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ΠΕΡΙΛΗΨΗ 

________________________________________________________________________________ 

 

Η αμινο-τελική ακετυλίωση (Nτ-ακετυλίωση) των πρωτεϊνών αποτελεί μία από τις 

συνηθέστερες τροποποιήσεις που παρουσιάζονται στο 80-90% των κυτταροπλασματικών, 

ευκαρυωτικών πρωτεϊνών. Αυτή η τροποποίηση έχει αναδειχθεί ως σημαντικός ρυθμιστής 

των πρωτεϊνών στόχων, επιφέροντας αξιοσημείωτες συνέπειες στη δράση τους. Αλλαγές 

στη σταθεροποίηση της πρωτεΐνης-στόχου στο κύτταρο,  η διευκόλυνση αλληλεπιδράσεων 

καθώς και η συμμετοχή των πρωτεϊνών-στόχων σε μονοπάτια μεταβολισμού είναι μόνο 

λίγες από τις πολλαπλές επιπτώσεις που επιφέρει η προσθήκη της ακετυλομάδας στο 

αμινο-τελικό άκρο των πρωτεϊνών-στόχων. Η Nτ-ακετυλίωση καταλύεται από εξελικτικά 

συντηρημένες πρωτεΐνες, γνωστές ως αμινο-τελικές ακετυλτρανσφεράσες (ΝΑΤs). Η 

απορρύθμιση αυτών των ενζύμων έχει συνδεθεί με την ανάπτυξη καρκινικών όγκων και 

ως εκ τούτου, έχουν αναδειχθεί ως υποσχόμενοι στόχοι σε διαγνωστικές και θεραπευτικές 

αντικαρκινικές μεθόδους. Η Ντ-ακετυλτρανσφεράση 4 (Naa40) αποτελεί μία εξαιρετικά 

εκλεκτική αμινο-τελική ακετυλτρανσφεράση, καθώς ακετυλιώνει μόνο δύο πρωτεΐνες-

στόχους, την ιστόνη Η4 και την ιστόνη Η2Α. Στον ζυμομύκητα, ο οποίος αποτελεί 

χρήσιμο απλουστευμένο μοντέλο οργανισμού, η Naa40 παρουσιάζεται ως σημαντικός 

αισθητήρας της κυτταρικής ανάπτυξης.  

Στην παρούσα μελέτη εξετάζουμε τον βιολογικό και μοριακό ρόλο της Naa40 στην 

επιβίωση των καρκινικών κυττάρων.  Αποδεικύουμε ότι η απουσία έκφρασης και δράσης 

της Naa40 στις HCT116 και ΗΤ-29 ανθρώπινες κυτταροσειρές ορθοκολικού καρκίνου, 

μειώνει την επιβίωση των κυττάρων ενεργοποιώντας το μιτοχονδριακό αποπτωτικό 

μονοπάτι, καθώς η ιστόνη Η4 παύει να φέρει την αμινοτελική ακετυλίωση. Αντιθέτως, η 

απουσία της Naa40 σε εμβρυϊκούς, μη καρκινικούς ινοβλάστες ποντικού (STO κύτταρα) 

δεν επιφέρει καμία αλλαγή στη βιωσιμότητα των κυττάρων. Συγκεκριμένα, η μείωση της 

Naa40 σε καρκινικά κύτταρα με επεμβατικές RNA αλληλουχίες (siRNAs), οδηγεί στην 

ενεργοποίηση της μιτοχονδριακής κασπάσης-9, η οποία με τη σειρά της ενεργοποιεί άλλες 

εκτελεστικές κασπάσες, ούτως ώστε να επέλθει κυτταρικός θάνατος. Η απαραίτητη 

συμμετοχή της κασπάσης-9 στην επαγωγή της απόπτωσης επιβεβαιώνεται με τη χρήση μη 

αναστρέψιμου αναστολέα κατά της κασπάσης-9, όπου, παρόλο που η Νaa40 απουσιάζει, η 

απόπτωση παρεμποδίζεται. Σημαντική είναι η ανακάλυψη που αποδεικνύει ότι η 

ενεργοποίηση του αποπτωτικού μηχανισμού προκαλείται χωρίς τη συμμετοχή της 
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ογκοκατασταλτικής πρωτεΐνης p53, η οποία είναι συχνά μεταλλαγμένη και ανενεργή 

στους πλείστους καρκίνους.  

Ο ρόλος της Naa40 στη ρύθμιση της γονιδιακής έκφρασης έχει επίσης διερευνηθεί. 

Αρχικά, δείξαμε ότι η δράση της Ναα40 είναι απαραίτητη για την έκφραση του 

ριβοσωμικού RNA, καθώς η απουσία του ενζύμου οδήγησε στη μείωση των επιπέδων του 

ριβοσωμικού RNA. Αυτή η παρατήρηση συνάδει με την πρόσφατη ανακάλυψη ότι η 

Naa40 ενεργοποιεί το ριβοσωμικό DNA στον ζυμομύκητα, καταδεικνύοντας την 

εξελικτικά συντηρημένη δράση της.  Επιπλέον, δείξαμε ότι κατά την απώλεια της Naa40, 

η έκφραση των αντι-αποπτωτικών γονιδίων είναι σημαντικά εξασθενημένη, ενώ 

αντιθέτως, η έκφραση των προ-αποπτωτικών γονιδίων εντείνεται. Αυτά τα ευρήματα 

ενισχύουν τον αντι-αποπτωτικό ρόλο της Νaa40 και υποδηλώνουν ότι, η αμινοτελική 

ακετυλομάδα που διακοσμεί την ιστόνη Η4,  λόγω της δράσης της Naa40, είναι 

απαραίτητη για τη μεταγραφική ενεργοποίηση γονιδίων που εμπλέκονται στην επιβίωση 

των κυττάρων. Η μείωση της Naa40 στα κύτταρα επέφερε αλλαγές και σε άλλες 

επιγενετικές τροποποιήσεις.  Σημαντική μείωση παρατηρήθηκε στα επίπεδα της 

συμμετρικής μεθυλίωσης της αργινίνης 3 στην ιστόνη H4 (H4R3me2s) καθώς και αύξηση 

της τριπλής μεθυλίωσης στη λυσίνη 4 της ιστόνης Η3 (H3K4me3).  Οι προαναφερθείσες 

τροποποιήσεις αντιπροσωπεύουν την καταστολή και την ενεργοποίηση σημάτων της 

μεταγραφής, αντιστοίχως. Αυτή η παρατήρηση εξηγεί την ενεργοποίηση των προ-

αποπτωτικών γονιδίων στην απουσία της Naa40 ογκοπρωτεΐνης.  Τέλος, δείξαμε ότι η 

μεταγραφική ενεργοποίηση της PRMT5 μεθυλτρανσφεράσης, η οποία είναι υπεύθυνη για 

την κατάλυση της H4R3me2s και η οποία συχνά υπερεκφράζεται σε πολλούς καρκινικούς 

τύπους, εξαρτάται άμεσα από τη δράση της Naa40. Συνολικά, αυτά τα ευρήματα 

καταδεικνύουν τον αντι-αποπτωτικό ρόλο της Naa40 και την προτείνουν ως ένα 

υποσχόμενο θεραπευτικό στόχο στους ορθοκολικούς καρκίνους. 
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ABSTRACT 

________________________________________________________________________________ 

  

Protein N-alpha terminal acetylation (Nt-acetylation) is an abundant modification 

occurring on 80-90% of cytoplasmic, eukaryotic proteins. This modification has emerged 

as an important protein regulator with various and significant implications, including 

changes in protein stability, protein localisation and metabolism. Nt-acetylation is 

catalysed by evolutionarily conserved N-terminal acetyltransferases (NATs) whose 

deregulation has been linked to cancer development and thus, are emerging as useful 

diagnostic and therapeutic targets. Naa40 is a highly selective NAT that acetylates the 

amino-termini of histones H4 and H2A and acts as a sensor of cell growth in yeast.  

In the present study, we examine the biological and molecular role of Naa40 in 

cancer cell survival. We first demonstrate that depletion of Naa40 in HCT116 and HT-29 

colorectal cancer cells decreases cell survival by enhancing apoptosis, whereas Naa40 

reduction in non-cancerous mouse embryonic fibroblasts (STO cells) has no effect in cell 

viability. Specifically, Naa40 knock-down in colon cancer cells activates the mitochondrial 

caspase-9-mediated apoptotic cascade. Consistent with this, we show that caspase-9 

activation is required for the induced apoptosis because treatment of cells with an 

irreversible caspase-9 inhibitor impedes apoptosis when Naa40 is depleted. Additionally, 

the effect of Naa40-depletion on cell-death is mediated through a p53-independent 

mechanism since p53-null HCT116 cells still undergo apoptosis upon reduction of the 

acetyltransferase.  

Furthermore, we look into the role of Naa40 in the regulation of gene expression. 

Initially, we show that depletion of Naa40 results in reduced levels of ribosomal RNA 

transcripts, which is consistent with the recently described function of yeast Naa40. Also, 

we show that upon Naa40 loss, the expression of anti-apoptotic genes is impaired whereas 

the expression of pro-apoptotic genes is up-regulated. These findings, together with the 

aforementioned identified anti-apoptotic role of Naa40 suggest that N-acH4 mediated by 

Naa40 is necessary for transcriptional activation of genes implicated in cell survival. 

Moreover, Naa40 knockdown results in a significant reduction of H4R3me2s and a great 

elevation of H3K4me3, which represent repressive and activation marks of transcription, 

respectively. Interestingly, we show that transcriptional activation of PRMT5 

methyltransferase, which is responsible for catalysing H4R3me2s and which is frequently 

over-expressed in many cancer cell types, is dependent upon Naa40 activity.  Altogether, 
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these findings reveal the anti-apoptotic role of Naa40 and exhibit its potential as a 

therapeutic target in colorectal cancers. 
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 1.1 ‘‘On top of’’ genetics 

 

Ever since researchers sequenced the human and chimp genome, we have known 

that there is 96% similarity between the DNA of these two organisms (Chimpanzee and 

Analysis, 2005, Britten, 2002). Yet, the two species differ developmentally, 

morphologically and behaviourally, in ways that the answer as to why, cannot lie entirely 

in the make-up of the genome. Therefore, mechanisms other than those within the DNA 

sequence should exist. In 1942, the developmental biologist Conrad Waddington, coined 

the term ‘‘epigenetics’’, which at first described the interaction of genotype with its 

environment in order to bring the phenotype into being (Van Speybroeck, 2002, 

Waddington, 1940, Dolinoy et al., 2007). Over the years, numerous studies challenged and 

revised the traditional paradigms of Mendelian inheritance and helped to realise that 

epigenetic regulation also exists on top of or in addition to the mechanisms of classical 

genetics. In other words, the evolved definition of ‘‘epigenetics’’ refers to those heritable 

changes that do not involve the DNA sequence itself (Holliday, 1987, Berger et al., 2009). 

 

1.2 Epigenetic mechanisms at a glance 

 

Epigenetic processes play a critical role in the differential expression of genes and 

in cellular heterogeneity. When disrupted, they may lead to altered transcriptional states 

and adverse health effects, including tumorigenesis (Sharma et al., 2010). The epigenetic 

landscape encompasses mainly DNA methylation, post-translational modifications of 

histone proteins and noncoding RNAs (Figure 1) (Goldberg et al., 2007, Kanherkar et al., 

2014). Altogether provide tight control of gene expression and fascinating new levels of 

functional diversity.  

DNA methylation, represents the best understood DNA-associated modification. It 

is catalysed by a specific class of enzymes, known as DNA methyltransferases (DNMTs) 

which catalyse the transfer of a methyl group (-CH3) to cytosine nucleotides of DNA (Lai 

and Shiekhattar, 2014). In mammals, it occurs predominantly in regions that are rich in 

CpG dinucleotides, known as CpG islands, which are mostly found at the promoter regions 

of genes (Figure 1A) (Chen and Riggs, 2011, Vavouri and Lehner, 2012). This 

modification has been linked to transcriptional repression as it locks genes to the ‘‘off’’ 

state and is an important component of cellular processes including embryonic 

development and genomic imprinting (Jin et al., 2011). In addition to gene silencing, this 
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epigenetic modification can mask many repetitive elements, contributing in this way to the 

stability of the genome (Robertson, 2001, Meng et al., 2015). 

 One of the most established hallmarks of epigenetic control, is the post-

translational modification (PTM) of histones. With the help of mass spectrometry analysis 

and proteomic characterisation, a plethora of PTMs has been identified, such as 

acetylation, methylation and phosphorylation (Zhang et al., 2003) (Arnaudo and Garcia, 

2013). These are chemical moieties that decorate amino acid residues of the protruding 

tails as well of the globular domains of histone core proteins and their variants (Figure 1B). 

Most of histone PTMS are transient, orchestrating in this way various chromatin-associated 

processes such as chromatin condensation, transcriptional silencing or activation, DNA 

repair, replication and recombination (Bannister and Kouzarides, 2011). 

Noncoding RNAs (ncRNAs) are widely known as the ‘‘dark matter’’ of the 

genome as they do not have the blueprint of yielding functional proteins. Nonetheless, they 

comprise more than 95% of the human genome (St Laurent et al., 2012, Kapranov and St 

Laurent, 2012). Emerging evidence suggests that ncRNAs represent an integral component 

of the large epigenetic regulatory network. More specifically, many of them have been 

found to be functional in modulating gene transcription, through interactions with histone 

modifying complexes or by modulating DNA methyltransferases, thus suppressing or 

facilitating DNA methylation (Figure 1C) (Lai and Shiekhattar, 2014, Peschansky and 

Wahlestedt, 2014, Tsai et al., 2010, Mohammad et al., 2010).  

The importance of regulation beyond the genomic sequence is becoming 

increasingly clear. The integration of all these different epigenetic processes is complex 

and dynamic and depends on the collaboration of numerous epigenetic modulators (Bartke 

et al., 2010) (Rothbart and Strahl, 2014). These, will regulate mostly chromatin 

accessibility and compactness in order to establish heritable states that will define cell 

identity and fate. Unlike genetic aberrations, epigenetic changes are reversible and can be 

restored to their primary state. Therefore, manipulation of epigenetic processes represents a 

promising and therapeutically relevant approach in epigenetic therapies.   
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Figure 1. Schematic representation of epigenetic mechanisms. (A) DNA methylation catalysed 

by DNMTs occurs in regions rich in CpG dinucleotides, often found in promoters of genes. This 

results in supressed gene transcription. (B) Histones build the nucleosome (grey sphere) around 

which DNA is wrapped. Histone protruding tails or core domains are subjected to post-translational 

modifications that affect gene expression. (C) Noncoding RNAs (ncRNAs) can regulate gene 

expression by modulating DNMTs or by recruiting histone modifying complexes that will either 

add or remove post-translational modifications. 
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1.3 Chromatin organisation and transcriptional regulation by histone 

post-translational modifications (PTMs) 

 

The genome holds all the genetic information of an organism. In order to fit into the 

small volume of the cell nucleus, DNA must densely wrap around nucleosomes that are 

made up of histone proteins, which all together form the chromatin.  Histones were 

originally thought to be needed only to provide a static scaffold for DNA packaging. 

Nowadays, it is evident that histones are dynamic proteins essential for regulating the 

structure of chromatin and histone post-translational modifications (PTMs) play a 

fundamental role in the chromatin remodelling process.  

 

1.3.1 Chromatin structure 

 

The basic structural repeating unit of chromatin, the nucleosome, was first 

described by Roger Kornberg, in 1974 (Kornberg, 1974). It consists of two pairs of histone 

heterodimers H2A/H2B and H3/H4 that form the histone octamer. Each histone has a 

globular domain forming the nucleosomal core, where 146/147 base pairs (bp) of DNA 

wrap around, and unstructured tails that extend outwards from the nucleosome (Figure 2) 

(Luger et al., 1997). One nucleosome is connected to the adjacent nucleosome through 

linker DNA to form a ‘beads-on-a-string’ nucleosomal array, with a diameter of 11nm (Li 

and Reinberg, 2011). Two full turns of DNA are locked on the surface of the histone 

octamer by linker histone H1, which organises chromatin in a more condensed 30nm 

chromatin fiber (Li and Reinberg, 2011, Harshman et al., 2013). Further condensation 

leads to higher-order structures, such as the known mitotic chromosomes (Figure 3). 

 Recent studies show that chromatin is dynamically remodelled. A transition 

between euchromatin, a relaxed open-state of chromatin, and heterochromatin, a highly 

compacted chromatin, is central to the regulation of DNA-coupled activities, including 

gene expression (Lee et al., 2010b, Suganuma and Workman, 2008, Berger, 2007). 

Accordingly, euchromatin represents regions of active transcription as it renders the DNA 

accessible to the transcriptional machinery, whereas heterochromatin typically correlates 

with gene silencing (Figure 3).  Key contributors to chromatin structure and function are 

the post-translational modifications placed on histone proteins. 
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Figure 2. The structure of chromatin. Chromatin is a complex of DNA wound around the 

nucleosome. Dimers of four core histones (H2A, H2B, H3, H4) build the nucleosome and linker 

histone H1 seals DNA close to the histone octamer. Two neighbouring nucleosomes are associated 

with linker DNA, forming a ‘‘beads-on-a-string’’ chromatin model.  

 
 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3. Differential states of chromatin assembly. Chromatin remodeling is dynamic and 

necessary for the control of DNA-based processes, like transcription. When nucleosomes are 

spaced far apart (euchromatic region), gene transcription is allowed to occur. When nucleosomes 

are closely together (heterochromatic region), transcriptional activation is inhibited. Tight 

compaction leads to the formation of chromosomes during cell division. Post-translational 

modifications on the protruding histone tails affect chromatin remodeling. 
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1.3.2 Histone PTMs and the ‘‘histone code’’ 

 

The level of chromatin compaction and the associated genomic functions are highly 

regulated through an astonishing number of histone post-translational modifications 

(PTMs). These are chemical moieties that decorate mainly the amino acid residues found 

on the flexible N- and C-terminal ‘‘tails’’ that protrude away from nucleosome core. 

(Kouzarides, 2007). However, histone-histone and histone-DNA interactions have also 

been reported to be regulated by a significant number of PTMs found on the globular 

domain of nucleosomes (Cosgrove and Wolberger, 2005, Zhang et al., 2003, Tropberger 

and Schneider, 2013, Lawrence et al., 2016). Lysine acetylation, lysine and arginine 

methylation, lysine ubiquitination and serine/threonine/tyrosine phosphorylation are only 

some examples of histone PTMs found on histone proteins (Table 1) (Kouzarides, 2007, 

Arnaudo and Garcia, 2013, Bannister and Kouzarides, 2011). Acetylation, methylation and 

phosphorylation represent the most well-studied histone chemical modifications. They are 

the most abundant and as so, they were the first to be identified (Allfrey et al., 1964, 

Gutierrez and Hnilica, 1967). Additionally, a great number of novel PTMs has just recently 

been revealed, like lysine crotonylation and lysine formylation, and their function in 

chromatin regulation largely awaits discovery (Arnaudo and Garcia, 2013, Tessarz et al., 

2014, Dai et al., 2014). 

Table 1. Different PTMs identified on histone amino acid residues (Arnaudo and Garcia, 

2013, Tessarz et al., 2014, Dai et al., 2014) 

Histone Modification Amino acid Modified Residue 

Acetylation Lysine ( K ), Kac 

Methylation 
Glutamine (Q), Qme; Lysine ( K ), Kme1, Kme2, Kme3; Arginine ( R ), Rme1, 

Rme2a, Rme2s 

Phosphorylation Serine ( S ), Sph; Threonine ( T ), Tph; Tyrosine ( Y ), Yph 

Ubiquitination Lysine ( K ), Kub 

Sumoylation Lysine ( K ), Ksu 

ADP ribosylation Glutamic acide ( E ), Ear 

Citrullination (or deimination) Arginine ( R ), Citrullin  ( Cit ), R→Cit 

Proline isomerisation Proline ( P ), P-cis→P-trans 

Formylation Lysine ( K ), Kfo 

Hydroxylation Tyrosine ( Y ), Yoh; Lysine ( K ), 5-Koh 

Butyrylation  Lysine ( K ), Kbu  

2-hydroxyisobutyrylation Lysine ( K ), Khib 

Propionylation Lysine ( K ), Kpr 

Succinilation Lysine ( K ), Ksuc 

Malonylation Lysine ( K ), Kma 

Crotonylation Lysine ( K ), Kcr 

O-glcNAcylation Serine ( S ), Sog; Threonine ( T ), Tog 
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Many years had to pass in order to comprehend the functional significance of 

PTMs.  The role of  epigenetic chemical moieties in the regulation of transcription has 

been disclosed just two decades ago, with the landmark identification of p55/Gcn5 histone 

acetyltransferase as an activator of gene expression (Georgakopoulos and Thireos, 1992, 

Brownell et al., 1996) and HDAC/Rpd3 histone deacetylase as a contributor  of 

transcriptional silencing (Taunton et al., 1996). Now, it is profound that specific histone 

modifications are predictive for certain gene regulation outcomes (Karlic et al., 2010).  

Transcriptionally active chromatin regions are generally accompanied by acetyl- or 

phosphorylation marks (i.e H3K9ac and H3S10ph), added by histone acetyltransferases 

(HATs) or protein kinases, respectively (Strahl and Allis, 2000, Shen et al., 2015, Li et al., 

2013). This is because histone lysine acetylation and phosphorylation neutralize positive 

charges in histones, weaken histone-DNA interactions and favour chromatin 

decondensation. Protein methyltransferases (i.e lysine methyltransferases, KMTs; protein 

arginine methyltransferases, PRMTs) and ubiquitinases are found to be implicated in both 

transcriptional activation and inhibition, whereas sumoylation is linked to transcriptional 

repression exclusively (Kouzarides, 2007). The corresponding transcriptional role of some 

well-characterised PTMs is depicted in Figure 4. Among them, is the trimethylation of 

lysine 4 of histone H3 (H3K4me3), a modification generally associated with 

transcriptionally active genes. It is also known that this modification provides a binding 

site for a variety of factors that include histone-modifiers and chromatin remodelers 

(Shilatifard, 2006).  
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Figure 4. Histone post-translational modifications and their role in transcriptional regulation, 

in humans. Distinct epigenetic modifications are predictive for gene activation or gene silencing 

(Strahl and Allis, 2000, Balazs et al., 2011) (Mozzetta et al., 2015, Migliori et al., 2012).  

The numerous identified histone PTMs may work alone or in concert with other 

modifications found in cis (on the same histone protein) or in trans (on different histone 

protein or different nucleosomes) or in contrast abrogate the deposition of other epigenetic 

marks, in order to exhibit specific regulatory outcomes (Suganuma and Workman, 2008, 

Zhang et al., 2015c, Molina-Serrano et al., 2013). This PTM communication formed the 

concept of a complex histone language, known as the ‘‘histone code’’ (Jenuwein and Allis, 

2001, Strahl and Allis, 2000, Lee et al., 2010b). Accordingly, PTMs can synergistically or 

antagonistically interact to alter the binding of DNA on the nucleosome core by changing 

the charge of the nucleosome particle and enable or block chromatin-remodeling proteins 

to dictate transient transitions between euchromatin and heterochromatin states (Jenuwein 

and Allis, 2001, Molina-Serrano et al., 2013, Bannister and Kouzarides, 2011, Izzo and 

Schneider, 2010, Ng and Cheung, 2016, Beaver and Waters, 2016, DesJarlais and 

Tummino, 2016). In turn, they affect the recruitment of non-histone proteins to chromatin. 

Consequently, PTMs nicely direct chromatin-templated processes, including transcription, 

DNA replication, DNA-repair, differentiation, development, as well as disease processes 

(Li et al., 2007, Groth et al., 2007, Cohen et al., 2011, Bhanu et al., 2016). For example, 

the catalysis of lysine 4 trimethylation of histone H3 (H3K4me3), a well-established 

activation of enhancers and promoters of genes (Guenther et al., 2007), requires the 

presence of ubiquitinated lysine K120 on histone H2B (H2BK120ub1) to promote 

transcription elongation (Nakanishi et al., 2009). On the other hand, H3R2me2a, in yeast, 

acts as a repressive mark of transcription that antagonises H3K4me3 modification by 

occluding the methylatransferase Set1 from H3K4 site (Kirmizis et al., 2007, Kirmizis et 

al., 2009).  

Recent advances have shown that the plasticity of epigenetic marks and their 

distinct functional outcome relies upon a dynamic interplay between histone ‘‘writers’’, 

‘‘erasers’’ and ‘‘readers’’ which lead to combinatorial complexity. “Writers” are the 

proteins that can attach PTMs to histone amino acid residues (i.e lysine acetyltransferases 

KATs), “erasers” are enzymes that remove the PTMs (i.e lysine deacetylases HDACs) and 

“readers” are proteins that bind in a ‘‘key-to a lock’’ manner to translate the specific 

epigenetic modification (Musselman et al., 2012, Falkenberg and Johnstone, 2014, Beaver 

and Waters, 2016, Andrews et al., 2016, Klein et al., 2016). Importantly, there are 

‘‘writers’’ that not only ‘‘write’’ a certain PTM on the histone amino acid residue, but also 
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can bind and ‘‘read’’ pre-existing histone marks, establishing and maintaining in this 

manner chromatin states (Zhang et al., 2015c). Readers, are recruited and bind to certain 

modifications via evolutionarily conserved domains, like chromodomains that bind to 

methylated lysine amino acids, bromodomains and PHD domains that bind solely to 

acetylated residues and Tudor domains that bind to methylarginines (Figure 5) 

(Kouzarides, 2007, Filippakopoulos et al., 2012, Lachner et al., 2001, Cote and Richard, 

2005, Yun et al., 2011). Altogether, the above epigenetics factors highlight the 

sophisticated, complex and dynamic language by which PTMs ensure proper regulation of 

chromatin activities. Misreading, miswriting and miserasing of histone marks is now 

evident that lead to defects in cellular processes and hence to many diseases, including 

age-related diseases, birth defects and several types of cancers (Chi et al., 2010, Nimura et 

al., 2010, Pedersen and Helin, 2010, Wang et al., 2014, Brookes and Shi, 2014). 

 

 

 

 
 

 

 

Figure 5. Writers, erasers and readers contribute to the dynamic regulation of chromatin 

processes. Epigenetic writers such as lysine acetyltransferases (KATs), lysine methyltransferases 

(KMTs) and protein arginine methyltransferases (PRMTs) lay down epigenetic marks on amino 

acid residues on histone tails. Protein erasers like histone deacetylases (HDACs) and lysine 

demethylases (KDMs) are responsible for removing the epigenetic marks. Readers such as proteins 

containing bromodomains, chromodomains and Tudor domains bind and interpret PTMs, 

regulating in this way various DNA-dependent processes i.e. transcription and DNA-repair.  
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1.4 Histone arginine methylation (Rme) 

 

Histone arginine methylation is one of the most characterised histone modification 

to date. This is due to the fact that the responsible enzymes for catalysing this 

modification, the protein arginine methyltransferases (PRMTs), are highly specific and 

depict an important role over many crucial biological functions, including transcriptional 

regulation, DNA-repair and signal transduction (Bedford and Clarke, 2009, Bedford and 

Richard, 2005).  

 

1.4.1 Protein arginine methyltransferases (PRMTs) 

 

The mammalian family of PRMTs consists of eleven members, in which nine of 

them catalyse the transfer of methyl groups from S-adenosylmethionine (AdoMet) to the 

terminal (or ω) guanidino nitrogen atoms of arginine residues of histone and non-histone 

proteins (Jahan and Davie, 2015). This results in the formation of S-adenosylhomocysteine 

(AdoHcy) and methylarginine. There are three main types of PRMTs (type I, II and III) 

which all can catalyse monomethylation of arginine (Rme1). Type I (PRMTs 1, 2, 3, 4, 6, 

and 8) can further catalyse the formation of asymmetric dimethylarginines (Rme2a) and 

type II (PRMTs 5, 7 and 9) can catalyse the formation of symmetric dimethylarginines 

(Rme2s) (Migliori et al., 2012). Although PRMT7 is a type II PRMT, it also exhibits type 

III enzymatic activity, as it can only catalyse the monomethylation of some of its protein 

substrates (Figure 6) (Yang et al., 2015, Di Lorenzo and Bedford, 2011, Bedford, 2007). 

The remaining two PRMTs (PRMT10 and PRMT11) were identified by their homology to 

PRMT7 and PRMT9, respectively, but their enzymatic activity has not been 

experimentally supported, yet (Wolf, 2009, Krause et al., 2007). Furthermore, Type IV 

PRMTs have also been reported but only demonstrated in Saccharomyces cerevisiae and 

Candida albicans. This type mediates the monomethylation of the internal guanidino 

nitrogen atom of arginine  (Niewmierzycka and Clarke, 1999, McBride et al., 2007).  

Type I PRMT1 and type II PRMT5 arginine methyltransferases are among the most 

essential PRMTs, as complete loss of either of these enzymes is incompatible with life  

(Table 2) (Yu et al., 2009b, Tee et al., 2010). PRMT1 is expressed in all embryonic and 

adult tissues and has broad substrate specificity towards histone and non-histone proteins 

(Huang et al., 2005, Pahlich et al., 2006, Gary and Clarke, 1998, Lee and Bedford, 2002). 

PRMT5 is found extensively in heart, muscle and testis, without excluding its expression 

across other organs and tissues (Pollack et al., 1999).  
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Whether arginine demethylases exist to erase the methyl marks on arginine residues 

is still under investigation. Initial studies were supporting the notion that arginine 

methylation is a permanent covalent mark and the only way to reverse the effects of this 

PTM was degradation of the protein and synthesis of a new one from the start. The first 

evidence of demethylation, was presented a decade ago, when Jumonji domain-containing 

6 (JMJD6) enzyme was reported to be capable of demethylating arginine 2 on histone H3 

(H3R2me2) and arginine 3 on histone H4 (H4R3me2) (Chang et al., 2007). However, a 

study just few years later showed that this enzyme catalyses lysine hydroxylation and not 

demethylation (Webby et al., 2009).  In addition, monomethylated arginine is shown to be 

irreversibly converted to citrulline by deamination, where the guanidinum side chain of 

arginine is hydrolysed and the methyl group is released (Thompson and Fast, 2006). 

Although these two processes reverse or annul arginine methylation, they do not provide 

any evidence towards the existence of a functional arginine demethylase. 
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Figure 6. Types of methylation on arginine residues catalysed by PRMTs. PRMTs fall into 

three types. All three types (type I, II and III) can monomethylate arginine on the terminal 

guanidine nitrogen atoms of arginine. Type I (PRMTs 1, 2, 3, 4, 5, 6 and 8) can asymmetrically 

dimethylate arginines (Rme2a) and type II (PRMTs 5, 7 and 9) can catalyse the symmetric 

dimethylation of arginines (RMe2s).  

 

 

Table 2. Phenotype of PRMT knockout in mice 

PRMT Phenotype of knockout mice Reference(s) 

PRMT1 Embryonic lethal 
(Pawlak et al., 2000, Yu et 

al., 2009b) 

PRMT2 
Viable mice. Mouse embryonic fibroblasts (MEFs) are resistant to 

apoptosis compared to wild type cells 

(Ganesh et al., 2006, 

Yoshimoto et al., 2006) 

PRMT3 
Viable mice. Mutants that generate hypomorphic allele result in 

smaller embryos  
(Swiercz et al., 2007) 

PRMT4/

CARM1 
Small new-borns, die shortly after death 

(Yadav et al., 2003, Kim 

et al., 2004) 

PRMT5 
Early embryonic lethality (die by E6.5). PRMT5 is essential for 

embryonic epiblast differentiation 
(Tee et al., 2010) 

PRMT6 Viable mice. MEFs undergo rapid  senescence (Neault et al., 2012) 

PRMT7 
Viable mice with frequent post-natal death with increased obesity 

and decreased skeletal muscle mass 
(Blanc et al., 2016) 

PRMT8 Viable but displayed abnormal mot behaviours (Kim et al., 2015) 
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PRMT 4 
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1.4.2 Asymmetric and symmetric arginine dimethylation exhibit opposing 

roles in transcriptional regulation 

 

In general, histone arginine asymmetric dimethylation in mammals leads to active 

gene transcription whereas symmetric dimethylation is linked to gene silencing (Wysocka 

et al., 2006). The N-terminal tail of histone H3 harbours several arginine residues that are 

targeted by arginine methyltransferases. These are H3R17 and H3R26 that are methylated 

by PRMT4, H3R2 methylated by PRMT6 or PRMT5 and PRMT7 and H3R8 methylated 

by PRMT5. Histone H4 N-terminal tail contains only one arginine residue (H4R3) that is 

subject to methylation. H4R3 is a major target site for many PRMTs. Asymmetric 

dimethylation of H4R3 is mediated by PRMT1, PRMT6 and PRMT8, while symmetric 

dimethylation is catalysed by PRMT5 and PRMT7 (Lee et al., 2005). Thus, depending on 

the state of dimethylation, H4R3 influences transcriptional control differently either by 

affecting the deposition of other PTMs or the recruitment of transcriptional effector 

proteins. 

 In particular, H4R3me2a catalysed by PRMT1 is known to form a complex with 

ATP-remodeling factors (SWI/SNF) (Xu et al., 2004), so that when is present on the 

promoters of genes, it further methylates H3R17 and H3R26 to induce transcription. On 

the other hand, the presence of H4R3me2s mediated by PRMT5 recruits SUV4–20h1 

complex to lay down H4K20me3 and reinforce transcriptional silencing (Rank et al., 

2010). In addition, H4R3me2s by PRMT7 blocks the histone methyltransferase MLL4 

from trimethylating H3K4 (H3K4me3), inhibiting gene transcription. Conversely, MLL4 

binding activity on H3K4me2 is favoured by the presence of unmodified or asymmetrically 

dimethylated H4R3 (H4R3me0 or H4R3me2a) (Dhar et al., 2012). Notably, the first five 

residues on the N-terminal tails of histones H4 and H2A are identical, therefore, it is likely 

that most of activities described for H4R3 may also hold true for H2AR3 (Di Lorenzo and 

Bedford, 2011). 
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1.5 Protein N-terminal acetylation (Nt-ac) 

 

One of the most abundant and conserved protein modifications in eukaryotes, is N-

alpha-terminal acetylation (Nα-terminal acetylation or Nt-acetyltation). It is estimated that 

it occurs in about 50-70% in yeast proteins and in 80–90 % of all soluble human proteins 

(Arnesen et al., 2009, Brown and Roberts, 1976, Varland et al., 2015). Nt-acetylation, 

unlike other common modifications, is irreversible and occurs mainly co-translationally, as 

soon as the first 25–50 amino acid residues of the nascent polypeptide emerge from the 

ribosomal exit tunnel (Strous et al., 1974, Polevoda et al., 2008).  

Key findings over the last decades point to the diverse and important molecular 

functions of Nt-acetylation (Arnesen, 2011). One of the early proposed roles of this 

epigenetic mark, was the stabilisation and protection of proteins from degradation 

(Hershko et al., 1984, Jornvall, 1975). However, new findings contradict this conception, 

as they show that Nt-acetylation creates specific degradation signals for ubiquitin ligases in 

order to eliminate unfolded or misfolded proteins (Hwang et al., 2010, Park et al., 2015, 

Lee et al., 2016). In addition, loss of acetylation was shown to be responsible for the 

misfolding of protein substrates, suggesting that Nt-acetylation could represent a general 

factor necessary for proper protein folding (Holmes et al., 2014). Studies have also shown 

that Nt-acetylation is important for anchoring proteins to membranes, like Golgi, nuclear 

membrane or lysosomes (Behnia et al., 2004, Behnia et al., 2007, Murthi and Hopper, 

2005, Hofmann and Munro, 2006), or for mediating protein-protein interactions (Scott et 

al., 2011). Other roles of this N-terminus mark include inhibition of protein translocation 

into the endoplasmic reticulum (ER) (Forte et al., 2011), regulation of normal 

chromosomal segregation, control of different developmental stages and viability of 

multicellular organisms (Silva and Martinho, 2015, Tooley and Schaner Tooley, 2014, Van 

Damme et al., 2011, Ree et al., 2015). Importantly, in 2011, a study by Rope et al., 

revealed that the X-linked lethal Ogden syndrome is caused by a missense mutation in an 

N-terminal acetyltransferase gene (NAA10) (Rope et al., 2011). De novo missense 

mutations in the NAA10 gene have been also identified in two independent cases of global 

developmental delay (Myklebust et al., 2015). Altogether, these research studies highlight 

the molecular and physiological importance of protein Nt-acetylation and of the enzymes 

that catalyze this modification.  
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1.5.1 Nt-acetyltransferases (NATs) 

 

Nt-acetylation is specifically catalysed by a group of N-terminal-acetyltranferase 

enzymes, denoted as NATs. NATs are members of the GNAT protein superfamily (Vetting 

et al., 2005), which all contain the consensus acetyl-coenzyme A (ac-CoA) binding 

sequence (Q/R)XXGXX(G/A) (Neuwald and Landsman, 1997). Thus, they are capable of 

catalysing the transfer of an acetyl group from Ac-CoA to the very N-terminal end of 

proteins. Unlike other modifications, Nα-terminal acetylation targets the alpha amino 

group of the first residue of a protein substrate, and not the side chain of the amino acid 

(Figure 7). Some NATs function as individual enzymes but others constitute multi-

component complexes and therefore, the function of these complexes relies on the catalytic 

subunit which is necessary for the acetyltransferase activity and on one or two auxiliary 

subunits, which, among other purposes, enable the catalytic component to anchor on 

ribosomes and modify polypeptides co-translationally (Figure 8) (Gautschi et al., 2003, 

Polevoda et al., 2008).  

Five different NAT enzymes have been identified in eukaryotes, designated NatA–

NatE and their substrate specificity seems to be conserved through evolution (Polevoda et 

al., 2009a, Arnesen et al., 2009, Hole et al., 2011, Bienvenut et al., 2012). A sixth one, 

designated as NatF, is also present in higher eukaryotes, only (Aksnes et al., 2015b, Van 

Damme et al., 2011). Each member of the NAT family differs both in subunit composition 

and substrate specificity. The substrate specificity towards amino acid residues is depicted 

in Figure 8, where it is obvious that NATs recognise their substrates primarily based on the 

sequence of the last several N-terminal residues. Some NATs target the initiator 

methionine (iMet) and others the first amino acid after the excision of iMet. Among all 

NATs, NatA catalyses ~40% of the proteome targeting proteins beginning with Ser, Ala, 

Thr, Val Gly or Cys, therefore from that prespective, NatA represents the major NAT in 

eukaryotes (Starheim et al., 2012, Popp et al., 2015). Subunit composition and substrate 

specificity of each NAT is depicted in Figure 8 (Varland et al., 2015, Starheim et al., 

2012). 

Deletion of NATs has been shown to cause different phenotypic outcomes. 

Deletion of NatA subunits in yeast led to slow growth, failure of sporulation, inability to 

enter G0 phase and decreased survival rate after exposure to stress stimuli (Polevoda and 

Sherman, 2003). In human cell lines, NatA deletion resulted in both enhanced and 

decreased proliferation rate, indicating that Nt-acetylation behaves differently in different 
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cellular contexts (Yi et al., 2011, Gromyko et al., 2010). Yeast growth defects were also 

observed upon natB or natC deletion (Polevoda and Sherman, 2003, Polevoda and 

Sherman, 2001), while knockdown of the enzymes in human cell lines induced p53-

dependent apoptosis (Ametzazurra et al., 2008, Starheim et al., 2009). Importantly, over 

the last years, Nt-acetylation has attracted growing attention, as deregulated expression and 

activity of NAT enzymes has been linked to carcinogenesis (this is further discussed 

below). 

 

 

 

 

 

 

 

 
Figure 7. Nt-acetylation catalysed by NATs. A NAT enzyme removes the acetyl moiety (Ac) 

from Ac-CoA and acetylates the N-terminal α-amino group of a protein or polypeptide substrate. 

The acetylation neutralizes the positive charge of the free α-amino group, and thereby efficiently 

blocks it for further ionization and other modifications (acetyl mark shown in magenta colour). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DEMETRIA PAVLO
U



18 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
ig

u
re

 8
. 

S
u

b
u

n
it

 c
o

m
p

o
si

ti
o

n
 a

n
d

 s
u

b
st

ra
te

 s
p

ec
if

ic
it

y
 o

f 
ea

ch
 e

u
k

a
ry

o
ti

c 
N

A
T

. 
A

ll
 N

A
T

 e
n

zy
m

es
, 

ap
ar

t 
fr

o
m

 N
A

T
F

 w
h

ic
h

 i
s 

p
re

se
n

t 
o

n
ly

 i
n

 h
ig

h
er

 

eu
k
ar

y
o
te

s,
 a

re
 c

o
n

se
rv

ed
 f

ro
m

 y
ea

st
 t

o
 h

u
m

an
s.

 N
A

T
s 

ex
h
ib

it
 t

h
ei

r 
fu

n
ct

io
n
 c

o
tr

an
sl

at
io

n
al

ly
, 

th
u
s 

ar
e 

as
so

ci
at

ed
 w

it
h

 r
ib

o
so

m
es

. 
In

 h
u

m
an

s,
 t

h
ey

 a
re

 a
ls

o
 

fo
u
n
d
 i

n
 n

o
n

-r
ib

o
so

m
al

 f
o

rm
s.

 Y
el

lo
w

 b
o

x
es

 i
n
d
ic

at
e 

th
e 

ca
ta

ly
ti

c 
su

b
u
n
it

 o
f 

ea
ch

 N
A

T
 w

h
il

e 
g
re

en
 b

o
x
es

 i
n

d
ic

at
e 

th
e 

au
x
il

ia
ry

 s
u

b
u

n
it

. 
F

ig
u

re
 i

s 
m

o
d

if
ie

d
 

fr
o
m

 S
ta

rh
ei

m
 e

t 
al

.,
 2

0
1
2

. DEMETRIA PAVLO
U



19 
 

1.5.2 Naa40 in the spotlight 

 

Naa40 (also known as NatD, Nat4, Nat11 or Patt1) is unique among NATs because, 

unlike the other enzymes that have broad substrate selectivity and acetylate numerous 

proteins, this NAT protein member is extremely selective. So far, Naa40 has been shown 

to act as an epigenetic regulator by modifying histones H4 and H2A, only. Both histones 

contain the same amino acid sequence at the very N-terminal end (Ser-Gly-Arg-Gly) which 

has been shown to act as the recognition sequence for Naa40 (Starheim et al., 2012, Song 

et al., 2003, Polevoda et al., 2009b, Magin et al., 2015). Whether additional Naa40 

substrates exist remains elusive. However, it was suggested that two other human proteins 

(H2A.X and SMARCD2) have the proper N-terminal sequence that could be targeted by 

Naa40 based on its recently determined structure and substrate-specificity (Magin et al., 

2015). Additionally, four other yeast proteins (Scl1, Ypi1, Dph1 and Lge1) have been 

proposed as targets of yeast Naa40 (Van Damme et al., 2014). These proteins are typically 

substrates of NatA, but in yeast lacking NatA activity these proteins remain partially N-

terminally acetylated. Intriguingly, their N-terminus sequence starts with Ser-Gly, which is 

compatible with the sequence specificity of Naa40 (Hole et al., 2011).  

Naa40 was first identified and characterised in the yeast Saccharomyces cerevisiae 

(Song et al., 2003) and it was later demonstrated that its acetyltransferase activity towards 

histones is evolutionarily conserved in human cells (Hole et al., 2011). This conservation 

highlights the functional importance of histone N-terminal acetylation. Indeed, work from 

our lab showed that N-terminal acetylation of H4 in yeast promotes ribosomal RNA 

(rRNA) expression by inhibiting the deposition of an adjacent histone H4 modification, 

namely arginine 3 asymmetric dimethylation (H4R3me2a) (Schiza et al., 2013).  

Consistently, in vitro experiments revealed that N-terminally acetylated H4 (N-acH4) 

impairs the binding and thus activity of Hmt1 (PRMT1 homologue) methyltransferase 

towards H4R3. While deletion of yeast Naa40 (yNaa40) displays minor phenotypes, 

including sensitivity towards inhibitors of protein synthesis and mitosis (Polevoda et al., 

2009b), combinatorial loss of N-acH4 with other internal lysine acetylation marks (H4K5, 

H4K8 and H4K12) results to synthetic growth defect (Schiza et al., 2013, Polevoda et al., 

2009b). Furthermore, the activity of Naa40 towards histone H4 in the yeast rDNA region is 

reduced during calorie restriction suggesting that Naa40 may act as a sensor for cell growth 

(Riesen and Morgan, 2009, Smith et al., 2009). Additionally, a study in mice showed that 

liver-specific Naa40 knockout males have aberrant lipid metabolism, reduced fat mass and 

are protected from age-associated hepatic steatosis (Liu et al., 2012). Collectively, these 
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findings demonstrate that Naa40 has numerous and vital roles in eukaryotes and stress the 

necessity for elucidating further the underling biological and molecular mechanisms by 

which Naa40 employs its function.  

 

1.6 Cancer epigenetics 

 

The genetic origin of cancer, is widely accepted. Mutations in key regulatory genes 

such as oncogenes (i.e RAS and MYC) or tumor suppressors (i.e P53 and RB) are 

responsible for aberrant cell growth and division, which ultimately lead to tumor 

formation, tumor progression, invasion and metastasis (Hanahan and Weinberg, 2011). 

Sustained proliferation signals and defective programmed cell death, the so called 

apoptosis, represent major causative factors in cancer development, as tumor cells in this 

way promote their growth and survival.  Recent advances in the field of cancer research 

have shown that global changes in the epigenetic landscape also culminate in malignant 

cellular transformation (Huang and Wen, 2015, Chen et al., 2016, Jones and Baylin, 2002, 

Jones and Baylin, 2007, Esteller, 2007, Berdasco and Esteller, 2010). Consequently, a 

comprehensive initiative has emerged to understand the implication of epigenetic 

regulators in cancer. Histone modifications majorly contribute to various biological 

processes, thus deregulation of the modifying enzymes actively contributes to the initiation 

and progression of human cancers, by evading apoptosis and acquiring a proliferative 

advantage. 

 

1.6.1 PRMTs in cancer 

 

Most of the members of the PRMT family are ubiquitously expressed and thus, it 

was of no surprise when their deregulation was found to be implicated in the pathogenesis 

of a number of different diseases, including cancer. Colon cancer, liver, breast and prostate 

cancers are only some of the malignancies that harbour aberrant expression of PRMTs 

(Zhang et al., 2015a, Zhang et al., 2015b, Goulet et al., 2007, Majumder et al., 2006). 

Arginine methyltransferases function in multiple cellular processes, including cell cycle 

progression, DNA-replication and transcription, which are fundamental for cancer cell 

survival and proliferation (Yoshimatsu et al., 2011). Abnormal PRMT expression or 

activity not only results in hypo- or hyper- arginine methylation of protein substrates but 
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also to the deregulation of all downstream events, including evasion of apoptosis (Cheung 

et al., 2007). 

Alterations in PRMT1 expression, mostly upregulation, has also been reported in 

human cancers, including breast, colon, lung, prostate, bladder cancer and leukaemia 

(Mathioudaki et al., 2011, Mathioudaki et al., 2008, Zou et al., 2012, Seligson et al., 2005, 

Yoshimatsu et al., 2011). More specifically, PRMT1 in breast cancer cells was shown to 

mediate the asymmetric dimethylation of H4R3 (H4R3me2a) at the Zinc Finger E-Box 

Binding Homeobox 1 (ZEB1) promoter. This resulted to its transcriptional activation 

which in turn induced epithelial-mesenchymal transition (EMT) and promoted migratory 

and invasive behaviours. In contrast, down-regulation of ZEB1 by PRMT1 knockdown, 

resulted in cellular senescence (Gao et al., 2016). Particularly, PRMT5 is reported to be up-

regulated in lung cancer, leukemia, lymphoma, ovarian cancer, and breast cancer (Gu et 

al., 2012, Pal et al., 2007, Pal et al., 2004, Powers et al., 2011, Cho et al., 2012, Bao et al., 

2013). A new study from Zhang et al., showed that PRMT5 is overexpressed in colorectal 

carcinoma and in patient-derived primary tumors and is responsible for increased cell 

growth and reduced patient survival (Zhang et al., 2015b). Interestingly, PRMT5 

knockdown reduced H4R3me2s and H3R8me2s levels on the promoter of two oncogenes 

(Fibroblast Growth Factor Receptor 3, FGFR3 and eukaryotic initiation factor 4E, elF4E) 

leading to their repression. Their inhibition, in turn, increased Bax/Bcl-2 ratio and induced 

apoptosis.  Collectively, this study supports the anti-apoptotic role of PRMT5 and more 

importantly, it provides new evidence on PRMT5 implication in transcriptional activation. 

Two recent studies also reveal the survival dependency of a large number of various cancer 

cell lines upon PRMT5. More specifically, they show that when methionine metabolism is 

disordered though MTAP (methylthioadenosine phosphorylase) deletion, which is essential 

for metabolising MTA (methylthioadenosine) to adenine and methionine, then PRMT5 is 

inhibited by the accumulation of MTA and cell proliferation and viability are impaired 

(Mavrakis et al., 2016, Kryukov et al., 2016). The increased metastatic potential of breast 

carcinoma has been also reported to be attributed to the overexpression of PRMT7 (Yao et 

al., 2014). This arginine methyltransferase was found to directly inhibit the activation of E-

cadherin promoter, by inducing symmetric dimethylation of arginine 3 in histone 4 

(H4R3me2s) and inhibiting H3K4me3, H3 acetylation and H4 acetylation.  Attenuation of 

cell migration and invasion was observed after PRMT7 knockdown, indicating that both 

epithelial markers and arginine methyltransferases could be manipulated in targeted cancer 

therapeutics against highly invasive cancers.  Altogether this evidence indicates that 
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targeting PRMTs, presents a promising clinical strategy for selectively inducing apoptosis 

and eliminating tumor cells. 

 
 
 

1.6.2 NATs in cancer 

 

Several recent studies have linked the various NAT enzymes to carcinogenesis 

(Kalvik and Arnesen, 2013, Aksnes et al., 2015a). For example, Naa10 (the catalytic 

subunit of NatA complex) has been proposed to behave both as an oncoprotein and as a 

tumor suppressor. In certain types of cancer tissues like breast, colorectal and lung cancers 

Naa10 is overexpressed (Yu et al., 2009a, Lee et al., 2010a, Ren et al., 2008) and functions 

as a pro-proliferative and anti-apoptotic factor since its depletion promotes p53-dependent 

apoptosis. On the other hand, Naa10 expression counter correlates with lung cancer 

progression and in xenograft experiments Naa10 overexpression suppresses tumor growth 

and metastasis (Hua et al., 2011). Furthermore, NatB is required for cell-cycle progression 

and depletion of its subunits in cancer cells results in growth arrest and sensitization of 

cells to pro-apoptotic stimuli (Ametzazurra et al., 2008, Starheim et al., 2008). Moreover, 

previous knockdown studies demonstrated that NatC is required for cancer cell survival 

and proliferation since its depletion induced p53-dependent cell-death in Hela and colon 

cancer cells (Starheim et al., 2009). NatC catalytic activity has been also correlated with 

glioblastoma growth and survival, as it was shown to regulate genes involved in the p53 

pathway, ribosome assembly, hypoxia response and cell proliferation (Mughal et al., 

2015).  Naa40 (NatD) deregulation has also been implicated in cancer. In a recent study, 

Naa40 was shown to be down-regulated in hepatocellular carcinoma whereas its 

overexpression enhanced drug-induced apoptosis that was dependent on its 

acetyltransferase activity (Liu et al., 2009). According to the Human Protein Atlas project, 

Naa40 protein levels vary in different cancer types, with the highest expression observed in 

colorectal, ovarian and prostate cancers and the lowest in lymphomas, glioma, renal and 

liver cancers (The Human Atlas, 2016). The collective data highlight the importance of 

investigating the role of NATs in different cancer tissues. In addition, the data indicate that 

their manipulation represents an attractive therapeutic strategy for inducing cell-cycle 

arrest or apoptosis in cancer cells. 
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1.7 Apoptosis 

 

Apoptosis or Programmed cell death has been recognized and accepted as the 

altruistic decision of cells for committing suicide (Hotchkiss et al., 2009, Wyllie, 2010, 

Portt et al., 2011, Kerr et al., 1972). It represents a tightly regulated physiological process 

for cell elimination that occurs normally during development, such as the removal of inter-

digital cells during limb formation in embryogenesis (Zuzarte-Luis and Hurle, 2002). It is 

also critically implicated in aging, tissue homeostasis and immune response against 

damaged or infected cells (Czabotar et al., 2014, Labbe and Saleh, 2008, Elmore, 2007, 

Vicencio et al., 2008, Norbury and Hickson, 2001). Failure of cells to appropriately induce 

apoptosis has been reported to majorly contribute to the pathogenicity of many diseases, 

including malignancies. Evasion of apoptosis has been established as a prominent hallmark 

of cancer, thus the goal of many therapeutic strategies is to trigger tumor-selective cell 

apoptosis (Kasibhatla and Tseng, 2003, Hanahan and Weinberg, 2011). 

 

1.7.1 Mechanisms of apoptosis 

 

The mechanisms of apoptosis are highly complex and trigger nicely-orchestrated 

events in order to promote death and eradication of undesired cells. Apoptosis is mainly 

induced by two major routes; one that receives signals from the extracellular environment, 

the so called extrinsic pathway, and another one that is initiated by intracellular stimuli, 

known as the intrinsic or mitochondrial pathway (Parrish et al., 2013, Ashkenazi and Dixit, 

1998). It was believed that these two pathways work independently. Now, it is widely 

known that both apoptotic processes can crosstalk and that molecules in one pathway can 

influence the other (Igney and Krammer, 2002). Overall, both extrinsic and intrinsic 

pathways converge to activate a series of cysteine aspartyl-specific proteases (caspases), 

which subsequently chop critical proteins to initiate cell dismantling (Koff et al., 2015).  

So far, 15 different caspases (Ca2+-independent proteases) have been described in 

mammalian genomes, however only 11 have been identified in humans (caspase -1 to -10 

and caspase -14) (Sadowski-Debbing et al., 2002, Eckhart et al., 2005). All 15 proteases 

are expressed as inactive pro-enzymes (zymogens) which become activated once their 

aspartic acid peptide bonds are proteolytically cleaved. Caspases can be divided into two 

types: the initiator (apical) caspases and the effector (executioner) caspases. The initiator 

caspases (caspase-1, -2, -4, -5, -8, -9 and -10) activate the caspase-cascade by cleaving 
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downstream effector caspases, whereas effector caspases (caspase -3, -6, -7, -14) have a 

broader spectrum of protein substrates (Lamkanfi, 2011, Taylor et al., 2008).   

 

1.7.1.1 Extrinsic apoptosis 

 

The extrinsic apoptotic pathway connects the extracellular microenvironment to the 

intracellular compartment. It is initiated through the binding of specific death ligands (i.e. 

FasL) to their corresponding transmembrane death receptors of the tumor necrosis factor 

(TNF) receptor superfamily (i.e Fas receptor) (Locksley et al., 2001). These receptors are 

composed of cysteine-rich extracellular domains and a ‘‘death domain’’ that faces the 

cytoplasm. Upon ligation, death receptors oligomerise and recruit adapter molecules (i.e. 

FADD) to the ‘‘death domain’’, which in turn stimulates the recruitment and dimerization 

of initiator caspase-8. Adapter molecules and initiator caspase form the multi-protein 

signalling platform, known as the death-inducing signalling complex (DISC) (Ashkenazi 

and Dixit, 1998, Fulda and Debatin, 2006). Upon recruitment, caspase-8 becomes activated 

and initiates a proteolytic cascade by directly cleaving and activating the downstream 

effector caspases-3, -6 and -7 (McIlwain et al., 2013). Additional death receptors that 

participate in the extrinsic apoptotic pathways include the TRNFR1-TNFα ligand complex 

and the DR4/5–Apo2 L/TRAIL ligand complexes (Parrish et al., 2013). The extrinsic 

pathway is outlined in Figure 9. Active caspase-8 can also engage intrinsic apoptosis (see 

below), through the proteolytic processing of Bid, a pro-apoptotic protein of the Bcl-2 

family. Truncated Bid (tBid) will translocate to mitochondria to initiate local damage and 

release of pro-apoptotic proteins from the mitochondrial inter-membrane space (Li et al., 

1998, Esposti, 2002).  

 

1.7.1.2 Intrinsic apoptosis 

 

The intrinsic apoptotic pathway, which is often considered as the main barrier to 

carcinogenesis (Hanahan and Weinberg, 2011), is also referred as the mitochondrial 

pathway due to the central role of these organelles. Mitochondria are essential for the 

survival of cells, mainly because they are implicated in biosynthetic processes such as ATP 

generation. In the mid-1990s, evidence emerged implicating mitochondria to the induction 

of apoptotic cell death. Specifically, the localisation of the anti-apoptotic Bcl-2 protein to 

the outer mitochondrial membrane was shown to maintain cell survival. In contrast, the 

inhibition of the protein resulted in mitochondrial changes and the release of pro-apoptotic 
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factors to the cytoplasm, which led to the induction of apoptosis (Hockenbery et al., 1990, 

Hockenbery et al., 1993, Newmeyer et al., 1994, Kroemer et al., 1995, Zamzami et al., 

1996, Kluck et al., 1997). Over the years, accumulating evidence verified the 

abovementioned and indicated that the intrinsic pathway is initiated by intracellular 

regulators that belong to the Bcl-2 protein family. This family comprises of anti-apoptotic 

(like Bcl-2, Bcl-XL, Bcl-w and BAG) and pro-apoptotic (like Bax, Bak, PUMA and 

NOXA) factors, whose equilibrium determines whether a cell will undergo apoptosis by 

inducing outer mitochondrial membrane permeabilisation (MOMP) (Oltvai et al., 1993). 

Anti-apoptotic Bcl-2 proteins, which are constitutively bound to mitochondria, can trap 

and block the oligomerisation of pro-apoptotic proteins (Youle and Strasser, 2008). If the 

number of pro-apoptotic proteins exceeds the number of anti-apoptotic ones, then they are 

able to oligomerise with each other, translocate from cytosol to the outer membrane of the 

mitochondria, block anti-apoptotic Bcl-2 proteins, form pores and induce MOMP.  MOMP 

initially leads to the release of cytochrome-c from the inter-membrane space of the 

mitochondrion into the cytosol. Binding of cytochrome-c to the apoptotic protease 

activating factor 1 (Apaf-1) will form the apoptosome. This will eventually mediate the 

activation of the initiator caspase-9, which is specific for the intrinsic pathway (Bednarek 

and Kilianska, 2005, Brentnall et al., 2013). Once caspase-9 activates, it cleaves and 

activates the effector caspases -3, -6 and -7. These effector caspases subsequently cleave 

several other substrates, promoting numerous cellular changes that will lead to apoptosis. 

The regulatory steps of the intrinsic/mitochondrial apoptotic pathway are depicted in 

Figure 9.  

Poly(ADP-ribose) polymerase-1 (PARP-1) is among the several protein substrates 

of effector caspases, which has a pivotal role in the DNA damage response (Weaver and 

Yang, 2013). In the absence of DNA damage, the levels of PARP-1 remain low. Upon 

single- or double-strand breaks, PARP-1 is overexpressed in order to induce the DNA-

base-excision-repair mechanism. However, in the presence of excessive DNA damage, 

cells engage the apoptotic machinery instead of the repairing mechanisms. Inactivation of 

the 116kDa PARP-1 protein is achieved through cleavage by caspases that will result in the 

formation of two fragments: the 89kDa C-terminal fragment which possesses minor 

catalytic activity and the 24kDa N-terminal peptide that is essential for the downstream 

inactivation of the uncleaved nuclear PARP-1 (Soldani and Scovassi, 2002, Chaitanya et 

al., 2010).  
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Figure 9. The extrinsic and intrinsic pathways of apoptosis. The apoptotic signalling in the 

extrinsic pathway is initiated through the binding of a ligand to the corresponding death-receptor. 

Adaptor proteins are recruited to the receptor and allow the binding of the initiator pro-caspase-8. 

The DISC complex that is formed eventually leads to the activation of caspase-8 which will 

activate downstream effector caspases-3, -6 and -7.  The intrinsic pathway is initiated once pro-

apoptotic proteins of the Bcl-2 family translocate to the outer mitochondrial membrane, causing 

mitochondrial membrane permeabilisation (MOMP). This leads to the release of cytochrome-c 

from the inner membrane of mitochondrion to the cytoplasm, the formation of the apoptosome and 

the activation of the initiator caspase-9. Active caspase-9 cleaves and activates effector caspases-3,-

6 and -7 which will further cleave other substrates to carry on and complete apoptosis (caspase-8 

may be one of those target substrates). The two pathways may communicate. For instance, caspase 

-8 can induce mitochondrial apoptosis through cleavage and translocation of tBid pro-apoptotic 

protein to mitochondrial outer membrane which will form pores and facilitate MOMP events 

(Parrish et al., 2013, Fan et al., 2005). 
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1.7.1.3 Endoplasmic reticulum stress-induced apoptosis 

 

The initiator murine caspase-12 (homologue of human caspase-4), has been shown 

to mediate apoptosis through the Unfolded Protein Response (UPR) (Martinez et al., 

2010). UPR apoptotic pathway is activated upon endoplasmic reticulum (ER) stress, which 

arises mainly due to the accumulation of unfolded or misfolded proteins in ER lumen 

and/or the perturbation of calcium ion homeostasis (Fan et al., 2005). For the execution of 

apoptosis through the UPR machinery, the apoptotic transcription factor C/EBP 

homologous protein (CHOP; also known as DNA damage inducible transcript-3, DDIT3) 

is normally induced (Vandewynckel et al., 2013). CHOP protein regulates positively or 

negatively the transcription of pro-apoptotic (i.e PUMA and Bim) or anti-apoptotic genes 

(i.e Bcl-2), respectively. Thus, in response to UPR activation, mitochondrial apoptosis can 

be triggered or inhibited. In addition, it has been reported that caspase-12 can cleave and 

activate caspase-9, which will ultimately activate the effector caspases -3, -6 and -7 

(Morishima et al., 2002).  Reversely, mitochondrial apoptosis induction can be responsible 

for CHOP activation. Active caspase-7 which results through induction of the intrinsic 

apoptotic cascade can translocate from cytosol to ER membrane and activate caspase-12 

(Rao et al., 2001). Altogether emphasise that both UPR and intrinsic apoptosis are 

interconnected.  

 

1.7.1.4 Caspase-independent apoptosis 

 

Cells, apart from caspase-dependent apoptosis, can also undergo caspase-

independent programmed cell death (CI-PCD).  CI-PCD is defined as death that ensues 

when caspases fail to activate. Just like in intrinsic apoptosis, mitochondria play a central 

role as they should undergo MOMP to release pro-apoptotic factors. Similar important 

roles play the lysosomes and ER, which release and activate other pro-apoptotic factors, 

known as cathepsins and calpains (Broker et al., 2005). 

During CI-PCD, pro-apoptotic proteins like apoptosis-inducing factor (AIF) and 

endonuclease G (endoG) are released from mitochondria. These apoptotic mediators exert 

their function in nucleus, thus their translocation from the cytoplasm is necessary (Sun et 

al., 2016). Within the nucleus, AIF and endoG induce chromatin condensation and large-

scale DNA fragmentation (≥50Kb pieces) (Joza et al., 2001, Li et al., 2001). Since these 

represent late apoptotic events, CI-PCD through AIF and endoG takes place only when 

cells have already committed to die (Tait and Green, 2008, Elmore, 2007). Regulated and 
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selective lysosomal permeabilisation leads to the release of lysosomal cathepsin-proteases 

to cytosol. Cytosolic cathepsins can either translocate to nucleus to induce bile-salt induced 

apoptosis (Roberts et al., 1997) or remain in cytosol to cleave Bid (Cirman et al., 2004) and 

induce tBid and Bax translocation to mitochondria for subsequent mitochondrial 

permeabilisation (Bidere et al., 2003). Moreover, cathepsins may cleave and activate 

caspases, thereby it is suggested that lysosomal destruction is often an early apoptotic 

event (Vancompernolle et al., 1998). Furthermore, CI-PCD can be triggered by ER stress, 

which causes intracellular calcium influx. The increased calcium levels activate calpain 

proteases (Ca2+-activated neutral cysteine) (Wingrave et al., 2003) in the cytoplasm which 

can either activate Bcl-2 pro-apoptotic protein members for triggering caspase-activation 

or release lysosomal cathepsins to initiate the abovementioned apoptotic events (Neumar et 

al., 2003, Yamashima, 2004). 

 

1.7.2 Inhibition of apoptosis 

 

Inhibition of apoptosis is central for cell viability. Whether this is achieved under 

physiological or pathological conditions, it requires the inhibition of pro-apoptotic proteins 

and/or the enhanced expression of anti-apoptotic factors.  Dysfunctional programmed cell 

death is a major causative factor in the development and progression of tumorigenesis. 

Identifying and targeting the mediators that contribute to the blockade of apoptosis could 

induce this biological process and hence, perturb the viability of cancer cells.  

 

1.7.2.1 Inhibitors of Apoptosis proteins (IAPs) 

 

Inhibitors of Apoptosis Proteins (IAPs), represent an evolutionarily conserved 

family of proteins that can negatively regulate the activity of initiator and effector caspases 

and can positively regulate cell migration (Oberoi-Khanuja et al., 2013) (Crook et al., 

1993). Their expression and activity in many cancer types has been shown to promote 

survival and resistance to chemotherapy (Wright and Duckett, 2005, Fulda and Vucic, 

2012). Thereby, IAPs are attractive targets in anti-cancer treatments (Hunter et al., 2007). 

The mammalian IAP family consists of eight protein members (NAIP, XIAP, Survivin, c-

IAP1, c-IAP2, Livin, ILP2 and BRUCE/Apollon) that all contain at least one baculoviral 

IAP repeat (BIR) domain (Oberoi-Khanuja et al., 2013). BIR is essential for the 

coordination of protein-protein interactions. Most IAPs contain also a RING domain 

(XIAP, c-IAP1, c-IAP2, Livin, ILP2) which confers to the proteins an E3 ubiquitin ligase 
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activity for promoting proteosomal degradation of target proteins (Blankenship et al., 

2009). IAPs exist in the cytosol and are frequently found as heterodimers (Rajalingam et 

al., 2006).  An example, is the heterodimeric complex of survivin and XIAP which has 

been shown to promote increased XIAP stability and induce cell survival through 

inhibition of caspases -3, -7 and -9 activation (Dohi et al., 2004). A potent inhibitor of 

IAPs, is the pro-apoptotic Smac/DIABLO protein that is released from mitochondria after 

MOMP to disrupt IAP’s activity against caspases (Salvesen and Duckett, 2002, Tait and 

Green, 2010). However, XIAP, c-IAP1, and c-IAP2 have been also demonstrated to 

ubiquitinate Smac/DIABLO and subsequently, block apoptotic cascade (MacFarlane et al., 

2002, Hu and Yang, 2003). 

 

1.7.2.2 Epithelial-mesenchymal transition (EMT)  

 

Apoptosis is the main mechanism triggered in cells to eliminate unwanted cells and 

ensure proper development. Several lines of evidence support that the adhesive phenotypes 

of cells, are closely interconnected with cell survival or cell death decisions. Huge 

scientific interest focuses on epithelial-mesenchymal transition (EMT) of cells, which is 

required for development and physiological responses to injury as well as during human 

cancer development (Kiesslich et al., 2013, Thiery, 2002, Thiery et al., 2009, Thiery and 

Sleeman, 2006). EMT represents a series of biochemical cellular changes that enable 

epithelial, polarised and tightly anchored cells to acquire a mesenchymal phenotype. This 

phenotype of cells contributes enormously in cancer progression, as it includes enhanced 

migratory capacity, invasiveness, resistance to apoptosis and elevated production of 

multiple proteins that will compose the extracellular matrix (ECM) (Radisky, 2005, Kalluri 

and Weinberg, 2009) (Yao et al., 2011). Therefore, EMT mechanisms represent an integral 

component of the progression of tumors to malignant states. Over the years, the 

fundamental role of the extracellular matrix (ECM) in the survival of cells has been clearly 

demonstrated (Santini et al., 2000). The ECM is composed of a variety of proteins, 

including collagen, laminins and fibronectin, that provide structural support to cells or 

tissues.  Notably, fibronectin influences a variety of cellular functions apart from cell 

adhesion, including migration, metastasis, differentiation, and growth and therefore, has 

been linked to cancer survival and progression (Han and Roman, 2006). In contrast, 

reduced levels of fibronectin lead to the induction of apoptosis (Wu et al., 2005, Fornaro et 

al., 2003). Vimentin, an intermediate filament protein of cytoskeleton, is also a marker of 

mesenchymal cells which is involved in cell adhesion, migration and cell signalling 
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(Mendez et al., 2010). Caspase cleavage of vimentin, not only leads to mesenchymal-

epithelial transition of the cell, but also promotes mitochondrial apoptosis (Byun et al., 

2001). The transmembrane protein E-cadherin on the other hand, has been shown to 

suppress invasion, metastasis and proliferation. As a result, down-regulation of this 

epithelial marker is commonly observed in different cancers (Ferreira et al., 2005, Liu and 

Chu, 2014). 

 

1.7.3 Cell cycle and apoptosis 

 

Cell proliferation and cell death decisions, are tightly related. Both processes share 

common protein factors, thus manipulating their expression and activity may either prevent 

or activate specifically one of the two cellular responses (King and Cidlowski, 1995, Saini 

and Sanyal, 2015). This linkage has been recognized for tumor suppressor genes such 

as p53,  RB and PUMA, the dominant oncogene, c-Myc, several cyclin-dependent kinases 

(Cdks), cyclins and their regulators, like p21(Pucci et al., 2000). Exploiting the knowledge 

gained by studying the connection between cell cycle progression and apoptosis enables us 

to propose novel desirable strategies to circumvent cancer progression. 

Cell cycle is responsible for cell proliferation, in other words for cell duplication. 

Prior to mitosis (M phase), the cell grows (G1 and G2 phases) and duplicates its DNA (S 

phase). The progression of cell through the different phases is rigorously orchestrated by 

different serine/threonine kinases, known as Cdks and their activating subunits, known as 

cyclins (Pucci et al., 2000). The control of cell cycle by different Cdks/cyclins is 

represented in Figure 10. In conditions where the cell should stop dividing, i.e for DNA 

repair, p21 protein acts as an inhibitor of Cdks to induce cell cycle arrest.  If excessive 

DNA damage occurs, then the cell does not re-enter cell cycle and instead, apoptosis is 

induced. The P53 tumor suppressor is another protein with fundamental cellular functions, 

as it is involved in G1 or G2/M cell cycle transitions, in apoptosis, DNA repair and ensures 

genomic integrity (Levine, 1997). Mutations on P53 gene are observed in more than half of 

all human cancers, leading to the deregulation of all the over-mentioned processes (Joerger 

and Fersht, 2007).  
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Figure 10. Cell cycle control by cdk/cyclin complexes. Cyclins increase during the phase of the 

cell cycle in which they are required and decrease during phases in which they are not 

needed. When cells undergo differentiation, they exit cell cycle ant enter into a quiescent state 

referred to as G0. 

 

 

1.7.4 Differentiating apoptosis from necrosis 

 

 Apart from the very well-coordinated apoptotic process, cells can be also 

eliminated by other mechanisms, such as necrosis. Necrosis can occur independently of 

apoptosis, sequentially or simultaneously (Zeiss, 2003, Hirsch et al., 1997). While 

apoptosis is often an energy-dependent process that affects individual cells or clusters of 

cells, necrosis is an energy-independent mode of death that affects many groups of 

neighbouring cells. In many cases, the decision of cells regarding which two processes to 

follow depends upon the type of the initial stimulus or the amount of stimulus given. For 

example, at low doses, stimuli such as radiation, hypoxia or anti-cancerous dugs lead to the 

induction of precisely regulated apoptosis, whereas higher doses of the same stimuli will 

result in necrosis (Elmore, 2007).   

Apoptosis and necrosis have distinct and peculiar morphological traits (Ziegler and 

Groscurth, 2004). During early events of the apoptotic process the cell shrinks, the 

cytoplasm and organelles become tightly packed and pyknosis takes place. Pyknosis, is the 

most characteristic event of apoptosis and involves the irreversible condensation of 

chromatin.  What follows is the fragmentation of nucleus, known as karyorrhexis, the 

blebbing of the intact plasma membrane and the formation of apoptotic bodies with ‘‘eat-

me’’ or ‘‘find-me’’ signals on their surface, so that will be eventually engulfed and 

digested by nearby phagocytic cells and lysosomes (Vandenabeele et al., 2010, Elmore, 

2007, Czabotar et al., 2014, Martin et al., 2012). In this way, autoimmune reactions, 
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inflammation or tissue destructions are prevented.  On the other hand, necrosis leads to 

karyolysis (the nuclear fading due to the action of DNAses and RNAses) and cell swelling 

(oncosis), which will culminate in the disruption of plasma membrane and the release of 

cellular content (i.e danger-associated molecular patterns, DAMPs) in the surrounding 

environment (Martin et al., 2012). Therefore, necrosis is considered to be a cytotoxic 

process since it can trigger inflammatory responses (Nagata et al., 2010, Galluzzi and 

Kroemer, 2008, Grivennikov et al., 2010). A shared biochemical network between the two 

processes is also described, indicating that the apoptosis and necrosis can overlap (Zeiss, 

2003). For example, deprivation of intracellular ATP or unavailability of caspases could 

convert an ongoing apoptotic process to necrotic. In addition, despite the well-defined 

differences between apoptosis and necrosis, accumulating evidence supports that necrosis 

should be also considered as the natural outcome of the complete apoptotic program. The 

so-called secondary necrosis involves the autolytic disintegration of cells that takes place 

only when apoptosis is fully evolved. When phagocytosis is inefficient, apoptotic bodies 

progressively lose integrity and their content is released into the extracellular milieu (Silva, 

2010). Interestingly, PARP-1 is also processed during necrosis. The necrotic cleavage of 

PAPR-1 though, results in a fragment of 50 kDa due to the activity of lysosomal proteases 

(Shah et al., 1996, Gobeil et al., 2001).   Figure 11 illustrates the process of apoptosis, 

secondary necrosis and necrosis and their differential features.  
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Figure 11. Apoptotic, necrotic and secondary necrotic forms of cell death. Induction of 

apoptosis leads to the removal of apoptotic cells by phagocytes. Secondary necrosis may follow 

apoptosis, when phagocytosis is inefficient. Apoptosis and secondary necrosis do not elicit immune 

responses. In contrast, necrotic cells spill out their contents which exhibit potent inflammatory 

properties. 
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CHAPTER 2  

SIGNIFICANCE, HYPOTHESIS AND AIMS 

________________________________________________________________________________ 
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2.1 Significance 

 

The majority of eukaryotic proteins are subjected to N-terminal acetylation, by N-

terminal acetyltransferases (NATs). Over the last years, NATs have attracted growing 

attention due to the various functional consequences that arise from N-terminally modified 

proteins. Protein degradation, translocation and complex formation are only some of the 

specific molecular functions for Nt-acetylation (Starheim et al., 2012). Importantly, NAT 

deregulated expression and activity has a central role in the development and progression 

of pathological conditions, including cancers (Kalvik and Arnesen, 2013). The acquired 

capability of cancer cells to evade programmed cell-death by apoptosis enables them to 

sustain their proliferative potential that eventually leads to tumor development, invasion 

and metastasis. Efforts to trigger apoptosis and re-establish this crucial natural barrier to 

tumorigenesis have also been the focus in several cancer therapy studies (Helin and 

Dhanak, 2013, Feng et al., 2010, Bhola and Letai, 2016, Karlic et al., 2014). Interestingly, 

knockdown studies have shown that depletion of NAT enzymes promotes p53-dependent 

cell death (Yu et al., 2009a, Lee et al., 2010a, Ren et al., 2008, Starheim et al., 2009), 

suggesting that NATs could represent key targets in cancer therapies. The first specific 

NAT inhibitors that resemble known substrates of NAT proteins have been developed and 

is anticipated that in the future, will be exploited as potent therapeutic drugs against NATs, 

in vivo (Foyn et al., 2013). The implementation of such inhibitors should be though, 

carefully assessed, since NATs have been shown to behave both as oncoproteins and 

tumor-suppressors in different cancer types (Kalvik and Arnesen, 2013, Lee et al., 2010a, 

Arnesen et al., 2006, Hua et al., 2011, Yi et al., 2011, Ren et al., 2008, Kuo et al., 2010), 

suggesting that their regulation is more complex than previously believed and that possibly 

their role is context-dependent. 

Nt-acetyltransferase Naa40, is unique among other NATs because it can target and 

acetylate only two substrates both in yeast and humans, histones H4 and H2A (Song et al., 

2003). Since histone modifications control various DNA-template processes, it is very 

likely that this acetyltransferase regulates transcriptional outcomes. The only evidence in 

support of this, comes from a recent study showing that the Naa40 yeast orthologue 

regulates rRNA expression (Schiza et al., 2013). Therefore, efforts in elucidating whether 

this role also holds true for the human Naa40 will ultimately lead to a deeper 

understanding of its function in mammalian cells. If this function of Naa40 is conserved, 

one could easily hypothesize that inhibition of Naa40 could induce detrimental 
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consequences to cancer cells, as it has been shown that overexpression of rRNAs is 

necessary for cancer cell survival (Uemura et al., 2012, Ghoshal et al., 2004, Drygin et al., 

2010, Ruggero and Pandolfi, 2003, White, 2005, Williamson et al., 2006). It is also 

intriguing to speculate that the activity of Naa40 towards histone proteins could affect the 

transcriptional activation of pro- or anti-apoptotic genes implicated in various survival 

pathways. This is supported by the fact that loss of other NATs triggers p53-dependent 

apoptosis. Furthermore, it has been proposed that Naa40 plays a critical role in cancers, 

since its expression controls the viability of hepatocellular carcinoma (Liu et al., 2009). 

According to Human Protein Atlas, the levels of Naa40 vary among different cancer types 

(The Human Atlas, 2016) and hence, ways to inhibit or induce its activity in tumors should 

be considered. Recent studies have deciphered the molecular structure of Naa40, shedding 

light into how Naa40 recognises, targets and binds to its histone substrates (Magin et al., 

2015, Jedrzejewski and Kazmierkiewicz, 2013). These findings provide valuable 

information that could help in the design and synthesis of Naa40 specific inhibitors. Future 

research studies should focus on exposing the hidden biological functions of Naa40 and its 

underlying molecular mechanisms, in order to effectively exploit this enzyme in cancer 

therapy. 

Although the Nt-acetylation mark does not change the charge of the targeted amino 

acid, it can neutralise the positive charge of the free α-amino group, and thereby efficiently 

block it for further ionization and other modifications. This could suggest that the 

underlying mechanisms for transcriptional regulation by Naa40 could implicate the 

exclusion or induction of other modifications, found adjacent to the N-terminus. Indication 

for such cross-talk was reported to occur in yeast, where N-acH4 and H4R3me2a 

modifications are mutually exclusive (Schiza et al., 2013). Taking into consideration that 

epigenetic modifications do not function alone but work synergistically or antagonistically 

with other chemical marks, an identified cross-talk between Naa40 and some other 

modifying enzymes could be exploited in the diagnosis of pathological conditions, like 

cancers. Additionally, the induction or repression of gene expression by manipulating such 

cross-talk, could be exploited in the development of novel strategies in the treatment of 

diseases.  

Collectively, the current knowledge emphasizes the importance of investigating the 

biological function of Naa40 and its regulatory mechanisms in depth in an attempt to 

exploit this unique N-terminal acetyltransferase as a viable strategy in targeted cancer 

DEMETRIA PAVLO
U



37 
 

therapies.  To achieve this goal we addressed the following hypothesis through two 

specific research aims. 

 

2.2 Hypothesis and Aims 

 

In this project, we sought to explore the link between histone N-terminal 

acetylation (N-acH4) mediated by Naa40 and colorectal cancer. Our overall hypothesis is 

that aberrant Naa40 expression and thus histone acetyltransferase activity may be 

implicated in colorectal carcinogenesis. This hypothesis is supported by the following 

facts: 

a) Naa40 is differentially expressed among various cancer and non-cancerous tissues, 

suggesting that its function may be implicated in carcinogenesis (The Human 

Atlas, 2016).  

b) Naa40 is down-regulated in hepatocellular carcinoma, whereas its overexpression 

triggers apoptosis (Liu et al., 2009), pointing out that Naa40 has a tumor-

suppressor activity. 

c) Colorectal cancer cells depleted for Naa40 exhibit morphological features of cell 

death. 

d) Naa40 acetylates specifically the N-terminus of histones H2A and H4 across 

eukaryotes (Hole et al., 2011, Song et al., 2003, Polevoda et al., 2009b). Its 

conservation suggests that Naa40 could control fundamental cellular processes 

through transcriptional regulation of genes. 

 

To examine our hypothesis, the following aims are proposed: 

Specific Aim 1: Investigate the biological role of Naa40 in colorectal carcinoma  

Preliminary results showed that Naa40 protein expression is significantly elevated in colon 

cancer cells compared to liver cancer cells. In addition, colorectal cancer cells depleted for 

Naa40 exhibit morphological features of cell death such as cellular rounding and 

detachment. Thus, we hypothesize that Naa40 could behave as an oncoprotein in colorectal 

carcinoma.  

Specific Aim 2: Investigate the molecular role of Naa40 in gene regulation 
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We recently showed that in yeast, N-acH4 acts as a transcriptional activation mark, since it 

promotes rRNA expression by inhibiting the deposition of an adjacent histone H4 

modification, namely arginine 3 asymmetric dimethylation (H4R3me2a) (Schiza et al., 

2013). Thus, we hypothesize that Naa40 regulates gene expression through its histone 

catalytic activity, in a similar way as in yeast and we aim to reveal the molecular function 

of Naa40 towards rRNA expression. Importantly, rRNA silencing in human cells could 

impact on cell growth and proliferation, as rRNA overexpression has been linked with 

cancer survival and progression (Uemura et al., 2012, Ghoshal et al., 2004, Drygin et al., 

2010, Ruggero and Pandolfi, 2003, White, 2005, Williamson et al., 2006) . Since Naa40 

targets histone proteins only, Naa40 activity towards histone proteins could also affect the 

transcriptional outcome of other genes, as well. Additionally, N-acH4 in yeast, antagonizes 

H4R3me2a levels to control rRNA expression (Schiza et al., 2013). Therefore, in humans, 

a cross-talk with other modifications to bring about transcriptional outcomes in 

mammalian cells will be also explored. 
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CHAPTER 3  

MATERIALS AND METHODS 

________________________________________________________________________________ 
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Cell culture and reagents 

 

HCT116 cell lines (HCT116 p53+/+ and HCT116 p53-/-) were kindly provided by Dr. 

Bert Vogelstein (Johns Hopkins University) (Bunz et al., 1998) and were cultured for no 

more than 15 passages in McCoy’s 5a medium supplemented with 10% fetal bovine serum 

and 1% antibiotic (penicillin/streptomycin). HT-29 and STO cell lines were purchased 

from ATCC (catalogue no. HTB-38 and CRL-1503, respectively) and were cultured for no 

more than 10 passages in McCoy’s 5a and DMEM media, respectively, supplemented with 

10% FBS and 1% pen/strep. The cells were maintained at 37°C under 5% CO2. McCoy’s 

and DMEM media, FBS, penicillin-streptomycin and trypsin were purchased from Gibco, 

Invitrogen. All cell-lines used were routinely checked for mycoplasma contamination 

according to the protocol established by Harasawa and colleagues (Harasawa et al., 1993). 

The caspase-9 inhibitor z-LEHD-fmk was purchased from BD Pharmingen and DMSO 

from Gibco, Invitrogen. Target cells were preincubated with 5μΜ of either z-LEHD-fmk 

or DMSO, 2h prior siRNA treatment. Fresh inhibitor was reintroduced to cells 6h and 24h 

post-transfection to ensure the continued presence of active inhibitor. 

 

RNA interference 

 

siRNA against human and mouse Naa40 and negative controls were purchased from 

GenePharma (Shanghai, China). Human negative control anneals from 

UUCUCCGAACGUGUCACGUTT and ACGUGACACG UUCGGAGAATT. Human 

Naa40 siRNA1 and Naa40 siRNA2 sequences were taken from Liu et al. 2009 [49], and 

anneal from 5’-CUUUCCCAGUGUUCAAGAATT-3’ and 5’-UUCUUGAACACUGG 

GAAAGTT-3’ for siRNA1 and 5’-GAAGGUUAUGUUAACAGUATT-3’ and 5’-

UACUGUUAACAUAACCUUCTT-3; for siRNA2. siRNA sequences against mouse 

Naa40 anneal from 5’-‘-CAUAAUCAUGGCGCCUAUCTT-3’ and 5’-GAUAGG 

CGCCAUGAUUAUGTT-3’ for siRNA1 and 5’-CAGAGAGUCCUUUCUUGCUTT-3’ 

and AGCAAGAAAGGACUCUCUGTT for siRNA2. Mouse negative siRNA control 

anneals from 5’-CAGCUGAUUUCGUUCGUUCTT-3’ and 5’-GAACGAACGA 

AAUCAGCUGTT-3’. All cells were seeded in antibiotic free medium such that they will 

be ~30% confluent (HCT116 and HT-29 cells) or ~60% confluent (STO cells) at the time 

of transfection and were transfected with siRNA oligo-nucleotides using Lipofectamin 
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RNAiMAX (Invitrogen) according to manufacturer instructions, to a final concentration of 

7.5 nM (HCT116 and STO cells) or 25nM (HT-29 cells).  

Primer Design for RT-PCR and ChIP analysis 

 

DNA or mRNA (CDS) sequences were obtained from the UCSC Genome Browser 

(https://genome.ucsc.edu/) or the NCBI database (http://www.ncbi.nlm.nih.gov/). The 

sequence was entered in ‘‘Primer3 Input’’ online software and primer parameters were 

adjusted as shown: primer length of 18-22 base pairs, primer melting temperatures (Tm) in 

the range 59-61 °C and a product size of 50-150 bp. Specificity of primers was confirmed 

through UCSC blast analysis. Primer sequences were provided by Integrated DNA 

Technologies (IDT). 

 

Gel Electrophoresis  

 

Agarose gel electrophoresis was performed in order to determine the quality of the RNA 

samples and to check DNA fragmentation during the sonication optimization for ChIP 

analysis.  Gel electrophoresis was performed using 1% agarose gel. 0.4g dry agarose 

powder (Biorad, #AC003522500) suspended in 40ml 1X TAE buffer (40mM Tris, 20mM 

glacial acetic acid, 1mM EDTA pH 8.0 and ddH2O) and heated in order to be dissolved. 

0.8µl of Ethidium Bromide (Sigma Aldrich, #030M8710) was added. Solution was then 

poured into a plastic casting tray for 15 minutes to solidify. 1X TAE buffer was poured to 

cover the agarose gel. Before the loading, samples were mixed with 2µl of 5x Loading 

buffer (Invitrogen, #10816-015) and 7µl of ddH2O. 4µl of 1Kb DNA ladder (Invitrogen, 

#10488-072) was used as a molecular weight standard. The electrophoresis was performed 

in 1x TAE buffer at 100 V/cm for 20 minutes. Bands were visualized under UVP 

bioimaging system.    

 

Gene Expression analysis 

 

Total RNA was isolated using the RNease Mini kit according to the manufacturer’s 

instructions (Qiagen). DNAse treatment was followed using the TURBO DNA-free kit. To 

10μg of total RNA, 5μl of TURBO DNAse buffer and 1μl of TURBO DNAse were added 

to a final volume of 50μl and the mixture was incubated at 37°C for 30 minutes. The 

mixture was re-incubated for 30 more minutes after the re-addition of another 1μl of 
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TURBO DNAse. The reaction ended with the addition of 5μl of DNase inactivation 

reagent and the mixture was left to set for 2 minutes at RT. After centrifugation (2’ x 

14000rpm (18400rcf)), the supernatant was collected in a fresh tube and RNA quantity and 

quality was measured with nanodrop. Synthesis of cDNA from total RNA was 

accomplished using PrimeScript RT reagent Kit (Takara). 0.5μg of total RNA were 

reversed transcribed in 10μl of reaction mixture, which included 2μl of 5x PrimeScript 

Buffer, 0.5μl of PrimeScript RT enzyme Mix I, 0.5μl of oligo dT primer (50μM), 0.5μl of 

random hexamers (100μM) and RNase free water. The reaction mixture was incubated for 

15 minutes at 37°C and for 5 seconds at 85°C. cDNA was diluted in DNAse RNase-free 

water so that the concentration of every sample was 0.5ng/μl. For Real Time PCR, the 

following mixture was prepared in each well of a multiplate 96-well PCR plate:  5μl 

KAPA SYBR Green (SYBR Green Fast qPCR Master Mix), 1μl cDNA, 3μl ddH2O and 

1μl primer pair mix (40ng of each primer). Reactions were incubated in Biorad CFX96 

Real-Time System using the following programme 

1. 95C, 2 min 

2. 95C, 2 sec 

3. 60 C, 20 s  

4. 60 C, 1 s  

5. Back to step 2 for 39 more cycles 

6. 72C to 95C, 5 sec 

 

The PCR products were normalised to those obtained from b-actin mRNA amplification. 

Primer sequences were designed using Primer 3 and are indicated in Table 3.  

The cDNA product was quantified using the following calculations:   

 ΔCT = CT1- CT2, where CT1 refers to the gene of interest and CT2 to the 

reference gene 

 ΔΔCT= ΔCT1- ΔCT2, where ΔCT1 refers to the treated cells and ΔCT2 to the 

untreated control 
 Fold change in cDNA levels = 2 

– (ΔΔCT) 

 

The relative expression levels were expressed as a percentage of the indicated control. 

*Threshold cycle, CT:  The cycle number at which the amplified product accumulates to yield a 

detectable fluorescent signal. 
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Table 3. Primers used in qRT-PCR 

Gene Forward 5’3’ Reverse 5’3’ 

Naa40 TGGTGCCTACCAGTTCTTCA CTCCGGCTCAGGATCTCATA 

β-actin GGCATCCTCACCCTGAAGTA AGGTGTGGTGCCACATTTTC 

Caspase-9 CGACATCTTTGAGCAGTGGG CCCTTTCACCGAAACAGCAT 

Caspase-8 ACTTTGCCAGAGCCTGAGAG GCATCTGTTTCCCCATGTTT 

Caspase-7 GAATGACAGAGTTGCCAGGC TCCTTGGTGAGCATGGAGAC 

Caspase-6 TGGAGCTGACTTCCTCATGT ACCAGTGTGAGGAGTTCTGT 

Caspase-3 ATGCACATTCTTACCCGGGT GCGTCAAAGGAAAAGGACTCA 

PARP-1 GGCAAAACTACCCCTGATCC CACACCAGATGAAATCCCGG 

5.8S rRNA ACTCGGCTCGTGCGTC GCGACGCTCAGACAGG 

28S rRNA AGAGGTAAACGGGTGGGGTC GGGGTCGGGAGGAACGG 

18S rRNA GCAAATTACCCACTCCCGAC CCCTCCAATGGATCCTCGTT 

45S rRNA GAACGGTGGTGTGTCGTT GCGTCTCGTCTCGTCTCACT 

Vimentin  TGTCCAAATCGATGTGGATGTTTC  TTGTACCATTCTTCTGCCTCCTG 

Fibronectin ATTGCCCAATTGAGTGCTTC CGGGAATCTTCTCTGTCAGC 

P53 CCATCCTCACCATCATCACA AGCTGTTCCGTCCCAGTAGA 

P21 GACTCTCAGGGTCGAAAACG GGCGTTTGGAGTGGTAGAAA 

PUMA GACTCCTGCCCTTACCCAG ATGGTGCAGAGAAAGTCCCC 

BAX TCTGACGGCAACTTCAACTG GGAGGAAGTCCAATGTCCAG 

BAK CCCCAATTGATGCCACTCTC TCAACCGACGCTATGACTCA 

BCL-2 ATGTGTGAGAGCGTCAA ACAGTTCCACAAAGGCATCC 

CYCLIN-D CCCTCGGTGTCCTACTTCAA AGGAAGCGGTCCAGGTAGTT 

CYCLIN-E ATCCTCCAAAGTTGCACCAG AGGGGACTTAAACGCCACTT 

CHOP (B) GCTGGAACCTGAGGAGAGAG TGCTTTCAGGTGTGGTGATG 

CHOP (M) ACACTACCCACCTTTCCCAG GAGGGTCACATCATTGGCAC 

CHOP (E) TCTTGACCCTGCTTCTCTGG TGGTTCTCCCTTGGTCTTCC 

XIAP GACAGGCCATCTGAGACACA AGGGTTCCTCGGGTATATGG 

SURVIVIN GGACCACCGCATCTCTACAT CAAGTCTGGCTCGTTCTCAGT 

PRMT5 TTGCCGGCTACTTTGAGACT ACAGATGGTTTGGCCTTCAC 
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Chromatin Immunoprecipitation (ChIP) assays  

 

Cells were cultured in 100mm or 150mm plates. After RNAi treatment, protein-DNA 

complexes were cross-linked using 0.75% formaldehyde and incubated on a shaking 

device for 10 minutes. The cross-linking process was quenched with the addition of 

glycine diluted to a final concentration of 125 mM. After incubating cells on a shaking 

device for another 5 minutes, the media with floating cells was collected. Plates were 

rinsed twice with 1xPBS and adherent cells were scraped and pooled together with floating 

cells. All cells were centrifuged for 5 minutes at 2000rpm (400 rcf) at 4 ̊ C , washed once 

with 1xPBS and pelleted again (at this point, samples can be stored overnight at < -70 °C). 

Each sample was lysed in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM TrisHCl, 

adjusted to final volume 500 ml dH2O) containing 1mM PMSF (Sigma) and protease 

inhibitor tablet (Roche), sonicated on ice to shear DNA to lengths between 200 and 1000bp 

and centrifuged for 10 minutes at maximum speed (14000rpm; 18400rcf), at 4 ̊ C. In the 

meantime, protein Sepharose A beads needed for immunoprecipitation, were washed 

before use with cold IP buffer and after centrifugation at 2000rpm (400rcf) for 2 minutes, 

they were resuspended in an equal amount of IP buffer so that a 50% slurry was formed. 

Beads were then blocked with 0.07mg/ml sonicated single stranded salmon sperm DNA 

(1mg/ml) and with 0.7mg/ml BSA (10mg/ml), at 4 ̊ C, on a rotor, for 1 h. After cell 

sonication and centrifugation, the supernatant (chromatin) was collected in a clean tube 

and the pellet was discarded. Chromatin was diluted in Immunoprecipitation buffer (IP 

buffer: 0,1% SDS, 1,1% Triton X-100, 1,2 mM EDTA, 16,7 mM TrisHCl, 167 mM NaCl, 

adjusted to final volume 500 ml dH2O)  in a ratio 1:10 and the resulting diluted chromatin 

fraction was incubated with the pre-cleaned/pre-blocked protein Sepharose A beads 

(Roche) for at least 1.5 hour, at 4 ̊ C , on  rotor. Pre-cleaned chromatin fraction was 

afterwards incubated at 4 °C on a rotor, with primary antibodies against histone 

H3(Ab1791), histone H4 (Millipore05-858) and against histone modifications 

H3K4me3(ab8580), H4S1ac, H4R3me2a and H4R3me2s (ab5823). IgG (Biogenesis 5180-

2104) was used as control. After 1 hour rotation, 50μl of beads were added in every sample 

and were incubated on a rotor, at 4 °C overnight. The following day, samples were 

centrifuged and washed 3 times with TSE-150 washing buffer (1% SDS, 1% Triton X-100, 

2 mM EDTA, 20 mM TrisHCl, 150 mM NaCl, adjusted to final volume 500 ml dH2O) and 

2 times with TSE-500 washing buffer (1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM 

TrisHCl, 500 mM NaCl, adjusted to final volume 500 ml dH2O) following centrifugation 

between the intervals, where supernatant was discarded. The immunoprecipitated 
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beads/antibody/chromatin samples, were then incubated twice for 15 minutes in 100μl 

Elution buffer each time (1% SDS and 0.1 M NaHCO3), in a thermomixer at 25°C, 

1400rpm. 200μl of eluate was centrifuged and supernatant was collected in new labelled 

tubes. Finally, samples were reversed-cross linked with the addition of 12μl 5M NaCl and 

10μl RNase (0.5μg/μl). DNA purification was performed using Qiagen purification kit and 

RT-PCR was performed using specific primers (Table 4) for the genes of interest.  

 

 
Table 4. Primers used in qPCR-ChIP 

 
 
 

Dot blot analysis  

 

Synthesized peptides with at least 90% purity (Cambridge Peptides, UK) were dissolved in 

water. Polyvinylidine difluoride (PVDF) membranes were used. Having the membrane 

ready for use, a grid was drawn by pencil to indicate the region to be blotted. Using a 

narrow-mouth pipette tip, 50, 10 and 2 ng were deposited onto the membrane at the center 

of each possition on the grid. The membrane was left to air-dry for 1 hour. The membrane 

was then submerged in 100% Methanol for 1 minute, water for another minute and then 

stained with Ponceau S or blocked by soaking in TBS-T blocking buffer 5% BSA 0.1% 

Tween-20 TBS (25 mM Tris, 150 mM NaCl, 2 mM KCl, pH 8). Incubation followed with 

appropriate antibody and dissolved in BSA/TBS-T for 2 hours on the shaker at low speed 

at RT. Next, the membranes were washed with TBS-T (three times with 10 min 

incubation). Incubation with appropriate secondary antibody followed, diluted in blocking 

buffer for 1h at RT. Membranes were washed three times with TBS-T (three times with 10 

min incubation). Incubation with ECL detection reagent (GE Healthcare, Amersham # 

RPN2209) followed for 1 min and membrane was exposed.    

Gene FORWARD 5’3’ Reverse 5’3’ 

β-actin CGACCAGTGTTTGCCTTTTAT AGATTGGGGACAAAGGAAGC 

45S rDNA 

promoter 
CGATGGTGGCGTTTTTGG CAGGTCGCCAGAGGACAGC 

28S rDNA GCGACCTCAGATCAGACGTGG CTGTTCACTCGCCGTTACTGAG 

PRMT5 

promoter 
GTCTCTCAACGGCGTTCTTC GTCGCCTTAACAACCAGAGC 

PRMT5 ATAGCTGACACACTAGGGGC  CTAGTCTGCCCTTCTCCGTC 
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Western Blotting 

 

Western Blotting was performed for separating and identifying proteins and assessing their 

protein expression levels. Cells were washed with ice-cold PBS (1X) and were solubilised 

in Lysis buffer composed of 50 mM Tris-Cl (pH 8), 3 mM EDTA, 100 mM NaCl, 1% 

Triton-X-100, 10% glycerol, 0.5 mM PMSF and protease inhibitor (Roche). Protein 

concentration was measured by the Bradford assay. Forty micrograms of total protein were 

separated by 8%, 12.5% or 15% SDS-PAGE. Tables 5-9 list the recipes for preparing the 

required buffers for SDS-Page electrophoresis. When proteins were separated on gel, were 

then transferred to a nitrocellulose membrane, which was blocked with TBS-T/5%BSA. 

Incubation with primary antibodies of interest was performed overnight, at 4°C. 

Horseradish peroxidase–conjugated secondary anti-rabbit or anti-mouse antibody was used 

at a concentration of 1:30000. Washes with TBT-T (3 x 5 mins) were performed after 

every antibody incubation, in order to wash off any unbound antibody. Immunoreactive 

bands were visualized with an enhanced chemiluminescent system.  

Rabbit Naa40 antibody was kindly provided by Dr. Qiwei Zhai [49]. Rabbit polyclonal 

antibody was raised against H4R3me2a in collaboration with Eurogentec (Belgium). For 

the generation of H4R3me2a the animal was immunized with the keyhole limpet 

hemocyanin (KLH) conjugated synthetic peptide H2N-SGR (AsymDimethyl) GKG GKG 

LGK C-CONH2. Serum was affinity-purified by the manufacturer in a two-step procedure. 

Antibodies specific to the modification were captured on the AF-Amino TOYOPEARL 

650 M matrix together with the immunization peptide. After elution with 100 mM glycine 

(pH 2.5), the antibodies recognizing the peptide in the absence of modification were 

eliminated with a matrix coupled with the unmodified peptide H2N- SGR GKG GKG 

LGK C- CONH2. After the purification, antibody specificity was determined by enzyme-

linked immunosorbent assay (ELISA) using the specific and non-specific peptides as 

antigens. The purity of the H4R3me2a antibody was >89% as determined by high pressure-

liquid chromatography. The rabbit polyclonal N-acH4 antibody was raised against the 

acNH-SGRGKGGKGLGKC antigen using the Eurogentec ‘Speedy 28-day polyclonal 

antibody’ service (Belgium). The modification-specific antibody was isolated by affinity 

purification of total serum through the specific N-terminally acetylated H4 peptide. To 

eliminate immunoglobulins that recognise the backbone of H4, the bound fraction from the 

above purification was further cleaned up by passing it through a column consisting of the 

corresponding ‘unmodified’ version of the peptide. The H4R3me2s and PRMT5 antibodies 

were purchased from Abcam. The p53, Bcl-2 and β-actin antibodies were purchased from 
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Santa Cruz Biotechnology Inc. PARP-1, Bax, caspase-3, -6, -7, -8, and -9 antibodies were 

purchased from Cell Signalling Technology (Danvers, Massachusetts, USA). H4 antibody 

was purchased from Millipore and GAPDH and fibronectin antibodies were purchased 

from  

 Abcam. Histones purified from calf thymus were purchased from Sigma.    

Immunoreactive bands were visualized with the enhanced chemiluminescence system. The 

intensity values from the densitometry analysis were normalised against GAPDH or β-

actin using Image J analysis software (NIH). Intensity values were expressed as fold 

change compared to control.  

 
 
 

 

 

 

 

 
 
 
 
 

 
 
 
 

Table 7. 10x Running Buffer 

   Reagents  0.5L 1L 2L 

0.25M Tris 15.14g 30.29g 60.58g 

1.9M Glycine 72.07g 144.13g 288.26g 

1% SDS (toxic, use mask) 5g 10g 20g 

pH should be between 8.3 and 8.8 
  

Table 6. Stacking Gel (top gel) 
  For 1mm gel x1 3.90% 

 ddH2O 3.260 ml 
 4x Tris stacking ph 6.8 1.25 ml 
 40% acrylamide  0.49 ml  
 10% SDS 25 μl 
 Temed 7.5 μl 
 APS 10% (-20°C) 75 μl 
 Total 5ml 
 

Table 5. Separating Gel (bottom gel) 

    For 1mm gel x1 7.50% 10% 12.50% 15% 17% 

ddH2O 5.4ml 4.8ml 4.175ml 4ml 3.5ml 

4x Tris separating ph 8.8 2.5ml 2.5ml 2.5ml 2.5 2.5ml 

40% acrylamide  1.875ml 2.5ml 3.125ml  3.75ml 4.25ml 

10% SDS 50μl 50μl 50μl 50μl 50μl 

Temed 15μl 15μl 15μl 15μl 15μl 

APS 10% (-20°C) 150μl 150μl 150μl 150μl 150μl 

Total 10ml 10ml 10ml 10ml 10ml 
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Table 8. 10x Transfer Buffer 

   Reagents  0.5L 1L 2L 

250mM Tris 15.14g 30.26g 60.58g 

1.9M Glycine 71.32g 142.63g 285.66g 

pH should be between 8.3 and 8.8 
   

 
 

 

 

 

 
 
 

MTT viability assay 

 

The Methyl Thiazol Tetrazolium (MTT) reduction assay is a colorimetric assay used for 

assessing cell metabolic activity, and therefore determining cell proliferation and viability. 

The assay measures the activity of mitochondrial enzymes that reduce yellow MTT to a 

purple formazan crystal product. When cells die, they lose the ability to convert MTT to 

formazan, thus colour discrepancy serves as a useful and convenient marker of only the 

viable cells. The formazan product accumulates as an insoluble precipitate inside cells as 

well as near the cell surface and in the culture medium. Therefore, the formazan, prior 

recording absorbance readings, must be solubilised in DMSO. The absorbance of this 

coloured solution can be quantified by measuring at 570 nm by a spectrophotometer.  The 

amount of signal generated is dependent upon several parameters including the 

concentration of MTT, the incubation period, the number of viable cells and their 

metabolic activity. All of these parameters should be considered when optimizing the assay 

conditions to generate a sufficient amount of product that can be detected above 

background. When the amount of purple formazan produced by treated cells is compared 

with the amount of formazan produced by control cells, the effectiveness of the agent that 

causes cell death can be deduced, through a dose-response curve (Figure 12).   

For this research study, cells were seeded at a concentration of 5x10
3
 cells per well 

(HCT116 and HT-29) or 1x10
4 

cells per well (STO cells) in a 96-well plate and incubated 

with 7.5nM of siRNAs (HCT116 and STO cells) or 25nM of siRNAs (HT-29 cell),  for 

 

 

Table 9. 10x TBS 

 Reagents  1L 

NaCl 80g 

KCL 2g 

Tris 30g 

 

1x TBS-T  

900ml H2O 
100ml 10x TBS 
Addition of 1ml Tween 

1x TBS-T / BSA (Blocking Buffer) 

BSA stored at 4°C 
400ml from 1x TBS-T 
20g BSA   
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different time periods (24, 48 or 72 h). MTT dye (1mg/ml) was added to each well at the 

end of the incubation period and cells were incubated for 4h at 37°C.  Formazan product 

was dissolved in DMSO and the plate was incubated on a plate shaker at 250 rpm for 

30min. The absorbance was measured at 570 nm using Perkin Elmer Wallac Victor 1420-

002 Multilabel Counter and was proportional to the number of viable cells per well. 

 

 

 
Figure 12. MTT reduction to formazan. Yellow MTT is reduced in live cells by mitochondrial 

reductase and results in the formation of insoluble purple formazan, which is characterised by high 

absorptivity at 570nm. 
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Cell Cycle Analysis 

 

Cell cycle analysis by flow cytometry, measures the DNA content of a cell population and 

is based on the ability of Propidium Iodide (PI) dye to stain DNA in a stoichiometric 

manner (the amount of stain is directly proportional to the amount of cellular DNA).  

Therefore, this method enables the identification of cell distribution across the cell cycle, 

since cells do not divide simultaneously. Figure 13 displays the stages of cell cycle. The 

G1 phase is where cells spend most of their life. Two copies of each chromosome are 

present in each cell (2N amount of DNA). When the cell prepares for cell division, it 

should first duplicate its DNA, and thus cells enter the so called S phase.  Once the cells 

have finished DNA duplication, they contain twice as much DNA as the original cells (4N 

amount of DNA). This stage of the cell cycle is called the G2 phase. Next, the cells go 

through mitosis (M) which splits the 4N amount of DNA back into 2N and the cells return 

to G1. The DNA distribution through flow cytometry, is shown through DNA content 

histograms. As Figure 14 shows, the phases that can be recognised through a histogram are 

a) the G1 phase, b) the S phase and c) the G2/M phase. The G2- and M phase have an 

identical DNA content and therefore cannot be discriminated. In addition, cells that cease 

cell division and fragment their DNA (apoptotic cells) are also visible on the left region of 

the histogram. On the other hand, polyploid cells are visible on the right side of the 

histogram.  

In this project, cells were seeded in 6-well plates or in 100mm dishes so that they would be 

~30% confluent by the time of transfection.  After siRNA treatment for 24h, 48 or 72h, 

cells were harvested, washed in 1x PBS and fixed in ice-cold 70% ethanol. Cells were left 

at 4°C overnight and the next day were pelleted, washed in 1x PBS and resuspended in PI 

staining solution (containing 0.02 mg/ml Propidium Iodide and 0.2 mg RNase A). After a 

45 minute incubation at 37 °C, the samples were transferred to FACS tubes and analysed 

with the ‘’Guava EasyCyteTM’’ flow cytometer and the “GuavaSoft”  analysis software 

(Millipore, Watford, UK).  
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Figure 13. The stages of cell cycle. Actively dividing cells pass through a series of stages known 

as the cycle: two gap phases (G1 and G2), an S phase (for DNA duplication) and an M phase, in 

which mitosis partitions the genetic material and the cell divides. Cells that cease cell division enter 

the G0 phase. 

 

 

 

 

 

 

 
 
 

 

 

 

 

Figure 14. DNA histogram obtained by flow cytometry. Different peaks on the histogram 

represent different phases of the cell cycle (G1, S and G2/M phases). SubG0/G1 fraction represents 

the apoptotic population. 
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Annexin V/PI staining assay 

 

The Annexin V/PI staining represents one of the most reliable approaches for assessing 

cell death. The two stains, Annexin V and Propidium Iodide (PI) are conjugated, in order 

to determine if cells are viable, apoptotic or necrotic through differences in plasma 

membrane integrity and permeability that occur at different stages of cell death (Vermes et 

al., 1995, Rieger et al., 2011). Annexin V stain has the capability of binding to 

phasphatidyl serine (PS) phospholipids, which, in viable cells, are located in the inner 

leaflet of plasma membrane. One of the very early events of apoptosis, is the translocation 

of PSs to the outer surface of plasma membrane, which leads to the loss of plasma 

membrane asymmetry. As a result, the exposed PSs are now accessible to Annexin V dye 

which display a green fluorescence. PI is a nuclear stain that binds to DNA and therefore 

represents a great indicator of cell viability, as the dye does not stain live or early apoptotic 

cells due to the presence of an intact plasma membrane (Darzynkiewicz et al., 1992, 

Vermes et al., 2000, Vermes et al., 1995). In late apoptotic and necrotic cells, the integrity 

of the plasma and nuclear membranes decreases (Denecker et al., 2001, Kroemer et al., 

1998), allowing PI to pass through the membranes, intercalate into nucleotides, and display 

red fluorescence (Figure 15).  

The assay works in the following manner:  cells that are viable are both Annexin V/PI 

negative, early apoptotic cells are Annexin V positive and PI negative and cells that are in 

late apoptosis, or are already dead are both Annexin V/PI positive. The movement of cells 

through these three stages suggests apoptosis and not necrosis and therefore samples 

should preferably be analysed at multiple time points, to reveal more information about the 

process by which the cells underwent. 

Annexin V/PI staining was performed using Tali Apoptosis Kit (Invitrogen A10788). After 

treatment, cells were trypsinised, centrifuged for 15 minutes at 1000rpm (95rcf) and cell 

pellet was dissolved in 100μl Annexin binding buffer (5x10
5
-5x10

6
cells/ml). To each 

100μl of samples, 5μl of Annexin V were added and after thorough mixing, samples were 

incubated at RT for 20 minutes. Cells were then centrifuged for 15 minutes at 1000rpm (95 

rcf) and supernatant was discarded. Cell pellet was resuspended in 100μl of Annexin 

binding buffer and 1μl of Propidium Iodide (PI). After incubating the samples for 5 

minutes at RT in the dark, they were transferred in Tali cellular analysis slides. Analysis of 

apoptosis was performed using Tali image-based cytometer (Invitrogen). The annexin-V 

positive/PI negative cells were recognized as early apoptotic cells by the cytometer 
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software whereas the annexin V positive/PI positive cells were identified as late 

apoptotic/dead cells. Similarly, the annexin V negative/PI negative cells were identified as 

viable cells. The baseline apoptosis varied between 5-15% among the various apoptosis 

related experiments performed. 

 
 
 
 
 

 
 
Figure 15. Dual staining with Annexin V and PI. In a live, intact cell, PI cannot enter the cell 

and label DNA and phosphatidyl serine (PS) phospholipids (green spheres) are maintained 

exclusively on the inner leaflet of plasma membrane, resulting in negative staining for both dyes. 

Annexin V labels externalized PSs on the cell surface (green moieties) following the initiation of 

apoptosis. During the latter stages of apoptosis both PSs are exposed and PI can enter the cell (red 

moieties) due to the loss of membrane integrity. 
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Immunofluorescence 

 

Immunofluorescence (IF) microscopy enables the assessment of both the localisation and 

endogenous expression levels of a protein (antigen) of interest.  IF relies on the use of 

antibodies to label a specific cellular target antigen with a fluorescent dye (also called 

fluorophore or fluorochrome) such as fluorescein isothiocyanate (FITC). The fluorophore 

allows visualization of the target distribution in the sample under a fluorescent microscope. 

For this project, cells were grown on poly-L-Lysine coated coverslips, in a 6-well plate. At 

the end of the incubation, cells were washed 2 times with 1xPBS and then fixed at RT, for 

10 min in 4% paraformaldehyde solution in 1x PBS. Cells were washed 2 x 5minutes with 

1x PBS and then permeabilized using 0.5% Triton-X solution in PBS for 10 min. After 2 x 

5 minutes washes with 1x PBS permeabilised cells were blocked for 45 minutes in PBG 

(0.2% cold water fish gelatin, 0.5% BSA in 1 x PBS) and then incubated with primary 

antibody diluted in PBG, for 2 hours, at RT, in the dark. Cells were then washed for 3 x 5 

minutes with PBG. Incubation with secondary antibody diluted in PBG followed, for 45 

minutes at RT, in the dark. After 2 x 5 minutes washes with PBG, cover slips were placed 

to microscope slides with mounting media (prolong Gold).  Nuclei were stained with 

Hoechst dye (33342, Invitrogen). Anti-Rabbit FITC antibody was purchased from Jackson 

ImmunoResearch. All images were acquired using a ZeissAxio Observer.A1 microscope. 

 

Phase contrast microscopy 

Images were acquired using ZeissAxio Observer.A1 microscope and ZeissAxioVision 

4.8.2 software. 

 

Statistical Analysis 

 

Data represent measurements of three independent experiments  and values are expressed 

as mean ± SD. Statistical analysis was carried out using “Mstat” software (version5.5.3, 

McArdle Laboratory for Cancer Research,University of Wisconsin – Madison 

[http://mcardle.oncology.wisc.edu/ mstat/]). Results are compared using a Wilcoxon rank- 

sum test. For all statistical tests differences are considered significant at p ≤ 0.05 (*). 
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CHAPTER 4  

RESULTS OF AIM 1 

________________________________________________________________________________ 
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4. Unveiling the apoptotic role of histone N-terminal acetyltransferase 

Naa40 in colorectal cancer  

 

The great importance of N-terminal acetylation in the regulation of cell 

proliferation and apoptosis has been reported by several studies. The expression of N-

terminal acetyltransferases has been shown to be both up-regulated and down-regulated in 

human cancers compared to non-oncogenic tissues. Thus, N-terminal acetyltransferases 

have been characterised either as oncogenes or tumor suppressors (Arnesen et al., 2006, 

Starheim et al., 2009, Kalvik and Arnesen, 2013, Starheim et al., 2012). The fact that they 

can behave in an opposing manner in different or the same type of cancer, has led to a 

steep rise in N-terminal acetylation research, in an attempt to develop NAT-selective 

therapies. The role of Naa40 in human cancers has only recently been described by a study 

conducted by Liu et al. (Liu et al., 2009), linking hepatocellular carcinoma with low levels 

of the enzyme. Interestingly, when Naa40 is overexpressed in liver cancer cells it exhibits a 

pro-apoptotic activity. Since the levels and functions of NATs are shown to vary in 

different cancers, we sought to determine the unknown role of Naa40 in highly metastatic 

and aggressive colorectal cancer, which, according to data from the Human Protein Atlas 

project, they exhibit the highest NAA40 expression (The Human Atlas, 2016). In order to 

explore this, HCT116 and HT-29 colorectal cancer cells were used, together with the non-

cancerous STO mouse embryonic fibroblast cell line. 

 Taking into consideration the known role of Naa40 in hepatoma cells, we first 

performed western blot assays to determine the protein levels of Naa40 in HCT116 

colorectal cancer cells and compared them to those expressed in HepG2 hepatocellular 

cancer cell line. As shown by western blot analysis, Naa40 is differentially expressed in the 

two cancer cell lines, with a significantly higher protein expression observed in HCT116 

cells (Figure 16).  These results may suggest that Naa40 acetyltransferase behaves in a 

different way, and possibly in a contradictory manner in the HCT116 opposed to the 

HepG2 cell line.   

 

 

 

 

Figure 16. HCT116 colon cancer cells express higher levels of Naa40 compared to 

HepG2 liver cancer cells. Immunoblot analysis of Naa40 protein levels in whole cell 

extracts. β-actin is used as a loading control.  

β-actin 
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4.1 Depletion of Naa40 in HCT116 colorectal cancer cells decreases N-

acH4 while H4 histone total levels remain unaltered  

 

In order to reveal the function of the acetyltransferase Naa40 in HCT116 colorectal 

cancer cells, the double-stranded RNA-mediated interference (RNAi) approach was 

exploited. Two different 21bp siRNA duplexes were transfected into cells to achieve a fast 

and effective knock-down of both the Naa40 mRNA (Figure 17A) and Naa40 protein 

levels (Figure 17B). The depletion was already evident and robust at 24 hours and 

sustained until 72 hours after Naa40-siRNA treatment (Figure 17). Cells were also 

subjected to the transfection procedure in the absence of any siRNA (mock control) and to 

a negative non-targeting siRNA control (scramble siRNA). These controls enabled us to 

determine whether the transfection process on its own results in cytotoxicity or to other 

non-specific effects and to distinguish Naa40-specific silencing from sequence-

independent effects that are associated with the delivery of siRNA into the cell. As 

expected, the scramble-siRNA did not alter the levels of Naa40 compared to mock-treated 

sample (Figure 17B), indicating that the achieved knockdown using the targeting Naa40 

siRNAs was specific and that controls did not result in any observable and unintended off-

target effects. Since Naa40 results in the N-terminal acetylation of histones H2A and H4, 

we also examined the levels of endogenous N-terminal acetylation of histone H4 (N-

acH4), using an antibody that we had previously raised (Schiza et al., 2013). The N-acH4 

antibody we raised, recognises specifically histone H4 when is acetylated at its N-terminus, 

as shown by dot-blot and western blot analysis (Figure 18). In agreement with the above 

knockdown results, the levels of N-acH4 were significantly decreased in cells treated with 

both Naa40-siRNAs (Figure 19), indicating that the acetyltransferase activity of the 

enzyme is abolished. As expected, the levels of N-acH4 did not change in the scramble-

siRNA treated cells (Figure 19). Moreover, Naa40 depletion did not affect the levels of 

total H4 (Figure 19) demonstrating that only the N-terminally acetylated fraction is 

decreased. These findings indicate that RNA interference achieved an efficient and 

sustained depletion of Naa40 in HCT116 cells that consequently led to reduction of its 

substrate N-acH4. 
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Figure 17. Efficient Naa40 silencing after siRNA treatment. (A) Colorectal cancer HCT116 

cells were transfected with 7.5 nm of Naa40 siRNA-1, Naa40 siRNA-2 or scramble siRNA and 

incubated for 24–72h. (A) RT-PCR analysis of whole cell lysates. The levels of Naa40 mRNA 

were quantified and then normalised to the levels of β-actin mRNA, whose expression remained 

unchanged. (B) Immunoblot analysis to determine Naa40 protein levels in whole cell extracts. 

Mock represents sample in which cells were subjected to the transfection procedure in the absence 

of any siRNA. GAPDH levels were monitored and used as a loading control. Western blot image is 

representative of at least three independent experiments. 

 
 
 
 
 
 
 
 

A. 

B. 
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Figure 18. N-acH4 antibody preferentially recognises the N-terminally acetylated version of 

histone H4. (A) Dot blot analysis using the N-acH4 antibody against H4 N-terminally acetylated 

(N-acH4) and unmodified (H4 unmod) peptides representing the first 13 amino acids of H4 

(SGRGKGGKGLGKC). The amount of loaded peptides in nanograms (ng) is shown below the 

blot.  (B) Immunoblot analysis of whole cell extracts (WCE) prepared from HCT116 cells using the 

antibody against N-acH4. (C) Immunoblot analysis of siScramble and siNaa40-treated cells as well 

as purified histones extracted from calf thymus, using the antibodies against Naa40, N-acH4, total 

H4 and β-actin. Images are representative of at least three experiments. 

 

 

 

A. 

B. C. 
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Figure 19. Naa40 knockdown reduces N-acH4 while H4 total levels remain unaltered. 

Immunoblot analysis using antibodies against Naa40, N-terminal acetylation of histone H4 (N-

acH4), total histone H4 and β-actin (72 h). Image is representative of at least three experiments. 

 
 
 

4.2 Naa40 knockdown in HCT116 cancer cells reduces cell viability  

 

Naa40 knockdown elicited a strong and profound phenotypic effect on HCT116 

cells that was clearly observable under a phase contrast microscope. An extensive loss of 

viable cells was evident in the Naa40-siRNA transfected cell population compared to the 

scramble-siRNA control. This decreased viability was maintained throughout the 72 hr 

time course of the siRNA treatment. More specifically, the cells treated with the Naa40 

siRNAs showed decreased colony formation and classic morphological characteristics of 

dead cells, including cellular rounding, shrinkage and detachment from plates (Figure 20 

and 21A). On the other hand, control-treated cells kept proliferating, keeping their 

elongated shape.  To quantify these observations we first counted adherent and non-

adherent cells, representing the viable and dead cells respectively, in several microscopic 

fields of view. We found at least a 2-fold increase in the number of non-adherent cells 

upon depletion of Naa40 (Figure 21B), indicative of enhanced cell death. To validate these 

results, the MTT colorimetric assay was performed to quantify cell viability and 

proliferation capacity more accurately. As anticipated, cells that did not express Naa40 

showed a significant reduction in survival compared to control cells. After 24h of siRNA 

treatment, Naa40 depleted cells showed a viability loss of 20% compared to control-treated 
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cells, while a greater reduction of cell survival was evident 72h post-transfection, reaching 

40% in the Naa40-silenced cell population (Figure 21C). Overall, these results indicate that 

Naa40 is essential for HCT116 cell survival and possibly its role is critical for colon cancer 

progression.  

 

 
 
Figure 20. Naa40-kncokdown leads to distinct morphological changes associated with cell 

death. Phase contrast microscopy images of HCT116 cells shown at different time points (48h and 

72h) after treatment with siScramble or siNaa40. The images are representative fields of view from 

at least three reproducible independent experiments. 
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Figure 21. Naa40 depletion reduces cell survival in HCT116 cells. (A) Phase contrast 

microscopy analysis of scrambled siRNA and Naa40 siRNA treated cells (48 h) (scale bar 100 lm). 

Dashed rectangles represent the zoomed-in regions that are shown on the right panels. The images 

are representative fields of view from at least three independent experiments. (B) Quantitation of 

the percent of adherent and non-adherent cells per field of view, in siScramble and siNaa40 

conditions (48 h). Data represent the mean number of 15 fields of view taken from three 

A

. 

B. 

C. 
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independent experiments ±SD (p value˂0.05). (C) MTT cell viability assay. Cell viability is shown 

as a percentage relative to the scramble-siRNA control. The data represent the mean of three 

replicates and are representative of at least three different experiments ±SD (p value˂0.02).  

4.3 Silencing of Naa40 in HCT116 cells triggers apoptosis 

  

It is widely acknowledged that deregulation of Nt-acetylation by NATs, is 

implicated in carcinogenesis. As mentioned before, reduced levels of Naa40 were observed 

in hepatocellular carcinoma, whereas the overexpression of the enzyme triggered apoptosis 

(Liu et al., 2009). Therefore, the significant decrease of viable cells in the Naa40-silenced 

cells (Figure 21B and 21C), raised the hypothesis that depletion of Naa40 in HCT116 

colorectal cancer cells induces cell death, opposite to the observed phenotype in liver 

carcinoma.  Additionally, this hypothesis is supported by the fact that the morphological 

changes observed in Figures 20 and 21A comprise a characteristic of apoptotic cells, which 

often occur due to loss of cytoskeletal and cell-adhesion proteins. Fibronectin is one such 

molecule that is implicated in cell adhesion and migration and has been shown to promote 

cell survival and metastasis (Han and Roman, 2006). Importantly, its reduction has been 

linked to loss of metastatic potential, loss of cell survival and initiation of apoptosis (Wu et 

al., 2005, Fornaro et al., 2003). Therefore, we explored the expression levels of fibronectin, 

as a possible indicator of cell death induction. Immunofluorescence assay (Figure 22A) 

and western-blot analysis (Figure 22B) revealed that fibronectin protein levels are indeed 

reduced upon Naa40 knockdown, supporting the idea that Naa40 loss initiates apoptosis. In 

addition, consistent with the reduction of the mesenchymal marker fibronectin and the 

observed cellular morphological changes, Hoechst staining shows that siNaa40-treated 

cells are more brightly stained compared to control cells. This staining difference between 

control and Naa40 depleted cells indicates nuclear degradation and condensation which are 

key features of apoptotic cells (Figure 22A). So far, the results point towards a Naa40-

knockdown mediated apoptosis, as the major reason of cell viability loss. 
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Figure 22. siRNA against Naa40 leads to fibronectin protein loss and nuclear fragmentation. 

(A) Representative immunofluorescence pictures of HCT116 cells transfected with Naa40-siRNA 

or a scramble-siRNA for 72 h. GreenFITC staining was used against fibronectin and blue Hoechst 

staining was used to visualise the nuclei. Arrows indicate apoptotic cells (scale bar 20 lm). (B) 

Immunoblot analysis of fibronectin levels in the absence of Naa40 (72 h post-transfection). β-actin 

was used as a control. Densitometry analysis (right panel) shows the levels of fibronectin in 

siNaa40 treatments relative to the scramble-siRNA sample. Images are representative of three 

independent experiments. Statistically significant changes (p value˂0.02) are indicated by an 

asterisk (*). The data in (B) represent the mean of at least three replicates and are representative of 

at least three different experiments ±SD (p value˂0.02) 
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To further support our hypothesis that Naa40 knockdown reduces cell survival by 

triggering apoptosis, we proceeded with analysis of cell cycle progression. To distinguish 

cell cycle phases, siRNA treatment was first performed and cells were analysed after 24h, 

48h and 72h, by flow cytometry. A significant increase of the SubG0/G1 fraction was 

observed early on, at the 24h timepoint, in the Naa40 treated cells (22.3%), compared to 

the corresponding fraction (4.7%) observed in the Scramble-treated cells (Figure 23A). 

This SubG0/G1 phase represents the apoptotic cell population and was progressively 

increased upon siNaa40 transfection compared to the siScramble control, reaching up to 

38.7% of the total cell population, 72h post-transfection (Figure 23A).  Finally, to 

corroborate the results of the cell-cycle analysis we also examined the induction of 

apoptosis by analysing siRNA transfected cells with dual staining for Annexin V and 

Propidium Iodide (PI). This approach, provides a more accurate assessment of cell death as 

its gives values of early apoptosis, late apoptosis or necrosis. At 24hr post siNaa40 

transfection, a significant accumulation of early apoptotic cells was detected, while at 48h 

and 72h post-transfection a progressive increase in the late apoptotic/dead cell population 

was observed (Figure 23B). This sequential transition from early to late cell death, 

demonstrates that Naa40 depletion mediates apoptosis and excludes necrosis as the 

mechanism of cell death. The percentage of early versus late apoptotic cells remained 

approximately the same in the control sample throughout the time course of the treatment, 

confirming that apoptosis is specifically induced upon Naa40 knockdown (Figure 23B) and 

not due to off-target effects. Taken together, our data show that loss of Naa40 

acetyltransferase induces programmed cell death through apoptosis in HCT116 colorectal 

cancer cells.  
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Figure 23. Depletion of Naa40 induces apoptosis in HCT116 cells. (A) Cell-cycle analysis of 

HCT116 cells after treatment with a scramble-siRNA or Naa40-siRNA for 24, 48 and 72 h. (B) 

Annexin V/PI staining was used to assess the apoptotic cell population. Statistically significant 

changes (p value˂0.02) are indicated by an asterisk (*). The data in (A) and (B) represent the mean 
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of at least three replicates and are representative of at least three different experiments ±SD (p 

value˂0.02) 

4.4 Naa40-knockdown mediated apoptosis is induced in colorectal cancer 

cells but not in non-malignant cells 

 

All the above results, reveal that loss of Naa40 protein, provokes an apoptotic 

trigger in HCT116 cells.  To determine whether induction of apoptosis in the absence of 

Naa40 is specific to HCT116 cells, we also used another highly metastatic, fast growing 

colorectal cancer cell line, HT-29, and non-cancerous mouse embryonic STO fibroblasts. 

Similarly to HCT116, Naa40 was depleted in HT-29 cells using the same specific and non-

specific siRNA duplexes.  As indicated in Figure 24A, the knock-down was again specific 

and efficient. MTT assay was then performed to assess cell viability. Depletion of Naa40 

in HT-29 cells resulted in a significant reduction in cell proliferation and viability, reaching 

40% at 72h post-transfection (Figure 24B). In contrast, when Naa40 was depleted in STO 

mouse embryonic fibroblasts (Figure 24A), no significant change on the percentage of 

viable cells was observed after 72h post-transfection compared to the control treatment 

(Figure 24B). To validate the results presented in HT-29 cells, cell cycle analysis was also 

performed. Naa40 depleted and control cells were collected 72h post-transfection and were 

subjected to flow cytometry, where cell cycle phases were distinguished.  Notably, down-

regulation of Naa40 resulted in an almost threefold increase of the subG0/G1 fraction 

when these cells were treated with the two separate siNaa40-RNAs (34.4% and 30.9% 

respectively) as compared to the siScramble (11.5%) control (Figure 24C). Altogether, 

these results suggest that colorectal cancer development or/and progression rely upon 

Naa40 and when the acetyltransferase is down-regulated, apoptosis can initiate. On the 

other hand, Naa40 depletion does not affect the viability of non-malignant cells, suggesting 

that Naa40 could represent a great candidate in targeted cancer therapies. 
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Figure 24. Depletion of Naa40 induces apoptosis in HT-29 colon cancer cells but not in STO 

mouse embryonic fibroblasts. (A) Immunoblot analysis of HT-29 and STO cells that were 

transfected with 25nM and 7.5nm, respectively, of Naa40 siRNA-1, Naa40 siRNA-2 or scramble 

siRNA and incubated 72h. Antibodies against Naa40 and β-actin, as a loading control, were used. 

(B) MTT cell viability assay. Cell viability of HT-29 cells (left panel) and STO cells (right panel) is 

shown as a percentage relative to the scramble-siRNA control. Statistically significant changes (p 

with a scramble-siRNA or Naa40-siRNAs, for 72h. (C) Cell-cycle analysis of HT-29 cells after 

treatment with a scramble-siRNA or Naa40-siRNAs, for 72h. The data in (B) and (C) represent the 

mean of three independent experiments ±S.D (p value <0.02). 
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4.5 Naa40 knockdown-mediated apoptosis is caspase-mediated 

 

The conserved molecular machinery that eliminates cells through the suicide 

mechanism, the so called apoptosis, can be triggered by various stress stimuli and tightly 

controlled by diverse pathways (Fulda et al., 2010). There are two major apoptotic routes 

that rely upon the activation of caspases (cysteine-aspartic proteases or cysteine-dependent 

aspartate-directed proteases); the central regulators of programmed cell death. The two 

pathways are the extrinsic or death receptor pathway and the intrinsic mitochondrial 

pathway, both extensively exploited in anticancer chemotherapies (Pommier et al., 2004). 

Although well distinguished, the mitochondria may also behave as the cross-talk organelles 

that can connect the two apoptotic pathways together.  

To determine which apoptotic mechanism is induced by the depletion of Naa40 in 

colon cancer cells, we first investigated its effect on caspase activation. As illustrated in 

Figure 25A, caspases-8 and -9 represent the initiator caspases for the extrinsic and intrinsic 

pathway, respectively. Upon pro-apoptotic stimulus, the initiator caspases are activated by 

cleavage, which in turn cleave and activate common downstream effector caspases 

(caspase-3, -6, and -7). The cascade triggers at the end apoptosis, by cleaving cellular 

proteins, like PARP-1 (Elmore, 2007). Hence, the levels of cleaved executioner caspases 

and PARP-1 were examined in cells transfected with siRNAs during a 6 to 72 hour 

timecourse. By western blots, we observed the maximum reduction of Naa40 at 12h post-

transfection which coincided with the appearance of the cleaved/activated forms of 

caspase-3 and caspase-7 (Figure 25B). From that timepoint and onwards, the active form 

of caspases (including caspase-6, which appeared 48h post-treatment), started to 

accumulate. As expected, the apoptotic PARP-1 fragment (89kDa) was detected soon after 

the cleavage of the executioner caspases (Figure 25B). On the other hand, cells transfected 

with the siScramble control did not show significant accumulation for any of the cleaved 

forms of caspases or PARP-1, suggesting that their activation is specific upon Naa40 

depletion (Figure 25B).  Hence, these results verify that lack of Naa40 expression in colon 

cancer cells leads to the activation of apoptosis and reveal the implication of caspases 

within this process.  
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Figure 25. Depletion of Naa40 stimulates apoptosis through a caspase-dependent mechanism.  
(A) Simplified schematic illustrating caspase-dependent apoptotic pathways. The signalling 

cascade could be induced by either the extrinsic or intrinsic apoptotic pathway through cleavage of 

the initiator caspase-8 or casapse-9, respectively. In turn, these caspases activate common 

executioner caspases (caspases-3/6/7) that subsequently cleave PARP-1 and lead to apoptosis. (B) 

Immunoblot analysis of scramble-siRNA (-) or Naa40-siRNA (+) transfected HCT116 cells during 

a timecourse of 6–72 h. Antibodies were used against Naa40, caspase-3, -6, -7, PARP-1 and β-
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actin, which served as a loading control. The image is representative of at least three independent 

experiments. 

4.6 Induction of apoptosis in Naa40-depleted cells requires activation of 

the mitochondrial/intrinsic pathway 

 

Since the effector caspases and PARP-1 are found downstream of both the intrinsic 

and extrinsic apoptotic pathways (Figure 25A), we next sought to determine which 

pathway is specifically activated when Naa40 is depleted. Upon death stimuli, it is known 

that the pro-apoptotic Bax protein translocates from the cytosol to the mitochondrial 

membrane where it homodimerises. This leads to the formation of pores in the outer 

mitochondrial membrane through which pro-apoptotic molecules escape (Oltvai et al., 

1993, Youle and Strasser, 2008). Antagonistically, Bcl-2 anti-apoptotic protein, inhibits the 

dimerization of Bax and thus, the activation of mitochondrial pathway is prohibited. 

Therefore, the Bax/Bcl-2 ratio determines the susceptibility of cells to mediate 

mitochondrial apoptosis. Considering the abovementioned, we examined the protein levels 

of Bax and Bcl-2 in siRNA transfected cells. In Naa40 depleted cells, we detected an 

increase in the levels of the pro-apoptotic factor Bax and a decrease in the levels of the 

anti-apoptotic protein Bcl-2 (Figure 26A). Additionally, the ratio between Bax/Bcl-2 levels 

was gradually increasing until 24hr after siNaa40 transfection and remained more than 

double for 72h (Figure 26B), implicating the mitochondrial pathway in the induction of 

apoptosis. 

Induction of the mitochondrial pathway does not necessarily exclude the activation 

of the extrinsic apoptotic route. Therefore, to determine whether the mitochondrial 

pathway is the only pathway activated upon Naa40 down-regulation, we next examined the 

cleavage of the initiator caspases-8 and -9 in HCT116 cells, which, respectively, stimulate 

specifically the extrinsic and intrinsic apoptotic pathways (Figure 25A). After siRNA 

treatment, whole cell extracts were subjected to Immunoblot analysis. As Figure 26C 

shows, caspase-8 cleavage was not detected at any timepoint throughout the siRNA 

treatment, indicating that the extrinsic pathway was not induced upon Naa40 knockdown. 

In contrast, caspase-9 cleavage was detected in Naa40 depleted cells but not in the control 

samples. Furthermore, the active caspase-9 was primarily observed 12h post-transfection, 

coinciding with the cleavage of the effector caspases (compare Figure 25B and 26C). 

Importantly, caspase-9 activation was also observed in HT-29 cells after Naa40 depletion 

(Figure 26D). Altogether, these results suggest that the mitochondrial pathway could be the 

main route through which Naa40 knockdown promotes programmed cell death.  
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To conclusively demonstrate the requirement of the mitochondrial pathway for the 

induction of apoptosis by Naa40 knockdown, we monitored apoptosis of Naa40-depleted 

HCT116 cells in the presence of the irreversible caspase-9 inhibitor, z-LEHD-fmk. As 

western blot results indicate, incubation of HCT116 cells with z-LEHD-fmk prevented the 

cleavage of caspase-9 after depletion of Naa40 (Figure 27A), as expected. Notably, cells 

depleted of Naa40 and siScramble transfected cells showed similar morphology and 

growth under the microscope in the presence of the caspase-9 inhibitor, suggesting that 

apoptosis induced by Naa40 knockdown was prevented (Figure 27B and 27C). 

Quantification of cells from different microscopic fields of view also showed that Naa40 

depletion in the presence of the caspase-9 inhibitor does not increase the number of non-

adherent cells (7.2%) relative to the siScramble control (8%), but a significant increase is 

observed, as expected, in the siNaa40 only treatment (21%) (Figure 27D). The lack of 

siNaa40-induced apoptosis in the presence of the caspase-9 inhibitor was further verified 

by cell cycle analysis. Treatment with the caspase-9 inhibitor reduced significantly the 

apoptotic subG0/G1 cell population (from 25.95% to 12.8%) and restored the G1-phase 

fraction in the Naa40 depleted cells (from 25% to 35%) (Figure 27E). Taken together, 

these results demonstrate that activation of caspase-9 and thus, the mitochondrial pathway 

are essential for the induction of apoptosis in colon cancer cells depleted of Naa40. 
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Figure 26. Naa40-knockdown induces the mitochondrial apoptotic pathway through 

activation of caspase-9. (A) Immunoblot analysis of untransfected (-) or Naa40-siRNA (+) 

transfected HCT116 cells during a timecourse of 6–72 h using antibodies against Naa40, Bax, Bcl-

2 and β-actin, as a loading control. (B) Quantitative densitometry showing the ratio between Bax 

and Bcl-2 protein levels according to western blots in (A). Values represent the mean of three 

independent experiments and the asterisk (*) indicates statistically significant changes (p value 

˂0.02). (C) Immunoblot analysis as in (A) using antibodies against caspase-9, -8 and β-actin. (D) 

Immunoblot analysis of siScramble and siNaa40-treated cells (72h) using antibodies against Naa40, 

caspase-9, total H4 and β-actin that was used as a loading control. Western blot images in (A), (C) 

and (D) are representative of three independent reproducible experiments. 
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Figure 27. Caspase-9 inhibitor prevents loss of cell viability in Naa40-depleted HCT116 cells. 

(A) Immunoblot analysis of HCT116 cells transfected with siScramble (-) or siNaa40 (+) in the 

presence (+) or absence (-) of caspase-9 inhibitor z-LEHD-fmk. Whole cell lysates were collected 

48 h post-transfection and assayed using antibodies against caspase-9 and β-actin. Western blot 

image is representative of three independent reproducible experiments. (Β) Phase contrast 

microscopy images, 48h post-siRNA treatment. HCT116 cells are treated as in (A). The images are 

representative fields of view from at least three reproducible independent experiments (scale bar 

100 μm). (C) Representative phase contrast images from at least three independent experiments 

showing HCT116 cells treated as in (A) for 48 h (scale bar 100 μm). Dashed rectangles represent 

zoomed-in regions that are shown on the right panels. (D) Quantitation of adherent and non-

adherent cells per field of view, in the conditions mentioned in (A). Data represent the mean 

number of 15 fields of view taken from three independent experiments ±S.D (p value <0.02). (E) 

Cell cycle analysis of cells treated as in (A) for 48 h. Values represent the mean of three 

independent experiments ±SD (p value˂0.02). 
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4.7 Depletion of Naa40 promotes apoptosis in a p53-independent manner 

 

The p53 tumor suppressor holds distinction as the most inactivated gene in human 

cancers, including colon cancer (Rivlin et al., 2011, Liu and Bodmer, 2006). With a 

significant and complex implication in the maintenance of cellular genomic integrity by 

inducing repairing mechanisms or by triggering cell death, p53 is of great biological and 

clinical importance for almost four decades now (Levine and Oren, 2009). p53 kills cells 

predominantly via the mitochondrial apoptotic pathway (Johnstone et al., 2002, Mihara et 

al., 2003) since it transcriptionally activates proapoptotic BH3 genes, like  Bax and Puma. 

In addition, p53 induces mitochondrial apoptosis by transcription-independent signalling, 

where it can directly induce permeabilization of the outer mitochondrial membrane by 

forming complexes with the protective Bcl-XL and Bcl-2 proteins, resulting in cytochrome 

c release (Mihara et al., 2003). In conditions where active p53 is not required, MDM2 

ubiquitin ligase targets the protein for proteosomal degradation (Shi and Gu, 2012). 

Therefore, having p53 as the major suspect for the induction of apoptosis in the Naa40 

depleted cells, we compared the p53 protein levels in cells transfected with siNaa40 and 

siScramble control. Surprisingly, we found that Naa40 depletion in HCT116 cells had no 

effect on p53 protein levels, as the signal obtained in western blots was the same between 

the siNaa40 and siScramble treatments (Figure 28A). This result raised the possibility that 

p53 is not involved in the apoptotic pathway induced by Naa40 knockdown.  

To look into this possibility, we utilised the HCT116 p53 null isogenic cell line 

(HCT116   p53-/-), in which the p53 gene has been deleted by homologous recombination 

(Bunz et al., 1998) (Figure 28B). RNAi against Naa40 was performed and cell 

proliferation/viability and apoptosis induction were examined (Figure 28C). We observed 

that lack of p53 in HCT116 cells did not impede the effects of Naa40 depletion. After 72h 

of siNaa40 treatment using two distinct siRNAs there was about a 40% reduction of viable 

cells (Figure 28C) and approximately 35% increase of the subG0/G1 cellular fraction, 

representing the apoptotic population (Figure 28D). Notably, the percentage of cells that 

undergo apoptosis in HCT116 p53-/- cells upon Naa40 depletion is similar to the apoptotic 

fraction observed in p53+/+ HCT116 cells (compare Figure 21C with 28C and Figure 23A 

with 28D), suggesting that the Naa40-knockdown apoptotic induction is irrelevant of the 

p53 status. The above result is also supported by the fact that depletion of Naa40 elicits a 

significant induction of apoptosis in HT-29 highly metastatic colon cancer cell line (Figure 

24B, 24C and 26D), which harbours a defective p53 protein due to a missense mutation in 
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the DNA-binding domain of the p53 gene (He et al., 2015). Altogether, our data show that 

p53 function is not required for the apoptosis induced by Naa40 knockdown. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Naa40-knockdown induces apoptosis in HCT116 cells independently of p53 status. 
(A) Immunoblot analysis of whole cell lysates prepared from HCT116 cells transfected with 

scramble-siRNA or Naa40-siRNAs for 24, 48 and 72 h using antibodies against p53, Naa40 and 

GAPDH, as a loading control. Representative western blot is shown from three independent 

experiments. (B) Immunoblot analysis of HCT116 p53+/+ and HCT116 p53-/- whole cell extracts 

against p53 protein. GAPDH was used as a loading control. (C) MTT cell viability assay was 

performed in p53 null cells (HCT116 p53-/-) transfected with scramble-siRNA or Naa40-siRNAs 

for 24, 48 and 72 h. Cell viability is shown as a percentage relative to the siScramble control. (D) 

Cell-cycle analysis of HCT116 p53-/- cells treated with a scramble-siRNA or Naa40-siRNA for 72 

h. Error bars indicate standard deviation of triplicate experiments ±SD (p value˂0.02). Statistically 

significant changes (p value˂0.02) are indicated by an asterisk (*). 
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CHAPTER 5  

RESULTS OF AIM 2 
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5. Unveiling the role of histone N-terminal acetyltransferase Naa40 in 

gene regulation 

  

Protein N-terminal acetylation is a prevalent modification of eukaryotic proteins 

and is specifically catalysed by Nt-acetyltransferases (NATs). N-terminal acetyltransferase 

Naa40, in contrast to other NATs that have multiple protein substrates, has been shown to 

catalyse the acetylation of histones H4 and H2A, only. This suggests that Naa40 has a 

distinct and specialised role in the control of chromatin structure and thus, gene expression. 

So far, the molecular mechanism by which N-terminal histone acetyltransferase Naa40 

impacts on gene regulation remains unknown. In yeast, the role of the yNaa40 in the 

control of heterochromatic rDNA region has just recently been disclosed (Schiza et al., 

2013), throwing for the first time light in the way through which Naa40 and histone N-

terminal acetylation regulates gene expression. Therefore, I was interested to investigate 

the function of Naa40 in human cells, in an attempt to provide insights into the 

mechanisms by which histone N-terminal acetylation mediated by Naa40 regulates gene 

expression.  

 

5.1 Knockdown of the human Naa40 reduces rRNA expression  

 

Work from our lab exposed the novel role of histone H4 N-terminal acetylation (N-

acH4) and its associated acetyltransferase Naa40 (yNaa40) in the control of ribosomal 

RNA (rRNA) expression, in Saccharomyces cerevisiae. More specifically, rDNA 

expression was shown to be dependent on yNaa40 activity towards histone H4, as deletion 

of the yNaa40 enzyme, resulted in enhanced rRNA silencing. In order to investigate 

whether Naa40 also regulates the expression of the ribosomal RNAs in human cells, the 

RNAi technique against the enzyme was employed in HCT116 colorectal cancer cells.  

Ribosomal DNA is one of the most well-characterized repetitive arrays and is made 

up of genes that are transcribed into the building components of the ribosome (Long and 

Dawid, 1980). The human rDNA is organised in tandem repeats each being 43kb long and 

containing a promoter region, distributed on chromosomes 13p12, 14p12, 15p12, 21p12, 

and 22p12 (Figure 29) (Henderson et al., 1972). Transcription by RNA polymerase I gives 

rise to the 45S primary transcript, which is then processed to give the mature 18S, 5.8S and 

28S rRNAs (Stults et al., 2008, Paule and White, 2000). To explore the effect of Naa40 

towards rRNA expression, the levels of 45S precursor-rRNA, 18S, 5.8S and 28S rRNA in 
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the two cell populations, siScramble and siNaa40, were analysed by quantitative RT-PCR, 

at 24h and 72h post-transfection. Depletion of Naa40 resulted in a great decrease in the 

expression levels of all rRNA transcripts compared to control treated cells and this 

reduction was consistent in both Naa40-siRNA treatments (Figure 30).  Since the newly 

forming 45S transcript is rapidly processed to yield the mature 18S, 5.8S and 28S rRNAs, 

the observed changes in the 45S levels most likely reflect a decrease in transcription. These 

results suggest that human Naa40, just like its yeast homolog, is important for the 

regulation of ribosomal RNA expression, since loss of the enzyme leads to rDNA 

silencing.  

To explore whether Naa40 affects directly the expression of the rRNA, ChIP assays 

were performed 72h post-siRNA transfection, using primers that anneal either at the 45S 

rDNA promoter locus or at the 28S rDNA (Figure 31). Loss of Naa40 resulted in a 

significant reduction of N-acH4 levels at the nucleosomes residing at both loci, indicating 

that rDNA array is a direct target of this histone N-terminal acetyltransferase. In addition, 

the results show that H4 N-terminal acetylation is necessary for rDNA transcriptional 

activation. The higher acetylation levels observed in the enhancer/promoter region of the 

rDNA locus, may suggest that this mark mainly accumulates there to enhance and initiate 

transcription. Therefore, these findings propose that attenuation of Naa40 inhibits the 

expression of the pre-45S, which in turn affects the abundance of the downstream mature 

rRNAs.  

Altogether, our results reveal the conserved function of human Naa40 in the control 

of the rDNA locus, throughout eukaryotic evolution. It is worth mentioning that tumor 

cells are known to markedly overexpress rRNA species (Uemura et al., 2012, Ghoshal et 

al., 2004, Drygin et al., 2010, Ruggero and Pandolfi, 2003, White, 2005, Williamson et al., 

2006). Taking this fact into consideration, together with the newly identified anti-apoptotic 

activity of Naa40 in colon cancer cells (Chapter 3), it can be deduced that this role of 

Naa40 upon rRNA expression could be responsible for the loss of cancer cell proliferative 

potential and viability.  
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Figure 29. Schematic diagram of the human rDNA locus. The precursor-rRNA genes (45S) are 

arranged in long tandem arrays separated by regions of non-transcribed intergenic spacers (IGS). 

The 45S rDNA promoter region consists of the upstream control element (UCE) and core promoter 

(CP). Transcription start site is indicated by a horizontal arrow and 18S, 5.8S and 28S rRNAs are 

produced from the RNA Pol I precursor transcript. The mature sequences for 18S, 5.8S and 28S are 

embedded in noncoding 5′ and 3′ external transcribed spacers (ETS) and internal transcribed 

spacers (ITS).  
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Figure 30. Depletion of Naa40 reduces rRNA expression in HCT116 cells. Expression levels of 

rRNAs 45S, 18S, 5.8S and 28S were analyzed by qRT-PCR using total RNA extracted from 

siScramble and siNaa40-treated samples, (A) 24h and (B) 72h post-transfection. The levels of 

rRNA were quantified and then normalised to the levels of β-actin mRNA, whose expression 

remained unchanged. The data represent the mean of three replicates and are representative of three 

independent experiments ±S.D (p value <0.02). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 31. Naa40 knockdown down-regulates the deposition of arginine methyl-marks, in cis. 
ChIP assays performed in siScramble and siNaa40 HCT116 samples, using antibody against N-

acH4 (H4S1ac). The immunoprecipitated chromatin was analysed by RT-PCR using primers 

against 45S rDNA promoter and 28S rDNA, 72h post-treatment. The enrichment was normalized 

to the levels of histone H4. Values represent the mean of duplicate experiments and the asterisk (*) 

indicates statistically significant changes (p value ˂0.02). 
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5.2 The effect of Naa40-knockdown towards the expression of genes 

implicated in cell survival  

 

The current research project has linked Naa40 down-regulation with the induction 

of p53-independent apoptosis in colon cancer cells. As shown in Chapter 3, activation of 

the initiator caspase-9 upon Naa40 knockdown resulted in a downstream initiation of a 

cascade of events, including the activation of the executioner caspases-3, -6 and -7, and the 

cleavage of PARP-1 substrate (Figure25B and 26C). Caspase-8 cleavage was not observed 

(Figure 26C) suggesting that cell death was induced through the intrinsic/mitochondrial 

apoptotic pathway. Consistent with these results, the use of a caspase-9 inhibitor abolished 

apoptosis (Figure 27), revealing that the activation of the mitochondrial apoptotic pathway 

is essential for the induction of programmed cell death, in Naa40 depleted cells.  

 

5.2.1 Pro-caspase expression is not controlled by Naa40 activity 

 

We have observed that in addition to the accumulation of the active cleaved form of 

caspases (Figure 25B and 26C), Naa40 depletion also enhances the cellular levels of pro-

caspases. Overexpression of pro-caspases has been previously reported to represent a 

common molecular mechanism for stimulating apoptosis. Specifically, it was suggested 

that up-regulation of pro-caspases results in sufficient amounts of these precursors within 

the cell which are required to precede and further complete the apoptotic process (Sabbagh 

et al., 2004, Droin et al., 1998, Druskovic et al., 2006). We have also observed an 

upregulation of full-length PARP-1 at the later time-points (48h and 72h) of the siNaa40 

treatment (Fig. 25B). Interestingly, expression of full-length PARP-1 has been linked with 

induction of cell death as a response to excessive DNA damage (Ethier et al., 2007, Sousa 

et al., 2012), which is probably taking place within HCT116 apoptotic cells after 48h and 

72h of siNaa40 treatment.  

The observed increase in the levels of pro-caspases and PARP-1 raised the 

possibility that depletion of Naa40 and perhaps its associated N-acH4 modification might 

regulate their expression at the transcriptional level. To test this possibility, RT-PCR 

analysis was performed 24h and 72h post-transfection to quantify the mRNA levels of all 

pro-caspases and PARP-1. As shown in Figure 32, the mRNA levels of all these proteins, 

with the exception of pro-caspase-7, did not change in the absence of Naa40 when 

compared to the siScramble control treatment. Consequently, it is inferred that depletion of 
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Naa40 and thus, loss of histone N-terminal acetylation do not directly affect the promoter 

of these genes and point towards post-transcriptional or post-translational rather than 

transcriptional regulation. Moreover, the upregulation of caspase-7 could also represent an 

indirect effect of Naa40 knockdown, as histone N-terminal acetylation was previously 

shown to be linked with the activation of genes (Schiza et al., 2013) and therefore, loss of 

this modification most possibly would have led to the down-regulation of caspase-7 gene 

expression.  

 

 

 

 

 
Figure 32. The effect of Naa40 depletion on the mRNA levels of pro-caspases and PARP-1. 
RT-PCR analysis of the mRNA levels of caspase-9, -8, -7, -6, -3 and PARP-1, (A) 24h and (B) 72h 

post-transfection. The results are normalised to the levels of β-actin mRNA. The data represent the 

mean of three replicates and are representative of three independent experiments ±S.D (p value 

<0.02). 
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5.2.2 Naa40 depletion leads to fibronectin and vimentin transcriptional 

down-regulation 

 

Our previous results show that fibronectin protein levels are down-regulated in the 

apoptotic siNaa40 treated cell population (Figure 22). Therefore, in order to examine 

whether Naa40 depletion affects fibronectin at the transcriptional level, we performed RT-

PCR in cells that were treated either with the Scramble- or the Naa40-siRNAs, 24h and 

72h post-treatment (Figure 33). The mRNA levels of vimentin were also analysed, as its 

expression has been linked to epithelial-mesenchymal transition of cells, induced cell 

growth, migration and metastasis whereas its down-regulation promotes mitochondrial 

apoptosis (Byun et al., 2001, Mendez et al., 2010, Nodale et al., 2012). The mRNA levels 

of both proteins were significantly decreased 24h post-siRNA transfection and were further 

down-regulated as treatment progressed (48h and 72h). These results support that N-acH4 

by Naa40 could play a direct role in the transcriptional regulation of fibronectin and 

vimentin. More specifically, it can be assumed that N-acH4 of the two genes leads to the 

decompaction of chromatin which will allow the transcriptional machinery to take place 

and induce their expression. Furthermore, our data exclude protein degradation as the main 

mechanism for their down-regulation during siNaa40-induced apoptosis.  

 
 

 
Figure 33. Naa40 silencing reduces the mRNA levels of mesenchymal protein markers. Gene 

expression levels of (A) fibronectin and (B) vimentin, 24h, 48h and 72h post-siRNA transfection in 

HCT116 cells. The levels of mRNA were quantified by RT-PCR and normalised to the levels of β-

actin mRNA, whose expression remained unchanged. The data represent the mean of three 

replicates and are representative of three independent experiments ±S.D (p value <0.02). 
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5.2.3 Naa40 activity affects the expression of genes involved in cell cycle 

progression and viability 

 

Since down-regulation of Naa40 results in apoptosis (Chapter 3), we also 

monitored the mRNA levels of well-known genes implicated in cell death and cell cycle 

regulation (Figure 34). Tested genes included p21that is involved both in cell cycle arrest 

and apoptosis, members of the Bcl-2 family such as the pro-apoptotic PUMA, BAX and 

BAK and anti-apoptotic Bcl-2, cyclins D and E that are necessary for G1-to-S phase 

transition and inhibitors of apoptosis (IAP) genes (XIAP and Survivin) which are 

implicated in many cancers by favouring cell survival and by inducing cell proliferation. In 

addition, p53 mRNA levels were analysed by RT-PCR, as a control, since it was already 

known that Naa40-knockdown does not affect p53 protein levels (Figure 34). The mRNA 

levels of the pro-apoptotic proteins p21, Bax, Bak and PUMA were up-regulated 24h after 

the siRNA treatment in the Naa40 silenced cells, while at 72h post-treatment, the levels 

dropped and were comparable to those of control treated cells.  If we take into account the 

newly identified role of N-acH4 in transcriptional activation (Schiza et al., 2013), these 

results suggest that these pro-apoptotic genes are not directly regulated by the activity of 

the Naa40 acetyltransferase and point towards the implication of other chromatin 

regulators for their transcriptional activation. In addition, the data indicate that the 

upregulated Bax protein that was previously monitored in western blots could be an 

outcome of post-transcriptional regulation, as well (Figure 26A and Figure 34). Contrary to 

the above results, the expression levels of anti-apoptotic genes, Bcl-2, XIAP and Survivin, 

and of genes necessary for G1/S cell cycle progression, cyclin D and cyclin E, were 

significantly reduced in the Naa40 depleted cells. Altogether, these results are consistent 

with the anti-apoptotic role of Naa40 in colorectal cancer cells and raise the possibility that 

Naa40 controls directly the transcription of genes involved in cell survival and cell cycle 

progression. 
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Figure 34. The effects of Naa40-knockdown on the mRNA levels of genes implicated in 

apoptosis and cell cycle. Gene expression levels were examined 24h and 72h post-siRNA 

treatment. The levels of mRNA were quantified by RT-PCR and normalised to the levels of β-actin 

mRNA, whose expression remained unchanged. Genes in green-dashed rectangle represent pro- 

and anti-apoptotic genes, genes in blue-dashed rectangle are needed for G1/S phase transitions and 

genes in violet-dashed rectangle are necessary for cell survival and apoptosis inhibition. The data 

represent the mean of at least three replicates and are representative of three independent 

experiments ±S.D (p value <0.05). 
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Stress signals may also lead to mitochondrial apoptosis through the Unfolded 

Protein Response (UPR), due to an accumulation of unfolded proteins in the endoplasmic 

reticulum (ER) (Oyadomari and Mori, 2004). Although the UPR represents primarily a 

survival cellular response, if ER stress persists, cells induce the apoptotic transcription 

factor CHOP (also known as DDIT3) to promote the apoptotic cell death pathway 

(Vandewynckel, Laukens et al. 2013, Mollereau 2013, Ma, Hendershot 2004). CHOP 

protein regulates positively or negatively the transcription of apoptotic (i.e. PUMA) or 

anti-apoptotic genes (i.e. Bcl-2), respectively, which are implicated in mitochondrial 

apoptosis initiation or inhibition. Since loss of N-terminal acetylation by Naa40 triggers 

mitochondrial apoptosis (Chapter 3), and since N-terminal acetylation has been shown to 

promote global protein misfolding (Holmes et al., 2014), it was obligatory to look into the 

expression of CHOP gene, as a possible target of Naa40. If so, CHOP may also represent 

an additional regulator of the induction of apoptosis in the Naa40 depleted cells. Hence, 

HCT116 cells were treated against the Naa40- or the Scramble-siRNA and RT-PCR was 

performed after 24h and 72h. As Figure 35 shows, the mRNA levels of CHOP gene 

dropped significantly 24h post-treatment, suggesting that apoptotic CHOP could represent 

one of the direct gene-targets of Naa40 and that depletion of the enzyme could have 

resulted in its down-regulation. However, this contradicts the anti-apoptotic role of Naa40 

in colon cancer cells, proposing that CHOP expression may be regulated by a different 

mechanism. Interestingly, after 72h, a substantial upregulation of the CHOP gene was 

recorded. This enhances the idea that CHOP regulation is not directly regulated by Naa40 

acetyltransferase activity and implicates an interplay between different modifiers in the 

control of CHOP transcription. Naa40 depletion triggers stress signals in the cell to induce 

the mitochondrial pathway. It is known, that upon mild ER stress, CHOP is induced, 

though it is rapidly degraded with a limited half-life resulting in low expression levels. In 

severe ER stress though CHOP is overexpressed through transcriptional and post-

transcriptional regulation, it is stabilised and induces cell death by various mechanisms, 

including inhibition of the anti-apoptotic Bcl-2 (McCullough et al., 2001, Rutkowski et al., 

2006, Oyadomari and Mori, 2004). The differential expression of CHOP observed at 24h 

and 72h post-Naa40 silencing could be the result of the aforementioned conditions. It is 

therefore suggested that prolonged Naa40 loss leads to severe cellular damages which in 

turn engage other additional apoptotic mechanisms, like CHOP activation, to augment 

mitochondrial apoptosis.  
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Figure 35. The effects of Naa40-knockdown on the mRNA levels of CHOP gene. Primers were 

annealing at the beginning (B), middle (M) and the end (E) of CHOP gene. Gene expression levels 

were examined 24h and 72h post-siRNA treatment. The levels of mRNA were quantified by RT-

PCR and normalised to the levels of β-actin control mRNA. The data represent the mean of three 

replicates and are representative of three independent experiments ±S.D (p value <0.02). 

 

 

 

The altered mRNA levels of genes upon Naa40 knockdown, suggest a Naa40-

dependent transcriptional regulation. Table 10 summarises the transcriptional outcome of 

all the genes examined after Naa40 depletion in HCT116 cells. The fact that anti-apoptotic 

genes are down-regulated when Naa40 is abolished, might suggest that histone Nt-

acetylation is directly involved in their transcriptional activation, raising the intriguing idea 

that Naa40 behaves as an oncoprotein in colon carcinoma.  On the other hand, the genes 

that are upregulated (i.e. p21, PUMA, Bax, Bak) upon Naa40 depletion most likely 

represent indirect effects of histone Nt-acetylation, possibly, due to direct down-regulation 

of their transcriptional repressors.  
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Table 10. Differential gene expression after Naa40 knockdown 

Gene Function Changes in expression 

Naa40 
histone N-terminal acetyltransferase of histones H2A and 
H4 

↓ 

rDNA 
codes for ribosomal RNA components of ribosomes for 
protein synthesis 

↓ 

caspases-3 
effector caspase in the cascade for apoptosis induction, 
cleaves downstream substrates like PARP-1 

- 

caspase-6 
effector caspase in the cascade for apoptosis induction, 
cleaves downstream substrates like PARP-1 

- 

caspase-7 
effector caspase in the cascade for apoptosis induction, 
cleaves downstream substrates like PARP-1 

↑ 

caspase-8 initiator caspase of the extrinsic apoptotic pathway - 

caspase-9 
initiator caspase of the intrinsic/mitochondrial apoptotic 
pathway 

- 

PARP-1 

modifies  nuclear proteins by poly(ADP-ribosyl)ation, 
implicated in proliferation, DNA repair, differentiation 
and tumor transformation, inactivated by effector 
caspases 

- 

fibronectin 
glycoprotein of cytoplasm, cell surface and extracellular 
matrix,  involved in cell adhesion and 
migration/metastasis 

↓ 

Vimentin 
intermediate filament of the cytoskeleton,  involved in 
cell attachment, migration/metastasis and signalling 

↓ 

p53 
tumor suppressor, transcriptional regulator of DNA 
repair, cell cycle arrest and apoptosis 

- 

p21 
cyclin dependent kinase inhibitor, activates G1/G2 cell 
cycle arrest  

24h ↑ 
72h ↓ 

PUMA 
pro-apoptotic protein, induces mitochondrial apoptosis 
and caspase-activation 

24h ↑ 
72h - 

BAX 
pro-apoptotic protein, translocates to mitohondria 
leading to cytochrome-c release and activation of 
apoptosis 

24h ↑ 
72h - 

BAK 
pro-apoptotic protein, translocates to mitohondria 
leading to cytochrome-c release and activation of 
apoptosis 

24h ↑ 
72h - 

BCL-2 
anti-apoptotic protein, inhibits BAX translocation to 
mitochondrion and blocks the release of cytochrome-c 
from the mitochondria  

24h -  
72h ↓ 

cyclin D cyclin family member for G1/S cell cycle transition ↓ 

cyclin E cyclin family member for G1/S cell cycle transition ↓ 

XIAP 
protein member of Inhibitor of Apoptosis (IAP)  family, 
direct caspase-inhibitor 

↓ 

Survivin 
protein member of Inhibitor of Apoptosis (IAP) family, 
direct caspase-inhibitor 

24h - 
72h ↓ 

CHOP 
transcription factor, mediator of cell cycle 
arrest/apoptosis in response to ER stress trough the UPR 
pathway 

24h ↓ 
72h ↑ 

- unchanged ↓down-regulated  ↑ up-regulated 
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5.3 Interplay between histone Nt-acetylation and methylation 

 

Histone modifications, just like all the epigenetic marks, do not function alone, but 

rather communicate and cross-regulate each other in a way that diversifies their functional 

states (Molina-Serrano et al., 2013). Recently, work from our lab revealed a cross-talk 

between Nt-acetylation by Naa40 and arginine methylation during the regulation of rRNA 

expression (Schiza et al., 2013). More specifically, during transcriptional activation of the 

yeast rDNA region, Naa40 catalyzes N-acH4 in order to block the deposition of the 

adjacent asymmetric dimethylation of arginine 3 on histone H4 (H4R3me2a), a 

modification which is associated with silenced chromatin in yeast. Interestingly, ectopic 

expression of the human Naa40 in mutant yeast strain lacking the endogenous yNaa40 

gene can also activate this cross-regulation between H4R3me2a and N-acH4 at the 

ribosomal DNA locus (Schiza et al., 2013), highlighting the functional conservation of 

yeast and human Naa40.  Hence, the conserved role of Naa40 in rDNA expression (Figures 

30 and 31) prompted us to investigate whether Naa40-mediated histone Nt-acetylation in 

human cells also interplays with other modifications to regulate gene transcription. 

 

5.3.1 Loss of Naa40 leads to reduced H4R3me2s reduction and enhanced 

H3K4me3 levels 

 

To investigate whether Naa40 activity affects arginine methylation, as reported in 

yeast (Schiza et al., 2013), we performed Naa40 knockdown in HCT116 colon cancer cells 

(Figure 21A) and whole cell lysates were subjected to western blot analysis against 

H4R3me2a (Figure 36B). As expected a global loss of N-acH4 was observed (36A). 

Although a decrease of the H4R3me2a modification was recorded in the absence of Naa40, 

it was not of statistical significance, therefore, we deduced that Naa40 does not have a 

robust effect towards H4R3me2a and that a communication between N-acH4 and 

H4R3me2a is weak, at least at a global level (Figure 36B).  

In the mammalian genome and contradictive to yeast, the presence of H4R3me2a 

signifies gene activation instead of repression. In contrast, the symmetrically dimethylated 

state of arginine 3 (H4R3me2s) is strongly associated with silenced heterochromatic 

regions in human cells (Saha et al., 2016, Di Lorenzo and Bedford, 2011, Wang et al., 

2008). Thus, we wanted to explore whether N-acH4 has an effect on this modification, 

instead. Indeed, western blots revealed a significant global decrease of H4R3me2s in the 
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Naa40 depleted sample compared to siScramble control, while the total levels of H4 

histone remained unaffected (Figure 36A and 36C). This reduction was observed early on 

(24h) and persisted throughout the course of treatment (48h and 72h), suggesting that 

H4R3me2s works in concert with N-acH4. Similarly to yeast observations, human Naa40 

strongly affects the global levels of the repressive mark (H4R3me2a in yeast, H4R3me2s 

in human cells). 

Since N-acH4 loss led to such a great reduction of H4R3me2s silencing mark, we 

hypothesised that Naa40 could also cross-talk with a modification that designates 

transcriptional activation, other than H4R3me2a. Trimethylation of lysine 4 in histone H3 

(H3K4me3) is widely known to enrich promoters and enhancer regions of actively 

transcribed genes (Guenther et al., 2007). Thus, it was intriguing to monitor the levels of 

H3K4me3 in the absence of Naa40. Interestingly, a great induction of H3K4me3 was 

observed from 24h post-siRNA treatment and persisted throughout the siRNA treatment 

(72h) (Figure 36D).  
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Figure 36. Loss of Naa40 reduces H4R3me2s global levels, while H4R3me2a levels remain 

unaltered. (A) Immunoblot analysis of HCT116 cells that were transfected with 7.5 nm of Naa40 

siRNA or scramble siRNA and incubated for 24h and 72h. Antibodies were used against Naa40, N-

acH4, H3, H4 and GAPDH, which was used as a loading control. (B) H4R3me2a levels, (C) 

H4R3me2s and (D) H3K4me3 were determined in same conditions as (A). Western blot images are 

representative of three independent experiments. Images are representative of three independent 

experiments. Densitometry analysis (B, right panel) shows the levels of H43me2a in siNaa40 

treatments relative to the scramble-siRNA sample.  
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5.3.2 PRMT5 expression is regulated by Naa40 function 

 

Considering that Nt-acetylation (N-acH4) and H4R3me2s have opposing roles in 

gene transcription, the simultaneous global presence or loss of these modifications (Figure 

36A and 36C) perhaps could be explained by a complex cross-talk that involves additional 

histone modifications and epigenetic factors. An alternative scenario is that N-acH4 simply 

regulates the expression of the gene that encodes for the H4R3me2s ‘writer’ which is the 

protein methyltransferase PRMT5. To explore the latter hypothesis, we first performed 

RT-PCR analysis 24h and 72h post-siRNA transfection (Figure 37A) and western blotting 

72h post-treatment (Figure 37B), to determine the mRNA and protein levels of PRMT5, 

respectively, in the presence or absence of Naa40. Notably, PRMT5 mRNA and protein 

levels were significantly reduced in the absence of Naa40 (Figure 37A and 22B). Once 

again, we confirmed the reduction of H4R3me2s after Naa40 depletion which coincided 

with the decrease of its writer PRMT5 (Fig 37B). These findings suggested that Naa40 and 

its associated N-acH4 might regulate the activity of the PRMT5 gene promoter.  

In order to reveal whether Naa40 activity affects the transcription and therefore 

activation of PRMT5, we quantified histone modifications on chromatin flanking the 

promoter region of the PRMT5 gene using ChIP assays. We thus examined chromatin with 

an antibody against N-terminally acetylated H4 (N-acH4) and an antibody against 

trimethylated H3K4 (H3K4me3), which is an epigenetic signature of active promoters 

(Guenther et al., 2007). In the absence of Naa40, the levels of N-acH4 and H3K4me3 

significantly dropped, signifying the switch of PRMT5 from a transcriptionally active to a 

transcriptionally inactive state.  

Altogether, these results provide an explanation for the global decrease of 

H4R3me2s observed in western blots (Figure 37C). N-acH4 modification at the 

promoter/enhancer region of PRMT5 is essential for its transcriptional activation, so it can 

thereafter symmetrically dimethylate its substrate genes. Reversely, loss of the N-terminal 

modification inhibits PRMT5 expression and thus H4R3me2 is reduced. Unlike the 

findings reported in yeast, where N-acH4 blocks the responsible methyltrnsferase Hmt1 

from methylating its substrate H4R3 on chromatin (Schiza et al., 2013), we reveal that 

PRMT5 expression is controlled by Naa40 at the transcriptional level. Moreover, the 

contradicting H3K4me3 results obtained from western blots (Figure 36D) and from ChIP 

against PRMT5 gene (Figure 37C) emphasise the necessity of approaching Naa40 

molecular function in the gene level, rather than the global one. Collectively, the findings 
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implicate N-acH4 by Naa40 in the control of gene promoters, either directly or indirectly, 

through cross-talk with other modifications. Interestingly, loss of PRMT5, which catalyses 

the repressive H4R3me2s mark, could provide an explanation for the activation of pro-

apoptotic genes in the absence of Naa40. 
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Figure 37. Naa40 acetyltransferase activity is necessary for PRMT5 transcriptional 

activation. (A) RT-PCR analysis of HCT116 transcfected with siScramble or siNaa40 nucleotides, 

for 24h or 72h. The levels of Naa40 and PRMT5 mRNA were quantified and then normalised to the 

levels of β-actin control mRNA, whose expression remained unchanged. (B) Immunoblot analysis 

to determine PRMT5 and H4R3me2s levels in the absence of Naa40, 72h post-transfection. 

GAPDH levels were monitored and used as a loading control. (C) ChIP analysis against H3K4me3 

(left chart) and N-H4ac (right chart) epigenetic modifications at the enhancer/promoter region of 

PRMT5 gene, 72h post Naa40 attenuation. The enrichment from each antibody was normalized to 

the levels of histone H3 or H4, respectively. Values represent the mean of duplicate experiments 

and the asterisk (*) indicates statistically significant changes (p value ˂0.02). 
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CHAPTER 6 

DISCUSSION 

_______________________________________________________________________________ 
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6. Unveiling the biological and molecular role of Nt-acetyltransferase 

Naa40 in colorectal carcinoma 

 

The majority of eukaryotic proteins undergo co-translational and post-translational 

modifications to ensure correct transcriptional programme and protein function, which will 

result in normal cellular growth and development (Helin and Dhanak, 2013, Sharma et al., 

2010, Holliday, 1987, Duan and Walther, 2015, Tooley and Schaner Tooley, 2014). Over 

the last years, Nα-terminal acetylation has attracted growing attention, as it is one of the 

most abundant covalent protein modification marks found across eukaryotes (Arnesen et 

al., 2009, Brown and Roberts, 1976, Varland et al., 2015).  

In this scientific work, we uncover for the first time the link between Naa40 and 

colorectal carcinoma. We reveal the molecular pathway that is triggered upon Naa40 

depletion and we explore the role of Naa40 towards gene regulation, in cells. Additionally, 

our findings expose the conserved role of human Naa40 in the control of rRNA expression 

linking this epigenetic enzyme and its associated histone modification with the 

transcriptional regulation of pro- and anti-apoptotic genes.  We also identify a correlation 

between N-acH4 and histone methylation (H4R3me2s and H3K4me3). Such 

communication could be essential for switching ‘‘on’’ or ‘‘off’’ certain genes and could be 

responsible for changing a benign cell into a cancerous one. In summary, the present study 

identifies the anti-apoptotic role of Naa40 and therefore, proposes that Naa40 inhibition 

could serve as a potential epigenetic strategy for battling colon cancer. 

 

6.1 Naa40 depletion induces p53-independent mitochondrial apoptosis in 

cancer cells without affecting the viability of non-cancerous cells 

 

According to our findings, Naa40 behaves as an oncoprotein as its activity is 

essential for colon cancer cell survival. Knockdown of Naa40 in colon cancer cells triggers 

a strong apoptotic signal, characterized by cellular morphological changes (Figure20 and 

21A) and reduced viable population. This decrease is evident through the MTT assay 

(Figure 21C and 24B) and the significant increase of the subG0/G1 apoptotic cell 

population observed by flow cytometry (Figures 23A and 24C). The transition of cells 

from early to late apoptosis determined by Annexin V/PI staining shows clearly that Naa40 

depletion induces apoptosis and not necrosis (Figure 23B). The mitochondrion has a 

central role in the induction of Naa40-knockdown mediated apoptosis. This is confirmed 
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by altered levels of Bcl-2 protein members (Figure 26A and 26B), the specific activation of 

the initiator caspase-9 but not of caspase-8 (Figure 26C) and the cleavage of the 

downstream executioner caspases (Figure 25B). Consistent with this, treatment of cells 

with an irreversible caspase-9 inhibitor impedes apoptosis in the absence of Naa40 (Figure 

27). Collectively, these data demonstrate that the mitochondrial, or intrinsic apoptotic 

pathway is exclusively responsible for the Naa40-knockdown mediated programmed cell-

death. It is known that tumor cells acquire proliferative advantage and resist to treatments 

though inhibition of apoptotic pathways. Since mitochondrial apoptosis irreversibly locks 

cells in the cell-death pathway and enhances cells’ sensitivity towards stress signals, their 

stimulation is considered an attractive approach for tumor cell elimination (Lopez and Tait, 

2015, Gogvadze, 2011, Hassan et al., 2014). Therefore, manipulating the expression levels 

of Naa40 in those cancers could be considered a key therapeutic strategy. Importantly, the 

link of Naa40 knockdown to apoptosis appears to be specific to cancer cells, since 

depletion of Naa40 in non-malignant embryonic fibroblasts does not stimulate cell death 

(Figure 24A and 24B). This difference in the survival response proposes Naa40 as a novel 

candidate in effective targeted treatments which will protect normal cells from generating 

side-effects throughout therapeutic procedures. Moreover, the effect of Naa40 depletion on 

cell-death is mediated through a p53-independent mechanism, since p53-null HCT116 

cells still undergo apoptosis upon reduction of the acetyltransferase (Figure 28). The 

transcription factor and tumor suppressor p53 normally acts as a brake to halt damaged 

cells from propagating their genetic aberrations to progeny cells. However, more than 50% 

of cancers are afflicted with transcriptional or post-transcriptional errors that lead to 

abolished function of p53. As a result, cells lose their tumor-protecting capacities and 

acquire a growth, proliferative and survival advantage (Haupt et al., 2016). The fact that 

that Naa40-mediated apoptosis in colon cancer cells does not require p53 activity, 

highlights the potential exploitation of Naa40 as a therapeutic target against cancers, 

regardless their p53 status (wild-type or mutant). 

 Collectively, our findings so far place Naa40 upstream the mitochondrial pathway 

(Figure 38)  and suggest that its activity could induce the expression of anti-apoptotic 

genes or block pro-apoptotic factors involved in the intrinsic apoptotic cascade. 

Accordingly, Naa40 depletion induces mitochondrial apoptosis.  Transcriptional profiles of 

genes implicated in this process shed light into the underlying molecular mechanisms 

driven by Naa40 (results are discussed below).  
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Figure 38. Naa40 regulates mitochondrial apoptosis. Mitochondrial outer membrane 

permeabilisation (MOMP) relies upon the expression and translocation of pro-apoptotic 

proteins (i.e Bax) and the inhibition of anti-apoptotic factors (i.e Bcl-2). Naa40 functions 

upstream the mitochondrial apoptotic pathway, possibly affecting the transcription of 

genes necessary for mitochondrial apoptosis induction or inhibition.  
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6.2 The role of Naa40 in the control of rRNA expression is conserved 

from yeast to humans 

  

Despite the fact that the enzymatic activity of Naa40 towards histones was 

identified in yeast more than a decade ago (Song et al., 2003, Polevoda et al., 2009b), 

evidence for the molecular role of histone Nt-acetylation was only recently described. 

Specifically, a study in our lab supported a role for this modification in transcriptional 

activation by showing that N-acH4 mediated by Naa40 was required for rRNA expression 

in yeast (Schiza et al., 2013).  Thus, it was intriguing to investigate whether human Naa40 

behaves in a similar manner by controlling the transcription of the rRNAs in human cells. 

Upon depletion of Naa40 in colon cancer cells, we observed a significant decrease in the 

expression of different ribosomal RNA transcripts (28S, 18S, 5.8S as well as their 

precursor 45S) (Figure 30), supporting the above hypothesis. In favour of this, ChIP 

experiments revealed that the ribosomal DNA loci carry N-terminally acetylated H4 

histones (Figure 31). This means that the nucleosomes found at the rDNA regions are 

direct targets of Naa40. Loss of the enzyme results in a significant reduction of N-acH4, 

which correlates with the down-regulation of rRNA expression. The higher acetylation 

levels observed in the enhancer/promoter of the 45S rDNA locus (Figure 31), may suggest 

that Naa40 modifies mainly nucleosomes found at these regions to enhance and initiate 

transcription.  

Cellular ageing has been previously linked with increased rRNA expression and 

rDNA instability whereas down-regulation of rRNA transcription has been correlated with 

extended lifespan (Ganley and Kobayashi, 2014, Kobayashi, 2011, Kobayashi, 2014). 

Nutrient deprivation has been described to cause down-regulation of rDNA genes. This 

leads to reduced energy expenditure since rDNA encodes rRNAs which account for 

approximately 80% of the total RNA in the cell. Consequently, cells save energy and live 

longer. However, this is not the case in cancer cells. It is generally accepted that tumor 

cells highly overexpress RNA species to induce cancer cell proliferation. Tumor 

progression is dependent on a concomitant increase in protein synthesis due to increased 

cell division rates and anabolic activities, where expression and synthesis of new 

biomolecules rely upon RNA polymerase I and ribosomes (Nguyen le et al., 2015, Uemura 

et al., 2012, Ghoshal et al., 2004, Drygin et al., 2010, Ruggero and Pandolfi, 2003, White, 

2005, Williamson et al., 2006, Shenoy et al., 2012). Therefore, reduction of RNA content 

acts as a stress sensor, which activates pathways for cell cycle arrest or p53-independent 
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apoptosis. For the over-mentioned reasons, inhibition of rDNA transcription is recognised 

as a therapeutic strategy against cancers (Kumazawa et al., 2015, Bywater et al., 2012). 

Taking all these into consideration, we postulate that loss of the anti-apoptotic Naa40 in 

colon cancer directly impairs rRNA expression providing in this way the initial signal for 

diminishing the proliferative potential and cell viability of HCT116 and HT-29 colon 

cancer cells. On the other hand, absence of N-acH4 and possible reduction of rRNAs in 

STO cells does not influence their viability nor growth rate. According to recent data, 

deletion of yeast Naa40 orthologue extends replicative life span of cells to similar levels as 

observed under caloric restriction (Molina-Serrano et al., 2016,unpublished data). It is now 

accepted that caloric restriction retards the ageing process, prolongs the duration of 

youthfulness, postpones the onset of age-associated pathologies, and extends longevity of 

organisms (Sohal and Forster, 2014, Fontana et al., 2010).  If the role of yeast Naa40 in 

cellular longevity is maintained in humans, this implies that Naa40 targeting in 

therapeutics will not only be valuable for the elimination of malignant cells, but also for 

the delay of physiological declines that characterise ageing process, in non-cancerous cells. 

In support of this, recent findings in mice showed that Naa40 knockout offers protection 

from an age-associated disease, known as hepatic steatosis (Liu et al., 2012).  

 

6.3 Naa40 depletion reduces the expression of anti-apoptotic genes and 

induces the expression of pro-apoptotic factors 

 

Acetyl-marks that decorate the amino acid residues within the histone tails facilitate 

access of the transcriptional machinery to DNA, as they ‘open-up’ chromatin by 

stimulating nucleosome disassembly. Therefore, histone acetylation is linked with 

transcriptional activation, while deacetylation leads to transcriptional silencing 

(Kouzarides, 2007, Lu et al., 2015, Venkatesh and Workman, 2015). However, whether 

histone Nt-acetylation catalysed by NATs plays a similar role in transcription is still not 

totally clear. Previous work in yeast cells has suggested that N-acH4 by yeast Naa40 

contributes to transcriptional activation of the rRNA genes (Schiza et al., 2013). Through 

this study, further evidence in favour of the notion that N-acH4 by Naa40 acts as an 

activation mark is provided. Consistent with the proposed Naa40 anti-apoptotic role, we 

suggest that N-acH4 in colorectal cancer is necessary for the activation of anti-apoptotic 

genes because depletion of Naa40 results in the down-regulation of these genes (Figure 

34). 
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In more detail, we showed that the mesenchymal markers fibronectin and vimentin, 

which promote tumor aggressiveness (Han and Roman, 2006, Mendez et al., 2010), are 

transcriptionally reduced upon Naa40 loss. These results support the hypothesis that Naa40 

plays a direct role in their transcriptional regulation through which N-acH4 could lead to 

the decompaction of chromatin to allow the transcriptional machinery to land on DNA. 

Also, our findings exclude protein degradation as the main mechanism for their down-

regulation during siNaa40-induced apoptosis (Figures 22 and 33).  Additionally, the 

expression levels of anti-apoptotic genes, Bcl-2, XIAP and Survivin, and of genes 

necessary for G1/S cell cycle progression, cyclin D and cyclin E, were significantly 

reduced in the Naa40 depleted cells (Figure 34). These results are in consonance with the 

anti-apoptotic role of Naa40 in colorectal cancer cells where upon Naa40 depletion G0/G1 

phase of cells is decreased and apoptotic population (subG0/G1) is increased (Figure 23A).  

The data enhance the possibility that Naa40 controls directly the transcription of genes 

involved in cell survival and cell cycle progression to promote tumorigenesis.  However, 

this should be conclusively resolved through ChIP experiments performed in the presence 

and absence of Naa40, in order to determine the localisation of N-acH4 histone 

modification. 

On the contrary, pro-apoptotic proteins p21, Bax, Bak, PUMA and CHOP were up-

regulated in Naa40-knockdown cells. CHOP activation implicates UPR pathway for the 

induction of apoptosis, in addition to the intrinsic apoptotic pathway. Naa40 loss seems to 

stimulate a strong stress signal in cells that triggers apoptosis. Mild ER stress, caused by 

misfolded or unfolded proteins, is known to lead to the transcription of CHOP, which 

though is rapidly degraded leading to reduced CHOP levels. However, severe stress, leads 

to significant increase and stabilisation of CHOP (McCullough et al., 2001, Rutkowski et 

al., 2006, Oyadomari and Mori, 2004). This could explain our observations of CHOP 

reduced levels after 24h post-siRNA transfection and its significant induction after 72h of 

treatment, due to prolonged cellular changes (Figure 35). This scenario is also supported 

by the elevated levels of the uncleaved PARP-1 (Figure 25B), which according to previous 

published data, is induced upon severe DNA-damage (McCullough et al., 2001, Rutkowski 

et al., 2006, Oyadomari and Mori, 2004). Thus, we assume, that upon Naa40 depletion, 

other apoptotic mechanisms in addition to the mitochondrial pathway are engaged to 

eliminate damaged cancer cells. 

 Taking into consideration the evidence pointing towards a role of N-acH4 in 

transcriptional activation (Schiza et al., 2013), the above results suggest that these pro-
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apoptotic genes are not directly repressed by the activity of the Naa40 acetyltransferase on 

histones and point towards the implication of other chromatin regulators for their 

transcriptional activation. One possibility is that their direct transcriptional repressor is 

itself transcriptionally down-regulated in the absence of Naa40 and N-acH4 (discussed in 

section 6.4). Another alternative is that Naa40 acetylates the repressor protein itself and 

loss of this acetylation in Naa40 knockdown cells inhibits its function. However, this 

scenario is less likely to hold true, considering the fact that Naa40 acetyltransferase activity 

is directed only towards histone proteins H4 and H2A. So far, no other human proteins 

have been identified as Naa40 substrates, though H2A.X and SMARCD2 have also been 

considered as putative Naa40 targets, since they also possess the proper recognition N-

terminal sequence (Magin et al., 2015).  

The data so far show that Naa40 has a very narrow and specific set of protein 

targets. Furthermore, the yeast Naa40 orthologue was shown to have a transcriptional role 

towards rRNA expression (Schiza et al., 2013). Therefore, we postulate that Naa40 

influences cell survival by regulating gene expression epigenetically and not through direct 

N-terminal acetylation of key regulators of cell growth and/or apoptosis. Additionally, the 

transcriptional down-regulation of an inhibitor may not only directly affect the 

transcription of pro-apoptotic genes, but could influence other modifications or chromatin 

factors that in turn will affect those pro-apoptotic genes (Figure 39). Collectively, this 

study suggests that Naa40 is responsible for maintaining the balance between cell survival 

and cell-death, through transcriptional regulation of target genes. 

 

6.4 Loss of Naa40 and N-acH4 associates with repression of PRMT5 

 

In this project, we show that loss of N-acH4 due to Naa40 knockdown results in 

reduced H4R3me2s global levels (Figures 36C and 37B). Interestingly, we found that the 

overall H4R3me2s reduction is due to the down-regulation of PRMT5, which is the 

responsible methyltransferase. Our data show that N-acH4 is localised at the 

promoter/enhancer region of PRMT5 and loss of this mark upon Naa40 depletion 

correlates with repression of PRMT5 (Figure 37), indicating that PRMT5 is a direct target 

of Naa40. Unlike the findings reported in yeast, where N-acH4 blocks directly the Hmt1 

methyltransferase from methylating its substrate H4R3 on chromatin (Schiza et al., 2013), 

we show that Naa40 and N-acH4 regulate PRMT5 at the transcriptional level. 
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 The expression levels and activity of PRMT5 is frequently associated with 

tumorigenesis, as the enzyme directly inhibits genes important for cell cycle arrest or 

apoptosis (Chung et al., 2013, Wang et al., 2008, Zhang et al., 2015a, Gu et al., 2012, Pal 

et al., 2007, Pal et al., 2004, Powers et al., 2011, Cho et al., 2012, Bao et al., 2013, Zhang 

et al., 2015d). Therefore, we hypothesise that Naa40 directly induces anti-apoptotic genes 

and in addition activates PRMT5, which subsequently deposits H4R3me2s to suppress pro-

apoptotic genes. This is consisted with the already known oncogenic/anti-apoptotic role of 

PRMT5 exhibited in cancers (Zhang et al., 2015d, Pal et al., 2007, Pal et al., 2004).  

Interestingly, upon loss of Naa40 we also observe enhanced H3K4me3 levels 

(Figure 36D). Based on previous findings that support Naa40 transcriptional activation role 

(Schiza et al., 2013), we similarly assume that the up-regulated genes observed in the 

absence of Naa40, are most likely controlled through an indirect regulatory way. Genome 

wide profiling for H3K4me3 has revealed that this mark is present in most transcriptionally 

active promoters or enhancers (Kim et al., 2005, Bernstein et al., 2005, Mikkelsen et al., 

2007, Bernstein et al., 2006, Wei et al., 2009, Cui et al., 2009, Ke et al., 2009). The 

inhibition of H3K4me3 activation mark by arginine methyltransferases has been described 

very recently. PRMT7 methyltransferase, which just like PRMT5 catalyses the symmetric 

dimethylation of arginine 3 in histone H4 (H4R3me2) was shown to inhibit MLL4 (also 

known as MLL2 or ALR) from catalysing the trimethylation of lysine 4 in histone H3 

(H3K4me3). MLL4 lysine methyltransferase recognises H4R3me2a (also an activation 

mark) through its homeodomain (which is also required for lysine methyltransferase 

activity) and thereafter catalyses the methylation of H3K4me3 in order to activate 

differentiation-specific genes (HOX genes). Induction of H4R3me2s levels by PRMT7 

inhibited the expression of MLL4 target-genes, whereas knock-down of PRMT7 raised 

MLL4-catalysed H3K4me3 levels. The authors propose that H4R3me2s interferes with the 

homeodomain of MLL4, which can no longer bind to H3K4 to catalyse its methylation 

(Dhar et al., 2012). In a similar way, we assume that PRMT5-mediated H4R3me2s could 

block the deposition of H3K4me3. Hence, in the absence of Naa40 activity and subsequent 

down-regulation of PRMT5, H3K4me3 levels are enhanced. Although this could represent 

a global effect, the decreased H3K4me3 levels at the PRMT5 promoter region in the 

absence of Naa40 suggest that the changes on H3K4me3 levels are gene specific. 

Therefore, in future studies it would be very informative if we approached Naa40 effect 

towards gene expression at a genome wide level. This will allow us to determine the exact 

genomic locations where H3K4me3 changes occur upon Naa40 loss, identify the molecular 
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pathways the affected genes are implicated in and expose the functional consequences of 

Naa40 activity. 

 
 
 
 

6.5 Proposed molecular mechanism through which Naa40 controls gene 

expression  

 

Considering the oncogenic role of Naa40 in colon cancer cells, we propose the 

following mechanistic model (Figure 39): Naa40 in colon cancer cells is responsible for 

the Nt-acetylation of nucleosomes found at the rDNA region, the PRMT5 gene and at  anti-

apoptotic genes required for cell-cycle progression (Bcl-2, cyclin-D. cyclin-E), survival 

(XIAP and survivin) and metastasis (fibronectin and vimentin). This N-acH4 modification 

possibly results in the decompaction of chromatin and therefore the transcriptional 

activation of the target loci. The expression of pro-apoptotic genes (p21, BAX, BAK, 

caspase-7 and CHOP) can be either suppressed by PRMT5, as it is already known for p21 

(Zhang et al., 2015d) and for ST7 and Rb tumor suppressor proteins (Pal et al., 2007, Pal et 

al., 2004) or by some other chromatin repressors that await to be identified and associate 

with Naa40 activity.  Since H3K4me3 levels are significantly elevated in Naa40 

knockdown conditions, it is assumed that this transcriptionally active mark could be 

inhibited by the Naa40-induced PRMT5 activity, which deposits the H4R3me2s 

antagonistic repressive mark. Epigenetic marks are dynamic and differentially arise at 

specific sets of genes, cells, tissues and times. Thus, we assume, that depending on the 

biological context, the proposed mechanism may be different. Additionally, N-acH4 may 

work synergistically or antagonistically with other modifications on the same nucleosome, 

in the same or different histone proteins, to bring about specific transcriptional outcomes. 

Important tasks for future studies will be to investigate the regulatory mechanisms of 

Naa40 to answer questions as to how transcriptional activation or repression is controlled 

through its molecular activity and which or how other genes and modifications are 

modulated by its function.  
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6.6 The role of Naa40 in cancer development depends on the specific 

biological and pathological context 

 

 The anti-apoptotic role of Naa40 in colon cancer contradicts the previously 

reported pro-apoptotic role of Naa40 in hepatocellular carcinoma. In liver cancer cells, 

siRNA mediated knockdown of Naa40 protected cells from drug-induced apoptosis, 

whereas overexpression of the enzyme induced programmed cell death (Liu et al., 2009). A 

bifunctional role of Nt-acetylation has been previously described for N-terminal 

acetyltransferase NatA (also known as Naa10), which exhibits both an anti- and a pro-

apoptotic role. For example, depletion of Naa10 in HCT116 colon cancer cells and Hela 

cervical adenocarcinoma cells caused caspase-dependent apoptosis (Gromyko et al., 2010, 

Arnesen et al., 2006), while knockdown of Naa10 in other cell lines, including U2OS 

osteosarcoma and HT1080 fibrosarcoma cells, conferred resistance to DNA-damage 

induced apoptosis. It has been proposed that these opposing roles are due to the fact that 

Naa10 has numerous protein substrates (Polevoda et al., 1999) and employs different 

mechanisms to exert its functions, which can vary among cell-types and pathological 

contexts (Kalvik and Arnesen, 2013, Starheim et al., 2012). An analogous rational could 

perhaps explain the contrasting roles of Naa40 in apoptosis. With more than 90% of 

histone H4 proteins N-terminally acetylated within cells (Tweedie-Cullen et al., 2012), it is 

likely that Naa40 impacts chromatin structure and transcription of various genomic loci. 

Indeed, our results indicate that N-acH4 plays a key role in the regulation of various genes 

(Table 10). In colon cancer cells, where Naa40 behaves as an oncoprotein, it directly 

enhances the transcriptional activation of rDNA, PRMT5 and of anti-apoptotic genes 

whereas it indirectly leads to the transcriptional silencing of pro-apoptotic genes (Table 

10).  Consequently, knock-down of Naa40 could affect different sets of genes in different 

cell types and thus exhibiting diverse effects on cell viability. Unfortunately, the previous 

study did not examine gene expression in hepatocellular carcinomas upon depletion of 

Naa40.  Therefore, it would be interesting to determine if Naa40 targets different genes in 

colon versus liver cancer cells.  Moreover, according to the differential expression of 

Naa40 in different cancer types (The Human Atlas, 2016), it is possible that Naa40 targets 

distinct sets of genes to exhibit its oncogenic versus its tumor-suppressive function. Future 

molecular studies in various biological contexts, pathological or not, will provide new 

insights for resolving the exact role of Naa40 in apoptosis and carcinogenesis.  
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6.7 Naa40 emerges as a promising target in cancer therapy 

 

Resisting cell-death is one of the hallmarks of cancers (Hanahan and Weinberg, 

2011). The acquired capability of cancer cells to evade programmed cell-death by 

apoptosis enables them to sustain their proliferative potential that eventually leads to tumor 

development, invasion and metastasis. Efforts to trigger apoptosis and re-establish this 

crucial natural barrier to tumorigenesis have been the focus in several cancer therapy 

studies. One key regulator of apoptosis is the p53 tumor suppressor, which is inactivated in 

more than 50% of all tumors, including colon cancer (Liu and Bodmer, 2006, Joerger and 

Fersht, 2007).  

The findings within the current study suggest that the inhibition of Naa40 should be 

considered as a therapeutic approach because of the following main reasons. Firstly, Naa40 

knockdown in colon cancer cells induces a strong apoptotic effect which is specific 

because depletion of Naa40 in non-malignant mouse embryonic fibroblasts does not affect 

cell viability. Secondly, the siNaa40-mediated induction of apoptosis in HCT116 cancer 

cells is irrespective of the p53 status. Since the gene encoding p53 is mutated in 40-50% of 

colorectal cancers (Liu and Bodmer, 2006), a comprehensive therapeutic regimen should 

avoid the requirement of having intact endogenous p53 function. Thirdly, the data suggest 

a direct regulatory effect of Naa40 upon transcriptional activation of proteins implicated in 

the survival of cells (Bcl-2, cyclins, survivin, XIAP and of mesenchymal markers), which 

are down-regulated in Naa40 depleted cancer cells. As a result, cell growth, cell-cycle 

progression and cell-survival are diminished. Fourthly, Naa40 knock-down leads to the 

transcriptional induction of pro-apoptotic factors that are implicated in intrinsic apoptosis 

(Bax, Bak, p21, PUMA, caspase-7 and CHOP). The effect of Naa40 loss is completely 

driven by the mitochondrial pathway, since the caspase-9 inhibitor (z-LEHD-fmk) blocked 

apoptosis in siNaa40-treated cells. Notably, the mitochondrial apoptotic pathway has a 

prominent role in chemotherapy effectiveness, since MOMP represents the defining event 

that irrevocably commits a cell to die (Lopez and Tait, 2015) (Sarosiek et al., 2013). 

Fifthly, down-regulation of Naa40 diminishes the expression of PRMT5 methyltransferase, 

whose expression in malignancies, including colorectal cancers, is correlated with induced 

cell-growth and metastasis (Zhang et al., 2015a, Zhang et al., 2015b, Scoumanne et al., 

2009, Cho et al., 2012, Bao et al., 2013, Kryukov et al., 2016, Mavrakis et al., 2016). On 

the other hand, down-regulation of PRMT5 was shown to induce G1 arrest, Bax activation 

and thus mitochondrial apoptosis (Scoumanne et al., 2009, Lim et al., 2014, Koh et al., 

2015). Therefore, loss of Naa40 could be exploited in cancers that are either PRMT5-
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dependent or -independent, where in the former case, a combination of detrimental effects 

could be elicited from the targeted cell, due to simultaneous loss of two potent oncogenes.  

Similarly to other NATs (Kalvik and Arnesen, 2013), Naa40 has emerged through 

this study as a potential therapeutic target because its inhibition could induce apoptosis in 

cancer cells and hence hinder carcinogenesis. Therefore, NAT specific inhibitors could be 

valuable epigenetic anticancer therapeutics. Specifically, a first generation of NAT 

compounds has been developed that can selectively target the NatA complex, its catalytic 

subunit Naa10 or the enzyme NatE/Naa50 (Foyn et al., 2013). Epigenetic therapies for 

cancer treatment hold great promise and future efforts may add Naa40 to the repertoire of 

epigenetic regulators that are currently being targeted by small-molecule inhibitors in 

preclinical and clinical studies. The recent defined structure of Naa40 showed that 

although the overall fold is similar to other NATs, it also contains unique features, such as 

in the loops forming the substrate-binding site (Magin et al., 2015), which can be exploited 

to develop specific Naa40 inhibitors. 

 

6.8 Future Directions 

 

Naa40 acetyltransferase targets specifically the N-terminus of histones H4 and H2A 

only (Song et al., 2003, Polevoda et al., 2009b). In this study we have specifically looked 

at the connection between N-acH4 and Naa40.  However, future studies should also 

determine if Nt-acetylation of histone H2A is involved in this same processes and whether 

N-acH2A affects separate target genes or the same genes as N-acH4. In mammalian cells 

the N-terminal sequence (Ser-Gly-Arg-Gly) of these two histones is exactly the same so it 

is possible that Naa40 modifies both histones at the same exact locations and there won’t 

be a functional difference between the two.  Creating tools that can study both these 

modifications separately, such as raising a specific N-acH2A antibody, would be essential 

to dissect the molecular mechanisms and function of Nat4.      

So far, our results reflect the role of Naa40 in cell lines. Monitoring the 

development and progression of colorectal carcinoma in nude mice after the knockdown of 

Naa40, will help to deduce whether our findings in the culture system can be extrapolated 

at the organismal level and whether they could portray human biology. In addition, 

inducing different tumors in different organs, will allow the generation of valuable 

information regarding the context-dependent function of Naa40 and will direct future 

studies into how Naa40 can be successfully utilised in targeted anti-cancer therapies. 
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Overexpression experiments will further confirm its biological role towards cell survival or 

apoptosis.   

We can take advantage of high-throughput techniques, like RNA sequencing, for 

the identification of all the genes whose expression is deregulated in the absence of Naa40. 

Mapping and grouping all genes that are affected by N-acH4, the cellular processes and 

pathways controlled by Naa40 will be revealed. The link between Naa40 activity and 

metabolism is also profound.  Under caloric restriction, the activity of Naa40 towards 

histone H4 in the yeast rDNA region is reduced (Schiza et al., 2013) suggesting that Naa40 

may act as a sensor for cell growth (Riesen and Morgan, 2009, Smith et al., 2009). 

Furthermore, a study in mice showed that liver-specific Naa40 knockout males have 

aberrant lipid metabolism, reduced fat mass and are protected from age-associated hepatic 

steatosis (Liu et al., 2012) whereas overexpression of Naa40 in hepatocellular carcinoma 

leads to induced apoptosis (Liu et al., 2009). Knowing that cancers rely upon a series of 

biosynthetic and catabolic reactions to generate the energy required to support their rapid 

proliferation, mostly through mitochondrial processes (Zong et al., 2016, Leithner et al., 

2014, Otto, 2016, Khan and Chakrabarti, 2015), a distortion of those metabolic pathways 

via changes in Naa40 expression and activity could lead to cell death. Thus, identifying 

through high throughput approaches, like proteomic studies and metabolomics, alterations 

of metabolite patterns in various tissues, in the presence or absence of Naa40, will enable 

us to reveal where and how Naa40 is implicated in those biochemical processes (Buescher 

and Driggers, 2016).  

Although Nt-acetylation by Naa40 is an abundant modification, we still do not 

know where it is localised. ChIP sequencing will be valuable for exposing the localisation 

of N-acH4 across the whole genome. In this way, all the direct targets of Naa40 will be 

identified.  Immunoprecipitation experiments against other modifications (i.e H4R3me2s 

and H3K4me3) could also show whether a deregulation/differential positioning of 

epigenetic marks takes place in the absence of Naa40. Thus, synergistic or antagonistic 

cross-talks at certain genomic loci will be exposed (Molina-Serrano et al., 2013). To have a 

homogeneous cellular Naa40 depletion and to facilitate global analysis, the generation of 

stable knock-down cell-lines are required. The elucidation of the molecular mechanisms 

that lead to the deposition of Nt-acetylation by Naa40 is crucial for therapeutic advances, 

where novel putative drug-inducers or inhibitors are anticipated to be developed in order to 

manipulate the activity of this N-terminal acetyltransferase in cancers.  
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Collectively, the current research project reveals for the first time the anti-apoptotic 

cellular role of Naa40 and emphasises that its function and regulatory effects are more 

complex than previously believed. The results highlight the need for future in-depth studies 

which will assess the biological and molecular role of Naa40, in different cancer and non-

pathological contexts and will clarify how Naa40 can be utilised in the diagnosis or 

treatment of cancers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DEMETRIA PAVLO
U



113 
 

 

CHAPTER 7 

REFERENCES 

_______________________________________________________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DEMETRIA PAVLO
U



114 
 

AKSNES, H., HOLE, K. & ARNESEN, T. 2015a. Molecular, cellular, and physiological 

significance of N-terminal acetylation. Int Rev Cell Mol Biol, 316, 267-305. 

AKSNES, H., VAN DAMME, P., GORIS, M., STARHEIM, K. K., MARIE, M., STOVE, 

S. I., HOEL, C., KALVIK, T. V., HOLE, K., GLOMNES, N., FURNES, C., 

LJOSTVEIT, S., ZIEGLER, M., NIERE, M., GEVAERT, K. & ARNESEN, T. 

2015b. An organellar nalpha-acetyltransferase, naa60, acetylates cytosolic N 

termini of transmembrane proteins and maintains Golgi integrity. Cell Rep, 10, 

1362-74. 

ALLFREY, V. G., FAULKNER, R. & MIRSKY, A. E. 1964. ACETYLATION AND 

METHYLATION OF HISTONES AND THEIR POSSIBLE ROLE IN THE 

REGULATION OF RNA SYNTHESIS. Proceedings of the National Academy of 

Sciences of the United States of America, 51, 786-794. 

AMETZAZURRA, A., LARREA, E., CIVEIRA, M. P., PRIETO, J. & ALDABE, R. 2008. 

Implication of human N-alpha-acetyltransferase 5 in cellular proliferation and 

carcinogenesis. Oncogene, 27, 7296-306. 

ANDREWS, F. H., GATCHALIAN, J., KRAJEWSKI, K., STRAHL, B. D. & 

KUTATELADZE, T. G. 2016. Regulation of Methyllysine Readers through 

Phosphorylation. ACS Chem Biol. 

ARNAUDO, A. M. & GARCIA, B. A. 2013. Proteomic characterization of novel histone 

post-translational modifications. Epigenetics Chromatin, 6, 24. 

ARNESEN, T. 2011. Towards a functional understanding of protein N-terminal 

acetylation. PLoS Biol, 9, e1001074. 

ARNESEN, T., GROMYKO, D., PENDINO, F., RYNINGEN, A., VARHAUG, J. E. & 

LILLEHAUG, J. R. 2006. Induction of apoptosis in human cells by RNAi-

mediated knockdown of hARD1 and NATH, components of the protein N-alpha-

acetyltransferase complex. Oncogene, 25, 4350-60. 

ARNESEN, T., VAN DAMME, P., POLEVODA, B., HELSENS, K., EVJENTH, R., 

COLAERT, N., VARHAUG, J. E., VANDEKERCKHOVE, J., LILLEHAUG, J. 

R., SHERMAN, F. & GEVAERT, K. 2009. Proteomics analyses reveal the 

evolutionary conservation and divergence of N-terminal acetyltransferases from 

yeast and humans. Proc Natl Acad Sci U S A, 106, 8157-62. 

ASHKENAZI, A. & DIXIT, V. M. 1998. Death receptors: signaling and modulation. 

Science, 281, 1305-8. 

BALAZS, R., VERNON, J. & HARDY, J. 2011. Epigenetic mechanisms in Alzheimer's 

disease: progress but much to do. Neurobiol Aging, 32, 1181-7. 

DEMETRIA PAVLO
U



115 
 

BANNISTER, A. J. & KOUZARIDES, T. 2011. Regulation of chromatin by histone 

modifications. Cell research, 21, 381-395. 

BAO, X., ZHAO, S., LIU, T., LIU, Y., LIU, Y. & YANG, X. 2013. Overexpression of 

PRMT5 promotes tumor cell growth and is associated with poor disease prognosis 

in epithelial ovarian cancer. J Histochem Cytochem, 61, 206-17. 

BARTKE, T., VERMEULEN, M., XHEMALCE, B., ROBSON, S. C., MANN, M. & 

KOUZARIDES, T. 2010. Nucleosome-interacting proteins regulated by DNA and 

histone methylation. Cell, 143, 470-84. 

BEAVER, J. E. & WATERS, M. L. 2016. Molecular Recognition of Lys and Arg 

Methylation. ACS Chem Biol. 

BEDFORD, M. T. 2007. Arginine methylation at a glance. J Cell Sci, 120, 4243-6. 

BEDFORD, M. T. & CLARKE, S. G. 2009. Protein arginine methylation in mammals: 

who, what, and why. Mol Cell, 33, 1-13. 

BEDFORD, M. T. & RICHARD, S. 2005. Arginine methylation an emerging regulator of 

protein function. Mol Cell, 18, 263-72. 

BEDNAREK, J. & KILIANSKA, Z. M. 2005. [Mitochondrial intermembrane space 

proteins in apoptosis process]. Postepy Biochem, 51, 447-58. 

BEHNIA, R., BARR, F. A., FLANAGAN, J. J., BARLOWE, C. & MUNRO, S. 2007. The 

yeast orthologue of GRASP65 forms a complex with a coiled-coil protein that 

contributes to ER to Golgi traffic. J Cell Biol, 176, 255-61. 

BEHNIA, R., PANIC, B., WHYTE, J. R. & MUNRO, S. 2004. Targeting of the Arf-like 

GTPase Arl3p to the Golgi requires N-terminal acetylation and the membrane 

protein Sys1p. Nat Cell Biol, 6, 405-13. 

BERDASCO, M. & ESTELLER, M. 2010. Aberrant epigenetic landscape in cancer: how 

cellular identity goes awry. Dev Cell, 19, 698-711. 

BERGER, S. L. 2007. The complex language of chromatin regulation during transcription. 

Nature, 447, 407-12. 

BERGER, S. L., KOUZARIDES, T., SHIEKHATTAR, R. & SHILATIFARD, A. 2009. 

An operational definition of epigenetics. Genes Dev, 23, 781-3. 

BERNSTEIN, B. E., KAMAL, M., LINDBLAD-TOH, K., BEKIRANOV, S., BAILEY, 

D. K., HUEBERT, D. J., MCMAHON, S., KARLSSON, E. K., KULBOKAS, E. 

J., 3RD, GINGERAS, T. R., SCHREIBER, S. L. & LANDER, E. S. 2005. 

Genomic maps and comparative analysis of histone modifications in human and 

mouse. Cell, 120, 169-81. 

DEMETRIA PAVLO
U



116 
 

BERNSTEIN, B. E., MIKKELSEN, T. S., XIE, X., KAMAL, M., HUEBERT, D. J., 

CUFF, J., FRY, B., MEISSNER, A., WERNIG, M., PLATH, K., JAENISCH, R., 

WAGSCHAL, A., FEIL, R., SCHREIBER, S. L. & LANDER, E. S. 2006. A 

bivalent chromatin structure marks key developmental genes in embryonic stem 

cells. Cell, 125, 315-26. 

BHANU, N. V., SIDOLI, S. & GARCIA, B. A. 2016. Histone modification profiling 

reveals differential signatures associated with human embryonic stem cell self-

renewal and differentiation. Proteomics, 16, 448-58. 

BHOLA, P. D. & LETAI, A. 2016. Mitochondria-Judges and Executioners of Cell Death 

Sentences. Mol Cell, 61, 695-704. 

BIDERE, N., LORENZO, H. K., CARMONA, S., LAFORGE, M., HARPER, F., 

DUMONT, C. & SENIK, A. 2003. Cathepsin D triggers Bax activation, resulting in 

selective apoptosis-inducing factor (AIF) relocation in T lymphocytes entering the 

early commitment phase to apoptosis. J Biol Chem, 278, 31401-11. 

BIENVENUT, W. V., SUMPTON, D., MARTINEZ, A., LILLA, S., ESPAGNE, C., 

MEINNEL, T. & GIGLIONE, C. 2012. Comparative large scale characterization of 

plant versus mammal proteins reveals similar and idiosyncratic N-alpha-acetylation 

features. Mol Cell Proteomics, 11, M111 015131. 

BLANC, R. S., VOGEL, G., CHEN, T., CRIST, C. & RICHARD, S. 2016. PRMT7 

Preserves Satellite Cell Regenerative Capacity. Cell Rep, 14, 1528-39. 

BLANKENSHIP, J. W., VARFOLOMEEV, E., GONCHAROV, T., FEDOROVA, A. V., 

KIRKPATRICK, D. S., IZRAEL-TOMASEVIC, A., PHU, L., ARNOTT, D., 

AGHAJAN, M., ZOBEL, K., BAZAN, J. F., FAIRBROTHER, W. J., 

DESHAYES, K. & VUCIC, D. 2009. Ubiquitin binding modulates IAP antagonist-

stimulated proteasomal degradation of c-IAP1 and c-IAP2(1). Biochem J, 417, 149-

60. 

BRENTNALL, M., RODRIGUEZ-MENOCAL, L., DE GUEVARA, R. L., CEPERO, E. 

& BOISE, L. H. 2013. Caspase-9, caspase-3 and caspase-7 have distinct roles 

during intrinsic apoptosis. BMC Cell Biol, 14, 32. 

BRITTEN, R. J. 2002. Divergence between samples of chimpanzee and human DNA 

sequences is 5%, counting indels. Proc Natl Acad Sci U S A, 99, 13633-5. 

BROKER, L. E., KRUYT, F. A. & GIACCONE, G. 2005. Cell death independent of 

caspases: a review. Clin Cancer Res, 11, 3155-62. 

BROOKES, E. & SHI, Y. 2014. Diverse epigenetic mechanisms of human disease. Annu 

Rev Genet, 48, 237-68. 

DEMETRIA PAVLO
U



117 
 

BROWN, J. L. & ROBERTS, W. K. 1976. Evidence that approximately eighty per cent of 

the soluble proteins from Ehrlich ascites cells are Nalpha-acetylated. J Biol Chem, 

251, 1009-14. 

BROWNELL, J. E., ZHOU, J., RANALLI, T., KOBAYASHI, R., EDMONDSON, D. G., 

ROTH, S. Y. & ALLIS, C. D. 1996. Tetrahymena histone acetyltransferase A: a 

homolog to yeast Gcn5p linking histone acetylation to gene activation. Cell, 84, 

843-851. 

BUESCHER, J. M. & DRIGGERS, E. M. 2016. Integration of omics: more than the sum 

of its parts. Cancer Metab, 4, 4. 

BUNZ, F., DUTRIAUX, A., LENGAUER, C., WALDMAN, T., ZHOU, S., BROWN, J. 

P., SEDIVY, J. M., KINZLER, K. W. & VOGELSTEIN, B. 1998. Requirement for 

p53 and p21 to sustain G2 arrest after DNA damage. Science, 282, 1497-501. 

BYUN, Y., CHEN, F., CHANG, R., TRIVEDI, M., GREEN, K. J. & CRYNS, V. L. 2001. 

Caspase cleavage of vimentin disrupts intermediate filaments and promotes 

apoptosis. Cell Death Differ, 8, 443-50. 

BYWATER, M. J., POORTINGA, G., SANIJ, E., HEIN, N., PECK, A., CULLINANE, C., 

WALL, M., CLUSE, L., DRYGIN, D., ANDERES, K., HUSER, N., PROFFITT, 

C., BLIESATH, J., HADDACH, M., SCHWAEBE, M. K., RYCKMAN, D. M., 

RICE, W. G., SCHMITT, C., LOWE, S. W., JOHNSTONE, R. W., PEARSON, R. 

B., MCARTHUR, G. A. & HANNAN, R. D. 2012. Inhibition of RNA polymerase I 

as a therapeutic strategy to promote cancer-specific activation of p53. Cancer Cell, 

22, 51-65. 

CHAITANYA, G. V., STEVEN, A. J. & BABU, P. P. 2010. PARP-1 cleavage fragments: 

signatures of cell-death proteases in neurodegeneration. Cell Commun Signal, 8, 31. 

CHANG, B., CHEN, Y., ZHAO, Y. & BRUICK, R. K. 2007. JMJD6 is a histone arginine 

demethylase. Science, 318, 444-7. 

CHEN, Y., BREEZE, C. E., ZHEN, S., BECK, S. & TESCHENDORFF, A. E. 2016. 

Tissue-independent and tissue-specific patterns of DNA methylation alteration in 

cancer. Epigenetics Chromatin, 9, 10. 

CHEN, Z. X. & RIGGS, A. D. 2011. DNA methylation and demethylation in mammals. J 

Biol Chem, 286, 18347-53. 

CHEUNG, N., CHAN, L. C., THOMPSON, A., CLEARY, M. L. & SO, C. W. 2007. 

Protein arginine-methyltransferase-dependent oncogenesis. Nat Cell Biol, 9, 1208-

15. 

DEMETRIA PAVLO
U



118 
 

CHI, P., ALLIS, C. D. & WANG, G. G. 2010. Covalent histone modifications--miswritten, 

misinterpreted and mis-erased in human cancers. Nat Rev Cancer, 10, 457-69. 

CHIMPANZEE, S. & ANALYSIS, C. 2005. Initial sequence of the chimpanzee genome 

and comparison with the human genome. Nature, 437, 69-87. 

CHO, E. C., ZHENG, S., MUNRO, S., LIU, G., CARR, S. M., MOEHLENBRINK, J., 

LU, Y. C., STIMSON, L., KHAN, O., KONIETZNY, R., MCGOURAN, J., 

COUTTS, A. S., KESSLER, B., KERR, D. J. & THANGUE, N. B. 2012. Arginine 

methylation controls growth regulation by E2F-1. EMBO J, 31, 1785-97. 

CHUNG, J., KARKHANIS, V., TAE, S., YAN, F., SMITH, P., AYERS, L. W., 

AGOSTINELLI, C., PILERI, S., DENIS, G. V., BAIOCCHI, R. A. & SIF, S. 2013. 

Protein arginine methyltransferase 5 (PRMT5) inhibition induces lymphoma cell 

death through reactivation of the retinoblastoma tumor suppressor pathway and 

polycomb repressor complex 2 (PRC2) silencing. J Biol Chem, 288, 35534-47. 

CIRMAN, T., ORESIC, K., MAZOVEC, G. D., TURK, V., REED, J. C., MYERS, R. M., 

SALVESEN, G. S. & TURK, B. 2004. Selective disruption of lysosomes in HeLa 

cells triggers apoptosis mediated by cleavage of Bid by multiple papain-like 

lysosomal cathepsins. J Biol Chem, 279, 3578-87. 

COHEN, I., POREBA, E., KAMIENIARZ, K. & SCHNEIDER, R. 2011. Histone 

modifiers in cancer: friends or foes? Genes Cancer, 2, 631-47. 

COSGROVE, M. S. & WOLBERGER, C. 2005. How does the histone code work? 

Biochemistry and cell biology = Biochimie et biologie cellulaire, 83, 468-476. 

COTE, J. & RICHARD, S. 2005. Tudor domains bind symmetrical dimethylated arginines. 

J Biol Chem, 280, 28476-83. 

CROOK, N. E., CLEM, R. J. & MILLER, L. K. 1993. An apoptosis-inhibiting baculovirus 

gene with a zinc finger-like motif. J Virol, 67, 2168-74. 

CUI, K., ZANG, C., ROH, T. Y., SCHONES, D. E., CHILDS, R. W., PENG, W. & 

ZHAO, K. 2009. Chromatin signatures in multipotent human hematopoietic stem 

cells indicate the fate of bivalent genes during differentiation. Cell Stem Cell, 4, 80-

93. 

CZABOTAR, P. E., LESSENE, G., STRASSER, A. & ADAMS, J. M. 2014. Control of 

apoptosis by the BCL-2 protein family: implications for physiology and therapy. 

Nat Rev Mol Cell Biol, 15, 49-63. 

DAI, L., PENG, C., MONTELLIER, E., LU, Z., CHEN, Y., ISHII, H., DEBERNARDI, 

A., BUCHOU, T., ROUSSEAUX, S., JIN, F., SABARI, B. R., DENG, Z., ALLIS, 

C. D., REN, B., KHOCHBIN, S. & ZHAO, Y. 2014. Lysine 2-

DEMETRIA PAVLO
U



119 
 

hydroxyisobutyrylation is a widely distributed active histone mark. Nat Chem Biol, 

10, 365-70. 

DARZYNKIEWICZ, Z., BRUNO, S., DEL BINO, G., GORCZYCA, W., HOTZ, M. A., 

LASSOTA, P. & TRAGANOS, F. 1992. Features of apoptotic cells measured by 

flow cytometry. Cytometry, 13, 795-808. 

DENECKER, G., VERCAMMEN, D., DECLERCQ, W. & VANDENABEELE, P. 2001. 

Apoptotic and necrotic cell death induced by death domain receptors. Cell Mol Life 

Sci, 58, 356-70. 

DESJARLAIS, R. & TUMMINO, P. J. 2016. Role of Histone-Modifying Enzymes and 

Their Complexes in Regulation of Chromatin Biology. Biochemistry. 

DHAR, S. S., LEE, S. H., KAN, P. Y., VOIGT, P., MA, L., SHI, X., REINBERG, D. & 

LEE, M. G. 2012. Trans-tail regulation of MLL4-catalyzed H3K4 methylation by 

H4R3 symmetric dimethylation is mediated by a tandem PHD of MLL4. Genes 

Dev, 26, 2749-62. 

DI LORENZO, A. & BEDFORD, M. T. 2011. Histone arginine methylation. FEBS Lett, 

585, 2024-31. 

DOHI, T., OKADA, K., XIA, F., WILFORD, C. E., SAMUEL, T., WELSH, K., 

MARUSAWA, H., ZOU, H., ARMSTRONG, R., MATSUZAWA, S., 

SALVESEN, G. S., REED, J. C. & ALTIERI, D. C. 2004. An IAP-IAP complex 

inhibits apoptosis. J Biol Chem, 279, 34087-90. 

DOLINOY, D. C., WEIDMAN, J. R. & JIRTLE, R. L. 2007. Epigenetic gene regulation: 

linking early developmental environment to adult disease. Reprod Toxicol, 23, 297-

307. 

DROIN, N., DUBREZ, L., EYMIN, B., RENVOIZE, C., BREARD, J., DIMANCHE-

BOITREL, M. T. & SOLARY, E. 1998. Upregulation of CASP genes in human 

tumor cells undergoing etoposide-induced apoptosis. Oncogene, 16, 2885-94. 

DRUSKOVIC, M., SUPUT, D. & MILISAV, I. 2006. Overexpression of caspase-9 

triggers its activation and apoptosis in vitro. Croat Med J, 47, 832-40. 

DRYGIN, D., RICE, W. G. & GRUMMT, I. 2010. The RNA polymerase I transcription 

machinery: an emerging target for the treatment of cancer. Annu Rev Pharmacol 

Toxicol, 50, 131-56. 

DUAN, G. & WALTHER, D. 2015. The roles of post-translational modifications in the 

context of protein interaction networks. PLoS Comput Biol, 11, e1004049. 

ECKHART, L., BALLAUN, C., UTHMAN, A., KITTEL, C., STICHENWIRTH, M., 

BUCHBERGER, M., FISCHER, H., SIPOS, W. & TSCHACHLER, E. 2005. 

DEMETRIA PAVLO
U



120 
 

Identification and characterization of a novel mammalian caspase with proapoptotic 

activity. J Biol Chem, 280, 35077-80. 

ELMORE, S. 2007. Apoptosis: a review of programmed cell death. Toxicol Pathol, 35, 

495-516. 

ESPOSTI, M. D. 2002. The roles of Bid. Apoptosis, 7, 433-40. 

ESTELLER, M. 2007. Cancer epigenomics: DNA methylomes and histone-modification 

maps. Nat Rev Genet, 8, 286-98. 

ETHIER, C., LABELLE, Y. & POIRIER, G. G. 2007. PARP-1-induced cell death through 

inhibition of the MEK/ERK pathway in MNNG-treated HeLa cells. Apoptosis, 12, 

2037-49. 

FALKENBERG, K. J. & JOHNSTONE, R. W. 2014. Histone deacetylases and their 

inhibitors in cancer, neurological diseases and immune disorders. Nat.Rev.Drug 

Discov., 13, 673-691. 

FAN, T. J., HAN, L. H., CONG, R. S. & LIANG, J. 2005. Caspase family proteases and 

apoptosis. Acta Biochim Biophys Sin (Shanghai), 37, 719-27. 

FENG, Y., LI, M., WANG, B. & ZHENG, Y. G. 2010. Discovery and mechanistic study 

of a class of protein arginine methylation inhibitors. J Med Chem, 53, 6028-39. 

FERREIRA, P., OLIVEIRA, M. J., BERALDI, E., MATEUS, A. R., NAKAJIMA, T., 

GLEAVE, M., YOKOTA, J., CARNEIRO, F., HUNTSMAN, D., SERUCA, R. & 

SURIANO, G. 2005. Loss of functional E-cadherin renders cells more resistant to 

the apoptotic agent taxol in vitro. Exp Cell Res, 310, 99-104. 

FILIPPAKOPOULOS, P., PICAUD, S., MANGOS, M., KEATES, T., LAMBERT, J. P., 

BARSYTE-LOVEJOY, D., FELLETAR, I., VOLKMER, R., MULLER, S., 

PAWSON, T., GINGRAS, A. C., ARROWSMITH, C. H. & KNAPP, S. 2012. 

Histone recognition and large-scale structural analysis of the human bromodomain 

family. Cell, 149, 214-31. 

FONTANA, L., PARTRIDGE, L. & LONGO, V. D. 2010. Extending healthy life span--

from yeast to humans. Science, 328, 321-6. 

FORNARO, M., PLESCIA, J., CHHEANG, S., TALLINI, G., ZHU, Y. M., KING, M., 

ALTIERI, D. C. & LANGUINO, L. R. 2003. Fibronectin protects prostate cancer 

cells from tumor necrosis factor-alpha-induced apoptosis via the AKT/survivin 

pathway. J Biol Chem, 278, 50402-11. 

FORTE, G. M., POOL, M. R. & STIRLING, C. J. 2011. N-terminal acetylation inhibits 

protein targeting to the endoplasmic reticulum. PLoS Biol, 9, e1001073. 

DEMETRIA PAVLO
U



121 
 

FOYN, H., JONES, J. E., LEWALLEN, D., NARAWANE, R., VARHAUG, J. E., 

THOMPSON, P. R. & ARNESEN, T. 2013. Design, synthesis, and kinetic 

characterization of protein N-terminal acetyltransferase inhibitors. ACS Chem Biol, 

8, 1121-7. 

FULDA, S. & DEBATIN, K. M. 2006. Extrinsic versus intrinsic apoptosis pathways in 

anticancer chemotherapy. Oncogene, 25, 4798-811. 

FULDA, S., GORMAN, A. M., HORI, O. & SAMALI, A. 2010. Cellular stress responses: 

cell survival and cell death. Int J Cell Biol, 2010, 214074. 

FULDA, S. & VUCIC, D. 2012. Targeting IAP proteins for therapeutic intervention in 

cancer. Nat Rev Drug Discov, 11, 109-24. 

GALLUZZI, L. & KROEMER, G. 2008. Necroptosis: a specialized pathway of 

programmed necrosis. Cell, 135, 1161-3. 

GANESH, L., YOSHIMOTO, T., MOORTHY, N. C., AKAHATA, W., BOEHM, M., 

NABEL, E. G. & NABEL, G. J. 2006. Protein methyltransferase 2 inhibits NF-

kappaB function and promotes apoptosis. Mol Cell Biol, 26, 3864-74. 

GANLEY, A. R. & KOBAYASHI, T. 2014. Ribosomal DNA and cellular senescence: new 

evidence supporting the connection between rDNA and aging. FEMS Yeast Res, 14, 

49-59. 

GAO, Y., ZHAO, Y., ZHANG, J., LU, Y., LIU, X., GENG, P., HUANG, B., ZHANG, Y. 

& LU, J. 2016. The dual function of PRMT1 in modulating epithelial-mesenchymal 

transition and cellular senescence in breast cancer cells through regulation of 

ZEB1. Sci Rep, 6, 19874. 

GARY, J. D. & CLARKE, S. 1998. RNA and protein interactions modulated by protein 

arginine methylation. Prog Nucleic Acid Res Mol Biol, 61, 65-131. 

GAUTSCHI, M., JUST, S., MUN, A., ROSS, S., RUCKNAGEL, P., DUBAQUIE, Y., 

EHRENHOFER-MURRAY, A. & ROSPERT, S. 2003. The yeast N(alpha)-

acetyltransferase NatA is quantitatively anchored to the ribosome and interacts with 

nascent polypeptides. Mol Cell Biol, 23, 7403-14. 

GEORGAKOPOULOS, T. & THIREOS, G. 1992. Two distinct yeast transcriptional 

activators require the function of the GCN5 protein to promote normal levels of 

transcription. The EMBO journal, 11, 4145-4152. 

GHOSHAL, K., MAJUMDER, S., DATTA, J., MOTIWALA, T., BAI, S., SHARMA, S. 

M., FRANKEL, W. & JACOB, S. T. 2004. Role of human ribosomal RNA (rRNA) 

promoter methylation and of methyl-CpG-binding protein MBD2 in the 

suppression of rRNA gene expression. J Biol Chem, 279, 6783-93. 

DEMETRIA PAVLO
U



122 
 

GOBEIL, S., BOUCHER, C. C., NADEAU, D. & POIRIER, G. G. 2001. Characterization 

of the necrotic cleavage of poly(ADP-ribose) polymerase (PARP-1): implication of 

lysosomal proteases. Cell Death Differ, 8, 588-94. 

GOGVADZE, V. 2011. Targeting mitochondria in fighting cancer. Curr Pharm Des, 17, 

4034-46. 

GOLDBERG, A. D., ALLIS, C. D. & BERNSTEIN, E. 2007. Epigenetics: a landscape 

takes shape. Cell, 128, 635-8. 

GOULET, I., GAUVIN, G., BOISVENUE, S. & COTE, J. 2007. Alternative splicing 

yields protein arginine methyltransferase 1 isoforms with distinct activity, substrate 

specificity, and subcellular localization. J Biol Chem, 282, 33009-21. 

GRIVENNIKOV, S. I., GRETEN, F. R. & KARIN, M. 2010. Immunity, inflammation, 

and cancer. Cell, 140, 883-99. 

GROMYKO, D., ARNESEN, T., RYNINGEN, A., VARHAUG, J. E. & LILLEHAUG, J. 

R. 2010. Depletion of the human Nalpha-terminal acetyltransferase A induces p53-

dependent apoptosis and p53-independent growth inhibition. Int J Cancer, 127, 

2777-89. 

GROTH, A., ROCHA, W., VERREAULT, A. & ALMOUZNI, G. 2007. Chromatin 

challenges during DNA replication and repair. Cell, 128, 721-33. 

GU, Z., GAO, S., ZHANG, F., WANG, Z., MA, W., DAVIS, R. E. & WANG, Z. 2012. 

Protein arginine methyltransferase 5 is essential for growth of lung cancer cells. 

Biochem J, 446, 235-41. 

GUENTHER, M. G., LEVINE, S. S., BOYER, L. A., JAENISCH, R. & YOUNG, R. A. 

2007. A chromatin landmark and transcription initiation at most promoters in 

human cells. Cell, 130, 77-88. 

GUTIERREZ, R. M. & HNILICA, L. S. 1967. Tissue specificity of histone 

phosphorylation. Science, 157, 1324-1325. 

HAN, S. W. & ROMAN, J. 2006. Fibronectin induces cell proliferation and inhibits 

apoptosis in human bronchial epithelial cells: pro-oncogenic effects mediated by 

PI3-kinase and NF-kappa B. Oncogene, 25, 4341-9. 

HANAHAN, D. & WEINBERG, R. A. 2011. Hallmarks of cancer: the next generation. 

Cell, 144, 646-74. 

HARASAWA, R., MIZUSAWA, H., NOZAWA, K., NAKAGAWA, T., ASADA, K. & 

KATO, I. 1993. Detection and tentative identification of dominant mycoplasma 

species in cell cultures by restriction analysis of the 16S-23S rRNA intergenic 

spacer regions. Res Microbiol, 144, 489-93. 

DEMETRIA PAVLO
U



123 
 

HARSHMAN, S. W., YOUNG, N. L., PARTHUN, M. R. & FREITAS, M. A. 2013. H1 

histones: current perspectives and challenges. Nucleic acids research, 41, 9593-

9609. 

HASSAN, M., WATARI, H., ABUALMAATY, A., OHBA, Y. & SAKURAGI, N. 2014. 

Apoptosis and molecular targeting therapy in cancer. Biomed Res Int, 2014, 

150845. 

HAUPT, S., RAGHU, D. & HAUPT, Y. 2016. Mutant p53 Drives Cancer by Subverting 

Multiple Tumor Suppression Pathways. Front Oncol, 6, 12. 

HE, X., LIAO, J., LIU, F., YAN, J., YAN, J., SHANG, H., DOU, Q., CHANG, Y., LIN, J. 

& SONG, Y. 2015. Functional repair of p53 mutation in colorectal cancer cells 

using trans-splicing. Oncotarget, 6, 2034-45. 

HELIN, K. & DHANAK, D. 2013. Chromatin proteins and modifications as drug targets. 

Nature, 502, 480-8. 

HENDERSON, A. S., WARBURTON, D. & ATWOOD, K. C. 1972. Location of 

ribosomal DNA in the human chromosome complement. Proc Natl Acad Sci U S A, 

69, 3394-8. 

HERSHKO, A., HELLER, H., EYTAN, E., KAKLIJ, G. & ROSE, I. A. 1984. Role of the 

alpha-amino group of protein in ubiquitin-mediated protein breakdown. Proc Natl 

Acad Sci U S A, 81, 7021-5. 

HIRSCH, T., MARCHETTI, P., SUSIN, S. A., DALLAPORTA, B., ZAMZAMI, N., 

MARZO, I., GEUSKENS, M. & KROEMER, G. 1997. The apoptosis-necrosis 

paradox. Apoptogenic proteases activated after mitochondrial permeability 

transition determine the mode of cell death. Oncogene, 15, 1573-81. 

HOCKENBERY, D., NUNEZ, G., MILLIMAN, C., SCHREIBER, R. D. & 

KORSMEYER, S. J. 1990. Bcl-2 is an inner mitochondrial membrane protein that 

blocks programmed cell death. Nature, 348, 334-6. 

HOCKENBERY, D. M., OLTVAI, Z. N., YIN, X. M., MILLIMAN, C. L. & 

KORSMEYER, S. J. 1993. Bcl-2 functions in an antioxidant pathway to prevent 

apoptosis. Cell, 75, 241-51. 

HOFMANN, I. & MUNRO, S. 2006. An N-terminally acetylated Arf-like GTPase is 

localised to lysosomes and affects their motility. J Cell Sci, 119, 1494-503. 

HOLE, K., VAN DAMME, P., DALVA, M., AKSNES, H., GLOMNES, N., VARHAUG, 

J. E., LILLEHAUG, J. R., GEVAERT, K. & ARNESEN, T. 2011. The human N-

alpha-acetyltransferase 40 (hNaa40p/hNatD) is conserved from yeast and N-

terminally acetylates histones H2A and H4. PLoS One, 6, e24713. 

DEMETRIA PAVLO
U



124 
 

HOLLIDAY, R. 1987. The inheritance of epigenetic defects. Science, 238, 163-70. 

HOLMES, W. M., MANNAKEE, B. K., GUTENKUNST, R. N. & SERIO, T. R. 2014. 

Loss of amino-terminal acetylation suppresses a prion phenotype by modulating 

global protein folding. Nat Commun, 5, 4383. 

HOTCHKISS, R. S., STRASSER, A., MCDUNN, J. E. & SWANSON, P. E. 2009. Cell 

death. N Engl J Med, 361, 1570-83. 

HU, S. & YANG, X. 2003. Cellular inhibitor of apoptosis 1 and 2 are ubiquitin ligases for 

the apoptosis inducer Smac/DIABLO. J Biol Chem, 278, 10055-60. 

HUA, K. T., TAN, C. T., JOHANSSON, G., LEE, J. M., YANG, P. W., LU, H. Y., 

CHEN, C. K., SU, J. L., CHEN, P. B., WU, Y. L., CHI, C. C., KAO, H. J., SHIH, 

H. J., CHEN, M. W., CHIEN, M. H., CHEN, P. S., LEE, W. J., CHENG, T. Y., 

ROSENBERGER, G., CHAI, C. Y., YANG, C. J., HUANG, M. S., LAI, T. C., 

CHOU, T. Y., HSIAO, M. & KUO, M. L. 2011. N-alpha-acetyltransferase 10 

protein suppresses cancer cell metastasis by binding PIX proteins and inhibiting 

Cdc42/Rac1 activity. Cancer Cell, 19, 218-31. 

HUANG, C. & WEN, B. 2015. "Identification Card": Sites on Histone Modification of 

Cancer Cell( big up tri, open). Chin Med Sci J, 30, 203-9. 

HUANG, S., LITT, M. & FELSENFELD, G. 2005. Methylation of histone H4 by arginine 

methyltransferase PRMT1 is essential in vivo for many subsequent histone 

modifications. Genes Dev, 19, 1885-93. 

HUNTER, A. M., LACASSE, E. C. & KORNELUK, R. G. 2007. The inhibitors of 

apoptosis (IAPs) as cancer targets. Apoptosis, 12, 1543-68. 

HWANG, C. S., SHEMORRY, A. & VARSHAVSKY, A. 2010. N-terminal acetylation of 

cellular proteins creates specific degradation signals. Science, 327, 973-7. 

IGNEY, F. H. & KRAMMER, P. H. 2002. Death and anti-death: tumour resistance to 

apoptosis. Nat Rev Cancer, 2, 277-88. 

IZZO, A. & SCHNEIDER, R. 2010. Chatting histone modifications in mammals. Brief 

Funct Genomics, 9, 429-43. 

JAHAN, S. & DAVIE, J. R. 2015. Protein arginine methyltransferases (PRMTs): role in 

chromatin organization. Adv Biol Regul, 57, 173-84. 

JEDRZEJEWSKI, R. P. & KAZMIERKIEWICZ, R. 2013. Structure of Patt1 human 

proapoptotic histone acetyltransferase. J Mol Model, 19, 5533-8. 

JENUWEIN, T. & ALLIS, C. D. 2001. Translating the histone code. Science, 293, 1074-

80. 

DEMETRIA PAVLO
U



125 
 

JIN, B., LI, Y. & ROBERTSON, K. D. 2011. DNA methylation: superior or subordinate in 

the epigenetic hierarchy? Genes Cancer, 2, 607-17. 

JOERGER, A. C. & FERSHT, A. R. 2007. Structure-function-rescue: the diverse nature of 

common p53 cancer mutants. Oncogene, 26, 2226-42. 

JOHNSTONE, R. W., RUEFLI, A. A. & LOWE, S. W. 2002. Apoptosis: a link between 

cancer genetics and chemotherapy. Cell, 108, 153-64. 

JONES, P. A. & BAYLIN, S. B. 2002. The fundamental role of epigenetic events in 

cancer. Nat Rev Genet, 3, 415-28. 

JONES, P. A. & BAYLIN, S. B. 2007. The epigenomics of cancer. Cell, 128, 683-92. 

JORNVALL, H. 1975. Acetylation of Protein N-terminal amino groups structural 

observations on alpha-amino acetylated proteins. J Theor Biol, 55, 1-12. 

JOZA, N., SUSIN, S. A., DAUGAS, E., STANFORD, W. L., CHO, S. K., LI, C. Y., 

SASAKI, T., ELIA, A. J., CHENG, H. Y., RAVAGNAN, L., FERRI, K. F., 

ZAMZAMI, N., WAKEHAM, A., HAKEM, R., YOSHIDA, H., KONG, Y. Y., 

MAK, T. W., ZUNIGA-PFLUCKER, J. C., KROEMER, G. & PENNINGER, J. M. 

2001. Essential role of the mitochondrial apoptosis-inducing factor in programmed 

cell death. Nature, 410, 549-54. 

KALLURI, R. & WEINBERG, R. A. 2009. The basics of epithelial-mesenchymal 

transition. J Clin Invest, 119, 1420-8. 

KALVIK, T. V. & ARNESEN, T. 2013. Protein N-terminal acetyltransferases in cancer. 

Oncogene, 32, 269-76. 

KANHERKAR, R. R., BHATIA-DEY, N. & CSOKA, A. B. 2014. Epigenetics across the 

human lifespan. Front Cell Dev Biol, 2, 49. 

KAPRANOV, P. & ST LAURENT, G. 2012. Dark Matter RNA: Existence, Function, and 

Controversy. Front Genet, 3, 60. 

KARLIC, H., HERRMANN, H., VARGA, F., THALER, R., REITERMAIER, R., 

SPITZER, S., GHANIM, V., BLATT, K., SPERR, W. R., VALENT, P. & 

PFEILSTOCKER, M. 2014. The role of epigenetics in the regulation of apoptosis 

in myelodysplastic syndromes and acute myeloid leukemia. Crit Rev Oncol 

Hematol, 90, 1-16. 

KARLIC, R., CHUNG, H. R., LASSERRE, J., VLAHOVICEK, K. & VINGRON, M. 

2010. Histone modification levels are predictive for gene expression. Proc Natl 

Acad Sci U S A, 107, 2926-31. 

KASIBHATLA, S. & TSENG, B. 2003. Why target apoptosis in cancer treatment? Mol 

Cancer Ther, 2, 573-80. 

DEMETRIA PAVLO
U



126 
 

KE, X. S., QU, Y., ROSTAD, K., LI, W. C., LIN, B., HALVORSEN, O. J., HAUKAAS, 

S. A., JONASSEN, I., PETERSEN, K., GOLDFINGER, N., ROTTER, V., 

AKSLEN, L. A., OYAN, A. M. & KALLAND, K. H. 2009. Genome-wide 

profiling of histone h3 lysine 4 and lysine 27 trimethylation reveals an epigenetic 

signature in prostate carcinogenesis. PLoS One, 4, e4687. 

KERR, J. F., WYLLIE, A. H. & CURRIE, A. R. 1972. Apoptosis: a basic biological 

phenomenon with wide-ranging implications in tissue kinetics. Br J Cancer, 26, 

239-57. 

KHAN, M. W. & CHAKRABARTI, P. 2015. Gluconeogenesis combats cancer: opening 

new doors in cancer biology. Cell Death Dis, 6, e1872. 

KIESSLICH, T., PICHLER, M. & NEUREITER, D. 2013. Epigenetic control of epithelial-

mesenchymal-transition in human cancer. Mol Clin Oncol, 1, 3-11. 

KIM, J., LEE, J., YADAV, N., WU, Q., CARTER, C., RICHARD, S., RICHIE, E. & 

BEDFORD, M. T. 2004. Loss of CARM1 results in hypomethylation of thymocyte 

cyclic AMP-regulated phosphoprotein and deregulated early T cell development. J 

Biol Chem, 279, 25339-44. 

KIM, J. D., PARK, K. E., ISHIDA, J., KAKO, K., HAMADA, J., KANI, S., TAKEUCHI, 

M., NAMIKI, K., FUKUI, H., FUKUHARA, S., HIBI, M., KOBAYASHI, M., 

KANAHO, Y., KASUYA, Y., MOCHIZUKI, N. & FUKAMIZU, A. 2015. 

PRMT8 as a phospholipase regulates Purkinje cell dendritic arborization and motor 

coordination. Sci Adv, 1, e1500615. 

KIM, T. H., BARRERA, L. O., ZHENG, M., QU, C., SINGER, M. A., RICHMOND, T. 

A., WU, Y., GREEN, R. D. & REN, B. 2005. A high-resolution map of active 

promoters in the human genome. Nature, 436, 876-80. 

KING, K. L. & CIDLOWSKI, J. A. 1995. Cell cycle and apoptosis: common pathways to 

life and death. J Cell Biochem, 58, 175-80. 

KIRMIZIS, A., SANTOS-ROSA, H., PENKETT, C. J., SINGER, M. A., GREEN, R. D. & 

KOUZARIDES, T. 2009. Distinct transcriptional outputs associated with mono- 

and dimethylated histone H3 arginine 2. Nat Struct Mol Biol, 16, 449-51. 

KIRMIZIS, A., SANTOS-ROSA, H., PENKETT, C. J., SINGER, M. A., VERMEULEN, 

M., MANN, M., BAHLER, J., GREEN, R. D. & KOUZARIDES, T. 2007. 

Arginine methylation at histone H3R2 controls deposition of H3K4 trimethylation. 

Nature, 449, 928-32. 

KLEIN, B. J., MUTHURAJAN, U. M., LALONDE, M. E., GIBSON, M. D., ANDREWS, 

F. H., HEPLER, M., MACHIDA, S., YAN, K., KURUMIZAKA, H., POIRIER, M. 

DEMETRIA PAVLO
U



127 
 

G., COTE, J., LUGER, K. & KUTATELADZE, T. G. 2016. Bivalent interaction of 

the PZP domain of BRPF1 with the nucleosome impacts chromatin dynamics and 

acetylation. Nucleic Acids Res, 44, 472-84. 

KLUCK, R. M., BOSSY-WETZEL, E., GREEN, D. R. & NEWMEYER, D. D. 1997. The 

release of cytochrome c from mitochondria: a primary site for Bcl-2 regulation of 

apoptosis. Science, 275, 1132-6. 

KOBAYASHI, T. 2011. How does genome instability affect lifespan?: roles of rDNA and 

telomeres. Genes Cells, 16, 617-24. 

KOBAYASHI, T. 2014. Ribosomal RNA gene repeats, their stability and cellular 

senescence. Proc Jpn Acad Ser B Phys Biol Sci, 90, 119-29. 

KOFF, J. L., RAMACHANDIRAN, S. & BERNAL-MIZRACHI, L. 2015. A time to kill: 

targeting apoptosis in cancer. Int J Mol Sci, 16, 2942-55. 

KOH, C. M., BEZZI, M., LOW, D. H., ANG, W. X., TEO, S. X., GAY, F. P., AL-

HADDAWI, M., TAN, S. Y., OSATO, M., SABO, A., AMATI, B., WEE, K. B. & 

GUCCIONE, E. 2015. MYC regulates the core pre-mRNA splicing machinery as 

an essential step in lymphomagenesis. Nature, 523, 96-100. 

KORNBERG, R. D. 1974. Chromatin structure: a repeating unit of histones and DNA. 

Science, 184, 868-871. 

KOUZARIDES, T. 2007. Chromatin modifications and their function. Cell, 128, 693-705. 

KRAUSE, C. D., YANG, Z. H., KIM, Y. S., LEE, J. H., COOK, J. R. & PESTKA, S. 

2007. Protein arginine methyltransferases: evolution and assessment of their 

pharmacological and therapeutic potential. Pharmacol Ther, 113, 50-87. 

KROEMER, G., DALLAPORTA, B. & RESCHE-RIGON, M. 1998. The mitochondrial 

death/life regulator in apoptosis and necrosis. Annu Rev Physiol, 60, 619-42. 

KROEMER, G., PETIT, P., ZAMZAMI, N., VAYSSIERE, J. L. & MIGNOTTE, B. 1995. 

The biochemistry of programmed cell death. FASEB J, 9, 1277-87. 

KRYUKOV, G. V., WILSON, F. H., RUTH, J. R., PAULK, J., TSHERNIAK, A., 

MARLOW, S. E., VAZQUEZ, F., WEIR, B. A., FITZGERALD, M. E., TANAKA, 

M., BIELSKI, C. M., SCOTT, J. M., DENNIS, C., COWLEY, G. S., BOEHM, J. 

S., ROOT, D. E., GOLUB, T. R., CLISH, C. B., BRADNER, J. E., HAHN, W. C. 

& GARRAWAY, L. A. 2016. MTAP deletion confers enhanced dependency on the 

PRMT5 arginine methyltransferase in cancer cells. Science, 351, 1214-8. 

KUMAZAWA, T., NISHIMURA, K., KATAGIRI, N., HASHIMOTO, S., HAYASHI, Y. 

& KIMURA, K. 2015. Gradual reduction in rRNA transcription triggers p53 

acetylation and apoptosis via MYBBP1A. Sci Rep, 5, 10854. 

DEMETRIA PAVLO
U



128 
 

KUO, H. P., LEE, D. F., CHEN, C. T., LIU, M., CHOU, C. K., LEE, H. J., DU, Y., XIE, 

X., WEI, Y., XIA, W., WEIHUA, Z., YANG, J. Y., YEN, C. J., HUANG, T. H., 

TAN, M., XING, G., ZHAO, Y., LIN, C. H., TSAI, S. F., FIDLER, I. J. & HUNG, 

M. C. 2010. ARD1 stabilization of TSC2 suppresses tumorigenesis through the 

mTOR signaling pathway. Sci Signal, 3, ra9. 

LABBE, K. & SALEH, M. 2008. Cell death in the host response to infection. Cell Death 

Differ, 15, 1339-49. 

LACHNER, M., O'CARROLL, D., REA, S., MECHTLER, K. & JENUWEIN, T. 2001. 

Methylation of histone H3 lysine 9 creates a binding site for HP1 proteins. Nature, 

410, 116-20. 

LAI, F. & SHIEKHATTAR, R. 2014. Where long noncoding RNAs meet DNA 

methylation. Cell Res, 24, 263-4. 

LAMKANFI, M. 2011. Emerging inflammasome effector mechanisms. Nat Rev Immunol, 

11, 213-20. 

LAWRENCE, M., DAUJAT, S. & SCHNEIDER, R. 2016. Lateral Thinking: How Histone 

Modifications Regulate Gene Expression. Trends Genet, 32, 42-56. 

LEE, C. F., OU, D. S., LEE, S. B., CHANG, L. H., LIN, R. K., LI, Y. S., UPADHYAY, A. 

K., CHENG, X., WANG, Y. C., HSU, H. S., HSIAO, M., WU, C. W. & JUAN, L. 

J. 2010a. hNaa10p contributes to tumorigenesis by facilitating DNMT1-mediated 

tumor suppressor gene silencing. J Clin Invest, 120, 2920-30. 

LEE, J. & BEDFORD, M. T. 2002. PABP1 identified as an arginine methyltransferase 

substrate using high-density protein arrays. EMBO Rep, 3, 268-73. 

LEE, J. H., COOK, J. R., YANG, Z. H., MIROCHNITCHENKO, O., GUNDERSON, S. 

I., FELIX, A. M., HERTH, N., HOFFMANN, R. & PESTKA, S. 2005. PRMT7, a 

new protein arginine methyltransferase that synthesizes symmetric 

dimethylarginine. J Biol Chem, 280, 3656-64. 

LEE, J. S., SMITH, E. & SHILATIFARD, A. 2010b. The language of histone crosstalk. 

Cell, 142, 682-5. 

LEE, K. E., HEO, J. E., KIM, J. M. & HWANG, C. S. 2016. N-Terminal Acetylation-

Targeted N-End Rule Proteolytic System: The Ac/N-End Rule Pathway. Mol Cells. 

LEITHNER, K., HRZENJAK, A. & OLSCHEWSKI, H. 2014. Gluconeogenesis in cancer: 

door wide open. Proc Natl Acad Sci U S A, 111, E4394. 

LEVINE, A. J. 1997. p53, the cellular gatekeeper for growth and division. Cell, 88, 323-

31. 

DEMETRIA PAVLO
U



129 
 

LEVINE, A. J. & OREN, M. 2009. The first 30 years of p53: growing ever more complex. 

Nat Rev Cancer, 9, 749-58. 

LI, B., CAREY, M. & WORKMAN, J. L. 2007. The role of chromatin during 

transcription. Cell, 128, 707-19. 

LI, B., HUANG, G., ZHANG, X., LI, R., WANG, J., DONG, Z. & HE, Z. 2013. Increased 

phosphorylation of histone H3 at serine 10 is involved in Epstein-Barr virus latent 

membrane protein-1-induced carcinogenesis of nasopharyngeal carcinoma. BMC 

Cancer, 13, 124. 

LI, G. & REINBERG, D. 2011. Chromatin higher-order structures and gene regulation. 

Current opinion in genetics & development, 21, 175-186. 

LI, H., ZHU, H., XU, C. J. & YUAN, J. 1998. Cleavage of BID by caspase 8 mediates the 

mitochondrial damage in the Fas pathway of apoptosis. Cell, 94, 491-501. 

LI, L. Y., LUO, X. & WANG, X. 2001. Endonuclease G is an apoptotic DNase when 

released from mitochondria. Nature, 412, 95-9. 

LIM, J. H., LEE, Y. M., LEE, G., CHOI, Y. J., LIM, B. O., KIM, Y. J., CHOI, D. K. & 

PARK, J. W. 2014. PRMT5 is essential for the eIF4E-mediated 5'-cap dependent 

translation. Biochem Biophys Res Commun, 452, 1016-21. 

LIU, X. & CHU, K. M. 2014. E-cadherin and gastric cancer: cause, consequence, and 

applications. Biomed Res Int, 2014, 637308. 

LIU, Y. & BODMER, W. F. 2006. Analysis of P53 mutations and their expression in 56 

colorectal cancer cell lines. Proc Natl Acad Sci U S A, 103, 976-81. 

LIU, Y., ZHOU, D., ZHANG, F., TU, Y., XIA, Y., WANG, H., ZHOU, B., ZHANG, Y., 

WU, J., GAO, X., HE, Z. & ZHAI, Q. 2012. Liver Patt1 deficiency protects male 

mice from age-associated but not high-fat diet-induced hepatic steatosis. J Lipid 

Res, 53, 358-67. 

LIU, Z., LIU, Y., WANG, H., GE, X., JIN, Q., DING, G., HU, Y., ZHOU, B., CHEN, Z., 

GE, X., ZHANG, B., MAN, X. & ZHAI, Q. 2009. Patt1, a novel protein 

acetyltransferase that is highly expressed in liver and downregulated in 

hepatocellular carcinoma, enhances apoptosis of hepatoma cells. Int J Biochem Cell 

Biol, 41, 2528-37. 

LOCKSLEY, R. M., KILLEEN, N. & LENARDO, M. J. 2001. The TNF and TNF receptor 

superfamilies: integrating mammalian biology. Cell, 104, 487-501. 

LONG, E. O. & DAWID, I. B. 1980. Repeated genes in eukaryotes. Annu Rev Biochem, 

49, 727-64. 

DEMETRIA PAVLO
U



130 
 

LOPEZ, J. & TAIT, S. W. 2015. Mitochondrial apoptosis: killing cancer using the enemy 

within. Br J Cancer, 112, 957-62. 

LU, X., WANG, L., YU, C., YU, D. & YU, G. 2015. Histone Acetylation Modifiers in the 

Pathogenesis of Alzheimer's Disease. Front Cell Neurosci, 9, 226. 

LUGER, K., MADER, A. W., RICHMOND, R. K., SARGENT, D. F. & RICHMOND, T. 

J. 1997. Crystal structure of the nucleosome core particle at 2.8 A resolution. 

Nature, 389, 251-260. 

MACFARLANE, M., MERRISON, W., BRATTON, S. B. & COHEN, G. M. 2002. 

Proteasome-mediated degradation of Smac during apoptosis: XIAP promotes Smac 

ubiquitination in vitro. J Biol Chem, 277, 36611-6. 

MAGIN, R. S., LISZCZAK, G. P. & MARMORSTEIN, R. 2015. The molecular basis for 

histone H4- and H2A-specific amino-terminal acetylation by NatD. Structure, 23, 

332-41. 

MAJUMDER, S., LIU, Y., FORD, O. H., 3RD, MOHLER, J. L. & WHANG, Y. E. 2006. 

Involvement of arginine methyltransferase CARM1 in androgen receptor function 

and prostate cancer cell viability. Prostate, 66, 1292-301. 

MARTIN, S. J., HENRY, C. M. & CULLEN, S. P. 2012. A perspective on mammalian 

caspases as positive and negative regulators of inflammation. Mol Cell, 46, 387-97. 

MARTINEZ, J. A., ZHANG, Z., SVETLOV, S. I., HAYES, R. L., WANG, K. K. & 

LARNER, S. F. 2010. Calpain and caspase processing of caspase-12 contribute to 

the ER stress-induced cell death pathway in differentiated PC12 cells. Apoptosis, 

15, 1480-93. 

MATHIOUDAKI, K., PAPADOKOSTOPOULOU, A., SCORILAS, A., XYNOPOULOS, 

D., AGNANTI, N. & TALIERI, M. 2008. The PRMT1 gene expression pattern in 

colon cancer. Br J Cancer, 99, 2094-9. 

MATHIOUDAKI, K., SCORILAS, A., ARDAVANIS, A., LYMBERI, P., TSIAMBAS, 

E., DEVETZI, M., APOSTOLAKI, A. & TALIERI, M. 2011. Clinical evaluation 

of PRMT1 gene expression in breast cancer. Tumour Biol, 32, 575-82. 

MAVRAKIS, K. J., MCDONALD, E. R., 3RD, SCHLABACH, M. R., BILLY, E., 

HOFFMAN, G. R., DEWECK, A., RUDDY, D. A., VENKATESAN, K., YU, J., 

MCALLISTER, G., STUMP, M., DEBEAUMONT, R., HO, S., YUE, Y., LIU, Y., 

YAN-NEALE, Y., YANG, G., LIN, F., YIN, H., GAO, H., KIPP, D. R., ZHAO, S., 

MCNAMARA, J. T., SPRAGUE, E. R., ZHENG, B., LIN, Y., CHO, Y. S., GU, J., 

CRAWFORD, K., CICCONE, D., VITARI, A. C., LAI, A., CAPKA, V., HUROV, 

K., PORTER, J. A., TALLARICO, J., MICKANIN, C., LEES, E., PAGLIARINI, 

DEMETRIA PAVLO
U



131 
 

R., KEEN, N., SCHMELZLE, T., HOFMANN, F., STEGMEIER, F. & SELLERS, 

W. R. 2016. Disordered methionine metabolism in MTAP/CDKN2A-deleted 

cancers leads to dependence on PRMT5. Science, 351, 1208-13. 

MCBRIDE, A. E., ZURITA-LOPEZ, C., REGIS, A., BLUM, E., CONBOY, A., ELF, S. & 

CLARKE, S. 2007. Protein arginine methylation in Candida albicans: role in 

nuclear transport. Eukaryot Cell, 6, 1119-29. 

MCCULLOUGH, K. D., MARTINDALE, J. L., KLOTZ, L. O., AW, T. Y. & 

HOLBROOK, N. J. 2001. Gadd153 sensitizes cells to endoplasmic reticulum stress 

by down-regulating Bcl2 and perturbing the cellular redox state. Mol Cell Biol, 21, 

1249-59. 

MCILWAIN, D. R., BERGER, T. & MAK, T. W. 2013. Caspase functions in cell death 

and disease. Cold Spring Harb Perspect Biol, 5, a008656. 

MENDEZ, M. G., KOJIMA, S. & GOLDMAN, R. D. 2010. Vimentin induces changes in 

cell shape, motility, and adhesion during the epithelial to mesenchymal transition. 

FASEB J, 24, 1838-51. 

MENG, H., CAO, Y., QIN, J., SONG, X., ZHANG, Q., SHI, Y. & CAO, L. 2015. DNA 

methylation, its mediators and genome integrity. Int J Biol Sci, 11, 604-17. 

MIGLIORI, V., MULLER, J., PHALKE, S., LOW, D., BEZZI, M., MOK, W. C., SAHU, 

S. K., GUNARATNE, J., CAPASSO, P., BASSI, C., CECATIELLO, V., DE 

MARCO, A., BLACKSTOCK, W., KUZNETSOV, V., AMATI, B., MAPELLI, 

M. & GUCCIONE, E. 2012. Symmetric dimethylation of H3R2 is a newly 

identified histone mark that supports euchromatin maintenance. Nat Struct Mol 

Biol, 19, 136-44. 

MIHARA, M., ERSTER, S., ZAIKA, A., PETRENKO, O., CHITTENDEN, T., 

PANCOSKA, P. & MOLL, U. M. 2003. p53 has a direct apoptogenic role at the 

mitochondria. Mol Cell, 11, 577-90. 

MIKKELSEN, T. S., KU, M., JAFFE, D. B., ISSAC, B., LIEBERMAN, E., 

GIANNOUKOS, G., ALVAREZ, P., BROCKMAN, W., KIM, T. K., KOCHE, R. 

P., LEE, W., MENDENHALL, E., O'DONOVAN, A., PRESSER, A., RUSS, C., 

XIE, X., MEISSNER, A., WERNIG, M., JAENISCH, R., NUSBAUM, C., 

LANDER, E. S. & BERNSTEIN, B. E. 2007. Genome-wide maps of chromatin 

state in pluripotent and lineage-committed cells. Nature, 448, 553-60. 

MOHAMMAD, F., MONDAL, T., GUSEVA, N., PANDEY, G. K. & KANDURI, C. 

2010. Kcnq1ot1 noncoding RNA mediates transcriptional gene silencing by 

interacting with Dnmt1. Development, 137, 2493-9. 

DEMETRIA PAVLO
U



132 
 

MOLINA-SERRANO, D., SCHIZA, V. & KIRMIZIS, A. 2013. Cross-talk among 

epigenetic modifications: lessons from histone arginine methylation. Biochem Soc 

Trans, 41, 751-9. 

MORISHIMA, N., NAKANISHI, K., TAKENOUCHI, H., SHIBATA, T. & YASUHIKO, 

Y. 2002. An endoplasmic reticulum stress-specific caspase cascade in apoptosis. 

Cytochrome c-independent activation of caspase-9 by caspase-12. J Biol Chem, 

277, 34287-94. 

MOZZETTA, C., BOYARCHUK, E., PONTIS, J. & AIT-SI-ALI, S. 2015. Sound of 

silence: the properties and functions of repressive Lys methyltransferases. Nat Rev 

Mol Cell Biol, 16, 499-513. 

MUGHAL, A. A., GRIEG, Z., SKJELLEGRIND, H., FAYZULLIN, A., 

LAMKHANNAT, M., JOEL, M., AHMED, M. S., MURRELL, W., VIK-MO, E. 

O., LANGMOEN, I. A. & STANGELAND, B. 2015. Knockdown of 

NAT12/NAA30 reduces tumorigenic features of glioblastoma-initiating cells. Mol 

Cancer, 14, 160. 

MURTHI, A. & HOPPER, A. K. 2005. Genome-wide screen for inner nuclear membrane 

protein targeting in Saccharomyces cerevisiae: roles for N-acetylation and an 

integral membrane protein. Genetics, 170, 1553-60. 

MUSSELMAN, C. A., LALONDE, M. E., COTE, J. & KUTATELADZE, T. G. 2012. 

Perceiving the epigenetic landscape through histone readers. Nat Struct Mol Biol, 

19, 1218-27. 

MYKLEBUST, L. M., VAN DAMME, P., STOVE, S. I., DORFEL, M. J., ABBOUD, A., 

KALVIK, T. V., GRAUFFEL, C., JONCKHEERE, V., WU, Y., SWENSEN, J., 

KAASA, H., LISZCZAK, G., MARMORSTEIN, R., REUTER, N., LYON, G. J., 

GEVAERT, K. & ARNESEN, T. 2015. Biochemical and cellular analysis of Ogden 

syndrome reveals downstream Nt-acetylation defects. Hum Mol Genet, 24, 1956-

76. 

NAGATA, S., HANAYAMA, R. & KAWANE, K. 2010. Autoimmunity and the clearance 

of dead cells. Cell, 140, 619-30. 

NAKANISHI, S., LEE, J. S., GARDNER, K. E., GARDNER, J. M., TAKAHASHI, Y. H., 

CHANDRASEKHARAN, M. B., SUN, Z. W., OSLEY, M. A., STRAHL, B. D., 

JASPERSEN, S. L. & SHILATIFARD, A. 2009. Histone H2BK123 

monoubiquitination is the critical determinant for H3K4 and H3K79 trimethylation 

by COMPASS and Dot1. J Cell Biol, 186, 371-7. 

DEMETRIA PAVLO
U



133 
 

NEAULT, M., MALLETTE, F. A., VOGEL, G., MICHAUD-LEVESQUE, J. & 

RICHARD, S. 2012. Ablation of PRMT6 reveals a role as a negative 

transcriptional regulator of the p53 tumor suppressor. Nucleic Acids Res, 40, 9513-

21. 

NEUMAR, R. W., XU, Y. A., GADA, H., GUTTMANN, R. P. & SIMAN, R. 2003. 

Cross-talk between calpain and caspase proteolytic systems during neuronal 

apoptosis. J Biol Chem, 278, 14162-7. 

NEUWALD, A. F. & LANDSMAN, D. 1997. GCN5-related histone N-acetyltransferases 

belong to a diverse superfamily that includes the yeast SPT10 protein. Trends 

Biochem Sci, 22, 154-5. 

NEWMEYER, D. D., FARSCHON, D. M. & REED, J. C. 1994. Cell-free apoptosis in 

Xenopus egg extracts: inhibition by Bcl-2 and requirement for an organelle fraction 

enriched in mitochondria. Cell, 79, 353-64. 

NG, M. K. & CHEUNG, P. 2016. A brief histone in time: understanding the combinatorial 

functions of histone PTMs in the nucleosome context. Biochem Cell Biol, 94, 33-

42. 

NGUYEN LE, X. T., RAVAL, A., GARCIA, J. S. & MITCHELL, B. S. 2015. Regulation 

of ribosomal gene expression in cancer. J Cell Physiol, 230, 1181-8. 

NIEWMIERZYCKA, A. & CLARKE, S. 1999. S-Adenosylmethionine-dependent 

methylation in Saccharomyces cerevisiae. Identification of a novel protein arginine 

methyltransferase. J Biol Chem, 274, 814-24. 

NIMURA, K., URA, K. & KANEDA, Y. 2010. Histone methyltransferases: regulation of 

transcription and contribution to human disease. J Mol Med (Berl), 88, 1213-20. 

NODALE, C., SHEFFER, M., JACOB-HIRSCH, J., FOLGIERO, V., FALCIONI, R., 

AIELLO, A., GARUFI, A., RECHAVI, G., GIVOL, D. & D'ORAZI, G. 2012. 

HIPK2 downregulates vimentin and inhibits breast cancer cell invasion. Cancer 

Biol Ther, 13, 198-205. 

NORBURY, C. J. & HICKSON, I. D. 2001. Cellular responses to DNA damage. Annu Rev 

Pharmacol Toxicol, 41, 367-401. 

OBEROI-KHANUJA, T. K., MURALI, A. & RAJALINGAM, K. 2013. IAPs on the 

move: role of inhibitors of apoptosis proteins in cell migration. Cell Death Dis, 4, 

e784. 

OLTVAI, Z. N., MILLIMAN, C. L. & KORSMEYER, S. J. 1993. Bcl-2 heterodimerizes 

in vivo with a conserved homolog, Bax, that accelerates programmed cell death. 

Cell, 74, 609-19. 

DEMETRIA PAVLO
U



134 
 

OTTO, A. M. 2016. Warburg effect(s)-a biographical sketch of Otto Warburg and his 

impacts on tumor metabolism. Cancer Metab, 4, 5. 

OYADOMARI, S. & MORI, M. 2004. Roles of CHOP/GADD153 in endoplasmic 

reticulum stress. Cell Death Differ, 11, 381-9. 

PAHLICH, S., ZAKARYAN, R. P. & GEHRING, H. 2006. Protein arginine methylation: 

Cellular functions and methods of analysis. Biochim Biophys Acta, 1764, 1890-903. 

PAL, S., BAIOCCHI, R. A., BYRD, J. C., GREVER, M. R., JACOB, S. T. & SIF, S. 

2007. Low levels of miR-92b/96 induce PRMT5 translation and H3R8/H4R3 

methylation in mantle cell lymphoma. EMBO J, 26, 3558-69. 

PAL, S., VISHWANATH, S. N., ERDJUMENT-BROMAGE, H., TEMPST, P. & SIF, S. 

2004. Human SWI/SNF-associated PRMT5 methylates histone H3 arginine 8 and 

negatively regulates expression of ST7 and NM23 tumor suppressor genes. Mol 

Cell Biol, 24, 9630-45. 

PARK, S. E., KIM, J. M., SEOK, O. H., CHO, H., WADAS, B., KIM, S. Y., 

VARSHAVSKY, A. & HWANG, C. S. 2015. Control of mammalian G protein 

signaling by N-terminal acetylation and the N-end rule pathway. Science, 347, 

1249-52. 

PARRISH, A. B., FREEL, C. D. & KORNBLUTH, S. 2013. Cellular mechanisms 

controlling caspase activation and function. Cold Spring Harb Perspect Biol, 5. 

PAULE, M. R. & WHITE, R. J. 2000. Survey and summary: transcription by RNA 

polymerases I and III. Nucleic Acids Res, 28, 1283-98. 

PAWLAK, M. R., SCHERER, C. A., CHEN, J., ROSHON, M. J. & RULEY, H. E. 2000. 

Arginine N-methyltransferase 1 is required for early postimplantation mouse 

development, but cells deficient in the enzyme are viable. Mol Cell Biol, 20, 4859-

69. 

PEDERSEN, M. T. & HELIN, K. 2010. Histone demethylases in development and disease. 

Trends Cell Biol, 20, 662-71. 

PESCHANSKY, V. J. & WAHLESTEDT, C. 2014. Non-coding RNAs as direct and 

indirect modulators of epigenetic regulation. Epigenetics, 9, 3-12. 

POLEVODA, B., ARNESEN, T. & SHERMAN, F. 2009a. A synopsis of eukaryotic 

Nalpha-terminal acetyltransferases: nomenclature, subunits and substrates. BMC 

Proc, 3 Suppl 6, S2. 

POLEVODA, B., BROWN, S., CARDILLO, T. S., RIGBY, S. & SHERMAN, F. 2008. 

Yeast N(alpha)-terminal acetyltransferases are associated with ribosomes. J Cell 

Biochem, 103, 492-508. 

DEMETRIA PAVLO
U



135 
 

POLEVODA, B., HOSKINS, J. & SHERMAN, F. 2009b. Properties of Nat4, an N(alpha)-

acetyltransferase of Saccharomyces cerevisiae that modifies N termini of histones 

H2A and H4. Mol Cell Biol, 29, 2913-24. 

POLEVODA, B., NORBECK, J., TAKAKURA, H., BLOMBERG, A. & SHERMAN, F. 

1999. Identification and specificities of N-terminal acetyltransferases from 

Saccharomyces cerevisiae. EMBO J, 18, 6155-68. 

POLEVODA, B. & SHERMAN, F. 2001. NatC Nalpha-terminal acetyltransferase of yeast 

contains three subunits, Mak3p, Mak10p, and Mak31p. J Biol Chem, 276, 20154-9. 

POLEVODA, B. & SHERMAN, F. 2003. Composition and function of the eukaryotic N-

terminal acetyltransferase subunits. Biochem Biophys Res Commun, 308, 1-11. 

POLLACK, B. P., KOTENKO, S. V., HE, W., IZOTOVA, L. S., BARNOSKI, B. L. & 

PESTKA, S. 1999. The human homologue of the yeast proteins Skb1 and Hsl7p 

interacts with Jak kinases and contains protein methyltransferase activity. J Biol 

Chem, 274, 31531-42. 

POMMIER, Y., SORDET, O., ANTONY, S., HAYWARD, R. L. & KOHN, K. W. 2004. 

Apoptosis defects and chemotherapy resistance: molecular interaction maps and 

networks. Oncogene, 23, 2934-49. 

POPP, B., STOVE, S. I., ENDELE, S., MYKLEBUST, L. M., HOYER, J., STICHT, H., 

AZZARELLO-BURRI, S., RAUCH, A., ARNESEN, T. & REIS, A. 2015. De novo 

missense mutations in the NAA10 gene cause severe non-syndromic developmental 

delay in males and females. Eur J Hum Genet, 23, 602-9. 

PORTT, L., NORMAN, G., CLAPP, C., GREENWOOD, M. & GREENWOOD, M. T. 

2011. Anti-apoptosis and cell survival: a review. Biochim Biophys Acta, 1813, 238-

59. 

POWERS, M. A., FAY, M. M., FACTOR, R. E., WELM, A. L. & ULLMAN, K. S. 2011. 

Protein arginine methyltransferase 5 accelerates tumor growth by arginine 

methylation of the tumor suppressor programmed cell death 4. Cancer Res, 71, 

5579-87. 

PUCCI, B., KASTEN, M. & GIORDANO, A. 2000. Cell cycle and apoptosis. Neoplasia, 

2, 291-9. 

RADISKY, D. C. 2005. Epithelial-mesenchymal transition. J Cell Sci, 118, 4325-6. 

RAJALINGAM, K., SHARMA, M., PALAND, N., HURWITZ, R., THIECK, O., 

OSWALD, M., MACHUY, N. & RUDEL, T. 2006. IAP-IAP complexes required 

for apoptosis resistance of C. trachomatis-infected cells. PLoS Pathog, 2, e114. 

DEMETRIA PAVLO
U



136 
 

RANK, G., CERRUTI, L., SIMPSON, R. J., MORITZ, R. L., JANE, S. M. & ZHAO, Q. 

2010. Identification of a PRMT5-dependent repressor complex linked to silencing 

of human fetal globin gene expression. Blood, 116, 1585-92. 

RAO, R. V., HERMEL, E., CASTRO-OBREGON, S., DEL RIO, G., ELLERBY, L. M., 

ELLERBY, H. M. & BREDESEN, D. E. 2001. Coupling endoplasmic reticulum 

stress to the cell death program. Mechanism of caspase activation. J Biol Chem, 

276, 33869-74. 

REE, R., MYKLEBUST, L. M., THIEL, P., FOYN, H., FLADMARK, K. E. & 

ARNESEN, T. 2015. The N-terminal acetyltransferase Naa10 is essential for 

zebrafish development. Biosci Rep, 35. 

REN, T., JIANG, B., JIN, G., LI, J., DONG, B., ZHANG, J., MENG, L., WU, J. & SHOU, 

C. 2008. Generation of novel monoclonal antibodies and their application for 

detecting ARD1 expression in colorectal cancer. Cancer Lett, 264, 83-92. 

RIEGER, A. M., NELSON, K. L., KONOWALCHUK, J. D. & BARREDA, D. R. 2011. 

Modified annexin V/propidium iodide apoptosis assay for accurate assessment of 

cell death. J Vis Exp. 

RIESEN, M. & MORGAN, A. 2009. Calorie restriction reduces rDNA recombination 

independently of rDNA silencing. Aging Cell, 8, 624-32. 

RIVLIN, N., BROSH, R., OREN, M. & ROTTER, V. 2011. Mutations in the p53 Tumor 

Suppressor Gene: Important Milestones at the Various Steps of Tumorigenesis. 

Genes Cancer, 2, 466-74. 

ROBERTS, L. R., KUROSAWA, H., BRONK, S. F., FESMIER, P. J., AGELLON, L. B., 

LEUNG, W. Y., MAO, F. & GORES, G. J. 1997. Cathepsin B contributes to bile 

salt-induced apoptosis of rat hepatocytes. Gastroenterology, 113, 1714-26. 

ROBERTSON, K. D. 2001. DNA methylation, methyltransferases, and cancer. Oncogene, 

20, 3139-55. 

ROPE, A. F., WANG, K., EVJENTH, R., XING, J., JOHNSTON, J. J., SWENSEN, J. J., 

JOHNSON, W. E., MOORE, B., HUFF, C. D., BIRD, L. M., CAREY, J. C., 

OPITZ, J. M., STEVENS, C. A., JIANG, T., SCHANK, C., FAIN, H. D., 

ROBISON, R., DALLEY, B., CHIN, S., SOUTH, S. T., PYSHER, T. J., JORDE, 

L. B., HAKONARSON, H., LILLEHAUG, J. R., BIESECKER, L. G., YANDELL, 

M., ARNESEN, T. & LYON, G. J. 2011. Using VAAST to identify an X-linked 

disorder resulting in lethality in male infants due to N-terminal acetyltransferase 

deficiency. Am J Hum Genet, 89, 28-43. 

DEMETRIA PAVLO
U



137 
 

ROTHBART, S. B. & STRAHL, B. D. 2014. Interpreting the language of histone and 

DNA modifications. Biochim Biophys Acta, 1839, 627-43. 

RUGGERO, D. & PANDOLFI, P. P. 2003. Does the ribosome translate cancer? Nat Rev 

Cancer, 3, 179-92. 

RUTKOWSKI, D. T., ARNOLD, S. M., MILLER, C. N., WU, J., LI, J., GUNNISON, K. 

M., MORI, K., SADIGHI AKHA, A. A., RADEN, D. & KAUFMAN, R. J. 2006. 

Adaptation to ER stress is mediated by differential stabilities of pro-survival and 

pro-apoptotic mRNAs and proteins. PLoS Biol, 4, e374. 

SABBAGH, L., KAECH, S. M., BOURBONNIERE, M., WOO, M., COHEN, L. Y., 

HADDAD, E. K., LABRECQUE, N., AHMED, R. & SEKALY, R. P. 2004. The 

selective increase in caspase-3 expression in effector but not memory T cells allows 

susceptibility to apoptosis. J Immunol, 173, 5425-33. 

SADOWSKI-DEBBING, K., COY, J. F., MIER, W., HUG, H. & LOS, M. 2002. 

Caspases--their role in apoptosis and other physiological processes as revealed by 

knock-out studies. Arch Immunol Ther Exp (Warsz), 50, 19-34. 

SAHA, K., ADHIKARY, G. & ECKERT, R. L. 2016. MEP50/PRMT5 Reduces Gene 

Expression by Histone Arginine Methylation and this Is Reversed by 

PKCdelta/p38delta Signaling. J Invest Dermatol, 136, 214-24. 

SAINI, M. K. & SANYAL, S. N. 2015. Cell cycle regulation and apoptotic cell death in 

experimental colon carcinogenesis: intervening with cyclooxygenase-2 inhibitors. 

Nutr Cancer, 67, 620-36. 

SALVESEN, G. S. & DUCKETT, C. S. 2002. IAP proteins: blocking the road to death's 

door. Nat Rev Mol Cell Biol, 3, 401-10. 

SANTINI, M. T., RAINALDI, G. & INDOVINA, P. L. 2000. Apoptosis, cell adhesion and 

the extracellular matrix in the three-dimensional growth of multicellular tumor 

spheroids. Crit Rev Oncol Hematol, 36, 75-87. 

SAROSIEK, K. A., NI CHONGHAILE, T. & LETAI, A. 2013. Mitochondria: gatekeepers 

of response to chemotherapy. Trends Cell Biol, 23, 612-9. 

SCHIZA, V., MOLINA-SERRANO, D., KYRIAKOU, D., HADJIANTONIOU, A. & 

KIRMIZIS, A. 2013. N-alpha-terminal acetylation of histone H4 regulates arginine 

methylation and ribosomal DNA silencing. PLoS Genet, 9, e1003805. 

SCOTT, D. C., MONDA, J. K., BENNETT, E. J., HARPER, J. W. & SCHULMAN, B. A. 

2011. N-terminal acetylation acts as an avidity enhancer within an interconnected 

multiprotein complex. Science, 334, 674-8. 

DEMETRIA PAVLO
U



138 
 

SCOUMANNE, A., ZHANG, J. & CHEN, X. 2009. PRMT5 is required for cell-cycle 

progression and p53 tumor suppressor function. Nucleic Acids Res, 37, 4965-76. 

SELIGSON, D. B., HORVATH, S., SHI, T., YU, H., TZE, S., GRUNSTEIN, M. & 

KURDISTANI, S. K. 2005. Global histone modification patterns predict risk of 

prostate cancer recurrence. Nature, 435, 1262-6. 

SHAH, G. M., SHAH, R. G. & POIRIER, G. G. 1996. Different cleavage pattern for 

poly(ADP-ribose) polymerase during necrosis and apoptosis in HL-60 cells. 

Biochem Biophys Res Commun, 229, 838-44. 

SHARMA, S., KELLY, T. K. & JONES, P. A. 2010. Epigenetics in cancer. 

Carcinogenesis, 31, 27-36. 

SHEN, Y., WEI, W. & ZHOU, D. X. 2015. Histone Acetylation Enzymes Coordinate 

Metabolism and Gene Expression. Trends Plant Sci, 20, 614-21. 

SHENOY, N., KESSEL, R., BHAGAT, T. D., BHATTACHARYYA, S., YU, Y., 

MCMAHON, C. & VERMA, A. 2012. Alterations in the ribosomal machinery in 

cancer and hematologic disorders. J Hematol Oncol, 5, 32. 

SHI, D. & GU, W. 2012. Dual Roles of MDM2 in the Regulation of p53: Ubiquitination 

Dependent and Ubiquitination Independent Mechanisms of MDM2 Repression of 

p53 Activity. Genes Cancer, 3, 240-8. 

SHILATIFARD, A. 2006. Chromatin modifications by methylation and ubiquitination: 

implications in the regulation of gene expression. Annu Rev Biochem, 75, 243-69. 

SILVA, M. T. 2010. Secondary necrosis: the natural outcome of the complete apoptotic 

program. FEBS Lett, 584, 4491-9. 

SILVA, R. D. & MARTINHO, R. G. 2015. Developmental roles of protein N-terminal 

acetylation. Proteomics, 15, 2402-9. 

SMITH, D. L., JR., LI, C., MATECIC, M., MAQANI, N., BRYK, M. & SMITH, J. S. 

2009. Calorie restriction effects on silencing and recombination at the yeast rDNA. 

Aging Cell, 8, 633-42. 

SOHAL, R. S. & FORSTER, M. J. 2014. Caloric restriction and the aging process: a 

critique. Free Radic Biol Med, 73, 366-82. 

SOLDANI, C. & SCOVASSI, A. I. 2002. Poly(ADP-ribose) polymerase-1 cleavage during 

apoptosis: an update. Apoptosis, 7, 321-8. 

SONG, O. K., WANG, X., WATERBORG, J. H. & STERNGLANZ, R. 2003. An Nalpha-

acetyltransferase responsible for acetylation of the N-terminal residues of histones 

H4 and H2A. J Biol Chem, 278, 38109-12. 

DEMETRIA PAVLO
U



139 
 

SOUSA, F. G., MATUO, R., SOARES, D. G., ESCARGUEIL, A. E., HENRIQUES, J. A., 

LARSEN, A. K. & SAFFI, J. 2012. PARPs and the DNA damage response. 

Carcinogenesis, 33, 1433-40. 

ST LAURENT, G., SAVVA, Y. A. & KAPRANOV, P. 2012. Dark matter RNA: an 

intelligent scaffold for the dynamic regulation of the nuclear information landscape. 

Front Genet, 3, 57. 

STARHEIM, K. K., ARNESEN, T., GROMYKO, D., RYNINGEN, A., VARHAUG, J. E. 

& LILLEHAUG, J. R. 2008. Identification of the human N(alpha)-acetyltransferase 

complex B (hNatB): a complex important for cell-cycle progression. Biochem J, 

415, 325-31. 

STARHEIM, K. K., GEVAERT, K. & ARNESEN, T. 2012. Protein N-terminal 

acetyltransferases: when the start matters. Trends Biochem Sci, 37, 152-61. 

STARHEIM, K. K., GROMYKO, D., EVJENTH, R., RYNINGEN, A., VARHAUG, J. E., 

LILLEHAUG, J. R. & ARNESEN, T. 2009. Knockdown of human N alpha-

terminal acetyltransferase complex C leads to p53-dependent apoptosis and 

aberrant human Arl8b localization. Mol Cell Biol, 29, 3569-81. 

STRAHL, B. D. & ALLIS, C. D. 2000. The language of covalent histone modifications. 

Nature, 403, 41-5. 

STROUS, G. J., BERNS, A. J. & BLOEMENDAL, H. 1974. N-terminal acetylation of the 

nascent chains of alpha-crystallin. Biochem Biophys Res Commun, 58, 876-84. 

STULTS, D. M., KILLEN, M. W., PIERCE, H. H. & PIERCE, A. J. 2008. Genomic 

architecture and inheritance of human ribosomal RNA gene clusters. Genome Res, 

18, 13-8. 

SUGANUMA, T. & WORKMAN, J. L. 2008. Crosstalk among Histone Modifications. 

Cell, 135, 604-7. 

SUN, H., YANG, S., LI, J., ZHANG, Y., GAO, D. & ZHAO, S. 2016. Caspase-

independent cell death mediated by apoptosis-inducing factor (AIF) nuclear 

translocation is involved in ionizing radiation induced HepG2 cell death. Biochem 

Biophys Res Commun. 

SWIERCZ, R., CHENG, D., KIM, D. & BEDFORD, M. T. 2007. Ribosomal protein rpS2 

is hypomethylated in PRMT3-deficient mice. J Biol Chem, 282, 16917-23. 

TAIT, S. W. & GREEN, D. R. 2008. Caspase-independent cell death: leaving the set 

without the final cut. Oncogene, 27, 6452-61. 

TAIT, S. W. & GREEN, D. R. 2010. Mitochondria and cell death: outer membrane 

permeabilization and beyond. Nat Rev Mol Cell Biol, 11, 621-32. 

DEMETRIA PAVLO
U



140 
 

TAUNTON, J., HASSIG, C. A. & SCHREIBER, S. L. 1996. A mammalian histone 

deacetylase related to the yeast transcriptional regulator Rpd3p. Science, 272, 408-

411. 

TAYLOR, R. C., CULLEN, S. P. & MARTIN, S. J. 2008. Apoptosis: controlled 

demolition at the cellular level. Nat Rev Mol Cell Biol, 9, 231-41. 

TEE, W. W., PARDO, M., THEUNISSEN, T. W., YU, L., CHOUDHARY, J. S., 

HAJKOVA, P. & SURANI, M. A. 2010. Prmt5 is essential for early mouse 

development and acts in the cytoplasm to maintain ES cell pluripotency. Genes 

Dev, 24, 2772-7. 

TESSARZ, P., SANTOS-ROSA, H., ROBSON, S. C., SYLVESTERSEN, K. B., 

NELSON, C. J., NIELSEN, M. L. & KOUZARIDES, T. 2014. Glutamine 

methylation in histone H2A is an RNA-polymerase-I-dedicated modification. 

Nature, 505, 564-8. 

THIERY, J. P. 2002. Epithelial-mesenchymal transitions in tumour progression. Nat Rev 

Cancer, 2, 442-54. 

THIERY, J. P., ACLOQUE, H., HUANG, R. Y. & NIETO, M. A. 2009. Epithelial-

mesenchymal transitions in development and disease. Cell, 139, 871-90. 

THIERY, J. P. & SLEEMAN, J. P. 2006. Complex networks orchestrate epithelial-

mesenchymal transitions. Nat Rev Mol Cell Biol, 7, 131-42. 

THOMPSON, P. R. & FAST, W. 2006. Histone citrullination by protein arginine 

deiminase: is arginine methylation a green light or a roadblock? ACS Chem Biol, 1, 

433-41. 

TOOLEY, J. G. & SCHANER TOOLEY, C. E. 2014. New roles for old modifications: 

emerging roles of N-terminal post-translational modifications in development and 

disease. Protein Sci, 23, 1641-9. 

TROPBERGER, P. & SCHNEIDER, R. 2013. Scratching the (lateral) surface of chromatin 

regulation by histone modifications. Nat Struct Mol Biol, 20, 657-61. 

TSAI, M. C., MANOR, O., WAN, Y., MOSAMMAPARAST, N., WANG, J. K., LAN, F., 

SHI, Y., SEGAL, E. & CHANG, H. Y. 2010. Long noncoding RNA as modular 

scaffold of histone modification complexes. Science, 329, 689-93. 

TWEEDIE-CULLEN, R. Y., BRUNNER, A. M., GROSSMANN, J., MOHANNA, S., 

SICHAU, D., NANNI, P., PANSE, C. & MANSUY, I. M. 2012. Identification of 

combinatorial patterns of post-translational modifications on individual histones in 

the mouse brain. PLoS One, 7, e36980. 

DEMETRIA PAVLO
U



141 
 

UEMURA, M., ZHENG, Q., KOH, C. M., NELSON, W. G., YEGNASUBRAMANIAN, 

S. & DE MARZO, A. M. 2012. Overexpression of ribosomal RNA in prostate 

cancer is common but not linked to rDNA promoter hypomethylation. Oncogene, 

31, 1254-63. 

VAN DAMME, P., HOLE, K., PIMENTA-MARQUES, A., HELSENS, K., 

VANDEKERCKHOVE, J., MARTINHO, R. G., GEVAERT, K. & ARNESEN, T. 

2011. NatF contributes to an evolutionary shift in protein N-terminal acetylation 

and is important for normal chromosome segregation. PLoS Genet, 7, e1002169. 

VAN DAMME, P., STOVE, S. I., GLOMNES, N., GEVAERT, K. & ARNESEN, T. 2014. 

A Saccharomyces cerevisiae model reveals in vivo functional impairment of the 

Ogden syndrome N-terminal acetyltransferase NAA10 Ser37Pro mutant. Mol Cell 

Proteomics, 13, 2031-41. 

VAN SPEYBROECK, L. 2002. From epigenesis to epigenetics: the case of C. H. 

Waddington. Ann N Y Acad Sci, 981, 61-81. 

VANCOMPERNOLLE, K., VAN HERREWEGHE, F., PYNAERT, G., VAN DE 

CRAEN, M., DE VOS, K., TOTTY, N., STERLING, A., FIERS, W., 

VANDENABEELE, P. & GROOTEN, J. 1998. Atractyloside-induced release of 

cathepsin B, a protease with caspase-processing activity. FEBS Lett, 438, 150-8. 

VANDENABEELE, P., GALLUZZI, L., VANDEN BERGHE, T. & KROEMER, G. 

2010. Molecular mechanisms of necroptosis: an ordered cellular explosion. Nat Rev 

Mol Cell Biol, 11, 700-14. 

VANDEWYNCKEL, Y. P., LAUKENS, D., GEERTS, A., BOGAERTS, E., 

PARIDAENS, A., VERHELST, X., JANSSENS, S., HEINDRYCKX, F. & VAN 

VLIERBERGHE, H. 2013. The paradox of the unfolded protein response in cancer. 

Anticancer Res, 33, 4683-94. 

VARLAND, S., OSBERG, C. & ARNESEN, T. 2015. N-terminal modifications of cellular 

proteins: The enzymes involved, their substrate specificities and biological effects. 

Proteomics, 15, 2385-401. 

VAVOURI, T. & LEHNER, B. 2012. Human genes with CpG island promoters have a 

distinct transcription-associated chromatin organization. Genome Biol, 13, R110. 

VENKATESH, S. & WORKMAN, J. L. 2015. Histone exchange, chromatin structure and 

the regulation of transcription. Nat Rev Mol Cell Biol, 16, 178-89. 

VERMES, I., HAANEN, C. & REUTELINGSPERGER, C. 2000. Flow cytometry of 

apoptotic cell death. J Immunol Methods, 243, 167-90. 

DEMETRIA PAVLO
U



142 
 

VERMES, I., HAANEN, C., STEFFENS-NAKKEN, H. & REUTELINGSPERGER, C. 

1995. A novel assay for apoptosis. Flow cytometric detection of phosphatidylserine 

expression on early apoptotic cells using fluorescein labelled Annexin V. J 

Immunol Methods, 184, 39-51. 

VETTING, M. W., LP, S. D. C., YU, M., HEGDE, S. S., MAGNET, S., RODERICK, S. 

L. & BLANCHARD, J. S. 2005. Structure and functions of the GNAT superfamily 

of acetyltransferases. Arch Biochem Biophys, 433, 212-26. 

VICENCIO, J. M., GALLUZZI, L., TAJEDDINE, N., ORTIZ, C., CRIOLLO, A., 

TASDEMIR, E., MORSELLI, E., BEN YOUNES, A., MAIURI, M. C., 

LAVANDERO, S. & KROEMER, G. 2008. Senescence, apoptosis or autophagy? 

When a damaged cell must decide its path--a mini-review. Gerontology, 54, 92-9. 

WADDINGTON, C. H. 1940. Organisers and Genes. Cambridge: Cambridge University 

Press. 

WANG, L., PAL, S. & SIF, S. 2008. Protein arginine methyltransferase 5 suppresses the 

transcription of the RB family of tumor suppressors in leukemia and lymphoma 

cells. Mol Cell Biol, 28, 6262-77. 

WANG, Y., MIAO, X., LIU, Y., LI, F., LIU, Q., SUN, J. & CAI, L. 2014. Dysregulation 

of histone acetyltransferases and deacetylases in cardiovascular diseases. Oxid Med 

Cell Longev, 2014, 641979. 

WEAVER, A. N. & YANG, E. S. 2013. Beyond DNA Repair: Additional Functions of 

PARP-1 in Cancer. Front Oncol, 3, 290. 

WEBBY, C. J., WOLF, A., GROMAK, N., DREGER, M., KRAMER, H., KESSLER, B., 

NIELSEN, M. L., SCHMITZ, C., BUTLER, D. S., YATES, J. R., 3RD, 

DELAHUNTY, C. M., HAHN, P., LENGELING, A., MANN, M., PROUDFOOT, 

N. J., SCHOFIELD, C. J. & BOTTGER, A. 2009. Jmjd6 catalyses lysyl-

hydroxylation of U2AF65, a protein associated with RNA splicing. Science, 325, 

90-3. 

WEI, G., WEI, L., ZHU, J., ZANG, C., HU-LI, J., YAO, Z., CUI, K., KANNO, Y., ROH, 

T. Y., WATFORD, W. T., SCHONES, D. E., PENG, W., SUN, H. W., PAUL, W. 

E., O'SHEA, J. J. & ZHAO, K. 2009. Global mapping of H3K4me3 and 

H3K27me3 reveals specificity and plasticity in lineage fate determination of 

differentiating CD4+ T cells. Immunity, 30, 155-67. 

WHITE, R. J. 2005. RNA polymerases I and III, growth control and cancer. Nat Rev Mol 

Cell Biol, 6, 69-78. 

DEMETRIA PAVLO
U



143 
 

WILLIAMSON, D., LU, Y. J., FANG, C., PRITCHARD-JONES, K. & SHIPLEY, J. 

2006. Nascent pre-rRNA overexpression correlates with an adverse prognosis in 

alveolar rhabdomyosarcoma. Genes Chromosomes Cancer, 45, 839-45. 

WINGRAVE, J. M., SCHAECHER, K. E., SRIBNICK, E. A., WILFORD, G. G., RAY, S. 

K., HAZEN-MARTIN, D. J., HOGAN, E. L. & BANIK, N. L. 2003. Early 

induction of secondary injury factors causing activation of calpain and 

mitochondria-mediated neuronal apoptosis following spinal cord injury in rats. J 

Neurosci Res, 73, 95-104. 

WOLF, S. S. 2009. The protein arginine methyltransferase family: an update about 

function, new perspectives and the physiological role in humans. Cell Mol Life Sci, 

66, 2109-21. 

WRIGHT, C. W. & DUCKETT, C. S. 2005. Reawakening the cellular death program in 

neoplasia through the therapeutic blockade of IAP function. J Clin Invest, 115, 

2673-8. 

WU, D., CHEN, X., GUO, D., HONG, Q., FU, B., DING, R., YU, L., HOU, K., FENG, Z., 

ZHANG, X. & WANG, J. 2005. Knockdown of fibronectin induces mitochondria-

dependent apoptosis in rat mesangial cells. J Am Soc Nephrol, 16, 646-57. 

WYLLIE, A. H. 2010. "Where, O death, is thy sting?" A brief review of apoptosis biology. 

Mol Neurobiol, 42, 4-9. 

WYSOCKA, J., ALLIS, C. D. & COONROD, S. 2006. Histone arginine methylation and 

its dynamic regulation. Front Biosci, 11, 344-55. 

XU, W., CHO, H., KADAM, S., BANAYO, E. M., ANDERSON, S., YATES, J. R., 3RD, 

EMERSON, B. M. & EVANS, R. M. 2004. A methylation-mediator complex in 

hormone signaling. Genes Dev, 18, 144-56. 

YADAV, N., LEE, J., KIM, J., SHEN, J., HU, M. C., ALDAZ, C. M. & BEDFORD, M. T. 

2003. Specific protein methylation defects and gene expression perturbations in 

coactivator-associated arginine methyltransferase 1-deficient mice. Proc Natl Acad 

Sci U S A, 100, 6464-8. 

YAMASHIMA, T. 2004. Ca2+-dependent proteases in ischemic neuronal death: a 

conserved 'calpain-cathepsin cascade' from nematodes to primates. Cell Calcium, 

36, 285-93. 

YANG, Y., HADJIKYRIACOU, A., XIA, Z., GAYATRI, S., KIM, D., ZURITA-LOPEZ, 

C., KELLY, R., GUO, A., LI, W., CLARKE, S. G. & BEDFORD, M. T. 2015. 

PRMT9 is a type II methyltransferase that methylates the splicing factor SAP145. 

Nat Commun, 6, 6428. 

DEMETRIA PAVLO
U



144 
 

YAO, D., DAI, C. & PENG, S. 2011. Mechanism of the mesenchymal-epithelial transition 

and its relationship with metastatic tumor formation. Mol Cancer Res, 9, 1608-20. 

YAO, R., JIANG, H., MA, Y., WANG, L., WANG, L., DU, J., HOU, P., GAO, Y., 

ZHAO, L., WANG, G., ZHANG, Y., LIU, D. X., HUANG, B. & LU, J. 2014. 

PRMT7 induces epithelial-to-mesenchymal transition and promotes metastasis in 

breast cancer. Cancer Res, 74, 5656-67. 

YI, C. H., PAN, H., SEEBACHER, J., JANG, I. H., HYBERTS, S. G., HEFFRON, G. J., 

VANDER HEIDEN, M. G., YANG, R., LI, F., LOCASALE, J. W., SHARFI, H., 

ZHAI, B., RODRIGUEZ-MIAS, R., LUITHARDT, H., CANTLEY, L. C., 

DALEY, G. Q., ASARA, J. M., GYGI, S. P., WAGNER, G., LIU, C. F. & YUAN, 

J. 2011. Metabolic regulation of protein N-alpha-acetylation by Bcl-xL promotes 

cell survival. Cell, 146, 607-20. 

YOSHIMATSU, M., TOYOKAWA, G., HAYAMI, S., UNOKI, M., TSUNODA, T., 

FIELD, H. I., KELLY, J. D., NEAL, D. E., MAEHARA, Y., PONDER, B. A., 

NAKAMURA, Y. & HAMAMOTO, R. 2011. Dysregulation of PRMT1 and 

PRMT6, Type I arginine methyltransferases, is involved in various types of human 

cancers. Int J Cancer, 128, 562-73. 

YOSHIMOTO, T., BOEHM, M., OLIVE, M., CROOK, M. F., SAN, H., 

LANGENICKEL, T. & NABEL, E. G. 2006. The arginine methyltransferase 

PRMT2 binds RB and regulates E2F function. Exp Cell Res, 312, 2040-53. 

YOULE, R. J. & STRASSER, A. 2008. The BCL-2 protein family: opposing activities that 

mediate cell death. Nat Rev Mol Cell Biol, 9, 47-59. 

YU, M., MA, M., HUANG, C., YANG, H., LAI, J., YAN, S., LI, L., XIANG, M. & TAN, 

D. 2009a. Correlation of expression of human arrest-defective-1 (hARD1) protein 

with breast cancer. Cancer Invest, 27, 978-83. 

YU, Z., CHEN, T., HEBERT, J., LI, E. & RICHARD, S. 2009b. A mouse PRMT1 null 

allele defines an essential role for arginine methylation in genome maintenance and 

cell proliferation. Mol Cell Biol, 29, 2982-96. 

YUN, M., WU, J., WORKMAN, J. L. & LI, B. 2011. Readers of histone modifications. 

Cell Res, 21, 564-78. 

ZAMZAMI, N., SUSIN, S. A., MARCHETTI, P., HIRSCH, T., GOMEZ-MONTERREY, 

I., CASTEDO, M. & KROEMER, G. 1996. Mitochondrial control of nuclear 

apoptosis. J Exp Med, 183, 1533-44. 

ZEISS, C. J. 2003. The apoptosis-necrosis continuum: insights from genetically altered 

mice. Vet Pathol, 40, 481-95. 

DEMETRIA PAVLO
U



145 
 

ZHANG, B., DONG, S., LI, Z., LU, L., ZHANG, S., CHEN, X., CEN, X. & WU, Y. 

2015a. Targeting protein arginine methyltransferase 5 inhibits human 

hepatocellular carcinoma growth via the downregulation of beta-catenin. J Transl 

Med, 13, 349. 

ZHANG, B., DONG, S., ZHU, R., HU, C., HOU, J., LI, Y., ZHAO, Q., SHAO, X., BU, 

Q., LI, H., WU, Y., CEN, X. & ZHAO, Y. 2015b. Targeting protein arginine 

methyltransferase 5 inhibits colorectal cancer growth by decreasing arginine 

methylation of eIF4E and FGFR3. Oncotarget, 6, 22799-811. 

ZHANG, L., EUGENI, E. E., PARTHUN, M. R. & FREITAS, M. A. 2003. Identification 

of novel histone post-translational modifications by peptide mass fingerprinting. 

Chromosoma, 112, 77-86. 

ZHANG, T., COOPER, S. & BROCKDORFF, N. 2015c. The interplay of histone 

modifications - writers that read. EMBO Rep, 16, 1467-81. 

ZHANG, T., GUNTHER, S., LOOSO, M., KUNNE, C., KRUGER, M., KIM, J., ZHOU, 

Y. & BRAUN, T. 2015d. Prmt5 is a regulator of muscle stem cell expansion in 

adult mice. Nat Commun, 6, 7140. 

ZIEGLER, U. & GROSCURTH, P. 2004. Morphological features of cell death. News 

Physiol Sci, 19, 124-8. 

ZONG, W. X., RABINOWITZ, J. D. & WHITE, E. 2016. Mitochondria and Cancer. Mol 

Cell, 61, 667-76. 

ZOU, L., ZHANG, H., DU, C., LIU, X., ZHU, S., ZHANG, W., LI, Z., GAO, C., ZHAO, 

X., MEI, M., BAO, S. & ZHENG, H. 2012. Correlation of SRSF1 and PRMT1 

expression with clinical status of pediatric acute lymphoblastic leukemia. J 

Hematol Oncol, 5, 42. 

ZUZARTE-LUIS, V. & HURLE, J. M. 2002. Programmed cell death in the developing 

limb. Int J Dev Biol, 46, 871-6. 

 

DEMETRIA PAVLO
U




