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ABSTRACT 
 

Protein degradation is essential for many cellular functions and the ubiquitin-proteasome system controls the turnover of most cellular proteins 

and plays a pivotal role in the regulation of basic physiological processes and in the pathogenesis of many diseases. Alterations in the 

metabolism of proteins involved in the regulation of cell cycle and apoptosis may result in uncontrolled cell division, which can lead to 

malignant transformation and tumor development. One such example is the Burkitt’s lymphoma (BL), a highly malignant B-cell tumor 

characterized by chromosomal translocations that constitutively activate the c-myc oncogene. Proteolysis in BLs is characterized by impaired 

proteasome function and the upregulation of the cytosolic protease tripeptidyl peptidase II (TPPII) and deubiquitinating enzymes. Treatment 

with an inhibitor of TPPII induced apoptosis in BL cells suggesting that this enzyme may regulate processes associated with survival in these 

cells. The general aim of this thesis was to elucidate the mechanisms behind the alterations in proteolysis in BL cells and the implications of 

these changes for malignant transformation.  

 

TPPII is an evolutionary conserved serine peptidase composed of 138 kDa subunits that form large complexes localized in the cytoplasm and 

the plasma membrane of most cell types. TPPII is an exopeptidase that removes tripeptides from the free N-terminus of oligopeptides but was 

also suggested to possess endopeptidase activity towards intact proteins or long polypeptides. TPPII was upregulated in cells adapted to grow 

in the presence of toxic doses of proteasome inhibitors suggesting that it may assist the proteasome activity in the production of free amino 

acids from longer precursors. A more specific role in the regulation of apoptosis was suggested by the finding that increased TPPII activity 

correlated with upregulation of members of the inhibitors of apoptosis (IAPs) family in mouse lymphoma cells and induced rapid tumor 

formation in vivo. 

 

We have analysed the effects of TPPII on cell growth and apoptosis and showed that overexpression of TPPII resulted in faster cell 

proliferation, and higher mitotic index in 293 human embryonic kidney (HEK) cells transfected with a TPPII construct. TPPII overexpressing 

cells exhibited aberrant chromosome numbers and centrosome abnormalities in much higher percentages than the control cells. BL cells, that 

spontaneously express high levels of TPPII, displayed similar abnormalities in centrosome structure and formation of the mitotic spindle. 

Functional knockdown of TPPII by infection of BL cells with a TPPII specific shRNA expressing lentivirus vector resulted in growth 

retardation and the accumulation of polynucleated cells. These findings suggest that TPPII may regulate cellular functions that are critical for 

the induction and/or maintenance of genetic instability in malignant cells. 

  

We have also explored the possible involvement of TPPII in the regulation of mitotic checkpoints and apoptosis. We found that the length of 

mitosis and of the entire cell cycle were significantly reduced in TPPII overexpressing HEK293 cells as compared to the controls. TPPII 

overexpressing B-cells evade mitotic arrest induced by spindle poisons and display high levels of polyploidy despite the constitutively high 

expression of major components of the spindle checkpoint. Overexpression of TPPII correlated with upregulation of certain IAPs and with 

resistance to mitochondria-dependent apoptosis induced by p53 stabilization, a pathway that is readily triggered by mitotic checkpoint 

activation. Our data imply that the spindle checkpoint that ensures the equal distribution of chromosomes to the daughter cells during mitosis 

is compromised in TPPII overexpressing B-cells. Therefore, TPPII appears to promote malignant cell growth by allowing exit from mitosis 

and the survival of cells with severe mitotic spindle damage.  

 

Analysis of cellular localization by immunofluorescence showed that TPPII accumulates in a ring structure around the centrosome at the onset 

of S phase till prometaphase. These ring structures co-localize with the pericentriolar Golgi apparatus and disperse in parallel with Golgi 

fragmentation at the onset of mitosis. Chemical inhibition of TPPII activity resulted in Golgi enlargement and cell death in pro-metaphase 

suggesting a role for TPPII in the Golgi fragmentation. Microarray data analysis in TPPII knockdown BL cells showed that TPPII 

down-regulation modulated the expression of regulatory proteins involved in cell cycle and centrosome function such as Polo-like kinase 1. 

Thus, TPPII may exert its role in cell division by participating in processes ensuring the normal function of Golgi and centrosome apparatuses. 

 

Key words: Apoptosis, Burkitt’s lymphoma, cell cycle, centrosome, genetic instability, Golgi, mitosis, tripeptidyl-peptidase II,
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1. GENERAL INTRODUCTION 
 
 
1.1 The Ubiquitin proteasome system (UPS) 
 
Protein degradation is essential for many cellular functions, including maintenance of 
homeostasis, ordered degradation of cell cycle regulating proteins, activation of transcription 
factors, removal of incorrectly folded or damaged proteins and generation of peptides 
presented by major histocompatibility complex class I molecules (MHC I) (reviewed in [1]). 
The proteasome together with a highly specific targeting complex of enzymes, the ubiquitin 
conjugation cascade, controls the lifetime of most cellular proteins [2]. Thus, the UPS plays a 
pivotal role in the regulation of basic physiological processes as well as in the pathogenesis of 
several genetic diseases [3]. The molecular mechanisms that underlie these complex processes 
are still being unravelled, as is the identity of its many target proteins. 
 
Proteolysis by the UPS involves two discrete steps (Figure 1): (a) covalent attachment of 
multiple ubiquitin molecules to the protein substrate, and (b) degradation of the targeted 
protein by the 26S proteasome complex. 

Conjugation of ubiquitin to the substrate proceeds via a three-step mechanism. Initially, 
ubiquitin is activated by the ubiquitin-activating enzyme E1 and then transferred by one of the 
ubiquitin-conjugating enzymes (E2s) to a member of the ubiquitin-protein ligase family (E3s). 
The E3 enzymes catalyze the covalent attachment of ubiquitin to the substrate. Following the 
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       Figure 1. Components and function of the ubiquitin-proteasome system (UPS). 
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attachment of multiple molecules and the formation of an ubiquitin tree, the target protein is 
deubiquitinated by the proteasome, and the ubiquitin is released and recycled by specific 
enzymes, the deubiquitinating enzymes (DUBs). These enzymes are divided into five major 
categories: the ubiquitin C-terminal hydrolases (UCHs), the ubiquitin-specific processing 
proteases (USPs), the ovarian tumor proteases (OTUs), the Machado-Joseph disease protein 
domain proteases (MJDs) and the JAMM motif proteases. The first group is involved in the 
generation of ubiquitin monomers from precursor molecules and rescues activated ubiquitin 
from inappropriate conjugation to abundant intracellular nucleophiles [4]. The second group 
represents the bulk of DUBs and is involved in substrate deubiquitination and disassembly of 
ubiquitin chains [4]. The JAMM proteases have been described to mediate Ub or Ub-like 
processing whereas the role of MJDs and OTUs remains to be investigated. 
 
The 26S proteasome is a multisubunit complex that specifically degrades ubiquitin-conjugated 
proteins in an ATP-dependent manner (Figure 2). It is composed of two sub-complexes: the 
20S core particle and two 19S regulatory particles (reviewed in [5] [6]). The 20S core 
catalytic particle is a cylinder-like complex of more than 700 kDa that is composed of 14α 

and 14β  subunits, that are arranged as a stack of four rings, each containing seven subunits 
(reviewed in [5]). The two 19S cap complexes associate with the 20S core particle and 
generate the 26S dumbbell-shaped complex and appear to be the regulatory subunits that 
control the recognition, deubiquitination, unfolding and translocation of substrates into the 
proteolytic chamber. Three catalytic sites of the proteasome, the trypsin-, chymotrypsin-and 
post glutamyl peptidyl hydrolytic-like sites reside on some of the β subunits. Energy is 
required for assembly of the 26S complex from its components as well as for other functions 
such as peptide bond cleavage.  
 
Considering the broad range of substrates and processes in which the ubiquitin proteasome 
pathway is involved, it is not surprising that aberrations in the system have been implicated in 
the pathogenesis of several diseases such as malignancies, genetic and neurodegenerative 
diseases, immune surveillance, viral pathogenesis and muscle cachexia (reviewed in [1] [3]). 

  
Figure 2: a. Two-dimensional image of the 26S proteasome from Drosophila melanogaster obtained 
from electron microscopic images of negatively stained specimens; b. Composite model of the 
electron microscopic structure of the 19S caps combined with the 20S proteasome (adapted from [5]). 
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Alterations in the metabolism of proteins involved in regulation of cell cycle and apoptosis 
may result in uncontrolled cell division, and can lead to malignant transformation and tumor 
development [7]. Moreover, the UPS is important in antiviral responses since it degrades viral 
proteins and generates antigenic peptides that are presented to the MHC class I restricted 
cytotoxic T cells (reviewed in [8]). It is therefore not surprising that viruses that establish 
latent infections have developed means to block proteasomal processing in order to escape 
rejection by the host immune system. One example of viral manipulation of the ubiquitin 
proteasome system, described below, is the EBV nuclear antigen-1 (EBNA1), an essential 
viral product that is required for the maintenance and replication of EBV episomes in 
proliferating virus infected cells. Interestingly, recent evidence suggests that further 
modulation of the ubiquitin-proteasome system by cellular oncogenes may contribute to the 
malignant phenotype, as in the case of Burkitt´s lymphoma (BL), a classical example of how 
multiple phenotypic characteristics associated with a single genetic alteration may contribute 
to promote tumor growth. 
 
 
1.2 The Epstein-Barr virus 
 
The Epstein-Barr virus (EBV) is a lymphotropic human DNA γ-herpes virus that is 
widespread in all human populations, with over 90% of the adults being life-long carriers 
(reviewed in [9]). Primary EBV infection is common during early childhood and is usually 
clinically silent. However, when infection is delayed until adolescence or adulthood, it may 
cause infectious mononucleosis, a self-limiting lymphoproliferative disease characterized by a 
huge expansion of reactive T cells that recognise and destroy EBV infected B lymphocytes. 
EBV is known to be involved in the pathogenesis of a broad spectrum of malignancies of 
lymphoid and epithelial cell origin (reviewed in [9]) and was originally detected in biopsies of 
endemic Burkitt’s lymphoma (BL) (Epstein, 1964). 
 
This relatively large virus has evolved multiple strategies for parasitizing its primary target, 
the human B-lymphocyte (Figure 3) that has a complex life cycle. Like many other viruses 
that are adapted to persist in the infected host, EBV replicates and hides in different cellular 
compartments where it follows lytic or latent expression programs. The lytic program results 
in the production of infectious viral particles whereas the latent program is characterized by 
the expression of a limited number of viral proteins that ensure the maintenance of the viral 
reservoir in the face of strong specific immune responses. EBV latency is characterized by the 
expression of three different viral gene expression programs representing different levels of 
viral silencing (reviewed in [10]). Latency III is the least restrictive program and results in the 
expression of six EBV nuclear antigens (EBNA1–6) and three latent membrane proteins 
(LMP1, LMP2A, LMP2B). This expression pattern is observed in B-cells that are 
immortalised by EBV infection in vitro and is found in vivo in the blood and lymphoid tissues 
of infectious mononucleosis patients. Latency III is associated with autonomous B-cell 
proliferation and is probably required to expand the initial pool of virus infected B-cells, 
increasing thereby the chances of the virus to access the long-lived memory B-cell 
compartment. In latency II, the expression of viral proteins is limited to EBNA1 and the 
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LMPs. This program is expressed in B-lymphocytes that home to the germinal centres of 
lymphoid follicles [11]. Finally, EBV-carrying resting B-cells may express Latency 0, 
characterized by full silencing of the viral genome, or Latency I characterized by expression 
of LMP2A alone or in combination with EBNA1 [12] [13] [14]. 

The presentation of viral peptides by MHC class I molecules triggers CD8+ CTLs to eliminate 
the infected cells by apoptosis (reviewed in [15]). There are numerous examples of viral 
proteins that manipulate the cellular environment in order to create the conditions for 
successful infection and many of these strategies involve modulation of the 
ubiquitin-proteasome system. EBV selectively blocks the proteasomal degradation of EBNA1, 
thereby preventing the generation and presentation of peptides derived from this protein and 
this inhibitory effect locates to a long internal glycine-alanine repeat [16] [17]. 
 
 
1.3 Burkitt’s lymphoma  
 
Burkitt’s lymphoma (BL) is a highly malignant B-cell tumor that occurs with high frequency 
in tropical areas of Africa and New Guinea (endemic BL) where it is consistently 
EBV-associated, and with lower frequency all over the world (sporadic BL) where its 
EBV-association is less strong (reviewed in [18]). Regardless of its geographical origin, the 
tumor invariably carries a chromosomal translocation involving the c-myc gene on 
chromosome 8 and one of the immunoglobulin genes heavy or light chain loci on 
chromosomes 14, 2 or 22, respectively. BL is regarded as the prime example of a latency I 
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malignancy, though EBNA1 is exclusively expressed, and not LMP2A [9]. However, recent 
studies reported the identification of a subset of BL tumors that express most EBNAs except 
EBNA2 and the LMPs, thereby partially resembling latency III [19]. 
 
Previous studies on model cell lines that exhibit in vitro the BL cell phenotype by inducible 
expression of EBNA2/LMP1 and c-Myc have shown that overexpression of c-Myc is directly 
correlated with alterations of ubiquitin-dependent proteolysis [20]. The enzymatic activity of 
the proteasome is significantly reduced in BL cells but these cells are nevertheless resistant to 
doses of proteasome inhibitors that are readily toxic for EBV immortalized B-lymphoblasts 
[20]. Furthermore, proteolysis proceeds virtually undisturbed in the presence of high doses of 
proteasome inhibitors, suggesting that other enzymatic activities may contribute to maintain 
protein turnover. Indeed, deubiquitinating enzymes and Tripeptidyl-peptidase II (TPPII) are 
highly expressed in BLs, and are upregulated upon overexpression of c-Myc in otherwise 
genetically normal cells [20]. The upregulation of deubiquitinating enzymes, ubiquitin 
C-terminal hydrolases and ubiquitin isopeptidases, appears to be an early consequence of 
c-Myc overexpression. Given the high toxicity of ubiquitin chains generated as intermediates 
in substrate degradation, the upregulation of deubiquitinating enzymes is likely to be critical 
for rescuing the survival of BL cells where proteasome-mediated proteolysis is relatively 
inefficient. Interestingly, a remarkably large number of ubiquitin isopeptidases has been 
identified and some of these enzymes appear to have distinct substrate specificity [21] [22]. 
Thus, the selective upregulation of certain isopeptidases could affect protein turnover in a 
substrate-specific manner. In BL the c-myc gene is translocated to immunoglobulin gene 
enhancer regions and thus transcriptionally activated (reviewed in [23]). Recent studies have 
demonstrated that the c-Myc protein is stabilized in a number of BL cell lines, suggesting that 
defective UPS-dependent c-Myc proteolysis may play an important role in the 
lymphomagenesis [24].  
 
In addition to chromosomal translocations BL cells frequently display sings of mitotic 
infidelity with gains and losses of whole chromosomes [25]. Such chromosomal aberrations 
can arise from abnormal multipolar cell divisions [26], which frequently appear after 
centrosome duplication errors and the generation of supernumerary spindle poles [27] [28]. 
Moreover, numerical and structural centrosome defects are often observed in cells expressing 
various oncogenes including c-Myc and the virus encodes HPV-16 E7 and adenovirus E1A 
and E1B proteins [26]. In line with these findings our studies presented in paper I [29] 
demonstrate that BL cells exhibit centrosome and mitotic spindle defects. These defects could 
be reversibly abrogated in parallel with c-Myc and TPPII downregulation in EBV infected 
lymphoblastoid cells carrying a tetracycline regulated c-myc gene. 
 
 
1.4 The c-myc proto-oncogene 
 
The proto-oncogene c-myc plays a pivotal role in the regulation of numerous essential cellular 
processes such as cell proliferation, differentiation and apoptosis (reviewed in [30]). 
Activation of c-myc is defined as deregulation of the normal, highly controlled expression 



 14  
 

pattern of the protooncogene [23] [31]. Particularly, c-myc is activated in response to 
mitogenic factors and repressed after exposure to anti-proliferating signals regulating cell 
cycle, cell growth, genomic instability, angiogenesis and cell differentiation, whereas in the 
absence of survival factors c-Myc triggers apoptosis [32]. In contrast to the highly regulated 
state of c-myc expression in non transformed cells, the c-myc gene and the expression of the 
c-Myc protein are frequently altered in human cancers and therefore myc is considered one of 
the most potent and critical activators of cellular proliferation and carcinogenesis [30] [33].  
 
The c-myc proto-oncogene belongs to a family of related genes that includes L-myc, N-myc, 
s-myc and B-myc [30]. The c-myc gene encodes the transcription factor c-Myc which is a short 
lived nuclear phosphoprotein of the basic helix-loop-helix-leucine zipper (bHLH-LZ) class 
and its destruction is regulated by the ubiquitin-proteasome pathway [24] [34] [35]. c-Myc 
heterodimerizes with a partner protein, named Max and regulates the transcription of specific 
E-box-containing genes [36] [30]. Max also heterodimerizes with the Mad family of proteins 
to repress transcription and thus it antagonizes c-Myc, and promotes cellular differentiation. 
 
Constitutive activation of c-myc expression is crucial to the genesis of many cancers since it 
may cause gene amplification and chromosomal rearrangement [37] [38] [39]. This induction 
of genetic instability promoted by c-myc overexpression has been observed both in cultured 
cells and in vivo animal models and one of the current views on explaining the mechanism is 
that Myc uncouples DNA synthesis from mitosis [40]. Furthermore, cells overexpressing Myc 
can bypass check points that are induced upon spindle disruption in the G2/M phase of the cell 
cycle [41]. Such cells harbor secondary mutations that result in abrogation of the apoptotic 
response and therefore can still survive with an abnormal DNA content. Particularly, loss of 
p53 or overexpression of Bcl-XL can cooperate with Myc in order to propagate polyploidy in 
various cell lines [40] [42] [43]. Additionally, cdk2 and cyclins A and B1 have been proposed 
as downstream effector molecules that could enable Myc to bypass these checkpoints [41] 
[40] [43]. In line with these findings, c-Myc has been shown to disrupt signaling pathways 
that control cell cycle including deregulation of the cyclin/cdk2 complexes [44]. Interestingly, 
cdk2 activation is necessary for centrosome duplication [45] and numerical and centrosome 
aberrations have been reported in many tumor types [46]. Moreover, numerical and structural 
centrosome defects are often observed in cells expressing various oncogenes including c-Myc 
and the virus encodes HPV-16 E7 and adenovirus E1A and E1B proteins [26].  
 
The above results support the notion that genetic changes conferring a growth advantage 
and/or loss of tumor suppressor activity may cooperate with Myc to promote genetic 
instability and subsequently malignant transformation. Given the great importance of Myc 
activation in a broad range of human cancers, it is easily understood that agents targeting Myc 
have a potential of an enormous impact on the clinical treatment of the disease. Two distinct 
approaches are currently under investigation: those that inhibit and those that exploit Myc 
deregulation in order to kill tumor cells in a specific manner [47]. The latter strategy is based 
on the well-established notion that cytostatic agents do not cause severe damage to the 
non-transformed cells but can trigger apoptosis in tumor cells harboring an activated c-myc 
allele [32].  
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1.5 Tripeptidyl-peptidase II 
 
Tripeptidyl-peptidase II (TPPII) is an aminopeptidase with endoproteolytic activity that 
removes tripeptides from a free N-terminus of oligopeptides [48] and is present in the cytosol 
of a number of different cells of several different species, from fruit flies to humans [49] [50]. 
The 138 kDa subunits of TPPII form large, oligomeric complexes (>1000 kDa) that are 
localized in the cytoplasm [48] [49] [51] or the plasma membrane [52]. The complex is larger 
than the 26S proteasome and has a rod-shaped supramolecular structure (Figure 4). The 
enzyme has been classified as a serine peptidase of the subtilisin type [53] and the proposed 
physiological role for this enzyme is to participate in the protein turnover, probably in concert 
with the proteasome and other exopeptidases [54]. The formation of tripeptides as 
intermediates during degradation of proteins to free amino acids may accelerate the process by 
increasing the concentration of potential substrates for other exopeptidases [55]. 
 

 
Figure 4. Electron micrograph of a TPPII preparation negatively stained with uranyl acetate. White 
box: particle with an ovoid shape. Black box: dumbbell-shaped particle (adapted from [51]). 
 
Besides its function in the physiological protein turnover, TPPII plays a more specific role as 
a cholecystokinin-inactivating enzyme in rat brains [52] and in apoptotic pathways [56]. 
During apoptosis triggered by the enteropathogenic bacterium Shigella flexneri in 
macrophages, TPPII promotes the maturation of pro-caspase-1, and therefore seems to 
participate in this apoptotic cascade upstream of caspase-1 [56]. 
 
In addition, the possible involvement of TPPII in the regulation of apoptosis was suggested by 
the finding that TPPII overexpressing EL-4 cells express high levels of the inhibitor of 
apoptosis protein c-IAP-1 and fail to degrade c-IAP-1 and XIAP after treatment with 
etoposide [57]. TPPII may also have a role in antigen processing and was shown to be 
essential for production of the immunodominant human immunodeficiency virus epitope 
HIV-Nef (73-82) in human dendritic cells. Inhibition of proteasome activity did not impair the 
presentation of this epitope while a strong reduction was observed in cells treated with 
specific inhibitors of TPPII [58]. Therefore it was proposed that TPPII may act in combination 
with or independent of the proteasome and generate epitopes that evade processing by the 
proteasome pathway. Some of these functions of TPPII are likely to be dependent on its weak 

 



 16  
 

endopeptidase activity [51] [58] which may allow the generation of longer peptides from 
intact proteins or polypeptide precursors.  
 
TPPII has been proposed to substitute for at least some functions of the proteasome since it 
was found to be overexpressed in mouse EL4 lymphoma cells adapted to grow in the presence 
of vinyl sulphone (VS)-proteasome inhibitors at concentrations lethal for most cells [51] [59]. 
These adapted cells could degrade ubiquitinated proteins, control the cell cycle and assemble 
MHC class I molecules [59]. TPPII is also upregulated in BL and BL-like cells that have 
impaired proteasome activity [20]. Treatment with inhibitors of TPPII induced apoptosis in 
BL cells and therefore the upregulation of TPPII appears to be essential for the survival of 
these cells. 
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2. THE CELL CYCLE 
 
 
2.1 The cell cycle phases  
 
The cell division requires two alternating processes 1) doubling of the deoxyribonucleic acid 
(DNA) content (synthesis or S phase) and 2) halving of the genome during mitosis (M phase), 
to yield two identical cells. The cell cycle is divided into four different phases: G1, S, G2 and 
M phase (Figure 5). The G1 and G2 phases are gaps during which the cell is preparing for 
DNA synthesis and mitosis respectively. Following M, the cells may enter a quiescent G0 
phase in the absence of stimuli triggering mitosis, a state that characterizes most of the cells in 
normal adult tissues. In the presence of a sustained mitogenic stimulus the cells progress to a 
restriction point (R), beyond which they are committed to enter S phase and growth factors 
present in the environment are no longer required for progression in S/G2 phases [60]. In 
vertebrates and diploid yeasts, the cells in G1 have a diploid number of chromosomes (2N), 
one inherited from each parent, in S when DNA is replicated it is between 2N and 4N and in 
G2/M the cells are tetraploids with a 4N chromosome number.  

 
Mitosis is also divided into four phases based on morphological criteria, the prophase 
characterized by chromosome condensation, the metaphase where chromosomes align in the 
cell center, the anaphase when sister chromatids separate and move to the opposite poles of 
the mitotic spindle and the last stage is telophase where the segregated chromosomes 
decondense. The physical division of the cytoplasm that yields two daughter cells is called 
cytokinesis. In most higher eukaryotes the nuclear envelope breaks down into vesicles in 
prophase and reforms again in telophase. The Golgi complex and endoplasmic reticulum also 
vesiculate during mitosis and reform in the daughter cells when cell division is completed.  
 
 
2.2 Regulation of the cell cycle 
 
Progression through the cell cycle is regulated by the synthesis, assembly and activation of 
key cell cycle regulatory complexes comprised of cyclins and cyclin dependent kinases (Cdks), 
followed by their subsequent inactivation, disassociation and degradation [61]. Multiple 
mechanisms regulate the timing of these processes, including transcriptional and translational 
controls, posttranslational control via the ubiquitin-mediated proteolysis and regulation of the 
subcellular localization of proteins.  
 
 
2.2.1 Cyclin dependent kinases (Cdks) and cyclins 
 
In mammalians the Cdks comprise a family of eleven serine-threonine protein kinases (Cdk 
1-11) and five of them were shown to catalyze different cell cycle transitions [62]. Cdk4 and 
Cdk6 are active during G1, Cdk2 in the G1/S transition and Cdk1 in late G2 and mitosis. Each 
Cdk binds to an activator molecule, the cyclin, and this binding is an absolute requirement for 
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Figure 5. Overview of the cell cycle. Transition between cell cycle phases is governed by positive 
effectors (cyclins and Cdks) and negative regulators (INK4 and KIP inhibitors). Phosphorylation of Rb 
protein removes its restraining effect on the G1/S transition (adapted from [63]). 
 
their activation [60]. Activation of Cdks requires phosphorylation in a conserved threonine 
residue located in their activation loop that causes a conformational change and is essential for 
the kinase activity. This phosphorylation event is catalysed by the Cdk activating kinase 
(CAK) that is active throughout the cell cycle but its access to the Cdk substrate is regulated 
[64]. Inhibition of CAK action or access to the Cdks prevents phosphorylation and therefore 
activation of the Cdks and leads to cell cycle arrest. Phosphorylation at conserved inhibitory 
sites (threonine 14 and tyrosine 15) on Cdks also inhibits their activity and is catalysed by the 
Wee-1 and Myt-1 kinases [61]. Another family of regulators, the cell division cycle (Cdc) 
phosphatases including Cdc25A, Cdc25B and Cdc25C remove the inhibitory phosphatases 
from threonine 14 and tyrosine 15 sites on Cdks and are thus also important for their full 
activation [61]. In addition to site specific phosphorylation, the Cdk activity is also negatively 
regulated by binding of Cdk inhibitors (CKI) divided into two families: the kinase inhibitory 
proteins (KIP) and the inhibitor of Cdk4 (INK4) [65]. The KIP family includes the p21, p27 
and p57 proteins that act primarily in G1 and are able to inhibit the cyclin E/A-Cdk2 
interactions [66]. Unlike the KIP family, the members of the INK4 family including p15, p16, 
p18 and p19, specifically act in G1 and inactivate Cdk4 and Cdk6 by destabilizing their 
association with the D-type cyclins [67].  
 
The family of mammalian cyclins include cyclins A to H and all share a conserved sequence 
of about 100 amino acids referred to as the cyclin box. Different cyclins bind to and activate 
different Cdks, and the activated cyclin-Cdk complexes in turn phosphorylate various target 
proteins in order to mediate transition and progression through the different cell cycle phases. 
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The cyclin levels change significantly during cell cycle, allowing a precise timing of Cdk 
activation and ensuring that they will be active only at specific phases of the cell cycle [63]. 
This is regulated both by specific subcellular localization and timed expression and 
degradation of the various cyclins and Cdk inhibitors. In general, the nuclear expression peak 
of a cyclin occurs at or just prior to the peak activity of its partner kinase and following 
activation the respective cyclin is degraded by the ubiquitin-proteasome pathway. Entry and 
progression through G1 is regulated by the three D-type cyclins (cyclin D1, D2, and D3) that 
bind to Cdk4 and Cdk6 whereas entry into S phase is regulated by the cyclin E/ Cdk2 
complexes [68]. The S phase is ruled by the cyclin A/ Cdk2 complex whereas in late G2 
cyclin A binds to Cdk1 and promotes entry into M. After this point the cyclin B/Cdk1 
complex takes over and controls all phases of mitosis.  
 
 
2.2.2 The ubiquitin-proteasome system in cell cycle regulation 
 
Key events controlling cell division, such as the initiation of DNA replication, separation of 
sister chromatids and exit from mitosis, are governed by the degradation of different 
regulatory proteins by the ubiquitin-proteasome pathway [69] [70]. These events are mediated 
by two different cell cycle regulated E3 ubiquitin ligases, the SCF (Skp1/Cullin/F-box) and 
the anaphase-promoting complex (APC) [71]. The SCF is active throughout the cell cycle, 
however, it controls principally the G1/S and G2/M transitions by inducing the degradation of 
different factors at these phases of the cell cycle [72]. The APC is required for separation of 
the sister chromatids at anaphase and for exit from M phase into G1, by ubiquitination of 
securin and cyclin B respectively [73] [74]. 
 
The SCF complex is a macromolecular complex of Skp1, Cullin, an F-box protein and 
Rbx1/Roc1 subunits [75]. This complex can interact with an assortment of modular proteins, 
sharing an F-box motif, first identified in yeast Cdc4 and cyclin F, that was shown to mediate 
binding to Skp1 [76]. The Cul1/Rbx1 components form the E3 Ub-ligase core that associates 
with the E2 Ub-conjugating enzymes and this interaction is mediated through the RING-H2 
domain of Roc1 [77]. F-box proteins directly recruit ubiquitination substrates and bridge the 
interaction between the E2 and the substrate [78] [79]. Thus, the identity of the F-box protein 
determines the target of the SCF and there is a variety of F-box proteins including subfamilies 
with WD40 domains (Fbw) or with leucine-rich repeats (Fbl) [80]. Of these, Skp2 has been 
identified as the F-box protein responsible for recognition and ubiqutination of the p27 
inhibitor of the cyclin E/Cdk2 and cyclin A/Cdk2 complexes that regulate the G1/S transition 
[81].  
 
The APC is a high molecular mass complex composed of at least 11 subunits, but it is only 
fully active as an E3 ubiquitin ligase once it has bound to Cdc20, Cdh1, or related activators, 
resulting in distinct assemblies called, for example, APCCdc20 or APCCdh1. Since Cdc20 and 
Cdh1 can bind to APC substrates, they may activate ubiquitination reactions by recruiting 
substrates to the APC. APC-mediated ubiquitination depends on either one of two poorly 
defined sequence elements in the substrate, the destruction box (D box) and the KEN box [82]. 
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APC is activated in prophase by binding to Cdc20, and this is dependent on high Cdk1 
activity. Cyclin B degradation begins in metaphase and continues while sister chromatids 
separate and then move toward opposite spindle poles in anaphase [83]. In most species and 
cell types, Cdc20 is also degraded during this period and replaced by Cdh1, which keeps the 
APC active until the end of the subsequent G1 phase. In early mitosis, phosphorylation of 
Cdh1 prevents its interaction with the APC. The binding of Cdh1 to the APC during mitotic 
exit therefore depends on Cdh1 dephosphorylation. At the G1-S transition, Cdh1 is 
rephosphorylated and thereby dissociated from the APC, allowing the reaccumulation of 
cyclins and other APC substrates until APC binds Cdc20 in the subsequent mitosis. 
 
 
2.3 Cell cycle checkpoints 
 
Cell cycle progression is monitored by surveillance mechanisms, the cell cycle checkpoints 
that ensure that initiation of a later event is coupled with the completion of an early cell cycle 
event. Checkpoint controls monitor these processes for accuracy and when errors are detected 
they arrest the cell cycle to allow sufficient time to correct these errors. Deregulated 
proliferation is a characteristic feature of tumor cells and defects in many molecules regulating 
cell cycle have been implicated in cancer formation and progression [84]. Among these the 
most crucial are p53, the retinoblastoma protein (pRb) and its related proteins, p107 and 
pRb2/p130, and cdk inhibitors (p15, p16, p18, p19, p21, p27), all of which act to keep the cell 
cycle from progressing until all repairs to damaged DNA have been completed [85]. The pRb 
(pRb/p16INK4a/cyclin D1) and p53 (p14ARF/mdm2/p53) pathways are the two main 
cell-cycle control pathways frequently targeted in tumorigenesis, and the alterations occurring 
in each pathway depend on the tumor type [7].  
 
Progression through G1 and entry into S-phase is regulated by cyclins D-, E- and A-associated 
kinases and the retinoblastoma protein Rb is an important substrate of these kinases [61]. In 
early G1, Rb is hypophosphorylated and is bound to members of the E2F family of 
transcription factors and to histone deacetylases (HDACs) forming E2F-Rb-HDAC complexes 
that act as transcription repressors. Activation of cyclin D and later cyclin-E dependent kinase 
during G1/S progression leads to Rb hyperphoshorylation, release of the E2F factors and 
activation of transcription of genes required for S phase. Rb phosphorylation is an important 
indication that the cell has passed through the restriction point [7].   
 
In mammals entry and exit from mitosis is regulated by the two B-type cyclins (cyclin B1 and 
cyclin B2) that associate with Cdk1 (also known as cdc2) and their subcellular localization is 
determined by nuclear export and import [86]. At the G2/M transition cyclin B1 is 
phosphorylated, resulting in its nuclear accumulation, activation of Cdk-1 and entry into 
mitosis. P53 controls G2/M transition by regulating the activity of Cdk-1, which is inhibited 
by three transcriptional targets of p53: Gadd45, p21, and 14-3-3σ. Regulation of Cdk-1 by 
Gadd45 may be particularly important in maintaining genomic stability since cells from 
Gadd45-null mice rapidly become aneuploid [87]. This has been attributed to the 
accumulation of supernumerary centrosomes, an effect also observed in p53-null cells [88], 
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which results in failure to form a bipolar spindle and losses and gains of chromosomes if 
cytokinesis is completed. 
 
 
2.3.1 The spindle assembly checkpoint (SAC) 

 
Figure 6. The activation and silencing of the spindle assembly checkpoint. Unattached kinetochores 
bind a collection of mitotic checkpoint proteins belonging to the MAD and BUB families (adapted 
from [89]). 
 
The spindle assembly checkpoint controls the metaphase to anaphase transition and ensures 
the proper chromosome segregation. The mitotic checkpoint pathway is regulated by a group 
of evolutionarily conserved gene members of the MAD (mitotic arrest deficient) and Bub 
(budding uninhibited by benomyl) families including MAD1, MAD2, MAD3 (or BUBR1), 
BUB1, BUB3 and MPS1 [90]. These proteins detect and preferentially bind to the 
kinetochores of unattached chromosomes (Figure 6) where they are thought to generate the 
signal that suppresses anaphase onset [90] [91]. Among them, MAD2, BUBR1 and BUB3 
form the mitotic checkpoint complex (MCC), which binds to and inhibits the function of 
cdc20, resulting in the inactivation of the APC/Ccdc20. Once all kinetochores have attached to 
the microtubules of the spindle at the metaphase-anaphase transition the MCC dissociates 
from cdc20, the APC/Ccdc20 is activated and degrades securing and cyclin B allowing 
chromosome segregation and exit from mitosis [73] [74]. 
 
The Mad/Bub-mediated SAC appears to be the only pathway in vertebrates that functions to 
delay the progression through mitosis [92]: cells in which SAC checkpoint proteins like Mad2, 
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BubR1, or Cdc20 are mutated [93] or inhibited by antibodies [94] [95] [96] fail to delay in 
mitosis in response to unattached kinetochores, spindle poisons, or extensive DNA damage. In 
addition, overexpression of the MAD checkpoint proteins has also been reported to sustain the 
activity of the spindle checkpoint and causes a mitotic arrest that is frequently followed by 
apoptosis [97].  
 
 
2.3.2 Mitotic catastrophe 
 
After failure to activate the G2/M checkpoint(s), cells that initiate an abnormal mitosis 
activate an apoptotic program, termed mitotic catastrophe, and die during metaphase of the 
cell cycle [98] [99]. Deficiencies like overduplication of centrosomes that lead to multipolar 
mitosis [100] or failure of centrosomes to undergo duplication with consequent failure in 
chromosome segregation [101] may lead to mitotic catastrophe. Execution of mitotic 
catastrophe is mediated through the mitochondrial pathway of apoptosis mainly via caspase-2 
activation and was suggested to be either p53 independent or p53 dependent [102] [103]. In 
addition, p53 has been shown to be important for eliminating polyploidy by preventing cells 
with mitotic spindle damage from reinitiating DNA synthesis [104]. Suppression of the 
spindle checkpoint, the p53 function and the apoptotic program may thus lead to mitotic 
slippage and asymmetric cell division, resulting in the generation of tetraploid cells which, 
when the polyploidy checkpoint is inactivated, can generate an aneuploid offspring [105]. In 
general, resistance to cell death by mitotic catastrophe mainly depends on the molecular 
profile of the cell and the extent of DNA damage that will ultimately define if the cell will 
enter G1 as a viable entity. It is tempting to speculate that these mechanisms could be 
important for cancer development. 
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3. APOPTOSIS 
 
 
3.1 General apoptotic pathways 
 
Apoptosis is an evolutionarily conserved programmed cell death pathway designed to balance 
cell proliferation and to remove extraneous or damaged cells without inducing inflammation 
and thus plays a fundamental role in development and the maintenance of tissue homeostasis 
[106]. The main morphological characteristics of apoptosis are cell shrinking, membrane 
blebbing, chromatin condensation, DNA fragmentation and the appearance of apoptotic 
bodies that stimulate surrounding cells to eliminate them by phagocytosis [107]. Apoptosis is 
a highly regulated process activated by a diverse array of intrinsic (e.g. DNA damage) and 
extrinsic (e.g. death receptor ligation) stress stimuli that are both mediated by a common 
amplification pathway involving mitochondrial membrane permeabilization (MMP) and the 
release of factors, such as cytochrome c, that facilitate apoptotic progression [108]. The 
extrinsic pathway is mediated by death receptors belonging to the tumor necrosis factor (TNF) 
family and the intrinsic pathway by the family of B cell lymphoma (Bcl-2) proteins. 
 
 
3.2 Caspases 
 
The central mediators of apoptotic cell death are the caspases a family of cysteine proteases 
that cleave their substrates after aspartic acid residues and irreversibly modify their target 
protein function [109]. Caspases are synthesized as zymogens with low catalytic activity and 
are fully activated by cleavage that releases the inhibitory prodomain and separates the 
protease subunits. Currently, 14 mammalian caspases have been identified that are generally 
divided into two classes, the initiator caspases (including caspase-2, 8, 9 and 10) and the 
effector caspases (including caspase-3, 6 and 7) [110]. The initiator caspases are activated by 
oligomerization mediated by interactions with adaptor molecules that bind to their 
characteristically long prodomains. Following oligomerization, the initiator caspases undergo 
autocatalytic cleavage, which promotes their stable oligomerization and further enhances their 
catalytic activity [111]. In turn they proteolytically activate the effector caspases and thus 
initiate a proteolytic cascade that leads to the cleavage of a relatively small subset of cellular 
proteins and results in organelle disassembly, DNA cleavage and membrane blebbing. 
 
3.3 The intrinsic pathway of apoptosis 
 
The intrinsic pathway of apoptosis is generally activated in response to several intracellular 
signals such as genotoxic damage, growth factor deprivation, hypoxia, or extracellular stimuli 
such as ultraviolet (UV) and γ irradiation, cytotoxic drugs [108]. In response to cellular stress 
the mitochondrial membrane is permeabilized, leading to cytochrome c release in the cytosol 
where it binds to Apaf-1 and pro-caspase 9 forming the apoptosome and triggering apoptosis 
[112].  
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3.3.1 The Bcl-2 family  
 
Triggering apoptotic cell death requires tipping the balance between pro- and antiapoptotic 
regulators and the Bcl-2 family of proteins plays a pivotal role in this decision by regulating 
both MMP and caspase activation [113]. The Bcl-2 family includes both pro- and 
anti-apoptotic members. Some anti-apoptotic members (e.g. Bcl-2 and Bcl-xL) act to preserve 
the mitochondrial membrane integrity by sequestering mitochondrial proapoptotic factors and 
are antagonized by the pro-apoptotic members (e.g., Bax and Bak) that promote the release of 
pro-apoptotic factors from the mitochondria by induction of pores in their outer membrane or 
by dysregulation of existing pores. While the Bcl-2 proteins are thought to primarily act at the 
mitochondria, recent studies have suggested a role for these proteins in the local activation of 
apoptosis at other organelles, like the proapoptotic Bcl-2 family member, Bim, that was 
shown to translocate to the endoplasmic reticulum (ER) during ER stress [114].  
 
 
3.4 The inhibitors of apoptosis (IAPs) 
 

 
Figure 7. The three classes of the IAP family proteins (adapted from [115]). 
 
The apoptotic signaling is further regulated by the family of inhibitors of apoptosis (IAPs) that 
are able to inhibit specific caspases and thus to repress apoptosis progression [116]. The IAPs 
are defined by the presence of at least one baculovirus IAP repeat (BIR) domain, a 
zinc-binding region of 70 amino acids, and can bind directly to the active site of specific 
caspases and inhibit their catalytic activity [117]. Although the BIR domain is required for the 
characterization of a member in this family, not all BIR-containing proteins appear to have 
anti-apoptotic functions and thus the presence of a BIR is not the only criterion, for example 
some IAP proteins may also contain a RING or caspase recruitment domain (CARD) [115]. 
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To date eight human IAP family members have been identified (Figure 7) that are divided into 
three classes based on the presence or absence of a RING finger and the homology of their 
BIR domains [115]. Class 1 IAPs contain a homologous BIR domain and a RING finger motif 
and among their members are c-IAP1, c-IAP2, and XIAP, that in mammals were shown to be 
direct inhibitors of recombinant caspases-3, -7, and -9 [118] [119]. Class 2 inhibitors family 
has one member NAIP which contains three BIR but no RING finger motif and finally, class 3 
members such as survivin contain only one single BIR and no RING finger. Interestingly, 
some IAPs may also function as E3 ligases, targeting caspases and other pro-apoptotic 
proteins for proteasomal degradation [120]. Growing evidence suggest that IAPs modulate 
cell division, cell cycle progression and transduction pathways. Indeed some members of the 
IAP family, such as survivin [121], XIAP [122] and IAP-1 [123] were shown to play a double 
role in regulating apoptosis and cell division suggesting that they are part of a common 
regulatory mechanism that couples the control of cell cycle progression and apoptosis during 
mitosis. IAPs are preferentially overexpressed in malignant cells and are important for 
prognosis, therefore they are attractive therapeutic targets and efforts are under way to 
develop IAP inhibitors for clinical use [115]. 
 
 
3.5 Apoptosis and cancer 
 
Deregulation of cellular pathways resulting in enhancement of or resistance to apoptosis can 
result into the pathogenesis of various diseases such as cancer, autoimmunity and 
neurogenerative disorders [108] [124]. Tumorigenesis is a multistep process in which acquired 
mutations result in deregulation of crucial cellular pathways including apoptosis, cell cycle 
and DNA damage repair machinery [125]. Loss of the expression of pro-apoptotic genes, such 
as caspases-8 or Apaf-1, or overexpression of anti-apoptotic genes, such as Bcl-2 and IAPs, 
are among the defects in apoptotic pathways associated with human cancers [124]. Moreover, 
the importance of apoptosis in cancer is also demonstrated by the fact that several tumor 
suppressor genes, such as p53 and PTEN, and oncogenes, such as AKT, involved in the 
regulation of apoptotic pathways are often mutated in malignant cells [124]. Most current 
cancer therapies are based on cellular DNA damage by irradiation or cytotoxic drugs in order 
to trigger the apoptotic pathways. 
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4. THE CENTROSOME 
 
 
4.1 The centrosome structure and function 
 
Centrosomes are the major microtubule organizing centers (MTOC) in vertebrate cells and 
influence all microtubule (MT)-dependent processes, including organelle transport, cell shape, 
motility and spindle polarity. In addition to nucleating and organizing microtubules for 
numerous cellular functions, centrosomes act as centers for integrating regulatory activities 
including cell cycle progression, checkpoint control, and stress responses. In dividing 
vertebrate cells, centrosomes form the poles of mitotic spindles from where they direct the 
segregation of chromosomes but they also play an important role in the final stages of cell 
division and cytokinesis [126].  

 
Figure 8. The centrosome structure. A) An electron micrograph B) Three dimentional reconstitution 
and C) shematic representation of a vertebrate centrosome constisting of core centrioles, pericentriolar 
material and microtubule nucleating sites. (A and C adapted from [127] and B from [128] ) 
 
Vertebrate centrosomes (figure 8) comprise two barrel-shaped centrioles, each made up of 
nine triplets of short MTs, which are embedded within a protein-dense matrix known as the 
pericentriolar matrix (PCM) that has long been known to be the part of the centrosome that is 
responsible for MT nucleation [129]. The PCM harbors γ-tubulin ring complexes (γ-TuRCs) 
that are essential for MT nucleation [130], as well as several large coiled-coilproteins, such as 
PCM-1, pericentrin, ninein, and NuMA, that are assembled to the centrosome through 
cytoplasmic dynein-mediated transport [127] [131]. The γTuRC consists of the tubulin 
superfamily member γ-tubulin, and additional subunits, named gamma complex proteins 
(GCPs) 2–6 in human cells [132]. The known GCPs are related to each other and represent a 
conserved protein family that are found in all eukaryotes, although the total number of such 
proteins varies [133]. In many cell types nucleation takes place at sites other than the 
centrosome, such as the surface of the nuclear envelope in vertebrate myotubes [134] and in 
plant cells [135]. Although bipolar spindles can form in the absence of centrosomes, these 
organelles exert a dominant influence on the number of spindle poles (reviewed in [136]). In 
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all characterized cases, γ-tubulin is present at these non-centrosomal sites of nucleation, but 
the mechanism of targeting to any site is not known. Most of the γTuRCs in interphase cells 
are cytoplasmic, but there is a rapid 3–5-fold increase in the amount of centrosomal γ-tubulin 
at the onset of mitosis, which is consistent with cell-cycle-regulated recruitment of the 
γ-TuRC [137]. γ−TuRC also associates with the mitotic spindle [137] [138] but whether this 
simply reflects capping of spindle microtubule minus ends or it involves specific spindle 
interactions remains unclear. These changes in γ−TuRC localization in mitosis are probably 
regulated by mitotic kinases, but relevant substrates have not been identified. 

 
4.2 The centrosome cycle 

Figure 9. The centrosome cycle (adapted from [139]). 

 
On the basis of morphological observations, the centrosome cycle has been subdivided into a 
series of discrete events (summarized schematically in Figure 9). These are commonly 
referred to as centrosome duplication, centrosome maturation, centrosome separation and 
centriole disorientation [139]. 
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Centrosome duplication takes place at the beginning of S phase when paired centrioles break 
apart and is semi-conservative, meaning that each centrosome in G2 contains one centriole 
present already in G1 and one synthesized during S phase [140]. Recent studies indicate that 
the centrosome cycle is regulated by both reversible phosphorylation and proteolysis. A first 
important link between DNA replication and centrosome duplication has emerged from 
studies demonstrating that cyclin-dependent kinase 2 (Cdk2) is required for both of these key 
S phase events [141] [142] [143]. Moreover cyclin E was identified as the binding partner of 
Cdk2 regulating centrosome duplication in Xenopus embryos [141] [143] whereas studies in 
mammalian somatic cells attribute a predominant role to the Cdk2/cyclin A complex [144] 
[145]. Centriole elongation occurs throughout S phase so that by prophase, the cell has two 
pairs of centrioles within the PCM. 
 

Figure 10. Dynein-dependent and independent pathways for loading components of the pericentriolar 
material during centrosome maturation in interphase and during mitosis (adapted from [146])  
 
The centrosome maturation refers to the recruitment of additional PCM proteins, particularly 
γ-TuRCs, that occurs shortly before mitosis (reviewed in [147]). The assembly of centrosomal 
components is mediated both by microtubule-dependent and independent mechanisms and the 
microtubule dependent pathway requires the motor protein dynein in association with the 
multi-subunit dynactin (figure 10). The dynein-dynactin complexes transport aggregates of 
PCM components, such as pericentrin, centrin, ninein and γ-tubulin to the centrosome along 
the microtubules and PCM-1 has recently been implicated in the regulation of this process 
[146]. The amount of γ-tubulin at vertebrate centrosomes increases about three- to five-fold 
resulting in a striking increase in MT nucleating activity at the centrosome [137] and is 
accompanied by activation of other molecules, including TPX2 and NuMA, that promote 
spindle formation [146]. At about the same time, the immature parental centriole acquires 
maturation markers such as ninein and cenexin/Odf2 [148] [149]. Phosphorylation 
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undoubtedly plays a key role in centrosome maturation and recent studies have demonstrated 
that both Polo-like kinases (Plks) and A-type Aurora kinases are directly implicated in this 
process [150] [151].  
 
The separation of the duplicated centrosomes into two clearly distinct MTOCs occurs at the 
G2/M transition, apparently in two distinct steps. In the first step, which is independent of 
MTs, the cohesion between the two parental centrioles is disrupted, and in the second step the 
two centrosomes are separated through the action of MT-dependent motor proteins. Finally, 
the centrosome disorientation occurs during late mitosis/early G1 and refers to a striking loss 
of orthogonal orientation between the two centrioles. Although this final step has been 
observed by electron microscopy a long time ago, its significance remains uncertain, and 
several intriguing proposals have recently been proposed including that centriole 
disorientation might be related to the re-establishment of a linker structure between parental 
centrioles [152]. 
 
 
4.3 Centrosome defects and genetic instability 
 
Any aberration in centrosome numbers can interfere with bipolar spindle formation and 
chromosome segregation. Therefore, centrosome duplication and segregation need to be 
tightly coordinated with the duplication and segregation of the genome. Indeed accumulating 
evidence suggests that defects in centrosome number or function can in turn adversely affect 
the mitotic spindle function and cytokinesis and induce genetic instability [153] [154]. 
Centrosome defects have now been discovered in many human tumors although the 
mechanism by which they arise is unknown [155] [156]. They could develop through primary 
defects in the centrosome cycle, or by delays in cell cycle progression (e.g., S phase), cell 
division failure [139] or ectopic assembly of centrosome proteins into acentriolar spindle 
poles [156]. The consequence of these events would be to create a larger pool of genetically 
altered cells from which to spawn clonal populations with greater survival potential and other 
cancer-related qualities [157]. Although it is still unclear whether centrosome defects 
contribute to human cancer or if they are a consequence of the disease, their presence at early 
stages of human tumor development and the ability of some centrosome proteins to induce 
tumor-like features upon overexpression are consistent with a role for centrosomes in tumor 
progression [155] [156]. It is possible that centrosome defects arise in or influence only cells 
that are mutated in pathways associated with tumorigenesis such as cell cycle progression, 
apoptosis, and cell proliferation. Thus centrosome defects could act as epigenetic modifiers of 
the genome and together with genetic mutations could provide a powerful driving force for 
increased genetic instability [27]. 
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5. THE GOLGI APPARATUS 
 
 
5.1 Golgi structure and function 
 
In most higher eukaryotic cells the Golgi complex is consisted of multiple flattened cisternal 
membranes arranged in close proximity to each other to form stacks. In plant cells and early 
Drosophila embryos the Golgi membranes are distributed randomly in the cytoplasm and in 
mammalian cells are confined in the pericentriolar region [158].   
 

Figure 11. Transport from the Golgi apparatus. Proteins are sorted in the trans Golgi network and are 
transported to their final destinations (adapted from [159]). 
 
The Golgi complex is the central station along the secretory pathway that receives newly 
synthesized proteins and lipids from the endoplasmic reticulum (ER), and then distributes 
them to the plasma membrane (PM) (Figure 11), the endosomal/lysosomal system and in 
polarized cells, such as neurons and epithelial cells, to the correct surface domains [160]. In 
addition, Golgi serves as a site for posttranslational modification of proteins and lipids mostly 
by glycosylation. To accomplish these functions, the Golgi stacks are polarized (cis to trans) 
so that the Golgi is divided in three main compartments: the cis-, medial and trans- Golgi 
[161]. The cis-side is associated with a tubular reticular network of membranes (cis-Golgi 
network, CGN), the medial area is composed of the disc-shaped flattened cisternae, and the 
trans-side is associated with another tubular reticular membrane network (trans-Golgi 
network, TGN) [161].  
 
The selective trafficking and retention of protein and lipid species within the Golgi system is 
mediated by cytosolic coat proteins that assemble onto Golgi membranes, collect cargo, and 
facilitate the curvature of the lipid bilayer to form transport intermediates [162]. A heptameric 
cytosolic protein complex called COPI or coatomer in conjunction with the GTP binding 
protein ARF1 have been suggested to participate in these events by forming an electron-dense 
coat that assembles onto Golgi membranes and mediates vesicle trafficking [162]. The 
glycosylation process takes place in the Golgi lumen by specific enzymes the 
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glycosyltransferases that bind to the cargoes and transfer new monosaccharides to their 
oligosaccharide chains. Glycosyltransferases act sequentially, so that the oligosaccharide 
chain itself serves as a preferred acceptor substrate for the subsequent glycosyltransferase. In 
general, enzymes acting early in glycan biosynthetic pathways have been seen to be localized 
to the cis and medial compartments of the Golgi, whereas enzymes acting later in the 
biosynthetic pathway tend to reside within the trans-Golgi cisternae and the trans-Golgi 
network [163]. 
 
 
5.2 The Golgi apparatus and cell cycle 

 
Figure 12. Model for Golgi breakdown and reassembly during cell cycle (adapted from [164]). 
 
In mammalian cells the stacks of Golgi cisternae are anchored to the pericentriolar region. 
This positioning may be an additional evolutionary advantage to control the preparation for 
entry into mitosis since both the centrosome and the Golgi apparatuses serve as a scaffold for 
proteins that regulate mitosis [165] [166]. During mitosis the Golgi cisternae undergo 
extensive reorganization, fragmentation and dispersion throughout the cytosol (Figure 12) to 
allow the equal distribution of the apparatus to the daughter cells [166] [167]. In late 
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prophase/pro-metaphase the pericentriolar stacks break down into large pieces, termed mitotic 
blobs, and between pro-metaphase and early anaphase they undergo further fragmentation into 
small vesicles found diffusely dispersed in the cytosol, a structure known as mitotic haze 
[168]. When the cells exit mitosis the Golgi blobs undergo extensive remodeling to reform the 
stacks that are relocated to the pericentriolar region by the cytoplasmic microtubule network. 
The molecular machinery and the enzymes regulating this cell cycle specific fragmentation 
process remain unknown. The conversion of the pericentriolar Golgi stacks into mitotic blobs 
was shown to be mediated by two protein kinases, the mitogen-activated protein kinase 1 
(MEK1) and the polo-like kinase 1 (Plk1) [169] [170]. It has been proposed that Plk1 may act 
via phosphorylation of GRASP65, a component of the Golgi cisternae [170]. Recent studies 
have shown that interfering with the disassembly of the Golgi membranes by using antibodies 
to the Golgi-associated protein GRASP65 prevented the onset of mitosis, and thus Golgi 
fragmentation appears to be a critical step in the regulation of cell division [171].  
 
 
5.3 The Golgi interactions with the cytoskeleton 
 
Association of the Golgi complex with cytoskeletal elements is required for efficient delivery 
of proteins and lipids to their diverse cellular destinations [172]. The transport intermediates 
that move into or out of the Golgi complex often travel significant distances through the 
cytoplasm and this trafficking depends on the Golgi’s intimate association with cytoskeletal 
and motor proteins. The Golgi membranes were shown to interact with actin and a variety of 
actin-binding proteins including myosin I, II, V, and VI, dynein, spectrin, and ankyrin, that 
surround the Golgi as a scaffold and are thought to assist Golgi's spatial control of membrane 
traffic and to coordinate signalling pathways [173]. 
 
Moreover, in mammalian cells maintenance of the Golgi's centered pericentriolar location 
depends on its associations with microtubules and microtubule motors. It was shown that 
without microtubules the Golgi becomes fragmented and progressively more and more 
dispersed throughout the cell [172]. Accumulating evidence suggest that the mechanisms 
underlying this association involve components, such as ankyrin and spectrin, that facilitate 
Golgi membrane association with motor proteins, including cytoplasmic dynein, kinesin and 
myosin [174]. 
 
The cytoskeletal matrix and its associated motor proteins, apart from their importance in 
vesicle trafficking and maintainance of the Golgi’s pericentriolar position, are also vital for 
preserving the Golgi structure and function. As for the plasma membrane, the Golgi apparatus 
associates with an elaborate actin filament network that contains multiple actin-binding 
proteins and interacts with several Golgi proteins for the tethering and the organization of its 
structure [175]. The Golgi apparatus is in a state of a constant equilibrium between a static 
stable structure and a collection of membrane domains that vesiculate in an orderly fashion. 
Thus, for preserving its structural integrity Golgi depends on the highly dynamic cytoskeletal 
matrix that encases it and at the same time actively tears it apart.  
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6. AIMS OF THE THESIS 
 
 
The general aim of this thesis was to elucidate the mechanisms behind the alterations in 
proteolysis in Burkitt’s lymphoma and the implications of these changes for malignant 
transformation. 
 
More specifically my colleagues and I set out to investigate: 
 
I. The contribution of TPPII to the development of the malignant phenotype in BL and other 
tumor cells. 
 
II. The possible involvement of TPPII in the regulation of mitotic checkpoints and apoptosis.  
 
III. The mechanism by which TPPII interferes with cell cycle progression and to identify 
possible substrates and pathways affected by modulation of TPPII expression levels. 
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7. RESULTS AND DISCUSSION 
 
 
7.1 Paper I: Contribution of TPPII to the induction of malignant phenotype in BL and 
other tumor cells 
 
Previous work had shown that TPPII is overexpressed in BL cells, while treatment with an 
inhibitor of TPPII induced apoptosis, suggesting that this enzyme may control processes that 
are intimately associated with the growth and survival of this tumor [20]. The potential 
contribution of TPPII to the induction of malignant phenotype was studied in HEK 293 cells 
and their transfected sublines carrying a murine TPPII gene or the empty vector, by comparing 
their in vitro growth under standard and stress conditions. The transfected clones used in our 
assays expressed more than 10-fold higher protein levels of TPPII as compared to the 
untransfected parental cells and the vector transfected clones. The growth capacity of control 
and TPPII sublines was assayed by growth curves and by monitoring [3H]thymidine 
incorporation during S phase under standard and stress conditions. Under standard culture 
conditions the TPPII overexpressing cells grew significantly faster and incorporated 2 to 
3-fold higher levels of [3H]thymidine as compared to the controls, vector transfected and 
untransfected cells, and this growth advantage was also maintained under conditions of serum 
deprivation. In addition, the enhanced proliferative capacity of the TPPII overexpressing cells 
was further confirmed by their mitotic index, i.e. the number of cells undergoing cell division 
at any given time in unsynchronized cultures, which showed a 47 % average increase.  
 
Since TPPII overexpression correlated with enhanced DNA synthesis and faster cell 
proliferation we investigated whether other parameters linked to cell division might be 
affected. Assessment of the chromosome numbers revealed that TPPII overexpressing clones 
displayed a higher degree of aneuploidy with a gain of almost five chromosomes on average 
and with a wider range in chromosome numbers among the individual cells, whereas in the 
control cells a much narrower spread was detected. The wider spread of chromosome numbers 
suggests that the TPPII overexpressing clones may be more prone to mitotic disturbances. 
Since chromosomal instability with gains or losses of whole chromosomes can arise from 
centrosome abnormalities [27], the centrosome number and morphology were examined in 
cells stained for γ-tubulin, a commonly used marker of the pericentriolar material. TPPII 
overexpressing cells showed numerical as well as structural centrosome abnormalities at much 
higher frequency than their controls. Moreover, multipolar mitosis with more than two 
γ-tubulin positive spindle poles were also detected in a higher proportion in these clones, 
supporting the possibility that TPPII may participate in the regulation of mitotic processes. 
 
The surprising observation that overexpression of TPPII may be associated with genetic 
instability in transfected cells prompted us to investigate whether similar defects may occur in 
cells that spontaneously express high levels of this protease. We have previously shown that 
TPPII is upregulated in BL and BL-like cells in parallel with deregulated expression of the 
c-myc proto-oncogene [20] and we therefore asked whether these cells show any signs of 
mitotic infidelity. Numerical and structural centrosome abnormalities were observed at 2-4 
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fold higher frequencies in BL EBV-positive and negative cells than in LCLs, that are EBV 
immortalised normal B cells and express 3-5 fold lower levels of TPPII as compared to the 
BLs [20]. A high frequency of abnormal mitosis was visualized in BL cells by double 
immunofluorescence staining for α-tubulin (microtubules) and pericentrin (pericentriolar 
material). Approximately 30 to 40 % of the mitotic BL cells showed a gravely abnormal 
spindle apparatus with very short microtubules, often departing from a central conglomerate 
of centrosome-like material, while the majority of mitotic LCL cells exhibited a normal 
bipolar spindle.  
 
Similar results were obtained from the analysis of centrosome and spindle defects in TPPII 
overexpressing P493BL-like cell lines carrying a tetracycline regulated c-myc and can be 
induced to reversibly switch between LCL-like and BL-like characteristics [20]. This 
suggested that, as in transfected 293 HEK cells, the occurrence of such defects may be a direct 
consequence of elevated TPPII expression. Expression of c-Myc correlated with upregulation 
of TPPII expression and enhanced TPPII enzymatic activity in P493-BL as compared to 
P493-LCL. Culture of P483-BL in the presence of estrogen and tetracycline induced rapid 
downregulation of c-Myc, which was accompanied by downregulation of TPPII expression 
and activity. This correlated with a slow-down in cell proliferation and significant decrease of 
mitotic index. Most importantly, a rapid decrease was observed in the number of cells 
exhibiting centrosome abnormalities, supporting a possible connection between these defects 
and the overexpression of c-Myc/TPPII. 
  
The involvement of TPPII in the regulation of cell division was further confirmed by 
functional knockdown of the enzyme by RNA interference. Using recombinant lentiviruses 
expressing small hairpin (sh) RNAs complementary to the TPPII mRNA, we showed that 
functional TPPII knockdown in BL cells was accompanied with dramatic changes in cell 
morphology and growth characteristics. In particular, downregulation of TPPII correlated with 
a significant slow down in cell proliferation suggesting that this enzyme plays an important 
role in the regulation of cell division. This slow down was reproducibly observed in several 
TPPII Lentivirus-transduced BL lines during a time period of 2 to 5 weeks post-infection, 
after which the proliferation rate slowly returned to the levels of uninfected and 
control-shRNA infected cells. The critical involvement of TPPII in this process and the 
consequent requirement of this enzyme for the maintenance of cell viability is further 
supported by the observation that we could never achieve more than 90% reduction in TPPII 
expression in BL cells. Furthermore, revertants expressing high levels of the enzyme under 
conditions of continuous selection appeared to have a strong growth advantage in vitro.  
 
Collectively, these results highlighted an unexpected role for TPPII in the regulation of cell 
division and suggested that this protease may play an important role in promoting the 
occurrence of and/or the survival of cells with numerical and structural chromosome 
aberrations, a hallmark of malignant transformation and progression. 
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7.2 Paper II: Involvement of TPPII in the regulation of mitotic checkpoints and apoptosis 
 
In order to investigate whether the faster proliferation in TPPII overexpressing cells could be 
ascribed to changes in the rate of cell division, the time required to complete the cell cycle and 
the length of mitosis were monitored by time-lapse imaging in HEK-293 vector transfected 
and TPPII overexpressing cells. Sparsely seeded TPPII transfected cells reached 100% 
confluence within 30 hr of culture while vector transfected cells reached only 70-80% 
confluence after 48 hr. The impact of TPPII overexpression on the length of the cell cycle and 
the average time interval between two subsequent mitosis was estimated by visual inspection 
of individual cells and was 4.5 hr shorter in TPPII overexpressing cells. In line with our 
previous observations in BLs, TPPII knockdown correlated with slowdown in cell growth in 
the TPPII lentivirus tranduced cells that exhibited the same proliferation rates as the controls 
and had lost their growth advantage. The length of mitosis, estimated as the time between the 
appearance of chromosome condensation and the end of cytokinesis, was on average 8 min 
shorter in the TPPII overexpressing cells. This time was significantly increased in the TPPII 
knockdown cells and approximately 40% of them displayed cytokinesis defects and after 
several attempts to complete cytokinesis, they fell back into a single binucleated cell.  
 
The finding that the length of mitosis appears to correlate with the levels of TPPII expression 
prompted us to investigate whether TPPII is directly involved in the regulation of the G2/M 
transition and spindle checkpoints that control the entry and exit from mitosis, respectively. 
To this end, the capacity to escape from mitotic block in G2/M induced by the microtubule 
depolymerizing agent nocodazole was compared in BL, LCL control and TPPII 
overexpressing cell lines. BL cells were virtually resistant to nocodazole-induced apoptosis 
upon extensive treatment as compare to the control LCLs. While the majority of BL cells were 
blocked in G2/M, a small but significant proportion of these cells became polyploid (DNA 
content >G2). Similar results were obtained by nocodazole treatment of control LCL and 
TPPII transfected sublines where overexpression of TPPII protected this LCL from apoptosis. 
Of note, 20% of the cells in the TPPII transfected LCL were polyploid and the proportion of 
polyploidic cells was further increased by nocodazole treatment.  
 
We next set out to investigate whether the capacity to survive the effect of spindle poisons 
could be due to failure to activate the checkpoints. To explore this possibility we compared 
the levels of expression of major components of the checkpoints in a panel of control and 
TPPII overxpressing cells and in BL cells transduced with a TPPII shRNA lentivirus vector. 
The G2/M transition is partially regulated by p53 via activation of Gadd45 that inactivates 
Cdc2, thereby preventing the Cdc2-dependent activation of Cyclin B1. Moreover, p53 has 
been shown to prevent polyploidy by preventing cells with mitotic spindle damage from 
reinitiating DNA synthesis. Relatively high levels of p53 and Gadd45 were detected in all cell 
lines tested without significant differences among the TPPII overxpressing cells and their 
controls. Exit from mitosis is regulated by the spindle checkpoint of which BubR1, MAD2 
and the E2 ligase of the anaphase-promoting complex (APC), Ubch10, are major components. 
These proteins were also shown to be equally expressed in control and TPPII overexpressing 
cells. Similar analysis in the BL knockdowns demonstrated that, while TPPII knockdown 



 37  
 

correlates with failure to complete mitosis, it did not affect the high expression of the various 
components of the mitotic checkpoints. Collectively these data suggested that the effect of 
TPPII on mitosis does not require the destruction of checkpoint components and may instead 
involve the bypass of checkpoints that are activated in proliferating and/or malignant cells.  
 
The capacity of TPPII to promote the progression of mitosis in cells with activated 
checkpoints may be mediated by resistance to the apoptotic effect of checkpoint activation. To 
test this possibility we compared the expression of representative members of the two major 
families of anti-apoptotic proteins: the inhibitors of apoptosis (IAPs) family, including IAP-1, 
IAP-2, X-IAP and survivin that inhibit the activation of caspases, and the Bcl-2 family, 
including Bcl-2 and Bcl-xL that inhibit the mitochondrial pathway of apoptosis, in TPPII 
overexpressing and knockdown cell lines. Members of the IAP family, IAP-2 in particular, 
and less regularly BCL-x were upregulated in the different TPPII overexpressing cell lines 
tested. This is in line with previous reports showing that TPPII overexpression correlates with 
upregulation of IAP-1 and XIAP [57]. This complex pattern of activation and the fact that 
TPPII knockdown did not alter the expression of IAP or Bcl-2 family members in the BL 
knockdowns suggests that TPPII may act indirectly on the expression of anti-apoptotic 
proteins.  
 
In the final set of experiments we investigated whether TPPII overexpression affects the 
capacity to resist p53 induced apoptosis that is preferentially activated upon triggering of the 
mitotic checkpoints. To this end, control LCLs and TPPII overexpressing sublines were 
compared for sensitivity to treatment with RITA, a compound that stabilizes p53 by 
preventing its interaction with the specific ubiquitin ligase MDM2 [176]. p53 was strongly 
upregulated in both control and TPPII overexpressing cells, however, while overexpression of 
p53 correlated with induction of apoptosis in controls, this effect was abrogated in 
TPPII-overexpressing cells. Moreover, caspase -9, -2 and -3 activities showed a significantly 
lower increase in the TPPII overxpressing cells as compared to the controls, whereas 
caspase-8 was less affected in both, confirming that induction of p53 depended apoptosis was 
mediated by the mitochondrial pathway. 
 
Taken together the above findings suggest that TPPII may contribute to tumor progression by 
overriding the mitotic checkpoints while preventing the mitotic catastrophe that would 
otherwise occur due to activation of apoptotic responses. It remains to be seen whether these 
effects are dependent on the enzymatic activity of TPPII and, if so, whether this is directly 
involved in regulating the turnover of yet unidentified components of the checkpoints, their 
regulators or downstream targets. 
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7.3 Paper III: TPPII localizes to the pericentiolar Golgi apparatus during S/G2 and 
regulates entry into mitosis 
 
In order to clarify the possible role of TPPII in the centrosome function, the subcellular 
localization of TPPII was monitored by fluorescence microscopy in LCL control and TPPII 
transfected sublines as well as in BL cells. Confirming previous reports [51], TPPII appeared 
to be homogeneously distributed throughout the cytosol in the majority of the cells. However, 
a distinct pattern of TPPII accumulation in a ring-like structure juxtaposed to the nucleus was 
observed in approximately 10-20 % of the cells. Co-immunofluorescence studies with several 
centrosome markers, including γ-tubulin, α-tubulin, PCM-1 and pericentrin, confirmed that 
the TPPII-containing structures surround but do not appear to be in direct contact with the 
centrosome. The TPPII pericentriolar formations did not depend on its expression levels as the 
same pattern of fluorescence was observed in TPPII overexpressing and control cells. By 
performing cell synchronization assays with several inhibitors we demonstrated that TPPII has 
a cell cycle dependent localization and accumulates around the centrosome at the onset of 
S-phase and remains in a ring-like structure during G2 and early prophase when it again 
disperses.  
 
The striking similarity between the TPPII ring-like structures and the previously described 
localization of Golgi stacks [167] prompted us to investigate whether TPPII may co-localize 
with the Golgi. Indeed, merge of TPPII and Golgi staining using antibodies specific for TPPII 
and giantin, a conserved membrane Golgi protein important for formation of intercisternal 
cross-bridges in the Golgi [177] showed a perfect co-localization during S phase and until 
early prophase. The co-localization of TPPII with the Golgi pericentriolar apparatus during the 
S phase, and its dispersion in parallel with Golgi fragmentation, suggest that this enzyme may 
participate in the breakdown of the Golgi cisternae. To investigate this possibility, 
immunostaining for TPPII and giantin was performed in synchronized cells treated with two 
chemical inhibitors of TPPII, the covalent inhibitor AAF-CMK and the reversible inhibitor 
butabindide. Chemical inhibition of TPPII did not affect its pericentriolar accumulation during 
S phase, however, the treated cells exhibited a significant increase in the size of the Golgi 
stacks that often appeared loose and unstructured as compared to the untreated controls. Thus, 
the enzymatic activity of TPPII appears to be required for maintaining the characteristic 
structure of the Golgi apparatus. Interestingly, while control cells synchronized in G1/S and 
then released could progress to S/G2 and pro-metaphase, a significantly lower percentage of 
treated cells were capable of entering mitosis. In most of the treated cells enlargement of the 
Golgi was followed by apoptosis, as confirmed by the observation of cytoplasm leakage and 
nuclear fragmentation. These findings suggest that TPPII activity is essential for the Golgi 
fragmentation process and therefore for entry into mitosis [171].  
 
In the final set of experiments we aimed to identify cellular pathways that might be affected 
by TPPII using the mRNA microarray analysis technique. To this end, independent sets of 
mRNAs isolated from BL cells transduced with control and TPPII shRNA lentiviruses were 
used to analyze the expression levels of 47.000 transcripts of human genes involved in a wide 
spectrum of cellular functions. One hundred eighty seven genes were modulated in the TPPII 
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knockdown cells, of which 137 were down regulated and the remaining 50 were up regulated. 
Analysis of gene ontology and function revealed that these genes mainly belong to families 
involved in the regulation of apoptosis, cell cycle, cytoskeleton structure, proteolysis, signal 
transduction, immune responses, ion transport and metabolism, while 40 genes have unknown 
function.  
 
The most significantly up- and down-regulated genes that are known to be involved in the 
regulation of cell cycle, Golgi and centrosome function are clustered in Figure 13. The cluster 
of highly modulated genes included TPPII confirming its efficient inhibition and various 
components or regulators of the cytoskeleton, among which the actin-like-protein-8, the slow 
type isoform of myosin-binding-protein-C, plexin-C1, that mediates actin cytoskeleton 
rearrangements, dynein II light chain that is involved in distribution and transport of the Golgi 
apparatus, chromosomal movement and mitotic spindle organization and ankyrin-1 important 
for the association of Golgi membranes with the motor proteins. Less modulated but within 
the significant range were two motor proteins, the microtubule-associated-protein-I, that is 
required for microtubule assembly, and kinesin II, that is involved in Golgi and endosome 
trafficking. The modulated genes in the cell cycle cluster included the retinoblastoma-like 2 
(p130), that regulates exit from mitosis via E2F-4 interaction, the stromal-antige-3, that is 
involved in chromosome segregation during meiosis, the centrosome localized 
polo-like-kinase (Plk)-1 that regulates mitotic spindle and centrosome functions, and the 
major component of the pericentriolar material PCM-1, that is important for microtubule 
organization and microtubule/dynactin-dependent recruitment of proteins to the centrosome. 
The most downregulated gene, inhibin-beta-E, was shown to regulate gonadal stromal cell 
growth, differentiation, and FSH hormone secretion. 
 
In order to gain further insight about the possible participation of TPPII in specific functional 
pathways, the amino acid sequence was scanned using the ELM server that identifies short 
linear sequences which, based on their predicted function, can be classified as: protein-protein 
interaction motifs, post-translational modification sites or enzyme cleavage sites. Among the 
predicted protein-protein interaction motif were several phosphorylation-dependent SH2, 
FHA and WW domains and PDZ domains that are found in Golgi associated proteins, such as 
GRASP65 and p59 that are important for stacking of the Golgi cisternae [178] [179]. The 
post-translation modification sites included four Plk-1 phoshorylation sites, a PP1c 
phosphatase binding site, five generic N-glycosylation sites that are important for membrane 
association, and three SUMO-1 modification sites. Globular domain search with the SMART 
server identified the expected peptidase domain of the subtilase family and, in addition, two 
carboxy-terminal alpha-helical coiled-coil domains that are common sites of protein-protein 
interaction. 
 
In conclusion, our findings point to a pivotal role of TPPII in the control of cell division. 
Completion of an accurate cell division requires the coordination of three separate but 
interdependent events: the cell, centrosome and nuclear cycles [180]. 
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Figure 13. Ontology clustering of modulated genes upon TPPII downregulation.  
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The cell cycle specific co-localization of TPPII with the pericentriolar Golgi apparatus at the 
onset of S-phase till prophase suggests that this enzyme may have a fundamental role in many 
aspects of cell cycle progression such as centrosome and Golgi duplication both critical events 
occurring during the DNA synthesis (S) phase.  
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8. FUTURE PERSPECTIVES 
 
For better understanding of the contribution of TPPII to the malignant phenotype future work 
should be focused on the elucidation of its mechanism of action. The identification of 
interacting partners would in turn facilitate the identification of regulatory pathways through 
which TPPII may exert its role in promoting the occurrence of and/or the survival of cells with 
chromosomal aberrations, a hallmark of malignant transformation and progression. 
 
Our data involve TPPII in the maintenance of the cell cycle homeostasis probably as a part of 
a physiological pathway for preserving the normal structure and function of the centrosome 
and Golgi apparatuses. Therefore it is important to clarify the specific role of TPPII in the 
Golgi fragmentation process as a possible mechanism of action. To this aim establishment of 
TPPII catalytically inactive mutant constructs might provide further insights on analyzing the 
effects from the lack of TPPII activity on the Golgi function and structure. 
 
Analysis of gene ontology and function revealed that TPPII knockdown results in modulation 
of several genes regulating apoptosis, cell cycle, cytoskeleton structure, proteolysis and signal 
transduction. Thus, the identification of TPPII binding proteins may ultimately lead to the 
reconstitution of the relevant pathways directly affected by this enzyme. Useful information 
may be obtained by co-immunoprecipitation experiments using epitope tagged TPPII to 
address the question of whether any of the significantly modulated proteins upon TPPII 
functional knockdown, such as Plk-1, would be capable of directly interacting with TPPII.  
 
Interestingly, scan of the TPPII amino acid sequence identified several post-translational 
modification sites, such as N-glycosylation sites important for membrane associations and 
binding motifs for interactions with proteins containing PDZ domains, among them Golgi 
proteins mediating cisternae stacking. Significant may also be the two coiled-coil domains 
shown to facilitate cytoskeleton and membrane organization, spindle, centrosome and Golgi 
formation. Finally, the presence of several short motifs predicted to mediate 
phosphorylation-dependent protein-protein interactions, such as Plk-1 phosphorylation sites 
lends further support to the possibility that the cell cycle dependent recruitment of TPPII to 
the pericentriolar Golgi may be a critical step in cell cycle regulation. It is thereby interesting 
to experimentally document whether the predicted motifs mediate such interactions. 
 
9. CONCLUDING REMARKS 
 
The findings of this thesis point to an unexpected role of TPPII in the regulation of cell cycle. 
Our data have corroborated previous studies involving TPPII in processes associated with cell 
survival and the induction of malignant phenotype in BL tumors. Overexpression of TPPII 
correlates with accelerated growth, genetic instability and resistance to apoptosis induced by 
spindle poisons and p53 stabilization. Although the mechanism of action and the substrates of 
this enzyme remain unknown, our data implicate TPPII in the control of cell cycle progression 
as a component of a physiological pathway appointed to guard the Golgi and centrosome 
apparatuses homeostasis. 
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