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Protecting centrosomes from fracturing enables 
efficient cell navigation
Madeleine T. Schmitt1, Janina Kroll1, Mauricio J. A. Ruiz-Fernandez1, Robert Hauschild2,  
Shaunak Ghosh3, Petra Kameritsch1†, Jack Merrin2, Johanna Schmid1, Kasia Stefanowski1, 
Andreas W. Thomae4, Jingyuan Cheng5, Gamze Naz Öztan1, Peter Konopka3,  
Germán Camargo Ortega6,7‡, Thomas Penz8, Luisa Bach9, Dirk Baumjohann9, Christoph Bock8,10, 
Tobias Straub11, Felix Meissner5, Eva Kiermaier3, Jörg Renkawitz1*

The centrosome is a microtubule orchestrator, nucleating and anchoring microtubules that grow radially and exert 
forces on cargos. At the same time, mechanical stresses from the microenvironment and cellular shape changes 
compress and bend microtubules. Yet, centrosomes are membraneless organelles, raising the question of how 
centrosomes withstand mechanical forces. Here, we discover that centrosomes can deform and even fracture. We 
reveal that centrosomes experience deformations during navigational pathfinding within motile cells. Coherence 
of the centrosome is maintained by Dyrk3 and cNAP1, preventing fracturing by forces. While cells can compensate 
for the depletion of centriolar-based centrosomes, the fracturing of centrosomes impedes cellular function by 
generating coexisting microtubule organizing centers that compete during path navigation and thereby cause 
cellular entanglement in the microenvironment. Our findings show that cells actively maintain the integrity of the 
centrosome to withstand mechanical forces. These results suggest that centrosome stability preservation is fun-
damental, given that almost all cells in multicellular organisms experience forces.

INTRODUCTION
Cells inside multicellular organisms experience mechanical forces 
that originate from intracellular cytoskeletal dynamics and coupling 
to the extracellular microenvironment, such as to neighboring cells 
and extracellular matrix (1). At the same time, cells have to withstand 
these forces to prevent damage and preserve functionality, including 
the maintenance of nuclear integrity when they squeeze through 
narrow gaps (2, 3). The microtubule cytoskeleton is a major source of 
intracellular forces, moving cargos like vesicles during interphase 
and chromosomes during mitosis (4). Further, mechanical stresses 
from the microenvironment and shape changes exert forces on the 
microtubule cytoskeleton, which typically spans through the entire 
cell, resulting in microtubule compression or bending (5, 6). In many 
cells, the centrosome functions as a nucleator and anchor of microtu-
bules (7), which suggests that centrosomes evolved an architectural 

composition primed to withstand forces. Centrosomes are mem-
braneless organelles, composed of a centriolar pair that is connected 
by non-covalent linker proteins and a surrounding proteinaceous 
matrix (4). While the membraneless property of centrosomes is crit-
ical for their timed separation during cell division, linker proteins 
such as cNAP1 (CEP250) connect the centriolar pairs outside of cell 
division to maintain centrosome cohesion (8). However, how the 
centrosome responds to forces and maintains its integrity under 
forces remains unknown, raising the general question of how the me-
chanical integrity of the centrosome is maintained in nondividing 
cells while experiencing forces.

RESULTS
Migration in complex environments deforms 
the centrosome
As a model for cells that experience forces (9), we live-imaged mo-
tile mouse dendritic cells (DCs) that are terminally differentiated 
(10, 11) and nucleate microtubules only from the centrosome (12). 
To visualize the centrosome, we used DCs expressing centrin-2 
(CETN2)–green fluorescent protein (GFP) (13) as a marker for the 
pair of two centrioles within one centrosome. The two centrioles 
remained in close proximity of 0.5 to 1 μm with minor distance fluc-
tuations when cells migrated persistently along unidirectional paths 
along a chemotactic gradient (Fig. 1, A and B, and movie S1), in 
accordance with stable centriolar distances during centrosome co-
hesion in interphase cells (14). Even during minor directional 
changes along wider straight paths, the centriole pair moved in a 
coordinated manner (fig. S1, A and B). Yet, to our surprise, when the 
cells encountered path junctions, the distances between the pair of 
centrioles considerably increased, indicating stretching deforma-
tions (Fig. 1, C and D, and movie S1). Centrosome stretching was 
transient, as the initial centriolar distance was restored after produc-
tive path decisions (Fig. 1E and movie S1). These results suggested 
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Fig. 1. Centrosome deformations and breakage in motile cells. (A) Representative CETN2-GFP (centriole pair; black; enlargement in red dashed boxes)–expressing DCs 
stained with Hoechst (nucleus; blue) migrating along a unidirectional straight path (linear micro-channel). (B) Centriolar distance dynamics during migration along a 
unidirectional straight path; note the stable proximity of the individual centrioles. (C) As in (A), but migration through a path junction. Note the two cell fronts exploring 
the alternative paths. (D) Centriolar distance dynamics during a path decision; note the transiently increased distance between the individual centrioles. (E) Quantification 
of centriolar distances before, during, and after migration through path junctions, as well as during migration along narrow and wide linear paths. (F) Quantification of 
centriolar distances of cells that pass the junction either with two simultaneous explorative protrusions or DCs that immediately decide for one path alternative with one 
protrusion. (G) Representative CETN2-GFP (centriole pair; black; enlargement in red dashed boxes)–expressing DCs stained with Hoechst (nucleus; blue) migrating along 
a six-way path junction. Note the far-distant separation of the two centrioles upon cellular pathfinding. (H) Frequency of centrosome breakage during DC migration 
in environments of different complexity [n = 3 replicates (repl.): linear narrow paths, 42 cells; linear wide paths, 45 cells; three-way junctions, 72 cells; six-way junction, 
150 cells]. (I) Frequency of centrosome breakage during DC migration along a three-way path junction of cells that pass the junction either with two simultaneous explor-
ative protrusions or DCs that immediately decide for one path alternative with one protrusion (n = 3 repl.: 1 protrusion, 26 cells; 2 protrusions, 46 cells). (J) Path decision 
time of DCs migrating along a three-way path junction with an intact or fractured centrosome (n = 3 repl.: intact centrosome, 145 cells; fractured centrosome, 5 cells). Time 
is indicated as hours:minutes:seconds.
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that centrosomes are subject to deformations, likely by forces experi-
enced during migratory pathfinding, in line with historical observa-
tions of transient centriole separation during the adhesive spreading 
of neutrophils (15).

Migrating DCs extend simultaneous protrusions into alternative 
paths, a characteristic feature of motile cells exploring their micro-
environment (16–18). Thus, we compared centrosome deforma-
tions in DCs that either explored their path with two competing 
protrusions or immediately moved into one path with a single pro-
trusion. DCs with competing protrusions deformed their centro-
some transiently as the protrusions explored the alternative paths 
(Fig. 1, C, D, and F). Yet, cells that migrated with a single protrusion 
did not stretch the centrosome (Fig. 1F and fig. S1, C and D). To 
confirm centrosomal deformations, we generated DCs expressing 
the pericentriolar material (PCM) marker Pericentrin-dTomato and 
observed elongated PCM shapes at path junctions (fig. S9, D and E). 
These findings show that forces from competing protrusions deform 
the centrosome. Centrosome stretching deformations rarely result-
ed in centrosome breakage, but, if so, it only occurred during path 
exploration with multiple protrusions (Fig. 1, G to I). Given that 
centrosome breakage caused delays in pathfinding (Fig. 1J), these 
findings suggested that centrosomes are equipped with mechanisms 
to withstand forces actively.

Dyrk3 protects from centrosome fracturing
To screen for mechanisms that maintain centrosome integrity dur-
ing mechanical deformations, we established transcriptomics of mi-
grating DCs in collagen networks of different complexity (fig. S2A), 
based on the rationale that motile cells sample more complex envi-
ronments with more protrusions. Cluster analysis of differentially 
regulated genes revealed transcriptional adaptation to migration in 
more complex matrices (fig. S2B), including genes up-regulated in 
increasing collagen complexity (fig. S2C). Given that the centro-
some has features of membraneless biomolecular condensates (19–
21), we were particularly interested in observing the up-regulation 
of Dyrk3 (fig. S2D), a protein kinase shown to function as a regula-
tor of membraneless organelles (22), including its activity at the cen-
trosome for cell cycle progression into mitosis (23). To test the role 
of Dyrk3 for locomotion of nondividing interphase cells, we investi-
gated DCs in the presence of GSK-626616, a well-described small-
compound inhibitor of Dyrk3 (22,  23), while migrating through 
collagen matrices composed of heterogeneously sized pores compa-
rable to tissues, ranging from 1 to 5 μm smaller than the cellular 
diameter (24, 25). DCs showed reduced velocities during navigation 
through these matrices (Fig. 2A, fig. S2E, and movie S2), which we 
also observed in the presence of harmine (Fig. 2B and fig. S2F), an 
additional small-compound inhibitor of Dyrk-family proteins. Sim-
ilarly, DC migration toward lymphatic vessels in mouse ear explants 
and intravasation into the lymphatic vessels was reduced (Fig. 2, C 
and D). To test generality, we used human Jurkat T cells as another 
model for fast migration and observed decreased velocities and ac-
cumulated distances while maintaining comparable directionality 
toward a chemokine source in the presence of GSK-626616 (Fig. 2, 
E to G; fig. S2G; and movie S2). To confirm these findings on a ge-
netic level, we expressed a dominant-negative kinase-dead point 
mutant of Dyrk3 [enhanced green fluorescent protein (EGFP)–
DYRK3 K218M] (23) in Jurkat T cells and again observed reduced 
migration velocities and distances (Fig. 2, F and G, and movie S2). 
To test whether Dyrk3 plays a role in motility beyond immune cells, 

we loaded fibroblasts, a model for slow mesenchymal migration, 
into micropillar forests that mimic complex matrices but offer de-
fined microenvironments. While control cells moved substantially 
into the microenvironmental mazes, Dyrk3-inhibited and EGFP-
DYRK3 K218M expressing cells migrated less (Fig. 2H and fig. 
S2H). Overall, these findings show that functional Dyrk3 is required 
for efficient cell migration.

As we observed that Dyrk3 primarily localizes to the centrosome 
of motile cells (Fig. 2, I and J), we established phosphoproteomics of 
migrating cells to determine whether Dyrk3 regulates centrosomal 
proteins. We developed a large-scale chamber where 10 million DCs 
migrated toward a chemokine inside a collagen matrix (Fig. 2K). 
Upon phosphopeptide isolation and mass spectrometry, we identi-
fied known proteins regulated by Dyrk3, including SRRM1 and 
SRRM2 (22), centrosomal proteins such as PCM1 (26) and CLASP1 
(27), and, more recently, identified centrosomal proteins like AKNA 
(28) and Ndrg1 (29), as well as proteins with annotated centrosomal 
localization like SLC9A3R1 (30) and Ccdc88b (31) (Fig. 2K). Using 
immunofluorescence stainings for AKNA and Cdcc88b, we con-
firmed their localization to the centrosome of motile cells (Fig. 2L). 
Given the role of Dyrk3 as a biomolecular condensate dissolvase, we 
tested whether Dyrk3 regulates the physical properties of the cen-
trosome by measuring the diffusion properties of core centrosomal 
proteins by fluorescence recovery after photobleaching (FRAP). We 
selected CEP120 as a centrosomal protein with well-known fast dif-
fusion properties (32) and observed slower diffusion rates upon ren-
dering Dyrk3 nonfunctional (fig. S3, A and E), indicating altered 
centrosomal material properties. Similarly, Dyrk3 itself showed 
quick diffusion properties that were decreased by its inhibition, 
while the less diffusive proteins AKNA and Pericentrin were not af-
fected (fig. S3, B to E).

Considering this role of Dyrk3 in regulating centrosomal prop-
erties, we tested whether Dyrk3 regulates centrosome integrity. We 
imaged CETN2-GFP–expressing DCs during navigation through 
path junctions. Before the path junction, the centrioles located in 
proximity and moved synchronously (Fig. 3, A and B), indicating 
centrosome cohesion in intact centrosomes. Yet, once the cells en-
countered multiple paths, the pair of centrioles frequently broke 
into far distantly located and individually moving centrioles when 
Dyrk3 was nonfunctional (Fig. 3, A, D, and E; and movie S3). Cen-
trosome breakage was sudden and fast, with separation velocities in 
the range of micrometers per minute (Fig. 3, B and C), showing a 
fracture-like behavior of the centrosome and indicating strong op-
posing forces acting onto the centrosome. Centrosome fracturing 
only occurred at path junctions, but not during migration along 
straight paths (Fig. 3, D and E; fig. S4A; and movie S3). To confirm 
these results in deformable matrices, we analyzed centrosome integ-
rity during migration in collagen. In the presence of GSK-626616, 
DCs showed broken pairs of centrioles, resulting in individual cen-
trioles that can be located in different subcellular regions (Fig. 3, F 
to H). To observe the behavior of broken centriole pairs over time, 
we established an under-agarose migration assay with bead obsta-
cles to follow cells during pathfinding over hundreds of microme-
ters (fig. S5, A to E). This revealed that centrioles were able to 
reestablish cohesion, typically when they only separated for short 
distances (Fig. 3, I and J). In most cases, however, centrosome frac-
turing caused long-term splitting of the centriolar pair (Fig. 3, I and 
J). These findings establish that centrosomes are prone to breakage 
when Dyrk3 is nonactive and when DCs navigate their paths. To test 
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Centrosome fracturing during cellular navigation 
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Fig. 3. The centrosome fractures during cellular pathfinding in the absence of Dyrk3 activity. (A) Dynamics of the centriole pair (CETN2-GFP; black) during DC migration along 
a six-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. The nucle-
us is stained with Hoechst (blue). Time is indicated as hours:minutes:seconds. (B) As in (A), showing the detailed kinetics of the centriole pair. (C) As in (A), showing the detailed veloc-
ity of the separation of the centriole pair. (D) Frequency of centrosome breakage (defined as distance > 1.5 μm between the centrioles) and (E) maximal distance of individual 
centrioles during DC migration along path junctions (six-way) or unidirectional paths. NA, not applicable; statistical testing is not applicable due to low numbers of fracturing events 
under control conditions. (F) Representative DC during migration in a deformable collagen matrix in the presence of 5 μM GSK-626616 or DMSO (control). (G) Percentage of cells with 
broken centrosomes and (H) maximal distance of individual centrioles during DC migration in 3D collagen matrices 2 hours after the start of migration. NA, not applicable; statistical 
testing is not applicable due to low numbers of fracturing events under control conditions. (I) Long-term centriole dynamics during Dyrk3-inhibited (5 μM GSK-626616) DC migration 
through bead obstacles underneath an agarose layer after centrosome fracturing showing representative examples of “repairing” and “non-repairing” cells. (J) As in (I), quantifying 
the frequency of long-term consequences and corresponding maximal distance of individual centrioles during DC migration upon centrosome fracturing.
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whether Dyrk3 is generally required to maintain mechanical stability 
of the centrosome during cell motility, we loaded amoeboid migrat-
ing T cells as well as mesenchymal migrating fibroblasts into mazes 
upon their transfection with CETN2-GFP. While nonactive Dyrk3 
did not cause major effects on centrosome integrity when both cell 
types moved on two-dimensional (2D) substrates, migration within 
pathfinding mazes led to centrosome fracturing (Fig. 4, A to F). 
Overall, these data identify that centrosomes are prone to mechani-
cal breakage in the absence of Dyrk3 activity.

The centriolar pair in the centrosome is well-known to be con-
nected by a protein-based linker that involves cNAP1 (33), and RPE1 
cells with a knockout in cNAP1 migrate slower on 2D substrates (8). 
To identify whether this known linker mechanism is involved in 
maintaining centrosome integrity under forces during navigational 
pathfinding, we generated a conditional knockout of cNAP1 
(CEP250) in CETN2-GFP–expressing DCs (fig. S6, A to F). Analysis 
revealed increased centriolar distances and centrosomal fracturing 
rates when cells transitioned through path junctions (Fig. 5, A and 
B). To investigate whether this was due to competing protrusions, we 
analyzed the centrosomal fracturing rate and only observed in-
creased fracturing rates when cells explored their path with compet-
ing protrusions (Fig. 5C). When we targeted Dyrk3 and cNAP1 
simultaneously, centrosome fracturing rates were not significantly 
increased compared to their individual targeting, indicating their 
function in the same protective pathway (Fig. 5B). Together, these 
data establish that the centrosome is prone to breakage by migratory 
forces, requiring protective mechanisms mediated by the known 
centriolar linker cNAP1 and the here identified role of Dyrk3 in cen-
trosome cohesion.

Forces causing centrosome fracturing
To identify the forces causing centrosome fracturing, we aimed to dis-
entangle extracellular from intracellular forces. First, we exposed cells 
to environmental confinement by squeezing the cells between two 
layers (34), causing only occasional centrosome fracturing in a Dyrk3-
dependent manner (fig. S4, B and C). Similarly, we detected occasional 
centrosome deformations during cellular squeezing through narrow 
2-μm pores, while centrosome stretching already occurred during 
translocation through wider 3-μm pores when Dyrk3 was nonactive 
(fig. S7, A to D, and movie S4). These data suggest that mechanical 
stresses from the microenvironment cause centrosome deformations. 
Nevertheless, centrosome fracturing was more frequent during cellu-
lar pathfinding, suggesting that intracellular forces from competing 
protrusions may cause larger centrosome deformations. To combine 
both environmental confinement and competing protrusions, we em-
bedded micrometer-sized beads as path obstacles between two layers, 
generating confined cells that have to navigate (fig. S5, A to C) and 
observed high rates of centrosome fracturing when Dyrk3 was non-
functional (fig. S4, D and E). These findings suggest that, while cellu-
lar confinement within the microenvironment can lead to centrosome 
fracturing, fracturing occurs more frequently due to intracellular 
forces derived from competing protrusions.

To identify the source of intracellular forces causing centrosome 
deformations and fracturing, we focused on the actomyosin cyto-
skeleton, as actin is known to locate at the centrosome of lympho-
cytes (35,  36) and DCs (11) (Fig. 5D) and as actomyosin forces 
contribute to centriole separation during cell cycle progression (37). 
To address whether actomyosin forces cause centrosome fractur-
ing, we exposed DCs to path junctions and low doses of the actin 

inhibitor Latrunculin. This allowed functional migration (18) but 
prevented centrosome fracturing when Dyrk3 is nonactive (Fig. 5E, 
fig. S8A, and movie S5). Similarly, inhibition of myosin reduced the 
rates of centrosome fracturing (Fig. 5E, fig. S8A, and movie S5). To 
corroborate this finding, we inhibited actin and myosin in DCs with 
conditional knockouts of the known centriolar linker protein cNAP1 
and observed reduced centrosome fracturing during pathfinding 
upon actin inhibition but, to a lesser extent, upon myosin inhibition 
(Fig. 5E and fig. S8B). When we inhibited Arp2/3 or formin actin 
nucleators, centrosome fracturing in conditional cNAP1 knockouts 
and Dyrk3-inhibited cells was reduced upon formin inhibition (fig. 
S8C). Moreover, using the PCM marker Pericentrin, we observed di-
minished PCM deformations upon actin inhibition (fig. S8, C and 
D). Thus, forces from the actomyosin cytoskeleton lead to centro-
some fracturing during cellular pathfinding.

Centrosome fracturing generates coexisting MTOCs
Experimental centriole depletion often results in mild cellular 
phenotypes (38), including migration without centrioles, as other or-
ganelles like Golgi membranes (39) can function as alternative 
microtubule-organizing centers (MTOCs) (4, 40, 41), compensating 
for centriole-based MTOCs. Our findings on centrosome fracturing 
raised the possibility that the consequences of fractured centrosomes 
are entirely different from experimental centrosome depletion. To 
investigate this hypothesis, we visualized the microtubule cytoskele-
ton, unexpectedly observing separate MTOCs around individual 
centrioles upon centrosome fracturing following Dyrk3 inhibition 
(Fig. 5, F and G, and fig. S9A) and in the rare cases of centrosome 
fracturing in WT cells when centrosomal shielding mechanisms are 
in place (fig. S10, A and B). In contrast, intact centriole pairs formed 
single MTOCs as revealed by stimulated emission depletion (STED) 
microscopy (fig. S9, B and C), which asymmetrically localized the 
microtubule-anchoring protein ninein (7, 42), and efficiently nucle-
ated microtubules tracked by EB3-positive plus ends (fig. S9, D to F), 
even when Dyrk3 was inhibited (Fig. 5F; fig. S9, D to F; and movie S6).

These results suggested that broken centrosomes can form co-
existing functional MTOCs within one cell. To confirm this finding, 
we engineered DCs to stably express CETN2-GFP and EB3-mCherry 
as centriolar and MTOC markers (18, 24), identifying by live-cell 
imaging two coexisting MTOCs in most cells upon centrosome 
fracturing (fig. S10, C and D). Microtubules detached only occa-
sionally (fig. S9G) and ninein mostly localized to both centrioles 
upon fracturing (Fig. 5H and fig. S11A), suggesting functional mi-
crotubule anchoring. Similarly, the microtubule nucleator γ-tubulin 
and the centrosomal protein AKNA localized around both centri-
oles after fracturing (Fig. 5, I and J, and fig. S11, B and C). Thus, 
centrosome fracturing leads to the emergence of functional coexist-
ing MTOCs within single cells.

Centrosome fracturing impedes cellular navigation
Given the importance of single MTOCs as a steering organelle dur-
ing cellular locomotion (12, 24), we investigated the functional con-
sequences of coexisting MTOCs for moving cells. Rendering the 
centrosome prone to fracturing by impairing Dyrk3 activity resulted 
in unaffected migration along straight paths and through narrow 2-
μm constrictions (Fig. 6, A and B; fig. S12, A to C; and movie S7). 
This is consistent with microtubules being dispensable for unidirec-
tional movement, as the actin cytoskeleton is the driving force for 
locomotion (9, 43). In contrast, DCs moving through micro-channels 
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Quantification of centrosome fracturing in 3T3 fibroblasts during cell migration
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Fig. 4. Centrosome fracturing during Jurkat T cell and 3T3 fibroblast migration. (A) Representative CETN2-GFP (centriole pair; black; enlargement in red dashed 
boxes) expressing Jurkat T cells migrating along micropillars in the presence of 5 μM GSK-626616 or DMSO (control). (B) Frequency of centrosome breakage classifying the 
short and long distantly separated individual centrioles, and (C) maximal distance of individual centrioles during Jurkat T cell migration in 3D micropillars with narrow and 
wide mazes in the presence of 5 μM GSK-626616 or DMSO (control) [n = 3 repl.; DMSO: 43 cells (wide mazes), 60 cells (transition wide-narrow), and 24 cells (narrow mazes); 
GSK-626616: 62 cells (wide mazes), 31 cells (transition wide-narrow), and 22 cells (narrow mazes)]. (D) Representative CETN2-GFP (centriole pair; black; enlargement in red 
dashed boxes) expressing 3T3 fibroblasts migrating along micropillars in the presence of 5 μM GSK-626616 or DMSO (control). (E) Frequency of centrosome breakage 
classifying the short and long distantly separated individual centrioles, and (F) maximal distance of individual centrioles in 3T3 fibroblasts on 2D and during migration in 
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blebbistatin, or control (DMSO). (F) Immunofluorescence of Dyrk3-inhibited (5 μM GSK-626616) CETN2-GFP (red, arrows)–expressing DCs upon migration through bead 
obstacles underneath an agarose layer showing representative examples of intact and fractured centrosomes. Anti–α-tubulin (black) and DAPI (blue) visualize the micro-
tubule cytoskeleton and the nucleus, respectively. (G to J) Quantification of microtubule aster formation (G), the microtubule anchoring protein ninein (H), the microtu-
bule nucleator γ-tubulin (I), and Akna (J) upon breakage of the centrosome. Time is indicated as hours:minutes:seconds.
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with either three-way or six-way junctions needed longer to perform 
path decisions in the presence of GSK-626616 (Fig. 6C; fig. S12, D 
and E; and movie S7). These data suggested that the emergence of 
coexisting MTOCs upon centrosome fracturing impairs pathfind-
ing. To test generality, we measured the migration properties of T 
cells upon the expression of the kinase-dead point mutant of DYRK3 
or Dyrk3 inhibition, showing delayed pathfinding, while migration 
along straight paths was unaffected (Fig. 6, D to F; fig. S13, A to C; 
and movie S8).

In line with a pathfinding phenotype, DCs and Jurkat T cells that 
either express the kinase-dead point mutant of DYRK3 or are inhib-
ited by GSK-626616 showed elongated shapes (fig. S14, A to C). To 
exclude a cell polarity defect due to Dyrk3 nonfunctionality inde-
pendent of centrosome fracturing, we measured the configuration 
of the nucleus-MTOC axis as a polarity marker, revealing a normal 
nucleus-forward configuration (fig. S15, A and B, and movie S9). To 
confirm a normal polarity in cells with nonactive Dyrk3 and intact 
centrosomes, we genetically engineered DCs to express the PIP3/
PI(3,4)P2 sensor PH-Akt, a well-established polarity marker (44). 
Directionally migrating cells showed a preferentially forward local-
ization of PH-Akt, which remained unchanged upon impairing 
Dyrk3 activity (fig. S15, C to E, and movie S9). Together, 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.

Thus, we tested the direct consequences of the emergence of two 
MTOCs upon centrosome fracturing by live-cell imaging during 
path decisions. This revealed that specifically cells with fractured 
centrosomes had longer competing protrusions (Fig. 6H) and re-
quired more time for productive pathfinding (Fig. 6K), where even 
the delay of passage correlated with the separation distance between 
fractured centrosome parts (Fig. 6I). In a cell race–like scenario, 
where cells must continuously perform path decisions like in tis-
sues, cells with broken centrosomes and multiple MTOCs migrated 
substantially shorter distances than cells with intact centrosomes 
(fig. S16, A to C). Further, live-cell imaging of emerging MTOCs 
upon centrosome fracturing revealed delayed path decisions spe-
cifically when broken centrosomes formed competing MTOCs (Fig. 
6J). Thus, only the emergence of coexisting MTOCs impairs cellular 
pathfinding. In contrast, cells without any centriole but with a single 
functional MTOC (fig. S17, B and C) (45), generated by the PLK4 
inhibitor centrinone (46), showed normal migration during path-
finding, even if Dyrk3 is nonactive (Fig. 6G, fig. S17A, and movie 
S10). Thus, while cells are effective in compensating for experimen-
tally induced centriole depletion, they must protect their centro-
some from forces to prevent fracturing and the emergence of 
competing MTOCs. Together, these findings discover centrosome 
deformations that can lead to centrosome fracturing, which im-
pedes cell functionality by generating coexisting MTOCs and causes 
entanglement in the microenvironment.

DISCUSSION
How membraneless organelles (47) respond to mechanical forces 
and withstand them is largely unknown. The centrosome is a cellu-
lar membraneless organelle (14,  48–50) that undergoes a highly 
regulated and timed separation during cell division. While the ab-
sence of a surrounding membrane is critical for this controlled sepa-
ration at each cell division, our findings discover that centrosomes 

are exposed and susceptible to deformations in nondividing cells 
due to both extracellular and intracellular forces during the migra-
tion of cells. Specifically, we identify that forces are transmitted to 
the centrosome during cell migration through confining or complex 
environments during cellular squeezing and navigational pathfind-
ing, where, in particular, forces from the actin cytoskeleton deform 
and even fracture the centrosome. This indicates a mechanical na-
ture of centrosome fracturing and that actin forces act not only as 
intracellular organelle “movers” but also as “destroyers.”

Our data not only discover that centrosomes are exposed to forc-
es but reveal that the integrity of the centrosome is protected by the 
kinase Dyrk3. However, whether the previously described function 
of Dyrk3 as a phase condensate dissolvase is involved in this mecha-
nism remains to be identified, as well as the precise mechanisms of 
actin-based force transmission to the centrosome that may involve 
either actin directly at the centrosome or a connection from force-
generating actin pools at cellular protrusions to the centrosome. 
Our data further identify that the previously known centriolar link-
er protein cNAP1 is required to maintain centrosome cohesion 
when cells are exposed to forces experienced during cell migration 
through 3D environments. While a knockout of cNAP1 leads to vi-
able mice [but causes male infertility; (51)], our data in DCs indicate 
an important function of cNAP1 given that the low knockout rates 
of around 20% on the allelic level in the used conditional knockout 
system correlate with a similar rate of centrosome fracturing at path 
junctions, potentially indicating a critical role of cNAP1 in DC-
mediated immune responses and more broadly in a functional im-
mune system.

Our findings further establish that these centrosomal shielding 
mechanisms protect cells from the detrimental formation of multi-
ple MTOCs around broken centrosome fragments. These MTOCs 
around individual centrioles nucleate microtubules and show local-
ization of the microtubule anchoring protein ninein, indicating 
proper MTOC functionally. Our data show that, specifically, the 
emergence of more than one MTOC causes defects in cellular 
decision-making at path junctions, leading to the entanglement of 
motile amoeboid and mesenchymal cells in the matrix upon centro-
some fracturing.

Overall, our findings identify the importance of maintaining 
centrosome integrity for cellular functionality and tightly regulating 
MTOC numbers. Further, they indicate that cellular behaviors re-
sulting from centrosome breakage differ from those arising from 
experimental centriole depletion. Beyond its relevance for cells mov-
ing in multicellular organisms, such as during immune surveillance 
and cancer cell motility, our findings suggest the fundamental con-
cept that cells have to preserve the integrity of the centrosome and 
other membraneless organelles by shielding mechanisms whenever 
they experience mechanical forces, such as during development, 
tissue homeostasis, or disease. Further, these findings add to the 
emerging concept that intracellular organelles are not only actively 
positioned (18, 52–54) but also experience physical forces (55, 56), 
requiring their shielding to maintain cellular functionality.

MATERIALS AND METHODS
Cell culture
All cells were grown and maintained at 37°C in a humidified incuba-
tor with 5% CO2. Jurkat T cells were cultured in R10 medium at a cell 
density of 0.1 × 106 to 1.5 × 106 cells/ml. 3T3 fibroblasts were cultured 
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in Dulbecco’s modified Eagle’s medium (DMEM; 31885, Gibco) sup-
plemented with 10% fetal calf serum (FCS), penicillin (100 U/ml), 
streptomycin (100 mg/ml), and 0.1 mM 2-mercaptoethanol (all Gibco) 
at 70 to 80% confluency. DCs were differentiated either from bone 
marrow isolated from male C57Bl6/J wild-type mice (aged 8 to 
12 weeks) or from Hoxb8 (57) precursor cell lines [CETN2-GFP 
(11), EB3-mCherry (12), Lifeact-GFP and EMTB-mCherry, CETN2-
GFP and EB3-mCherry, CETN2-GFP and PH-Akt-dTomato, PCNT-
dTomato and CETN2-GFP and indCas9 sgC-NAP1]. Cells were 
cultured in R10 medium [RPMI 1640 and 10% FCS, 2 mM  l-
glutamine, penicillin (100 U/ml), streptomycin (100 mg/ml), and 
0.1 mM 2-mercaptoethanol, all Gibco] supplemented with 10% 
granulocyte-macrophage colony-stimulating factor hybridoma su-
pernatant. On differentiation days 3 and 6, fresh medium was added. 
CETN2-GFP and indCas9 sgC-NAP1 Hoxb8 cells were grown and 
maintained in a conditioned medium supplemented with blasticidin 
(10 μg/ml) and puromycin (3 μg/ml). Cas9 expression was induced 
by the addition of doxycycline (1 μg/ml) on differentiation day 0 and 
continued by the addition of doxycycline (2 μg/ml) on days 3 and 6. 
For migration experiments, either fresh or thawed DCs (differentia-
tion day 8) were stimulated by adding lipopolysaccharide (200 ng/
ml; Escherichia coli O26:B6; MilliporeSigma) for 24 hours to induce 
cell maturation. For centriole depletion experiments, differentiating 
DCs were treated with a final concentration of 500 nM centrinone B 
[Bio-Techne; dissolved in dimethyl sulfoxide (DMSO)] on differen-
tiation days 2, 3, 6, 7, and 8. As described previously (46), PLK4 inhi-
bition upon centrinone B treatment prevents the formation of new 
daughter centrioles, while preexisting centrioles are further distrib-
uted during cell division. Consequently, when added over multiple 
rounds of cell division, centrinone B treatment ultimately results in a 
mixed cell population composed of cells with no, one, two, or even 
multiple centrioles at the same time (11, 45, 46).

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.

Flow cytometry analysis
DC maturation was routinely checked for surface expression of 
CD11c and major histocompatibility complex class II (MHCII). Af-
ter Fc receptor blockage using an anti-mouse CD16/32 antibody 
(14-0161-85, Invitrogen) diluted in fluorescence-activated cell sort-
ing (FACS) buffer [1% bovine serum albumin (BSA) and 2 mM 
EDTA in phosphate-buffered saline (PBS)], cells were stained with 
anti-mouse CD11c and anti-mouse MHCII antibodies (17-0114-82 
and 48-5321-82, both Invitrogen). Flow cytometry analysis was per-
formed on a CytoFLEX S flow cytometer (Beckman Coulter).

Transgenic cell lines and transgene delivery
Generation of inducible Cas9 hematopoietic 
progenitor cell line
Hematopoietic progenitor cell lines were generated by retroviral delivery 
of an estrogen-regulated form of Hoxb8 as described recently (57, 58). 
Briefly, the bone marrow of 8- to 12-week-old CETN2-GFP–expressing 
mice was isolated and retrovirally transduced with an estrogen-regulated 
form of the HOXB8 transcription factor. Cells were cultured in an 

estradiol-containing medium to allow expression of HOXB8. To gen-
erate an inducible Cas9 cell line, a lentiviral approach was applied.

For lentivirus production, 106 human embryonic kidney 293 FT 
cells were seeded. A plasmid mix containing psPAX2 (packaging 
plasmid, gift from D. Trono; Addgene, plasmid no. 12260), pMD2.G 
(envelope plasmid, gift from D. Trono; Addgene, plasmid no. 12259), 
and indCas9-Blast (Horizon Discovery, CAS 11229) (2:3:4 mass 
ratio) in a total concentration of 8 ng/ml was transduced. After 5 hours, 
the medium was changed with prewarmed DMEM. Lentivirus was 
harvested 48 hours later by collecting and filtering the supernatant 
through a 0.45-μm filter. For lentiviral transduction, a cell suspen-
sion of HOXB8 cells at 0.3 × 106/ml supplemented with polybrene 
(8 μg/ml; TR-1003-G, Merck Millipore) was prepared, along with 
different virus concentrations. Cells were spinfected by centrifuging 
at 1500g for 90 min at 32°C. After spinfection, 1.5 ml of fresh medi-
um was added. After 1 day, the medium was renewed to reduce poly-
brene. Selection with blasticidin (10 μg/ml) was initiated after 3 days, 
and, after 7 days, cells with a multiplicity of infection of 0.04 were 
selected for further use.
CRISPR-knockout generation
To generate C-NAP1–specific knockouts of immortalized hemato-
poietic progenitor reporter cell lines, a lentiviral CRISPR-Cas9 approach 
was applied. Single-guide RNAs were designed using CHOPCHOP. Top- 
and bottom-strand primers were designed, containing distinct over-
hangs (top primer, 5′-CACCGGTGCATGAGCGTGCCGACGA-3′; 
and bottom primer, 5′-AAACTCGTCGGCACGCTCATGCACC-3′) 
needed for cloning and U6 promoter-dependent transcription. Top- 
and bottom-strand primers were resuspended to a concentration of 
100 μM, annealed, and cloned into the CROP-Seq_Guide_Puro plas-
mid (a gift from C. Bock; Addgene, no. 86708) (59). Virus produc-
tion and infection were carried out as described above. Seventy-two 
hours postinfection, cells were washed to remove the remaining 
viruses, and a selection medium containing puromycin dihydrochlo-
ride (3 μg/ml) was added.

To determine indel frequency, 1 × 105 cells from each condition 
were harvested, resuspended in 75 μl of cell lysis buffer (25 mM 
NaOH and 0.2 mM EDTA), and incubated at 95°C for 30 min. Fol-
lowing neutralization with 75 μl of cell neutralization buffer (40 mM 
tris-HCl, pH 5.5), 20 μl of neutralized cell lysate was used to perform 
DNA amplification with the Platinum Hot Start PCR Mix (13001013, 
Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions for 34 cycles (forward primer, 5′-ACACTCTTTCCCTACAC-
GACGCTCTTCCGATCTCTGGCACTCTACCTCCTTCTCCT-3′; 
and reverse primer, 5′-TGACTGGAGTTCAGACGTGTGCTCTTC-
CGATCTGGTGCTGCAGAAGGAAAGGATTC-3′; annealing tem-
perature, 55°C). The first polymerase chain reaction (PCR; 1 μl) was 
used for the secondary barcoding PCR (M0541S, Thermo Fisher Sci-
entific). After column purification and NanoDrop quantification, 
samples were sequenced using an Illumina Miseq machine. After-
ward, data were analyzed using the Outknocker online tool (www.
outknocker.org/outknocker2.htm) (60).
Fluorescent reporter constructs
Generation of a N-terminal dTomato fusion construct of Pericentrin 
was performed by amplifying Pericentrin from a red fluorescent 
protein (RFP)–Pericentrin encoding plasmid (a gift from M. Heuze) 
(61) using a Bsr GI restriction site containing forward (5′-CGAGCT-
GTACAAGGGTGGTTCTGGTGAGCAAAAGC-3′) and an Eco RI 
restriction site containing reverse (5′-GGAACGAATTCCTACT-
GTTTAATCATCGGGTGGC-3′) primer pair. N-terminal dTomato 
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fusions constructs of PH-Akt were generated by amplifying PH-Akt 
from a PH-Akt-GFP encoding plasmid (gift from T. Balla;

Addgene, no. 51465) (44) using a Bsr GI restriction site containing 
forward (5′-CGAGCTGTACAAGGGTGGTTCTGGTAGCGAC-
GTGG-3′) and an Eco RI restriction site containing reverse (5′-GGAA
CGAATTCCTAGGTGGCGACCGGTGG-3′) primer pair. After Bsr 
GI and Eco RI digestion, DNA fragments encoding Pericentrin and 
PH-Akt were cloned into a pLenti6.3/TO/V5-DEST backbone con-
taining dTomato (a gift from E. Snaar-Jagalska; Addgene, plasmid 
no. 106173) using the Quick Ligation Kit. The correct sequence and 
orientation of clones were verified by sequencing (Eurofins).

Generation of the pmaxGFP construct was performed by ampli-
fying GFP from pcDNA5/FRT/TO-GFP (a gift from H. Kampinga; 
Addgene, plasmid no. 19444) using an Eco RI restriction site con-
taining forward (5′-TAAGCAGAATTCATGGTGAGCAAGGGC-
GAGGA-3′) and a Bam HI restriction site containing reverse (5′- 
TGCTTAGGATCCCTACTTGTACAGCTCGTCCATGC-3′) primer 
pair. Generation of pmax-GFP-Dyrk3-K218M constructs was per-
formed by amplifying GFP-Dyrk3-K218M from pcDNA5-Dyrk3-
K218M-GFP (a gift from L. Pelkmans and D. Dormann) using an 
Eco RI restriction site containing forward (5′-TAAGCAGAATTC
ATGGTGAGCAAGGGCGAGGA-3′) and a Bam HI restriction site 
containing reverse (5′-TGCTTAGGATCCCTAGCTAATCAGTTT
TGGCAATA-3′) primer pair. After Eco RI and Bam HI digestion, 
DNA fragments were subcloned into a pmaxCloning (Lonza, catalog 
no. VDC-1040) using the Quick Ligation Kit. The correct sequence 
and orientation of clones were verified by sequencing (Eurofins).

The fluorescent plasmid DNA reporter constructs coding for EB3-
mCherry and EMTB-mCherry were a gift from M. Sixt (Institute of 
Science and Technology, Vienna, Austria). M. Götz (Institute for Phys-
iological Genomics, Munich, Germany) provided Akna constructs. 
CEP120 constructs were a gift from T. Tang (Addgene, no. 50382) (62).
Transgene delivery of fluorescent reporter constructs
For stable expression, lentiviral transduction of Hoxb8 cells was 
performed. Lentivirus was produced by cotransfecting LX-293 cells 
with the respective fusion construct encoding plasmid in combina-
tion with pMD2.G (a gift from D. Trono; Addgene, plasmid no. 
12259) and psPAX2 (a gift from D. Trono; Addgene, plasmid no. 
12260). The supernatant of virus-producing cells was harvested 
48 hours after transfection and either used directly for lentiviral trans-
duction or stored at −80°C. After lentiviral infection in the presence 
of polybrene (3 μg/ml), Hoxb8 cells were selected for stable virus 
insertion using blasticidin (10 μg/ml) for at least 1 week. Following 
cell expansion, Hoxb8 cells expressing fluorescent reporter constructs 
were sorted using FACS on a FACSAriaFusion (BD Biosciences) 
equipped with four lasers (405, 488, 561, and 640 nm).

For transient expression of fluorescent reporter constructs, Jurkat 
T cells and 3T3 fibroblasts were electroporated with plasmids en-
coding the respective constructs 16 or 48 hours before the experi-
ment, respectively, using the Neon Transfection system (Invitrogen) 
with three pulses at 1600 V for 10 ms each.

Dyrk3 localization was analyzed by co-electroporating Jurkat T 
cells with pcDNA5-Dyrk3-WT-GFP (22) (a gift from L. Pelkmans and 
D. Dormann) and mCherry-Centrin2-N-10 (a gift from M. Davidson; 
Addgene, plasmid no. 55018). The next day, cells were injected in 
an under-agarose migration assay as described below, and mCherry+ 
GFP+ cells were imaged.

For validation of Dyrk3 inhibition–mediated effects on migration, 
Jurkat T cells were transfected either with pcDNA5/FRT/TO-GFP 

(63) (a gift from H. Kampinga; Addgene, plasmid no. 19444) as control 
or pcDNA5-Dyrk3-K218M-GFP (22) (a gift from L. Pelkmans and 
D. Dormann) encoding for a dominant-negative point-mutant Dyrk3, 
respectively. The next day, cells were prepared for FACS on a FACSAri-
aFusion (BD Biosciences) equipped with four lasers (405, 488, 561, and 
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.

For validation of Dyrk3 inhibition–mediated effects on mesen-
chymal migration, 3T3 fibroblasts were electroporated either with 
pmax-GFP as control or pmax-Dyrk3-K218M-GFP, respectively. 
Afterward, cells were directly used for downstream migration assays 
as described below.

Micro-fabricated devices
Micro-fabricated devices were prepared as described previously 
(64). Briefly, microstructures were replicated from custom-made 
wafers produced by photolithography or epoxy replicates as templates, 
with defined width, height, length, and pore sizes. The height of the 
microstructures ranged between 4 and 5 μm to allow cell confine-
ment from top and bottom. Wide straight channels had a width 
of 50 μm. Narrow straight channels, channels with constrictions, 
three-way pathfinding channels, and six-way pathfinding channels 
had a width of 8 μm, thereby confining cells from all sides. Distance 
between two six-way crossings was 90 μm. The pore size of micro-
channels with constrictions was 2, 3, or 4 μm as indicated. 3D micro-
pillars for Jurkat T cells had a height of 5 μm, with pillars of 20-μm 
diameter and distance in wide mazes and with pillars of 7-μm diameter 
and 4-μm distance in narrow mazes. 3D micropillars for 3T3 fibro-
blasts had a height of 7.6 μm with pillars of 7-μm diameter and 6- or 
10-μm distance between pillars.

Polydimethylsiloxane (PDMS; 10:1 mixture of Sylgard 184, Bies-
terfeld) was added onto the template structures to generate replica 
of the microstructures. 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. 
Using a plasma cleaner, the PDMS device was bonded to clean glass 
coverslips. PDMS devices were then placed at 120°C for 10 min, fol-
lowed by overnight incubation at 80°C to permanently bond them 
to the glass surface.

Live-cell migration assays
For live-cell imaging, cell nuclei were visualized by preincubating 
cells for at least 30 min with NucBlue (Invitrogen) according to 
the manufacturer’s instructions, followed by washing. For phar-
macological inhibition experiments, final concentrations of 1 to 
10 μM GSK-616626 (Tocris; dissolved in DMSO), 10 to 100 μM 
harmine (Sigma-Aldrich; dissolved in DMSO), 50 nM Latrunculin 
A (Sigma-Aldrich; dissolved in DMSO), 50 μM CK666 (Sigma-
Aldrich; dissolved in DMSO), 15 μM Smifh2 (Bio-Techne; dissolved 
in DMSO), and 25 μM para-nitro-blebbistatin (Motorpharma; 
dissolved in DMSO) were used as indicated. Control samples 
were treated with DMSO in the corresponding dilution.
Micro-channel migration assays
Before the experiment, PDMS devices were flushed with phenol-free 
R10 medium supplemented with 50 μM l-ascorbic acid (Millipore-
Sigma) and inhibitors if needed according to the experimental setup. 
After incubation at 37°C and 5% CO2 in a cell culture incubator for 
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at least 1 hour, devices were used for downstream experiments. Then, 
CCL19 (0.625 μg/ml; DCs) or CXCL12 (1.25 μg/ml; T cells) was 
loaded into the chemokine loading hole to establish a chemokine 
gradient, followed by addition of 0.3 × 105 to 0.5 × 105 cells into the 
second loading hole. For 3T3 fibroblast micropillar assays, 3 × 105 cells 
were loaded into one loading hole 24 hours before imaging for Dyrk3 
inhibition experiments and 6 hours for Dyrk3-K218M experiments. 
3T3 fibroblasts migrated undirectedly in the absence of a chemotactic 
gradient at 37°C and 5% CO2 for 24 hours.
Under-agarose migration assays
Under-agarose migration assays without bead obstacles were pre-
pared as described previously (65). Briefly, 1% agarose was prepared 
by mixing 4% UltraPure agarose (Invitrogen) in sterile water with 
55°C prewarmed phenol-free RPMI 1640 (Gibco) supplemented 
with 20% FCS and 1× Hanks’ balanced salt solution (pH 7.3) in a 1:3 
ratio. For experiments including inhibitors, the 1% agarose mixture 
was let cool down to 37°C before adding the inhibitor to the respec-
tive final concentration. The agarose was poured into imaging-
suitable eight-well slides (ibidi), polymerized for 1 hour at room 
temperature, and then transferred to the incubator for 1 hour for 
equilibration. For under-agarose migration assays including bead 
obstacles, eight-well slides were pre-coated with Polybeads (6-μm 
diameter; 07312-5, Polysciences). The Polybeads were washed and 
resuspended in phenol-free R10 medium. After activating the well 
glass surface with oxygen plasma, beads were added for coating. 
Then, the agarose mixture was added after additional 30 min to en-
sure stable bead attachment. For both, under agarose with and with-
out 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; T cells) in phenol-
free R10 was loaded as chemotactic stimulus. Cells (0.2 × 105) were 
injected between the glass surface and agarose layer in a distance of 
2 to 3 mm to the chemokine loading hole. For live-imaging, assays 
were placed in the incubator for 1 hour to allow induction of direc-
tional migration toward the chemokine source before imaging.
Collagen migration assays
Collagen migration assays were performed as described previously 
(64, 66). Briefly, for DC collagen migration assays, PureCol bovine 
collagen (Advanced BioMatrix) in 1× minimum essential medium 
(Sigma-Aldrich) and 0.4% sodium bicarbonate (Sigma-Aldrich) 
was mixed with 3 × 105 cells in R10 at a 2:1 ratio, resulting in gels 
with a collagen concentration of 1.7 mg/ml, forming pore sizes rang-
ing from 1- to 5-μm diameter (24). Collagen-cell mixtures were cast 
in custom-made migration chambers with a diameter of 18 mm and 
a height of ~1 mm. After polymerization of collagen fibers at 37°C 
and 5% CO2 in a cell culture incubator for 75 min, 80 μl of CCL19 
(0.625 μg/ml; 440-M3-025, Bio-Techne) was added to the top of the 
chamber. For Jurkat T cell collagen migration assays, PureCol stock 
solution was diluted with PBS, resulting in a final collagen concen-
tration of 1.3 mg/ml mixed with 2 × 105 cells in R10 at a 2:1 ratio. 
After polymerization at 37°C and 5% CO2, in a cell culture incubator 
for 75 min, 80 μl of CXCL12 (1.25 μg/ml; 350-NS-050, Bio-Techne) 
was added to the top of the chamber. For inhibition experiments, 
inhibitors were added to the collagen-cell mixture as well as to the 
chemokine solution at the indicated concentrations.

Whole-mount ear skin immunohistology
Preparation of ear sheet staining was carried out as described recently 
(11). Briefly, the ears of 5- to 8-week-old C57BL/6J mice were cut off 

and separated into dorsal and ventral sheets using forceps. Ventral ear 
sheets were further placed in a 24-well plate upside down on com-
plete medium [RPMI 1640 supplemented with 10% FCS, 2 mM l-
glutamine, penicillin (100 U/ml), streptomycin (100 μg/ml), and 50 μM 
ß-mercaptoethanol; all Gibco] and incubated for 24 hours. Afterward, 
samples were fixed with 4% paraformaldehyde (PFA) and immersed 
in 0.2% Triton X-100 for 30 min for antibody staining. Dermal DCs were 
visualized using a biotinylated antibody against MHCII (M5/114.15.2), 
which binds streptavidin. Vessels were stained with LYVE1 [rat anti-
mouse Lyve-1 (ALY7)] and anti-rat antibody coupled to Alexa Fluor 
488 overnight at room temperature. Primary antibodies were diluted 
in 1% BSA in a ratio of 1:400 for MHCII-biotin and 1:200 for LYVE1 
and applied after 1 hour of incubation with 1% BSA. Because both 
primary antibodies were of rat origin, the MHCII antibody was ini-
tially blocked with streptavidin-Cy3 (diluted in 1% BSA, 1:400) for 
1 hour, before the secondary antibody [donkey anti-rat Cy3 Affini-
Pure immunoglobulin G (H+L); diluted in 1% BSA, 1:400] was added. 
Ears were conserved in a nonhardening mounting medium without 
4′,6-diamidino-2-phenylindole (DAPI; Invitrogen) and stored at 4°C 
in the dark.

Immunofluorescence stainings
For immunofluorescence stainings, under-agarose migration assays 
were prepared as described above. Following cell migration for 2 hours, 
3.7% PFA (diluted in PBS) prewarmed to 37°C was added on top 
of the agarose and incubated for 1 hour at 37°C and 5% CO2. After 
fixation, the agarose block was carefully removed, and cells were 
washed with PBS. Following permeabilization with 1× SAPO buffer 
(0.2% BSA and 0.05% saponin diluted in PBS) for 30 min, blocking 
was performed with 5% BSA (diluted in 1× SAPO). Primary anti-
bodies were incubated overnight at 4°C [rat anti–α-tubulin, 2 μg/ml 
(MA1-80017, Invitrogen); rabbit anti-ninein, 0.25 μg/ml (PA5-82224, 
Invitrogen); mouse anti–γ-tubulin, 4.25 μg/ml (T6557, Sigma-Aldrich); 
mouse anti-Akna, 1:25, in house-production, gift from M. Götz 
(Institute for Physiological Genomics, Munich, Germany); rabbit 
anti-Ccdc88b, 0.8 μg/ml (HPA026652, Atlas Antibodies); and rabbit 
anti-Akna, 1 μg/ml (HPA052367, Atlas Antibodies); all diluted in 1× 
SAPO]. The next day, samples were washed with PBS and stained 
with secondary antibodies [goat anti-rat Alexa Fluor Plus 647, 4 μg/
ml (A48265, Invitrogen); donkey anti-rabbit Alexa Fluor Plus 647, 
4 μg/ml (A32795, Invitrogen); goat anti-mouse Alexa Fluor 555, 2 μg/
ml (ab150114, Abcam); and phalloidin Alexa Fluor Plus 647, 165 nM 
(A30107, Invitrogen); all diluted in 1× SAPO] and DAPI (1:1000; Thermo 
Fisher Scientific) at room temperature for 1 hour. After washing with 
PBS, cells were mounted using Fluoromount-G (Invitrogen).

For super-resolution imaging of microtubules, under-agarose 
migration assays were performed as described above. After cell 
migration for 2 to 4 hours, 3.7% PFA and 0.5% glutaraldehyde di-
luted in microtubule-stabilizing buffer [MTSB; 80 mM K-Pipes 
(pH 6.8), 1 mM MgCl2, and 5 mM EGTA in ddH2O, pH adjusted 
to 6.8 with KOH] prewarmed to 37°C was added on top and incu-
bated for 30 min at 37°C and 5% CO2. After careful removal of the 
agarose block, quenching solution (0.1% NaBH4 diluted in PBS) 
was added to reduce glutaraldehyde-induced background fluores-
cence and incubated for 8 min at room temperature. Following 
permeabilization, blocking, and anti–α-tubulin primary antibody 
incubation as described above, samples were washed with PBS and 
stained with the secondary antibody (goat anti-rat Alexa Fluor Plus 
594, 4 μg/ml; A11007, Invitrogen; diluted in 1× SAPO) at room 
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temperature for 1 hour. Subsequent washing and mounting were 
performed as described above.

For immunofluorescence staining of DCs within 3D micropil-
lars, micro-channel migration assays were performed as described 
above. After migration for 4 to 6 hours, 3.7% PFA and 0.5% glutar-
aldehyde diluted in MTSB [80 mM K-Pipes (pH 6.8), 1 mM MgCl2, 
and 5 mM EGTA in ddH2O, pH adjusted to 6.8 with KOH] pre-
warmed to 37°C were first added to one loading hole and incubated 
for 30 min at 37°C and 5% CO2. After 30 min, fixation solution was 
added to the second loading hole and incubated for additional 
30 min at 37°C and 5% CO2. Afterward, quenching was performed 
by adding quenching solution (0.1% NaBH4 diluted in PBS) to the 
first loading hole, and, following incubation for 10  min at room 
temperature, quenching solution was added to the second loading 
hole for another 10  min at room temperature. Permeabilization 
and blocking were performed by adding blocking solution (5% 
BSA diluted in 1× SAPO) to one loading hole for 30 min and to the 
second loading hole for additional 30  min at room temperature. 
Afterward, the primary antibody was incubated overnight at 4°C 
(rat anti–α-tubulin, 2 μg/ml; MA1-80017, Invitrogen; diluted in 1× 
SAPO). The next day, samples were washed with PBS and stained 
with the secondary antibody (goat anti-rat Alexa Fluor Plus 647, 
4 μg/ml; A48265, Invitrogen; diluted in 1× SAPO) and DAPI 
(1:1000; Thermo Fisher Scientific) added to one loading hole for 
30 min and to the second loading hole for another 30 min at room 
temperature. Afterward, washing and mounting were performed as 
described above.

Transcriptomics of migrating DCs
Bone marrow–derived DCs were incorporated into 3D collagen gels 
as described above. Collagen gels of different densities were obtained 
by using different bovine collagen stock dilutions to final concentra-
tions of 1.7, 2.6, 3.5, and 4.4 mg/ml. Controls were performed by 
placing DCs into the same migration chambers but without collagen. 
Five hours after introduction of the CCL19 chemokine gradient, the 
gel was isolated from the chamber and immediately bathed in TRIzol. 
Subsequently, RNA extraction was performed following the “Total 
RNA extraction” protocol of the “Immunological Genome Project” 
(ImmGen.org). The amount of total RNA was quantified using the 
Qubit 2.0 Fluorometric Quantitation system (Thermo Fisher Scien-
tific, Waltham, MA, USA), and the RNA integrity number was deter-
mined using the Experion Automated Electrophoresis System (Bio-Rad, 
Hercules, CA, USA). RNA-sequencing (RNA-seq) libraries were pre-
pared with the TruSeq Stranded mRNA LT sample preparation kit 
(Illumina, San Diego, CA, USA) using Sciclone and Zephyr liquid 
handling workstations (PerkinElmer, Waltham, MA, USA) for pre- 
and post-PCR steps, respectively. Library concentrations were quan-
tified with the Qubit 2.0 Fluorometric Quantitation system (Life 
Technologies, Carlsbad, CA, USA), and the size distribution was as-
sessed using the Experion Automated Electrophoresis System (Bio-
Rad, Hercules, CA, USA). Before sequencing on an Illumina HiSeq 
2000 instrument following a 50–base pair single-end protocol, 
samples were diluted and pooled into NGS libraries in equimolar 
amounts. For analysis, sequencing reads were aligned to the mouse 
reference genome (version GRCm38.95) with STAR (version 2.7.0f). 
Expression values (TPM) were calculated with RSEM (version 1.3.0). 
Post-processing was performed in R/bioconductor (version 3.5.3) 
using default parameters if not indicated otherwise. Differential gene 
expression analysis was performed with “DEseq2” (version 1.22.2). 

An adjusted P value [false discovery rate (FDR)] of less than 0.1 was 
used to classify significantly changed expression.

Phosphoproteomics of migrating DCs
Collagen migration assays were performed as described above. To 
achieve sufficient cell numbers allowing phosphoproteomic analysis, 
the experimental setup was adjusted to 1 × 107 bone marrow–derived 
DCs per custom-made chamber (65 cm2). Collagen gels of different 
densities were obtained by using different bovine collagen stock solu-
tions (PureCol and FibriCol, Advanced BioMatrix) to final concen-
trations of 1.7 and 5.6 mg/ml, respectively. Cells were incubated at 
37°C and 5% CO2 for 90 min to enable the establishment of a CCL19 
gradient and the initiation of cell migration. Afterward, the gel was 
isolated from the chamber, placed into a 15-ml Falcon tube, and im-
mediately snap frozen in liquid nitrogen. After 15 min, the samples 
were transferred to −80°C. For phosphopeptide enrichment, the 
EasyPhos protocol (67) was adapted to our experimental settings. In 
short, cell and collagen were lysed in 4% sodium deoxycholate (SDC) 
lysis buffer and immediately heat-treated at 95°C. After sonification, 
samples were reduced with 10 mM tris[2-carboxy(ethyl)phosphine], 
alkylated with 40 mM 2-chloroacetamide, and digested for 18 hours 
with trypsin and lysC (1:100, w:w). Following phosphopeptide en-
richment and depletion of the non-phosphorylated collagen, the 
digested peptides were desalted using styrene-divinylbenzene, 
reversed-phase sulfonate (SDB-RPS) StageTips. Desalted peptides 
(500 ng) were resolubilized in 6 μl of 2% acetonitrile (ACN) and 0.3% 
trifluoroacetic acid, injected into an Orbitrap Exploris 480 mass 
spectrometer (Thermo Fisher Scientific) coupled with an EASY-nLC 
1000 system (Thermo Fisher Scientific), and analyzed in data-
independent acquisition (DIA) mode. Peptides were separated at a 
flow rate of 300 nl/min with a 70-min gradient starting at 3% buffer 
B (80% ACN and 0.1% formic acid) and ramping to 19% in 40 min, 
41% in 20 min, 90% in 5 min, and 95% in 5 min. The DIA MS data 
were acquired with the following parameters: scan range, 300 to 
1650 mass/charge ratio (m/z), MS resolution, 60,000 at 200 m/z; and 
AGC target, 3 × 106. The DIA MS/MS scan was performed in the HCD 
mode with the following parameters: 32 isolation windows with a 
resolution of 30,000; maximum injection time, 54 ms; stepped col-
lision energy, 25, 27.5, and 30%; and AGC target, 3 × 106. For DIA 
data analysis, MS raw files were processed using Spectronaut version 
14 (Biognosys) using standard settings (68). The mouse UniProt FASTA 
database (April 2021) was used. The FDR was set to 1% at the protein 
and peptide precursor level. Further statistical analysis was performed 
with Perseus (1.6.1.1) and R (4.1.0).

Imaging
Wide-field microscopy
Live-cell imaging was performed at 37°C, and supplementation with 
5% CO2 in a humidified chamber if needed. Cell migration was re-
corded using conventional inverted wide-field DMi8 microscopes 
(Leica) using HC PL FLUOTAR 4×/0.5 PH0 air, HC PL FLUOTAR 
L 20×/0.40 PH1 air, HC PL APO 40×/0.9 PH3 air, and HC PL APO 
100×/1.40 oil objectives, equipped with a Lumencor or pE-4000 
light source (395, 475, 555, and 635 nm) and an incubation cham-
ber, heated stage, and CO2 mixer (Pecon). For evaluation of micro-
tubule nucleation dynamics, EB3-mCherry–expressing DCs were 
imaged at 5-s intervals. Acquisition of immunofluorescence samples 
was performed on an inverted wide-field DMi8 microscope (Leica) 
equipped with an HC PL APO 100×/1.47 oil objective.
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Whole-mount ear skin imaging
Confocal microscopy of ear sheets was performed on a motorized 
stage at room temperature with an inverted microscope, equipped 
with an Airyscan module, a Plan-Apochromat 20×/0.8 objective, 
488- and 561-nm laser lines, and a photomultiplier tube (PMT; all 
Zeiss). For all experiments, imaging software ZEN Black 2.3 SP1 
was deployed.
Fluorescence recovery after photobleaching
For FRAP experiments, Jurkat T cells were electroporated with the 
indicated fluorescent reporter construct and loaded into an under-
agarose migration assay without chemotactic stimulus as described 
above. FRAP experiments were performed at the Core Facility Bio-
imaging of the Biomedical Center with an inverted Leica TCS SP8X 
STED 3× equipped with two PMTs and three hybrid detectors 
(HyDs), Argon laser, WLL2 laser (470 to 670 nm), acousto-optical 
beam splitter, and 592- 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 40×/1.30 oil objective, with an image pixel size 
of 142.6 nm and a pixel dwell time of 4.8 μs. The following fluores-
cence settings were used: GFP [excitation, 488 nm (Argon laser); 
and emission, 500 to 570 nm] or RFP (excitation, 514 nm; and emis-
sion, 536 to 661 nm), both being recorded with conventional PMTs. 
Five 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. Ini-
tial signal recovery was recorded for 10 frames at a frame rate of 1 s, 
followed by extended post-bleach recording in 5-s time intervals for 
at least 2 min.
Stimulated emission depletion
STED microscopy was performed at the Core Facility Bioimaging of 
the Biomedical Center with an inverted Leica TCS SP8X STED 3× 
equipped with two PMTs and three HyDs, Argon laser, WLL2 laser 
(470 to 670 nm), acousto-optical beam splitter, and 592- and 660-
nm continuous-wave and 775-nm pulsed depletion lasers. Images 
were acquired in unidirectional scanning mode with an HC PL APO 
CS2 100×/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 conven-
tional confocal imaging, the following fluorescence settings were 
used: GFP (WLL2 pulsed excitation, 489 nm; and emission, 500 to 
570 nm; PMT). For STED microscopy, the following settings were 
used: Alexa Fluor 594 (WLL2 pulsed excitation, 590 nm; and emis-
sion, 600 to 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 to 6 ns and the corre-
sponding reference wavelength of 590 nm. The recording was se-
quentially to avoid bleed-through.

Image analysis
Fiji/ImageJ (69) and Imaris (Bitplane) were used for image process-
ing. In general, only single, noninteracting cells were included for 
analysis to avoid effects of neighboring cells on cell path, cell speed, 
and centriolar dynamics.

Velocity of migrating DCs and Jurkat T cells along unidirectional 
paths (narrow straight and wide straight micro-channels) was ana-
lyzed using the tracking function of Imaris v9.7.2. For DC migration, 
cell nuclei were tracked with the following settings: object diameter, 
12 μm; manually adjusted quality threshold; autoregressive motion 
tracking algorithm (maximum distance, 25 μm; gap size, 3); and 
minimum 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 algorithm 
(maximum distance, 15 μm; gap size, 3); and minimum track dura-
tion, 15 min. Pore translocation time and junction passing time, as 
well as centriolar distances, were manually quantified in Fiji.

Centrosome splitting (fracturing) was classified as a distance 
above 1.5 μm between the two individual centrioles in a centriolar 
pair. For more detailed characterization of centrosome fracturing in 
DCs, the distance was further categorized as close (0 to 1.49 μm), 
near (1.5 to 3.49 μm), short-distance separated (3.5 to 4.99 μm), and 
long-distance separated (above 5 μm). For 3T3 fibroblasts, centrio-
lar distance was categorized as close (0 to 1.49 μm), near (1.5 to 
2.99 μm), and far (above 3 μm). For characterization of fractured cen-
trosomes by immunostainings, recorded cells were analyzed by cate-
gorizing 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 pro-
file function in Fiji. Then, fluorescence values were normalized to 
the mean intensity value of the first and last four measured values, 
respectively. The competing protrusion length was measured using 
ImageJ by determining the maximal length for each protrusion dur-
ing a productive path decision. The longest of those protrusions was 
defined as the main competing protrusion.

Characterization of intact centrosomes was performed by mea-
suring mean fluorescence intensities of two circular regions of inter-
est (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 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 (70) (https://doi.org/10.1038/
s41592-022-01507-1) with the following settings: LoG detector (ob-
ject diameter, 0.65 μm), manually adjusted quality threshold, and 
minimum intensity filters (Kalman tracker: search radii, 7 and 10 μm; 
no frame gap). The resulting tracks were exported, and the presented 
statistics were derived with a custom MATLAB Script.

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 on the basis of 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.

DC migration in collagen matrices was analyzed using a custom-
made cell tracking tool for ImageJ (16). In brief, cell migration im-
age sequences were background corrected 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 displacement that optimizes its overlap with the previous 
frame was determined. Last, the migration velocity toward the che-
mokine source was calculated from the y-displacement and the time 
between two consecutive frames. To analyze Jurkat T cell migration, 
cells were manually tracked in Fiji/ImageJ using the manual track-
ing plugin. Migration speed, accumulated distance, and directional-
ity were calculated using the ibidi chemotaxis and migration tool 
(71). The first 30 min of the recordings were excluded from analysis 
due to initial image drift. Cell shape analysis of DCs and Jurkat T 
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cells was performed by manually outlining randomly selected cells 
after 200 min of recording to ensure a well-established chemokine 
gradient across the entire field of view. Afterward, cell shape de-
scriptors were exported from ImageJ.

Distance analysis of lymph vessels in split ear sheets was per-
formed using ImageJ. Maximum intensity Z-stack projections of 
confocal images from ear sheets were used to create binary images 
using Fiji. In binary images, lymphatic vessels were marked, and the 
distance from the vessel to every pixel, showing Cy3 fluorescence 
intensity above a specific threshold, was measured. For distance 
measurement, an in-house–generated MATLAB Script was used as 
described previously (12).

FRAP analysis was performed using ImageJ. The recovery rate 
was calculated by first subtracting background detector noise and 
then normalizing the mean fluorescence intensity of the bleached 
region to a non-bleached reference region inside the cell.

PH-Akt signal gradient was analyzed in DCs migrating under 
agarose toward a chemokine gradient consistently for at least 30 min. 
Cells were imaged every 5 min, and results were averaged over 6 to 20 
time points for each cell. Fluorescence intensities of all pixels were 
extracted with a custom-made ImageJ script from images of cells 
segmented on the basis of threshold and manual input. Cells with 
centrioles 1.5 μm apart for at least two time points or more were con-
sidered to have a fractured centrosome. Using a custom-made R script 
(RStudio version 2022.12.0.353, R version 4.22, and the package 
tidyverse version 2.0.0) (72, 73), the PH-Akt-dTomato to CETN2-GFP 
ratio was calculated from back to front of the cell: To normalize cells 
with different PH-Akt-dTomato and CETN2-GFP intensities, the re-
spective fluorescence intensity was normalized to the intensity aver-
aged 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. S15D) or 2 (“back” and “front”; see fig. 
S15E) 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 segments, first in each time point and then 
over all time points for each cell.

Statistics
All data that show individual cellular data points derive from cells 
from at least three independent biological replicates. All replicates 
were validated independently and pooled only when all showed 
similar results. Statistical analysis was conducted using GraphPad 
Prism using the appropriate tests according to normal or nonnor-
mal data distribution: paired t test (Fig. 4, B and E), unpaired t test 
(Figs. 1, H and I; 2H; 3, D and G; 5, G to J; and 6, A to D; and figs. 
S2H; S4, B to E; S7D; S8, C and E; S9E; S10, B and D; S15B; and 
S17C), Fisher’s exact test (Fig. 6J and fig. S16C), Mann-Whitney 
(Figs. 1J; 2, D to F; 3, E, H, and J; 4, C and F; 5, B, C, and E; and 6, F 
to H and K; and figs. S14, A to C, and S15E), Kruskal-Wallis with 
Dunn’s multiple comparisons test (Fig. 1, E and F), two-way analysis 
of variance (ANOVA; fig. S3E), and linear regression fit (Fig. 6I). 
Error bars represent mean (fig. S2, E to G), means ± SD (Figs. 3J; 4, 
E and F; and 5, E and G to J; and figs. S8C, S10B, S15B, and S17C), 
means ± SEM (Figs. 1, H to J; 2, A, B, and H; 3, D, E, G, and H; 4, B 
and C; and 6, A to D; and figs. S2H, S8E, and S9E), means ± 95% 
confidence interval (CI; Figs. 2J and 4, B and D; and figs. S3E; S4, B 
to E; S5, B and C; S10D; and S15, D and E), and median ± 95% CI 

(Figs. 1, E and F; 2, D to F; 5, B and C; and 6, F to H and K; and figs. 
S2D; S7D; S9C; and S14, A to C).

Supplementary Materials
The PDF file includes:
Figs. S1 to S17
Legends for movies S1 to S10

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S10
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