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Abstract 

Metastasis is a critical characteristic of aggressive human cancer, which is determined by 

the acquirement of increased cancer cell migration and invasion capabilities. Recent pub-

lished work indicated that supernumerary centrosomes, which are frequently seen in can-

cer cells, induce a paracrine signaling contributing to enhanced cell invasion in breast ep-

ithelial cells. Interestingly, our lab has identified a correlation between increased microtu-

bule plus end assembly rates in interphase cells and enhanced cell migration and invasion 

in colorectal cancer and melanoma cell lines suggesting that microtubule dynamics might 

be involved in the regulation of cancer cell migration and invasion. This Ph.D. thesis fo-

cused on the investigation of the role of supernumerary centrosomes on microtubule plus 

end assembly in melanoma and colorectal cancer cells and its involvement in paracrine 

signaling leading to increased microtubule growth rates and cell migration and invasion.  

I demonstrated that colorectal cancer and melanoma cells that exhibit increased microtu-

bule plus end growth rates in interphase show increased cell migration and invasion. More-

over, rescue experiments demonstrated a requirement of increased microtubule dynamics 

for migration and invasion in these cancer cells. Interestingly, these cancer-associated 

phenotypes were accompanied by the presence of a high proportion of cells with super-

numerary centrosomes. In fact, induction of supernumerary centrosomes was sufficient to 

trigger increased microtubule plus end assembly rates in interphase. Intriguingly, the ability 

to increase microtubule plus end assembly rates could be transferred onto non-invasive 

cells by paracrine signaling and this was found to be mediated by shedding microvesicles 

in a microtubule dynamics dependent manner. Finally, evidence was obtained that mi-

crovesicle-mediated increase of microtubule dynamics might involve HER2/ERK signaling.  

The data presented in this Ph.D. thesis indicate a requirement of abnormally increased 

microtubule dynamics for cancer cell migration and invasion and thus, for metastasis. Fur-

thermore, the shedding of cancer-relevant microvesicles and the induction of paracrine 

signaling dependents on microtubule plus end assembly rates in interphase and seems to 

be associated with an increased activity of HER2/ERK signaling. Thus, inhibition of 

HER2/ERK signaling or direct suppression of microtubule dynamics, e.g., by the treatment 

with microtubule targeting drugs including Taxol, may offer new possibilities for targeting 

metastasis in human cancer. 
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1. Introduction 

1.1. The Hallmarks of Cancer  

Cancer is one of the leading causes of deaths worldwide. In 2020, colorectal cancer and 

skin cancer (melanoma of skin) were the second and seventh most common cancer in 

both sexes of all ages in Europe, respectively (European Union, 2021). The development 

of therapy strategies in the battle against cancer shows a rising trend over the last dec-

ades. Nevertheless, it is still difficult to target and eliminate cancer cells specifically. Can-

cers are characterized by a mixture of specific traits (Figure 1.1) (Hanahan & Weinberg, 

2011).  

 

Figure 1.1 The hallmarks of cancer. Cancer cells are defined by a specific set of characteristics 
giving them a proliferation and survival advantage compared to normal cells. Modified from (Hana-
han & Weinberg, 2011). 

1.1.1. Evading growth suppression 

As illustrated in Figure 1.1, an important trait of cancer cells is to evade growth suppression 

by inactivating crucial cell cycle checkpoint regulators that are responsible for inhibiting 

cell cycle progression in case of unfavorable proliferation or survival conditions. The tumor 

suppressor TP53 is mutated or lost in more than 50 % of malignant tumors (Baugh et al., 

2018). In normal cells that are exposed to stress conditions, such as nutrition deficiency 

or DNA damage, the transcription factor p53 activates a plethora of genes, among them 

anti-cell cycle (e.g., CDKN1A) and pro-apoptotic (e.g., BAX) genes (Fischer, 2017). 
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However, cells with loss of function (LOF) mutations in TP53 progress uncontrolled 

through the cell cycle, even when cells are exposed to severe stress conditions, resulting 

in accelerated proliferation and tumor growth (Miller et al., 2016). Gain of function (GOF) 

mutations especially in the codons 175 and 273, so called hot spot regions, of the TP53 

gene locus result in a p53 variant that was implicated in promoting cancer progression. 

Mutations inhibiting the suppressive function of wildtype p53 are involved in promoting cell 

proliferation and foster epithelial-to-mesenchymal transition (EMT), a process that has 

been linked to increased cell motility (Zhang et al., 2020). The mutants p53 R175H and 

p53 R273H are also known to inactivate the family member and tumor suppressor p63 

(Novikov et al., 2021). 

Another commonly mutated or lost regulatory protein in cancer is the tumor suppressor 

Retinoblastoma (Rb) protein (Burkhart & Sage, 2008). Proliferating cells need to success-

fully surpass the G1/S restriction point to enter S phase. Cyclin dependent kinase 4 (Cdk4) 

and Cdk6 are activated by D-type cyclins at early G1 and phosphorylate the Rb protein. 

Phosphorylation of the Rb protein leads to the release of E2F1, a transcription factor for 

essential S phase and cell cycle regulatory genes like MYC and JUN (Bracken et al., 

2004). Mutations in the CDK4 and CDK6 gene loci are widespread among tumors and 

lead to hyperactivation of the kinases. Additional mutational changes in D-type cyclins and 

LOF mutations in genes encoding cell cycle inhibitors (e.g., INK4) result in uncontrolled 

signaling (Malumbres & Barbacid, 2009). 

1.2. Genome instability 

Normal cells can faithfully segregate their chromosomes and divide to become two daugh-

ter cells, therefore ensuring proper and unperturbed cell division. Genome instability and 

a high rate of mutational changes are one of the hallmarks of cancer (Figure 1.1).  

A tumor is composed of subpopulations of cancer cells, each equipped with different ge-

netic and physiological properties. Tumor heterogeneity is a major hallmark of cancer 

(Hanahan & Weinberg, 2011) and strongly promoted through chromosomal instability 

(Bakhoum & Landau, 2017). Chromosomal instability (CIN) is defined as the rate by which 

cancer cells acquire chromosomal abnormalities. Aneuploid cells can arise through chro-

mosomal instability and are defined by an abnormal chromosome number (Tijhuis et al., 

2019). Chromosomal instability can be subdivided into two forms: structural CIN (S-CIN) 

or whole CIN (W-CIN). S-CIN causes structural chromosome aberrations, whereas W-CIN 

leads to numerical aneuploidy. Numerical changes in the composition of chromosomes 

are the result of chromosome missegregation during mitosis, which can be caused by dif-

ferent defects (Sansregret & Swanton, 2017). 
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Numerical changes that result from chromosome missegregation can be initiated through 

mutations in genes encoding members of the spindle assembly checkpoint (SAC), a ma-

chinery ensuring that every kinetochore is bound by microtubules from opposing poles 

before sister chromatids are separated (Lara-Gonzalez et al., 2012). W-CIN is also in-

duced through an increased microtubule plus end assembly rate during mitosis, which 

leads to the formation of lagging chromosomes in anaphase (Ertych et al., 2014). Lagging 

chromosomes are the result of erroneous microtubule kinetochore attachments. In a nor-

mal cell, these attachments are amphitelic meaning that every centromere of a chromo-

somes is attached to spindles of opposing poles at the end of prometaphase (Godek et 

al., 2015). Monotelic attachments, where only one centromere of a chromosome is bound 

by microtubules, and syntelic attachments, where both centromeres of a chromosome are 

bound by microtubules from one pole, will not satisfy the SAC. This is associated with the 

initiation of the correction machinery or, if unresolvable, the induction of apoptosis and cell 

death (Khodjakov & Pines, 2010). Additionally, merotelic attachments are defined by the 

binding of microtubules from opposing poles to one centromere (Kelly & Funabiki, 2009). 

These erroneous attachments remain unrecognized by the microtubule-kinetochore sur-

veillance system and lead to the formation of lagging chromosomes, an important pre-

stage for chromosome missegregation, which leads to chromosomally instable cells and 

aneuploidy (Ertych et al., 2014, Ertych et al., 2016).  

Chromosomes missegregation can also arise through an erroneous establishment of the 

mitotic spindle caused by defective or overamplified centrosomes (Cosenza et al., 2017). 

Supernumerary centrosomes were found to be directly linked to merotelic attachments and 

the formation of lagging chromosomes (Ganem et al., 2009). 

Moreover, genome instability can lead to overexpression of oncogenes or loss of tumor 

suppressors thereby promoting tumorigenesis. For instance, overamplified growth factor 

receptor genes lead to an increased amount of growth factor receptors on the cell surface 

of cancer cells, which results in a cell proliferation and survival advantage compared to 

healthy cells. Overamplification of cell migration and invasion related genes results in can-

cer cells with enhanced invasiveness (Novikov et al., 2021). The co-occurrence of CIN and 

metastasis is in many cases associated with highly aggressive types of cancer character-

ized by low survival rates and a high probability of relapse (Bach et al., 2019; Pannu et al., 

2015). Metastasizing cells are characterized by increased cell migration and invasion, es-

sential cellular mechanisms that are explained in the next chapter. 
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1.3. Invasion and metastasis 

Cancer cells often leave the primary tumor and form metastases in distant organs (Figure 

1.1). The ability of cells to migrate and invade surrounding tissues is an important prereq-

uisite for metastasis.  

1.3.1. Metastasis 

Metastasis is one of the main causes for cancer-therapy failure and cancer-associated 

mortality, nevertheless, the molecular mechanisms of this process remain poorly under-

stood (Chaffer & Weinberg, 2011).  

Increased cell migration and invasion are crucial prerequisites for metastasis during can-

cer progression. A tumor cell needs to go through a multi-step process to successfully form 

metastases. First, cells disseminate from the primary tumor site by invading the surround-

ing tissue (Zhuyan et al., 2020). Intravasation into the blood stream allows tumor cells to 

circulate through the body. The cells can leave the blood circulation at the location of dis-

tant organs through extravasation and start to form a pre-metastatic niche, which will de-

velop to a micrometastasis until a stable metastatic colonization is established (Fares et 

al., 2020). 

1.3.2. Signaling at the leading edge of the cell  

Cell migration relies on the interplay between members of the cytoskeleton and the activity 

of cell surface receptors and is often the response to extracellular signals (Friedl & Alex-

ander, 2011). Protrusion and retraction are the main events during cell migration. The 

driving force for cell protrusion is the nucleation and polymerization of actin. Filamentous 

actin (F-actin) build out of single globular actin (G-actin) units are orientated filaments that 

grow at the plus end and push at the front of the cell (Svitkina, 2018). The members of the 

Rho GTPase family, Ras-related C3 botulinum toxin substrate 1 (Rac1), Ras homolog 

family member A (RhoA) and cell division cycle 42 (Cdc42), are the main mediators of cell 

migration. They activate downstream effectors by exchanging guanosine diphosphate 

(GDP) for guanosine triphosphate (GTP). The activity of the small GTPases is regulated 

by guanosine exchanging factors (GEFs), Rho GDP dissociation inhibitors (GDI) or 

GTPase activating proteins (GAP) (Watanabe et al., 2005).  

Rac1 and Cdc42 are recruited by GEFs like p21 activated protein kinase exchange factor 

alpha (bPIX) or T-lymphoma invasion and metastasis-inducing protein 1 (Tiam1) along 

microtubules to the leading edge of the cell. Rac1 will bind and activate the Wiskott-Aldrich-

Syndrome family verprolin homologous NPF protein (WAVE), whereas Cdc42 binds and 

activates the Wiskott-Aldrich-Syndrome (WASP) protein. Both proteins activate the Arp2/3 
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complex, which has been described to initiate actin nucleation and polymerization (Figure 

1.3) (Devreotes & Horwitz, 2015; Mayor & Etienne-Manneville, 2016). 

1.3.3. Contribution of actin and actin regulators during cell migration 

The actin cytoskeleton plays a crucial role in cell movement, during cytokinesis, and by 

strengthening the plasma membrane through its localization close to the cell cortex. F-

actin is a coiled chain of identical G-actin monomers with a diameter of approximately 6 

nm. F-actin is structured in a plus and a minus end, with more ATP-dependent growth at 

the plus end (Pollard, 2016). 

During cell migration, higher organization of actin chains is achieved in filopodia and la-

mellipodia, where actin appears in bundles or branches, respectively (Figure 1.2). Filopo-

dia are finger-like protrusions that interact with their surroundings through cell surface re-

ceptors, like growth factors receptors or integrins. Filopodia are characterized by parallel 

structured linear actin filaments. Formation and organization of filopodia is formin-depend-

ent (Mattila & Lappalainen, 2008). Formins are regulated by Rho GTPases, like RhoA and 

Cdc42. They activate the Rho effectors Diaphanous related formins (Drf), such as Drf 1 

and Drf 2, by binding to the N-terminal domain and removing the intramolecular autoinhi-

bition (Maiti et al., 2013). Formins contain a formin homology 2 (FH2) domain allowing 

them to directly bind to actin filaments. Actin bound formins can function as capping pro-

teins that add actin monomers to the growing strand by catching free actin dimers (Cour-

temanche, 2018).  

 

Figure 1.2 Organization of the actin network within a cell protrusion. The actin structure in 
lamellipodia appears branched, whereas filopodia are formed out of parallel arranged actin bundles 
that establish integrin based focal adhesions to the extracellular matrix. Filopodia are constantly 
integrating signals from their microenvironment. Modified from (Mattila & Lappalainen, 2008). 

Lamellipodia are thin and long branched actin protrusions that adhere to the substrate 

(Innocenti, 2018). Since large pushing forces are required for the formation of protrusions, 
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branched actin filaments increase the stiffness of the actin cytoskeleton. Actin related Arp2 

together with Arp3 and four other subunits form a complex that is known as the key player 

for branched actin filaments, the Arp2/3 complex. This complex links actin filaments in an 

angle of 70 °. The activation of the complex is controlled by the nucleation promotion factor 

(NPF), the Wiskott-Aldrich-Syndrome (WASP) protein and the small GTPase Rac and 

WASP family verprolin homologous NPF protein 1-3 (WAVE 1-3) (Figure 1.3) (Molinie & 

Gautreau, 2018). Since actin polymerization is a dynamic process, debranching can be 

achieved by conformational changes of the filaments, thereby reducing the affinity for the 

Arp2/3 complex. The actin depolymerizing factors (ADF) cofilin 1 and cofilin 2 belong to 

the ADF/cofilin family (Maiti et al., 2013). The ADF/cofilin complex preferentially binds to 

ADP bound F-actin and leads to the depolymerization of the filament, thereby enhancing 

the turn-over of actin monomers at the plus end. Free G-actin monomers are released and 

used for actin polymerization at other locations (Bravo-Cordero et al., 2013; Tanaka et al., 

2018).  

 

Figure 1.3 Signaling downstream of Rho GTPases. RhoA, Cdc42 and Rac1 are located at the 
plasma membrane and remain in an activate state when they are bound to guanosine triphosphate 
(GTP). RhoA and Cdc42 activate formins, such as Drf1 and Drf2, which will contribute to actin 
polymerization and microtubule stabilization. Cdc42 will bind and activate the Wiskott-Aldrich-Syn-
drome (WASP) protein, which is known to induce actin polymerization. Rac1 functions through the 
Wiskott-Aldrich-Syndrome (WASP) family verprolin homologous NPF protein (WAVE) in activating 
actin polymerization. Modified from (Møller et al., 2019). 

1.3.4. Invadopodia 

A cancer cell needs to invade the surrounding extracellular matrix (ECM) to escape from 

the primary tumor and successfully metastasize to distant organs. Growth factor induced 

formation of invadopodia is essential for the invasion to the ECM and can be structured 

into three phases (Figure 1.4). The initiation of invadopodia is associated with the Arp2/3 
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complex dependent nucleation and polymerization of actin. Initial integrin-based connec-

tions to the extracellular matrix are established (Murphy & Courtneidge, 2011). After ini-

tialization, actin filaments crosslink mainly mediated by the activity of WASP and cortactin 

during the stabilization phase (Augoff et al., 2020). Moreover, integrins connect to cortical 

actin bundles via adaptor proteins, become locally enriched, start to cluster, and develop 

focal contacts. This region of the invadopodium is also referred to as the outer adhesive 

ring, which was shown to be essential for secretion of proteinases (Branch et al., 2012). 

Different subclasses of integrins bind different parts of the extracellular matrix, e.g., a2b1 

integrins bind collagen fibers and a5b1 integrins bind fibronectin. The adaptor protein ty-

rosine kinase substrate 5 (Tsk5) localizes specifically to invadopodia and additionally an-

chors crosslinked actin filaments to the membrane, creating a stable 3D structure, which 

is also known as the actin rich core (Seals et al., 2005).  

 

Figure 1.4 Steps of invadopodia formation. Invadopodia are formed in response to growth factor 
stimulation, which is detected through receptor tyrosine kinases (RTK) anchored in the plasma 
membrane. During initiation, actin nucleation and polymerization is initialized and integrins, consist-

ing of an a- and b-subunit, establish connections to the extracellular matrix (ECM). During the sta-
bilization phase, WASP and cortactin initialize actin filament crosslinking. Integrins connect to the 
actin cytoskeleton through adaptor proteins, like tyrosine kinase substrate 5 (Tks5), and enhance 
the stability of the invadopodium. The maturation phase is characterized by the recruitment and 
microtubule dependent delivery of proteinases to degrade the ECM. Modified from (Murphy & 
Courtneidge, 2011). 

Maturation is the last step of invadopodia formation and is characterized by the elevated 

recruitment of surface proteinases, mainly matrix metalloproteinases (MMPs). MMPs me-

diate degradation of protein components of the ECM allowing the invasion of the tumor 

cells into the extracellular space (Friedl & Wolf, 2003). MMPs are zinc-dependent endo-

peptidases that are expressed cell type specifically and are specialized for the different 
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components of the ECM, e.g., collagenases and gelatinases cleave and denature colla-

gens, fibronectins, or gelatins (Cathcart et al., 2015). MMPs from different families exhibit 

a conserved structure consisting of a signal peptide at the N-terminal end, which is crucial 

for the localization of the proteinases, a propeptide and a catalytic domain. Additional mod-

ulations of the structure in form of hemopexins at the C-terminal end or fibronectin-like 

domains are specific for each family of MMPs. MMPs are either linked to the plasma mem-

brane with a transmembrane anchor and an extracellular domain (e.g., membrane type 1 

matrix metalloproteinases (MT1MMP)) or are secreted (e.g., MMP2 and MMP9) (Figure 

1.4) (Cathcart et al., 2015; Conlon & Murray, 2019). Many melanoma cell lines are char-

acterized by overexpression of MMPs explaining their highly invasive behavior connected 

with a poor prognosis for patients (Hofmann et al., 1999, Hofmann et al., 2000). 

1.3.5. The epithelial-to-mesenchymal transition 

The epithelial-to-mesenchymal transition (EMT) is an essential and initial process for tu-

mor cells to invade the surrounding tissue and escape from the primary tumor. Epithelial 

cells are well-organized in monolayers, have an apical to basal polarity, are mainly immo-

tile, and are characterized by tight cell-cell junctions to neighboring cells (Figure 1.5). 

These characteristic features are established through a specific gene expression profile, 

including increased expression of CDH1 (Epithelial cadherin), KRT18 (Cytokeratin-18) and 

LAMB1 (Laminin-1) (Yang et al., 2020). 

 

Figure 1.5 The process of epithelial-to-mesenchymal transition. Epithelial cells characterized 
by an apical to basal polarity and established cell-cell junctions undergo step-by-step the transition 
to the mesenchymal state by changing their gene expression profile and losing connection to the 
basement membrane and neighboring cells. Modified from (Dongre & Weinberg, 2019). 

Mesenchymal cells are spindle-shaped, less organized, due to missing connectivity to ad-

jacent cells more motile, and characterized by expression of mesenchymal genes, like 

CDH2 (Neuronal cadherin) and VIM (Vimentin) (Figure 1.5). These genes are upregulated 

by a specific elevated expression of master transcription factors, like SNAI1 (Snail), SNAI 

2 (Slug), and TWIST1 (Twist1), which repress the epithelial state and induce the mesen-

chymal state (Dongre & Weinberg, 2019). Usually, tumor cells remain in a part-epithelial, 
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part-mesenchymal state with a mixed gene expression profile and do not undergo a full 

transition (Dongre & Weinberg, 2019). 

1.3.6. The role of the microtubule cytoskeleton for cell migration and inva-

sion 

Microtubules are, like actin filaments, constituents of the cytoskeleton. They organize the 

transport of cargo and influence the orientation and organization of organelles within the 

cytoplasm of cells (Furey et al., 2020). They are key to the mitotic spindle that segregates 

chromosomes during mitosis (Meunier & Vernos, 2012). Furthermore, microtubules ac-

tively contribute to mechanisms involved during cell movement (Garcin & Straube, 2019). 

In the complex process of cell migration, the organization of the microtubule network 

changes significantly (Figure 1.6). 

 

Figure 1.6 Changes in the microtubule network before cell migration. A) The majority of mi-
crotubules in an unpolarized cell have their origin at the centrally positioned centrosome. Their 
distribution is radial and the microtubule plus ends are directed towards the cell cortex. B) The 
localization of the centrosome changes and microtubules are orientated towards the direction of 
cell migration. Modified from (Meiring et al., 2020). 

Interphase microtubules are mainly anchored at the centrosome. In an unpolarized cell, 

the centrosome is located in the cell center and microtubules are radially orientated with 

the microtubule plus ends directed towards the cell cortex. In preparation for cell migration, 

the centrosome relocates to the front of the cell nucleus, ensures the proper organization 

of the golgi complex, which functions as a non-centrosomal microtubule organizing center 

(Hao et al., 2020), and microtubules establish cell polarization by orientating their plus 

ends in the direction of cell migration (Meiring et al., 2020). 

Microtubules contribute to cell migration and invasion (Liao et al., 1995; Watanabe et al., 

2005) by mediating the transport of functional components to the protruding cell edge or 

by recycling adhesion molecules, such as integrins (Garcin & Straube, 2019; Kaverina & 
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Straube, 2011). The overexpression of integrin linked kinase (ILK), an essential kinase 

and adaptor protein localized to invadopodia, was associated with microtubule depolymer-

ization (Lim et al., 2013). The formins Drf1 and Drf2, activated by the small GTPases RhoA 

and Cdc42 (Figure 1.3), not only regulate actin nucleation and polymerization, but also 

function as microtubule regulators that cap and stabilize growing microtubule plus ends 

(Bartolini et al., 2008). The p21 activated kinase (PAK), a downstream effector of both 

small GTPases Rac1 and Cdc42, phosphorylates Stathmin (oncoprotein 18), which is usu-

ally known for its role in destabilizing microtubules. However, the phosphorylation of serine 

16 was shown to disable the activity of Stathmin leading to increased stabilization of grow-

ing microtubules (Watanabe et al., 2005). Growing microtubules transport and enrich 

GEFs and therefore increase the concentration of cortical Rac1 at the position where la-

mellipodia are about to be established. In turn, activated Rac1 influences microtubule 

growth by regulating microtubule associated proteins (MAPs), such as Stathmin (oncopro-

tein 18), CLIP associated proteins (CLASPs), and the cytoplasmic linker protein 170 

(CLIP-170). CLASPs are microtubule stabilizing factors that suppress microtubule dynam-

ics and CLIP-170 is a plus end interacting protein (Trogden & Rogers, 2015).  

1.4. Chromosomal instability and metastasis 

The state of aneuploidy, arising through chromosomal instability, changes the gene dos-

age of cells, thereby leading to dysregulated expression of oncogenes and tumor suppres-

sor genes (Kojima & Cimini, 2019). A plethora of genes regulating diverse cellular mech-

anisms can be affected. For instance, the gene expression landscape during the epithelial-

to-mesenchymal transition (EMT), a driver for metastasizing cells, is undergoing a variety 

of modifications. Chromosomally instable epithelial cells were shown to induce an invasive 

phenotype through the loss of essential intercellular junction proteins (Gao et al., 2016). A 

recent study analyzed the effect of single chromosome gains in the colorectal cancer cell 

line HCT116 and the outcome on invasive behavior. Gains of six different chromosomes 

were included in the study, from which the gain of chromosome 5 was shown to increase 

the invasiveness through inducing partial EMT and upregulation of matrix metalloprote-

ases (Vasudevan et al., 2020). 

A frequent pre-stage of chromosomal instability is the formation of lagging chromosomes 

during anaphase, which arise through merotelic attachments. Lagging chromosomes are 

exposed to torsional stress due to pulling forces emanating from opposing spindle poles. 

The torsional stress can lead to DNA damage or breakage, resulting in chromosome frag-

ments. These fragments are not included in the main nucleus and are often found in so 

called micronuclei (Thompson & Compton, 2011). Bakhoum and colleagues published 
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intriguing results demonstrating that micronuclei containing chromosome fragments are 

prone to rupture and can release DNA into the cytosol of cells. In consequence, the intrin-

sic DNA sensing machinery is activated. Cyclic GMP-AMP synthase (cGAS) acts as a 

DNA receptor and forms dimers by directly binding to cytosolic DNA. In this process, di-

merized cGAS produces the endogenous cyclic dinucleotide second messenger molecule 

– cGAMP, which activates the endoplasmic reticulum bound, transmembrane protein stim-

ulator of interferon genes (STING). Downstream effects of STING activation include the 

activation of the canonical nuclear factor k-light-chain enhancer (NF-kB) and mitogen ac-

tivated protein kinase (MAPK) signaling pathway and the activation of type I interferons, 

like interferon regulatory factor 3 (IRF3), usually leading to an innate immune response. 

Strikingly, tumor cells can suppress the immune response and upregulate only the non-

canonical NF-kB signaling to establish a pro-tumorigenic microenvironment (Bakhoum et 

al., 2018; Hopfner & Hornung, 2020). The activation of the non-canonical NF-kB signaling 

pathway is linked to increased nuclear localization of the transcription factor Rel-like do-

main-containing protein B (RelB) and the enhanced transcription of EMT promoting factors 

leading to the initialization of an invasive phenotype (Kendellen et al., 2014; Lee et al., 

2013). 

1.5. The microtubule cytoskeleton 

Since the microtubule cytoskeleton fulfills ubiquitous functions within the cell, the structure, 

associated proteins, and the contribution of microtubules to genome instability will be ex-

plained in detail. 

1.5.1. Structure and function of microtubules 

a/b-tubulin heterodimers form protofilaments in a head-to-tail manner, with a-tubulin pre-

sent at the minus end and b-tubulin exposed at the plus end. The minus end is orientated 

towards the centrosome, where a-tubulin directly binds to the g-tubulin ring complex (g-

TuRC). Microtubules are formed out of thirteen parallelly orientated protofilaments appear-

ing in a straw-like shape with a diameter of 25 nm, offering a large surface for molecular 

motor proteins to attach and transport cargo directionally along microtubules (Muroyama 

& Lechler, 2017). Microtubules are known for their dynamic instability, which describes 

phases of growth and shrinkage where guanosine triphosphate (GTP) bound heterodimers 

are added rapidly to the plus end leading to growth of the microtubule in one direction. 

GTP hydrolysis of incorporated tubulin leads to controlled catastrophe events and micro-

tubule shrinkage, happening preferentially near the cell cortex (Figure 1.7) (Roostalu & 

Surrey, 2017). The measurement of the rate by which microtubules grow using 
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fluorescence labelled end binding (EB) proteins, like EB1 or EB3, in combination with a 

live cell microscope offers insights into essential cellular processes (Zwetsloot et al., 

2018). 

 

Figure 1.7 Dynamic instability of microtubules. A) Guanosine triphosphate (GTP) bound a/b-
tubulin heterodimers and the subsequent hydrolysis of GTP to guanosine diphosphate (GDP). 
B) Microtubule protofilaments and plus end associated incorporation of GTP bound heterodimers 
(assembly), followed by GTP hydrolysis and induced catastrophe (disassembly). Modified from (Al-
Bassam & Chang, 2011). 

1.5.2. Microtubule plus end assembly affects chromosomal instability in 

cancer cells 

Our lab has identified a key mechanism leading to the formation of lagging chromosomes, 

a frequent pre-stage for chromosome missegregation, and chromosomal instability in hu-

man cancer. Interestingly, increased microtubule polymerization rates within the mitotic 

spindle were found to cause transient spindle mispositioning, thereby fostering kinetochore 

mal-attachments and chromosome missegregation (Ertych et al., 2014). Intriguingly, the 

lab found cancer-related upstream regulators that mediate an increased microtubule plus 

end assembly rate in mitotic cells. For instance, loss of the tumor suppressor Brca1 or loss 

of its positive regulator Chk2 is sufficient to trigger abnormal microtubule assembly rates 

resulting in lagging chromosomes, chromosome missegregation, and numerical aneu-

ploidy. Furthermore, overexpression of the kinase AURKA, which is known to negatively 

regulate Brca1, also triggered chromosomal instability by inducing deregulated microtu-

bule dynamics (Ertych et al., 2016; Stolz et al., 2010). 
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1.5.3. Function of microtubule associated proteins 

Microtubule associated proteins (MAPs) are known to bind to microtubules and affect their 

dynamics. Microtubule-associated motor proteins can transform chemical, ATP-based en-

ergy into mechanical energy resulting in their movement. Most of these motor proteins 

belong to the kinesin superfamily and are plus end directed (Hirokawa et al., 2009). Espe-

cially during cell movement, secretory vesicles and mRNAs encoding the actin regulator 

profilin or components of the Arp2/3 complex are transported from the center to the cell 

periphery where they are required at the leading edge. On the other hand, motor proteins 

are also essential for recycling adhesion molecules, like integrins, used during cell migra-

tion and invasion (Garcin & Straube, 2019). Other essential motor proteins, like the kinesin 

Eg5, function during mitosis to establish the mitotic spindle (Wordeman, 2010). 

Additional members of the family of MAPs are proteins of the Xenopus microtubule asso-

ciated protein 215 (XMAP215) and CLIP associated protein (CLASP) family that are char-

acterized by N-terminal tumor overexpressed genes (TOG) domains. Each TOG domain 

contains six structural HEAT repeat motifs and exhibits a high affinity to tubulin dimers 

(Byrnes & Slep, 2017). XMAP215, in humans also referred to as colonic and hepatic tumor 

overexpressed gene (chTOG) protein (gene name: CKAP5 - Cytoskeleton associated pro-

tein 5), is composed of five TOG arrays and affects interphase and mitotic microtubules 

by directly binding to the plus end and promoting the incorporation of tubulin dimers to the 

growing strand (Brouhard et al., 2008; Herman et al., 2020). As a cell proceeds through 

mitosis, chTOG together with the transforming acidic coiled-coiled protein 3 (TACC3) and 

clathrin is responsible for stabilizing microtubules at the kinetochore, therefore ensuring 

proper chromosome segregation and preventing chromosomal instability (Booth et al., 

2011). Furthermore, chTOG was found to cooperate with the g-tubulin ring complex during 

de novo microtubule nucleation at the centrosome (Thawani et al., 2018). The centrosome 

is the main organizing unit for microtubules and is also known as the microtubule organiz-

ing center (MTOC) of the cell. 

1.6. The Centrosome – the microtubule organizing center of the cell 

A normal cell in G1 phase of the cell cycle has one centrosome consisting of a mother 

centriole, also known as the basal body, and a daughter centriole. Before centriole dupli-

cation starts during S phase, the two centrioles disengage to become two independent 

mother centrioles that can act as a template for the formation of new daughter centrioles. 

After recruitment of microtubule nucleation factors to the centrosome during G2 phase, to 

ensure proper establishment of the mitotic spindle, the centrosomes start to move apart 
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and assemble the spindle during early mitosis. During cell division, every daughter cell will 

be equipped with one centrosome (Buchwalter et al., 2016; Conduit et al., 2015). 

1.6.1. Microtubule nucleation at the centrosome 

De novo microtubule nucleation takes place at the centrosome and depends on the g-

tubulin ring complex (g-TuRC). The formation of new microtubules is a kinetically unfavor-

able process, in which a large energy barrier must be overcome. g-tubulin is the main 

microtubule nucleator and forms together with g-tubulin complex proteins (GCP) a centro-

some linked docking station for a/b-tubulin heterodimers (Roostalu & Surrey, 2017). The 

microtubule polymerase chTOG interacts through its C-terminal domain with g-tubulin and 

‘catches’ with its N-terminal TOG-domains free a/b-heterodimers from the cytoplasm, 

therefore cooperating with g-tubulin, enabling the nucleation of microtubules and the es-

tablishment of the mitotic spindle (Thawani et al., 2018). 

1.6.2. Centrosomes as actin regulators 

The centrosome is not just known for its role in organizing microtubules, but also offers a 

nucleation platform for actin filaments. Studies demonstrated that actin regulatory proteins, 

like the Arp2/3 complex, cofilin, and the WASP and SCAR homologue (WASH), are en-

riched around the centrosome (Farina et al., 2016). The activity of the Arp2/3 complex 

close to the centrosome was shown to be essential to link the centrosome to the nucleus 

in interphase (LoMastro & Holland, 2019). 

Actin filaments can control and regulate microtubules at multiple levels, including altering 

the rates of growth or shrinkage and directing branching or alignment. Profilin 1, a major 

actin regulator that induces actin polymerization, is localized at the centrosome and neg-

atively regulates microtubule nucleation (Nejedlá et al., 2020). In reverse, microtubule plus 

end binding proteins, like EB1, were shown to actively modulate F-actin levels (Juanes et 

al., 2020). Considering these insights, the interactions between actin filaments and micro-

tubules are not only projected to the cell periphery, but happen also at the centrosome, 

especially right before and during mitosis (Farina et al., 2016, Farina et al., 2019). 

1.6.3. Centrosome duplication 

Centrosome duplication occurs during S phase. Cdk2-cyclin A and Cdk2-cyclin E activity 

is mandatory for successful entry into S phase and thus, for centrosome duplication 

(Gönczy, 2015). Centrioles within one centrosome separate from each other to become 

two independent mother centrioles, able to function as a template for new procentrioles 

(Figure 1.8A). Essential factors for proper centrosome duplication are the serine-threonine 
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protein kinase polo like kinase 4 (Plk4) as well as the proteins SCL/TAL interrupting locus 

(Stil) and spindle assembly abnormal protein 6 homolog (Sas-6). 

 

Figure 1.8 Centrosomal changes during cell cycle progression and the structure of the cart-
wheel during procentriole formation. A) Cells start in G1 phase with one centrosome consisting 
of two centrioles and the surrounding pericentriolar material (PCM). During S phase, the two cen-
trioles separate and each act as a template for the formation of a new daughter centriole. During 

G2 phase, PCM matures and accumulates g-tubulin ring complexes to ensure proper spindle as-
sembly. During early mitosis, centrosomes start to move apart and assembly the spindle for the 
upcoming chromosome segregation. Each daughter cell receives a centrosome, which in G1 phase 
again consists of one mother and one daughter centriole, ready for progression through the cell 
cycle. Modified from (Conduit et al., 2015). B) The central hub is surrounded by nine radial spokes, 
each connected to a microtubule triplet. Modified from (Azimzadeh & Marshall, 2010). 

The assembly of procentrioles is initialized by the Stil-dependent recruitment of Sas-6 to 

the mother centrioles. Sas-6 homodimers together with centromere protein J (Cenpj) and 

centrosomal protein 135 (Cep135) serve as the backbone of the cartwheel, a central hub 

with nine radial spokes (Figure 1.8B). Plk4 mediated phosphorylation of Sas-6 establishes 

the link between the procentriole cartwheel and the microtubule wall (Moyer & Holland, 

2019; Vulprecht et al., 2012). After procentriole initiation, procentrioles elongate during late 

S and early G2 phase and the pericentriolar material (PCM) starts to mature by increasing 

its size and recruiting a plethora of factors necessary for the establishment of the mitotic 

spindle. The cleavage of pericentrin leads to centriole disengagement in late G2 phase. 

Polo like kinase 1 (Plk1), cyclin dependent kinase 1 (Cdk1), and Aurora kinase A are es-

sential factors during centriole disengagement. Cdk1 in complex with G2/M cyclins acti-

vates the serine/threonine kinase Aurora A, which in turn stimulates Plk1, thereby inducing 

centriole/procentriole separation (Gönczy, 2015). The PCM is the microtubule anchoring 

matrix that surrounds the centrioles. The key regulator during the maturation process is 
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Plk1 that phosphorylates pericentriolar proteins. This leads to the accelerated recruitment 

of Cep192, Cep215, pericentrin, and g-tubulin from the cytosol to the centrosome to allow 

proper assembly of the spindle apparatus, ensure correct chromosome segregation and 

maintenance of chromosome stability (Buchwalter et al., 2016; Conduit et al., 2015; Men-

nella et al., 2014).  

1.7. Supernumerary centrosomes in cancer 

Centrosomes organize microtubules and contribute to the establishment of the mitotic 

spindle, cell polarity, cell morphology, and cell motility (Mittal et al., 2020). Dysregulation 

of these processes can have fatal consequences and are associated with the development 

of a variety of tumors and the progression of cancer (Chan, 2011). The main reason for 

the formation of supernumerary centrosomes is the deregulation of factors that participate 

in the duplication cycle of centrosomes, such as Plk4 and Sas-6 (Godinho & Pellman, 

2014). In normal cells, Plk4 kinase activity underlies a strict regulation to prevent possibly 

fatal errors during centriole duplication. Nevertheless, the PLK4 gene locus is mutated and 

overexpressed in a variety of cancers, such as colorectal and breast cancer (Kazazian et 

al., 2017; Liao et al., 2019; Shinmura et al., 2014; Zhang et al., 2021). Ectopic PLK4 over-

expression was shown to induce supernumerary centrosomes, chromosome missegrega-

tion, and tumor formation in mice (Levine et al., 2017). Overexpression of PLK4 accompa-

nied by p53 deficiency was associated with the increased formation of skin tumors in mice 

(Serçin et al., 2016). Furthermore, over-elongation of centrioles during G2 phase is asso-

ciated with fragmented centrosomes or ectopic procentriole formation leading to abnormal 

centrosome amplifications (Marteil et al., 2018). Apart from being overduplicated, super-

numerary centrosomes can also arise through aborted cell division or cell fusion (Nigg, 

2002).  

Besides its defined role during centriole duplication, PLK4 overexpression is also associ-

ated with enhanced cell migration and invasion in vitro. For instance, the activation of Plk4 

by the Cep85-Stil complex is essential for centriole duplication while also mediating the 

phosphorylation of the Arp2/3 complex subunit Arp2 at the leading edge of invasive cells 

(Kazazian et al., 2017; Liu et al., 2020). 

1.7.1. Supernumerary centrosomes and chromosomal instability 

Since persistent multipolar spindles arising from an abnormal number of centrosomes 

would lead to massive chromosome missegregation and chromosomal instability (CIN), 

cancer cells found a way to cope with an abnormal number of centrosomes (Ganem et al., 

2009). During interphase, multiple centrosomes are clustered close to the nucleus and 
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start to move apart at the beginning of prophase by surrounding the nucleus. After the 

nuclear envelope breakdown (NEB), centrosomes first form a multipolar spindle interme-

diate, which is followed by the establishment of a nearly perfect bipolar spindle, the so 

called pseudo-bipolar spindle (Ganem et al., 2009; Mittal et al., 2020). The non-essential 

kinesin motor protein Kifc1, a minus end directed kinesin 14 motor protein, plays an es-

sential role during the clustering process (Venuto et al., 2020). Kifc1 was shown to be 

overexpressed in breast, ovarian, and hepatocellular carcinoma to ensure proper cluster-

ing of centrosomes and survival of tumor cells. Inhibition of Kifc1 leads to a multipolar 

spindle and cell death, making it a potent target for cancer therapy (Fan et al., 2021; 

Krämer et al., 2011). Other motor proteins, like dynein and HSET, cooperate with nuclear 

mitotic apparatus (NuMA) protein to link and bundle the minus ends of microtubules re-

sulting in clustered poles (Kwon, 2016). Furthermore, signal transducer and activator of 

transcription 3 (Stat3) contributes to centrosome clustering in mammary tumor cells (Mor-

ris et al., 2017). However, even if cancer cells manage to establish a nearly perfect bipolar 

spindle, the multipolar spindle intermediate was shown to trigger the formation of merotelic 

attachments and lagging chromosomes, a frequent pre-stages of chromosome missegre-

gation leading to chromosomally instable cells (Mittal et al., 2020). 

1.7.2. Supernumerary centrosomes and cancer cell invasion 

An excess of centrosomes in cancer cells was shown to be associated with chromosomal 

instability and metastasis (Ganem et al., 2009). Centrosomes and emanating microtubules 

are essential for intracellular trafficking and regulate the spatial organization of organelles 

during interphase. Centrosome positioning dictates the position of the golgi apparatus and 

therefore regulates the route of secretory pathways within the cell (Gönczy, 2015). Cen-

trosomes with an abnormal size are characterized by a higher microtubule nucleation ca-

pacity, which leads to the formation of compact microtubule bundles that are favoring cell 

migration by promoting cell polarization (Mittal et al., 2020). 

Pellman and colleagues published an intriguing link between supernumerary centrosomes 

and the induction of invasiveness in human mammary epithelial cells. The study used a 

doxycycline inducible PLK4 overexpression system in MCF-10A cells leading to the induc-

tion of supernumerary centrosomes. Cells with an abnormal number of centrosomes 

formed more invasive protrusions when they were embedded in a 3D matrix. Interestingly, 

increased Rac1 activity further promoted invasiveness in cells with supernumerary centro-

somes (Godinho et al., 2014). Moreover, the Godinho lab showed that cells with an abnor-

mal number of centrosomes induce invasiveness in neighboring cells through a paracrine 

signaling (Figure 1.9). In fact, conditioned medium from cells with supernumerary 
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centrosomes was able to induce invasive protrusions in recipient cells. Cells with super-

numerary centrosomes were shown to exhibit a changed protein secretion profile com-

pared to cells with a normal number of centrosomes.  

 

Figure 1.9 Paracrine signaling triggers formation of invasive protrusions in recipient cells. 
Donor cells with a doxycycline inducible overexpression of PLK4 were shown to exhibit supernu-
merary centrosomes leading to the secretion of factors that will lead in recipient cells to the for-
mation of invasive structures (Arnandis et al., 2018). 

Of particular interest was the elevated secretion of interleukin 8 (IL8), growth/differentiation 

factor 15 (GDF-15), and angiopoietin like 4 (ANGPTL4), since treatment of mammary or-

ganoids with the combination of the three factors led to the induction of invasive protrusion. 

Furthermore, the group showed that the induction of supernumerary centrosomes in MCF-

10A cells led to an early stress response, detected by elevated levels of reactive oxygen 

species (ROS), which was shown to be directly linked to the secretion of the mentioned 

factors (Arnandis et al., 2018). Finally, it was demonstrated that the invasion triggering 

activity was dependent on the activity of the human epidermal growth factor receptor 2 

(HER2).  

1.8. Cell-cell communication 

Based on the observation that supernumerary centrosomes induce enhanced paracrine 

signaling, the Godinho lab showed in a recent publication that pancreatic cells with super-

numerary centrosomes secrete elevated levels of small extracellular vesicles. The induc-

tion of high levels of ROS in cells with more centrosomes (Arnandis et al., 2018) leads to 

defective lysosomes, which is associated with the enhanced fusion of multivesicular bod-

ies with the plasma membrane and thus, with an elevated release of small extracellular 

vesicles. The vesicles were shown to modulate the tumor microenvironment by activating 

pancreatic stellate cells, indicating an increased communication between different cell 

types. 
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1.8.1. Ways of cell-cell communication 

Communication between cells is essential and happens permanently. Cells can communi-

cate either through direct cell-cell contact or via secretion of soluble factors, which bind to 

surface receptors of the same or neighboring cells to trigger a response by activating sig-

naling pathways downstream of the receptor. Signaling affecting the same cell is referred 

to as autocrine signaling. If additional cells are involved, it is possible to distinguish be-

tween nearby signaling (juxtracrine), short distance (paracrine), and long distance (endo-

crine) signaling (Brücher & Jamall, 2014). 

Normal cells, as well as tumor cells, can secrete various factors into the surrounding mi-

croenvironment, which will not only modulate the behavior and abilities of the same or 

adjacent cells, but also modifies the microenvironment. It is well known that cytokines, 

chemokines, and hormones can be secreted directly by the cells and reach the same or 

adjacent cells in closer proximity by binding to appropriate receptors on the cell surface. 

Among different types of receptors, G protein coupled receptors (GPCR) and receptor 

tyrosine kinases (RTK) are most relevant in this regard (Gavi et al., 2006). 

1.8.2. Extracellular vesicles 

Cells do not only communicate through cell-cell contact or secreted soluble factors, but 

can also secrete membrane-based, actin rich extracellular vesicles that can transport 

cargo safely over longer distances (Menck et al., 2020). These vesicles can contain cyto-

kines, chemokines, and other signaling proteins, nucleic acids (e.g., DNA, RNA, mi-

croRNA), DNA bound histones, lipids, and receptors anchored in the membrane of the 

vesicles (Al-Nedawi et al., 2008; Mannavola et al., 2020; O’Brien et al., 2020; Schiera et 

al., 2016). Transmembrane receptors can be transported to adjacent cells and can be 

incorporated into the cell membrane of the target cell. Using this mechanism, cells can 

transmit tumorigenic features, like invasiveness, to neighboring cells (Arnandis et al., 

2018). However, the exact mechanism by which vesicles are formed and secreted is not 

completely understood.  

It is possible to distinguish between different types of vesicles based on their size, the 

speed by which they can be sedimented, the cargo they transport, and their location of 

synthesis. Based on the latter, it is possible to distinguish between ectosomes and exo-

somes. Exosomes with 50-150 nm are the smallest type of extracellular vesicles, which 

can be sedimented only at very high centrifugation accelerations of > 100000 x g. They 

originate from invagination of the plasma membrane. The fusion with other vesicles inside 

the cell will lead to the formation of multivesicular bodies (MVB), which can fuse again with 

the plasma membrane to release their content (Kalluri & LeBleu, 2020). The exact function 
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of exosomes remains to be identified, but it has been shown that cells can store cellular 

waste inside of exosomes and remove it through secretion (Rashed et al., 2017). In con-

trast, ectosomes are vesicles of medium and large size. Vesicles of medium size (100-

1000 nm) are so called microvesicles and sediment at 10000 to 20000 x g. Large on-

cosomes have a size of 1000-10000 nm and already sediment at 2000 x g.  

1.8.3. Ectosome shedding 

The ATP-dependent mechanism by which microvesicles are secreted is called plasma 

membrane budding. It is based on the relocation and exposure of phosphatidylserines 

(PS) to the outer membrane. Additionally, membrane regions where microvesicle budding 

occurs are characterized by a specific composition of lipids, mainly cholesterol, and are 

referred to as lipid rafts (Hurley et al., 2010; Muralidharan-Chari et al., 2010).  

The small GTPases Adenosine diphosphate-ribosylation factor 1 and 6 (Arf1, Arf6) and 

other members of the Rho and Ras related in brain (Rab) small GTPase family are essen-

tial for inducing actin rearrangements, recruitment of cargo to ectosomes, and shedding 

of ectosomes (Casalou et al., 2020). Ectosome shedding is based on the ATP-dependent 

interplay between the actin and myosin cytoskeleton. Arf6 activates its downstream effec-

tor, the extracellular signal-regulated kinase (ERK), which activates the myosin light chain 

kinase (MLCK) at the location of membrane budding. MLCK phosphorylates the myosin 

light chain (MLC) leading to the activation of the contractile machinery (Tricarico et al., 

2017). Additionally, ERK activity simultaneously leads to the stimulation of RhoA, which 

also activates MLC through the Rho associated protein kinase (ROCK) pathway (Tong et 

al., 2016). 

1.9. The HER2 signaling  

Conditioned medium from cells with supernumerary centrosomes induces the formation of 

invasive protrusions in target cells. Interestingly, this function was shown to involve human 

epidermal growth factor receptor 2 (HER2) signaling and the activation of the mitogen-

activated protein kinase (MAPK) signaling pathway in recipient cells (Arnandis et al., 

2018). HER2 and MAPK signaling are major oncogenic pathways with various functions. 

1.9.1. The oncogenic role of HER2 signaling 

The human epidermal growth factor receptor 2 (HER2) belongs to a family of four onco-

genic receptor tyrosine kinases – HER1, HER2, HER3, and HER4, also called ErbB1, 

ErbB2, ErbB3, and ErbB4, respectively. The receptors consist of an extracellular binding 

domain, multiple transmembrane regions, and intracellular domains with tyrosine kinase 
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activity (Iqbal & Iqbal, 2014). In mammalian cells, ligands for the receptors are members 

of the epidermal growth factor (EGF) family. Receptors of the HER family appear as mon-

omers. After ligand binding, receptors undergo dimerization and phosphorylate each other 

at their intracellular domain (Yarden & Sliwkowski, 2001). The phosphorylated tyrosine 

residues recruit signaling molecules to the plasma membrane and activate downstream 

signaling pathways, such as the mitogen activated protein kinase (MAPK) signlaing path-

way, the protein kinase C (PKC) and phosphatidylinositol-4,5-biphosphate 3-kinase (PI3K) 

pathway. HER2 is an incomplete receptor molecule. It lacks ligand binding activity and is 

mainly known for its role as a dimerization partner (Jeong et al., 2017; Moasser, 2007). 

Signaling downstream of the receptor is initiated through recruitment of SH2 domain con-

taining proteins, like src kinases, to the phosphorylated tyrosine residues of the receptors. 

Src kinases activate PI3K/AKT leading to the establishment of tumorigenic features, like 

increased proliferation, enhanced survival, upregulated metabolism, and invasiveness. 

Upregulated PI3K/AKT signaling can also lead to the deregulation of the G1/S restriction 

point by affecting D-type cyclins and p27 (Moasser, 2007).  

HER2 was shown to be overexpressed in 15 to 30 % of invasive breast and ovarian can-

cers with protein levels up to 40- to 100-fold higher in cancer cells compared to normal 

cells (Oh & Bang, 2020). Alternatively, HER2 mutations can lead to hyperactivation of the 

receptor dimerization and constitutively activated downstream signaling (Shi et al., 2021). 

HER2 activation has been shown to disrupt cell polarity and cell adhesion, resulting in 

increased cell motility, and triggering EMT (Gupta & Srivastava, 2014; Ingthorsson et al., 

2016). Accordingly, hyperactivated HER2 is associated with shorter disease free and over-

all survival of cancer patients. Monoclonal antibodies and small molecule inhibitors target-

ing HER2 show high effectiveness in the treatment of HER2 positive breast cancer cases. 

The monoclonal antibody trastuzumab binds to the extracellular domain of HER2. Antibody 

binding has several effects, like inhibition of dimerization, receptor degradation, and cellu-

lar cytotoxicity, resulting in decreased activation of the downstream signaling pathways 

PI3K/AKT and MAPK (Iqbal & Iqbal, 2014; Oh & Bang, 2020). 

1.10. The MAPK pathway downstream of HER2 activation 

The treatment of cells with conditioned medium from cells with supernumerary centro-

somes induced increased phosphorylation of extracellular signal-regulated kinases 1 and 

2 (ERK1 and ERK2) downstream of HER2 signaling, which was rescued using the selec-

tive MEK1/2 inhibitor PD98059 (Arnandis et al., 2018). The kinases ERK1 and ERK2 are 

known to alter cell proliferation, cell motility, and cell metabolism. Both kinases phosphor-

ylate serine-threonine residues of target proteins and belong to a family of structurally 



Introduction 

 

23 
 

related kinases, the mitogen-activated protein kinases (MAPK) (Guo et al., 2020). The 

signaling cascade is activated in response to growth factor binding to cell surface recep-

tors, like HER2. GTP bound Ras located at the plasma membrane in proximity to the re-

ceptor is activated and translocates rapidly accelerated fibrosarcoma (Raf) kinases to the 

plasma membrane leading to dimerization of the Raf kinase domain. Raf activates MEK 

by phosphorylation of its activation domain. At last, MEK phosphorylates ERK1 and ERK2 

(Figure 1.10) (Braicu et al., 2019; Guo et al., 2020; Lavoie et al., 2020). 

 

Figure 1.10 Mitogen activated protein kinase signaling pathway downstream of HER2. The 
binding of growth factors to HER2 dimerization partners leads to the dimerization and autophos-
phorylation of the receptors. Autophosphorylated receptors activate Ras, which will lead to the re-
cruitment of Raf to the plasma membrane. Raf will phosphorylate and activate MEK, which will in 
turn activate ERK. ERK fulfills a plethora of different functions by activating the transcription of 
essential cell cycle regulators and factors for cell growth and proliferation, cell migration and inva-
sion and cell metabolism. Modified from (Braicu et al., 2019). 

Activated ERK is known to regulate a plethora of genes, like JUN, FOS, MYC, EGF, and 

CREB (cAMP response element binding protein) (Braicu et al., 2019; Lavoie et al., 2020). 

Furthermore, ERK is known to phosphorylate and activate key components of the migra-

tion and invasion machinery. Among them are members of the family of small GTPases, 

like RhoA, known to activate formins and leading to the elongation of actin filaments (Tong 

et al., 2016). Moreover, ERK phosphorylates members of the WAVE complex, which is 

known to activate the Arp2/3 complex, essential for actin polymerization (Lavoie et al., 

2020). 
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Scope of the study 

The loss of TP53 and TP73 triggered both, abnormal microtubule dynamics and CIN sug-

gesting that p53 and p73 collaborate in mitosis to regulate microtubule assembly and chro-

mosome segregation. Moreover, it was demonstrated that a direct consequence of 

p53/p73 deficiency is the loss of the Cdk inhibitor p21Cip1 leading to accelerated activity of 

Cdk1. Unleashed Cdk1 activity causes abnormal microtubule plus end growth rates and 

chromosome missegregation, resulting in aneuploidy and whole chromosomal instability 

(Berger, 2016; Schmidt et al., 2021). Interestingly, the loss of TP53 and TP73 not only led 

to an increase in microtubule plus end growth rates during mitosis, but also changed mi-

crotubule plus end growth rates in interphase cells. Astonishingly, this abnormal microtu-

bule regulation was associated with an increase in cell migration and invasion in HCT116 

cells (Berger, 2016), indicating a connection between increased microtubule plus end as-

sembly rates and enhanced cell migration and invasion.  

This present study focuses on the link between increased microtubule plus end assembly 

rates in interphase and enhanced cell migration and invasion. Based on the published 

findings (Adams et al., 2021; Arnandis et al., 2018; Godinho et al., 2014), the study focuses 

on the question if increased microtubule plus end assembly is linked to aberrant centro-

some biogenesis and cell invasion, and if a microtubule growth rate dependent paracrine 

signaling pathway is involved in transferring cancer-relevant factors onto target cells lead-

ing to the deregulation of microtubule dynamics in interphase. 
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2. Material and Methods 

2.1. Material 

All standard materials used in the cell culture and daily laboratory work including falcon 

tubes, pipettes and filter tips, cell culture dishes and reaction tubes were purchased from  

- Greiner BioOne (Frickenhausen, Germany) 

- Sarstedt (Numbrecht, Germany) 

- Starlab (Hamburg, Germany) 

- Ibidi (Martinsried, Germany). 

2.2. Equipment 

Standard equipment and devices used for the research project are listed in Table 2.1. 

Table 2.1 Equipment 

Equipment Model Company 

Biological Safety Cabinet HERAsafe™ M Thermo Fisher Scientific,  

Karlsruhe, Germany 

Centrifuge, cooling Multifuge X3R Thermo Fisher Scientific,  

Karlsruhe, Germany 

Centrifuge, small Heraeus Pico 17  

Centrifuge 

Thermo Fisher Scientific,  

Karlsruhe, Germany 

Centrifuge, small cooling Heraeus Fresco 21  

Centrifuge 

Thermo Fisher Scientific,  

Karlsruhe, Germany 

Chemiluminescence  

Imaging 

Fusion-SL-3500.WL VWR International,  

Radnor, PA, USA 

Chemiluminescence  

Imaging 

Fusion FX Vilber Lourmat,  

Collégien, France 

Electroporation Device GenePulser Xcell© BioRad Laboratories,  

München, Germany 

Electrophoresis  

Power Supply 

EV231 Peqlab,  

Erlangen, Germany 

Heating Block TDB-120 Dry Block  

Thermostat 

Biosan,  

Riga, Latvia 

Incubator HERAcell 240  

CO2 Incubator 

Thermo Fisher Scientific,  

Karlsruhe, Germany 
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Incucyte IncucyteÒ S3 Live Cell 

Analysis System 

Essen BioScience Inc.,  

Ann Arbor, MI, USA 

Laboratory Scale Sartorius Research 

R200D 

Sartorius,  

Göttingen, Germany 

Magnetic Mixer IKAMAG© IKA Labortechnik,  

Stauffen, Germany 

Mass Spectrometer Q Exactive HF mass 

spectrometer 

Thermo Fisher Scientific,  

Karlsruhe, Germany 

Matrigelä Invasion  

Chamber 

BioCat Matrigelä  

Invasion Chamber 24-well 

Corning,  

New York, NY, USA 

Microscope (1) Delta Vision Elite© Applied Precision,  

Chalfont St. Giles, UK 

Microscope (2) Leica DMI6000B Leica, Wetzlar, Germany 

Microscope (3) Leica DM IL LED Leica, Wetzlar, Germany 

Microscope Camera (1) sCMOS camera GE Healthcare,  

Chalfront St. Giles, UK 

Microscope Camera (2) Leica DFC369 FX Leica, Wetzlar, Germany 

Microscope Camera (3) Leica EC3 12110026601 Leica, Wetzlar, Germany 

Migration Chamber ThinCerts,  

24 well, 8 µm pore size 

Greiner BioOne,  

Frickenhausen, Germany 

Multilabel Plate Reader Victor© X3 PerkinElmer, Rodgau, Germany 

Counting chamber Neubauer improved 

counting chamber,  

0.1 mm depth 

Superior Marienfeld,  

Lauda-Königshofen, Germany 

Pipettes Pipetman Gilson International,  

Limburg Offheim, Germany 

Pipettor Pipetboy 2 INTEGRA Biosciences, 

Zizers, Switzerland 

Semi-dry  

Blotting System 

Perfect Blue© Peqlab,  

Erlangen, Germany 

Spectrophotometer NanoDrop 2000 Thermo Fisher Scientific,  

Karlsruhe, Germany 

Thermomixer Thermomixer Comfort Eppendorf,  

Hamburg, Germany 

Vertical  

Electrophoresis System 

 Own manufacturing 

Vortex Mixer VORTEX-GENIE©2 Scientific Industries Inc.,  

Bohemia, NY, USA 
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Wet Blotting System Mini Trans-Blot®Cell BioRad Laboratories,  

München, Germany 

Wet Blotting System  Own manufacturing 

2.3. Chemicals and inhibitors 

Inhibitors and other chemicals applied in this study are listed in Table 2.2. 

Table 2.2 Chemicals and inhibitors 

Chemical Applied  

concentration 

Effect Company 

Adriamycin  

(Doxorubicin  

hydrochloride) 

600 nM Intercalates with the 

DNA backbone and in-

duces DNA damage  

Santa Cruz,  

Dallas, TX, USA 

Canertinib  1 µM Irreversible inhibitor of 

EGFR and ErbB2 

Selleck Chemicals,  

Houston, TX, USA 

CVT313 100 nM Inhibitor of Cdk2 Santa Cruz,  

Dallas, TX, USA 

Collagen I, rat tail 2 mg/ml Extracellular matrix for 

3D spheroid assay 

Enzo Life Science,  

Farmingdale, NY, USA 

Dimethylenastron 

(DME) 

2 µM Inhibitor of kinesin Eg5 Calbiochem,  

La Jolla, CA, USA 

Matrigelä 8-12 mg/ml Extracellular matrix for 

3D spheroid assay 

Corning,  

New York, NY, USA 

Mounting  

medium 

 Coating of immunofluo-

rescence staining’s 

Vector Laboratories, Inc., 

Peterborough, UK 

Nitrocellulose  

membrane 

 Membrane for  

western blotting 

GE Healthcare,  

Chalfront St., Giles, UK 

PD0332991  

(Isethionate) 

75 nM Inhibitor of Cdk4 Sigma-Aldrich,  

Taufkirchen, Germany 

PD98059 20 µM Inhibitor of MEK1  

and MEK2 

Tocris Bioscience,  

Bristol, UK 

RO3306 1 µM Inhibitor of Cdk1 Santa Cruz,  

Dallas, TX, USA 

SCH-527123 100 nM Antagonist of the IL8  

receptor CXCR1/2 

MedChemExpress, Mon-

mouth Junction, NJ, USA 

Taxol 0.2 nM 

(HCT116), 0.5 

nM (melanoma) 

Microtubule  

stabilizing drug 

Sigma-Aldrich,  

Taufkirchen, Germany 
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Trastuzumab 40 µM Neutralizing monoclonal 

antibody for HER2 

Kindly provided by Prof. 

Gerald Wulf (Göttingen, 

Germany) 

2.4. Software 

Software used to analyze and visualize the data is listed in Table 2.3. 

Table 2.3 Software 

Software Company 

Graph Pad Prism 6.0 GraphPad Software, San Diego, CA, USA 

Incucyteâ Base Software Essen BioScience Inc., Ann Arbor, MI, USA 

ImageJ NIH Image, Bethesda, MD, USA 

Leica Application Suite 2.7.3.9723 Leica, Wetzlar, Germany 

Leica LAS EZ Leica, Wetzlar, Germany 

Soft Worx 6.0 Software Suite and Soft Worx 

Explorer 1.3.0 

Applied Precision Inc., Issaquah, WA, USA 

2.5. Primary Antibodies  

Table 2.4 shows primary antibodies with information about the host, clonality, and dilutions 

for indicated methods. 

Table 2.4 Primary antibodies 

Antigen Host Clonality Used 

for 

Dilution Catalog 

number 

Company 

α-Tubulin 

(B-5-1-2) 

mouse monoclonal WB, 

IF 

1:700 (IF) 

1:1000 (WB) 

#sc-23948 Santa Cruz,  

Dallas, TX, 

USA 

α-Tubulin rabbit polyclonal IF 1:700 (IF) #ab18251 Abcam,  

Cambridge, UK 

β-actin 

(AC-15) 

mouse monoclonal WB 1:6000 #A5441 Sigma Aldrich, 

Taufkirchen, 

Germany 

γ-Tubulin 

(GTU88) 

mouse monoclonal WB, 

IF 

1:1000 (IF) 

1:500 (WB) 

#T6557 Sigma Aldrich, 

Taufkirchen, 

Germany 
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Cep192 rabbit polyclonal WB 1:500 #A302324A Bethyl Labora-

tories, Mont-

gomery, TX, 

USA 

chTOG  

(H-4) 

mouse monoclonal WB 1:400 #sc-374394 Santa Cruz,  

Dallas, TX, 

USA 

Cyclin D1 

(HD11) 

mouse monoclonal WB 1:400 #sc-246 Santa Cruz,  

Dallas, TX, 

USA 

E2F1  

(KH95) 

mouse monoclonal WB 1:400 #sc-251 Santa Cruz,  

Dallas, TX, 

USA 

GFP  

(GF28R) 

mouse monoclonal WB 1:2000 #MA515256 Thermo Fisher 

Scientific, 

Karlsruhe, Ger-

many 

p21CIP1 

(DCS60) 

mouse monoclonal WB 1:1000 #2946 Cell Signaling, 

Danvers, MA, 

USA 

p53  

(DO-1) 

mouse monoclonal WB 1:500 #sc-126 Santa Cruz,  

Dallas, TX, 

USA 

p73  

(EP436Y) 

rabbit monoclonal WB 1:1000 #ab40658 Abcam,  

Cambridge, UK 

Plk4  

(6H5) 

mouse monoclonal WB 1:400 #MABC544 Merck Millip-

ore, Darmstadt,  

Germany 

Rb  

(IF-8) 

mouse monoclonal WB 1:400 #sc-102 Santa Cruz,  

Dallas, TX, 

USA 

Stil rabbit polyclonal WB 1:5000 #A302442A Bethyl Labora-

tories, Mont-

gomery, TX, 

USA 
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2.6. Secondary Antibodies  

Table 2.5 shows secondary antibodies. 

Table 2.5 Secondary antibodies 

Antibody Host Clonality Used for Dilution Company 

Anti-Mouse 

Alexa-Fluor 594 

goat polyclonal IF 1:1000 Invitrogen,  

Carlsbad, CA, USA 

Anti-Rabbit 

Alexa-Fluor 488 

goat polyclonal IF 1:1000 Invitrogen,  

Carlsbad, CA, USA 

Anti-Mouse 

Horseradish Peroxidase 

(HRP) 

goat polyclonal WB 1:10000 Dianova,  

Hamburg, Germany 

Anti-Rabbit 

Horseradish Peroxidase 

(HRP) 

goat polyclonal WB 1:10000 Dianova,  

Hamburg, Germany 

2.7. siRNA 

Table 2.6 shows applied siRNAs with sequence information and reference publications. 

Table 2.6 siRNAs 

Target gene Sequence Reference 

CCND1 5´-GUAGGACUCUCAUUCGGGA-3´ Peer et al., 2012 

CEP192 5`-AGCAGCUAUUGUUUAUGUUGAAAA-3´ Gomez-Ferreria et al., 2007 

CKAP5 5`-GAGCCCAGAGTGGTCCAAA-3´ De Luca et al., 2008 

E2F1 5´-AAGUCACGCUAUGAGACCUCA-3´ Taura et al., 2010 

LUCIFERASE 5´-CUUACGCUGAGUACUUCGAUU-3´ Elbashir et al., 2001 

RB 5´-AAGUUUCAUCUGUGGAUGGAG-3´ Guo et al., 2011 

TUBG1 5´-AGGAGGACAUGUUCAAGGA-3´ Choi et al., 2010 

2.8. Plasmids 

Table 2.7 shows used plasmids, their purpose, and reference publications. 

Table 2.7 Plasmids 

Vector Purpose Reference 

pcDNA3.1 CMV-promoter driven expres-

sion of inserted sequence.  

Used as a control plasmid. 

Invitrogen,  

Carlsbad, CA, USA 
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pEGFP-C1 CMV-promoter driven expres-

sion of inserted sequence.  

Used as a control plasmid. 

Clontech,  

Saint-Germain-en-Laye, 

France 

pCR-CEP192-GFP Expression of GFP-tagged 

CEP192 to induce microtubule 

nucleation. 

Kindly provided by  

Prof. David Sharp  

(London, UK) 

pEGFP-CKAP5 Expression of GFP-tagged 

CKAP5 to induce microtubule 

dynamics. 

Kindly provided by  

Prof. Linda Wordeman  

(Seattle, WA, USA) 

pEGFP-EB3 Expression of GFP-tagged EB3 

to analyze microtubule  

dynamics. 

Kindly provided by  

Prof. Linda Wordeman  

(Seattle, WA, USA) 

pEGFP-mCherry-EB3 Expression of mCherry-tagged 

EB3 to analyze microtubule  

dynamics. 

Kindly provided by  

Prof. Linda Wordeman  

(Seattle, WA, USA) 

pCMV-PLK4 Expression of FLAG-tagged 

PLK4 to induce supernumerary 

centrosomes. 

Kindly provided by  

Prof. Ingrid Hoffman  

(Heidelberg, Germany) 

pEGFP-STIL Expression of GFP-tagged STIL 

to induce supernumerary  

centrosomes. 

Kindly provided by  

Prof. Alwin Krämer  

(Heidelberg, Germany) 

pmCitrine-TUBG1  Expression of YFP-tagged 

TUBG1 to induce microtubule 

nucleation. 

Addgene,  

Watertown, MA, USA 

2.9. Human cell lines 

All parental human cell lines and generated cell lines, which were used for this study are 

listed in Table 2.8 and 2.9. 

Table 2.8 Parental human cell lines 

Cell line Origin Reference 

HCT116 colon carcinoma Obtained from ATCC, USA 

HCT116 + scrambled shRNA colon carcinoma (Schmidt et al., 2021) 

HCT116 + TP73 shRNA colon carcinoma (Schmidt et al., 2021) 

HCT116 + TP53-/-  

+ scrambled shRNA 

colon carcinoma (Schmidt et al., 2021) 

HCT116 + TP53-/-  

+ TP73 shRNA 

colon carcinoma (Schmidt et al., 2021) 
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SK-Mel-19 melanoma Carey et al. 1976 

Kindly provided by Dr. Maria 

S. Soengas (Madrid, Spain) 

SK-Mel-173 melanoma Real et al., 1985 

Kindly provided by Dr. Maria 

S. Soengas (Madrid, Spain) 

SK-Mel-103 melanoma Gruis et al. 1995 

Kindly provided by Dr. Maria 

S. Soengas (Madrid, Spain) 

SK-Mel-147 melanoma Gruis et al. 1995 

Kindly provided by Dr. Maria 

S. Soengas (Madrid, Spain) 

2.10. Generated cell lines 

Table 2.9 Generated cell lines 

Cell line Parental cell line Plasmid Selection marker 

SK-Mel-103 + scrambled 

shRNA 

SK-Mel-103 pLKO.1-

scrambled 

shRNA 

Blasticidine 

SK-Mel-103 + CKAP5 shRNA SK-Mel-103 pLKO.1-

CKAP5 

shRNA 

Blasticidine 

clone 17.2 + LUCIFERASE HCT116 + TP53-/- + 

TP73 shRNA 

pcDNA3.1- 

LUCIFERASE 

Zeocin 

clone 17.2 + LUCIFERASE  

+ scrambled shRNA 

clone 17.2 +  

LUCIFERASE 

pLKO.1-

scrambled 

shRNA 

Zeocin,  

Blasticidine 

clone 17.2 + LUCIFERASE  

+ CKAP5 shRNA 

clone 17.2 +  

LUCIFERASE  

pLKO.1-

CKAP5 

shRNA 

Zeocin,  

Blasticidine 

2.11. Cell culture 

2.11.1. Cultivation of human cells 

Cultivation of all cell lines was carried out in a HERAcell 240 CO2 incubator with constant 

37 °C, 5 % CO2 and saturated humidity. Sterile handling of cells was conducted in a HE-

RAsafe™ M safety cabinet. 
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All cell lines were cultured in RPMI1640 (PAN-Biotech GmbH, Aidenbach, Germany) sup-

plemented with 10 % (v/v) FCS (Corning, New York, USA) and 1 % (v/v) penicillin-strep-

tomycin (100 µg/ml streptomycin, 100 units/ml penicillin, Anprotec, Bruckberg, Germany). 

Culture medium for cultivation of stable cell lines contained appropriate antibiotics for se-

lection. Cells were passaged every 48 to 72 h. For that, cells were washed with phosphate 

buffered saline (PBS) followed by detachment using trypsin/EDTA 1x in PBS without cal-

cium, magnesium, or phenol red (#AC-EZ-0009 Anprotec, Bruckberg, Germany). Propor-

tions of the cell suspension were cultured on new 10 cm plates with fresh culture medium. 

Cell lines were transferred to liquid nitrogen for long-term storage. Cells were harvested, 

centrifuged for 5 min at 491 x g and resuspended in RPMI1640 supplemented with 20 % 

(v/v) FCS, 1 % (v/v) penicillin-streptomycin and 10 % (v/v) DMSO. Cryovials were stored 

at -80 °C for 24 h before they were transferred to liquid nitrogen for long-term storage. 

2.11.2. Conditioned media and isolation of microvesicles 

Cells were grown in a 6-well plate to a confluency of 80 %, washed once with PBS before 

1 ml RPMI1640 without phenol red (PAN-Biotech GmbH, Aidenbach, Germany) containing 

1 % (v/v) penicillin-streptomycin was added. After 24 h at 37 °C, medium was collected 

and centrifuged at 2000 x g for 10 min to remove cell debris. Supernatant containing mi-

crovesicles was transferred to a new tube and was added to cells mixed with fresh com-

plete medium in a ratio of 60:40. Microvesicles were isolated from supernatant from cells 

grown in 10 cm plates. Microvesicles were pelleted by additional centrifugation for 35 min 

at 14000 x g. The pellet containing microvesicles was resuspended in 200 µl PBS or fresh 

culture medium and transferred in a ratio of 60:40 with fresh complete medium onto target 

cells. 

2.11.3. Analysis of microvesicles by mass spectrometry 

To analyze the constituents of microvesicles, I performed mass spectrometry analyses in 

collaboration with Angela Wieland and Dr. Markus Räschle (Technical University of Kai-

serlautern). Cells were grown to a confluency of 80 to 90 %, washed twice with PBS fol-

lowed by an incubation for 3 h at 37 °C with plain growth medium. After incubation, cells 

were washed once with PBS and were again incubated with plain growth medium for 24 h 

at 37 °C. On the next day, the medium was collected and centrifuged for 10 min at 2000 x 

g to remove dead cells and debris. The supernatant was transferred into a new falcon and 

centrifuged for 35 min at 14000 x g to sediment microvesicles. The microvesicle pellet was 

resuspended in PBS, transferred to a 1.5 ml tube, and centrifuged for 35 min at 14000 x 

g. The supernatant was removed, microvesicle pellets were snap frozen and stored at -20 
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°C until mass spectrometry analysis. Microvesicles collected from ten 10 cm plates were 

used for one experiment. To analyze microvesicles derived from cells with an overexpres-

sion of PLK4, cells were transfected with a plasmid for PLK4 overexpression, followed by 

an incubation for 24 h at 37 °C. After 24 h, the experiment was proceeded as described 

above. Mass spectrometry (MS) was performed by Angela Wieland and Dr. Markus 

Räschle. Microvesicles were resuspended in 30 µl lysis buffer (6 M guanidinium chloride, 

10 mM TCEP, 40 mM CAA, 100 mM Tris pH 8.5) and incubated 10 minutes at 96°C. After 

sonication, lysates were centrifuged at 15700 x g. 25 µg protein was diluted 1:10 in LT-

digestion buffer (10 % ACN, 25 mM Tris pH 8.5) and digested with LysC (1:150) and trypsin 

(1:50) overnight at 37°C. Trypsin (1:100) was added and lysates were incubated for 30 

min at 37 °C. After digestion, samples were acidified (1 % TFA final), centrifuged and 

soluble peptides desalted by stage tipping using three layers of SDB-RPS (Rappsilber et 

al., 2007). Samples were vacuum dried and resolubilized in 10.8 µl buffer A (0.1 % formic 

acid in MS grade water) and 1.2 µl buffer A* (0.1 % formic acid, 0.1% TFA in MS grade 

water). 4 µl of the tryptic peptides were separated by nano-high pressure liquid chroma-

tography (nano-HPLC) on an Easy nLC 1200 chromatography system and sprayed directly 

into a Q Exactive HF mass spectrometer (Thermo Fisher Scientific, Karlsruhe, Germany). 

Reversed-phase columns (40 cm with a 75 μm inner diameter, New Objective, Woburn, 

MA, USA) were packed in-house with ReproSil Pur 120 C18 AQ (Dr. Maisch, Ammerbuch-

Entringen, Germany). For chromatography, buffer A (0.1% formic acid) and buffer B (80 

% acetonitrile, 0.1 % formic acid) were used as mobile phases and a 180 min gradient (5 

% to 95 % buffer B) was used for peptide elution. All MS data was recorded with a data-

dependent acquisition method. In each scan cycle, fragmentation spectra of the fifteen 

most intense peptide precursors in the survey scan were acquired in the higher-energy 

collisional dissociation (HCD) mode. Raw data were processed using the MaxQuant soft-

ware environment (Cox & Mann, 2008) and peak lists were searched with Andromeda 

(Cox et al., 2011) against the Uniprot database as well as a list of commonly observed 

contaminants. The minimal required peptide length was set to seven amino acids and both 

protein and peptide identifications were accepted at a false discovery rate (FDR) of 1 %. 

MS data was processed with Perseus (Tyanova et al., 2016). Data was filtered to contain 

4421 proteins. Differentially regulated proteins were identified by a modified t-test using 

an S0=0.1 and an FDR of 5 %. Gene set enrichment analysis of the differentially regulated 

proteins was carried out using the web-based toolkit WebGestalt (Zhang et al., 2005). 1D 

pathway enrichment analysis was carried out in Perseus with an FDR cut-off of 5 %. 
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2.12. Transfection of cells 

2.12.1. Transfection of cells with siRNA 

Cells were transfected with siRNAs using ScreenFect® siRNA. siRNA was diluted in 30 µl 

dilution buffer to a final concentration of 80 pmol. Separately, 4 µl ScreenFect® siRNA 

(#S-4001, ScreenFect®, Eggenstein-Leopoldshafen, Germany) reagent was diluted in 30 

µl dilution buffer. Both components were mixed and incubated for 20 min at room temper-

ature (RT) to allow complex formation. Cells grown in a 6-well plate to a confluency of 70 

to 80 % were washed with PBS and overlaid with 1.5 ml RPMI1640 supplemented with 10 

% (v/v) FCS. After 20 min, the siRNA mix was added dropwise to the cells. Cells were 

incubated overnight with a medium change on the next day. After 48 h, cells were har-

vested for further experiments. 

2.12.2. Transfection of cells with plasmids 

2.12.2.1. Electroporation 

Electroporation was conducted using a BioRad Genepulser Xcellä. Cells grown on a 10 

cm plate were washed with PBS and detached using trypsin/EDTA. After centrifugation at 

491 x g for 5 min at RT, the cell pellet was resuspended in 400 µl fresh medium. 10 to 15 

µg plasmid were added and mixed. The plasmid/cell mixture was transferred to an 0.4 cm 

electroporation cuvette (BioRad, Hercules, CA, USA) and pulsed at the following settings: 

HCT116 (500 µF, 300 V, ∞Ώ, 4mm), SK-Mel cell lines (950 µF, 220 V, ∞Ώ, 4mm). Trans-

fected cells were transferred to a 6-well plate with 2 ml fresh medium.  

2.12.2.2. ScreenFect® A 

Cells were grown in a 6-well plate to a confluency of 70 to 80 % at the timepoint of trans-

fection. In tube A, 30 µl dilution buffer were mixed with 6 µl ScreenFect® A (#S-3001, 

ScreenFect®, Eggenstein-Leopoldshafen, Germany) transfection reagent. In tube B, 30 µl 

dilution buffer and 1.5 µg/µl plasmid were added. Solution A and B were mixed and incu-

bated for 20 min at RT. Cells were washed with PBS and 1.5 ml RPMI1640 supplemented 

with 10 % (v/v) FCS were added. After incubation, the transfection mix was added drop-

wise to the cells. Medium was changed the next day. Further, experiments were conducted 

after 48 h.  

2.12.2.3. Lipofectamine 3000 

Plasmids were diluted in 125 µl Opti-MEM™ medium (Gibco™ by Thermo Fisher, Karls-

ruhe) to a final concentration of 2.5 µg/µl. 5 µl P3000™ reagent were added to the mix. In 
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a second reaction tube, 6.25 µl Lipofectamine™ 3000 reagent (Invitrogen™ by Thermo 

Fisher, Karlsruhe, Germany) was diluted in 125 µl Opti-MEM™ medium. Both tubes were 

mixed and incubated for 15 min at RT. Cells with a confluency of 70 to 80 % in a 6-well 

plate were washed with PBS and overlaid with 1.5 ml fresh medium without penicillin-

streptomycin. The plasmid mix was added dropwise. After 4 h the medium was changed. 

Transfected cells were used for experiments after 48 h.  

2.12.3. Stable cell lines 

In reaction tube A, 2 µg/µl plasmid DNA were diluted in 100 µl PBS. In tube B, 6 µl Meta-

fectene® Pro (Biontex Laboratories GmbH, München, Germany) were diluted in 100 µl 

PBS. Both parts were mixed separately and slowly. Solution B was transferred to tube A, 

again slowly mixed and incubated for 15 min at RT. Cells cultured in a 6-well plate with a 

confluency of 70 to 80 % were washed once with PBS and 1.8 ml fresh medium without 

penicillin-streptomycin were added. After the incubation, the transfection mix was added 

dropwise to the cells. Cells were incubated overnight at 37 °C and 5 % CO2 with a medium 

change on the next day. For stable transfections, selection medium containing appropriate 

antibiotics was added after 48 h.  

48 h after transfection, cells were seeded in different dilutions to grow single cell clones. 

Therefore, dilutions of 1:1000, 1:500, 1:250, and 1:100 were seeded in 10 cm plates with 

medium containing the appropriate antibiotic for selection. Single cell clones were grown 

for up to two weeks with medium changes every 48 to 72 h. Colonies were transferred to 

24-well plates, cultured, and further characterized. 

2.13. Immunofluorescence microscopy 

10 x 10 mm coverslips (Thermo Fisher Scientific, Karlsruhe, Germany) were placed in a 

24-well plate and washed once with PBS. 500 µl fresh medium were added and cells were 

grown onto then for 24 to 48 h. Cells were fixed with 2 % paraformaldehyde (PFA) for 5 

min at RT. Immediately after fixation, cells were permeabilized with pre-cold -20 °C meth-

anol for 5 min at -20 °C. Cells were washed twice with PBS and stored at 4 °C or proceeded 

further. Blocking solution (5 % (v/v) FCS in PBS) was added for 30 min at RT. Cells were 

washed with PBS and incubated over night at 4 °C with primary antibodies diluted in 2 % 

(v/v) FCS in PBS. Cells were washed three times with PBS and were incubated for 1.5 h 

at RT with secondary antibodies diluted in 2 % (v/v) FCS in PBS. Immediately after incu-

bation, cell nuclei were stained for 5 min at RT with Hoechst33342 (Thermo Fisher Scien-

tific, Karlsruhe, Germany) diluted 1:15000 in PBS. Cells were washed three times with 

PBS and coverslips were placed on Whatman paper to dry. Cells were covered with 
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VECTASHIELDâ (Vector Laboratories, Inc., Burlingame, CA, USA), sealed with nail 

polish, and stored at 4 °C until imaging. 

2.13.1. Microtubule plus end growth rate measurements 

The growth rate of microtubules was determined by tracking GFP- or mCherry-tagged end 

binding protein 3 (EB3). For this purpose, cells were transfected by electroporation using 

10 or 15 µg GFP- or mCherry-tagged EB3 plasmid, respectively. 

After 48 h, living interphase cells were imaged for measurement of microtubule plus end 

growth rates at 37 °C and 5 % CO2. Cells were treated with 2 µM DME 1 h before meas-

uring mitotic microtubules. Images of growing plus ends decorated by EB3-GFP/mCherry 

were acquired every two seconds for 30 seconds in total with an optical z-stack distance 

of 0.4 µm using a Delta Vision Eliteã live cell microscope. Analysis of deconvolved and 

projected images was done measuring the distance one plus end covered in two seconds. 

20 microtubules of 10 different cells were analyzed per experiment. 

2.14. Analyzing cell migration and invasion in vitro 

2.14.1. In vitro Migration Transwell Assay 

Prior to seeding cells in migration transwell inserts (Greiner BioOne, Frickenhausen, Ger-

many), cells were starved overnight in RPMI1640 containing 0.5 % (v/v) FCS and 1 % (v/v) 

penicillin-streptomycin. Cells were washed with PBS, detached, and counted using a 

Neubauer improved counting chamber with 0.1 mm depth (#0640010, Superior Marienfeld, 

Lauda-Königshofen, Germany). The inserts were placed in a 24-well plate with 500 µl fresh 

complete medium. 2 x 105 cells were resuspended in 200 µl starvation medium and seeded 

to the insert. After 24 h, cells were removed and inserts were incubated in 500 µl tryp-

sin/EDTA for 10 min at 37 °C. All wells were rinsed and cells were collected in a reaction 

tube, centrifuged, resuspended in 100 µl PBS, and counted. 

2.14.2. In vitro Invasion Transwell Assay 

Prior to starting the invasion assay, inserts covered with Matrigelä (Corning, New York, 

USA) were rehydrated to restore dried Matrigelä. For this, inserts were filled with 500 µl 

medium and placed in a 24-well plate with 500 µl medium for 2 h. Cells that were starved 

overnight in medium containing 0.5 % (v/v) FCS, were washed with PBS, detached, and 

counted. Inserts were transferred into a new 24-well plate with 750 µl fresh complete me-

dium. 2 x 105 cells in 500 µl starvation medium were transferred into the transwell insert. 

Inserts were incubated for 48 h at 37 °C and 5 % CO2. Afterwards, cells were removed, 
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and inserts were incubated for 10 min in 500 µl trypsin/EDTA. Inserts were rinsed with 

trypsin/EDTA. Medium and trypsin/EDTA were transferred to a reaction tube and centri-

fuged at 491 x g for 5 min at RT. Pellets were resuspended in 100 µl PBS and invaded 

cells were counted.  

2.14.3. Invasion Wound Healing Assay 

To measure the speed of wound closure through a extracellular matrix, the Incucyte S3 

Live Cell Analysis System was used (in cooperation with Dr. Oliver Hahn, University Med-

ical Center in Göttingen).  

5 x 104 cells were seeded one day prior to starting the assay in flat bottom 96-well plates 

(Essen BioScience Inc., Ann Arbor, MI, USA) that were coated with 25 µl collagen mixed 

with 10 x PBS, 1 M NaOH and fresh culture medium. On the next day, before making the 

scratch, cells were washed two times with fresh medium. The WoundMaker™ (Essen Bi-

oScience Inc., Ann Arbor, MI, USA) was disinfected for 5 min in 70 % (v/v) ethanol and 

washed for 5 min in H2O. After positioning the WoundMakerä on the 96-well plate, wounds 

were made simultaneously by a single controlled, directional movement. Afterwards, cells 

were washed three times with medium to remove detached, floating cells. 50 µl collagen 

mixture were added and plates were incubated for 15 min at 37 °C. 100 µl medium were 

added and invasive wound closure was imaged using the Incucyte system (Essen BioSci-

ence Inc., Ann Arbor, MI, USA), kindly provided by Dr. Oliver Hahn from the University 

Medical Center in Göttingen. Images were taken every hour for a total of 46 h. Data were 

analyzed using the Incucyte software (Incucyteâ Base Software, Essen BioScience Inc., 

Ann Arbor, MI, USA).  

2.14.4. Spheroid formation 

Spheroid assays enable the assessment of invasive cell behavior in a 3D matrix based on 

Matrigelä. 500 cells were seeded into low attachment, U-shaped 96-well plates and cen-

trifuged at 874 x g for 20 min at RT. Spheroid formation was completed after an incubation 

of 48 to 72 h at 37 °C. 8-well slides were precoated with Matrigelä diluted with fresh com-

plete medium in a ratio of 70 to 30 % to avoid attachment of the spheroids to the bottom 

of the slide. After solidification at 37 °C for 20 min, spheroids were collected, resuspended 

in Matrigelä diluted with fresh medium and seeded on top of the precoated Matrigelä 

(Figure 2.1). After another solidification step at 37 °C for 30 min, the gel matrix was over-

layed with fresh complete medium, optionally containing inhibitors. Images were taken 

every 24 h. Inhibitor treatments were already started during spheroid formation, 24 h prior 

to embedding spheroids in extracellular matrix. 
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Figure 2.1 Schematic depiction of spheroid formation. 500 cells were seeded in low attachment, 
round bottom 96-well plates. After centrifugation, spheroids were forming for 48 to 72 h at 37 °C 

with 5 % CO2. Spheroids were transferred to Matrigelä in 8-well slides. 

2.14.5. Determination of 3D invasion by using spheroids 

3D spheroids were grown in Matrigelä for 48 h until images were taken. The area of growth 

and invasion was measured using the threshold tool in the ImageJ software. Images were 

converted to 8-bit. After background subtraction, application of the threshold tool covered 

the spheroid area in black (Figure 2.2). Determination of the black area using the analysis 

measurement tool of ImageJ resulted in the area covered by the outgrowth of the spheroid. 

Treated spheroids were normalized to control spheroids for every experiment by setting 

the size of control spheroids as 100 % and calculating the reduction of outgrowth of every 

treated spheroid. 

 

Figure 2.2 Measurement of the spheroid area in 3D. Images were converted to 8-bit. After back-
ground subtraction, brightness, and contrast were adjusted and the threshold tool was applied. 
Scale bar, 50 µm. 

2.15. Protein biochemistry  

2.15.1. Generation of whole cell lysates for SDS PAGE 

Cells in 6-well plates were washed once with PBS. For detachment, cells were incubated 

with 500 µl PBS/ EDTA (0.5 mM) for 5 min at RT. Cells were centrifuged at 491 x g for 5 

min at RT to remove dead cells and debris, followed by an incubation with 40 to 60 µl lysis 

buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl, 5 mM EGTA pH 8.0, 5 mM EDTA pH 8.0, 1 

% (v/v) NP40, 0.1 % (w/v) SDS, 0.1 % (w/v) sodium desoxycholate, phosphatase inhibitor 

cocktail (25 mM b-glycerophosphate, 50 mM NaF, 5 mM Na2MoO4, 0.2 mM Na3VO4, 5 mM 

EDTA, 0.5 µM microcystin), cOmpleteä EDTA free protease inhibitor cocktail (Roche, Ba-

sel, Switzerland)) dependent on the size of the cell pellet for 10 min on ice. Lysed cells 

Low- attachment
96-well, round bottom

500 cells 48 h – 72 h Matrigel™ 

Spheroid formation Ibidi 8-well
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were centrifuged at 21100 x g for 10 min at 4 °C. The protein concentration of the super-

natant was determined and 25 to 50 µg of protein was mixed with 5x SDS loading buffer 

(15 % (w/v) SDS, 15 % (v/v) b-mercaptoethanol, 50 % (v/v) glycerol, 0.25 % (w/v) bromo-

phenol blue) and incubated for 5 min at 95 °C. Samples were stored at -20 °C or immedi-

ately loaded onto the SDS-polyacrylamide gel.  

2.15.2. Determination of the protein concentration 

Increasing concentrations of 1 % (v/v) bovine serum albumin (BSA) diluted in H2O used 

for a protein standard curve were added to the first row of a flat bottom 96-well plate. 

Lysates were added in duplicates 1:10 diluted in water. 25 µl of protein assay reagent A 

(#500-0113, BioRad, Hercules, CA, USA) 1:40 mixed with reagent S (#500-0115, BioRad) 

were added to each well. 200 µl of reagent B (#500-0114, BioRad) were added and plates 

were incubated at RT for 10 min. Protein concentrations were measured using a plate 

reader (VictorÓ X3 microplate reader) at a wavelength of 750 nm.  

2.15.3. Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS 

PAGE) 

To separate proteins based on their molecular weight, the SDS polyacrylamide gel (SDS 

PAGE) was used. The resolving gel with acrylamide percentages ranging from 6 to 13 %, 

dependent on the molecular weight of the proteins of interest, was prepared. 17 ml gel mix 

containing resolving gel buffer (375 mM Tris-HCl pH 8.8, 0.1 % (w/v) SDS) and 6 to 13 % 

(v/v) acrylamide were mixed with ammonium persulfate (APS) and TEMED (Carl Roth 

GmbH & Co. KG, Karlsruhe, Germany) to start polymerization. The mixture was poured 

between two glass plates separated by spacers. 7 ml stacking gel mix containing stacking 

gel buffer (157 mM Tris-HCl pH 6.8, 0.1 % (v/v) SDS) and 5 % (v/v) acrylamide were added 

on top. Polymerized gels were stored at 4 °C or used immediately. Protein samples were 

loaded onto the gel and proteins were separated based on their molecular weight for up 

to 3 h in two steps: 1 h at 26 mA and 150 W, 2 h at 42 mA and 150 W.  

2.15.4. Coomassie staining 

After electrophoresis, gels were fixed for 60 min in 40 % (v/v) ethanol and 10 % (v/v) acetic 

acid diluted in water on a rocking table at RT. Afterwards, gels were washed twice with 

water for 10 min. Gels were stained in coomassie solution (0.1 % (w/v) Coomassie Brilliant 

Blue G250, 5 % (w/v) aluminum sulfate-(14-18)-hydrate, 10 % (v/v) methanol, 2 % (w/v) 

ortho-phosphoric acid) overnight. After three additional 10 min washing steps, gels were 

scanned for documentation.  
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2.15.5. Western Blotting 

After SDS PAGE was completed, proteins were transferred onto nitrocellulose mem-

branes. Smaller proteins with a molecular weight of up to 100 kDa were transferred using 

semi-dry western blotting, whereas bigger proteins were transferred by wet blotting. 

2.15.5.1. Semi-dry blotting 

Blotting of smaller proteins was conducted using the semi-dry technique. For this, gels 

were placed onto nitrocellulose membranes (GE Healthcare, Chalfront St., Giles, UK) and 

put between two Whatman® paper on each side. Blotting buffer (24.8 mM Tris-HCl pH 8.0, 

170 mM glycine, 0.0025 % (w/v) SDS, 15 % (v/v) methanol pH 8.0) was added to the semi-

dry blotting chamber. Blotting was performed for 1 ½ h at 200 mA per gel with 150 W. 

2.15.5.2. Wet blotting 

Proteins with higher molecular weight were blotted using the wet blot technique. The gel 

was positioned on a nitrocellulose membrane between three Whatman® paper and one 

sponge on each side. The wet blot chamber was filled with blotting buffer (24.8 mM Tris-

HCl pH 8.0, 170 mM glycine, 0.0025 % (w/v) SDS, 15 % (v/v) methanol pH 8.0) and set-

tings were set to 3 h at 450 mA and 150 W.  

2.15.6. Protein detection on nitrocellulose membranes 

After western blotting, nitrocellulose membranes were blocked in 5 % (w/v) milk powder 

dissolved in TBS (50 mM Tris/HCl, 0.9 % (w/v) NaCl, pH 7.2) for 60 min. Nitrocellulose 

membranes were washed twice with water and kept in TBS until primary antibodies diluted 

in 3 % (w/v) BSA in TBS were prepared. Nitrocellulose membranes were incubated over-

night in primary antibodies on a rocking table at 4 °C. On the next day, nitrocellulose mem-

branes were washed twice in TBS-T (+0.1 % (v/v) Tween 20) and once in TBS before 

secondary antibodies diluted in 3 % (w/v) milk powder were added. Nitrocellulose mem-

branes were incubated for 1 h at RT and afterwards washed three times for 10 min in TBS-

T. For protein detection, nitrocellulose membranes were incubated with chemilumines-

cence solution (0.1 M Tris-HCl pH 8.5, 2.5 mM luminol (AppliChem, Darmstadt Germany), 

0.4 mM p-coumaric acid, 0.06 % (v/v) H2O2) for 1 min. Membranes were imaged using the 

Fusion-SL-3500. WL (VWR International, Radnor, PA, USA) or the Fusion FX (Vilber Lour-

mat, Collégien, France) imaging system. After imaging, membranes were washed with 

TBS-T and stored at 4 °C or incubated with another primary antibody solution. 
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2.16. Molecular biology  

2.16.1. E. coli 

All transformations were carried out in the E. coli strain DH5αF-Φ80lacZΔM15 Δ(lacZYA-

argF) U169 deoR recA1 hsdR17 (rk
-, mk

+) phoA supE44 thi-1 gyrA96 relA1λ-.  

2.16.2. Transformation of DH5-a cells 

50 µl chemical competent DH5-α cells were slowly thawed on ice. 1 µl of plasmids was 

added and incubated for 30 min on ice. Bacteria were heat shocked for 45 sec at 42 °C 

and were immediately put back on ice. Afterwards, 600 µl LB medium was added and 

bacteria were incubated for 30 min at 37 °C shaking at 300 rpm. Bacteria were transferred 

to an Erlenmeyer flask with 200 ml LB medium supplemented with appropriate antibiotics 

for selection (either 100 mg/ml ampicillin or 50 mg/l kanamycin). Flasks were incubated 

while shaking at 120 rpm at 37 °C overnight. On the next day, bacteria were harvested by 

centrifugation at 1365 x g for 20 min at RT. Pellets were stored at -20 °C or plasmids were 

immediately isolated using a DNA plasmid purification kit.  

2.16.3. Plasmid Isolation  

Plasmid isolation was conducted by using the DNA plasmid purification kit – NucleoBond 

Xtra Midi and as described in the manufactures protocol (Macherey-Nagel, Düren, Ger-

many). In brief, pellets were dissolved in 10 ml resuspension buffer. 10 ml lysis buffer were 

added, tubes were inverted and incubated for 5 min. Column filters were equilibrated with 

12 ml equilibration buffer. After incubation, 10 ml neutralization buffer were added, tubes 

were inverted, and lysates were loaded onto column filters. After washing the filters with 5 

ml equilibration buffer, filters were discarded. Columns were washed once and plasmids 

were eluted with 5 ml elution buffer. 3.5 ml Isopropanol were added, tubes were vortexed 

and centrifuged at 15000 g for 30 min at 4 °C. DNA pellets were washed with 70 % (v/v) 

ethanol and again centrifuged at 15000 x g for 5 min at RT. Pellets were dried and were 

dissolved in dH2O dependent on the excepted plasmid concentration. DNA concentrations 

were determined using a spectrophotometer. 

2.17. Statistics  

Statistical analysis of all data was performed using an unpaired t-test. The indicated p-

values are defined as followed: **** = p ≤ 0.0001, *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 

0.05 and non-significant (ns) = p > 0.05. Statistics for wound healing assays with several 
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timepoints for every measurement was performed using a two-way ANOVA. The p-values 

were defined as mentioned above.  
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3. Results 

Previous results of our lab showed that an induction of microtubule plus end growth rates 

during mitosis leads to transient spindle mispositioning and the formation of lagging chro-

mosomes during anaphase. A direct consequence of lagging chromosomes is chromo-

some missegregation resulting in aneuploid cells (Ertych et al., 2014; Stolz et al., 2010). 

A trigger for increased microtubule plus end growth rates during mitosis is the concomitant 

loss of the transcription factors TP53 and TP73 (Schmidt et al., 2021). Interestingly, in-

creased microtubule plus end assembly after loss of TP53 and TP73 were also detected 

in interphase cells accompanied by enhanced cell migration and invasion (Berger, 2016). 

3.1. Increased microtubule plus end growth rates in interphase con-

tribute to cell migration and invasion in melanoma and colorectal 

cancer cells 

3.1.1. HCT116 cells with a concomitant loss of TP53 and TP73 show in-

creased microtubule plus end growth rates in interphase cells that cor-

relate with an invasive phenotype 

The set of cells for the initial experiments was generated based on the knockout cell line 

HCT116 + TP53-/- (Schmidt et al., 2021) and included scrambled shRNA (scrshRNA) trans-

fected HCT116 cells, which were used as control cells, cells with the knockout of TP53 

alone, cells with a shRNA mediated knockdown of TP73 and cells with the concomitant 

loss of both transcription factors, where two independent cell clones were analyzed: 

HCT116 + TP73shRNA/TP53-/- clone 10.2 and HCT116 + TP73shRNA/TP53-/- clone 17.2 

(further referred to as clone 10.2 and clone 17.2). To measure microtubule plus end growth 

rates in interphase, cells were transfected with GFP- or mCherry-tagged EB3, which dec-

orates growing microtubule plus ends. After 48 h, asynchronous growing cells were ana-

lyzed using a Delta Vision Elite© live cell microscope. 

3.1.1.1. Analysis of HCT116 cells with a concomitant loss of TP53 and 

TP73 

The stable shRNA mediated knockdown of TP73 and the knockout of TP53 in HCT116 

cells were verified by western blot (Figure 3.1A). Prior to cell lysis, cells were treated with 

Adriamycin to induce DNA damage, which leads to the upregulation of p53 and p73 and 

enables a better examination of the knockdown and knockout efficiency. As expected, the 

knockout of TP53 led to a complete loss of p53 protein. The expression of TP73 was low 

compared to control cells. The expression of CDKN1 (p21Cip1), a relevant target gene of 
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p53 and p73 (Schmidt et al., 2021), was reduced in HCT116 + TP53-/- cells. Interestingly, 

the expression of CDKN1 was even more reduced in cells with the concomitant loss of 

both transcription factors.  

 

Figure 3.1 Increased interphase microtubule growth rates in HCT116 with concomitant loss 
of TP53 and TP73 correlate with enhanced cell migration and invasion. A) Representative 
western blots of cells transfected with scrambled shRNA (scrshRNA), cells with a shRNA mediated 
knockdown of TP73 or knockout of TP53 and cells with a concomitant loss of TP73/TP53. Cells 
were treated with 600 nM of Adriamycin or DMSO as a control. Protein levels of p73 (EP436Y, 
mouse, monoclonal antibody (mAb)), p53 (DO-1, mouse, mAb) and p21 (DCS60, mouse, mAb) 

were detected. b-actin (AC-15, mouse, mAb) was used as the loading control. B) Measurements of 
interphase microtubule polymerization rates in cells transfected with scrambled shRNA (scrshRNA), 
TP73 shRNA or TP53-/- cells, and in cells with a concomitant loss of both transcription factors, 
represented with two independent cell clones (clone 10.2 and clone 17.2). Scatter dot plots are 

presented with mean values ± SD of 30 cells. Depicted are the results of three independent exper-
iments with measurements of 20 microtubules per cell. C) and D) Determination of cell migration 
and invasion of cells transfected with scramble shRNA (scrshRNA), TP73 shRNA or TP53-/- cells, 

and cells with a concomitant loss of both factors. Mean values ± SD of three or five (five experiments 
were done with HCT116 + TP73shRNA/TP53-/- clone 17.2 cells in the transwell invasion assay) 
independent experiments. All experiments were statistically analyzed using an unpaired t-test. In-
dicated stars are defined as: **** = p ≤ 0.0001, ** = p ≤ 0.01, * = p ≤ 0.05 and non-significant (ns) = 
p > 0.05. Significances refer to control cells. Control cells within one graph are separated from the 
other conditions by a dotted line. 
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Comparable to the effects during mitosis (Schmidt et al., 2021), the loss of TP53 and TP73 

led to the significant increase of microtubule plus end growth rates during interphase with 

average microtubule polymerization rates of 20.0 µm/min for clone 10.2 and 19.7 µm/min 

for clone 17.2 compared to control cells with an average growth rate of 16.5 µm/min (Fig-

ure 3.1B). The cells with either TP73 or TP53 loss showed just slightly increased growth 

rates with 17.4 µm/min and 17.2 µm/min, respectively. To measure cell migration and in-

vasion, 2 x 105 serum-starved cells were seeded into transwell migration or invasion inserts 

and migrated or invaded cells were counted after 24 or 48 h, respectively, using a 

Neubauer improved cell counting chamber. Intriguingly, cells with an increased interphase 

microtubule plus end growth rates also showed enhanced cell migration and invasion in 

transwell migration and invasion assays compared to control cells or cells with the loss of 

one transcription factor (Figure 3.1C and D). HCT116 cells with the loss of both transcrip-

tion factors migrated approximately six times more and were seven times more invasive 

compared to their non-invasive counterparts. 

3.1.1.2. Are increased interphase microtubule plus end assembly rates 

required for enhanced cell migration and invasion? 

Since increased microtubule rates and enhanced cell migration and invasion correlated in 

HCT116 + TP73shRNA/TP53-/- cells, I hypothesized that microtubule plus end assembly 

functions upstream of cell migration and invasion. To test for that, normal microtubule plus 

end assembly rates were restored in p53/p73 deficient cells and cell migration and inva-

sion was determined. 

The processive microtubule polymerase chTOG enhances incorporation of a/b-heterodi-

mers into the growing microtubule strand (Brouhard et al., 2008). In fact, it was previously 

shown that the transient knockdown of CKAP5 rescues increased microtubule plus end 

growth rates in mitosis by slowing down a/b-heterodimers incorporation (Ertych et al., 

2014). Additionally, increased growth rates can be rescued using sub-nanomolar doses of 

the microtubule stabilizing drug Taxol (0.2 – 0.5 nM) (Ertych et al., 2014; Stolz et al., 2015). 

In my hands, treatment with 0.2 nM of Taxol rescued the increased microtubule growth 

rates in interphase cells with a concomitant loss of both transcription factors from 20.0 to 

17.1 µm/min for clone 10.2 and from 19.7 to 17.2 µm/min for clone 17.2, without effecting 

microtubule growth rates of control cells (Figure 3.2A). Interestingly, increased cell migra-

tion and invasion of clone 17.2 was partially rescued by treatment with 0.2 nM of Taxol. 

Migration as well as invasion of clone 17.2 were approximately 25 % reduced compared 

to DMSO treated cells, whereas the treatment with Taxol showed no significant effect on 



Results 

 

47 
 

clone 10.2 (Figure 3.2B and C). It is unclear why clone 10.2 does not recapitulate the 

results seen in clone 17.2. 

 

Figure 3.2 Rescue of increased interphase microtubule polymerization rates using Taxol 
leads to partially rescued cell migration and invasion of HCT116 + TP73shRNA/TP53-/- clone 
17.2 cells. A) Measurements of interphase microtubule plus end growth rates in cells transfected 
with scrambled shRNA (scrshRNA) and cells with a concomitant loss of TP73/TP53 represented 
with two independent clones (clone 10.2 and clone 17.2) after treatment with DMSO or 0.2 nM of 

Taxol. Scatter dot plots show the mean values ± SD, n=30, 20 microtubules were measured per 
cell, t-test. B) Determination of cell migration of HCT116 + TP73shRNA/TP53-/- clone 10.2 and clone 
17.2 cells after treatment with DMSO or 0.2 nM of Taxol. Migration assays were analyzed after 24 

h. Bar graphs show the mean values ± SD of three or five (five experiments were done with HCT116 
+ TP73shRNA/TP53-/- clone 17.2 cells in the transwell migration assays with Taxol treatment) inde-
pendent experiments. C) Determination of cell invasion of HCT116 + TP73shRNA/TP53-/- clone 
10.2 and clone 17.2 cells after treatment with DMSO or 0.2 nM of Taxol. Invasion assays were 

analyzed after 48 h. Bar graphs show the mean values ± SD of three or four (four experiments were 
done with HCT116 + TP73shRNA/TP53-/- clone 17.2 cells in the transwell invasion assays with 
Taxol treatment) independent experiments. All experiments were analyzed using a t-test. Indicated 
stars are defined as: **** = p ≤ 0.0001, *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 0.05 and non-significant 
(ns) = p > 0.05. Different cell lines within one graph are separated by a dotted line. Significances 
refer to corresponding DMSO treated control cells. 

However, more robust results were obtained with cells with a transient knockdown of 

CKAP5. The siRNA mediated transient as well as the shRNA mediated stable knockdown 

of CKAP5 were verified by western blot (Figure 3.3A). 
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Figure 3.3 Rescue of increased interphase microtubule polymerization rates using CKAP5 
knockdown leads to partially rescued cell migration and invasion of both clones. A) Repre-
sentative westernblots showing reduced protein levels of chTOG upon siRNA or shRNA meditated 
knockdown in HCT116 + TP73shRNA/TP53-/- clone 10.2 and clone 17.2 cells. Protein levels of 

chTOG (H-4, mouse, monoclonal antibody (mAb)) were detected. a-tubulin (B-5-1-2, mouse, mAb) 
served as a loading control. B) Measurements of interphase microtubule plus end growth rates in 
HCT116 + TP73shRNA/TP53-/- clone 10.2 and clone 17.2 cells after the siRNA mediated knock-
down of CKAP5 or LUCIFERASE (LUC) as a control. Data for the measurements of interphase 
microtubule growth rates are the results of three independent experiments with 30 cells. 20 micro-
tubules from 10 different cells were measured per experiment. Scatter dot plots show the mean 

values ± SD. C) Measurements of interphase microtubule plus end assembly in HCT116 + 
TP73shRNA/TP53-/- clone 17.2 cells with a stable shRNA mediated knockdown of CKAP5. D) De-
termination of cell migration of HCT116 + TP73shRNA/TP53-/- clone 10.2 and clone 17.2 cells after 
siRNA mediated knockdown of CKAP5. Migration was analyzed after 24 h. E) Determination of cell 
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migration of HCT116 + TP73shRNA/TP53-/- clone 17.2 cells stably transfected with shRNA targeting 
CKAP5. Migration was analyzed after 24 h. F) Determination of cell invasion of HCT116 + 
TP73shRNA/TP53-/- clone 17.2 cells stably transfected with shRNA targeting CKAP5. Cell invasion 

was analyzed after 48 h. Depicted bar graphs show the mean values ± SD for three independent 
experiments. All experiments were analyzed using a t-test. Indicated stars are defined as: **** = p 
≤ 0.0001, *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 0.05 and non-significant (ns) = p > 0.05. The indicated 
significances refer to LUC transfected control cells. Different cell lines within one graph are sepa-
rated by a dotted line. 

48 h after transfection, cells with the transient or stable knockdown of CKAP5 exhibited 

rescued microtubule plus end growth rates for clone 10.2 and clone 17.2 compared to 

control cells transfected with LUCIFERASE (LUC) siRNA or scrambled (scr) shRNA (Fig-

ure 3.3B and C). For the transwell migration assay, cells were transfected with LUCIFER-

ASE (LUC) or CKAP5 siRNA. After 24 h, cells were starved with serum-reduced medium 

overnight and seeded into transwell migration inserts. Cell migration upon siRNA mediated 

loss of CKAP5 was reduced by 70 % compared to control cells (Figure 3.3D). Cell migra-

tion and invasion of cells with a shRNA mediated stable knockdown of CKAP5 in p53/p73 

deficient cells was reduced to approximately 45 % (Figure 3.3E and F). 

3.1.2. Invasive melanoma cell lines exhibit enhanced microtubule plus end 

growth rates in interphase 

3.1.2.1. Analysis of non-invasive vs. invasive melanoma cell lines 

The HCT116 cell system with loss of TP73 and TP53 suggested a possible link between 

increased microtubule polymerization rates and the regulation of cell migration and inva-

sion. To analyze this possibility further, melanoma cell lines were used for subsequent 

experiments. Several melanoma cell lines are well defined for their non-invasive or inva-

sive behavior (García-Fernández et al., 2016; Rebecca et al., 2020). Among them, the 

melanoma cell lines SK-Mel-19 and SK-Mel-173 are representatives for non-invasive cell 

lines, and the cell lines SK-Mel-103 and SK-Mel-147 are defined as invasive cell lines 

(Carey et al., 1976; Gruis et al., 1995; Real et al., 1985). First, the status of migration and 

invasiveness of the melanoma cell lines was verified. SK-Mel-19 and SK-Mel-173 cells 

showed little migration or invasion in transwell assays compared to the invasive cell lines, 

SK-Mel-103 and SK-Mel-147 that are characterized by at least 25-fold more cell migration 

or invasion (Figure 3.4A and B). To further confirm the invasiveness of the cell lines, inva-

sion wound healing experiments using the Incucyte S3 Live Cell Analysis System (kindly 

provided by Dr. Oliver Hahn, University Medical Center in Göttingen) were performed. Af-

ter creating the wound, collagen embedded cells closed the wound by invading the extra-

cellular matrix and were imaged for 46 h in total with images taken every hour. 
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Figure 3.4 Characterization of non-invasive and invasive melanoma cell lines. A) and B) De-
termination of cell migration and invasion of non-invasive SK-Mel-19 and SK-Mel-173 cells, as well 
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as invasive SK-Mel-103 and SK-Mel-147 cells. 2 x 105 serum-starved cells were seeded into 
transwell inserts and cells migrated or invaded through an 8 µm porous membrane were counted 

after 24 or 48 h, respectively. Bar graphs show mean values ± SD, n=3, t-test. C) Representative 
images of invasion wound healing assays using the Incucyte S3 Live Cell Analysis System. Pre-
sented are images of cells from the non-invasive cell line SK-Mel-173 and the invasive cell line SK-
Mel-103 0, 24 and 46 h after creating the wound. Scale bar, 100 µm. D) Measurements of invasive 
wound closure over time of the melanoma cell lines SK-Mel-19, SK-Mel-173, SK-Mel-103 and SK-
Mel-147. Cells were seeded into collagen precoated wells of a 96-well plate, wounds were created, 
and images of invasive wound closure were taken every hour for 46 h in total. Depicted graphs 

show the mean values ± SD, n=3. Data were analyzed using a two-way ANOVA test. E) Exemplary 
images of the invasiveness of spheroids derived from the cell lines SK-Mel-19, SK-Mel-173, SK-

Mel-103 and SK-Mel-147 in MatrigelÔ after 48 h. Cells were seeded into 96-well plates, spheroids 

were formed for 48 h, and were transferred to MatrigelÔ. Scale bar, 50 µm. Indicated p-values are 

defined as. **** = p £ 0.0001, *** = p £ 0.001. Significances refer to non-invasive control cells. 

Representative images of wound closure of the non-invasive cell line SK-Mel-173 and the 

invasive cell line SK-Mel-103 after 0, 24 and 46 h are shown in Figure 3.4C. The relative 

wound density of all cell lines dependent on the time is shown in Figure 3.4D. Both invasive 

cell lines were able to close the wound to approximately 80 % after 24 h, whereas the non-

invasive cell lines SK-Mel-19 and SK-Mel-173 were at 6.5 % and 21.8 % of wound closure 

after 24 h, respectively. The invasive cell lines reached a plateau of wound closure within 

46 h of observation. Additional Matrigelä based 3D assays confirmed the invasiveness of 

spheroids derived from SK-Mel-103 and SK-Mel-147 cells. For this, 500 cells of each cell 

line were transferred to low attachment, U-shaped 96-well plates and incubated for 48 h 

to enable spheroid formation. Spheroids were transferred to Matrigelä and imaged every 

24 h. Clearly, spheroids derived from the cell lines SK-Mel-103 and SK-Mel-147 showed 

more invasion into the extracellular matrix after 48 h compared to spheroids derived from 

non-invasive cells (Figure 3.4E). 

3.1.2.2. Increased microtubule growth rates are required for increased 

cell migration and invasion in human melanoma cell lines 

Due to a possible association between increased microtubule plus end growth rates and 

increased invasiveness, microtubule plus end growth rates in non-invasive and invasive 

melanoma cell lines were measured in asynchronous growing cells. 

Interestingly, the invasive melanoma cell lines SK-Mel-103 and SK-Mel-147 exhibited 

higher microtubule plus end growth rates compared to the non-invasive cell lines SK-Mel-

19 and SK-Mel-173. SK-Mel-103 and SK-Mel-147 cells showed microtubule polymeriza-

tion rates of 23.3 µm/min and 23.9 µm/min, whereas the non-invasive cell lines SK-Mel-

19 and SK-Mel-173 exhibited microtubule growth rates of 19.2 µm/min and 19.0 µm/min, 

respectively (Figure 3.5A). To restore normal microtubule plus end assembly rates in in-

vasive melanoma cell lines, cells were treated with sub-nanomolar concentrations of 

Taxol. 
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Figure 3.5 Increased microtubule plus end assembly rates during interphase are restored 
after Taxol treatment or siRNA mediated knockdown of CKAP5. A) Measurements of inter-
phase microtubule growth rates in non-invasive SK-Mel-19 and SK-Mel-173 cells and in invasive 
SK-Mel-103 and SK-Mel-147 cells. B) Measurements of interphase microtubule growth rates in SK-
Mel-173 cells and SK-Mel-103 and SK-Mel-147 cells after treatment with 0.5 nM of Taxol or DMSO 
as a control. C) Representative western blots showing the transient knockdown of CKAP5 in the 
melanoma cell lines SK-Mel-103 and SK-Mel-147 and the stable shRNA mediated knockdown of 
CKAP5 in SK-Mel-103 cells. Protein levels of chTOG (H-4, mouse, monoclonal antibody (mAb)) 

were detected. b-actin (AC-15, mouse, mAb) and a-tubulin (B-5-1-2, mouse, mAb) served as load-
ing controls. D) Measurements of interphase microtubule plus end assembly in melanoma cell lines 
upon CKAP5 knockdown. E) Measurements of microtubule plus end assembly rates in SK-Mel-103 
interphase cells upon stable shRNA mediated knockdown of CKAP5. Scatter dot plots show mean 
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values ± SD, n=30, 20 microtubules were measured per cell. Data were analyzed using a t-test. 
Significances are defined as: **** = p ≤ 0.0001, ** = p ≤ 0.01, * = p ≤ 0.05. Significances refer to 
corresponding control cells. Different cell lines within one graph are separated with a dotted line. 

Indeed, treatment of melanoma cell lines with Taxol rescued increased microtubule plus 

end growth rates in the invasive melanoma cell lines SK-Mel-103 and SK-Mel-147 from 

20.7 to 16.5 µm/min and from 22.2 to 17.2 µm/min, respectively, with no effect on the non-

invasive control cell line (Figure 3.5B). Further, increased microtubule polymerization rates 

were rescued using a siRNA mediated transient or shRNA mediated stable knockdown of 

CKAP5. The successful transient or stable knockdown of CKAP5 was verified by western 

blot (Figure 3.5C). As expected, enhanced microtubule plus end growth rates of the inva-

sive cell lines SK-Mel-103 and SK-Mel-147 were reduced to control cell level from 22.4 to 

19.5 µm/min and 22.5 to 19.2 µm/min upon knockdown of CKAP5, respectively (Figure 

3.5D). SK-Mel-103 cells with a stable shRNA mediated knockdown of CKAP5 also exhib-

ited restored normal microtubule plus end growth rates (Figure 3.5E).  

To investigate if interphase microtubule plus end dynamics is required for increased cell 

migration and invasion in melanoma cell lines, cells were treated with 0.5 nM of the micro-

tubule stabilizing drug Taxol to restore normal microtubule polymerization rates. Cell mi-

gration and invasion were subsequently measured. Taxol treatment of invasive cell lines 

before and during transwell migration and invasion assays led to an approximately 30 % 

reduction of cell migration and invasion (Figure 3.6A and B). After knockdown of CKAP5, 

cell migration and invasion were reduced by 35 % compared to LUC siRNA transfected 

cells (Figure 3.6C and D). SK-Mel-103 cells stably transfected with shRNA targeting 

CKAP5 migrated approximately 50 % less than control transfected cells (Figure 3.6E). 

Matrigelä based 3D spheroid assays where spheroids are embedded in a 3D matrix and 

outgrowth of invasive structures can be observed in real time resemble the actual in vivo 

situation better. Therefore, spheroids of invasive melanoma cell lines were generated and 

treated with DMSO or 0.5 nM of Taxol. Additionally, SK-Mel-103 cells with a stable shRNA 

mediated knockdown of CKAP5 were used for spheroid formation. Cells stably transfected 

with scrambled shRNA (scrshRNA) were used as control cells. Images of the spheroids 

were taken after 48 h and the area of spheroid outgrowth relative to control spheroids was 

measured. Figure 3.7A and B show representative images of spheroids derived from the 

invasive cell lines SK-Mel-103 and SK-Mel-147 after Taxol treatment for 48 h and inva-

siveness of spheroids derived from SK-Mel-103 cells with a stable knockdown of CKAP5. 
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Figure 3.6 Increased cell migration and invasion are suppressed upon restoration of normal 
microtubule growth rates in interphase. A) and B) Determination of cell migration and invasion 
of invasive cell lines after restoration of normal microtubule plus end assembly rates. Cells were 
treated before and during transwell migration and invasion assays with 0.5 nM of Taxol or DMSO 
as a control. 2 x 105 serum-starved cells were seeded into inserts and migrated or invaded cells 
were counted after 24 h (migration) or 48 h (invasion). The proportion of migrated or invaded cells 
was calculated relative to control cells. C) Determination of cell migration of invasive melanoma cell 
lines after partial depletion of chTOG. Migration was analyzed after 24 h. Depicted are mean values 

± SD, n=4. D) Determination of cell invasion of melanoma cell lines upon partial depletion of chTOG. 
Invaded cells were counted after 48 h. E) Determination of cell migration after stable knockdown of 

CKAP5 in SK-Mel-103 cells. Bar graphs with mean values ± SD, n=3. All experiments were statis-
tically analyzed using a t-test. Indicated p-values are defined as: **** = p ≤ 0.0001, *** = p ≤ 0.001, 
** = p ≤ 0.01, * = p ≤ 0.05. Significances refer to control cells. Different cell lines within one graph 
are separated through a dotted line. 
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Intriguingly, spheroids of both cell lines treated with Taxol showed an approximately 60 % 

reduction of spheroid outgrowth compared to DMSO treated spheroids (Figure 3.7C). The 

stable shRNA mediated knockdown of CKAP5, which restored proper interphase microtu-

bule growth rates, also suppressed spheroid outgrowth. The outgrowth area was reduced 

by 40 % compared to control transfected cells (Figure 3.7D). 

 

Figure 3.7 Reduction of spheroid outgrowth after rescue of increased microtubule plus end 
growth rates using Taxol or CKAP5 knockdown. A) Representative images of the outgrowth of 
spheroids derived from invasive cells after treatment with DMSO or 0.5 nM of Taxol. 500 cells were 
seeded into low-attachment 96-well plates and spheroid formation lasted for 48 h. Spheroid treat-

ment with DMSO or Taxol started 24 h before transferring the spheroids to MatrigelÔ. Images were 
taken after 48 h. Scale bar, 50 µm. B) Representative images of spheroids derived from SK-Mel-
103 cells stably transfected with scrambled or CKAP5 shRNA. Scale bar, 50 µm. C) Quantitative 
analysis of the outgrowth area of spheroids derived from SK-Mel-103 and SK-Mel-147 cells after 
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48 h. n=20 (SK-Mel-103 spheroids) or n=26 (SK-Mel-147 spheroids) were analyzed for spheroid 
outgrowth after treatment with Taxol or DMSO as a control. The area of outgrowth was calculated 
relative to control cells. D) Quantitative analysis of spheroid outgrowth of SK-Mel-103 cells with a 
stable knockdown of CKAP5 or corresponding control cells. 25 spheroids were analyzed. Bar 

graphs show mean values ± SD, n=3, t-test. Indicated stars are defined as followed: **** = p ≤ 
0.0001. The indicated significances refer to control cells. 

3.1.2.3. Induction of increased microtubule plus end growth rates in 

non-invasive melanoma cell lines does not lead to increased in-

vasiveness 

The knockdown of CKAP5 and the treatment with Taxol led to a restoration of normal 

microtubule growth rates in invasive melanoma cell lines. Importantly, this was associated 

with decreased cell migration and invasion, indicating that increased microtubules plus 

end assembly rates are required for regulating cell motility. 

 

Figure 3.8 Induction of increased interphase microtubule plus end growth rates upon over-
expression of CKAP5 does not affect cellular invasion. A) Representative western blots show-
ing CKAP5 overexpression in the non-invasive cell lines SK-Mel-19 and SK-Mel-173. GFP (GF28R, 

mouse, monoclonal antibody (mAb)) was detected. a-tubulin (B-5-1-2, mouse, mAb) served as the 
loading control. B) Measurements of interphase microtubule plus end assembly rates upon CKAP5 
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overexpression. Scatter dot plot shows mean values ± SD, n=30. 20 microtubules were measured 
per cell. C) Measurements of invasive wound closure over time of the melanoma cell line SK-Mel-
173 transfected with a CKAP5 overexpressing plasmid. Images were taken every hour for 46 h in 
total. Data for the invasive wound closure of SK-Mel-147 were already shown in Figure 3.4 and are 

shown here as a positive control. Graphs show mean values ± SD, n=3, two-way ANOVA test. D) 
Exemplary images of two spheroids derived from SK-Mel-173 cells with a transient overexpression 
of CKAP5. Images were taken after four days. White triangles mark invasive structures. Scale bar, 
50 µm. Indicated stars are defined as: **** = p ≤ 0.0001. The significances refer to corresponding 
control cells. Dotted lines separate different cell lines depicted in one graph. 

Further, it was analyzed whether induction of increased microtubule plus end assembly is 

sufficient to increase cell migration and invasion. Since the overexpression of chTOG was 

shown before to increase microtubule plus end assembly in mitotic cells (Ertych et al., 

2014), CKAP5 was overexpressed in the non-invasive cell lines SK-Mel-19 and SK-Mel-

173 and microtubule plus end assembly rates were measured in interphase. The overex-

pression of CKAP5 was verified by western blot (Figure 3.8A). CKAP5 overexpression was 

associated with accelerated microtubule growth rates from 19.8 to 23.0 µm/min for SK-

Mel-19 cells and from 19.3 to 22.3 µm/min for SK-Mel-173 cells (Figure 3.8B). However, 

despite the induction of increased microtubule plus end growth rates, non-invasive SK-

Mel-173 cells transfected with a CKAP5 overexpressing plasmid did not show enhanced 

invasive wound healing closure (Figure 3.8C). Furthermore, non-invasive SK-Mel-173 

spheroids in Matrigelä with a transient overexpression of CKAP5 did not show increased 

formation of invasive structures after four days (Figure 3.8D).  

Taken together, the obtained data show a correlation of microtubule plus end dynamics 

with cell migration and invasion in colorectal and melanoma cell lines. Restoration of nor-

mal interphase microtubule growth rates in invasive cells caused a partial reduction of cell 

migration and invasion. However, the induction of enhanced microtubule plus end assem-

bly per se was not sufficient to trigger increased cell migration and invasion. These results 

suggest that microtubule dynamics is required, but not sufficient to trigger increased mi-

gration and invasion in human cancer cells.  

3.1.3. Signaling upstream of enhanced microtubule plus end growth rates in 

interphase cells 

Previous results of our lab showed that the concomitant loss of TP53 and TP73 in HCT116 

cells leads to the loss of the Cdk inhibitor p21Cip1. Loss of p21Cip1 unleashes the activity of 

Cdk1 resulting in increased microtubule plus end growth rates during mitosis, formation of 

lagging chromosomes during anaphase, chromosomal instability, and aneuploidy 

(Schmidt et al., 2021). To search for potential factors triggering increased microtubule plus 

end growth rates in interphase cells that would lead to enhanced cell motility, different cell 
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cycle regulators in melanoma cell lines known to regulate the cytoskeleton and therefore 

potentially influencing microtubule plus end dynamics and cell movement were analyzed. 

3.1.3.1. Inhibition of Cdk1 activity restores normal microtubule plus end 

growth rates in invasive melanoma cell lines and reduces cell 

migration and invasion 

Cdk1 is well described for its function as a mitotic kinase (Malumbres & Barbacid, 2009; 

Satyanarayana & Kaldis, 2009). Since accelerated Cdk1 activity was associated with chro-

mosomal instability in HCT116 cells, the effect of Cdk1 inhibition on interphase microtubule 

plus end growth rates and cell migration and invasion in melanoma cell lines was analyzed. 

 

Figure 3.9 Inhibition of Cdk1 activity rescues increased interphase microtubule plus end 
growth rates and enhanced cell migration and invasion in invasive melanoma cell lines. A) 
Measurements of interphase microtubule plus end growth rates in invasive melanoma cell lines 
upon RO3306 treatment. SK-Mel-103 and SK-Mel-147 cells were treated with 1 µM of the Cdk1 
inhibitor RO3306 or DMSO as a control. SK-Mel-103 cells were treated simultaneously with 0.5 nM 

of Taxol and 1 µM of the Cdk1 inhibitor. Scatter dot plot shows mean values ± SD, n=30, 20 micro-
tubules were measured per cell, t-test. B) Determination of cell migration of SK-Mel-19, SK-Mel-
103 and SK-Mel-147 cells after treatment with the Cdk1 inhibitor RO3306. Cells were treated with 
1 µM of RO3306 and 1 µM of RO3306 together with 0.5 nM of Taxol. DMSO treatment served as a 

control. Migration was analyzed after 24 h. Bar graphs show mean values ± SD from three or five 
(five experiments were done with SK-Mel-147 cells in transwell migration assays upon RO3306 
treatment) independent experiments, t-test. C) Determination of cell invasion of melanoma cell lines 
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upon treatment with the Cdk1 inhibitor RO3306. Cells were treated with 1 µM of the Cdk1 inhibitor 
RO3306 or DMSO as a control. Cell invasion was analyzed after 48 h. Bar graphs with mean values 

± SD, n=3, t-test. p-values are defined as followed: **** = p ≤ 0.0001, *** = p ≤ 0.001, ** = p ≤ 0.01, 
* = p ≤ 0.05 and non-significant (ns) = p > 0.05. Significances refer to corresponding control cells. 
Different cell lines within one graph are separated by a dotted line. 

Interestingly, treatment of the invasive cell lines SK-Mel-103 and SK-Mel-147 with 1 µM of 

the selective Cdk1 inhibitor RO3306 reduced the microtubule plus end growth rates from 

20.7 to 17.4 µm/min for SK-Mel-103 cells and from 21.6 to 19.1 µm/min for SK-Mel-147 

cells (Figure 3.9A). Simultaneous treatment of SK-Mel-103 cells with the Cdk1 inhibitor 

and 0.5 nM of the microtubule stabilizing drug Taxol did not lead to further reduction of the 

microtubule growth rates, hence, excluding an additive effect of Taxol and Cdk1 inhibitor 

treatment and indicating that both signalings might share the same pathway. For migration 

and invasion transwell assays SK-Mel-103 and SK-Mel-147 cells were treated with 1 µM 

of the Cdk1 inhibitor or DMSO as a control. Cdk1 inhibitor treated cells displayed at least 

50 % reduced cell migration and invasion compared to control cells (Figure 3.9B and C). 

The simultaneous treatment with the Cdk1 inhibitor and Taxol showed again no additive 

effect. 

3.1.3.2. Hyperactive E2F1 might be a potential trigger for increased in-

terphase microtubule plus end dynamics 

The G1/S restriction point is a cell cycle checkpoint to regulate entry into S phase. Essen-

tial factors for regulating the transcription of important S phase regulators are the Reti-

noblastoma (Rb) protein and the transcription factor E2F1. Cdk4 in complex with D-type 

cyclins phosphorylates Rb at the G1/S restriction point, which leads to its dissociation from 

E2F1 and the immediate binding of the activated transcription factor to its target genes 

(Bracken et al., 2004). Since E2F1 is often found to be upregulated in cancer (Burkhart & 

Sage, 2008), I hypothesized that increased activity of the transcription factor E2F1 leads 

to elevated interphase microtubule polymerization rates and hence, to increased cell mi-

gration and invasion. The transient siRNA mediated knockdown of RB or the overexpres-

sion of E2F1 were verified by western blot (Figure 3.10A) and resulted in increased micro-

tubule polymerization rates in the non-invasive cell line SK-Mel-173 with enhanced growth 

rates from 19.3 to 22.5 µm/min and from 18.9 to 22.1 µm/min, respectively (Figure 3.10B). 

Transfection of the invasive cell line SK-Mel-103 with a siRNA targeting E2F1, the repre-

sentative western blot is shown in Figure 3.10A, resulted in the reduction of microtubule 

plus end growth rates from 22.9 to 19.7 µm/min and approximately 30 % reduced cell 

migration (Figure 3.10C and D). 
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Figure 3.10 E2F1 activity participates in the regulation of interphase microtubule plus end 
growth rates and cell migration in melanoma cell lines. A) Representative western blots show-
ing the siRNA mediated knockdown of RB or E2F1 overexpression in the non-invasive cell line SK-
Mel-173, and E2F1 knockdown in the invasive cell line SK-Mel-103. E2F1 (KH95, mouse, mono-

clonal antibody (mAb)) and Rb (IF-8, mouse, mAb) were detected. b-actin (AC-15, mouse, mAb) 

and a-tubulin (B-5-1-2, mouse, mAb) served as the loading controls. B) Measurements of inter-
phase microtubule plus end assembly rates in the non-invasive cell line SK-Mel-173 after the siRNA 
mediated knockdown of RB or transient overexpression of E2F1. C) Measurements of interphase 
microtubule plus end growth rates in SK-Mel-103 cells upon siRNA mediated knockdown of E2F1. 

Scatter dot plots in B) and C) show mean values ± SD, n=30, 20 microtubules were measured per 
cell, t-test. D) Determination of cell migration of SK-Mel-103 cells after siRNA mediated knockdown 

of E2F1. Migration was analyzed after 24 h. Bar graphs show mean values ± SD, n=3, t-test. Stars 
are defined as: **** = p ≤ 0.0001. The indicated significances refer to control cells that were marked 
by dotted lines. Different transfections within one graph were separated by a dotted line. 

After the initial experiments were indicating a potential contribution of E2F1 activity in the 

regulation of microtubule plus end growth rates in interphase, further upstream regulators 

of E2F1 activity were analyzed for their effect on interphase microtubule plus end assem-

bly. Since the binding of Cdk2 to E-type cyclins and Cdk4 to D-type cyclins is also known 

to phosphorylate the Rb protein (Martínez-Alonso & Malumbres, 2020), the effects of Cdk4 

and Cdk2 inhibitors on microtubule plus end dynamics in interphase cells and on cell mi-

gration and invasion were analyzed. Cells from the invasive cell line SK-Mel-103 were 

treated with 75 nM of Cdk4 inhibitor (PD0332991) or 100 nM of Cdk2 inhibitor (CVT313) 

before cells were analyzed for microtubule plus end growth rates in interphase. The meas-

urements for inhibitor treated cells showed no significant reduction of microtubule growth 

rates after treatment with the Cdk4 inhibitor and just a slight reduction for the treatment 

with the Cdk2 inhibitor (Figure 3.11A). The invasive cell line SK-Mel-103 was treated prior 

and during transwell cell migration and invasion assays with Cdk4 or Cdk2 inhibitors. All 

measurements showed a reduction by at least 40 % of cell migration or invasion 
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(Figure 3.11B and C). However, it is unclear why the transwell invasion assays with SK-

Mel-103 cells upon Cdk2 inhibitor treatment did not show a significant reduction of cell 

invasion. 

 

Figure 3.11 Upstream regulators of E2F1 signaling affect microtubule plus end growth rates 
and cell migration and invasion in melanoma cell lines. A) Measurements of interphase micro-
tubule plus end assembly in SK-Mel-103 cells upon treatment with inhibitors for Cdk2 (CVT313) 
and Cdk4 (PD0332991). Cells were treated with 75 nM of Cdk4 and 100 nM of Cdk2 inhibitor. 
DMSO treated cells were used as control cells. B) and C) Determination of cell migration and inva-
sion of the melanoma cell line SK-Mel-103 upon treatment with inhibitors for Cdk2 (CVT313) and 
Cdk4 (PD0332991). Migrated or invaded cells were counted after 24 h or 48 h, respectively. D) 
Representative western blot showing the partial depletion of cyclin D1 in SK-Mel-103 cells. Cyclin 

D1 (HD11, mouse, monoclonal antibody (mAb)) was detected. b-actin (AC-15, mouse, mAb) was 
used as a loading control. E) Measurements of interphase microtubule plus end growth rates after 
the transient knockdown of CCND1 in SK-Mel-103 cells. Cells transfected with LUCIFERASE (LUC) 
siRNA were used as control cells. F) Determination of cell invasion of cells with a transient knock-

down of CCND1. Analyzed after 48 h. Scatter dot plots show mean values ± SD, n=30, 20 microtu-

bules were measured per cell, t-test. Bar graphs present mean values ± SD, n=3, t-test. Definition 
of the p-values: **** = p ≤ 0.0001, *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 0.05 and non-significant (ns) 
= p > 0.05. The indicated significances refer to corresponding control cells. Dotted lines separate 
different cell lines within one graph.  

To analyze the contribution of D-type cyclins on regulating microtubule plus end dynamics 

and cell migration and invasion, a siRNA mediated transient knockdown of CCDN1 in SK-

Mel-103 cells was performed and the effects on microtubule plus end assembly rates and 

cell invasion were analyzed. Western blot verification of the partial depletion of cyclin D1 
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in SK-Mel-103 cells is shown in Figure 3.11D. Microtubule polymerization rate measure-

ments showed reduced growth rates from 22.6 to 20.2 µm/min (Figure 3.11E). The siRNA 

mediated knockdown of CCND1 led to a reduction of cell invasion by at least 25 % (Figure 

3.11F). 

Taken together, to find upstream regulators that trigger an enhanced microtubule plus end 

assembly in melanoma cell lines and subsequently an increased cell migration and inva-

sion, a screen with essential regulators at the G1/S restriction point of the cell cycle was 

performed. These factors are already linked to promote cell migration and invasion in var-

ious types of cancer (Roworth et al., 2015). A hyperactivated E2F1 transcription factor in 

melanoma cell lines might be one of many triggers for enhanced microtubule plus end 

growth rates and elevated cell migration and invasion. Decreased E2F1 activity restored 

normal microtubule dynamics and partially reduced cell migration and invasion. However, 

not all data showed significant results. Further analyses are needed. 

3.2. Paracrine signaling regulates increased microtubule growth rates 

in invasive melanoma cell lines 

A recent study from the Godinho lab demonstrated that human breast epithelial cells 

(MCF-10A) with an abnormal number of centrosomes induce an invasive phenotype in 

surrounding cells by secretion of extracellular vesicles. The paracrine signaling involved 

the secretion of three factors, interleukin 8 (IL8), growth/differentiation factor 15 (GDF-15) 

and angiopoietin like 4 (ANGPTL4) (Arnandis et al., 2018). Since the centrosome is the 

microtubule organizing center of the cell, I investigated if the regulation of microtubule plus 

end assembly rates is linked to centrosome amplification. Moreover, I analyzed if a para-

crine signaling can contribute to deregulation of microtubule plus end growth rates in mel-

anoma cells. 

3.2.1. Invasive melanoma and colorectal cancer cell lines with elevated mi-

crotubule plus end growth rates exhibit a higher proportion of cells 

with supernumerary centrosomes  

To investigate centrosome numbers in melanoma and colorectal cancer cells, cells were 

analyzed for g-tubulin foci by immunofluorescence microscopy. Representative images of 

supernumerary centrosomes of the invasive cell lines SK-Mel-103 and SK-Mel-147 com-

pared to the non-invasive cell line SK-Mel-173 are shown in Figure 3.12A. The statistical 

analysis of 600 (melanoma) or 400 (HCT116) interphase cells showed that invasive mel-

anoma cell lines (Figure 3.12B) as well as invasive HCT116 + TP73shRNA/TP53-/- cells 

(Figure 3.12C) exhibited a higher proportion of cells with more than two centrosomes. 
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Figure 3.12 Quantification of supernumerary centrosomes in melanoma and colorectal can-
cer cells. A) Representative images of interphase melanoma cells stained for centrosomes (red) 

and microtubules (green) using g-tubulin (GTU88, mouse, monoclonal antibody (mAb)) and a-tubu-
lin (rabbit, polyclonal antibody) antibodies. DNA was stained using Hoechst33342 (blue). Depicted 
are images of SK-Mel-173 cells with two centrosomes and SK-Mel-103 and SK-Mel-147 cells with 
each cell line presenting cells with three centrosomes. White triangles mark exemplary centro-
somes. Scale bar, 5 µm. B) Proportion of cells with supernumerary centrosomes in SK-Mel-19, SK-
Mel-173, SK-Mel-103 and SK-Mel-147 cell lines. 600 interphase cells were analyzed. Every cell 
with more than two centrosomes was defined as a cell with supernumerary centrosomes. C) Pro-
portion of HCT116 cells with supernumerary centrosomes transfected with scrambled shRNA, 
TP73shRNA, with a knockout of TP53 or with a concomitant loss of TP73/TP53 (clone 10.2 and 

clone 17.2). 400 cells per cell line were analyzed. Bar graphs show mean values ± SD of four or six 
(six experiments were done with the melanoma cell lines) independent experiments. All experi-
ments were statistically analyzed using a t-test. The indicated p-values are defined as: **** = p ≤ 
0.0001, *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 0.05 and non-significant (ns) = p > 0.05. The indicated 
significances refer to non-invasive control cells. Control cells for the HCT116 cell line are separated 
by a dotted line. 
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SK-Mel-103 and SK-Mel-147 cell lines exhibited 11.4 and 14.6 % cells with supernumerary 

centrosomes, compared to the non-invasive cell lines SK-Mel-19 and SK-Mel-173 with 3.3 

and 1.5 %. HCT116 + TP73shRNA/TP53-/- clone 10.2 and clone 17.2 cells exhibited 12.5 

and 11.8 % cells with an abnormal centrosome number, compared to control cells, cells 

with the single shRNA mediated knockdown of TP73 or a knockout of TP53 with 5.3, 3.3 

and 3 %, respectively. This is in line with data from the literature, where cell lines cultured 

in vitro exhibit usually not more than 15 % of cells with supernumerary centrosomes (Di-

filippantonio et al., 2009; Mittal et al., 2017). 

3.2.2. Overexpression of the centriole duplication regulators Plk4 and Stil 

leads to a higher proportion of cells with supernumerary centrosomes 

and to increased interphase microtubule plus end growth rates 

To establish a correlation between supernumerary centrosomes and increased microtu-

bule plus end assembly rates, the centriole duplication regulators Plk4 and Stil were over-

expressed in non-invasive melanoma cell lines that exhibit no supernumerary centro-

somes and the effect on microtubule polymerization rates in interphase was analyzed. The 

successful overexpression of PLK4 and STIL was verified by western blots (Figure 3.13A). 

As expected, the overexpression of PLK4 and STIL led in both non-invasive cell lines to a 

higher proportion of cells with supernumerary centrosomes (Figure 3.13B) with 2.7 % in 

SK-Mel-19 control transfected cells and 7.3 % and 13.3 % for cells transfected with a STIL 

or PLK4 overexpressing plasmid, respectively. SK-Mel-173 control transfected cells ex-

hibited 2.2 % of cells with supernumerary centrosomes, whereas the overexpression of 

STIL or PLK4 resulted in 6 or 9 % of cells with an abnormal number of centrosomes. 

Interestingly, PLK4 as well as STIL overexpression led to a significant increase of inter-

phase microtubule polymerization rates in SK-Mel-19 and SK-Mel-173 cells. SK-Mel-19 

cells exhibited microtubule growth rates from 19.8 to 23.8 µm/min for PLK4 and from 19.8 

to 23.6 µm/min for STIL overexpression. In SK-Mel-173 cells microtubule growth rates 

were elevated from 19.2 to 22.2 µm/min for PLK4 and from 19.3 to 22.6 µm/min for STIL 

overexpression (Figure 3.13C and D). This might indicate a link between the centrosome 

number and microtubule plus end assembly. Since HCT116 + TP73shRNA/TP53-/- cells 

showed a similar higher proportion of cells with supernumerary centrosome compared to 

control cells, HCT116 cells were used for the overexpression of PLK4 and STIL. Repre-

sentative western blots of the overexpression are shown Figure 3.14A.  
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Figure 3.13 PLK4 and STIL overexpression increases the centrosome number and acceler-
ates microtubule plus end growth rates in non-invasive melanoma cells. A) Representative 
western blots showing PLK4 or STIL overexpression in the non-invasive melanoma cell lines SK-
Mel-19 and SK-Mel-173. Protein levels of Plk4 (6H5, mouse, monoclonal antibody (mAb)) and GFP 

(GF28R, mouse, mAb) were detected. a-tubulin (B-5-1-2, mouse, mAb) served as a loading control. 
B) Proportion of cells with supernumerary centrosomes exhibiting a transient overexpression of 
PLK4 or STIL. C) Measurements of interphase microtubule plus end assembly rates in the non-
invasive cell lines SK-Mel-19 and SK-Mel-173 with a transient overexpression of PLK4. D) Meas-
urements of interphase microtubule plus end assembly rates in non-invasive cell lines upon transi-

ent overexpression of STIL. Scatter dot plots, mean values ± SD, n=30, 20 microtubules were 

measured per cell, t-test. Bar graphs, mean values ± SD, n=300, t-test. The p-values are defined 
as: **** = p ≤ 0.0001, ** = p ≤ 0.01, * = p ≤ 0.05. Significances refer to corresponding control cells. 
Dotted lines separate different cell lines or transfections within one graph. 
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Similar to melanoma cells, the overexpression of PLK4 and STIL led to a higher proportion 

of cells with supernumerary centrosomes with 4.3 to 15.5 % and 3.2 to 10.3 %, respectively 

(Figure 3.14B). HCT116 cells with PLK4 or STIL overexpression exhibited increased mi-

crotubule plus end growth rates up to 20.0 and 20.1 µm/min, respectively (Figure 3.14C 

and D). Interestingly, PLK4 overexpression was not sufficient to induce microtubule growth 

rates during mitosis, suggesting a specificity of aberrant centrosome amplification and mi-

crotubule plus end growth rates in interphase (Figure 3.14C). 

 

Figure 3.14 PLK4 and STIL overexpression induces supernumerary centrosomes and accel-
erates microtubule plus end growth rates in HCT116 cells. A) Representative images of west-
ern blots showing protein levels of Plk4 (6H5, mouse, monoclonal antibody (mAb)) and GFP 

(GF28R, mouse, mAb) in HCT116 cells. a-tubulin (B-5-1-2, mouse, mAb) was used as a loading 
control. B) Quantification of the proportion of cells with supernumerary centrosomes after overex-

pression of PLK4 or STIL. Cells were stained for g-tubulin (GTU88, mouse, mAb) to detect inter-
phase centrosomes. C) Measurements of interphase microtubule plus end assembly rates in control 
cells transfected with a PLK4 overexpressing plasmid. Growth rates of mitotic and interphase cells 
were measured. To analyze mitotic cells, cells were treated one hour before live cell measurements 
with 2 µM DME. For the rescue of increased growth rates, cells were treated 2 h before and during 
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microtubule growth rate measurements with 0.2 nM of Taxol. D) Measurements of interphase mi-
crotubule plus end assembly rates in control cells transfected with a plasmid for the overexpression 

of STIL. Scatter dot plots show mean values ± SD, n=30. Every experiment includes 10 cells with 

20 microtubules were measured per cell. Bar graphs show mean values ± SD, n=300. The statisti-
cally analysis was done using an unpaired t-test. The indicated p-values are defined as followed: 
**** = p ≤ 0.0001, ** = p ≤ 0.01. Significances refer to control cells. Dotted lines separate different 
transfections or cell cycle phases within one graph. 

3.2.3. The co-cultivation of invasive cells with non-invasive cells leads to an 

increase of microtubule plus end growth rates in non-invasive inter-

phase cells 

Based on the findings of the Godinho lab in 2018, I analyzed if the co-cultivation of invasive 

cell lines characterized by an increased microtubule plus end dynamic and a higher pro-

portion of cells with supernumerary centrosomes with non-invasive cells would affect the 

microtubule plus end growth rates in non-invasive cell lines.  

 

Figure 3.15 Microtubule plus end assembly rates in non-invasive cells are increased upon 
co-cultivation with invasive cell lines. A) Measurements of interphase microtubule plus end as-
sembly rates in SK-Mel-173 cells that were co-cultivated with the invasive cell line SK-Mel-103 (1:1). 
Cells were co-cultured for 24 h before measuring microtubule plus end assembly rates. SK-Mel-
173 cells were co-cultivated with non-invasive SK-Mel-173 cells as a control. B) Measurements of 
interphase microtubule plus end assembly rates in non-invasive HCT116 cells co-cultivated with 
the invasive cell lines HCT116 + TP73shRNA/TP53-/- clone 10.2 and clone 17.2 (1:1). Scatter dot 

plots show mean values ± SD, n=30. 20 microtubules were measured per cell. The statistically 
analysis was done using an unpaired t-test. The indicated p-values are defined as: **** = p ≤ 0.0001. 
The significances refer to corresponding control cells. 

Therefore, the non-invasive cell line SK-Mel-173 expressing GFP-tagged EB3 was co-

cultivated with the invasive cell line SK-Mel-103 in a ratio of 1:1 and microtubule polymer-

ization rates in SK-Mel-173 cells were measured. Interestingly, SK-Mel-173 cells co-culti-

vated with the invasive cell line showed increased microtubule polymerization rates from 

19.0 to 22.6 µm/min (Figure 3.15A). The co-cultivation of GFP-tagged EB3 expressing 

HCT116 control cells with invasive HCT116 + TP73shRNA/TP53-/- clone 10.2 or clone 17.2 

cells resulted also in an increase of microtubule plus end growth rates in control cells (Fig-

ure 3.15B). 
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3.2.4. Paracrine regulation of microtubule plus end growth rates 

The co-cultivation of invasive cell lines characterized by a high proportion of cells with 

supernumerary centrosomes and elevated microtubule polymerization rates with control 

cell lines resulted in the induction of microtubule plus end growth rates in control cells,  

 

Figure 3.16 Conditioned medium from invasive cell lines is sufficient to induce microtubule 
plus end growth rates in non-invasive cell lines. A) Scheme of the experimental set up. B) Meas-
urements of interphase microtubule plus end assembly rates in non-invasive melanoma cell lines 
treated with invasive conditioned medium (CM). C) Proportion of cells with supernumerary centro-
somes in the non-invasive cell lines SK-Mel-19 and SK-Mel-173 after treatment with conditioned 
medium from invasive cells. Cells were treated with conditioned medium for 48 h before fixation. 
Conditioned medium derived from the non-invasive cell line SK-Mel-173 was used as a control. D) 
Measurements of interphase microtubule plus end assembly rates in non-invasive HCT116 cells 
treated with conditioned medium derived from invasive cells. Increased growth rates during 

A

B

D

SK-Mel-19 SK-Mel-173

C

SK-Mel-19 SK-Mel-173

E

HCT116 HCT116



Results 

 

69 
 

interphase were rescued with 0.2 nM of Taxol. Mitotic microtubule growth rates were measured by 
adding 2 µM DME to the cells one hour before starting measurements. E) Measurements of inter-
phase microtubule plus end assembly rates in non-invasive colorectal cancer cell lines treated with 

conditioned medium from invasive melanoma cells. Scatter dot plots show mean values ± SD, n=30, 

20 microtubules were measured per cell, t-test. Bar graphs show mean values ± SD, n=300, t-test. 
The indicated p-values are defined as: **** = p ≤ 0.0001, non-significant (ns) = p > 0.05. The indi-
cated significances refer to control cells. Different cell lines or cell cycle stages presented in one 
graph are separated through a dotted line. 

suggesting the possibility for paracrine regulation of microtubule plus end growth rates. To 

analyze this, the non-invasive cell lines SK-Mel-19 and SK-Mel-173 (recipient cells) were 

incubated with conditioned media (CM) derived from the invasive cell lines SK-Mel-103 

and SK-Mel-147 (donor cells). Microtubule polymerization rates and centrosome number 

specifically in the EB3-GFP transfected recipient cells were determined in interphase cells 

(Figure 3.16A). 

Intriguingly, treatment of non-invasive cells with conditioned medium derived from invasive 

cells was sufficient to accelerate microtubule plus end growth rates in the recipient cell 

lines (Figure 3.16B). Microtubule growth rates were increased from control cell level of 

20.0 µm/min to 22.6 and 22.8 µm/min in SK-Mel-19 cells and from 19.8 µm/min to 23.2 

and 23.3 µm/min in SK-Mel-173 cells when treated with conditioned medium from SK-Mel-

103 or SK-Mel-147 cells, respectively. Importantly, the treatment of non-invasive mela-

noma cell lines with conditioned medium from invasive cells did not change the proportion 

of cells with supernumerary centrosomes (Figure 3.16C), indicating that an induction of 

centrosome amplification does not account for the observed increase in microtubule plus 

end growth rates. Microtubule plus end growth rates in interphase were also increased in 

HCT116 control cells treated with conditioned medium from invasive HCT116 + 

TP73shRNA/TP53-/- cells (Figure 3.16D). Interestingly, conditioned medium from invasive 

cells did not accelerate the growth rates of microtubules in mitotic cells. The conditioned 

medium from invasive melanoma cell lines was also active enough to induce microtubule 

polymerization rates in HCT116 cells (Figure 3.16E), excluding a cell type specific effect. 

3.2.5. Paracrine signaling from cells with PLK4 or STIL overexpression is 

sufficient to induce microtubule polymerization rates in non-invasive 

cell lines without affecting the number of centrosomes 

The conditioned medium from invasive colorectal or melanoma cell lines was sufficient to 

induce microtubule polymerization rates in non-invasive cell lines otherwise exhibiting nor-

mal microtubule growth rates. For the following experiments, conditioned medium from 

non-invasive cell lines with a transient overexpression of PLK4 or STIL, which was shown 

to induce supernumerary centrosomes and microtubule growth rates in donor cells, was 



Results 

 

70 
 

collected and microtubule growth rates in non-invasive recipient cells were measured after 

incubation with the conditioned medium (Figure 3.17A).  

 

Figure 3.17 Paracrine signaling from colorectal cancer or melanoma cells overexpressing 
PLK4 or STIL is sufficient to induce microtubule plus end assembly rates. A) Scheme of the 
experimental set up. B) Measurements of interphase microtubule plus end assembly rates in mel-
anoma cells treated with conditioned medium (CM) derived from cells overexpressing PLK4 or 
STIL. Where indicated, 0.2 nM of Taxol was added to conditioned medium before cells were incu-
bated and analyzed. C) Quantification of the proportion of SK-Mel-173 cells with an abnormal num-
ber of centrosomes after treatment with conditioned medium from cells with a transient overexpres-

sion of PLK4. Cells were stained for g-tubulin (GTU88, mouse, monoclonal antibody) and cells with 
more than two centrosomes were defined as cells with supernumerary centrosomes. D) 
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Measurements of interphase microtubule plus end assembly rates in colorectal cancer cells treated 
with conditioned medium from HCT116 cells overexpressing PLK4 or STIL. 0.2 nM of Taxol was 
added to conditioned medium to restore normal microtubule plus end assembly rates. Scatter dot 

plots present the mean values ± SD, n=30. 20 microtubules were measured per cell. Bar graphs 

show the mean values ± SD, n=300. All experiments were statistically analyzed using an unpaired 
t-test. The indicated p-values are defined as followed: **** = p ≤ 0.0001. The indicated significances 
refer to corresponding control cells. Dotted lines separate different experimental conditions within 
one graph. 

To obtain conditioned medium from transfected cells, cells were washed 24 h after trans-

fection and incubated for 24 h with serum-free medium. Non-invasive cells transfected with 

GFP-tagged EB3 were incubated with the conditioned medium. Conditioned medium from 

PLK4 as well as STIL overexpressing cells was sufficient to accelerate microtubule growth 

rates in non-invasive recipient melanoma cell lines (Figure 3.17B). SK-Mel-19 cells treated 

with conditioned medium derived from control cells exhibited a growth rate of 19.6/19.7 

µm/min, which was induced to 23.2 µm/min when treated with conditioned medium from 

melanoma cells with a transient overexpression of PLK4 or STIL. SK-Mel-173 cells exhib-

ited a control growth rate of 19.1/19.2 µm/min, which was accelerated to 22.3 or 21.7 

µm/min when treated with conditioned medium derived from melanoma cells with a tran-

sient overexpression of PLK4 or STIL. The inductive effect of conditioned medium from 

cells transiently overexpressing PLK4 was rescued to 18.4 µm/min using sub-nanomolar 

concentrations of Taxol. However, treatment of the non-invasive cell line SK-Mel-173 with 

conditioned medium from cells overexpressing PLK4 was not affecting the proportion of 

cells with supernumerary centrosomes (Figure 3.17C), indicating that the paracrine sig-

naling is not dependent on supernumerary centrosomes.  

The same set up with colorectal cancer cells showed that the conditioned medium from 

PLK4 or STIL overexpressing HCT116 cells was also sufficient to induce interphase mi-

crotubule plus end growth rates in parental HCT116 cells (Figure 3.17D), excluding a cell 

type specific effect. 

3.2.6. Conditioned medium from cells with CKAP5 overexpression is suffi-

cient to induce microtubule polymerization rates in non-invasive cell 

lines independent from centrosome amplification 

PLK4 overexpression in donor cells led to accelerated microtubule growth rates and in-

duced supernumerary centrosomes. Treating non-invasive recipient cells with conditioned 

medium from these PLK4 overexpressing cells resulted in induced microtubule plus end 

assembly without affecting the number of centrosomes in recipient cells (Figure 3.17). To 

distinguish between a paracrine signaling that was induced through accelerated microtu-

bule growth rates or through the abnormal number of centrosomes, I overexpressed the 

microtubule polymerase chTOG in non-invasive cell lines. 
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Figure 3.18 Conditioned medium derived from cells overexpressing CKAP5 is sufficient to 
induce microtubule plus end growth rates. A) Scheme of the experimental set up. B) Measure-
ments of interphase microtubule plus end assembly rates in non-invasive melanoma cell lines with 
overexpression of CKAP5. The data from this graph were already shown in Figure 3.8. C) Propor-
tion of cells with supernumerary centrosomes after CKAP5 overexpression. Cells were stained for 

g-tubulin (GTU88, mouse, monoclonal antibody) to detect centrosomes. D) Measurements of 
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interphase microtubule plus end assembly rates in non-invasive melanoma cell lines treated with 
conditioned medium (CM) from cells with an overexpression of CKAP5. E) Proportion of cells with 
supernumerary centrosomes after treatment with conditioned medium derived from cells overex-

pressing CKAP5. Cells were stained with an antibody against g-tubulin to detect centrosomes. 
F) Measurements of interphase microtubule plus end assembly rates in non-invasive melanoma 
cell lines treated with conditioned medium from SK-Mel-103 and SK-Mel-147 cells with a transient 
knockdown of CKAP5. LUCIFERASE (LUC) transfected cells were used as a control. Scatter dot 

plots show the mean values ± SD, n=30, 20 microtubules were measured per cells, t-test. Bar 

graphs show the mean values ± SD, n=300, t-test. The indicated p-values are defined as: **** = p 
≤ 0.0001 and non-significant (ns) = p > 0.05. The significances refer to corresponding control cells. 
Different cell lines within one graph are separated through dotted lines. 

CKAP5 overexpression induced increased microtubule growth rates (Figure 3.18B). How-

ever, the overexpression of CKAP5 did not change the proportion of cells with supernu-

merary centrosomes (Figure 3.18C), indicating that CKAP5 overexpression provides the 

possibility to distinguish between paracrine signaling that is induced through supernumer-

ary centrosomes or increased microtubule plus end assembly rates in interphase. 

In the next step, non-invasive recipient cells were incubated 2 h before microtubule 

polymerization rate measurements with conditioned medium (CM) derived from CKAP5 

overexpressing cells (Figure 3.18A). Interestingly, microtubule growth rates of non-inva-

sive recipient cells were accelerated when treated with conditioned medium from CKAP5 

overexpressing donor cells (Figure 3.18D). The non-invasive cell line SK-Mel-19 exhibited 

an accelerated interphase microtubule growth rate from 19.7 to 23.1 µm/min and the non-

invasive cell line SK-Mel-173 showed an enhanced microtubule polymerization rate from 

19.2 to 22.2 µm/min (Figure 3.18D). However, treatment of recipient cells with conditioned 

medium from cells with a transient overexpression of CKAP5 did not change the proportion 

of cells with supernumerary centrosomes in non-invasive recipient cells (Figure 3.18E). To 

prove further that accelerated microtubule growth rates in donor cells are responsible for 

the effects in recipient cells, a transient siRNA mediated knockdown of CKAP5 was used 

to restore normal microtubule plus end assembly rates in invasive cell lines. Conditioned 

medium from these cells was collected and non-invasive recipient cells were incubated 2 

h before measuring interphase microtubule growth rates. Indeed, SK-Mel-173 cells treated 

with conditioned medium from invasive cells with a transient knockdown of CKAP5 did no 

longer show accelerated microtubule growth rates compared to invasive conditioned me-

dium from LUC transfected cells (Figure 3.18F). 

The same effects were seen in the colorectal cancer cell line HCT116. HCT116 cells with 

a transient overexpression of CKAP5 (Figure 3.19A) showed accelerated microtubule 

growth rates (Figure 3.19B) without inducing supernumerary centrosomes (Figure 3.19C).  
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Figure 3.19 Conditioned medium from HCT116 cells with a transient overexpression of 
CKAP5 induces microtubule plus end growth rates in recipient HCT116 cells. A) Representa-
tive western blots showing the overexpression of CKAP5 in HCT116 cells. Protein levels of GFP 

(GF28R, mouse, monoclonal antibody (mAb)) and chTOG (H-4, mouse, mAb) were detected. a-
tubulin (B-5-1-2, mouse, mAb) served as the loading control. B) Measurements of interphase mi-
crotubule plus end assembly in HCT116 cells after overexpression of CKAP5. C) Quantification of 
the proportion of cells with supernumerary centrosomes after CKAP5 overexpression. Centrosomes 

were detected using an antibody against g-tubulin (GTU88, mouse, mAb). D) Measurements of 
microtubule plus end growth rates in interphase cells upon treatment with conditioned medium (CM) 
from cells with a transient overexpression of CKAP5. E) Measurements of microtubule plus end 
growth rates in interphase cells upon treatment with conditioned medium from HCT116 + 
TP73shRNA/TP53-/- (clone 17.2) cells with a stable shRNA-mediated knockdown of CKAP5. F) Pro-
portion of cells with supernumerary centrosomes in HCT116 + TP73shRNA/TP53-/- clone 17.2 cells 

with a stable knockdown of CKAP5. Scatter dot plots show the mean values ± SD, n=30, 20 micro-

tubules were measured per cell, t-test. Bar graphs show the mean values ± SD, n=3, 300 cells in 
total, t-test. The indicated p-values are defined as: **** = p ≤ 0.0001 and non-significant (ns) = p > 
0.05. The indicated significances refer to corresponding control cells. 

HCT116 cells treated with conditioned medium from CKAP5 overexpressing cells exhib-

ited increased microtubule growth rates from 17.0 to 20.4 µm/min (Figure 3.19D), while 
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conditioned medium collected from HCT116 + TP73shRNA/TP53-/- clone 17.2 cells with a 

stable knockdown of CKAP5 was no longer able to induce microtubule growth rates (Fig-

ure 3.19E). Again, the stable knockdown of CKAP5 did not affect the increased proportion 

of cells with supernumerary centrosomes seen in HCT116 + TP73shRNA/TP53-/- cells 

(Figure 3.19F). Taken together, the data imply that the trigger for secretion of microtubule 

growth rate inducing factors might be the accelerated microtubule plus end growth rates 

in donor cells rather than the increased number of centrosomes. 

3.2.7. Increased microtubule plus end growth rates in invasive melanoma 

cells are regulated by centrosome-associated microtubule nucleation 

factors 

The outgrowth of microtubules from the centrosomes requires their nucleation and 

polymerization (Roostalu & Surrey, 2017). Important nucleation factors are g-tubulin, the 

main component of the g-tubulin ring complex and the anchor of microtubules to the cen-

trosome, and the centrosomal protein 192 (Cep192), an important component of the peri-

centriolar material and a crucial factor for further recruitment of microtubule nucleation 

promoting factors (Roostalu & Surrey, 2017). 

 

Figure 3.20 Partial depletion of the microtubule nucleators g-tubulin and Cep192 suppresses 
microtubule plus end growth rates in invasive melanoma cells. A) Representative western 
blots showing the siRNA mediated knockdown of TUBG1 and CEP192 in the invasive cell lines SK-

Mel-103 and SK-Mel-147. Protein levels of Cep192 (rabbit, polyclonal antibody) and g-tubulin 

(GTU88, mouse, monoclonal antibody (mAb)) were detected. a-tubulin (B-5-1-2, mouse, mAb) was 
used as a loading control. B) Measurements of interphase microtubule plus end assembly rates in 
invasive cell lines with a transient knockdown of TUBG1 and CEP192. Scatter dot plots, mean 

values ± SD, n=30, 20 microtubule were measured per cell, t-test. The indicated p-values are de-
fined as followed: **** = p ≤ 0.0001. The indicated significances refer to corresponding control cells. 
Different cell lines within one graph are separated by a dotted line. 

To analyze if nucleation factors might affect microtubule plus end assembly, I knocked 

down TUBG1 and CEP192 by using siRNAs in invasive melanoma cell lines (Figure 3.20A) 

and measured microtubule plus end growth rates. Interestingly, cells with a knockdown of 
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TUBG1 and CEP192 exhibited reduced microtubule plus end growth rates (Figure 3.20B), 

indicating that the nucleation factors g-tubulin and Cep192 are affecting microtubule plus 

end assembly rates in interphase. Vice versa, overexpression of TUBG1 and CEP192 in 

the non-invasive cell line SK-Mel-173 (Figure 3.21A) was sufficient to increase microtubule 

plus end growth rates from 19.4 µm/min to about 22 µm/min (Figure 3.21B), while not 

affecting the number of centrosomes (Figure 3.21C). Intriguingly, conditioned medium col-

lected from TUBG1 or CEP192 overexpressing cells was sufficient to induce microtubule 

plus end assembly in non-invasive cells (Figure 3.21D). 

 

Figure 3.21 Overexpression of TUBG1 and CEP192 and conditioned medium from cells with 
a TUBG1 or CEP192 overexpression induce enhanced microtubule growth rates. A) Repre-
sentative western blots showing the transient overexpression CEP192 or TUBG1 in SK-Mel-173 

cells. Protein levels of Cep192 (rabbit, polyclonal antibody) and g-tubulin (GTU88, mouse, mono-

clonal antibody (mAb)) were detected. a-tubulin (B-5-1-2, mouse, mAb) was used as the loading 
control. B) Measurements of interphase microtubule plus end growth rates in SK-Mel-173 cells after 
the transient overexpression of TUBG1 or CEP192. C) Quantification of the proportion of cells with 
supernumerary centrosomes after the transient overexpression of TUBG1 or CEP192. Cells were 
defined as cells with supernumerary centrosomes when more than two centrosomes were counted. 
D) Measurements of interphase microtubule plus end growth rates in SK-Mel-173 cells after treat-
ment with conditioned medium (CM) from cells with a transient overexpression TUBG1 or CEP192. 

Scatter dot plots show mean values ± SD, n=30, 20 microtubules were measured per cell, t-test. 

Bar graphs show mean values ± SD, n=300, t-test. The indicated p-values are defined as: **** = p 
≤ 0.0001 and non-significant (ns) = p > 0.05. The significances refer to control cells. 

3.2.8. The induction of microtubule plus end growth rates upon centrosome 

amplification is dependent on the microtubule nucleation factors g-tu-

bulin and Cep192 

Since the knockdown or overexpression of microtubule nucleation factors affected micro-

tubule plus end assembly rates in melanoma cells, I investigated whether these 
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Figure 3.22 Centrosome-induced microtubule growth rates are dependent on the microtu-

bule nucleators g-tubulin and Cep192 in melanoma cells. A) Scheme of the experimental set 
up. B) Representative western blots showing the overexpression of PLK4 and the simultaneous 
knockdown of CKAP5, TUBG1 or CEP192 in SK-Mel-173 cells. Protein levels of Plk4 (6H5, mouse, 
monoclonal antibody (mAb)), chTOG (H-4, mouse, mAb), Cep192 (rabbit, polyclonal antibody) and 

g-tubulin (GTU88, mouse, mAb) were detected. a-tubulin (B-5-1-2, mouse, mAb) was used as a 
loading control. C) Measurements of interphase microtubule plus end growth rates in SK-Mel-173 
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cells transfected with a PLK4 overexpressing plasmid and a siRNA targeting CKAP5, TUBG1 or 
CEP192. D) Measurements of interphase microtubule plus end growth rates in SK-Mel-173 cells 
transfected with a PLK4 overexpressing plasmid and treated with conditioned medium (CM) derived 
from cells with a transient knockdown of CKAP5, TUBG1 or CEP192. E) Measurements of inter-
phase microtubule plus end growth rates in SK-Mel-173 cells transfected with a siRNA targeting 
CKAP5, TUBG1 or CEP192 and treated with conditioned medium from cells overexpressing PLK4. 
F) Quantification of the proportion of cells with an abnormal number of centrosomes after overex-
pression of PLK4 and knockdown of CKAP5, TUBG1 or CEP192. Cells with more than two centro-
somes were defined as cells with supernumerary centrosomes. Scatter dot plots show mean values 

± SD, n=30, 20 microtubules were measured per cell, t-test. Bar graphs show mean values ± SD, 
n=300, t-test. The indicated p-values are defined as followed: **** = p ≤ 0.0001 and non-significant 
(ns) = p > 0.05. The significances refer to corresponding control cells. 

nucleation factors are required for centrosome-induced microtubule dynamics. For this, 

microtubule plus end assembly rates were measured in cells with an overexpression of 

PLK4 and knockdown of TUBG1 and CEP192, the knockdown of CKAP5 served as a 

control (Figure 3.22A). In total, I used three different approaches: first the effect of the 

overexpression of PLK4 and the knockdown of CKAP5, TUBG1 and CEP192 on microtu-

bule growth rates in interphase was analyzed. Second, the effect of conditioned medium 

collected from these cells on recipient cells was determined. And third, the effect of condi-

tioned medium from cells with a transient PLK4 overexpression on recipient cells with a 

transient knockdown of CKAP5, TUBG1 and CEP192 was analyzed. 

The knockdown of CKAP5, TUBG1 and CEP192 and the overexpression of PLK4 was 

verified by western blot (Figure 3.22B). Non-invasive SK-Mel-173 cells with an overex-

pression of PLK4 showed elevated levels of microtubule growth rates of 21.9 µm/min as 

shown before (Figure 3.13C). The siRNA mediated knockdown of TUBG1, CEP192 or 

CKAP5 resulted in the rescue of high microtubule growth rates (Figure 3.22C). Very similar 

results were obtained when conditioned medium from non-invasive cells with a concomi-

tant overexpression of PLK4 and a knockdown of TUBG1, CEP192 or CKAP5 was used 

(Figure 3.22D). Lastly, non-invasive cells with a knockdown of TUBG1, CEP192 and 

CKAP5 were treated with conditioned medium from PLK4 overexpressing cells. LUC con-

trol cells treated with conditioned medium from PLK4 overexpressing cells showed an av-

erage high growth rate of 22.2 µm/min. Conditioned medium from cells overexpressing 

PLK4 was not able to induce increased microtubule growth rates in non-invasive cells with 

a knockdown of TUBG1, CEP192 or CKAP5 (Figure 3.22E). The knockdown of TUBG1, 

CEP192 and CKAP5 in PLK4 overexpressing cells did not change the high proportion of 

cells with supernumerary centrosomes detected after overexpression of PLK4 (Fig-

ure 3.22F). Thus, the secretion of factors that led to the induction of microtubule growth 

rates in recipient and the regulation of microtubule growth rates in donor cells is dependent 

on key regulators of microtubule nucleation and polymerization. 

Confirming results were obtained using HCT116 cells. The knockdown of TUBG1, CEP192 

and CKAP5 and the overexpression of PLK4 in HCT116 cells were verified by western 
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blotting (Figure 3.23A). HCT116 cells with an overexpression of PLK4 and the concomitant 

loss of TUBG1, CEP192 and CKAP5 were analyzed for changes in microtubule plus end 

growth rates. Control cells with PLK4 overexpression showed accelerated growth rates, 

whereas the additional knockdown of TUBG1, CEP192 or CKAP5 rescued this defect (Fig-

ure 3.23B). The treatment of recipient cells with conditioned medium collected from cells 

with PLK4 overexpression was not sufficient to induce growth rates in TUBG1, CEP192 

and CKAP5 siRNA transfected cells (Figure 3.23C). The knockdown of nucleation and 

polymerization factors in PLK4 overexpressing cells did not change the number of cells 

with an abnormal number of centrosomes (Figure 3.23D). 

 

Figure 3.23 Centrosome-induced microtubule growth rates are dependent on the microtu-

bule nucleators g-tubulin and Cep192 in colorectal cancer cells. A) Representative western 
blots from HCT116 cells with an overexpression of PLK4 and simultaneous knockdown of CKAP5, 
TUBG1 or CEP192. Protein levels of Plk4 (6H5, mouse, monoclonal antibody (mAb)), chTOG (H-

4, mouse, mAb), Cep192 (rabbit, polyclonal antibody) and g-tubulin (GTU88, mouse, mAb) were 

detected. a-tubulin (B-5-1-2, mouse, mAb) was used as a loading control. B) Measurements of 
microtubule growth rates in HCT116 cells with overexpression of PLK4 and knockdown of CKAP5, 
TUBG1 or CEP192. C) Measurements of interphase microtubule growth rates in HCT116 cells 
transfected with a siRNA targeting CKAP5, TUBG1 or CEP192 and treated with conditioned me-
dium (CM) from PLK4 overexpressing HCT116 cells. D) Quantification of the proportion of cells with 
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supernumerary centrosomes after overexpression of PLK4 and knockdown of CKAP5, TUBG1 or 

CEP192. Cells were fixed, permeabilized and stained for g-tubulin to detect centrosomes. Cells with 
more than two centrosomes were defined as cell with supernumerary centrosomes. Scatter dot 

plots show mean values ± SD, n=30, 20 microtubules were measured per cell, t-test. Bar graphs 

show mean values ± SD, n=300, t-test. The indicated p-values are defined as: **** = p ≤ 0.0001 
and non-significant (ns) = p > 0.05. The significances refer to control cells. 

3.2.9. HER2 – ERK signaling is part of the paracrine signaling leading to the 

induction of increased microtubule plus end assembly 

Published work showed that paracrine signaling from cells with supernumerary centro-

somes is able to induce an invasive phenotype in recipient cells (Arnandis et al., 2018). It 

was shown that Interleukin-8 (IL8), HER2 and ERK contribute to this effect. To test if these 

factors are also involved in the paracrine signaling leading to increased microtubule plus 

end assembly rates, HER2 (Trastuzumab) and ERK (PD98059) inhibitors, as well as an 

antagonist of the IL8 receptor (SCH-527123) were used.  

 

Figure 3.24 The HER2/MAPK pathway mediates the paracrine signaling leading to the induc-
tion of microtubule plus end assembly rates in melanoma and colorectal cancer cells. A) 
Measurements of interphase microtubule plus end assembly in invasive melanoma cell lines in 
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response to HER2, ERK, or IL8 inhibition. Cells were treated with 40 µM HER2i (Trastuzumab), 20 
µM ERKi (PD98059) or 100 nM IL8 inhibitor (SCH-527123). DMSO treatment served as a control. 
B) Measurements of microtubule growth rates in a non-invasive melanoma cell line after treatment 
with conditioned medium (CM) derived from invasive cells supplemented with inhibitors. Condi-
tioned media were supplemented with 40 µM HER2i (Trastuzumab), 20 µM ERKi (PD98059) or 100 
nM IL8 inhibitor (SCH-527123). C) Measurements of interphase microtubule plus end assembly 
rates in SK-Mel-173 cells after incubation with conditioned medium from PLK4 overexpressing cells 
supplemented with inhibitors. Conditioned media were supplemented with 40 µM HER2i 
(Trastuzumab) or 20 µM ERKi (PD98059). D) Measurements of interphase microtubule plus end 
assembly rates in HCT116 + TP73shRNA/TP53-/- clone 17.2 cells in response to inhibitor treatment. 
Cells were treated with 40 µM HER2i (Trastuzumab) or 20 µM ERKi (PD98059). DMSO treatment 
served as a control. E) Measurements of interphase microtubule plus end assembly rates in 
HCT116 cells after incubation with conditioned medium from HCT116 + TP73shRNA/TP53-/- clone 
17.2 cells supplemented with inhibitors. Conditioned media were supplemented with 40 µM HER2i 

(Trastuzumab) or 20 µM ERKi (PD98059). Scatter dot plots show mean values ± SD, n=3. Every 
experiment includes data from 30 cells and 20 microtubules were measured per cell. All experi-
ments were statistically analyzed using an unpaired t-test. The indicated p-values are defined as: 
**** = p ≤ 0.0001 and ** = p ≤ 0.01. The indicated significances refer to corresponding control cells. 
The dotted line separates different cell lines within one graph. 

First, the invasive cell lines SK-Mel-103 and SK-Mel-147 were treated with inhibitors for 

HER2, ERK and IL8 signaling. DMSO treated control cells showed high growth rates with 

23.0 µm/min for SK-Mel-103 cells and 23.5 µm/min for SK-Mel-147 cells. The treatment 

with HER2 (Trastuzumab) and ERK (PD98059) inhibitors rescued the accelerated micro-

tubule growth rates to 19.6 and 19.1 µm/min for SK-Mel-103 cells and 20.3 and 18.7 

µm/min for SK-Mel-147 cells, respectively. The antagonist for the IL8 receptor (SCH-

527123) showed only a partial rescue of microtubule growth rates in SK-Mel-103 and SK-

Mel-147 cells with 21.1 and 21.4 µm/min, respectively (Figure 3.24A). Interestingly, the 

supplementation of conditioned medium (CM) from invasive cells with the HER2 and ERK 

inhibitor suppressed the induction of high microtubule growth rates in recipient cells (Fig-

ure 3.24B). Addition of conditioned medium from SK-Mel-103 cells to the non-invasive cell 

line SK-Mel-173 induced growth rates to 22.3 µm/min compared to conditioned medium 

derived from control cells. Conditioned medium derived from invasive cells supplemented 

with the HER2 or ERK inhibitor rescued the high growth rates to control cell level.  

The supplementation of the conditioned medium with the IL8 antagonist was again only 

partially rescuing high microtubule plus end growth rates to 21.0 µm/min and was therefore 

not included in further experiments. Further, conditioned medium from PLK4 overexpress-

ing cells supplemented with the HER2 and ERK inhibitor was not able to induce high mi-

crotubule growth rates in recipient cells (Figure 3.24C), indicating the contribution of 

HER2/ERK in paracrine signaling mediated induction of microtubule plus end growth rates. 

Confirming results were obtained with colorectal cancer cell lines. HCT116 + 

TP73shRNA/TP53-/- clone 17.2 cells treated with HER2 and ERK inhibitors showed res-

cued microtubule growth rates of 16.8 or 17.0 µm/min, respectively, compared to DMSO 

treated cells with 19.8 µm/min (Figure 3.24D). The supplementation of conditioned 



Results 

 

82 
 

medium derived from HCT116 + TP73shRNA/TP53-/- clone 17.2 cells with HER2 and ERK 

inhibitors and the incubation of non-invasive recipient cells with the collected conditioned 

medium was not sufficient to induce microtubule plus end growth rates compared to con-

ditioned medium that was supplemented with DMSO (Figure 3.24E). 

3.2.10. Extracellular vesicles mediate paracrine regulation of microtubule 

plus end dynamics  

It is well established that extracellular vesicles can contribute to paracrine signaling in hu-

man cancer cells (Menck et al., 2020). To test if extracellular vesicles are involved in para-

crine regulation of microtubule plus end assembly rates, collected conditioned medium 

was centrifuged at 14000 x g to sediment large extracellular vesicles. In addition, the con-

ditioned medium was incubated for 30 min at 56 °C to denature proteins.  

 

Figure 3.25 Extracellular vesicles mediate paracrine signaling to regulate microtubule 
growth rates. A) Measurements of interphase microtubule plus end growth rates in SK-Mel-173 
cells after treatment with conditioned medium from invasive cells. Conditioned medium derived from 
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invasive cells was either left untreated, was centrifuged at 5000 x g, 10000 x g, or 14000 x g for 35 
min (centrifuged) or was incubated for 30 min at 56 °C (denaturated). B) Measurements of micro-
tubule growth rates in the non-invasive cell line SK-Mel-173 after incubation with conditioned me-
dium from PLK4 overexpressing cells that was either centrifuged or incubated at 56 °C (de-

naturated). Scatter dot plots show mean values ± SD, n=30, 20 microtubules were measured per 
cell, t-test. The p-values are defined as: **** = p ≤ 0.0001 and non-significant (ns) = p > 0.05. The 
indicated significances refer to control cells. 

Both, centrifugation and denaturation eliminated the activity to increase microtubule plus 

end growth rates (Figure 3.25A). The same was true for conditioned medium derived from 

cells with a transient overexpression of PLK4 (Figure 3.25B). Interestingly, conditioned 

medium from SK-Mel-147 cells was centrifuged at different speed (5000, 10000, 14000 x 

g) and 5000 x g already eliminated the inductive effect on microtubule plus end assembly 

rates (Figure 3.25A), indicating that extracellular vesicles of bigger size might contribute 

to the paracrine signaling. A signaling mediated through exosomes that are sedimented at 

higher speed (> 100000 x g) was therefore excluded. 

3.2.11. Microvesicles induce microtubule polymerization rates in non-inva-

sive melanoma cells possibly in a HER2-dependent manner 

Microvesicles are typical 100 to 1000 nm in size and are sedimented at 14000 x g. To 

enrich microvesicles, conditioned medium from invasive SK-Mel-103 and SK-Mel-147 cells 

was centrifuged and the microvesicle pellet was resuspended in PBS. The non-invasive 

cell line SK-Mel-173 was incubated with concentrated microvesicles before measurements 

of microtubule polymerization rates. Non-invasive cells treated with microvesicles from the 

invasive cell lines SK-Mel-103 and SK-Mel-147 showed increased microtubule plus end 

assembly rates with 22.2 and 23.2 µm/min (Figure 3.26B).  

Since treatment of donor or recipient cells with the monoclonal antibody against HER2 

(Trastuzumab) resulted in rescued microtubule growth rates (Figure 3.24) and microvesi-

cles are known to transport receptors anchored in their plasma membrane to other cells 

(Nanou et al., 2020), I speculated that invasive cell lines are shedding microvesicles with 

incorporated HER2. To analyze if the transport of HER2 in the membrane of microvesicles 

is responsible for increased microtubule plus end growth rates in recipient cells, the iso-

lated microvesicles were pre-incubated for 2 h with 1 µM of an irreversible EGFR/HER2 

inhibitor (Canertinib). Subsequently, microvesicles were washed to remove unbound in-

hibitor (Figure 3.26A). To make sure that the washing steps after the incubation were suf-

ficient to remove the unbound inhibitor, microvesicles were also incubated with the reversi-

ble HER2 inhibitor (Trastuzumab). The preincubation of the microvesicles with the irre-

versible EGFR/HER2 inhibitor abolished the inductive effect of microvesicles. Microtubule 

growth rates were rescued from 22.2 to 19.8 µm/min after treatment with microvesicles 

derived from SK-Mel-103 cells and from 23.2 to 20.2 µm/min after incubation with 
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microvesicles derived from SK-Mel-147 cells. However, the preincubation of microvesicles 

from SK-Mel-147 cells with the reversible HER2 inhibitor (Trastuzumab) had no effect on 

increased microtubule plus end growth rates (Figure 3.26B). I also analyzed the activity of 

microvesicles isolated from cells overexpressing PLK4. In fact, Plk4-induced microvesicles 

increased microtubule plus end growth rates in the non-invasive cell line SK-Mel-173 (Fig-

ure 3.26C), indicating that microvesicles from invasive melanoma cells and from cells over-

expressing PLK4 exhibit potentially overlapping factors that contribute to the induction of 

microtubule plus end assembly rates in interphase. 

 

Figure 3.26 Microvesicles from invasive cells or cells overexpressing PLK4 induce microtu-
bule plus end growth rates in non-invasive cells. A) Scheme depicting the isolation of microvesi-
cles and HER2 inhibitor treatment. B) Measurements of microtubule growth rates in SK-Mel-173 
interphase cells treated with microvesicles from invasive cell lines. Microvesicles were incubated 
with an irreversible (irrHER2i, Canertinib,) EGFR/HER2 or reversible (Trastuzumab) HER2 inhibitor 
before treatment of SK-Mel-173 cells. Cells treated with PBS served as control cells. C) Measure-
ments of interphase microtubule plus end assembly rates after treatment with microvesicles isolated 

from cells with an overexpression of PLK4. Scatter dot plots show mean values ± SD, n=30, 20 
microtubules were measured per cell, t-test. The indicated p-values are defined as: **** = p ≤ 0.0001 
and non-significant (ns) = p > 0.05. The indicated significances refer to corresponding control cells. 
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3.2.12. Identification of proteins associated with microvesicles 

Since microvesicles derived from cells with an overexpression of PLK4 contained activities 

to increase microtubule growth rates, I embarked on identifying proteins that are associ-

ated with microvesicles from cells with a transient overexpression of PLK4 compared to 

microvesicles from control transfected cells. For this purpose, microvesicles were isolated 

from the non-invasive cell line SK-Mel-173 that was transfected with a PLK4 overexpress-

ing plasmid and were analyzed using mass spectrometry. The experiments were per-

formed in cooperation with Dr. Markus Räschle from the Technical University in Kaisers-

lautern. Microvesicles of three independent experiments derived from cells with an over-

expression of PLK4 exhibited 4.84-fold more HER3 and 1.96-fold more HER2 compared 

to microvesicles derived from control transfected cells, supporting the hypothesis that 

members of this receptor family might be more incorporated into the membrane of target 

cells and might contribute to the increase in microtubule plus end assembly in interphase. 

However, further validation experiments are necessary. All detected proteins were com-

pared to data from the Open Access database Vesiclepedia (Kalra et al., 2012). The pro-

teins found in microvesicles from my set up were compared to a list of proteins published 

on Vesiclepedia that are often found in extracellular vesicles based on the literature (Kalra 

et al., 2012). Intriguingly, 85 proteins out of 100 proteins that are often found in extracellu-

lar vesicles were also found in my samples, indicating that the isolation of microvesicles 

was successful.  

Microvesicles derived from invasive melanoma cells were also able to increase microtu-

bule growth rates in interphase, therefore, mass spectrometry analyses were performed 

to identify the content of these microvesicles. For this purpose, microvesicles were isolated 

from the non-invasive cell line SK-Mel-173 and the invasive cell line SK-Mel-147 and were 

analyzed using mass spectrometry. Again, in four independent experiments 83 proteins 

out of 100 proteins that are often found in extracellular vesicles were also found in my 

samples (Kalra et al., 2012). The mass spectrometry analyses from microvesicles derived 

from the non-invasive SK-Mel-173 cells with a transient overexpression of PLK4 detected 

in total 4415 proteins, compared to 2534 proteins detected in the second experiment. 2312 

proteins were found in both experimental set ups, indicating a high reproducibility. HER2 

or HER3 were not among the detected proteins, indicating potentially different ways of 

induction of increased microtubule plus end assembly rates in target cells. However, 

EGFR was 3-fold more abundant in microvesicles derived from invasive cells. Proteins, 

like fibrous sheath interacting protein 1 (Fsip1) and transforming growth factor b induced 

(TGFbI), were 3623- and 113-fold increased in microvesicles derived from invasive cells. 

Their overexpression was shown to be directly associated with increased invasiveness 
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(Zhu et al., 2015) and Fsip1 is a signaling partner of HER2 (Liu et al., 2017), indicating 

that microvesicles derived from invasive cell lines might mediate HER2 signaling through 

the transmission of HER2 signaling inducing factors. 

3.2.13. HER2 or ERK inhibition reduces cell migration in invasive melanoma 

cell lines 

HER2 and ERK signaling was found to be part of the paracrine signaling of melanoma and 

colorectal cancer cells involved in the regulation of microtubule plus end growth rates.  

 

Figure 3.27 Migration of invasive melanoma and colorectal cancer cells is partially depend-
ent on HER2 and ERK. A) Determination of cell migration of melanoma cell lines after treatment 
with inhibitors. Cells were treated with 40 µM HER2i (Trastuzumab) or 20 µM ERKi (PD98059). 
DMSO treated cells served as control cells. B) Determination of cell migration of HCT116 + 
TP73shRNA/TP53-/- cells after treatment with inhibitors. Cells were treated with 40 µM HER2i 

(Trastuzumab) or 20 µM ERKi (PD98059). Bar graphs show mean values ± SD, n=3, t-test. Indi-
cated stars are defined as followed: ** = p ≤ 0.01, * = p ≤ 0.05 and non-significant (ns) = p > 0.05. 
The indicated significances refer to control cells. Different cell lines are separated through dotted 
lines.  

Therefore, the role of HER2 and ERK in cell migration of invasive donor cells was investi-

gated. SK-Mel-103 and SK-Mel-147 cells were treated with HER2 (Trastuzumab) and ERK 

(PD98059) inhibitors and cell migration was examined using transwell migration assays. 

Treatment with HER2 (Trastuzumab) or ERK (PD98059) inhibitors led in both invasive 

melanoma cell lines to a significant reduction of cell migration of at least 40 % for SK-Mel-

103 cells and 30 % for SK-Mel-147 cells (Figure 3.27A). 

Interestingly, treatment of HCT116 + TP73shRNA/TP53-/- clone 10.2 and clone 17.2 cells 

with the ERK inhibitor (PD98059) led also to a reduction of cell migration by 70 % (Fig-

ure 3.27B). However, the treatment with the HER2 inhibitor (Trastuzumab) had no signifi-

cant effect. The effects of HER2 and ERK inhibition on melanoma cells were also exam-

ined in 3D spheroid assays. Spheroids derived from invasive SK-Mel-147 cells were 
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transferred to Matrigelä and treated with 0.5 nM of Taxol, 20 µM of ERK inhibitor 

(PD98059), 40 µM of HER2 inhibitor (Trastuzumab) and 1 µM of the irreversible 

EGFR/HER2 inhibitor (irrHER2i, Canertinib). Representative images of spheroids treated 

with the inhibitors after 48 h in Matrigelä are shown in Figure 3.28A. All inhibitor treatments 

showed a significant reduction of spheroid outgrowth (Figure 3.28B), indicating a depend-

ence of cell invasion in melanoma cells on HER2/ERK signaling. 

 

Figure 3.28 HER2 or ERK inhibition suppresses 3D spheroid outgrowth of invasive mela-
noma cells. A) Representative images of 3D spheroids derived from SK-Mel-147 cells and treated 
with DMSO, 0.5 nM of Taxol, 20 µM of ERKi (PD98059), 40 µM of HER2i (Trastuzumab) and 1 µM 
of the irreversible EGFR/HER2 inhibitor (irrHER2i, Canertinib). 3D spheroids were grown in a 96-

well plate for 48 h. 3D spheroids were transferred to MatrigelÔ. Images were taken after 48 h. Scale 
bar, 50 µm. B) Quantification of outgrowth area of spheroids derived from SK-Mel-147 cells treated 
with inhibitors after 48 h. n=26 (Taxol), n=24 (ERKi), n=27 (HER2i) and n=27 (irrHER2i) spheroids 

were analyzed after 48 h in Matrigelä. The area of outgrowth was calculated relative to control 

cells. Bar graphs show mean values ± SD, n=3, t-test. Data for Taxol treated spheroids were already 
shown in Figure 3.7. Indicated stars are defined as followed: **** = p ≤ 0.0001. Significances refer 
to DMSO treated control cells. 

3.2.14. Conditioned medium treatment on non-invasive spheroids and in 

transwell cell migration inserts does not increase cell migration or 

invasiveness 

Treatment of non-invasive recipient cells with conditioned medium from invasive cell lines 

induced microtubule plus end growth rates. The treatment of the non-invasive cell line SK-

Mel-173 with invasive conditioned medium from the SK-Mel-147 cell line did not increase 

cell migration in transwell migration assays (Figure 3.29A). The treatment of spheroids 

A

B
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derived from the non-invasive cell line SK-Mel-173 with conditioned medium from the in-

vasive cell line SK-Mel-103 did not lead to an increase of invasive structures, although the 

spheroids treated with conditioned medium derived from the invasive cell line showed 

some invasive structures more compared to the control treated spheroids (Figure 3.29B). 

 

Figure 3.29 Treatment of non-invasive spheroids with conditioned medium from invasive 
cells does not induce invasion. A) Determination of cell migration of SK-Mel-173 cells treated 
with conditioned medium (CM) from an invasive cell line. The data for the migration of SK-Mel-147 
were already shown in Figure 3.4. B) Exemplary images of spheroids derived from SK-Mel-173 
cells after treatment with conditioned medium from the invasive cell line SK-Mel-103. Spheroids 
were treated for five days with conditioned medium. Depicted are three spheroids per condition. 

Scale bar, 20 µm. Bar graphs show mean values ± SD, n=3, t-test. Indicated stars are defined as 
followed: *** = p ≤ 0.001 and non-significant (ns) = p > 0.05. Significances refer to control cells. 
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4. Discussion 

The present study demonstrated an intriguing correlation between increased numbers of 

centrosomes, increased microtubule plus end assembly rates, and enhanced invasive-

ness in colorectal cancer as well as melanoma cell lines. Most melanoma cell lines are 

characterized by a hyperactivation of the MAPK signaling pathway mediated through mu-

tations in BRAF, NRAS, and NF1 (Neurofibromin1) (Akbani et al., 2015; Tate et al., 2019). 

Together with mutations in constituents of the PI3K/AKT signaling pathway these genetic 

aberrations are implicated in increased cell survival, enhanced tumor cell growth, and high 

invasiveness seen in cutaneous melanoma (Hodis et al., 2012). Intriguingly, this present 

study revealed a link between abnormal centrosome amplification as a trigger for in-

creased microtubule plus end assembly rates in interphase possibly connected to en-

hanced cell migration and invasion in melanoma cell lines. In the proposed model (Fig-

ure 4.1), invasive donor cells characterized by supernumerary centrosomes, increased 

microtubule plus end assembly rates in interphase, and the elevated formation of invasive 

structures induce a microvesicle dependent paracrine signaling.  

 

Figure 4.1 Model of the interplay between supernumerary centrosomes, microtubule dynam-
ics in interphase, and cancer cell invasion in melanoma and colorectal cancer cell lines. 
Invasive cancer cells are characterized by abnormal centrosome amplification, increased microtu-
bule plus end assembly rates in interphase, and the elevated formation of invasive actin structures. 
The overexpression of PLK4 in non-invasive donor cells induces supernumerary centrosomes ac-
companied by increased microtubule plus end assembly rates. The overexpression of chTOG in-
creases microtubule dynamics without affecting the number of centrosomes. Both conditions induce 
a paracrine signaling through the release of microvesicles that induce increased microtubule plus 



Discussion 

 

90 
 

end assembly rates in recipient cells potentially mediated through a HER2 – ERK dependent path-
way leading to increased microtubule dynamics, which is required for increased cell migration and 
invasion. 

A PLK4 or chTOG dependent acceleration of microtubule dynamics in non-invasive donor 

cells leads also to the elevated release of microvesicles, which seems to be independent 

from the status of centrosome amplification. The microtubule dynamics dependent para-

crine signaling induces the increase of microtubule plus end assembly rates in recipient 

cells possibly through a HER2/ERK dependent pathway. 

Supernumerary centrosomes are associated with increased microtubule 

plus end assembly rates in interphase 

Supernumerary centrosomes in mitosis are associated with the formation of lagging chro-

mosomes, chromosome missegregation and chromosomal instability in human cancer 

(Ganem et al., 2009). However, the effects of supernumerary centrosomes on interphase 

cells are attracting more and more attention. This present study demonstrated that the 

induction of supernumerary centrosomes in cancer cells is sufficient to increase microtu-

bule plus end assembly rates in interphase. Surprisingly, measuring microtubule plus end 

assembly rates in mitotic HCT116 cells after induction of an abnormal number of centro-

somes revealed no significant increase of microtubule plus end growth rates. This obser-

vation indicates a specificity of the link between supernumerary centrosomes and micro-

tubule dynamics for interphase, however, it is currently unknown how this discrepancy 

between mitosis and interphase can be explained. 

Are increased microtubule plus end assembly rates in interphase a read out for in-

creased microtubule nucleation? 

De novo microtubule nucleation activity was shown to be low during interphase (Piehl et 

al., 2004). Indeed, microtubule nucleation is fivefold increased during mitosis (Salisbury et 

al., 1999) and the dynamic behavior of mitotic microtubules is approximately 3.5-fold in-

creased compared to interphase microtubules (Rusan et al., 2001). An aberrant number 

of centrosomes was directly associated with enhanced microtubule nucleation in cells de-

rived from the breast epithelium (Godinho et al., 2014) and led to accelerated interphase 

microtubule plus end assembly rates in melanoma and colorectal cancer cell lines as 

shown in this study. The activity of microtubule nucleation is proportional to the amount of 

pericentriolar material (PCM) surrounding the centrioles, which was shown to be aberrantly 

increased during interphase in the presence of supernumerary centrosomes (D’assoro et 

al., 2002; Lingle et al., 2001). The depletion of the PCM proteins g-tubulin (Thawani et al., 
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2018) or Cep192 (O’Rourke et al., 2014) was associated with reduced centrosomal micro-

tubule nucleation. Interestingly, this study showed that the partial depletion of the microtu-

bule nucleators Cep192 or g-tubulin suppresses increased microtubule plus end assembly 

rates in invasive melanoma cell lines. Cep192 and g-tubulin are proteins directly associ-

ated with the PCM at the centrosome (Gomez-Ferreria et al., 2007). The processive mi-

crotubule polymerase chTOG, whose partial depletion also rescued increased microtubule 

plus end assembly in interphase cells, is known for its role as a microtubule polymerase 

(Brouhard et al., 2008). In addition, chTOG was shown to be associated with de novo 

microtubule nucleation at the centrosome (Thawani et al., 2018), indicating that the partial 

loss of chTOG might be also linked to reduced microtubule nucleation at the centrosome. 

Even though g-tubulin is described and known as the main microtubule nucleator, studies 

in Drosophila melanogaster reported about the localization of g-tubulin along interphase 

microtubules, thereby fulfilling microtubule stabilizing functions (Bouissou et al., 2009). 

The microtubule associated protein TPX2 was shown to promote microtubule nucleation 

(Wieczorek et al., 2015) and stimulate microtubule assembly (Carter et al., 2017). The loss 

of Survivin was associated with reduced microtubule nucleation and microtubule dynamics 

in mitotic and interphase cells (Rosa et al., 2006), indicating that changes of microtubule 

regulators affect both de novo microtubule nucleation and dynamics. Furthermore, this 

study demonstrated that the inductive effect of Plk4-induced supernumerary centrosomes 

on microtubule dynamics is abolished after depletion of the microtubule polymerase 

chTOG or the microtubule nucleators g-tubulin or Cep192, indicating a connection between 

these processes. Interestingly, a stronger rescue of cell migration and invasion was 

achieved after the partial loss of CKAP5 compared to treatment with Taxol. The loss of 

CKAP5 is associated with reduced microtubule plus end growth rates and possibly with 

reduced microtubule nucleation, whereas the function of Taxol is limited to microtubule 

plus ends. Therefore, it is possible that increased microtubule plus end assembly rates in 

interphase are a direct consequence and a read out for increased de novo microtubule 

nucleation at the centrosome. 

The role of microtubule dynamics for targeting supernumerary centrosomes in can-

cer cells 

Targeting supernumerary centrosomes leading to the aberrant regulation of interphase 

microtubules in cancer cells is of great interest (Ogden et al., 2014). Cancer cells can 

overcome negative consequences of aberrant centrosome amplification by clustering cen-

trosomes not only in mitosis to avoid the assembly of a multipolar spindle, but also in 

interphase to avoid impaired cell polarization and defects in cancer cell invasion (Pannu 
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et al., 2014). Furthermore, studies performed in the model organism C. elegans showed 

that additional centrosomes can also be inactivated mediated through phosphatase de-

pendent disruption of the inner layer of the pericentriolar material (PCM) accompanied by 

microtubule dependent cortical forces that will lead to the rupture of the outer layer of the 

PCM (Magescas et al., 2019). Similar observations of centrosome inactivation were made 

in the wing disc epithelium of Drosophila melanogaster (Sabino et al., 2015). Interestingly, 

it has been shown that agents targeting clustered supernumerary centrosomes have a 

higher impact on interphase cells than on mitotic cells, since 95 % of cells in an asynchro-

nously growing cell population are in interphase (Ogden et al., 2014). In a recent study, 

the loss of centrosomes in interphase was associated with a shift to non-centrosomal mi-

crotubule nucleation, which led to the excessive transport of Rac1 to the cell cortex. Aber-

rant activity of Rac1 was associated with defects in actin cytoskeleton organization, lost 

cell polarity and consequently with failed directional cell migration (Cheng et al., 2019). 

The mentioned study highlights the importance of non-centrosomal microtubule organizing 

centers during interphase, such as the golgi apparatus (Gavilan et al., 2018). Remarkably, 

microtubules derived from the golgi apparatus have also been implicated in regulating cell 

polarization and cell invasion in 3D cultures (Wu et al., 2016). However, the centrosome 

is the main center of microtubule nucleation (Petry & Vale, 2015), therefore, this study 

focused on g-tubulin positive centrosomes and their way of microtubule organization. 

Interphase cells treated with small molecule inhibitors leading to declustered supernumer-

ary centrosomes were shown to exhibit a defective organization of the golgi complex, lost 

cell polarization, abnormal formation of cell protrusions, resulting in an overall reduced 

invasive phenotype (Pannu et al., 2014). Pannu and colleagues tested Reduced-9-bromo-

noscapine (RedBr-Nos) (Karna et al., 2011), Griseofulvin (Rebacz et al., 2007) and phe-

nanthridines (PJ-34) (Castiel et al., 2011) as declustering agents. RedBr-Nos and Griseo-

fulvin are known to bind to tubulin and interfere with microtubule polymerization, therefore, 

slowing down microtubule dynamics. The treatment with PJ-34, an inhibitor for the poly 

ADP-ribose polymerase (PARP), was associated with declustered centrosomes in mitosis, 

most likely through the post translational modification of centrosome clustering factors, like 

NuMA and HSET (Visochek et al., 2017). Interestingly, in another study, the authors 

demonstrated that the enhancement of microtubule nucleation in interphase results in the 

suppression of centrosome clustering during mitosis (Mariappan et al., 2019). Mariappan 

and colleagues identified a novel tubulin binding, small molecule inhibitor that interferes 

with the binding between centrosomal-P4.1-associated protein (CPAP) and tubulin in 

MCF-10A cells, a complex usually essential for keeping microtubule nucleation activity low 

during interphase. They proved that inhibitor treatment resulted in increased recruitment 
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of centrosomal factors to the PCM of interphase centrosomes leading to increased micro-

tubule nucleation prior to mitosis, followed by centrosome declustering during mitosis and 

the formation of a multipolar spindle. This was accompanied by impaired invasiveness in 

3D cultures, however, probably due to increased mitotic arrest. The effects of interphase 

supernumerary centrosomes on mitosis were not examined within this study. However, 

the induction of supernumerary centrosomes in the colorectal cancer cell line HCT116 was 

not linked to increased mitotic microtubule plus end assembly rates, indicating a specificity 

of the connection between aberrant centrosome amplification and microtubule dynamics 

for interphase. 

Declustering agents target supernumerary centrosomes leading to a reduced invasive 

phenotype. Agents such as RedBr-Nos and Griseofulvin were shown to function through 

the suppression of microtubule dynamics to decluster supernumerary centrosomes. The 

present study demonstrated that enhanced cell migration and invasion is dependent on 

increased microtubule plus end assembly rates in interphase and the restoration of normal 

microtubule plus end assembly rates using Taxol treatment partially rescued the invasive 

phenotype. Since supernumerary centrosomes were found to be a trigger of increased 

microtubule plus end assembly rates, it might be possible to rescue a supernumerary cen-

trosome associated invasive phenotype by treating cells with low doses of Taxol (Figure 

4.2). Further studies could analyze a possible effect of Taxol treatment on supernumerary 

centrosome organization. 

 

Figure 4.2 Outcome of centrosome clustering in cancer cells. Cancer cells cluster supernu-
merary centrosomes to avoid defects in microtubule organization in interphase. Clustered centro-
somes establish a functional microtubule network connected to an invasive phenotype. Decluster-
ing agents inhibit centrosome clustering resulting in defective organization of microtubules and de-
creased invasiveness. Sub-nanomolar concentrations of Taxol was shown to suppress a microtu-
bule dynamics dependent invasive phenotype. 

Taken together, correct microtubule organization in interphase is essential for proper cell 

polarization and cell motility. However, the relationship between supernumerary centro-

somes and cell migration and invasion is not exclusively dependent on changes in the 

microtubule cytoskeleton. A recent publication explained the link between structural cen-

trosome aberrations and increased metastasis (Ganier et al., 2018). A former study estab-

lished already a link between the induction of structural centrosome aberrations through 

the overexpression of ninein like protein (Nlp) in breast epithelial cells leading to massive 
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reorganization of the microtubule cytoskeleton and mislocalization of adhesion proteins 

(Schnerch & Nigg, 2016). Ganier and colleagues identified that the induction of structural 

centrosome aberrations triggered the budding of mitotic cells from the epithelium. The 

group measured the cortical tension of epithelial cells with structural centrosome aberra-

tions and cells exhibiting structural centrosome aberrations were characterized by in-

creased stiffness, which was accompanied by weakened cell junctions. Expansion of mi-

totic cells within the epithelium was due to the increased stiffness in surrounding inter-

phase cells suppressed, mitotic cells were excluded from the epithelium and were more 

likely to metastasize. Interestingly, our lab showed that chromosomally instable colorectal 

cancer cells exhibit reduced cortical tension during mitosis compared to chromosomally 

stable cells. This was associated with spindle mispositioning and chromosome missegre-

gation (unpublished results, Bastians lab), and indicates that chromosomally instable mi-

totic cells might be characterized by low cortex tension and are possibly more prone to 

metastasize.  

Increased microtubule dynamics is required but not sufficient to induce can-

cer cell migration and invasion 

Numerical centrosome aberrations were already shown to relate to an invasive phenotype 

(Arnandis et al., 2018; Godinho et al., 2014; Kazazian et al., 2017; Rivera-Rivera et al., 

2021). However, another group reported contrary results, where the overexpression of 

PLK4 and the induced amplification of centrosomes was not sufficient to stimulate the 

formation of invasive protrusions (Schnerch & Nigg, 2016). A further report demonstrated 

that PLK4 overexpression alone was not triggering formation of skin tumors, whereas over-

expression of PLK4 accompanied by the loss of TP53 was associated with increased tu-

morigenesis in mice (Serçin et al., 2016). The induction of invasive protrusions by the 

overexpression of PLK4 or CKAP5 was also not possible in the present study, which might 

be explained in different ways. The non-invasive SK-Mel-173 cell line that was primarily 

used for the studies on the microtubule dependent induction of increased cell invasion 

exhibits wildtype p53. The cell line is characterized by a single nucleotide polymorphism 

(SNP) in its wildtype TP53 gene locus located in codon 72 (P72R) (Alonso-Curbelo et al., 

2014). This polymorphism was linked to an increased metastatic behavior of cancer cells, 

but just in the context with mutant p53 (Basu et al., 2018). Wild type p53 was shown to 

suppress the activity of the receptor tyrosine kinase c-Met, which is often hyperactivated 

in cancer and associated with increased invasiveness (Hwang et al., 2011). Restored wild 

type p53 levels in cancer cells were associated with less cell migration and invasion 

(Cheng et al., 2019). Interestingly, HCT116 with loss of TP53 and TP73 were associated 
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with increased cell migration and invasion, indicating that p53 and p73 usually contribute 

to a non-invasive phenotype. However, the induction of a high proportion of cells with su-

pernumerary centrosomes demonstrated that the overexpression of PLK4 was functional, 

indicating that the status of p53 might not be critical during this process, but was possibly 

interfering with cancer cell invasion. Additionally, technical differences in handling extra-

cellular matrix-based 3D models are possible, since the outgrowth of invasive structures 

is depended on the stiffness, composition, and elasticity of the extracellular matrix 

(Yamada & Sixt, 2019). Furthermore, it is possible that the definition of invasiveness in 3D 

assays is different. In the present study, spheroids derived from non-invasive cells were 

incubated with conditioned medium from invasive cells and exemplary images showed that 

these spheroids formed more invasive protrusions compared to control spheroids. How-

ever, the total amount of invasive protrusions compared to invasive structures formed by 

the positive controls was remarkably low and quantification of the data was therefore not 

conducted. It is important to note that a combination of aberrations in different signaling 

pathways leads to increased invasiveness in melanoma cell lines. It is very likely that the 

overexpression of a single protein in non-invasive cells while increasing microtubule plus 

end growth rats, is not sufficient to induce an invasive phenotype to that extended seen in 

invasive cell lines. 

The role of deregulated microtubule dynamics for paracrine signaling 

This study showed that centrosome amplifications and the conditioned medium from these 

cells was a trigger for increased microtubule plus end assembly. Moreover, overexpres-

sion of CKAP5, which was not affecting centrosome numbers, was sufficient to induce 

paracrine signaling leading to the induction of microtubule plus end assembly in surround-

ing cells. Cell type specific effects were excluded, since conditioned medium from invasive 

melanoma cells was able to increase microtubule plus end assembly rates in interphase 

in colorectal cancer cells. It is possible that microtubule plus end assembly is the main 

mediator in inducing paracrine signaling and supernumerary centrosomes are acting as a 

trigger for the induction of increased microtubule dynamics in interphase.  

Microvesicles attract more and more attention in cancer research as they are found in 

blood and urine samples of cancer patients and function as potential biomarkers (Menck 

et al., 2017). The number of tumor-associated microvesicles in the blood of cancer patients 

is remarkably low compared to the abundance of normal microvesicles, however, the 

amount is sufficient to account for poor prognosis (Menck et al., 2017). Due to this im-

portance, it is of great interest to elucidate the mechanisms leading to the release of mi-

crovesicle and finding a way to suppress it. The exact mechanisms of extracellular vesicle 

shedding, and the contribution of the microtubule cytoskeleton remains poorly understood. 
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In contrast to exosomes, the formation and release of microvesicles is dependent on the 

actin cytoskeleton and released vesicles are actin positive (Jeppesen et al., 2019; Wang 

et al., 2014). It was shown that Ras related in brain (Rab) GTPases are directly associated 

with the intracellular trafficking and release of extracellular vesicles (Ostrowski et al., 2010; 

Wang et al., 2014). Signaling initiated through the small GTPase RhoA leading to the 

downstream activation of the LIM domain containing (LIM) kinase and subsequent inhibi-

tion of cofilin and its actin severing activity, was shown to be essential for microvesicle 

biogenesis (Li et al., 2012). Another study showed that cells can switch between the for-

mation of invadopodia or the release of invasion promoting microvesicles dependent on 

the substrate they are growing on. Increased activity of Rac1 was associated with invado-

podia formation and antagonized the shedding of microvesicles, whereas RhoA signaling 

led to increased release of microvesicles (Sedgwick et al., 2015).  

Microtubules were previously directly connected to actin coats on secretory vesicles and 

disruption of the microtubule cytoskeleton interfered with actin polymerization and exocy-

tosis (Müller et al., 2019). A recent publication reported about the correlation between the 

intracellular level of b3-tubulin and the release of microvesicles in malignant melanoma 

(Altonsy et al., 2020). The levels of b3-tubulin in malignant melanoma were shown to be 

increased and depletion subsequently led to decreased microtubule dynamics associated 

with less microvesicle shedding, indicating a direct link between microtubule dynamics and 

microvesicle shedding as demonstrated in this study with melanoma cell lines. It is im-

portant to note that microvesicles are also shed from the tumor microenvironment to en-

hance tumorigenic features of cancer cells. For instance, cancer-associated fibroblasts 

were shown to release microvesicles containing cancer cell migration inducing factors (Toti 

et al., 2021). An increased number of small extracellular vesicles that activate fibroblast 

like cells of the tumor microenvironment was released in pancreatic cancer cells with su-

pernumerary centrosomes (Adams et al., 2021). The release of exosomes is not mediated 

through membrane budding, but rather dependent on the fusion of multivesicular bodies 

(MVB) with the plasma membrane and the subsequent release of the content (Hessvik & 

Llorente, 2018). Adams and colleagues reported about a reactive oxygen species (ROS) 

mediated lysosomal dysfunction leading to enhanced fusion of MVB with the plasma mem-

brane (Adams et al., 2021), indicating a process independent of microtubules. This is in 

line with the finding of this study where extracellular vesicles, active in increasing microtu-

bule plus end assembly rates, were already sedimented at low centrifugation speed, indi-

cating that microvesicles rather than exosomes are involved. 

Microtubules are known to interact with actin filaments at the centrosome and at the cell 

periphery, as also seen during the process of cell migration and invasion. Accordingly, 
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increased microtubule plus end assembly in interphase might lead to enhanced transport 

of actin nucleators and polymerization factors to the cell cortex, subsequently leading to 

elevated actin polymerization resulting in increased microvesicle shedding (Figure 4.3). 

Furthermore, supernumerary centrosomes are associated with increased de novo micro-

tubule nucleation (D’assoro et al., 2002; Lingle et al., 2001), thereby, providing an in-

creased number of microtubules. More microtubules might transport more cargo to the cell 

cortex and interact more efficiently with the actin cytoskeleton to increase the release of 

microvesicles. Indeed, our lab found recently that enhanced microtubule plus end assem-

bly during mitosis might influence cortical actin polymerization to deregulate mitotic spindle 

orientation through a Rac1/Arp2/3 mediated signaling pathway (unpublished results, Bas-

tians lab). Taken together, microtubule plus end assembly might influence the actin cyto-

skeleton, thereby, favoring the release of microvesicles (Figure 4.3). This study showed 

that the treatment of cells with sub-nanomolar doses of the microtubule stabilizing drug 

Taxol is sufficient to restore normal microtubule plus end assembly rates in interphase, 

which might also reduce the release of cancer-relevant microvesicles, thereby, offering 

new possibilities for cancer therapy. 

 

Figure 4.3 Mechanisms of microvesicle shedding in cancer cells. Triggers upstream of micro-
tubule plus end assembly rates in interphase, such as supernumerary centrosomes or overexpres-
sion of CKAP5, lead to increased microtubule growth rates, subsequently affecting actin polymeri-
zation in the cell periphery and leading to the increased release of microvesicles containing tumor-
igenic factors. 

Involvement of HER2 and ERK in paracrine signaling leading to increased 

microtubule dynamics 

This study showed that conditioned media from invasive cell lines or cells with a transient 

overexpression of PLK4 contain microvesicles that were active to increase microtubule 

plus end assembly rates in non-invasive target cells. Moreover, the treatment of recipient 

cells or of the microvesicles with inhibitors for HER2 or ERK restored normal microtubule 

plus end assembly rates, suggesting that microvesicles mediated their activity through 

HER2/ERK signaling (Figure 4.4). 
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It is established that microvesicles enable the transmission of tumorigenic factors and ac-

celerate tumor proliferation (Arendt et al., 2014) and cell invasion (Menck et al., 2015) in 

target cells. A recent publication showed data indicating that IL8/HER2/ERK signaling can 

mediate invasion in response to centrosome amplification induced paracrine signaling (Ar-

nandis et al., 2018). In this setting, the receptor for IL8 might activate HER2 as shown 

during breast cancer stem cell activation (Singh et al., 2013). However, in my hands, inhi-

bition of IL8 signaling was not affecting microtubule plus end assembly rates in melanoma 

cell lines. It is possible that transactivation of HER2 via IL8 is breast epithelial cell specific 

and that HER2 is activated through another mechanism in melanoma cell lines. Interest-

ingly, HER2 was shown to interact at the plasma membrane with TGFb receptors. HER2 

signaling was associated with increased activation of Smad3 and a shift from tumor sup-

pressing TGFb signaling to EMT promoting signaling (Huang et al., 2018). TGFb signaling 

was also shown to induce the clustering of HER2 with integrins at the plasma membrane 

leading to the increased activation of downstream signaling including the MAPK pathway 

(Wang et al., 2009). The specific interaction of the TGFb receptor with HER2 is of great 

interest, since my work showed that microvesicles of invasive melanoma cell lines con-

tained more ligand for the TGFb receptor compared to microvesicles derived from non-

invasive cells. Furthermore, the intracellular binding partner of HER2, fibrous sheath inter-

acting protein 1 (Fsip1), was more abundant in microvesicles derived from invasive cells 

compared to microvesicles from non-invasive cells. Fsip1 protein levels and HER2 present 

in the plasma membrane were shown to correlate positively in breast cancer (Zhang et al., 

2015). Overexpression of FSIP1 is also associated with colorectal cancer (Wu et al., 

2020). Interestingly, an increased protein level of Fsip1 accompanied by increased binding 

of Fsip1 to HER2 was associated with enhanced invasiveness in breast cancer (Liu et al., 

2017).  

Additionally, it is possible that microvesicles exhibit an elevated number of HER2 or mem-

bers of the same receptor family anchored in their plasma membranes. The fusion of mi-

crovesicles with target cells could lead to an increased incorporation of the receptor and 

subsequently to enhanced HER2 signaling (Figure 4.4). This would be in line with data 

from the mass spectrometry analyses of microvesicles derived from cells with a transient 

overexpression of PLK4. These microvesicles exhibited a higher proportion of HER3 and 

HER2 compared to microvesicles from control transfected cells. Indeed, HER3 was 

demonstrated to be the critical dimerization partner of HER2 in breast cancer and co-ex-

pression was associated with shorter overall survival in breast cancer (Berghoff et al., 

2014; Lee-Hoeflich et al., 2008) and colorectal cancer (Beji et al., 2012). 
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Figure 4.4 Model of microvesicle induced signaling to deregulate microtubule dynamics. Mi-
crovesicles released from invasive melanoma cell lines reach the target cells and activate 
HER2/ERK signaling leading to increased microtubule plus end assembly rates.  

HER3 inhibition was shown to be effective to induce tumor regression after HER2 positive 

breast cancer cells acquired resistance to trastuzumab treatment (Gandullo-Sánchez et 

al., 2020), indicating that HER3 is an essential signaling partner of HER2. The mass spec-

trometry analyses of microvesicles from invasive cells could not detect HER2 or HER3, 

and EGFR was slightly increased in microvesicles derived from invasive cells, indicating 

that a different mechanism possibly including TGFbI or Fsip1 signaling might be involved. 

However, pre-incubation of microvesicles derived from invasive cells with an irreversible 

EGFR/HER2 inhibitor before target cells were treated abolished the inductive effect of mi-

crovesicles on microtubule plus end assembly rates, indicating that a combination of the 

transfer of EGFR and HER2 signaling might contribute to the increase of microtubule plus 

end assembly rates. Validation experiments, such as western blot detection of protein lev-

els of EGFR, HER2, and HER3 in microvesicles derived from invasive cells or cells with a 

PLK4 overexpression, are necessary. Furthmore, in depth analyses of the mass spectrom-

etry data might reveal if microvesicles from invasive cells or cells with PLK4 overexpres-

sion exhibit a different composition of proteins compared to control microvesicles or if 

these microvesicles contain an identical protein composition except some proteins being 

more abundant.  

The transport of receptors via microvesicles was already reported. HER2 was detected on 

microvesicles released from breast cancer cells (Nanou et al., 2020) and colorectal cancer 

cells (Zembala et al., 2015). An oncogenic isoform of the EGF receptor (EGFRvIII) was 

transmitted via oncosomes between glioma cells leading to the hyperactivation of the 

MAPK pathway in target cells (Al-Nedawi et al., 2008). Receptors of the EGF family are 

often found to be transmitted via cancer-relevant microvesicles (Menck et al., 2017).  

An increased incorporation of HER2 in the plasma membrane of target cells might lead to 

increased activation of ERK signaling, one of the two main pathways downstream of acti-

vated HER2 (Kirouac et al., 2016), and subsequently to increased microtubule plus end 
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assembly rates in interphase. It remains to be identified if a potential activity of ERK within 

microvesicles is also contributing to the observed phenotype. For this purpose, cells can 

be treated with an irreversible ERK inhibitor before microvesicles will be collected and 

used for further validation experiments.  

Interestingly, activated ERK is not only associated with modulating gene transcription, 

thereby, inducing for instance cancer cell invasion in a variety of human cancers (Chen et 

al., 2015; Fang et al., 2021; Liu et al., 2018), but was also found to decorate and stimulate 

interphase microtubules (Harrison & Turley, 2001; Reszka et al., 1995). Proteins of the 

MAPK signaling pathway were associated with tubulin or microtubule associated proteins 

(Morishima-Kawashima & Kosik, 1996) and activated MAPK was implicated in the phos-

phorylation of microtubule associated proteins, like tau (Li et al., 2018), MAP4 (Zhang et 

al., 2019) and MAP65-1 (Komis et al., 2011). In addition, an integrin dependent activation 

of ERK was shown to be associated with increased microtubule nucleation in interphase 

through the accelerated recruitment of g-tubulin to the centrosome (Colello et al., 2012), 

supporting the notion that increased microtubule plus end assembly rates might be a read 

out for increased microtubule nucleation. A very recent publication reported about a posi-

tive feedback loop between activated ERK signaling and the microtubule end binding pro-

tein 2 (EB2) in hepatocellular carcinoma (Zhong et al., 2021). Another study described a 

novel, single tubulin binding TOG-domain in MEKK1, the kinase responsible for the down-

stream activation of ERK. Mutations within the TOG-domain resulted in reduced amounts 

of microtubules at the leading edge (Filipčík et al., 2020). Increased activity of ERK was 

also associated with suppressed miRNA nucleus export in liver cancer cells leading to the 

upregulation of the microtubule affinity regulating kinase 4 (MARK4), which was linked to 

increased microtubule dynamics (Sun et al., 2016).  

The contribution of ERK signaling in cancer cell migration and invasion was already 

demonstrated in several cancer types, such as breast cancer, renal cell carcinoma, tongue 

cancer, glioblastoma, and melanoma (Chen et al., 2015; Fang et al., 2021; Liu et al., 2018; 

Noi et al., 2018). Specifically in melanoma, mutations in genes encoding for either NRAS 

or BRAF are found in over 65 % of melanoma patients (Savoia et al., 2019; Sullivan & 

Flaherty, 2013). Studies showed that melanoma cells with the BRAFV600E mutation exhibit 

increased invasiveness mediated through the ERK dependent phosphorylation of the actin 

regulator cortactin (Lu et al., 2016). Hyperactivated ERK mediates its cancer cell invasion 

promoting function either through regulation of the gene expression of essential EMT me-

diators or through the direct phosphorylation of constituent of the cell motility machinery, 

such as WAVE or Rac1 (Mendoza et al., 2011; Tanimura & Takeda, 2017; Tong et al., 

2013). Together, all these studies indicate that HER2/ERK signaling be initiated in 
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response to paracrine signaling leading to increased microtubule dynamics and enhanced 

cell migration and invasion.  

How is microtubule plus end assembly involved in cancer cell invasion reg-

ulated? 

Our lab currently revealed a mechanistic link between the loss of TP53/TP73 and in-

creased microtubule plus end assembly rates in mitotic cells of the colorectal cancer cell 

line HCT116 (Schmidt et al., 2021). Furthermore, increased microtubule plus end assem-

bly within mitotic spindles was shown to cause transient spindle mispositioning, which fos-

ters the generation of lagging chromosomes leading to chromosome missegregation and 

chromosomal instability (Ertych et al., 2014; Schermuly, 2019). Astonishingly, the loss of 

TP53/TP73 also triggered an increased microtubule polymerization rate in interphase 

cells, here correlating with an invasive phenotype (Berger, 2016). The misalignment of the 

spindle axis in mitosis is dependent on the hyperactivation of a signaling pathway medi-

ated through Rac1 – Arp2/3 (unpublished data, Bastians lab). However, signaling path-

ways upstream of deregulated microtubule plus end assembly especially in interphase of 

melanoma cells remain unknown.  

The present study demonstrated that cell migration and invasion in colorectal cancer and 

melanoma cell lines is dependent on microtubule plus end assembly rates in interphase. 

Restoring normal microtubule plus end assembly rates in invasive cells was linked to the 

reduction of cell migration and invasion (Figure 4.5A). However, the increase of microtu-

bule plus end assembly did not lead to enhanced cell migration and invasion (Figure 4.5B), 

indicating that increased microtubule plus end assembly rates are required but not suffi-

cient to enhance cell migration and invasion.  

 

Figure 4.5 Model of the link between microtubule plus end assembly in interphase and en-
hanced cell migration and invasion in melanoma and colorectal cancer cell lines. A) Invasive 
cell lines are characterized by increased microtubule plus end assembly rates during interphase. 
Both cellular processes seem to be connected, since restoration of proper microtubule plus end 
assembly through partial depletion of CKAP5 or treatment with sub-nanomolar doses of Taxol was 
associated with the partial rescue of increased cell migration and invasion. B) The overexpression 
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of CKAP5 in non-invasive cells led to increased microtubule growth rates, however, without affect-
ing cell motility. 

The contribution of microtubules in processes involved in cell migration and invasion has 

been studied extensively. Microtubule associated proteins stabilize microtubules at the cell 

cortex to enable directional cell migration (Zhang et al., 2013), interact with actin regulatory 

proteins (Adams et al., 2016) and microtubule associated motor proteins transport cargo, 

like organelles, secretory vesicles, and actin nucleators (Kavallaris, 2010). 

The small GTPase Ras related C3 botulinum toxin substrate 1 (Rac1) and its downstream 

effector Pak are associated with the stabilization of microtubules at the leading edge and 

thereby enable directional cell migration (Waterman-Storer et al., 1999; Wittmann et al., 

2003). Downstream targets of Rac1 implicated in the regulation of microtubule dynamics 

at the leading edge are for instance Stathmin (Oncoprotein 18), end binding protein 1 

(EB1), and microtubule affinity regulating kinase 2 (MARK2) (Nishimura et al., 2012). Loss 

of MARK2 was associated with enhanced microtubule growth and defective microtubule 

orientation at the leading edge (Nishimura et al., 2012). Additionally, it has been reported 

that Rac1 and Cdc42 establish a complex with the microtubule associated proteins CLIP-

170 and IQGAP1 to capture microtubules at the leading edge of migrating cells (Fukata et 

al., 2002). Microtubules were identified to be essential for the delivery of guanosine ex-

changing factors (GEFs) to the cell cortex to activate Rac1 (Cheng et al., 2019). Previous 

work from our lab revealed a potential signaling pathway connecting the microtubule and 

actin cytoskeleton in mitosis and interphase cells. Here, EB1 binds to growing microtubule 

plus ends and might activate TRIO, a GEF for Rac1 (van Haren et al., 2014). Activation of 

Rac1 through TRIO might enhance cell migration by supporting actin polymerization 

through the Arp2/3 complex (Berger, 2016). Increased microtubule plus end assembly 

rates were shown to induce a hyperactivation of the signaling pathway leading to mitotic 

chromosome missegregation and enhanced cell migration in a microtubule dependent 

manner (Berger, 2016). 

Cancer-relevant deregulations of the microtubule cytoskeleton are also achieved by the 

misregulation of microtubule associated proteins controlling and regulating the growth 

rates of microtubules. Critical factors, like the processive microtubule polymerase chTOG 

(Charrasse et al., 1995; Yu et al., 2016) and Stathmin (Oncoprotein 18) (Biaoxue et al., 

2016), are found to be overexpressed in different cancer types. Previous work from our 

lab demonstrated the suppression of increased microtubule plus end assembly rates in 

mitosis through the partial depletion of CKAP5 in colorectal cancer cell lines (Ertych et al., 

2014; Stolz et al., 2015). Intriguingly, the same effect was achieved with mitotic and inter-

phase microtubules of HCT116 cells with a concomitant loss of TP53 and TP73 (Berger, 

2016). In line with this, the present study showed that the restoration of normal microtubule 
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plus end assembly rates leads to the partial rescue of enhanced cell migration and inva-

sion in melanoma cells. Thus, the correlation between increased microtubule plus end 

assembly rates and enhanced cell migration and invasion is not limited to the colorectal 

cancer cell line but might be a general cancer-relevant mechanism. 

The inhibition of HER2/ERK signaling was shown to restore normal microtubule plus end 

assembly rates in interphase and partially rescued increased cell migration and invasion 

in invasive melanoma cells (Figure 4.6). The treatment of spheroids derived from invasive 

donor cells with a reversible or irreversible HER2 inhibitor or with an inhibitor for ERK 

resulted in reduced spheroid outgrowth, however, the treatment with the irreversible inhib-

itor showed a stronger reduction of the spheroid outgrowth area compared to the reversible 

HER2 inhibitor. Spheroids derived from invasive cells embedded in extracellular matrix 

were incubated with medium containing the inhibitors. Since trastuzumab functions 

through a monoclonal antibody (Vu & Claret, 2012), it is possible that the antibody was not 

able to surpass the extracellular matrix as good as the irreversible inhibitor to reach the 

spheroids. Furthermore, the irreversible inhibitor was shown to inhibit EGFR, HER2 and 

HER3 receptor phosphorylation (Severinsson et al., 2011), suggesting that a synergistic 

effect might be responsible for the stronger effect.  

Additional factors that were analyzed within this study included E2F1 and upstream regu-

lators of its activity, as well as Cdk1. The knockdown or inhibition of E2F1, cyclin D1, and 

Cdk1 restored normal microtubule plus end growth rates in interphase and partially res-

cued increased cell migration and invasion (Figure 4.6). 

 

Figure 4.6 Model representing potential upstream signals for increased microtubule dynam-
ics connected to enhanced cell migration and invasion. A) Potential upstream triggers for in-
creased microtubule plus end assembly rates might be the increased activity of HER2/ERK, E2F1, 
Cdk1 and cyclin D1. The depletion or inhibition of these regulators rescued increased microtubule 
plus end growth rates and enhanced cell migration and invasion. 

Upregulation of members of the transcription factor family E2F, especially E2F1, were 

shown to be linked to enhanced invasiveness and formation of metastases in a variety of 

human cancers, like prostate cancer (Liang et al., 2016), breast cancer (Hollern et al., 
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2014), small cell lung cancer (Wang et al., 2017), and melanoma (Alla et al., 2010). Inter-

estingly, E2F transcription factors were found to manipulate the dynamics of the microtu-

bule cytoskeleton by enhancing the transcription of microtubule stabilizing and destabiliz-

ing proteins, like Stathmin (Chen et al., 2013; Lyu et al., 2020) and the fibroblast growth 

factor 13 (FGF13) (Hollern et al., 2019). Intriguingly, my study demonstrated that increased 

microtubule plus end growth rates in melanoma cells correlated positively with the amount 

of E2F1. The regulation of E2F1 dependent transcription mainly relies on the activity of the 

Retinoblastoma (Rb) protein and cyclin dependent kinases (Cdks), especially Cdk2-cyclin 

E and Cdk4-cyclin D complexes (Laine & Westermarck, 2014). In fact, the partial loss of 

the Rb protein, associated with hyperactive E2F1, was sufficient to accelerate microtubule 

plus end assembly in melanoma cells. Furthermore, the loss of cyclin D1 restored normal 

microtubule plus end assembly rates and partially rescued cell migration and invasion, 

which is compatible with unleashed E2F1 activity. The abnormal activity of the interphase 

kinases Cdk4 and Cdk2 is implicated in the development of human cancer (Goel et al., 

2018; Patel et al., 2018; Sherr et al., 2016). Moreover, the overexpression of D-type cyclins 

is clearly linked to poor prognosis in cancer (Mermelshtein et al., 2005). In fact, CDK4 and 

CCND1 are implicated as oncogenes (Curtin et al., 2005). However, rescue experiments 

using Cdk2 and Cdk4 inhibitors showed inconsistent effects on microtubule plus end 

growth rates and cell migration and invasion. 

The inhibition of Cdk1 was also associated with a restoration of normal microtubule plus 

end assembly rates in interphase of melanoma cell lines. The activity of Cdk1 mainly reg-

ulates entry and progression through mitosis (Qian et al., 2015) and increased Cdk1 ac-

tivity causes increased microtubule plus end assembly rates in mitotic HCT116 cells re-

sulting in chromosome instability (Schmidt et al., 2021). Cdk1 is overexpressed in colorec-

tal cancer (Li et al., 2020), lung cancer (Li et al., 2020), and breast cancer (Izadi et al., 

2020). In addition to its role in mitosis, Cdk1 can also function in interphase. Jones and 

colleagues reported about the Cdk1 dependent phosphorylation and activation of the for-

min like protein 2 (FMNL2), a formin implicated in the stimulation of the actin cytoskeleton 

leading to an increase in the adhesion complex area in HeLa cells during interphase 

(Jones et al., 2018). An isoform of FMNL2 was shown to be upregulated in melanoma and 

colorectal cancer cell lines and was associated with increased invasiveness (Péladeau et 

al., 2016), suggesting a link between Cdk1 activity and cancer cell invasion. 

Interestingly, the loss of the Rb protein was associated with the increased generation of 

supernumerary centrosomes in mouse embryonic fibroblasts (Iovino et al., 2006). Even 

more interesting in this new context is the finding of this study that the loss of the Rb protein 

in non-invasive melanoma cell lines leads to increased microtubule plus end assembly 

rates in interphase. Therefore, it is possible that centrosome amplification might be a 
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potential intermediate step in the process leading to increased microtubule growth rates 

and enhanced cell invasion. However, the outcome of the loss of RB on centrosome am-

plification was not investigated. Intriguingly, also the increased recruitment of Cdk1 to cen-

trosomes by overexpressed Cep63 was associated with overamplified centrosomes (Löf-

fler et al., 2011), possibly explaining the restoration of normal microtubule plus end as-

sembly rates in interphase after inhibition of Cdk1 in melanoma cell lines. 

The present study demonstrated a dependence of increased microtubule plus end assem-

bly rates and enhanced cell migration and invasion on HER2/ERK signaling. Indeed, sev-

eral studies showed that the activation of the MAPK signaling pathway is linked to the 

activation of E2F1 and the transcription of target genes in melanoma cell lines. The upreg-

ulation of ERK1 and ERK2 was associated with the overexpression of cyclin D1 (Lavoie 

et al., 1996). Melanoma cell lines are characterized by mutations that lead to a hyperacti-

vation of the MAPK signaling pathway, e.g., mutations in BRAF (V600E), NRAS or NF1 

(Hodis et al., 2012). These cell lines exhibit hyperactive ERK1 and ERK2 leading to the 

increased phosphorylation of cyclin D1, resulting in more Cdk4-cyclin D complex that in-

hibits the Rb protein. Inhibition of Rb results in hyperactivated E2F1 (Riverso et al., 2017), 

a potential trigger for increased microtubule plus end growth rates in interphase (Fig-

ure 4.7). Several genes controlling tumor growth, like MELK (Janostiak et al., 2017) and 

KLF4 (Riverso et al., 2017), underly the MAPK/E2F1 dependent signaling pathway in mel-

anoma. 

 

Figure 4.7 Model of potential upstream signaling leading to increased microtubule dynamics 
in interphase of melanoma cell lines. Increased HER2 signaling leads to the hyperactivation of 
ERK and the subsequent activation of E2F1. The loss of the Rb protein and the hyperactivation of 
E2F1 were shown to be associated with the increased generation of supernumerary centrosomes 
(Iovino et al., 2006). This Ph.D. thesis identified supernumerary centrosomes as a direct trigger for 
increased microtubule dynamics in melanoma cell lines. However, the hyperactivation of E2F1 itself 
was in parts associated with increased microtubule plus end growth rates in interphase.  
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