, the targets of Bad are Bcl-2 and Bcl-xL. Nbk/Bik binds 

preferentially to Bcl-xL, much less to Bcl-2 and not to Mcl-1. Noxa only binds to Mcl-1 and 

not to Bcl-2 or Bcl-xL. The exceptions are Bim and Puma, which bind to all three 

antiapoptotic proteins. Therefore, Bim or Puma could neutralize all of the antiapoptotic 

proteins, whereas Bad or Noxa would be partial inducers, since each neutralizes certain 

antiapoptotic proteins (Chen et al., 2005; Wang et al., 1996). 

Proapoptotic proteins are critical executioners of the intrinsic apoptosis pathway. The 

breakdown of the mitochondrial membrane critically depends on Bax (Bcl-2 associated 

protein X) (Oltvai et al., 1993) and its homologue Bak (Chittenden et al., 1995). Bax is a 

monomeric cytosolic protein, which upon activation undergoes an N-terminal 

conformational change resulting in its translocation, oligomerization and insertion into the 

outer mitochondrial membrane (Goping et al., 1998). Bak is a permanent integral membrane 

protein and, similar to Bax, its activation involves an N-terminal conformational change and 

oligomerization at the outer mitochondrial membrane. One model implies that Bax and Bak 

are involved in mitochondrial pore formation, which leads to release of the proapoptotic 

factors. The other hypothesis states that they associate with parts of the permeability 

transition pore (Cory and Adams, 2002). These oligomers are considered to permeabilize the 

outer mitochondrial membrane and therefore stimulate cytochrome c release using the 

voltage-dependent anion channel (VDAC) (Daniel et al., 2003). Either of those two critical 

proapoptotic proteins is required for mitochondrial membrane permeabilization (Blommaart 

et al., 1997; Huang et al., 2000; Kihara et al., 2001; Kirisako et al., 1999; Liang et al., 2001; 

Shintani and Klionsky, 2004; Wei et al., 2001). Cells double deficient for these two 

proapoptotic proteins are resistant to most intrinsic death pathway stimuli (Lindsten et al., 
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2000; Willis and Adams, 2005; Willis et al., 2007). It has become generally accepted that 

Bax acts on mitochondria to increase the permeability of the outer membrane (Antonsson et 

al., 1997; Desagher and Martinou, 2000; Eskes et al., 2000).  

How Bax and Bak are activated is, however, still controversially discussed. Two different 

models have been proposed (Chen et al., 2005): 

In the first model, a direct activation of Bax/Bak sustains loss of mitochondrial integrity 

(Certo et al., 2006; Letai et al., 2002; Walensky et al., 2006). According to the direct 

activation model, certain BH3-only proteins, termed activators (namely Bim, tBid and 

Puma) could bind and activate Bax/Bak directly, whereas the sensitizer (the remaining BH3-

only proteins) could act only by neutralizing antiapoptotic Bcl-2 family members (Chen et 

al., 2005; Willis and Adams, 2005; Willis et al., 2007). According to this model, a cell 

undergoes apoptosis when the sensitizers that have been activated or induced via an 

apoptotic signal neutralize all prosurvival Bcl-2 molecules, thereby releasing the activator 

proteins.  

In the second or indirect activation model, there is no direct activation of Bax or Bak by the 

BH3-only proteins. All BH3-only proteins compete for binding to the antiapoptotic proteins 

preventing them from inhibiting Bax and Bak (Willis et al., 2005). As a result, Bax and Bak 

are liberated and can initiate the apoptotic pathway. In this model, the BH3-only proteins are 

divided into two categories, that is, the selective ones, which have limited binding partners 

among the antiapoptotic members, and the more potent inducers of apoptosis, such as Bim, 

tBid and Puma which can bind and inactivate multiple antiapoptotic members (Cohen, 1997; 

Daniel et al., 2001; Fadeel et al., 1998). 

 

2.2.4 Caspases 

 

Caspases are cysteinyl aspartate-specific acid proteases that can cleave their substrates at 

specific aspartate residues. Their catalytic activity depends on cysteine residues reflected by 

their name. Caspases are synthesized as inactive procaspases i.e. zymogens containing a 

prodomain and a catalytic domain consisting of a p20 large subunit and a p10 small subunit. 

They are central players of the apoptotic machinery and are involved in the initiation of a 

caspase cascade system and execution of the apoptotic program (Cohen, 1997; Earnshaw et 

al., 1999). Based on an apoptotic signal, the caspase zymogens undergo proteolytic 

processing to generate two small and two large subunits, which assemble into a 
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heterotetrameric p20/p10 complex, forming the active caspase (Degterev et al., 2003; 

Fuentes-Prior and Salvesen, 2004). In apoptotic cells, activated caspases can be detected as 

cleaved fragments (Alnemri et al., 1996). 

The caspase family consists of 15 mammalian members (11 in humans) divided into 

inflammatory caspases and apoptotic caspases (Li and Yuan, 2008). The inflammatory 

caspases (caspase-1, caspase-4, caspase-5 and caspase-12,) are involved in cytokine 

maturation and inflammatory response (Lamkanfi et al., 2002). Polymorphisms in human 

caspase-12 drastically alter its function. The full length variant of caspase-12 abrogates the 

inflammatory response due to its inhibitory effect on proinflamatory caspase-1. This 

function of full length caspase-12 on caspase-1 leads to induction of severe sepsis observed 

in about 20% of Africans (Hotchkiss and Nicholson, 2006; Saleh et al., 2004; Scott and 

Saleh, 2007). 

Apoptotic caspases can be classified according to their lengths and the structure of their 

prodomains, which also correspond to their position in the apoptotic signalling cascade 

(Nicholson, 1999). They can be divided into two groups: initiator caspases containing either 

DED domains (caspase -8 and -10) or caspase-recruitment domains (CARD) (caspase-2 and 

-9) and executioner caspases, (caspase-3, -6, and -7) which contain short prodomains (20–30 

amino acids) (Li and Yuan, 2008). Initiator caspases possess long prodomains that contain 

one of the two characteristic protein–protein interaction motifs and are involved in 

interacting with the upstream adapter molecules. All initiator caspases are activated through 

autocatalytic intrachain cleavages (Korsmeyer et al., 2000; Luo et al., 1998), while caspase-

8 and -9 activation may occur in the absence of proteolytic processing (Degterev et al., 

2003).  

The apoptosome is a multiprotein complex, which consist of Apaf-1, cytochrome c, and 

caspase-9 (Costantini et al., 2002; Hu et al., 1998; Li et al., 1997). In the presence of 

cytochrome c and dATP, Apaf-1 oligomerizes to form the apoptosome complex. 

Procaspase-9 is recruited to this complex by CARD interactions, which leads to its 

activation (Porter and Janicke, 1999). DED and CARD domains are responsible for the 

recruitment of the initiator caspases into the death inducing signalling complexes, resulting 

in autoactivation of caspases that subsequently initiate cell death. The effector caspases are 

downstream caspases and they are directly activated and cleaved by apical caspases in the 

late stage of apoptosis. Caspase-3 is the main downstream effector caspase that cleaves the 

majority of the cellular substrates such as the nuclear enzyme poly(ADP-ribose) polymerase 
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(PARP) in cells enduring apoptosis (Le Rhun et al., 1998). PARP is cleaved into a small 

24kDa and a large 84kDa fragment during cell death (Koh et al., 2005). The small N-

terminal fragment contains the DNA-binding domain that might facilitate the apoptotic 

process by blocking the access for DNA repair enzymes to the fragmented chromatin. The 

89kDa fragment, containing catalytic domains, may be incapable of activation by DNA 

damage. This suggests a possible mechanism to prevent energy (ATP) depletion, thereby 

ensuring the energy dependent development of the apoptotic phenotype (Duprez et al., 2009; 

Fernandes-Alnemri et al., 1994). 

The effector caspases with short prodomains mediate downstream apoptosis events by 

cleaving multiple cellular substrates and are typically processed and activated by upstream 

caspases (Riedl and Shi, 2004). 

Caspase-8 is one of the main caspases of the extrinsic pathway and also has a role in the 

intrinsic pathway. Formation of the DISC leads to the activation of the initiator caspase-8, 

which directly triggers the activation of downstream effector caspases-3 and -7 in type I 

cells. In type II cells with low levels of DISC formation, followed by low levels of active 

caspase-8, apoptosis signalling requires an additional mitochondria-dependent amplification 

loop. The extrinsic apoptosis pathway converges with the intrinsic one by the caspase-8 

mediated cleavage of the BH3 only protein Bid to generate tBid and subsequently tBid-

mediated activation of Bax and release of cytochrome c from the mitochondria (Degterev et 

al., 2003; Gross et al., 1999). 

As caspase-3 and caspase-7 are functionally similar and have similar substrate specificities, 

cleavage of PARP during apoptosis may occur due to a combination of the action of both 

caspases (Fernandes-Alnemri et al., 1996). Active caspase-7 contains two subunits, similar 

to other caspases (MacFarlane et al., 1997). Caspase-7 is activated to its catalytically active 

large subunit in intact cells undergoing apoptosis (Slee et al., 1999). Several studies imply 

that caspase-9 is required for the processing of both, effector caspase-3 and -7. It was 

proposed that the apoptosome complex could directly process procaspase-7 similarly to 

procaspase-3 (Twiddy et al., 2006).  

IAPs are a family of proteins with antiapoptotic functions interacting with the active site of 

caspases. In humans, six IAP family members have been reported: NAIP (neuronal 

apoptosis inhibitory protein), c-IAP1/HIAP-2, c-IAP2/HIAP-1, XIAP/hILP, survivin and 

BRUCE (Deveraux et al., 1998; Roy et al., 1997). They can specifically inhibit the activity 

of the initiator caspase-9 and effector caspases-3 and -7 and therefore prevent cell death. 
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Caspase-7 forms a complex with XIAP (X-linked mammalian inhibitor of apoptosis 

protein), after activation by the apoptosome complex (Deveraux and Reed, 1999). IAPs do 

not bind or inhibit caspase-8, but they may prevent the proteolytic processing of pro-

caspases -3, and -9 and thereby provide protection from cell death (Deveraux et al., 1998).  

 

 

 

Figure 3. The caspase family. 

There are three major groups of caspases, group 1: initiator caspases, group 2: effector caspases 

and group 3: inflammatory caspases. Caspases are synthesized as inactive procaspases containing a 

prodomain and a catalytic domain. After proteolytic processing two small and two large subunits, 

assembled into a heterotetrameric complex, form the active caspase. 
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2.3 Autophagy (Type II cell death) 

 

The term autophagy has its origin in the Greek words oneself (“auto”) and eating (“phagy”). 

This is the second type of programmed cell death (PCD type II) and is a mechanism of cell 

self-cannibalism morphologically distinct from apoptosis (Canu et al., 2005; Yu et al., 

2004). Under conditions of stress, cells can recycle their own molecules to obtain nutrients, 

providing ATP, and for sustaining the basic metabolic processes (Lum et al., 2005). 

Autophagy refers to the highly regulated and evolutionarily conserved process of turnover 

and maintenance of cellular components that is required for cellular homeostasis 

(Mizushima, 2007). First identified in yeasts, many of the corresponding proteins have 

homologues in higher eukaryotes (Klionsky et al., 2003; Reggiori and Klionsky, 2002). 

Moreover, autophagy is involved in cellular development and differentiation (Levine and 

Klionsky, 2004) and may have a protective role against aging (Bergamini et al., 2004). This 

process involves degradation of proteins and is the only known pathway for degrading 

organelles (Klionsky and Emr, 2000). Autophagy can be also considered as a housekeeping 

mechanism involved in cytoplasmic homeostasis because it controls the turnover of 

peroxisomes, mitochondria and the size of the endoplasmic reticulum. A selective 

sequestration of these organelles can be observed in various pathophysiological and/or stress 

situations (Xue et al., 2001). However, the self-digestion not only provides nutrients to 

preserve essential cellular functions during starvation, but can also help the cell to remove 

damaged organelles, misfolded proteins and, upon prolonged time of stress, to initiate cell 

death. Autophagy shares common molecular regulators with apoptosis, such as antiapoptotic 

members of the Bcl-2 family indicating a possible crosstalk between the two pathways 

(Liang et al., 1998; Shimizu et al., 2004). It seems that similar death stimuli could induce 

either apoptosis or autophagy. Autophagy is defined as alternative cell death mechanism in 

apoptotic-deficient cell systems (Clarke, 1990; Klionsky and Emr, 2000). In most studies, 

autophagic cell death has been considered by morphological criteria. But it is unclear 

whether autophagy directly contributes to death or represents a failed effort to preserve cell 

viability (Pattingre et al., 2005). This type of caspase-independent cell death depends on 

specific gene functions that distinguish autophagy from non-physiological necrosis, and 

gives an alternative possibility of killing cells (Yu et al., 2004). Bax/Bak-deficient mouse 

embryonic fibroblasts (MEFs) do not undergo apoptosis after exposure to a variety of 

apoptotic stimuli, but rather die in a non-apoptotic fashion demonstrating features of 

autophagy cell death (Lindsten et al., 2000; Wei et al., 2001). 



 

  Introduction 

29 

2.3.1 Mechanism of autophagy induction  

2.3.1.1 Autophagy formation 

 

The process of autophagy involves autophagosome formation, which begins with the 

sequestration of cytoplasmic membranes by an isolated membrane compartment 

(phagophore). The autophagosome undergoes fusion with a lysosome. This results in the 

characteristic double membrane morphology of autophagolysosomes that can be observed 

by use of electron microscopy (Kabeya et al., 2000). The fused compartments assemble in 

the autophagic body known as autophagolysosome or autolysosome (Dunn, 1994; Kim and 

Klionsky, 2000). The lumen of this organelle contains acid hydrolases (AH) that are able to 

degrade essentially any protein, lipid, nucleic acid, and carbohydrate. Degradation of these 

macromolecules by autolysosomes produces amino acids and other elements needed for 

biosynthetic pathways by generating energy for protein synthesis and therefore promoting 

cell survival (Bursch, 2001). Alternatively, removal of the organelles might result in cell 

death. All steps, including the final degradation of the sequestered cytoplasmic material in 

the autolysosomes, are ATP-dependent (Blommaart et al., 1997; Kim and Klionsky, 2000; 

Klionsky and Emr, 2000).  

 

 

 

Figure 4. Autophagy formation. 

Autophagy first involves the sequestration of a region of the cytosol, containing proteins 

and/organelles, which are engulfed by a new-formed double-membrane organelle, the 

autophagosomes (so-called autophagy vacuoles). Autophagosomes undergo maturation via fusion 

with the acidic lysosomes to create autolysosomes. Within the autolysosomes, the inner membranes 

as well as the luminal content of the autophagy vacuoles are degraded by lysosomal hydrolases. 
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2.3.1.2 The autophagy conjugation system 

 

Autophagy-related (ATG) proteins are required for autophagy vesicle formation where two 

ubiquitin-like conjugation systems play a central role (figure 5). The first consists of the 

ATG12 system in which ATG12 is conjugated to ATG5 in an ubiquitination-like manner 

(Mizushima, 2007). The covalent conjugation of ATG12 to ATG5 occurs with the help of 

the E1-like enzyme ATG7 and the E2-like enzyme ATG10. At this point first ATG7 and 

then ATG10 are released. The ATG12–ATG5 complex is localized at the expanding 

phagophore mostly at the outer surface and dissociates from this membrane immediately 

before or after autophagosome completion (Mizushima et al., 2003). ATG16-binding to this 

complex (ATG12–ATG5) is necessary for the elongation of the pre-autophagosomal 

membrane called phagophore, and for the formation of the autophagosomal membrane. This 

complex finally dissociates upon completion of autophagosome formation, and is not 

present in the mature autophagosome (George et al., 2000).  

The second system involves the conjugation of the microtubule-associated protein light 

chain 3 (LC3/ATG8) to phosphatidylethanolamine (PE), a lipid molecule (Ichimura et al., 

2000). LC3 is synthesized as a cytosolic full-length precursor protein, so-called proLC3, 

which is converted into LC3I via cleavage by the cysteine protease ATG4, exposing its C-

terminal glycine residue (Kirisako et al., 2000). This residue is then conjugated to PE 

through an amide bond between its C-terminal glycine and the amino group of PE, which is 

catalysed by ATG7 (an E1-like enzyme) and ATG3 (an E2-like enzyme) (Ichimura et al., 

2000). The maturation of the phagophore into the autophagosome is not possible without the 

cooperation of these two conjugation systems. Further, the formation of the ATG12–ATG5 

and LC3/ATG8–PE complex is essential for autophagosome formation (Xie and Klionsky, 

2007).  
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Figure 5. Autophagy conjugation system. 

Two ubiquitin-like conjugation systems involved in autophagy vesicle formation are required for 

degradation of components of the cytoplasm; one involves the attachment of ATG12 to ATG5 and 

the other the conjugation of phosphatidylethanolamine (PE) to LC3/ATG8. 

 

The amount of LC3II correlates well with the number of autophagosomes (Kabeya et al., 

2000). ATG4 can deconjugate PE from LC3II, located in the outer autophagosomal 

membrane, converting it back to cytoplasmic LC3I (Kabeya et al., 2004). But almost all 

LC3II is eventually degraded by lysosomal proteases (Tanida et al., 2005). The cycle of 

conjugation and deconjugation is essential for the normal progression of autophagy (Kabeya 

et al., 2004; Kirisako et al., 1999). The main function identified so far for the ATG12–

ATG5 complex is to promote LC3I lipidation and its correct localization (Fujita et al., 

2008). Mutation of any member of the ATG family results in a defect autophagosome 

formation (Xie and Klionsky, 2007).  

If the first system is defective, the second one cannot target the pre-autophagosomal 

structures as shown in ATG5"/" mice: in fact, in this case LC3II cannot be generated at all 

(Mizushima et al., 2001). LC3 is a reliable marker for autophagosome formation in 

mammalian cells, and the relative amount of LC3II reflects the abundance of the 

autophagosomes with increased electrophoretic mobility on gels compared to LC3I. This 

formation of autophagosomes can serve as a specific and unique marker for autophagy 
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induction because its lipidation provides a shift from diffuse to punctuate staining when it is 

coupled to GFP (Mizushima et al., 2004). 

 

2.3.2 Regulation of autophagy 

2.3.2.1 Negative regulation of autophagy  

 

The class I phosphatidylinositol 3-kinase (PI3K) kinase is a negative regulator of autophagy 

(Petiot et al., 2000). In healthy cells, the mammalian target of rapamycin, mTOR kinase, 

represents the major negative regulator of autophagy in human cells. It primarily regulates 

autophagy and is downstream of the nutrient-sensor PI3K mediating the cellular response to 

nutrients and amino acids (Schmelzle and Hall, 2000). In response to nutrient and growth 

factor availability, the PI3K/AKT/mTOR axis is activated leading to stimulation of cell 

proliferation. Thus, upregulation of the proteins of the mTOR pathway triggers inhibition of 

autophagy in mammalian cells (Blommaart et al., 1997). On the other hand, the inhibition of 

the mTOR pathway induces transcriptional upregulation of the essential LC3/ATG8 gene of 

the autophagy vesicle formation (Huang et al., 2000; Kirisako et al., 1999). The negative 

control of autophagy by mTOR is a generally accepted phenomenon but the underlying 

mechanism is largely unknown (Shintani and Klionsky, 2004). As a potent inhibitor of 

autophagy, 3-methyladenine (3-MA) has been found to specifically block the sequestration 

step of autophagy formation inhibiting class III phosphatidylinositol-kinase activity (Petiot 

et al., 2000). 

 

2.3.2.2 Positive regulation of autophagy  

 

Beclin-1 was the first identified tumour suppressor protein that functions in lysosomal 

degradation during autophagy (Klionsky and Emr, 2000). It belongs to the Bcl-2 family and 

is a member of the BH3-only subgroup (Maiuri et al., 2007; Oberstein et al., 2007). Among 

all the autophagy genes, Beclin-1 is a key initiator of autophagy in mammalian cells (Cao 

and Klionsky, 2007) and belongs to a class III PI3K complex participating in 

autophagosome formation which stimulates the localization of other autophagy related 

proteins to the preautophagosomal membrane (Kihara et al., 2001). Beclin-1 has been shown 

to co-localize with the ER, mitochondria and Golgi (Kihara et al., 2001), and when 
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overexpressed, may stimulate autophagy (Hoyer-Hansen et al., 2005; Liang et al., 1999). 

Recently, it has been reported that this protein is a novel type of BH3-only protein due to its 

BH3 domain, but it fails to neutralize the antiapoptotic function of Bcl-2 and to induce 

apoptosis (Ciechomska et al., 2009). Like other BH3-only proteins, the BH3 domain of 

Beclin-1 binds to antiapoptotic Bcl-2 family proteins within their hydrophobic groove (Feng 

et al., 2007; Ku et al., 2008; Oberstein et al., 2007; Sinha et al., 2008). 

DRAM (damaged-regulated autophagy modulator) is a target of p53, which in response to 

stress triggers programmed cell death in a p53-dependent manner. DRAM is a lysosomal 

trans-membrane protein that controls the initiation of autophagy by an unknown mechanism 

(Crighton et al., 2006).  

Induction of autophagy by p53 has been linked to inhibition of the mTOR pathway, whereas 

autophagy inhibition by p53 correlates with increased mTOR activity (Feng et al., 2005). 

Inhibition of p53 degradation prevents autophagy, suggesting that p53 has a role in 

regulation of autophagy but the exact mechanism remains elusive (Tasdemir et al., 2008). 

 

2.3.3 Crosstalk between autophagy and apoptosis 

 

In response to nutrient deprivation or growth-factor withdrawal, adaptation-autophagy is 

initiated in order to recycle cellular constituents and provides energy to the cell to avoid cell 

death. In other cellular settings (e.g. prolonged time of stress or ineffective apoptosis) 

autophagy constitutes to cell death as an alternative pathway. Destroying large proportions 

of the cytosol and organelles may cause irreversible cellular damages and consequently the 

collapse of vital cellular functions leading to cell death. 

Not only Beclin-1 represents a potentially important point of convergence of the apoptotic 

and autophagy pathway. Other BH3-only proteins, such as Bid and Bnip3 are also known to 

be involved in the communication between these two pathways. Silencing Bid inhibits 

apoptosis and enhances autophagy, suggesting that Bid may function as a ‘switch’ between 

the different cell death pathways (Lamparska-Przybysz et al., 2006). Upregulation of Bnip3 

was reported to relate to the induction of autophagy in malignant glioma cells (Daido et al., 

2004). Moreover, Bnip3 expression has been described to be upregulated in myocytes upon 

hypoxia resulting in mitochondrial dysfunction and cell death (Regula et al., 2002). In 

cardiac myocytes, Bnip3 triggers mitochondrial dysfunction, thereby inducing enhanced 

autophagy, possibly a protective response for the removal of damaged mitochondria. 
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Nevertheless, its physiological function is still unknown. It is not clear whether Bnip3 

directly induces autophagy or whether autophagy is induced as a consequence of 

mitochondrial damage caused by Bnip3 (Hamacher-Brady et al., 2007). Furthermore, it has 

been reported that the BH3-only protein Puma may induce mitochondria-selective 

autophagy and triggers cytochrome c release. In this line, inhibition of autophagy partially 

rescues the loss of the mitochondrial membrane potential and apoptosis induction (Yee et 

al., 2009).  

 

2.4 Cell cycle 

 

During their life span, cells go through an individually defined number of cycles. The cell 

cycle that regulates somatic cell division is precisely regulated to ensure the maintenance of 

genomic integrity, prevention of mutations, and unwanted cell proliferation. During normal 

proliferation, cells go through different phases of the cell cycle. The cell cycle is divided 

into four ordered set of events: GAP-1 stage (G1), Synthesis stage (S), GAP-2 stage (G2) 

and mitosis stage (M). During stages G1, G2 and S, commonly known as interphase, the cell 

synthesizes most of the components needed for the new daughter cells, i.e. duplicates the 

chromosomes and enlarges in size. Mitosis is the final event of the cell cycle where the cell 

divides the cytoplasm and the duplicated chromosomes, creating two identical daughter 

cells.  

 

2.4.1 Cyclins and CDKs 

 

Each cell cycle phase is regulated by its own specific key regulator cyclins and Cyclin-

Dependent Kinases (CDK), a family of serine/threonine protein kinases that are activated at 

specific points of the cell cycle (Johnson and Walker, 1999; Li and Blow, 2001; Morgan, 

1997). The CDKs, heterodimeric complexes composed of a catalytic kinase subunit and a 

regulatory cyclin subunit, play critical roles in cell cycle progression control (Meyerson et 

al., 1992). To date, nine CDK have been identified and, of these, five are active during the 

cell cycle, i.e. during G1 these are CDK4, CDK6 and CDK2, S (CDK2), G2 and M phase 

(CDK1). Cyclins bind and activate members of the cyclin-dependent kinase (CDK) family 

to influence the cell cycle progression. Accumulation and activation of each cyclin fluctuate 

throughout the different cell cycle phases. Cyclin protein levels rise and fall during the cell 
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cycle and in this way they periodically activate CDKs (Pines, 1991). Therefore, the entry of 

each phase of the cell cycle is well controlled by specific, cyclin/CDK-controlled 

checkpoints. Oscillations in the levels of cyclins, D, A and B are followed by progression 

through the corresponding cell cycle phase as shown in the model (figure 6). 

 

 

 

Figure 6. Scheme of the cell cycle. 

Presentation of the four different phases of the cell cycle, which are regulated by cyclin-CDK 

complexes. 

 

Cyclin A binds to CDK2 and this complex is required during S phase (Girard et al., 1991; 

Walker and Maller, 1991). The three types of D cyclins (cyclin D1, cyclin D2, cyclin D3) 

bind to CDK4 and to CDK6. CDK/cyclin D complexes are essential for G1 phase of the cell 

cycle (Sherr, 1994). Cyclin D1 plays a crucial role as regulator of cell cycle progression 

(Coqueret, 2002; Musgrove, 2006). Overexpression of cyclin D1 has been linked to the 

development of breast cancer (Hodges et al., 2003; Kenny et al., 1999) as well as to the 

early onset of cancer and risk of tumour progression and metastasis (Chung, 2004; Guner et 

al., 2003; Wang et al., 2004; Zhang et al., 1993).  

Together with its binding partners CDK4 and CDK6, cyclin D1 forms active complexes that 

promote cell cycle progression by phosphorylating and inactivating the retinoblastoma 

protein (RB) (Kato et al., 1993; Weinberg, 1995).  

When a CDK is active, target proteins become phosphorylated at CDK consensus sites, 

substrate of CDK4/6-cyclin D, i.e. the product of the retinoblastoma tumour suppressor gene 

(pRb). During late G1 phase, pRb becomes phosphorylated leading to disruption of the 

complex histone deacetylase protein (HDAC) and the subsequent release of the transcription 

factors E2F-1 and DP-1, which positively regulates the transcription of genes whose 
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products are required for S phase progression, including cyclin A, cyclin E, and Cdc25 

(Brehm et al., 1998). Specific inhibition of cyclin D1 in cancer cell lines results in cell cycle 

arrest (Lee et al., 2000; Zhou et al., 1995). 

The major function of the G1-to-S checkpoint in the mammalian systems is the control of 

genomic stability (Paulovich et al., 1997). G1 arrest following DNA damage occurs in order 

to restore the integrity of the DNA template and to avoid the replication of damaged DNA 

(Levine, 1997). 

In late G2 and early M phases of the cell cycle, cyclin A forms a complex with CDK1 to 

promote entry into M phase. Mitotic entry is further regulated by the cyclin B/CDK1 

complex (Arellano and Moreno, 1997; King et al., 1994).  

Moreover, the cyclin-CDK inhibitor protein p21 has been shown to be both sufficient and 

required for proper G1 arrest (Rousseau et al., 1999; Waldman et al., 1995) through binding 

and inhibition of cyclin/CDK complexes (Bunz et al., 1998; Harper et al., 1993). 

Cell cycle phases and their corresponding CDKs and cyclins are presented in the table 

below (figure 7). 

 

 

 

Figure 7. Cyclins and CDKs responsible for the indicated cell cycle phases. 

 



 

  Introduction 

37 

2.4.2 Regulation of cyclin-CDK complexes 

 

In mammals, there are three different isoforms of cell division cycle 25 (CDC25) 

phosphatases (CDC25A, B and C), activating multiple CDK at different phases of the cell 

cycle (Boutros et al., 2007; Galaktionov and Beach, 1991). CDK/cyclin complexes are 

controlled by the opposing activities of WEE1/MYT1 kinases and CDC25 phosphatases 

(Bulavin et al., 2003; Dunphy, 1994). CDK/cyclin complexes are the only known substrates 

for CDC25 phosphatases (Kristjansdottir and Rudolph, 2004). WEE1/MYT1 kinases inhibit 

CDK/ cyclin activity by phosphorylating tyrosine 15 and threonine 14 of CDK1 (Malumbres 

and Barbacid, 2005). CDC25 phosphatases dephosphorylate and activate CDK complexes, 

which in turn allow catalysis and substrate phosphorylation. When CDK activity is required 

for progression to the next cell-cycle phase, the phase specific CDC25 phosphatases 

dephosphorylate these two residues, thereby activating CDK/cyclin complexes. One further 

activating phosphorylation (Thr161 of CDK1) by the CDK-activating kinase (CAK) is 

demanded for their complete activation (Kaldis, 1999). CDC25A mainly activates the 

CDK2/cyclin E and CDK2/cyclin A complexes during the G1/S transition (Blomberg and 

Hoffmann, 1999; Jinno et al., 1994) but also partially during the G2/M transition (Zhao et 

al., 2002). CDC25B and CDC25C are primarily necessary for the entry into mitosis 

(Lammer et al., 1998).  

Inhibitors of cyclin/CDKs are modulating the cell cycle by preventing the association of 

CDKs with their corresponding cyclins. The inhibitor of CDK4 (INK4) class of CDKIs, 

notably p16INK4a, p15INK4b, p18INK4c and p14INK4d can specifically bind to CDK4 and CDK6 

and preventing their association with D-type cyclins (Roussel, 1999). These inhibitors 

inactivate CDK/cyclin complexes at the G1 restriction point, and, to a lesser extent, 

CDK1/cyclinB complexes (Hengst and Reed, 1998). CDK inhibitors p21waf1, p27kip1, and 

p57kip2 belong to the second kinase inhibitor protein group (KIP) (Sherr and Roberts, 1999). 

These inhibitors block cyclin/E/CDK and cyclin/A/CDK complexes, although there are 

many reports illustrating that KIP class proteins can also interact with cyclin D-associated 

CDKs (Harper et al., 1993). However, all these inhibitory proteins act as fail-safe 

mechanisms mediating cell cycle arrest to allow the repair of damaged DNA or, if is not 

possible, to initiate cell death. 
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2.5 The tumour suppressor protein p14ARF 

 

The mammalian INK4a gene locus resides on the human chromosome 9p21 and encodes 

two structurally and functionally unrelated proteins, p14ARF and p16INK4a. The p16INK4a gene 

utilises exons 1#, 2 and 3 and has a unique promoter (Duro et al., 1995; Mao et al., 1995; 

Quelle et al., 1995). On the other hand, the INK4a locus also encodes for the p14ARF tumour 

suppressor protein, which uses the upstream exon 1beta, spliced to exons 2 and 3 (Eischen 

et al., 1999; Flores et al., 1996). P14ARF is transcribed in an Alternate Reading Frame (ARF) 

from a separate exon 1beta in humans and was originally identified as an alternative 

transcript of the INK4a/ARF tumour suppressor locus.  

 

 

 

Figure 8. The INK4a–ARF locus and its organization. 

The INK4a gene locus encodes two structurally unrelated proteins p16
 INK4a

 and p14
ARF

, which are 

involved in cell cycle regulation. Exons 1! and 1" are transcribed from different promoters.  

P14
ARF

 encoding sequences in exons 1" and 2 are indicated in green shading and p16
Ink4a

 coding 

sequences in exons. Light blue shading represents 1!, 2 and 3. These are spliced to the same 

acceptor site in exon 2, which is translated in alternative frame (from which the p14
ARF

 gene got its 

name). 

 

The INK4a locus is often inactivated by deletion or methylation in human melanomas, 

lymphomas, and other tumours (Inoue et al., 2001; Sharpless and Chin, 2003; Sherr, 2001; 

Tao and Levine, 1999). It has been extensively studied in the progression of cancer as a 

tumour suppressor gene (Zhang et al., 1998). 

In human tumour cell lines, p14ARF is localized mainly to nucleoli (Korgaonkar et al., 2002; 

Llanos et al., 2001), and is an active component in p53 activation (Zindy et al., 1998). 

Healthy cells contain low endogenous levels of p14ARF but the expression is known to be 

rapidly upregulated upon oncogenic stress including E1A (de Stanchina et al., 1998), c-myc 

(Bates et al., 1998), E2F (Palmero et al., 1998) Ras (Aslanian et al., 2004), E2F3 

(Korgaonkar et al., 2002; Stott et al., 1998) and E2F1 (Bates et al., 1998) p14ARF has the 

ability to suppress cell growth through multiple p53-dependent or p53-independent 

pathways (Eymin et al., 2006; Hemmati et al., 2002; Hemmati et al., 2006; Hemmati et al., 
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2008; Hemmati et al., 2005; Normand et al., 2005). The discovery of several p14ARF 

interacting partners and the observation that, aside from oncogenic stimuli, viral, genotoxic, 

hypoxic and oxidative stresses also activate a p14ARF-dependent response, suggest that 

p14ARF could exert a wider role in maintaining tissue homeostasis and deletion of unwanted 

or damaged cells (Hemmati et al., 2002).  

 

2.5.1 Interplay of p14ARF, p53 and p21 

 

The ability of p14ARF to induce apoptosis regardless of p53 functionality is widely 

discussed. P14ARF has been shown to have a dual role by inducing either the apoptosis 

pathway or cell cycle arrest. It was reported that p14ARF expression does not result in 

extensive apoptosis either in p53 proficient (Gao et al., 2001; Simon et al., 2006) or p53 

deficient cells (fibrosarcoma cells) (Magro et al., 2004). It was shown that p14ARF regulates 

cell cycle arrest and apoptosis in a p53 independent manner. P14ARF is capable of triggering 

the mitochondrial pathway and executing apoptosis through the caspase cascade network in 

cells lacking the proapoptotic protein Bax in p53 deficient Du145 cells (Hemmati et al., 

2002). In p53 proficient cells, apoptosis proceeds via Bax and Bak (Hemmati et al., 2006). 

Moreover, previous studies suggested that p14ARF-induced G1 arrest is entirely dependent 

on the presence of functional p53 and its downstream effector p21 (Eymin et al., 2003; 

Normand et al., 2005). It was shown that the p14ARF-induced G2 arrest occurs through a p21 

independent pathway in p53-deficient cells (Hemmati et al., 2008; Silva et al., 2003). 

Furthermore, it was observed that expression of p14ARF arrests cells in G2, suggesting that 

both p53 and p21 are unnecessary for executing p14ARF induced G2 arrest. However, p14ARF 

has been recognized as a potent tumour suppressor in vivo (Sherr, 2004). Different types of 

DNA damage can activate p53, including double-strand breaks of DNA caused by $-

irradiation, resulting in a rapid increase of the p53 level and activation of p53 as a 

transcription factor (Levine, 1997). P53 targets more than a hundred genes for 

transcriptional activation or repression by binding to the respecting promoters (Carnero et 

al., 2000; Wang et al., 2009). 90% of cancer-associated missense mutations in p53 target the 

DNA binding domain, demonstrating the importance of transactivation in the role of p53 as 

a tumour suppressor (Levine, 1997). However, p14ARF expression can prevent proliferation 

of MEFs that lack p53 function, although their arrest occurs much slower than in wild type 

cells (Kamijo et al., 1998; Midgley et al., 2000).  
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P14ARF binds to Mdm-2 and inhibits its expression (Barak et al., 1993; Wu et al., 1993). 

Through an interaction of the N-terminal domain of p14ARF and the C-terminal domain of 

the p53-antagonist Mdm2, p14ARF blocks the ability of Mdm-2 (Hdm-2 in humans) to tag 

p53 for degradation (Haupt et al., 1997; Kubbutat et al., 1997). This results in increased 

accumulation of p53 protein followed by enhanced p53-mediated transcriptional activation. 

Hdm-2 binding promotes p53 degradation through the ubiquitin-dependent proteasome 

pathway (Pomerantz et al., 1998; Zhang et al., 1998). Inhibition of Hdm-2 by the tumour 

suppressor p14ARF is a critical mechanism of p53 activation (Honda and Yasuda, 1999; Moll 

and Petrenko, 2003; Shangary and Wang, 2008). The role of p14ARF in the p53 pathway is to 

retain Hdm2 in the nucleolus inhibiting Hdm2 mediated p53 ubiquitination and degradation 

(Jones et al., 1995; Montes de Oca Luna et al., 1995). Loss of Hdm2 results in embryonic 

death due to activated p53 (Pomerantz et al., 1998; Zhang et al., 1998). The expression of 

p14ARF can directly trigger a p53 response, leading to cell cycle arrest and, finally, to cell 

death. Mdm-2 forms a negative feedback loop that maintains p53 at low levels in the 

absence of stress (Bertwistle et al., 2004; Kamijo et al., 1997).  

The expression of p21 is controlled by the tumour suppressor protein p53 and is mainly 

dependent on two factors, the stimulus and the type of cell (Rodriguez and Meuth, 2006). 

P21 is transcriptional target of the tumour suppressor gene p53 (Dotto, 2000). P21 regulates 

the switch between different cell cycle phases and is a CDK inhibitor, which can interact 

with almost all CDKs complexes. Whether G1 or G2 arrest is induced by p21 

overexpression depends on the cell type and the Rb status and presence or absence of other 

INK4 or Cip/Kip proteins (Smits et al., 2000). In p53 wild type HCT116 colon carcinoma 

cells, loss of the p53 induced CDK inhibitor p21 strongly sensitized for p14AEF-induced cell 

death (Hemmati 2005). P21 induced G1 arrest is mediated by direct inhibition of the 

cyclin/CDK complexes, specific to G1 phase of the cell cycle. G2 arrest induced by p21 has 

not been fully elucidated. Nevertheless it has been shown that more than the physiological 

concentrations of p21 are needed to block the CDK1/cyclin B1 complex. P21 is able to 

inhibit the phosphorylation of CDC2 which is required for its activation (McShea et al., 

2000). Furthermore, p21 can induce G2 arrest by binding to a cyclin B interacting protein 

(CARB) (Suzuki et al., 1998; Weber et al., 2000). Interestingly p21 is also able to bind and 

inhibit procaspase-3, but cannot block active caspase-3 (Niculescu et al., 1998). 
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3. Aim of the study 

 

P14ARF plays a central role in the regulation of cellular proliferation. The aim of this thesis 

was to investigate the regulation of p14ARF induced cell cycle arrest. Checkpoint abrogation 

overcomes the resistance to p14ARF induced cell cycle arrest, promotes cell cycle 

progression, and triggers apoptosis or autophagy depending on the presence of caspase-3. 

Notably, 14ARF as a cell cycle checkpoint regulator gene is very important, providing the 

possibility to manipulate the cell cycle program, which might be crucial to prevent 

uncontrolled cancer cell progression. To gain further insight into cell death induced by 

p14ARF, this tumour suppressor protein was examined as a potential target for cancer 

therapy. The overall goal of this thesis was to define the pathway of p14ARF
 in malignant 

cells.  

 

The specific objectives: 

 

• To investigate the consequences of p14ARF checkpoint regulation as a potential target 

against tumour proliferation; 

• To study the molecular mechanism and functional characteristics of p14ARF in cell 

death; 

• To examine the p14ARF pathway in respect to its function as a cell cycle regulator 

and cell death inducer, respectively. 
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4. Materials and Methods 

 

4.1 Chemicals and reagents 

 

Acrylamid     Biorad, Munich, Germany 

Agarose     Biozym, Hessisch Oldendorf, Germany 

Ammoniumperoxodisulfate   Sigma, Deisenhofen, Germany 

ATP      Promega, Mannheim, Germany 

Bacto-Agar     Becton Dickenson, Heidelberg, Germany 

Bacto-Trypton    Becton Dickenson, Heidelberg, Germany 

Bacto-Yeast Extract    Becton Dickenson, Heidelberg, Germany 

Blocking reagent    Roche Diagnostics, Mannheim, Germany 

Caffeine     Alexis, Grunberg, Germany 

Casein      Roche Mannheim, Germany 

Complete protease inhibitor  Roche Diagnostics, Mannheim, Germany 

Caspase Inhibitor VI (z-VAD-fmk)  Calbiochem, Bad Soden, Germany 

Caspase-3 Inhibitor (z-DEVD-fmk)  Calbiochem, Bad Soden, Germany 

Caspase-9 Inhibitor (z-LEHD-fmk)  Calbiochem, Bad Soden, Germany 

Caspase-8 Inhibitor (z-IETD-fmk)  Calbiochem, Bad Soden, Germany 

Caspase inhibitor (Q-VD-OPh)  Calbiochem, Bad Soden, Germany 

DMEM/high Glucose (4.5g/l)  GIBCO Karlsruhe, Germany 

Digitonin     Sigma-Aldrich, Taufkirchen, Germany 

dNTPs     Roche Diagnostics, Mannheim, Germany 

Ethidium bromide    Sigma, Deisenhofen, Germany 

FBS      GIBCO, Karlsruhe, Germany 

Fluorescent Mounting Media  Dako, Dänemark 

Glutamin     GIBCO, Karlsruhe, Germany 

JC-1      Molecular Probes, Eugene, USA 

HEPES     Sigma, Deisenhofen, Germany 

Nocodazol    Sigma, Deisenhofen, Germany 

Penicillin/ Streptomycin   GIBCO, Karlsruhe, Germany 

Ponceau-Red    Sigma, Deisenhofen, Germany 

Propidium iodide    Sigma, Deisenhofen, Germany 
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Puromycin     Sigma, Deisenhofen, Germany 

RPMI 1640     GIBCO, Karlsruhe, Germany 

Triton X-100     Sigma, Deisenhofen, Germany 

Trypsin-EDTA     Life Technologies, Schwalbach, Germany 

3-MA (3-methyladenine)  Sigma, Deisenhofen, Germany 

 

4.2  Kits 

 

ECL (enhanced chemiluminescence) Amersham, Braunschweig, Germany 

FuGENE® 6 Transfection Reagent, Roche, Indianapolis, USA  

Plasmid Mini-, Midi-, Maxi-Kit QIAGEN, Hilden, Germany 

RT-PCR Kit Applied Biosystems, Foster City, USA 

TaqMan Universal PCR Master Mix Applied Biosystems, Foster City, USA 
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4.3 Antibodies 
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4.4 Cell culture  

 

PcDNA3mock-transfected (MCF-7 mock) and pcDNA3caspase-3 transfected (MCF-7 C3) 

breast cancer MCF-7 cells (Janicke et al., 1998) were grown in Roswell Park Memorial 

Institute (RPMI) 1640 medium.  

MCF-7 EGFP-Bax cells were generated as described earlier (Essmann et al., 2005). Briefly, 

cDNA of Bax was amplified by PCR. PCR products were digested and cloned as 

BglII/EcoRI fragments into the corresponding sites of the pEGFP-C2 vector (BD 

Biosciences Clontech, Heidelberg, Germany) to obtain Bax that carries the EGFP tag at the 

N-terminus. Stable transfectants were selected by the use of G418 (1 mg/ml), subcloned and 

EGFP-Bax expression of the clones was determined by fluorescence microscopy. The cells 

were grown in RPMI 1640 medium.  

The expression vector encoding EGFP-LC3 (pEGFP-LC3) was kindly provided by F. 

Essmann (Institute for Biochemistry, University of Tübingen). This vector was introduced 

into MCF-7 caspase-3 proficient and MCF-7 caspase-3 deficient cells by using Fugene 

(FuGENE® 6 Transfection Reagent, Roche, Indianapolis). Stable transfectants were 

selected by the use of hygromycin, and EGFP-LC3 expression of clones was determined by 

fluorescence microscopy.  

The human colon adenocarcinoma cell line SW480 was purchased from ATCC 

(Massachusetts, USA) and grown in DMEM high glucose (4.5g/l) medium. 

The cervical cancer cell line HeLa was purchased from Tebu-bio, Germany and were grown 

in DMEM high glucose (4.5g/l) medium. These cells express high-risk human 

papillomavirus HPV E6, which functionally inactivates p53 (Howley, 2006).  
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HEK293 were obtained from the American Type Culture Collection. This cell line is a 

transformed primary human fetal kidney cell line, which constitutively expresses Ad5 E1 

(Graham et al., 1977). For this reason, they were used for adenoviral production, 

amplification and titration.  

All media were supplemented with 10% inactivated fetal bovine serum (FBS) (inactivated at 

56°C for 30min,), 100 U/ml penicillin and 0.1mg/ml streptomycin. All media and culture 

reagents were from GIBCO/Invitrogen, Karlsruhe, Germany. Cells were cultured at 37°C 

with 5% CO2 in a fully humidified atmosphere.  

 

4.5 Cell stocks  

 

For constituting stocks of different cell lines, 1x106 cells in 500%l of medium were 

supplemented with 500%l of a 1:5 DMSO:FBS mix in cryotubes, frozen for 2h at –20°C, 

then stored at –80°C and subsequently stowed in liquid nitrogen. 

 

4.6 Adenoviral gene expression 

 

The recombinant, replication deficient adenovirus Ad5-CMV p14ARF (Ad-p14ARF) was 

constructed as described before (Hemmati et al., 2002). Briefly, the following steps were 

performed:  

1) the p14ARF gene was cut out from pBlueIIks-p14ARF (provided by Dr.KG Wiman and Dr 

U Klangby, Cancer Center Karolinska, Stockholm, Sweden) with the restriction enzymes 

BamHI/XhoI (New England Biolabs Frankfurt am Main, Germany).  

2) p14ARF was inserted into a pcDNA3 vector and placed under the control of a 

CytoMegaloVirus (CMV) promoter 

3) the CMV-p14ARF cassette was excised from pcDNA3 and inserted into the pHVAd2 

shuttle vector between the homologues sequences that pHVAd2 shares with the Ad5 vector 

4) homologues recombination between pHVAd2 and Ad5 vector was performed in BJ5183 

RecBC-sbcB bacteria to allow the transfer of the CMV-p14ARF cassette from the shuttle 

vector to the Ad5 vector resulting in the adenoviral vector Ad5-CMV p14ARF.  
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4.6.1 Calcium-phosphate transfection 

 

For production of large amounts of recombinant adenovirus, HEK293 cells were transfected 

with the adenoviral vector by calcium-phosphate precipitation. The HEK293 cell line is a 

transformed human fetal kidney cell line, which constitutively expresses Ad5 E1 proteins, 

supplying the missing E1 gene and therefore allowing the replication of the E1 deleted 

adenovirus (Graham et al., 1977; Shaw et al., 2002). 10µg of PacI digested adenoviral DNA 

were mixed with 25µl of 2.5M CaCl2 and adjusted with sterile aqua destillata to a total of 

250µl. 250µl of transfection buffer were added drop-by-drop to the mix and gently shaken. 

Upon shaking calcium phosphate crystals are formed that bind DNA. The total of 500µl was 

incubated for 30min at RT. Different concentrations were added to HEK293 cells incubated 

in 1ml serum free medium. After 1.5h, 1ml medium with 20% FBS was added to the cells. 

Once plaques were visible in the cell layer, the cells were harvested and the crude virus 

lysate (CVL) was used for virus amplification or stored. 

 

Transfection buffer:  

8g NaCl  

370mg KCl 

250mg Na2HPO4x2H2O 

5g HEPES 

in 500ml water 

pH 6.75 

sterilize by autoclaving 

 

4.6.2 Virus amplification and purification 

 

The CVL retrieved from the calcium-phosphate transfection was used for the amplification 

of the adenovirus. 50x150cm2 flasks containing HEK293 cells (80% confluence) were 

infected with 10 ml mix of serum free medium and CVL. After 1.5h 10 ml medium with 

20% FBS was added to the cells. Once the cells showed signs of infection by detaching 

from the bottom of the flasks, the cells together with the medium were collected and 
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centrifuged at 1000g. Except for 35ml, supernatant was discarded. 35ml CVL containing the 

pellet was kept at -20°C and used for purification.  

As a first step in virus purification, the CVL was thawed and frozen three times. Then, 

2.5ml of a 1.25g/cm3
 CsCl solution were poured into an Ultra-Clear centrifuge tube 

(Beckman Instruments GmbH, Munich, Germany) and 2.5ml of 1.5g/cm3 CsCl were slowly 

added beneath. Furthermore, 7ml of CVL from the virus purification was added onto this 

CsCl gradient. Then, the gradient was centrifuged (Beckmann Optima LE 80-K) at 30000g 

for 2h. After centrifugation, two bands were visible in the gradient. The virus band (the 

lower one) was harvested using a 1ml syringe and mixed with 1.35g/cm3 CsCl to a final 

volume of 3ml. Then, 3ml of 1.35g/cm3 and subsequently 3ml of 1.25g/cm3 CsCl were 

carefully added creating a gradient. This was followed by over night centrifugation at 

30000g resulting in a purified virus band on the gradient. The virus was collected again with 

a 1ml syringe. A NAP-25 column (Amersham Buchler, Braunschweig, Germany) was 

washed 4 times with 5ml of adenovirus suspension buffer. 1ml of the virus, gained from the 

gradient, was applied onto the column. Next, the column was washed with 1.5ml adenovirus 

suspension buffer. Finally, 2ml of adenoviral suspension buffer were added to the column 

and collected into a fresh tube. The purified virus solution was stored as 50µl aliquots at -

80°C. 

 

Adenoviral suspension buffer:  

135mM NaCl 

3mM KCl 

1mM MgCl2 

100mM Tris/HCl 

sterilize by autoclaving 

add 10% glycerol 

 

4.6.3 Virus titration 

 

A dilution series starting with 1%l of the adenoviral stock, which was cut in half in each step 

i.e. a log2 dilution series, were pipeted into a 24well plate using serum free medium for 

dilution. HEK293 cells were plated into a 24well plate and infected with the pre-prepared 

dilution series of the virus by using one well per dilution rate in a volume of 500%l. After 
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1.5h incubation time, 500%l of media containing 20% FBS was added to the cells. 

Approximately 14 days after infection, the plaques of each well were counted. The titer was 

calculated based on the plaque formation and the dilution rate. 

 

4.6.4 Verification of replication competent adenovirus (E1a-PCR) 

 

The adenoviral E1a region DNA was tested for unwanted recombination of the virus 

resulting in E1 proficient replication competent adenovirus. During virus amplification in 

HEK293 cells, the E1a region could be inserted into the adenoviral vector by homologous 

recombination. This could enable the virus to replicate and result in a lytic infection making 

an experimental analysis impossible. To detect E1a DNA adenoviral DNA was amplified for 

its E1a region by PCR. Detection of the E1a DNA band would indicate that the adenovirus 

is unusable. For viral DNA purification, 1%l of the purified virus stock was mixed with 20%l 

of proteinase K-Mix and incubated for 90min at 55°C. Then, 300%l of 

phenol/chloroform/isoamylalchocol pH 8.0 (ratio 25/24/1) was added to the sample. After 

vortexing, the sample was centrifuged for 5min at 10000g. The upper phase was transferred 

into a new tube and mixed with 300%l of chloroform. This step was followed again by 

centrifugation for 5min at 10000g. The upper phase containing the DNA was transferred 

into a new tube and the DNA was acquired by precipitation. 

The acquired DNA was tested for E1a by PCR and bands were detected by agarose gel 

electrophoresis. As a positive control, PCR and gel electrophoresis were performed for the 

E4 region, which is an integral part of the adenoviral vector. 

 

Proteinase K-Mix:  5mM EDTA 

    20mM Tris/HCl, pH 8.0 

    0.2% (v/v) SDS 

    0.25%g/%l proteinase K 

 

PCR: 20.0 µl (H2O as negative control) 

PCR-Puffer: 1x 

MgCl2 1.5 mM 

dNTP: 200 µM 

Taq DNA-Polymerase: 1 U 
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Primers: 500 nM 

Program: 94°C 5 min 

94°C 30 sec " 

58°C 30 sec # 35 cycles 

72°C 30 sec $ 

72°C 7 min, 4°C hold 

 

E1A  sense: 5’ –   GAG ACA TAT TAT CTG CCA CGG AGG – 3’ 

anti-sense: 5’ –  TTG GCA TAG AAA CCG GAC CCA AGG – 3’ 

(Adesanya et al., 1996) 

 

E4:  sense: 5’ –   GTA GAG TCA TAA TCG TGC ATC AGG – 3’ 

anti-sense: 5’ –  TTT ATA TGG TAC CGG GAG GTG GTG – 3’ 

(Adesanya et al., 1996) 

 

4.6.5 Infection of the cells with adenovirus for transgene expression 

 

1x105 cells plated in 6-well plates and cultured at 37°C with 5%CO2. After 24h, these cells 

were infected with adenoviral vector in RPMI 1640 (MCF-7) or DMEM medium (SW480, 

HEK293, HeLa) cells. Cells were infected with medium without FBS containing the 

adenovirus (Ad-lacZ or Ad-p14ARF) at the indicated amounts of MOI (multiplicity of 

infection). After incubation for 1.5h at 37°C, an equal amount of medium with 20% FBS 

was added to the cells.  
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4.7 Western blot analysis 

4.7.1 SDS-PAGE 

 

SDS-PAGE (Sodium dodecyl sulfate-polyacrylamide gel electrophoresis) is a technique to 

separate proteins and peptides according to their electrophoretic mobility which corresponds 

to their molecular weight (Laemmli, 1970). SDS, an anionic detergent, denaturates proteins 

by wrapping the hydrophobic tail around the polypeptide backbone, giving the protein a 

negative charge proportional to its length. The reducing agent &-mercaptoethanol in the 

sample buffer cleaves any disulfide bonds between cysteine residues, resulting in a 

completely unfolded protein. Consequently, the original conformation and charges of the 

proteins do not have any influence on how they migrate through the gel. The only parameter 

is their molecular weight. Electrophoresis was carried out with a Bio-Rad Mini-

PROTEAN® 3 system. Gels were prepared with 0.75 mm spacers and 15 pockets combs. 

 

4.7.2 Preparation of protein samples and determination of the concentration 

 

5x105 cells were harvested by trypsinization, washed with ice cold 1xPBS and lysed in an 

appropriate amount of lysis buffer supplemented with protease inhibitor for 30min on ice. 

After centrifugation at 10000g, 4°C for 15min the supernatant was collected as protein 

sample.  

 

Lysis buffer   2mM EDTA 

    0.1% SDS 

    1% Triton-X100 

    1mM Na3VO4 

    1mM beta-glycerolphosphate 

1 tablet protease inhibitor cocktail (Complete®, Roche Diagnostics) 

 

For cytochrome c detection, cells were harvested in PBS and centrifuged at 300g for 5min, 

After that, the pellets were resuspend in 20-50µl hypotonic buffer for 3-5 min on ice. 

Membranes were separated by centrifugation at 10000g, 4°C for 15min and the supernatant 

was used as cytosolic extract. The pellets were lysed in lysis buffer.  
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hypotonic buffer:  200mM HEPES pH 7.4 

    10mM KCl 

    2mM MgCl2 

    1mM EDTA 

    in 100ml 

    to 1ml of buffer add prior to use: 

    7.5%l 100mg/ml digitonin 

    7.5%l 10mM PMSF 

 

The protein concentration was determined using the bicinchoninic acid (BCA) assay (Pierce, 

Rockford, USA). 10%l of protein were mixed with 200%l of BCA solution (reagent A: 

reagent B = 50:1) in a 96-well plate and incubated at 37°C for 30min in the dark. The 

absorption was measured at 620nm. A BSA concentration row served as standard. The 

protein concentration was calculated based on the standard curve. Samples were mixed with 

5x SDS-PAGE sample buffer and boiled for 5 min at 95°C. Equal amounts of protein 

(25%g) were separated by SDS-PAGE using 14% or 12% separating gels and 5% stacking 

gels. Electrophoresis was performed at 120 V for the first 5 minutes and continued with 180 

V for approximately 1h.  

 

separating gel (14%)  aqua dest. 

    1.5M Tris/Hcl, pH 8.8 

    acrylamide/bisacrylamide solution (29:1; 40%) 

100%l 10%APS 

    100%l 10%SDS 

    4%l TEMED 

 

stacking gel (5%)  2.185ml aqua dest. 

380%l 0.5M Tris/HCl, pH6.8 

    375%l acrylamide/bisacrylamide solution (29:1; 40%) 

    30%l 10%APS 

    30%l 10%SDS 

    3%l TEMED 

 

5x sample buffer  260 mM Tris/HCl, pH 6.8 
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12.5% mercaptoethanol 

    20% glycerol 

    2% SDS 

    0.01% bromophenolblue 

 

5x running buffer  100mM Tris, pH 8.3 

    1M glycin 

0.5% SDS 

 

4.7.3 Blotting of proteins onto nitrocellulose membranes 

 

Electrophoretically separated proteins were transferred onto 0.2µm nitrocellulose 

membranes (Schleicher & Schuell, Dassel, Germany) by semi-dry blotting using a Bio-Rad 

Trans-blot SD transfer cell (Bio-Rad, Munich, Germany). Membranes and filter paper 

(Schleicher & Schuell GB005, Dassel, Germany) were kept in CAPS buffer for 3min prior 

to use. Three layers of filter followed by the membrane, SDS-gel and again three layers of 

filters were placed on the anode and finally covered with the cathode. Blotting was 

performed at 1mA/cm2 for 1h. Transfer of the proteins was verified with ponceau red 

staining. 

 

Blotting buffer   10mM CAPS, pH 11 

    10% (v/v) methanol 

 

Ponceau solution  0.1% ponceau-S 

    in 5% acetic acid 

 

4.7.4 Immunodetection 

 

After blotting, membranes were blocked for 1h in blocking buffer in order to avoid 

unspecific binding of the antibodies. Furthermore, the membranes were incubated with 

primary antibodies diluted in blocking buffer for 1h at RT. After washing three times with 

blocking buffer, the membranes were incubated for one hour with peroxidase-conjugated 
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secondary antibodies, diluted in blocking buffer. Finally, the membranes were washed three 

times with PBST and protein bands were visualized using the SuperSignal West Pico 

Chemiluminescent Substrate system (Pierce, Rockford, USA). This system is based on the 

chemical reaction of luminol with peroxidase and hydrogen peroxide. The light emission 

emerging of this reaction is captured on film by autoradiography. The membrane was 

incubated in the ECL solution for 3min (Luminol:peroxide buffer, 1:1) and exposed to a 

hyperfilm ECL-film (Amersham Biosciences, Buckinghamshire, England) for an 

appropriate time. 

 

Blocking buffer  10% casein  

    in 1X PBST 

 

PBST    10X PBS  

0.1% Tween-20 

     

 

4.8 Flow cytometry 

 

FACS (fluorescence-activated cell sorter) is a technology that analyzes single cells 

according to different characteristics, such as size, granularity and density. Cells floating in 

a liquid are hit by a laser beam (argon ion laser, excitation at 488nm). For each cell passing, 

the light absorbance measured (forward scatter, shows the relative size) and reflected (side 

scatter, represents the relative density and is proportional to the cell granularity) is recorded. 

Moreover, different fluorescence wave lengths emitted by the cells can be quantified in 

different channels (FL1=537nm, FL2=597nm, FL3=650nm) of the flow cytometer. 

Evaluation of the obtained data was displayed by using histograms or x/y-z-parametric 

scatter plots. They show the fluorescence intensity versus the cell numbers. Flow cytometry 

analyses were performed with a FACScan cytometer (Becton Dickinson, Heidelberg, 

Germany) and later evaluated by the use of the CellQuest analysis software. 
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4.8.1 Measurement of apoptotic cells and cell viability 

 

Apoptotic DNA fragmentation was determined on a single cell basis by measuring the DNA 

content of individual cells with a logarithmic amplification in the FL-3 channel of a 

FACScan flow cytometer equipped with the CellQuestPro software as described earlier 

(Daniel et al., 1999). 1x105 cells were infected with the indicated adenoviral vectors and 

treated with 1mM caffeine or exposed to IR. At the indicated time points, cells were 

trypsinized and collected by centrifugation at 300g for 5 min, washed once with PBS and 

fixed in 2% formaldehyde solution for 30 min on ice. Next, cells were incubated in 70% 

ethanol/PBS. After 30 min on ice, the cells were resuspended in PBS containing 40 mg/ml 

DNase-free RNase A (Roche Molecular Biochemicals, Mannheim, Germany) for 30 min at 

37°C. As a final step, cells were pelleted again and resuspended in PBS containing 50%g/ml 

propidium iodide (PI) and analyzed in the FL3-channel on a log scale. For cell viability 

measurements cells were collected by centrifugation and resuspended in 100%l PBS 

containing 50%g/ml PI, incubated 15min at RT, and analyzed by flow cytometry in the FL3-

channel on a log scale.  

 

4.8.2 Measurement of breakdown of the mitochondrial membrane potential  

 

For detection of the breakdown of the mitochondrial membrane potential, cells were 

incubated with the fluorescent cationic and lipophilic dye JC-1: 5,5',6,6'-tetrachloro-

1,1',3,3'-tetraethylbenzimidazolcarbocyaniniodide (Molecular Probes, Leiden, The 

Netherlands). The JC-1 dye accumulates in the matrix of intact mitochondria and has red 

fluorescence. Upon the onset of apoptosis, the mitochondrial potential collapses and the JC-

1 dye can no longer accumulate in the mitochondria, therefore remains in the cytoplasm in a 

monomeric form and emits green fluorescence. Depolarization of mitochondria is therefore 

accompanied by increased green fluorescence and is measured in the FL-2 channel of the 

FACS. 

1x105 cells were seeded in 6-well plates. After 24h, cells were infected with the indicated 

adenoviral vectors in the presence or absence of 1mM caffeine or IR and incubated with JC-

1 at 2.5mg/ml in 500%l PBS for 30 min at 37°C. Cells were then centrifuged at 300g, 

washed twice with ice-cold PBS and resuspended in 200%l PBS. Mitochondrial permeability 
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transition was subsequently quantified by flow cytometry (Becton Dickinson; Heidelberg) in 

the FL3-channel gating on cells with decreased red fluorescence. Data are given in 

percentage of the cells with low mitochondrial membrane potential (!!m). 

 

4.8.3 Detection of caspase activation and inhibition 

 

Caspase activity was measured for each caspase individually by using their specific 

fluorescent inhibitors (FLICA, Kit assay, Serotec, Oxford, England). These peptides bind 

covalently to cysteine residues and block the activity of the individual caspase. 

Caboxyfluorescein is attached to the peptide contributing the fluorescence. 

For the measurement, 1x105 cells were harvested 48h after adenoviral infection and 

resuspended in 500%l PBS with 30%M final concentration of the FITC-VAD-fmk, FITC-

DEVD-fmk, or FITC-LEHD-fmk peptide. Samples were incubated for 20min at 37°C and 

washed 3 times with PBS. Finally, the cells were diluted in 200%l PBS. Increased green 

fluorescence was measured by FACS in the FL1-channel. 

For inhibition of activated caspases, peptides with a specific sequence are used. They are 

bound by the active site of the corresponding caspase. (For caspase-3, -9, -8 20%M of 

inhibitor was used. To inhibit all the caspases, 20%M of zVAD-fmk peptide as well as 10%M 

Q-VD-OPh were used. All inhibitors were obtained from Calbiochem, Bad Soden. 

 

4.8.4 Quantification of mitotic cells by MPM-2 staining 

 

1x105cells were seeded in 6 well plates. After infection as described before, the cells were 

harvested by trypsination including floating cells. Cells were centrifuged at 1200rpm for 5 

min. Cell pellets were resuspended in 1ml of 1xPBS. After additional centrifugation, the 

supernatant was removed and cells were fixed with 200%l of ice-cold 70% ethanol and 

transferred into 96 well round bottom plates. The plates were centrifuged at 300g for 5 min 

and then washed with 1xPBS + 0.05% Tween 20 + 10% Fetal Bovine Serum (PBSTF). 

After this step, the cells were labelled with the mouse MPM2 antibody (Upstate 

Biotechnology, USA) with a final concentration of 1%g/ml, diluted in PBSTF and incubated 

for 1h at 37°C. The cells were washed two times with PBSTF and incubated with the 

secondary, FITC labelled goat-anti mouse antibody (Jackson Immuno Research, USA) for 1 
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hour at RT in the dark. The cells were washed 2 times with PBSTF and resuspended in 

50%g/ml PI + 40%g/ml RNAse. The cells were measured for increased green fluorescence 

showing MPM-2 positivity in combination with a 4N (mitotic) DNA content. 

 

4.9 Measurement of cell cycle distribution 

 

1x105 cells were grown in 6 well plates, cultured over night and infected with adenoviral 

vectors in serum free medium. After that, cells were trypsinized and centrifuged for 5 min. 

The cell pellet was washed with PBS and fixed with 70% ethanol and stored at -20°C over 

night. Thereafter, cells were treated with pepsin, at 37°C for 30 min. After discarding the 

pepsin, cells were resuspended in 2M HCl and incubated at 37°C for 30 min, and finally 

washed with borax buffer to neutralize the acid. The cells were pelleted again and 

resuspended with PBS containing 50%g/ml PI. The cellular DNA content was measured with 

linear amplification in the FL-2 channel. Data were analyzed with the ModFit software 

(Verity Software House, Topsham, USA), which calculates the percentages of cells in each 

phase of the cell cycle.  

 

Pepsin     0.4 mg/ml in 0.1M HCl 

Borax buffer   0.1M sodium tetraborate pH 8.5 

 

4.10 Immunofluorescence microscopy  

 

1x105cells were grown in 6 well plates seeded on sterile round coverslips. After 24h, the 

cells were infected with adenoviral vectors Ad-lacZ or Ad-p14ARF and treated with 1mM 

caffeine. After 48h, the cells were washed with PBS and fixed with 3% PFA for 20 min at 

RT. After that, cells were permeabilized in 0.2% Triton X-100 in PBS for 3 min, and the 

slides were incubated with blocking solution 30min and incubated overnight with an anti-

PARP p85 fragment antibody (Promega, Mannheim, Germany) diluted 1:100. After three 

washes with PBS, the slides were incubated with the secondary antibody diluted 1:1000 

(Alexa Fluor 594–conjugated goat anti–rabbit IgG (Invitrogen) for 1h at RT. For staining of 

DNA, cells were incubated in 1XPBS + Hoechst (Sigma-Aldrich) at a final concentration of 

1%g/ml for 2min. Cells were washed three times with 1xPBS and mounted on slides with 

fluorescence mounting medium (DakoCytomation). For overview images, specimens were 



  Materials and Methods 

60 

 

analyzed with fluorescent microscope at RT using a microscope (Axiovert 200; Carl Zeiss, 

Inc.) equipped with a 63'/1.4 objective lens (Plan-Apochromat; Carl Zeiss, Inc.) and a 

digital camera (ORCA ER; Hamamatsu Photonics). Images were obtained by Openlab 

software (Improvision). 

3% PFA   22.5ml aqua dest. 

0.75g paraformaldehyde 

2.5 ml 10X PBS 

 

4.11 Analysis of Bax clustering and LC3 punctuation 

 

Bax oligomerization and LC3 punctuation was determined by the use of a fluorescence 

microscope. MCF-7 cells, stably expressing EGFP-Bax or EGFP-LC3 were seeded 5x104 on 

a 16-mm round cover slide (VWR, Darmstadt, Germany) in 12-well plates. Treated cells 

were analyzed with fluorescent microscope at RT using a microscope (Axiovert 200; Carl 

Zeiss, Inc.) equipped with a 63'/1.4 objective lens (Plan-Apochromat; Carl Zeiss, Inc.) and 

a digital camera (ORCA ER; Hamamatsu Photonics). Images were obtained by Openlab 

software (Improvision). 

 

4.12 Gamma-irradiation  

 

1x105 cells were seeded in 6-well plates, and after adenoviral transduction, cells were 

irradiated with 10Gy ionizing irradiation in a Cesium-137 irradiator. Cells were cultured at 

37°C and harvested at different time points. 
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5.   Results 

 

5.1 Dose response for overexpression of p14ARF  

 

Resistance of breast cancer tumour cells to chemotherapy or radiotherapy remains a 

significant challenge for successful cancer therapy. The p14ARF pathway has been 

thoroughly investigated in order to be employed in the future for effective treatments. 

P14ARF has been shown to induce apoptotic cell death in prostate cancer cell lines (Hemmati 

et al., 2002). To characterize cell death signalling by p14ARF, we used MCF-7 breast 

carcinoma cells that have lost the key executioner caspase-3 and MCF-7 cells that were 

stably re-expressing procaspase-3. Western blot analyses of untreated MCF-7 cells 

confirmed caspase-3 deficiency of MCF-7 mock cells in contrast to cell transfectants stably 

re-expressing procaspase-3, where strong expression was detectable (figure 9). Off note: 

MCF-7 cells do not express endogenous p14ARF since their INK4a gene is homozygously 

deleted (Pineau et al., 2003). 

 

Figure 9. Expression of procaspase-3 in MCF-7 breast 

carcinoma cells. 

Western blot analysis of MCF-7 cells stably re-

transfected with procaspase-3. Equal loading was 

confirmed by !-actin detection.  

 

 

An adenoviral vector system was employed for transient expression of p14ARF in both cell 

transfectants. MCF-7 cells proficient or deficient for caspase-3 were transduced with an 

adenoviral vector containing p14ARF under the control of a CMV promoter. To confirm the 

functionality of the viral system, both cell transfectants were infected with increasing levels 

of MOI (multiplicity of infection), ranging from 1 to 100 infectious viral particles of Ad-

p14ARF (figure 10A). Western blot analysis after 24h validated increased expression of 

p14ARF in a dose-dependent manner.  

After transduction of MCF-7 cells with Ad-p14ARF, apoptotic cell death was measured in the 

following experiment. As controls for MCF-7 cells, caspase-3 deficient or proficient cells 

were cultured in medium or infected with Ad-lacZ and apoptosis was measured after 72h 

(figure 10B). All control MCF-7 mock transfectants as well as cells infected with 10 MOI of 

Ad-p14ARF showed an apoptotic rate of 2-5%. However, when the mock cells were infected 
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with increasing amounts of MOIs of Ad-p14ARF (25, 50 and 100 MOI), apoptotic cell death 

occurred in less than 10% of the cells. The apoptotic rate was low (4%) in the control MCF-

7 cells, which were proficient for caspase-3. Nevertheless, cells demonstrated a low 

apoptotic rate of 8% after infection with 10 MOI of Ad-p14ARF, which was slightly 

increased up to 16 % in a dose dependent manner. 

Surprisingly, neither MCF-7 caspase-3 deficient nor proficient cells showed prominent signs 

of p14ARF-induced apoptosis.  

 

 

 

Figure 10. Adenovirus mediated overexpression of p14
ARF

. 

(A) MCF-7 caspase-3 deficient cells were infected with different MOIs of adenovirus as indicated on 

the Western blot. !-actin was used as a loading control. 

(B) MCF-7 cells deficient (white
 
bars) or proficient (black bars) for caspase-3 were infected with 

100 MOI of Ad-lacZ (lacZ) or different MOIs of Ad-p14
ARF

 (ARF) as indicated. Determination of 

cells with hypodiploid DNA content was done by flow cytometric measurement after 72h on a single 

cell level. Data are means ± SD of triplicates. 

 

5.2 P14ARF localizes to the nucleoli  

 

To verify the localization of p14ARF and to confirm the transfection rate in MCF-7 cells, 

both cell transfectants were transduced with Ad-p14ARF and stained with a fluorescein-

conjugated antibody to p14ARF (figure 11). In addition, mitochondria were stained with Mito 

Tracker Red thereby allowing the localization of p14ARF as an overlay. Nuclei were stained 

with Hoechst (visible in blue) showing the absence of chromatin condensation after p14ARF 
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infections. As can be seen in the microscopic images, the p14ARF protein is clearly localized 

within the nucleoli, and not co-localized with the mitochondria (figure 11). After infection 

with 100 MOI of Ad-p14ARF the average transfection rate was 70%, calculated from the 

reduction in green fluorescence. Therefore, 100 MOI was used as the optimal infection rate 

in the following experiments for both, MCF-7 mock and caspase-3 cell transfectants. 

 

 

 

Figure 11. Subcellular p14
ARF

 localization.  

Immunofluorescent pictures were taken 24h after transduction with 100 MOI of Ad-p14
ARF

. P14
ARF 

shows nuclear and nucleolar localization. P14
ARF

 was stained in green, mitochondria in red, and 

nuclei in blue. 

 

5.3 Involvement of p14ARF in cell cycle checkpoint regulation  

5.3.1 P14ARF mediates cell cycle arrest via upregulation of p21 in MCF-7 cells 

 

To establish the role of p14ARF in cell cycle arrest and DNA damage, the expression levels 

of the regulatory proteins were determined by Western blot analysis. Caspase-3 deficient 

and caspase-3 proficient MCF-7 cells were infected with Ad-lacZ (control virus) or with 

Ad-p14ARF. As shown in figure 12, expression of p14ARF induced an upregulation of p53, a 

tumour suppressor protein participating in cell cycle arrest and apoptosis, as well as the 

phosphorylated form of this protein, illustrating its activity. The level of p21 was also 

elevated upon p14ARF expression indicating transcriptional activity of p53. When DNA is 

damaged, %H2AX becomes extensively phosphorylated and forms nuclear foci at the 

damaged site; therefore, this protein was used as a marker for DNA damage. Upregulation 
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of %H2AX indicated that DNA damage occurred in both, caspase-3 deficient and proficient 

cells, after p14ARF expression. Cells infected with control virus Ad-lacZ did not show 

detectable levels of any of the examined proteins.  

Furthermore, the expression level of the proapoptotic protein Bax increased after p14ARF 

expression in both cell transfectants, in contrast to the control cells where its level was 

barely detectable. Apoptotic cell death was not induced in the caspase-3 proficient cells as 

no cleavage product of the main executive caspase-3 could be monitored upon p14ARF 

expression. The levels of proapoptotic Bak and antiapoptotic Bcl-2 did not differ among the 

cells infected with Ad-lacZ or Ad-p14ARF. 

 

 

Figure 12. P14
ARF

 signalling
 
pathway and 

induction of cell cycle arrest in MCF-7 

cells.  

MCF-7 caspase-3 proficient or deficient cells 

were transduced with Ad-p14
ARF

 (100 MOI) 

or Ad-lacZ (100 MOI) and cultured for 48h. 

Protein expression was determined by 

appropriate antibody as indicated on the 

Western blot analysis. Equal loading was 

confirmed by !-actin detection. 
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5.3.2 P14ARF induces cell cycle arrest  

 

Each cell cycle phase is regulated by specific key regulatory cyclins and cyclin-dependent 

kinases. Since they are good markers for the cell cycle changes, their expression level were 

examined by Western blot analysis (figure 13). Caffeine, an inhibitor of the cell cycle kinases 

ATM and ATR, has been shown to overcome cell cycle arrest programs and was therefore 

used in the following experiments to study the functional consequences of p14ARF-induced 

cell cycle arrest. 

As controls, MCF-7 cells, which were either proficient or deficient for caspase-3, were 

infected with the control virus Ad-lacZ, exposed to caffeine, or were left un-treated, 

respectively. The expression of p14ARF after transduction with Ad-p14ARF was similar for 

both cell transfectants. The levels of p53 and p21 were undetectable in all control cells, 

independent of the presence of caspase-3. However, for both cell transfectants p53 

expression was strongly increased after p14ARF expression in the presence or absence of 

caffeine. In addition, the level of p21 was also elevated after p14ARF expression, however 

only in the absence of caffeine; this increase was not detected in the presence of caffeine. All 

control MCF-7 mock or caspase-3 proficient cells demonstrated high levels of cyclin D1 

after infection with Ad-p14ARF. However, treatment with caffeine resulted in a 

downregulation of the cyclin D1 expression level. The same effect was evident for the cyclin 

dependent kinases CDK4 and CDK6. Furthermore, all control cells expressed cyclin A 

independently of the presence of caspase-3. However, the expression level of cyclin A was 

drastically reduced after infection with Ad-p14ARF or the addition of caffeine. Upregulation 

of cyclin B1 was only detectable after expression of p14ARF and exposure to caffeine in 

contrast to control cells suggesting that those cells were in the G2/M phase of the cell cycle. 
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Figure 13. Western blot analysis of cyclins and CDKs after p14
ARF

 expression and treatment with 

caffeine. 

MCF-7 cells deficient and proficient for caspase-3 were transduced with Ad-p14
ARF

 or Ad-lacZ, 

treated with caffeine (caff) (1mM) and cultured for 48h. Proteins were detected by the appropriate 

antibodies as indicated on the Western blot. Asterix (*): unspecific band. Equal loading was 

confirmed by !-actin. 

 

The data obtained in the previous experiment did not clearly differentiate the G2 from the M 

phase cells. For a more precise analysis of the G2/M accumulation, a specific mitotic marker 

was used. MPM-2 is a common phosphorylated epitope used for distinguishing proteins that 

are selectively phosphorylated only during mitosis. After fixation and permeabilization, 

cells were incubated with a MPM-2 antibody (figure 14). Cells entering mitosis were 

detected and quantified by flow cytometric analysis. In the untreated controls, 

approximately 4% of MCF-7 cells deficient or proficient for caspase-3 were stained 

positively with the MPM-2 antibody indicating a mitotic state. For both cell transfectants, a 

minor decrease in cell staining was observed when the cells were transduced with the 

control virus Ad-lacZ or treated with caffeine. However, overexpression of p14ARF induced a 

decrease in the number of cells staining positively for MPM2, and an even stronger decrease 

was seen after additional treatment with caffeine indicating mitotic reduction where no cells 

were entering the M-phase. These results were observed in MCF-7 mock cells as well as 

caspase-3 transfected cells. Nocodazole, a microtubule-depolymerising agent, was used as a 

positive control to arrests cells in mitosis. MPM-2 staining was observed in 40% of both 
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MCF-7 cell transfectants after nocodazole treatment, demonstrating the functionality of this 

method.  

These results demonstrate that p14ARF induces cell cycle arrest in the G1 phase of the cell 

independently of the presence or absence of caspase-3. This arrest was impaired by the use 

of caffeine, causing cell cycle progression and mitotic exit. Nevertheless, cells only 

overexpressing p14ARF and exposed to caffeine are most likely accumulated in G2 phase of 

the cell cycle since no cells were found in M-phase.  

 

 

 

Figure 14. Quantification of MCF-7 cells in mitosis by MPM-2 staining. 

MCF-7 cells deficient and proficient for caspase-3 were transduced with Ad-p14
ARF

 or Ad-lacZ and 

treated with caffeine (1mM) as indicated. Bi-variate analyses of DNA content (PI) and MPM-2 

positive staining for identification of 4N (mitotic) cells was performed by flow cytometry after 48h. 

Nocodazole (Noco) known as a microtubule-depolymerising agent was used to arrest cells in mitosis 

(100nM/ml) and served as a positive control. Data are means ± SD of triplicates. 

 

Using the cervical cancer cell line HeLa that express high-risk human papillomavirus HPV 

E6, which functionally inactivates p53 (Howley, 2006), the effect of p14ARF on the cell 

cycle was further analyzed. Infection with the control virus Ad-lacZ showed 60% of cells in 

G1 phase and 25% in S phase, respectively (figure 15). Upon p14ARF expression 12% of the 

cells were found in G1 phase and not more than 3% of the cells were in S phase. HeLa cells 

infected with the control virus Ad-lacZ showed 18% of cell accumulation in G2 whereas, 

interestingly, 78% of p14ARF overexpressing cells were accumulated in G2/M phase. 
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Figure 15. P14
ARF

 induces G2/M phase arrest in HeLa cells. 

Cells were infected with 50 MOI of Ad-lacZ or Ad-p14
ARF

 and subjected to cell cycle flow cytometry 

measurements.  

(A) Cell cycle distribution of G1, S, G2/M phases. Data are means ± SD of triplicates. 

(B) Representative histograms of the measurements in (A). 

 

Cell cycle arrest analyses in MCF-7 and HeLa cells suggest that p14ARF induces the cell 

cycle arrest program either by accumulating cells in G1 or G2 which seems to be dependent 

on the functional p53 status of the cell. 



  Results 

70 

 

5.4 P14ARF is involved in type I cell death after sensitization with caffeine 

5.4.1 Apoptotic response of p14ARF after exposure to caffeine strictly depends on the 

presence of caspase-3 

 

To determine whether cell cycle abrogation can influence apoptotic cell death in the applied 

experimental system, MCF-7 mock cells for caspase-3 and MCF-7 procaspase-3 

transfectants were transduced with 100 MOI of Ad-14ARF and treated with two different 

concentration of caffeine (1mM-2mM) (figure 16A,B). As a control, both cell transfectants 

were not treated, infected with control virus Ad-lacZ or exposed to different concentrations 

of caffeine. Apoptotic DNA fragmentation was measured after 72h by flow cytometry. For 

both cell transfectants, 2% to 5% of the medium control as well as cells transduced with Ad-

lacZ demonstrated apoptotic death. After treatment with only caffeine, 4% of MCF-7 mock 

or caspase-3 proficient cells showed apoptosis induction regardless of the used 

concentration. MCF-7 mock cells transfected with Ad-lacZ and under caffeine treatment 

remained unaffected in terms of apoptotic cell death independently of the caffeine 

concentration. After transduction with the control virus Ad-lacZ and additionally treatment 

with 1mM and 2mM caffeine, respectively, the lower concentration of caffeine did not have 

any effect on cell death in MCF-7 caspase-3 proficient cells. Nevertheless, 2mM of caffeine 

caused a slight increase in the apoptotic rate up to 18% in the Ad-lacZ transduced control 

cultures. However, after overexpression of p14ARF and additional treatment with caffeine 

MCF-7 caspase-3 transfected cells demonstrated apoptotic cell death that increased in a 

dose-dependent manner. Namely, 49% of MCF-7 caspase-3 proficient cells displayed 

apoptotic cell death upon p14ARF expression in combination with 1mM caffeine. This effect 

was increased even more in the presence of 2mM caffeine where the apoptotic rate was 

raised to 59%. In contrast, cells deficient for caspase-3 showed not more than 10% apoptotic 

cells regardless of the caffeine concentration. In respect to these results, a concentration of 

1mM caffeine was chosen for further experiments.  
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Figure 16. Dose response for treatment with caffeine and apoptosis induction upon p14
ARF

 

expression. 

(A) Cells were infected with Ad-lacZ or Ad-p14
ARF

 and treated with different concentrations of 

caffeine (1-2mM). Apoptotic DNA fragmentation was measured by flow cytometry after 72h. MCF-7 

cells deficient (white
 
bars) and proficient (black bars) for caspase-3 were analysed. Data are means 

± SD of triplicates. 

(B) Representative histograms of flow cytometry measurements. Cells were infected with 100 MOI of 

Ad-lacZ or Ad-p14
ARF

 and additionally treated with or without caffeine (1mM). 

 

In order to provide better evidence for the role of 14ARF in apoptotic cell death, we analyzed 

the time dependent effect in the same cell system (figure 17). Different time points were 

chosen, i.e. 48, 72 and 96, respectively. As control, cells were cultured untreated, transduced 

with Ad-lacZ or additionally treated with caffeine. After 48h, up to 5% of caspase-3 

deficient cells demonstrated apoptotic cell death in the controls as well as when these cells 

were transduced with Ad-14ARF.and treated with caffeine. Caspase-3 proficient cells did not 

show more than 4% apoptotic cell death in all the treatments except when these cells were 

transduced with p14ARF and exposed to caffeine demonstrating an increase in the apoptotic 

rate up to 11% (figure 17A). After 72h, neither caspase-3 deficient nor caspase-3 proficient 

cells showed increased apoptotic cell death when they were left untreated, transduced with 

Ad-lacZ or additionally treated with caffeine (figure 17B). 12% of the cells showed 

apoptotic cell death upon p14ARF expression in both cell transfectants. Control cells did not 

show more than 5% apoptotic cell death for both cell transfectants except of a slight increase 

in the apoptosis induction of 19% in caspase-3 proficient cells when infected with Ad-lacZ 



  Results 

72 

 

in combination with caffeine (figure 17C). 17% of the cells demonstrated apoptotic cell 

death when infected with Ad-p14ARF after 96h. However, after 72h, MCF-7 caspase-3 re-

expressing cells showed 49% of apoptotic DNA fragmentation when transduced with Ad-

p14ARF and additionally treated with caffeine, increasing to 65% after 96h. Culturing Ad-

p14ARF infected MCF-7 mock cells for 96h in the presence of caffeine did not induce more 

than 10% of apoptosis. 

The consequence of sensitization with caffeine for p14ARF resulted in apoptosis starting 

shortly after 48h that increased in a time dependent manner strictly depending on the 

presence of caspase-3. 

 

 

 

Figure 17. P14
ARF

 induces apoptosis after caffeine treatment that strictly depends on caspase-3. 

MCF-7 cells deficient (white
 
bars) and proficient (black bars) for caspase-3 were transduced with

 

Ad-14
ARF

 or Ad-lacZ and treated with caffeine (1mM) as indicated. 

(A) DNA fragmentation was measured by flow cytometry after 48h.  

(B) DNA fragmentation was measured by flow cytometry after 72h.  

(C) DNA fragmentation was measured by flow cytometry after 96h.  

Data are means ± SD of triplicates. 

 

Moreover, caspase-3 dependency was also shown in the cervical carcinoma cell line HeLa, 

which is wild type for caspase-3 (figure 18). HeLa cells transduced with control virus Ad-

lacZ regardless of the presence of caffeine showed up to 8% of background apoptosis. Upon 

p14ARF expression 10% of the cells displayed apoptotic cell death. However, 52% of the 

cells showed apoptosis induction upon infection with p14ARF and caffeine exposure. 
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Figure 18. P14
ARF

 overexpression induced 

apoptosis after caffeine treatment in HeLa 

cells. 

HeLa cells were transduced with
 
50 MOI Ad-

p14
ARF

 or Ad-lacZ and treated with caffeine 

(1mM). DNA fragmentation was measured by 

flow cytometry after 72h. Data are means ± 

SD of triplicates. 

 

 

 

 

 

 

The observation made in MCF-7 cells as well in HeLa cell lines leads to the conclusion that 

p14ARF triggers cell cycle arrest that interferes with apoptosis induction. Thus, apoptosis 

induction might serve as a fail-save mechanism to eliminate checkpoint deficient tumour 

cells upon induction of oncogenic stress by p14ARF. The decision of whether the cells are 

arrested in G1 or G2 is dependent on the p53 status, indicating that in the presence of 

functional p53 cells are arrested in G1 whereas lack of functional p53 results in G2 arrest 

upon p14ARF expression. Cells expressing p14ARF in combination with caffeine-mediated 

abrogation of cell cycle checkpoints would then die through apoptosis, dependent on 

caspase-3, but independent on the functionality of p53. 
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5.4.2 Mitochondrial permeabilization upon p14ARF overexpression after exposure to 

caffeine  

 

Mitochondria play a central role in propagation of cell death signals. Upon apoptotic 

stimuli, there is release of cytochrome c, which activates caspase-9 via the apoptosome, and 

subsequently caspase-3. As an early event in apoptosis, mitochondria loose their membrane 

potential. In order to investigate if mitochondria are involved in p14ARF mediated cell death 

pathway, MCF-7 cells were incubated with the fluorescent dye JC-1 and analyzed by flow 

cytometry. Accumulated in the mitochondria of healthy cells as aggregates, has red 

fluorescence. Upon apoptosis induction, the mitochondrial potential collapses and the JC-1 

change its fluorescent emittance from red light to green light. Controls cell transfectants 

were either cultured in medium, or infected with control virus Ad-lacZ in the presence or 

absence of caffeine. None of the controls showed breakdown of the mitochondrial 

membrane potential measured after 48h and 72h, respectively (figure 19). In parallel, cells 

infected with Ad-p14ARF alone did not show disruption of mitochondria independently of the 

presence of caspase-3. In contrast, cells re-expressing caspase-3 displayed a high reduction 

of the mitochondrial membrane potential after infection with Ad-p14ARF and exposure to 

caffeine, occurring in a time dependent manner. Namely, 46% of the cells showed 

depolarization of the mitochondria after 48h, increasing up to 72% after 72h. After 48h, 

12% of the cells lacking caspase-3 revealed loss of mitochondrial membrane potential upon 

p14ARF overexpression in combination with caffeine (figure 19A). Interestingly, elevated 

mitochondrial membrane permeabilization was measured in 40% of those cells after 72h 

(figure 19C). These data suggest that cells deficient for caspase-3 had mitochondrial 

dysfunction without demonstrating apoptotic cell death after infection with Ad-p14ARF and 

incubation with caffeine.  
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Figure 19. Loss of the mitochondrial membrane potential upon p14
ARF 

overexpression and 

caffeine treatment. 

(A) MCF-7 cells deficient
 
(white bars)

 
and proficient (black bars) for caspase-3 were transduced 

with
 
Ad-p14

ARF
 or Ad-lacZ. Flow cytometric detection of cells with low mitochondrial membrane 

potential was performed after 48h by use of the cationic and lipophilic dye JC-1. Data are means ± 

SD of triplicates of cells with #"m loss. 

(B) Representative histograms of experiment in (A). 

(C) MCF-7 cells deficient
 
(white bars)

 
and proficient (black bars) for caspase-3 were transduced 

with
 
Ad-p14

ARF
 or Ad-lacZ. Flow cytometric detection of cells with low mitochondrial membrane 

potential was performed after 72h. Data are means ± SD of triplicates of cells with #"m loss.  

(D) Representative histograms of experiment in (C). 

 

In order to analyze if caspases are involved in p14ARF pathway and whether preventing 

caspase activation can protect the mitochondrial permeabilization, the pan-caspase inhibitor 

(Q-VD-OPh) was employed. MCF-7 mock and caspase-3 cell transfectants were infected 

with Ad-lacZ in combination with caffeine and cultured in the presence or absence of the 

caspase inhibitor, respectively. These control cells did not show loss of the mitochondrial 

membrane permeability. After 72h, both cell transfectants demonstrated loss of 

mitochondrial membrane potential upon p14ARF overexpression in combination with 

caffeine. This effect on mitochondria was blocked after additional exposure to Q-VD-OPh. 
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Namely, 5% of the caspase-3 deficient cells and 20% of the caspase-3 proficient cells were 

detected with low mitochondrial membrane potential (figure 20). These data imply that the 

complete inhibition of caspases can block mitochondrial depolarization regardless of the 

presence of caspase-3, indicating that caspase activities occur upstream of the mitochondrial 

depolarisation, which might be a crucial step in p14ARF-induced apoptosis. 

 

Figure 20. P14
ARF

 expression and caffeine 

treatment induces loss of the mitochondrial 

membrane potential, which can be blocked by 

use of the pan-caspase inhibitor Q-VD-OPh. 

MCF-7 cells deficient (white bars)
 

and 

proficient (black bars) for caspase-3 were 

transduced with
 
Ad-p14

ARF
 or Ad-lacZ. Flow 

cytometric detection of cells with low 

mitochondrial membrane potential was 

performed after 72h in the presence or absence 

of the pan-caspase inhibitor Q-VD-OPh (Q-

VD) as indicated. Data are means ± SD of 

triplicates. 

 

 

 

5.4.3 PARP cleavage as evidence for apoptosis 

 

PARP (Poly-(ADP-ribose)-polymerase), an 116kDa protein, is a typical substrate of 

caspase-3 and is cleaved during apoptosis into an 85kDa and a 32kDa fragment. PARP 

cleavage is therefore a convenient marker for type I cell death. To confirm that p14ARF, in 

combination with caffeine, induces apoptosis in a caspase-3 dependent manner, cells were 

stained with a red fluorescent antibody that detects specifically the cleaved form of PARP. 

Nuclei were stained in blue with Hoechst. MCF-7 cells that have lost the key executioner 

caspase-3 and MCF-7 cells that were stably re-transfected with procaspase-3 were infected 

with Ad-p14ARF and treated with caffeine (figure 21). In parallel, cells were infected with 

control virus Ad-lacZ and cultured with caffeine. After 72h pictures were taken with a 

fluorescence microscope. Regardless of the treatment, none of caspase-3 deficient cells 

displayed the cleaved form of PARP. MCF-7 caspase-3 proficient cells demonstrated PARP 

cleavage only when infected with Ad-p14ARF and treated with caffeine, revealing that 

caspase-3 is essential in this pathway.  
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Figure 21. PARP cleavage upon p14
ARF

 overexpression and caffeine treatment.  

MCF-7 cells deficient and proficient for caspase-3 were transduced with Ad-p14
ARF 

or Ad-lacZ and 

treated with caffeine (1mM) as indicated. PARP cleavage was detected as red staining, and nuclei 

were stained in blue. Representative pictures were taken after 72h. 

 

5.4.4 Activation of caspases upon p14ARF overexpression and exposure to caffeine 

 

The following studies were addressed to investigate involvement of caspases in the intrinsic 

pathway that are induced by p14ARF after sensitization with caffeine. The activation of two 

main caspases was investigated, the initiator caspase-9, a LEHDase, and the executioner 

caspase-3, a DEVDase (figure 22). Both cell transfectants were incubated with cell 

permeable FITC-labelled tetrapeptide as a substrate for the corresponding activated caspase. 

The increase of fluorescent light intensity directly correlates to the activation of caspases. 

As controls, both cell transfectants were not transduced or transduced with the lacZ control 

adenovirus with or without caffeine or only cultured in the presence of caffeine. These cells 

showed only a background increase of caspase-9 or caspase3/-7 activity in both cell 

transfectants. Upon expression of p14ARF 17% of caspase-3 proficient cells and 8% caspase-

3 deficient cells showed caspase-9 activation i.e. binding of the fluorescent LEHD peptide. 

61% of caspase-3 proficient cells presented elevated levels of caspase-9 activation upon 

p14ARF expression and caffeine treatment (figure 22A). In contrast, caspase-9 activation was 
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detected in only 21% of mock transfectants upon the same treatment. When cells were 

infected with Ad-p14ARF approximately 10% of both cell transfectants showed activation of 

caspases-3 and -7 (figure 22B). 40% of caspase-3 proficient cells displayed caspase-3/-7 

activity in contrast to mock transfectants, which demonstrated only 10% of cells with active 

caspase-7 upon p14ARF expression combined with caffeine treatment. 

 

 

 

Figure 22. Activation of the initiator caspase-9 (LEHDase) and effector caspase-3 (DEVDase) 

upon p14
ARF 

expression and caffeine treatment. 

MCF-7 cells were transduced with Ad-p14
ARF

 or Ad-lacZ and treated with caffeine (1mM) as 

indicated.  

(A) MCF-7 cells deficient 
 
(white bars) or proficient (black bars) for caspase-3 were incubated with 

a carboxyfluorescein labelled peptide specific for active LEHDases, i.e. caspase-9. 

(B) MCF-7 cells deficient 
 
(white bars)

 
or proficient (black bars) for caspase-3 were incubated with 

a carboxyfluorescein labelled peptide specific for active DEVDases, i.e. caspase-3 and -7. 

Flow cytometric measurements were performed after 48h. Data are means ± SD of triplicates. 

 

To provide functional evidence for caspase activation and to confirm that caspases are 

involved in the p14ARF signalling pathway after sensitization with caffeine, MCF-7 caspase-

3 proficient cells were incubated with the indicated caspase inhibitors for 72h. Apoptosis 

was measured in 8% of the non-treated cells, and 9% of apoptotic cells were measured once 

the cells were additionally treated with corresponding inhibitor. After p14ARF expression, 

only 10 % of the cells displayed DNA fragmentation in contrast to 45% of the cells upon 

additional exposure to caffeine (figure 23A). However, after addition of the pan-caspase 

inhibitor (zVAD-fmk), the apoptotic rate was significantly reduced to 7%. This percentage 

corresponded to the apoptotic rate of the controls. Similarly, the importance of the initiator 



  Results 

79 

 

caspase-9 was addressed by using the zLEHD-fmk inhibitor (figure 23B). Upon p14ARF 

expression and additional treatment with caffeine, 39% of cells presented apoptotic DNA 

fragmentation. Despite of the irreversible inhibition of caspase-9 by zLEHD-fmk, cells 

showed only a minor reduction in the apoptotic rate, whether caffeine was present or not. To 

confirm that caspase-3 is the key effector caspase in p14ARF induced apoptotic cell death 

cells in the presence of caffeine, the caspase-3 and-7 inhibitor zDEVD-fmk was used (figure 

23C). After 72h, measurement of apoptosis revealed 40% of cells with DNA fragmentation 

upon p14ARF expression and caffeine treatment. Additional treatment with zDEVD-fmk 

blocked apoptotic cell death resulting in only 18% of dead cells. 

These data reveal the caspase-3 dependency in the apoptotic p14ARF pathway, showing that 

after sensitization with caffeine apoptosis is blocked, almost down to background levels, 

when this key executioner caspase is inhibited. These data confirms the previous results 

obtained in caspase-3 deficient MCF-7 cells. 

 

Figure 23. P14
ARF

 induces 

apoptosis upon caffeine 

treatment depending on 

DEVDases. 

MCF-7 cells proficient for 

caspase-3 were transduced with 

Ad-p14
ARF 

or Ad-lacZ, treated 

with caffeine (1mM) and 

cultured for 72h in the presence 

or absence of indicated caspase 

inhibitors. 

(A) Flow cytometric analysis of 

cells treated with a broad-

spectrum caspase inhibitor 

zVAD-fmk (zVAD) compared to 

untreated cells. 

(B) Flow cytometric analysis of 

cells treated with a caspase-9 

inhibitor zLEHD-fmk (zLEHD) 

compared to untreated cells. 

(C) Flow cytometric analysis of 

cells treated with a caspase-3 

inhibitor zDEVD-fmk (zDEVD) 

compared to untreated cells. 

Data are means ± SD of 

triplicates. 
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5.4.5 The cyclin dependent kinase inhibitor p21 interferes with p14ARF induced 

apoptosis  

 

In order to investigate apoptosis associated proteins, MCF-7 mock cells and MCF-7 cells 

that were stably re-transfected with procaspase-3 were infected with Ad-p14ARF and 

incubated with caffeine as indicated in the legend of figure 24. Corresponding controls 

consisted of non-treated cells, cells infected with control virus Ad-lacZ cultured in the 

presence or absence of caffeine and cells treated with caffeine alone. Cells were harvested 

after 48h and were analyzed on SDS-PAGE followed by Western blot analysis. Both cell 

transfectants that were transduced with Ad-p14ARF showed similar transgene protein 

expression. Upon p14ARF expression, the level of the proapoptotic protein Bax was up 

regulated regardless of the additional caffeine exposure. This was in contrast to control cells 

were Bax expression was barely detectable in both cell transfectants. However, proapoptotic 

protein Bak did not show major differences in term of its expression independently of the 

treatment. The protein level of the antiapoptotic protein Bcl-2 remained unchanged. Neither 

cytochrome c release from mitochondria into the cytosol nor caspase-9 activation was 

detectable in the cells lacking caspase-3 upon any kind of treatment. 

In control cultures of caspase-3 proficient cells, cytochrome c release was not detectable and 

the proforms of caspase-3 and -9 were not processed. In contrast these cells underwent 

apoptosis when transduced with Ad-p14ARF and treated with caffeine as evidenced by 

cytochrome c release that was associated with the processing of caspase-9, resulting in a 

reduction of its proform. Under this condition, procaspase-3 was proteolytically processed 

into its cleavage products.  

These data clearly demonstrate that caffeine interferes with apoptotic signalling events upon 

p14ARF expression resulting in massive apoptosis, thereby strictly depending on the caspase-

3. 
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Figure 24. Western blot analysis of apoptosis-related proteins upon p14
ARF

 expression
 
and 

caffeine treatment.  

MCF-7 cells deficient or proficient for caspase-3 were transduced with Ad-p14
ARF

 or Ad-lacZ, 

treated with caffeine and cultured for 48h. Proteins were detected by the appropriate antibody as 

indicated. Equal loading was confirmed by !-actin detection. 

 

5.4.6 Bcl-2 targeted to the mitochondria impedes p14ARF-induced apoptosis upon 

sensitization with caffeine 

 

Bcl-2 is an integral antiapoptotic membrane protein located at the outer membrane of 

mitochondria, which plays an important role in tumour genesis. This protein is 

overexpressed in a variety of tumours and causes direct inhibition of apoptosis. Therefore, 

the following experiments concern the ability of p14ARF to induce apoptosis upon 

sensitization with caffeine despite Bcl-2 overexpression. For these studies, SW480 cells 

were employed which were stably overexpressing exogenous Bcl-2. The expressed Bcl-2 

was targeted to the mitochondria (Bcl-2-actA) using signal peptides actA of Listeria 

monocytogenes. To target Bcl-2 to the ER, the rat hepatic ER cytochrome b5 isoform was 

fused to Bcl-2 (Hacki et al., 2000; Zhu et al., 1996). Western blot analysis confirmed that 

Bcl2-actA and Bcl-2cb5 were equally expressed in both cell transfectants (figure 25A). 

Corresponding control cells, SW480neo, were transfected with an empty vector and do not 

over express Bcl-2. Apoptotic DNA fragmentation as well as loss of cell viability was 

measured. After infection with control virus and treatment with caffeine, all three cell 
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transfectants did neither show loss of cell viability as measured by PI staining after 96h nor 

apoptotic DNA fragmentation after 120h (figure 25B, C). P14ARF expression without 

caffeine treatment did not influence cell viability and apoptosis of all three cell transfectants 

either. However, when cells were additionally cultured with caffeine, 40% of SW480neo 

and 30% of SW480Bcl-2cb5 cells revealed loss of cell viability. In contrast, only 5% of the 

cells lost cell viability when Bcl-2 was located at the mitochondria. To confirm these results, 

apoptotic cell death was measured for the same cell settings at 120h post infection. An 

apoptotic rate of 35% was measured in SW480neo and SW480Bcl-2cb5 cells, whereas only 

8% of SW480Bcl-2actA cells demonstrated apoptotic cell death after expression of p14ARF 

in the presence of caffeine. These data clearly indicate that cells were protected by Bcl-2 

when Bcl-2 was targeted to the mitochondria. 

 

 

 

Figure 25. Bcl-2 targeted to the mitochondria can abrogate p14
ARF

-induced apoptotic cell death 

upon caffeine treatment in SW480 cells. 

(A) Western blot analysis of Bcl-2 expression in SW480-Bcl-2neo, SW480-Bcl-2actA, SW480-

Bcl2cb-5 cells as indicated. Equal loading was confirmed by "-actin detection. 

(B) SW480 cells were transduced with
 
Ad-p14

ARF
 or Ad-lacZ and treated with caffeine (1mM). Loss 

of cell viability was measured by PI staining after 96h. 

(C) Apoptotic cell death was measured by flow cytometry after 120h. 

Data are means ± SD of triplicates (B, C). 
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5.5 Autophagy as a cell death mechanism in the p14ARF signalling pathway 

5.5.1.1 Morphological characteristics of the cells based on different types of cell death  

 

The data obtained in MCF-7 cells clearly indicated that p14ARF induces apoptosis after 

exposure to caffeine thereby strictly depending on caspase-3. Nevertheless, previous results 

in caspase-3 deficient cells also showed mitochondrial depolarization (figure 19C) but no 

sign of apoptosis (figure 17). Therefore, the morphological appearances of both cell 

transfectants were observed after 48h by phase contrast microscopy (figure 26). As a 

control, both MCF-7 cell transfectants were infected with control virus in combination with 

caffeine. These cells clearly showed the morphology of healthy cells. Moreover, p14ARF 

induced significant arrest in cell cycle in both cell populations affecting only cell 

proliferation. Overexpression of p14ARF resulted in a reduced number of cells without 

altering the cell morphology. However, after overexpression of p14ARF in combination with 

caffeine MCF-7 caspase-3 proficient cells displayed cellular changes such as shrinkage, 

rounding, detachment as well as apoptotic bodies formation acknowledged as typical 

changes during apoptosis. In contrast, caspase-3 deficient cells did not show any 

morphological features of apoptosis. Remarkably, these cells displayed the presence of 

vacuoles that might indicate autophagic vacuole formation. Therefore, to further define 

these events, the focus further extended to type II cell death, the so-called autophagy. 

Autophagy represents a distinct cell death phenotype in non-apoptotic dying cells. Presented 

morphological analyses of cells lacking caspase-3 suggested that extensive autophagy 

activity could be induced upon overexpression of p14ARF in combination with caffeine. 
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Figure 26. Morphological appearance of MCF-7 cells upon p14
ARF

 expression and caffeine 

treatment.  

MCF-7 cells were transduced with Ad-p14
ARF

 or Ad-lacZ and treated with caffeine (1mM). Pictures 

were taken after 48h. Upper panel: MCF-7 caspase-3 deficient cells. Lower panel: MCF-7 caspase-

3 proficient cells. 

 

5.5.2 Loss of cell viability triggered by p14ARF upon sensitization with caffeine is not 

dependent on the presence of caspase-3 

 

To examine autophagic cell death, MCF-7 cells proficient and deficient for executioner 

caspase-3 were stably transfected with a GFP-LC3 fusion protein. Microtubule-associated 

protein light chain-3 (LC3) is a soluble protein with a molecular mass of 18kDa, which is 

localized in the cytoplasm. During autophagy, LC3I is conjugated to 

phosphatidylethanolamine to form an LC3-phosphatidylethanolamine conjugate (LC3II). 

LC3II is suitable marker for autophagy induction, because its lipidation during 

autophagosome formation increases electrophoretic mobility on gels compared to LC3I. 

MCF-7 cells deficient and proficient for caspase-3 stably expressing GFP-LC3 fusion 

protein, displayed green fluorescence. Green fluorescent protein-LC3 could be used to 

visualize autophagosomes by fluorescence microscopy presenting a shift from a diffuse to a 

punctuated GFP-signal. Using these different tools for detection, induction of autophagy by 

p14ARF after sensitization with caffeine was examined. 

In a first attempt, the impact of p14ARF on induction of different types of cell death was 

studied. Apoptotic cell death was measured after 72h and loss of cell viability after 48h by 
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flow cytometry. As a control, both cell transfectants were cultured only in medium, or 

infected with Ad-lacZ control virus in the presence or absence of caffeine. Neither apoptotic 

cell death nor loss of cell viability was detected in controls for both cell transfectants. After 

infection with the Ad-p14ARF vector alone, up to 15% of the cells showed apoptotic cell 

death for both cell transfectants (figure 27A). Loss of cell viability was measured in 16% of 

caspase-3 deficient cells and in 35% of caspase proficient cells after the same treatment 

(figure 27B). Moreover, in combination with caffeine, p14ARF induced apoptotic DNA 

fragmentation in 70% of the caspase-3 proficient cells. In contrast, only 18% of cells lacking 

caspase-3 showed induction of apoptosis. However, upon p14ARF expression in combination 

with caffeine, 62% of the MCF-7 caspase-3 proficient cells demonstrated loss of cell 

viability. A similar effect was observed in the cells deficient for caspase-3 namely, 52% of 

those cells displayed loss of cell viability after the same treatment. These data verify that 

each cell transfectant utilizes a different pathway to conduct cell death depending on the 

caspase-3 status.  

 

 

 

Figure 27. Loss of cell viability in MCF-7 cells deficient and proficient for caspase-3 and stably 

expressing GFP-LC3.  

MCF-7 cells deficient (white
 
bars) and proficient (black bars) for caspase-3 and stably expressing 

GFP-LC3 were transduced with
 
Ad-p14

ARF
 or Ad-lacZ and treated with caffeine (1mM).  

(A) DNA fragmentation was measured by flow cytometry after 72h. Data are means ± SD of 

triplicates . 

(B) Cell viability measurements were performed by flow cytometry after 48h using PI. Data are 

means ± SD of triplicates. 
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5.5.3 Detection of autophagy cell death through autophagosome formation   

 

MCF-7 cells deficient and proficient for caspase-3 stably expressing the GFP-LC3 fusion 

protein, displayed green fluorescence. As controls, cells were infected with Ad-lacZ and 

treated with caffeine (figure 28). Those cells represented a diffuse staining and cells only 

expressing p14ARF showed the same pattern. Cells lacking caspase-3 transduced with Ad-

p14ARF and treated with caffeine showed a strong increase in the punctuated GFP-signal. 

This change from a diffuse signal to punctuated dots reflected accumulation of autophagy 

vesicles, i.e. autophagosomes. Upon the same treatment, MCF-7 caspase-3 re-expressing 

cells, previously verified as apoptosis-executing cells, did not demonstrate punctuation of 

LC3-GFP. These results imply that autophagy, as an alternative way of dying, can 

contribute to cell death in cells deficient for the downstream effector caspase-3. 

 

 

 

Figure 28. LC3 punctuation in MCF-7 cells lacking caspase-3.  

MCF-7 cells deficient and proficient for caspase-3 were stably transfected with LC3-GFP and 

transduced with Ad-p14
ARF

 or Ad-lacZ and treated with caffeine. Representative pictures were taken 

after 72h. 
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5.5.4 Inhibition of autophagy by 3-methyladenine (3-MA)  

 

To confirm induction of autophagy a specific pharmacological inhibitor of autophagy, 3-

methyladenine (3-MA) was employed. 3-MA inhibits autophagy at the sequestration stage, 

inhibiting formation of autophagosomes. MCF-7 GFP-LC3 caspase-3 deficient cells were 

infected with Ad-lacZ and treated with caffeine. These control cells showed diffuse green 

staining presenting localization of LC3 in the cytoplasm but no autophagosome formation 

was observed (figure 29). Infection with Ad-p14ARF in combination with caffeine induced 

alteration of the LC3 distribution from a diffuse to a punctuated pattern. The same effect 

occurred in presence of the caspase-3 and -7 inhibitor.  

Ad-p14ARF infected cells, which were exposed to caffeine and to pharmacological autophagy 

inhibitor 3-MA, showed reduced number of autophagosomes.  

 

 

 

Figure 29. Induction of autophagic vacuole formation is inhibited by 3-MA but not by the 

caspase-3/-7 inhibitor zDEVD-fmk.  

MCF-7 caspase-3 deficient cells were transduced with Ad-p14
ARF 

or Ad-lacZ. Cells were cultured for 

72h in the presence of caffeine (1mM), the caspase-3/-7 inhibitor zDEVD-fmk (zDEVD) (20$M) or 

the autophagy inhibitor 3-methyladenine (3-MA) (5mM) as indicated. 
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5.6 Crosstalk between apoptosis and autophagy signalling 

5.6.1 Western blot analysis of involved apoptotic and autophagy proteins   

 

To investigate the regulation of autophagy in more detail involved proteins were examined 

by Western blot analyses. Whole cell lysates were collected, electrophoresed and blotted for 

detection of the indicated proteins after 48h of p14ARF induction. MCF-7 GFP-LC3 caspase-

3 proficient and MCF-7 GFP-LC3 caspase-3 deficient cells were infected with Ad-lacZ, Ad-

p14ARF and additionally treated with caffeine as shown in figure 30. Cells infected with Ad-

p14ARF showed high expression of this protein. As suitable marker for autophagy, LC3 

levels were analyzed. During autophagy, lipid conjugation leads to the conversion of the 

soluble form LC3I (18kDa) into the faster migrating LC3II form (16kDa) as detected by 

SDS-PAGE. On the Western blot, overexpressed GFP-LC3 protein levels were detected. In 

caspase-3 deficient cells, in all controls and Ad-p14ARF infected samples only GFP-LC3I, 

the non-autophagy variant was detectable. In contrast, upon overexpression of p14ARF in 

combination with caffeine treatment, GFP-LC3II, i.e. the autophagy variant, was identified. 

In caspase-3 proficient cells, only the non-autophagy form of GFP-LC3I was detected 

regardless of the treatment. These results confirmed that caspase-3 proficient cells did not 

undergo autophagy upon p14ARF expression alone or in combination with caffeine. 

As shown previously, cells proficient for caspase-3 transduced with Ad-lacZ and co-treated 

with caffeine or transduced with Ad-p14ARF alone demonstrated high expression of inactive 

procaspase-3. But only when Ad-p14ARF overexpressing cells were co-exposed with 

caffeine, activation of caspase-3 was observed as evidenced by detection of its cleavage 

products. These findings correlate with previous data showing that caffeine sensitized for 

p14ARF-induced apoptosis. For both cell transfectants, the levels of the proapoptotic protein 

Bax were upregulated upon p14ARF expression with or without caffeine in contrast to control 

treatment. The levels of the homologous proapoptotic protein Bak remained the same 

independently of the treatment. Since the members of the Bcl-2 family are critical regulators 

of apoptosis, the expression levels of the two antiapoptotic proteins Bcl-2 and Bcl-xL were 

analyzed. In cells re-expressing caspase-3, p14ARF expression combined with caffeine 

triggered a strong downregulation of these two proteins as compared to control cells or cells 

only infected with Ad-p14ARF. MCF-7 caspase-3 deficient cells did not show a detectable 

difference in the expression level of these two proteins when they were treated with Ad-

p14ARF in the absence or presence of caffeine as compared to control cells.  
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Beclin-1, a prominent autophagy related protein is a mediator of autophagy and has a crucial 

role in autophagy vesicles formation. Both MCF-7 transfectants transduced with Ad-lacZ in 

combination with caffeine or Ad-p14ARF alone displayed a high expression level of Beclin-

1. However, caspase-3 proficient cells showed a significant reduction in the expression of 

Beclin-1, whereas caspase-3 deficient cells showed stagnant high expression for Beclin-1 

upon p14ARF expression in combination with caffeine. Beclin-1 might therefore be a key 

target of caspase-3, as this study reveals a particular downregulation of Beclin-1, especially 

since cells lacking caspase-3 did not show such a decrease in Beclin-1 expression. 

Caspase-8 is an important amplifier of the apoptotic signal, as it mediates the mitochondrial 

amplification loop and directly activates caspase-3 (von Haefen et al., 2003). Cells 

overexpressing p14ARF and exposed to caffeine showed activation of caspase-8 for both 

caspase-3 proficient and deficient cells. Caspase-8 processing was evidenced by the 

downregulation of its inactive proform because no cleavage product could be detected. This 

effect was not seen in control cells as well in p14ARFoverexpressing samples. All together, 

these results indicate that downregulation of procaspase-8 can be seen also in the absence of 

caspase-3. These studies confirm our initial observation that caspase-3 is required for 

execution of apoptosis, whereas cells lacking caspase-3 can utilize the alternative autophagy 

pathway to execute cell death. 

 

 
Figure 30. P14

ARF
 induces autophagy 

after caffeine treatment in the absence 

of caspase-3. 

MCF-7 GFP-LC3 cells deficient and 

proficient for caspase-3 were transduced 

with Ad-p14
ARF 

or Ad-lacZ in 

combination with caffeine for 48h. 

Expression of indicated proteins was 

confirmed by immunoblotting. Equal 

loading was confirmed by !-actin 

detection.  
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5.6.2 Caspase dependent cell death  

 

To further elucidate the functional interactions between autophagy and apoptosis, the 

expression of related proteins was investigated. In order to explore whether processing and 

activation of caspase-3 is essential for downregulation of Beclin-1, both MCF-7 GFP-LC3 

cell transfectants were incubated with the pan-caspase inhibitor 10%M of Q-VD-OPh (figure 

31). As previously shown, strong Beclin-1 downregulation was only seen in caspase-3 

proficient cells upon p14ARF expression and after exposure to caffeine. However, in the 

presence of the pan-caspase inhibitor, Western blot analysis revealed that Beclin-1 

expression was restored and detectable to a similar extent as in control cells. In caspase-3 

deficient cells, the expression level of Beclin-1 did not differ after any kind of treatment, 

regardless of the presence of Q-VD-OPh compared to controls. Furthermore, Bcl-2 

expression was analyzed in the same experiment. Bcl-2 was only downregulated in caspase-

3 proficient cells infected with p14ARF and exposed to caffeine, and the pan-caspase 

inhibitor was able to prevent this downregulation of Bcl-2. In caspase-3 deficient cells, Q-

VD-OPh did not alter the expression level of Bcl-2 upon none of the treatments. Likewise, 

in caspase-3 proficient cells no change of Bcl-2 expression was detected except in cells 

transduced with Ad-p14ARF in combination with caffeine. There again, Q-VD-OPh 

counteracted with p14ARF in combination with caffeine to induce decrease in Bcl-2 

expression. This indicates that both Beclin-1 and Bcl-2 (presumably also Bcl-xL) are 

subjected to caspase-3 proteolysis.  

Furthermore, the lipidated form of LC3 could only be detected after p14ARF expression and 

treatment with caffeine in cells lacking caspase-3. When the same treatment was performed 

in the presence of pan-caspase inhibitor Q-VD-OPh, the lipidation was completely blocked 

and no LC3II variant could be detected. Neither caspase-3 deficient nor caspase-3 proficient 

cells showed LC3 lipidation within controls or when infected with Ad-p14ARF alone, 

independently of the pan-caspase inhibitor. Caspase-3 proficient cells infected with Ad-

p14ARF in combination with caffeine did not show lipidation regardless of the presence of Q-

VD-OPh. These data indicate that autophagic cell death does not occur when all caspases 

are blocked. 
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Figure 31. Inhibition of caspases by Q-VD-OPh blocks degradation of Beclin-1 and Bcl-2 in 

apoptotic cells as well as lipidation of LC3-GFP in autophagic cells.  

Western blot analysis of indicated proteins. MCF-7 GFP-LC3 cells deficient and proficient for 

caspase-3 were transduced with Ad-p14
ARF

or Ad-lacZ and treated with caffeine. Cells were cultured 

for 72h in the presence or absence of the broad spectrum caspase inhibitor Q-VD-OPh (Q-VD) 

(10$M) as indicated. !-actin detection was used as a loading control. 

 

5.6.3 Caspase-8 is involved in different types of cell death  

 

The next experiments addressed the inhibition of caspase-8 in order to investigate if 

caspase-8 is a part of the autophagy pathway. Apoptotic DNA fragmentation was measured 

after 72h and cell viability after 48h, by flow cytometry. Neither caspase-3 deficient nor 

caspase-3 proficient cells showed apoptotic cell death or loss of cell viability when 

transduced with Ad-lacZ, additionally treated with caffeine, and the caspase-8 inhibitor 

zIETD-fmk (figure 32A, B). Upon p14ARF expression in combination with caffeine, cells 

lacking caspase-3 did not display more than 5% apoptotic cell death. A similar effect was 

seen in the presence of the caspase-8 inhibitor. In contrast, when MCF-7 caspase-3 re-

expressing cells were transduced with Ad-p14ARF and additionally treated with caffeine, 

50% of the cells demonstrated apoptotic DNA fragmentation. However, presence of the 

caspase-8 inhibitor decreased the apoptotic rate to 32% (figure 32A). These data provide 

evidence that caspase-8 plays a role in p14ARF/caffeine induced apoptosis. Interestingly, 

58% of caspase-3 deficient and 67% of caspase-3 proficient cells displayed loss of viability 

upon p14ARF expression and caffeine treatment (figure 32B). Supplementary treatment with 

the caspase-8 inhibitor did not have any impact on cell viability. Namely, both cell 
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transfectants demonstrated the same decrease of cell viability whether the inhibitor was 

present or not. 

Regarding apoptosis, inhibition of caspase-8 partially decreased apoptosis induction in 

caspase-3 proficient cells. Nevertheless cells showed stagnant high loss of cell viability. 

These data clearly indicate that caspase-8 is important in the p14ARF apoptosis pathway but 

not required for alternative cell death i.e. autophagic cell death. It therefore can be 

concluded that cells re-expressing caspase-3 are able to utilize an alternative cell death 

pathway after blocking of caspase-8.  

 

 

 

Figure 32. P14
ARF

 induces different types of cell death upon caffeine treatment in dependence on 

the presence of caspase-3 and caspase-8.  

MCF-7 cells deficient and proficient for caspase-3 were transduced with the Ad-p14
ARF 

or Ad-lacZ 

and treated with caffeine (1mM) and cultured in presence or absence of caspase-8 inhibitor zIETD-

fmk (zIETD) as indicated. 

(A) Flow cytometry detection of apoptotic DNA fragmentation measured after 72h. 

(B) Loss of cell viability was measured after 48h by flow cytometry. 

Data are means ± SD of triplicates. 

 

To confirm that cells died via autophagy upon inhibition of caspase-8, the conversion of the 

autophagy marker LC3 was determined by Western blot analysis (figure 33). As controls, 

cells were infected with Ad-lacZ, additionally treated with caffeine and the caspase-8 

inhibitor zIETD-fmk. Neither caspase-3 deficient nor caspase-3 proficient cells showed the 

lipidated LC3II autophagy variant in the controls. Upon infection with Ad-p14ARF, the cells 

displayed only the non-autophagy form of LC3 in both cell transfectants. When caffeine was 
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added, p14ARF triggered induction of autophagy in cells lacking caspase-3. A similar effect 

was achieved when caspase-8 was additionally blocked with the zIETD-fmk inhibitor. Cells 

proficient for caspase-3 only showed the non-autophagy variant LC3I upon p14ARF 

expression and caffeine treatment. Additional inhibition of caspase-8 resulted in the 

lipidation of LC3, detected as the LC3II autophagy variant. These data show that inhibition 

of caspase-8 stimulates autophagy as an alternative way to ensure cell death. 

 

 

 

Figure 33. P14
ARF

 and caffeine treatment induce autophagy after inhibition of caspase-8.  

MCF-7 cells deficient and proficient for caspase-3 were transduced with Ad-p14
ARF 

or Ad-lacZ. 

Cells were treated with caffeine (1mM) and cultured for 72h in presence or absence of caspase-8 

inhibitor zIETD-fmk (zIETD) as indicated. Equal loading was confirmed by !-actin detection. 

 

In the absence of caspase-3 as well as by the inhibition of caspase-8, autophagic cell death is 

enforced as confirmed by the high loss of cell viability as well as by LC3II conversion. The 

next question to address was the role of caspase-7 in autophagy cell death. Loss of cell 

viability was measured by uptake of PI in MCF-7 caspase-3 deficient cells that are still 

proficient for caspase-7 (figure 34). As controls, cells were infected with control virus Ad-

lacZ and cultured with caffeine in the presence or absence of the caspase-3/-7 inhibitor 

(zDEVD-fmk). 5% of the control cells demonstrated loss of cell viability. In parallel, cells 

were infected with Ad-p14ARF and cultured in the presence or absence of the inhibitor. 18% 

of the cells displayed loss of cell viability whether they were inhibitor-treated or not. 

Nevertheless, 48% of the cells showed high loss of viability upon p14ARF expression and 

caffeine treatment independently of the presence of the inhibitor. These results demonstrate 

that autophagy cell death could not be prevented by inhibition of caspase-7.  
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Figure 34. Inhibition of caspase-7 does not impede 

the induction of autophagy.  

MCF-7 caspase-3 deficient cells were transduced 

with Ad-p14
ARF

 or Ad-lacZ and treated with caffeine. 

Cells were cultured for 72h in presence or absence of 

caspase-3 and -7 inhibitor zDEVD-fmk (zDEVD) as 

indicated. Data are means ± SD of triplicates. 

 

 

 

 

 

 

 

 

 

5.7 Irradiation sensitizes Ad-p14ARF induced apoptosis 

5.7.1 P14ARF induction of the intrinsic apoptotic pathway after irradiation strictly 

depends on caspase-3 

 

Previous data showed that the primary response of MCF-7 cells overexpressing p14ARF is to 

arrest in G1 phase of the cell cycle. Cooperation between p14ARF and irradiation (IR), and 

consequent cell death has been addressed in the following experiments in order to provide a 

useful tool against chemotherapeutic resistance in breast tumours. The question if this DNA 

checkpoint regulator protein could sensitize irradiation resistance was addressed in the 

following experiments. 

As controls, both cell transfectants cells were infected with Ad-lacZ, exposed and not 

exposed to IR, and cultured with or without the pan-caspase inhibitor zVAD-fmk, 

respectively (figure 35A, B). A weak background apoptotic cell death up to 9% was 

measured in all control caspase-3 deficient cells. After infection with Ad-p14ARF, 6% of the 

cells demonstrated apoptotic death. A similar effect occurred, when p14ARF expressing cells 

were exposed to IR, namely 8% of the cells died via apoptosis. No change in apoptotic cell 

death could be determined regardless of the presence of the pan-caspase inhibitor (zVAD-

fmk). 
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Background apoptotic cell death, up to 12% was measured in all control caspase-3 proficient 

cells. When these were infected only with Ad-p14ARF, 10% of cells displayed apoptotic 

DNA fragmentation. Interestingly, in p14ARF expressing cells the apoptotic rate was 

increased up to 32% after additional exposure to IR. Upon blocking of all caspases by the 

pan-caspase inhibitor the apoptotic rate was reduced to 7% and this percentage correlated 

with the level of apoptotic cells in controls (figure 35B). This indicates that p14ARF and IR 

synergize for induction of a caspase-3 dependent apoptosis pathway. 

 

 

 

Figure 35. P14
ARF

-induced apoptosis after irradiation strictly depends on caspase-3. Induction of 

apoptosis is blocked with the pan-caspase inhibitor zVAD-fmk. 

(A) MCF-7 cells deficient for caspase-3 were infected with Ad-p14
ARF 

or Ad-lacZ (white bars) and 

additionally exposed to 10Gy IR (black bars). 

(B) MCF-7 cells proficient for caspase-3 were infected with Ad-p14
ARF 

or Ad-lacZ (white bars) and 

additionally exposed to 10Gy IR (black bars). 

DNA fragmentation was measured after 120h. Data are means ± SD of triplicates. 

 

A hallmark of the intrinsic apoptotic pathway is the depolarization of mitochondria. The 

initiation of the apoptotic process begins with the permeabilization of the mitochondrial 

outer membrane.  

As controls, both cell transfectants were infected with Ad-lacZ exposed and not exposed to 

IR, and treated with or without the pan-caspase inhibitor zVAD-fmk, respectively. A 

background induction of mitochondrial permeability was measured in up to 11% of caspase-

3 deficient control cells. Transduction with Ad-p14ARF induced breakdown of the 

mitochondrial membrane potential in not more than 12% of the cells, independently of 
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exposure to IR. Similar results were obtained after treatment with the pan-caspase inhibitor 

(figure 36A).  

In caspase-3 proficient cells up to 16% control cultured cells displayed mitochondrial 

permeabilization as well as upon p14ARF expression (figure 36B). However, 36% of these 

revealed loss of the mitochondrial membrane potential, when infected with Ad-p14ARF and 

additionally exposed to IR. In the presence of the pan-caspase inhibitor, apoptotic cell death 

was measured in only 20% of cells.  

 

 

 

Figure 36. Loss of the mitochondrial membrane potential upon p14
ARF 

expression and irradiation. 

Cells were transduced with Ad-p14
ARF

 or Ad-lacZ in the presence or absence of the zVAD-fmk 

inhibitor and exposed to IR as indicated. Flow cytometric detection of cells with low mitochondrial 

membrane potential after 96h. Data are means ± SD of triplicates of cells with #"m loss. 

(A) MCF-7 cells deficient for caspase-3 were infected with Ad-p14
ARF 

or Ad-lacZ (white bars) and 

exposed to 10Gy IR (black bars). 

(B) MCF-7 cells proficient for caspase-3 were infected with Ad-p14
ARF 

or Ad-lacZ (white bars) and 

exposed to 10Gy IR (black bars). 

 

The depolarization of mitochondria i.e. loss of the mitochondrial membrane potential 

crucially depends on the multi-domain proapoptotic protein Bax. It is a cytosolic protein that 

undergoes an N-terminal conformational change upon death stimuli and translocates to the 

outer mitochondrial membrane where it forms oligomers. To verify if irradiation can 

sensitize p14ARF expressing cells for Bax activation, clustering of Bax was visualized by the 

use of a GFP-Bax fusion protein stably expressed in MCF-7 caspase-3 proficient cells 

(figure 37). Ad-lacZ infected cells showed diffuse staining of Bax after exposure to IR 
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representing its cytosolic localization. Cells infected with Ad-p14ARF showed to a higher 

extent of Bax clustering compared to Ad-lacZ infected cells. This might be due to the 

upregulation but still not full activation of Bax upon p14ARF expression. However, after 

infection with Ad-p14ARF and additional exposure to IR, a dramatic increase of the cells 

with punctuated pattern of GFP-Bax was observed. These data demonstrate that clustering 

of proapoptotic Bax occurred after IR sensitization upon p14ARF expression. This leads to 

mitochondrial permeabilization and finally to induction of apoptotic cell death. 

 

 

 

Figure 37. Irradiation sensitises p14
ARF

 expressing cells for Bax activation. 

MCF-7 caspase-3 cells stably expressing GFP-Bax were infected with Ad-p14
ARF 

or Ad-lacZ and 

irradiated at 10Gy. Pictures were taken after 72h. 

 

To identify if caspases play a role in the p14ARF cell death pathway after exposure to 

irradiation, the activity of the two main caspases was investigated, namely initiator caspase-

9 and executioner caspase-3. When MCF-7 caspase-3 deficient cells were infected with 

control virus, 2% of the cells showed caspase-9 activation. After additional exposure to IR, 

activation of caspase-9 was seen in 8% of the cells (figure 38A). In 9% of the cells infected 

with Ad-p14ARF, caspase-9 activation was measured. Additional exposure to IR of p14ARF 

expressing cells caused a slight increase in cells showing caspase-9 activation up to 20%.  

2% of the control caspase-3 re-expressing cells showed caspase-9 activation upon infection 

with Ad-lacZ. Additional exposure to IR induces activation of caspase-9 in 10% of these 

cells. P14ARF expressing cells showed caspase-9 activation in 18% of the cells in contrast to 

cells additionally exposed to IR where 33% of cells displaying activation of caspase-9 were 

measured. 

Upon infection with control virus Ad-lacZ, caspase-7 activation was measured in up to 8% 

of caspase-3 deficient cells regardless of exposure to IR. 10% of p14ARF expressing cells 
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displayed caspase -7 activation, which was increased up to 19% after IR (figure 38B). 2% of 

the control caspase-3 proficient cells displayed activation of caspase-3 and -7 and additional 

exposure to IR increases their activation up to 10%. Upon p14ARF expression the activation 

of caspase-7 was measured in 19% of caspase-3 deficient cells. In the presence of IR these 

cells presented increased activity of caspase-3 and -7, found in up to 38% of the cells. These 

data indicate that, upon sensitization by IR, p14ARF required the presence of the main 

executive caspase-3 to ensure full activation of caspases. This may indicate that caspase-3 

induces a mitochondrial activation loop to ensure full activation of caspases-9 and -7.  

 

 

 

Figure 38. The initiator caspase-9 and the effector caspase-3 are activated after irradiation and 

p14
ARF 

expression. 

MCF-7 cells were transduced with Ad-p14
ARF 

or Ad-lacZ and irradiated with 10Gy as indicated. 

(A) After 96h, MCF-7 cells deficient and proficient for caspase-3 were incubated with a 

carboxyfluorescein labelled peptide specific for active caspase-9 (LEHD-FAM). Non-irradiated cells 

(white bars) and irradiated cells with 10Gy (black bars) were analysed. 

(B) After 96h, MCF-7 cells deficient and proficient for caspase-3 were incubated with a a 

carboxyfluorescein labelled peptide specific for active for caspase-3 and -7 (DEVD-FAM). Non-

irradiated cells (white bars) and irradiated cells with 10Gy (black bars) were analysed. 

The activation of the caspases was measured by flow cytometry. Data are means ± SD of triplicates.  
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To further validate if caspases participate in the p14ARF pathway upon IR, specific caspase-

inhibitors were employed. Namely, an inhibitor specific for caspase-3 and -7 (zDEVD-fmk) 

or for caspase-9 (zLEHD-fmk) was used. Caspase-3 deficient cells did not demonstrate 

apoptotic cell death after any kind of treatment, independent of exposure to IR (figure 39A). 

Caspase-3 proficient cells infected with the control virus in the presence or absence of the 

indicated inhibitor did not showed increased apoptotic rates independent of IR (figure 39B). 

19% of the caspase-3 proficient showed apoptotic DNA fragmentation upon infection with 

Ad-p14ARF, which was reduced to 15% in the presence of the caspase-9 inhibitor and to 8% 

in the presence of the caspase-3 inhibitor. Nevertheless, 39% of these cells showed apoptotic 

DNA fragmentation after infection with Ad-p14ARF and additional exposure to IR. This 

percentage of cell death was reduced to 32% in the presence of the caspase-9 inhibitor. 

However, additional treatment with caspase-3 inhibitor could diminish apoptotic cell death 

to 18%. These data suggest that caspase-3 is the key effector in p14ARF induced apoptosis 

cell death upon sensitization by IR. 
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Figure 39. P14
ARF

 induces caspase-3 dependent apoptosis after irradiation. 

(A) MCF-7 cells deficient for caspase-3 were transduced with Ad-p14
ARF 

or Ad-lacZ as indicated. 

Additionally cells were irradiated with 10Gy and cultured for 96h in the presence or absence of the 

caspase-9 inhibitor zLEHD-fmk (zLEHD) or the caspase-3 and -7 inhibitor zDEVD-fmk (zDEVD) as 

indicated. Data are means ± SD of triplicates.  

(B) MCF-7 cells proficient for caspase-3 were transduced with Ad-p14
ARF 

or Ad-lacZ as indicated. 

Additionally cells were irradiated with 10Gy and cultured for 96h in the presence or absence of the 

caspase-9 inhibitor zLEHD-fmk (zLEHD) or the caspase-3 and -7 inhibitor zDEVD-fmk (zDEVD) as 

indicated. Data are means ± SD of triplicates. 

 

5.7.2 Irradiation abrogates p14ARF induced cell cycle arrest and loss of p21 is 

important for apoptosis 

 

The next experiment focused on expression levels of proteins involved in cell cycle arrest 

and apoptosis upon expression of p14ARF and exposure to 10Gy IR (figure 40). As 

previously described Ad-p14ARF infected cells demonstrate high upregulation of p21, 

proapoptotic protein Bax as well as DNA damage marker %H2AX in both cell transfectants 

compared to the cells infected with control virus where these proteins were not detectable. 

No reduction of the proform and no cleavage product of caspase-3 could be detected as well. 

After IR, caspase-3 proficient and deficient MCF-7 cells demonstrate high expression of 

p21 in control cells. Disruption of p21 expression was detectable only in cells additionally 

overexpressing p14ARF. Upregulation of %H2AX verified that in both caspase-3 deficient and 
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proficient cells, DNA damage occurred after exposure to IR. Caspase-3 proficient cells after 

IR and infection with control virus showed only the proform of caspase-3 and no caspase-3 

processing. In contrast, upon infection with Ad-p14ARF and additional exposure to IR, cells 

showed activation of caspase-3 detectable as its cleavage product. Bax was up regulated 

after IR regardless of the presence of caspase-3 in control cells as well as in Ad-p14ARF 

infected cells. The level of proapoptotic protein Bak did not differ between both cell 

transfectants infected with Ad-lacZ or Ad-p14ARF, regardless of exposure to IR. These data 

reveal that p14ARF sensitizes cells to apoptosis in response to IR and induction of apoptosis 

depends on the presence of caspase-3. This may be related to the downregulation of p21 in 

cells expressing p14ARF and exposed to IR. 

 

Figure 40. Western blot analysis of 

apoptosis-related proteins upon p14
ARF 

expression and exposure to IR. 

Western blot analysis of MCF-7 cells 

deficient and proficient for caspase-3 after 

infection with Ad-lacZ or Ad-p14
ARF

 in the 

presence or absence of IR as indicated. !-

actin detection served as a loading control. 
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6. Discussion 

 

P14ARF is a tumour suppressor protein expressed at very low and undetectable levels in 

normal tissues. Overexpression or mutational activation of oncogenes induces the 

transcription of p14ARF, which leads to cell cycle arrest, premature senescence or to cell 

death.  

The investigations described here focused on the signalling pathway of p14ARF related to its 

involvement in cell cycle regulation and induction of different types of cell death.  

Data from initial reports imply that the cell cycle arrest programs and apoptosis induction by 

p14ARF strictly depend on a p53/Mdm-2 (p53/Hdm-2 in humans) signalling axis. Once 

expressed, p14ARF interferes with the activity of Mdm2, leading to p53 stabilization and the 

triggering of p53-dependent transcriptional programs. The capacity of p14ARF to interfere 

with the apoptotic program by preventing the ubiquitination-dependent destruction of p53 

via binding to Mdm-2 has been previously described (Kamijo et al., 1998; Pomerantz et al., 

1998; Stott et al., 1998). By inactivating Mdm-2, p14ARF triggers apoptosis via a Bax/Bak-

dependent pathway in p53-proficient colon carcinoma HCT116 cells (Hemmati et al., 2006).  

However, another pathway was proposed indicating that p14ARF also utilises p53 

independent signalling events. Different groups investigated cell cycle arrest showing that 

cells undergo a G2 arrest in the absence of functional p53, suggesting that p53 might be 

required for G1 checkpoint arrest but dispensable for G2 phase arrest in response to p14ARF 

induction (Eymin et al., 2003). The ability of p14ARF to induce p53-independent apoptosis 

was evident in p53-deficient carcinoma cell models e.g. SAOS-2 and HCT116 as well as in 

DU145 cells (Hemmati et al., 2002). Other p53 family members, such as p73 and p63, can 

be activated contributing to programmed cell death induction in the absence of p53 (Nozell 

et al., 2003). In this line, it was reported that p73 is able to replace the function of p53 in 

adriamycin-treated, p53-deficient breast cancer cells (Vayssade et al., 2005). Nevertheless, 

the signalling requirements for the induction of both, p53-dependent and p53-independ ent 

cell cycle arrest or apoptosis by p14ARF remain to be defined in more detail. This is of 

crucial importance because loss of p14ARF not only mediates resistance to apoptosis, but also 

is involved in tumour progression and development of drug resistance (Schmitt et al., 1999; 

Sherr, 2006). 

MCF-7 cells were shown to carry a 47-base pair deletion within exon 3 of the CASP-3 gene 

that results in failure to express the procaspase-3 zymogen (Janicke et al., 1998). Caspase-3 
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deficient MCF-7 cells are resistant to drug induced apoptosis, however forced expression of 

procaspase-3 can overcome acquired chemoresistance, which leads to apoptosis (Radetzki et 

al., 2002). In contrast, irradiated MCF-7 cells did neither activate the mitochondrial pathway 

nor the processing of caspase-9 and -3 (Wendt et al., 2006). As a potential target strategy 

against tumour proliferation, expression of p14ARF was examined in MCF-7 breast 

carcinoma cells. Data obtained from the present study showed that MCF-7 cells are highly 

resistant to p14ARF-induced apoptosis in contrast to other p53 proficient or deficient 

carcinoma models. However, investigations of the cell cycle arrest upon p14ARF expression 

in p53 wild type MCF-7 cells showed evidence for a G1 cell cycle arrest associated with 

upregulation of p53 as well as its transcriptional target p21. Upregulation of p21 leads to 

cell cycle arrest, which can be abrogated by caffeine. Caffeine is a derivate of methylxanthin 

and mediates the inhibition of the cell cycle ATM (for ataxia telangiectasia mutated) and 

ATR (for ataxia telangiectasia and Rad3-related) kinases which play a central role in DNA 

damage recognition (Rouse and Jackson, 2002). In MCF-7 cells, caffeine influenced the cell 

cycle arrest by inducing checkpoint abrogation but did not provoke cell death. The results 

presented here, show that caffeine leads to strong downregulation of the expression level of 

p21, which indicates disruption of p14ARF induced p21-mediated cell cycle arrest. Thus, one 

could speculate that the cells progress in the cell cycle upon caffeine treatment. P14ARF 

expression and caffeine treatment caused strong downregulation of cyclin D1, a G1 phase 

cyclin, and corresponding CDK4 and 6 in MCF-7 cells, demonstrating a transition from G1 

phase to G2/M. Uncontrolled cell proliferation, a key characteristic of cancer, is often 

connected with alterations affecting the activation of cyclin D1 that controls the exit from 

G1 phase into the cell cycle. Unrestrained expression of cyclin D1 may lead to tumour 

development (Sherr, 1996). Breast carcinoma MCF-7 cells showed an extremely high 

expression of cyclin D1. Moreover, it was reported that cell proliferation induced by growth 

factor stimulation was mediated by cyclin D1 (Kerkhoff and Rapp, 1997; Pajalunga et al., 

2008). The expression status of cyclin D1 was unchanged upon p14ARF expression compared 

to non-infected cells regardless of the presence of caspase-3. However, in consequence of 

exposure to caffeine, p14ARF-induced cell cycle arrest led to cell death. This means that loss 

of checkpoint control results in induction of cell death that proceeds in MCF-7 cells via a 

caspase-3 dependent apoptosis pathway. The possible transition from G1 arrest was 

indicated by high upregulation of cyclin B1 known as a G2/M cyclin. To accurately 

distinguish between G2 and M phase of the cell cycle, cells were stained for the M phase 

marker MPM2. Cell cycle arrest was able to prevent progression into mitosis. The inability 
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of arrested cells to enter mitosis was confirmed by the decreased number of cells expressing 

the MPM2-phosphoepitope. Expression of p14ARF after additional treatment with caffeine 

induced a dramatic reduction of mitotic cells since caffeine facilitated progress through the 

cell cycle and cells died upon entering G2 phase. In the absence of caffeine, minor amounts 

of cells overexpressing p14ARF could be detected in mitotic phase. These results are 

supported by data obtained monitoring cyclin A expression levels, which reach a maximum 

during DNA synthesis. Upon p14ARF expression, regardless of the presence of caffeine, 

strong downregulation of S-phase cyclin A was observed, supporting the observation from 

ModFit analyses that there are no cells in S phase. Thus, the strong decrease of cyclin A 

protein levels by p14ARF might be very important to hinder S phase progression and M phase 

entry. This finding is supported by other reports showing that p14ARF impedes S phase 

progression and therefore could have a direct role in DNA replication (Yarbrough et al., 

2002). Upon p14ARF expression, cell cycle arrest in S, M or G2 phases could be excluded 

based on the level of downregulation of the corresponding cyclins, leaving G1 as the most 

likely phase. However, additional treatment with caffeine seems to execute cell death from 

G2 phase considering the downregulation of G1, M and S phase cyclins. In this perspective, 

the presented results show that p14ARF expression induced G2 arrest in HeLa cells. In 

combination with caffeine, an inhibitor of ATM/ATR, cells underwent apoptosis similarly 

to MCF-7 caspase-3 proficient cells. Likewise, it has been shown that inhibition of 

ATM/ATR abrogates G2 phase cell cycle arrest (Bode and Dong, 2007). These findings 

suggest that p14ARF might utilize the ATM/ATR pathway to mediate cell cycle arrest. 

Additionally, these results revealed that p14ARF induces either G1 or G2 arrest dependent on 

functional p53. Evidence for a p53 independent cell cycle arrest induction in G1 comes from 

a study in p21 or p21/14-3-3 sigma knockout cells (Hemmati et al., 2008; Normand et al., 

2005). HeLa cells which express mutated p53 showed G2 arrest, whereas MCF-7 cells, 

which express wild type for p53, were arrested in G1 phase. Therefore, p14ARF mediates 

either G1 or G2 arrest and thereby prevents cell growth. Abrogation of cell cycle arrest 

results in cell death. 

Furthermore, upon p14ARF expression MCF-7 cells demonstrated high upregulation of the 

DNA damage marker %H2AX. Upon DNA double strand break (DSB) induction, H2AX, 

part of the histone complex stabilizing the DNA, is phosphorylated for the efficient 

recognition and/or repair of DSBs. DNA repair takes place before S phase in order to 

provide a correct DNA strand for replication. Failure of such treated cells to enter S phase is 

supported by the strong downregulation of cyclin A, suggesting that p14ARF may have 
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directly or indirectly induced DNA damage signalling. Similarly, it was reported that the 

induction of p14ARF in p53-deficient H358 lung carcinoma cells was accompanied by 

phosphorylated %H2AX implying that p14ARF could trigger DNA damage (Eymin et al., 

2006). Previously, it was proposed that p53-/- cells accumulate in G2 following DNA 

damage (Powell et al., 1995). As already mentioned, HeLa cells were arrested in G2. As 

these cells express non-functional p53, it can be assumed that p14ARF expression induces 

DNA damage in these cells. But it is still controversial whether p14ARF either triggers DNA 

damage or, on the contrary, responds directly to DNA-damage signals. 

 

6.1 P14ARF induces the intrinsic apoptosis pathway 

 

In a next step, the present studies focused on the question whether arrested cells were viable 

upon p14ARF expression and caffeine treatment. Apoptosis measurements revealed that 

enforced p14ARF expression could not induce apoptotic DNA fragmentation in MCF-7 cells 

and moreover, the reconstitution of procaspase-3 expression failed to sensitize for p14ARF-

induced cell death. Similarly, no loss of cell viability was detected when the cells were 

transduced with Ad-p14ARF. In MCF-7 cells, regardless of the caspase-3 status, p14ARF alone 

initiates a cell cycle arrest program but does not induce cell death. This was verified in the 

present MCF-7 system by the finding that p21 was upregulated after p14ARF expression. 

Previous studies showed that cell cycle arrest induced via upregulation of p21 is linked to 

the inhibition of cell death following expression of p14ARF, however, in p21 inactivated 

HCT116 cells apoptosis induction by p14ARF was enhanced (Hemmati et al., 2005; Normand 

et al., 2005). This is in line with data describing that p21 upregulation could inhibit 

apoptosis downstream of mitochondria by blocking caspase-9 activity (Sohn et al., 2006). 

Due to sensitization with caffeine, p14ARF expressing cells showed downregulation of p21 

indicating that this might be critical for cell death induction. Additionally, cells expressing 

p14ARF exposed to caffeine revealed massive induction of apoptosis but only in the presence 

of the main key effector caspase-3. These results confirmed that caspase-3 was essential for 

the execution of apoptotic cell death, which occurred in a time and dose dependent manner. 

In the same context, it was previously shown that re-expression of procaspase-3 restores the 

sensitivity for drug-induced apoptosis in resistant breast carcinoma cells (Friedrich et al., 

2001).  

The mitochondrial apoptosis signalling pathway relies on the activation of the multi-domain 

proteins Bax and/or Bak, their oligomerization and insertion into the outer mitochondrial 



  Discussion 

107 

 

membrane which leads to release of cytochrome c, caspase activation, PARP cleavage and 

finally apoptotic DNA fragmentation (Goping et al., 1998). Adenoviral expression of p14ARF 

led to elevated levels of Bax independently of the presence or absence of caspase-3, 

however, no apoptosis was detected. These data demonstrate that Bax upregulation is not 

sufficient to mediate cell death in MCF-7 cells. Irradiation is known to induce DNA damage 

and therefore can lead to cell death. But irradiated MCF-7 cells did not undergo apoptosis 

despite of elevated Bax levels. Additionally, high expression levels of %H2HX verified 

induction of DNA damage provoked by irradiation as well as by p14ARF. It may be assumed 

that DNA damage causes the upregulation of Bax, but was not sufficient to trigger 

apoptosis. In summary, upregulation of Bax does not necessarily imply its activation since 

several crucial steps, such as conformational change and oligomerization, are involved in 

pore formation by activated Bax at the outer mitochondrial membrane.  

A main event of the intrinsic apoptosis pathway is the breakdown of the mitochondrial 

membrane potential. To clarify the mechanism of apoptosis induction by p14ARF in 

combination with caffeine, mitochondrial permeability shift transition were measured. 

Mitochondrial permeability shift and the release of cytochrome c in turn trigger the binding 

of dATP to Apaf-1 and the formation of the apoptosome. This is followed by the activation 

of caspase-9 that consequently cleaves and activates caspase-3. Interestingly, the 

mitochondrial membrane was not permeabilized and cytochrome c release did not occur 

upon p14ARF expression in MCF-7 cells. But p14ARF in combination with caffeine greatly 

stimulated the breakdown of the mitochondrial membrane potential in the presence of 

caspase-3. Thus, permeabilization of the mitochondria can be amplified through caspase-3 

that involves caspase-8 and the cleavage of Bid in a feedback loop. Western blot 

experiments revealed that cytochrome c was released into the cytosol upon p14ARF 

expression in caspase-3 proficient cells sensitized with caffeine. These data therefore 

provide solid evidence that a persistent loss of mitochondrial membrane potential that is 

accompanied by cytochrome c release occurs in a caspase-3 dependent manner, suggesting 

that caspase-3 mediates a feedback loop to amplify the mitochondrial apoptosis signalling. 

In contrast to MCF-7 caspase-3 proficient cells, cells deficient for caspase-3 displayed 

mitochondrial dysfunction i.e. loss of mitochondrial membrane potential without 

demonstrating apoptotic cell death after infection with Ad-p14ARF and incubation with 

caffeine. Those cells showed delayed kinetics of the mitochondrial membrane permeability 

shift but no cytochrome c release. These data suggest that an early and prominent loss of the 

mitochondrial membrane potential followed by cytochrome c release occurs only when 
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caspase-3 is activated. Caspase-3 therefore serves as an amplifier of the initial death signal 

by promoting cytochrome c release. This executioner caspase might therefore act 

”upstream“ of the mitochondria to mediate mitochondrial permeability via Bid and a 

mitochondrial amplification loop since a weak mitochondrial apoptosis signal was observed 

in MCF-7 cells deficient for caspase-3. However, the presence of post mitochondrial 

caspase-3 processing is required to trigger a positive feedback loop, which would lead to 

amplification of the mitochondrial apoptosis signalling and full activation of the caspase 

network. These data are supported by the report that caspase-3 and -7 are crucial for 

apoptosis and contribute to some mitochondrial events and further may serve to amplify the 

initial death signal by helping to promote cytochrome c release (Lakhani et al., 2006; Wieder 

et al., 2001).  

Addition of a pan-caspase inhibitor Q-VD-OPh, prevented permeabilization of mitochondria 

and therefore completely impaired cell death induction upon p14ARF expression after 

sensitization with caffeine. The possibility of caspase-dependent disruption of mitochondria 

during the apoptotic process was observed previously in other studies (Waterhouse et al., 

2001). Caspases affect the mitochondria through disruption of the functions of the electron 

transport chain complex I and II, resulting in loss of mitochondrial membrane potential and 

generation of reactive oxygen species (ROS) (Ricci et al., 2003). Mitochondria release ROS 

and inhibition of caspases by the pan-caspase inhibitor can also block ROS production. 

Therefore, mitochondria might be among the earliest targets of activated caspases during 

apoptosis and affect the function of the electron transport chain, which might be a crucial 

factor for the process of caspase-dependent cell death. HeLa cells treated with apoptosis-

inducing cytostatic drug actinomycin showed both delayed, mitochondrial permeability shift 

and delayed cell death after addition of the pan-caspase inhibitor zVAD-fmk (Ricci et al., 

2003). The function of caspases therefore seems to be essential for the rapid onset of 

apoptotic events. As opposed to the current model that caspases are initially activated 

downstream of the mitochondria, it could be assumed that they also fulfil “upstream” 

functions such as enhancement of the mitochondrial death signal. However, the relationship 

between disruption of mitochondrial membrane potential and caspase activation is still 

controversial. Specifically, the initiator caspase responsible for triggering of caspase-3 in 

p14ARF induced apoptosis remain to be identified albeit caspase-9/LEHDase have recently 

been implicated (Hemmati et al., 2006; Hemmati et al., 2008). 

Proteins of the Bcl-2 family were shown to regulate mitochondrial outer membrane potential 

and overexpression of Bcl-2 prevented the mitochondrial disruption and inhibited the release 
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of cytochrome c reviewed by (Green and Kroemer, 2004). Antiapoptotic members of the 

Bcl-2 family were able to prevent both caspase-dependent and -independent cell death 

processes (Okuno et al., 1998). Antiapoptotic Bcl-2 is an integral membrane protein able to 

insert into the outer mitochondrial membrane, the endoplasmatic reticulum (ER) and the 

nuclear envelope reviewed by (Strasser et al., 2000). When Bcl-2 was specifically targeted 

to the mitochondria or to the ER it could prevent apoptosis (Zhu et al., 1996). As mentioned 

before, p14ARF induced cell cycle arrest whereas in combination with caffeine cells 

underwent apoptosis. To identify the potential organelle that could be a part of the p14ARF 

signalling, SW480 cell transfectants, which stably overexpressed Bcl-2 targeted to the 

mitochondria or to the ER, were employed. Apoptosis induction by p14ARF in SW480 cells 

in the presence of caffeine indicated that antiapoptotic proteins are involved in this pathway. 

In control SW480 cells, which did not overexpress Bcl-2, infection with Ad-p14ARF in 

combination with caffeine induced a high loss of cell viability as well as strong apoptosis 

induction. Bcl-2 targeted to the mitochondria entirely protected the cells from apoptosis 

upon p14ARF expression in the presence of caffeine. Namely, the reduced loss of cell 

viability as well as massively decreased levels of apoptotic DNA fragmentation followed 

protection of the mitochondria. Furthermore, it was also shown that ER-targeted Bcl-2 

interacts with Bax and prevents mitochondrial membrane permeabilization (Ferri and 

Kroemer, 2001). However, Bcl-2 targeted to the ER was not able to inhibit apoptosis in the 

and did not have any effect on cell viability in the SW480 cell system. In terms of the 

apoptotic rate, cells either overexpressing Bcl-2 at the ER or without Bcl-2 overexpression 

showed similar results suggesting that p14ARF after sensitization with caffeine does not 

employ the ER stress pathway. The fact that Bcl-2 localized at the mitochondria completely 

inhibited apoptosis supports the theory that p14ARF utilizes the mitochondrial apoptotic 

pathway. Additionally, these data provide evidence that, after sensitization with caffeine, 

p14ARF predominantly targets the mitochondria to execute cell death.  

 

6.2 Activation of caspases upon overexpression of p14ARF and caffeine treatment 

 

Caspases are important members of the apoptotic machinery. Caspase-9 is a key initiator 

caspase of the intrinsic apoptosis pathway and is recruited by Apaf-1 to the apoptosome to 

become active by induced proximity, thereby activating the executor caspase-3. The 

following studies were addressed in order to provide more evidence for caspase activation 

during apoptosis and cell cycle checkpoint abrogation induced by p14ARF. By use of a FITC-
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labelled caspase specific peptide substrate, the activity of two main caspases could be 

monitored. Namely, fluorescent caspase substrate FITC-LEHD-fmk was used to assess 

caspase-9 activity and FITC-DEVD-fmk to analyze caspase-3 and -7. Upon p14ARF 

expression and sensitization with caffeine, MCF-7 cells re-expressing caspase-3 illustrated 

high levels of caspase-9 and caspase-3 activation. Under the same condition, cells deficient 

for caspase-3 showed a reduced level of caspase-9 activation. Although these cells express 

caspase-7 that is, like caspase-3 DEVDase, they did not display activity of this caspase 

measured with FITC-DEVD-fmk. Of note, this indirectly provides evidence that caspase-7 

cannot substitute for the lack of caspase-3 during p14ARF-induced apoptosis upon 

sensitization with caffeine. Taken together, these data reveal that caspase-9 and caspase-3 

are both involved in the p14ARF apoptotic pathway upon sensitization with caffeine. 

However, caspase-9 activation depends on the presence of the key executive caspase-3 

because loss of caspase-3 impairs loss of mitochondrial permeability as well as cytochrome 

c release. In MCF-7 caspase-3 deficient cells only a weak activation of caspase-9 was 

observed. These findings suggest that the presence of caspase-3 processing was necessary 

for the full activation of the caspase network indicating a positive feedback loop in order to 

amplify the apoptosis signal.  

For further confirmation of the functional relevance of caspase activation in MCF-7 

caspase-3 proficient cells in the p14ARF signalling pathway, cells were incubated with 

different caspase inhibitors that irreversibly bind to the active core of the enzyme. The 

apoptotic rate was dramatically reduced once the cells infected with Ad-p14ARF were 

cultured with the pan-caspase inhibitor zVAD-fmk or the caspase-3/-7 inhibitor zDEVD-

fmk in the presence of caffeine. It seems that caspase-9 is not crucial for the p14ARF 

signalling pathway as a much lower inhibition of apoptosis was achieved by the caspase-9 

inhibitor zLEHD-fmk. These results were confirmed by Western blot analyses, where 

processing of procaspase-9 was detected by its reduced proform and processing of 

procaspase-3 by its cleavage product upon p14ARF expression after sensitization with 

caffeine. The data obtained by these caspase activity and inhibitory studies suggest that 

p14ARF, upon co-treatment with caffeine, mediates apoptosis in a caspase dependent manner. 

Especially capase-3 appears to be the most important factor for induction of apoptosis since, 

in the absence of caspase-3, p14ARF in the combination with caffeine utilizes an alternative 

pathway to conduct cell death. 

Further downstream events in cells undergoing apoptosis are represented by the cleavage of 

the caspase-3 substrate PARP thereby facilitating DNA fragmentation (Boulares et al., 
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1999). PARP cleavage prevents ineffective repair of DNA strand breaks during the 

apoptotic program (Boulares et al., 1999). PARP is able to estimate the extent of DNA 

damage in order to decide whether the DNA should be repaired or if the damage is too 

extensive and cells should undergo apoptosis (Woodhouse and Dianov, 2008). PARP 

cleavage prevents ATP depletion by polyADP rybosilation thereby ensuring the energy 

dependent development of the apoptotic phenotype. Immunocytochemical analysis of PARP 

demonstrated that it was cleaved upon p14ARF expression after additional treatment with 

caffeine in caspase-3 proficient cells. Hypothetically, the cells shifted through the cell cycle, 

underwent DNA damage and cleaved PARP and activated caspases supported apoptotic 

DNA fragmentation. Cleavage of PARP would not occur in cells lacking caspase-3 since its 

activation was impaired. These results were consistent with the measurements of apoptotic 

DNA fragmentation, where it was shown that cells proficient for caspase-3 do undergo 

apoptosis, in contrast to cells lacking caspase-3 where apoptotic cell death was not observed. 

 

6.3 Autophagy as an alternative cell death mechanism 

 

The functional relationship between apoptosis and autophagy is still controversial in the 

sense that in one instance, autophagy is utilized as a stress adaptation mechanism that avoids 

cell death, whereas in other cellular settings autophagy represents an alternative pathway to 

cellular demise (Baehrecke, 2005). Upon apoptotic stimuli, blocking of caspase activation 

therefore seems to convert the apoptotic phenotype of dying cells to the autophagy type of 

cell death. Autophagy is therefore able to trigger caspase-independent cell death in the 

absence of caspase activation (Scarlatti et al., 2009). 

The conclusion of the existing results points out that sensitization with caffeine upon p14ARF 

expression requires the presence of caspase-3 for full activation of the intrinsic apoptotic 

pathway to execute apoptosis. However, based on the different morphology, observed by 

phase contrast microscopy, p14ARF expressing MCF-7 cells lacking caspase-3 appeared to 

form autophagic vacuoles upon exposure to caffeine. These cells were round and detached 

and vacuoles were visible inside them. These observations led to the assumption that p14ARF 

is involved in the induction of autophagy. This effect was not detected in caspase-3 

proficient cells, which clearly showed the morphology of apoptotic cells upon the same 

conditions. To clarify the fate of cells deficient for caspase-3 transduced with Ad-p14ARF 

and exposed to caffeine, cell viability was measured. Obtained data showed high loss of cell 

viability. Caspase-3 proficient cells also demonstrated strong loss of cell viability under the 
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same condition. Considering that the apoptotic pathway was already proven to be employed 

by caspase-3 proficient cells, this result confirmed previous investigations. These findings 

indicate that each cell transfectant utilizes different pathways to conduct cell death that 

invariantly occurs as evidenced by the loss of cell viability after sensitization with caffeine 

upon p14ARF expression. 

To clarify whether these morphological features were in fact signs of autophagy, the most 

prominent autophagic proteins were examined by Western blot analyses and fluorescence 

microscopy in MCF-7 cells stably expressing GFP-LC3. During autophagy, lipid 

conjugation leads to the conversion of the soluble LC3I form into the faster migrating LC3II 

form in the SDS-PAGE. Upon expression of p14ARF in combination with caffeine GFP-

LC3II, the autophagic variant, was identified in caspase-3 deficient cells indicating that 

these cells employed autophagy. The non-autophagic form of GFP-LC3I was detected in 

caspase-3 proficient cells upon the same conditions and moreover caspase-3 were found to 

be activated. This illustrates again that in the presence of caspase-3 MCF-7 cells undergo 

apoptosis. Upon sensitization with caffeine, p14ARF expressing caspase-3 deficient cells 

showed LC3 lipidation and high loss of cell viability suggesting that constant cellular stress 

triggered by p14ARF leads to the massive destructive potential of autophagy. In healthy cells, 

LC3 is a cytosolic protein but upon autophagy stimuli it is translocated to the 

autophagosomes. Induction of autophagic cell death upon p14ARF expression and caffeine 

treatment was evidenced by live cell imaging analyses confirming a high increase in the 

number of caspase-3 deficient cells with a punctuated fluorescent GFP-LC3 pattern. This 

redistribution from a diffuse to a punctuated pattern reflected accumulation of autophagic 

vesicles. After the same treatment, caspase-3 re-expressing cells, previously verified as 

apoptosis executing cells, did not demonstrate punctuation of GFP-LC3. These results imply 

that autophagy, as an alternative way of dying, can contribute to cell death in cells deficient 

for the downstream effector caspase-3. Following this assumption the decision for initiation 

of autophagy would be made downstream of the mitochondrial events. A lesser extent of 

mitochondrial breakdown would argue for insufficient stimulation of the mitochondria-

caspase amplification loop due to caspase-3 deficiency and consequently result in a lack of 

cytochrome c release. Supposing that cells deficient for caspase-3 undergo autophagy, 

damaged mitochondria would be degraded by autophagolysosomes. It was reported by other 

groups that during autophagy the removal of the damaged mitochondria might be essential 

to trigger cell death. Mitochondria with altered membrane potential are especially sensitive 

to autophagic sequestration (de Grey, 1997; Reggiori and Klionsky, 2002). Furthermore, it 
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was shown that mitochondria that undergo permeability transition are digested within 

autolysosomes (Elmore et al., 2001) and that induction of autophagy is enhanced by 

mitochondrial permeability transition pore opening (Lemasters et al., 1998). A lesser and 

delayed mitochondrial membrane shift was observed in MCF-7 cells deficient for caspase-3 

in contrast to caspase-3 re-expressing cells. Moreover, in these cells no cytochrome c release 

could be detected by Western blot analysis. This might be due to a delayed breakdown of 

mitochondrial membrane potential. Given that all damaged mitochondria are digested within 

autophagolysosomes, it seems unlikely that cytochrome c would be released under these 

circumstances into the cytosol. These results indicate that caspase-3 deficient cells undergo 

autophagy as a form of alternative cell death. Therefore, during prolonged stress an 

autophagic cell death is capable of destroying major proportions of the organelles leading to 

a total collapse of the cellular functions.  

Confirming the previous findings, autophagosome formation could be successfully blocked 

by 3-methyadenine (3-MA), a specific pharmacological autophagy inhibitor reassuring that 

in the absence of caspase-3 cells stimulate the alternative cell death pathway. Taken 

together, the switch from apoptosis to autophagy, upon prolonged stress due to p14ARF 

expression and sensitization with caffeine, might serve as a fail-safe mechanism to eliminate 

damaged and apoptosis-deficient cells. 

The most prominent of the autophagic proteins, Beclin-1 mediates autophagy induction and 

has a crucial role in autophagic vesicle formation. Interestingly, it was recently identified as 

a BH3-only protein because it contains a BH3 domain (Maiuri et al., 2007; Oberstein et al., 

2007). Once upregulated, Beclin-1 does not induce apoptotic cell death indicating that in 

contrast to other BH3-only proteins, it has no proapoptotic properties and fails to neutralize 

the antiapoptotic function of Bcl-2 (Ciechomska et al., 2009). Both MCF-7 GFP-LC3 cell 

transfectants constitutively express high levels of Beclin-1. However, caspase-3 proficient 

cells illustrated a significant reduction in the expression level of Beclin-1 upon p14ARF 

expression in combination with caffeine. These data suggest that Beclin-1 might be a key 

target of caspase-3 since this study demonstrated particular downregulation of Beclin-1 but 

only when caspase-3 was present. Similar to these findings, it was recently shown that 

Beclin-1 is cleaved by caspases in TRAIL treated HeLa cells suggesting that Beclin-1 could 

be a novel caspases-3 substrate in cells undergoing apoptosis (Cho et al., 2009). Equally 

important, this result verifies that the apoptotic pathway is preferred in case of caspase-3 

availability and therefore Beclin-1 is down regulated, not presenting the opportunity for 

induction of autophagy. In caspase-3 deficient cells, the level of Beclin-1 remained the same 
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implying indirectly that Beclin-1 was necessary to accomplish autophagy. One can suggest 

that Beclin-1 represents a potentially important point of convergence of the apoptotic to the 

autophagy pathway (Boya et al., 2005). Regardless of the caspase status, cells appeared to 

have started with the apoptotic program, which was interrupted in cells lacking caspase-3. 

This disturbance of the apoptotic program was also observed in cells deficient for the 

multidomain proapoptotic proteins Bax/Bak in which apoptosis switched to autophagy (Wei 

et al., 2001). In cells re-expressing caspase-3, p14ARF expression combined with caffeine 

triggered a strong downregulation of antiapoptotic Bcl-2 as well as Bcl-xL leading to 

apoptotic cell death. Therefore, downregulation of these two antiapoptotic proteins might 

confirm apoptosis induction, which was shown to be strictly dependent on the activation of 

caspase-3 upon p14ARF expression and caffeine treatment. Moreover, several studies have 

demonstrated that upon apoptotic stimuli cleavage of Bcl-2 in MCF-7 cells require 

activation of caspase-3 (Kirsch et al., 1999). Beclin-1 was identified as an interaction 

partner of both antiapoptotic Bcl-2 and Bcl-xL (Liang et al., 1999). In the absence of 

caspase-3 the levels of Bcl-2, Bcl-xL and Beclin-1 remained unchanged upon p14ARF 

expression and exposure to caffeine confirming apoptosis impairment. In response to 

autophagy-inducing stimuli, Beclin-1 binds to Bcl-2 in a regulated manner (Maiuri et al., 

2007; Oberstein et al., 2007). Thus, it could be proposed that the Bcl-2/Beclin-1 complex 

may act as a rheostat that turns autophagy on or off as required (Pattingre et al., 2005). The 

interaction between Beclin-1 and Bcl-2 can be competitively disrupted by other BH3 

proapoptotic proteins thereby liberating Beclin-1 as this protein has a reduced affinity for 

Bcl-2 compared to the other BH3-only proteins (Feng et al., 2007). This may explain the 

survival feature of autophagy as a first reaction to minor cytotoxic insults, whereas 

prolonged stress stimulates the cell death characteristics of autophagy. However, the role of 

the interaction between Beclin-1 and Bcl-2/-xL on autophagy activity is still unclear. As 

previously discussed, caspase-3 can cleave Beclin-1. Nevertheless inhibition of this caspase 

by a pan-caspase inhibitor could entirely restore its expression level. Similarly, the pan-

caspase inhibitor was also able to prevent downregulation of Bcl-2. Due to the inhibition of 

the caspases, apoptosis was blocked and therefore the expression of Bcl-2 remained the 

same as in untreated cells. Additionally, the same broad caspase inhibitor repressed 

autophagy confirmed by a lack of lipidation of LC3. This phenomenon could be explained 

by earlier reports demonstrating that the pan-caspase inhibitor blocks other cysteine 

proteases including cathepsins and calpains (Madden et al., 2007). Calpains belong to the 

second family of calcium-activated cysteine proteases (Wang, 2000). Like caspases, they are 
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synthesized as inactive proenzymes and require processing to become active. Caspases 

facilitate calpain activity through the cleavage of its endogenous inhibitor calpastatin (Porn-

Ares et al., 1998; Wang et al., 1998). Calpains directly proteolyse executioner caspases, 

mediating their activation and have been established to be necessary for autophagy 

induction. They may modulate one or more key components of the signalling and trafficking 

networks involved in autophagosome formation (Demarchi et al., 2007; Demarchi et al., 

2006). Therefore in analogy to apoptosis, the pan-caspase inhibitor was very potent to 

suppress autophagic death (Pyo et al., 2005). Inhibition of all caspases could also block 

cathepsins, relatives of calpains, protecting cells entirely from apoptosis. Therefore, both 

caspases and cathepsins seem to be involved in apoptosis as well as the autophagic 

signalling pathway (Scaringi et al., 2004). ATG5, a very important autophagic protein 

required for the autophagosome-precursor synthesis, also has been reported to be targeted to 

mitochondria and is a novel calpain substrate. The ATG5 fragment produced by calpain 

cleavage regulates apoptosis as well as autophagy (Yousefi et al., 2006). ATG5 cleavage to 

truncated ATG5 (tATG5) is mediated by calcium-dependent calpains leading to the binding 

to ATG12 (Codogno and Meijer, 2006). Autophagy induction in calpain deficient cells 

showed no lipidated form of LC3 (Demarchi et al., 2006). Moreover, calpain inhibition by 

pharmacological agents or knockdown via RNA interference (RNAi) blocked ATG5 

cleavage to tATG5 in cells executing cell death (Yousefi et al., 2006). Therefore, the 

inhibition of calpain activity by a pan-caspase inhibitor might result in suppression of 

autophagy. In contrast to the inhibition of all the caspases, blocking caspase-8 appeared to 

contribute to the switch from apoptosis to autophagy. MCF-7 GFP-LC3 caspase-3 proficient 

cells treated with the caspase-8 inhibitor zIETD-fmk presented to some extent a decrease in 

the apoptotic rate upon expression of p14ARF in the presence of caffeine. These data suggest 

that apoptosis was partially blocked in the cells proficient for caspase-3. An interesting 

aspect of this study came, however, from the observation that inhibition of caspase-8 

activated autophagic cell death in the presence of caspase-3. The expression of the LC3II 

autophagic variant was detected upon p14ARF expression in the presence of caffeine and the 

caspase-8 inhibitor. Thus, in caspase-3 proficient cells, inhibition of caspase-8 may interrupt 

the caspase cascade network and switch therefore the apoptotic program to autophagy. 

Apoptosis induction was abrogated by the inhibition of caspase-8 and interestingly cells 

were able to utilize the alternative, autophagy pathway displaying a high loss of cell 

viability regardless of the presence of the inhibitor. In this constellation, the caspase-8 

inhibitor diminished induction of apoptosis but did not prevent autophagic cell death in 
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caspase-3 proficient cells. Similarly, studies in mouse L929 fibroblasts demonstrated high 

induction of autophagy after caspase-8 inhibition (Yu et al., 2004). Presented data 

demonstrated that in the absence of caspase-3 and by the inhibition of caspase-8, autophagic 

cell death occurred, as confirmed by LC3II conversion as well as by the high loss of cell 

viability. According to these results, it can be proposed that caspase-8 might not be part of 

the autophagy progression. Inhibition of caspase-8 can convert the induced apoptosis 

process to autophagy, which leads to the assumption that the often discussed crosstalk 

between autophagy and apoptosis does exist. When all caspases are inhibited by use of a 

pan-caspase inhibitor, the induction of autophagy was entirely blocked. Lack of either 

caspase-3 or caspase-8 function hindered apoptosis and led to autophagy induction upon 

p14ARF expression in combination with caffeine. Of note, caspase-7 is highly related and 

structurally similar to caspase-3 (Lakhani et al., 2006). Therefore, caspase-7 that is 

expressed in MCF-7 cells may theoretically substitute for caspase-3. However, in this case, 

caspase-7 could not complement for caspase-3 deficiency and therefore was also not able to 

prevent autophagy cell death. Moreover, distribution of LC3, from a diffuse to a punctuated 

pattern, confirmed autophagy formation upon inhibition of caspase-7 by DEVD-fmk in the 

absence of caspase-3. It can be assumed that induction of autophagy is caspase-7 

independent since treatment with p14ARF and caffeine with or without caspase-7 inhibition 

displayed a similar effect in terms of LC3 localization, represented by the increased 

numbers of autophagosomes. 

 

6.4 Cell death mechanisms induced by p14ARF in combination with irradiation 

 

DNA-damaging agents, such as chemotherapeutic drugs or ionizing radiation, are known to 

induce apoptosis via the intrinsic, mitochondrial cell death pathway (Belka et al., 2001; 

Handrick et al., 2009). Of note, MCF-7 breast carcinoma cells, whether they express the key 

executioner caspase-3 or not, are especially resistant to irradiation-induced apoptosis, 

although they have a functional p53. In general, irradiation induces apoptosis in cancer cells 

at higher doses and transient cell cycle arrest or senescence at lower doses. However, this 

effect was not observed in MCF-7 breast cancer cells, instead a G2 arrest was triggered in 

these cells (Janicke et al., 2001; Wendt et al., 2006). Thus, both the caspase-3 proficient and 

deficient MCF-7 cells remained equally resistant to irradiation-induced cell death. Equally 

to previous reports, in this study irradiation induced a permanent G2-arrest in MCF-7 cells 

irrespective of caspase-3 proficiency. Although irradiation alone did not provoke an 
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apoptotic response in caspase-3 proficient cells, additional expression of p14ARF resulted in 

massive apoptosis. Therefore, the resistance to irradiation appears to result directly from the 

failure to trigger the intrinsic cell death pathway upon activation of the DNA damage 

checkpoint. P14ARF was able to restore induction of the mitochondrial apoptotic pathway 

upon exposure to irradiation but only in the presence of caspase-3. Inhibition of the caspases 

reduced DNA fragmentation, verifying that apoptotic cell death occurred in a caspase 

dependent manner following p14ARF expression upon additional exposure to irradiation. 

Single inhibition of caspase-3 almost entirely decreased induction of apoptosis. Likewise, 

caspase-3 and -7 activities were strongly initiated in the caspase-3 proficient but only 

marginally detectable in the caspase-3 deficient MCF-7 cells. Caspase-9 inhibition, 

however, did not have a major hindering effect on apoptosis in the presence of caspase-3. It 

was therefore not surprising that in cells lacking caspase-3 the already low apoptotic rate did 

not change upon caspase-9 inhibition. Only caspase-3 proficient MCF-7 cells showed high 

induction of caspase-9 enzymatic activity when exposed to irradiation upon expression of 

p14ARF, which leads to the assumption that caspase-9 processing is caspase-3 dependent. 

Most likely, full caspase-9 processing is achieved by the amplification loop where caspase-8 

cleaves Bid to induce strong cytochrome c release from the mitochondria, formation of the 

apoptosome and consequently, activation of caspase-9. 

Mitochondria losing their membrane potential indicate the initiation of the intrinsic 

apoptosis pathway leading to DNA fragmentation. In this setting, caspases appear to act 

upstream of the mitochondrial events since their inhibition led to protection from 

mitochondrial permeabilization. To this end, upregulation and clustering of the pro 

apoptotic protein GFP-Bax as detected by a punctuated, mitochondrial staining pattern, was 

detected upon p14ARF in combination with irradiation. The same observation but to a much 

lesser extent was seen in cells expressing only p14ARF. These data suggest that the elevated 

level of activated Bax might be the response to the extended stress generated by p14ARF in 

combination with irradiation. The upregulation of %H2AX, in both cell transfectants, 

additionally pointed to DNA damage in irradiated or p14ARF expressing cells. In normal cell 

progression, these cells would be arrested in the cell cycle in order to start the repair 

program. But the downregulation of p21 showed that, after p14ARF expression and 

irradiation, the cells overcame cell cycle arrest regardless of the caspase-3 status. The 

significance of the turnover of p21 induced by ionising irradiation might be associated with 

an abrogation of DNA repair programs leading to cell death. As reported by Wendt et al. 
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2005, cell cycle arrest and apoptosis are two parallel processes orchestrated, by the level of 

p21. 

Lack of caspase-3 disabled MCF-7 cells to undergo apoptosis regardless of p14ARF 

expression and irradiation. Based on the results discussed previously, these cells might 

utilize autophagy as a cell death pathway. This might simply be a protective response i.e. 

fail safe mechanism to ensure that cells are removed either via apoptosis or autophagy in 

order to prevent aberrant and unwanted cells from re-entering cell cycle division. 

Abrogation of checkpoints in the cell division cycle overcomes these protective programs 

and confers susceptibility for p14ARF-induced cell death.  

Based on the findings presented throughout this thesis, the following model can be proposed 

for the p14ARF pathway. Once expressed, p14ARF interferes with the activity of Mdm2, 

leading to p53 stabilization and triggers p21 upregulation thereby inducing cell cycle arrest. 

The kinase inhibitor caffeine abrogates cell cycle arrest and therefore enables cells to re-

enter the cycle. Following the aberrant disruption of a cell cycle arrest program, p14ARF 

triggers the permeabilization of the mitochondria, which may involve BH3 only proteins 

induced by p14ARF. The mitochondrial “activation” is the decision point for the type of cell 

death where caspase-3 plays a crucial role. The cell fate furthermore depends on caspase-8.  

In the presence of caspase-3, mitochondrial permeabilization leads to the release of 

cytochrome c (figure 41A). This in turn triggers the formation of the apoptosome and 

activation of caspase-9 resulting in the initiation of the executioner caspases network. 

Caspase-3 or -8 can cleave Bid to tBid, which translocates to the mitochondria. There, it 

inserts into the mitochondrial membrane increasing permeabilization of mitochondria 

accompanied by cytochrome c release. This positive feedback loop amplifies the apoptotic 

signal and can only occur in the presence of caspase-3. All together, these events lead to 

apoptotic DNA fragmentation and finally to apoptosis. Blocking of caspase-8 partially 

reduced apoptosis in favour of autophagy. However, when the antiapoptotic protein Bcl-2 or 

its homologous Bcl-xL prevents the mitochondrial permeabilization, apoptosis is blocked. 

In the absence of caspase-3, p14ARF also triggers the mitochondrial shift transition but 

cytochrome c is not released into the cytosol since this might already occur in the 

mitochondria that have entered autophagosomes and therefore the amplification loop is 

blocked (figure 41B). In this case Beclin-1 becomes active and LC3 is lipidated leading to 

further formation of autophagosomes and, eventually, to autophagic cell death. 

However, when all caspases are inhibited, neither of both deadly processes, apoptosis and 

autophagy, can be conducted.  
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Figure 41. Model for p14
ARF 

pathway 

 

These observations strongly support the idea that p14ARF is involved in the cell death 

program utilizing both, autophagy and apoptosis pathways. These characteristics of p14ARF 

make this tumour suppressor protein a potential target in cancer therapy. Facing the problem 

of irradiation-resistant breast cancer cells, p14ARF could serve as an effective sensitizer for 

apoptosis. Although autophagy is primarily considered as a cell survival mechanism, it has 

been shown to function as a tumour suppressor process protecting cells from tumour 

development (Levine and Kroemer, 2008). Based on the finding that %H2AX was 

phosphorylated, it can be speculated that the involvement of p14ARF in DNA damage and in 

the DNA repair program might be the reason for its participation in cell death induction. 

This could be the cause for the sensitize ability of p14ARF to caffeine or ionising irradiation. 

However, the role of p14ARF in DNA damage remains to be investigated in more details as 

well as its function in the DNA repair program. The interplay in between apoptosis and 

autophagy stimulated by p14ARF could provide a promising tool for cancer therapy.  

In this context, p14ARF might have a role as a potential target for cancer therapy in order to 

diminish or even to kill tumour cells. In combination with caffeine or ionising irradiation, 

p14ARF showed a massive cell death inducing potency. In contrast, the induction of cell 
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cycle arrest by p14ARF regulated programs is important for the possibility to manipulate the 

cell cycle and aberrant, deregulated cellular proliferation, which might be crucial to prevent 

uncontrolled cancer cell progression. However, abrogation of the checkpoint program leads 

to different types of cell death opening up a challenging field of research. These results 

therefore suggest a mechanism, which could provide an opportunity to overcome cell death 

resistance in malignant cells that may occur in consequence of activation of cell cycle arrest 

programs. 
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