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Matthieu Piel,3,4 Laurent Blanchoin,1,5 and Manuel Th�ery1,5,6,7,*
1University of Paris, CEA, INSERM, Institut de Recherche Saint Louis, UMRS1160-HIPI, CytoMorpho Lab, Avenue Claude Vellefaux, 75010

Paris, France
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SUMMARY
The centrosome is the main organizer of microtubules and as such, its position is a key determinant of polar-
ized cell functions. As the name says, the default position of the centrosome is considered to be the cell
geometrical center. However, the mechanism regulating centrosome positioning is still unclear and often
confused with the mechanism regulating the position of the nucleus to which it is linked. Here, we used
enucleated cells plated on adhesive micropatterns to impose regular and precise geometrical conditions
to centrosome-microtubule networks. Although frequently observed there, the equilibrium position of the
centrosome is not systematically at the cell geometrical center and can be close to cell edge. Centrosome
positioning appears to respond accurately to the architecture and anisotropy of the actin network, which con-
stitutes, rather than cell shape, the actual spatial boundary conditions themicrotubule network is sensitive to.
We found that the contraction of the actin network defines a peripheral margin in which microtubules appear
bent by compressive forces. The progressive disassembly of the actin network at distance from the cell
edges defines an inner zone where actin bundles were absent, where microtubules were more radially orga-
nized and where dynein concentration was higher. We further showed that the production of dynein-based
forces on microtubules places the centrosome at the center of this zone. In conclusion, the spatial distribu-
tion of cell adhesion and the production of contractile forces define the architecture of the actin network with
respect to which the centrosome-microtubule network is centered.
INTRODUCTION

The centrosome position is intimately associated to polarized

cell functions such as adsorption and secretion, motility, and

mitosis.1 Its position is characteristic and indicative of polarized

cell functions.2 It is found at the cell center in proliferating cells in

culture, whereas it presents a peripheral position in differentiated

cells in tissues, where it loses part or all of its functions in micro-

tubule organization.3–5 During several cellular events essential to

development, and organism homeostasis, the centrosome posi-

tion undergoes a shift from the center to periphery of the cell,

notably during ciliogenesis,6 neuronal developement,7 immune

synapse formation,8 or epithelial-to-mesenchymal transition.9

However, the mechanisms that regulate the stability of central

and peripheral states and those that allow a rapid switch be-

tween two states have not yet been fully understood.

Previous in vivo, in vitro, and in silico studies suggest that

centrosome position is the outcome of a balance of pulling and
pushing forces applied on microtubules and transmitted to the

centrosome.10,11 Overexpression or depletion of dynein heavy

chains or its partners, and injections of dynein blocking anti-

bodies suggest cortical and cytoplasmic dynein play a role in

the production of pulling forces for the centrosome position.12–16

Besides, microtubule polymerization against spatial boundaries

have been shown to be responsible for the production of pushing

forces.17–19 The exact role of actomyosin contraction is unclear.

The inhibition of actomyosin contraction had no visible effect on

centrosome position in isolated cells or in monolayers;20 how-

ever, it was found capable of counteracting the centrosome shift

due to local microtubule disassembly12 and of perturbing centro-

some repositioning at the cell center after mitosis.21

In non-differentiated cells, and notably in cells proliferating in

culture, the force balance is believed to set the centrosome po-

sition at the cell geometrical center, also called center of mass or

centroid.4,20,22,23 Microtubule-based forces in an in vitro recon-

stituted system also position the microtubule-organizing center
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Figure 1. Centrosome is shifted from the geometrical center in cells plated on anisotropic adhesion micropatterns

(A–D) MEF WT cells were seeded on 2,000 mm2 equilateral triangles (n = 128) (A), isosceles ‘‘short’’ triangles (n = 131) (B), L shapes (n = 125) (C), or U shapes

(n = 121) (D). Cells were stained for actin by using Phalloidine-A555 and with anti-Pericentrin to label the centrosome. Graphs show centrosome distribution in

relation to cell centroid. Plots correspond to the centrosome distance to cell centroid along the axis indicated by dashed black arrows. Dashed red line is

perpendicular to black axis and passes by cell centroid.

(E) Nucleus centroid distributions in relation to cell centroid, as indicated. Similar experiments are shown in Figures S1A and S1B, for RPE1 and C2C12 cells.

Scale bar, 10 mm.
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Figure 2. Centrosome positioning at and away from the cell geometrical center in enucleated cells

(A–D) Cytoplasts from MEF KO vimentin cells expressing EGFP-Centrin1 were made, as illustrated in Figure S1C. They were plated on micropatterns of different

shapes with a constant area of 2,000 mm2: discs (n = 147) (A), equilateral triangle (n = 47) (B), isosceles triangle 7:4 ratio (n = 147) (C), and anisotropic micropatterns

(legend continued on next page)
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(MTOC) at the centroid of their confinement area,24 but in silico

simulation suggested this mechanism might depend on the

shape and physical properties of the boundaries.25,26 Indeed,

in cultured cells, the centrosome has been observed at the cell

geometrical center in relatively isotropic boundary conditions

(e.g., non-polarized cells) but can be off-centered in the front

or in the back of migrating cells27–29 or toward the intercellular

junction in epithelial cells.9,30 As a result, there is no generic defi-

nition of the centrosome position, and the key parameters

involved in the regulation of this positioning are still unclear.

One limitation for the identification of the forces exerted on the

centrosome is that the mechanism of centrosome positioning is

hardly distinguishable from nucleus positioning. It has been a

considerable limitation for the study of centrosome positioning in

anisotropic conditions such as inmigrating cells.31,32 Both the nu-

cleus and the centrosome have their own self-centering proper-

ties.10,33,34 However, the physical links that connect them hinder

their respective contributions in regard to their final position.35–39

In addition, the nucleus also constitutes a dead volume microtu-

bules don’t have access to, which biases the spatial distribution

of microtubules and their associated forces.28 Furthermore,

centrosomal microtubules push and pull on the nuclear

envelope,40–42 adding more complexity to the force balance in

the centrosome-microtubule network. For these reasons, enucle-

ated cells —here referred to as cytoplasts—offered an interesting

possibility to untangle the geometrical and molecular cues that

specifically control centrosome position.43 Plating them on adhe-

sive micropatterns revealed that centrosome self-positions at the

geometrical center of the cytoplasts suggesting that its off-

centering in cells is due to microtubule interaction with the

nucleus.23,32 However, the centrosome often detaches from the

nucleus when moving to the cell periphery during the migration

of neuroblasts44 or epithelium formation,45 for example. Thismight

indicate that the centrosome-microtubule network could be

powered by active off-centering properties independently of the

nucleus, although this has not yet been demonstrated.

Here, we show that actin contractile network plays an impor-

tant role in the confinement of themicrotubule networks whereas

the positioning of the centrosome at the center of this actin-

based boundary is achieved by dynein-based forces on

microtubules.

RESULTS

Centrosome is off-centered in cells plated on
anisotropic adhesion pattern
The centrosome of mouse embryonic fibroblasts (MEFs) was

located at the geometrical center of cells plated on relatively

isotropic adhesive patterns such as equilateral triangles (Fig-

ure 1A), as previously described.20 However, it appeared shifted

from the geometrical center when cells were plated on isosceles

triangle, despite the fact that in these conditions cells were not

migrating or forming contact with any adjacent cells (Figure 1B).

With that micropattern, the actin-network architecture was
(D), symmetric L (n = 73), asymmetric L (n = 70), and U shapes (n = 76). For each s

shapes are presented in Figure S3A and examples in C2C12 cells are shown in Fig

cell centroid of centrosome position, the angle distribution and centrosome di

perpendicular to black axis and passes by cell centroid. For further geometrical
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polarized, and not just a homothetic transformation of the cell

contour. The width of the network was greater along the trian-

gle’s base, and the arrangement of actin bundles differed be-

tween the larger vertices and the smaller apex (Figure 1B). This

suggested that the centrosome positioning away from the geo-

metric center could be due to the asymmetry in the actin

network. To further investigate this possibility, actin-network

asymmetry was reinforced. Previous work has shown that the

distribution of the cell’s adhesions to a substrate can direct the

architecture of the actin network,46–48 and this can be achieved

by plating a cell on a micropattern such that the cell adopts a

convex edge and a concave edge. In this situation, the actin

network tends to flow from sites of cell-substrate adhesions at

the convex edge, toward sites between cell substrate adhesion

at the concave edge where stress fibers tend to form. Thus, cells

were plated on L-shaped or C-shaped micropatterns to impose

asymmetric actin network architecture.With bothmicropatterns,

the actin network displayed a marked asymmetry, and the

centrosome was significantly shifted from the geometric center,

in the direction of the actin-network retrograde flow toward the

edge harboring contractile stress fibers (Figures 1C and 1D).

Similar shift was observed in human retinal pigment epithelial

(RPE1) cells and mouse muscle myoblast (C2C12) (Figures

S1A and S1B). This supported the idea that centrosome posi-

tioning is affected by the pattern of cell adhesions and the archi-

tecture of the actin network.

However, the nucleus position was also shifted from the cell

geometrical center when cells were plated on anisotropic micro-

patterns (Figure 1E). So it was unclear whether the centrosome

was off-centered because it was attached to an off-centered nu-

cleus or whether the microtubule-centrosome network was not

self-centering with respect to cell shape in those conditions.

Centrosome is off-centered in cytoplasts plated on
anisotropic adhesion pattern
Cell enucleation allows the study of centrosome-microtubule

network interaction with cell peripheral boundary without the

bias of the interaction with the nucleus. Cytoplasts, i.e., enucle-

ated cells, were produced by centrifugation of attached cells on

extracellular matrix (ECM)-coated plastic slides.49 They were

then detached and plated on large 2,000 mm2 disc-shaped mi-

cropatterns, in order to maximize their spreading and the avail-

able space for centrosome positioning in 2D. However, we found

that the major network of vimentin intermediate filament in fibro-

blasts and RPE1 cells forms a dense network around the

nucleus,50 which can resist enucleation, maintain its perinuclear

architecture, and affect microtubule network organization (Fig-

ure S1D). To avoid any geometrical bias due to intermediate fil-

aments, we further worked with vimentin-KO MEFs when

possible (and if not specified otherwise).50–52 In these cells, cen-

trosomes were found to precisely position at the cell geometrical

center of isotropical shapes: 84% were found in a 5 mm wide re-

gion at the center of the disc (Figure 2A) or of equilateral triangles

(Figure 2B). On discs, centrosomes displayed similar centering
hape, an example of actin and microtubule networks is presented. More exotic

ure S3B. The plots represent, from left to right, the distribution in relation to the

stance along the axis indicated by dashed-black arrows. Dashed red line is

analysis of triangle shapes see Figure S2. Scale bars, 10mm.
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efficiency in cells and the cytoplast, with or without the vimentin

network (Figure S1E).

In order to investigate centrosome positioning in anisotropic

conditions, we plated cytoplasts expressing enhanced green

fluorescent protein (EGFP)-Centrin1 on a variety of triangular ge-

ometries. We first chose triangles of similar area but different

height-to-bases ratio: equilateral, short isosceles (ratio 7:4) and

isosceles (ratio 9:2) (Figures 2B, 2C, and S2). Thousands of

different geometrical centers have been described in triangles.53

We measured centrosome position in relation to some centers

that are interesting because their definition presumes simple

relationship with the sides or the vertexes of the triangle. Those

are the circumcenter (equidistant to the triangle vertexes), the

incenter (equidistant to the triangle sides), the geometrical center

(which reflects the entire area of the triangle), and the ortho-

center—which minimizes the sum of its distances to the triangle

vertexes and to those of its pedal triangle. The distances be-

tween these centers increase with the height-to-base ratio of

the triangle (Figure S2A), reflecting the variations of the contribu-

tions of their definition parameters (distance to vertex, distance

to sides, and distance to themiddle of sides). To evaluate centro-

some positioning, we fitted a triangular contour to the edges of

the plated cytoplast (Figure S2B) to evaluate the position of all

centers of the triangles (Figure S2C). With a greater height-to-

base ratio, the centrosomewasmore distant from all pre-defined

centers except the geometric center, or center of mass, to which

it remained in close proximity (Figures S2D and S2E). This was in

agreement with the accepted understanding of centrosome

positioning, in that the entire area of the cytoplast, i.e., the entire

cell mass, was implicated in its positioning, rather than the cell

periphery alone.10 The robustness of the prediction that

the centrosome is positioned at the geometric center was

confirmed in cytoplasts plated on more exotic geometries

(Figures S3A–S3H).

The centrosome sits at the center of the actin inner zone
Interestingly, we found the centrosome and the geometric center

to be separated by a small distance in the cytoplasts plated on

short isosceles triangles (Figure 2C), as it was observed in nucle-

ated cells (Figure 1). To further explore the conditions leading to

centrosome off-centering, cytoplasts were plated on L-shaped

or C-shaped micropattern shapes to impose asymmetric actin

network architecture.With bothmicropatterns, the actin network

was asymmetric, and as in the case of nucleated cells, the

centrosome was significantly shifted from the geometric center,

away from actin transverse arcs and toward peripheral stress

fibers (Figure 2D). A similar shift was observed in cytoplast ob-

tained from C2C12 (Figure S3I). This supported the idea that

centrosome positioning is affected by the pattern of cell adhe-

sions and the architecture of the actin network, independently

of the position of the nucleus.
Figure 3. Centrosome positioning close to the actin inner center (AIC)

(A) Cytoplasts from MEF KO vimentin cells expressing EGFP-Centrin1 were pla

scheme shows the analysis performed to study the AIZ and AIC. The red dot rep

(B) For a variety of shapes: disks (n = 60), asymmetric disks with border (n = 53), as

asymmetric L (n = 70), and U shape (n = 76). The distance of the centrosome

centrosome to the AIC (see Figure S4 for further illustration). The center of the distr

of the mean (SEM). P represents the p value, which was obtained from Mann-W
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Interestingly, we noted that a central zone in the cell was

devoid of actin bundles, an observation that has been made by

others as well,54 and we termed this region the actin inner

zone (AIZ). We manually detected the contour of this zone and

its geometrical center: the actin inner center (AIC) (Figure 3A).

Our measurements revealed that the centrosome was closer,

or equally distant, to the AIC than to the cell geometrical center

in all the conditions we tested (Figure 3B; see Figures S4A and

S4B for representative examples of centrosome positioning

with respect to the AIZ). Therefore, the AIC appeared to be a bet-

ter descriptor of centrosome positioning than the cell geomet-

rical center

The centrosome position adapts to changes in the
architecture of the actin network
The association between the architecture of the actin network

and centrosome positioning was further examined by plating cy-

toplasts on various sizes of disks ranging from 500 to 3,000 mm2.

Surprisingly, we found that the extent of the distribution of

centrosome positions was independent of the size of the disk

(Figures S4C and S4D). However, the size of the averaged AIZ

was also relatively independent of the size of the disk (Figure S4E)

in line with the idea that centrosome positioning was sensitive to

the AIZ.

To modulate the shape and position of the AIZ, cytoplasts

were plated on short isosceles triangles because those

shapes were shown to shift centrosome position away from

the geometric center (Figure 2C) and because cytoplast

spreading was more efficient on triangles than on L or C

shapes. Accurate analysis of centrosome positioning was

not practical through chemically inhibiting actin assembly,

Arp2/3, or formin because of the detachment of cytoplasts

from adhesive micropatterns or perturbation of the spreading

shape in those conditions. However, inhibiting Rho kinase

ROCK with Y27632 resulted in a regular, homogeneous, and

homothetic network of thin and loose actin bundles along all

cell edges (Figure 4A). In particular, the width of the network

along the short edge of the triangle was lower than in the con-

trol condition and was similar to those along the two longer

edges (Figures 4B and 4C). In cytoplasts treated with the

ROCK inhibitor, the center of the AIZ, the AIC, and the centro-

some positioned in close proximity to the geometric center,

unlike in the control condition, where the AIC and centrosome

were positioned further from the short edge of the triangle

than the geometric center (Figures 4D and 4E). Noteworthy,

in cells displaying a poorly contractile actin network, no

transverse arcs and, therefore, no asymmetric AIZ-like PTK2

cells, the centrosome was found precisely at the cell geomet-

rical center (Figure 4F), as in MEF cytoplasts treated with the

ROCK inhibitor (Figure 4E). Altogether, these results showed

that the actomyosin network acts as a spatial boundary
ted on short isosceles triangles, fixed and stained with phalloidin-A555. The

resents the geometric centers of the cytoplasts and the green dots the AICs.

ymmetric disks (n = 43), short isosceles triangles (n = 121), symmetric L (n = 73),

to the cytoplasts geometric center was compared with the distance of the

ibutions correspond to means. The error bars correspond to the standard error

hitney non-parametric tests. Scale bars, 10 mm.
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Figure 4. Role of contractility in the archi-

tecture of the AIZ and centrosome posi-

tioning

Cytoplasts from MEF KO vimentin cells express-

ing EGFP-Centrin1 were plated on 2,000 mm2

isosceles ‘‘short’’ triangles for 2 h, then treated for

2 h with Y27632 at 20 mM. Analysis was performed

as described before (n = 124 for non-treated; n =

140 for Y27632).

(A) Microtubule and actin staining as in Figure 1.

One representative example is given for each

condition.

(B) Plots of all the contours of AIZs in relation to the

cell center.

(C) The distance from the centrosome to the tri-

angle basis and the distance from the lowest point

of the AIZ to the triangle basis (top) were calcu-

lated and plotted (bottom) aswell as the difference

between these two distances.

(D) Plots of all AICs in relation to the cell centroid

and of centrosomes in relation to the AIC.

(E) Plots of all centrosomes in relation to the cell

center and the respective angle distribution of the

population and its distance to cell centroid along

indicated axis.

(F) PTK2 cells were platted on isotropic and

anisotropic shapes, and for each of them one

example is given. The plots show centrosome and

nucleus centroid distributions in relation to cell

centroid and their distance to cell centroid along

the axis indicated by dashed-black arrows. The

red dot represents the cell geometrical center, the

dark-green dots represents the AIC, and the light-

green and yellow dots represent the centrosome.

Blue dots represent the nucleus centroid. The

dashed red line represents cell centroid position

at the graph origin (equilateral, n = 151; isosceles,

n = 137; L shape, n = 116; U shape, n = 132). Scale

bars, 10 mm.
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for the microtubule network and thereby affects centrosome

position.

Microtubules orientation adapts to the architecture of
the actin network
Centrosome positioning is known to depend on the mechanical

forces exerted on the microtubule network.10,14 We thus investi-

gated whether microtubules inside of the AIZ engaged specific

and distinct interactions from those on the outside. To quantify

how microtubule organization is effected by the AIZ in compari-

sonwith the actin-dense region (termed the actin peripheral zone

[APZ]), we analyzed local variations in microtubule morphologies

and orientations inMEF cytoplasts plated on disc-shapedmicro-

patterns (Figures 5A and 5B) (see examples of segmented net-

works in Figure S5A). The orientations were clustered into two

categories; radial (< 45�) and tangential (> 45�), in relation to

the angle in which themicrotubule at a given point (pixel) crosses

a straight line originating from the centrosome. The averaged

local orientation was further described by the orientation ratio,

which was defined as the ratio of pixels with radial orientations

over those with tangential orientations. Based on orientation ra-

tios, microtubules were more radially oriented in the AIZ than in

the APZ (Figure 5C). Moreover, by performing a linescan along

a cytoplast radius (Figure 5D), we found that the transition be-

tween radial to tangential orientations occurred precisely at the

transition between the AIZ and the APZ (Figure 5E; see examples

of linescans in Figure S5B). From these results, we concluded

that the architecture of the actin network acts locally on the

shape and orientation of microtubules.

Microtubule disassembly perturbs centrosome
positioning independently of its effect on actin network
contractility
Microtubule disassembly is known to impair centrosome posi-

tioning.12,20,32 Cytoplasts were plated on ice (2 h) and treated

with 10 mM nocodazole to induce a complete disassembly of mi-

crotubules (Figure 6A, middle). As expected, this treatment

induced a dispersion of centrosome positions (Figure 6B,middle).

However, and in accordance with previous studies, microtubule

depletion also increased cell contractility and induced the forma-

tion of large actomyosin bundles (Figure 6B, middle).55,56 The

shape of the AIZ was severely deformed and was shifted asym-

metrically with respect to the overall cytoplast shape (Figure 6C,

middle). The centrosome mis-positioning appeared aligned with

the shift of the AIZ (see examples in Figure S6A).

The distortion of the AIZ in response microtubule disassembly

could also be detected in cytoplasts plated on disks. Centro-

some positioning was not completely random throughout the
Figure 5. Analysis of microtubule orientation in and outside the AIZ
Cytoplasts from MEF KO vimentin cells expressing EGFP-Centrin1 were plated o

(A) Overview of the microtubule network analysis. The orientation ratio or ‘‘OR’’ i

number of non-null pixels with an orientation > 45�C.
(B) Example of analyzed cytoplast (see Figure S5A for more examples).

(C) Overview of the microtubule-AIZ cross-analysis: microtubule network analysis

center of the distributions correspond to medians. P represents p value, which w

(D) Results of cross-analysis plotting the analysis: microtubule network analysis w

preferentially oriented tangentially.

(E) The independently determined AIZ boundary matches the boundary of two zon

(see Figure S5B for examples). Scale bars, 10 mm.
cytoplast, even after 20 h of nocodazole treatment (Figures

S6B and S6C), but limited to the AIZ (Figure S6D). Therefore,

and importantly, both experiments suggested that the well-

knownmispositioning of the centrosome in response to microtu-

bule disassembly resulted not only from the absence of microtu-

bules but also from the deformation of actin-based spatial

boundaries through increased actin-network contractility.

To counterbalance the increase of contractility associated to

microtubule disassembly, high doses of the ROCK inhibitor

Y27632 (100 or 200 mM) were also added to nocodazole-treated

cytoplasts (Figure 6A, right). In these conditions, the shape of the

AIZ was similar to that in cytoplasts treated with Y27632 alone (at

20 mM); i.e., the AIZ formed a regular, homothetic peripheral

band along the cell edges (Figure 6C, right). The lateral shift in

the position of the AIZ was less than that in cytoplasts treated

with nocodazole alone and the distribution of centrosomes fol-

lowed the same trend (Figure 6B). Notably, in response to either

nocodazole alone or nocodazole and Y27632, the centrosome-

AIC distances were higher than those in the control cytoplasts

(Figure 6D), showing that although centrosome positioning was

coordinated with AIZ displacement, centrosomes were

dispersed within the AIZ in the absence of microtubules. This

suggested that microtubules direct centrosome positioning to

the center of the AIZ.

Dyneins position the centrosome at the center of the
actin inner zone
Dyneins have been shown to be involved in centrosome posi-

tioning in eggs,16 embryos,13,57 unicellular eukaryotes,15,58,59

and mammalian cells.12,14 The two dynein inhibitors we tested,

ciliobrevin D and dynarrestin, had no clear effect on the disper-

sion of the Golgi apparatus, which is a classic readout for

dynein inactivation. Therefore, we chose to inhibit dynein activ-

ity by expressing a dominant-negative form of the dynactin

subunit p150 glued (p150-DN).60 For these experiments, we

worked with WT MEFs to detect the GFP signal of p150-DN

without being perturbed by the centrin1-GFP signal in the vi-

mentin-KO line used before. In cytoplast of WT MEFs plated

on isoceles triangle, the centrosome was off-centered in rela-

tion to cell geometrical center as in vimentin-KO cytoplasts

(Figures S7C and S7D). In dynein-inactivated cytoplasts, the

centrosomes were more dispersed than in control cytoplasts

but still biased toward the apex of the triangle and the position

of the AIZ (Figure 7A). Similar observations were made upon

dynein inactivation in RPE1 cytoplasts (Figures S7A and S7B).

In these conditions, microtubules were curvy all over the cell

(Figure 7B), and the networks were highly asymmetric (Figures

S7A and S7B). However, the position of the centrosome
n 2,000 mm2 disks and stained for actin and microtubules as in Figure 1.

s the ratio of the number of non-null pixels with an orientation < 45�C and the

was performed along a radial band and in the AIZ and in the APZ (n = 60). The

as obtained from a Mann-Whitney non-parametric test.

as performed along a radial band, and the ones outside the AIZ (in the APZ) are

es defined by a clear majority of radial or tangential microtubules, respectively
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Figure 6. Effect of microtubule disassembly on AIZ and centrosome positioning

Cytoplasts from MEF KO Vimentin cells expressing EGFP-Centrin1 plated on 2,000 mm2 isosceles ‘‘short’’ triangles were treated with Ice-Nocodazole 10 mM or

Ice-Nocodazole 10 mM and Y27632 100 mM in order to uncouple the effect of contractility and the one of microtubules depletion (non-treated, n = 121; noco-

dazole, n = 120; nocodazole and Y27632, n = 170).

(legend continued on next page)

ll

10 Current Biology 31, 1–15, March 22, 2021

Please cite this article in press as: Jimenez et al., Acto-myosin network geometry defines centrosome position, Current Biology (2021), https://doi.org/
10.1016/j.cub.2021.01.002

Article



ll

Please cite this article in press as: Jimenez et al., Acto-myosin network geometry defines centrosome position, Current Biology (2021), https://doi.org/
10.1016/j.cub.2021.01.002

Article
remained limited by the actin bundles (Figure 7B), suggesting

that dyneins were involved in centrosome positioning with

respect to this network.

To further test this hypothesis, we used the same experimental

strategy as before to annihilate actin contractile network asym-

metry by relaxing acto-myosin contractility. In dynein-inacti-

vated cytoplasts treated with the ROCK inhibitor Y27632,

centrosomes were then dispersed all over the cell and around

the geometric center, corresponding to the shifted position of

the AIZ (see the positions and angular distributions of centro-

some in Figure 7A, second and fourth columns). This showed

that dyneins directed centrosome positioning to the center of

the AIZ rather than to the geometric center of the cell.

To better understand how dyneins could direct centrosome

position at the center of the AIZ, we performed a co-labeling of

actin filaments, microtubules, and p150 glued (Figure 7C).

Dynein labeling revealed that dyneinswere not evenly distributed

throughout the entire cell and were concentrated within the AIZ

(Figure 7D). This suggested that, in addition to the peripheral

pushing forces exerted by contractile actin bundles deforming

microtubules out of the AIZ (Figure 5), microtubules were put un-

der higher tension in the AIZ by the concentrated distribution of

dyneins in this region.

DISCUSSION

Centrosome, nucleus, and the cell geometrical center
The mechanism that specifically regulates the positioning of the

centrosome inmammalian cells has long been confused with the

mechanism that regulates the position of the nucleus, and

notably the actomyosin network acting on the nucleus.28,36,42

The consensus has been that the centrosome positions at the

cell’s geometric center, either autonomously23,32 or in associa-

tion with the nucleus.20 Here, we established an in vitro cell sys-

tem to study centrosome positioning in which a number of

parameters were controlled. This system included cytoplasts

devoid of nuclei and the major intermediate filament, vimentin,

and cytoplasts of defined shapes dictated by themicropatterned

substrates onto which they were plated. We showed that the

centrosome position is defined by the architecture of the actin

network. More precisely, it is positioned at the geometric center

of an inner space that is devoid of actin bundles. This position

can correspond or not to the geometric center of the cell, de-

pending on the anisotropy of the actin network, which in turn re-

sponds to the spatial distribution of cell adhesions.

Furthermore, our experiments in nucleated cells showed that

centrosome off-centering is also active in cells but that it can

be perturbed by the mechanism of nucleus positioning. In poorly

contractile cells like PTK2, the centrosome distribution was well
(A) Representative images of cytoplasts from both conditions (see Figure S6 fo

increased. In cells depleted for microtubules and treated with Y27632 at 20 mM

Y27632 (100–200 mM) was then used. As observed in the example cell, this conc

(B) Plots of all centrosomes in relation to the cell center, distance to cell centroid

(C) Plots of all the contours of AICs in relation to the cell centroid and of centros

(D) The top panel plots of all AICs in relation to the cell centroid and of centrosome

centrosome and the cell centroid or the AIC for the indicated conditions. Red dot

The light-green and yellow dots represent the centrosome. The center of the distri

Mann-Whitney non-parametric tests. Scale bars, 10 mm.
clustered around cell geometrical center and the nucleus distri-

bution was spread around it (Figure 4). By contrast, in more con-

tractile cells like fibroblasts, RPE1 cells, or C2C12myoblasts, the

distribution of centrosomes were more dispersed than the distri-

bution of nuclei (Figures S1A and S1B), and the distribution of

centrosomes were more clustered in cytoplast than in cells (Fig-

ure S3I), suggesting that the nucleus position is strongly deter-

mined by the contraction of the acto-myosin network and that

the nucleus can displace the centrosome from its position at

the center of the actin inner zone. These data showed that

both organelles have independent self-centering properties4,34

and that the level of acto-myosin contraction defines which of

the two will dominate the competition.

Microtubule and actin
Microtubules interact with actin via specific crosslinkers or non-

specific steric interactions.61 In particular, a dense and growing

actin network can apply pushing forces on microtubules.62,63

Here, we found that the actomyosin network constitutes the

actual spatial boundary to which themicrotubules are sensitive.

Disrupting or modifying the geometry of the actin network via

the pattern of cell adhesions, altered the spatial boundary

and changed centrosome position accordingly (Figures 2, 3,

and 4). Microtubules appeared more bent within the actomy-

osin network at the cell periphery, and straighter in the central

part devoid of actin (Figure 5). These results suggested that

centrosome positioning is mainly ensured by a combination

of peripheral pushing and central pulling forces along

microtubules.

Dyneins
Dynein have long been known to apply pulling forces on micro-

tubules and to be thus involved in MTOC positioning. By acting

at the periphery or throughout the cytoplasm in round eggs, dy-

neins are thought to position the centrosome at the egg geomet-

rical center.10 We found here that in adherent mammalian cells,

the activity of dynein is not evenly distributed all over cell periph-

ery but rather restricted to specific regions of the cell cortex.

Indeed, the linear shape and radial orientation of microtubules

and the increased amount of dynein within the central part of

the basal cortex devoided of actin bundles suggest that dyneins

put microtubules under tension in a subcellular pattern defined

by the geometry of the contractile actin network (Figures 4B–

4E, 7C, and S5B). Consistent with this view, the microtubules

are not able to interact with cell periphery in aged cytoplasts

but the centrosome remains well positioned, suggesting that

the inner part of the cell cortex is sufficient to ensure centrosome

position at the cell center.64 Dynein activity requires dynactin to

be coupled to a cargo or any other substrate supporting the force
r more examples). In the absence of microtubules, actin contractility is highly

, contractility was still abnormally high (not shown). A higher concentration of

entration was sufficient to inhibit contractility in the absence of microtubules.

along indicated axis, and the angle distribution of the population.

omes in relation to the AIC.

s in relation to the AIC. The bottom panel is the plot of the distance between the

s represent the cell geometrical center and dark-green dots represent the AIC.

butions correspond to medians. P represents p value, which was obtained from
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load. In large and round embryos, dyneins have been proposed

to act as a coupling device that transmits contractile forces from

the actomyosin network onto microtubules.57 Whether this ap-

plies to spread cells, and how it sets and organizes tensional

forces in these conditions, remains to be investigated.

Implications for centrosome positioning in
differentiated and polarized cells
The centrosome-positioning forces mediated via the actin

network appeared potent and relevant for the cell in vivo

because highly asymmetric actin networks, such as those devel-

oped on C-shaped micropatterns, brought the centrosome into

contact with cell periphery, potentially reflecting the peripheral

positioning mechanism in migrating or polarized cells.1,2 There-

fore, a change in actin contractility and actin-network asymmetry

(due to changes in adhesion geometry) could be the initial step

affecting the organization of microtubules and the distribution

of dyneins, which, by repositioning the centrosome, could further

bias internal traffic and reinforce the directional bias of the cell’s

polarization.
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34. Reinsch, S., and Gönczy, P. (1998). Mechanisms of nuclear positioning.

J. Cell Sci. 111, 2283–2295.

35. Bornens, M. (1977). Is the centriole bound to the nuclear membrane?

Nature 270, 80–82.

36. Burakov, A.V., and Nadezhdina, E.S. (2013). Association of nucleus and

centrosome: magnet or velcro? Cell Biol. Int. 37, 95–104.

37. Salpingidou, G., Smertenko, A., Hausmanowa-Petrucewicz, I., Hussey,

P.J., and Hutchison, C.J. (2007). A novel role for the nuclear membrane

protein emerin in association of the centrosome to the outer nuclear mem-

brane. J. Cell Biol. 178, 897–904.

38. Zhang, X., Lei, K., Yuan, X., Wu, X., Zhuang, Y., Xu, T., Xu, R., and Han, M.

(2009). SUN1/2 and Syne/Nesprin-1/2 complexes connect centrosome to

the nucleus during neurogenesis and neuronal migration in mice. Neuron

64, 173–187.

39. Malone, C.J., Misner, L., Le Bot, N., Tsai, M.C., Campbell, J.M., Ahringer,

J., andWhite, J.G. (2003). The C. elegans hook protein, ZYG-12, mediates

the essential attachment between the centrosome and nucleus. Cell 115,

825–836.

40. Biedzinski, S., Agsu, G., Vianay, B., Delord, M., Blanchoin, L., Larghero, J.,

Faivre, L., Th�ery, M., and Brunet, S. (2020). Microtubules control nuclear

shape and gene expression during early stages of hematopoietic differen-

tiation. EMBO J. 39, e103957.

41. Starr, D.A., and Fridolfsson, H.N. (2010). Interactions between nuclei and

the cytoskeleton are mediated by SUN-KASH nuclear-envelope bridges.

Annu. Rev. Cell Dev. Biol. 26, 421–444.

42. Burke, B., and Roux, K.J. (2009). Nuclei take a position: managing nuclear

location. Dev. Cell 17, 587–597.

43. Karsenti, E., Kobayashi, S., Mitchison, T., and Kirschner, M. (1984). Role of

the centrosome in organizing the interphase microtubule array: properties

of cytoplasts containing or lacking centrosomes. J. Cell Biol. 98, 1763–

1776.

44. Umeshima, H., Hirano, T., and Kengaku, M. (2007). Microtubule-based nu-

clear movement occurs independently of centrosome positioning 104,

16182–16187.

45. Strzyz, P.J., Lee, H.O., Sidhaye, J., Weber, I.P., Leung, L.C., and Norden,

C. (2015). Interkinetic nuclear migration is centrosome independent and

ensures apical cell division to maintain tissue integrity. Dev. Cell 32,

203–219.

http://refhub.elsevier.com/S0960-9822(21)00002-6/sref7
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref7
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref7
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref7
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref8
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref8
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref8
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref9
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref9
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref9
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref9
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref9
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref10
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref10
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref10
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref11
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref11
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref11
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref12
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref12
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref13
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref13
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref13
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref14
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref14
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref14
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref15
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref15
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref15
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref16
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref16
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref17
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref17
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref17
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref18
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref18
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref18
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref19
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref19
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref19
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref20
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref20
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref20
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref20
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref21
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref21
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref21
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref21
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref22
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref22
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref22
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref22
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref22
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref22
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref23
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref23
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref23
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref23
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref24
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref24
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref24
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref24
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref25
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref25
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref25
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref25
https://doi.org/10.1088/1367-2630/14/10/105025
https://doi.org/10.1088/1367-2630/14/10/105025
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref27
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref27
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref27
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref27
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref28
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref28
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref28
https://doi.org/10.1091/mbc.e17-06-0366
https://doi.org/10.1091/mbc.e17-06-0366
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref30
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref30
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref30
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref30
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref31
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref31
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref31
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref32
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref32
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref32
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref33
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref33
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref34
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref34
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref35
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref35
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref36
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref36
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref37
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref37
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref37
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref37
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref38
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref38
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref38
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref38
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref39
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref39
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref39
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref39
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref40
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref40
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref40
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref40
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref40
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref41
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref41
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref41
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref42
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref42
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref43
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref43
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref43
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref43
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref44
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref44
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref44
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref45
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref45
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref45
http://refhub.elsevier.com/S0960-9822(21)00002-6/sref45


ll

Please cite this article in press as: Jimenez et al., Acto-myosin network geometry defines centrosome position, Current Biology (2021), https://doi.org/
10.1016/j.cub.2021.01.002

Article
46. Th�ery, M., P�epin, A., Dressaire, E., Chen, Y., and Bornens, M. (2006). Cell

distribution of stress fibres in response to the geometry of the adhesive

environment. Cell Motil. Cytoskeleton 63, 341–355.

47. Chen, T., Callan-Jones, A., Fedorov, E., Ravasio, A., Brugu�es, A., Ong,

H.T., Toyama, Y., Low, B.C., Trepat, X., Shemesh, T., et al. (2019).

Large-scale curvature sensing by directional actin flow drives cellular

migration mode switching. Nat. Phys. 15, 393–402.

48. Mandal, K., Wang, I., Vitiello, E., Orellana, L.A.C., and Balland, M. (2014).

Cell dipole behaviour revealed by ECM sub-cellular geometry. Nat.

Commun. 5, 5749.

49. Piel, M., Meyer, P., Khodjakov, A., Rieder, C.L., and Bornens, M. (2000).

The respective contributions of the mother and daughter centrioles to

centrosome activity and behavior in vertebrate cells. J. Cell Biol. 149,

317–330.

50. Patteson, A.E., Vahabikashi, A., Pogoda, K., Adam, S.A., Mandal, K.,

Kittisopikul, M., Sivagurunathan, S., Goldman, A., Goldman, R.D., and

Janmey, P.A. (2019). Vimentin protects cells against nuclear rupture and

DNA damage during migration. J. Cell Biol. 218, 4079–4092.

51. Cheng, F., Shen, Y., Mohanasundaram, P., Lindström, M., Ivaska, J., Ny,

T., and Eriksson, J.E. (2016). Vimentin coordinates fibroblast proliferation

and keratinocyte differentiation inwound healing via TGF-b-Slug signaling.

Proc. Natl. Acad. Sci. USA 113, E4320–E4327.

52. Mendez, M.G., Kojima, S., and Goldman, R.D. (2010). Vimentin induces

changes in cell shape, motility, and adhesion during the epithelial to

mesenchymal transition. FASEB J. 24, 1838–1851.

53. Kimberling, C.. Encyclopedia of Triangle Centers. https://faculty.

evansville.edu/ck6/encyclopedia/etc.html.

54. Dong, L., Gong, J., Wang, Y., He, J., You, D., Zhou, Y., Li, Q., Liu, Y.,

Cheng, K., Qian, J., et al. (2019). Chiral geometry regulates stem cell

fate and activity. Biomaterials 222, 119456.

55. Krendel, M., Zenke, F.T., and Bokoch, G.M. (2002). Nucleotide exchange

factor GEF-H1 mediates cross-talk between microtubules and the actin

cytoskeleton. Nat. Cell Biol. 4, 294–301.

56. Chang, Y.C., Nalbant, P., Birkenfeld, J., Chang, Z.F., and Bokoch, G.M.

(2008). GEF-H1 couples nocodazole-induced microtubule disassembly

to cell contractility via RhoA. Mol. Biol. Cell 19, 2147–2153.

57. De Simone, A., N�ed�elec, F., and Gönczy, P. (2016). Dynein Transmits
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Glutaraldehyde Sigma G5882

Phalloidin-A555 Life Technologies A34055

Phalloidin-A568 Life Technologies A12380

DAPI Sigma D9542

PLL(20)-g[3.5]-PEG(2) SurfaceSolutionS PLL(20)-g[3.5]-PEG(2)

PLPP (4-benzoylbenzyl-trimethylammonium

chloride)

Alveole PLPP

Ti-Prime MicroChemicals Ti-Prime

Polystyrene MW 260,000 Acros Organic 178891000

Toluene Sigma 179418

Fibronectin Sigma F1141

Experimental Models: Cell Lines

MEF WT and KO Vimentin cells John Eriksson, Robert Goldman Cheng et al.51 and Mendez et al.52

Recombinant DNA

p150-CC1 (214-548 aa of p150Glued) Mineko Kengaku Wu et al.60

Software and Algorithms

ImageJ 1.52o http://imageJ.nih.gov/ij Colucci-Guyon et al.65

mManager micro-manager.org Stuurman et al.66

Java 1.8.0 Oracle Corporation https://www.java.com/fr/download/

R 4.0.2 GIU 1.72 Catalina build (7847) R Core Team https://www.r-project.org/

Rstudio 1.2.1335 R Studio, PBC https://rstudio.com/

Prism 9 for macOS GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Metamorph Molecular Devices https://www.moleculardevices.com/products/

cellular-imaging-systems/acquisition-and-

analysis-software/metamorph-microscopy

mManager-Leonardo plugin Alveole Leonardo

CleWin layout editor software WieWeb CleWin

(Continued on next page)
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Photomask Toppan Photomask Quartz grade D (MFS > 1mm).

NEPA21 electroporator Nepa Gene NEPA21

Plotter-cutter GRAPHTEC CE-6000-40

Air-plasma Plasma Etch PE-30

Primo module Alveole Primo

Spin-coater Laurell WS-650m2-23NPPB

UVO cleaner Jelight Model No. 342A-220

Nikon microscope Ti-E equipped with a

CFI Super Plan Fluor 20 3 ELWD (NA 0.45)

objective capable of high UV-transmission, a

Perfect Focus System 3, an ORCA-Flash 4.0

LT CMOS camera (Hamamatsu), a motorized

stage (M€arzh€auser)

Nikon, Hamamatsu, M€arzh€auser Gattaca for custom configuration of

microscope set-up

Olympus up-right BX61 equipped with a

CoolSnapHQ2 (Photometrics) camera with

a motorized stage (M€arzh€auser)

Olympus, Photometrics,

M€arzh€auser

Gattaca for custom configuration of

microscope set-up

Inverted spinning disk microscope Nikon Ti2

equipped with a Retiga R3 camera (Photometrics),

a motorized stage (M€arzh€auser)

Nikon, Photometrics,

M€arzh€auser

Gattaca for custom configuration of
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Manuel

Th�ery (manuel.thery@cea.fr).

Materials Availability
All materials generated for this study are available upon request.

Data and Code Availability
The datasets supporting the current study have not been deposited in a public repository because they are too large (more than 10To)

but are available from the corresponding or the first author on request.

The code supporting the current study has not been deposited in a public repository because it has not been formated to be user

friendly and has not been annotated therefore it requires further detailed explanation to be used but is available from the correspond-

ing or the first author on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
MEF (mouse embryonic fibroblasts) WT and KO Vimentin cells: Vimentin heterozygous mice (129/Sv 3 C57BL/6) were used to

generate vimentin-deficient homozygotes and WT mice and MEF cells by the lab of John Eriksson.50–52 The information of the

sexe or the developmental stage from which the cells were extracted is not available.

RPE1 (Retinal pigment pithelium) puromycin sensitive cells were obtained from Andrew Holland and were not further

characterized.

PTK2 (Potorous tridactylus kidney) cells were obtained from Franck Perez lab and were not further characterized.

C2C12 (Mouse muscle myoblast) cells were obtained from Jean-Louis Viovy lab and were not further characterized.

Cell Culture
Cell culture, cell lines, plasmids and transfection and drug treatment.

MEFWT and KO for Vimentin cell lines (received from Robert Goldman), C2C12 and PTK2 cells were cultured in Dulbecco’s Modi-

fied Eagle Medium (31966, GIBCO) supplemented with 10% FBS (50900, Biowest) and 1% antibiotic-antimycotic (15240-062,

GIBCO). RPE1 cells were cultured in Dulbecco’s Modified Eagle Medium Nutrient Mixture F-12 (31331-093, GIBCO) supplemented
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with 10% FBS and 1% antibiotic-antimycotic. All cells were grown in 37�C, 5% CO2 conditions. MEF KO Vimentin EGFP-Centrin 1

weremade by transient transfection of pEGFP-C1-Centrin1 (kindly provided by James Sillibourne) with lipofectamine LTX (15338100,

Invitrogen) in Opti-MEM (11058, GIBCO) according to the procedure described by the manufacturer. Selection was performed with

G418 at 0.5mg/mL and sorted by FACS twice with one month interval. They were posteriorly cultured with 0.2mg/mL. For p150 in-

hibition assay on cytoplasts, we used WTMEF instead of vimentin KOMEF to avoid confusion between GFP from centrin1 and from

the p150 construct, or RPE1 cells. Centrosome positioning was similar in both cells lines (Figures S7C and S7D). Cells were electro-

porated with NEPA21 electroporator (from Nepa Gene) with the plasmid expressing GFP-p150-CC1 (214-548 aa of p150Glued) ob-

tained fromMineko Kengaku (Kyoto University) and according to the manufacturer’s protocole for MEF cells. Cells were then sorted

by FACS 24 h after electroporation and plated directly on slides for enucleation and enucleated 48 h after electroporation. Living cells

were incubated and imaged at 37�C with 5% CO2 in a humidified environment.

METHOD DETAILS

Enucleation
Cells were seeded the night before, 12 h before enucleation on RINZL plastic micro-slides (71890-01, Delta Microscopies) precoated

with Collagen I Rat Protein, Tail (A1048301, GIBCO) at 12mg/mL and Fibronectin from bovine plasma (F1141, Sigma) at 1mg/mL for 1

h. Cells were seeded to achieve a 90% confluence by the time of the enucleation. Cells were put on 50ml tubes resistant to high-

speed centrifugation (339652, Nunc) in complete medium with Cytochalasin D (C8273, Sigma) at 3mg/mL for 30min at 37�C, then
centrifuged at 15’000 g for 1 h at 37�C. Cytoplasts were then washed twice with pre-warmed DMEM then let them to rest for

30min at 37�C before detachment for seeding onmicropatterns. An alternative protocole was used for C2C12 cells. In this case, cells

were seeded the night before on RINZL slides pre-coated with Fibronectin (at 10mg/mL for 40min). On the day of the experiment, cells

were incubated with Cytochalasin D at 2mg/mL for 45min at 37�C, then centrifuged at 10’000rpm at 37�C using an ultra-centrifuge

(Avanti JXN-26, Beckman Coulter) equipped with a swinging rotor (JS-13.1, Beckman Coulter).

Drug treatment
Microtubules were removed by incubating cells in HBSS (14025092, GIBCO) on ice and in a cold room at 4�C for 2 h then warmed up

to 37�C in complete medium with 10mMNocodazole (M1404, Sigma) and incubated until fixation. Rock inhibition was achieved with

Y27632 (Y0503, Sigma) at 20mM. Rock inhibition in the absence of microtubules was achieved with cold incubation as described

above and warming up with complete medium with 10mM Nocodazole and Y27632 at 100 or 200mM as specified for 2 h at least.

Fixation and Immunostaining
Cells plated on coverslips were fixed with Paraformaldehyde (15710, Euromedex), Glutaraldehyde (G5882, Sigma) or a mixture of

both depending on the antibodies used. All fixation mixtures were done in Cytoskeleton Buffer supplemented with Sucrose (CBS,

see below) with 0.1% Triton X-100 (T8787, Sigma) with either 3% Paraformaldehyde, 3% Paraformaldehyde + 0.025% Glutaralde-

hyde or 0.5% Glutaraldehyde. Fixation mixture was added to the cells for 10 min at room temperature. Glutaraldehyde related auto-

fluorescence was quenchedwith a solution of PBS and 1mg/mL sodiumBorohydride for 10min at room temperature. Cells were then

re-permeabilized with Triton 0.1% in PBS for 10 min at room temperature, then blocked with Bovine Serum Albumin (BSA, A2153,

Sigma) at 1.5% in PBS for 10 min. Antibodies were diluted in PBS containing 1.5%BSA and both incubation with primary or second-

ary antibodies wasmade for 1 h.Microtubules were stainedwithMCA77G fromAbd serotec, ab18251 fromAbcamor A-R-H#02 from

Tab-IP (Curie Institute antibody platform). Centrosome staining was performed with anti-gamma Tubulin (T6557,Sigma), anti-peri-

centrin (ab4448, Abcam-for human and Ptk2 cells; 611815, BD Biosciences-for mice cells) or anti-polyglutamylated Tubulin (A-R-

H#04, TabIP platform, Institut Curie). Vimentin was stained with 5741S from Cell Signaling using methanol fixation for 5min at

�20�C . Dynein was stained with anti-p150 glued antibodies (612709, BD Biosciences). A particular protocole was used for Dynein

staining with an extra step of pre-permeabilization using 0.025% Triton X-100 in CBS for 30 s followed by fixation in 4%PFA + 0.05%

Glutaraldehyde + 0.1%Triton X-100 in CBS for 10min. Actin filaments were stained with Phalloidin-A555 (A34055, Life Technologies)

or Phalloidin-A568 (A12380, Life Technologies) together with secondary antibodies. Staining with DAPI (D9542, Sigma) was per-

formed systematically with secondary antibodies to stain the nucleus or to control proper enucleation. Coverslips were mounted

with Mowiol 4-88 (81381, Sigma).

Cytoskeleton Buffer supplemented with Sucrose (CBS): A stock solution containing 10 mM HEPES (H3375, Sigma) at pH 6.1,

138 mM KCl (P3911, Sigma), 3 mMMgCl2 (208337, Sigma) and 2 mM EGTA (E3889, Sigma) was made. Sucrose was added extem-

poraneously before use at 0.32M (10%).

Micropatterning
Micropattern prototyping using Primo

The micropatterning protocol was adapted from.67

Micropattern were obtained by shining a pattern of UV light through the microscope objective on a PEGylated glass coverslip

covered with a liquid containing a photo-initiator. To limit the volume of liquid to use for the process (here choose at 30 ml), a custom

silicone chambers was assembled using two sandwiched 250mm silicon sheets, cut with a plotter-cutter (GRAPHTEC CE-6000-40).

For the bottom layer a millimeter pear shape in-between inlet and outlet channels (0.5 um wide), and for the top layer, holes upward
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the end of the inlet and outlet channels. 18x18 SCHOTT NEXTERION Coverslips #1.5H ‘‘High Performance’’ were used for prototyp-

ing steps. Coverslips were handles under a laminar flux hood. To promote attachment of PDMS chambers then attachment of Poly-l-

Lysine-Polyethylenglycol/PLL-PEG, the surface of the coverslips was oxidized 40 s by exposure to air-plasma (PE-30, Plasma Etch)

at 30W, under vacuum and with an air flow rate of 10 cc/minute. Then the silicone chamber was put onto the activated side followed

by the introduction of PLL-PEG solution from the inlet channel. The PLL-PEG solution (PLL(20)-g[3.5]-PEG(2), SurfaceSolutionS,

Switzerland), at a concentration of PLL-PEG at 0.1mg/mL in 10mMHEPES at pH7.4, was incubated for 30 min at room temperature.

This step was performed extemporaneously, right before patterning. The coverslip was avoided to dry after this step and during and

between all following steps. The coverslip was washed once with of PLPP (4-benzoylbenzyl-trimethylammonium chloride,

14.5cmgcml�1) then fresh PLPP was added, by removing most of the liquid at the outlet with a highly absorbant precision paper

(Kimwipes, Kimtech). Surface patterning was performed right after on an inverted Nikon microscope Ti-E equipped with a CFI Super

Plan Fluor 203 ELWD (NA 0.45) objective capable of high UV-transmission, a Perfect Focus System 3, an ORCA-Flash 4.0 LT CMOS

camera (Hamamatsu), a motorized stage (M€arzh€auser) and the Primomodule containing a DMD illumination with a 375cnm (4.5cmW)

laser (Alv�eole Lab). The microscope was controlled with the ImageJ mmanager software and the Primo module was controlled with

the mManager-Leonardo plugin (Alv�eole Lab). Micropattern shapes were designed using ImageJ, as an 8bit image with patterns filled

inwhite on a black background. Each fieldwas exposed for 25 s at 100%UVpower corresponding to a 900mJ/mm2UV energy dose.

The coverslips were washed 3 times with PBS by pipetting 100ul in the inlet while aspirating at the outlet using a high absorbant pre-

cision paper to create a flow within the chamber. Coverslips were then incubated with Fibronectin at 20mg/mL in PBS for 20 min by

flowing 100ml of the solution, and then washed 3 times with PBS as described above. The silicone chamber assembly can be de-

tached at this step by immersing coverslips in PBS and using tweezers. Patterned sample were kept at 4�C in PBS and used the

next day. Cells were plated as described bellow for deep UV patterning.

Large scale micropatterning with deep UV and cell seeding

The micropatterning protocol was adapted from.68

Polystyrene coating: 20x20 Coverslips (1304369, Schott) were cleaned for 10min in acetone then for 10min in isopropanol in a bath

sonicator and then dried with compressed-clean air under a laminar flow hood. They were coated with adhesion promoter Ti-Prime

(MicroChemicals) using a spin-coater (WS-650m2-23NPPB, Laurell) at 3000 rpm for 30 s and baked on top heater for 2min at 120�C.
Then a 1% polystyrene (MW 260,000, 178891000, Acros Organic) solution in toluene (179418, Sigma) was spin-coated on the cover-

slip at 1000 rpm.

Plasma treatment and micropatterning: Polystyrene layer was oxidized by exposure to air-plasma as described above to promote

the attachment of PLL-PEG to the surface, whichwas diluted as described above and incubated for 30min at room temperature. PLL-

PEG was removed and coverslips room air-dried before putting them in tight contact with a chromed printed photomask (Toppan

Photomask). Tight contact wasmaintained using a vacuum holder. The PLL-PEG layer was burnedwith deepUV (l = 190nm) through

the non-chromed windows of the photomask, using UVO cleaner (Model No. 342A-220, Jelight), at a distance of 1cm from the UV

lamp with a power of 6mW/cm2, for 4 min.

Cell seeding: Coverslips were washed once with distilled water then incubated with a solution of 40mg/mL Fibronectin (F1141,

Sigma) in PBS (14190169, GIBCO) for 30min at room temperature. Coverslips were then washed, in a sterile 6-well dish with one

coverslip per well and under the laminar flow hood, 3 times with 3ml sterile PBS, once with 3ml DMEM and once with 3ml

DMEM-10%FBS-1%Antibiotic-Antimycotic (complete medium). Cells/cytoplasts were detached with TrypLE (12605036, GIBCO),

centrifuged and resuspended in complete medium at 100’000 cells/mL.Most mediumwas removed for each well containing a cover-

slip and 1ml of cell suspension was added. Cells were left for spreading for 1 h at 37�C before washing-out non-attached cells with

pre-warmed complete medium. Cells were incubated for at least one more h at 37�C to promote correct spreading and polarization,

before further treatments.

Imaging
Microscopy

Most fixed and fluorescently labeled cells were imaged using an up-right epi-fluorescence microscope (Olympus up-right BX61

equipped with a CoolSnapHQ2 camera) monitored by Metamorph. Samples were scanned for cell selection with dry objectives

10x or 20x using a Metamorph plugin developped by C�eline Labouesse and Benoı̂t Vianay. Cells were chosen so that they were

well spread on sharp patterns and that they do not had a nucleus in the case of conditions with cytoplasts. Cells were imaged

with a 100x NA 1.4 oil objective, with 0.5mm spacement between z planes in a range of 15mm. When patterned cells did not fit in

one camera field, overlapping images were taken for further stitching. An inverted spinning disk microscope (Nikon Ti2 equipped

with a Retiga R3 camera), monitored by Metamorph was used for Figure 7C and Figure S1D using a 60X objective.

Image analysis

For patterned cells that could not fit in one camera field, ImageJ69 macros using Stitching plugin were used. Images were then pro-

cessed the same than single images.

Centrosome positioning analysis was performed with homemade ImageJ suite of macros. The closest plane to the coverslip (cell

bottom) was determined creating a band ROI on the actin image, as an expansion of a rough cell border determined by threshold

filtering. This ROI was applied to the microtubule channel where the z-plane with the highest Standard Deviation within the band

was chosen as cell bottom. Cell Top was determined using the standard deviation of the whole image. Firsts and lasts superfluous

z-planes were that way removed to lighten calculations.
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Threshold filtering in actin cell bottom plane was performed to determine cell edges and centroid was calculated. Similar method

was used to determine nucleus edges and centroid in the case of conditions with nucleated cells. Scanning the Prominence param-

eter of the ‘‘FindMaxima’’ plugin from imageJ was performed to determine the prominence value where the number of foundmaxima

was closest to one. Scanning for maxima within the region around this principal centriole was performed to find eventual extra-cen-

trioles. Cells withmore than 4 centrioles were discarded. The centroid of the polygon defined after connecting all centrioles 3 by 3 into

triangles and adding all areas was used for the calculation of the distances to the cell, and nucleus if applicable, centroids.

All steps contained a quick-scanning verification and assisted-correctionmodule tomake sure the analysis was correct for all cells.

Centrosome positioning compared triangle characteristic centers
In the case of triangle-patterned cytoplasts, the contour defined previously was smoothened by converting curve into a spline defined

by a discrete number of close points. The curve defined by the distance of each point from the spline to the previously calculated

centroid was smoothened by quadratic regression until the curve presents only 3 maxima, corresponding to the 3 triangle vertexes.

The indexes of these three points were used to find the 3 corresponding points the contour-spline. The coordinates of theses 3 points

were used to fit the contour of the cell to a triangle. Geometrical calculations were performed to determine the coordinates of 4 char-

acteristic centers of that triangle (centroid, incenter, circumcenter, and orthocenter). Distances from the centrosome to these centers

were calculated.

Actin inner zone (AIZ) and actin inner center (AIC)
Actin inner zone was determined manually on projected and denoised (rolling ball filtering) actin images. The coordinates centroid of

the zone was determined and the distance to cell and centrosome centroids was calculated.

Dot plots and plots of AIZs
An angle correction was determined for all cells in a semi-automatic way. The coordinates of all centers were redressed according to

the correction angle and relative coordinates to cell or actin centroid were calculated and plotted. Similar procedure was performed

for the regions defining AIZs. Either all contours of AIZs were drawn, or one black 8-bit image was created for each cell and the AIZs

was drawn and filled in white. A sum of all the images was made and a Royal LUT was applied.

Microtubule orientations
Microtubule stacks were skeletonized using a homemade Java plugin. A sum projection was made before a homemade orientation

filter was applied to determine the angle made by each pixel of the skeletonized microtubule network. The calculation of a relative

angle to the centrosomewas performed. This angle corresponds to the angle made locally by a portion of microtubule around a given

pixel and the radius defined by the line passing by both the studied pixel and the centrosome. The distribution of relative angle value

as a function of the distance to the centrosome was determined and plotted with R. This distribution was also performed this time

limiting the considered values to a band as shown in the figures or to a given zone like the AIZ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mann-Whitney non-parametric tests were used in the entire study to compare samples using GraphPad Prism software (Version 6.0).

Statistical details of experiments can be found in the figure legends, including exact value of n, which represent the number of cells.

The center of distributions correspond to the medians, except in Figure 3B where it correspond to the average. The measures of the

width of the distributions are standard deviations, except in Figure 3B where it is the standard error mean (SEM).
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