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2. Introductory Summary

2.1 Summary

Cell migration is crucial in many different physiological and developmental processes as well as in
the context of diseases (Yamada & Sixt 2019). During migration, cells are surrounded by complex
microenvironments, ranging from the extracellular matrix or other tissue cells in multicellular
organisms to soil in the case of migrating single cell organisms (Miiller-Taubenberger et al. 2013,
Kameritsch & Renkawitz 2020). The microenvironment provides motile cells with divers cues that
guide them along their path of migration. It is increasingly well understood how cells perceive and
respond to these guidance cues (SenGupta et al. 2021), but it is not known how cells coordinate and
respond to multiple competing signals at the same time. The publication Kroll ], Hauschild R,
Kuznetcov A, Stefanowski K, Hermann MD, Merrin ], Shafeek L, Miiller-Taubenberger A, Renkawitz |
(2023) Adaptive Pathfinding by Nucleokinesis during Amoeboid Migration. The EMBO Journal:
114557 aimed to elucidate the principles of how amoeboid cells migrate and navigate in
heterogenous microenvironments composed of multiple guidance cues. During their migration,
amoeboid cells employ complex and dynamic cell shapes characterized by multiple protrusions
(Bodor et al. 2020) that explore the immediate local microenvironment for guidance cues. Using
dendritic cells and T cells as models for amoeboid migration, I identified rapid and long-distance
nucleokinesis (nuclear positioning relative to cell movement) as a novel factor of navigational
pathfinding in microenvironments of competing guidance cues during amoeboid migration. To mimic
microenvironments of heterogenous mechanochemical composition, I designed microchannels to
measure chemical guidance by different chemokine concentrations and simultaneously analyze
mechanical pore size decisions in a tightly controlled environment. Using these reductionistic and
highly defined microenvironments, I discovered that leukocytes use nucleokinesis to flexibly
navigate in competing chemokine and pore size cues. To uncouple the process of nucleokinesis from
effects that might be caused by cellular squeezing, I generated microchannels leading to a junction
with one dead-end and one open path leading to cells reorienting out of the dead-end into the open
path. Using dendritic cells with markers for the centrosome and nucleus, I found that nucleokinesis
in amoeboid migrating leukocytes comprises a two-step polarity switch in the nucleus-MTOC axis
with the MTOC leading the way out of the dead-end followed by the nucleus, which subsequently
overtakes the MTOC to restore the initial nucleus-MTOC axis configuration. Further experiments with
pharmacological inhibitors for different cytoskeletal components and various knockout lines
revealed that nucleokinesis is driven by actomyosin contractility.

The publication Ishikawa-Ankerhold H, Kroll ], van den Heuvel D, Renkawitz ], Miiller Taubenberger
A (2022) Centrosome Positioning in Migrating Dictyostelium Cells. Cells 11: 1776 aimed to
systematically test centrosome positioning in the single cell amoeba Dictyostelium discoidem. Using
diverse microenvironments, we identified that Dictyostelium discoideum preferentially migrates with
the nucleus in front of the centrosome, with the centrosome stabilized around the cell center. This
held true during migration towards cAMP and folic acid as chemoattractants in different
developmental stages, as well as divers microenvironments, such as 2-dimensional substrates,
confining microchannels, and 3-dimensional hydrogel or collagen matrices. These findings suggest
that the nucleus-MTOC axis configuration in migrating amoeboid cells is conserved. As Dictyostelium
discoideum is in general a widely studied model organism for amoeboid migration (Devreotes &
Zigmond 1988, Andrew & Insall 2007, Jin et al. 2009, Miiller-Taubenberger et al. 2013) and as we
could show that the nucleus-MTOC axis is conserved between the single cell amoeba and amoeboid
migrating leukocytes (Renkawitz et al. 2019), the question remained if nucleokinesis was also
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conserved between these two species. Indeed, in the publication Kroll et al. 2023, I could show that
adaptive pathfinding by nucleokinesis is a general component of amoeboid migration consisting of a
two-step polarity switch in the nucleus-MTOC axis driven by myosin-II forces in leukocytes and the
amoeba Dictyostelium discoideum.

In summary, the two publications identify (i) the nucleus forward configuration as a conserved
feature of amoeboid migration and (ii) nucleokinesis as a general and conserved feature of amoeboid
migrating cells to ensure adaptive pathfinding in microenvironments of heterogenous
mechanochemical composition. As adaption to multiple competing guidance cues is probably
relevant for most cells migrating in complex environments, these findings indicate a general role for
nucleokinesis during adaptive pathfinding in migrating cells.

2.2 Cell migration

Cell migration is crucial for diverse functions in biology, such as organismal development, tissue
maintenance, immune responses, and brain morphogenesis. Furthermore, it is essential for cancer
dissemination or migration of unicellular organisms, such as parasites and single cell amoebae (te
Boekhorst et al. 2016). During migration, cells are surrounded by complex microenvironments
necessitating the ability to adapt or interact with their local surrounding. These surroundings can
differ strongly between cell types and contexts, ranging from extracellular matrix (ECM), tissue cells
or interstitial fluid in multicellular organisms to soil in case of migrating single cell organisms, such
as the amoeba Dictyostelium discoideum (Miiller-Taubenberger et al. 2013, Kameritsch & Renkawitz
2020). For example, during innate and adaptive immune responses, leukocytes (white blood cells)
move very efficiently through the body of multicellular organisms encountering a variety of
environments, such as the vasculature or interstitium (Kameritsch & Renkawitz 2020). Circulating
leukocytes in the blood or lymphatic system need to enter tissues by active migration for surveillance
and upon inflammation (Ldmmermann & Germain 2014, Nourshargh & Alon 2014). While some
immune cell types become sessile during embryonic development, most leukocytes exit the bone
marrow and thymus to execute their specific effector functions (Weninger et al. 2014). In contrast,
the social amoeba Dictyostelium discoideum lives in the soil (Miiller-Taubenberger et al. 2013). In its
vegetative growth phase, it feeds on bacteria using folic acid as chemoattractant to move towards its
pray (Pan et al. 1972). In the single cell stage Dictyostelium cells undergo mitotic division but can
adapt in times of starvation by secreting cAMP to assemble into multicellular aggregates which form
fruiting bodies with spores that can resist unfavorable environmental conditions (van Driessche et
al. 2002).

2.2.1 Migration modes
To adapt to a variety of environments, different cell types or organisms developed a variety of
migration modes, such as mesenchymal, amoeboid, lobopodial or even collective migration (Yamada
& Sixt 2019).
Mesenchymal migration is characterized by actin polymerization at the leading edge of the cell, which
pushes against the plasma membrane generating the force to move the entire cell forward. This
requires strong adhesion to the substrate to couple the intracellularly generated actin force to the
extracellular microenvironment. This adhesive connection is mediated by focal adhesions (Doyle et
al. 2009, Caswell & Zech 2018). Focal adhesions are formed by integrin transmembrane receptors
that bind to extracellular ECM components, intracellular signaling proteins, and force transducing
proteins, such as talin and vinculin, that connect the focal adhesion complex to the actin cytoskeleton
(Moser etal. 2009, Doyle et al. 2022). Mesenchymal migration is rather slow (< 1 pm/min) due to the
necessity to detach adhesions at the cell rear (Pollard & Borisy 2003, Bear & Haugh 2014). Notably,
10



the mesenchymal migration mode involves proteolytic degradation of the ECM by secreting
proteases to enlarge pores or generate tunnels in the matrix for the cell to migrate through (Figure
1) (Wolf et al. 2013). For instance, fibroblasts, various stem cells, and some cancer cells employ this
mode of migration (SenGupta et al. 2021).

Amoeboid migrating cells are characterized by a rounded cell morphology, low adhesiveness, and
frequent changes in their cell shape driven by actin protrusions or membrane blebs, indicating their
high contractility (Lammermann & Sixt 2009, Paluch et al. 2016). In contrast to mesenchymal
migration, amoeboid migration usually does not involve remodeling of the ECM (Wolf et al. 2003).
Thus, the movement of amoeboid cells through narrow ECM pores relies on squeezing or mechanical
widening of pores in their microenvironment (Pflicke & Sixt 2009, Barzilai et al. 2017, Gartner et al.
2022). Additionally, amoeboid migrating leukocytes usually position their nucleus in front of the
centrosome, which is in contrast to mesenchymal cells migrating with the centrosome in front
(Figure 1) (Gundersen & Worman 2013, Renkawitz et al. 2019). It has been shown that immune cells,
such as dendritic cells (DCs) and T cells use this frontward nuclear positioning as a mechanical guide
to facilitate pore decisions, leading to migration along the path of least resistance (Renkawitz et al.
2019).

Mesenchymal migration Amoeboid migration

[ Path of least

—— ] Alignment along r;sult?wnf;j
h.'oteollytic m { the ECM fibres - ]
path + — gl \
\ — ,_%\k‘ 2 |

)l

Integrin L : High proteolytic
ECM Nucleus Microtubule- — ACLVIY
fibre organizing centre
Microtubule Protease-loaded

vesicle

Figure 1: Mesenchymal and amoeboid migration mode. Mesenchymal migration involves strong adhesion to the ECM
and proteolytic activity. The centrosome (microtubule-organizing center (MTOC)) is located in front of the nucleus. In
contrast, amoeboid migration requires no adhesion or proteolytic activity. The centrosome usually locates behind the
nucleus. (From Yamada & Sixt 2019, reproduced with permission of Springer Nature)

Amoeboid migration is further defined by a rapidly changing cell shape which comprises frequent
protrusion formation and retraction cycles (Figure 2). Protrusions are formed by the actin
cytoskeleton either pushing against the plasma membrane or contracting to generate a flow of
cytosol along a hydrostatic pressure gradient that deforms the plasma membrane, the latter being
myosin-dependent (Mitchison & Cramer 1996, Paluch et al. 2005). Notably, these mechanisms are
not exclusive and can occur simultaneously as shown in Dictyostelium cells indicating that a balance
between both mechanisms is likely to determine the amoeboid migration mode (Yoshida & Soldati
2006). Amoeboid migrating leukocytes are able to migrate adhesion-independent solely by
protrusion of the actin network at the lamellipodium and squeezing by actomyosin contractility at
the cell rear whenever cells encounter 3-dimensional surroundings (Limmermann et al. 2008).
Forward movement of the cell is achieved by generating traction forces onto the substrate using only
the retrograde forces of actin polymerization (Renkawitz et al. 2009, Renkawitz & Sixt 2010).
Furthermore, it has been shown that Arp2/3-nucleated perinuclear actin facilitates squeezing
through tight pores in migrating dendritic cells (Thiam et al. 2016), while high myosin II activity is
selectively needed for dendritic cell migration in highly confined microenvironments (Barbier et al.
2019).
Next to mesenchymal and amoeboid migration modes, lobopodial migration has been more recently
identified as and additional migration mode (Petrie & Yamada 2015). Lobopodial migration is
11



characterized by high contractility that generates asymmetric intracellular pressure to push the
plasma membrane forward. The nucleus can act as piston by dividing the cytoplasm into a front and
rear compartment, thereby increasing the hydrostatic pressure at the leading edge (Petrie et al.
2014). Notably, cells are also able to migrate collectively in the same direction, requiring highly
coordinated responses to their environment (Mayor & Etienne-Manneville 2016).

The following thesis will focus on amoeboid migrating cells, employing leukocytes and Dictyostelium
cells as models for amoeboid migration. Yet, it is important to mark the plasticity of these migration
modes as cells are able to flexibly switch between them depending on the context and the
environment they are migrating in (Yamada & Sixt 2019).

2.2.2 Shape coordination during cell motility

A hallmark of amoeboid migration is a highly dynamic and complex cell shape. Amoeboid cells are
able to rapidly and simultaneously form multiple protrusions that intrinsically display complex
morphologies (Limmermann & Sixt 2009). These complex protrusions grow remarkably quickly
(10-100 pm/min) and have been shown to form rosettes from multiple, interleaved lamella (Figure
2) (Fritz-Laylin et al. 2017).

Figure 2: Complex cell shape in amoeboid migrating cells. Light-sheet microscopy of a dendritic cell in a 3D collagen
matrix showing multiple protrusions. (From Renkawitz et al. 2019, reproduced with permission from Springer Nature)

Therefore, a major challenge of the highly dynamic cell shapes, which amoeboid cells employ while
migrating in complex 3-dimensional (3D) environments, is the coordination of protrusion formation
and retraction cycles (Bodor et al. 2020). To tackle this challenge, migrating cells rely on signal
transduction pathways that originate locally and propagate throughout the cell (Devreotes et al.
2017, Pal et al. 2019). For example, neutrophils utilize a mechanical feedback loop, where actin
retrograde flow leads to myosin accumulation and contraction at the cell rear and thereby increases
persistence and turning efficiency (Tsai et al. 2019). In general, cortical actomyosin is a major
contributing factor to cell shape (Quintanilla et al. 2023). Especially myosin-II is necessary for
coordination of bleb formation and retraction (Paluch et al. 2005, Charras et al. 2006). Moreover,
deletion of the small GTPase Cdc42 causes entanglement of dendritic cells in 3D-environments due
to dysregulated protrusion dynamics (Lammermann et al. 2009). Similarly, disruption of DOCK8
(upstream regulator of Cdc42) leads to cell shape deformations and migration defects in DCs, T cells,
and NK cells (Harada et al. 2012, Zhang et al. 2014). In addition to cell shape regulation by the actin
cytoskeleton, the depolymerization of microtubules (MTs) in retracting protrusions in migrating
dendritic cells leads to release of the RhoA guanine nucleotide exchange factor (GEF) Lfc (murine

12



homologue of GEF-H1), which in turn increases actomyosin contractility and retraction of the
protrusion (Kopf et al. 2020). These findings suggest that the coordination of cell shape is a complex
process involving the interplay of multiple signaling pathways and cytoskeletal components.

2.2.3 Guidance cues

In a physiological setting, it is critical for cells to not only coordinate their own shape but also to
sense, process, and adapt to diverse guidance cues in their microenvironment (Shellard & Mayor
2020, SenGupta et al. 2021). These cues can be chemical, mechanical, or geometrical in nature
(Charras & Sahai 2014, te Boekhorst et al. 2016, van Helvert et al. 2018). They induce a distinct cell
polarity with a distinguishable cell front characterized by protrusion formation and a cell rear that is
retracted (Ridley et al. 2003).

Probably most well investigated are chemical cues, such as diffusible chemicals (chemotaxis) or
substrate-bound chemicals (haptotaxis). For example, in the case of leukocytes, the chemokines
CCL19 and CCL21 - recognized by the CC-chemokine receptor 7 (CCR7) - guide dendritic cells to and
within lymphatic vessels (Worbs et al. 2017). Dendritic cells show haptokinetic movement when
encountering surface bound CCL21, which becomes directional when soluble CCL19 (chemotaxis) is
present and even maintain collective migration by generating a soluble form of CCL21 along their
path of migration (Schumann et al. 2010, Weber et al. 2013). Haptotaxis along immobilized CCL21
gradients strongly depends on chemokine concentration and steepness of the gradient, which has
been shown to be optimal in in vivo settings guiding dendritic cells towards lymph vessels (Schwarz
et al. 2017). Migration towards inflamed tissues is further dependent on ECM-bound adhesion
receptors when leukocytes have to traverse the endothelial layer to reach sites of inflammation
(Nourshargh & Alon 2014).

Depending on their life cycle phase, Dictyostelium cells follow the chemoattractants cAMP or folic
acid. The life cycle of Dictyostelium discoideum comprises a vegetative reproduction phase in which
the amoeba senses bacteria by folic acid (Pan et al. 1972) and an aggregation phase which is induced
by starvation and mediated by cAMP (Konijn et al. 1967). Interestingly, Dictyostelium cells have been
shown to navigate complex environments with the help of self-generated chemical gradients by
locally degrading chemoattractant (Tweedy et al. 2020). Recently, it was found that dendritic cells
modulate CCL19 gradients by internalizing CCR7-bound CCL19, thereby sustaining long-range
collective dendritic cell migration and even guiding T cell migration (Alanko et al. 2023).
Simultaneously to chemical guidance cues, migrating cells can encounter mechanical signals, such as
differently sized pores in the extracellular matrix (Wolf et al. 2013) or stiffness of the substrate that
determines to which degree cells can deform (DuChez et al. 2019). The degree of confinement by the
ECM differs according to the concentration of ECM components, which can in turn affect stiffness
gradients or pore sizes within the microenvironment (Yamada & Sixt 2019). In order to deal with
space restraints while migrating in dense tissue, cells develop divers migration strategies. Active
proteolytic remodeling of the ECM is a major feature of mesenchymal migrating cells (Wolf & Fried]l
2011). Another mechanism described in invading cancer cells shows that stromal fibroblasts lead the
way for carcinoma cells by forming tracks within the extracellular matrix (Gaggioli et al. 2007).
Moreover, mechanical plasticity of the ECM has been shown to influence proteolysis-dependent and
-independent migration modes in breast cancer cells (Wisdom et al. 2018). As amoeboid migrating
cells are typically not proteolytically active (Wolf et al. 2003) and physiological pore sizes usually
range from 2-10 pm (Wolf et al. 2009, Kameritsch & Renkawitz 2020), they rely on different
mechanisms involving active pore widening (Pflicke & Sixt 2009, Barzilai et al. 2017) or pore size
sensing to choose paths along larger pores (Renkawitz et al. 2019).

Finally, the geometry and topography of the microenvironment can make a substantial difference for
migrating cells. For example, leukocytes migrating on a 2-dimensional (2D) surface employ an
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adhesive crawling migration mode, where actin polymerization generates the force to push the
plasma membrane at the cell front while adhesions to the substrate function as force transmitters
(LAmmermann & Sixt 2009). In contrast, when migrating in a 3D environment, leukocytes switch to
an adhesion-independent amoeboid migration mode (Yamada & Sixt 2019). Interestingly, leukocytes
are even able to migrate in the total absence of adhesive forces by using topographical features of the
microenvironment to move themselves forward (Reversat et al. 2020).

[t is increasingly well understood how cells measure and respond to these specific guidance cues of
either chemical or mechanical nature, but it remains unclear how migrating cells deal with and
respond to divers or even competing inputs. Another challenge arising from multiple competing
guidance cues is certainly the coordination of complex cell shapes or protrusions along the selected
path of migration.

2.3 Organelle positioning

Similarly to the coordination of multiple protrusions along the path of migration, the positioning of
intracellular content and particularly organelles towards dominant protrusions presents a challenge
for highly dynamic and motile cells. Cellular organelles are often positioned actively in a non-random
manner to perform or support a specific function (Gundersen & Worman 2013, Renkawitz etal. 2019,
Roman et al. 2021, Garde et al. 2022). In many cases, for example during cell division, organelle
positioning requires a connection between the cellular organelle and the cytoskeleton (Lancaster et
al. 2013, Knoblach & Rachubinski 2015, Moore et al. 2021). Moreover, membrane-less organelles,
such as the centrosome itself can be positioned non-randomly in a region defined by the actomyosin
network (Jimenez et al. 2021). Furthermore, biomolecular condensates can be actively positioned
(Alberti & Hyman 2021) as shown for RNA granules that associate with lysosomes to be transported
to distal regions in neurons (Liao et al. 2019).

protrusion /
amellipodium

branched actin
netwo E

T

centrogome

shape actomyosin microtubule nuclear localisation
asymmetry asymmetry asymmetry asymmetry

Figure 3: Asymmetry in motile cells. Motile cells show a distinct cell polarity with a cell front pushed forward by a
branched actin network and actomyosin contractility at the back. The centrosome usually locates approximately to the cell
center providing a reference for positioning of other cellular organelles, such as the differential localization of the nucleus
in amoeboid and mesenchymal migrating cells. (Modified with permission from Kroll & Renkawitz, submitted review)
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In many cells active positioning of cellular organelles leads to a defined cell polarity as described
earlier for migrating cells with a distinguishable cell front and cell back (Figure 3) (Bornens 2008).
This polarity often arises from an asymmetric distribution of cytoskeletal components, such as actin
or microtubules, in which the actin cytoskeleton serves as the scaffold and the microtubule network
as a stabilizer of polarity (Li & Gundersen 2008). Highly specialized and stably polarized along the
apical-basal cell axis are for example epithelial cell layers that line organs, such as the intestine, lungs,
or reproductive organs (Rodriguez-Boulan & Macara 2014). Notably, maintaining and adapting cell
polarity becomes more challenging in fast moving cells that form highly dynamic and ramified cell
shapes, need to respond to divers or changing guidance cues, and thereby relocate large portions of
their cytoplasm including cellular organelles (SenGupta et al. 2021).

2.3.1 Centrosome positioning

One of the main organelles that contributes to cell polarity is the centrosome which anchors
microtubules and thereby functions as microtubule-organizing center (MTOC) (Bornens 2008).
Microtubules themselves grow in a polarized manner with the minus end at the centrosome and the
plus end extending towards the cell periphery (Akhmanova & Kapitein 2022). Additionally,
microtubules form tracks for motor proteins, such as kinesins and dyneins that anchor and move
organelles (Akhmanova & Kapitein 2022).

The centrosome normally locates approximately to the center of the cell, providing a reference for
positioning of other cellular organelles (Bornens 2008). For example, the MTOC in fibroblasts is
actively maintained at the cell center upon lysophosphatidic acid (LPA) treatment while the nucleus
is translocated towards the cell rear (Gomes et al. 2005). Moreover, the position of the centrosome
in the amoeba Dictyostelium discoideum is tightly regulated (Sameshima et al. 1988, Ueda et al. 1997,
Odell et al. 2019). Notably, the positioning of the centrosome appears to be coupled to specific
functions. During tumor cell migration the centrosome targets the distribution of the matrix
metalloproteinase MT1-MMP storage endosomes towards the invadopodium facilitating proteolysis
of the microenvironment (Infante et al. 2018). Furthermore, cytotoxic T lymphocytes position their
centrosome close to the plasma membrane at the immunological synapse to deliver secretory
granules (Stinchcombe et al. 2006). In migrating dendritic cells the centrosome even acts as a
steering organelle inducing the retraction of “loosing” protrusions once it locates into the “winning”
protrusion (Kopf et al. 2020), emphasizing the functional relevance of centrosome positioning in
migrating cells.

2.3.2 Nuclear positioning

Tightly coupled to centrosome positioning is the position of the nucleus. As the largest and stiffest
organelle in the cell body, the nucleus presents a particular challenge for the cell (Gundersen &
Worman 2013, McGregor et al. 2016, Kalukula et al. 2022).

Especially during cell migration in 3D environments, nuclear stiffness determined by lamin A/C
levels limits migration through tight constrictions (Davidson et al. 2014, Harada et al. 2014) and can
even result in rupturing of the nucleus resulting in chromatin leaking into the cytoplasm,
necessitating resealing of the nuclear envelope by components of the repair machinery ESCRT III
(Denais et al. 2016, Raab et al. 2016). However, cells have developed mechanisms to sense and
circumnavigate mechanical stress during migration (Lomakin et al. 2020, Venturini et al. 2020). Cell
confinement below a specific threshold - defined by the ability of the nuclear envelope to stretch -
increases actomyosin contractility via stretch-sensitive protein signaling (Lomakin et al. 2020,
Venturini et al. 2020).

In addition to migration, nuclear positioning is also strictly regulated during proliferation or
differentiation (Gundersen & Worman 2013, Bone & Starr 2016) and misfunctioning can lead to
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dysfunction and diseases, such as muscular dystrophy, dilated cardiomyopathy, or (premature) aging
(Zwerger et al. 2011). An important key player during nuclear positioning in many different cellular
contexts is the LINC (linker of nucleoskeleton and cytoskeleton) complex (Figure 4) (Starr & Han
2002, Sosa et al. 2012). The LINC complex spans the inner and outer nuclear membrane and consists
of outer nuclear membrane KASH (Klarsicht, ANC-1, and Syne homology) proteins and inner nuclear
membrane SUN (Sad1 and Unc-84) proteins (Starr & Fridolfsson 2010, Sosa et al. 2012). The KASH
proteins bind to different cytoskeletal components, thereby anchoring the nucleus to the
cytoskeleton (Padmakumar et al. 2005, Crisp et al. 2006). Mutations in LINC complex proteins have
been linked to multiple diseases (Kalukula et al. 2022) emphasizing the importance of nuclear
positioning for cellular function. A very prominent and widely studied example of nuclear positioning
mediated by the LINC complex is the rearward positioning of the nucleus in fibroblasts polarizing for
migration (Gomes etal. 2005). The LINC complex components nesprin2G and SUN2 connect to dorsal
actin cables forming so called TAN (transmembrane actin-associated nuclear) lines that move the
nucleus along the retrograde actin flow (Luxton et al. 2010).

Intermediate
filaments

Figure 4: Schematic depiction of the LINC complex coupling the nucleus to the cytoskeleton. SUN proteins in the inner
nuclear membrane and KASH proteins (nesprins) in the outer nuclear membrane form the LINC complex. Nesprins directly
or indirectly (for example via motor proteins) link the nucleus to cytoskeletal components, such as microtubules, actin, or
intermediate filaments. (From Kirby & Lammerding 2018, reproduced with permission from Springer Nature)

In addition, nuclear positioning can be mediated by microtubules, as shown for pronuclei in fertilized
Xenopus eggs (Reinsch & Gonczy 1998). During development, proliferation in pseudostratified
epithelia is linked to interkinetic nuclear migration (INM), in which the nucleus moves bidirectional
along the basal-apical cell axis undergoing mitosis specifically at the apical side of the cell (Sauer
1935, Taverna & Huttner 2010). The cytoskeletal component driving INM varies strongly between
different tissues (Tsai etal. 2007, Norden etal. 2009, Tsai et al. 2010). Nuclear positioning of multiple
nuclei of fused myoblasts to the periphery of myofibers in skeletal muscles is driven by motor
proteins along microtubule tracks (Metzger et al. 2012, Gache et al. 2017, Roman & Gomes 2018).
Notably, muscle damage leads to myonuclei moving towards the damage site via microtubules and
dynein to locally deliver messenger RNA for cellular repair (Roman et al. 2021).
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Finally, cellular migration requires a defined front-rear polarity which is often dependent on nuclear
positioning to specific cellular locations (Calero-Cuenca et al. 2018). For example, in migrating
neurons the nucleus undergoes saltatory forward movement while following the leading centrosome
(Solecki et al. 2004, Tsai et al. 2007, Solecki et al. 2009). Migration in interneurons is accompanied
by actin localizing behind the nucleus and was shown to be myosin-dependent (Silva et al. 2018). In
the context of amoeboid migration, it has been shown that these cells favor a nucleus forward
positioning (Renkawitz et al. 2019), but it remains unclear how this configuration is achieved or
maintained.

24 Aims

Amoeboid cells are fast migrating cells that are characterized by frequent and dynamic cell shape
changes while they are navigating through microenvironments of heterogenous composition
(Limmermann & Sixt 2009). The heterogeneity in the microenvironment provides divers guidance
cues for motile cells, such as chemokines or differently sized pores (SenGupta et al. 2021). These
different cues are sensed by multiple explorative protrusions that undergo constant formation and
retraction cycles. Many aspects of how motile amoeboid cells coordinate these multiple explorative
protrusions have been identified (Limmermann et al. 2009, Harada et al. 2012, Zhang et al. 2014,
Kopf et al. 2020, Hadjitheodorou et al. 2021, Hadjitheodorou et al. 2023). But how amoeboid cells
deal with locally competing guidance cues and how they organize their intracellular content
including the large nucleus along the selected path of migration remains unknown.

To address this knowledge gap, I designed microenvironments of heterogenous mechanochemical
composition, such as microchannels, which provided the possibility to simultaneously measure
chemical guidance by different chemokine concentrations and mechanical guidance by pore size
decisions in a tightly controlled environment. [ further employed 3-dimensional collagen matrices,
that mimic the physiological surroundings of cells migrating in the interstitium. To uncover nuclear
and centrosome positioning during amoeboid migration, I used leukocytes (dendritic cells and T
cells) and the single cell amoeba Dictyostelium discoideum as models for fast migrating amoeboid
cells. I used Hoxb8 cell lines with various fluorescent labels for the centrosome and nucleus, and
Dictyostelium cells expressing GFP-a-tubulin as microtubule marker and mRFP-histone as marker for
the centrosome (Bindl et al. 2020). To quantify the relative positioning of nucleus and centrosome as
key cell polarity markers, I established manual analysis workflows as well as semi-automated
analysis tools, which employed different image analysis software, such as Fiji (Schindelin et al. 2012),
ilastik (Berg et al. 2019), and Imaris (Bitplane). To further elucidate the mechanism underlying
nuclear positioning in migrating amoeboid cells, I used pharmacological inhibitors for different
cytoskeletal components, such as nocodazole for microtubules, Latrunculin A for actin, and para-
nitroblebbistatin (Képiro6 et al. 2014) for myosin-II. Additionally, I employed a mutant myosin-II-
deficient Dictyostelium strain (Manstein et al. 1989), dendritic cells derived from bone marrow of
Myolla-Flox*CD11c-Cre mice, and dendritic cells with a knockout for the myosin regulator Lfc (Lfc-
/-) (Kopfetal. 2020) to further decipher general principles and the mechanistic basis behind nuclear
positioning.
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Abstract

Motile cells encounter microenvironments with locally heteroge-
neous mechanochemical composition. Individual compositional
parameters, such as chemokines and extracellular matrix pore
sizes, are well known to provide guidance cues for pathfinding.
However, motile cells face diverse cues at the same time, raising
the question of how they respond to multiple and potentially com-
peting signals on their paths. Here, we reveal that amoeboid cells
require nuclear repositioning, termed nucleokinesis, for adaptive
pathfinding in  heterogeneous mechanochemical micro-
environments. Using mammalian immune cells and the amoeba
Dictyostelium discoideum, we discover that frequent, rapid and
long-distance nucleokinesis is a basic component of amoeboid
pathfinding, enabling cells to reorientate quickly between locally
competing cues. Amoeboid nucleokinesis comprises a two-step
polarity switch and is driven by myosin-1l forces that readjust the
nuclear to the cellular path. Impaired nucleokinesis distorts path
adaptions and causes cellular arrest in the microenvironment. Our
findings establish that nucleokinesis is required for amoeboid cell
navigation. Given that many immune cells, amoebae, and some
cancer cells utilize an amoeboid migration strategy, these results
suggest that nucleokinesis underlies cellular navigation during uni-
cellular biology, immunity, and disease.
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Introduction

The ability of cells to navigate their path while moving themselves
forward is critical for innate and adaptive immune responses, organ-
ismal development, tissue maintenance, and single-cell organisms.
During navigational migration, cells are surrounded by local

& Jorg Renkawitz"”

environments that are composed of extracellular matrix, interstitial
fluid, and tissue cells in the case of cellular migration in multicel-
lular organisms, or natural environments like soil in the case of
motile single-cell organisms. To efficiently navigate through these
environments, migrating cells are equipped with mechanisms to fol-
low diverse chemical as well as mechanical cues (Charras & Sahai,
2014; Moreau et al, 2018; van Helvert et al, 2018; Yamada & Sixt,
2019). Most well investigated are chemotactic signals like chemo-
kines, which are detected by the respective cellular receptors and
align intracellular force generation by the actin cytoskeleton toward
the chemotactic cue, such as during the recruitment of immune cells
to sites of inflammation or into lymphatics (Nourshargh & Alon,
2014; Hauser et al, 2016; Worbs et al, 2017). Yet at the same time,
motile cells also encounter mechanical guidance cues along their
paths, such as differently sized pores in the extracellular matrix
(Wolf et al, 2013; Renkawitz et al, 2019).

Navigating motile cells frequently generate new protrusions
(“leading edges”; “cell fronts”) next to preexisting ones, followed by
a preference for one of the protrusions, along which the path of
migration is subsequently orientated. This morphological character-
istic of multiple simultaneous protrusions is particularly common in
shallow chemotactic gradients (Gerisch & Keller, 1981; Swanson &
Taylor, 1982; Andrew & Insall, 2007; Kay et al, 2008), suggesting
that cells employ these multiple protrusions to sense chemotactic
cues at different micro-locations in their immediate surrounding.
This notion is supported by the observation that deficiency of the
Arp2/3 regulator Heml in motile immune cells not only reduces
protrusion formation but also impairs migration along chemotactic
gradients (Leithner et al, 2016). Collectively, these findings suggest
that cells utilize alternative protrusions to simultaneously explore
and measure guidance cues at different local sites in their immediate
microenvironment. These explorative protrusions are most evident
in fast-migrating amoeboid cells, such as neutrophils and dendritic
cells, which adopt highly dynamic and ramified cell shapes (Fritz-
Laylin et al, 2017; Driscoll et al, 2019; Renkawitz et al, 2019). While
some principles of how migrating cells coordinate these complex
cell shapes have been identified (Devreotes et al, 2017; Kopf et al,
2020; Hadjitheodorou et al, 2021, 2023), it remains entirely
unknown how motile cells deal with locally diverse and potentially
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competing mechanochemical inputs, and how they reorganize their
intracellular content along the dominant protrusion once a path has
been selected.

Here, we address these open questions by investigating how
amoeboid cells navigate their path in locally heterogeneous micro-
environments. We identify thresholds at which chemical chemokine
cues overrule mechanical pore size cues and vice versa. Further-
more, we reveal that protrusions extending through larger extracellular
pores often contain the nucleus, necessitating rapid and large-
distant intracellular repositioning of the nucleus, when the cell
decides to follow a path defined by an emerging stronger chemotac-
tic cue. Active intracellular relocation of the nucleus to specific
intracellular locations is known to occur in various model systems,
including neurons and multinuclear muscle cells (Gundersen &
Worman, 2013), and has been termed “nucleokinesis.” Yet, how
amoeboid migrating cells position their nucleus by nucleokinesis to
align the nuclear path to the cellular path, despite their high shape
dynamics, fast migration velocity, and unusual forward position of
the nucleus in front of the MTOC (microtubule-organizing center),
remained unknown. Here, we identify nucleokinesis during amoe-
boid migration, elucidate its mechanistic basis, and uncover its role
in adaptive pathfinding within microenvironments characterized by
competing chemical and physical cues.

Results

Rapid and long-distance nucleokinesis during amoeboid immune
cell migration

As a model system for cell migration in microenvironments of het-
erogeneous mechanochemical composition, we imaged dendritic
cells migrating along a chemotactic gradient (CCL19) while being
embedded in a three-dimensional collagen matrix composed of vary-
ing pore sizes (Wolf et al, 2013; Schwarz et al, 2017; Driscoll
et al, 2019; Renkawitz et al, 2019). Migrating dendritic cells fre-
quently showed a ramified cell shape with multiple protrusions,
continuously generating new protrusions next to existing ones and
eventually favoring one protrusion to select the preferred path of
migration (Fig 1A and B, and Movie EV1). In line with the function
of the nucleus to act as a mechanical ruler to guide migration along
the path of larger pore sizes (Renkawitz et al, 2019; Lomakin et al,
2020; Venturini et al, 2020), the cellular path was frequently identi-
cal with the nuclear path (Fig 1B). Yet, in one out of four path deci-
sions we observed mispositioning of the nucleus into future ‘losing’
protrusions (Fig 1C and D). This deviation of the nuclear path from
the cellular path caused a subsequent long-distance repositioning of
the entire nucleus toward the winning protrusion, effectively
realigning the nuclear with the cellular path (Movie EV1). Addition-
ally, we also often observed repositioning of only parts of the
nucleus, when the nucleus itself deformed simultaneously towards
alternative cell protrusions, without entirely locating into these pro-
trusions. In these situations, only the subnuclear part (nuclear
protrusion) locating inside the “losing” protrusion had to be reposi-
tioned towards the “winning” protrusion along the selected cell path
(Fig 1C and Movie EV1).

The intracellular repositioning of the entire nucleus relative to
the cell body, also called nucleokinesis (Tsai & Gleeson, 2005;
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Gundersen & Worman, 2013), was very rapid with velocities of 2—
9 um/min (Fig 1F and Appendix Fig S1A) and displayed rapid accel-
erations faster than the movement of the cell body (Fig 1H). Nucleo-
kinesis occurred approximately once per hour during DC migration
within collagen matrices (Fig 1E) and over long intracellular dis-
tances of up to 45 um (Fig 1G and Appendix Fig S1A-C). To test
whether nucleokinesis is a general feature of amoeboid immune
cell migration, we imaged T cells, which have a smaller and less-
branched cytoplasmic cell body, and still detected frequent and
rapid repositioning of the entire nucleus from “losing” into win-
ning protrusions (Fig 1D-I and Movie EV3). These findings identify
nucleokinesis as a novel component of amoeboid immune cell
migration.

Nucleokinesis enables adaptive pathfinding in competing
chemokine and pore size cues

As migrating cells encounter chemical (e.g., chemokine gradients)
as well as mechanical (e.g., varying pores sizes) cues at the same
time (Moreau et al, 2018; Yamada & Sixt, 2019; Kameritsch &
Renkawitz, 2020), our observations suggested that cells may use
nucleokinesis to flexibly adapt their path between locally competing
guidance cues. To functionally test this hypothesis, we engineered
reductionistic cellular path decision points, at which migrating cells
encounter two path options with different strengths of chemotactic
as well as pore size cues. To provide diverse pore size cues, we gen-
erated two differently sized pores at the path junction, with pore
sizes ranging from 8 to 2 um width. According to the previously
described mechanism for sensing pore sizes (Renkawitz et al, 2019),
migrating cells did not differentiate between large 8 and 6 um pores
but when choosing between a small pore (2 or 4 um) and a large
8 um pore (Figs 2A and EV1A). Next, to test whether we can selec-
tively guide cells towards a specific path based on a stronger chemo-
kine cue, we engineered one path to be closer to the source of the
chemokine than the alternative path, which follows a snake-like pat-
tern and thus is more distant to the chemokine source (Fig 2B). Sim-
ulation of the diffusion of the chemotactic gradient over time
showed that the snake-like path indeed causes higher chemokine
concentrations at the path junction towards the path closer to the
chemokine source (Fig EV1B). We confirmed these results experi-
mentally by visualizing the chemotactic gradient by using fluores-
cent 10 kDa dextran as a proxy for the chemokine CCL19, showing
stably higher concentrations over time at the path junction towards
the path closer to the chemokine source and lower concentrations
towards the path more distant to the chemokine source (Fig 2B).
Next, we investigated cellular decisions upon offering both che-
mokine and mechanical cues simultaneously at single path junc-
tions (Fig 2C-E). When both paths were composed of almost
equally sized large pores at their entrances, exceeding the threshold
of the nuclear pore size sensing mechanism, cells showed a strong
preference for the path closer to the chemokine source (Fig 2C and
F, and Movie EV2). Yet, when we gradually narrowed the entrance
pore of chemokine-proximal path, cells increasingly favored the
alternative path, which was more distant to the chemokine source
but had a larger pore at the path entrance (Fig 2C-H and
Movie EV2). In contrast, in the absence of a chemokine source, cells
always preferentially selected the longer paths with wider pores
(Fig EVIC-E). Thus, these findings reveal that chemokine and pore

© 2023 The Authors
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Figure 1. Immune cells employ rapid and long-distance nucleokinesis during amoeboid cell migration.

A Cellular outlines (shades of green, time color-coded) of a representative bone marrow-derived mouse dendritic cell (DC) migrating in a three-dimensional collagen
matrix along a CCL19 chemokine gradient. The intracellular localization of the DC nucleus during pathfinding is shown in blue (shades of blue, time color-coded). See
also Movie EV1.

B Projection cellular (green) and nuclear (blue) path of the cell in (A) over 60 min time. Note the two events, in which either only parts of the nucleus (nuclear
protrusions) or the entire nucleus deviate from the cellular path, the later requiring full intracellular nuclear repositioning (called “nucleokinesis”).

C Representative nucleokinesis events in a bone marrow-derived DC migrating through a three-dimensional collagen matrix along a CCL19 chemokine gradient. High-
lights in dashed boxes show events of repositioning of the entire nucleus (1., “nucleokinesis”) or parts of the nucleus (2. & 3., “nuclear protrusions”). Time in h:min:s.

D Quantification of the rate of nucleokinesis events in amoeboid DCs and T cells migrating in a collagen matrix: when the migrating cell has a least two major
protrusions, quantification of whether the nucleus locates immediately into the dominant protrusion or first locates into the future retracting protrusion, requiring
nucleokinesis into the future dominant protrusion. Data are mean + SD. N = 31 DCs (3 replicates, 135 events) and 30 T cells (3 replicates, 100 events).

E Quantification of how often (frequency) DCs and T cells have multiple simultaneous protrusions and how often they show nucleokinesis events in a collagen matrix:
as in (D), but showing the frequency of at least two clearly observable leading edges and nucleokinesis events per minute. Data are mean + SD. N = 31 DCs (3
replicates, 135 events) and 30 T cells (3 replicates, 100 events).

F  Quantification of the speed of nuclear movement during full nucleokinesis in DCs and T cells. N = 16 DCs (3 replicates), 6 T cells (3 replicates). Data are
median + 95CI.

G Quantification of the intracellular distance of nuclear movement during full nucleokinesis in DCs and T cells. N = 16 DCs (3 replicates), 6 T cells (3 replicates). Data are
median £ 95CI.

H Measurements of nuclear speed before, during, and after full nucleokinesis events in DCs and T cells. The blue box marks the nucleokinesis event. Data are
mean + SEM (the mean is shown as a red line and the SEM is shown as dashed gray lines). N = 5 cells.

| Representative nucleokinesis events in a T cell migrating through a three-dimensional collagen matrix along a CCL19 chemokine gradient. Red arrows highlight
events of repositioning of the parts of the nucleus (1., “nuclear protrusions”) or the entire nucleus (2., “nucleokinesis”). Time projections of the cellular and nuclear
paths are shown in shades of green and blue, respectively. Time in h:min:s.

Source data are available online for this figure.
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size cues are competitive and identify thresholds at which chemo-
kine cues overrule pore size cues and vice versa.

To test for the functional relevance of nucleokinesis, we imaged
the spatiotemporal dynamics of nuclear behavior during these path
decisions. While the nucleus was often immediately positioned in
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the future winning protrusion, we also observed frequent nucleokin-
esis events in which the nucleus was mispositioned far-distantly
into the future “wrong” path, necessitating long-distance nucleokin-
esis to the “winning” protrusion (Fig 2I-L and Movie EV2). Notably,
nucleokinesis occurred particularly frequently when the nucleus
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Figure 2. Nucleokinesis enables adaptive pathfinding in competing chemokine and pore size cues.

A Left: Representative bone marrow-derived DCs (BMDC) migrating in microchannels with two-way path junctions with different pores but an equally long and sym-
metric path towards the chemokine source sizes (8 vs. 6 um shown here; representative examples for 8 vs. 8, 8 vs. 4, or 8 vs. 2 um are shown in Fig EV1A). The cell
shape is outlined in green and the nucleus is visualized by Hoechst (cyan). Right: quantification of cellular path decisions. N = 3 replicates (90 cells for 8 vs. 8 um
decisions; 75 cells for 8 vs. 6 um decisions; 110 cells for 8 vs. 4 um decisions; 70 cells for 8 vs. 2 um decisions). Data are Mean + SD.

B Visualization and quantification of 10 kDa dextran-AF647 gradients as a proxy for the similarly sized chemokine CCL19. DextranAF647 (fire-color coded) was added
with CCL19 to the loading source hole and its diffusion was visualized by fluorescent microscopy over time. The experiment was performed in the presence of bone-
marrow-derived DCs (BMDCs). The yellow rectangles mark the area of quantitative measurements of dextraneAF647 concentrations. N = 3 replicates (465 and 291
junctions at timepoints 0 and 120, respectively). Timepoint O represent the timepoint when the cells started to migrate into PDMS devices. Data are Mean =+ SD.

C Representative bone marrow-derived dendritic cell (DC) approaching a path junction with two alternative path options and competing chemokine and pore size cues:
the left path has an 8-um wide pore, but is more distantly located to the CCL19 chemokine source. The right path has a 6-um wide pore and is more closely located
to the CCL19 chemokine source. The cell shape is outlined in green and the nucleus is visualized by Hoechst (cyan). Time in min:s.

D Asin (C), but the right path that is closer to the chemokine source has a pore size of only 4 um.

E Asin (C), but the right path that is closer to the chemokine source has a pore size of only 2 um.

F Quantification of cellular path decisions in the microenvironments shown in (C). See also Fig EV1C for controls without a chemokine source. Data are Mean + SD.

N = 3 replicates (99 cells).

G Quantification of cellular path decisions in the microenvironments shown in (D). See also Fig EV1D for controls without a chemokine source. Data are Mean + SD.

N = 3 replicates (71 cells).

H Quantification of cellular path decisions in the microenvironments shown in (E). See also Fig EV1E for controls without a chemokine source. Data are Mean =+ SD.

N = 3 replicates (58 cells).

| Representative full and partial nucleokinesis events during cellular path decisions in the competing chemokine and pore sizes cues. The cell shape is outlined in

green and the nucleus is visualized by Hoechst (cyan). Time in min:s.

] Quantification of nucleokinesis events in the microenvironments shown in (C), depending on whether the cell finally decides for the larger 8-um or smaller 6-um pore.
Data are Mean £ SD. N = 3 replicates (40 cells or 17 cells with the final decision either for 8- or 6-um pore, respectively).

K Quantification of nucleokinesis events in the microenvironments shown in (D), depending on whether the cell finally decides for the larger 8-um or smaller 4-pum
pore. Data are Mean + SD. N = 3 replicates (30 cells or 41 cells with the final decision either for 8- or 4-um pore, respectively).

L Quantification of nucleokinesis events in the microenvironments shown in (E), depending on whether the cell finally decides f or the larger 8-um or smaller 2-um
pore. Data are Mean + SD. N = 3 replicates (28 cells or 71 cells with the final decision either for 8- or 2-um pore, respectively).

Source data are available online for this figure.

was initially positioned into the path bearing a larger pore entrance,
but the cell selected the alternative path with a narrow pore
entrance with a stronger chemotactic cue (Fig 2J-L). These findings
show that cells can overcome the nuclear pore size sensing mecha-
nism by chemotactic inputs and that nucleokinesis is required to
adapt the nuclear path to the cellular path along an appearing domi-
nating cue. Thus, nucleokinesis enables adaptive pathfinding during
amoeboid cell navigation to flexibly navigate along locally compet-
ing mechanochemical guidance cues.

Two-step amoeboid nucleokinesis by consecutive cell
polarity switches

It is well established that cytoskeletal forces are able to intracellu-
larly move and position the nucleus in diverse cell types such as
neurons, glial cells, muscle cells, and fibroblasts (Gundersen &
Worman, 2013; Cadot et al, 2015; Calero-Cuenca et al, 2018). Plot-
ting the speed and distance of nucleokinesis in these cell types in
comparison to the here measured parameters revealed an extraordi-
nary efficiency of nucleokinesis in immune cells, being rapid as well
as far distant (Appendix Fig S1A). Notably, the intracellular behav-
ior of the immune cell’s nucleus was reminiscent of the amoeboid’s
cell body behavior, meaning that the nucleus moved rapidly, flexi-
bly, and with continuous shape changes (e.g., Fig 1C and
Movie EV1). As these parameters are hallmarks of amoeboid cell
behavior, we propose to name nucleokinesis in amoeboid cells as
“amoeboid nucleokinesis”.

To unravel the mechanistic basis of amoeboid nucleokinesis, we
next imaged the spatiotemporal dynamics of the centrosome-to-
nucleus axis, an important indicator of cell polarity and cytoskeletal
forces acting on the nucleus during nuclear movement (Luxton &
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Gundersen, 2011). To uncouple nucleokinesis from effects caused
by cellular squeezing, we established novel path junctions with
equally large pore sizes but one blocked path, causing nucleokinesis
events from the blocked to the open path (Fig 3A, Appendix
Fig S2A-D, and Movie EV3). Using EB3-mCherry expressing DCs as
a marker for the centrosome (also called microtubule-organizing
center (MTOC)) and semi-automated imaging analysis (Appendix
Fig S2E), we observed two rapid polarity switches in the nucleus-
MTOC axis configuration during amoeboid nucleokinesis (Fig 3A
and Movie EV3): while DCs migrated with a typical amoeboid
nucleus-forward configuration (Renkawitz et al, 2019) before
nucleokinesis (Fig 3A-C), the repositioning of the nucleus from the
“losing” into the “winning” protrusion coincided with a switch in
the nucleus-MTOC axis configuration as the cells moved with the
MTOC in front of the nucleus during the first phase of nucleokinesis
(Fig 3A-C). When the DCs continued their path of migration after
the first phase of nucleokinesis, the nucleus passed again the MTOC
to restore the initial nucleus-MTOC axis configuration (Fig 3A-C),
showing that the nucleus does not passively stay at the cell rear
upon the retraction of the nucleus-containing “losing” protrusion,
but actively repositions to its original location frontward of the
MTOC during the second phase of nucleokinesis (Fig EV2A).
Together, these data show that nucleokinesis in migrating amoeboid
cells is composed of two phases: in the first phase of nucleokinesis,
the nucleus travels intracellularly from the “losing” into the “win-
ning” protrusion. In the second phase of nucleokinesis, the nucleus
travels from the rear of the MTOC to the front of the MTOC.

To corroborate these findings, we used the microtubule markers
EMTB-mCherry and Spy-tubulin as additional MTOC markers
(Fig EV2B and C), as well as manual mapping of the MTOC-to-
nucleus axis during nucleokinesis (Fig EV2D-F), confirming both
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observed rapid polarity switches (Appendix Fig S3A-F) during the
first and second phases of amoeboid nucleokinesis. Similarly, when
we investigated the MTOC-to-nucleus axis during DC pathfinding in
deformable collagen networks, we observed preferential MTOC-
forward configuration during the first phase of nucleokinesis,
followed by the restoration of the nucleus-forward configuration dur-
ing the second phase of nucleokinesis (Fig 3D and E). Together, these
findings identify that amoeboid nucleokinesis is characterized by
two rapid polarity switches in the MTOC-to-nucleus axis.

Myosin-based forces drive amoeboid nucleokinesis to ensure
adaptive pathfinding

When we measured the lengths of “losing” protrusions at path junc-
tions, we observed that “losing” protrusion containing the nucleus
were longer (Fig 4A and B) and required more time to retract
(Fig 4A and C) compared to those without a nucleus, suggesting that
retraction of protrusions containing the nucleus is a particular chal-
lenge (Fig 4D). This raised the question of which forces drive
nuclear repositioning during amoeboid nucleokinesis. The position-
ing of the MTOC in front of the nucleus during the first phase of
nucleokinesis suggested the possibility that microtubules emanating
from the MTOC may couple to the nucleus, and thereby exert forces
on the nucleus to pull it from the “losing” protrusion back to the cel-
lular path. Yet surprisingly, when we depolymerized microtubules
(Appendix Fig S4A—C), we did not observe any slowdown of amoe-
boid nucleokinesis (Figs 3F and EV3A-F, and Movie EV4). In con-
trary, nocodazole-treated cells showed, if at all, rather an
accelerated speed of nucleokinesis (Fig EV3A and B) as well as repo-
sitioning frontward to the MTOC (Fig 3G and H). As microtubule
depolymerization is known to cause increased cellular contractility
by releasing microtubule-bound actomyosin regulators like the
RhoA guanine nucleotide exchange factor GEF-H1/Lfcl (Krendel
et al, 2002; Bouchet & Akhmanova, 2017; Kopf et al, 2020), this
finding raised the possibility that actomyosin contractility could be a
driving force of amoeboid nucleokinesis. This notion was supported
when we quantified the distance as well as the change of distance
between the nucleus and the MTOC (Appendix Fig S3C-F), showing
that the nucleus is even more distantly frontward positioned upon
microtubule inhibition (Fig EV3E-G), as if the nucleus would be
pushed to a frontward localization while the localization of the
MTOC remains rather stable along the cell axis. Further, imaging of
myosin-IIA localization during amoeboid nucleokinesis using
MYHO9-GFP encoding dendritic cells revealed an enriched myosin-
IIA localization in retracting protrusions closely behind the nucleus
(Fig 4E and F, and Movie EV5). Similarly, when we imaged the
localization of actin (Lifeact-GFP) and myosin (MYH9-GFP) in
the environments with one blocked path that allow the specific
observations of nucleokinesis, we observed relocalisation of myosin
from the previous cell rear toward the back of the nucleus-
containing “losing” protrusion (Fig 4G), as if myosin forces would
drive nucleokinesis.

To test whether myosin-IIA indeed provides forces to reposition
the nucleus during amoeboid nucleokinesis, we next exposed motile
DCs to the myosin-II inhibitor para-nitroblebbistatin (Képird
et al, 2014) (Fig EV4A and B). Cells with inhibited myosin failed to
efficiently switch cell polarities during nucleokinesis, showing a ran-
dom nucleus-to-MTOC axis configuration before, during, and after
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nucleokinesis (Figs 4H and I, and EV4C-G, and Movie EV6). To cor-
roborate these results, we analyzed myosin-IIA knockout DCs and
also observed delayed reconfiguration of the nucleus-to-MTOC axis
during amoeboid nucleokinesis (Appendix Fig S5A-D). Given the
concerted action of myosin together with the actin cytoskeleton, we
next inhibited the actin cytoskeleton with low-doses of latrunculin,
which still enabled migration (Fig EV5A and B) but reduced the rate
of cell polarity switching during nuclear repositioning (Figs 4J and
EVS5C-I). Thus, actomyosin contractility is required for efficient cell
polarity switching during amoeboid nucleokinesis.

To test for the functional consequences of impaired amoeboid
nucleokinesis, we next measured the speed of nucleokinesis and cel-
lular path adaptions when myosin is nonfunctional. While
the cellular speed before nucleokinesis was even mildly increased
in the presence of the myosin-II inhibitor para-nitroblebbistatin
(Fig EV4E), path adaptations in response to competing chemical and
mechanical guidance cues occurred less rapidly (Fig SA and B)
and less frequently (Fig 5C). Notably, “losing” protrusions
containing the nucleus were more affected by myosin inhibition
than “losing” protrusions without a nucleus (Fig 5B), suggesting
that myosin forces are not only required for protrusion retraction
but are also particularly required when the protrusion contains a
mispositioned nucleus. Similarly, when we analyzed path adaptions
in environments completely independent of pore sizes, the reposi-
tioning of the nucleus from “dead”-end paths to the selected cellular
paths was slowed down upon myosin (Figs 5D, E and G, and EV4D
and E) and actin inhibition (Fig EVS5E-G), causing a longer duration
of nucleokinesis (Fig 5G) and even entire failure to adapt the
nuclear to the cellular path, resulting in cells stuck in the wrong
path (Fig 5H and Movie EV6). Quantification of the retraction time
of “losing” protrusions with and without nucleus showed again that
nucleus-containing protrusions are particularly susceptible for myo-
sin inhibition (Fig SE). To confirm these findings, we employed DCs
with a knockout of the myosin regulator GEF-H1 (Lfc in mouse)
and found a reduction in the retraction time of nucleus-containing
“losing” protrusions, but not in the retraction time of “losing protru-
sions” without a nucleus and also not during migration in straight
channels (Fig SF and Appendix Fig S6A-F). Together, these findings
identify actomyosin forces as a major driving factor of amoeboid
nucleokinesis.

Adaptive pathfinding by nucleokinesis in the Dictyostelium
discoideum amoebae

To explore whether adaptive pathfinding by amoeboid nucleokinesis
is a general feature of amoeboid cell migration, we investigated
motile single cells of the amoebae Dictyostelium discoideum. Com-
parable to immune cells, Dictyostelium cells typically explore their
surrounding microenvironment with at least two protrusions
(Andrew & Insall, 2007), until they select a path, followed by
repeated cycles of protrusion formation, path exploration, and path
selection (Fig 6A and Movie EV7). Using a nuclear marker during
Dictyostelium pathfinding in an environmental maze along a chemo-
tactic folate gradient, we discovered frequent nucleokinesis events
from future “losing” into “winning” protrusions (Fig 6A and E),
with rapid speeds faster than the cell front (Fig 6B) in the range of 8
to 25 pm/min (Fig 6C). Given the smaller cell body of Dictyostelium
cells in comparison to DCs, the nucleokinesis distances of 10 pm
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represented far-distant intracellular nuclear re-positioning through-
out the cell body (Fig 6D). Thus, the basic parameters of nucleokin-
esis in Dictyostelium cells are highly comparable to nucleokinesis in
immune cells (Fig 6C-E, and Appendix Fig SIA-C and Movie EV7).
Next, to characterize the configuration of the nucleus-MTOC axis,
we employed Dictyostelium cells encoding mRFP-histone as a
marker for the nucleus and GFP-a-tubulin as a marker for the MTOC

The EMBO Journal

(Fig 6F). Before a nucleokinesis event, Dictyostelium cells migrated
in the typical amoeboid nucleus-forward configuration (Ishikawa-
Ankerhold et al, 2022), but then switched to an MTOC-forward con-
figuration during the first phase of nucleokinesis, followed by the
restoration of the nucleus-forward configuration during the second
phase (Fig 6F-H and Movie EV8). Notably, as in amoeboid immune
cells, this two-step polarity switch is dependent on myosin-II
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Figure 3. Two-step amoeboid nucleokinesis by consecutive cell polarity switches.

A

Representative Hoxb8-derived dendritic cell (DC) approaching a path decision with equal pore sizes but one blocked path, frequently causing nucleokinesis from the
blocked to the open path. The DC stably encodes the microtubule plus-end marker EB3-mCherry, which also visualizes the microtubule-organizing center (MTOC; in
pink). The nucleus is visualized by Hoechst (cyan) and the cell shape is outlined in green. Projections of cellular (green), MTOC (pink) and nuclear (blue) paths are
shown on the right. The configuration of the nucleus-MTOC axis is highlighted by dashed boxes (blue = nucleus forward; red = MTOC forward). See also Fig EV1D-G
for a detailed characterization of the assay. Time in min:s.

Heatmap of the nucleus-MTOC axis configuration during amoeboid nucleokinesis. The frontward positioning of the nucleus is depicted in blue and the frontward
positioning of the MTOC is depicted in red. See also Fig EV1H for a more detailed description of the imaging quantification. N = 6 replicates, 48 cells.

Quantification of the nucleus-MTOC axis configuration before, during, directly after, and later after amoeboid nucleokinesis (1 = all cells position the nucleus in front
of the MTOC; —1 = all cells position the MTOC in front of the nucleus). Data are mean + 95CI, Mann—-Whitney test, N = 6 replicates, 48 cells, and 660 (before), 250
(into a dead end), 191 (out of a dead end), 179 (directly thereafter), and 678 (later thereafter) image frames.

Representative HoxB8-derived DCs stably encoding EMTB-mCherry (visualizes the MTOC; fire-color coded) and transiently stained with Hoechst (visualizes the
nucleus; cyan), migrating in a three-dimensional collagen network along a CCL19 chemokine gradient. The cell shape is shown in black (via high intensity of the
EMTB-mCherry channel). Note the nucleokinesis event from the left protrusion into the right protrusion. Time in min:s.

Quantification of the nucleus-MTOC axis configuration of DCs (stably encoding EB3-mCherry to viualize the MTOC) migrating in 3D collagen networks and performing
nucleokinesis. The nucleus-MTOC axis configuration was analyzed before, during, and after the nucleokinesis event. Data are mean + SD. N = 3 replicates, 32 cells.
Representative HoxB8-derived DCs in the presence of the microtubule inhibitor nocodazole (300 nM) or control (DMSO). The DCs stably encode EMTB-mCherry (to
visualize the MTOG; fire-color coded) and is transiently stained with Hoechst (to visualize the nucleus; cyan). The configuration of the nucleus-MTOC axis is
highlighted by boxes (blue = nucleus forward; red = MTOC forward). Time in min.

Heatmap of the nucleus-MTOC axis configuration during amoeboid nucleokinesis in the presence of the microtubule inhibitor nocodazole (300 nM) or control
(DMSO0). The yellow-dotted regions 1 (DMSO) and 2 (Nocodazole) are enlarged to depict the cellular behavior during the initial nucleokinesis event, and the yellow-
dotted regions 3 (DMSO) and 4 (Nocodazole) are enlarged to depict the cellular behavior during the later nucleokinesis events to reposition the nucleus to the cellular
front. N = 3 replicates, 96 (DMSO) and 36 (Nocodazole) cells.

Quantification of the nucleus-MTOC axis configuration before, during, directly after, and later after amoeboid nucleokinesis in the presence of the microtubule inhibi-
tor nocodazole (300 nM) or control (DMSO) (1 = all cells position the nucleus in front of the MTOC; —1 = all cells position the MTOC in front of the nucleus). Data
are mean =+ 95CI, Mann-Whitney test, N = 3 replicates, 96 (DMSO) and 36 (Nocodazole) cells, and 1,096 (before; DMSO), 463 (before; nocodazole), 493 (into a dead
end, DMSO), 203 (into a dead end, nocodazole), 338 (out of a dead end, DMSO), 172 (out of a dead end, nocodazole), 360 (directly thereafter, DMSO), 127 (directly

thereafter, nocodazole), 1,062 (later thereafter, DMSO), and 508 (later thereafter, nocodazole) image frames.

Source data are available online for this figure.

contractility, as the positioning of the nucleus to the front of the cell
axis was strongly delayed in the presence of the myosin-II inhibitor
para-nitroblebbistatin (Fig 6I, and Appendix Fig S7A and B, and
Movie EV9). To corroborate these results, we analyzed Dictyoste-
lium cells bearing a well-established myosin-II null mutation
(myosin-II deficient (mhcA-null) strain HS2205) (Manstein et al,
1989; Bindl et al, 2020), as well as genetically encoded markers for
the nucleus and the MTOC (mRFP-histone and GFP-a-tubulin), and
also observed delayed nuclear relocalization frontward to the MTOC
during nucleokinesis (Fig 6J and K, and Movie EV9). Thus, despite
the phylogenetic distance between mammalian immune cells and
the amoebae D. discoideum, the mechanistic principles of amoeboid
nucleokinesis during cellular navigation are conserved.

Together, these findings identify amoeboid nucleokinesis as a
conserved process in rapid amoeboid migrating cells, comprising a
two-step cell polarity switch driven by myosin-II forces, sliding the
nucleus from a “losing” to the “winning” protrusion to ensure adap-
tive pathfinding in complex microenvironments.

Discussion

Cellular organelles are often actively positioned to defined subcellu-
lar locations within the cytoplasm (Bornens, 2008). This active posi-
tioning includes membrane-surrounded organelles like the nucleus
and mitochondria, but also membraneless-organelles like the
microtubule-organizing center (MTOC). The active positioning of
the genome-carrying nucleus is particularly challenging (Gundersen
& Worman, 2013), as it is typically the largest and stiffest organelle
(Kalukula et al, 2022). Cells solved this challenge by exerting forces
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from the cytoskeleton onto the nucleus, leading to its intracellular
movement and positioning—a process referred to as nucleokinesis,
by which the entire nucleus moves intracellularly in relation to the
cell’s shape. For instance, cells in the developing vertebrate neuroe-
pithelium employ forces that are mainly generated by the actomyo-
sin cytoskeleton to move their nuclei basally and apically during the
progression of the cell cycle (Norden et al, 2009), whereas
the movements of female and male pronuclei during fertilization are
mainly driven by forces from the microtubule cytoskeleton (Reinsch
& Goncezy, 1998).

An additional complexity for nuclear positioning arises when cells
are not stationary but motile (Calero-Cuenca et al, 2018), adding the
challenge of coordinating nuclear positioning with the cellular
advance along the migratory path. Key findings showed that motile
fibroblasts reposition their nucleus to the cellular rear to start their
movement into cell-free tissue wounds (Luxton et al, 2010; Zhu
et al, 2018). Mechanistically, this rearward nuclear positioning is
driven by an actin cortex composed of actin cables that are coupled
to the nucleus and move against the direction of cellular movement
(Luxton et al, 2010). Fibroblasts are mesenchymally migrating cells
that adhere to their extracellular environments and migrate with
velocities in the range of tens of micrometers per hour. Thus, the
principles and mechanisms of nuclear positioning in stationary and
slowly moving cells are increasingly well understood. However, how
extremely fast migrating cells coordinate the intracellular positioning
of the nucleus with their migration path remained entirely unknown.
The high velocities of fast migrating cells, which are typically around
10 um/min, even raised the question of whether nuclear movement
can be at all faster than the cellular speed—a prerequisite for active
nuclear repositioning in relation to the movement of the cell body.

© 2023 The Authors
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Figure 4. Cell polarity switches during amoeboid nucleokinesis require a functional actomyosin cytoskeleton.

A Protrusion lengths of representative EB3-mCherry encoding DCs approaching a path decision with equal pore sizes but one blocked path, either with or without
nucleus in the “losing” protrusion. The nucleus (Hoechst) is shown in cyan. Time in min:s.

B Quantification of the lengths of “losing” protrusions, comparing ‘losing’ protrusions without a nucleus and with a nucleus. Data are Mean £ SD. N = 4 replicates (48
cells and 36 cells). Note that “losing” protrusions with a nucleus are longer than “losing” protrusions without a nucleus. See also (D) for a direct comparison of the

retraction time of long “losing” protrusions with and without a nucleus.

C Quantification of the retraction time of “losing” protrusions, comparing “losing” protrusions without a nucleus and with a nucleus. Data are Mean £ SD. N = 4

replicates (48 and 36 cells).
D Protrusion length vs. retraction time. N = 4 replicates.

E Representative HoxB8-derived Myh9-GFP expressing DC migrating through a porous maze-like microenvironment composed of pillars interconnecting two surfaces
below and above the migrating cell. Myh9-GFP localization is fire color-coded and the nuclear localization is shown in cyan (transient Hoechst label). Time in h:min:s.

F Time projection of Myh9-GFP and nuclear localization of the cell shown in (E).

Representative HoxB8-derived Myh9-GFP (left) and Lifeact-GFP (right) expressing DCs migrating through a path decision junction with equal pore sizes but one
blocked path. The Myh9-GFP and Lifeact-GFP signal is fire color-coded and the nuclear localization is shown in cyan (transient Hoechst label). The kymographs show
the signals over time and are depicted by fixing the position of the cell (see Materials and Methods for details) to better compare the signal distribution over time.
Note the re-localization of the major Myh9-GFP signal from the back of the cell towards the back of the “losing” protrusion during nucleokinesis (white arrows).

H Heatmap of the nucleus-MTOC axis configuration during amoeboid nucleokinesis in the presence of the myosin-II inhibitor para-nitroblebbistatin (25 uM) or control
(DMSO). The yellow-dotted regions 1 (DMSO) and 2 (para-nitroblebbistatin) are enlarged to depict the cellular behavior during the initial nucleokinesis event, and the
yellow-dotted regions 3 (DMSO) and 4 (para-nitroblebbistatin) are enlarged to depict the cellular behavior during the later nucleokinesis events to reposition the
nucleus to the cellular front N = 4 replicates, 37 (DMSO) and 13 (para-nitroblebbistatin) cells.

| Quantification of the nucleus-MTOC axis configuration before, during, directly after, and later after amoeboid nucleokinesis in the presence of the myosin-II inhibitor
para-nitroblebbistatin (25 uM) or control (DMSO) (1 = all cells position the nucleus in front of the MTOC; —1 = all cells position the MTOC in front of the nucleus).
Data are mean =+ 95CI, Mann—-Whitney test, N = 4 replicates, 37 (DMSO) and 13 (para-nitroblebbistatin) cells, and 582 (before; DMSO), 173 (before; para-
nitroblebbistatin), 246 (into a dead end, DMSO), 315 (into a dead end, para-nitroblebbistatin), 198 (out of a dead end, DMSO), 244 (out of a dead end, para-
nitroblebbistatin), 208 (directly thereafter, DMSO), 67 (directly thereafter, para-nitroblebbistatin), 523 (later thereafter, DMSO), and 180 (later thereafter, para-

nitroblebbistatin) image frames.

J Quantification of the nucleus-MTOC axis configuration before, during, directly after, and later after amoeboid nucleokinesis in the presence of the actin inhibitor
LatrunculinA (50 nM) or control (DMSO) (1 = all cells position the nucleus in front of the MTOC; —1 = all cells position the MTOC in front of the nucleus). Data are
mean + 95CI, Mann-Whitney test, N = 3 replicates, 78 (DMSO) and 13 (LatrunculinA) cells, and 900 (before; DMSO), 866 (before; LatrunculinA), 323 (into a dead end,
DMSO0), 351 (into a dead end, LatrunculinA), 234 (out of a dead end, DMSO), 265 (out of a dead end, LatrunculinA), 281 (directly thereafter, DMSO), 328 (directly thereaf-
ter, LatrunculinA), 902 (later thereafter, DMSO), and 899 (later thereafter, LatrunculinA) image frames.

Source data are available online for this figure.

On top of this speed challenge, rapidly migrating cells also provide a
morphological challenge: the fastest migrating cells are typically
amoeboid cells, including many immune cells, which have complex,
ramified cell shapes that dynamically and constantly change during
navigation along the migration path, raising the question whether
and how nuclear positioning is coordinated with these highly
dynamic changes in cell shape.

Here, we investigated major cellular models of fast amoeboid
migrating cells, including immune cells (dendritic cells and T cells)
and the single-cell amoeba D. discoideum, and discovered that
motile amoeboid cells actively move and reposition their nuclei dur-
ing pathfinding. Nuclear movement in amoeboid cells is extraordi-
narily efficient and frequent, functioning in a very rapid manner
over long intracellular distances. Given the similarity of this type of
nuclear movement to the movement properties of entire amoeboid
cells, we name this newly described mode of nuclear movement as
“amoeboid nucleokinesis.” Amoeboid nucleokinesis appears to func-
tion independently of a direct role of the microtubule cytoskeleton,
as microtubule depolymerization did not impair the speed of nuclear
repositioning. Instead, our findings show that amoeboid nucleokin-
esis requires forces from the actomyosin cytoskeleton. While forces
from actin and myosin are well known to be important for the
advance and retraction of individual protrusions and the entire cell
body, as well as for the squeezing of the cell body and the nucleus
(Lammermann et al, 2008; Thiam et al, 2016; Barbier et al, 2019),
our reductionistic microchannel approach enabled us to investigate
the principles of amoeboid nucleokinesis independent of squeezing
and general migration or retraction defects. This approach revealed
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that the retraction of a “losing” protrusion containing the nucleus is
a particular challenge, requiring myosin forces to reposition the
nucleus towards the “winning” protrusion during the first phase of
nucleokinesis and into an intracellular location ahead of the MTOC
during the second phase. Given the rapid temporal scale of nuclear
repositioning and the two rapid switches in the nucleus-MTOC axis
configuration, it will be interesting to investigate whether amoeboid
nucleokinesis may involve a tight anchorage between the actomyo-
sin cytoskeleton and the nucleus, or may function through an
anchorage-independent mechanism driven by myosin forces located
at the rear of the nucleus. Considering the accumulation of myosin
behind the nucleus, it is tempting to speculate that myosin pushes
the nucleus during amoeboid nucleokinesis. Alternatively, myosin
may also pull the nucleus from the front, which though would likely
require tight anchorage between actomyosin filaments and the
nucleus, and adhesive cellular contacts with the microenvironment
to stably attach the pulling force, the latter being less typical for non-
or low-adhesive amoeboid migrating cells.

Functionally, we discover that amoeboid nucleokinesis is
required for amoeboid cell migration in complex mechanochemical
microenvironments. Specifically, amoeboid nucleokinesis allows
cells to adapt their path flexibly when a dominant guidance cue
emerges, in particular when the nucleus follows initially the path of
least resistance through a larger pore but then the cell decides to
migrate along the path of another, alternative protrusion along a
dominating chemotactic cue. When amoeboid nucleokinesis is
impaired, cells are less efficient to adapt their path and may become
trapped. Tissue microenvironments typically present a variety of

© 2023 The Authors
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chemical and mechanical cues, including differently sized pores.
These microenvironmental pores can be very heterogenous in size,
typically in the range of 2-10 pm, and are thus considerably
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smaller than the cellular diameter (Wolf et al, 2009; Weigelin
et al, 2012; Kameritsch & Renkawitz, 2020). While motile amoe-
boid cells can use their nucleus as a gauge to probe for the pore

Path adaption:
nucleokinesis frequency

50 4
g
h kil =
“egtree™® 3 40+
d=) =0.0155
=
830
&
K]
H
2 20
£
4
8 gm 3 07
m m
pgre Gblm/ z
4um/
-
&
&
O
©\®

Retraction duration
upon myosin inhibition

Retraction  Retraction

duration duration
-nucleus
€y K]
)

409 033 p=0.0719
5
E
s .
s
£
3 5
2 20
2
8
£
% 10
4

0

‘Losing’ ‘Losing’
protrusion protrusion

without nucleus

_Retraction duration
in Lfc knockout cells

Retraction  Retraction

duration duration
-nucleus

( 4

N
a

p<0.0001

20

Retraction duration (min)

& X & N
$ \}(1 @ \5()
‘Losing’ ‘Losing’
otrusion protrusion
without nucleus eus
€11455712023 11 of 18



The EMBO Journal

Janina Kroll et al

Figure 5. Myosin-based forces drive amoeboid nucleokinesis to ensure adaptive pathfinding.

A Representative bone-marrow derived DCs migrating through path decision with competing chemokine and pore size gradients in the presence of the myosin-Il inhib-
itor para-nitroblebbistatin (25 uM), showing representative cells with and without the nucleus in the ‘losing’ protrusion. The cell shape is outlined in yellow, and the
red arrow highlights the retraction of the “losing” protrusion. The nucleus is shown in cyan (Hoechst) and highlighted by cyan arrows.

B Quantification of (A), measuring the retracting speed of “losing” protrusions in the presence of the myosin-II inhibitor para-nitroblebbistatin (25 uM) or control
(DMSO0), depending on whether the “losing” protrusion contains the nucleus or not. Data are Mean £ 95CI, Mann—-Whitney test, N = 3 replicates, 61 (DMSO, without
nucleus), 59 (para-nitroblebbistatin, without nucleus), 20 (DMSO, with nucleus), and 15 (para-nitroblebbistatin, with nucleus) cells.

C Quantification of (A), measuring the frequency of how often the cell adapts its path by nuclear reorientation from a “losing” towards a “winning protrusions in the
microenvironments described in Fig 2. Data are Mean =+ SD, paired t test, N = 3 replicates, 182 (DMSO), and 136 (para-nitroblebbistatin) cells.

D Representative HoxB8-derived DCs in the presence of the myosin-Il inhibitor para-nitroblebbistatin (25 pM) or control (DMSO). The DCs stably encode EB3-mCherry
(to visualize the MTOC; fire color-coded) and are transiently stained with Hoechst (to visualize the nucleus; cyan). The left panel shows a representative control cell,
the middle panel a representative myosin-inhibited cell with delayed nuclear repositioning to the front of the cell, and the right panel a representative myosin-
inhibited cell that entirely fails to reposition to the productive open path. The configuration of the nucleus-MTOC axis is highlighted by dashed boxes (blue = nucleus

forward; red = MTOC forward). Time in min:s.

E Quantification of the retracting speed of “losing” protrusions in the presence of the myosin-II inhibitor para-nitroblebbistatin (25 M) or control (DMSO), depending
on whether the “losing” protrusion contains the nucleus or not. Data are Mean =+ 95CI, Mann—-Whitney test, N = 4 replicates, 60 (DMSO) and 25 (para-

nitroblebbistatin) cells.

F Quantification of the retracting speed of “losing” protrusions in control (WT) or Lfc

/-

DCs, depending on whether the “losing” protrusion contains the nucleus or not.

Data are Mean £ 95CI, Mann—-Whitney test, N = 4 replicates, 226 (WT) and 104 (Lfc’/’) cells.
G Quantification of the duration of nucleokinesis in the presence of the myosin-II inhibitor para-nitroblebbistatin (25 uM) or control (DMSO). Data are mean £ SEM.

N = 3 replicates, 50 (DMSO) and 38 (para-nitroblebbistatin) cells.

H Quantification of the percentage of cells that have a nucleus stuck in the blocked path for at least 60 min (myosin-Il inhibitor para-nitroblebbistatin (25 uM) vs. con-
trol (DMSQ)). Data are mean £ SEM. N = 3 replicates, 50 (DMSO) and 38 (para-nitroblebbistatin) cells.

Source data are available online for this figure.

size to select migration routes along larger, less detrimental pores
(Renkawitz et al, 2019), cells should be able to flexibly redirect
their migration path upon the emergence of other cues. Here we
showed this flexibility in microenvironments of competing chemo-
kine and pores size cues, identifying that high chemokine concen-
trations can overrule pore size cues. Such a behavior appears to
be highly relevant in physiological situations when cells are
directed by chemotactic cues into dense or narrow tissue

microenvironments, such as when mature dendritic cells have to
squeeze themselves through tiny openings of lymph capillaries
during their travel to the lymph node (Pflicke & Sixt, 2009). Con-
sidering that virtually all motile cells simultaneously encounter a
variety of chemical and mechanical signals in their immediate
local microenvironment, our findings suggest that nucleokinesis
plays a universally crucial role in the navigation of migrating
cells.

Figure 6. Adaptive pathfinding by nucleokinesis in Dictyostelium discoideum amoebae.

A Representative Dictyostelium discoideum cell migrating through a porous maze-like microenvironment composed of pillars interconnecting two surfaces below and
above the migrating cell. The Dictyostelium cell stably expresses mRFP-histone (to visualize the nucleus; cyan) and the cell shape is outlined in green. Time projections
of the cellular and nuclear paths are shown in shades of green and blue, respectively. Time in h:min:s.

B Quantification of the speed of nuclear and cell front movement during nucleokinesis in Dictyostelium cells. Independent speeds of nucleus and cell front are shown
on the left. Nuclear speed normalized to the cell front speed (fold change) is shown on the right. Data are mean + SD. N = 3 replicates, 25 cells.

C Quantification of the speed of nuclear movement during nucleokinesis in DCs and Dictyostelium cells migrating in pillar mazes (DCs in pillars mazes with 9 um pores
sizes, and Dictyostelium cells in pillar mazes with 5 um pore sizes). Data are median £ 95CI. N = 3 replicates, 25 (Dictyostelium) and 30 (DCs) cells.

D Quantification of the intracellular distance of nuclear movement during nucleokinesis in DCs and Dictyostelium cells migrating in pillar mazes. Data are

median + 95CI. N = 3 replicates, 25 (Dictyostelium) and 30 (DCs) cells.

E Quantification of the rate (left) and frequency (right) of nucleokinesis events in amoeboid migrating Dictyostelium cells and DCs. Rate: when the migrating cell has a
least two major protrusions, quantification of whether the nucleus locates immediately into the dominant protrusion or first locates into the future retracting
protrusion, requiring nucleokinesis into the future dominant protrusion. Frequency: showing the frequency of at least two leading edges and nucleokinesis events per

minute. Data are mean + SD. N = 3 replicates, 25 (Dictyostelium) and 30 (DCs) cells.

F Representative Dictyostelium cell migrating in a pillar maze. The Dictyostelium cell stably encodes GFP-a-tubulin, which also visualizes the microtubule-organizing
center (MTOC; in pink) and mRFP-histone, which visualizes the nucleus (in cyan). The cell shape is outlined in green. Projections of cellular (green), MTOC (pink) and
nuclear (blue) paths are shown on the right. Red arrows highlight full and partial nucleokinesis events. Time in min:s.

G Quantification of the nucleus-MTOC axis configuration before and during nucleokinesis. Data are mean + SD. N = 3 replicates, 25 cells.

H Quantification of the nucleus-MTOC axis configuration after nucleokinesis. The x-axis indicates the number of pillar crossings after nucleokinesis. Data are

mean + SD. N = 3 replicates, 25 cells.

| Quantification of the nucleus-MTOC axis configuration before, during, and after nucleokinesis upon myosin inhibition. Data are mean £ SD. N = 3 replicates, 30

(DMSO0) and 27 (para-nitroblebbistatin) cells.

] Representative Dictyostelium cells (WT: top, HS2205 myosin mutant: bottom) migrating in a pillar maze. The Dictyostelium cells stably encode GFP-a-tubulin, which
also visualizes the microtubule-organizing center (MTOC; in pink) and mRFP-histone, which visualizes the nucleus (in cyan). The cell shape is outlined in green. Pro-
jections of cellular (green), MTOC (pink) and nuclear (blue) paths are shown on the right. Red arrows highlight full and partial nucleokinesis events. Time in min:s.

K Quantification of the nucleus-MTOC axis configuration before, during, and after nucleokinesis upon myosin mutation. Data are mean + SD. N = 3 replicates, 25 (WT)

and 26 (HS2205; myosin mutant) cells.

Source data are available online for this figure.
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Nucleokinesis during motility of Dictyostelium discoideum
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Materials and Methods

Cell culture

Mammalian cell culture

All cells were kept at 37°C in a humidified incubator with 5% CO,.
DCs were differentiated either from the bone marrow of male
C57B16/J wildtype mice (aged 8-12 weeks), male or female
MyolIA-Flox*CD11c-Cre mice (aged 8-11 weeks), or from Hoxb8
precursor lines (EB3-mCherry, EMTB-mCherry, Lifeact-GFP, Myh9-
GFP, Lfc”" (WT control) and Lfc™/~ (KO)). Cells were differentiated
in R10 medium (RPMI 1640 supplemented with 10% fetal calf
serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml
streptomycin, and 0.1 mM 2-mercaptoethanol; all Gibco) supple-
mented with 10% granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) hybridoma supernatant. Fresh medium was added on
differentiation days 3 and 6. To induce maturation, either fresh or
thawed DCs (differentiation day 8) were stimulated for 24 h with
200 ng/ml lipopolysaccharide (LPS; E. coli 026:B6, Sigma-Aldrich)
and used for experiments on day 9. DCs derived from bone marrow
from MyollA-Flox*CD11c-Cre mice were additionally differentiated
for two more days (to enable longer Cre expression under the con-
trol of CD11c¢): additional fresh medium was added at day 8 and the
cells were frozen at day 10, followed by stimulation with LPS upon
thawing, and usage of the cells for experiments on day 11.

T cells were isolated from the spleen of male or female C57BL/6J
mice (aged 6-12 weeks) using the EasySep mouse naive T cell isola-
tion Kit (Stemcell). Cells were seeded onto cell culture plates coated
with 1 pg/ml CD3 antibody and 1 pg/ml CD28 antibody and either
used for experiments between differentiation days 3 and 6 or frozen
at day 6 and thawed for experiments.

Dictyostelium discoideum

Cells of the D. discoideum strain AX2-214 (here designated as wild
type), and the myosin-II deficient (mhcA-null) strain HS2205
derived from it (Manstein et al, 1989) were used. Nuclei and
microtubules in both strains were visualized by expression of
GFP-o-tubulin (tubAl; DDB0191380|DDB_G0287689) and mRFP-
histone (H2Bv3; DDB0231622|DDB_G0286509) (Bindl et al, 2020;
Ishikawa-Ankerhold et al, 2022). Cells were cultured in polystyrene
Petri dishes containing HL5 medium (Formedium, Hunstanton,
Norfolk, UK) supplemented with 10 pg/ml of blasticidin S (Gibco,
Fisher Scientific GmbH, Schwerte, Germany), 20 pg/ml of geneticin
(Sigma-Aldrich, Sigma-Aldrich Chemie GmbH, Taufkirchen, Ger-
many), or 33 pug/ml hygromycin B (EMD Millipore Corp., Billerica,
MA, USA) at 22°C. While the myosin-II-deficient mutant has been
reported to have cytokinesis defects causing multinucleation, our
adhesive cell culture conditions mostly resulted in single-nucleated
cells and for analysis we only included those single-nucleated
cells.

Mice

Wild-type animals were housed in the Core Facility Animal Models
at the Biomedical Centre (Ludwig-Maximilians-Universitat), and ani-
mal procedures and experiments were in accordance with the minis-
try of animal welfare of the region of Oberbayern and with the
German law of animal welfare.
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Flow cytometry analysis

DCs were routinely checked for surface marker expression using
antibodies for CD11c (17-0114-82, Invitrogen) and MHCII (48-5321-
82, Invitrogen). After Fc receptor blockage using an antibody for
CD16/32 (14-0161-85, Invitrogen), stainings were performed in
FACS buffer (1% BSA, 2 mM EDTA in PBS). Cells were analyzed
using a Cytoflex S flow cytometer (Beckmann-Coulter).

Microfabricated devices

Microfabricated devices were generated as described previously
(Renkawitz et al, 2018; Kroll et al, 2022). In brief, wafers produced by
photolithography or epoxy replicates thereof were used as templates
for micro-structures with defined lengths, widths, and heights. Micro-
channels had a width of 8 pm. For analysis of adaptive pathfinding in
competing chemokine and pore-size cues, pores were 2, 4, or 6 um
wide. Pore sizes in pillar forests were 5 and 9 pum for D. discoideum
and DC migration, respectively. The height of the micro-structures
ranged from 4 to 5 um to ensure cell confinement from all sides.

Polydimethylsiloxane (PDMS; 10:1 mixture of Sylgard 184, Dow)
was cast on the template micro-structures. PDMS was mixed in a
Thinky mixer, and air bubbles were removed in a desiccator. After
curing at 80°C overnight, PDMS was removed from the template
and cut into single devices. Holes were punched on each side of the
micro-structures to enable cell and chemokine loading. Subse-
quently, PDMS pieces were bonded to cleaned coverslips using a
plasma cleaner. PDMS devices were placed at 120°C for 10 min and
at 80°C overnight to ensure permanent bonding.

Simulation of chemokine diffusion

The geometry of an exemplary channel of the microchannel design
was traced from a transmitted light image in Fiji and subsequently
exported. A 2D model of the channel was generated from this data,
and time-dependent diffusion was simulated using MATLAB’s
“solvepde” function. The boundary condition at the channel inter-
face with the chemokine source was set to ¢y, and at the interface
with the drain, it was set to 0 (Dirichlet boundary conditions). We
used a diffusion constant of 1.3e-10 m?/s for CCL19, as previously
described (Schwarz et al, 2016).

Live-cell migration assays

To visualize the nucleus for live-cell migration assays, cells were
incubated with 1 drop of NucBlue (Invitrogen) in 1 ml of cell/media
mixture for at least 30 min. SPY555-tubulin (Spirochrome) was used
according to the manufacturer’s protocol to visualize the MTOC. For
pharmacological inhibition experiments, cells were treated with
final concentrations of 50 nM Latrunculin A (Sigma-Aldrich), 25 pM
para-nitroblebbistatin (Motorpharma; dissolved in DMSO), or
300 nM or 10 uM Nocodazole (Sigma-Aldrich). Control samples
were treated with the respective DMSO dilution.

Microchannel migration assays

PDMS devices were flushed with phenol-free R10 medium supple-
mented with 50 pM L-ascorbic acid (Sigma-Aldrich) and pharmacolog-
ical inhibitors if applicable for the experimental setup. Devices were
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incubated at 37°C, 5% CO, for at least 1 h before the experiment. Sub-
sequently, 0.625 pg/ml CCL19 (DCs) or 100 uM folate (Dictyostelium)
were loaded into the chemokine loading hole to establish a gradient.
Finally, 0.1-1 x 10° cells were added into the opposite loading hole.
When performing experiments with Dictyostelium cells in microchan-
nels using either folate or cAMP as chemotactic cue, we rarely
observed cells reaching the path decision points, as the microchannel
designs included a long straight path before the path decision point.
Thus, when investigating nucleokinesis in Dictyostelium cells, we
loaded Dictyostelium into pillar forests, in which the cells immediately
encounter a microenvironment with alternative path options on their
migration path, enabling the investigation of nucleokinesis.

Visualization of chemokine gradient

For indirect visualization of the CCL19 gradient in the microchan-
nels with competing chemokine and pore size gradients, 200 pg/ml
dextran (10 kDa) coupled to Alexa Fluor™ 647 (Invitrogen) with a
molecular weight and hydrodynamic radius comparable to CCL19
(Schwarz et al, 2016; Frick et al, 2018) was added to the chemokine
loading hole.

Collagen migration assays

Collagen migration assays were performed as described previously
(Kroll et al, 2022). Briefly, for DC or T cell migration in collagen, 1x
minimum essential medium (MEM, Gibco), 0.4% sodium biocarbo-
nate (Sigma-Aldrich), and Nutragen bovine collagen (Advanced
BioMatrix) were mixed with 3-5 x 10° cells in R10 medium at a 2:1
ratio, resulting in a final collagen density of 3.3 mg/ml. The collagen-
cell solution was added into custom-made migration chambers (appr.
17 mm in width and 1 mm in height). After 75 min polymerization at
37°C, 5% CO,, gels were overlaid with 80 pl CCL19 (0.625 pg/ml).
For pharmacological inhibition experiments, inhibitors were added to
the chemokine solution as well as the collagen-cell solution.

Under-agarose migration assays

Under-agarose migration assays were performed as described
previously (Clausen et al, 2022). In brief, 4% UltraPure agarose
(Invitrogen) in sterile water was mixed with 55°C prewarmed
phenol-free RPMI-1640 (Gibco) supplemented with 20% FCS and 1x
Hanks buffered salt solution pH 7.3 in a 1:3 ratio resulting in a final
agarose concentration of 1%. The 1% agarose mixture was allowed
to cool to 37°C before introducing the inhibitor to the respective
final concentration. 300 pl of the agarose mixture were poured into
each well of imaging-suitable 8-well slides (Ibidi). The under-
agarose migration assay was left at room temperature for 1 h to
polymerize and was subsequently transferred to an incubator (37°C,
5% CO,) for another hour to equilibrate. After equilibration, four
2 mm holes were punched in each well using tissue biopsy
punchers. 2.5 pg/ml CCL19 in phenol-free R10 were loaded into two
adjacent loading holes. Finally, 1.5 x 10° cells were loaded into
each of the two opposite loading holes. The under-agarose migra-
tion assay was placed in the incubator for 4-5 h to let cells migrate
under the agarose layer toward the chemokine source.

Immunofluorescence stainings

For immunofluorescence stainings, under-agarose migration assays
were prepared as described above. Subsequently, cells were fixed
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by adding prewarmed 3.7% paraformaldehyde (PFA, diluted in
PBS) on top of the agarose. After 1 h of fixation at 37°C, 5% CO,,
PFA, and the agarose block were carefully removed, and cells were
washed 3 times with PBS. Permeabilization was conducted with 1x
SAPO buffer (0.2% BSA +0.05% saponin diluted in PBS) for
30 min, followed by blocking with 5% BSA (diluted in 1x SAPO)
for another 30 min. Primary antibodies were incubated at 4°C over-
night (rat anti-a-tubulin: 1 pg/ml, MA1-80017, Invitrogen; diluted in
1x SAPO). Following washing of the cells with PBS (3 times), sam-
ples were stained with secondary antibodies (goat anti-rat Alexa
Fluor™ Plus 647: 4 pg/ml, A48265, Invitrogen; diluted in 1x SAPO)
and DAPI (1:1,000, Thermo Fisher Scientific) at room temperature
for 1 h. Following washing with PBS (3 times), samples were
mounted using Fluoromount-G (Invitrogen).

Imaging

Live-cell imaging of dendritic cells and T cells was performed at
37°C and with 5% CO, in a humidified chamber. Live-cell imaging
of D. discoideum was conducted at room temperature (22°C). Data
were recorded using inverted DMi8 microscopes (Leica) with HC PL
FLUOTAR 4x/0.5 PHO air, HC PL APO 20x/0.80 PH2 air, or HC
PL APO 40x%/0.95 CORR air objectives. Additionally, the microscope
was equipped with an LEDS (Leica) or pE-4000 (CoolLED) light
source, an incubation chamber, a heated stage, and a CO, mixer
(Pecon). Immunofluorescence stainings were imaged on an inverted
wide-field DMi8 microscope (Leica) with an HC PL APO 100x/1.47
oil objective. Imaging data presented in Figs 1 and 4 are available in
the external repository “Biolmage Archive” EMBL-EBI via “BioStu-
dies” (Sarkans et al, 2018) under the accession number S-BIAD901.

Image analysis

Fiji/ImageJ (Schindelin et al, 2012) and Imaris (Bitplane) were used
for image processing. Generally, only single, noninteracting cells
were used for quantification to exclude the influence of neighboring
cells on cell path, speed, pore size decision, or the nucleus—MTOC
axis. We defined nucleokinesis as intracellular movement of the
nucleus for at least one nuclear length relative to cell body, moving
from a “losing” protrusion toward a “wining” protrusion.

The overall speed of cells in collagen matrices was analyzed
using a custom-made cell tracking tool for ImageJ (Kiermaier
et al, 2016). In brief, image sequences were background corrected,
and particle filtering was used to exclude objects larger or smaller
than cells. Each image of the sequence was matched with the opti-
mal overlap in its lateral displacement to the previous frame.
Finally, migration velocity was calculated from the y-displacement
and the time between two consecutive frames. Speed and distance
of nucleus and MTOC in single migrating DCs, T cells, and Dictyoste-
lium cells in collagen matrices as well as in pillar forests were ana-
lyzed using the manual tracking plugin in Fiji (v2.1.1). Orientation
of nucleus and MTOC, as well as nuclear repositioning (whole
nuclear body located in losing protrusion followed by full reposi-
tioning into winning protrusion), was quantified manually in Fiji.

For the analysis of cells migrating in 1x dead end-channels, the
nuclei were tracked using the tracking function of Imaris v9.7.2 with
the following settings: object diameter 10 um, manually adjusted
quality threshold, autoregressive motion tracking algorithm (max.

The EMBO journal e114557|2023 15 of 18



The EMBO Journal

distance 20 um, gap size = 1). MTOC signals were either tracked
manually in Imaris (SPY555-tubulin and EMTB-mCherry) or seg-
mented in ilastik 1.4.0 (Berg et al, 2019) (EB3-mCherry) and then
tracked using the tracking function of Imaris v9.7.2 with the follow-
ing settings: object diameter 3 pm, manually adjusted quality
threshold, autoregressive motion tracking algorithm (max. distance
25 pm, gap size = 3). Subsequently, all automated tracking was
manually evaluated for errors. The cell rear was tracked manually
in Imaris. Position data for nuclei and MTOCs were exported and
analyzed by a custom-made Matlab script. To accurately associate
MTOC tracks with corresponding nuclei, track pairing is achieved
by minimizing the convex hull volume between their points. For
each nuclear track, the motion direction is calculated, followed by
determining the MTOC’s distance and orientation relative to the
nucleus. To categorize distinct zones within the 1x dead end-
channels, their x/y coordinates, and orientations are initially com-
puted using template matching. Subsequently, data from all tracks
is consolidated, and maps depicting speed, orientation, and MTOC
distance are generated for in-depth analysis.

To analyze retraction dynamics of protrusions with or without
nucleus in cells migrating in the 1x dead-end-channels, retraction
length, and duration were quantified manually in Imaris.

To measure fluorescence intensities of dextran (10 kDa) coupled
to Alexa Fluor™ 647 in the microchannels with competing chemo-
kine and pore size gradients, a rectangular ROI (region of interest)
of a defined size was selected on each side of the bifurcation (as
indicated in Fig 2B) and the mean intensity was measured over mul-
tiple channels. Finally, the fold change was calculated by dividing
the mean fluorescence intensity in the “close” channel part by the
mean fluorescence intensity in the “distant” channel part.

To visualize the actin and myosin distribution of cells migrating
in 1x dead-end-channels, polyline regions of interest were manually
drawn on each y-channel separately. The Fiji plug-in kymoreslice-
wide was then used to create kymographs that show the average of
the myosin/actin associated fluorescence over the full width of the
microfluidics channels. These kymographs were subsequently trans-
formed from the lab frame of reference to co-moving kymographs.
To this end, the cell nuclei were tracked separately with Imaris. The
exported center of mass coordinates were used to laterally shift each
line of the raw kymographs, so that the nucleus stayed fixed, hence
stabilizing the kymograph and yielding the co-moving kymographs
of the cells.

Statistics

All replicates were validated independently and represent biological
replicates. Samples that did not show migrating cells were excluded.
Statistical analysis was conducted using GraphPad Prism using the
appropriate tests according to normal or non-normal data
distribution as stated in the figure legends. Error bars are defined in
the figure legends. No blinding, randomization, and samples size
estimations were performed.

Data availability

Imaging data presented in Figs 1 and 4 are available in the external
repository “Biolmage Archive” EMBL-EBI via “BioStudies” under
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the accession number S-BIAD901
biostudies/bioimages/studies/S-BIAD901).
analysis scripts are available upon request.

(https://www.ebi.ac.uk/
Computational image

Expanded View for this article is available online.
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Expanded View Figures

A Pore size choices independent of chemical chemokine gradient
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Figure EV1. Novel reductionistic assays to characterize cellular path choices in competing chemokine and pore size gradients.

A Representative bone marrow-derived DCs (BMDC) migrating in microchannels with two-way path junctions with different pore sizes (8 vs. 8; 8 vs. 6; 8 vs. 4; or 8 vs.

2 pum) but an equally long and symmetric path towards the chemokine source. The cell shape is outlined in green and the nucleus is visualized by Hoechst (cyan). See
Fig 2A for quantification.

B Time-dependent simulation of CCL19 diffusion at a two-way path junction (with a diffusion constant of 1.3e-10 m?/s), at one path is closer to the source of the
chemokine than the alternative path, which follows a snake-like pattern and thus is more distant to the chemokine source. Time in seconds.

C Quantification of cellular path decisions in microenvironments of competing chemokine and pore size gradients (as shown in Fig 2C) with and without chemokines
source. N = 3 replicates (99 cells +CCL19; 41 cells without CCL19). Note that the comparative dataset of cells with CCL19 is the same data as in main Fig 2F. Data are
Mean £ SD.

D Quantification of cellular path decisions in microenvironments of competing chemokine and pore size gradients (as shown in Fig 2D) with and without chemokines
source. N = 3 replicates (71 cells +CCL19; 30 cells without CCL19). Note that the comparative dataset of cells with CCL19 is the same data as in main Fig 2G. Data are
Mean =+ SD.

E Quantification of cellular path decisions in microenvironments of competing chemokine and pore size gradients (as shown in Fig 2E) with and without chemokines
source. N = 3 replicates (58 cells +CCL19; 42 cells without CCL19). Note that the comparative dataset of cells with CCL19 is the same data as in main Fig 2H. Data are
Mean £ SD.

EV2 The EMBO Journal €114557 | 2023 © 2023 The Authors


janin
Rechteck


Janina Kroll et al

A Nuclear repositioning frontwards of the MTOC during the 2nd phase of nucleokinesis
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Figure EV2. Quantification of re-orientations in
the configuration of the nucleus-MTOC axis
during amoeboid nucleokinesis.

A Quantification of the distance of the nucleus and

MTOC to the cell rear during the second phase of
nucleokinesis, showing that the nucleus moves
intracellularly into the front of the MTOC (left
panel); the right panel shows the same data but
plotting the ratios of nucleus and MTOC
distances to the cell rear, highlighting that the
nucleus increases its distance to the cell rear
during the second phase of nucleokinesis. Data
are mean £ SD. N = 5 replicates, 8 cells.
Representative Hoxb8-derived dendritic cell (DC)
approaching a path decision with equal pores
sizes but one blocked path, frequently causing
nucleokinesis from the blocked to the open path.
The DC is stained with SPY-tubulin, which also
visualizes the microtubule-organizing center
(MTOG; in pink). The nucleus is visualized by
Hoechst (cyan) and the cell shape is outlined in
green. Projections of cellular (green), MTOC (pink)
and nuclear (blue) paths are shown on the right.
The configuration of the nucleus-MTOC axis is
highlighted by dashed boxes (blue = nucleus
forward; red = MTOC forward). Time in min:s.
As in (B), but using DCs that stably encode
EMTB-mCherry, which visualizes the
microtubule-organizing center.

Manual quantification of the nucleus-MTOC axis
configuration in EB3-mCherry expressing Hoxb8-
derived dendritic cells before, during, and after
nucleokinesis. The nucleus-MTOC axis
configuration was assessed at the channel
regions indicated by the red arrows. N = 3
replicates, 171 cells. Data are mean + SD.
Manual quantification of the nucleus-MTOC axis
configuration in SPY-tubulin stained Hoxb8-
derived dendritic cells before, during, and after
nucleokinesis. The nucleus-MTOC axis
configuration was assessed at the channel
regions indicated by the red arrows. N = 3
replicates, 126 cells. Data are mean =+ SD.
Manual quantification of the nucleus-MTOC axis
configuration in EMTB-mCherry expressing
Hoxb8-derived dendritic cells before, during, and
after nucleokinesis. The nucleus-MTOC axis
configuration was assessed at the channel
regions indicated by the red arrows. N = 3
replicates, 61 cells. Data are mean =+ SD.
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Figure EV3. Amoeboid nucleokinesis remains largely unaffected when microtubules are depolymerized.

A

EV4

Heatmap of nuclear speed during amoeboid nucleokinesis in the presence of the microtubule inhibitor nocodazole (300 nM) or control (DMSO). The yellow-dotted
regions 1 (DMSO) and 2 (Nocodazole) are enlarged to depict the cellular behavior during the initial nucleokinesis event. N = 3 replicates, 96 (DMSO) and 38
(Nocodazole) cells.

Quantification of nuclear speed during amoeboid nucleokinesis upon microtubule inhibition with 300 nM nocodazole (Nocod.): EMTB-mCherry expressing HoxB8-
derived DCs, migrating through a path junction with one blocked path. The data show tracked nuclear velocities (visualized by Hoechst) of DCs that reposition their
nucleus from the blocked to the open path by nucleokinesis. N = 3 replicates, 96 (DMSO) and 38 (Nocodazole), total analyzed events per column (from 1° to last
column): 859, 417, 235, 45, 305, 145, 188, 58, 34, 23, 304, 149, 111, 81, 249, 46, 577, 505, 484, 97; mean =+ 95CI, Mann-Whitney test.

As in (A), but in the presence of 10 pM nocodazole. N = 4 replicates, 71 (DMSO) and 48 (Nocodazole) cells.

As in (B), but in the presence of 10 uM nocodazole. N = 4 replicates, 71 (DMSO) and 48 (Nocodazole) cells, total analyzed events per column (from 1% to last column):
1140, 671, 426, 292, 263, 231, 297, 180, 997, 768; mean + 95CI, Mann-Whitney test.

Heatmap of distance between nucleus and MTOC during amoeboid nucleokinesis in the presence of the microtubule inhibitor nocodazole (300 nM) or control
(DMSO0). The yellow-dotted regions 1 (DMSO) and 2 (Nocodazole) are enlarged to depict the cellular behavior during the initial nucleokinesis event. N = 3 replicates,
96 (DMS0) and 38 (Nocodazole) cells.

Distances between the MTOC and the nucleus during nucleokinesis in representative EMTB-mCherry expressing Hoxb8-derived dendritic cells in control (DMSO) and
microtubule inhibited (300 nM nocodazole) samples. See (E) and (G) for quantification of the distance between MTOC and nucleus during the different phases of
nucleokinesis. Some of the categories (MTOC in front in same channel parts) occurred rarely at the channel entrance, preventing representative images.
Quantification of the distance between nucleus and MTOC during amoeboid nucleokinesis upon microtubule inhibition with 300 nM nocodazole (Nocod.): EMTB-
mCherry expressing HoxB8-derived DCs, migrating through a path junction with one blocked path. The data show the distances between the center of the nucleus
(visualized by Hoechst) and the center of the MTOC (visualized by EMTB-mCherry) in DCs that reposition their nucleus from the blocked to the open path by
nucleokinesis. The red dashed boxes highlight the reduced distance between nucleus and MTOC upon microtubule inhibition, when the MTOC is positioned
frontward. N = 3 replicates, 96 (DMSO) and 38 (Nocodazole), total analyzed events per column (from 1°* to last column): 859, 417, 237, 46, 305, 145, 188, 58, 34, 23,
304, 149, 111, 81, 249, 46, 578, 508, 484, 97; mean + 95CI; Mann—-Whitney test.
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Figure EV4. Reduced amoeboid nucleokinesis speed and cell polarity switching upon myosin inhibition.

A Bone marrow-derived dendritic cell migration in three-dimensional (3D) collagen matrices (3.3 mg/ml) along a CCL19 chemokine gradient in the presence of different
concentrations of para-nitroblebbistatin (myosin inhibitor) or DMSO (control). N = 3 replicates. Data are mean.

B Mean migration velocity between 150 and 250 min of cells shown in (A). N = 3 replicates. Data are mean =+ 95CI.

C Quantification of the cell polarity after nucleokinesis at the channel exit in the presence of the myosin inhibitor para-nitroblebbistatin (25 puM) or control (DMSO).

N = 4 replicates, 37 (DMSO) and 13 (para-nitroblebbistatin) cells. Data are mean =+ SEM.

D Heatmap of nuclear speed during amoeboid nucleokinesis in the presence of the myosin inhibitor para-nitroblebbistatin (25 M) or control (DMSO). The yellow-
dotted regions 1 (DMSO) and 2 (para-nitroblebbistatin) are enlarged to depict the cellular behavior during the initial nucleokinesis event. N = 4 replicates, 37 (DMSO)
and 13 (Blebbist.) cells.

E Quantification of nuclear speed during amoeboid nucleokinesis upon myosin inhibition with 25 pM para-nitroblebbistatin (Blebbist.): EB3-mCherry expressing HoxB8-
derived DCs, migrating through a path junction with one blocked path. The data show tracked nuclear velocities (visualized by Hoechst) of DCs that reposition their
nucleus from the blocked to the open path by nucleokinesis. The red dashed boxes highlight the decelerated nuclear speed upon myosin inhibition during
repositioning of the nucleus from the blocked path. N = 4 replicates, 37 (DMSO) and 13 (Blebbist) cells; total analyzed events per column (from 1% to last column):
433, 76, 146, 97, 139, 147, 107, 168, 48, 99, 150, 145, 101, 29, 107, 38, 330, 83, 184, 97; mean £ 95CI, Mann—-Whitney test.

F Heatmap of distance between nucleus and MTOC during amoeboid nucleokinesis in the presence of the myosin inhibitor para-nitroblebbistatin (25 uM) or control
(DMSO). The yellow-dotted regions 1 (DMSO) and 2 (Blebbist.) are enlarged to depict the cellular behavior during the initial nucleokinesis event. N = 4 replicates, 37
(DMSO0) and 13 (Blebbist.) cells.

G Quantification of the distance between nucleus and MTOC during amoeboid nucleokinesis upon myosin inhibition with 25 uM para-nitroblebbistatin (Blebbist.): EB3-
mCherry expressing HoxB8-derived DCs, migrating through a path junction with one blocked path. The data show the distances between the center of the nucleus
(visualized by Hoechst) and the center of the MTOC (visualized by EB3-mCherry) in DCs that reposition their nucleus from the blocked to the open path by
nucleokinesis. N = 4 replicates, 37 (DMSO) and 13 (Blebbist,) cells, total analyzed events per column (from 1 to last column): 433, 76, 146, 97, 139, 147, 107, 168, 48,
99, 150, 145, 101, 29, 107, 38, 330, 83, 184, 97; mean + 95CI, Mann-Whitney test.

Figure EV5. Delayed cell polarity switching and amoeboid nucleokinesis upon low-dose actin inhibition.

A Bone marrow-derived dendritic cell migration in three-dimensional (3D) collagen matrices (3.3 mg/ml) along a CCL19 chemokine gradient in the presence of different
concentrations of Latrunculin A (actin inhibitor) or DMSO (control). N = 3 replicates. Data are mean.

B Mean migration velocity between 150 and 250 min of cells shown in (A). N = 3 replicates. Data are mean + 95CI.

C Heatmap of the nucleus-MTOC axis configuration during amoeboid nucleokinesis in the presence of the actin inhibitor Latrunculin A (50 nM) or control (DMSO). The
yellow-dotted regions 1 (DMSO) and 2 (Latrunculin A) are enlarged to depict the cellular behavior during the initial nucleokinesis event, and the yellow-dotted
regions 3 (DMSO) and 4 (Latrunculin A) are enlarged to depict the cellular behavior during the later nucleokinesis events to reposition the nucleus to the cellular
front. N = 3 replicates, 78 (DMSO) and 67 (Latrunculin A) cells.

D Quantification of the cell polarity after nucleokinesis at the channel exit in the presence of the actin inhibitor Latrunculin A (50 nM) or control (DMSO). N = 3
replicates, 78 (DMSO) and 66 (Latrunculin A) cells. Data are mean + SEM.

E Quantification of the duration of nucleokinesis in the presence of the actin inhibitor Latrunculin A (50 nM) or control (DMSO). N = 3 replicates, 101 (DMSO) and 93
(Latrunculin A) cells. Data are mean + SEM.

F Heatmap of nuclear speed during amoeboid nucleokinesis in the presence of the actin inhibitor Latrunculin A (50 nM) or control (DMSO). The yellow-dotted regions 1
(DMSO0) and 2 (Latrunculin A) are enlarged to depict the cellular behavior during the initial nucleokinesis event. N = 3 replicates, 78 (DMSO) and 67 (Latrunculin A)
cells.

G Quantification of nuclear speed during amoeboid nucleokinesis upon actin inhibition with 50 nM Latrunculin A (Latr. A): EB3-mCherry expressing HoxB8-derived DCs,
migrating through a path junction with one blocked path. The data show tracked nuclear velocities (visualized by Hoechst) of DCs that reposition their nucleus from
the blocked to the open path by nucleokinesis. The red dashed boxes highlight the decelerated nuclear speed upon actin inhibition during repositioning of the
nucleus from the blocked path. N = 3 replicates, 78 (DMSO) and 67 (Latr. A) cells, total analyzed events per column (from 1°" to last column): 684, 444, 206, 413, 210,
204,113, 147, 50, 48, 184, 217, 155, 119, 127, 209, 700, 434, 201, 465; data are mean + 95CI, Mann—Whitney test.

H Heatmap of distance between nucleus and MTOC during amoeboid nucleokinesis in the presence of the actin inhibitor Latrunculin A (50 nM) or control (DMSO). The
yellow-dotted regions 1 (DMSO) and 2 (Latr. A) are enlarged to depict the cellular behavior during the initial nucleokinesis event. N = 3 replicates, 78 (DMSO) and 67
(Latr. A) cells.

| Quantification of the distance between nucleus and MTOC during amoeboid nucleokinesis upon actin inhibition with 50 nM Latrunculin A (Latr. A): EB3-mCherry
expressing HoxB8-derived DCs, migrating through a path junction with one blocked path. The data show the distances between the center of the nucleus (visualized
by Hoechst) and the center of the MTOC (visualized by EB3-mCherry) in DCs that reposition their nucleus from the blocked to the open path by nucleokinesis. N = 3
replicates, 78 (DMSO) and 67 (Latr. A) cells, total analyzed events per column (from 1 to last column): 684, 444, 206, 413, 210, 204, 113, 147, 50, 48, 184, 217, 155,
119, 127, 209, 700, 434, 201, 465; data are mean + 95CI, Mann-Whitney test.
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Appendix Figure S1. Comparison of amoeboid nucleokinesis parameters to nucleokinesis in other cell types.
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Appendix Figure S1. Comparison of amoeboid nucleokinesis parameters to nucleokinesis in other
cell types.

A.

Speed and distance of amoeboid nucleokinesis in dendritic cells, T cells, and Dictyostelium
discoideum. Previously published nucleokinesis speeds and distances measured in other cell
types are shown as a reference (Gundersen & Worman, Cell 2013). Data from this study are
mean £SD.

Representative bone marrow-derived dendritic cell (DC) migrating through a porous maze-like
microenvironment composed of pillars interconnecting two surfaces below and above the
migrating cell. The cell shape is outlined in green and the nucleus is visualized by Hoechst
(cyan). Red arrow highlights nucleokinesis event. Time in hr:min:sec.

Time projections of the cellular and nuclear paths of the cell in B are shown in shades of green
and blue, respectively. Red arrow highlights nucleokinesis event, and the red dashed line
shows the nuclear path.
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Appendix Figure S2. Novel reductionistic assay to characterize nucleokinesis during cell motility.
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Appendix Figure S2. Novel reductionistic assays to characterize nucleokinesis during cell motility.

A.

Representative bone marrow-derived DC (BMDC) migrating in a microchannel with a path
junction that has one open and three blocked paths. Note the high frequency of nucleokinesis
(nucleus in cyan; Hoechst) as quantified in B). To quantitively analyze the detailed spatio-
temporal dynamics of nucleokinesis, we analyzed nucleokinesis in even more simple
environments, in which cells approach path junctions that are composed of one dead-end path
and one open continuous path (see C and D). The cellular shape and the position of the nucleus
are outlined over time in shades of green and blue, respectively. Time in min:sec.
Quantification of the rate of nucleokinesis in a 4-way junction with 3x dead ends. N=3
replicates, 169 cells. Data are mean %SD.

Overview of microchannels with 1x dead-end. Top: Brightfield, bottom: maximum projection
of nuclear channel (Hoechst, cyan). The yellow-dotted regions are shown enlarged below.
Quantification of the rate of nucleokinesis in a 2-way junction with 1x dead end. N=3
replicates, 178 cells. Data are mean %SD.

Workflow of semi-automated image analysis for cells migrating in the 2-junction with 1x dead
end. Nucleokinesis events are identified by only selecting nuclear tracks entering a surface
drawn manually over the dead end in Imaris. llastik is used to segment the MTOC signal.
Subsequently, the nucleus and MTOC are tracked in Imaris. Using a custom-made Matlab
script, tracks are aligned and heat maps and data on track speed, distance of nucleus and
MTOC, and distance changes are generated.
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Appendix Figure S3. Nucleus-to-MTOC distances and speeds during amoeboid nucleokinesis.
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Appendix Figure S3. Nucleus-to-MTOC distances and speeds during amoeboid nucleokinesis.

A.

Heatmap of nuclear speed during amoeboid nucleokinesis. The yellow-dotted region 1 is
enlarged to depict the cellular behavior during the initial nucleokinesis event. N=6 replicates,
48 cells.

Quantification of nuclear speed during amoeboid nucleokinesis depending on the nucleus-
MTOC axis configuration: EB3-mCherry expressing HoxB8-derived DCs, migrating through a
path junction with one blocked path. The data show tracked nuclear velocities (visualized by
Hoechst) of DCs that reposition their nucleus from the blocked to the open path by
nucleokinesis. N=6 replicates, N=48 cells, total analyzed events per column (from 1 to last
column): 566, 90, 165, 85, 32, 159, 96, 85, 541, 136; Data are mean +95Cl.

Distances between the MTOC and the nucleus during nucleokinesis in representative EB3-
mCherry expressing Hoxb8-derived dendritic cells. See D) and E) for quantification of the
distance, and F) for quantification of the distance change during the different phases of
nucleokinesis.

Heatmap of the distance between nucleus and MTOC during amoeboid nucleokinesis. The
yellow-dotted region 1 is enlarged to depict the cellular behavior during the initial
nucleokinesis event. N=6 replicates, 48 cells.

Quantification of the distance between nucleus and MTOC during amoeboid nucleokinesis
depending on the nucleus-MTOC axis configuration: EB3-mCherry expressing HoxB8-derived
DCs, migrating through a path junction with one blocked path. The data show the distances
between the center of the nucleus (visualized by Hoechst) and the center of the MTOC
(visualized by EB3-mCherry) in DCs that reposition their nucleus from the blocked to the open
path by nucleokinesis. N=6 replicates, N=48 cells, total analyzed events per column (from 1%
to last column): 566, 90, 165, 85, 32, 159, 96, 85, 541, 136; Data are mean +95Cl.
Quantification of the nucleus-to-MTOC distance changes during amoeboid nucleokinesis
depending on the nucleus-MTOC axis configuration: EB3-mCherry expressing HoxB8-derived
DCs, migrating through a path junction with one blocked path. The data show the change of
distances between the center of the nucleus (visualized by Hoechst) and the center of the
MTOC (visualized by EB3-mCherry) in DCs that reposition their nucleus from the blocked to
the open path by nucleokinesis. N=6 replicates, N=48 cells, total analyzed events per column
(from 1% to last column): 566, 90, 165, 85, 32, 159, 96, 85, 541, 136; Data are mean +95Cl.
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Appendix Figure S4. Consequences of low and high doses of nocodazole for the microtubule cytoskeleton
and the velocity of migratory dendritic cells
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Appendix Figure S4. Consequences of low and high doses of nocodazole for the microtubule

cytoskeleton and the velocity of migrating cells.

A.

Immunofluorescence staining against alpha-tubulin (black) of DCs migrating in an under-
agarose assay (Nucleus/DAPI shown in blue). Note that microtubules typically reach far-
distantly into at least one cellular protrusion in control cells (dashed yellow boxes show regions
in the protrusions in an enlarged manner), whereas low doses of 300 nM nocodazole largely
depolymerize the microtubule cytoskeleton in most cells, and high doses of 10 uM nocodazole
entirely depolymerize the microtubule cytoskeleton.

Bone marrow-derived dendritic cell migration in three-dimensional (3D) collagen matrices (3.3
mg/ml) along a CCL19 chemokine gradient in the presence of different concentrations of
Nocodazole (microtubule inhibitor) or DMSO (control). N=3 replicates. Data are mean.

Mean migration velocity between 150 and 250 min of cells shown in A. N=3 replicates. Data

are mean +95Cl.
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Appendix Figure $5. Reduced cell polarity switching during amoeboid nucleokinesis upon myosin-llA
knockout.
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Appendix Figure S5. Reduced cell polarity switching during amoeboid nucleokinesis upon a
conditional myosin-llA knockout.

A.

Heatmap of the nucleus-MTOC axis configuration during amoeboid nucleokinesis in myosin-
IIA KO or control DCs at day 8 of differentiation. The yellow-dotted regions 1 (WT) and 2
(myosin KO) are enlarged to depict the cellular behavior during the initial nucleokinesis event,
and the yellow-dotted regions 3 (WT) and 4 (myosin KO) are enlarged to depict the cellular
behavior during the later nucleokinesis events to reposition the nucleus to the cellular front.
N=3 replicates, 119 (WT) and 94 (myosin KO) cells.

Quantification of the nucleus-MTOC axis configuration before, during, directly after, and later
after amoeboid nucleokinesis in myosin-lIA KO or control DCs at day 8 of differentiation (1=all
cells position the nucleus in front of the MTOC; -1= all cells position the MTOC in front of the
nucleus). Data are mean+95CI, Mann-Whitney test, N=3 replicates, 119 (control) and 94
(myosin KO) cells, and 1813 (before; control), 1511 (before; KO), 617 (into a dead end, control),
555 (into a dead end, KO), 286 (out of a dead end, control), 282 (out of a dead end, KO), 468
(directly thereafter, control), 411 (directly thereafter, KO), 1953 (later thereafter, control), and
1700 (later thereafter, KO) image frames.

Heatmap of the nucleus-MTOC axis configuration during amoeboid nucleokinesis in myosin-
IIA KO or control DCs at day 10 of differentiation. The yellow-dotted regions 1 (WT) and 2
(myosin KO) are enlarged to depict the cellular behavior during the initial nucleokinesis event,
and the yellow-dotted regions 3 (WT) and 4 (myosin KO) are enlarged to depict the cellular
behavior during the later nucleokinesis events to reposition the nucleus to the cellular front.
N= 3 replicates, 92 (WT) and 49 (myosin KO) cells.

Quantification of the nucleus-MTOC axis configuration before, during, directly after, and later
after amoeboid nucleokinesis in myosin-1I1A KO or control DCs at day 10 of differentiation (1=all
cells position the nucleus in front of the MTOC; -1= all cells position the MTOC in front of the
nucleus). Data are meant95Cl, Mann-Whitney test, N=3 replicates, 92 (control) and 49
(myosin KO) cells, and 1294 (before; control), 1000 (before; KO), 441 (into a dead end, control),
331 (into a dead end, KO), 208 (out of a dead end, control), 186 (out of a dead end, KO), 346
(directly thereafter, control), 311 (directly thereafter, KO), 1233 (later thereafter, control), and
1056 (later thereafter, KO) image frames.
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Appendix Figure S6. Slower retractions of nucleus-containing protrusions in Lfc knockout DCs.
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Appendix Figure S6. Slower retractions of nucleus-containing protrusions in Lfc -/- DCs.

A.

Comparable nucleus-MTOC axis configuration in Lfc knockout cells to WT cells during
amoeboid nucleokinesis: the MTOC was visualized by spy-tubulin; Data shows heatmaps of
the nucleus-MTOC axis configuration during amoeboid nucleokinesis in WT and Lfc -/- DCs.
The yellow-dotted regions 1 (WT) and 2 (Lfc -/-) are enlarged to depict the cellular behavior
during the initial nucleokinesis event, and the yellow-dotted regions 3 (WT) and 4 (Lfc -/-) are
enlarged to depict the cellular behavior during the later nucleokinesis events to reposition the
nucleus to the cellular front. N=4 replicates, 105 (WT) and 42 (Lfc -/-) cells.

Quantification of A) of the nucleus-MTOC axis configuration before, during, directly after, and
later after amoeboid nucleokinesis in Lfc -/- or WT cells (1=all cells position the nucleus in front
of the MTOC; -1= all cells position the MTOC in front of the nucleus). Data are mean+95Cl,
Mann-Whitney test, N=4 replicates, 105 (WT) and 42 (Lfc -/-) cells, and 1029 (before; WT), 439
(before; Lfc -/-), 424 (into a dead end, WT), 198 (into a dead end, Lfc -/-), 212 (out of a dead
end, WT), 160 (out of a dead end, Lfc-/-), 290 (directly thereafter, WT), 143 (directly thereafter,
Lfc -/-), 1084 (later thereafter, WT), and 480 (later thereafter, Lfc -/-) image frames.

Heatmap of nuclear speed during amoeboid nucleokinesis in Lfc -/- or WT cells. The yellow-
dotted regions 1 (WT) and 2 (Lfc -/-) are enlarged to depict the cellular behavior during the
initial nucleokinesis event. N= 4 replicates, 105 (WT) and 42 (Lfc -/-) cells.

Quantification of C) of the nuclear speed during amoeboid nucleokinesis in Lfc -/- or WT cells.
N= 4 replicates, 113 (WT) and 52 (Lfc -/-) cells, total analyzed events per column are 1029
(before; WT), 439 (before; Lfc -/-), 424 (into a dead end, WT), 198 (into a dead end, Lfc -/-),
212 (out of a dead end, WT), 160 (out of a dead end, Lfc -/-), 290 (directly thereafter, WT), 143
(directly thereafter, Lfc -/-), 1084 (later thereafter, WT), and 480 (later thereafter, Lfc -/-); data
are meanx95CIl, Mann-Withney test.

Correlating the retraction time of ‘losing’ protrusions vs their length, comparing ‘losing’
protrusions without a nucleus and with a nucleus upon myosin inhibition by para-
nitroblebbistatin vs controls (DMSO). N= 5 replicates, 38 cells (DMSO, without nucleus), 29
(DMSO, with nucleus), 17 cells (blebbistatin, without nucleus) and 29 cells (blebbistatin, with
nucleus). See also main figure 5E for quantification of retraction times of ‘losing’ protrusions
with and without a nucleus upon myosin inhibition.

Correlating the retraction time of ‘losing’ protrusions vs their length, comparing ‘losing’
protrusions without a nucleus and with a nucleus in WT and Lfc -/- DCs. N= 4 replicates, 113
cells (WT, without nucleus), 113 (WT, with nucleus), 52 cells (Lfc -/-, without nucleus) and 52
cells (Lfc -/-, with nucleus). See also main figure 5F for quantification of retraction times of
‘losing’ protrusions with and without a nucleus in Lfc -/- DCs.
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Appendix Figure S7. Delayed nucleokinesis upon myosin inhibition in Dictyostelium.
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Appendix Figure S7. Delayed nucleokinesis upon myosin inhibition in Dictyostelium.

A. Representative Dictyostelium cell (control: DMSO) migrating in a pillar maze. The Dictyostelium
cell stably encodes GFP-a-tubulin, which also visualizes the microtubule-organizing center
(MTOC; in pink) and mRFP-histone, which visualizes the nucleus (in cyan). Projections of
cellular (fire) and nuclear (blue) paths are shown on the right. The red arrow highlights the
nucleokinesis event. Time in min:sec.

B. Representative Dictyostelium cell migrating in a pillar maze upon myosin inhibition (25 pM
para-nitroblebbistatin). The Dictyostelium cell stably encodes GFP-a-tubulin, which also
visualizes the microtubule-organizing center (MTOC; in pink) and mRFP-histone, which
visualizes the nucleus (in cyan). Projections of cellular (fire) and nuclear (blue) paths are shown
on the right. The red arrow highlights the nucleokinesis event. Time in min:sec.
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Abstract: Directional cell migration and the establishment of polarity play an important role in
development, wound healing, and host cell defense. While actin polymerization provides the driving
force at the cell front, the microtubule network assumes a regulatory function, in coordinating front
protrusion and rear retraction. By using Dictyostelium discoideum cells as a model for amoeboid
movement in different 2D and 3D environments, the position of the centrosome relative to the
nucleus was analyzed using live-cell microscopy. Our results showed that the centrosome was
preferentially located rearward of the nucleus under all conditions tested for directed migration,
while the nucleus was oriented toward the expanding front. When cells are hindered from straight
movement by obstacles, the centrosome is displaced temporarily from its rearward location to the
side of the nucleus, but is reoriented within seconds. This relocalization is supported by the presence
of intact microtubules and their contact with the cortex. The data suggest that the centrosome is
responsible for coordinating microtubules with respect to the nucleus. In summary, we have analyzed
the orientation of the centrosome during different modes of migration in an amoeboid model and
present evidence that the basic principles of centrosome positioning and movement are conserved
between Dictyostelium and human leukocytes.

Keywords: amoeboid cell migration; cAMP; chemotaxis; Dictyostelium discoideum; folate; microchannels;
micropipette assay; microtubules; 3D matrix

1. Introduction

Cell migration is a complex process and, as such, important for morphogenesis during
embryonic development, wound healing, or immune responses. Mechanistically, different
types of cell movement can be distinguished: amoeboid, mesenchymal, multicellular
streaming, and collective cell migration [1]. Migrating cells are usually characterized by
polarity, recognizable by the extension of protrusions at the front or leading edge and
retraction of the rear end [2,3].

Individual cells, such as fibroblasts, myoblasts, neural crest cells, and various cancer
cells have been shown to migrate in the mesenchymal migration mode, which is character-
ized by a strong adhesive capacity, mediated by focal adhesions and proteolytic degradation
of the surrounding extracellular matrix during interstitial movement. These cells exhibit a
rather low migration speed.

Cells 2022, 11, 1776. https:/ /doi.org/10.3390/ cells11111776
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In contrast, leukocytes, including neutrophils, T-cells, and dendritic cells, and cells of
the model organism Dictyostelium discoideum display an amoeboid mode of migration that
is characterized by a lack of focal adhesions and stress fibers [4-6]. These cells are rather
poorly adhesive, migrate with considerably higher speed, and do not perform proteolytic
remodeling of their surrounding matrix when migrating in three-dimensional (3D) envi-
ronments. Depending on the mechanical constraints, amoeboid cells can switch between
F-actin-driven and bleb-based pseudopod formation [1,7-10]. Recent work has shown that
both forms of surface extensions can coexist and cooperate during chemotaxis [11,12].

For many years Dictyostelium has been used to explore basic principles in cell and
developmental biology, and more recently it has emerged as a valuable biomedical model
system for studying several human diseases [13,14]. Dictyostelium cells are intrinsically
motile and serve as an excellent model to analyze cell motility and host defense [13,15,16].
Single Dictyostelium cells, just like leukocytes, migrate either randomly or perform directed
movement when sensing chemical cues in their microenvironment. During chemotactic
migration, the gradient of the extracellular chemoattractant is sensed by the cells through
G-protein coupled receptors and transduced into an intracellular signaling cascade, which
allows the establishment of cell polarity, expansion of pseudopods, and migration of
the cells [17-20]. Depending on the life cycle phase, either folic acid or cyclic AMP can
act as chemoattractant for Dictyostelium. Dictyostelium cells are professional phagocytes
that, in their vegetative growth phase, sense bacteria by chemotaxis toward folic acid
and ingest them by phagocytosis [21]. Chemotaxis toward the cAMP released by cells
is important for development into fruiting bodies [22]. The cAMP receptor, cAR1, was
the first chemoattractant G-protein coupled receptor identified in eukaryotic cells [23],
whereas the G-protein-coupled receptor for folic acid-mediated signaling was identified
more recently [24].

Microtubules are important cytoskeletal structures, essential for cell division, intracel-
lular transport, motion of cilia and flagella, as well as cell migration and establishment of
polarity [25]. How microtubules are involved in the mechanism of migration is not yet fully
understood and largely depends on the cell type. Most studies have concluded that micro-
tubules play a positive role, by regulating actin polymerization, transporting membrane
vesicles to the leading edge, and/or facilitating the turnover of adhesion plaques. Several
studies have shown that microtubules regulate cell migration in a cell type-dependent
manner [26,27]. To give a few examples, it was shown that their depolymerization can
impair cell migration in types of cells such as fibroblasts [26,28], and suppress the polarity
and promote motility of neutrophils [29], while their absence had no influence on the mi-
gratory properties of fish keratinocytes [30]. In addition, microtubules have been reported
to restrain cell movement and to specify directionality [31]. For immune cells, the role of
the microtubule cytoskeleton and its importance in cell polarization and directed migration
has been recently reviewed [32].

Microtubules nucleate either from basal bodies or microtubule organizing centers
(MTOCs). Centrosomes are the major MTOCs, and during migration, their intracellular
position seems to depend on the cell type. In slow-moving non-leukocyte cells, the MTOC
is often located in front of the nucleus (relative to the direction of cell migration) and
microtubules radiate primarily towards the leading edge [33,34]. Similarly, in slow-moving
macrophages, the MTOC often locates in front of the nucleus [35,36]. However, in fast-
moving leukocytes, such as dendritic cells and T-cells, MTOCs and microtubules have
been described to localize behind the nucleus during directional migration [36-39]. This
positioning of the nucleus, frontward to the centrosome, enables these fast-migrating
cells to use their nucleus as a mechanical gauge to probe for suitable larger pores in the
microenvironment [39]. However, in fast migrating neutrophils, the MTOC frequently
localizes between the lobes of the segmented nucleus [39—41], but also has been reported
to either localize to the back of the nucleus during polarization on 2D surfaces [39], or to
localize to the front of the nucleus during migration in living zebrafish [27], suggesting that
MTOC positioning might also be influenced by the cellular microenvironment.



Cells 2022, 11,1776

30f15

The Dictyostelium centrosome has been explored in detail in recent years [42,43]. It
is structurally different, as it contains no centrioles and shows some differences with
respect to centrosome duplication and its regulation. In the interphase, the Dictyostelium
centrosome remains adjacent to the nucleus, and several proteins have been demonstrated
to play a role in connecting centrosomes to nuclei, including a Sunl homolog [44,45], a
centrin B homolog [46], the centrosomal protein CP148 [47], and the kinesin Kif9 [48]. They
play either a structural or regulatory role in anchoring microtubule minus ends into the
centrosome corona or in linking components at the nuclear envelope [43,48].

In the present study, we investigated the position of the centrosome relative to that
of the nucleus, and the proximity of the centrosome to the nucleus during migration of
Dictyostelium single cells. Although several studies have addressed the position of the
centrosome in the past [49-54], a systematic investigation considering different migration
conditions has been lacking. Here, we used microfabricated polydimethylsiloxane (PDMS)
surfaces and 3D matrices, in addition to standard chemotaxis micropipette assays, to
systematically test centrosome positioning in diverse microenvironments and different
developmental stages.

2. Materials and Methods
2.1. Cells and Culture Conditions

Cells of the Dictyostelium discoideum strain AX2-214 expressing both GFP-a-tubulin (tubAl;
DDB0191380 | DDB_G0287689) [52] and mRFP-histone (H2Bv3; DDB0231622 | DDB_G0286509) [55]
were cultivated in polystyrene Petri dishes in HL5 medium (Formedium, Hunstanton,
Norfolk, UK) supplemented with 20 pg/mL of Geneticin (Sigma-Aldrich, Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) and 10 pg/mL of Blasticidin S (Gibco, Fisher
Scientific GmbH, Schwerte, Germany) at 22 °C. To induce aggregation competence and
development, cells were washed in phosphate buffer (PB; 17 mM phosphate, pH 6.0), and
starved in PB for 8 to 10 h.

2.2. Chemotaxis Conditions

For chemotaxis of growth phase cells versus pterines, a final concentration of 100 uM
folate (Sigma-Aldrich; F8758) was used to set up the gradient in PDMS microfabricated or
3D p-slide chemotaxis devices (ibidi GmbH, Grifelfing, Germany) with a VitroGel Hydrogel
matrix (TheWell Bioscience Inc., North Brunswick, NJ, USA). For chemotaxis experiments
with cells during the aggregation competent stage, ;CAMP (Sigma-Aldrich; A9501) was used
at a final concentration of 10 M in micropipette assays, PDMS microfabricated devices, and
3D p-slide chemotaxis devices (ibidi GmbH, Grafelfing, Germany) with VitroGel Hydrogel
(TheWell Bioscience Inc., North Brunswick, NJ, USA) or rat collagen type I (ibidi GmbH,
Gréfelfing, Germany) matrices.

2.3. Micropipette Chemotaxis Assay

For analysis of cell motility in 2D conditions, starved cells or cells treated with 30 uM
of nocodazole for 1 h, were plated in low 35-mm standard-bottom i-dishes (ibidi GmbH,
Grifelfing, Germany), and migration toward a micropipette (Eppendorf) filled with 10
uM cyclic AMP was recorded using a confocal laser scanning microscope (LSM 780, Zeiss)
with a Plan-Apochromat 63x/1.4 Oil DIC objective. Images were taken at 1.5 s intervals
for 30-60 min. Centrosome and nucleus displacement were tracked using the automatic
ImarisTrack tool of the Imaris software (Bitplane), followed by manual cell tracking.

2.4. Migration within Microfabricated Polydimethylsiloxane (PDMS)-Based Microchannels or
Pillar Arrays

Dictyostelium cells expressing both GFP-tubulin and mRFP-histone were propagated
in the growth phase, or the developmental phase as described above (2.1.). Microfabricated
PDMS microchannels (8 pm width, 4.8 um height) or pillar arrays (micropillars with
a diameter of 7 pm, positioned with a distance of 10 um, and a height of 4.2 um to
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connect the bottom glass-slide with the PDMS-composed ceiling) were used, as previously
described [56,57]. To investigate the chemotaxis of Dictyostelium cells in the growth phase,
we loaded 100,000 cells and employed a final concentration of 100 uM folate (Sigma-
Aldrich, F8758) to set up the gradient. To analyze the chemotactic migration of cells of the
developmental stage, 50,000 cells were loaded and 10 uM of cAMP was used to generate
the chemoattractant gradient.

2.5. Migration in 3D Hydrogel and Collagen Matrices

To analyze the position of the centrosome in relation to the nucleus during migration in
3D environments, 3D p-slide chemotaxis devices (ibidi GmbH, Grifelfing, Germany) were
used in combination either with VitroGel Hydrogel (TheWell Bioscience) or rat collagen
type I (ibidi GmbH, Grifelfing, Germany) matrices.

Hydrogel: 100,000 Dictyostelium cells of the developmental phase were suspended
in PB and mixed with hydrogel (v/v 1:2), loaded into a 3D p-slide chemotaxis chamber
(6 pL into the middle channel), and were allowed to settle down for 1 h at RT. To set up a
gradient of cAMP, a final concentration of 10 uM cAMP was loaded (65 pL) into one outer
compartment of the chamber, the other one was filled with PB (65 pL).

Collagen: 100,000 Dictyostelium cells of the developmental stage were suspended in a
final volume of 75 pL containing rat tail collagen type I (ibidi GmbH, Gréfelfing, Germany;
1.5 mg/mL) in PB supplemented with 6.7 mM NaOH, 1.2 mM CaCl,, and 0.2% NaHCOs.
The cell-collagen mix was loaded into the 3D p-slide chemotaxis chamber (6 pL into the
middle channel), and was allowed to settle down for 30 min at RT for polymerization [58].
Then, 100 nM cAMP was added to one side (65 uL) to generate a chemoattractant gradient,
and the other side was filled with PB (65 uL).

2.6. Live-Cell Imaging of Migrating Cells

Cell migration was recorded using a Zeiss LSM 780 or 880 confocal microscope
equipped with a Plan-Apochromat 63x/1.4 Oil DIC objective, image size 512 x 512 pixels,
and a frame interval of 1.26 s. For GFP: ex 488 nm/em filter BP 495-550 nm; for mRFP: ex
561 nm/em filter LP 570 nm.

Cell migration in PDMS microchannels and PDMS pillar arrays was recorded with
an inverted Leica DMi8 LED fluorescence microscope using an 40x objective, image size
2048 x 2048 pixels, and a frame interval of 10 s. For GFP: ex 475 nm/em 519 nm; for RFP:
ex 560 nm/em 594 nm (DFT51011 for both channels).

2.7. Statistics

Results of the migration experiments were statistically analyzed using Graph Prism
v9 with Students’ ¢ tests (Welch's ¢-test) for Figures 1d, 2d, 3d, 4c,e and S3a, or One-way
ANOVA (Brown-Forsythe and Welch ANOVA tests) for Figures 1c,f, 2¢c, 3¢, 4b, S1d and S4.
Data shown represent mean values plus or minus SDs. * p < 0.05; ** p < 0.01; *** p < 0.001.

2.8. Determination of Centrosome and Nucleus Distance

Centrosome and nucleus centroids were tracked using an Imaris automatic tool. The
track values of each center object (centrosome or nucleus) were subtracted and the difference
between the tracks were calculated as the distance of centrosome and nucleus centers
(Figure S1f-h). The displayed frames of the trajectory give the values of the nucleus
position in relation to the centrosome during oriented migration (Figure S1h).
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Figure 1. The centrosome of Dictyostelium cells migrating in microchannels or micropillar arrays along
a cAMP gradient is preferentially located behind the nucleus. (a) Scheme (left) and representative
microscopy images (right) of an aggregation competent Dictyostelium cell migrating in a microchannel
along a gradient of cAMP. The cells express both the nuclear marker mRFP-histone (red), and GFP-
tubulin (green) to highlight centrosomes and microtubules. Time is indicated in min and s at the top.
The cell shape is highlighted by a yellow dashed line. (b) Principle of quantification. (c¢) Centrosome
position during migration in microchannels within a gradient of ;cAMP. N = 3, number of cells = 32.
(d) Representative images of Dictyostelium cells showing analysis of nucleus (red) and centrosome
(green) centroid distances (indicated by “X”) (left). Histogram (right) displays the quantification
of the distances between the nucleus and centrosome centroids during migration in microchannels
and micropillar arrays along a cAMP gradient. N = 3, number of cells = 30. (e) Scheme (left), and
representative microscopy images (right) of a cell migrating in a field of micropillars along a gradient
of cAMP gradient, recorded with a time interval of 10 s per frame. The white arrows indicate the
trajectory of the cell. The numbers indicate the time in min and s. (f) Quantification of the centrosome
position during migration in an micropillar array along a gradient of cAMP. N = 3, number of
cells = 30. Scale bars are 10 pum. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 are significant, and
ns = not significant.
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Figure 2. In aggregation-competent Dictyostelium cells moving in a gradient of cAMP released from
a micropipette, the centrosome is positioned behind the nucleus, but frequently relocates when
microtubules are disrupted. (a,b) Schemes (left) and representative microscopy images (right) of
Dictyostelium cells migrating toward a micropipette tip releasing cAMP (indicated by asterisks). The
cells express both the nuclear marker mRFP-histone (red), and GFP-tubulin (green) to highlight
centrosomes and microtubules. Time is indicated in min and s at the top. The cell shape is highlighted
by a yellow dashed line. Images were taken with 10 s-frame intervals. N = 6, number of cells = 50 for
control; N = 6, number of cells = 52 for nocodazole. (a) Shows control cells, (b) nocodazole-treated
cells. (c) Analysis of centrosome positions in control and nocodazole-treated (noco.) cells. Note that
there were no events for the side control. (d) Nocodazole treatment decreases the distance between
the center position (centroid) of the nucleus and the center of the centrosome. Scale bars are 10 pm.
*p <0.05,** p <0.01, *** p < 0.001 are significant, and ns = not significant.

2.9. Analysis of the Centrosome Position Nucleus/Centrosome Centroids Relative to Cell Center

Manual analysis: Manual analysis of the orientation of the centrosome-to-nucleus axis in
linear microchannels (Figure Sla—c) was performed using Image]J (https://imagej.net/) [59].
Seven horizontal lines with equal spacing were added to each image sequence (Figure Sla).
Cells that did not cross at least three lines while migrating, were excluded from analysis.
Additionally, only single cells migrating directionally along the chemoattractant gradient
were analyzed. The nucleus and centrosome length were determined using a line tool
from Image J, and the nucleus and centrosome centroids were determined as length/2.
The centrosome and nucleus positions, as well as their centroids relative to the cell center,
were evaluated for each frame when the nucleus of a cell reached one of the horizontal
crossing lines (Figures S1b and 52). To calculate the nucleus and centroid distances to the
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cell center, seven crossing lines were drawn in each image and used as reference for the
calculation of cell length, the cell centroid, and the distances from the nucleus/centrosome
centroid to the cell center (Figure S2a—d). The nucleus/centrosome centroid distances to
the cell rear, where divided by the distance of the cell center to the back of the cell; thus,
the values closer to 1.0, mean closer to the center of the cell. The evaluation of centroid
centrosome /nucleus distance to the cell center of a single cell per frame was calculated for
the folate experiments, as displayed in Figure S2ef.
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Figure 3. Centrosome positioning in aggregation competent Dictyostelium cells moving chemotac-
tically in 3D environments. (a,b) Schemes (left), and representative microscopy images (right) of a
Dictyostelium cell migrating in a chemotaxis chamber with a 3D hydrogel matrix. The cells express
both the nuclear marker mRFP-histone (red), and GFP-tubulin (green) to highlight centrosomes and
microtubules. The cell shape is marked by a yellow dashed line. Images were taken with 10 s-frame
intervals. Time is indicated in min and s at the top. N = 4, number of cells = 40 for control; N = 4, num-
ber of cells = 40 for nocodazole. (c) Analysis of the position of the centrosome in Dictyostelium cells
moving chemotactically in 3D hydrogels. Note that there were no events for side control. (d) After
nocodazole treatment, in cells moving chemotactically in 3D the distance between the centroid of the
nucleus and the centroid of the centrosome was slightly decreased. Scale bars are 10 um. * p < 0.05,
**p < 0.01 are considered significant, and ns = not significant.
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Figure 4. In growth phase Dictyostelium cells migrating in microchannels along a gradient of folate,
the centrosome is preferentially located behind the nucleus. (a) Scheme (left) and representative
microscopy images (right) of a Dictyostelium cell migrating in a microchannel along a folate gradient.
The cell shape is highlighted by a yellow dashed line. Images were taken with 10 s-frame intervals.
Time is indicated in min and s at the top. (b) Quantification of the centrosome position during
migration in microchannels along a gradient of folate. N = 6, number of cells = 40. (c) Quantification
of the distance between nucleus and centrosome of Dictyostelium cells migrating in microchannels in a
folate gradient (1 = 6, cells = 40). (d) Displacement of tracks for nucleus (red) and centrosome (green)
recorded for one cell over time. (e) Migration speed in microchannels determined for growth phase
Dictyostelium cells moving along a gradient of folate and for aggregation competent cells moving in a
gradient of cAMP. * p < 0.05, ** p < 0.01, **** p < 0.0001 are significant, and ns = not significant.

For cAMP or folate chemotaxis experiments in linear microchannels (Figures Sla,b and S2b,c),
the positions of the nucleus and centrosome along the cell axis were manually determined
by measuring their distance from the cell rear in relation to the cell length, to calculate their
relative intracellular position along the cell axis (Figure S1d). From this dataset, we further
calculated the centrosome-to-nucleus distance (Figure Sle) and the nucleus/centrosome
centroid relative distance to the cell center (Figure S2).

Automatic analysis: Centrosome and nucleus centroids were tracked using the Imaris
automatic tool “Spots creation tool’s automatic generation feature”. After completion of au-
tomatic generation, further optimization of tracks was completed manually. The trajectory
was determined between a reference point, where the chemoatractant was released, and
the centroid of the objects (nucleus and centrosome). The distance from the centrosome
centroid minus the distance of the nucleus centroid to a reference chemoatractant point was
calculated and used to determine the centrosome position (Figure S1f,g). A spot of 2.0 um
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was set for the nucleus and a spot of 1.0 um for the centrosome, with centroids determined
automatically. The distance of the nucleus centroid to the nucleus border was set to 1.0
um, and the centrosome centroid distance to the centroid border was 0.5 um. Thus, all
centrosomes with a difference of centrosome centroid distance minus the nucleus centroid
larger than +1.5 pm were characterized as having a centrosome position at the ‘back” of
the nucleus. Values smaller than +1.5 pm were characterized as “side-back” position.
Positions of the centrosome within differences smaller than —1.5 pm were characterized as
“side-front”, and larger than —1.5 pm as “front” (Figure Slg,h).

3. Results
3.1. Nucleus and Centrosome Positioning in Dictyostelium Cells Migrating in
Confined Environments

To study centrosome and nucleus positioning in migrating Dictyostelium discoideum,
we employed cells in the early developmental stage, stably encoding both the nuclear
marker mRFP-histone and GFP-tubulin as a marker for the microtubules and centrosomes,
and performed live-cell imaging in linear microchannels with a gradient of cAMP as
chemoattractant. In this confined environment, Dictyostelium cells migrate highly direc-
tionally and persistently along straight paths (Figure 1a; Video S1). This setup allows the
precise quantification of the orientation of the centrosome—nucleus axis with an accurate
centrosome positioning classification (Figures 1b and S1), as well as the determination of
the nucleus and centrosome centroids relative to the cell center (Figure S2). Automated
tracking (Figure S1g,h) and quantification, which we controlled by manual analysis (Figure
S1b-d), revealed a preferential positioning of the centrosome behind the nucleus (Figure 1c).
While we also observed positioning of the centrosome to the sideward and front of the
nucleus (Figure 1c), and dynamic re-positioning of the centrosome closer to the cell center
in individual cells (Figures Sle and S2; Video S1), we found a strong preference of the
centrosome to be positioned in very close proximity, behind the nucleus (Figure 1c,d).

We next imaged mRFP-histone and GFP-tubulin expressing Dictyostelium cells migrat-
ing along a cAMP gradient in between arrays of micropillars, as this environment requires
Dictyostelium to deviate from entirely straight paths, by performing turns around individual
micropillars. Notably, we observed that during reorientation of the centrosome-nucleus, the
position of the nucleus within the cells stays relatively unchanged, while the centrosome
dynamically repositions between a frontward and rearward localization in relation to the
nucleus (Figure le; Video S2). Again, we noted a close proximity of the centrosome and
the nucleus, and a strong preference of the centrosome to be positioned at the back and
side-back of the nucleus (Figure 1f).

To corroborate these results, we investigated the orientation of the centrosome-nucleus
axis while Dictyostelium migrates within a gradient of cAMP released from a micropipette
(Figure 2a,b). The repositioning of the micropipette filled with cAMP, causes a local change
within the gradient, which is sensed by the cells and causes reorientation towards the
pipette tip within seconds [60]. While Dictyostelium cells migrated in this experiment on a
two-dimensional surface, their path was not dictated by the microenvironment and, thus,
allowed non-straight migration, such as between micropillars (Video S3). Moreover, in this
experimental setting, we observed a non-random orientation of the centrosome-nucleus
axis, with the centrosome located behind the nucleus (Figure 2c).

3.2. The Role of Microtubules for Centrosome Positioning in Dictyostelium Cells Migrating in 2D
Confined Environments

To investigate the role of the microtubule cytoskeleton in centrosome positioning, we
tested the orientation of the centrosome-nucleus axis after application of the microtubule-
depolymerizing drug nocodazole. Nocodazole interferes with the polymerization of micro-
tubules, and though it is known to be less efficient in Dictyostelium than in other eukaryotes,
it causes massive shortening of microtubules, visible as short stumps radiating from the
centrosome [61]. Live-cell imaging of migration to a cAMP-containing micropipette still
revealed a preferential positioning of the centrosome behind the nucleus in the presence
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of nocodazole, yet with a more frequently inverted orientation, in which the centrosome
is positioned frontward of the nucleus (Figure 2c). In the presence of nocodazole, Dic-
tyostelium cells migrate with reduced velocity (Figure S3a) and show a higher mobility of
the centrosome when the microtubule cytoskeleton is non-functional, leading to a reduction
of the distance between nucleus-centrosome centroids (Figure 2d). Nocodazole treatment
abolishes the contact of long microtubules that typically span through the cell body toward
cortical areas, whereas short microtubules in the direct vicinity of the centrosome remain
present (Figure S3b; Video S4). Thus, this suggests that the remaining short microtubules
mechanically connect the centrosome with the nucleus.

These findings show that a functional microtubule cytoskeleton contributes to the
correct orientation of the centrosome—nucleus axis in motile Dictyostelium.

3.3. Nucleus and Centrosome Positioning in Dictyostelium Cells Migrating in 3D
Confined Environments

We then tested whether the observed configuration of the centrosome-to-nucleus axis
can be characterized as well in three-dimensional matrices, which represent a close proxy
of natural environments. To this end, we imaged chemotactic migration of Dictyostelium
in hydrogel, as well as collagen matrices (Figure 3; Figure S4). As in 2D migration, Dic-
tyostelium cells moving in 3D showed a strong preference to position the centrosome behind
the nucleus (Figure 3a; Video S5). This location was altered upon depolymerization of
microtubules (Figure 3b; Video S6), which resulted in the centrosome being found much
more frequently on the side or front-ward of the nucleus (Figure 3c). It should also be noted
that, in nocodazole-treated cells, the distance between the centrosome and the nucleus was
slightly reduced (Figure 3d).

In summary, we found that the centrosome and the nucleus are non-randomly posi-
tioned in motile Dictyostelium cells. This non-random configuration positions the nucleus
in front of the centrosome, with respect to the direction of migration. This orientation is
clearly preferred in motile Dictyostelium cells at the developmental stage, occurring on flat
two-dimensional substrates, in confining microchannels, in between micropillars, as well
as in three-dimensional matrices.

3.4. Nucleus and Centrosome Positioning in Dictyostelium Cells Migrating in Confined
Environments toward Folate

To test whether the orientation of the “centrosome-nucleus in front” axis is the gener-
ally preferred position at the different developmental stages of Dictyostelium, we imaged
cells at the growth phase migrating chemotactically along a folate gradient in linear mi-
crochannels (Figure 4a; Video S7). Subsequent analysis revealed a strong preference to
position the centrosome behind or side-back of the nucleus (Figure 4b). The determina-
tion of the distance between the centroids of the nucleus and the centrosome revealed no
fundamental differences between cells migrating in folate or cAMP gradients (Figure 4c).
The plot of an exemplary track shows how the centrosome follows the nucleus (Figure 4d).
In 2D microchannels, growth phase Dictyostelium cells migrate more slowly toward folate
than cells of the early aggregation state toward cAMP as chemoattractant (Figure 4e). A
similar difference has been shown previously for other conditions.

Altogether, our data show that Dictyostelium cells position their centrosome and the
nucleus in a non-random orientation during motility at different developmental stages,
with the preferred position of the centrosome always at the back of the nucleus. This
positioning is reinforced by microtubules that emanate from the centrosome and extend to
the front cortex. Changes in the direction of a cell caused by a change in the chemoattractant
gradient results in a transient displacement of the centrosome from the pseudopod-nucleus-
centrosome axis.

4. Discussion

The positioning of organelles inside cells is non-random, and this non-random po-
sitioning is functionally important [62]. The nucleus — the largest and stiffest cell or-
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ganelle [63] — and the centrosome — the major microtubule organizing center [25] — are
typically positioned in close proximity in a particular orientation [33]. Many motile cells,
such as fibroblasts and neurons, preferentially position their centrosome frontward of the
nucleus [34], e.g., during polarized fibroblast migration into cell-free wound areas [64].
This particular alignment of the centrosome-to-nucleus axis is established by linking the
nucleus with the cytoskeleton [65], and supports local release of proteases for extracellular
matrix proteolysis at constricting pores [66], and the pulling of the nucleus through narrow
pores [67].

Whereas the cellular microenvironment (e.g., degree of confinement) also appears
to influence the orientation of the centrosome-to-nucleus axis [33,68], the general concept
emerges that slowly migrating mesenchymal-like cells preferentially position their centro-
some in front of the nucleus. In contrast, recent findings have shown that fast amoeboid-like
migrating immune cells, such as dendritic cells, preferentially position their centrosome to
the rear of the nucleus [38,39]. This unexpected positioning of the nucleus frontward to the
centrosome [32,39], and closely behind the cellular leading edge [39,69], supports these fast
migrating cells in using their nucleus as a mechanical gauge to probe for suitable larger
pores in the microenvironment along their paths of migration [39].

Here, we investigated the positioning of the centrosome-to-nucleus axis in motile
Dictyostelium discoideum cells. Dictyostelium represents a long-standing cellular model to
discover general concepts in cell motility [19,20,70-73]. Surprisingly, the positioning of
the centrosome in relation to the nucleus in this traditional model for amoeboid migration
was initially analyzed only by evaluating electron micrographs [50]. The authors came to
the conclusion that the centrosome shows no preferential position anterior or posterior to
the nucleus; rather, its position correlates with the type of migration and perhaps with the
nature of cell-cell adhesion [50].

Another early study previously showed that the centrosome does not bias the cell, as it
was observed that after formation of a new pseudopod, the centrosome reorientates within
an average of 12 s [51]. Thus, they concluded that the centrosome does not determine
the alignment of the movement [51]. However, it has been consistently discussed that
the centrosome may also be located anterior to the nucleus relative to the direction of
movement, depending on the developmental stage or the conditions of migration. In
summary, a systematic analysis that investigated the position of the centrosome during
migration was lacking.

To close this knowledge gap, we investigated two major motile states of Dictyostelium:
single-cell migration in the growth phase along a folate gradient, and single-cell migration
in the developmental stage along a cAMP gradient. We found that the centrosome is
positioned in both states close to the cell center, and that the nucleus is positioned frontward
of the centrosome. Furthermore, by extensively investigating Dictyostelium migration
in diverse microenvironments, ranging from two-dimensional substrates and confining
microchannels to three-dimensional extracellular matrices, we discovered that this specific
orientation of the centrosome-to-nucleus axis is a general feature of migrating Dictyostelium
cells. Thus, amoeboid migrating Dictyostelium cells position the nucleus frontward of
the centrosome, similarly to amoeboid migrating immune cells, suggesting evolutionary
conservation of centrosome-to-nucleus positioning in motile amoeboid cells.

The extension of a pseudopod in a new direction causes the reorientation of the
centrosome. A crucial question that remains to be solved is how these processes are
coupled. The present study was not designed to answer this general question. However,
our findings are in agreement with the assumption that reorientation of the centrosome and
microtubules extending toward the front reinforce the direction of movement. Thus, the
active balancing of the pseudopod-nucleus-centrosome axis is a critical component. Our
results with nocodazole-treated cells strongly support this notion.

Our findings suggest a general concept, in which fast moving amoeboid-like cells
position their nucleus in front of the centrosome, whereas slow mesenchymal-like cells
position their nucleus behind the centrosome. In future, it will be interesting to further
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elucidate what other functional significance this configuration and positioning of the
centrosome—nucleus axis has for amoeboid migration. Moreover, our findings highlight the
relevance of the genetically accessible amoeba Dictyostelium as a cellular model to discover
mechanisms of cell migration. This approach will also help to transfer well established
techniques in Dictyostelium to the leukocyte model system, and thus may yield new insights
into principles of directional cell migration and polarity, as important elements in host
defense, wound healing, and development.
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changes frequently from the back to sides and front of the nucleus during migration in a gradient of
cAMP released from a micropipette. Video S5. The centrosome of Dictyostelium cells is predominantly
located behind the nucleus during migration in 3D environments. Video S6. In Dictyostelium cells
moving in 3D environments, the position of the centrosome is more variable relative to the nucleus
when microtubules are disrupted. Video S7. The centrosome of Dictyostelium cells migrating in
microchannels along a folate gradient preferentially locates rearward of the nucleus.
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Figure S1. Microchannel setup and manual/automatic analysis of centrosome positioning. (a)
Scheme of the PDMS device containing microchannels with one loading hole for cells and one load-
ing hole for the chemoattractant. (b) Scheme illustrating the categories used for the manual quanti-
fication of the centrosome position in Dictyostelium cells. (c) Manual quantification of the centrosome
position of Dictyostelium cells migrating in microchannels along a gradient of cAMP. N = 3, number



cells = 17. (d) Manual quantification of the positioning of the centrosome and the nucleus along the
cell axis during migration in microchannels along a cAMP gradient (0 = cell rear; 1 = cell front). N =
3, number of cells = 17. (e) Manual quantification of the centrosome and the nucleus distances along
the cell axis during migration in microchannels along a cAMP gradient. N = 3, number of cells =17.
(f) Representative microscopy images of a cell migrating in a microchannel along a gradient of
cAMP showing how the centroid distances of the centrosome minus the nucleus centroid distances,
were used to classify the centrosome position in relation to the nucleus. (g) Scheme illustrating how
the automatic quantification was accomplished to classify the centrosome position relative to the
nucleus. The distance of the nucleus and centrosome centroids were determined in relation to a
reference point (where the cAMP or folate was released). The centroid centrosome distance (d2)
minus the centroid nucleus distance (d1) were subtracted. Positive values (+) indicate centrosome is
located behind, and negative values (-) indicate that the centrosome is positioned in front of the
nucleus. (h) Table giving the threshold values used for automatic determination of centrosome-nu-
cleus centroids as shown in (g).
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Figure S2. Position of nucleus and centrosome centroids in relation to the cell center. (a) Scheme
illustrating the categories used for the manual quantification of the nucleus/centrosome position in
relation to the cell center of Dictyostelium cells. Seven transverse lines were established as reference
(yellow), where only the cells crossing these lines (crossing lines), were quantified for cell length,
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cell center, and the distances of nucleus and centrosome centroids to the posterior edge of the cell
were measured. To obtain the relative distances of the nucleus and centrosome to the cell center, the
nucleus and centrosome centroid distances where divided by the distance of the cell center to the
cell rear, giving the value 1.0 as the cell center. (b and d) Violin plots showing the distribution of
nucleus and centrosome centroids to the cell center of Dictyostelium cells migrating in microchannels
along a gradient of cAMP (b) or folate (d). N = 3, number cells =17 for the cAMP, and N = 3, number
cell =29 for the folate experiments. The red and green continuous lines indicate the median, and the
dashed lines (red and green) indicate the 25% and 75% quartiles. (¢) Manual quantification of the
relative position of nucleus and centrosome centroids to the cell center of a single cell migrating in
microchannels along the seven reference lines in a gradient of cAMP. (e-f) Single-frame analysis of
the nucleus and centrosome distances relative to the cell center of single cells moving in a gradient
of folate. During straight migration, the nucleus is preferentially located at the cell front and the
centrosome is positioned closer to the cell center (e). After changing direction, the nucleus re-orien-
tates towards the front of the cell, and the centrosome is positioned behind the nucleus (f). The cells
analyzed in (e and f) correspond to Video 7.
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Figure S3. Nocodazole treatment results in decrease of cell speed and shorter microtubules in Dic-
tyostelium cells. (a) Histograms shows migration speed of Dictyostelium cells treated with 30 pM of
nocodazole for 1 h in comparison to untreated cells (control). (b) Confocal images of a Dictyostelium
cell expressing GFP-tubulin (green) and mRFP-histone (red) (control), compared to a nocodazole-
treated cell. After application of nocodazole, within 1 h long microtubules are massively shortened,
and only short stumps emerge from the centrosome. Scale bar is 10 pm.
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position shows a similar distribution under both conditions of folate chemotaxis.



Videos (available only online)

Video S1. The centrosome of Dictyostelium cells migrating in microchannels along a cAMP
gradient preferentially locates rearward of the nucleus. Dictyostelium cells expressing GFP-tubulin
(to visu-alize the centrosome) and mRFP-histone (nucleus) were starved for 8 to 10 h and loaded
into a mi-crochannel with a cAMP gradient. Gradient orientation in video: the higher cAMP
concentration is at the bottom. The time series was recorded with a frame interval of 10 s. During
directed migration of cells in the narrow channels, the centrosome is predominantly found behind
the nucleus. Time in min is displayed at the top left. The dots covering nucleus and centrosome in
the second part of the movie were generated with the Imaris software. The green dot represents
the centrosome, and the red dot is the nucleus. The tracks display the trajectory of the cell toward
the chemoattractant source.

Video S2. The centrosome of Dictyostelium cells migrating in a micropillar array along a cAMP
gra-dient preferentially locates rearward of the nucleus. Dictyostelium cells expressing GFP-tubulin
(cen-trosome) and mRFP-histone (nucleus) were starved for 8 to 10 h and loaded into a micropillar
field with a cCAMP gradient. Gradient orientation in video: the higher cAMP concentration is at the
bot-tom. The time series was recorded with a frame interval of 10 s. During migration of the
cells through the array of micropillars, the centrosome is predominantly positioned rearward of
the nu-cleus. Time in min is displayed at the top left. The dots covering nucleus and
centrosome in the second part of the movie were generated with the Imaris software. The green
dots represent the centrosomes, and the red dots are the nuclei. The tracks display the trajectories
of the cells toward the chemoattractant source.

Video S3. The preferential position of the centrosome of Dictyostelium cells during migration
toward cAMP released from a micropipette is rearward of the nucleus. Dictyostelium cells
expressing GFP-tubulin (centrosome) and mRFP-histone (nucleus) starved for 8 to 10 h, are
migrating along a gra-dient of cAMP released from a micropipette tip. The position of the
micropipette is visible at the upper left side. The centrosome is predominantly positioned
rearward of the nucleus. The time se-ries was recorded with a frame interval of 10 s. Time in
minutes is displayed at the top left. The dots covering nucleus and centrosome in the second part
of the movie were generated with the Imaris software. The green dot represents the centrosome,
and the red dot is the nucleus. The tracks display the trajectory of the cell in the direction of the
chemoattractant source.

Video S4. In Dictyostelium cells with disrupted microtubules, the position of the centrosome
changes frequently from the back to sides and front of the nucleus during migration in a gradient
of cAMP released from a micropipette. Dictyostelium cells expressing GFP-tubulin (centrosome)
and mRFP-histone (nucleus) were starved for 8 to 10 h, and treated with 30 pM nocodazole for 1 h,
are migrat-ing along a gradient of cCAMP released from a micropipette tip. The position of the
micropipette is visible at the upper left side. When the microtubule network is disrupted, the
position of the cen-trosome relative to the nucleus is much more frequently changing compared to
untreated control cells. The time series was recorded with a frame interval of 10 s. Time in minutes
is displayed at the top left. The dots covering nucleus and centrosome in the second part of the
movie were generated with the Imaris software. The green dot represents the centrosome, and the
red dot is the nucleus. The tracks display the trajectory of the cell in the direction of the
chemoattractant source.

Video S5. The centrosome of Dictyostelium cells is predominantly located behind the nucleus
during migration in 3D environments. Dictyostelium cells expressing GFP-tubulin (centrosome)
and mRFP-histone (nucleus) were starved for 8 to 10 h. Then, the cells were mixed with
hydrogel, and the mixture was loaded immediately into the middle channel of a 3D chemotaxis
chamber (ibidi). cAMP was loaded into one outer compartment of the channel and PBS into the
other one. Gradient orien-tation in video: the higher cAMP concentration is at the bottom. Time
series was recorded with a frame interval of 10 s. The dots covering nucleus and centrosome in the
second part of the movie were generated with the Imaris software. The green dot represents the
centrosome, and the red dot is the nucleus. The tracks display the trajectory of the cell in the
direction of the chemoattractant source.

Video S6. In Dictyostelium cells moving in 3D environments, the position of the centrosome is
more variable relative to the nucleus when microtubules are disrupted. Dictyostelium cells
expressing GFP-tubulin (centrosome) and mRFP-histone (nucleus) starved for 8 to 10 h and treated
with 30 uM nocodazole for 1 h, were mixed with hydrogel. The hydrogel-cell mix was loaded into
the middle channel of a 3D chemotaxis chamber (ibidi). cAMP was loaded into one end
compartment, and PBS



into the other one of the channel. Gradient orientation in video: the higher cAMP concentration is
at the bottom. The cells loaded into the middle channel were recorded with a time interval of 10 s
per frame. The position of the centrosome relative to the nucleus is much more variable compared
to untreated control cells. The dots covering nucleus and centrosome in the second part of the movie
were generated with the Imaris software. The green dot represents the centrosome, and the red dot
is the nucleus. The tracks display the trajectory of the cell in the direction to the chemoattractant
source.

Video S7. The centrosome of Dictyostelium cells migrating in microchannels along a gradient of
folate preferentially locates rearward of the nucleus. Growth phase Dictyostelium expressing GFP-
tubulin (centrosome) and mRFP-histone (nucleus) were loaded into microchannels with a folate
gradient. Gradient orientation in video: the higher folate concentration is at the bottom. The time
series was recorded with a frame interval of 10 s. During directed migration of cells in the narrow
channels, the centrosome is predominantly found behind the nucleus. Time in minutes is
displayed at the top left. The dots covering nucleus and centrosome in the second part of the
movie were generated with the Imaris software. The green dots represent the centrosomes, and the
red dots are the nuclei. The tracks display the trajectories of the cells toward the chemoattractant
source.
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