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ABSTRACT  

Cell migration is a fundamental mechanism underlying numerous biological processes, such as 

development, immune responses, and wound healing, as well as cancer cell dissemination and 

metastasis formation (Te Boekhorst et al., 2016). Fast-migrating cells, such as immune cells, typi-

cally employ an amoeboid migration mode, characterized by frequent and highly dynamic shape 

changes and low adhesiveness to the substrate as they encounter complex microenvironments of 

heterogeneous composition while navigating through the body (Yamada & Sixt, 2019). To process 

diverse guidance cues and efficiently traverse these microenvironments, amoeboid migrating 

cells generate multiple exploratory protrusions simultaneously, which undergo continuous for-

mation and retraction cycles (Leithner et al., 2016; Fritz-Laylin et al., 2017). The mechanical stress 

resulting from these dynamic cell shape changes and the surrounding environment affects the 

cell’s interior and causes intracellular structures such as microtubules to become compressed and 

bent (Schaedel et al., 2015; Robison et al., 2016). In many cells, the centrosome functions as the 

primary microtubule-organizing center (MTOC), nucleating and anchoring microtubules, suggest-

ing it can withstand such mechanical forces (Bettencourt-Dias & Glover, 2007). Given that the cen-

trosome is a membraneless organelle consisting of two centrioles connected by a non-covalent 

linker and surrounded by a pericentriolar matrix, it raises the question of how cells maintain cen-

trosome integrity while experiencing these mechanical forces. 

This study reveals that the centrosome of migrating cells undergoes mechanical deformations 

during navigational pathfinding due to the formation of two simultaneous exploratory cell fronts. 

Importantly, these deformations are transient, indicating that cells have developed mechanisms 

to actively maintain centrosome integrity. Based on transcriptome analysis of migrating dendritic 

cells, I identified the dual-specificity tyrosine-regulated kinase 3 (Dyrk3) as crucial for immune 

cell motility. Dyrk3 localizes to the centrosome, and loss of Dyrk3 activity not only alters the phos-

phorylation status of multiple centrosome-associated proteins but also affects the diffusion dy-

namics of various pericentriolar matrix proteins, suggesting a direct role of Dyrk3 at the centro-

some. In the absence of functional Dyrk3, centrosome cohesion is impaired, resulting in centro-

some fracturing during cell migration in complex microenvironments. Similarly, genetic depletion 

of the centrosome linker protein C-Nap1 leads to mechanical centrosome fracturing during navi-

gational pathfinding. Pharmacological inhibition experiments revealed that the fracturing force is 

exerted by the actomyosin cytoskeleton, as actin inhibition completely prevents Dyrk3-dependent 

centrosome fracturing. Furthermore, increased mechanical deformation of the surrounding peri-

centriolar material during cellular pathfinding is reduced when actin polymerization is inhibited. 

As a consequence of centrosome fracturing, two functional microtubule-organizing centers 

(MTOCs) form around the individual centrioles within a single cell, effectively anchoring and nu-

cleating microtubules from two distinct locations. This emergence of two competing MTOCs im-

pairs cell migration in complex microenvironments. While overall front-rear polarity remains un-

affected in Dyrk3-deficient cells with intact centrioles, shape analysis of cells migrating within 

collagen networks shows an elongated cell shape, indicative of impaired cell shape coordination 

and cellular entanglement in Dyrk3-deficient cells. Consistently, cells with fractured centrosomes 

exhibit longer competing protrusions and take longer to make productive path decisions in com-

plex microenvironments. Finally, pharmacological depletion of centrioles confirmed a direct link 

between the emergence of two MTOCs and cell entanglement, as centriole-depleted cells are not 

affected by Dyrk3 inhibition. 



ABSTRACT 

10 

 

Altogether, this study demonstrates that cells actively maintain centrosome integrity to withstand 

mechanical forces during migration in complex microenvironments. Given that almost all cells in 

multicellular organisms experience mechanical forces, these results suggest that preserving cen-

trosome stability is a fundamental mechanism. 
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1 INTRODUCTION 

1.1 CELL MIGRATION 

 

Cell migration is a fundamental mechanism underlying numerous biological processes, such as 

development, immune responses, wound healing, but also cancer cell dissemination and for-

mation of metastasis (Te Boekhorst et al., 2016). During migration in these multifaceted physio-

logical contexts, cells encounter a variety of complex microenvironments, such as densely packed 

tissues, blood flow, or extracellular matrix in the interstitium, requiring the ability to adapt to 

these highly diverse surroundings. Cellular motility has been demonstrated to be affected by var-

ious environmental factors, including geometric features such as substrate topology spanning 

from one-dimensional fibrils to two-dimensional basement membranes and three-dimensional 

tissues, as well as pore sizes (Wolf et al., 2009; Weigelin et al., 2012; Doyle et al., 2013). Likewise, 

mechanical properties such as the stiffness and deformability of collagen fibers or the elasticity of 

the extracellular matrix (ECM), which is also influenced by ECM composition, have been shown to 

influence migration (DuChez et al., 2019). Gradients of, for instance, chemotactic signaling pep-

tides can serve as navigational cues for cells within these complex environments (Yamada & Sixt, 

2019). 

1.1.1 CELL MIGRATION MODES 

 

In response to these highly diverse and challenging microenvironments, cells developed a variety 

of different migratory modes, such as mesenchymal, amoeboid, or lobopodial migration (Yamada 

& Sixt, 2019).  

Mesenchymal migration relies on the polymerization of actin filaments at the protruding cell front 

pushing the cell membrane outwards, and retrograde actin flow towards the cell rear with con-

comitant force coupling to extracellular substrates via e.g. focal adhesions (Caswell & Zech, 2018). 

Focal adhesions transmit actin-generated force in a ‘molecular clutch’ mechanism (Mitchison & 

Kirschner, 1988), as they are macromolecular protein assemblies comprising force-transducing 

proteins like vinculin or talin linking integrin transmembrane receptors, that strongly bind to ECM 

substrates in the extracellular environment, to the actin cytoskeleton (Doyle et al., 2022). There-

fore, focal adhesions act as a pivotal site where tensile forces synchronize the actin cytoskeleton 

with neighboring matrix fibers, thereby enhancing the efficacy of force propagation and cellular 

motility (Doyle et al., 2022). As a consequence, mesenchymal cells are generally observed to be 

more elongated, as their internal actin arrangement frequently adjusts to the characteristics of 

their surrounding microenvironment (Yamada & Sixt, 2019). Since mesenchymal cells need to de-

tach focal adhesions at the cell rear, this migration mode is rather slow (~ µm/h) (Bear & Haugh, 

2014). Of note, mesenchymal cells are able to extensively remodel the ECM by proteolytic diges-

tion or pulling on ECM fibers in order to generate or widen pre-existing paths to facilitate their 

migration (Wolf et al., 2013). Therefore, mesenchymal migrating cells typically display a cell axis 

configuration, where the nucleus localizes to the cell rear and the centrosome as microtubule or-

ganizing center to the front (Fig. 1). This configuration supports vesicular transport towards the 

cell surface via microtubules originating from the centrosome and facilitates the secretion of pro-

teases required for extracellular matrix degradation (Infante et al., 2018). For instance, this mi-

gratory strategy is utilized by neural crest, placodal, and neuronal cells during embryonic devel-
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opment, as these cells necessitate timely and organized migration to reach their specified desti-

nation, ensuring undisturbed developmental processes. Additionally, fibroblasts and certain can-

cer cells also employ this mode of migration (SenGupta et al., 2021).  

In contrast to mesenchymal migration, amoeboid migrating cells display a rounded cellular mor-

phology, reduced adhesiveness, and frequent alterations in their cell shape driven by actin pro-

trusions or membrane blebs, indicative of their heightened contractility (Lämmermann & Sixt, 

2009). Unlike mesenchymal migrating cells, amoeboid migrating cells move independently of pro-

teolytic degradation of the surrounding ECM (Wolf et al., 2003). Instead, amoeboid migration 

through narrow ECM pores involves the squeezing or mechanical enlargement of pores within 

their microenvironment (Gaertner et al., 2022). Therefore, amoeboid migrating cells rather fill 

existing gaps between ECM fibers with their protrusions (Fig. 1). Additionally, amoeboid migrat-

ing cells, such as dendritic cells or T cells, were shown to position their nucleus to the cell front 

(Renkawitz et al., 2019). Moreover, amoeboid migration is typically faster than mesenchymal mi-

gration (~ µm/min), as no remodeling of foal adhesion is required owing to low adhesive and 

traction forces (Yamada & Sixt, 2019). Forward locomotion is accomplished by exerting traction 

forces onto the substrate solely through the retrograde forces generated by actin polymerization 

(Renkawitz et al., 2009). Adhesion-independent force transmission to the substrate is therefore 

friction-mediated (Bergert et al., 2015). In vertebrates, the amoeboid migration mode is mainly 

represented by cells of the immune system and primordial germ cells (Yamada & Sixt, 2019). 

 

 

 
Figure 1: Mesenchymal and amoeboid migration modes. Mesenchymal migration is characterized by strong ECM 
adhesions and proteolytic ECM degradation. In this mode, the nucleus is located at the rear of the cell, while the centro-
some is positioned to the front. In contrast, amoeboid migration is defined by its independence from adhesion and the 
lack of requirement of proteolytic activity, with the nucleus positioned at the front of the cell. (From Yamada & Sixt, 
2019, reproduced with permission of Springer Nature) 

 

More recently, besides mesenchymal and amoeboid migration, lobopodial migration has been 

identified as an additional migratory mode (Petrie et al., 2014). Lobopodial migration relies on 

high myosin-II contractility to generate high intracellular hydrostatic pressure pushing the 

plasma membrane forward. By employing a nuclear piston mode, where the nucleus subdivides 

the cell in a front and rear compartment, intracellular pressure at the leading edge is increased 

resulting in the formation of a bleb-like lobopodial cell front (Petrie et al., 2014). In order to facil-

itate lobopodial migration, a highly confining ECM is a key requirement for this migration mode 

(Petrie & Yamada, 2016). 

Importantly, migrating cells are able to dynamically switch between different migration modes 

depending on their microenvironmental context. For instance, this migration plasticity can be ob-

served in dendritic cells, where surface-bound CCL21 triggers integrin-mediated adhesive migra-

tion, whereas soluble CCL19 leads to non-adhesive migration (Schumann et al., 2010). Of note, 

switching migration modes is also of relevance in disease context: cancer cells can similarly switch 
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between adhesive and non-adhesive migration modes, facilitating microenvironmental adaption 

and favoring the formation of metastasis (Petrie & Yamada, 2016; Te Boekhorst et al., 2016). 

1.1.2 IMMUNE CELL MIGRATION 

 

In comparison to organismal development, rapidly moving leukocytes (white blood cells) during 

innate and adaptive immune responses often do not require precise migration accuracy owing to 

the significant numbers of cells engaged in the inflammatory response and the transient nature of 

this response (Yamada & Sixt, 2019). Yet, leukocytes evolved mechanisms to migrate efficiently, 

as this is essential for the induction, maintenance, and modulation of immune responses (Ka-

meritsch & Renkawitz, 2020). Accordingly, impairment of leukocyte migration can lead to immu-

nodeficiencies, autoimmunity, and inflammation (Badolato, 2013; Worbs et al., 2017). On their 

way, leukocytes encounter diverse microenvironments of different composition resulting in vari-

ous chemical and physical properties. For instance, leukocytes migrate from bone marrow into 

the blood circulation or lymph vessels, and transmigrate into tissues either to fulfill their function 

for tissue surveillance or upon inflammatory stimuli (Lämmermann & Germain, 2014; Weninger 

et al., 2014). These challenging environments require adaptation to their microenvironments, as 

the cells face liquid flow within the vasculature systems of blood and lymph, squeeze through 

pores during transmigration and interstitial migration, and navigate in complex tissue microenvi-

ronments following different guidance cues (Kameritsch & Renkawitz, 2020). 

Upon activation by pro-inflammatory stimuli, macrophages often employ a mesenchymal migra-

tion mode that is accompanied by proteolytic digestion of the surrounding ECM to facilitate tissue 

infiltration (van Goethem et al., 2010). Polymorphonuclear leukocytes (neutrophils) employ a 

crawling migration mode, closely resembling mesenchymal migration when encountering flow as 

it requires the establishment of focal adhesions to withstand shear forces (Lämmermann & Sixt, 

2009). Similarly, a crawling mode can be observed for dendritic cells migrating in lymphatic ca-

pillaries, where they encounter slower flow velocities compared to those in the blood stream 

(Russo et al., 2016). Upon transmigration through the endothelial barrier, leukocytes undergo a 

switch in their migratory mode towards amoeboid migration through the interstitium. Here, im-

mune cells encounter pores that are significantly smaller than their own diameter (Weigelin et al., 

2012; Wolf et al., 2013). In order to facilitate migration through these microenvironmental barri-

ers, leukocytes possess the ability to undergo extreme deformation of their cellular body. How-

ever, the nucleus, as the largest and stiffest organelle, represents a particular challenge during 

migration in complex 3D microenvironments. Extreme nuclear squeezing can lead to rupturing of 

the nuclear envelope resulting in chromatin leaking into the cytoplasm and eventually apoptosis 

(Denais et al., 2016; Irianto et al., 2017). To prevent this, the nuclear envelope is resealed by com-

ponents of the repair machinery ESCRT III (Denais et al., 2016; Raab et al., 2016). Therefore, cells 

have developed different mechanisms to avoid nuclear damage. For instance, neutrophils reduce 

the nuclear stiffness by downregulation of A-type lamins, which constitute a major component of 

the nuclear lamina and confer mechanical stiffness (Friedl et al., 2011). Additionally, cells have 

evolved mechanisms to sense and avoid mechanical stress during migration. Cellular confinement 

below a certain threshold, determined by the nuclear envelope's stretch capacity, increases cell 

contractility through stretch-sensitive protein signaling, thereby causing a partial retraction out 

of the confining microenvironment (Lomakin et al., 2020; Venturini et al., 2020). When leukocytes 

migrate through complex environments, they typically explore multiple pores simultaneously at 
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the same time by formation of multiple cellular and nuclear protrusions, resulting in highly dy-

namic and complex cell shapes (Kameritsch & Renkawitz, 2020). During this process, they use 

their nucleus as a mechanical gauge to probe for the pore (and path) of least resistance, which 

therefore also poses the lowest risk for nuclear envelope rupture (Renkawitz et al., 2019). Recent 

findings indicate that amoeboid migrating cells, such as dendritic cells and T cells, are capable of 

integrating competing chemical chemokine and mechanical pore size cues to make efficient cellu-

lar pathfinding decisions, primarily through nuclear repositioning, a phenomenon also referred 

to as nucleokinesis (Kroll et al., 2023). Such chemical guidance cues, like the chemotactic proteins 

CCL19 and CCL21 in the case of dendritic cells, or fMLP guiding neutrophils to inflammatory sites, 

are required to facilitate efficient migration through complex microenvironments, and are de-

tected by multiple exploratory protrusions undergoing continuous cycles of formation and retrac-

tion (Worbs et al., 2017; Lämmermann & Kastenmüller, 2019; Bodor et al., 2020). 

1.1.3 CELL SHAPE COORDINATION DURING MIGRATION 

 

How do cells move and coordinate their cell body? Different cytoskeletal components are impli-

cated in this complex process. The fundamental mechanism driving force generation involves ac-

tin polymerization at the leading edge of the cell and myosin-mediated contraction at the trailing 

edge, with extracellular substrate coupling primarily mediated by integrins or cadherins (Yamada 

& Sixt, 2019). Yet, actomyosin forces are essential not only for cellular forward locomotion but 

also for navigation through complex microenvironments and cell shape coordination. In neutro-

phils and immature dendritic cells, actomyosin forces are required for nuclear squeezing through 

perinuclear Arp2/3-driven actin polymerization, thus enabling nuclear deformation upon migra-

tion through complex microenvironments (Thiam et al., 2016). Mesenchymal cells coordinate dis-

tant cellular parts, therefore their shape, using actin stress fibers connecting focal adhesions in 

their protrusions (Cai & Sheetz, 2009). In contrast, amoeboid migrating neutrophils and dendritic 

cells employ thin veil-like structures that form rosettes at their protruding and are filled with 

branched F-actin. Impairment of branched F-actin nucleation by inhibition of the Arp2/3 complex 

or WAVE complex reduces these veil formations (Leithner et al., 2016; Fritz-Laylin et al., 2017). 

Although forward migration per se is not affected, cells without veils show reduced cellular turn-

ing and impaired chemokine sensing, further highlighting the importance of the actin cytoskeleton 

during shape coordination and navigation (Leithner et al., 2016; Fritz-Laylin et al., 2017). Further-

more, dendritic cells display cell shape alterations and migratory defects upon mutations of 

DOCK8, an upstream regulator of the small GTPase Cdc42 (Lämmermann et al., 2009; Harada et 

al., 2012). Similarly, deletion of the small GTPase Cdc42 in dendritic cells (DCs) leads to cellular 

entanglement in complex 3D microenvironments owing to the spatial and temporal dysregulation 

of protrusion dynamics resulting in impaired coordination of their leading edge (Lämmermann et 

al., 2009).  

In addition, the microtubule cytoskeleton is often implicated in coordinative processes. For in-

stance, in dendritic cells, microtubule depolymerization in losing protrusions leads to the local 

release of the RhoA exchange factor Lfc and therefore RhoA-controlled actomyosin contractility 

facilitating protrusion retraction. Loss of Lfc function results in cellular entanglement and cell 

fragmentation (Kopf et al., 2020). Altogether, these discoveries indicate that the coordination of 

cell shape is an intricate process that involves the interaction of numerous signaling pathways and 

cytoskeletal components. 
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1.2 THE CENTROSOME 

1.2.1 ARCHITECTURE OF THE CENTROSOME 

Centrosomes are non-membrane bound organelles and consist of two interconnected centrioles 

and a surrounding protein matrix called pericentriolar material (PCM) (Fig. 2). Each individual 

centriole has an approximate length of 500 nm and a diameter of 200 nm and is composed of nine 

microtubule triplets (Fig. 2A). These microtubule triplets are arranged in a radial ninefold sym-

metry and display a proximal-distal polarity along their axis (Bornens, 2002; Li et al., 2012; 

Greenan et al., 2018). In each microtubule triplet, the innermost tubule is called A-tubule, followed 

by the so-called B-tubule and the outermost C-tubule. Towards the distal end, the centriole is com-

posed of A-tubule/B-tubule doublets (Bettencourt-Dias & Glover, 2007). Consecutive microtubule 

triplets are interconnected via an A-C linker connecting the A-tubule of one triplet with the C-

tubule of the adjacent microtubule blade (Fig. 2A) (Guichard et al., 2013; Li et al., 2019). A cart-

wheel ring with spokes located at the proximal centriole end serves as a centriole scaffold and is 

mainly composed of Spindle assembly abnormal protein 6 homolog (SAS6) as the major compo-

nent (Nakazawa et al., 2007). Via pinhead structures, the microtubules are attached to the spokes 

of the cartwheel ring (Gönczy, 2012; Guichard et al., 2013; Nazarov et al., 2020). Centriolar micro-

tubules are the target of several posttranslational modifications, such as polyglutamylation of tu-

bulin (Janke et al., 2005; Gadadhar et al., 2017), and are presumably further stabilized by different 

microtubule inner proteins (MIPs) and microtubule-associated proteins (MAPs) (Li et al., 2012; 

Greenan et al., 2018), thereby promoting the required stability for conservative centriole for-

mation (Kochanski & Borisy, 1990). Importantly, the two centrioles within one cell are not iden-

tical but are instead differentiated as mother and daughter centrioles, reflecting their formation 

during different cycles of cell division (Kuriyama & Borisy, 1981). The older mother centriole is 

decorated with appendages that are further classified into distal appendages (DAs) and subdistal 

appendages (SDAs) based on their localization (Fig. 2B). While DAs are crucial for ciliogenesis, 

SDAs are mainly implicated in microtubule anchoring during interphase (Delgehyr et al., 2005; 

Tanos et al., 2013). For instance, the microtubule anchoring protein Ninein is a SDA component 

interconnecting the centriole via its C-terminal domain and the γ-tubulin ring complex (γTuRC) 

via its N-terminal domain (Delgehyr et al., 2005). 

Figure 2: Centrosome structure. (A) Schematic view of the cross-section of the centriolar cartwheel structure. A-, B-, 
and C-microtubules are arranged in a radial ninefold symmetry. (From Gönczy, 2012, reproduced with permission from 
Springer Nature) (B) Schematic view of mother and daughter centrioles that are connected via protein fibers and sur-
rounded by the proteinaceous pericentriolar material (PCM). The inner, middle, and outer microtubules of microtubule 
triplets are designated as A, B, and C. Note, that distal and subdistal appendages are only present at the mother centriole. 
(From Bettencourt-Dias & Glover, 2007, reproduced with permission from Springer Nature) 
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During interphase, the two centrioles are tightly connected via two simultaneous linker mecha-

nisms. Most well-known is the non-covalent protein-based filamentous linker directly intercon-

necting the two centrioles. As revealed by STED super-resolution microscopy, the protein linker 

is an interwoven network of Rootletin and CEP68 forming filamentous structures that are at-

tached to the proximal ends of centrioles via the adaptor protein C-Nap1 (Fry et al., 1998; Mayor 

et al., 2000; Bahe et al., 2005; Graser et al., 2007; Vlijm et al., 2018). More recently, other proteins 

such as LRRC45 or CEP215 (also known as Cdk5rap2) were described to be implicated in centriole 

connectivity (Graser et al., 2007; He et al., 2013). CEP215 was identified in a siRNA screen aiming 

at uncovering novel proteins implicated in centrosome cohesion (Graser et al., 2007). While being 

unaffected by depletion of the main linker components Rootletin, CEP68 or C-Nap1, the localiza-

tion of CEP215 to the centrosome is strongly dependent on Pericentrin (Graser et al., 2007). 

LLRC45 was shown to locate between the two centrioles and form filamentous structures similar 

to Rootletin, where it also interacts with C-Nap1 and Rootletin. Upon phosphorylation by Nek2A 

during mitosis, LRRC45 dissociates from the centrosome. As depletion of LRRC45 results in prem-

ature centrosome splitting during G1 and G2 phases, LRRC45 is considered a critical component 

of the proteinaceous centrosome linker (He et al., 2013). How exactly this filament network pro-

vides centrosome cohesion remains elusive, although different models have been proposed, as 

eventually the weak multivalent interactions between the filamentous structures could be the ba-

sis of linker-based connectivity (Dang & Schiebel, 2022). Alternatively, liquid droplets of C-Nap1 

arising via liquid-liquid phase separation at the proximal ends of the centrioles were suggested to 

connect the centrosomes (Mahen, 2022). However, the importance of different linker components 

contributing to centrosome connectivity seems to differ between different cell types (Theile et al., 

2023). At the onset of mitosis, this linker is disassembled by Never in mitosis-related kinase 2 

(Nek2) and Polo-like kinase 1 (PLK1) (Fry et al., 1998; Bahe et al., 2005). 

In addition, a second centrosomal linker mechanism relies on microtubule-based connectivity. 

Based on the notion that C-Nap1 depleted RPE1 cells lacking a functional protein linker only show 

a modest increase in centriolar distance and no chromosome segregation defects, an additional 

microtubule-based linker was proposed (Panic et al., 2015). This was further supported by in-

creased centriole separation upon alterations of microtubule dynamics by treatment with the mi-

crotubule depolymerizing agent nocodazole or the microtubule stabilizer taxol (Meraldi & Nigg, 

2001). During mitosis, centrioles are separated by the tetrameric plus-end directed kinesin Eg5 

generating an outward pushing force by crosslinking and sliding antiparallel microtubules apart 

(Kapitein et al., 2005). This outward pushing force is counteracted by the minus-end directed ki-

nesin-14 KIF3C providing a cohesive force by pulling the centrosomes together (Hata et al., 2019). 

Therefore, knockdown or expression of mutated KIF3C without catalytic motor function further 

increases the cohesion defect of C-Nap1 depleted cells lacking a functional protein linker (Hata et 

al., 2019). For microtubule-based centrosome connectivity, KIF3C as a component of mother cen-

triolar SDAs relies on the microtubule network emanating from the SDAs as well as the daughter 

centriolar PCM microtubule network for efficient microtubule crosslinking and antiparallel mi-

crotubule sliding (Hata et al., 2019). This microtubule-dependent mechanism becomes especially 

important during mitosis, when the Rootletin-based linker is disassembled via Nek2 and PLK1 

(Fry et al., 1998; Bahe et al., 2005), and Eg5-driven outward pushing force needs to be counter-

acted to ensure precisely timed spindle body formation (Sawin et al., 1992; Blangy et al., 1995; 

Kapitein et al., 2005; Hata et al., 2019).  

As mentioned, the two centrioles are surrounded by an electron-dense, proteinaceous matrix 

composed of hundreds of proteins called PCM, functioning as a key structure for the nucleation 
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and anchorage of microtubules (Fig. 2B). Due to its membraneless nature, the assembly and func-

tion of pericentriolar material depend on the localized concentration and organization of its com-

ponents. These components are notably rich in disordered and coiled-coil domains, which in-

crease their propensity for the self-interactions necessary for PCM scaffold assembly (Nido et al., 

2012). The inner PCM layer is composed of coiled-coil scaffolding proteins like CEP192, CEP152, 

and Pericentrin forming elongated fibrillar structures with their N-terminal ends that localize in 

the outer PCM layer, providing a scaffold for outer layer proteins. The outer PCM layer is com-

posed of regulatory and microtubule nucleating proteins such as γ-tubulin and CEP215 (Lawo et 

al., 2012; Mennella et al., 2012; Sonnen et al., 2012). As the cell prepares for mitosis, the PCM 

expands and increases its microtubule nucleating capacity, a process known as centrosome mat-

uration (Cabral et al., 2019). 

1.2.2 THE CENTROSOME CYCLE 

 

In cycling cells undergoing mitosis, centrosome duplication is a tightly controlled process, as each 

centriole has to duplicate exactly once per cell cycle and form a new daughter centriole that is 

attached to the already pre-existing one. In general, the centrosome duplication cycle can be de-

scribed as four consecutive steps: I) daughter centriolar formation, which are also termed procen-

trioles before they acquire their full centriolar length, II) procentriole elongation, III) centrosome 

maturation and separation, and IV) centriole disengagement (Fig. 3) (Kuriyama & Borisy, 1981).  

Figure 3: The centrosome duplication cycle. Schematic view of centrioles (cyan), distal and subdistal appendages 
(green), and surrounding PCM (grey, yellow, and pink). Note, that the proteinaceous linker (brown) is absent during 
mitosis, whereas the tether linking procentriole and parental centriole (dark blue) is disassembled upon re-entry into 
G1 phase. Numbers ranging from 1-4 indicate centriole origin for easier traceability. (From Nigg & Stearns, 2011, mod-
ified with permission from Springer Nature)  

During the cell cycle, centriole duplication is initiated at the transition from G1 to S phase by the 

nucleation of a newly formed procentriole attached to each pre-existing centriole in a perpendic-

ular configuration (Fig. 3). This process is controlled by Polo-like kinase 4 (PLK4)-dependent re-

cruitment of the cartwheel component SAS6 (Nakazawa et al., 2007; Park et al., 2019), presumably 
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via phosphorylation and inactivation of the E3-ubiquitin ligase SCF-FBXW5 by PLK4, thus stabi-

lizing SAS6 at the centrioles (Puklowski et al., 2011). Interestingly, one critical parameter of cen-

triole duplication is PLK4 activity itself, as overexpression of PLK4 results in supernumerary cen-

trioles, in contrast to reduced centriole numbers upon PLK4 depletion or inhibition (Habedanck 

et al., 2005). Therefore, PLK4 levels are tightly controlled through ubiquitination-dependent deg-

radation via SCFβTrCP (Cunha-Ferreira et al., 2009; Guderian et al., 2010). Following nucleation, 

procentrioles elongate during S and G2 phases in a process that is dependent on several proteins, 

such as SAS4, POC5,  OFD1, and CP110 (Azimzadeh et al., 2009; Schmidt et al., 2009; Tang et al., 

2009; Singla et al., 2010). In addition, former daughter centrioles acquire their DAs and SDAs 

reaching full centriolar maturation one and a half centrosome cycles after their initial nucleation 

(Nigg & Stearns, 2011). At the G2 to M phase transition, the two centrosomes mature by PCM ex-

pansion and separate to form the spindle poles (Fig. 3). The expansion of pericentriolar material, 

favoring an increased microtubule nucleation capacity required for mitosis, depends on PLK1 ac-

tivity triggering a positive feedback loop promoting PCM expansion around the mother centrioles 

(Lane & Nigg, 1996; Woodruff et al., 2015; Alvarez-Rodrigo et al., 2019). Since it is suggested that 

the PCM arises from liquid-liquid phase separation, further studies indicate that this might happen 

via an autocatalytic condensation process (Zwicker et al., 2014; Tiwary & Zheng, 2019). For the 

formation of the spindle poles, the two centrosomes separate upon dissociation of the Rootletin-

based protein linker by Nek2 and PLK1 (Fry et al., 1998; Bahe et al., 2005). Finally, during mitotic 

exit or early G1 phase, centriole disengagement takes place (Fig. 3). Centriole disengagement, a 

crucial final step in centriole duplication, involves the PLK1- and separase-mediated dissolution 

of the linker that tethers the newly formed daughter centriole to its parental centriole during mi-

tosis. This process is essential for centrosomal licensing, thereby enabling another round of cen-

triole duplication (Tsou & Stearns, 2006; Tsou et al., 2009; Agircan et al., 2014). Importantly, one 

has to note that this tether is fundamentally different from the above-described Rootletin-based 

linker that ensures centrosome cohesion and centrosome function as a singular MTOC.  

1.2.3 CENTROSOME FUNCTION 

 

One of the most well-known functions of the centrosome is its central role in organizing microtu-

bule arrays as a microtubule organizing center (MTOC). The different proteins that are locally 

concentrated in the PCM facilitate the nucleation, anchorage, and release of microtubules. One of 

them, γ-tubulin as part of the γ-TuRC is a key molecular player of microtubule nucleation (Zheng 

et al., 1995). However, further studies have shown that multiple additional factors, typically also 

residing at the centrosome, are able to regulate the γ-TuRC microtubule-nucleating activity (Petry 

& Vale, 2015). In its role as MTOC, the centrosome is needed for organelle positioning, ranging 

from the nucleus to endosomes, or functions as a signaling hub during DNA damage response, as 

well as organizes actin filaments (Conduit et al., 2015; Farina et al., 2016; Mullee & Morrison, 

2016; Kroll & Renkawitz, 2024). Of note, the centrosome does not represent the only microtubule 

organizing center, as the Golgi apparatus functions as a second major MTOC in mammalian cells, 

including the ability to nucleate and anchor microtubules (Chabin-Brion et al., 2001). For instance, 

retinal epithelium cells (RPE1 cells) nucleate nearly half of their microtubules from the Golgi ap-

paratus (Efimov et al., 2007). Often, Golgi membranes in mammalian cells are localized to the cen-

trosome via dynein-mediated transport, and microtubules nucleated from the Golgi apparatus 

were shown to help organizing Golgi stacks after mitosis (Corthésy-Theulaz et al., 1992; Miller et 

al., 2009). In addition, microtubule nucleation from the nuclear envelope can be observed in some 

differentiated cell types like muscle cells (Petry & Vale, 2015). 
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Besides its role as a microtubule organizing center, the centrosome is essential for the formation 

of flagella and cilia, where it is needed to form the basal body (Bettencourt-Dias & Glover, 2007). 

Interestingly, in vertebrates, only the mother centriole carrying the distal appendages can give 

rise to cilia, as deletion of the appendage marker Odf2 and subsequent DA depletion resulted in 

centrioles that could not form cilia (Vorobjev & Chentsov, 1982; Ishikawa et al., 2005). Defects in 

ciliogenesis can give rise to different diseases such as the Bardet–Biedl syndrome, which is char-

acterized by retinal degeneration, chronic kidney cysts, and obesity amongst others (Badano et 

al., 2005). Similarly, Alstrom syndrome, which is accompanied by retinitis pigmentosa and per-

ceptive deafness, is associated with deficient ciliogenesis (Badano et al., 2005). 

Typically, centrosomes form the spindle poles during mitosis. Interestingly, they were shown to 

be not essential for spindle formation, as spindles can be nucleated by chromosomes (Khodjakov 

& Rieder, 2001; Uetake et al., 2007), and are generally absent during female meiosis (So et al., 

2022). However, the importance of centrosomes for the formation of spindle poles seems to highly 

vary between different species and among different cell types, as sometimes mitotic fidelity and 

spindle orientation depend on centrosomes and centrosome loss can lead to G1 arrest (Hinchcliffe 

et al., 2001; Khodjakov & Rieder, 2001). Of note, dysregulated centrosome structure and numbers 

are frequently observed in many human cancers (Remo et al., 2020). For instance, mutations of 

the centrosome linker protein Rootletin found in aggressive colorectal cancer subtypes are asso-

ciated with mitotic errors and chromosome instability (Remo et al., 2018). Furthermore, excess 

centrosomes are frequently found in cancer cells (Godinho et al., 2009). Although cells evolved 

coping mechanisms to ensure efficient chromosome segregation to two spindle poles by cluster-

ing of supernumerary centrosomes as pseudo-bipolar spindle, impairment of this process gives 

rise to multipolar anaphase spindles resulting in chromosome mis-segregation and apoptosis 

(Godinho et al., 2009).  

1.3 THE PROTEIN KINASE DYRK3 

1.3.1 DYRK KINASES 

 

The members of the DYRK (‘dual-specificity tyrosine (Y) phosphorylation-regulated kinase’) pro-

tein kinase family are best characterized by their ability to recognize and phosphorylate tyrosine 

as well as serine and threonine residues of their substrate (Becker et al., 1998). For activation, 

DYRKs do not depend on external phosphorylation by other protein kinases but obtain full cata-

lytic activity through autophosphorylation of the second tyrosine residue of a conserved YxY motif 

in their activation loop (Kim et al., 2018). In mammals, the five DYRKs can be categorized into 

class I (Dyrk1a and Dyrk1b) mainly localizing to the nucleus, and class II (Dyrk2, Dyrk3, and 

Dyrk4) with a predominantly cytosolic localization (Zhang et al., 2005; Aranda et al., 2011). The 

class I DYRKs Dyrk1a and Dyrk1b are mainly associated with negative cell cycle regulation, but 

also with DNA damage repair, transcriptional control, and splicing (Di Vona et al., 2015; Lu et al., 

2018; Guard et al., 2019; Menon et al., 2019; Dong et al., 2020). While the class II DYRK Dyrk2 is 

also implicated with cell cycle control (Taira et al., 2007; Pérez et al., 2012; Taira et al., 2012), 

Dyrk3 plays a role in various contexts (Wippich et al., 2013; Rai et al., 2018; Mediani et al., 2021; 

Gallo et al., 2023; Ramella et al., 2024), and little is known about the function of Dyrk4 (Aranda et 

al., 2011).  
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1.3.2 DYRK3 FUNCTION 

 

Dyrk3 plays an important role in many processes. During cellular stress responses, such as oxida-

tive stress, heat, virus infection, or osmotic stress, mRNAs can be transcriptionally silenced and 

accumulate in so-called stress granules (Anderson & Kedersha, 2008, 2009; Buchan & Parker, 

2009; Kedersha et al., 2013). These stress granules are cytoplasmic aggregates of RNAs as well as 

different proteins, and compartmentalize via liquid phase separation (Hyman & Simons, 2012; 

Kato et al., 2012), meaning without a surrounding membrane, and are therefore also classified as 

membraneless organelles. Liquid phase separation is driven by weak multivalent interactions and 

intrinsically disordered protein domains (Brangwynne, 2013; Banani et al., 2017; Shin & 

Brangwynne, 2017). Under normal conditions, Dyrk3 is able to dynamically cycle between stress 

granules and the cytosol via its N-terminal low complexity domain and its kinase activity. When 

Dyrk3 is inactive, the dissolution of stress granules is prevented and also mTORC1 is sequestered 

in stress granules, thereby abolishing mTORC1 signaling (Takahara & Maeda, 2012; Wippich et 

al., 2013). In contrast, upon Dyrk3 activation, mTORC1 activity is promoted by stress granule dis-

solution and subsequent mTORC1 release, as well as via direct phosphorylation and inactivation 

of the negative mTORC regulator PRAS40 by Dyrk3 (Vander Haar et al., 2007; Wippich et al., 

2013). Consequently, Dyrk3 regulates stress granule stability and therefore also mTORC1 signal-

ing (Wippich et al., 2013).  

Interestingly, Dyrk3 was shown to be bound and stabilized by the molecular chaperone Hsp90 

while being available in the cytosol, in agreement with previous studies identifying Hsp90 alpha 

(HSP90AA1) and Hsp90 beta (HSP90AB1) as Dyrk3 interactors (Wippich et al., 2013; Mediani et 

al., 2021). Inhibition of Hsp90 ATPase activity results in Dyrk3 inactivation and subsequent deg-

radation via the 26S proteasome (Mediani et al., 2021). However, localization to biomolecular 

condensates such as stress granules or mitotic SC35 bodies protects Dyrk3 from degradation upon 

Hsp90 inhibition, albeit leading to aggregation of inactive Dyrk3 within the condensates (Mediani 

et al., 2021). Under steady-state conditions, Hsp90 interacts with Dyrk3 at the boundaries or out-

side of such condensates, presumably to facilitate Dyrk3 activation and therefore condensate dis-

assembly (Mediani et al., 2021).  

Furthermore, Dyrk3 interacts with ER exit site (ERES) proteins, thereby regulating the integrity 

and biophysical properties of ERESs by maintaining a liquid-like state of SEC16A that is essential 

for ERES function (Gallo et al., 2023). ERES formation is driven by SEC16A phase separation (Wat-

son et al., 2006; Bhattacharyya & Glick, 2007; Hughes et al., 2009), forming liquid droplets on the 

ER surface. Short-term inhibition of Dyrk3 for one hour results in ER growth, while prolonged 

inhibition of Dyrk3 for three hours or more leads to an overall disappearance of ERES, which is 

accompanied by mislocalization of ERES proteins to the perinuclear region (Gallo et al., 2023). 

This mislocalization can be attributed to the severe defects in organization and protein trafficking 

through the early secretory pathway, as Dyrk3 inhibition disrupts the ER-Golgi interface. Secre-

tory trafficking depends on the liquid-like state of SEC16A maintained by Dyrk3, as efficient cargo 

trafficking is impaired by modulating the material properties of ERESs to a more gel-like state 

(Gallo et al., 2023).  

Besides maintaining a proper RNA and protein homeostasis, Dyrk3 is also implicated in the regu-

lation of migration of breast cancer cells in vitro (Ramella et al., 2024). In these mesenchymal mi-

grating cells, alterations of Dyrk3 levels result in reduced migration and decreased invasiveness. 

While rendering Dyrk3 non-functional only leads to reduced migration in otherwise unaffected 

breast cancer cells, overexpression of Dyrk3 is also accompanied by reduced lamellipodial stabil-
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ity caused by disturbed plasma membrane-associated platform (PMAP) protein localization (Ra-

mella et al., 2024).  PMAPs are dynamic assemblies of scaffold proteins including ERC1 and Liprin-

α1 forming near integrin-mediated focal adhesions or invadosomes at the cell front of migrating 

cells and supporting cell motility (Astro et al., 2014; Astro & Curtis, 2015; Sala et al., 2018). The 

overexpression of Dyrk3 leads to increased phosphorylation and therefore inhibition of Liprin-

α1, thereby impairing PMAP formation and subsequently the stability of focal adhesions and la-

mellipodia (Ramella et al., 2024).  

Importantly, Dyrk3 is not only important for cell homeostasis during interphase, but also plays a 

crucial role during mitosis where it acts as an essential dissolvase for multiple membraneless or-

ganelles (Rai et al., 2018).  Such membraneless organelles like splicing speckles, P-bodies, or Cajal 

bodies, amongst others, are known to disappear during cell division, independently from whether 

their localization is cytosolic or nuclear (Spector & Smith, 1986; Dammermann & Merdes, 2002; 

Sivan et al., 2007). In addition, the formation of some membraneless organelles like stress gran-

ules cannot be initiated upon cell entry into mitosis (Sivan et al., 2007). Though, inhibition of 

Dyrk3 in mitotic cells was shown to prevent the dissolution of splicing speckles or stress granules, 

resulting in the formation of aberrant hybrid-like aggregates that consist of a mixture of different 

membraneless organelles as well as RNA and inhibited Dyrk3 itself (Rai et al., 2018). In contrast, 

the dissolution of P-bodies, Cajal bodies, and nucleoli remains unaffected by Dyrk3 inhibition. The 

formation of these hybrid structures is accompanied by a delay or even mitotic arrest, as not only 

multipolar spindles arise from gamma-tubulin foci, but also mitotic regulators are sequestered in 

the liquid unmixed compartments (Rai et al., 2018). The underlying mechanism of Dyrk3-induced 

dissolution of membraneless organelles is threshold-based and driven by a tightly controlled 

Dyrk3-to-substrate ratio, as the breakdown of the nuclear envelope at the onset of mitosis leads 

to an intracellular dilution of Dyrk3 substrates, thereby favoring a higher kinase-to-substrate ra-

tio. Similarly, overexpression of Dyrk3 in interphase cells leads to condensate dissolution of non-

mitotic cells in a kinase-activity-dependent manner. In order to facilitate recondensation at the 

end of mitosis, Dyrk3 ubiquitination and subsequent degradation is mediated by the anaphase-

promoting complex/cyclosome (APC/C) (Merbl & Kirschner, 2009; Rai et al., 2018).  

Overall, the importance of Dyrk3 as a phase condensate dissolvase for maintaining cellular func-

tionality under homeostasis during interphase, as well as during mitosis and cellular stress, has 

been highlighted in various aspects. While a role for Dyrk3 in the migration of adhesive cancer 

cells has recently been discovered, it remains elusive whether Dyrk3 also plays a more general 

role in cell migration. 

1.4 AIMS OF THE THESIS 

 

Fast-migrating amoeboid cells like immune cells show frequent and highly dynamic shape 

changes while migrating through complex microenvironments of heterogenous composition 

(Lämmermann & Sixt, 2009). Efficiently navigating these complex environments necessitates the 

sensing and processing of different guidance cues (Kameritsch & Renkawitz, 2020). Therefore, 

amoeboid migrating cells typically generate multiple exploratory protrusions simultaneously, 

which undergo frequent cycles of protrusion formation and retraction. The mechanisms by which 

amoeboid cells coordinate these dynamic shape changes are becoming increasingly clear (Läm-

mermann et al., 2009; Harada et al., 2012; Leithner et al., 2016; Fritz-Laylin et al., 2017; Kopf et 

al., 2020). The centrosome represents one major orchestrator of cellular coordination, as it func-

tions as a primary microtubule organizing center in many mammalian cells, nucleating and an-

choring microtubules (Bettencourt-Dias & Glover, 2007). Yet, how membraneless organelles such 
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as the centrosome withstand extra- and intracellular forces exerted by the surrounding microen-

vironment itself as well as by dynamic cell shape changes, thereby compressing and bending mi-

crotubules, has remained elusive. 

In order to address this knowledge gap, I employed dendritic cells expressing Centrin2-GFP 

(CETN2-GFP) as centriole marker to characterize centrosomal dynamics during dendritic cell mi-

gration in microenvironments of varying complexity. To further elucidate the mechanisms under-

lying the maintenance of centrosome cohesion upon mechanical forces, transcriptome analysis of 

dendritic cells migrating in collagen matrices of increasing complexity was performed. This re-

vealed that the dual-specificity tyrosine phosphorylation-regulated kinase 3 (Dyrk3) is upregu-

lated in response to increasing microenvironmental complexity. Using pharmacological inhibitors 

and expression of a dominant-negative kinase-dead point mutant of Dyrk3 (K218M), I investi-

gated the role of Dyrk3 for immune cell motility by impairing Dyrk3 function (Wippich et al., 2013; 

Rai et al., 2018). Rendering Dyrk3 non-functional resulted in decreased centrosomal stability, ul-

timately leading to centrosome fracturing and reduced migration velocities in complex microen-

vironments. To broaden these findings, I additionally utilized a Hoxb8 cell line depleted of a cen-

triolar linker component to validate the impact of microenvironment-dependent mechanical 

stress on centrosome stability. Furthermore, I employed various pharmacological inhibitors such 

as Latrunculin A for actin polymerization and para-nitroblebbistatin for myosin-II contractility to 

identify the underlying mechanism of intracellular force generation acting on the centrosome. By 

performing immunofluorescence staining of different MTOC components including α-tubulin, γ-

tubulin, or ninein, I elucidated the impact of centrosome fracturing on centrosome-dependent mi-

crotubule-organizing center (MTOC) organization. Finally, to further explore the functional con-

sequences of centrosome fracturing on cellular pathfinding, I utilized fluorescently labeled Hoxb8 

cell lines in diverse microenvironments to investigate cellular polarity, coordination, and deci-

sion-making processes upon centrosome fracturing. 
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2 MATERIAL AND METHODS 

2.1 MATERIAL 

2.1.1 MEDIA, BUFFERS, AND REAGENTS 

 

Table 1: Media and buffers. 

Media and buffers Supplementing Reagents Supplier (Cat. #) 

R10 medium RPMI1640 
10 % FCS (v/v) 
100 U/ml penicillin 
100 mg/ml streptomycin 
0.1 mM 2-mercaptoethanol 

Gibco (21875091) 
Gibco (10270098) 
Sigma-Aldrich (P0781) 
Sigma-Aldrich (P0781) 
Gibco (31350010) 

R20 medium RPMI1640, phenol-free 
20 % FCS (v/v) 
100 U/ml penicillin 
100 mg/ml streptomycin 
0.1 mM 2-mercaptoethanol 

Gibco (11835105) 
Gibco (10270098) 
Sigma-Aldrich (P0781) 
Sigma-Aldrich (P0781) 
Gibco (31350010) 

LX-293 medium DMEM (low glucose) 
10 % FCS (v/v) 
100 U/ml penicillin 
100 mg/ml streptomycin 
0.1 mM 2-mercaptoethanol 

Gibco (31885) 
Gibco (10270098) 
Sigma-Aldrich (P0781) 
Sigma-Aldrich (P0781) 
Gibco (31350010) 

Freezing medium 90 % FCS (v/v) 
10 % DMSO (v/v) 

Gibco (10270098) 
Fisher Scientific (10397841) 

Imaging medium RPMI1640, phenol-free 
10 % FCS (v/v) 
100 U/ml penicillin 
100 mg/ml streptomycin 
0.1 mM 2-mercaptoethanol 
50 µM L-ascorbic acid 

Gibco (11835105) 
Gibco (10270098) 
Sigma-Aldrich (P0781) 
Sigma-Aldrich (P0781) 
Gibco (31350010) 
Sigma-Aldrich (A92902) 

FACS buffer 1x PBS 
1 % bovine serum albumin (BSA) (w/v) 
2 mM EDTA 

Pharmacy LMU Hospital 
AppliChem GmbH (A1391) 
Sigma-Aldrich (EDS-500g) 

Cell sorting buffer 1x PBS 
0.5 % BSA (w/v) 
2 mM EDTA 
25 mM HEPES 

Pharmacy LMU Hospital 
AppliChem GmbH (A1391) 
Sigma-Aldrich (EDS-500g) 
Gibco (15630056) 

1x SAPO 1x PBS 
0.2 % BSA (w/v) 
0.05 % saponin 

Pharmacy LMU Hospital 
AppliChem GmbH (A1391) 
Sigma-Aldrich (SAE0073) 

Microtubule stabilizing 
buffer (MTSB) 

80 mM K-PIPES, pH 6.8 
1 mM MgCl2 
5 mM EGTA 
in ddH2O, pH adjusted to 6.8 with KOH 

Thermo Fisher (J60300.AK) 
Invitrogen (AM9530G) 
Sigma-Aldrich (E3889) 

Quenching solution 1x PBS 
0.1 % NaBH4 (w/v) 

Pharmacy LMU Hospital 
Sigma-Aldrich (71320) 

 

 



MATERIAL AND METHODS 

28 

 

Table 2: Pharmacological inhibitors. 

Inhibitor Concentration Supplier Catalogue # 

GSK-626616 1-10 µM Tocris 6638 

Harmine 10-100 µM Sigma-Aldrich 286044 

Latrunculin A 50 nM Sigma-Aldrich 428026 

para-nitroblebbistatin 25 µM Motorpharma - 

Centrinone 500 nM bio-techne 5690 

 
Table 3: Enzymes. 

Name Supplier Catalogue # 

Q5® High-Fidelity Polymerase New England Biolabs M0491 

BsrGI-HF® New England Biolabs R3575 

EcoRI-HF® New England Biolabs R3101 

Quick Ligation™ Kit New England Biolabs M2200 

 
Table 4: Kits. 

Name Supplier Catalogue # 

GeneJET Plasmid-Miniprep-Kit Thermo Fisher K0503 

PureLink™ Expi Endotoxin-Free Maxi 
Plasmid Purification Kit 

Invitrogen A31231 

Monarch DNA Gel Extraction Kit New England Biolabs T1020S 

Neon™ Transfection Kit Invitrogen MPK1025 

 

Table 5: Reagents. 

Name Supplier Catalogue # 

β-Estradiol Sigma-Aldrich E2758 

Lipopolysaccharide (E. coli O26:B6) Sigma-Aldrich L2654 

Blasticidin S-hydrochlorid Thermo Fisher R21001 

Puromycin-dihydrochloride Thermo Fisher A1113803 

Doxycycline-hydrochloride Sigma-Aldrich D3072 

NEB® Stable Competent E. coli New England Biolabs C3040H 

Polybrene Merck-Millipore TR-1003-G 

Sylgard 184 Biesterfeld 5498840000 

CCL19 Bio-Techne 440-M3-025 

CXCL12 Bio-Techne 350-NS-050 

UltraPure agarose Invitrogen 16500500 

Polybeads® Polysciences 07312-5 

PureCol, bovine collagen Cellsystems 5005-100ml 

10x MEM Thermo Fisher 21430020 

NaHCO3 Sigma-Aldrich S8761-100ml 
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Paraformaldehyde Merck-Millipore 818708 

Glutaraldehyde Sigma-Aldrich G6257 

Fluoromount-G Invitrogen 00-4958-02 

2.1.2 CELL LINES 

 

Table 6: Cell lines. 

Name Provider 

Hoxb8 WT Renkawitz Lab 

Hoxb8 CETN2-GFP Eva Kiermaier (LIMES institute, Bonn, Germany) 
(Weier et al., 2022) 

Hoxb8 CETN2-GFP indCas9 sgC-NAP1 Peter Konopka (LIMES institute, Bonn, Germany) 

Hoxb8 EB3-mCherry Michael Sixt (IST, Vienna, Austria) 
(Kopf et al., 2020) 

Hoxb8 Lifeact-GFP Michael Sixt (IST, Vienna, Austria) 

Hoxb8 PCNT-dTomato this study 

Hoxb8 CETN2-GFP PH-Akt-dTomato this study 

Hoxb8 Lifeact-GFP EMTB-mCherry this study 

Jurkat T cells Jan Schwarz 

LX293T cells Michael Sixt (IST, Vienna, Austria) 

 

2.1.3 PLASMIDS 

 
Table 7: Plasmids. 

Name Provider Addgene # 

psPAX2 Didier Trono #12260 

pMD2.G Didier Trono #12259 

PH-Akt-GFP Tamas Balla 
(Várnai & Balla, 1998) 

#51465 

pLenti-V6.3 Ultra-Chili Ewa Snaar-Jagalska #106173 

hCEP120-EGFP Tang Tang 
(Lin et al., 2013) 

#50382 

pLenti-V6.3 EB3-mCherry Michael Sixt (IST, Vienna, Austria) - 

pLenti-V6.3 EMTB-mCherry Michael Sixt (IST, Vienna, Austria) - 

pCAG-mAkna-EGFP Magdalena Götz (Institute for Physiological Ge-
nomics, Munich, Germany) 

- 

RFP-Pericentrin Melina Heuze 
(Heuzé et al., 2019) 

- 

pcDNA5-Dyrk3-WT-GFP Lucas Pelkmans & Dorothee Dormann 
(Rai et al., 2018) 

- 
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pcDNA5-Dyrk3-K218M-GFP Lucas Pelkmans & Dorothee Dormann 
(Rai et al., 2018) 

- 

pcDNA5/ FRT/ TO- GFP Harm Kampinga 
(Hageman & Kampinga, 2009) 

#19444 

mCherry-Centrin2-N-10 Michael Davidson #55018 

pLenti-V6.3 Ultra-Chili-PCNT this study - 

pLenti-V6.3 Ultra-Chili-PH-Akt this study - 

   

 

2.1.4 OLIGONUCLEOTIDES 

 
Table 8: Oligonucleotides. 

Primer Sequence (5’ -3’) Tm (°C) 

Pericentrin-forward CGAGCTGTACAAGGGTGGTTCTGGTGAGCAAAAGC 72 

Pericentrin-reverse GGAACGAATTCCTACTGTTTAATCATCGGGTGGC 72 

PH-Akt-forward CGAGCTGTACAAGGGTGGTTCTGGTAGCGACGTGG 72 

PH-Akt-reverse GGAACGAATTCCTAGGTGGCGACCGGTGG 72 

Sequencing AGCTGGACATCACCTCCCACAACG - 

 

2.1.5 ANTIBODIES AND STAINING REAGENTS 

 
Table 9: Antibodies and staining reagents. 

Specificity/  
staining reagent 

Host 
and conjugation 

Dilution Supplier Catalogue # 

Anti-mouse 
CD16/32 

rat 
unconjugated 

5 µg/ml Invitrogen 14-0161-85 

Anti-mouse  
CD11c 

armenian hamster 
APC 

0.67 µg/ml Invitrogen 17-0114-82 

Anti-mouse  
MHCII 

rat 
eFluor™ 450 

0.67 µg/ml Invitrogen 48-5321-82 

Anti -mouse/human 
α-tubulin 

rat 
unconjugated 

2 µg/ml Invitrogen MA1-80017 

Anti -mouse/human 
Ninein 

rabbit 
unconjugated 

0.25 µg/ml Invitrogen PA5-82224 

Anti -mouse/human 
γ-tubulin 

mouse 
unconjugated 

4.25 µg/ml Sigma-Aldrich T6557 

Anti-mouse 
AKNA 

mouse 
unconjugated 

1:25 in-house production (gift from Magda-
lena Götz, Institute for Physiological Ge-
nomics, Munich, Germany) 
 

Anti -mouse/human 
Ccdc88b 

rabbit 
unconjugated 

0.8 µg/ml Atlas Antibodies HPA026652 
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Anti-human 
AKNA 

rabbit 
unconjugated 

1 µg/ml Atlas Antibodies HPA052367 

Rat IgG (H+L) goat 
Alexa Fluor® Plus 
647 

4 µg/ml Invitrogen A48265 

Rabbit IgG (H+L) donkey 
Alexa Fluor® Plus 
647 

4 µg/ml Invitrogen A32795 

Mouse IgG (H+L) goat 
Alexa Fluor® 555 

2 µg/ml abcam ab150114 

Rat IgG (H+L) goat 
Alexa Fluor® Plus 
594 

4 µg/ml Invitrogen A11007 

DAPI - 1:1000 Thermo Fisher 62248 

NucBlue Hoechst33342 - Invitrogen R37605 

2.2 METHODS 

2.2.1 CELL CULTURE 

 

All cells were grown and maintained at 37 °C in a humidified incubator with 5 % CO2. Cells were 

either used directly or stored frozen in liquid nitrogen until further usage. For freezing, cells were 

centrifuged at 300xg for 5 min, and cell pellets were resuspended in freezing medium (Table 1) at 

cell densities of 2.5-5x106 cells/ml. To prevent cell damage, cells were initially frozen at -80 °C 

and transferred to liquid nitrogen at least two days later.  

 

Hoxb8 cell culture 

Immortalized hematopoietic precursor cell lines (Hoxb8 cells) (Redecke et al., 2013) were grown 

and maintained in R10 medium (Table 1) supplemented with 5 % Flt3l-containing cell culture 

supernatant (in-house production) and 1 µM β-estradiol. CETN2-GFP+indCas9 sgC-NAP1 Hoxb8 

cells were grown and maintained in a conditioned medium additionally supplemented with  

10 µg/ml blasticidin  and 3 µg/ml puromycin. 

 

Dendritic cell differentiation 

Dendritic cells were differentiated either from Hoxb8 precursor cell lines (Table 6) or from bone 

marrow isolated from male C57Bl6/J wildtype mice (aged 8-12 weeks). For Hoxb8-derived den-

dritic cells, Hoxb8 cells were washed twice with 1x PBS to remove remaining Flt3l and β-estradiol. 

Afterwards, Hoxb8 cells were seeded in R10 medium (Table 1) supplemented with 10 % granulo-

cyte–macrophage colony-stimulating factor (GM-CSF) hybridoma supernatant in a 10 cm cell cul-

ture dish at a density of 0.1x106 cells for WT cells, 0.4x106 cells for CETN2-GFP+indCas9 sgC-NAP1 

Hoxb8 cells, and 0.3x106 cells for all other Hoxb8 lines used in this study. On differentiation day 

3, fresh R10 medium supplemented with 20 % GM-CSF was added. On differentiation day 6, half 

of the medium was exchanged for fresh R10 medium supplemented with 20 % GM-CSF. Cas9 ex-

pression in dendritic cells expressing CETN2-GFP+indCas9 sgC-NAP1 was induced by the addition 

of 1 µg/ml doxycycline on differentiation day 0 and continued by the addition of 2 µg/ml doxycy-

cline on differentiation days 3 and 6. For centriole depletion experiments, differentiating dendritic 
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cells expressing CETN2-GFP were treated with a final concentration of 500 nM Centrinone on dif-

ferentiation days 2, 3, 6, 7, and 8. For bone marrow-derived dendritic cells, isolated hematopoietic 

precursor cells were seeded at a density of 2.5x106 cells/culture dish and subsequently cultured 

as described above. For migration experiments, either fresh or thawed dendritic cells (differenti-

ation day 8) were stimulated by adding 200 ng/ml lipopolysaccharide (LPS) for 24 h to induce cell 

maturation. 

 

Jurkat T cell culture 

Jurkat T cells were cultured and maintained in R10 medium at a cell density of 0.1–1.5x106 

cells/ml. 

 

Lenti-X 293T culture 

Lenti-X 293T cells (LX293T cells), derived from HEK293 cells, were used for lentivirus production. 

Cells were maintained in LX-293 medium (Table 1) at 70-80 % confluency until further usage.  

 

2.2.2 FLOW CYTOMETRY ANALYSIS 

 

Dendritic cell maturation was routinely checked for surface expression of CD11c and MHCII. After 

Fc receptor blockage using an anti-mouse CD16/32 antibody diluted in FACS buffer (Table 1) as 

indicated in Table 9, cells were stained with anti-mouse CD11c and anti-mouse MHCII antibodies 

(Table 9). Flow cytometry analysis was performed on a Cytoflex S flow cytometer (Beckmann-

Coulter). 

2.2.3 MICE 

 

All animals were housed in the Core Facility Animal Models at the Biomedical Centre (Ludwig-

Maximilians-Universität) and animal procedures and experiments were in accordance with the 

ministry of animal welfare of the region of Oberbayern and with the German law of animal welfare. 

2.2.4 GENERATION OF FLUORESCENT REPORTER CONSTRUCTS 

 

Insert amplification 

Generation of a N- terminal dTomato fusion construct of Pericentrin was performed by amplifying 

Pericentrin from an RFP-Pericentrin encoding plasmid (Table 3) using a BsrGI restriction site con-

taining forward  and an EcoRI restriction site containing reverse  primer pair (Table 8). N-terminal 

dTomato fusions constructs of PH-Akt were generated by amplifying PH-Akt from a PH-Akt-GFP 

encoding plasmid (Table 7) using a BsrGI restriction site containing forward and an EcoRI re-

striction site containing reverse primer pair (Table 8). To ensure reliable insert amplification, Q5® 

High-Fidelity DNA polymerase was employed according to the manufacturer’s instructions. Opti-

mal primer annealing temperatures were determined using the NEB Tm calculator. Typically, 35 

cycles of PCR amplification would yield a sufficient amount of PCR product for downstream pro-

cessing.  
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Gel purification 

Following PCR amplification, PCR products were purified on a 1 % agarose gel. For this purpose, 

1 % agarose  (w/v) was heated in 1x TAE buffer (Thermo Fisher) until fully dissolved, and Midori 

Green (Nippon Genetics) was added for subsequent DNA visualization. After solidification, gel 

electrophoresis was performed at 100 V. DNA bands of correct size were cut, and subsequent DNA 

extraction was performed using the Monarch DNA Gel Extraction Kit according to the manufac-

turer’s instructions.  

 

Restriction digest and ligation 

PCNT and PH-Akt inserts, as well as the pLenti-V6.3 Ultra-Chili plasmid serving as lentiviral back-

bone were digested with BsrGI and EcoRI according to the manufacturer’s instructions. After-

wards, DNA fragments were gel purified as described above. The purified DNA fragments were 

ligated using the Quick Ligation ™ Kit as recommended by the manufacturer.  

 

Transformation and plasmid isolation 

Ligation reactions were transformed into chemically competent E. coli according to the manufac-

turer’s instructions. Successfully transformed clones were used to inoculate liquid bacterial cul-

tures for downstream plasmid isolation using the GeneJET Plasmid-Miniprep-Kit as recom-

mended by the manufacturer, and isolated plasmid DNA was sent for sequencing. To avoid im-

mune cell activation upon lentiviral transfection, plasmid isolation of verified clones intended for 

lentivirus production was performed with the PureLink™ Expi Endotoxin-Free Maxi Plasmid Pu-

rification Kit according to manufacturer’s instructions. 

 

Sequencing 

The correct sequence and orientation of clones were verified by sequencing with the Mix2Seq 

service as recommended by the sequencing company (Eurofins). 

2.2.5 TRANSGENE DELIVERY 

 

Lentiviral transfection 

For stable expression of fluorescent reporter constructs, lentiviral transduction of Hoxb8 cells 

was performed. For lentivirus production, 5x106 LX293T cells were seeded in antibiotic-free 

LX293T-medium (Table 1). On the next day, cells were co-transfected with the respective fusion 

construct encoding plasmid in combination with pMD2.G (envelope expressing plasmid), and 

psPAX2 (packaging plasmid). For this purpose, 4.53 µg construct encoding plasmid, 1.13 µg 

pMD2.G and 2.27 µg psSPAX2 were incubated with 65 µl PEI solution and DMEM for 10 minutes 

at room temperature, before being added to the LX293T cells. After 48 hours, the supernatant of 

lentivirus-producing cells was harvested, and either used directly for lentiviral transduction or 

stored at -80 °C until further usage. For lentiviral infection, 0.1x106 Hoxb8 cells for WT back-

ground and 0.3x106 for LifeactGFP and CETN2-GFP background were seeded in R10 medium (Ta-

ble 1) supplemented with Flt3l and β-estradiol as described above. Following lentiviral infection 

in the presence of 3 µg/ml polybrene, medium was replaced after one day to reduce polybrene 

concentration. After three days,  Hoxb8 cells were selected for stable virus insertion using  

10 µg/ml blasticidin for at least one week until the non-transduced selection control cells were 

dead. Following cell expansion, Hoxb8 cells were collected and resuspended in cell sorting buffer 

(Table 1). Hoxb8 cells expressing fluorescent reporter constructs were sorted using fluorescence-

activated cell sorting on a FACSAriaFusion (BD) equipped with 4 lasers (405, 488, 561, 640 nm). 
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Live fluorescent Hoxb8 cells were directly sorted into 25 mM HEPES-buffered R10 medium (Table 

1) supplemented with Flt3l and β-estradiol as described above, and used for downstream cell cul-

ture.  

 

Transient transfection 

For transient expression of fluorescent reporter constructs, Jurkat T cells were electroporated 

with plasmids encoding the respective constructs 16 hours prior to the experiment using the Neon 

Transfection system (Invitrogen). For this purpose, 1x106 Jurkat T cells were washed with 1x PBS 

and resuspended in Resuspension Buffer T according to the manufacturer’s instructions. After ad-

dition of 1 µg plasmid DNA, cells were electroporated with 3 pulses at 1600 V for 10 ms each. For 

recovery, cells were incubated in R10 medium (Table 1). 

Dyrk3 localization was analyzed by co-electroporating Jurkat T cells with pcDNA5-Dyrk3-WT-GFP 

and mCherry-Centrin2-N-10 as described above. The next day, cells were injected in an under-

agarose migration assay as described below and mCherry+ GFP+ cells were selected for imaging. 

For validation of Dyrk3 inhibition mediated effects on migration, Jurkat T cells were electro-

porated as described above, either with pcDNA5/FRT/TO-GFP as control, or pcDNA5-Dyrk3-

K218M-GFP encoding for a dominant-negative point-mutant Dyrk3, respectively. The next day, 

cells were collected and resuspended in cell sorting buffer (Table 1) to prepare for fluorescence-

activated cell sorting on a FACSAriaFusion (BD) equipped with 4 lasers (405, 488, 561, 640 nm). 

Live GFP+ cells were directly sorted into R10 medium buffered with 25 mM HEPES. After 1 hour 

of recovery in the incubator, cells were used for downstream migration assays as described below. 

2.2.6 MICRO-FABRICATED DEVICES 

 

Micro-fabricated devices were prepared as described previously (Renkawitz et al., 2018; Kroll et 

al., 2022). Briefly, micro-structures were replicated from custom-made wafers produced by pho-

tolithography or epoxy replicates as templates, with defined width, height, length, and pore sizes. 

The height of the micro-structures ranged between 4-5 µm to allow cell confinement from top and 

bottom. Wide straight channels had a width of 50 µm. Narrow straight channels, channels with 

constrictions, 3-way pathfinding channels, and 6-way pathfinding channels had a width of 8 µm, 

thereby confining cells from all sides. The distance between two 6-way crossings was 90 µm. The 

pore size of microchannels with constrictions was 2 µm. 

Polydimethylsiloxane (PDMS, Sylgard 184) was prepared by mixing elastomer base and elastomer 

curing agent in a 10:1 ratio (w/w) in a Thinky Mixer in mixing mode for 2 minutes, followed by 

centrifugation in defoaming mode for another 2 minutes. Subsequently, the PDMS mixture was 

poured onto the template structures to generate replica of the micro-structures. Air bubbles were 

removed with a desiccator. After solidification at 80 °C overnight, PDMS was carefully removed 

from the templates and cut into pieces according to the respective design size. Holes for cell and 

chemokine loading were punched in a distance of 1-2 mm. Using a plasma cleaner, the PDMS de-

vice was bonded to glass coverslips, that were cleaned with isopropanol and ethanol in an ultra-

sound water bath. PDMS devices were then placed on a heating plate set to 120 °C for 10 min, 

followed by overnight incubation at 80 °C to permanently bond them to the glass surface. The 

devices were then either directly glued into 6-well plates with drilled holes using non-toxic aquar-

ium glue or stored at room temperature until further usage. 
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2.2.7 MIGRATION ASSAYS 

 

For live cell imaging, cell nuclei were visualized by incubating cells for at least 30 min with  

NucBlue diluted in imaging medium according to the manufacturer’s instructions, followed by 

washing. For pharmacological inhibition experiments, final concentrations of inhibitors were 

used as indicated in Table 2 and the figure legends. All inhibitors were dissolved in DMSO, and 

control samples were treated with DMSO in the corresponding dilution. 

 

Microchannel migration assay 

Prior to the experiment, PDMS devices were flushed with imaging medium (Table 1) supple-

mented inhibitors if needed according to the experimental setup. For this purpose, PDMS devices 

were placed in a plasma cleaner for surface activation. Afterwards, medium was added to both 

loading holes. After incubation at 37 °C, 5 % CO2 in a cell culture incubator for at least 1 hour to 

ensure a uniform liquid distribution and to avoid liquid flow, devices were used for downstream 

experiments. Then, 0.625 µg/ml CCL19 (DCs) or 1.25 µg/ml CXCL12 (Jurkat T cells) were loaded 

into the chemokine loading hole to establish a chemokine gradient, followed by addition of 0.3-

0.5x105 cells into the second loading hole. Microchannel migration assays were placed in the in-

cubator, and cell behavior was regularly checked for migration initiation. Live-cell imaging was 

typically started at approximately 30 minutes after cell loading and performed as described be-

low. 

 

Under-agarose migration assay 

Under-agarose migration assays without bead obstacles were prepared as described previously 

(Renkawitz et al., 2009). Briefly, 1 % agarose was prepared by dissolving 4 % UltraPure agarose 

(w/v) in sterile water. Then, the liquid 4 % agarose was mixed with R20 medium (Table 1) pre-

mixed with Hanks buffered salt solution pH 7.3 and prewarmed to 55 °C, in a 1:3 ratio to a final 

agarose concentration of 1 %. For experiments including inhibitors, the 1 % agarose mixture was 

let cool down to 37 °C before adding the inhibitor to the respective final concentration to avoid 

heat-induced inhibitor inactivation. 300 µl of agarose mixture per well was poured into imaging-

suitable 8-well slides (Ibidi), polymerized for 1 hour at room temperature and was then trans-

ferred to the incubator for 1 hour for equilibration. For under-agarose migration assays including 

bead obstacles, 8-well slides were pre-coated with Polybeads® (6 µm diameter). Typically, two 

drops of Polybeads® were washed in 10 ml phenol-free R10 medium and resuspended in 100 µl 

of phenol-free R10 medium. For coating, the well glass surface was activated with oxygen plasma 

and 10 µl of beads were added, followed by incubation at room temperature for 30 minutes to 

ensure stable bead attachment. Afterwards, the agarose mixture was prepared and carefully 

added as described above. For both, under agarose with and without bead obstacles, 2 mm wide 

holes were generated using tissue biopsy punchers after agarose solidification and equilibration. 

Then, CCL19 (2.5 µg/ ml; DCs) or CXCL12 (5 µg/ml; Jurkat T cells) in imaging medium (Table 1) 

were loaded as chemotactic stimulus. 0.2x105 cells were injected between the glass surface and 

agarose layer in a distance of 2-3 mm to the chemokine loading hole. For live-imaging, assays were 

placed in the incubator for 1 hour to allow induction of directional migration towards the chemo-

kine source before imaging. 

 

Collagen migration assay 

In order to study cell migration in a more physiological environment, collagen migration assays 

were performed as described previously (Sixt & Lämmermann, 2011; Kroll et al., 2022). Briefly, 
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for DC collagen migration assays, a collagen gel mixture was prepared by mixing 225 µl PureCol 

with 30 µl 10x minimum essential medium (MEM) and 15 µl 7.5 % sodium bicarbonate (NaHCO3). 

This collagen mixture was carefully mixed with 3x105 cells in R10 medium at a 2:1 ratio, resulting 

in gels with a final collagen concentration of 1.7 mg/ml. Collagen-cell mixtures were cast in cus-

tom-made migration chambers with a diameter of 18 mm and a height of approx. 1 mm. After 

polymerization of collagen fibers at 37 °C, 5 % CO2 in a cell culture incubator for 75 min, 80 μl 

CCL19 (0.625 µg/ml) was added to the top of the chamber. For Jurkat T cell collagen migration 

assays, PureCol stock solution was diluted with 1x PBS, resulting in a final collagen concentration 

of 1.3 mg/ml mixed with 2x105 cells in R10 at a 2:1 ratio. After polymerization at 37 °C, 5 % CO2, 

in a cell culture incubator for 75 min, 80 μl CXCL12 (1.25 μg/ml) was added to the top of the cham-

ber. For inhibition experiments, inhibitors were added to the collagen-cell mixture as well as to 

the chemokine solution at the indicated concentrations. 

2.2.8 IMMUNOFLUORESCENCE STAINING 

 

Immunofluorescence staining 

For immunofluorescence staining, under-agarose migration assays were prepared as described 

above. Following cell migration for 2-4 hours to allow stable chemokine gradient generation and 

directed cell migration, 300 µl 3.7 % paraformaldehyde (PFA) diluted in 1x PBS and prewarmed 

to 37 °C was added on top of the agarose and incubated for 1 hour at 37 °C, 5 % CO2. After fixation 

the agarose block was carefully removed, and cells were washed three times with 1x PBS. After-

wards, cells were permeabilized with 1x SAPO buffer for 30 minutes at room temperature. Fol-

lowing permeabilization, blocking was performed with 5 % BSA diluted in 1x SAPO buffer for an-

other 30 minutes at room temperature. Primary antibodies were diluted in 1x SAPO buffer as in-

dicated in Table 9, and incubated overnight at 4 °C. The next day, primary antibodies were re-

moved, and cells were washed three times with 1x PBS for 5 minutes each. Secondary antibodies 

and DAPI were diluted in 1x SAPO as indicated in Table 9, and incubated at room temperature for 

1 hour, protected from light. After washing three times with 1x PBS for 5 minutes each, cells were 

mounted using Fluoromount-G. 

 

Immunofluorescence staining for STED imaging 

For super-resolution imaging of microtubules, under-agarose migration assays were performed 

as described above. Following migration for 2-4 hours, 3.7 % PFA was additionally supplemented 

with 0.5 % glutaraldehyde and diluted in microtubule-stabilizing buffer to ensure microtubule 

structure preservation and prevent microtubule disintegration, which would result in a beads-on-

a-string-like appearance in STED imaging. 300 µl of fixation solution prewarmed to 37 °C was 

added on top of the agarose block. After fixation for 30 minutes at 37 °C, 5 % CO2, the agarose 

block was carefully removed, and quenching solution was added to reduce glutaraldehyde-in-

duced background fluorescence and incubated for 8 min at room temperature. Afterwards, per-

meabilization, blocking, and anti-α-tubulin primary antibody incubation were performed as de-

scribed above. The next day, the primary antibody was removed, and cells were washed three 

times with 1x PBS for 5 minutes each. The secondary antibody was diluted in 1x SAPO as indicated 

in Table 9, and incubated at room temperature, protected from light. Importantly, the secondary 

antibody was conjugated with Alexa Fluor® Plus 594 as STED-suitable fluorophore. Afterwards, 

washing and mounting was performed as described above.  
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2.2.9 IMAGING 

 

Widefield microscopy 

Live-cell imaging was performed at 37 °C, and supplementation with 5 % CO2 in a humidified 

chamber if needed. Cell migration was recorded using conventional inverted wide-field DMi8 mi-

croscopes (Leica) using HC PL FLUOTAR 4×/0.5 PH0 air, HC PL FLUOTAR L20x/0.40 PH1 air, HC 

PL APO 40×/0.9 PH3 air and HC PL APO 100x/1.40 oil objectives. Microscopes were equipped 

with a Lumencor or pE-4000 light source (395, 475, 555, and 635 nm) and an incubation chamber, 

heated stage, and a CO2 mixer (Pecon). Cells migrating in collagen networks were imaged for  

5 hours in 1 minute time intervals. Microchannel migration assays were recorded for at least  

5 hours every minute. Centriole separation dynamics were imaged every 10 seconds. For evalua-

tion of microtubule nucleation dynamics, EB3-mCherry expressing DCs were imaged at 5 s inter-

vals. Acquisition of immunofluorescence samples was performed on an inverted wide-field DMi8 

microscope (Leica) equipped with an HC PL APO 100x/1.47 oil objective. 

 

Fluorescence recovery after photobleaching  

Fluorescence recovery after photobleaching (FRAP) experiments were performed at the Core Fa-

cility Bioimaging of the Biomedical Center with an inverted Leica TCS SP8X STED 3X equipped 

with two photomultiplier tubes (PMTs) and three hybrid detectors (HyDs), Argon laser, WLL2 

laser (470 - 670 nm), acusto-optical beam splitter and 592 nm and 660 nm continuous wave and 

775 nm pulsed depletion lasers. Cells were recorded at 37 °C and 5 % CO2. Images were acquired 

in unidirectional scanning mode with an HC PL APO CS2 40x/1.30 OIL objective, with an image 

pixel size of 142.6 nm and a pixel dwell time of 4.8 µs. The following fluorescence settings were 

used: GFP (excitation: 488 nm (Argon laser); emission 500-570 nm) or RFP (514 nm; 536-661 

nm), both being recorded with conventional PMTs. 5 pre-bleach frames at a frame rate of 1 s were 

recorded, followed by bleaching at full laser power in zoom-in mode for two times. Initial signal 

recovery was recorded for 10 frames at a frame rate of 1 s, followed by extended post-bleach re-

cording in 5 s time intervals for at least 2 min. 

 

Stimulated emission depletion  

Stimulated emission depletion (STED) microscopy was performed at the Core Facility Bioimaging 

of the Biomedical Center with an inverted Leica TCS SP8X STED 3X equipped with two PMTs and 

three hybrid detectors (HyDs), Argon laser, WLL2 laser (470 - 670 nm), acusto-optical beam split-

ter and 592 nm and 660 nm continuous wave and 775 nm pulsed depletion lasers. Images were 

acquired in unidirectional scanning mode with an HC PL APO CS2 100x/1.40 OIL STED WHITE 

objective, with an image pixel size of 25 nm and an accumulated pixel dwell time of 29.3 µs. For 

conventional confocal imaging of the CETN2-GFP signal, the following fluorescence settings were 

used: GFP (WLL2 pulsed excitation 489 nm; emission 500-570 nm; PMT). For STED microscopy 

of microtubules stained with anti-α-tubulin, the following settings were used: AlexaFluor 594 

(WLL2 pulsed excitation 590 nm; emission 600-670 nm; depletion in 2D mode with a 775 nm 

pulsed laser). The signal was recorded with a hybrid detector in photon counting mode with time 

gating set to 0.5-6 ns and the corresponding reference wavelength of 590 nm. The recording was 

sequentially to avoid signal bleed-through. 
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2.2.10 IMAGE ANALYSIS 

 

Fiji / ImageJ (Schneider et al., 2012), ilastik (Berg et al., 2019) and Imaris (Bitplane) were used for 

image processing. In general, only single, non-interacting cells were included for analysis to avoid 

effects of neighboring cells on cell path, cell speed and centriolar dynamics. Centrosome fracturing 

was classified as a distance above 1.5 µm between the two individual centrioles in a centriolar 

pair (Weier et al., 2022). 

 

Migration analysis in microchannel migration assays 

Velocity of migrating DCs and Jurkat T cells along unidirectional paths (narrow straight, wide 

straight microchannels) was analyzed using the tracking function of Imaris v9.7.2. For DC migra-

tion, cell nuclei were tracked with the following settings: object diameter 12 µm, manually ad-

justed quality threshold, autoregressive motion tracking algorithm (max. distance 25 µm, gap size 

=3), min. track duration 15 min. For Jurkat T cell migration the following settings were applied: 

object diameter 15 µm, manually adjusted quality threshold, autoregressive motion tracking al-

gorithm (max. distance 15 µm, gap size=3), min. track duration 15 min. Pore translocation time 

and junction passing time, as well as centriolar distances were manually quantified in Fiji. The 

competing protrusion length was measured by Mauricio Ruiz Fernandez using ImageJ by deter-

mining the maximal length for each protrusion during a productive path decision. The longest of 

those protrusions was defined as the main competing protrusion. 

 

Migration analysis in collagen migration assays 

Dendritic cell migration in collagen matrices was analyzed using a custom-made cell tracking tool 

for ImageJ (Leithner et al., 2016) . In brief, cell migration image sequences were background cor-

rected by subtracting the average of the entire sequence. Particle filtering was used to discard 

objects smaller or larger than the cells. Then, for each image in the sequence the lateral displace-

ment that optimizes its overlap with the previous frame was determined. Finally, the migration 

velocity towards the chemokine source was calculated from the y-displacement and the time be-

tween two consecutive frames. To analyze Jurkat T cell migration, cells were manually tracked in 

Fiji / ImageJ using the manual tracking plugin. Migration speed, accumulated distance and direc-

tionality were calculated using the Ibidi chemotaxis and migration tool (Zantl & Horn, 2011). The 

first 30 minutes of the recordings were excluded from analysis due to initial image drift. 

Cell shape analysis of dendritic cells and Jurkat T cells was performed by manually outlining ran-

domly selected cells after 200 minutes of recording to ensure a well-established chemokine gra-

dient across the entire field of view, and thus directionally migrating cells. Afterwards, cell shape 

descriptors were measured and exported from ImageJ. 

 

Centrosome characterization 

Characterization of intact centrosomes was performed by measuring mean fluorescence intensi-

ties of two circular regions of interest (radius 0.35 µm) each centered to one centriole in summed 

Z-projections.  Next, the ratio between both measured values was calculated choosing the higher 

value as divisor. 

For characterization of fractured centrosomes by immunofluorescence staining, recorded cells 

were analyzed by categorizing fluorescence signal patterns as indicated. Dyrk3 localization was 

evaluated by measuring fluorescence intensity profiles along a 5 µm long line determined by the 

centriolar axis using the Plot profile function in Fiji. Then, fluorescence values were normalized to 

the mean intensity value of the first and last four measured values, respectively.  
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FRAP analysis 

FRAP analysis was performed using ImageJ. Per cell, three ROIs were chosen, and mean fluores-

cence intensity values were measured for every time point and every ROI: I) the bleached region, 

II) a non-bleached reference region within the cell, and III) a non-bleached region outside the cell 

to determine background detector noise. The signal recovery rate was calculated by first subtract-

ing the unspecific background detector noise and then normalizing the mean fluorescence inten-

sity of the bleached region to the non-bleached reference region inside the cell. Then, the recovery 

rate was normalized to the mean pre-bleach level. 

 

EB3 comet analysis 

Analysis of EB3 comets was performed by Dr. Robert Hauschild (IST, Vienna, Austria). For analysis 

of microtubule nucleation rate and speed, cells that were well separated from other cells were 

randomly selected and cut out from raw movies. The EB3 comets within these cells were then 

tracked in Fiji using TrackMate v7.9.2 (Tinevez et al., 2017) with the following settings:  LoG de-

tector (object diameter: 0.65 µm), manually adjusted quality threshold and min. intensity filters,  

Kalman tracker: search radii 7,10 µm, no frame gap). The resulting tracks were exported and the 

presented statistics were derived with a custom Matlab script. 

 

Pericentriolar material shape analysis 

For PCM shape analysis, I manually selected directionally migrating cells with a stable fluores-

cence signal in the focal plane, on a random basis. Downstream segmentation was performed by 

Dr. Robert Hauschild (IST, Vienna, Austria). The fluorescence signal associated with the PCM was 

segmented using ilastik's pixel classifier workflow. In Fiji, movies related to a single experimental 

condition were combined, and the y-branching area of each channel was aligned using the "3D 

drift correct" plugin. Subsequently, the PCM was filtered based on size, and shape analysis was 

conducted using the particle analyzer. The PCM was then skeletonized. Shape parameters, along 

with skeleton length, were extracted for further analysis. 

 

PH-Akt polarity analysis 

The PH-Akt signal gradient was analyzed by Mauricio Ruiz Fernandez in DCs migrating under aga-

rose towards a chemokine gradient consistently for at least 30 min. Cells were imaged every 5 

minutes, results were averaged over 6-20 time points for each cell. Fluorescence intensities of all 

pixels were extracted with a custom-made ImageJ script from images of cells segmented based on 

threshold and manual input. Using a custom-made R script (RStudio version 2022.12.0.353, R ver-

sion 4.22, and the package tidyverse version 2.0.0) (Wickham et al., 2019; R Core Team, 2021), 

the PH-Akt-dTomato to CETN2-GFP ratio was calculated from back to front of the cell: To normal-

ize cells with different PH-Akt-dTomato and CETN2-GFP intensities, the respective fluorescence 

intensity was normalized to the intensity averaged over all time points of one cell, excluding a 1.5 

µm area around each centriole for the entire analysis. Pixels were grouped in 50 (from 0 ‘back’ to 

1 ‘front’, see Fig 22B) or 2 (‘back’ and ‘front’, see Fig 22C) equally long segments, based on the 

distance to the rear of the cell in the direction of migration, normalized to the respective cell 

length. The ratio of the normalized PH-Akt to CETN2 signal was averaged for each of those seg-

ments, first in each time point and then over all time points for each cell.  
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2.2.11 STATISTICAL ANALYSIS 

 

All data that show individual cellular data points derived from cells from at least three independ-

ent biological replicates. All replicates were validated independently and pooled only when all 

showed similar results. Statistical analysis was conducted using GraphPad Prism Version 10 

(GraphPad Software) using the appropriate tests according to normal or non-normal data distri-

bution. 
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3 RESULTS 

3.1 CELL MOTILITY FORCES DEFORM THE CENTROSOME 

 

As a model to investigate centrosomal dynamics during migration, I employed highly motile 

mouse dendritic cells (DCs) as these cells are terminally differentiated (Worbs et al., 2017; Weier 

et al., 2022), thereby excluding any mitosis-related effects. Furthermore, dendritic cells centrally 

nucleate microtubules from the centrosome as their only microtubule organizing center (MTOC) 

(Kopf et al., 2020). The centrosome was visualized via stable expression of Centrin2-GFP (CETN2-

GFP) as a fluorescent reporter construct marking the two centrioles (Weier et al., 2022). Centrio-

lar distances were analyzed upon dendritic cell migration towards a CCL19 chemokine source in 

different microchannel designs of different complexity. Using live-cell imaging with short time in-

tervals of 1 minute enabled the analysis of centriole dynamics at a high temporal resolution. Since 

the microchannel devices typically contain many parallel channels, a large number of migrating 

cells could be recorded simultaneously. Dendritic cells migrating in narrow straight channels, 

thereby being confined from all sides, showed centriolar pairs that remained in stable proximity 

to each other (Fig. 4, A and B). Similarly, dendritic cells migrating in wide linear paths allowing a 

less predefined migration path showed continuously close centriolar distances (Fig. 4, D and E). 

In both microenvironments, centrioles showed minor distance fluctuations between 0.5 and 1 mi-

crometer, consistent with permanent, yet flexible centrosome cohesion in non-dividing cells (Nigg 

& Stearns, 2011). In contrast, when dendritic cells encountered a path junction during their mi-

gration path, requiring a decision for one of two path options for onward migration, centrioles 

considerably stretched at the path junction compared to before entering the junction from 0.5 - 

1.0 µm to 1.0 - 1.5 µm (Fig. 4, C, F, and G). However, the stretching was only transient, as the initial 

centriolar distance was restored once the cells fully passed the junction (Fig. 4C). Interestingly, 

centriolar stretching could only be observed when cells entered the path junction with two com-

petitive cell fronts simultaneously exploring the two path options (Fig. 4, C, F, and G). When cells 

entered the path junction with only one protrusion and immediately decided for one path option, 

centrioles stably remained in close proximity before, during, and after path decisions (Fig. 4, H, I, 

and J). Thus, these findings indicate that the centrosome in motile cells is subject to mechanical 

deformations by formation of two competing protrusions. Furthermore, the ability of cells to re-

store the original centriolar distance after stretching indicates that cells have probably developed 

mechanisms to counteract these mechanical deformations. 

3.2 CENTROSOMES FRACTURE IN THE ABSENCE OF DYRK3 ACTIVITY 

3.2.1 IMMUNE CELL MOTILITY REQUIRES FUNCTIONAL DYRK3 

 

In order to screen for potential mechanisms, transcriptome analysis of dendritic cells migrating 

along a chemotactic CCL19 gradient in collagen matrices of varying density and therefore with 

differently sized pores and varying complexity (Fig. 5A) was performed by Prof. Jörg Renkawitz 

in collaboration with Dr. Thomas Penz, and Prof. Christoph Bock (CeMM Research Center for Mo-

lecular Medicine of the Austrian Academy of Sciences, Vienna, Austria), based on the rationale that 

cells form a higher number of competing protrusions in more complex collagen matrices. As con-

trols, dendritic cells in suspension with and without a CCL19 stimulus were included to control  
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Figure legend on next page 
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for CCL19- and confinement-induced transcriptome changes. Initial cluster analysis of differen-

tially regulated genes performed by Maximillian Götz, and Dr. Tobias Straub (Bioinformatics Unit, 

BMC, Munich, Germany) revealed that dendritic cells indeed adapt to migration in more complex 

environments on transcriptome level (Fig. 5B), including genes that are upregulated in response 

to more dense collagen networks (Fig. 5C). Among those genes, the dual-specificity tyrosine phos-

phorylation-regulated kinase 3 (Dyrk3) was identified (Fig. 5D). Dyrk3 was already described as 

a biomolecular condensate dissolvase including its activity at the centrosome (Wippich et al., 

2013; Rai et al., 2018), and since the centrosome has biomolecular condensate-like features 

(Woodruff et al., 2017), I further investigated the role of Dyrk3 during cell migration and centro-

some deformations.  

For this purpose, I first evaluated whether rendering Dyrk3 non-functional has an effect on cell 

migration in general by analyzing migration velocities of dendritic cells migrating within collagen 

networks. This approach not only facilitates the assessment of Dyrk3's function in migration with 

a well-established readout but also within collagen networks, which closely resemble in vivo en-

vironments. Thus, dendritic cell migration through collagen matrices in the presence of GSK-

626616, a well-described small compound inhibitor of Dyrk3 (Wippich et al., 2013; Rai et al., 

2018), was analyzed using an automated custom-made ImageJ script (Fig. 6, A and B) (Leithner et 

al., 2016). Migration velocities were reduced upon Dyrk3 inhibition, showing a dose-dependent 

decrease with increasing inhibitor concentrations (Fig. 6C). Similarly, when inhibited with 

harmine, another well-known Dyrk inhibitor, dendritic cells displayed reduced migration veloci-

ties (Fig. 6D), indicating that Dyrk3 indeed plays a role for dendritic cell locomotion.  

Figure 4: Mechanical centrosome deformations in motile cells. (A) Representative CETN2-GFP (centriole pair; 
black; enlargement in red dashed boxes) expressing dendritic cell (DC) stained with Hoechst (nucleus; blue) migrating 
along a unidirectional straight path (linear microchannel). (B) Centriolar distance dynamics during migration along a 
unidirectional straight path. (C) Quantification of centriolar distances before, during, and after migration through path 
junctions, as well as during migration along narrow and wide linear paths. Data represent median ± 95 % CI, Kruskal-
Wallis with Dunn’s multiple comparison test. (D) Representative CETN2-GFP (centriole pair; black; enlargement in red 
dashed boxes) expressing dendritic cell (DC) stained with Hoechst (nucleus; blue) migrating along a unidirectional 50 
µm wide straight path. (E) Centriolar distance dynamics during migration as depicted in (D). (F) Representative 
CETN2-GFP (centriole pair: black; enlargement in red dashed boxes) expressing DC stained with Hoechst (nucleus; 
blue) migrating through a path junction (Y microchannel) with two cell fronts exploring the alternative paths. (G) 
Centriolar distance dynamics during a path decision; note the transiently increased distance between the individual 
centrioles. (H) Quantification of centriolar distances of cells that pass the junction either with two simultaneous ex-
plorative protrusions or DCs that immediately decide for one path alternative with one protrusion. Data represent 
median ± 95 % CI, Kruskal-Wallis with Dunn’s multiple comparison test. (I) Representative CETN2-GFP (centriole pair; 
black; enlargement in red dashed boxes) expressing DC stained with Hoechst (nucleus; blue) migrating through a path 
junction (Y microchannel). Note that this specific cell has only one cell front at the path junction, and directly follows 
this cell protrusion into one of the two alternative paths. (J) Centriolar distance dynamics during migration through a 
path junction with one cell front; note the stable proximity of the individual centrioles. All data show representative 
cells from at least three independent biological replicates. Time is indicated as h:min:s. 
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Figure 5: Transcriptome analysis of migrating dendritic cells. (A) Scheme of the experimental setup to investigate 
the transcriptome of migrating dendritic cells in differentially complex collagen matrices. In brief, dendritic cells mi-
grated within collagen networks of collagen densities ranging from 1.7 mg/ml over 2.6 mg/ml and 3.5 mg/ml to 4.4 
mg/ml along a chemotactic CCL19 stimulus. As controls, suspension cells with and without CCL19 stimulus were in-
cluded (see ‘Material and Methods’ for details). (B) Cluster analysis of differentially expressed genes derived from (A). 
(C) Close up view of genes in cluster 4, which upregulate their gene expression in more complex collagen matrices. 
(D) Differential gene expression of Dyrk3. Data represent median ± 95 % CI, n=3 biological replicates. 
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To test whether Dyrk3 is also important for migration of other immune cell types, Jurkat T cells, 

an immortalized human T cell line, were employed. Automated script analysis revealed that also 

Jurkat migration velocities in collagen networks towards a CXCL12 source were reduced upon 

Dyrk3 inhibition using GSK-626616 (Fig. 7A). Additional manual tracking showed that the re-

duced migration velocities were also accompanied by a reduced accumulated distance that was 

traveled (Fig. 7B), while directionality towards the chemotactic cue remained unaffected (Fig. 7C). 

In order to confirm these findings on a genetic level, a dominant-negative kinase-dead variant of 

Dyrk3 (K218M) was transiently expressed in Jurkat T cells (Rai et al., 2018). Similarly, migration 

velocities, as well as the accumulated distance, were reduced by rendering Dyrk3 non-functional 

compared to cells that were transfected with a control plasmid lacking the K218M construct (Fig. 

7D), without affecting the cells’ ability to directionally migrate towards a chemotactic cue (Fig. 

7C). Overall, these experiments show that Dyrk3 is not only upregulated on expression level in 

response to migration in a complex collagen network but is also required for immune cell loco-

motion. 

  

Figure 6: Pharmacological inhibition of Dyrk3 during dendritic cell migration. (A) Scheme of the experimental 
setup to analyze cell migration within collagen networks by live-cell imaging. (B) Representative dendritic cells migrat-
ing in 3D collagen matrices (1.7 mg/ml collagen) along a CCL19 chemokine gradient in the presence of DMSO (control) 
or 5 µM GSK-626616 (Dyrk3 inhibition). (C) Dendritic cell migration in three-dimensional (3D) collagen matrices (1.7 
mg/ml collagen) along a CCL19 chemokine gradient in the presence of different concentrations of GSK-626616 (Dyrk3 
inhibitor) or DMSO (control). Data are mean, n=3 biological replicates. (D) Dendritic cell migration in three-dimensional 
(3D) collagen matrices (1.7 mg/ml collagen) along a CCL19 chemokine gradient in the presence of different concentra-
tions of Harmine (Dyrk inhibitor) or DMSO (control). Data are mean, n=3 biological replicates. 
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3.2.2 DYRK3 KINASE IS ACTIVE AT THE CENTROSOME  

 

In the next step, Dyrk3 localization inside the cell and its relation to the centrosome was further 

characterized to identify a potential link between Dyrk3 function and centrosome cohesion. For 

this purpose, I performed simultaneous transient overexpression of Dyrk3 (WT)-EGFP and Cen-

trin2-mCherry via electroporation of Jurkat T cells, given that dendritic cells are difficult to trans-

fect. Live-cell imaging after 16 hours using an under-agarose assay, thereby generating a highly 

confining environment with flattened cells, revealed that Dyrk3 accumulated in a cloud-like struc-

ture within the cytoplasm that co-localized with the two centrioles (Fig. 8A). Fluorescence inten-

sity measurements along a 5 µm long line that was centered to the centriole pair showed that the 

Dyrk3-EGFP signal was mainly distributed within a 2 µm radius around the centrioles (Fig. 8B), 

indicating that Dyrk3 might directly act at the centrosome.  

In order to investigate whether the protein kinase Dyrk3 directly acts on targets at the centro-

some, phospho-proteome analysis of dendritic cells migrating in collagen networks under control 

conditions or upon Dyrk3 inhibition was performed by Dr. Petra Kameritsch (Walter Brendel Cen-

Figure 7: Pharmacological inhibition and expression of a kinase-dead point mutant of Dyrk3 during Jurkat T 
cell migration. (A) Jurkat T cell migration in three-dimensional (3D) collagen matrices (1.3 mg/ml collagen) along a 
CXCL12 chemokine gradient in the presence of different concentrations of GSK-626616 (Dyrk3 inhibitor) or DMSO 
(control). Data are mean, n=3 biological replicates. (B) Velocity and migrated distance of Jurkat T cells migrating in 3D 
collagen matrices (1.3 mg/ml) along a CXCL12 chemokine gradient in the presence of 5 μM GSK-626616 or DMSO (con-
trol). Data represent median ± 95 % CI, Mann-Whitney. (C) Directionality along a chemotactic gradient (CXCL12) of 
Jurkat T cells upon rendering Dyrk3 non-functional. (D) Velocity and migrated distance of Jurkat T cells migrating in 
3D collagen matrices (1.3 mg/ml) along a CXCL12 chemokine gradient expressing a dominant-negative (DN) EGFP-
Dyrk3 K218M mutant or the corresponding empty EGFP plasmid. Data represent median ± 95 % CI, Mann-Whitney. All 
data derive from at least three independent biological replicates. 
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ter of Experimental Medicine, Munich, Germany) and Jingyuan Cheng (Institute of Innate Immun-

ity, Bonn, Germany). For this purpose, custom-made migration chambers with a diameter of  

10 cm were used to initiate simultaneous migration of 10 million bone marrow-derived dendritic 

cells embedded in a thin collagen layer towards a CCL19 source (Fig. 8C). Following phospho-

peptide enrichment and depletion of the non-phosphorylated collagen, peptides were desalted, 

and phosphorylation was measured using mass spectrometry (MS) (Humphrey et al., 2018; Kitata 

et al., 2021). MS data analysis revealed various proteins to be differentially phosphorylated upon 

Dyrk3 inhibition compared to untreated controls.  

 

Figure 8: Dyrk3 localization and phosphoproteome analysis of migrating dendritic cells upon Dyrk3 inhibition. 
(A) Representative CETN2-mCherry (centriole pair; black and red; enlargement in yellow dashed box) Dyrk3-EGFP 
(black; enlargement in yellow dashed box) expressing Jurkat T cell stained with Hoechst (nucleus; blue) (B) Quantifi-
cation of Dyrk3 localization by measuring the fluorescent intensity along a 5 μm line (blue dotted line in A) centered to 
the centriole pair. Data represent mean ± 95 % CI. (C) Scheme of the experimental setup for phosphoproteome analysis 
of migrating dendritic cells. Phosphoproteomics of migrating dendritic cells in collagen matrices (1.7 mg/ml collagen) 
along a CCL19 chemokine gradient in the presence of 5 μM GSK-626616 or DMSO (control). Centrosomal proteins are 
highlighted in red. (D) Immunofluorescence staining of a representative CETN2-GFP (centriole pair; red) expressing 
Jurkat T cell stained with DAPI (nucleus; blue) and with AKNA or Ccdc88b (black), respectively. All data show repre-
sentative cells from at least three independent biological replicates. 
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Among those, well-known Dyrk3 target proteins such as the splicing-associated proteins Ser-

ine/arginine repetitive matrix protein 1 (SRRM1) and Serine/arginine repetitive matrix protein 2 

(SRRM2) were identified, confirming the effectiveness of the approach (Wippich et al., 2013). In 

addition, several centrosomal proteins were found to be differentially phosphorylated when 

Dyrk3 was rendered non-functional, such as Pericentriolar material protein 1 (PCM1) which is 

required for centrosome assembly and function, as well as for recruitment of other centrosomal 

proteins (Dammermann & Merdes, 2002; Hames et al., 2005). Similarly, the microtubule plus-end 

tracking proteins CLIP-associating protein 1 (CLASP1) and CLIP-associating protein 2 (CLASP2) 

that were shown to stabilize dynamic microtubules as well as the kinetochore during mitosis, 

could be identified (Lawrence et al., 2020). Beside other more recently identified centrosomal 

proteins like AKNA and Ndrg1 (Kalaydjieva et al., 2000; Kim et al., 2004; Camargo Ortega et al., 

2019), proteins with annotated centrosomal localization like SLC9A3R1 and Ccdc88b (Cho et al., 

2022) were differentially phosphorylated upon Dyrk3 inhibition (Fig. 8C).  

In order to confirm the centrosomal localization of Dyrk3-associated target proteins in motile 

cells, immunofluorescence staining for AKNA and Ccdc88b was performed in Jurkat T cells, that 

transiently expressed Centrin2-GFP as a marker for the two centrioles. Similar to Dyrk3 itself, 

both proteins exhibited a cloud-like centrosomal localization around the centriolar pair (Fig. 8D). 

Altogether, phospho-proteome analysis of migrating dendritic cells revealed that Dyrk3 not only 

localizes to the centrosome but also directly influences the phosphorylation of different centro-

somal proteins in motile cells. 

3.2.3 DYRK3 IMPAIRMENT ALTERS DIFFUSION DYNAMICS OF CENTROSOMAL PROTEINS 

 

Given the role of Dyrk3 as a biomolecular condensate dissolvase and the condensate-like nature 

of the pericentriolar material (PCM) (Wippich et al., 2013; Woodruff et al., 2017; Rai et al., 2018), 

I next tested whether Dyrk3 also regulates the physical properties of the centrosome. For this 

purpose, fluorescence recovery after photobleaching (FRAP) of different centrosomal proteins 

was performed to measure protein diffusion properties. In general, individual molecules of liquid 

condensates are more dynamic and show more internal rearrangement as well as more external 

exchange with the surrounding solution. In contrast, the more solid-like condensates become, the 

more they lack this dynamic behavior (Banani et al., 2017; Shin & Brangwynne, 2017). For FRAP 

experiments, a fluorescently tagged protein is fully bleached within a defined area, followed by 

measurement of fluorescence signal recovery over time afterwards. More dynamic proteins show 

faster and higher rates of signal recovery, indicating faster diffusion, whereas proteins with lower 

diffusion rates display reduced internal and cytosolic exchange, and therefore also lower recovery 

rates.  

To investigate whether Dyrk3 regulates the biophysical properties of the centrosome, Jurkat T 

cells were transiently transfected via electroporation with fluorescently labeled constructs encod-

ing CEP120, Dyrk3, Pericentrin (PCNT), and Akna. After 16 hours upon electroporation, allowing 

sufficient time for the expression of the fluorescently tagged proteins, FRAP experiments were 

conducted under control conditions or in the presence of the Dyrk3 inhibitor GSK-626616. For 

this purpose, the initial fluorescence intensity was measured before completely bleaching the en-

tire centrosomal area. Subsequently, signal recovery was recorded every second initially, and then 

every five seconds until a plateau was reached. Fluorescence signal recovery, and therefore diffu-

sion properties, of the less diffusive proteins PCNT (Fig. 9A), which acts as scaffold protein of the 

pericentriolar material (Lawo et al., 2012; Mennella et al., 2012), and AKNA (Fig. 9B) remained 

unaffected when Dyrk3 was rendered non-functional (Fig. 9, A, B, and E). In contrast, the rather 
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quick diffusion properties of Dyrk3 itself in a range of 80 % signal recovery after 60 seconds under 

control conditions, were decreased when Dyrk3 function was inhibited, although accompanied by 

Dyrk3 accumulation around the centrosome compared to controls (Fig. 9, C and E). Similarly, 

CEP120 which was selected due to its well-known fast diffusion properties (Cheng et al., 2023), 

showed significantly reduced diffusion, from 50 % signal recovery after two minutes to approxi-

mately 30 % recovery upon rendering Dyrk3 non-functional (Fig. 9, D and E). Together, these re-

sults indicate that Dyrk3 inhibition leads to reduced diffusion of PCM-associated proteins, thus 

suggesting altered centrosomal material properties and a potential shift to a more solid-like state. 

 

 

Figure 9: Fluorescence recovery after photobleaching (FRAP) of centrosomal proteins. (A) Representative RFP-
Pericentrin (fire-color coded; enlargement in yellow dashed boxes) expressing Jurkat T cells before, immediately after, 
and for an extended time after bleaching of the Pericentrin signal in the presence of 5 µM GSK-626616 or DMSO (con-
trol). (B) Representative AKNA-GFP (fire-color coded; enlargement in yellow dashed boxes) expressing Jurkat T cells 
before, immediately after, and for an extended time after bleaching of the AKNA signal in the presence of 5 µM GSK-
626616 or DMSO (control). (C) Representative Dyrk3-GFP (fire-color coded; enlargement in yellow dashed boxes) 
expressing Jurkat T cells before, immediately after, and for an extended time after bleaching of the Dyrk3 signal in the 
presence of 5 µM GSK-626616 or DMSO (control). (D) Representative CEP120-GFP (fire-color coded; enlargement in 
yellow dashed boxes) expressing Jurkat T cells before, immediately after, and for an extended time after bleaching of 
the CEP120 signal in the presence of 5 µM GSK-626616 or DMSO (control). (E) Quantification of fluorescence signal 
recovery after photobleaching as shown in (A-D). Data represent mean ± 95 % CI. All data derive from at least three 
independent biological replicates. 
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3.2.4 THE CENTROSOME FRACTURES DURING CELLULAR PATHFINDING IN THE ABSENCE 

OF DYRK3 ACTIVITY 

 

Based on the idea that Dyrk3 regulates the molecular as well as physical properties of the centro-

some, I next hypothesized that Dyrk3 might be critical for maintaining centrosome stability when 

experiencing cellular motility forces. Therefore, CETN2-GFP-expressing dendritic cells were live-

imaged during migration in microchannels with different designs under control conditions or in 

the presence of the Dyrk3 inhibitor GSK-626616. As a control for facing low motility forces, mi-

grating DCs were imaged in wide straight paths that do not require the formation of multiple cell 

fronts or extensive cell navigation. Regardless of rendering Dyrk3 non-functional, centrioles re-

mained in close proximity of around one micrometer and moved synchronously during migration 

along the unidirectional paths (Fig. 10A). Similarly, centriolar pairs of dendritic cells migrating in 

more complex channel designs with path junctions, where cells would experience higher motility 

forces, were typically located in close proximity before cells entered the path junctions. However, 

once Dyrk3-inhibited cells encountered multiple path options, where they would typically explore 

most of the available paths with multiple protrusions at the same time, the centriolar pair fre-

quently broke into far-distantly located and individually moving centrioles when Dyrk3 was non-

functional (Fig. 10B). Centrosome breakage was sudden and fast, with separation velocities in the 

range of around 6 micrometers per minute, indicating strong opposing forces that fracture the 

centrosome (Fig. 10C). Based on previous publications, I considered centrosome fracturing in the 

following for a centriolar distance of more than 1.5 µm.  Occasional centrosome fracturing was 

also observed in two cases for control cells in path junctions, yet the frequency of such events 

barely reached 0.5 events/hour, and maximal measured centriole distances were four and ten mi-

crometers, respectively (Fig. 10, D and E). In contrast, the fracturing frequency was significantly 

increased upon Dyrk3 inhibition to 0.8 to 1.5 events/hour, and maximal centriole distances 

ranged up to almost 60 micrometers in some cases (Fig. 10, D and E). For dendritic cells migrating 

along unidirectional paths, a single event of centrosome fracturing with a centriolar distance of 

around 2 micrometers was detected under control conditions (Fig. 10E), indicating that inactive 

Dyrk3 did not cause major effects on the integrity of the centrosome in this less complex micro-

environment. Altogether, these findings show that centrosomes are prone to mechanical breakage 

when Dyrk3 is not active and dendritic cells navigate their path in complex microenvironments. 

3.3 MECHANICAL CENTROSOME FRACTURING 

3.3.1 THE CENTROSOMAL LINKER PROTEIN C-NAP1 IS REQUIRED FOR CENTROSOME 

COHESION DURING CELLULAR PATHFINDING  

 

The centriolar pair at the center of the centrosome is well-known to be connected via a protein-

based linker. This linker is composed of a network of intertwined Rootletin/CEP68 filaments at-

tached to C-Nap1 that acts as a filament anchor at the proximal end of centrioles (Fry et al., 1998; 

Mayor et al., 2000; Bahe et al., 2005; Graser et al., 2007; Vlijm et al., 2018). Additional, less well-

characterized proteins that are implicated in centrosome cohesion are LRRC45 and CEP215 

(Graser et al., 2007; He et al., 2013). To investigate whether this protein-based linker mechanism 

is also involved in maintaining centrosome integrity under mechanical motility forces, a condi-

tional CRISPR/Cas9-based knockout of C-NAP1 (CEP250) in CETN2-GFP-expressing dendritic 

cells was generated by Peter Konopka and Prof. Eva Kiermaier (LIMES Institute, Bonn, Germany).  
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Upon addition of doxycycline during cell differentiation, Cas9 expression under the control of a 

Tet-on operator was induced, and due to stable expression of a CEP250-sgRNA also subsequent 

Cas9 targeting of the CEP250 locus. Therefore, I live-imaged C-Nap1-depleted as well as Dyrk3-

inhibited CETN2-GFP expressing dendritic cells during migration in path junctions (Fig. 11A).  

Analysis of centriole dynamics revealed an increased distance between the two centrioles already 

during migration in the linear path before cells entered the path junctions. Upon transition of the 

path junction, centriolar distance was significantly increased. Similarly, the fracturing frequency 

of Dyrk3-inhibited cells was more pronounced when cells entered a path junction compared to 

before the junction (Fig. 11B).  

Figure 10: Centrosome deformation dynamics and fracturing frequency during dendritic cell migration upon 
Dyrk3 inhibition. (A) Representative CETN2-GFP (centriole pair; black; indicated by red arrows; enlargement in red 
dashed boxes) expressing dendritic cells (DCs) stained with Hoechst (nucleus; blue) migrating along a wide unidirec-
tional straight path (linear microchannel) in the presence of 5 μM GSK-626616 or DMSO (control). (B) Representative 
CETN2-GFP (centriole pair; black; enlargement in red dashed boxes) expressing dendritic cells (DCs) stained with 
Hoechst (nucleus; blue) migrating along a 6-way path junction in the presence of 5 μM GSK-626616 or DMSO (control). 
Note the far-distant separation of the two centrioles in the presence of 5 μM GSK-626616. (C) Representative quantifi-
cation of centrosome fracturing, showing the detailed velocity of the separation of the centriole pair. (D) Quantification 
of the centrosome fracturing frequency during dendritic cell migration along 6-way path junctions or wide unidirec-
tional straight paths in the presence of 5 μM GSK-626616 or DMSO (control). Data represent mean ± SEM, unpaired t-
test. (E) Quantification of the maximal distance between individual centrioles during dendritic cell migration along 6-
way path junctions or wide unidirectional straight paths in the presence of 5 μM GSK-626616 or DMSO (control). Data 
represent mean ± SEM, Mann-Whitney. All data show representative cells from at least three independent biological 
replicates. Time is indicated as h:min:s. 

Figure legend on next page 



 RESULTS 

53 

 

 

Next, I investigated whether this centrosome fracturing in C-Nap1-depleted cells was due to mo-

tility forces generated by two competing cellular protrusions during path navigation. For this pur-

pose, centriolar fracturing rates were analyzed in C-Nap1-depleted and Dyrk3-inhibited cells that 

migrated either with one or two protrusions through the path junctions. Again, specifically C-

Nap1-depleted cells that explored the path junctions with two competing protrusions showed in-

creased centriolar distances and fracturing rates during path navigation. In contrast, C-Nap1-de-

pleted cells migrating with one cell front showed stable centriole distances around one microme-

ter before, at, and after the path junction (Fig. 11C). Similar to the rates of centrosome breakage, 

Dyrk3-inhibited cells showed a similar behavior as C-Nap1-depleted cells, with an increase in cen-

triolar distances only when cells encountered a path junction with two competing cell fronts. (Fig. 

11C) Together, these data demonstrate that C-Nap1 is required to maintain the mechanical stabil-

ity of the centrosome during cellular pathfinding. In addition, the role of Dyrk3 for centrosome 

cohesion during migration in complex environments was confirmed. 

3.3.2 ACTOMYOSIN FORCES FRACTURE THE CENTROSOME 

 

In order to identify the source of intracellular forces causing centrosome breakage, I next focused 

on the actomyosin cytoskeleton. Actin is known to be located at the centrosome of lymphocytes 

and dendritic cells, where the centrosome organizes a local network of actin filaments which, in 

turn, are inversely correlated with the number of centrosomal microtubules (Farina et al., 2016; 

Inoue et al., 2019; Weier et al., 2022). Furthermore, actomyosin forces have been shown to be 

implicated in centriole separation during cell cycle progression by modulating direction, distance, 

and time of centriole separation, as well as PLK4 recruitment to the centrosome (Vitiello et al., 

2019). Therefore, I treated CETN2-GFP expressing dendritic cells migrating through path junc-

tions either with the myosin inhibitor para-nitroblebbistatin (Képiró et al., 2014) or the actin in-

hibitor Latrunculin A upon Dyrk3 inhibition or C-Nap1 depletion, respectively (Fig. 12, A and B). 

Of note, treatment with low doses of Latrunculin A still allows cell migration. Notably, centrosome 

fracturing rates were clearly reduced from 16 % in only Dyrk3-inhibited cells to approximately 3 

% upon myosin inhibition in cells without functional Dyrk3. Interestingly, this effect was even 

more striking when actin polymerization was blocked using Latrunculin A, thereby completely 

preventing any centrosomal breakage in Dyrk3-inhibited cells (Fig. 12C). Additionally, inhibition 

of myosin contractility in C-Nap1-depleted cells led to a decrease in centriolar fracturing rates. 

However, this effect was considerably less pronounced compared to Dyrk3 inhibited cells. Yet, 

inhibition of actin polymerization in the presence of Latrunculin A strongly reduced centrosome 

fracturing from around 17 % under control conditions to approximately 2 % upon actin inhibition 

during cellular pathfinding of C-Nap1-depleted cells (Fig. 12C). Thus, these data suggest that 

forces from the actomyosin cytoskeleton can lead to centrosome fracturing.  

Figure 11: Centrosome deformation dynamics and fracturing frequency during dendritic cell migration upon  
C-Nap1 deletion. (A) Representative CETN2-GFP (centriole pair; black; enlargement in red dashed boxes) expressing 
C-Nap1-deficient dendritic cells (DCs) stained with Hoechst (nucleus; blue) migrating along a 3-way path junction. (B) 
Quantification of the centrosome breakage frequency during dendritic cell migration before and during passing a 3-way 
path junction in the presence of 5 µM GSK-626616 or control (DMSO), or upon C-Nap1 deletion. Data represent median 
± 95 % CI, Mann-Whitney. (C) Quantification of the maximal distance between individual centrioles before, during, and 
after migration through path junctions of cells that pass the junction either with two simultaneous explorative protru-
sions or dendritic cells that immediately decide for one path alternative with one protrusion, in the presence of 5 µM 
GSK-626616 or control (DMSO), or upon C-Nap1 deletion. Data represent median ± 95 % CI, Mann-Whitney. All data 
show representative cells from at least three independent biological replicates. Time is indicated as h:min:s. 
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Next, I investigated whether these actomyosin-based forces do not only affect the centriolar pair 

but also on the surrounding pericentriolar material (PCM). For this purpose, I generated dendritic 

cells that stably expressed the PCM marker Pericentrin-dTomato and PCM shape was analyzed 

during cellular pathfinding through path junctions either under control conditions or upon inhi-

bition of actin polymerization using Latrunculin A (Fig. 13A). For PCM shape analysis, the Peri-

centrin-dTomato signal was segmented using the machine-learning-based image analysis soft-

ware ilastik (Berg et al., 2019), followed by extraction and cell position-based mapping of different 

shape descriptors during migration along a path junction in collaboration with Dr. Robert 

Hauschild (IST, Vienna, Austria) (Fig. 13B). This revealed that the different shape descriptor val-

ues were overall fluctuating during cellular locomotion along the linear path, which is consistent 

Figure 12: Inhibition of actomyosin forces upon centrosome fracturing. (A) Representative CETN2-GFP (centriole 
pair; black) expressing dendritic cells (DCs) stained with Hoechst (nucleus; blue) migrating along a 3-way path junction 
in the presence of 5 µM GSK-626616 and 25 µM para-nitroblebbistatin (myosin-II inhibition) or 5 µM GSK-626616 and 
50 nM Latrunculin A (actin inhibition). (B) Representative CETN2-GFP (centriole pair; black) expressing C-Nap1-defi-
cient DCs stained with Hoechst (nucleus; blue) migrating along a 3-way path junction in the presence of 25 µM para-
nitroblebbistatin (myosin-II inhibition) or 50 nM Latrunculin A (actin inhibition). (C) Quantification of the centrosome 
breakage frequency during dendritic cell migration along a 3-way path junction in the presence of 5 µM GSK-626616 or 
control (DMSO), or upon C-Nap1 deletion, and in co-presence of 25 µM para-nitroblebbistatin, 50 nM Latrunculin A, or 
control (DMSO).  Data represent mean ± SD. All data show representative cells from at least three independent biolog-
ical replicates. Time is indicated as h:min:s. 
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with a deformable and deforming biomolecular condensate. However, circularity, solidity, and 

roundness were specifically decreased at the path junction, whereas the skeleton length was in-

creased under control conditions. Since the PCM was less round and more elongated at the path 

junction, these data suggest that the PCM is particularly subject to deformations during cell navi-

gation through path junctions. Yet, this specific decrease of circularity and roundness, and in-

crease of elongation, respectively, was only transient, as the initial shape was restored once cells 

fully passed the junction (Fig. 13B). In contrast, upon actin inhibition, cells showed an increased 

circularity, solidity, and roundness, as well as an unaffected skeleton length compared to controls 

when cells entered the path junction, suggesting that the PCM was not specifically deformed any-

more during pathfinding when actin polymerization was inhibited (Fig. 13B). Overall, these data 

indicate that the forces exerted by the actomyosin cytoskeleton can not only cause centrosome 

fracturing but are also able to deform the surrounding pericentriolar material. 

 

Figure 13: Pericentriolar material shape deformations during dendritic cell migration. (A) Representative Peri-
centrin-dTomato (pericentriolar material (PCM); black; enlargement in red dashed boxes) expressing dendritic cells 
(DCs) stained with Hoechst (nucleus; blue) migrating along a 3-way path junction. Note the frequent PCM shape defor-
mations during migration. (B) Quantification of PCM shape changes during dendritic cell migration along 3-way path 
junctions in the presence of 50 nM Latrunculin A or DMSO (control). Data represent mean ± SD. All data show repre-
sentative cells from at least three independent biological replicates. Time is indicated as h:min:s. 
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3.4 CENTROSOME FRACTURING GENERATES COEXISTING MTOCS 

 

Permanent centrosome depletion often results in surprisingly mild cellular phenotypes, as other 

organelles such as the Golgi membrane are able to function as alternative microtubule organizing 

centers (MTOCs) (Chabin-Brion et al., 2001). The findings of centrosome fracturing raised the pos-

sibility that the consequences of fractured centrosomes are entirely different from the conse-

quences of the non-functionality of the entire centrosome. In order to investigate this possibility, 

the basic features of intact centrosomes were first characterized using immunofluorescence stain-

ing for alpha-tubulin (α-tubulin) marking the microtubule filaments, gamma-tubulin (γ-tubulin) 

as a well-established PCM marker, and the microtubule-anchoring protein (Piel et al., 2000; 

Bornens, 2002). For this purpose, I established a stimulated-emission depletion (STED)-suitable 

immunofluorescence staining protocol for microtubules, that preserved microtubule integrity and 

prevented filament disintegration. Super-resolution-based STED microscopy of microtubules re-

vealed that the centriolar pair localized to the center of the microtubule asters (Fig. 14A). To ana-

lyze the symmetry of the signal distribution of α-tubulin, γ-tubulin, and ninein around the individ-

ual centrioles of one pair, fluorescence intensities in a defined area around the centrioles were 

measured and set in relation to each other. While α- and γ-tubulin were only slightly more present 

around one centriole compared to the other, the microtubule anchoring protein ninein asymmet-

rically localized more to one of the centrioles (Fig. 14B), which is consistent with ninein being 

described as a marker for mother centrioles (Piel et al., 2000).  

 

Next, the microtubule nucleation capacities of intact centrosomes were further analyzed by live-

cell imaging of dendritic cells stably expressing the microtubule plus-end marker EB3, thereby 

visualizing the growing microtubule tips (Fig. 15A) (Efimov et al., 2007; Renkawitz et al., 2019; 

Kopf et al., 2020). Tracking of the EB3-positive microtubule plus-ends in collaboration with Dr. 

Robert Hauschild (IST, Vienna, Austria) revealed efficient microtubule nucleation under control 

conditions. Under control conditions, the number of EB3 comets ranged between 100 to 150 com-

ets per cell (Fig. 15B), while the velocity of these comets was approximately 25 micrometers per 

minute (Fig. 15C). Neither EB3 comet number nor comet velocity were affected by Dyrk3 inhibi-

tion (Fig. 15, B and C), indicating that Dyrk3 does not influence the microtubule nucleation capac-

ities of intact centrosomes. 

Figure 14: Characterization of intact centrosomes in dendritic cells. (A) Representative stimulated emission de-
pletion (STED) images of microtubules stained with alpha-tubulin (black) in CETN2-GFP (centriole pair; red) express-
ing dendritic cells (DCs) with intact centrosomes. (B) Quantification of signal symmetry of microtubules, the microtu-
bule nucleator gamma-tubulin, and the microtubule anchoring protein ninein around individual centrioles in intact 
centrosomes. Data represent median ± 95 % CI. All data show representative cells from at least three independent 
biological replicates. 
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To investigate the effect of centrosome fracturing on the centrosome’s function as microtubule 

organizing center (MTOC), I visualized the microtubule cytoskeleton of fractured centrosomes in 

CETN2-GFP expressing dendritic cells using immunofluorescence staining (Fig. 16A). For this pur-

pose, the under-agarose migration assay was modified by embedding small six micrometer-sized 

beads as path obstacles between the layer of agarose and the glass coverslip, thereby generating 

a confined environment requiring cells to navigate around the bead obstacles and favoring cen-

trosome fracturing. Surprisingly, upon centrosome fracturing, single distant centrioles formed 

two separate MTOCs, from which microtubules radially distributed in an aster-like manner, in ap-

proximately 90 % of cells, whereas only in 10 % of cells a single MTOC was detected. If a further 

distinction was also drawn between equally sized and unequally sized MTOCs, two equally sized 

MTOCs were found in 60 %, and one larger together with one smaller MTOC were found in 30 % 

of cells. Of note, no cell that entirely lost its capacity to nucleate microtubules was identified (Fig. 

16B). Together, these results suggested the intriguing possibility that individual centrioles can 

form two coexisting functional MTOCs within one motile cell upon centrosome fracturing.  

  

Figure 15: Microtubule nucleation in intact centrosomes. (A) Live-cell imaging examples of representative EB3-
mCherry (microtubule-plus end tip marker; black) expressing DCs in the presence of 5 μ M GSK-626616 or DMSO (con-
trol). (B) Quantification of EB3 comet numbers (microtubule plus ends) as shown in (D). Data represent mean ± SEM. 
(C) Quantification of EB3 comet velocity. Data represent median and interquartile range. All data show representative 
cells from at least three independent biological replicates. Time is indicated as h:min:s. 



RESULTS 

58 

 

 

Figure 16: Characterization of individual centrioles upon centrosome fracturing. (A) Immunofluorescence stain-
ing of representative CETN2-GFP (centriole pair; red; indicated by red arrows) expressing dendritic cells (DCs) stained 
with DAPI (nucleus; blue) and with anti-alpha-tubulin (black) in the presence of 5 µM GSK-626616. (B) Quantification 
of microtubule aster formation upon centrosome fracturing as shown in (A). Data represent mean ± SD. (C) Immuno-
fluorescence staining of representative CETN2-GFP (centriole pair; red; indicated by red arrows; enlargement in red 
dashed boxes) expressing dendritic cells (DCs) stained with DAPI (nucleus; blue) and with anti-ninein (black) in the 
presence of 5 µM GSK-626616. (D) Quantification of the microtubule anchoring protein ninein upon centrosome frac-
turing as shown in (C). Data represent mean ± SD. (E) Immunofluorescence staining of representative CETN2-GFP (cen- 

 

 

Figure legend continues on next page 
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By immunofluorescence staining of additional MTOC markers, the functionality of these coexisting 

MTOCs was further characterized. To test their microtubule anchoring capacity, ninein was im-

aged as a major microtubule anchoring protein at the centrioles (Fig. 16C), revealing that ninein 

mostly localized to both centrioles upon fracturing. In 40 % of cells, a comparable amount of 

ninein was found at both centrioles, and in addition approximately 50 % of cells showed a ninein 

signal at both single centrioles with being more present at one centriole. In contrast, no ninein 

signal or ninein at only one centriole were detected in less than 10 % of cells with fractured cen-

trosomes (Fig. 16D). Overall, the distribution of ninein upon centrosome breakage shows a func-

tional microtubule anchoring capacity of both coexisting MTOCs. Similarly, the PCM component 

and microtubule nucleator γ-tubulin frequently localized to both centrioles upon fracturing in 

around 60 % of cells. In more than 30 % of cells, γ-tubulin was more prominent at one centriole 

compared to the other, and in less than 10 %, γ-tubulin could be detected at only one centriole. 

Again, no cells without γ-tubulin, and therefore presumably without PCM were found, indicating 

that upon centrosomal breakage, both centrioles typically retain pericentriolar material (Fig. 16, 

E and F). In addition, the microtubule organizing protein AKNA, that has been identified more 

recently (Camargo Ortega et al., 2019) and is less phosphorylated upon Dyrk3 inhibition (Fig. 8C), 

is also localized equally to both centrioles in more than 50 % of cells, and more pronounced to one 

centriole in approximately 40 % of cells. In less than 10 % of cells, no AKNA signal could be de-

tected following centrosome breakage (Fig. 16, G and H).  

Altogether, these data show that in the majority of cells upon centrosome fracturing, the single 

centrioles are not only able to nucleate microtubules but also to efficiently anchor them. Further-

more, they are equipped with their own pericentriolar material and typical centrosome-associ-

ated proteins. Thus, the fracturing of the centrosome leads to the emergence of two simultane-

ously coexisting functional microtubule organizing centers within a single cell. 

3.5 CENTROSOME FRACTURING IMPEDES CELLULAR NAVIGATION 

3.5.1 MECHANICALLY UNSTABLE CENTROSOMES IMPAIR CELLULAR PATHFINDING 

 

Singular microtubule organizing centers function as steering organelles during cellular locomo-

tion, for instance by facilitating microtubule-based cell shape control upon migration in complex 

microenvironments, thereby preventing cellular entanglement and cell body fragmentation (Kopf 

et al., 2020). Therefore, I next investigated the functional consequences of two coexisting MTOCs 

upon centrosome fracturing within a single cell for cellular movement. For this purpose, dendritic 

cell migration velocities were analyzed during migration in microchannel designs of varying com-

plexity either under control conditions or upon rendering Dyrk3 non-functional, thus rendering 

the centrosome prone to breakage. During migration along wide unidirectional paths that do not 

require cellular navigation and formation of multiple protrusions (Fig. 17A), and thus do not spe-

triole pair; red; indicated by red arrows; enlargement in red dashed boxes) expressing dendritic cells (DCs) stained 
with DAPI (nucleus; blue) and with anti-gamma-tubulin (black) in the presence of 5 µM GSK-626616. (F) Quantification 
of the microtubule nucleator gamma-tubulin upon centrosome fracturing as shown in (E). Data represent mean ± SD. 

(G) Immunofluorescence staining of representative CETN2-GFP (centriole pair; red; indicated by red arrows; enlarge-
ment in red dashed boxes) expressing dendritic cells (DCs) stained with DAPI (nucleus; blue) and with anti-AKNA 
(black) in the presence of 5 µM GSK-626616. (H) Quantification of the centrosome-associated protein AKNA upon cen-
trosome fracturing as shown in (G). Data represent mean ± SD. All data show representative cells from at least three 
independent biological replicates. 
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cifically favor centrosomal fracturing, dendritic cell migration velocities of approximately 8 mi-

crometers per minute were unaffected by inhibition of Dyrk3 (Fig. 17C). Similarly, rendering 

Dyrk3 non-functional upon migration along narrow straight paths did not affect migration veloc-

ities of 5 micrometers per minute (Fig. 17, B and C). The overall lower migration velocities upon 

migration in 8 micrometer-wide compared to 50 micrometer-wide unidirectional paths could pre-

sumably be induced by the higher degree of confinement that cells are experiencing in more nar-

row microchannel designs.  

 Figure legend on next page 
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Since dendritic cell migration under physiological conditions does not only require cellular navi-

gation in the context of protrusion coordination but also the translocation through narrow pores 

within the extracellular matrix or upon entering the lymphatic capillaries (Kameritsch & Renka-

witz, 2020), the capability of cells to squeeze through narrow microenvironmental pores, in par-

ticular during translocation through two-micrometer constrictions, in the presence of GSK-

626616 was further investigated (Fig. 17D). Interestingly, the translocation time through narrow 

pores remained unchanged upon Dyrk3 inhibition, showing that squeezing is not affected by a less 

stable centrosome, at least during a singular squeezing event (Fig. 17E). Overall, these findings 

are consistent with microtubules being dispensable for unidirectional cellular movement, as the 

actin cytoskeleton is the driving force for cellular forward locomotion (Yamada & Sixt, 2019).  

My previous data already demonstrated that less stable centrosomes show higher rates of centro-

somal fracturing particularly in more complex microenvironments necessitating a higher degree 

of cellular navigation (Fig. 10D). Therefore, cell migration upon Dyrk3 inhibition in more complex 

microenvironments, thus favoring the presence of two coexisting MTOCs, was analyzed next. In 

contrast to migration along unidirectional paths, dendritic cells moving through microchannels 

with more complex 3-way path junctions needed significantly longer to productively perform path 

decisions upon rendering Dyrk3 non-functional (Fig. 18, A and B). This effect was even more pro-

nounced when dendritic cells without functional Dyrk3 migrated in 6-way path junctions, where 

cells typically explored a higher number of possible path options with multiple protrusions at the 

same time (Fig. 18, B and C), indicating that a higher rate of fracturing correlates with prolonged 

path decisions. Together, these data suggest that the emergence of two co-existing MTOCs upon 

centrosome fracturing impairs the ability of cells to efficiently navigate during pathfinding.  

To test the generality of these findings, I again employed human Jurkat T cells as another cellular 

model for fast cell migration and measured migration properties upon Dyrk3 inhibition using 

GSK-626616. Similar to dendritic cells, rendering Dyrk3 non-functional in Jurkat T cells did not 

show an effect on migration velocities of around 7 micrometers per minute upon migration along 

unidirectional paths (Fig. 19, A and C). In contrast, inhibition of Dyrk3 in Jurkat T cells migrating 

in complex 6-way path junctions resulted in a significantly prolonged decision time required to 

perform a productive path decision (Fig. 19, B and C). 

  

Figure 17: Dendritic cell migration in less complex environments in the presence of mechanically unstable cen-
trosomes. (A) Representative dendritic cells (DCs) migrating along a unidirectional straight path (wide linear micro-
channel) in the presence of 5 µM GSK-626616 or DMSO (control). (B) Representative dendritic cells (DCs) migrating 
along a unidirectional straight path (narrow linear microchannel) in the presence of 5 µM GSK-626616 or DMSO (con-
trol). (C) Quantification of migration velocities along wide and narrow unidirectional paths in the presence of 5 µM GSK-
626616 or DMSO (control). Data represent mean ± SEM, unpaired t-test. (D) Representative dendritic cells (DCs) mi-
grating through a 2 µm pore in the presence of 5 µM GSK-626616 or DMSO (control). (E) Quantification of migration 
velocities through 2 µm pores in the presence of 5 µM GSK-626616 or DMSO (control). Data represent mean ± SEM, 
unpaired t-test. All data show representative cells from at least three independent biological replicates. Time is indi-
cated as h:min:s. 



RESULTS 

62 

 

Next, I aimed to confirm these findings on a genetic level. For this purpose, either an empty EGFP 

encoding plasmid as control or the dominant-negative kinase-dead point mutant of Dyrk3 

(K218M) coupled to EGFP was transiently expressed in Jurkat T cells. Following FACS-based sort-

ing for successfully transfected EGFP-positive cells, Jurkat T cell migration properties in different 

microenvironments were analyzed. Expression of the kinase-dead point mutant resulted in only 

mildly reduced migration velocities of approximately 4 micrometers per minute along unidirec-

tional paths compared to control cells expressing the empty control vector and migrating with 

around 5 micrometers per minute (Fig. 20, A and C). However, the expression of Dyrk3(K218M), 

thus rendering Dyrk3 non-functional, led to strongly delayed passages through 6-way path junc-

tions (Fig. 20, B and C). Altogether, these findings indicate that impaired centrosome stability 

caused by non-functional Dyrk3 also hinders cell migration of other immune cell types specifically 

during cellular navigation.  

  

Figure 18: Dendritic cell migration in complex environments in the presence of mechanically unstable centro-
somes. (A) Representative dendritic cells (DCs) migrating along a 3-way path junction in the presence of 5 µM GSK-
626616 or DMSO (control). (B) Quantification of dendritic cell passing time along 3-way or 6-way path junctions in the 
presence of 5 µM GSK-626616 or DMSO (control). Data represent mean ± SEM, unpaired t-test. (C) Representative den-
dritic cells (DCs) migrating along a 3-way path junction in the presence of 5 µM GSK-626616 or DMSO (control). All data 
show representative cells from at least three independent biological replicates. Time is indicated as h:min:s. 
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Figure 19: Jurkat T cell migration in the presence of mechanically unstable centrosomes upon Dyrk3 inhibition. 
(A) Representative Jurkat T cells migrating along a unidirectional straight path (wide linear microchannel) in the pres-
ence of 5 µM GSK-626616 or DMSO (control). (B) Representative Jurkat T cells migrating along a 6-way path junction in 
the presence of 5 µM GSK-626616 or DMSO (control). (C) Quantification of Jurkat T cell migration velocities along uni-
directional paths or 6-way path junctions  in the presence of 5 µM GSK-626616 or DMSO (control). Data represent mean 
± SEM, unpaired t-test. All data show representative cells from at least three independent biological replicates. Time is 
indicated as h:min:s. 
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Of note, cells frequently seemed to exhibit prolonged protrusions and an overall elongated cell 

shape upon rendering Dyrk3 non-functional. To investigate this observation in more detail, the 

shape of cells migrating in 3D collagen matrices as a more physiological microenvironment was 

analyzed under control conditions or with non-active Dyrk3. For this purpose, the borders of ran-

domly selected cells including their protrusions were manually outlined after 200 minutes of live-

cell imaging to ensure a well-established chemokine gradient across the entire field of view. Sub-

sequent extraction of shape descriptors revealed that migratory dendritic cells exhibited reduced 

circularity and roundness, accompanied by an increase in Feret’s diameter upon Dyrk3 inhibition 

(Fig. 21A). These findings were consistent with an overall more elongated cell shape, as a circu-

larity of 1.0 indicates a perfect circle, whereas circularity approaching 0.0 indicates an increas-

ingly elongated shape.  

Figure 20: Jurkat T cell migration in the presence of mechanically unstable centrosomes upon expression of 
dominant-negative Dyrk3 (K218M). (A) Representative EGFP-Dyrk3 K218M (kinase-dead point mutant Dyrk3) or 
EGFP (control) expressing Jurkat T cells migrating along a unidirectional straight path (wide linear microchannel). (B) 
Representative EGFP-Dyrk3 K218M (dominant-negative kinase-dead point mutant Dyrk3) or the corresponding empty 
EGFP plasmid (control) expressing Jurkat T cells migrating along a 6-way path junction. (C) Quantification of Jurkat T 
cell migration velocities along unidirectional paths or 6-way path junctions upon expression of EGFP-Dyrk3 K218M 
(dominant-negative kinase-dead point mutant Dyrk3) or the corresponding empty EGFP plasmid (control). Data repre-
sent median ± 95 % CI, Mann-Whitney. All data show representative cells from at least three independent biological 
replicates. Time is indicated as h:min:s. 
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Figure 21: Dendritic cell and Jurkat T cell shapes during migration in 3D collagen matrices upon rendering Dyrk3 
non-functional. (A) Circularity, roundness, and elongation of dendritic cells migrating in 3D collagen matrices (1.7 
mg/ml collagen) along a CCL19 chemokine gradient in the presence of 5 µM GSK-626616 or DMSO (control). Data repre-
sent median ± 95 % CI, Mann-Whitney. (B) Circularity, roundness, and elongation of Jurkat T cells migrating in 3D colla-
gen matrices (1.3 mg/ml collagen) along a CXCL12 chemokine gradient in the presence of 5 µM GSK-626616 or DMSO 
(control). Data represent median ± 95 % CI, Mann-Whitney. (C) Circularity, roundness, and elongation of Jurkat T cells 
that express a dominant-negative (DN) EGFP-Dyrk3 K218M mutant or the corresponding empty EGFP plasmid (control) 
migrating in 3D collagen matrices (1.3 mg/ml collagen) along a CXCL12 chemokine. Data represent median ± 95 % CI, 
Mann-Whitney. All data derive from at least three independent biological replicates. 
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Similarly, lower roundness points towards a more elongated shape. In accordance with that, 

Feret’s diameter, which is also known as the maximum caliper or the maximum distance between 

two points of the selection boundary, was significantly increased suggesting a more pronounced 

elongation upon cell migration without active Dyrk3. In line, analysis of Jurkat T cell shapes upon 

Dyrk3 inhibition by GSK-626616 during migration in collagen matrices revealed more elongated 

and less round cell shapes. Of note, circularity was overall higher in Jurkat T cells compared to 

dendritic cells, which is consistent with the visual evaluation that in general Jurkat T cells dis-

played a more compact shape with less extensive protrusion formation during migration. How-

ever, also these cells showed significantly decreased circularity and roundness, as well as in-

creased Feret’s diameter upon Dyrk3 inhibition compared to controls (Fig. 21B). Furthermore, 

the shape analysis of the kinase-dead point mutant of Dyrk3 expressing Jurkat T cells confirmed 

these findings on a genetic level by similarly causing a more elongated, less round cell shape (Fig. 

21C). Together, these data demonstrate that the mechanical fracturing of centrosomes results in 

an impaired migration ability that is accompanied by cell shape elongation suggestive of reduced 

cell shape control.  

3.5.2 DENDRITIC CELLS RETAIN THEIR POLARITY UPON RENDERING DYRK3 NON-

FUNCTIONAL 

 

Given that loss of cell shape control can go hand in hand with altered cell polarity in dendritic cells, 

for instance, by impaired actomyosin contractility of retracting protrusions due to depletion of 

the RhoA exchange factor Lfc (Kopf et al., 2020), I next aimed to investigate cell polarity upon 

Dyrk3 inhibition. For this purpose, CETN2-GFP expressing dendritic cells were genetically engi-

neered to stably express the PI(3,4,5)P3/PI(3,4)P2 biosensor PH-Akt which was fluorescently la-

beled with dTomato. PH-Akt is a well-established cellular polarity marker, consisting of the PH 

domain of Akt and thereby detecting the PI(3)K products PI(3,4,5)P3/PI(3,4)P2 (Várnai & Balla, 

1998). In vivo zebrafish experiments revealed that PH-Akt translocates towards sites of PI(3)K 

activity at the leading edge of migrating neutrophils (Yoo et al., 2010). To investigate cell polarity 

of cells with non-active Dyrk3 and intact centrosomes, CETN2-GFP PH-Akt-dTomato expressing 

dendritic cells were live-imaged during migration in an under-agarose assay either under control 

conditions or upon Dyrk3 inhibition (Fig. 22A). For analysis performed by Mauricio Ruiz-Fernan-

dez, directionally migrating cells with intact centrosomes were manually selected. Cytoplasmic 

volume changes during migration were accounted for by generating a ratio between the actual 

PH-Akt signal and the cytoplasmic background signal of CETN2-GFP, thus ensuring that any re-

duced or accumulated PH-Akt signal intensities were not artificial. Ratiometric measurement of 

the PH-Akt signal along the cell axis revealed a preferentially forward localization of PH-Akt to-

wards the leading edge, whereas the signal gradually decreased towards the cell rear (Fig. 22, B 

and C). The frontward PH-Akt localization remained unchanged upon rendering Dyrk3 non-func-

tional, indicating that cell polarity is not affected by Dyrk3 inhibition per se.  

Configuration of the nucleus-MTOC axis was recently shown to play an important role in amoe-

boid cell migration, resulting in microenvironmental cellular arrest if cells fail to reorientate their 

nucleus in front of the MTOC during cellular pathfinding (Kroll et al., 2023). Therefore, I further 

characterized nucleus-to-MTOC polarity as a broad polarity marker upon Dyrk3 inhibition. For 

this purpose, dendritic cells stably expressing the microtubule marker EMTB-mCherry that also 

functions as an MTOC marker, were analyzed during migration along unidirectional paths either 

under control conditions or in the presence of the Dyrk3 inhibitor GSK-626616 (Fig. 23A).  
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Analysis revealed that nucleus-to-MTOC polarity remained unchanged, with around 60 % of cells 

migrating with a nucleus-forward configuration in both control conditions and upon Dyrk3 inhi-

bition. Similarly, approximately 30 % of cells in both conditions showed an MTOC forward config-

uration, whereas around 10 % of cells migrated with the nucleus and MTOC in parallel (Fig. 23B). 

Thus, these data show that altering Dyrk3 activity does not impair cellular polarity as long as the 

centrosome remains intact, and therefore, only one MTOC is present. 

  

Figure 22: Dendritic cell polarity upon rendering Dyrk3 non-functional. (A) Representative CETN2-GFP (centriole 
pair; black) PH-Akt-dTomato (polarity marker; black) expressing dendritic cells (DCs) stained with Hoechst (nucleus; 
black) migrating in microenvironmental confinement (‘under-agarose assay’) in the presence of 5 µM GSK-626616 or 
DMSO (control). Fluorescence ratio images show the PH-Akt-dTomato signal normalized to the CETN2-GFP signal (see 
‘Material and Methods’ for details). (B) Quantification of normalized PH-Akt signal distribution along the cell axis of 
migrating dendritic cells with intact centrosomes as shown in (A). Data represent mean ± 95 % CI. (C) Quantification 
of normalized PH-Akt signal in the front and back half of migrating dendritic cells with intact centrosomes as shown in 
(A). Data represent mean ± 95 % CI. All data show representative cells from at least three independent biological rep-
licates. Time is indicated as h:min:s. 
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3.5.3 EMERGENCE OF TWO COEXISTING MTOCS CAUSES CELLULAR ENTANGLEMENT 

 

Since the analysis of Dyrk3-inhibited cells migrating in different microenvironments revealed a 

specific delay in passing complex path junctions, presumably due to the emergence of two coex-

isting MTOCs, I next tested the direct consequences of centrosome fracturing during migration. 

For this purpose, live-cell imaging of CETN2-GFP-expressing dendritic cells during complex path 

decisions was performed, while differentiating between Dyrk3-inhibited cells with an intact cen-

trosome and a fractured centrosome for analysis. Interestingly, analysis performed by Mauricio 

Ruiz-Fernandez revealed that specifically cells with a fractured centrosome had longer competing 

protrusions which were characterized as the longest non-winning, thus ultimately retracted pro-

trusions, suggesting cellular entanglement and an impaired ability to efficiently coordinate multi-

ple protrusions at the same time. In contrast, cells with non-active Dyrk3 but intact centrosomes 

Figure 23: Dendritic cell nucleus-MTOC axis configuration upon rendering Dyrk3 non-functional. (A) Repre-
sentative EMTB-mCherry (microtubule organizing center (MTOC) marker; fire-color coded) expressing dendritic cells 
stained with Hoechst (nucleus; cyan) migrating along a unidirectional straight path (narrow linear microchannel) in 
the presence of 5 µM GSK-626616 or DMSO (control). (B) Quantification of nucleus-MTOC-axis configuration as shown 
in (A). Data represent mean ± SD. All data show representative cells from at least three independent biological repli-
cates. Time is indicated in minutes. 
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formed competing protrusions with a comparable length to control conditions (Fig. 24A). Simi-

larly, specifically cells with fractured centrosomes required significantly more time to navigate 

through complex path junctions upon rendering Dyrk3 non-functional. In line with the hypothesis 

that impairment of migration is a direct result of two coexisting MTOCs due to centrosomal break-

age, Dyrk3-inhibited cells with intact centrosomes productively performed a path decision within 

the same time as untreated control cells (Fig. 24B). Remarkably, even the delay of path junction 

passage and the distance between fractured singular centrioles of Dyrk3-inhibited cells correlated 

with each other (Fig. 24C). These findings suggested the intriguing possibility that if impairment 

of cellular pathfinding upon rendering Dyrk3 non-functional was a direct consequence of the 

emergence of two coexisting MTOCs, then centrosome depletion would completely abolish the 

Dyrk3-associated migration defects. In order to test this hypothesis, I generated dendritic cells 

without any centrioles by treatment with the well-established Polo-like kinase 4 (PLK4) inhibitor 

centrinone (Wong et al., 2015). PLK4 plays a central role in centriole duplication by triggering the 

formation of the procentriole during S-phase and recruitment of centriole biogenesis proteins 

(Bettencourt-Dias et al., 2005; Habedanck et al., 2005). Consequently, PLK4 inhibition upon cen-

trinone treatment disrupts centriole duplication during mitosis. Over the course of multiple cell 

divisions without centriole duplication in the presence of centrinone, daughter cells arise that did 

not receive any centriole from their corresponding mother cell, amongst other daughter cells that 

still harbor centrioles. To deplete centrioles in dendritic cells, I treated CETN2-GFP-expressing 

dendritic cells with centrinone starting from day 2 of cell differentiation. By the time of cell mat-

uration, this resulted in a mixed cell population with varying numbers of centrioles, as could be 

observed based on the CETN2-GFP signal, including dendritic cells without any centrioles. To con-

firm that the Dyrk3-related impairment of cellular locomotion could solely be attributed to the 

emergence of two coexisting MTOCs upon centrosome fracturing, the decision time of centriole-

depleted cells during navigation in complex path junctions either under control conditions or in 

the presence of the Dyrk3 inhibitor GSK-626616 was analyzed. As expected, cells that still retained 

a full centriolar pair upon centrinone treatment needed the same time to productively perform a 

path decision upon Dyrk3 inhibition compared to controls when their centrosome remained in-

tact. Strikingly, cells migrating without any centrioles showed similar migration velocities as acen-

triolar control cells upon rendering Dyrk3 non-functional (Fig. 24, D and E), thus confirming that 

only the emergence of two coexisting microtubule organizing centers impairs cellular pathfinding 

when Dyrk3 is nonactive.  

Overall, these findings show that mechanical centrosome fracturing impedes cell functionality by 

generating coexisting microtubule organizing centers that compete during cellular path naviga-

tion and thereby cause cellular entanglement in the microenvironmental matrix. 
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Figure 24: Consequences of centrosome fracturing on cellular navigation. (A) Length of the major competing 
protrusion of dendritic cells with fractured and non-fractured centrosomes migrating through 6-way path junctions 
in the presence of 5 µM GSK-626616 or DMSO (control). Data represent median ± 95 % CI, Mann-Whitney. (B) Path 
decision time of CETN2-GFP expressing dendritic cells with fractured and non-fractured centrosomes migrating 
through 6-way path junctions in the presence of 5 µM GSK-626616 or DMSO (control). Data represent median ± 95 % 
CI, Mann-Whitney. (C) Correlation of the cellular decision time as shown in (B) with the maximal distance between 
individual centrioles in the presence of 5 µM GSK-626616 or DMSO (control). Linear regression fit. (D) Path decision 
time of centriole-depleted CETN2-GFP expressing dendritic cells migrating through 6-way path junctions in the pres-
ence of 5 µM GSK-626616 or DMSO (control). Data represent median ± 95 % CI, Mann-Whitney. (E) Representative 
centriole-depleted CETN2-GFP (absent centriole pair; black) expressing dendritic cells stained with Hoechst (nucleus; 
blue) migrating along a 6-way path junction in the presence of 5 µM GSK-626616 or DMSO (control). All data show 
representative cells from at least three independent biological replicates. Time is indicated as h:min:s. 
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4 DISCUSSION  

4.1 EVALUATION OF DYRK3 FUNCTION IN VIVO 

 

In this study, transcriptome analysis of dendritic cells migrating within collagen networks of in-

creasing collagen concentration, and thus increasing complexity, identified the dual-specificity ty-

rosine phosphorylation-regulated kinase 3 (Dyrk3) to be upregulated in response to migration in 

more dense collagen matrices. Utilizing two well-described pharmacological Dyrk3 inhibitors, 

GSK-626616 and harmine (Wippich et al., 2013; Rai et al., 2018), demonstrated that both dendritic 

cells and Jurkat T cells, serving as an additional model for immune cell migration, depend on Dyrk3 

function for their migration in complex microenvironments, which was further confirmed by tran-

sient expression of a dominant-negative kinase-dead point mutant of Dyrk3 (K218M) in Jurkat T 

cells.  

While this study included a variety of reductionistic migration assays, ranging from collagen net-

works over microchannel assays to confining under-agarose assays, it would be interesting to in-

vestigate the effect of non-functional Dyrk3 in the physiological environment of an in vivo setting. 

This would require depletion of Dyrk3 on a genetic level, as transient inhibition of Dyrk3 with 

pharmacological inhibitors specifically e.g. in dendritic cells is not suitable for the evaluation of 

migration in vivo. In an attempt to generate stable Dyrk3 knockouts in precursor Hoxb8 cells, I 

employed the CRISPR/Cas9 technique via lentiviral transfection. Yet, this approach was not suc-

cessful, probably owing to knockout-induced lethality. Importantly, Dyrk3 plays a crucial role dur-

ing mitosis by regulating the dissolution of different membraneless organelles to prevent aberrant 

hybrid condensation (Rai et al., 2018). As a consequence, inhibition of Dyrk3 was previously 

shown to result in mitotic arrest (Rai et al., 2018). Since Hoxb8 cells are constantly undergoing 

mitosis under the influence of an estrogen-inducible Hoxb8 promotor (Redecke et al., 2013), a 

stable knockout of Dyrk3 is likely not favorable. Instead, transient alterations of Dyrk3 expression 

either on a genetic or on a transcriptome level should be pursued. For this purpose, I performed 

a transient knockdown of Dyrk3 expression via electroporation of Dyrk3-targeting siRNAs. In ad-

dition, as alternative approach, I generated a Hoxb8 cell line with doxycycline-inducible expres-

sion of a Dyrk3-targeting shRNA. Yet, the following applies to both of the approaches: confirma-

tion of knockdown efficiency is typically performed by Western blot analysis. This requires careful 

testing of commercially available Dyrk3 antibodies, as many antibodies presented to be specific 

for Dyrk3 also often recognize the closely related Dyrk2 (Ramella et al., 2024). In fact, this has also 

proven challenging in my experiments and will require even further antibody testing to confirm 

that the approaches are effective. To circumvent this issue, RT-qPCR performed with Dyrk3-spe-

cific primers would allow to detect changes in Dyrk3 expression on the mRNA level. Furthermore, 

building on the C-Nap1 knockout utilized in this study, a similar system could be developed for 

Dyrk3. For this purpose, I generated Dyrk3-specific lentiviral sgRNA vectors. Furthermore, I have 

initiated the transfection of a Hoxb8 cell line, which expresses inducible Cas9 upon doxycycline 

addition, with a stably expressed sgRNA targeting Dyrk3. Doxycycline administration would in-

duce Cas9 expression, which would then be directed to Dyrk3 by the sgRNA. Although cycling cells 

appear sensitive to Dyrk3 knockout, the optimal timing for Cas9 induction during dendritic cell 

differentiation could be determined. Subsequently, indel frequency around the cut site could be 

assessed using TIDE (Tracking of Indels by Decomposition) (Brinkman et al., 2014). Importantly, 

the inducible knockout system described here will consistently produce a mixed population of 

cells, containing both cells with differentially mutated Dyrk3 alleles and unaffected wild-type 
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Dyrk3 cells. Therefore, achieving a high baseline gene editing efficiency is crucial to observe any 

effects in subsequent experiments. Once successfully established, these cells could be utilized for 

various in vivo migration experiments, such as footpad injections. In this setup, differently labeled 

wildtype and knockout cells are injected at a 1:1 ratio into the hind foot of a mouse. After 24-48 

hours, the draining popliteal lymph nodes are excised, and the number of successfully homed den-

dritic cells from both genetic backgrounds can be evaluated to determine whether Dyrk3 is also 

necessary for immune cell migration in vivo. If this approach proves unsuccessful, ex vivo mouse 

ear explant assays performed by collaborators have already provided relevant insights (Weier et 

al., 2022). In these assays, the ventral ear sheets were incubated in medium for 24 hours either 

under control conditions or in the presence of GSK-626616. Subsequently, dermal dendritic cells 

and lymphatic vessels were visualized using immunofluorescence staining. In accordance with the 

here-described in vitro data, Dyrk3 inhibition resulted in less migration towards the lymphatic 

vessels and reduced intravasation into the vessels (data not shown). 

4.2 FORCES ACTING ON THE CENTROSOME RESULTING IN FRACTURING 

 

Centrosome fracturing in migrating dendritic cells upon rendering Dyrk3 non-functional or by 

genetic depletion of the linker protein C-Nap1 is highly dependent on the complexity of the sur-

rounding microenvironment. This fracturing correlates with the formation of multiple explorative 

protrusions, that cells employ to navigate their path. Using reductionistic microchannel assays, 

this study revealed that the formation of two or more protrusions does not only result in a transi-

ent centriolar stretching during cellular pathfinding in untreated cells compared to cells migrating 

with a single protrusion, but also that it preferentially induces centrosome fracturing in the pres-

ence of mechanically unstable centrosomes. Thereby, protrusive cell fronts are identified as a 

source of mechanical forces acting on the centrosome. To further elucidate the underlying mech-

anism of force generation, co-inhibition experiments were performed either using Latrunculin A 

targeting actin polymerization or using para-nitroblebbistatin inhibiting myosin-II contractility. 

Surprisingly, this showed that centrosome fracturing is clearly reduced upon myosin-II inhibition 

and completely abolished upon actin inhibition in Dyrk3-inhibited cells. Similarly, myosin-II inhi-

bition leads to a decrease in fracturing rates and actin inhibition to an almost complete reduction 

in C-Nap1-deficient cells. In addition, analysis of PCM shape deformations of migrating dendritic 

cells expressing PCNT-dTomato as a PCM marker revealed that not only the centriole pair is sub-

ject to mechanical forces, but also the surrounding pericentriolar material is deformed during cel-

lular pathfinding. Importantly, these deformations, which were quantified by different shape de-

scriptors, are likewise reduced upon inhibition of actin polymerization. Altogether, these data 

identify the actomyosin network as the underlying source of force exerted on the centrosome. Of 

note, the more pronounced effect of actin inhibition on centrosome fracturing compared to myo-

sin-II inhibition could indicate that the force exerted by actin filaments themselves rather than the 

force generated by myosin-II-driven cellular contractility is responsible for centrosome fractur-

ing. Although actomyosin forces could be identified as the underlying cause, it still remains elusive 

how exactly the actin cytoskeleton is acting on the centrosome in this context.  

The two-sided relationship between actin and the centrosome has been subject to many studies. 

Dynamic actin networks were observed to be involved in the assembly and orientation of spindle 

poles in diverse species ranging from frog embryonic cells to mammalian cultured cells (Rosen-

blatt et al., 2004; Cao et al., 2010). During early ciliogenesis, actin is implicated in the centrosomal 

attachment to the cell cortex by the formation of stress-fiber- and focal-adhesion-like structures, 
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as well as in the preceding centrosomal movement towards the cell edge (Dawe et al., 2009; An-

toniades et al., 2014). Of note, the actin cytoskeleton plays a more general role in centrosome po-

sitioning, for instance during immune synapse formation (Gomez et al., 2007; Tang & Marshall, 

2012). In addition, the actin network was shown to reorganize and disassemble in the proximity 

of centrosomes when the latter reached the cell cortex during the formation of immune synapses 

(Stinchcombe et al., 2006). While few examples of direct interactions between actin and centro-

some exist (Antoniades et al., 2014), the relation between actin filaments and microtubules is 

well-known. Physical crosslinking between both cytoskeletal networks usually occurs at growing 

plus-ends of microtubules in the cellular periphery, as most actin is typically localized at the 

plasma membrane (Blanchoin et al., 2014; Akhmanova & Steinmetz, 2015). Furthermore, the spa-

tial distribution and network architecture of microtubules were shown to be influenced by the 

actin cytoskeleton (Dogterom & Koenderink, 2019). Yet, centrosomes isolated from Jurkat T cells 

were demonstrated to induce actin nucleation in vitro. In accordance, cloud-like centrosome-as-

sociated actin filaments were observed in Jurkat T cells and HEK293T cells. This process of cen-

trosomal actin nucleation was dependent on PCM1-based Arp2/3 recruitment to the centrosome 

and promoted by the nucleation-promoting factor (NPF) WASH (WASp and SCAR homolog), as it 

was sensitive to Arp2/3 inhibition via CK666, but not formin inhibition via SMIFH2 (Farina et al., 

2016). Similarly, the accumulation of actin at the centrosome during anaphase in mitotic cells is 

an Arp2/3- and WASH-dependent process. Interestingly, this actin accumulation is accompanied 

by a reduction of microtubule numbers, possibly because actin and microtubule filaments are 

competing for space in the small centrosomal area (Farina et al., 2019). Of note, this inverse cor-

relation between an increase in actin and a concomitant decrease in the number of microtubule 

filaments was also observed in B-lymphocytes. Here, lymphocyte activation led to the disassembly 

of centrosome-associated actin and an increase in microtubule numbers. Subsequent in vitro re-

constitution assays suggested that the actin filaments might constitute a physical barrier around 

the centrosome, thereby blocking microtubule elongation. In a cellular context, adhesion and cell 

spreading in response to cell activation could lead to a decrease in centrosomal actin, as adhesions 

compete for free actin monomers, ultimately resulting in an increase in microtubule nucleation. 

Consequently, this mechanism would couple the regulation of microtubule numbers to cell adhe-

sion (Inoue et al., 2019).  

In order to further elucidate the exact mechanism of force generation leading to centriolar split-

ting, it will be intriguing to see whether a specific type of actin is responsible for centrosome frac-

turing. Therefore, co-inhibition experiments employing CK666 to target Arp2/3-mediated 

branched actin nucleation or SMIFH2 to inhibit formin-mediated linear actin polymerization will 

allow to further narrow down potential underlying mechanisms. The genetic depletion of differ-

ent NPFs, such as the WAVE (WASp-family verprolin-homologous protein) complex- which typi-

cally localizes to the tip of lamellipodia driving forward protrusive locomotion- through knockout 

of its subunit Hem1, could provide evidence if forward locomotion itself is able to generate the 

necessary force (Gaertner et al., 2022). Similarly, knockout of WASp (Wiskott-Aldrich syndrome 

protein), the other main NPF upstream of Arp2/3, which is implicated in the nucleation of verti-

cally pushing actin patches in dendritic cells and T cells, and thereby enables locomotion in con-

fining environments, will allow to investigate the role of this form of actin nucleation (Gaertner et 

al., 2022). In addition, through a knockout of WASH1, the role of WASH complex-driven actin nu-

cleation at the centrosome can be further elucidated (Farina et al., 2016). Altogether, this will en-

able a more detailed dissection of the underlying mechanism. Importantly, an actin depolymeri-

zation-driven effect on microtubule nucleation as it was already described previously (Farina et 

al., 2019; Inoue et al., 2019), cannot be excluded so far. It is possible that actin depolymerization 
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by Latrunculin A results in increased microtubule nucleation at the centrosome due to reduced 

actin nucleation, thereby enhancing the microtubule-based centrosome linker and decreasing 

centrosome fracturing rates.  

Overall, the role of microtubules in force generation or force transmission was not investigated in 

this study. Previous studies have demonstrated that depolymerization of microtubules induced 

by nocodazole treatment can result in centrosome fracturing under non-migratory conditions, 

due to the elimination of the microtubule-based linker (Meraldi & Nigg, 2001; Panic et al., 2015). 

In accordance with these reports, preliminary experiments investigating centrosome cohesion 

upon nocodazole treatment show a similar effect (data not shown), thereby rendering a general-

ized depolymerization of microtubules upon nocodazole treatment unsuitable for studying their 

role in force generation. However, the photoactivatable drug photostatin-1 might provide an op-

portunity to investigate the role of microtubules, as the photoactivation-driven mode of function 

provides temporal and spatial control over microtubule depolymerization, thereby also offering 

the opportunity to specifically exclude the inter-centriolar microtubule network (Borowiak et al., 

2015). Of note, local activation of photostatin-1 in protruding cells fronts in order to investigate 

the impact of microtubules within protrusions on centrosome cohesion might likely result in the 

collapse and retraction of the respective protrusion owing to local release of Lfc and subsequent 

actomyosin activation (Kopf et al., 2020), thereby also disrupting the underlying cellular structure 

implicated in centrosome fracturing. Given that the binding and sequestration of regulatory mol-

ecules, such as Lfc, to microtubules is a common feature, the use of alternative localized depoly-

merization methods like opto-katanin—where light-induced recruitment of the microtubule-sev-

ering protein katanin results in localized microtubule depolymerization—will also not allow the 

uncoupling of these mechanisms (Meiring et al., 2022). Thus, investigating whether microtubules 

contribute to force generation or transmission to the centrosome remains a challenging issue that 

necessitates further research. 

Regarding force transmission, it would be intriguing to speculate whether cellular adhesions also 

play a role. Amoeboid migrating cells, such as T cells or dendritic cells, can migrate independently 

of substrate adhesion, although they typically employ a low-adhesiveness migration mode (Ka-

meritsch & Renkawitz, 2020). Previous studies have shown that adhesion-free migration relies on 

a retrograde actin flow that creates shear forces around the environmental topology. Thus, migra-

tion without integrins is possible in textured areas, but cells are immobile in smooth environ-

ments that lack suitable topology (Reversat et al., 2020). Therefore, the role of adhesions in cen-

trosome fracturing could be investigated in integrin or talin knockout cells, thereby enforcing an 

adhesion-free migration mode that solely depends on environmental topology. Notably, previous 

reports indicate that cells incapable of forming adhesions have difficulties entering the micro-

channel devices used in this study (Reversat et al., 2020). Thus, utilizing these cells would neces-

sitate either flushing them into the microchannel structures or injecting them underneath the aga-

rose layer in an under-agarose bead assay. In addition to investigating the role of cellular adhesion 

on centrosome splitting, one could also examine whether a more pronounced topology, e.g. by the 

addition of serrated topographies to the surface of microchannels requiring a path decision, would 

lead to an increased retrograde actin flow, thereby accelerating intracellular forces and thus in-

creasing centrosome fracturing rates compared to non-surface-textured microchannels. 

To investigate the magnitude of forces required to disrupt a centrosome, the development of a 

genetically encoded centrosome force sensor would be an intriguing approach. These molecular 

tension sensors employ a mechanosensitive peptide that separates a pair of FRET (Förster reso-

nance energy transfer) fluorophores. When force is applied, the mechanosensitive peptide under-
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goes reversible extension, increasing the distance between the FRET fluorophores and conse-

quently altering the FRET signal intensity. Importantly, these sensors are sensitive to forces in the 

piconewton-scale, which is relevant to the forces experienced within cells (Fischer et al., 2021). 

Thus, incorporation of such a tension-sensitive sensor into centrosomal linker components would 

allow to measure the forces acting on the centriolar pair upon migration in different microenvi-

ronments, thereby eventually enabling to define a threshold of maximal force the linker can en-

dure before breaking. Additionally, this approach would enable the characterization of the reduc-

tion in centrosome breakage caused by actin inhibition. Specifically, it would help determine 

whether this reduction is due to decreased force acting on the centrosome - confirming the direct 

involvement of actin-based forces - or whether there is no change in force, suggesting another 

mechanism, such as increased microtubule nucleation leading to microtubule-based linker stabi-

lization. Furthermore, the generation of a tension sensor would facilitate the investigation of 

whether alterations of the biophysical PCM properties, as it was observed in this study upon 

Dyrk3 inhibition, also have an effect on force transmission on the centrosome.  

4.3 HOW EXACTLY IS DYRK3 INFLUENCING CENTROSOME COHESION? 

 

Mechanical forces exerted by competing explorative protrusions are able to transiently deform 

the centrosome during migration in complex microenvironments. This is manifested not only in 

the transient stretching of the centriolar pair but also in the deformation of the pericentriolar ma-

terial (PCM) as cells make pathfinding decisions. The two centrioles within a centrosome are usu-

ally linked by two parallel mechanisms. One mechanism involves a fibrous proteinaceous linker 

primarily composed of Rootletin and CEP68 filaments, which are attached to a C-Nap1 ring posi-

tioned at the proximal ends of the centrioles, thereby directly connecting them (Fry et al., 1998; 

Mayor et al., 2000; Bahe et al., 2005; Graser et al., 2007; Vlijm et al., 2018). The second mechanism 

relies on microtubule interconnectivity. In this mechanism, the minus-end directed kinesin14 

KIF3C connects microtubules originating from the mother centriolar subdistal appendages (SDAs) 

and those from the daughter centriolar pericentriolar material (PCM) microtubule network. By 

crosslinking microtubules and facilitating antiparallel microtubule sliding, KIF3C generates cohe-

sive forces that bring the two centrioles closer together (Panic et al., 2015; Hata et al., 2019).  

In accordance with that, genetic depletion of the centriolar linker protein C-Nap1 in dendritic cells 

migrating in microchannels requiring cell navigation and path decision-making, frequently re-

sulted in centrosome fracturing when experiencing mechanical forces. Interestingly, upon render-

ing Dyrk3 non-functional, the effects of these forces similarly extend beyond temporary centriolar 

stretching and result in centrosome fracturing. In order to elucidate the underlying mechanism, 

phospho-proteome analysis of dendritic cells migrating in collagen matrices upon Dyrk3 inhibi-

tion or under control conditions revealed that not only well-known targets of Dyrk3, such as 

SRRM1 and SRRM2, are differently phosphorylated when Dyrk3 is non-functional but also multi-

ple centrosome-associated proteins like PCM1, CLASP1 and 2, or AKNA are affected (Wippich et 

al., 2013). Furthermore, fluorescence recovery after photobleaching (FRAP) experiments demon-

strated that the diffusion properties of PCM-associated proteins like CEP120 or Dyrk3 itself are 

reduced upon Dyrk3 inhibition, while the signal recovery of PCM scaffold proteins like PCNT or 

AKNA remains largely unaffected, suggesting altered biophysical properties of the PCM mainly 

affecting the more diffusible, mobile components. Thus, there are multiple indications that Dyrk3 

inhibition specifically affects the components and properties of the pericentriolar material (PCM). 
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What remains elusive so far, however, is the precise relationship between this phenomenon and 

the heightened incidence of centrosome fracturing. 

The PCM is a proteinaceous matrix composed of different proteins and arising through liquid-

liquid phase separation. In vitro PCM reconstitution studies performed in C. elegans revealed that 

“young” ( less than 2 minutes) condensates of the scaffold protein SPD-5 grew by isotropic expan-

sion and displayed fast signal recovery after photobleaching, consistent with a liquid-like conden-

sate. In contrast, “aged” (more than 10 minutes) condensates did not show any growth nor signal 

recovery, indicating that the PCM scaffold evolves and becomes less dynamic over time (Woodruff 

et al., 2017). The process by which a liquid-like state solidifies into a more viscous material is 

termed "aging" or "maturation" and has been documented as a pathological process in other bio-

molecular condensates (Patel et al., 2015). While the SPD-5 scaffold hardened, different client pro-

teins remained dynamic, indicating that the PCM is a selective, yet porous condensate composed 

of scaffold proteins with low turnover and client proteins with higher turnover rates (Woodruff 

et al., 2017). Altogether, the authors proposed that the PCM exists in a gel-like state, which may 

support its function during mitosis by enabling it to incorporate new material and expand and 

withstand microtubule-dependent pulling forces during cell division (Woodruff et al., 2017). If 

now the effect of Dyrk3 inhibition appears to be confined to the PCM but leads to reduced centro-

some stability, it would be intriguing to speculate that the biophysical properties of the PCM may 

not only play a role during cell division but also actively contribute to centrosome cohesion. Thus, 

the PCM could represent a third, parallel centrosomal linker mechanism, possibly facilitated by its 

gel-like state. If this is the case, the altered diffusion properties of PCM components upon Dyrk3 

inhibition could indicate a more solid and less diffusible PCM state, resulting in a less gel-like but 

rather glass-like condensate state with reduced elasticity. Consequently, the application of force 

could lead to literal fracturing, as the PCM would lack the necessary flexibility to withstand me-

chanical stress. To further explore this hypothesis, the biophysical properties of the PCM must be 

investigated in greater detail. FRAP (fluorescence recovery after photobleaching) enables the as-

sessment of the diffusion properties of a fluorescently labeled molecule, providing insights into 

its mobility within the condensate as well as with the surrounding cytosol. However, FRAP does 

not provide information about the material state of the condensate (Alshareedah et al., 2021). 

Importantly, FRAP measurements in multimolecular condensates might reveal different diffusion 

properties for different components of the same condensate, as it was also observed in this study. 

Therefore, in collaboration with Prof. Jochen Guck (Max Planck Institute for the Science of Light, 

Erlangen, Germany), I attempted to investigate the material properties of Dyrk3-inhibited cells 

using Optical Diffraction Tomography (ODT). This technique employs quantitative phase imaging 

to determine the optical density and the distribution of the refractive index within a cell, poten-

tially revealing changes in material properties due to Dyrk3 inhibition (Schürmann et al., 2015; 

Kim et al., 2016). However, since extensive experimental adjustments were required to adapt the 

here-established migration assays to the technical requirements of ODT, this approach was not 

further pursued. Yet, methods such as single particle tracking represent another approach to in-

vestigate the viscosity of a condensate (Elbaum-Garfinkle et al., 2015; Feric et al., 2016). In prin-

ciple, single-particle tracking involves monitoring the diffusion of an exogenous spherical particle 

within a biomolecular condensate, which is also applicable inside living cells (Shen et al., 2017).  

Importantly, another potential mechanism through which Dyrk3 might affect centrosome cohe-

sion by modifying the biophysical characteristics of the PCM, which remains to be fully elucidated, 

is the reduction in the diffusion of linker components, such as Rootletin or CEP68, to their in-

tended location. This could result in a weakening of the protein linker, thereby leading to an in-

creased frequency of centrosome breakage. To further explore this hypothesis, localization and 
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amount of linker components could be evaluated by immunofluorescence staining. Thereby, one 

could draw conclusions regarding whether Dyrk3 inhibition results in a decreased number of 

linker proteins reaching the connection between the centrioles, and whether they localize to other 

regions instead. In addition, the concurrent inhibition of Dyrk3 and depletion of C-Nap1, thereby 

depleting the centriolar linker, would enable examination of whether their impact on centrosome 

fracturing is additive, suggesting the involvement of two independent mechanisms, or whether 

the effect is comparable, indicating their participation in the same mechanism. Preliminary exper-

iments with Dyrk3-inhibited C-Nap1 knockout cells suggest the latter, as the individual effects do 

not appear to be additive. Of note, given that microtubule nucleation is not affected by Dyrk3 in-

hibition, the microtubule-based linker is presumably not implicated in the underlying mechanism.  

How exactly Dyrk3 can alter the biophysical properties of the PCM currently remains elusive. To 

investigate the underlying mechanism in more detail, the proteins identified in the analysis of the 

phosphoproteome upon Dyrk3 inhibition provide a good starting point. PCM1, for instance, is im-

plicated in the recruitment of several centrosomal proteins, such as Pericentrin and Ninein. There-

fore, PCM1 depletion was shown to result in impaired microtubule organization (Dammermann 

& Merdes, 2002). Furthermore, PCM1 is essential for Nek2 trafficking via centriolar satellites 

(Hames et al., 2005). Due to its centrosomal localization and its function as an essential microtu-

bule organizing factor during cell delamination, AKNA might be another interesting candidate (Ca-

margo Ortega et al., 2019). In addition, the stress-responsive protein Ndrg1 is not only associated 

with hereditary sensory and motor neuropathies and cancer, but was also shown to regulate mi-

crotubule dynamics and support spindle fiber formation during mitosis (Kalaydjieva et al., 2000; 

Kim et al., 2004). However, it must be emphasized that none of the phosphoproteome targets have 

been described in relation to centrosome cohesion or PCM properties. Therefore, further investi-

gations will be necessary to elucidate the exact underlying mechanism. 

The findings presented here intriguingly suggest that the biophysical properties of the PCM are 

important on a more general note. During mitosis, the centrioles are separated in a precise and 

controlled manner by Nek2 and PLK1 (Fry et al., 1998; Bahe et al., 2005). They are surrounded by 

an expanded PCM, which, while in a gel-like state, can still incorporate material and can also be 

divided to build the spindle body (Woodruff et al., 2017). Now the question arises whether cells 

actively alter the material state of the surrounding PCM, for instance through Dyrk3, to make the 

tightly connected centrioles more resistant to fracturing by mechanical forces, such as those oc-

curring during cell migration. Given the effects of centrosome fracturing on cell migration, this 

may potentially highlight the importance of preserving and regulating the integrity of other mem-

braneless organelles, such as stress granules, nucleoli, and splicing speckles, under mechanical 

stress. This consideration is particularly relevant as cells encounter mechanical stress during de-

velopment, tissue homeostasis, and disease, thus bringing these organelles into greater focus. 

4.4 FUNCTIONAL CONSEQUENCES OF CENTROSOME FRACTURING 

 

Centrosome fracturing upon rendering Dyrk3 non-functional results in the emergence of two 

functional MTOCs within a single cell. The individual centrioles are able to nucleate and anchor 

microtubules, and are equipped with a functional PCM, as it was demonstrated by immunofluo-

rescence staining of fractured centrosomes for α-tubulin, ninein, and γ-tubulin. Of note, there are 

minimal PCM fragments and no acentrosomal microtubule asters observed following fracturing. 

Despite the rapid and sudden nature of centrosome fracturing, the PCM persists in its association 

with the centrioles. Thus, upon centrosome fracturing, cells are suddenly equipped with two 
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equivalent MTOCs functioning as steering organelles. Importantly, cells typically display a hierar-

chical asymmetry between the centrioles of a centrosome, traditionally designated as mother and 

daughter centrioles. Due to the semiconservative mechanism of centrosome duplication, only the 

mother centriole possesses distal and subdistal appendages, which the newly formed daughter 

centriole will only acquire after the next duplication cycle (Kochanski & Borisy, 1990; Nigg & 

Stearns, 2011). The mother centriolar subdistal appendages are particularly associated with mi-

crotubule nucleation, as they recruit microtubule anchoring proteins such as ninein (Delgehyr et 

al., 2005). Consistent with this observation, the characterization of non-fractured centrosomes in 

dendritic cells using immunofluorescence staining and super-resolution microscopy confirmed 

that both centrioles function as a single functional unit at the center of a nucleating microtubule 

aster. Nevertheless, one centriole preferentially accumulates ninein, a characteristic feature of a 

mother centriole and the typical asymmetrical hierarchy (Piel et al., 2000; Nigg & Stearns, 2011). 

This raises the question of why both individual centrioles of a fractured centrosome exhibit the 

characteristics and appearance of mother centrioles. To further investigate this question, it would 

be logical to examine the localization and distribution of additional distal appendage (DA) and 

subdistal appendage (SDA) markers relative to the individual centrioles using immunofluores-

cence staining and super-resolution microscopy to see if both centrioles are fully decorated with 

appendages. This approach would provide a clearer understanding of whether, from a mechanis-

tic and functional perspective, there are indeed two mother centrioles. The most suitable markers 

for this purpose would include sodium channel and clathrin linker 1 (SCLT1) or CEP89 for distal 

appendages, and centriolin or CEP170 for subdistal appendages (Ma et al., 2023). Additional ex-

isting evidence indicating that both individual centrioles harbor appendages is the symmetric dis-

tribution of AKNA following centrosome fracturing. AKNA plays an essential role in organizing 

microtubules as part of the subdistal appendages of the mother centriole during brain develop-

ment and is critical for regulating cell delamination (Camargo Ortega et al., 2019). However, it 

remains unclear whether this suggests that the two individual centrioles are identified as mother 

centrioles and therefore actively equipped with appendages and needs to be further investigated. 

Notably, the composition and formation of distal and subdistal appendages are intricately linked 

to the centrosome duplication cycle and, consequently, to the cell cycle itself (Ma et al., 2023). Yet, 

dendritic cells are terminally differentiated cells that no longer undergo mitosis  (Worbs et al., 

2017; Weier et al., 2022). On one hand, this suggests that terminally differentiated cells must pos-

sess the capability to mature centrioles autonomously from the cell cycle and the cell cycle-de-

pendent expression of various DA and SDA regulators (Ma et al., 2023). On the other hand, it could 

also imply that the presence of individual centrioles might initiate signaling pathways that induce 

maturation. If this phenomenon is not driven by an active cellular process, the distribution of PCM 

and microtubules could potentially occur randomly on the two centrioles upon splitting. However, 

this would not account for the presence of ninein and AKNA at both centrioles. Overall, further 

investigation is required to elucidate precisely how both centrioles can establish equivalent 

MTOCs and why the daughter centriole retains the capacity to function as an MTOC instead of 

being deactivated, maintaining the mother centriole as the sole MTOC.  

As a consequence of centrosome fracturing upon Dyrk3 inhibition and the subsequent emergence 

of two MTOCs, cells with fractured centrosomes take particularly longer during cellular pathfind-

ing in complex microenvironments. This is accompanied by longer competing protrusions (de-

fined as the longest retracting protrusion), and more elongated cell shapes indicative of cellular 

entanglement. Surprisingly, the distance between individual centrioles and the time cells need to 

make a productive path decision even seem to correlate, suggesting a direct link between intra-

cellular coordination of protrusions and localization of the two steering organelles. Thus, it would 
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be interesting to see whether cellular entanglement is even more pronounced if the two MTOCs 

are located in two different protrusions compared to a less dispersed localization. This might also 

provide insights into how cells ultimately make a path decision. Although centrosome fracturing 

results in prolonged passing time, the majority of cells manage to navigate through the path junc-

tion, indicating a decision-making process and coordination of protrusions. To better understand 

how they accomplish this, it would be intriguing to investigate whether ultimately a centriole ran-

domly makes the decision or if additional mechanisms of cellular coordination are at play. Addi-

tionally, to directly demonstrate that the presence of the two MTOCs is the direct cause of entan-

glement, one could, for example, ablate one of the MTOCs during cell migration using a laser. In 

the case that two competing steering organelles are causative, one would expect cells with an ab-

lated MTOC to navigate better than cells that still possess both MTOCs. Alternatively, using light-

activatable photostatin-1, the microtubule network around one of the two MTOCs could be spe-

cifically depolymerized, and the effect on the speed of path decision-making measured (Borowiak 

et al., 2015). However, it should again be noted here that targeted depolymerization of microtu-

bules can lead to the release of proteins such as Lfc and induce retraction (Kopf et al., 2020). What 

already indicates that specifically centrosome fracturing is the cause of the migration defect is that 

cells whose centrosome was depleted using the PLK4 inhibitor centrinone, and thus cannot break, 

also show no effect on migration through complex environments when Dyrk3 is inhibited (Wong 

et al., 2015). Dendritic cells without a centrosome migrate as efficiently as cells with an unbroken 

centrosome, regardless of whether they are Dyrk3-inhibited or under control conditions. This 

shows that specifically a broken centrosome becomes a problem for cell migration. Importantly, 

these data do not necessarily mean that cells can migrate without an MTOC and microtubules. In 

fact, it is not unlikely that other organelles such as the Golgi apparatus instead take on the function 

as MTOC (Chabin-Brion et al., 2001). This could easily be investigated using immunofluorescence 

staining of α-tubulin in centrinone-treated cells. Together, these data indicate that centrosome 

fracturing and the resulting emergence of two MTOCs impair cellular navigation and lead to cel-

lular entanglement. What remains elusive so far is the long-term consequences of this phenome-

non. 

As already demonstrated, centrosome fracturing leads to a migration defect in complex microen-

vironments that require efficient cell navigation and coordination. However, it remains unclear 

whether cells become stuck or even undergo apoptosis in the long term as a result. When consid-

ering this in a more physiological context such as immune responses, it could impact the genera-

tion of strong immune responses because, for example, fewer dendritic cells reach the draining 

lymph node to present antigens. The latter could be further investigated, as discussed earlier, 

through an in vivo experiment such as the footpad injection. Tracking cells with fractured centro-

somes for a longer period of time during their migration could provide insights into longer-term 

consequences than those assessed during this study. This could also provide insights into whether 

cells are capable of reassembling and repairing fractured centrosomes. If this is the case, it could 

be imagined that the presumably necessary long-range interactions for this process are mediated 

by microtubules. In a similar mechanism to the microtubule-based linker itself, centrioles could 

be brought back together through crosslinking and antiparallel sliding mediated by kinesins (Hata 

et al., 2019). 

Analysis of Dyrk3-inhibited cells with non-fractured cells revealed that these cells exhibit a nor-

mal polarity, comparable to control cells, in terms of the nucleus-MTOC axis configuration and 

front-rear polarity with the polarity marker PH-Akt (Várnai & Balla, 1998). However, the effects 

of fracturing on polarity still require further investigation. One could hypothesize that the effect 
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of cellular entanglement and impaired coordination is due to an alteration in cell polarity resulting 

from the presence of two MTOCs.  

Altogether, the here presented data show that the centrosome is subject to mechanical forces dur-

ing cell migration, even leading to centrosome fracturing. These forces are exerted by the actomy-

osin cytoskeleton, although deciphering the underlying mechanism of force transmission requires 

further investigation. As a consequence of centrosome fracturing, two coexisting MTOCs emerge 

within a single cell, ultimately resulting in cellular entanglement and impaired pathfinding. Given 

that the centrosome as MTOC is crucial not only for cellular locomotion but also for trafficking, 

organelle positioning, and other functions, the question arises as to how centrosome fracturing 

also influences these roles (Conduit et al., 2015). Considering that cells experience mechanical 

forces not only during migration through the body, but also during other cellular functions, such 

as cardiac fibroblasts or vascular endothelium, these findings suggest a broad relevance of main-

taining centrosome coherence for physiology (Pesce et al., 2023; Lim & Harraz, 2024).  
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