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II. Abstract 

This project aims to study acetylation as a regulator of CypA function and localisation in the cell. 

 Cyclophilin A (CypA), a member of the Cyclophilins, a family of proteins with a peptidyl-prolyl 

isomerase activity is found to be over expressed in a range of cancer cells. Although the exact role that 

it plays in cancer isn’t fully understood studies show that CypA is involved in the division of leukaemia 

and lymphoma cells having been reported to undergo a cell-cycle dependent relocation from the 

centrosomes to the midbody, where it plays an important role in cytokinesis completion. The molecular 

mechanism governing this alteration in localization of CypA remains unclear although it had been 

suggested to result from a post-translational modification. 

To test this hypothesis a first approach was taken by which conditions for detection of a modified 

form of CypA were optimized, using samples of cells in different stages of the cell cycle. Results show 

that CypA presents a cell cycle dependent PTM with a maximum of the modified form identified when 

cells are synchronized in mitosis.  In order to detect acetylation as the eventual PTM observed different 

techniques were used including mass spectrometry, co-immunoprecipitation of endogenous and 

exogenous protein conjugated with Western blotting. CypA was found to co-immunoprecipitate in the 

total acetylated lysine pulldown from proteins extracts of cancer cells, suggesting that it is indeed 

acetylated. 

 

Keywords: Cyclophilin A, peptidyl-prolyl isomerase, Post-translational modifications, acetylation, 

leukaemia, cancer cells 
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III. Resumo  

O objetivo deste projeto é o estudo da acetilação como regulador da função da ciclofilina A em 

células cancerígenas.  

A Ciclofilina A é um membro da família das Ciclofilinas, uma família de proteínas com atividade 

de peptidil-prolil isomerase. Esta proteína encontra-se sobre expressa em vários tipos de cancro 

apesar da sua função específica em células cancerígenas ainda não ter sido descrita. Trabalhos 

recentes demonstraram o seu envolvimento na divisão de células de leucemia e de linfoma, 

relocalizando-se dos centrossomas para o midbody, tendo neste um papel fundamental na citocinese. 

Os mecanismos que estão por detrás desta movimentação ainda não são conhecidos, contudo pensa-

se que uma modificação pós traducional possa ser o indutor. 

Para testar esta hipótese uma primeira abordagem de optimização das condições de detecção 

da forma modificada da proteína foi tomada. Para isso as células foram sincronizadas nas várias fases 

do ciclo celular. Concluiu-se que esta proteína sofre uma modificação pós traducional dependente do 

ciclo celular. O enriquecimento da população em células mitóticas foi demonstrada como a melhor 

condição para aumentar a percentagem de proteína modificada. De forma a confirmar que esta 

modificação era devido a uma acetilação da Ciclofilina A, várias estratégias foram adoptadas incluindo 

espectroscopia de massa e técnicas de immunoprecipitação de proteína endógena e exógena 

conjugadas com análise por Western blotting. A ciclofilina A foi identificada em immunoprecipitados de 

proteínas acetiladas extraídas de extratos celulares de células cancerígenas, sugerindo que é de facto 

acetilada. 

 

Palavras-chave: Ciclofilina A, peptidil-prolil isomerase, modificação pós traducional, acetilação, 

leucemia, células cancerígenas  
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1. Introduction 

1.1. Cancer  

Cancer constitutes a major cause of death worldwide, being the second leading cause of death 

in Europe and the United States. An increase in occurrence has been registered due to factors such as 

the growth and aging of the population and an increase of risk factors such as smoking, being 

overweight and physical inactivity. The more recent published data suggests that about 14,1 million 

new cancer cases and 8,2 million deaths occurred in 2012 worldwide [1]. However, predictions from 

World Health Organization (WHO) stated that cancer related deaths will increase to 15 million by the 

year of 2020. 

Cancer is defined by the WHO as the general term applied to a large group of diseases 

characterized by unregulated proliferation of cancer cells. These cells stop responding appropriately to 

the signals that control cell behaviour and start growing and dividing in an uncontrolled manner with 

potential to spread and invade other parts of the body. These characteristics are due to the 

accumulation of several abnormalities in cell regulatory systems.  

Most cancers can be divided into three main groups: carcinomas, sarcomas and leukaemias. The 

first type contains approximately 90 % of all human cancers and it concerns the malignancies of 

epithelial cells.  Sarcomas are rare in human and are solid tumours of connective tissues. Around 8 % 

of human cancers are leukaemias or lymphomas that are human malignancies in blood-forming cells 

or cells of the immune system, respectively. Many cancer types form solid tumours that are described 

as a mass of tissue however there are some types, such as leukaemia that do not. A tumour can be 

defined as malignant or benign with the malignant tumours having the capacity to invade surrounding 

tissue and spread throughout the body [2].  

 

Figure 1-1: The hallmarks of cancer. Six hallmarks of Cancer proposed by Hanahan D. and Weinberg R. 

in 2000. Source: [3] 

Hanahan D. and Weinberg R. described in 2000, six hallmarks of cancer, showed in Figure 1-1, 

which were biological capabilities acquired during the development of tumours. These hallmarks 
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comprise sustaining proliferative signalling, evading growth suppressors, resisting cell death, enabling 

replicative immortality, inducing angiogenesis and activating invasion and metastasis.  To these 

hallmarks, two more were added in 2011 due to conceptual progress in the subject, these were 

reprogramming of energy metabolism and evading immune destruction. Additionally, two enabling 

characteristics were added to the hallmarks, genomic instability and inflammation, being consequential 

characteristics of neoplasia that facilitate the acquisition of hallmarks [3]. 

1.2. Cell cycle 

The cell cycle is a complex process that divides one cell into two genetically identical daughter 

cells. It takes place through a sequence of stages namely G1, synthesis phase also known as S phase, 

G2 and mitosis also known as M phase. DNA replication takes place during S phase and replicated 

chromosomes are segregated during mitosis. G1 and G2 are Gap phases where the cell prepares for 

the next stage of the cycle [4].  

The cell cycle is controlled by a sequential activation and deactivation of regulatory proteins, 

known as cyclin dependent kinases (Cdks), a family of serine/threonine protein kinases that control 

progression through the cell cycle. Cdk activity is highly regulated by additional factors that include the 

availability of cyclins (cyc), activating and inhibitory phosphorylation and CdK inhibitors (CdKIs) that 

bind to Cdk-cyc complexes inactivating them [5], [6] [7]. The activation of CdKs, which requires cyc 

binding and phosphorylation of a conserve threonine by the CdK-activating kinase (CAK), induces 

progression through the cell cycle by phosphorylation of specific substrates at the various cell cycle 

stages[4]. 

Among the Cdk family, five protein have been shown to be active during different parts of the cell 

cycle: Cdk4, Cdk6 and Cdk2 are active in G1 phase, Cdk2 is also active in S phase and Cdk1 is active 

in G2 and M (reviewed in[4]). 

1.2.1. Mitosis (M phase) 

M phase is divided into prophase, metaphase, anaphase, telophase and cytokinesis. In prophase 

the nuclear membrane breaks down, chromosomes condense and the centrosomes nucleate the mitotic 

spindles. Metaphase is characterized by the connection of the sister chromatins to the microtubules 

and their alignment to the centre of the cell. The attachment of microtubules to the chromosomes is 

performed by protein complexes designated by kinetochores, assembled in the centromere regions of 

the chromosomes [8].  When anaphase occurs, the sister chromatins separate and move to opposite 

sides of the mitotic spindle. During telophase the chromosomes migrate to the spindle poles and a new 

nuclear envelope is formed. Telophase is followed by cytokinesis where the cytoplasm of the cell 

undergoes division [9], [4].  

1.2.2. Cytokinesis  

Cytokinesis is initiated during anaphase when the chromosomes begin the movement to the 

spindle poles [10]. During cytokinesis, the central region of the cell is gradually remodelled to form a 

midbody [11]. The Midbody is a transient structure localised in the centre of the intercellular bridge and 
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it acts as a platform for the assembly of proteins required for the final cellular abscission leading to the 

generation of two daughter cells [12]. 

The formation of the midbody involves several different proteins [10] such as PRC1 and KIF4 

and protein complexes including centralspindlin and chromosome passenger complex (CPC) [13]. 

PRC1 promotes the bundling of the antiparallel microtubules and recruits KIF4 which in turn 

progressively blocks microtubule growth. Centralspindlin is a complex formed by two molecules of 

MKLP1 and two molecules of CYK-4 that have a GAP domain that targets the Rho family of GTPase 

(reviewed in [11]). CPC is composed of Aurora B and three regulators of Aurora B, INCENP, Survivin 

and Borealin [14]. The CPC phosphorylates MKLP1 and promotes recruitment of centralspindlin to the 

midzone [15]. At the midzone, centralspindlin binds to Ect2 that in turn activates RhoA promoting the 

contractile ring assembly [16].  The contractile ring constricts to form a  dense zone in the centre of the 

intracellular bridge described as midbody (reviewed in [9]). 

The midbody is essential to the completion of cytokinesis through abscission, as it has a scaffold 

function for components required in this step such as centrosomal protein Cep55 [9]. Cep55 allows 

recruitment of a protein from the Endosomal Sorting Complex Required or Transport (ESCRT), ESCRT-

I, which in turn recruits ESCRT-III. ATPase VPS4 is also necessary in the midbody to break and remodel 

ESCRT-III at the abscission in one of the sides of the midzone. Constriction of the abscission zone may 

be caused by the fusion of endosomal vesicles with the plasma membrane or by the interaction between 

ESCRT-III and the plasma membrane (reviewed in [17]). The final scission is thought to be driven by 

the ESCRT-III recruitment of ATPase spastin [11]. Figure 1-2 represents schematically the phases of 

abscission. Endosomes present in abscission are thought to contribute to cytokinesis through the 

delivery of p50RhoGAP that regulate actin network [18]. 

 

Figure 1-2: Schematic model of abscission in mammalian cells. Abscission is divided in four stages, A-

Polymerisation where protein Cep55 recruits protein ESCRT-I which in turns recruits ESCRT-II; B-Breakage of 
protein ESCRT-III and movement of this protein to abscission site; C- Constriction of the abscission side by fusion 
of vesicles with the membrane or by interaction of ESCRT-III with it; D-Scission Source: [17]  



4 
  

1.2.3. Cell cycle checkpoints  

The cell cycle checkpoints are a mechanism of monitoring the major events in it such as growth 

to the appropriate cell size, replication and integrity of the chromosomes and accurate segregation 

during mitosis [19].There are three checkpoints in the cell cycle at the G1/S transition, the G2/M transition 

and the metaphase/anaphase transition [20]. 

G1 checkpoint, which occurs 3 to 4h after mitosis, assures that the environment favours cell 

proliferation and that their genome is ready for replication. If the external conditionals are unfavourable 

to cell proliferation the cell stops producing cyclin D; a protein necessary for progression through the 

cycle, and cells can enter in a resting phase known as G0 [20]. G0 can be prolonged until the external 

signals change and cell proliferation is again favourable. If so, cells initiate the progress until they reach 

a check point at the end of G1, known as the restriction point in mammalian cells and only after passing 

this point will DNA replication start [3].  

Before undergoing chromosome condensation and nuclear division it is necessary to assure 

correct DNA replication has occurred. The progression to M phase is dependent on cyclin b/Cdk1 

complex formation and activation, which is tightly regulated by inhibitory phosphorylation by Wee1 

which can be reversed by Cdc25C phosphatase. Errors during DNA replication cause a localisation of 

Cdc25C from the nucleus to the cytosol where is unable to perform its function in Cdk1 activation. As a 

result DNA repair enzymes or apoptosis may be induced [20], [21].  

Cdk1-cycB complex promotes the first events in M phase and inhibits later ones. Furthermore 

the regulation of this complex is also made by the ubiquitin dependent proteolysis of cycB mediated by 

the anaphase-promoting complex (APC). The activation of APC is dependent on its bind to other 

proteins such as Cdc20. During mitosis, the APC binds to Cdc20 and once activated Cdc20-APC 

complex induces anaphase by the proteolysis of cycB and securin. Securin is a protein that binds and 

inactivates separase, therefore once securin is destroyed, separase becomes active and anaphase can 

occur. During anaphase, Cdc20 is also degraded being replace by Cdh1 which keeps the APC active 

until inactivation of Cdh1 at the G1/S transition in the next cycle. Problems during the early stages of 

mitosis, for instance unattached kinetochores cause a blocking of Cdc20 function by its binding to the 

Mad2 protein arresting cells in metaphase [20], [22], [23].  

1.3. Centrosome 

Centrosome play a critical role during the cell cycle [24]. Centrosomes are small organelles 

(volume of 1-2µm3) that are usually localised around the centre of the cell close to the nucleus. The 

centrosome is the primary microtubule-organizing centre in animal cells and is composed by a pair of 

centrioles attached to one other by interconnected fibres and pericentriolar material (PCM) as 

represented in Figure 1-3 [25], [26]. 

Centrosomes are involved in cell shape and polarity during interphase by tethering and anchoring 

the minus ends of microtubules. Centrosomes are also important during cell division as they facilitate 

the organization of the mitotic spindle [27], [28]. 
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Figure 1-3: Centrosome structure. Representation of a pair of centrioles during G1, the maternal and 

daughter centrioles connected by interconnecting fibres within the PCM. Each centriole has nine triplet 
microtubules. The maternal centriole has appendages known as distal and subdistal appendages from which 
microtubules are nucleated. (Reviewed in [25]) Source: [25] 

1.3.1. Centrioles and PCM 

The centrioles have an important function in integrity and division of the centrosomes [29], [30]. 

They have a barrel-shape structure approximately 0,5 µm long and with a diameter of around 0,2 µm 

having in their composition different isoforms of tubulin [31], [32] and centrin [33]. 

Microtubules are usually dynamic structures in a cell, undergoing cycles of assembly and 

disassembly in a behaviour known as dynamic instability. They are formed of polymerized dimers of α-

tubulin and β-tubulin and the bonding of β-tubulin to GTP and consequent hydrolysis to GDP weakens 

the binding affinity of tubulin for adjacent molecules favouring depolymerisation [34]. However the 

centriolar microtubules are known to be stable for a long time due to the polyglutamination (Figure 1-4) 

that occurs in tubulin [29]. 

The mother (or maternal) and the daughter centriole are positioned at a right angle having one 

end close to each other (proximal), as it is possible to see in Figure 1-3 and Figure 1-4 [25]. These differ 

in structure and functionality with the daughter centriole having approximately 80 % of length of the 

mother centriole. The mother centriole is older and fully mature having 2 sets of 9 appendages, distal 

and subdistal appendages (see Figure 1-4) in its distal end that can anchor microtubules [35], [28]. 

Ninein is a protein present in the subdistal appendages (Figure 1-5) and it is thought to play an important 

role in positioning and anchoring microtubules [36]. 

Besides the proteins participating in the PCM there are also structures of proteins, named 

satellites or juxtacentriolar which are structures that interact with the PCM without being a part of it, as 

outlined in Figure 1-4. These structures were found to contain proteins such as PCM1 and studies have 

confirmed their importance in centrosome. It is thought that their importance is related to their ability to 

bind to components of the PCM such as centrin, ninein and pericentrin and recruit them to centrosome 

or to assist PCM proteins undergo proper folding [37], [38]. 
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Figure 1-4: The centrosomes in G1 cells with the principal proteins of the PCM. Mother Centriole (MC) 

and Daughter Centriole (DC) anchor microtubules (green) lines on the sides of both centrioles. Different sets of 
microtubule binding proteins are represented, in black are the proteins that connect the two proximal ends of the 
centrioles, in green are the ones connecting one centriole to another in a polyglutamination dependent way. 
Additionally, in blue are represented proteins that can interact and cross link other centriole binding proteins and 
participate in the fully assembly of the matrix that is represented in a dotted green line. Satellites, represented as 
grey circles are thought to correspond to proteins that associate with the matrix but don’t participate in it. Source: 
[39]                                                                                                                                                                                                                                                                                                                                                         

PCM is a network of fibrous proteins that nucleates and anchors microtubules [40], [41], [25]. It 

has been found that in general proteins within the PCM have a coiled-coil domain, a structural motif that 

consists in the intertwined α-helices and is known to mediate protein-protein interactions [42],[27]. 

Pericentrin, which was one of the first proteins identified within the PCM, has a conserved PCM 

targeting motif and a series coiled-coil domains. Pericentrin serves as a multifunctional scaffold for 

anchoring several proteins and proteins complexes interacting with a lot of proteins of the PCM. These 

interactions lead to an important role of pericentrin in fundamental function in cells such as microtubule 

organization  through binding with -tubulin [43], and cell cycle regulation through binding with cell cycle 

regulatory proteins for example Chk1 protein that inhibits Cdc25 dependent activation of Cdk1-cycB 

complex [44]. 

Furthermore, A-Kinase Anchoring Protein (AKAP450) contains a coiled-coil domain as well as 

binding sites for signalling molecules and studies have shown that displacement of AKAP450 from the 

centrosomes compromises centriole duplication and cell cycle progression [45]. 

The centrosome  also contains kinases such as Aurora A and Protein Polo-like kinase 1 (Plk1) 

that promote the nucleation of microtubules [46], and protein phosphatases such as Protein 

phosphatase-1 (PP1) that have the opposite function [47], [48]. Other protein kinases found at the 

centrosome includes NIMA related kinase 2 (Nek2) [49], which is specifically located at the proximal 

ends (see Figure 1-5), where it interacts with proteins such as PP1, C-Nap1 [50], [51] and Rootlelin  

[36]. Nek2 increases its activity by autophosphoralylation and it has been shown that PP1 

dephosphorylates Nek2 [51]. PP1 exists as three isoforms and although two isoforms, PP1α and PP1ϒ, 

coimmunoprecipitate with Nek2, only PP1α regulates its function [52]. Moreover, Nek2 phosphorylation 

of PP1 reduces its phosphatase activity [51]. Studies have shown that constitutively active PP1 inhibits 

centrosome splitting by dephosphorylating proteins such as Nek2, Aurora-A, Plk1 and C-Nap1 [53]. 
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 C-Nap1 is a key component of the dynamic structure that regulates centriole-centriole cohesion 

[22]. C-Nap1 interacts with Rootletin, these two proteins colocalize to the centrosome although the first 

one localizes only in both proximal ends (see Figure 1-5) and the second one also localizes between 

the pair of centrioles. Thus Rootletin is thought to function as a physical linker between the pair of 

centrioles by binding to C-Nap1. C-Nap1 function within the centrosome is also regulated by PP1 and 

Nek2 [54]. 

Pericentriolar material 1 (PCM1) is also a known protein present in the centrosomes, more 

specifically in the centriolar satellites, and although these structures are not involved in PCM, it was 

demonstrated that a loss of PCM1 expression leads to a reduction  in the targeting of centrin, pericentrin 

and ninein to the centrosome suggesting that centriolar satellites are involved in the recruitment of 

protein to the centrosome [38]. 

 

 

 

Figure 1-5: Localisation of proteins in the centrosome. Mother Centriole is represented on the right in 

every figure with distal and subdistal appendages also represented. (a) Non-matrix proteins: despite being termed 
as classical centrosome markers, ϒ-tubulin and centrin have 80-90 % of their localisation unassociated with the 
centrosome. (b) Matrix proteins: proteins concentrated in the centrosomes with specific localisation within it. Nek2, 
PP1 and C-Nap1 are localized in the proximal ends of the centrioles, ninein is localized in the proximal ends and 
in the subdistal appendages of the mother centriole. Source: [39] 

1.3.2. Centrosome cycle  

Centrosomes duplicate once per cell cycle [55]. Kuriyama and Borisy had previous described the 

four events happening during the centrosome duplication cycle as: Disorientation, Nucleation, 

Elongation and Separation, outlined in Figure 1-6. Disorientation occurs by loss of the orthogonal 
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structure between the two centrioles. Nucleation refers to the nucleation of the new daughter centrioles 

and it is followed by their elongation, which is concluded at the end of G1 phase of the next cell cycle. 

The centrosome duplication cycle is completed when the two centrosomes separate during Mitosis [56]. 

 

Figure 1-6: Centrosome cycle. Centrosome duplication cycle is initiated by the loss of orthogonal 

conformation in early G1 phase and nucleation occurs in late G1 or early S phase. Elongation of the new daughter 
centrioles occurs during the G1/S transition, and will only be complete in G1 phase of next cell cycle. Separation of 
daughter and mother centrioles occur in the G2/M transition. New daughter centrioles are shown in light green, 
formed at right angles to mother centrioles. Appendages in mother centriole are represented with green lines. 
(reviewed in [28] ) Source: [28]  

The separation of the centrosomes is achieved by the dissolution of the linker that connects the 

proximal ends of the two centrioles [57]. The Rootelin-C-Nap1 interaction is broken at the beginning of 

mitosis following phosphorylation of C-Nap1 and rootelin by Nek2 what causes their detachment from 

the centrioles [22] and centrioles separate to form the mitotic spindle poles. At the end of mitosis C-

Nap1 is dephosphorylated by PP1 allowing it to re-associate with the centrioles and the connection with 

Rootelin is re-established [49], [50], [54], [57]. Moreover, C-Nap1 was shown to dissociate from the 

spindle poles during mitosis and accumulate at the centrosomes at the end of cell division [22]. 

Nek2 is expressed as two splice variants designated Nek2A and Nek2B however only Nek2A 

seems to induce centrosome splitting/disjunction when overexpressed [58] and, although mechanisms 

that control the centrosomes disjunction are not yet fully understood there are reports showing that 

components from the Hippo pathway, a highly conserve signalling pathway [59], mammalian sterlle 20-

like kinase 2 (Mst2) and scaffold protein Salvador (hSav1) regulate the ability of Nek2A to localize to 

the centrosomes and phosphorylate C-Nap1 and rootelin [60].  

In addition to phosphorylation, the centrosome cycle can also be regulated by other post 

translational modifications (PTMs) including acetylation. For example, Plk4 is a key regulator of centriole 

duplication [61] that is recruited to the centrosomes by Cep152, which interacts with N-terminal domain 

of Plk4 [62]. Acetylation of Plk4 by human lysine acetyltransferases KAT2A and KAT2B reduces its 

activity and prevents centrosome amplification, which is described as the presence of more than two 

centrosomes in the cell [63].  

Furthermore, multiple post translational modifications within the same protein have been reported 

for centrosome protein Cep76, which normally suppresses centriole re-duplication once the duplication 

has started [64]. Phosphorylation of Cep76 by cyclin-dependent kinase 2 (CdK2), inhibits Plk1 activation 

and consequently blocks premature dissolution and amplification, whereas acetylation of Cep76 in G2 

phase of the cell cycle, disrupts its ability to inhibit centriole amplification [65], highlighting the opposing 

function of PTMs on the function of centrosome proteins. 
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1.3.3. Co-ordination of the Centrosome cycle and cell cycle  

The centrosome cycle is strongly coordinated with the cell cycle, which is partly due to the fact 

that cell-cycle regulatory proteins are among the proteins anchored at the centrosome therefore this 

association will determine cell-cycle control [66]. In fact, studies have demonstrated that  centrosomes 

are required for progression from G1 to S phase [67], G2 to mitosis [68] and metaphase to anaphase 

[69] as outlined in Figure 1-7. 

Furthermore, CdK2, phosphorylates centrosome protein nucleophosmin NPM/B23 and thus 

activates centrosome duplication at G1-S transition [70], [71]. Cdk2 forms a complex with cyclin E that 

is required for G1-S transition [72] and recent studies have shown that cyclin E has a centrosomal-

targeting domain [73]. Furthermore, at the G1-S transition Cdk2 activity is necessary to initiate genome 

replication by phosphorylation of the origin of replication (reviewed in [74]) and the localisation of cyclin 

E to the centrosome is necessary to promote DNA synthesis [73]. 

Entry into mitosis takes place after the activation of Cdk1 that forms a complex with cyclin B1. 

The activation of this complex occurs at the centrosomes where the two proteins are located during 

interphase [75], and activation has been shown to take place at prophase [76].  

Figure 1-7 represents schematically all the correlations between the cell cycle, the centrosome 

cycle and the nuclear cycle. 

 

Figure 1-7. Co-ordination of the centrosome cycle with the cell cycle. The centrosome cycle begins 

replication of centrioles in S-phase, separation around G2/M and becoming part of the spindle poles during M 
phase. At G1/S transition cyclin E (cycE) recruitment to the centrosomes is needed for DNA replication and Cdk2 
activity is required at centrosomes to start its cycle. At G2/M transition the recruitment of Cdk1 to centrosome 
initiates mitosis. Source: [66] 

1.3.4. Abnormalities and cancer  

Given the tight association between the centrosome cycle and cell cycle it is not surprising that 

centrosomes have been shown to play an important role in the maintenance of genome stability [77]. 

In fact, the first report of an association between abnormalities at the centrosome and cancer was 
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suggested in the beginning of last century by the German embryologist Theodor Boveri [67]. The 

detection of centrosomal abnormalities in early stages of several tumours suggested that these 

abnormalities could be correlated with tumour initiation, although a relationship of cause in the role of 

centrosome abnormalities and human cancer hasn’t yet been universally established [78] [79].   

More recently, a number of reports demonstrate that centrosome defects are associated with the 

development and/or progression of a variety of human cancers, such as breast [80] prostate [81], brain, 

lung, colon [82], from studies using primary human tissue and cells or cell lines [83]. Centrosome  

defects include increased centrosome number and volume, accumulation of excess PCM, excess 

centriole number and inappropriate PTM of centrosomal proteins (reviewed in [84]). 

These centrosomales defects culminate in abnormal microtubule nucleation, atypical centrosome 

duplication and failure in centrosome separation during mitosis (reviewed in [84]). Supernumerary 

centrosomes lead to the formation of multipolar spindles which results in an unequal division of 

chromosomes thus resulting in aneuploid daughter cells [85]. Aneuploidy is a feature found in most 

solid tumour (90 %)  [86] and in a significant proportion (60 %) of haematological cancer. [87].   

1.4. Post-translation modifications and cancer  

Post-translational modifications (PTMs) are modifications that occur on a protein once translation 

by the ribosome is complete. [88] [89]. It is well established that PTMs are important for signal 

transduction, and enable a specific and quick reaction to internal and external perturbations [90]. 

Furthermore, PTMs that occur on proteins can have others important functions. Examples include PTMs 

that mediate protein folding, activate or inactivate the catalytic activity of an enzyme, determine 

interaction with other proteins or determine subcellular localisation and protein turnover [88]. Thus 

PTMs play important roles in some of the identified cancer cells acquired characteristics such as 

alteration in gene expression, activation of certain cellular pathways, enhanced proliferation and 

deregulation of cell division and death. For this reason PTMs have been over the past years studied in 

cancer detection, prevention and therapeutics. PTMs offer a great amount of candidates for biomarker 

detection and the potential of inhibitors being used pharmacologically to delay tumour growth has been 

studied in numerous clinical trials [91]. Among the PTMs proven to contribute to oncogenesis are 

phosphorylation, acetylation, methylation, glycosylation [91]. 

1.4.1. Phosphorylation  

Phosphorylation is the most common PTM however only occurs in three amino acids in 

eukaryotic cells: serine, threonine and tyrosine. The proteins responsible for phosphorylation are known 

as protein kinases and protein phosphatases are able to catalyse, through hydrolysis, the cleavage of 

the phosphate group from the protein [92]. Being a reversible process is often associated with signalling 

pathways, and the deregulation of some of them is frequently connected with cancer as it is PI3-kinase 

pathway [93] and MAP kinase pathway [94]. Furthermore, phosphorylation frequently alters the 

functional activity of the protein. This process occurs due to the fact that phosphate groups are highly 

negatively charged which may cause an alteration in the charge of the protein, making alterations in the 

configuration possible and ultimately altering its functional activity [92]. Consequently, phosphorylation 
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of some proteins may lead to tumorigenesis, as the example of p16/pRB1/cyclinD1 pathway. pRB1 

prevents progression of the cell into S phase, this repression activity is stopped when phosphorylated 

by cyclin D1-Cdk4 complex. The tumour suppressor gene p16 acts as an inhibitor of cyclin D1-Cdk5 

heterodimer controlling the pathway. Amplification of cyclin D1 gene or mutation in p16 cause a 

hyperphosphorylated state of pRB1 and thus an uncontrolled cell growth [95].  

1.4.2. Acetylation 

Protein acetylation can occur in two different forms, N-terminal acetylation and Lysine acetylation 

[90]. Transfer of the acetyl group during N-terminal acetylation is accomplished by N-terminal 

acetyltransferases NAT complexes some of which are known to be associated with ribosomes [96]–

[98]. NATs have been suggested to act as oncoproteins as well as tumour suppressors in human 

cancers and the manipulation of these enzymes in cancer cells induced cell cycle arrest, apoptosis and 

autophagy, implying that these proteins target a range of pathways [99].   

Lysine acetylation is a post-translation modification that comprises the transfer of an acetyl group 

to the ε-amino group of a lysine residue (reviewed in [90]). The process of lysine acetylation is reversible 

and is dependent of two sets of enzymes, lysine acetyltransferases (KATs) and lysine deacetylases 

(KDACs). There are 17 genes in the human genome identified as KATs nevertheless there are five 

additional genes that are identified as having KAT activity in addition to other enzymatic activity. KATs 

can be divided into three major groups; GNAP, MYSt and p300/CBP. KDACs are divided into two 

groups depending on the catalytic mechanism used: histone deacetylases (HDACs) and sirtuins (SIRT). 

The name HDAC is derived from the fact that lysine acetylation was first described in histones, but 

these enzymes are capable of catalysing other substrates besides histones. There are 11 HDACs (1-

11) all of which are classified as Zn2+ dependent enzymes. 7 members exist in the SIRT group (1-7) 

which  are classified as NAD+ dependent enzymes (reviewed in [90]). 

Besides phosphorylation, lysine acetylation is one of the most important PTMs in cell signalling 

and metabolism [100], [101]. In fact it has been described as an important coordinator between TCA 

metabolism and cell signaling [101]. Lysine acetylation has also been identified as a regulator of 

fundamental function within the cell including gene expression, protein metabolism, and apoptosis 

[102]. The implication of lysine acetylation in cancer has been largely studied both in histone and non-

histone proteins [103]. Histone hyperacetylation and hypoacetylation appear to be important in tumour 

formation depending on the target gene involved since it is associated with transcriptionally active 

regions or silent regions respectively [104]. Acetylation of non-histone proteins has also been 

associated with gene expression as the acetylation decreases DNA binding of transcription factors 

NFB and DEK [103], both proteins found to be overexpressed in some types of prostate cancer, the 

first being to be related with tumour progression [105] and the second to cell proliferation, cell migration 

and invasion [106]. Additionally, acetylation was also found to decreased binding capacity of Hsp90 to 

other proteins, Hsp90 is found to function as a chaperone to proteins that play crucial roles in 

establishing cancer cell hallmarks including signalling kinases, steroid hormone receptors, p53, and 

telomerase [107]. 
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1.4.3. Glycosylation   

Glycoproteins are found in almost all organisms [108], [109] and they have multiple functions in 

the cell. Mature carbohydrate units on glycoproteins become components of membranes, cytoplasm or 

the nucleus [110], [111]. The family of enzymes involved in this process are designated 

glycosyltransferases and glucosidases [112]. Changes in cellular glycosylation have recently been 

showed as key components in tumour progression. Alteration in glycosylation impact directly cell growth 

and survival but also facilitate eventual metastasis [113]. Several glycoproteins have been currently 

used as biomarkers or targets for therapeutic intervention, as for instance prostate-specific antigen 

(PSA), a glycoproteins produce by the prostate that presents very low levels in serum for healthy man 

but high levels in patients with prostate anomalies [113] or HER2, a glycoprotein that is overexpressed 

in several types of cancer and that is already being use as the therapeutic target of monoclonal antibody 

trastuzumad in breast cancer [114]. 

1.4.4. Methylation 

Methylation occurs by very specific enzymes named methyltransferases and, when reversible, 

the inverse process is conducted by demethylases [115].  

The correlation between DNA methylation and cancer has long been investigated since it’s an 

important regulator of gene transcription and alteration in DNA methylation are common in a variety of 

tumours [116]. However an interest in protein methylation has been growing in recent years, as this 

PTM is involve in numerous cellular process such as transcription, DNA repair, mRNA splicing and 

signal transduction. And although alteration in methyltransferases and demethylases have not been 

identified in cancer, their over expression has been associated with cancer with a number of their 

substrates playing a role in tumorigenesis [117].  As an example histone methylation prevents its 

acetylation thus silencing some regions [118] and methylation of DNA polymerase promotes its 

binding to DNA [91].  

1.5. Cyclophilin A 

Cyclophilin A is a ubiquitously expressed protein belonging to the cyclophilin family [119]–[121], 

a family of proteins with peptidyl-prolyl cis-trans isomerase activity meaning that they are able to 

catalyse cis-trans isomerizations of proline peptide bonds [122], [123]. Human Cyclophilin A has 165 

amino acids and contains the cyclophilin-like domain between amino acids 2 and 163. CypA forms a β-

barrel structure containing eight antiparallel β-strands and has two α-helixes at each end (Figure 1-8). 

The active site contains a catalytic arginine Arg55 that is conserved among the family and a hydrophobic 

pocket is formed by a mixture of aromatic and  hydrophobic residues including Phe60, Met61, Gln63, 

Ala101, Phe113, Trp121, Leu122 and His126 which is the binding site for proline containing peptides 

[9], [124], [125]. 
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Figure 1-8: Cyclophilin A structure. Secondary structures are coloured: α-helices (pink) and β-stranded  

(yellow). Source: Protein Data Bank (PDB) 

1.5.1. Cyclophilin A function within the cell 

CypA has an important role in different cellular processes such as protein folding, trafficking and 

T-cell activation (reviewed in [119]). Nevertheless its precise function within the cells remains unclear 

and to date only a few substrates have been identified. Among them are the homo-oligomeric α-7 

neuronal nicotine receptor [126] and transferrin [127], both require CypA function for proper protein 

folding.  CypA also isomerases one proline of interleukin-2 tyrosine kinase inhibiting its activity and thus 

T-cell activation [128], [129]. Furthermore, CypA was the first protein of the family to be described to 

form a ternary complex with CsA [130] however CsA was then found to bind to other cyclophilins such 

as CypB, [131], CypC [132] and CypD [133]. The immunosuppressive action is achieved through 

bonding of the complex Cyp-CsA binds to calcineurin inhibiting its function. Calcineurin is a protein 

phosphatase that dephosphorylates a nuclear factor that activates T-cells, thus the inhibition of 

calcineurin prevents stimulation of cytokinesis required for T-cells proliferation [134].  

CypA also seems to have an important role in the lifecycle of several viruses such as human 

immunodeficiency virus type 1 (HIV-1) [135]–[138] , influenza virus [139], hepatitis C virus (HCV) [140], 

hepatitis B virus (HBV) [141], vaccinia virus (VV) [142], among others.  The role of CypA in the infection 

by HIV-1 is a well-documented case in which it seems to be involved in different process during the 

virus life cycle and it has been demonstrated that cells containing disrupted CypA, induced genetic or 

pharmaceutically, displayed defected HIV-1 replication [135], [143]. CypA has been shown to be 

necessary in the earlier stages of HIV-1 infections [135]. Upon HIV-1 infection capsid protein (CA) 

generates a capsule, designated viral core, encasing viral genome and associated proteins. It is thought 

that CA is also involved in trafficking the viral core to the nucleus. However there are cellular restriction 

factors that can recognise CA and inhibit replication (reviewed in [144]). CypA binds to CA blocking 

interaction with cellular restriction factors leading to a normal replication [145]. CypA is also incorporate 

to HIV virions and that is essential for efficient replication [146]. Additionally CypA was found to interact 

with viral proteins R (VpR) and p6 having a prolyl cis trans isomerase activity in both of this proteins. 
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Furthermore it is though that CypA might have an important role in G2 cell cycle arrest and apoptosis, 

through interaction with VpR, and  mediate interactions with other proteins, as p6 [137], [138], [147].  

1.5.2. Post-translational modification in Cyclophilin A  

Cyclophilin A has been described as a protein with a lot of potential to undergo post translation 

modification [148] with some examples being already reported in the literature. CypA was found to be 

highly phosphorylated in multiple myeloma cells AF-10 and U266 when the PI3K/protein kinase B (Akt) 

signalling pathway was stimulated by interleukin-6 treatment. The increase of phosphorylated CypA 

was consistent with the increase in the Akt active form and an Akt binding sequence was detected in 

CypA. Mutants with CypA mutated at Akt phosphorylation sites increase the G1 phase arrest while 

mutants that mimicked the phosphorylated state of CypA decrease the percentage of G1 phase. These 

results show that the phosphorylation of CypA by Akt might influence the progress of the cell cycle in 

the cells studied [149]. Another study showed that CypA was phosphorylated and translocated to the 

nucleus upon binding with chemokine receptor CXCR4. Moreover, CypA was found to form a complex 

with heterogeneous nuclear ribonucleoprotein (hnRNP) A2 which underwent nuclear export when 

CXCR4 was active. In this study CypA was also found to be involved in CXCR4 activation of 

extracellular signal-regulated kinase 1/2 (ERK1/2) and its nuclear translocation [150].  

Regarding acetylation of CypA, this protein was found to be acetylated in acute T cell leukaemia 

(Jurkat) cells and cervical carcinoma (HeLa) cells and the proportion of endogenous acetylated protein 

was around 50 % and 38 %, respectively. The same study showed that acetylation on K125 residue of 

CypA inhibits its isomerase activity, by 35 folds, and binding to CsA and to HIV-1 infection capsid protein 

CA. Additionally, this acetylated form of CypA was also found to modify CypA characteristics making 

the protein less stable at basic pH (8-8,5) and more stable at acid pH (5,4-6,4) [151]. Another study 

showed that CypA acetylation in lysine residues K82 and K125 is necessary for its secretion in vascular 

smooth muscle cells with low levels of secretion detected for CypA K82 and K125 double mutant. In 

these cells oxidative stress was found to potentiate CypA secretion and, once secreted, acetylated 

CypA was shown to increased adhesion molecules in endothelial cells, which promotes monocyte 

adhesion, and activate VSMC growth via extracellular signal regulated kinases (ERK) activation [152]. 

A modified form of secreted of CypA was also found in conditioned medium of irradiated breast cancer 

cells. The study detected five isoforms of cyclophilin A as proteins which the abundancy in the medium 

was increased with the radiation. These isoforms presented an alternating removal of N-terminal 

methionine associated with a combination of acetylations and methylations, more specifically four 

acetylation sites and eight methylation sites were described. Moreover it’s important to notice that the 

amount of total proteins in the cells didn’t change with radiation, however the quantity of secreted protein 

did, this could indicate that the secretion was essentially regulated by post-translational modifications 

[148].  

1.5.3. Extracellular CypA 

Although Cyclophilin A is expressed predominantly as an intracellular protein [153], there have 

been reports of extracellular CypA associated with different functions. In addition to the studies already 
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described in the section above regarding modified forms of extracellular CypA, there are other studies 

in vivo and in vitro regarding the secretion of CypA from cells in response to an inflammatory stimulus. 

Once secreted, CypA was found to act as a chemotactic agent regulating the migration of monocytes, 

neutrophilis, eosinophils and T-cells [153]–[155]. These functions have been associated with the 

binding of extracellular CypA with CD147, a type I transmembrane protein belonging to the 

immunophilin family [153]. Moreover, in patients with non-ischemic cardiomyopathy, the presence of 

extracellular CypA is associated with poor clinical prognosis. Inflammatory cardiomyopathy is the major 

cause of several heart failures and heart transplantations and no causal therapy is available to date. 

Therefore, a study was conducted to analyse the effects of an extracellular CypA inhibition by a CsA-

derivate molecule. This study concluded that inhibition of extracellular CypA lead to considerable 

reduction of myocardial injury in mice models associated with a reduction of the presence of T-cells an 

macrophages at the myocardium [156]. 

Furthermore the interaction between extracellular CypA and CD147 has been shown to also 

promote proliferation and homing, phenomenon by which cells migrate to their organ of origin, of 

multiple myelomas – a type of B cells malignancy. There is a study, performed in an in vivo scaffold 

system, that reports extracellular CypA secreted by bone marrow endothelial cells to promote 

colonization and proliferation of multiple myeloma cells trough binding to its receptor CD147. 

Extracellular CypA was also found to promote migration of chronic lymphocytic leukaemia and 

lymphoplasmacy lymphoma cells, other malignancy B cells that are known to colonize the bone marrow 

and express CD147. The blockage of extracellular CypA-CD147 complex was shown to supress 

colonization and tumour growth [157]. A different study conducted in patients with tongue squamous 

cell carcinoma showed a relation between increasing in CypA and CD147 levels and significantly worse 

overall survival. In addition, these high levels were associated with hypoxia, angiogenesis and 

metastasis [158]. 

1.5.4. Cyclophilin A and cancer 

CypA was found to be overexpressed in a range of cancer such as liver [159], pancreatic [160], 

lung [161], skin [162] and gastric [163], esophageal [164] and endometrial cancers [165]. Although the 

exact role that CypA plays in cancer cell isn’t fully understood there are several studies associating it 

with tumour growth, metastasis [157], [166] and chemoresistance [167]. 

 The implication of CypA in cell proliferation of endometrial carcinomas was shown in in vitro and 

in vivo models. In a study regarding HEC-1-B cells, a cell line of endometrial carcinoma, cell proliferation 

was suppressed by CypA small interfering RNA (CypA-siRNA) with a decrease of 47,8 % compared to 

the control. Furthermore, in vitro studies involving the silencing of CypA with short hairpin RNA (shRNA) 

in tumors xenografts showed that the presence of proliferating cell nuclear antigen (PCNA) was 56 % 

smaller than control [165]. These results were consistent with another in vivo study involving lung 

tumour xenografts where knockdown of CypA was associated with slower growth, decrease of 

proliferation and greater degree of apoptosis in the tumors [168]. 

The association of CypA with anti-apoptotic properties in cancer cell has also been studied. 

Cancer cells are more resistant to stress than normal cells, developing multiple defense system against 
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multiple stress condition such as hypoxia. Studies involving cell lines from prostate carcinoma (DU145), 

cervical carcinoma (HeLa) and colorectal carcinoma (HCT116) showed that CypA prevents hypoxia 

and cisplatin, a chemotherapy drug, induced apoptosis through the suppression of reactive oxygen 

species generation and depolarization of mitochondrial membrane potential. This study also showed 

that cells where CypA expression is suppressed by siRNA showed the higher cell death when expose 

to hypoxia and cisplatin induced apoptosis conditions [167]. Furthermore the influence of CypA in the 

effect of doxorubicin and vincristine, other chemotherapeutic drugs, was tested using cell lines derived 

from liver adenocarcinoma (SK-Hep1) and results showed that cells overexpressing CypA had an 

increase in drug resistance. Moreover the same study detected genes that were up-regulated at 

elevated CypA levels and many cytokine and drug resistance related genes were identified, supporting 

the hypothesis that over-expression of CypA in tumours may contribute to clinical resistance to 

chemotherapy [169]. 

Fragile histidine triad (Fhit) is a tumor suppressor gene that controls cell growth and apoptosis. 

In Fhit-negative lung cancer cells H1299 transfected with wild –type Fhit it was showed that CypA 

expression was downregulated 4-fold. The same study showed that Fhit’s downregulation of cyclin 

D1/Cdk4 activation and consequently progression through the cell cycle (G1-S transition), was inhibited 

by CypA treatment and this effect was lost when cyclosporin A was added. In conclusion this study 

suggests that CypA is a molecular target of tumor suppressor gene Fhit and as an effect in cell cycle 

progression [170]. Another study in endometrial carcinoma cells, HEC-1-B, showed that transfection 

with siRNA to suppress CypA expression leads to an increase in cell population in G0/G1 phase and a 

decrease of S phase in a time dependent manner [165]. Moreover a different study shown that 

microtubule disruption in several hematopoietic cells lines by microtubule disrupting agents caused 

cellular redistribution of CypA and Pin1 from the nucleus to the cytosol and plasma membrane and that 

this redistribution occurs in a dose and time dependent manner. These results led the authors to 

suggest that function of these PPIases may be influenced by microtubule dynamics throughout the cell 

cycle [171]. 

Tumor cells as well as normal cells have relatively high cyclophilin levels [119], however knockout 

studies in mice have showed that CypA is not essential for mammalian cells viability [172]. Nevertheless 

overexpression of CypA has been shown to bring advantages to tumour cells metastasis [157], [166], 

[167]. These results show that CypA may provide new therapeutic strategies that selectively kill cancer 

cells, however most of the known inhibitors have effects on other members of the Cyclophilins family. 

An improvement in the understanding of CypA function in cancer cells may lead to new strategies for 

therapeutic intervention that selectively block this protein [9]. 

1.6. Background and aims of the project 

Recent projects from Mc Gee lab have shown that CypA is also involved in the division of 

leukaemia and lymphoma cells where it plays a role in the completion of cytokinesis. Jurkat T CypA-/- 

cells depleted of CypA show mitotic spindle formation and progression through anaphase however 

defects in cytokinesis are detected through an inability to resolve intracellular bridges which caused 

delayed or failed cytokinesis. When Jurkat T CypA-/- were transfected with a GFP-tagged full length 
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CypA construct (GFP-CypA) they regained a normal division time. Moreover, it was evident that the 

isomerase activity of CypA was required for cytokinesis completion evidenced by an experiment in 

which Jurkat T CypA-/- were transfected with an isomerase mutant that failed to improve division time. 

In the same study CypA has been reported to undergo a cell-cycle dependent relocation from the 

centrosomes to the midbody during cytokinesis as seen in Figure 1-9, a result from this paper where 

endogenous CypA was studied by confocal immunofluorescence, 4',6-diamidino-2-phenylindole (DAPI) 

is targeting the nucleic acids and -tubulin is targeting the centrosomes. In this figure it is possible to 

notice that CypA co localises with the centrosomes at the beginning of mitosis and at anaphase it starts 

to be more present at the midzone becoming concentrated at the midbody at telophase [121].  

 

Figure 1-9: CypA undergoes cell cycle dependent localisation to the midbody. Jurkat cells were 

prepared on slides and stained with anti--tubulin (green), anti-CypA (red) and DAPI (blue). Source: [130] 

The mechanisms that undergo this localisation are still not known, however it is hypothesised 

that the subcellular localisation, and thus function of CypA, may be regulated by PTMs. In support of 

this, previous studies have shown that the localisation of centrosome proteins are controlled by PTMs 

as protein C-Nap1 that is detached from the centrioles at the beginning of mitosis due to its 

phosphorylation by Nek2 and re-located to the centrosomes at the end of mitosis by dephosphorylation 

by PP1 [22], [49], [50], [54], [57].   

CypA undergoes a variety of PTMs that control various cellular functions. For example  

phosphorylation of CypA has found to have an influence in cell cycle progression [149] and acetylation 

was proven to regulate CypA secretion [152], peptidyl prolyl isomerase activity [151] and subcellular 

localisation  [150] . 

Unpublished data from Mc Gee lab revealed that CypA undergoes a post translational 

modification during the cell cycle of cancer cells, which is detected as a mobility shift in the CypA protein 

when resolved by SDS-PAGE, and which is consistent with the reports that it undergoes PTMs. 
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However, the role of PTMs in controlling the localisation of CypA to the centrosome and/or midbody 

during the cell cycle has not been investigated. Further examination revealed that the CypA PTM 

detected during the cell cycle is not due to phosphorylation as the incubation with Calf-intestinal alkaline 

phosphatase did not reverse the mobility shift. The role of acetylation as a PTM that controls CypA 

localisation to the centrosome and midbody remains unknown and is investigated in this study.  

The specific aims of this project include: 

 Optimization of conditions for the identification of post translational modifications within 

CypA during the cell cycle.  

 Investigation of CypA acetylation by mass spectrometry 

 Identification of CypA-interacting proteins during mitosis 

 Investigation of CypA acetylation by overexpression and co-immunoprecipitation studies 
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2. Materials and Methods 

2.1. Materials 

Unless stated otherwise, reagents were purchase from Sigma-Aldrich®. 

AllegraTM X-22R Centrifuge Beckman CoulterTM 

B.D. AccuriTM C6 Flow Cytometer BD biosciences 

Bio-Rad Mini-Protein II blotting system Bio-Rad Laboratories 

Bio-Rad Mini-Protein II gel system Bio-Rad Laboratories 

Centrifuge 5417R Eppendorf 

Concentrator 5301 Eppendorf 

Dual Colour pre-stained Protein Standards Bio-Rad Laboratories 

Dual Mini Slab System Atto Corporation 

Enhanced chemilumnescence (ECL) Plus reagents Thermo-Fisher Scientific 

Ethanol Conway Lab store SDYO5O 

Fuji Medical X-Ray film FujiFilm 

Glycine Fisher BioreagentsTM 

GFP-Trap®_A beads Chromotek 

Immobilon Western Chemiluminescent HRP 
Substrate 

Merk 

Protein A/G beads Santa Cruz Biotechnologies 

Protogel (Acrylamide mix) National Diagnostics 

Rotator SB2  Stuart® 

RPMI-1640 Medium Gibco 

SpectraMax 190 microplate reader Molecular Devices 

TEMED National Diagnostics 

Tissue Culture Flasks (175cm3) T-175 Greiner 

Tissue Culture Flasks (75cm3) T-75 Greiner 

Tissue Culture Flasks (25cm3) T-25 Greiner 

Tris Fisher BioreagentsTM 

Trueblot® Anti-Rabbit IgG HRP RocklandTM Antibodies & Assays 

Vortex-2 Genie Scientific Industries 

2.2. Solutions 

The solutions used on this project are described below. 

 

4x Laemmli sample buffer SDS 8 % (w/v), Tris/Cl pH 6,8 250 mM, Glycerol 40 % 

(v/v), Bromophenol blue 0,5 % (w/v), -mercaptoethanol  

4 % (v/v), H2O 

Ammonium bicarbonate (ABC) solution 50 mM ABC, H2O  

Blocking solution  BSA 5 % (w/v), TBST 

Buffer for eluted Immunoprecipitated 

samples 

Tris 0,5 M, HCl to pH 7,4, NaCl 1,5 M, H2O 

Complete RPMI medium Fetal Bovine Serum (FBS) 10 % (v/v), Penicillin-

Streptomycin    1 % (v/v), RPMI-1640 medium (containing 

glutaMAX) 
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Dilution/Wash buffer  

(used in GFP Immunoprecipitation assays) 

Tris/Cl pH 7,5 10 mM, NaCl 150 mM, EDTA 0,5 mM, H2O 

Dilution/Wash buffer  

(used in FLAG Immunoprecipitation 
assays) 

Tris/Cl pH 7,5 50 mM, NaCL 150 mM, H2O 

Dithiothreitol (DTT) solution 100 mM DTT, H2O 

G1 sync medium Penicillin-Streptomycin 1% (v/v), RPMI-1640 medium 

Glycine for elution 

(used in FLAG Immunoprecipitation assays 
applied to mass spectrometry) 

Glycine 0,1 M, HCl to pH 3,5, H2O 

Iodacetamide (IAA) solution 200 mM IAA, H2O 

Lysis buffer  

(used in GFP Immunoprecipitation assays) 

Tris/Cl pH 7,5 10 mM, NaCl 150 mM, EDTA 0,5 mM, NP-

40 0,5 % (v/v), H2O 

Lysis buffer  

(used in FLAG Immunoprecipitation 
assays) 

Tris/Cl pH 7,5 50 mM, NaCl 150 mM, EDTA 1 mM, TITON 

X-100 1 % (v/v), H2O 

Ponceau Ponceau S 0,1 % (w/v), acetic acid 5% (v/v) 

Radioimmunoprecipitation assay (RIPA) 

buffer with proteases inhibitors  

NaCl 150 mM, Tris pH 7,4 50 mM, Sodium deoxycholate 

0,25 % (w/v), IGEPAL-630 1 % (v/v), Aprotinin 1 µg/ml, 

Leupeptin 1 µg/ml, Pepstatin A  1 µg/ml, NaF 1 mM, 

Na3VO4 1 mM, PMSF 100 mM, H2O 

Running buffer Tris 25 mM, Glycine 192 mM, SDS 0,1 % (w/v), H2O 

Ribonuclease A solution 10 mg/mL ribonuclease, H2O  

Propidium Iodite solution 1 mg/mL, Phosphate-buffered saline (PBS) 

Staining solution Ponceau 0,1 % (w/v), Acetic acid 5 % (v/v), H2O 

Stripping buffer SDS 2 % (w/v), 1 M Tris/Cl pH 6,8 62,5mM, EDTA 0,5 

mM, Β-mercaptoethanol 100 mM, H2O 

Transfer buffer 10xTris-Glycine 10 % (v/v), Methanol 20 % (v/v), H2O 

Tris-buffered saline (TBS) NaCl 0,05 % (v/v), Tris 100 mM, HCl to pH 7,4, H2O 

Tris-buffered saline Tween TBST Tween 20 0,05 % (v/v), TBS 

Tris-Glycine Tris 25 mM, Glycine 192 mM, H2O 

Tris-HCl pH 8,8 Tris 1,5 M, HCl To pH 8,8, H2O 

Tris-HCl pH 6,8 Tris 1 M, HCl To pH 6,8, H2O 

Urea buffer for mass spectroscopy Urea 6 M, Ammonium bicarbonate (ABC) 50 mM, 

H2O 

ZIPTIP Sample preparation solution Trifluoroacetic acid (TFA) 0,5 % (v/v), H2O 

ZIPTIP Equilibration and Washing 

solution 

TFA 0,1 %, H2O 

ZIPTIP Wetting and Elution solution Acetonitrile (CAN) 50 % (v/v), H2O 
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2.3. Acrylamide Gels used in SDS-PAGE 

Table 1: Description of the preparation of acrylamide gels used in SDS-PAGE 

Solution 

Stalking gel 

5 % acrylamide 

(mL) 

Resolving Gel 

12 % acrylamide  

(mL) 

Resolving Gel 

15 % acrylamide  

(mL) 

Resolving Gel 

20 % acrylamide  

(mL) 

1,5 M Tris (pH 8,8) - 3,80 3,80 3,80 

1 M  Tris (pH 6,8) 1,25 - - - 

30% acrylamide  1,70 6,00 7,50 10,00 

10 % SDS 0,100 0,150 0,150 0,150 

10 % APS 0,100 0,150 0,150 0,150 

TEMED 0,010 0,006 0,006 0,006 

H2O 6,8 4,90 3,40 0,900 

Total volume 5,00 15,00 

 

2.4. Antibodies 

The detailed description of the antibodies used in this project is present in Table 2. 

Table 2: Description of the antibodies used 

Target Type Concentration Supplier Catalogue number 

Primary 

Anti-Acetylated Lysine Mouse 1 µg/mL BioLegend 623401 

Anti-Acetylated Lysine Rabbit 1:500 Cell Signaling Technology 9441 

Anti-GAPDH Mouse 1:3000 Millipore MAB374 

Anti-GFP Mouse 1:5000 Santa Cruz Biotechnologies  sc-8334 

Anti-CypA Rabbit 1:500 Abcam ab126738 

Anti-CypB Rabbit 1:500 GeneTex GT118372 

Secondary 

Anti-Mouse Goat 1:2000 Cell signalling 7076S 

Anti-Rabbit Goat 1:2000 Cell signalling 7074S 

2.5. Cell Culture  

In this project it was used human cell line K562 chronic myelogenous leukaemia cells and Jurkat 

T lymphoma cells. Cells were maintained in complete RPMI medium at 37 °C, 95 % O2 and 5 % CO2. 

Cells were passaged three times a week, in a T-175 flask, until approximately passage 30. When 

reached, cells stock was discarded and a new stock was removed from liquid nitrogen and grown. In 

experiments including analysis of the extracellular media cell were maintained in a serum free medium 

(G1 sync media outline in Section 2.2) to avoid the interference of serum proteins in media concentration 

and running of the proteins through the gel.  

2.6. Transient Transfection of K562 cells  

K562 cells were passaged the day before transfection. 10x106 of cells were centrifuged at 430xg 

for 3 min in AllegraTM X-22R Centrifuge and re-suspended in 100 L of PBS in an Eppendorf, 5 g of 

plasmid DNA were added. Mixture was placed in a Nucleofector cuvette and transfection was performed 
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using an Amaxa Biosystems NucleofectorTM II. The cuvette mixture was then re-suspended in 13 mL of 

complete RPMI medium in a T-75 flask and incubated for 48h at 37 °C, 95 % O2 and 5 % CO2. 

2.7. Cell cycle synchronisation 

K562 cells were synchronized in G1 phase using G1 sync medium. Cells in a concentration of 1 

million cells/ml were washed 3 times with 10 mL of sterile PBS following centrifugation at 430xg for 3 

min in AllegraTM X-22R Centrifuge. Following the washes cells were incubated in G1 sync medium 

(outline in Section 2.2) overnight at 37°C, 95 % O2 and 5 % CO2.  

Cells were synchronized in pro-metaphase stage of mitosis by treatment with 1.6µM of 

Nocodazole for 16h at 37 °C, 95 % O2 and 5 % CO2. Cells were then harvested by centrifugation at 

400xg for 3 min at 4°C in a Centrifuge 5417R. To harvest cells during cytokinesis, following 

centrifugation cells were washed 3 times with PBS to remove the Nocodazole and incubated in 

complete RPMI medium for 1h. Cells were harvested by centrifugation as described above. 

2.8. Cell lysis 

Cells collected were centrifuged at 400xg for 3 min at 4°C in a Centrifuge 5417R, supernatant 

was removed followed by 3 washes with cold PBS and centrifuged again as outlined above. After 

washes the pellet was re-suspended in RIPA lysis buffer with proteases and placed on ice for 10 min. 

The mixture was then centrifuged at 20817xg for 30 min. Supernatant was transferred to a new 

Eppendorf tube and stored at -20°C.  

2.9. Concentration of media 

Supernatant removed in Section 2.8 after cells were collected was centrifuged at 2000xg for 20 

min at 4ºC and then pipetted into a Vivaspin 500 centrifugal concentrator with a pore size of 5kDa 

Molecular weight cut-off (MWCO) and centrifuged at 15000xg for 30 min at 4°C in order to allow water, 

salts and small molecular weight proteins to pass through concentrating bigger molecular weight 

proteins. The concentrated media was then removed from the concentrator and resuspended in water 

in a final volume of 50 L. 20 L was taken for Western blotting. 

2.10. Bradford assay 

Bradford assay [173] was performed in a 96 well plate where 2 L of each protein sample was 

added to a 96 well plate and 100 L of Bradford reagent was added to each. The blank was prepared 

by adding 2 L of the lyses buffer used to a well and 100 L of Bradford reagent. Samples were 

incubated 5 min before measurement. Absorbance was measure at 595nm and 450nm using a 

SpectraMax 190 microplate reader. 

The Standard curve was calculated based on a gradient of BSA solutions of 0.3125, 0.625, 1.25, 

2.5 and 5 g/L and 2 L of each of solution was added to 100 L of Bradford reagent in a 96 well plate 

and absorbance was measure at 595 nm and 450 nm in SpectraMax 190 microplate reader. 
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When applied to a mass spectrometry experiment, the protocol had some changes namely with 

standard curve being prepared as shown in Table 3, samples being diluted in water (5µL of sample and 

155µL of H2O) and 40 µL of Bradford reagent instead of 100 µL, were added to the samples and 

standard curve solutions. 

Table 3: Solutions used for standard curve in mass spectrometry Bradford assay. 

BSA 0.2 mg/mL (µL) Urea buffer for mass spectrometry (µL) H2O (µL) 

0 5 155 

5 5 150 

10 5 145 

15 5 140 

20 5 135 

25 5 130 

 

2.11. Flow cytometry 

Cells were centrifuged at 400xg for 3 min at 4°C in a Centrifuge 5417R. Supernatant was 

removed and cells were washed three times with ice-cold PBS and centrifuged as before. After the last 

wash cells were re-suspended in 100 L of cold PBS and 1 mL of ice-cold 70 % ethanol solution was 

added to the suspension and the sample was stored overnight at 4°C. Mixture was centrifuged at 

1700xg for 5 min in a Centrifuge 5417R, ethanol was removed and the pellet was re-suspended in 200 

L of PBS with 7,5 L of ribonuclease A solution and 15 L of propidium iodide solution were added 

(solutions described in Section 2.2). Samples were then incubated at 37°C for 30 min and the analysis 

of the cell cycle profile was performed using a B.D. AccuriTM C6 Flow Cytometer. 

2.12. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

50 g of protein, determined by the Bradford assay (Section 2.10), was added to 4xLaemmli 

sample buffer and boiled at 95 °C for 5 min, followed by centrifugation at 400xg for 1min in a Centrifuge 

5417R and loaded on the SDS gel. 

The resolving gels were poured into a 1,5 mm rig of either a Bio-Rad Mini-Protein II gel system 

or a Dual Mini Slab System for higher separation when using 15 % or 20 % acrylamide gels. The 

resolving gels were overlain with a 70 % ethanol layer until the gels set, to prevent air bubbles and to 

allow polymerization. Once the resolving gel was set the ethanol was removed and the stalking gel was 

added and either a 10 or 15 well 1,5 mm comb was placed in the gel prior its polymerisation. Once the 

stalking gel set, gels were placed in the tank, running buffer was added to the system and combs were 

removed. Proteins were loaded in the gel and 5 L of Dual Colour pre-stained Protein Standards was 

used as a weight marker.  

Electrophoresis was performed in running buffer at a constant voltage of 90 V until the dye front 

reached the resolving gel and 150 V until the dye front reach the end of the resolving gel and 200 V 

until the band in the ladder representative of 15 kDa reached the bottom of the gel. 
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2.13. Immunoblotting 

Polyvinylidene difluoride membranes (PVDF membranes) were activated with methanol (100 % 

v/v) for 1 min and then equilibrated in the transfer buffer for 5 min. Once the gel was resolved it was 

separated from the plates and placed in transfer buffer. The transfer cassette was arranged in transfer 

buffer as follows: sponge, 2x filter paper (9x7cm), gel, PVDF membrane, 2x filter paper, sponge. The 

cassette was placed in the Bio-Rad Mini-Protein II transfer apparatus and filled with cold transfer buffer 

and an ice block. The protein was transferred from the gel to the membrane at a constant voltage of 

110 V for 70 min. The membranes were then placed in TBS and stained with ponceau staining solution 

to confirm successful protein transfer, and the membranes were washed with TBST to remove the stain. 

Membranes were blocked by incubation with blocking solution for 1 hour at room temperature (RT). 

Following blocking membranes were incubated with primary antibody overnight at 4°C. Blots were 

washed 3 times with 10 mL TBST for 5 min and incubated with HRP-conjugated secondary antibody 

1h at RT. Washing of the secondary antibody was done with intercalated washes with TBS and TBST 

(3 times each) of 10 mL for 5 min. Following the washes ECL reagent was added to the membrane for 

1 min and the blots were transfer to an autoradiography cassette and exposed to Fuji Medical X-Ray 

film for various lengths of time which were then developed. Immunoblot images were analysed using 

Image J software. 

To re-probe the membrane, immunoreactive complexes were removed by six washes with 10 mL 

of TBST for 5 minutes each followed by immersion in stripping buffer for 20 minutes at 55°C and then 

25 minutes at room temperature while shaking. After treatment with stripping buffer the membranes 

were one more time washed with 10 mL of TBST for 5 minutes. 

2.14. Immunoprecipitation of endogenous CypA protein 

20x106 K562 cells were lysed with 1 mL lysis buffer and the whole cell lysate was prepared as 

outlined in Section 2.8 and the tube was placed on ice for 10 min. The cell lysate was centrifuged at 

20817xg for 30 minutes. The supernatant was transferred to a separate Eppendorf tube and pellet was 

discarded.  A Bradford assay was performed to determine protein concentration as outlined in Section 

2.10 and protein was diluted in TBS to a final concentration of 1 g/L. 

Protein A/G agarose beads were vortexed and 50 L of the beads slurry were removed from the 

stock and washed with 300 L of TBS. The mixture was then centrifuged at 1000xg for 5 min at 4°C, 

the supernatant was removed and the wash was repeated twice. 1,1 mL of sample was added to the 

50 L of the beads slurry and incubated in end-over-end rotation using a rotator SB2 for 30 minutes at 

4°C to pre-clear the sample of unspecific binding to the beads. After pre-clearing, a 100 L sample, 

which represents the lysate before binding had occurred, was stored for analysis by SDS-PAGE. Five 

micrograms of anti-CypA antibody ab41684 from Abcam was added to the 1 mL of pre-cleared protein 

lysate and incubated overnight at 4°C in end-over-end rotation to form immunocomplexes.  

Immunocomplexs were precipitated by adding 50 L protein A/G agarose beads and incubating in end-

over-end rotation for 2 hours at 4°C. The mixture was centrifuged at 1000xg for 5 minutes at 4°C. The 

supernatant, which represents the post bind sample was removed and stored for analysis by SDS-
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PAGE. The beads were washed for four times with 1 mL TBS and centrifuged by 1000xg at 4°C for 5 

minutes. After the final wash the beads were resuspended in 50 L of sample buffer, vortexed and 

centrifuged for 1 minute using the same centrifugation settings. The mixture was boiled at 95°C for 10 

minutes and then centrifuged using the same settings. The immunoprecipitated protein sample, 

excluding the beads, was loaded into a SDS-PAGE gel.  

2.15. Immunoprecipitation of GFP-CypA fusion protein using GFP-Trap®_A 

10x106 K562 were transfected with 5 g of plasmid DNA pEGFP-CypAWT or the control pEGFP-

C1 (See Section 7.1.1 and 7.1.2 of Appendix) and incubated for 48h as outlined in Section 2.5. The 

cells were re-suspended in 200 L of Lysis buffer used in GFP immunoprecipitation assays (described 

in Section 2.2) and the tube was placed on ice for 10 min. The cell lysate was centrifuged at 20817xg 

for 30 minutes. The supernatant was transferred to a separate Eppendorf tube and pellet was discarded. 

Bradford assay was performed as outlined in Section 2.10 and protein sample was diluted with ice-cold 

Dilution/Wash buffer specific for GFP immunoprecipitation assays (described in Section 2.2) to 1 mL at 

concentration of 1 g/L. After dilution, 100 L were stored for analysis by SDS-PAGE as sample of 

lysate prior to binding. 

The GFP-Trap®_A beads were prepared by vortexed and 25 L of the beads slurry was removed 

from the stock and placed into 500 L ice-cold Dilution/Wash buffer and the mixture was centrifuged at 

2500xg for 2 minutes at 4°C, the supernatant was removed and the wash was repeated twice. 900 L 

of protein lysate at a concentration of 1 g/L was added to the beads and the tube was incubated for 

2 hours at 4°C with constant mixing. The tube containing the beads and the lysates was then centrifuged 

at 2500xg for 2 min at 4°C, the supernatant, which represents the post bind sample was removed and 

stored for analysis by SDS-PAGE and the GFP-Trap®_A were re-suspended in 500 L of ice-cold 

Dilution/Wash buffer. The mixture was then centrifuged at 2500xg for 2 min at 4 °C, supernatant 

removed and wash repeated twice. After a last wash the beads were re-suspended in 100 L of 2x 

Laemmli sample buffer and the mixture was boiled for 10 min at 95°C to dissociate immunocomplexs from 

the GFP-Trap®_A beads. The beads were collected by centrifugation at 2500xg for 2 min and the SDS-

PAGE was performed with the supernatant containing the immunoprecipitated protein.  

2.16. Immunoprecipitation of FLAG-CypA fusion protein using ANTI-FLAG® M2 

Affinity Gel 

10x106 K562 were transfected with 5 g of plasmid DNA p3xFLAG-CypAWT or the control 

p3XFLAG-CMV-10 and incubated for 48h as outlined in Section 2.5. The cells were re-suspended in 

200 L of Lysis buffer specific for FLAG immunoprecipitation assays (described in Section 2.2) and the 

tube was placed on ice for 10 min. The cell lysate was centrifuged at 20817xg for 30 minutes. The 

supernatant was transferred to a separate Eppendorf tube and pellet was discarded. Bradford assay 

was performed as outlined in Section 2.10 and protein sample was diluted with ice-cold Dilution/Wash 

buffer specific for FLAG Immunoprecipitation assays (described in Section 2.2) to a volume of 1 mL at 
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a concentration of 0,6 g/L. After dilution, 100 L, which represents the lysate sample, were stored for 

analysis by SDS-PAGE 

ANTI-FLAG® M2 Affinity Gel was vortexed and 5 L were washed 4 times with 500 L ice-cold 

Dilution/Wash buffer being centrifuged at 8200xg for 30 seconds at 4 °C and let for settle for 2 minutes 

after. 900 L of protein lysate at a concentration of 0,6 g/L were added to the pre-washed ANTI-

FLAG® M2 Affinity Gel and the tube was left tumble end-over-end overnight at 4°C. The resins with the 

samples were centrifuged the day after at 8200xg for 30 seconds at 4 °C and the supernatant, which 

represents the post bind sample was removed and stored for analysis by SDS-PAGE. The resins were 

then washed 4 times with 500 L ice-cold Dilution/Wash buffer being centrifuged at 8200xg for 30 

seconds at 4°C and let to settle for 2 minutes after. In the last wash, almost all the supernatant was 

removed (due to the small amount of resin, it was not possible to assure that no resin was being 

removed if all the supernatant were to be removed, so a small amount of supernatant corresponding to 

a volume of approximately 5µL was left in the tubes) and 40µL of 4x sample buffer lacking the reducing 

agent (β-mercaptoethanol) were added to the tubes and the mixture was boiled for 3 min at 95°C to 

dissociate immunocomplexes from the ANTI-FLAG® M2 Affinity Gel . In the case of a Western Blot 

analysis, the resin was separated from the proteins by centrifugation at 8200xg for 30 seconds and the 

SDS-PAGE was performed with the supernatant. For a mass spectrometry analysis samples were 

eluted with 100 g of Glycine solution for elution, incubated with gentle shaking for 5 min at room 

temperature using a rotator SB2,  centrifuged at 8200xg for 30 seconds and the supernatant was 

transferred to fresh tubes containing 10 g of buffer for eluted immunoprecipitated samples (described 

in in Section 2.2).  

2.17. Immunoprecipitation of acetylated proteins  

2x106 K562 cells were lysed with 100 L RIPA buffer with proteases (described in Section 2.2) 

and the whole cell lysate was prepared as outlined in Section 2.8. A Bradford assay was performed to 

determine protein concentration as outlined in Section 2.10 and protein was diluted in TBS to a final 

volume of 1,1mL at a concentration of 1 g/L. 

The Protein A/G agarose beads were vortexed and 50 L of the beads slurry were removed from 

the stock and washed with 300 L of TBS. The mixture was then centrifuged at 1000xg for 5 min at 

4°C, the supernatant was removed and the wash was repeated twice. 1,1 mL of sample was added to 

the 50 L of the pre-washed beads slurry and incubated in end-over-end rotation using a rotator SB2 

for 30 minutes at 4°C to pre-clear the sample of unspecific binding to the beads. After pre-clearing, a 

50 L sample, which represents the lysate before binding had occurred, was stored for analysis by 

SDS-PAGE. Anti-acetyl-lysine antibody 9441 from Cell Signaling Technology was added to the pre-

cleared lysate in a concentration of 1 L/100 g of protein and incubated overnight at 4°C in end-over-

end rotation to form immunocomplexes that were later precipitated by adding 50 L of protein A/G 

agarose beads for 3 hours at 4°C in end-over-end rotation. The mixture was centrifuged at 1000xg for 

5 minutes at 4°C. The supernatant, which represents the post bind sample was removed and stored for 

analysis by SDS-PAGE. The beads were washed for four times with 1 mL RIPA buffer using the 
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centrifugation settings described above. After the final wash the beads were resuspended in 50 L of 

sample buffer, vortexed and centrifuged for 1 minute. The mixture was boiled at 95°C for 10 minutes 

and then centrifuged at 1000xg for 5 minutes at 4°C. All of the volume, except from the beads, was 

loaded into a SDS-PAGE gel. 

2.18. Mass spectrometry  

10x106 K562 were transfected with 5 g of plasmid DNA p3xFLAG-CypAWT or the control 

p3XFLAG-CMV-10 and incubated for 48h samples as outlined in Section 2.5. After 

immunoprecipitation, mass spectrometry samples were eluted with Glycine solution for elution and 

transfer for a new tube containing 10 g of buffer for eluted immunoprecipitated samples as outlined in 

Section 2.16. 

Trichloroacetic Acid (TCA) Precipitation of proteins  

 Proteins on the immunoprecipated samples were precipitated with TCA. 1 volume of TCA was 

added to 4 volumes of protein sample and the samples were incubated for 10 minutes at 4°C and then 

centrifuged at 15600xg for 5 minutes in a Centrifuge 5417R. Supernatant was removed and pellet was 

washed two times with 200µL of cold acetone with same centrifuged settings as before. The pellet was 

then dried at 95°C for 10 minutes. When dried the pellet was carefully resuspended in 50µL of Urea 

buffer for mass spectrometry.  

Trypsin digestion 

After performing a Bradford assay, as outlined in Section 2.10, the volume equivalent to 50µg of 

protein was taken and DTT solution (described in Section 2.2) was added to a final concentration of 

5mM. The mixture was vortexed and incubated at 60°C for 30 minutes and then briefly centrifuged at 

400xg for 1 minute at 4 °C. Iodoacetemide solution (described in Section 2.2) was added in a 1/20 

proportion to mixture volume, the final solution was vortexed and incubate in the dark room at room 

temperature for 30 minutes. A solution of 50mM of ABC (described in Section 2.2) was added until the 

final concentration of urea was 2M. Trypsin is added in a concentration 1:50 (weight/weight of protein), 

final mix was vortexed and incubated at 37 °C overnight on a thermomixer at 350 rpm. The trypsin 

digestion was stopped by adding 1 % (v/v) acetic acid. Samples were dehydrated in vacuum at 45 °C 

in an Eppendorf Concentrator 5301 speed vacuum.  

ZIPTIP Protocol 

1. Sample preparation 

Samples were resuspended in 20 L of sample preparation buffer (described in Section 2.2) and 

then centrifuged at 2600xg for 5 min in a Centrifuge 5417R 
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2. Equilibration  

To equilibrate the Micro-C18 ZIPTIPs 10 L of wetting solution (described in Section 2.2) were 

aspirated into the tip and this procedure was repeated twice, then 10 L of equilibration solution 

(described in Section 2.2) were aspirate to the tip and the procedure was again repeated twice.  

3. Bind proteins and wash 

The samples were aspirate and dispense of the tip with 7 cycles of repetition followed by the 

aspiration and dispense to waste of the washing solution (described in Section 2.2) with this last 

procedure being repeated twice. 

4. Elution 

For the elution of the protein 2 L of elution solution (described in Section 2.2) were placed in a 

clean MS vial and the solution was aspirate and dispense through the zip tip 3 times without introducing 

air. 

Steps 2,3 and 4 were repeated 3 times for each sample using the same zip tip. Samples were 

stored at 20°C in a MS vial. Apart from the Urea buffer, the trypsin and the acetic acid all the reagents 

for mass spectroscopy were kindly provide by Professor Kieran Wynne and Professor Ken Dawson 

group from UCD Conway Institute of biomolecular and biomedical research. 

Mass spectrometry (MS) was carried out by Dr David Gómez Matallhas (System Biology Ireland, 

Conway Institute, University College Dublin, Belfield, Dublin 4, Ireland). Samples were analysed by 

Thermo Scientific Q-Exactive mass spectrometer connected to an Ultimate Ultra3000 chromatography 

system incorporating an auto-sampler. The mass spectrometer was operated in positive ion mode with 

a capillary temperature of 220°C, with a potential of 2000 V applied to the column. The data was 

acquired with the mass spectrometer operating in automatic data dependent switching mode that 

selected the 12 most intense ions prior to MS/MS analysis. 

Results were analysed in MaxQuant using the Label Free Quantifcation (LFQ) method and the 

program was directed to specifically identify lysine acetylated residues, oxidised residues and N-

terminal acetylate residues. Quantification was repeated twice. 
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3. Results  

3.1. Confirmation of expression of Cyclophilin A (CypA) in Jurkat and K562 

cell lines  

CypA is a highly expressed predominantly cytoplasmic protein [119]–[121] that also undergoes 

secretion to the extracellular space, either spontaneously or in response to oxidative stress [148], [152], 

[154], [155], [157], [174]. Recent projects from Mc Gee lab have shown that CypA is a centrosomal 

protein that undergoes re-localisation to the midbody where its isomerisation is required for the timely 

division of mammalian cells [121]. This project aims to understand the process that underlines CypA 

function and regulation within the cell. Firstly, the expression of human CypA in Jurkat T lymphoma and 

K562 chronic myeloid leukaemia cells was confirmed by SDS-PAGE and Western blotting of protein 

extracts from asynchronous cells and the cell-free extracellular media. Cells were lysed in RIPA buffer 

to which proteases and phosphatases inhibitors were added in order to preserve the proteins in the 

lysate. The media from the cell culture was harvested by centrifugation at 430xg followed by a further 

centrifugation at 2000xg for 20 min at 4°C to remove debris, and then pipetted into a Vivaspin 500 

centrifugal concentrator with a pore size of 5 kDa MWCO. 

Results in Figure 3-1 and Figure 3-2 show that Jurkat CypAwt and K562 cell lines express CypA 

as an 18 kDa protein whereas a Jurkat cell line whereby CypA underwent homozygous knockout (Jurkat 

CypA-/- cell line) [146] does not, confirming the knock-out of CypA and the specificity of the antibody for 

detection of endogenous CypA. Figure 3.2 also shows that CypA is present in the concentrated 

conditioned media harvested from K562 cells. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

was used to confirm protein loading in each lane [175]. 

 

Figure 3-1: Expression of CypA in wild-type Jurkat cells. Jurkat Cells (~2x106) were lysed in RIPA 

complete lysis buffer. Protein concentration was determined using Bradford assay. 50µg of protein loaded in each 
well and resolved on a 15 % SDS-PAGE gel on a Dual Mini Slab gel system at a constant voltage of 90V until the 
dye front passed the stacking gel which was increased to 150V until the dye front passed the running gel and 200V 
after until the 15 kDa band reached the bottom of the gel. The gel was transferred to PVDF membrane at 110V for 
70 min. The membrane was blocked in 5 % (w/v) BSA blocking solution and probed with anti-CypA rabbit 
monoclonal antibody at a 1:500. The membrane was then probed with species specific HRP-linked secondary 
antibody at a 1:2000 dilution. ECL luminescence was used to image membrane in the dark. The membrane was 
re-probed with anti-GAPDH mouse monoclonal antibody at a 1:3000 dilution as a loading control. Results are 
representative of two independent experiments 
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Figure 3-2 Expression of CypA in K562 cell lysate and conditioned media from K562 cells. Cells 

(~2x106) were lysed in RIPA complete lysis buffer. Protein concentration was determined using Bradford assay. 
50µg of intracellular protein were loaded. Media was concentrated in a Vivaspin 500 centrifugal concentrators and 

resuspended with 50 L of water and 20 L of that solution were loaded. Both samples were resolved on a 15 % 
SDS-PAGE gel on a Dual Mini Slab gel system at a constant voltage of 90V until the dye front passed the stacking 
gel which was increased to 150V until the dye front passed the running gel and 200V after until the 15 kDa band 
reached the bottom of the gel. The gel was transferred to PVDF membrane at 110 V for 70 min. The membrane 
was blocked in 5 % (w/v) BSA blocking solution and probed with anti-CypA rabbit monoclonal antibody at a 1:500. 
The membrane was then probed with species specific HRP-linked secondary antibody at a 1:2000 dilution. ECL 
luminescence was used to image membrane in the dark. The membrane was re-probed with anti-GAPDH mouse 
monoclonal antibody at a 1:3000 dilution as a loading control. Results are representative of two independent 
experiments. 

3.2. Optimization of the conditions to detect a post-translational modification 

in CypA  

 CypA is localised to the centrosome in human cells and it undergoes re-localisation to the 

midzone and midbody during mitotic progression [121] however, the mechanisms that regulate the 

movement of CypA to these cellular structures remains unknown. Cyclophilin A has shown to undergo 

several post-translational modifications including phosphorylation [195], [196], acetylation [197], [198] 

and methylation [194]. Consistent with that, unpublished data from Mc Gee lab reveals that CypA 

undergoes a cell cycle dependent mobility shift when resolved by SDS-PAGE suggesting the 

occurrence of a cell cycle dependent PTM  that may regulate its localisation to distinct cellular structures 

during the cell cycle. The mobility shift detected was not reversed by calf intestinal phosphatase 

suggesting that it was not due to phosphorylation (data not shown), and therefore may be due to an 

alternative modification such as acetylation, which was investigated herein. Consistent with this 

hypothesis, previous work demonstrated that oxygen stress increases acetylation of CypA confirming 

that it is a substrate for acetyltransferases [198].    

3.2.1. Synchronization of K562 cells into G0/G1, G2/M, release into mitosis and exposure to 

oxidative stress conditions 

Previous studies have also reported that, unlike phosphorylation which decreases protein mobility 

by SDS-PAGE due to the additional of the phosphate group, protein acetylation increases protein 

mobility because acetylation neutralizes the positive charge of the ε-amino group of lysine without 

significantly changing the molecular mass of the protein thereby increasing the negative charge of the 

SDS-protein complex [176]. Therefore, in this study, CypA mobility was investigated by SDS-PAGE 

during the cell cycle and in response to oxidative stress. To investigate the possibility of CypA 
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undergoes a PTM at a particular stage of the cell cycle, K562 cells were synchronised at G0/G1, G2/M 

and samples were collected at these stages or during cytokinesis, as outlined in Figure 3-3. An 

asynchronous sample was included as a control.  

The techniques used in this study were adapted from Jackman et al., 1998 [177]. Samples of 

approximately 2x106 cells were taken from each condition. Cells were synchronised at the G0/G1 

boundary by amino acid starvation induced by serum withdrawal for a period of 24 or 48h, corresponding 

to samples 2 and 3 respectively. Alternatively, cells were enriched at the G2/M boundary by treatment 

with low dose of the microtubule disrupting agent, Nocodazole, for 16 hours, to induce mitotic arrest 

(sample 4). [178]. Furthermore, Nocodazole was washed away, and the cells were allowed to proceed 

through mitosis and harvested during mitosis and cytokinesis (Samples 5 to 7). The oxidative stress 

conditions were induced by exposing K562 cells to H2O2 (100 M or 200 M) as previously described 

[179], [180]. Hydrogen peroxide is a reactive oxygen species, a by-product of normal cellular 

metabolism. At low concentration these reactive oxygen species have a normal function in physiological 

cell processes, however at high concentration, such as that used in this experiment, they produce 

oxidative stress conditions [181]. 

 

Figure 3-3: Schematic representation of the workflow used for synchronization of cells in G0/G1, 
G2/M, release into mitosis and exposure to oxidative stress conditions. 
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Enrichment of cells at the cell cycle stages was confirmed by Flow cytometry following propidium 

iodine staining to measure the DNA content of the cells. Flow cytometry was performed by Rebecca 

Gorry (PhD student, School of Biomolecular and Biomedical Science, Conway Institute, University 

College Dublin, Belfield, Dublin 4, Ireland). Results, represented in Figure 3-4, demonstrate enrichment 

of cells at the various cell cycle stages, relative to the asynchronous cell population used as control 

(sample 1) which, consists of cells dispersed throughout the cell cycle, but with the majority of cells in 

S phase. An increase in cells in the G1 phase (samples 2 and 3) was detected relative to the control 

following serum withdrawal. Specifically, the unsynchronised control has 23,34 % of the cells in G1 

phase whereas samples 2 and 3 present 29,34 and 30,82 % of their cells in G1 phase respectively. 

Although there is an increase of cells in G1, the majority of cells remained in S phase in samples 2 and 

3, with 46,15 % and 46,09 % respectively. A notable difference was not detected between samples 2 

and 3 which represent serum starvation for 24 or 48 h respectively, therefore the 24 h amino acid 

starvation was the chosen for future experiments. Treatment of cells with Nocodazole induced a 

significant enrichment of cells in G2/M, which increased from 23,26 % to 67,78 %. Cells were washed 

to remove Nocodazole and allowed to proceed through mitosis and eventually exit mitosis into G1 

(samples 5, 6, 7). Consistent with this, cell cycle analysis demonstrates a reduction of cells in G2/M with 

a concomitant increase in G1. Induction of oxidative stress in cells by treatment with H2O2 led to a profile 

similar to the one found in the control as expected (Samples 8 and 9) Overall, this data demonstrates 

the enrichment of cells at various stages of the cell cycle. 

 

Figure 3-4: Flow cytometry results. K562 cells (~2x106) were asynchronous (1) or enriched at different 

stages of the cell cycle by culturing in serum free media for 24 h and 48 h (2 and 3 respectively), treatment with 

0,16M concentration Nocodazole for 16 h (4), washed and allowed to proceed through the cell cycle for 0, 1 or 2 

hours (5, 6 and 7 respectively) or treated with H202 at 100 and 200 M for 16 hours (8 and 9 respectively). Lysates 
were placed in 1 mL of 70 % ethanol at 4°C. Cells were centrifuged the next day at 1500xg for 5 min and re-
suspended in 200μL of PBS and 7,5μL of ribonuclease A (10 mg/mL in H2O) and 15μL of propidium iodide (1 mg/ 
mL in PBS) were added). Samples were then incubated at 37°C for 30 min previously the flow cytometry was 
preformed using a B.D. AccuriTM C6 Flow cytometer. Results presented are the average of 2 independent 
experiments 
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3.2.2. CypA undergoes altered mobility during the cell cycle and following oxidative stress, 

whereas CypB does not.   

Unpublished data from the Mc Gee lab demonstrates a CypA mobility shift when analysed by 

SDS-PAGE. In this study the mobility of CypA was investigated by SDS-PAGE following enrichment of 

cells at different stages of the cell cycle or following oxidative stress. Protein mobility was investigated 

under various running conditions including 15 % and 20 % SDS-PAGE gels and running conditions that 

varied from 80 V to 200 V to determine the optimal conditions for the detection of modified CypA. It was 

found that the use of a 20 % acrylamide gel in a Dual Mini Slab gel system running at constant 90 V 

until dye front reached the running gel, constant 150 V until the dye reached the end of the running gel 

and constant 200 V until the 15 kDa band reached the bottom, following by Western blot to detect CypA, 

made it possible to distinguish two bands of CypA, as represented in Figure 3-5-A, corresponding to 

different forms of the protein, one modified and one not. In contrast, when blots were probed with 

Cyclophilin B antibody only a single band was visible at the predicted size of 21 kDa. Finally, GAPDH 

was examined to confirm equal protein loading. 

 

Figure 3-5: A-Detection of a modified form of CypA, but not CypB, in K562 cell lysates. K562 cells 

(~2x106) were asynchronous (1) or enriched at different stages of the cell cycle by culturing in serum free media 

(2), treatment with 0,16M concentration Nocodazole for 16 h (4), washed and allowed to proceed through the cell 

cycle for 0, 1 or 2 hours (5, 6 and 7 respectively) or treated with H202 at 100 and 200 M for 16 hours (8 and 9 
respectively).  Cells were lysed with RIPA buffer complete and 50µg of protein loaded in each well and resolved 
on a 20 % gel on a Dual Mini Slab gel system. Conditions were constant 90V until the dye front passed the stacking 
gel; constant 150V until the dye front passed the running gel and 200V after until the 15 kDa band reached the 
bottom. Gel was transferred to PVDF membrane at 110V for 70 min. The membrane was blocked in 5 % (w/v) BSA 
blocking solution and probed with anti-GAPDH mouse monoclonal antibody at a 1:3000 dilution, anti-CypA rabbit 



34 
  

monoclonal antibody at a 1:500. The membrane was then probed with species specific HRP-linked secondary 
antibody at a 1:2000 dilution. ECL luminescence was used to image membrane in the dark. Results are 
representative of more than three independent experiments. B- Ratio of Intensity high mobility band/slow 
mobility band. Intensities were measured with ImageJ software. Error bars represent the standard error of the 

mean of two independent experiment. 

All conditions analysed present a CypA doublet, however, the intensity of the higher mobility band 

was greater in samples treated with Nocodazole for G2/M enrichment. The relative intensity of the CypA 

doublet was analysed by Image J densitometry software and results in Figure 3-5-B reveal the ratio of 

the intensity of high mobility band and slow mobility band. Densitometry analysis reveals that greatest 

ratio was detected in cells enriched for G2/M and following 1 hour release from Nocodazole. 

3.3. Analysis of CypA by mass spectrometry 

To investigate the possibility that the high mobility shift detected on CypA by SDS-PAGE is due 

to acetylation of CypA a combined biochemical and proteomic approach was adopted whereby tagged 

CypA was overexpressed and immunoprecipitated from K562 cells, subjected to trypsin digestion and 

the peptides produced were analysed by mass spectrometry (MS) following by bioinformatics analysis.  

Given that the amount of protein in a single modified state, such as acetylation, can be a very 

small fraction of the total protein [88], it was decided that CypA would be overexpressed by transfecting 

K562 cells with 5g of p3xFLAG-CypA, or p3XFLAG-CMV-10 as a control (Appendix, sections 7.1.3  

and 7.1.4), and transfected cells were incubated for 48h at 37oC in growth media. Furthermore, to 

assure optimal conditions for acetylation, transfected cells were treated with 0,16 M Nocodazole for 

16h, for enrichment of G2/M cells as shown in section 3.2. Additionally, cells were also exposed to 

trichostatin A (TSA), an HDAC inhibitor produced by Steptomyces [182], at a concentration of 0,5 M 

for 12 hours to prevent deacetylation of acetylated residues. Thus, CypA overexpressing G2/M cells 

were exposed to TSA and lysed, and CypA was immunoprecipitated with ANTI-FLAG® M2 Affinity Gel. 

Samples were trypsinized and reaction was stopped by adding 1 % (v/v) acetic acid. After dilution 

of samples in sample preparation buffer, peptides were loaded onto micro-C18 StageTips containing 

Octadecyl C18 disks and eluted into MS vials. Mass spectrometry analysis was carried out in 

collaboration with Dr David Gómez Matallanas (Systems Biology Ireland, Conway Institute, University 

College Dublin, Belfield, Dublin 4, Ireland). The peptides were analysed on a Thermo Scientific Q-

Exactive mass spectrometer connected to an Ultimate Ultra3000 chromatography system incorporating 

an auto-sampler. MS analysis was carried out on three independent biological replicates, and each 

sample was analysed three times as a technical replicate.  

Results from MS were analysed in MaxQuant, to reveal acetylated proteins, however, CypA was 

not identified in an acetylated form. To investigate this further, the identified sequence of CypA was 

analysed and it was found that the peptides identified by MS represent only 18,3 % of the full length 

protein sequence. Furthermore, potential sites for CypA acetylation were identified using software 

Phosida (http://phosida.com), a post-translational modification database, and Uniprot 

(http://uniprot.org). Five of the fourteen lysines within CypA were identified as possible sites for 

acetylation; K28, K44, K82, K125 and K131, as they have been found to be acetylated previously in 

large scale high-resolution mass spectrometric data. Importantly, two of the 5 putative acetylation sites, 
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K82 and K125, have been confirmed by others as acetylation sites in experiments specifically targeting 

CypA [152]. As evident in Figure 3-6, only lysine K44 was included in the peptides detected by mass 

spectrometry, thus the other four residues were excluded from the analysis in this experiment, two of 

which are strongly predicted to be acetylated.   

 Additionally, it was important to confirm if trypsin cleavage of CypA produces fragments suitable 

for MS detection. Using the online tool, PeptideCutter (http://web.expasy.org/peptide_cutter/), to predict 

the cutting sites of trypsin in CypA, a total of 20 sites were identified that should produce peptides with 

less than 20 amino acids. Interestingly positions 144 and 148 within CypA are cutting sites for this 

enzyme, however the existence of a peptide detected by mass spectrometry between the positions 133 

and 151, suggests incomplete protein digestion.  

 

Figure 3-6: CypA sequence [183]. Peptides of CypA identified by mass spectroscopy are highlighted in 

blue including K44, which was not acetylated. Lysine residues predicted to be acetylated by combination of data 
from PHOSIDA (http://phosida.com) and Uniprot (http://uniprot.org) are highlighted in green and the predicted 
residues that are confirmed to be acetylated in specific experiments targeting CypA [152] are highlighted in red.   

The second aim of the mass spectrometry analysis is to identify putative CypA interacting 

proteins and/or substrates that may provide insight into its function during cytokinesis. The analysis of 

the mass spectrometry data was based on a label-free quantitative proteomics method, which gives a 

relative quantification of proteins in two and more samples and, unlike other methods of quantifications, 

doesn’t use stable isotope labelling approaches. In this method, samples are subject to individual 

analysis and quantifications is based on the comparison of peak intensity of the same peptide or the 

spectral count of the same protein. This approach overcomes some problems associated with labelling-

based quantification such as increased time and complexity of sample, the need for a higher sample 

concentration, high cost of the reagents and incomplete labelling which could cause incorrect results 

[184]. In this study, the analysis was based on the ratio of the label-free quantification intensity between 

FLAG-CypA and FLAG-E (empty vector), with a ratio of 2 used to specify a CypA interactor. Additionally 

a student t-test was carried out to determine statistical significance between samples with a p-value 

was equal or less than 0,05 considered significant  Thus, in summary, proteins were considered to be 

a specific CypA-interacting protein when they displayed a ratio of 2 or greater and a p-value equal to or 

less than 0,05. 

A total of 27 proteins were classified as CypA-interacting proteins, which was reduced to 23 

following the exclusion of common contaminants such as keratine [185], [186]. The 23 proteins, which 

are listed in Table 4, were compared to known interactors using STRING database for proteins 

interactions (https://string-db.org/). Although none of the proteins were found in the list of direct 

interactors on this database, which comprises 10 proteins, CypA was found to interact with 5 different 

https://string-db.org/
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heterogeneous nuclear ribonucleoproteins (namely hnRNPC, hnRNPU, hnRNPM, hnRNPF and 

hnRNPH1) and previous reports have showed that CypA forms a complex with hnRNPA2 in a CXCR4 

mediated nuclear export of hnRNPA2 target by CypA phosphorylation [150]. 

Furthermore, the 23 proteins were analysed using Protein Analysis through Evolutionary 

Relationships, PANTHER, Classification System (http://pantherdb.org/). PANTHER classification 

results are showed in Figure 3-7 and it is possible to see that the molecular functions of the interactive 

proteins are divided between catalytic activity, binding, transporter activity and structural molecule 

activity.  

 

Table 4: CypA-interacting proteins  

Gene ID Protein 

ACTG2 Actin, gamma 2 

AHNAK Neuroblast differentiation-associated protein AHNAK 

BOLA2 bolA family member 2 

BTF3 Basic Transcription Factor 3 

COL1A1 Collagen type I alpha 1 chain 

DDX39B; DDX39A; DExD-Box Helicase 39B/39A 

HIST1H4A Histone H4 

HMGA1 High Mobility Group AT-Hook 1 

HNRNPC Heterogeneous Nuclear Ribonucleoprotein C (C1/C2) 

HNRNPF Heterogeneous Nuclear Ribonucleoprotein F 

HNRNPH1 Heterogeneous Nuclear Ribonucleoprotein H1 

HNRNPM heterogeneous nuclear ribonucleoprotein M 

HNRNPU Heterogeneous Nuclear Ribonucleoprotein U 

LMNA lamin A/C 

MATR3 Matrin 3 

PARP1 Poly [ADP-ribose] polymerase 1 

RALY RALY Heterogeneous Nuclear Ribonucleoprotein 

RAP1B; RAP1A; Ras-related protein Rap-1b/1a 

RPL18A Ribosomal Protein L18a 

RUVBL1 RuvB Like AAA ATPase 1 

TPM2; TPM3; Tropomyosin 2/3 

TUBA1C; TUBA1B; Tubulin Alpha 1c/1b 

XPO1 Exportin-1 

 

 

http://pantherdb.org/
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Figure 3-7: Molecular functions of CypA interactors. PANTHER Classification (http://panterdb.org/) was 

the tool to analyse the data. The total of 23 proteins were analysed. 

3.4. Investigation of Cyclophilin A acetylation by Western blot 

The proteomic approach taken in Section 3.3 to investigate CypA acetylation as a cell cycle 

dependent PTM revealed that the peptides produced represent only 18,3 % of the full length CypA 

sequence. Furthermore, the use of the bioinformatics tools Phosida (http://phosida.com), and Uniprot 

(http://uniprot.org) suggests 5 putative lysine acetylation residues, only one of which was present in the 

peptides analysed by MS. Thus, it is possible that CypA is acetylated on other lysine resides that were 

not examined. To overcome this, CypA acetylation was investigated by the alternative approach of co-

immunoprecipitation and Western blotting.  

Firstly, the overall extent of protein acetylation in K562 cell lysates was examined by SDS-PAGE 

following treatment of cells with different concentrations of the HDAC inhibitor TSA (0,25; 0,5; 0,75 and 

1 g/mL). Whole cell protein extracts were transferred onto PVDF and probed with anti-acetyl lysine 

antibody (BioLegend cat no. 623401). Results revealed that only a few protein bands using the acetyl 

lysine antibody (data not shown). A similar experiment was performed using whole cell protein extracts 

prepared from Jurkat CypAWT cells and Jurkat CypA-/- that have a homozygous knockout of CypA, 

following treatment with TSA in a concentration of 0,5 g/mL. Similar to K562 cells, very few proteins 

were detected using the acetyl lysine antibody, and we did not detect any band of 18 kDa that may 

represent CypA (data not shown). Thus, immunoprecipitation of CypA is a better approach to detect 

low abundance acetyl groups.  

3.4.1. Immunoprecipitation of endogenous CypA  

Endogenous CypA was immunoprecipitated from K562 cells using a commercially available 

antibody (Abcam cat no. ab41684) that was previously reported to be suitable for immunoprecipitation 

from tissue [187]. However, in this study it was found that the antibody was unsuitable for 

immunoprecipitation of endogenous CypA from these cells (data not shown). 

36%
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Binding Catalytic activity Structural molecule activity Transporter activity
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http://uniprot.org/
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3.4.2.  Immunoprecipitation of GFP-CypA  

To overcome the limitations of commercially available antibodies for the immunoprecipitation of 

endogenous CypA, cells were transfected with a GFP-tagged construct containing full length CypA (See 

Section 7.1.2 of Appendix, constructed by Dr Paul Lavin, Mc Gee Lab). Experimental workflow is 

outlined in Figure 3-8. Briefly, K562 cells were transfected with 5g of pEGFP-CypAWT or the empty 

vector pEGFP-C1 for 48 hours at 37oC in growth media to allow expression of the protein. Cells were 

then treated with 0,16 M Nocodazole for 16 hours to allow cells to accumulate in mitosis, and with 1 

M of TSA for 12 hours to prevent deacetylation of acetylated residues. Whole cell extracts were 

prepared according to Section 2.8 and CypA was immunoprecipitated using 25 L GFP-Trap®_A 

beads. Successful immunoprecipitation was confirmed by analysis of the cell extract before and after 

immunoprecipitation in samples designated as lysate and post-binding respectively. The 

immunoprecipitated protein was loaded in two wells in two separate gels, resolved and transferred to 

PVDF before probing for GFP and acetyl-lysine using antibodies specifically directed towards GFP and 

acetyl-lysine. 

 

Figure 3-8: Schematic representation of the experimental workflow used for the expression and 
immunoprecipitation of GFP-E and GFP-CypA from G2/M enriched K562 cells. 
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Results shown in Figure 3-9-A demonstrate the successful expression and immunoprecipitation 

of GFP-E and GFP-CypA in K562 cells. A band of 27 kDa, representative of the GFP tag, was detected 

by anti-GFP antibody in the lysate from cells overexpressing E-GFP (lane 4, Figure 3-9-A), which was 

also present following immunoprecipitation (lane 6, Figure 3-9-A) and which was absent from the post 

bind supernatant (lane 2, Figure 3-9-A). Similarly, a band of 45 kDa representative of CypA containing 

the GFP tag, was detected in cell lysates following expression of GFP-CypA (lane 3, Figure 3-9-A) and 

following immunoprecipitation (lane 5, Figure 3-9-A), that is absent from the post bind supernatant (lane 

1, Figure 3-9-A) thereby confirming successful depletion of the protein. However, lysine-acetylated 

protein was not detected when the immunoprecipitated protein was probed with acetyl lysine antibody 

(Figure 3-9-B).  

 

Figure 3-9: Overexpression and Immunoprecipitation of GFP-CypA from K562 cells lysates.  K562 

Cells (~10x106) were transfected with pEGFP-C1 or pEGFP-CypAWT. After 48h cells were exposed to 1,6 M of 

Nocodazole for 16h and to 0,5 L/mL of TCA for 12h. All cell extracts were lysed with RIPA buffer. Protein was 
diluted with Dilution/Wash buffer specific for GFP Immunoprecipitation assays (described in Section 2.2) to a 

concentration of 1 g/L. A 100L sample of lysate was taken and represent the lysate prior to IP. 25 L of GFP-

Trap®_A beads already pre-washed with Dilution/Wash buffer were added to lysates and immunoprecipitation 
occurred by binding of the GFP to the beads promoted by 2 hours at 4°C with constant mixing. Supernatant was 
saved as a Post-Bind sample and GFP-Trap®_A beads were resuspended in 4x Laemmli sample buffer. After 
boiling beads were collected and supernatant was loaded in the gel. Equal amount of lysate and post bind were 

loaded in the gel (50 g) (A) and immunoprecipitated samples were loaded into two different wells (30 L in each 
(A) and (B)). Proteins were resolved on a 15 % gel on a Dual Mini Slab gel system. Conditions were constant 90V 

until the dye front passed the stacking gel; constant 150V until the dye front passed the running gel and 200V after 
until the 15 kDa band reached the bottom. Gel was transferred to PVDF membrane at 110V for 70 min. The 
membrane was divided in two parts (A and B) and blocked in 5 % (w/v) BSA blocking solution. Membrane A was 
probed with anti-GFP mouse monoclonal antibody at a 1:5000. Membrane B was probed with anti-acetyl-lysine 

mousse monoclonal antibody at a 1 µg/mL. 
Both membranes were then probed with species specific HRP-linked secondary antibody at a 1:2000 dilution. ECL 
luminescence was used to image membrane in the dark. Results are representative of two independent 
experiments. 

3.4.3. Immunoprecipitation of FLAG-CypA  

Given the results obtained in section 3.4.2, an immunoprecipitation strategy using the smaller 

3xFLAG tag was used having a size of 2,864 Da [188]. 5g of p3xFLAG-CypAWT or empty vector 

p3XFLAG-CMV-10 (Section 7.1.3 and 7.1.4 of Appendix) were transfected into K562 cells and those 

transfected cells after 24 h of incubation were expose to 160 nM of Nocodazole for 16h and to 1 M of 

TSA to have a greater percentage of mitotic cells with acetylated proteins. Whole cell extracts were 
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prepared according to Section 2.8 and CypA was immunoprecipitated using 5 L ANTI-FLAG® M2 

Affinity Gel. Successful immunoprecipitation was confirmed by analysis of the cell extract before and 

after immunoprecipitation in samples designated as lysate and post-binding respectively. The 

immunoprecipitated protein was loaded in two wells in two separate gels, resolved and transferred to 

PVDF before probing using antibodies specifically directed towards CypA and acetyl-lysine. Due to the 

small size of the tag and having in consideration that the gel was ran until the 15 kDa band in the ladder 

reach the bottom of the gel it was expected the absence of signal in the control samples, where this tag 

was presented alone. To overcome this problem instead of using anti-FLAG antibody an anti-CypA 

antibody was used to verify the technique. 

Figure 3-10-A shows the results regarding the control of the immunoprecipitation. It is possible 

to see in the first lane, corresponding to the lysate sample from the cells 3xFLAG-CypA, two bands one 

at 18 kDa and another at 21 kDa corresponding to the endogenous CypA and exogenous CypA 

attached to the tag respectively. Furthermore it is possible to see only one band when analysing the 

lysate sample from cells FLAG-E (lane2) indicating that no recombinant CypA protein is present in the 

sample. The slow mobility 21 kDa band is present in the immunoprecipitated sample (lane 5), but is not 

present in the post bind supernatant following expression of FLAG-CypA (lane 3) which indicates a 

depletion of the exogenous protein from the mixture and its successful immunoprecipitation.  

However, lysine-acetylated protein was not detected when the immunoprecipitated protein was 

probed with anti-acetyl lysine antibody, as seen in Figure 3-10-B. 

 

Figure 3-10: Overexpression and Immunoprecipitation of FLAG-CypA from K562 cells lysates.  K562 

Cells (~10x106) were transfected with p3xFLAG-CypAWT or p3XFLAG-CMV-10. After 48h cells were exposed to 

1,6 M of Nocodazole for 16h and to 0,5 L/mL of TCA for 12h. All cell extracts were lysed with RIPA buffer. Protein 
was diluted with Dilution/Wash buffer specific for FLAG Immunoprecipitation assays (described in Section 2.2) to 

a concentration of 0,6 g/L. A 100L sample of lysate was taken and represent the lysate prior to IP. 5 L of ANTI-

FLAG® M2 Affinity Gel already pre-washed with Dilution/Wash buffer were added to lysates and 
immunoprecipitation occurred by binding of the FLAG proteins to the affinity gel promoted by overnight constant 
mixing at 4°C. Supernatant was saved as a Post-Bind sample and ANTI-FLAG® M2 Affinity Gel was resuspended 
in 4x Laemmli sample buffer. After boiling supernatant was loaded in the gel. Equal amounts of lysate and post 

bind were loaded in the gel (A) (20 g) and the immunoprecipitated samples were divided into 2 wells (10 L in 

one-membrane A- and 30 L in the other-membrane B).  Proteins were resolved on a 15 % gel on a Dual Mini Slab 
gel system. Conditions were constant 90V until the dye front passed the stacking gel; constant 150V until the dye 
front passed the running gel and 200V after until the 15 kDa band reached the bottom. Gel was transferred to 
PVDF membrane at 110V for 70 min. The membrane was divided (A and B) and both parts were blocked in 5 % 
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(w/v) BSA blocking solution.  Membrane A was probed with anti-CypA rabbit monoclonal antibody at a 1:1000 
dilution. Membrane B was probed with anti-acetyl-lysine mouse monoclonal antibody at a 1 µg/mL. Both parts of 

the membrane were then probed with species specific HRP-linked secondary antibody at a 1:2000 dilution. ECL 
luminescence was used to image membrane in the dark. Results are representative of two independent 
experiments 

3.4.4. Immunoprecipitation of acetylated proteins  

The anti-acetyl-lysine antibody 9441 from Cell Signaling Technology was described as being 

suitable for immunoprecipitation as well as Western blotting, thus it was used to immunoprecipitate all 

lysine acetylated proteins. K562 cells were treated with 160nM of Nocodazole for 16h and 1 M of TSA 

for 12 h as outlined in previously. As performed before, a lysate and post bind samples were taken and 

the immunoprecipitated sample was divided in two and each was resolved by SDS-PAGE. In Figure 

3-11-A acetylated proteins were detected in the cell lysate that was prepared (lane 1), as well as in post 

bind (lane 2) and in the IP sample (lane 3) this latest in lower intensity. Importantly, a single band of 18 

kDa was detected when blot was probed with anti-CypA, as shown in Figure 3-11-B.   

 

Figure 3-11: CypA co-immunoprecipitates with acetylated proteins in K562 cells. K562 cells (~10x106) 

were expose to 1,6M of Nocodazole for 16 h and to 0,5 L/mL of TCA for 12 h. Whole cell extracts were prepared 

with RIPA buffer complete. Protein was diluted with TBS buffer to a concentration of 1g/L. Samples were pre-

cleared with A/G agarose beads and 50L was saved for lysate sample. Anti-acetyl-lysine antibody was added at 

a concentration of 1 L/100 g of sample and left overnight at constant mixing and 40 L of A/G agarose beads 

were added and incubated for 3h in end-over-end rotation. Once immunoprecipitation was complete, supernatant 
was saved as a Post-Bind sample A/G agarose beads were resuspended in 4x Laemmli sample buffer. Equal 

amounts of lysate and post bind were loaded in the gel (A) (50 g) and the full amount of the immunoprecipitated 

samples was divided in two wells (20 L in one-membrane A- and 30 L in the other-membrane B). Proteins were 

resolved on a 15 % gel on a Dual Mini Slab gel system. Conditions were constant 90V until the dye front passed 
the stacking gel; constant 150V until the dye front passed the running gel and 200V after until the 15 kDa band 
reached the bottom. Gel was transferred to PVDF membrane at 110V for 70 min. The membrane was divided (A 
and B) and both parts were blocked in 5 % (w/v) BSA blocking solution. Membrane A was probed with anti-acetyl-
lysine rabbit monoclonal antibody at a 1:500 dilution. Membrane B was probed with anti-CypA rabbit monoclonal 

antibody at a 1:500 dilution. Both parts of the membrane were probed with species specific Trueblot® HRP-linked 
secondary antibody at a 1:1000 dilution. ECL luminescence was used to image both membranes in the dark. 
Results are representative of two independent experiments 
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4. Discussion  

Lysine acetylation is a PTM that comprises the transfer of an acetyl group to the ε-amino group 

of a lysine residue. The process of lysine acetylation is reversible and is dependent of two sets of 

enzymes, lysine acetyltransferases (KATs) and lysine deacetylases (KDACs). Lysine acetylation is one 

of the most important PTMs in cell signalling and metabolism [100], [101] having been found to 

specifically regulate some events in the cell cycle such as acetylation of lysine 56 in histone H3 during 

S phase and reversed in G2 following completion of DNA replication [189] or acetylation of Lys-40 in -

tubulin present on spindle microtubules during mitosis that is thought to affect interaction with other 

proteins [190]. Moreover, acetylation has been found to regulate some proteins at the centrosome. For 

example, acetylation of Plk4 regulates its activity at the centrosomes preventing centrosome over 

amplification [63] or, in contrast, the acetylation of centrosome protein Cep78 disrupts its ability to inhibit 

centriole amplification [65].  

CypA is a ubiquitously expressed protein belonging to the cyclophilin family [119]–[121], a group 

of proteins with peptidyl-prolyl cis-trans isomerase activity characterized by the catalyse cis-trans 

isomerizations of proline peptide bonds [122], [123]. CypA was found to be overexpressed in a range 

of cancers [159]–[165]. Although the exact role that CypA plays in cancer cells is not fully understood 

recent data from Mc Gee lab has shown that CypA is involved in the division of leukaemia and 

lymphoma cells where it plays a role in the completion of cytokinesis. One study demonstrated that 

CypA undergoes a cell-cycle dependent relocation from the centrosomes to the midbody during 

cytokinesis and that the isomerase activity of CypA is required for the timely completion of cytokinesis 

[121]. Although the mechanisms underlying this localisation are not know it was hypothesised that it 

may be mediated via PTMs. In support of that hypothesis, numerous studies demonstrate that PTMs 

regulate protein localisation to and from the centrosome. For instance, the detachment of C-Nap from 

the centrioles at the beginning of mitosis is mediated by phosphorylation by Nek2 and C-Nap re-

localisation to the centrosomes at the end of mitosis occurs following it’s dephosphorylation by PP1 

[22], [49], [50], [54], [57].   

CypA undergoes a variety of PTMs that control various cellular functions, namely phosphorylation 

[149], [123], acetylation [151], [152] and methylation [148]. Having been reported that some of these 

PTMs affect intracellular localisation [150] and secretion [152].  Mc Gee lab revealed that CypA goes 

through a post translational modification during the cell cycle of cancer cells, as a mobility shift in the 

CypA protein is detected when resolved by SDS-PAGE, consistent with the reports described earlier. 

Further investigation revealed that this PTM is not due to phosphorylation as incubation of protein 

extracts with Calf-intestinal alkaline phosphatase (CIP) did not alter the mobility shift detected 

(unpublished data). Thus, the current study investigated CypA acetylation as a possible PTM at occurs 

in cancer cells and that may control its localisation to the centrosome and midbody. 

CypA is overexpressed in a wide range of tumour types where it provides a growth advantage 

and promotes tumour metastasis and chemoresistance [159]–[165], [157], [166], [167]. Importantly, 

however, CypA is not essential for normal mammalian cells viability [172] and a knockout mouse 

developed without any detectable abnormalities. Collectively this suggests that targeting CypA may 
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represent a novel approach to selectively kill cancer cells without having toxic side effects on normal 

cells, which could provide an important advantage over current chemotherapeutic agents. 

Nevertheless, to date, all CypA inhibitors target the active site of the enzyme, which is highly conserved 

across the cyclophilin family. Thus, available inhibitors do not selectively target CypA, most of the  

inhibitors have effects on other members of the Cyclophilins family [9]. This causes a problem since 

different members of the CypA family have different functions in the cell, for example CypD has been 

reported to have critical role in mitochondrial permeability transition in cell death, which is the cause of 

mitochondrial membrane rupture and consequential release of apoptotic mediators. A study show that 

mice lacking CypD gene are protected from oxidative stress-induced cell death whereas mice 

overexpressing this protein show less resistance compared to control [191], therefore an inhibitor of this 

protein could potentially have the same effect, contradicting the therapy. This shows that an 

improvement in the understanding of CypA function in cancer cells is fundamental to the development  

of new strategies for therapeutic intervention that selectively block this protein without targeting other 

members of the Cyclophilins family [9]. For example, targeting protein-protein interactions that regulate 

CypA localization and function, either directly or through blockage of important PTMs represents a novel 

strategy to block its function at the centrosome and midbody during cell division.  

The first approach taken in this project was to optimize the conditions for identification of post 

translational modifications within CypA during the cell cycle, and following oxidative stress which has 

been previously shown to increase CypA acetylation [152]. Acetylation has been reported as a PTM 

possible to identify by Western blotting, since previous reports show that protein acetylation increases 

protein mobility due to a neutralization of the positive of the ε-amino group of lysine cause by acetylation 

without significantly changing the molecular mass of the protein thereby increasing the negative charge 

of the SDS-protein complex [176]. Results, represented in Figure 3-5-A, showed two bands of CypA 

which correspond to different forms of the protein in the gel. The high mobility form is thought to 

correspond to the acetylated protein [176]. Results reveal the existence of the modified CypA during all 

stages of the cell cycle examined and following oxidative stress whereas, in contrast, the mobility of the 

related family member Cyclophilin B (CypB) remained unchanged during the cell cycle, suggesting that 

it does not undergo detectable PTMs using this method. The finding of a CypA doublet in all stages of 

the cell cycle examined is not surprising because while the serum starvation and Nocodazole treatment 

increased the proportion of cells in G1 and G2/M respectively, it did not synchronise the full population 

to these cell cycle stages, as showed in Figure 3-4. Further analysis of the results was performed with 

Image J software and results reveal the ratio of the intensity of high mobility band and slow mobility 

band. Oxidative stress induced by H2O2 increased in intensity of higher mobility band compared to 

control, which is consistent with previous data demonstrating CypA acetylation following oxidative 

stress [152]. Densitometry analysis also reveals that the greatest ratio of modification was detected in 

cells enriched for G2/M and following 1 hour release from Nocodazole when the majority of cells are in 

cytokinesis (as shown in [121] and by Mc Gee lab unpublished data).  This collective data can indicate 

that PTMs occurring at mitosis could potential regulate CypA localisation to distinct structures during 

mitosis and cytokinesis, and these PTMs are lost when cells exit cytokinesis. 
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Following these results, a combined biochemical and proteomic approach was adopted. Tagged 

CypA was overexpressed and immunoprecipitated from K562 cells, subjected to trypsin digestion and 

the peptides produced were analysed by mass spectrometry (MS) following by bioinformatics analysis. 

This approach has the advantage of possibly identifying a range of PTMs within CypA, and not 

exclusively acetylation. Furthermore, it is possible to identify the precise residue that undergoes a 

particular PTM. In addition, mass spectrometry analysis of immunoprecipitated CypA could also reveal 

the identity of putative CypA interacting proteins and novel substrates and/or provide new insight into 

its intracellular function during cytokinesis in mammalian cells.  Combined with a purification technique, 

MS has been previously described as successful technique to detect PTM in proteins of interest with 

considerable improvements in sensitivity over the past number of years. The analysis is based on mass-

to-charge ratio (m/z) of peptides derived from proteins, therefore represents a general method to 

identified modification that changes the molecular weight of these peptides [88]. Furthermore due to its 

stability and the size shift of 42 Da that causes in the peptide, acetylation is reportedly one of the easiest 

PTMs to detect by mass spectrometry [88], [192]. However, the success of this approach is dependent 

on generation of peptides that represent a large proportion or all of the protein, together with a relatively 

high abundance of PTM taking place. In this study CypA was not detected among acetylated proteins 

detected by MS and this may be explained by a number of reasons. The inability to detect low 

abundance PTMs by mass spectrometry is not uncommon due to the fact that the exact modified 

peptide must be detected. In other words, while it is possible to identify a protein from a small number 

of its peptides, the identification of a PTM requires the presence of the unique peptide where the PTMs 

occur in the MS/MS spectra and this can be difficult since all the peptides are not equally detected and 

depend on factors such as the peptide abundance and its proton affinity which is a function of its 

sequence and modifications [192]. To investigate if any of these factors contributed to the mass 

spectrometry data obtained, the identified sequence of CypA was obtained from Uniprot and compared 

with the output results from MaxQuant. Collective data analysis from Phosida and Uniprot, reveal that 

five lysine residues were identified as putative sites for acetylation. As evident in Figure 3-6, only lysine 

K44 was included in the peptides detected by mass spectrometry, thus the remaining four residues 

were excluded from the analysis in this experiment, two of which are strongly predicted to be acetylated 

having been confirmed in more specific experiments that targeted CypA [152].   

A common problem with mass spectrometry is the size of the fragments produced following 

digestion, for example very short peptides of only a few amino acids or very long peptides with more 

than thirty amino acids are often not detected by the instrument [88]. Considering this, it was important 

to confirm if trypsin cleavage of CypA produces fragments suitable for MS detection. PeptideCutter was 

used to predict the cutting sites of trypsin in CypA, results suggest that although trypsin is predicted to 

produce appropriate size fragments to mass spectrometry detection, an incomplete protein digestion, 

which represents another common problem in MS [186], occurred by the existence of a peptide detected 

by mass spectrometry between the positions 133 and 151 when positions 144 and 148 within CypA are 

cutting sites for this enzyme. Thus protein cleavage could be improved with the use of a second 

protease [193]. Additionally, some authors choose to ad Ca2+ to the sample to prevent the autolysis of 

trypsin, although the modified trypsin used in laboratories has a reduction of autolysis [186].  
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Another possible explanation for the MS data obtained could be the amount of protein present 

for mass spectrometry. Although this technique has a high sensitivity, the amount of protein in the 

sample can be related with the coverage. The final amount of protein present in the sample to be 

analysed by MS can be related with several variables such as the total protein in the original sample, 

the efficiency of protein extraction, digestion and peptide extraction [193]. Specifically, regarding 

peptide extraction, in this project, due to availability in the lab, a micro-C18 StageTips was used instead 

of a standard C18 thereby reducing sample volume as C18 and micro-C18 StageTips have a binding 

capacity, in optimal saturation conditions, of 5 g and 2 g respectively. Which means that the use of a 

C18 instead of a micro-C18 StageTip would more than double the amount of protein in the sample. It is 

important to note that the use of a C18 StageTip would introduce some changes in the protocol once 

the volume of elution would be bigger, namely it would be necessary to include an extra step of 

evaporation before the last step of resuspension in formic acid.  

In addition to possible identification of CypA PTMs, another advantage of this mass spectrometry 

approach is the ability to identify putative CypA-interacting proteins and/or substrates that may provide 

insight into its function during cytokinesis. A total of 23 proteins were found to interact with CypA during 

mitosis, which are listed in Table 4. Notably, CypA was found to interact with 5 different heterogeneous 

nuclear ribonucleoproteins, namely hnRNPC, hnRNPU, hnRNPM, hnRNPF and hnRNPH1, although 

none of this had been previously described as a CypA interactor, previous reports have shown that 

CypA interacts with hnRNPA2 in a CXCR4 mediated nuclear export of hnRNPA2 target by CypA 

phosphorylation. In this study CypA phosphorylation causes its localisation to the nucleus where it binds 

to hnRNPA2 triggering its nuclear export [150]. Furthermore, a study investigating  the localisation of 

heterogeneous nuclear ribonucleoproteins revealed that at mitosis they are localised to the 

chromosomes and spindle poles and they are also concentrated in the midbody at cytokinesis [194], 

thereby having a similar localisation pattern to the one described for CypA. Additionally, hnRNPU has 

also been reported to interact with Centromere protein W, a centrosome protein, and it is thought to 

contribute to kinetochore-microtubule attachment in mitotic cells [195]. Moreover another RNA related 

protein has been identified as a potential CypA interactor, DDX39, a member of DEAD box protein 

family that are putative RNA helicases, which has also been previously described as a centrosomal 

protein [196]. Although the function of RNA and RNA binding proteins at the centrosome needs further 

investigation, other RNA binding protein, such as RBM8A and MAGOH, have also been found at the 

centrosome [197]. Other proteins identified as CypA interactors have been found to localised to the 

centrosome and/or the midbody include Tropomyosin that has been reported to localise to the 

contractile ring in division cells [198], PARP-1 that localises to centrosomes and catalyses poly(ADP-

ribosyl)ation of centrosome proteins [199] and Tubulin that has been found in centrioles, mitotic spindle 

and midbody [200]. 

Furthermore, analysis of the 23 proteins using PANTHER which specifically classifies interacting 

proteins based on molecular function revealed that they function in catalytic activity, binding and 

transporter activity, which is consistent with known cyclophilin family function in protein folding and 

trafficking (reviewed in [119]). Additionally functions of structure molecule activity have been identified 

which is consistent with previous reports indicating that CypA may influence microtubule dynamics [171] 
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Thus, this study has identified a number of potential CypA interacting proteins by mass 

spectrometry however, a further study to validate these results will have to be performed, which is 

beyond the scope of this research project. This validation should be performed by co-

immunoprecipitation following by SDS-PAGE and Western blotting using commercially available 

antibodies that will specifically detect the putative interactors. Overall this will provide new important 

insight into CypA function during the cell cycle.  

To overcome challenges in the detection of CypA acetylation by mass spectrometry, an 

alternative approach of co-immunoprecipitation and Western blotting was used. GFP-tagged and 

FLAG-tagged full length CypA constructs were expressed and immunoprecipitated from cells in mitosis 

and examined for acetyl lysine binding. Alternatively, total lysine acetylated proteins were 

immunoprecipitated from cells and examined for CypA binding. CypA was found to co-

immunoprecipitate in the total acetylated lysine pulldown, suggesting that it is indeed acetylated. 

However, acetyl-lysine was not detected in the immunoprecipitation experiments using GFP or FLAG 

tagged CypA. Possible explanations include the presence of a tag on CypA may alter CypA structure 

and subcellular targeting, which in turn could influence binding to KATs and the overall extent of 

acetylation, as previously described for other proteins such as EB1 in which it has been showed that 

GFP tag interferes with this protein localisation and ability to bind to microtubules  [201], [202]. However, 

in order to draw conclusions, the experimental strategy would have benefited from a positive control for 

the acetyl lysine antibody, whereby they would be tested for their ability to detect acetyl lysine of a 

known acetylated protein such as histone [203]. Unfortunately a suitable antibody was not available in 

the lab. 

In more detail the strategy adopted in this project of immunoprecipitation of all lysine acetylated 

proteins was performed using the anti-acetyl-lysine antibody 9441 from Cell Signaling Technology that 

was described as being suitable for immunoprecipitation as well as Western blotting. In this experiment 

in order to show the success of the Immunoprecipitation assay it was necessary to probe the membrane 

with anti-acetyl-lysine antibody, since BioLegend antibody used in previous assay wasn’t found to be 

suitable, Cell Signalling’s anti-acetyl-lysine antibody was also used to probe the membrane. An 

important remark is that all the antibodies used in this assay were rabbit including the antibodies used 

for immunoprecipitation, this could cause a problem of the secondary antibody recognize the heavy and 

light chain of this antibodies obstructing the signal. For that reason, a Trueblot® secondary antibody 

was used, that prevents the binding to reduced antibody chains. In Figure 3-11-A acetylated protein 

was detected in the cell lysate that was prepared (lane 1). This is in contrast to section 3.4 where poor 

level of acetylated protein was detected in whole cell lysates. However, a different antibody was used 

in this experiment which appears better than the previous antibody. Nevertheless, following 

immunoprecipitation, a large amount of acetylated protein remained in the post-bind supernatant, with 

only a small proportion being immunoprecipitated which may be due to an insufficient quantity of 

antibody, and/or A/G protein agarose beads used for the immunoprecipitation. Importantly, a single 

band of 18 kDa was detected when blot was probed with anti-CypA (Figure 3-11-B) suggesting that 

CypA is acetylated on lysine and co-immunoprecipitates with proteins that have acetylated lysine 
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residues. The inclusion of a control experiment that includes a non-specific IgG will be important to 

validate these preliminary findings. 

Previous studies on CypA acetylation have described acetylation as an inhibitor of CypA function 

in in vitro studies [151] and as a stimulating of its secretion [152] in rat vascular muscle smooth cells, 

although the functional significance of acetylation is likely to differ depending on how it structurally alters 

the proteins, or triggers additional PTMs. Also, functional significance may be cell type specific as well 

as cell cycle dependent.   

Studies of acetylation in cancer cells have increased significantly in recent years with the 

discovery that many non-histone proteins targeted by acetylation are products of oncogenes or tumour 

suppressor genes and are directly involved in tumorigenesis, tumour progression and metastasis [103]. 

In light of these new findings, new therapies based in histone deacetylases (HDAC) or lysine 

acetyltransferases (KAT) inhibitors have been developed [204], [205]. Some examples include 

Curcumin, a polyphenolic compound from Curcuma longa that was shown to be a specific inhibitor of 

p300/CBP, this drug has been approved to clinical trial against several pathologies such as some 

mental disorders, leukaemia, haematological disorders among others [206]. Specifically for pancreatic 

cancer, Curcumin passed phase II of clinical trials [207]. Additionally, Vorinostat, a HDAC inhibitor, is 

approved by US Food and Drug Administration for the treatment of cutaneous T-Cell lymphoma, a 

general term for T-cell lymphomas that involve the skin, and other drugs as Depsipeptide and 

MGCD0103 have shown activity against lymphoma, leukemia and solid tumours being nowadays in 

advanced stages of clinical development [208].  

In conclusion, this study has revealed acetylation as a PTM within CypA during mitosis that may 

control its localisation and thus function during the cell cycle. Moreover, novel putative CypA-interacting 

proteins have been identified. Future work to decipher the precise location of CypA acetyl groups and 

determine a role for acetylation in the regulation of CypA localisation and function, together with 

validation of novel interacting proteins identified will greatly improve our understanding of CypA function 

in cancer cells and reveal novel therapeutic approaches.  
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5. Conclusions and Future work 

This project aimed to describe acetylation as a regulator of CypA function in the cell during the 

cell cycle. After its the conclusion, it is possible to say that the conditions were optimized to best identify 

the two forms of CypA in a Western blot, and that these conditions have revealed that a mitotic 

population of K562, specifically cells enriched for G2/M and cytokinesis have a higher percentage of 

CypA in the acetylated form.  

A number of approaches were taken to confirm acetylation as a PTM affecting CypA, including 

mass spectrometry, and immunoprecipitation conjugated with Western blotting of endogenous and 

exogenously expressed protein. Overall, it was found that endogenous CypA co-immunoprecipitates in 

the total acetylated lysine pulldown from mitotic cancer cells. In contrast, acetylation of tagged CypA 

was not detected, however, this is likely due to structural alterations caused by the tags that blocks 

accessibility to catalysing enzymes.  

Despite the immensely interesting results provided by this project, a lot of work remains to be 

done. Firstly a validation of the interactomics results needs to be achieved, with special focus on hnRNP 

proteins since previous reports have described a similar re-localisation to the one presented by CypA 

and one of the putative interactors found in this project, hnRNPU has also been previously reported to 

interact with Centromere protein W, this could be performed by co-immunoprecipitation following by 

SDS-PAGE and Western blotting using commercially available antibodies. Secondly, it is necessary to 

confirm acetylation by a different technique. A repetition of the mass spectrometry with an improved 

protocol to increase coverage would confirm this acetylation as well as give information regarding the 

specific residue in which this PTM occurs. Succeeding this study, an interesting approach is to mutate 

the putative acetylated residue with arginine, to block acetylation and investigate, by florescent 

microscopy, the effect on centrosome and midbody localisation as well as cytokinesis progression.  

Another interesting topic to investigate further would be which exact KAT is responsible for CypA 

acetylation, this can be possibly achieved by an interactomics study through mass spectrometry 

between CypAwt and the mutated CypA where the lysine residue would be replaced by an arginine and 

further confirmation with co-immunoprecipitation strategies conjugated with Western blotting. This 

information would contribute to the development of the specific therapies referred in the Section 4, such 

KAT inhibitors that target precisely the acetylation of CypA.  

 

  



49 
  

6. References  

 

[1] L. A. Torre, F. Bray, R. L. Siegel, J. Ferlay, J. Lortet-tieulent, and A. Jemal, “Global Cancer 

Statistics, 2012,” CA a cancer J. Clin., vol. 65, no. 2, pp. 87–108, 2015. 

[2] R. E. H. Geoffrey M. Cooper, The cell: a molecular approach, 2nd Editio. Boston, 2007. 

[3] D. Hanahan and R. A. Weinberg, “Hallmarks of cancer: The next generation,” Cell, vol. 144, no. 

5, pp. 646–674, 2011. 

[4] Z. N. Vermeulen,K.,Van Bockstaele,D.R.,Berneman, K. Vermeulen, D. R. Van Bockstaele, and 

Z. N. Berneman, “The cell cycle:a review of regulation,deregulation and therapeutic targets in 

cancer,” Cell Prolif., vol. 36, no. 3, pp. 131–149, 2003. 

[5] K. A. Schafer, “The Cell Cycle: A Review,” Vet. Pathol, vol. 35, pp. 461–478, 1998. 

[6] K. Collins, T. Jacks, and N. P. Pavletich, “The cell cycle and cancer,” vol. 94, pp. 2776–2778, 

1997. 

[7] D. O. Morgan, “Principles of CDK regulation,” Nature, vol. 374, no. 6518. pp. 131–134, 1995. 

[8] A. V Stone, K. S. Vanderman, J. S. Willey, L. David, T. C. Register, C. A. Shively, J. R. S. Jr, F. 

Loeser, C. M. Ferguson, T. D. Pollard, D. McCollum, C.-K. Hu, M. Coughlin, T. J. Mitchison, R. 

Rappaport, M. S. Bhutta, C. J. McInerny, and G. W. Gould, “Cytokinesis in Animal Cells,” Int. J. 

Mol. Sci., vol. 23, no. 1, pp. 169–214, 2016. 

[9] P. TM Lavin and M. M Mc Gee, “Cyclophilin function in Cancer; lessons from virus replication,” 

Curr. Mol. Pharmacol., vol. 9, no. 2, pp. 148–164, 2016. 

[10] D. McCollum, “Cytokinesis: The central spindle takes center stage,” Curr. Biol., vol. 14, no. 22, 

pp. 953–955, 2004. 

[11] R. A. Green, E. Paluch, and K. Oegema, “Cytokinesis in Animal Cells,” Annu. Rev. Cell Dev. 

Biol., vol. 28, no. 1, pp. 29–58, Nov. 2012. 

[12] C.-K. Hu, M. Coughlin, and T. J. Mitchison, “Midbody assembly and its regulation during 

cytokinesis,” Mol. Biol. Cell, vol. 23, no. 6, pp. 1024–1034, 2012. 

[13] M. Glotzer, “The 3Ms of central spindle assembly: microtubules, motors and MAPs.” 

[14] M. Carmena, M. Wheelock, H. Funabiki, and W. C. Earnshaw, “The Chromosomal Passenger 

Complex (CPC): From Easy Rider to the Godfather of Mitosis.” 

[15] S. Lekomtsev, K.-C. Su, V. E. Pye, K. Blight, S. Sundaramoorthy, T. Takaki, L. M. Collinson, P. 

Cherepanov, N. Divecha, and M. Petronczki, “Centralspindlin links the mitotic spindle to the 

plasma membrane during cytokinesis,” Nature, vol. 492, no. 7428, pp. 276–279, 2012. 

[16] S. N. Jordan and J. C. Canman, “Rho GTPases in animal cell cytokinesis: An occupation by the 

one percent,” Cytoskeleton, vol. 69, no. 11, pp. 919–930, 2012. 

[17] M. S. Bhutta, C. J. McInerny, and G. W. Gould, “Escrt function in cytokinesis: Location, Dynamics 

and regulation by mitotic kinases,” Int. J. Mol. Sci., vol. 15, no. 12, pp. 21723–21739, 2014. 

[18] J. A. Schiel, G. C. Simon, C. Zaharris, J. Weisz, D. Castle, C. C. Wu, and R. Prekeris, “FIP3-

endosome-dependent formation of the secondary ingression mediates ESCRT-III recruitment 

during cytokinesis,” Nat. Cell Biol., vol. 14, no. 10, pp. 1068–1078, Sep. 2012. 

[19] K. J. Barnum and M. J. O ’connell, “Cell Cycle Regulation by Checkpoints.” 



50 
  

[20] B. Novák, J. C. Sible, and J. J. Tyson, “Checkpoints in the Cell Cycle,” Encycl. Life Sci., 2003. 

[21] K. W. Kohn, “Molecular Interaction Map of the Mammalian Cell Cycle Control and DNA Repair 

Systems,” Mol. Biol. Cell, vol. 10, no. 8, pp. 2703–2734, 1999. 

[22] T. Mayor, Y. D. Stierhof, K. Tanaka, A. M. Fry, and E. A. Nigg, “The centrosomal protein C-Nap1 

is required for cell cycle-regulated centrosome cohesion,” J. Cell Biol., vol. 151, no. 4, pp. 837–

846, 2000. 

[23] J. Peters, “The Anaphase-Promoting Complex : Proteolysis in Mitosis and Beyond,” vol. 9, pp. 

931–943, 2002. 

[24] D. Mazia, “The Chromosome Cycle and the Centrosome Cycle in the Mitotic Cycle,” 1987, pp. 

49–92. 

[25] S. Doxsey, “Re-evaluating centrosome function,” Nat Rev Mol Cell Biol, vol. 2, no. 9, pp. 688–

698, Sep. 2001. 

[26] B. R. Mardin and E. Schiebel, “Breaking the ties that bind: New advances in centrosome 

biology,” J. Cell Biol., vol. 197, no. 1, 2012. 

[27] J. S. Andersen, C. J. Wilkinson, T. Mayor, P. Mortensen, E. A. Nigg, and M. Mann, “Proteomic 

characterization of the human centrosome by protein correlation profiling,” Nature, vol. 426, no. 

6966, pp. 570–574, Dec. 2003. 

[28] M. Bettencourt-Dias and D. M. Glover, “Centrosome biogenesis and function: centrosomics 

brings new understanding,” Nat. Rev. Mol. Cell Biol., vol. 8, no. 6, pp. 451–463, 2007. 

[29] Y. Bobinnec, A. Khodjakov, L. M. Mir, C. L. Rieder, B. Eddé, and M. Bornens, “Centriole 

disassembly in vivo and its effect on centrosome structure and function in vertebrate cells,” J. 

Cell Biol., vol. 143, no. 6, pp. 1575–1589, 1998. 

[30] G. Sluder, F. J. Miller, and C. L. Rieder, “Reproductive capacity of sea urchin centrosomes 

without centrioles,” Cell Motil. Cytoskeleton, vol. 13, no. 4, pp. 264–273, 1989. 

[31] P. Chang and T. Stearns, “[delta]-Tubulin and [epsiv]-tubulin: two new human centrosomal 

tubulins reveal new aspects of centrosome structure and function,” Nat Cell Biol, vol. 2, no. 1, 

pp. 30–35, 2000. 

[32] S. K. Dutcher, “The tubulin fraternity: Alpha to eta,” Curr. Opin. Cell Biol., vol. 13, no. 1, pp. 49–

54, 2001. 

[33] A. Paoletti, M. Moudjou, M. Paintrand, J. L. Salisbury, and M. Bornens, “Most of centrin in animal 

cells is not centrosome-associated and centrosomal centrin is confined to the distal lumen of 

centrioles.,” J. Cell Sci., vol. 109 ( Pt 1, pp. 3089–102, 1996. 

[34] G. M. Cooper and R. E. Hausman, The Cell: A Molecular Approach, 2nd editio. Sunderland 

(MA): Sinauer Associates;, 2007. 

[35] M. Bornens, “The Centrosome in Cells and Organisms,” Science (80-. )., vol. 335, no. 6067, pp. 

422–426, 2012. 

[36] M. M. Mogensen, A. Malik, M. Piel, V. Bouckson-Castaing, and M. Bornens, “Microtubule minus-

end anchorage at centrosomal and non-centrosomal sites: the role of ninein.,” J. Cell Sci., vol. 

113 ( Pt 1, no. 17, pp. 3013–23, 2000. 

[37] A. Kubo, H. Sasaki, A. Yuba-kubo, S. Tsukita, and N. Shiina, “Centriolar Satellites: Molecular 



51 
  

Characterization, ATP-dependent Movement Toward Centrioles and Possible Involvement in 

Ciliogenesis 7,” J. Cell Biol., vol. 147, no. 5, pp. 969–979, 1999. 

[38] A. Dammermann and A. Merdes, “Assembly of centrosomal proteins and microtubule 

organization depends on PCM-1,” J. Cell Biol., vol. 159, no. 2, pp. 255–266, 2002. 

[39] M. Bornens, “Centrosome composition and microtubule anchoring mechanisms,” Curr. Opin. 

Cell Biol., vol. 14, no. 1, pp. 25–34, 2002. 

[40] M. Takahashi, A. Yamagiwa, T. Nishimura, H. Mukai, and Y. Ono, “Centrosomal Proteins CG-

NAP and Kendrin Provide Microtubule Nucleation Sites by Anchoring Y -Tubulin Ring Complex,” 

Mol. Biol. Cell, vol. 13, no. September, pp. 3235–3245, 2002. 

[41] R. O. Y. R. Gould and G. G. Borisy, “MATERIAL IN CHINESE HAMSTER OVARY FORMATION 

From the Laboratory of Molecular Biology and the Department of Zoology , the University of The 

structure and function of the centrosomes from Chinese hamster ovary Downloaded from jcb . 

rupress . org on May 10 ,” J. Cell Biol., vol. 73, pp. 601–615, 1977. 

[42] A. Lupas, M. Van Dyke, and J. Stock, “Predicting coiled coils from protein sequences,” Science 

(80-. )., vol. 252, no. 5009, pp. 1162–1164, May 1991. 

[43] B. Delaval and S. J. Doxsey, “Pericentrin in cellular function and disease,” J. Cell Biol., vol. 188, 

no. 2, pp. 181–190, 2010. 

[44] A. Tibelius, J. Marhold, H. Zentgraf, C. E. Heilig, H. Neitzel, B. Ducommun, A. Rauch, A. D. Ho, 

J. Bartek, and A. Kramer, “Microcephalin and pericentrin regulate mitotic entry via centrosome-

associated Chk1,” J. Cell Biol., vol. 185, no. 7, pp. 1149–1157, 2009. 

[45] G. Keryer, O. Witczak, A. Delouvée, W. A. Kemmner, D. Rouillard, K. Taskén, and M. Bornens, 

“Dissociating the Centrosomal Matrix Protein AKAP450 from Centrioles Impairs Centriole 

Duplication and Cell Cycle Progression,” Mol. Biol. Cell, vol. 14, no. June, pp. 2436–2446, 2003. 

[46] S. P. Blagden and D. M. Glover, “Polar expeditions--provisioning the centrosome for mitosis.,” 

Nat. Cell Biol., vol. 5, no. 6, pp. 505–511, 2003. 

[47] L. Trinkle-Mulcahy and A. I. Lamond, “Mitotic phosphatases: no longer silent partners,” Curr. 

Opin. Cell Biol., vol. 18, no. 6, pp. 623–631, 2006. 

[48] P. R. Andreassen, F. B. Lacroix, E. Villa-Moruzzi, and R. L. Margolis, “Differential subcellular 

localization of protein phosphatase-1 α, γ1, and δ isoforms during both interphase and mitosis 

in mammalian cells,” J. Cell Biol., vol. 141, no. 5, pp. 1207–1215, 1998. 

[49] A. M. Fry, P. Meraldi, and E. A. Nigg, “A centrosomal function for the human Nek2 protein kinase, 

a member of the NIMA family of cell cycle regulators,” EMBO J., vol. 17, no. 2, pp. 470–481, 

1998. 

[50] A. M. Fry, T. Mayor, P. Meraldi, Y. D. Stierhof, K. Tanaka, and E. A. Nigg, “C-Nap1, a novel 

centrosomal coiled-coil protein and candidate substrate of the cell cycle-regulated protein kinase 

Nek2,” J. Cell Biol., vol. 141, no. 7, pp. 1563–1574, 1998. 

[51] N. R. Helps, X. Luo, H. M. Barker, and P. T. Cohen, “NIMA-related kinase 2 (Nek2), a cell-cycle-

regulated protein kinase localized to centrosomes, is complexed to protein phosphatase 1.,” 

Biochem. J., vol. 349, no. Pt 2, pp. 509–18, 2000. 

[52] J. Mi, C. Guo, D. L. Brautigan, and J. M. Larner, “Protein phosphatase-1α regulates centrosome 



52 
  

splitting through Nek2,” Cancer Res., vol. 67, no. 3, pp. 1082–1089, 2007. 

[53] L. Fletcher, G. J. Cerniglia, E. A. Nigg, T. J. Yend, and R. J. Muschel, “Inhibition of centrosome 

separation after DNA damage: a role for Nek2.,” Radiat. Res., vol. 162, no. 2, pp. 128–35, Aug. 

2004. 

[54] J. Yang, M. Adamian, and T. Li, “Rootletin Interacts with C-Nap1 and May Function as a Physical 

Linker between the Pair of Centrioles/Basal Bodies in Cells,” Mol. Biol. Cell, vol. 17, no. february, 

pp. 1033–1040, 2006. 

[55] L. Pelletier, E. O’Toole, A. Schwager, A. A. Hyman, and T. Müller-Reichert, “Centriole assembly 

in Caenorhabditis elegans,” Nature, vol. 444, no. 7119, pp. 619–623, 2006. 

[56] R. Kuriyama and G. G. Borisy, “Centriole Cycle in Chinese Hamster Ovary Cells as Determined 

by Whole-mount Electron Microscopy Preparation of Nuclear-Centrosome Complexes from 

lnterphase Cells and Free Centrosomes From Mitotic Cells and Cytoplasts Enucleation was 

done according to the,” J. Cell Biol., vol. 91, no. December, 1981. 

[57] A. J. Faragher and A. M. Fry, “Nek2A kinase stimulates centrosome disjunction and is required 

for formation of bipolar mitotic spindles,” Mol. Biol. Cell, vol. 14, no. july, pp. 2876–2889, 2003. 

[58] R. S. Hames and A. M. Fry, “Distinct Patterns of Expression in Mitosis,” Biovhemical J., vol. 85, 

pp. 77–85, 2002. 

[59] D. Pan, “Hippo signaling in organ size control.,” Genes Dev., vol. 21, no. 8, pp. 886–97, 2007. 

[60] B. R. Mardin, C. Lange, J. E. Baxter, T. Hardy, S. R. Scholz, A. M. Fry, and E. Schiebel, 

“Components of the Hippo pathway cooperate with Nek2 kinase to regulate centrosome 

disjunction,” Nat. Cell Biol., vol. 12, no. 12, pp. 1166–1176, 2010. 

[61] R. Habedanck, Y.-D. Stierhof, C. J. Wilkinson, and E. A. Nigg, “The Polo kinase Plk4 functions 

in centriole duplication,” Nat. Cell Biol., vol. 7, no. 11, pp. 1140–1146, 2005. 

[62] O. Cizmecioglu, M. Arnold, R. Bahtz, F. Settele, L. Ehret, U. Haselmann-Weiß, C. Antony, and 

I. Hoffmann, “Cep152 acts as a scaffold for recruitment of Plk4 and CPAP to the centrosome,” 

J. Cell Biol., vol. 191, no. 4, pp. 731–739, 2010. 

[63] M. Fournier, M. Orpinell, C. Grauffel, E. Scheer, J.-M. Garnier, T. Ye, V. Chavant, M. Joint, F. 

Esashi, A. Dejaegere, P. Gönczy, and L. Tora, “KAT2A/KAT2B-targeted acetylome reveals a 

role for PLK4 acetylation in preventing centrosome amplification,” Nat. Commun., vol. 7, p. 

13227, 2016. 

[64] W. Y. Tsang, A. Spektor, S. Vijayakumar, B. R. Bista, J. Li, I. Sanchez, S. Duensing, and B. D. 

Dynlacht, “Cep76, a centrosomal protein that specifically restrains centriole re-duplication,” Dev 

Cell, vol. 16, no. 5, pp. 649–660, 2009. 

[65] M. Barbelanne, A. Chiu, J. Qian, and W. Y. Tsang, “Opposing post-translational modifications 

regulate Cep76 function to suppress centriole amplification,” Oncogene, vol. 35, no. 41, pp. 

5377–5387, 2016. 

[66] S. Doxsey, W. Zimmerman, and K. Mikule, “Centrosome control of the cell cycle,” Trends Cell 

Biol., vol. 15, no. 6, pp. 303–311, 2005. 

[67] E. H. Hinchcliffe and G. Sluder, “‘It takes two to tango’: Understanding how centrosome 

duplication is regulated throughout the cell cycle,” Genes Dev., vol. 15, no. 10, pp. 1167–1181, 



53 
  

2001. 

[68] S. Dutertre, M. Cazales, M. Quaranta, C. Froment, V. Trabut, C. Dozier, G. Mirey, J.-P. Bouché, 

N. Theis-Febvre, E. Schmitt, B. Monsarrat, C. Prigent, and B. Ducommun, “Phosphorylation of 

CDC25B by Aurora-A at the centrosome contributes to the G2-M transition.,” J. Cell Sci., vol. 

117, no. 12, pp. 2523–31, 2004. 

[69] S. Tugendreich, J. Tomkiel, W. Earnshaw, and P. Hieter, “CDC27Hs colocalizes with CDC16Hs 

to the centrosome and mitotic spindle and is essential for the metaphase to anaphase transition,” 

Cell, vol. 81, no. 2, pp. 261–268, 1995. 

[70] M. Okuda, H. F. Horn, P. Tarapore, Y. Tokuyama, A. G. Smulian, P.-K. Chan, E. S. Knudsen, I. 

A. Hofmann, J. D. Snyder, K. E. Bove, and K. Fukasawa, “Nucleophosmin/B23 Is a Target of 

CDK2/Cyclin E in Centrosome Duplication,” Cell, vol. 103, no. 1, pp. 127–140, 2000. 

[71] H. A. Fisk and M. Winey, “The mouse Mps1p-like kinase regulates centrosome duplication,” 

Cell, vol. 106, no. 1, pp. 95–104, 2001. 

[72] M. Ohtsubo,  a M. Theodoras, J. Schumacher, J. M. Roberts, and M. Pagano, “Human cyclin E, 

a nuclear protein essential for the G1-to-S phase transition.,” Mol. Cell. Biol., vol. 15, no. 5, pp. 

2612–24, 1995. 

[73] Y. Matsumoto and J. L. Maller, “A Centrosomal Localization Signal in Cyclin E Required for 

Cdk2-Independent S Phase Entry,” Science (80-. )., vol. 306, no. 5697, pp. 885–888, 2004. 

[74] H. Nishitani and Z. Lygerou, “Control of DNA replication licensing in a cell cycle.,” Genes Cells, 

vol. 7, no. 6, pp. 523–534, 2002. 

[75] A. Krämer, N. Mailand, C. Lukas, R. G. Syljuåsen, C. J. Wilkinson, E. A. Nigg, J. Bartek, and J. 

Lukas, “Centrosome-associated Chk1 prevents premature activation of cyclin-B–Cdk1 kinase,” 

Nat. Cell Biol., vol. 6, no. 9, pp. 884–891, 2004. 

[76] M. Jackman, C. Lindon, E. A. Nigg, and J. Pines, “Active cyclin B1–Cdk1 first appears on 

centrosomes in prophase,” Nat. Cell Biol., vol. 5, no. 2, pp. 143–148, 2003. 

[77] H. Fujita, Y. Yoshino, and N. Chiba, “Regulation of the centrosome cycle,” Mol. Cell. Oncol., vol. 

3, no. 2, p. e1075643, 2016. 

[78] S. Duensing, B. H. Lee, P. Dal Cin, and K. Münger, “Excessive centrosome abnormalities 

without ongoing numerical chromosome instability in a Burkitt’s lymphoma.,” Mol Cancer, vol. 2, 

p. 30, 2003. 

[79] S. A. Godinho and D. Pellman, “Causes and consequences of aneuploidy in cancer,” Phil. Trans. 

R. Soc. B, vol. 369, no. 20130467, 2014. 

[80] W. L. Lingle, W. H. Lutz, J. N. Ingle, N. J. Maihle, and J. L. Salisbury, “Centrosome hypertrophy 

in human breast tumors: implications for genomic stability and cell polarity.,” Proc. Natl. Acad. 

Sci. U. S. A., vol. 95, no. 6, pp. 2950–5, 1998. 

[81] G. a Pihan, A. Purohit, and J. Wallace, “Centrosome Defects Can Account for Cellular and 

Genetic Changes That Characterize Prostate Cancer Progression Centrosome Defects Can 

Account for Cellular and Genetic Changes That Characterize Prostate Cancer Progression 1,” 

pp. 2212–2219, 2001. 

[82] G. a Pihan, A. Purohit, J. Wallace, H. Knecht, B. Woda, P. Quesenberry, and S. J. Doxsey, 



54 
  

“Centrosome Defects and Genetic Instability in Malignant Tumors Centrosome Defects and 

Genetic Instability in Malignant Tumors,” Cancer Res., vol. 58, pp. 3974–3985, 1998. 

[83] M. Giehl, A. Fabarius, O. Frank, A. Hochhaus, M. Hafner, R. Hehlmann, and W. Seifarth, 

“Centrosome aberrations in chronic myeloid leukemia correlate with stage of disease and 

chromosomal instability,” Leukemia, vol. 19, pp. 1192–1197, 2005. 

[84] J. L. Salisbury, C. M. Whitehead, W. L. Lingle, and S. L. Barrett, “Centrosomes and cancer,” 

Biol. Cell, vol. 91, no. 6, pp. 451–460, 1999. 

[85] B. Orr, K. M. Godek, and D. Compton, “Aneuploidy,” HHS Public Access - Curr Biol, vol. 29, no. 

13, pp. 538–542, 2015. 

[86] A. J. Holland and D. W. Cleveland, “Losing balance: the origin and impact of aneuploidy in 

cancer,” EMBO Rep., vol. 13, pp. 501–514, 2012. 

[87] B. A. Weaver and D. W. Cleveland, “Does aneuploidy cause cancer?,” Curr. Opin. Cell Biol., 

vol. 18, no. 6, pp. 658–667, Dec. 2006. 

[88] M. Mann and O. N. Jensen, “Proteomic analysis of post-translational modifications,” Nat. 

Biotechnol., vol. 21, no. 3, pp. 255–261, 2003. 

[89] C. T. Walsh, S. Garneau-Tsodikova, and G. J. Gatto, “Protein posttranslational modifications: 

The chemistry of proteome diversifications,” Angew. Chemie - Int. Ed., vol. 44, no. 45, pp. 7342–

7372, 2005. 

[90] A. Drazic, L. M. Myklebust, R. Ree, and T. Arnesen, “The world of protein acetylation.,” Biochim. 

Biophys. Acta, vol. 1864, no. 10, pp. 1372–401, Oct. 2016. 

[91] R. S. B. Clark, H. Bayir, and L. W. Jenkins, “Posttranslational protein modifications,” Crit. Care 

Med., vol. 33, no. Suppl, pp. S407–S409, 2005. 

[92] E. J. Nestler and P. Greengard, “Protein Phosphorylation is of Fundamental Importance in 

Biological Regulation,” 1999. 

[93] N. Chalhoub and S. J. Baker, “PTEN and the PI3-kinase pathway in cancer.,” Annu. Rev. Pathol., 

vol. 4, pp. 127–50, 2009. 

[94] A. S. Dhillon, S. Hagan, O. Rath, and W. Kolch, “MAP kinase signalling pathways in cancer,” 

Oncogene, vol. 26, no. 22, pp. 3279–3290, May 2007. 

[95] G. L. Baker, M. W. Landis, and P. W. Hinds, “Cdk cyclin-dependent kinase pRb Retinoblastoma 

protein Multiple Functions of D-Type Cyclins Can Antagonize pRb-Mediated Suppression of 

Proliferation,” Cell Cycle Landes Biosci. Cell Cycle, vol. 4, no. 2, pp. 330–338, 2005. 

[96] A. O. Helbig, S. Gauci, R. Raijmakers, B. van Breukelen, M. Slijper, S. Mohammed, and A. J. R. 

Heck, “Profiling of N-Acetylated Protein Termini Provides In-depth Insights into the N-terminal 

Nature of the Proteome,” Mol. Cell. Proteomics, vol. 9, no. 5, pp. 928–939, 2010. 

[97] B. Polevoda, S. Brown, T. S. Cardillo, S. Rigby, and F. Sherman, “Yeast N (alpha) -terminal 

acetyltransferases are associated with ribosomes,” J. Cell. Biochem., vol. 103, no. 2, pp. 492–

508, Feb. 2008. 

[98] B. Polevoda and F. Sherman, “N -terminal Acetylation of Eukaryotic Proteins,” J. Biol. Chem., 

vol. 275, no. 47, pp. 36479–36482, 2000. 

[99] T. V Kalvik and T. Arnesen, “Protein N-terminal acetyltransferases in cancer,” Oncogene, vol. 



55 
  

32, no. 3, pp. 269–276, Jan. 2013. 

[100] S. Zhao, W. Xu, W. Jiang, W. Yu, Y. Lin, T. Zhang, J. Yao, L. Zhou, Y. Zeng, H. Li, Y. Li, J. Shi, 

W. An, S. M. Hancock, F. He, L. Qin, J. Chin, P. Yang, X. Chen, Q. Lei, Y. Xiong, and K.-L. 

Guan, “Regulation of Cellular Metabolism by Protein Lysine Acetylation,” Science (80-. )., vol. 

327, no. 5968, pp. 1000–1004, 2010. 

[101] C. Choudhary, B. T. Weinert, Y. Nishida, E. Verdin, and M. Mann, “The growing landscape of 

lysine acetylation links metabolism and cell signalling,” Nat. Rev. Mol. Cell Biol., vol. 15, no. 8, 

pp. 536–550, 2014. 

[102] A. Lundby, K. Lage, B. T. Weinert, D. B. Bekker-Jensen, A. Secher, T. Skovgaard, C. D. 

Kelstrup, A. Dmytriyev, C. Choudhary, C. Lundby, and J. V Olsen, “Proteomic Analysis of Lysine 

Acetylation Sites in Rat Tissues Reveals Organ Specificity and Subcellular Patterns HHS Public 

Access,” Cell Rep. August, vol. 30, no. 22, pp. 419–431, 2012. 

[103] S. Spange, T. Wagner, T. Heinzel, and O. H. Krämer, “Acetylation of non-histone proteins 

modulates cellular signalling at multiple levels,” Int. J. Biochem. Cell Biol., vol. 41, no. 1, pp. 

185–198, 2009. 

[104] S. Y. Archer and R. A. Hodin, “Histone acetylation and cancer,” Curr. Opin. Genet. Dev., vol. 9, 

no. 2, pp. 171–174, 1999. 

[105] S. Shukla, G. T. MacLennan, P. Fu, J. Patel, S. R. Marengo, M. I. Resnick, and S. Gupta, 

“Nuclear factor-kappaB/p65 (Rel A) is constitutively activated in human prostate 

adenocarcinoma and correlates with disease progression.,” Neoplasia, vol. 6, no. 4, pp. 390–

400, 2004. 

[106] D. Lin, X. Dong, K. Wang, A. W. Wyatt, F. Crea, H. Xue, Y. Wang, R. Wu, R. H. Bell, A. Haegert, 

S. Brahmbhatt, A. Hurtado-Coll, P. W. Gout, L. Fazli, M. E. Gleave, C. C. Collins, and Y. Wang, 

“Identification of DEK as a potential therapeutic target for neuroendocrine prostate cancer,” 

Oncotarget, vol. 6, no. 3, pp. 1806–1820, Jan. 2015. 

[107] Y. Miyata, H. Nakamoto, and L. Neckers, “The therapeutic target Hsp90 and cancer hallmarks.,” 

Curr. Pharm. Des., vol. 19, no. 3, pp. 347–65, 2013. 

[108] J. Lechner and F. Wieland, “Structure and Biosynthesis of P : Rokaryotic,” pp. 173–194, 1989. 

[109] R. K. Upreti, M. Kumar, and V. Shankar, “Bacterial glycoproteins: Functions, biosynthesis and 

applications,” Proteomics, vol. 3, no. 4, pp. 363–379, 2003. 

[110] M. R. Wormald, A. J. Petrescu, Y. L. Pao, A. Glithero, T. Elliott, and R. A. Dwek, “Conformational 

Studies of Oligosaccharides and Glycopeptides: Complementary of NMR, X‐Ray 

Crystallography, and Molecular Modelling,” Chem. Rev., vol. 102, no. 2, pp. 371–386, 2002. 

[111] R. G. Spiro, “Protein glycosylation: nature, distribution, enzymatic formation, and disease 

implications of glycopeptide bonds,” Glycobiology, vol. 12, no. 4, p. 43R–56R, 2002. 

[112] J. Rini, J. Esko, and A. Varki, Glycosyltransferases and Glycan-processing Enzymes. Cold 

Spring Harbor Laboratory Press, 2009. 

[113] S. R. Stowell, T. Ju, and R. Cummings, “Protein Glycosylation in Cancer,” Annu. Rev. Pathol., 

vol. 10, no. 1, pp. 473–510, 2015. 

[114] I. Kümler, M. K. Tuxen, and D. L. Nielsen, “A systematic review of dual targeting in HER2-



56 
  

positive breast cancer,” Cancer Treat. Rev., vol. 40, no. 2, pp. 259–270, Mar. 2014. 

[115] W. K. Paik, D. C. Paik, and S. Kim, “Historical review: the field of protein methylation,” Trends 

Biochem. Sci., vol. 32, no. 3, pp. 146–152, 2007. 

[116] P. M. Das and R. Singal, “DNA methylation and cancer.,” J. Clin. Oncol., vol. 22, no. 22, pp. 

4632–42, Nov. 2004. 

[117] C. Poulard, L. Corbo, and M. Le Romancer, “Protein arginine methylation/demethylation and 

cancer.,” Oncotarget, vol. 7, no. 41, pp. 67532–67550, Oct. 2016. 

[118] Y. Kondo, L. Shen, and J.-P. J. Issa, “Critical role of histone methylation in tumor suppressor 

gene silencing in colorectal cancer.,” Mol. Cell. Biol., vol. 23, no. 1, pp. 206–15, Jan. 2003. 

[119] P. Nigro, G. Pompilio, and M. C. Capogrossi, “Cyclophilin A: a key player for human disease,” 

Cell Death Dis., vol. 4, no. 10, p. e888, 2013. 

[120] J. Jackman, P. M. O’Connor, F. Chevalier, J. Depagne, S. Hem, S. Chevillard, J. Bensimon, P. 

Bertrand, J. Lebeau, C. Choudhary, C. Kumar, F. Gnad, M. L. Nielsen, M. Rehman, T. C. 

Walther, J. V. Olsen, M. Mann, K. Osato, Y. Sato, T. Ochiishi,  a Osato, C. Zhu, M. Sato, J. 

Swanpalmer, N. Modjtahedi, G. Kroemer, H. G. Kuhn, K. Blomgren, J. W. Chin, P. TM Lavin, M. 

M Mc Gee, J. H. Bannon, D. S. O’Donovan, S. M. E. Kennelly, M. M. Mc Gee, M. Lammers, H. 

Neumann, J. W. Chin, L. C. James, E. Georgieva, R. Sendra, N. N. Soe, M. Sowden, P. 

Baskaran, Y. Kim, P. Nigro, E. M. Smolock, and B. C. Berk, “Apoptosis-inducing factor deficiency 

decreases the proliferation rate and protects the subventricular zone against ionizing radiation.,” 

Science (80-. )., vol. 1, no. 3, pp. 444–453, 2012. 

[121] J. H. Bannon, D. S. O’Donovan, S. M. E. Kennelly, and M. M. Mc Gee, “The peptidyl prolyl 

isomerase cyclophilin A localizes at the centrosome and the midbody and is required for 

cytokinesis,” Cell Cycle, vol. 11, no. 7, pp. 1340–1353, 2012. 

[122] P. A. M. Schmidpeter and F. X. Schmid, “Prolyl Isomerization and Its Catalysis in Protein Folding 

and Protein Function,” J. Mol. Biol., vol. 427, no. 7, pp. 1609–1631, Apr. 2015. 

[123] H. N. Cheng and F. A. Bovey, “Cis-Trans equilibrium and kinetic studies of acetyl-L-proline and 

glycyl-L-proline,” Biopolymers, vol. 16, no. 7, pp. 1465–1472, Jul. 1977. 

[124] P. Wang and J. Heitman, “The cyclophilins.,” Genome Biol., vol. 6, no. 7, p. 226, 2005. 

[125] T. L. Davis, J. R. Walker, V. Rie Campagna-Slater, P. J. Finerty, R. Paramanathan, G. Bernstein, 

F. Mackenzie, W. Tempel, H. Ouyang, W. H. Lee, E. Z. Eisenmesser, and S. Dhe-Paganon, 

“Structural and Biochemical Characterization of the Human Cyclophilin Family of Peptidyl-Prolyl 

Isomerases,” PLoS Biol, vol. 8, no. 7, 2010. 

[126] S. A. Helekar, D. Char, S. Neff, and J. Patrick, “Prolyl isomerase requirement for the expression 

of functional homo-oligomeric ligand-gated ion channels,” Neuron, vol. 12, no. 1, pp. 179–189, 

1994. 

[127] H. F. Lodish and N. Kong, “Cyclosporin a inhibits an initial step in folding of transferrin within the 

endoplasmic reticulum,” J. Biol. Chem., vol. 266, no. 23, pp. 14835–14838, 1991. 

[128] K. N. Brazin, R. J. Mallis, D. B. Fulton, and A. H. Andreotti, “Regulation of the tyrosine kinase Itk 

by the peptidyl-prolyl isomerase cyclophilin A,” Proc. Natl. Acad. Sci., vol. 99, no. 4, pp. 1899–

1904, 2002. 



57 
  

[129] A. H. Andreotti, P. L. Schwartzberg, R. E. Joseph, and L. J. Berg, “T-cell signaling regulated by 

the Tec family kinase, Itk.,” Cold Spring Harb. Perspect. Biol., vol. 2, no. 7, pp. 1–21, 2010. 

[130] R. . Handschumacher, M. . Harding, J. Rice, and R. . Drugge, “Specific Cytosolic Bidg Protein 

for Cyclosporin,” Science (80-. )., vol. 226, no. September, pp. 544–547, 1984. 

[131] F. Allain, A. Denys, and G. Spik, “Cyclophilin B mediates cyclosporin A incorporation in human 

blood T-lymphocytes through the specific binding of complexed drug to the cell surface.,” 

Biochem. J., vol. 317 ( Pt 2, pp. 565–70, 1996. 

[132] H. Ke, Y. Zhao, F. Luo, I. Weissman, and J. Friedman, “Crystal structure of murine cyclophilin 

C complexed with immunosuppressive drug cyclosporin A.,” Proc. Natl. Acad. Sci., vol. 90, no. 

24, pp. 11850–11854, 1993. 

[133] S. Y. Kim, M. S. Shim, K.-Y. Kim, R. N. Weinreb, L. A. Wheeler, and W.-K. Ju, “Inhibition of 

cyclophilin D by cyclosporin A promotes retinal ganglion cell survival by preventing mitochondrial 

alteration in ischemic injury,” Cell Death Dis., vol. 5, no. 3, p. e1105, 2014. 

[134] L. Palkowitsch, U. Marienfeld, C. Brunner, A. Eitelhuber, D. Krappmann, and R. B. Marienfeld, 

“The Ca2+-dependent phosphatase calcineurin controls the formation of the Carma1-Bcl10-

Malt1 complex during T cell receptor-induced NF-??B activation,” J. Biol. Chem., vol. 286, no. 

9, pp. 7522–7534, 2011. 

[135] D. Braaten, E. K. Franke, and J. Luban, “Cyclophilin A is required for an early step in the life 

cycle of human immunodeficiency virus type 1 before the initiation of reverse transcription,” J 

Virol, vol. 70, no. 6, pp. 3551–3560, 1996. 

[136] A. C. Saphire, M. D. Bobardt, and P. A. Gallay, “Host cyclophilin A mediates HIV-1 attachment 

to target cells via heparans.,” EMBO J., vol. 18, no. 23, pp. 6771–85, 1999. 

[137] S. M. O. Solbak, T. R. Reksten, R. Röder, V. Wray, O. Horvli, A. J. Raae, P. Henklein, P. 

Henklein, and T. Fossen, “HIV-1 p6-Another viral interaction partner to the host cellular protein 

cyclophilin A,” Biochim. Biophys. Acta - Proteins Proteomics, vol. 1824, no. 4, pp. 667–678, 

2012. 

[138] S. M. Solbak, V. Wray, O. Horvli, A. J. Raae, M. I. Flydal, P. Henklein, P. Henklein, M. Nimtz, U. 

Schubert, and T. Fossen, “The Host-Pathogen interaction of human cyclophilin A and HIV-1 Vpr 

requires specific N-terminal and novel C-terminal domains,” BMC Struct. Biol., vol. 11, no. 1, p. 

49, 2011. 

[139] X. Liu, L. Sun, M. Yu, Z. Wang, C. Xu, Q. Xue, K. Zhang, X. Ye, Y. Kitamura, and W. Liu, 

“Cyclophilin A interacts with influenza A virus M1 protein and impairs the early stage of the viral 

replication,” Cell. Microbiol., vol. 11, no. 5, pp. 730–741, 2009. 

[140] L. A. Gaither, J. Borawski, L. J. Anderson, K. A. Balabanis, P. Devay, G. Joberty, C. Rau, M. 

Schirle, T. Bouwmeester, C. Mickanin, S. C. Zhao, C. Vickers, L. Lee, G. Deng, J. Baryza, R. A. 

Fujimoto, K. Lin, T. Compton, and B. Wiedmann, “Multiple cyclophilins involved in different 

cellular pathways mediate HCV replication,” Virology, vol. 397, no. 1, pp. 43–55, 2010. 

[141] S. Nkongolo, Y. Ni, F. A. Lempp, C. Kaufman, T. Lindner, K. Esser-Nobis, V. Lohmann, W. Mier, 

S. Mehrle, and S. Urban, “Cyclosporin A inhibits hepatitis B and hepatitis D virus entry by 

cyclophilin-independent interference with the NTCP receptor,” J. Hepatol., vol. 60, no. 4, pp. 



58 
  

723–731, 2014. 

[142] A. P. V. Castro, T. M. U. Carvalho, N. Moussatche, and C. R. A. Damaso, “Redistribution of 

Cyclophilin A to Viral Factories during Vaccinia Virus Infection and Its Incorporation into Mature 

Particles,” J. Virol., vol. 77, no. 16, pp. 9052–9068, 2003. 

[143] E. K. Franke, H. E. H. Yuan, and J. Luban, “Specific incorporation of cyclophilin A into HIV-1 

virions,” Nature, vol. 372, no. 6504. pp. 359–362, 1994. 

[144] O. Cosnefroy, P. J. Murray, and K. N. Bishop, “HIV-1 capsid uncoating initiates after the first 

strand transfer of reverse transcription,” Retrovirology, vol. 13, no. 1, p. 58, 2016. 

[145] D. M. Sayah, E. Sokolskaja, L. Berthoux, and J. Luban, “Cyclophilin A retrotransposition into 

TRIM5 explains owl monkey resistance to HIV-1,” Nature, vol. 430, no. 6999, pp. 569–573, 2004. 

[146] D. Braaten and J. Luban, “Cyclophilin A regulates HIV-1 infectivity, as demonstrated by gene 

targeting in human T cells,” EMBO J., vol. 20, no. 6, pp. 1300–1309, 2001. 

[147] K. Zander, M. P. Sherman, U. Tessmer, K. Bruns, V. Wray, A. T. Prechtel, E. Schubert, P. 

Henklein, J. Luban, J. Neidleman, W. C. Greene, and U. Schubert, “Cyclophilin A Interacts with 

HIV-1 Vpr and Is Required for Its Functional Expression,” J. Biol. Chem., vol. 278, no. 44, pp. 

43202–43213, 2003. 

[148] F. Chevalier, J. Depagne, S. Hem, S. Chevillard, J. Bensimon, P. Bertrand, and J. Lebeau, 

“Accumulation of cyclophilin A isoforms in conditioned medium of irradiated breast cancer cells,” 

Proteomics, vol. 12, no. 11, pp. 1756–1766, 2012. 

[149] Z. L. Lin, H. J. Wu, J. A. Chen, K. C. Lin, and J. H. Hsu, “Cyclophilin A as a downstream effector 

of PI3K/Akt signalling pathway in multiple myeloma cells,” Cell Biochem. Funct., no. August, pp. 

566–574, 2015. 

[150] H. Pan, C. Luo, R. Li, A. Qiao, L. Zhang, M. Mines, A. M. Nyanda, J. Zhang, and G. H. Fan, 

“Cyclophilin A is required for CXCR4-mediated nuclear export of heterogeneous nuclear 

ribonucleoprotein A2, activation and nuclear translocation of ERK1/2, and chemotactic cell 

migration,” J. Biol. Chem., vol. 283, no. 1, pp. 623–637, 2008. 

[151] M. Lammers, H. Neumann, J. W. Chin, and L. C. James, “Acetylation regulates Cyclophilin A 

catalysis , immunosuppression and HIV isomerisation,” Nat. Chem. Biol., vol. 6, no. 5, 2013. 

[152] N. N. Soe, M. Sowden, P. Baskaran, Y. Kim, P. Nigro, E. M. Smolock, and B. C. Berk, 

“Acetylation of cyclophilin A is required for its secretion and vascular cell activation,” Cardiovasc. 

Res., vol. 101, no. 3, pp. 444–453, 2014. 

[153] V. Yurchenko, G. Zybarth, W. Wei Dai, G. Franchin, T. Hao, H. Guo, H.-C. Hungʈ, B. Toole, P. 

Gallayʈ, B. Sherry, and M. Bukrinsky, “Active Site Residues of Cyclophilin A Are Crucial for Its 

Signaling Activity via CD147*,” Publ. JBC Pap. Press, 2002. 

[154] K. Arora, W. M. Gwinn, M. A. Bower, A. Watson, I. Okwumabua, H. R. Macdonald, M. I. 

Bukrinsky, and S. L. Constant, “Extracellular Cyclophilins Contribute to the Regulation of 

Inflammatory Responses 1.” 

[155] Q. Xu, M. C. Leiva, S. A. Fischkoff, R. E. Handschumacher, and C. R. Lyttle, “Leukocyte 

chemotactic activity of cyclophilin,” J. Biol. Chem., vol. 267, no. 17, pp. 11968–11971, 1992. 

[156] D. Heinzmann, A. Bangert, A.-M. Müller, S. N. I. Von Ungern-Sternberg, F. Emschermann, T. 



59 
  

Schönberger, M. Chatterjee, A. F. Mack, K. Klingel, R. Kandolf, M. Malesevic, O. Borst, M. 

Gawaz, H. F. Langer, H. Katus, G. Fischer, A. E. May, Z. Kaya, and P. Seizer, “The Novel 

Extracellular Cyclophilin A (CyPA) - Inhibitor MM284 Reduces Myocardial Inflammation and 

Remodeling in a Mouse Model of Troponin I -Induced Myocarditis,” 2015. 

[157] D. Zhu, Z. Wang,  jian-J. Zhao, T. Calimeri, J. Meng, T. Hideshima, M. Fulciniti, Y. Kang, S. B. 

Ficarro, Y.-T. Tai, Z. Hunter, D. McMilin, H. Tong, C. S. Mitsiades, C. J. MWu, S. P. Treon, D. 

M. Dorfman, G. Pinkus, N. C. Munshi, P. Tassone, J. A. Marto, K. C. Anderson, and R. Carrasco, 

“The Cyclophilin A–CD147 complex promotes the proliferation and homing of multiple myeloma 

cells,” Nat. Med., vol. 21, no. 6, pp. 572–580, 2015. 

[158] C. Huang, Z. Sun, Y. Sun, X. Chen, X. Zhu, C. Fan, B. Liu, Y. Zhao, and W. Zhang, “Association 

of increased ligand cyclophilin A and receptor CD147 with hypoxia, angiogenesis, metastasis 

and prognosis of tongue squamous cell carcinoma,” Histopathology, vol. 60, no. 5, pp. 793–803, 

2012. 

[159] S. O. Lim, S.-J. Park, W. Kim, S. G. Park, H.-J. Kim, Y.-I. Kim, T.-S. Sohn, J.-H. Noh, and G. 

Jung, “Proteome Analysis of Hepatocellular Carcinoma,” Biochem. Biophys. Res. Commun., vol. 

291, no. 4, pp. 1031–1037, 2002. 

[160] M. Li, Q. Zhai, U. Bharadwaj, M. Wang, F. Li, W. E. Fisher, C. Chen, and Q. Yao, “Cyclophilin A 

is overexpressed in human pancreatic cancer cells and stimulates cell proliferation through 

CD147,” Cancer, vol. 106, no. 10, pp. 2284–2294, 2006. 

[161] H. Yang, J. Chen, J. Yang, S. Qiao, S. Zhao, and L. Yu, “Cyclophilin A is upregulated in small 

cell lung cancer and activates ERK1/2 signal,” Biochem. Biophys. Res. Commun., vol. 361, no. 

3, pp. 763–767, 2007. 

[162] M. Al-Ghoul, T. B. Bru, J. L. Lauer-fields, V. S. Asirvatham, C. Zapata, R. G. Kerr, G. B. Fields, 

and T. B. Brück, “Comparative proteomic analysis of matched primary and metastatic melanoma 

cell lines.,” J. Proteome Res., vol. 7, no. 9, pp. 4107–18, 2008. 

[163] E. S. Grigoryeva, N. V. Cherdyntseva, M. S. Karbyshev, V. V. Volkomorov, I. V. Stepanov, M. 

V. Zavyalova, V. M. Perelmuter, M. A. Buldakov, S. G. Afanasjev, S. A. Tuzikov, Y. A. Bukurova, 

N. A. Lisitsyn, and S. F. Beresten, “Expression of cyclophilin a in gastric adenocarcinoma 

patients and its inverse association with local relapses and distant metastasis,” Pathol. Oncol. 

Res., vol. 20, no. 2, pp. 467–473, 2014. 

[164] Y. Li, H. Guo, D. Dong, H. Wu, and E. Li, “Expression and prognostic relevance of Cyclophilin A 

and matrix metalloproteinase 9 in esophageal squamous cell carcinoma.,” Diagn. Pathol., vol. 

8, no. 1, p. 207, 2013. 

[165] Z. Li, X. Zhao, S. Bai, Z. Wang, L. Chen, Y. Wei, and C. Huang, “Proteomics identification of 

cyclophilin a as a potential prognostic factor and therapeutic target in endometrial carcinoma.,” 

Mol. Cell. Proteomics, vol. 7, no. 10, pp. 1810–1823, 2008. 

[166] S. Obchoei, S. M. Weakley, S. Wongkham, C. Wongkham, K. Sawanyawisuth, Q. Yao, and C. 

Chen, “Cyclophilin A enhances cell proliferation and tumor growth of liver fluke-associated 

cholangiocarcinoma,” Mol. Cancer, vol. 10, p. 102, 2011. 

[167] J. C. Kyu, J. P. Yu, J. L. Min, H. K. Jin, J. Ha, W. Choe, and S. K. Sung, “Overexpressed 



60 
  

cyclophilin A in cancer cells renders resistance to hypoxia- and cisplatin-induced cell death,” 

Cancer Res., vol. 67, no. 8, pp. 3654–3662, 2007. 

[168] B. A. Howard, R. Furumai, M. J. Campa, Z. N. Rabbani, Z. Vujaskovic, X. F. Wang, and E. F. 

Patz, “Stable RNA interference-mediated suppression of cyclophilin A diminishes non-small-cell 

lung tumor growth in vivo,” Cancer Res., vol. 65, no. 19, pp. 8853–8860, 2005. 

[169] S. Chen, M. Zhang, H. Ma, H. Saiyin, S. Shen, J. Xi, B. Wan, and L. Yu, “Oligo-microarray 

analysis reveals the role of cyclophilin A in drug resistance,” Cancer Chemother Pharmacol, vol. 

61, pp. 459–469, 2008. 

[170] S. Semba and K. Huebner, “Protein expression profiling identifies cyclophilin A as a molecular 

target in Fhit-mediated tumor suppression,” Mol Cancer Res, vol. 4, no. 8, pp. 529–538, 2006. 

[171] F. T. Bane, J. H. Bannon, S. R. Pennington, G. Campiani, D. C. Williams, D. M. Zisterer, and M. 

M. Mc Gee, “The Microtubule-Targeting Agents, PBOX-6 [Pyrrolobenzoxazepine 7-

[(dimethylcarbamoyl)oxy]-6-(2-naphthyl)pyrrolo-[2,1-d] (1,5)-benzoxazepine] and Paclitaxel, 

Induce Nucleocytoplasmic Redistribution of the Peptidyl-Prolyl Isomerases, Cyclophilin A and 

Pin1…,” J. Pharmacol. Exp. Ther., vol. 329, no. 1, 2009. 

[172] J. Colgan, M. Asmal, M. Neagu, B. Yu, J. Schneidkraut, Y. Lee, E. Sokolskaja, A. Andreotti, and 

J. Luban, “Cyclophilin A regulates TCR signal strength in CD4+ T cells via a proline-directed 

conformational switch in Itk,” Immunity, vol. 21, no. 2, pp. 189–201, 2004. 

[173] M. M. Bradford, “A rapid and sensitive method for the quantitation of microgram quantities of 

protein utilizing the principle of protein-dye binding,” Anal. Biochem., vol. 72, no. 1–2, pp. 248–

254, May 1976. 

[174] V. Yurchenko, T. Pushkarsky, J. H. Li, W. W. Dai, B. Sherry, and M. Bukrinsky, “Regulation of 

CD147 cell surface expression: Involvement of the proline residue in the CD147 transmembrane 

domain,” J. Biol. Chem., vol. 280, no. 17, pp. 17013–17019, 2005. 

[175] R. D. Barber, D. W. Harmer, R. A. Coleman, and B. J. Clark, “GAPDH as a housekeeping gene: 

analysis of GAPDH mRNA expression in a panel of 72 human tissues,” Physiol. Genomics, vol. 

21, no. 3, pp. 389–395, 2005. 

[176] E. Georgieva and R. Sendra, “Mobility of Acetylated Histones in Sodium Dodecyl,” Anal. 

Biochem., vol. 402, pp. 399–402, 1999. 

[177] J. Jackman and P. M. O’Connor, Methods for Synchronizing Cells at Specific Stages of the Cell 

Cycle. John Wiley & Sons, Ltd, 1998. 

[178] M. a Jordan, D. Thrower, and L. Wilson, “Effects of vinblastine, podophyllotoxin and nocodazole 

on mitotic spindles. Implications for the role of microtubule dynamics in mitosis.,” J. Cell Sci., 

vol. 102 ( Pt 3, pp. 401–416, 1992. 

[179] K. Pantopoulos and M. W. Hentze1, “Rapid responses to oxidative stress mediated by iron 

regulatory protein,” EMBO J., vol. 14, no. 12, pp. 2917–2924, 1995. 

[180] S. M. Keyse, L. A. Applegate, Y. Tromvoukis, and R. M. Tyrrell, “Oxidant Stress Leads to 

Transcriptional Activation of the Human Heme Oxygenase Gene in Cultured Skin Fibroblasts,” 

Mol. Cell. Biol., vol. 10, no. 9, pp. 4967–4969, 1990. 

[181] R. Mittler, “Oxidative stress, antioxidants and stress tolerance,” Trends Plant Sci., vol. 7, no. 9, 



61 
  

pp. 405–410, Sep. 2002. 

[182] M. Yoshidas, M. Kijima, M. Akita, and T. Beppu, “Potent and Specific Inhibition of Mammalian 

Histone Deacetylase Both in Vivo and in Vitro by Trichostatin A*,” vol. 265, no. 28, pp. 17174–

17179. 

[183] “Uniprot.” . 

[184] W. Zhu, J. W. Smith, and C. M. Huang, “Mass spectrometry-based label-free quantitative 

proteomics,” J. Biomed. Biotechnol., vol. 2010, 2010. 

[185] B. O. Keller, J. Sui, A. B. Young, and R. Whittal, Analytica Chimica Acta, Issue 1. Science Direct 

, 2008. 

[186] H. K. Hustoft, H. Malerod, S. R. Wilson, L. Reubsaet, E. Lundanes, and T. Greibrokk, “A Critical 

Review of Trypsin Digestion for LC-MS Based Proteomics,” Integr. Proteomics, pp. 73–92, 2010. 

[187] R. Cabatbat, K. Blomgren, and A. I. Faden, “Combined inhibition of cell death induced by 

apoptosis inducing factor and caspases provides additive neuroprotection in experimental 

traumatic brain injury,” PMC, vol. 46, no. 3, pp. 745–758, 2013. 

[188] T. P. Hopp, K. S. Prickett, V. L. Price, R. T. Libby, C. J. March, D. P. Cerretti, D. L. Urdal, and 

P. J. Conlon, “A Short Polpeptide Marker Sequence Useful For Recombinant Protein 

Identification And Purification,” Biotechnology, vol. 6. pp. 1204–1210, 1988. 

[189] H. Masumoto, D. Hawke, R. Kobayashi, and A. Verreault, “A role for cell-cycle-regulated histone 

H3 lysine 56 acetylation in the DNA damage response,” Nature, vol. 436, no. 7048, pp. 294–

298, Jul. 2005. 

[190] D. Perdiz, R. Mackeh, C. Po?s, and A. Baillet, “The ins and outs of tubulin acetylation: More 

than just a post-translational modification?,” Cell. Signal., vol. 23, no. 5, pp. 763–771, May 2011. 

[191] C. P. Baines, R. A. Kaiser, N. H. Purcell, N. S. Blair, H. Osinska, M. A. Hambleton, E. W. 

Brunskill, M. R. Sayen, R. A. Gottlieb, G. W. Dorn, J. Robbins, and J. D. Molkentin, “Loss of 

cyclophilin D reveals a critical role for mitochondrial permeability transition in cell death,” Nature, 

vol. 434, no. 7033, pp. 658–662, Mar. 2005. 

[192] C. E. Parker, V. Mocanu, M. Mocanu, N. Dicheva, and M. R. Warren, Neuroproteomics. CRC 

Press/Taylor&Francis, 2010. 

[193] M. A. Baldwin, “Protein Identification by Mass Spectrometry,” Mol. Cell. Proteomics, vol. 3, no. 

1, pp. 1–9, 2004. 

[194] D. He, T. Martint, and S. Penman, “Localization of heterogeneous nuclear ribonucleoprotein in 

the interphase nuclear matrix core filaments and on perichromosomal filaments at mitosis 

(resinless section electron microscopy),” Cell Biol., vol. 88, pp. 7469–7473, 1991. 

[195] Y. Chun, R. Kim, and S. Lee, “Centromere protein (CENP)-W interacts with heterogeneous 

nuclear ribonucleoprotein (hnRNP) U and may contribute to kinetochore-microtubule attachment 

in mitotic cells,” PLoS One, vol. 11, no. 2, 2016. 

[196] A. R. Tipton, K. Wang, P. Oladimeji, S. Sufi, Z. Gu, and S.-T. Liu, “Identification of novel mitosis 

regulators through data mining with human centromere/kinetochore proteins as group queries,” 

BMC Cell Biol., vol. 13, no. 1, p. 15, Jun. 2012. 

[197] Y. Ishigaki, Y. Nakamura, T. Tatsuno, M. Hashimoto, K. Iwabuchi, and N. Tomosugi, “RNA-



62 
  

binding protein RBM8A (Y14) and MAGOH localize to centrosome in human A549 cells,” 

Histochem. Cell Biol., vol. 141, no. 1, pp. 101–109, Jan. 2014. 

[198] J. A. I. Thoms, H. M. Loch, J. R. Bamburg, P. W. Gunning, and R. P. Weinberger, “A tropomyosin 

1 induced defect in cytokinesis can be rescued by elevated expression of cofilin,” Cell Motil. 

Cytoskeleton, vol. 65, no. 12, pp. 979–990, Dec. 2008. 

[199] M. Kanai, W.-M. Tong, E. Sugihara, Z.-Q. Wang, K. Fukasawa, and M. Miwa, “Involvement of 

Poly(ADP-Ribose) Polymerase 1 and Poly(ADP-Ribosyl)ation in Regulation of Centrosome 

Function,” Mol. Cell. Biol., vol. 23, no. 7, pp. 2451–2462, 2003. 

[200] G. Piperno, M. LeDizet, and X. Chang, “Microtubules containing acetylated α-tubulin in 

mammalian cells in culture,” J. Cell Biol., vol. 104, no. February, pp. 289–302, 1987. 

[201] E. Snapp, “Design and use of fluorescent fusion proteins in cell biology.,” Curr. Protoc. cell Biol., 

vol. Chapter 21, p. Unit 21.4, Jul. 2005. 

[202] S. B. Skube, J. M. Chaverri, and H. V. Goodson, “Effect of GFP tags on the localization of EB1 

and EB1 fragments in vivo,” Cytoskeleton, vol. 67, no. 1, pp. 1–12, 2010. 

[203] G. Liang, J. C. Y. Lin, V. Wei, C. Yoo, J. C. Cheng, C. T. Nguyen, D. J. Weisenberger, G. Egger, 

D. Takai, F. A. Gonzales, and P. A. Jones, “Distinct localization of histone H3 acetylation and 

H3-K4 methylation to the transcription start sites in the human genome.” 

[204] J. A. L. Brown, E. Bourke, L. A. Eriksson, and M. J. Kerin, “Targeting cancer using KAT inhibitors 

to mimic lethal knockouts,” Biochem. Soc. Trans., vol. 44, no. 4, pp. 979–986, 2016. 

[205] B. N. Singh, G. Zhang, Y. L. Hwa, J. Li, S. C. Dowdy, and S.-W. Jiang, “Nonhistone protein 

acetylation as cancer therapy targets,” Expert Rev. Anticancer Ther., vol. 10, no. 6, pp. 935–

954, 2010. 

[206] F. Manzo, F. P. Tambaro, A. Mai, and L. Altucci, “Histone acetyltransferase inhibitors and 

preclinical studies,” Expert Opin. Ther. Pat., vol. 19, no. 6, pp. 761–774, Jun. 2009. 

[207] N. Dhillon, B. B. Aggarwal, R. A. Newman, R. A. Wolff, A. B. Kunnumakkara, J. L. Abbruzzese, 

C. S. Ng, V. Badmaev, and R. Kurzrock, “Phase II trial of curcumin in patients with advanced 

pancreatic cancer,” Clin. Cancer Res., vol. 14, no. 14, pp. 4491–4499, 2008. 

[208] A. A. Lane and B. A. Chabner, “Histone deacetylase inhibitors in cancer therapy,” J. Clin. Oncol., 

vol. 27, no. 32, pp. 5459–5468, 2009. 

 

 

 



63 
  

7. Appendix 

7.1. Plasmid maps 

7.1.1. pEGFP-C1 

 

 

  

MCS 

SV40 poly(A) signal 

EGFP 

HSV TK poly(A) signal 

Figure 7-1- Map of the plasmid pEGFP-C1: CMV-Human cytomegalovirus promoter; EGFP- Enhancer 

green fluorescent protein gene; MCS: Multiple Cloning Site; SV40: early mRNA polyadenylation signal; f1 
single-strand DNA origin: packages the noncoding strand of EGFP; f1 origin for ssDNA production; SV40 origin 
of replication and early promotor; NEoR/KanR: Kanamycin/neomycin resistance gene; HSV TK poly(A): Herpes 
simplex virus thymidine kinase polyadenylation signal; ori: plasmid replication origin 
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7.1.2. pEGFP-CypA_WT 

   

EGFP 

CMV promoter 

stop codons 

SV40 poly(A) signal 

HSV TK poly(A) signal 

Figure 7-2: Map of the plasmid pEGFP-CypA: CMV-Human cytomegalovirus promoter; EGFP- Enhancer 

green fluorescent protein gene; MCS: Multiple Cloning Site; SV40: early mRNA polyadenylation signal; f1 single-
strand DNA origin: packages the noncoding strand of EGFP; CypA: Cyclophilin A protein gene; f1 origin for ssDNA 
production; SV40: origin of replication and early promotor; NEoR/KanR: Kanamycin/neomycin resistance gene; 
HSV TK poly(A): Herpes simplex virus thymidine kinase polyadenylation signal; ori: plasmid replication origin 
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7.1.3. p3XFLAG-CMV-10 

 

  

Figure 7-3: Map of the plasmid p3xFLAG-CMVTM-10: CMV: Human cytomegalovirus promotor: 3xFLAG: 

ATG-3xFLAG tag coding region; MCS: Multiple Cloning Site; hGH: hGH polyA signal sequence; SV40- SV40 origin 
and promoter region; NeoR/KanR: Kanamycin/neomycin resistance gene; AmpR: Ampicillin resistance gene; f1 
ori: f1 origin for ssDNA production 
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7.1.4. p3xFLAG-CypAWT 

 

Figure 7-4: Map of the plasmid p3xFLAG-CypA: CMV: Human cytomegalovirus promotor: 3xFLAG: ATG-

3xFLAG tag coding region; CypA: Cyclophilin A protein gene; hGH: hGH polyA signal sequence; SV40- SV40 
origin and promoter region; NeoR/KanR: Kanamycin/neomycin resistance gene; AmpR: Ampicillin resistance gene; 
f1 ori: f1 origin for ssDNA production 


