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Introduction
Regulation of cell polarity and orientation is essential during 
symmetric and asymmetric cell division and cell differentiation, 
as well as in a large variety of cellular functions such as T cell 
interaction with their target cell, synaptic transmission, or cell 
migration (Krummel and Macara, 2006; Arimura and Kaibuchi, 
2007; Etienne-Manneville, 2008). Directed as well as random 
cell migration is associated with polarization of the cellular  
machinery in order to define a leading protrusive front and a  
retracting rear. During cell migration as well as during cell dif-
ferentiation or polarized cell function, the relative position of 
the centrosome and the nucleus is generally a good indicator of 
the orientation of the cell polarity axis (Schliwa et al., 1999;  
de Anda et al., 2005; Siegrist and Doe, 2006).

Integrin engagement with the extracellular matrix plays a 
key role in controlling nucleus and centrosome positioning in 
migrating and immobile cells (Etienne-Manneville and Hall, 
2001; Thery et al., 2005, 2006; Peng et al., 2008). In contrast, 
the role of cell–cell contacts in controlling orientation of the 
nucleus–centrosome axis remains unclear. Tight junctions are 
key to the baso-apical polarity of epithelial cells, and are likely 
to be involved in centrosome apical positioning (Musch, 2004; 
Shin et al., 2006). Herein, we investigated whether intercellular 
junctions can promote polarization of nonepithelial cells, such 
as astrocytes, that do not form tight junctions. We show that 

anisotropic cell–cell interactions provide extracellular cues 
that are sufficient to promote cell polarization and orientation 
toward the free cell edge. In the absence of any other polarizing 
cues, calcium-dependent classical cadherins, including N-cadherin 
as well as E-cadherin, control centrosome and nucleus posi-
tioning and cell polarization via the regulation of cell inter
actions with the extracellular matrix and of the actin and 
microtubule cytoskeletons.

Results and discussion
To examine whether cell–cell contacts could influence intra
cellular asymmetry, primary rat astrocytes were plated on large 
(11,000 µm2) fibronectin-coated circular micropatterns allow-
ing adhesion of five to seven cells (Fig. 1 A). Their migration off 
the pattern was prevented by treating the glass coverslip with 
polyethylene glycol. Each astrocyte spread over a large surface 
compared with other cell types (2,000 µm2), which remained 
constant in the various conditions used in this study (Table S1). 
We focused on cells located at the edge of the pattern. These 
cells have a free edge corresponding to the external limit of the 

Control of cell polarity is crucial during tissue mor-
phogenesis and renewal, and depends on spatial 
cues provided by the extracellular environment. 

Using micropatterned substrates to impose reproducible 
cell–cell interactions, we show that in the absence of other 
polarizing cues, cell–cell contacts are the main regulator 
of nucleus and centrosome positioning, and intracellular 
polarized organization. In a variety of cell types, including 
astrocytes, epithelial cells, and endothelial cells, calcium-
dependent cadherin-mediated cell–cell interactions induce 
nucleus and centrosome off-centering toward cell–cell 

contacts, and promote orientation of the nucleus–centrosome 
axis toward free cell edges. Nucleus and centrosome off-
centering is controlled by N-cadherin through the regula-
tion of cell interactions with the extracellular matrix, 
whereas the orientation of the nucleus–centrosome axis is 
determined by the geometry of N-cadherin–mediated 
contacts. Our results demonstrate that in addition to the 
specific function of E-cadherin in regulating baso-apical 
epithelial polarity, classical cadherins control cell polar-
ization in otherwise nonpolarized cells.
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cell orientation, we measured the angle between the nucleus– 
centrosome axis and a reference radius passing through the 
centrosome and the micropattern center. This angle can take 
any value between 0 and 180°, giving a median value of 90° for 
a population of randomly oriented cells. For a polarized cell ori-
ented toward the free edge of the pattern or toward the wound, this 
angle is 0° (see diagram in Fig. 1 D). In cells involved in inter-
cellular interactions, the distribution of angles was shifted toward 
low values (median angle, 45°), which indicates a preferential posi
tioning of the centrosome in front of the nucleus in the direction 
of the free cell edge (Fig. 1 D). In contrast, in isolated cells, the 
median angle was close to 90°, which indicates that, in these cells, 
the centrosome–nucleus axis was randomly oriented (Fig. 1 D). 
Similarly, cells entirely surrounded by cellular interactions at the 

pattern, and form intercellular junctions with two to three neigh-
boring cells (Fig. 1 A). In these conditions, we observed that the 
nucleus was off-centered and localized next to cell–cell contacts 
(Fig. 1, A–C). Nucleus off-centering was also clearly visible in 
migrating cells of a wound edge (Fig. 1, B–D, migrating cells) as 
described previously (Gomes et al., 2005). Nucleus recruitment 
near cell–cell contacts was also visible when two cells interact 
along a single side (Fig. 1 A, middle). The centrosome was also 
off-centered in close proximity to the nucleus (Fig. 1, A–C). 
Accordingly, the distance from the centrosome to the cell centroid 
(geometric cell center) and the distance from the nucleus to the 
cell centroid were greatly increased compared with isolated cells 
in which the centrosome and the nucleus localize near the cell 
center independently of cell shape (Fig. 1, B and C). To quantify 

Figure 1.  Cell–cell contacts control intracellular organization and cell orientation. Primary rat astrocytes were plated onto fibronectin-printed micro
patterns or submitted to a wound-healing assay (migrating cells). 7 h later, cells were fixed and stained. (A and B) Pan-cadherin (green), pericentrin (red), 
and Hoechst (blue) stainings. The green cross indicates the position of the cell centroid, and the arrows show the distance between the cell centroid 
and the nucleus center (black) or the centrosome (white). (C) Distances between the nucleus and cell centroids (black) and between centrosome and 
cell centroid (white). (D) Distribution of the angle between the centrosome–nucleus axis and the micropattern radius passing through the centrosome. 
The median angle is indicated in red. The typical intracellular organization of the cell in each condition is depicted above the distribution graphs 
(green cross, cell centroid; blue oval, nucleus center; red dot, centrosome). (E, left) Paxillin (red) and phalloidin (green). (middle) -tubulin (red, for 
microtubules) and detyrosinated tubulin (green). (right) GM130 (green), pericentrin (red), and Hoechst (blue). Data are given as mean ± SD of three 
independent experiments totaling at least 120 cells. Statistical differences between grouped cells with a free cell edge and the other conditions are 
indicated. *, P < 0.05; **, P < 0.005. Bars, 20 µm.
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Figure 2.  Classical cadherin-mediated adherens junctions regulate nucleus and centrosome positioning and cell orientation. (A–C) Astrocytes or JEG3 
epithelial cells were plated onto fibronectin-printed micropatterns in the presence of 1.8 mM calcium. Cells were incubated for 2 h in presence of calcium 
and then for 5 h in calcium-free medium (Ca), or incubated for 2 h in the absence of calcium and then for 5 h in calcium-containing medium (+Ca).  
(D–I) 3 d after nucleofection of the indicated siRNAs and pEGFP constructs, astrocytes and U373 astrocytoma cells were either plated onto fibronectin-printed 
micropatterns (immobile cells) or submitted to a wound-healing assay (migrating cells). (A, D, and G, top) Pan-cadherin or E-cadherin (green), pericentrin 
(red, white arrowhead), and Hoechst (blue) stainings. (A, bottom) Higher magnification of cadherin staining at cell–cell contacts. Bars, 20 µm. (B, E, and H) 
Distances between the nucleus and cell centroids (black) and between the centrosome and cell centroid (white). Data are given as mean ± SD of three 
independent experiments totaling at least 120 cells. (C, F, and I) Distribution of the angle between the centrosome–nucleus axis and the micropattern radius 
passing through the centrosome. The median angle is indicated in red. Statistical differences are indicated. *, P < 0.05; **, P < 0.005.
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center of large patterns were randomly oriented (Fig. 1, B–D). 
Cell polarization was also reflected by a polarized intracellular 
organization. Focal adhesions localize almost exclusively at the free 
edge, and actin fibers elongate from these focal adhesions toward 
the cell center (Fig. 1 E, left). The microtubule network extends in 
the direction of the free edge, with detyrosinated microtubules, the 
centrosome, and the Golgi apparatus all locating between the  

nucleus and the free edge (Fig. 1 E, middle and right). These 
results demonstrate that the anisotropy of cell–cell contacts con-
trols intracellular organization, nucleus and centrosome position-
ing, and cell orientation in the direction of the free cell edge.

Calcium-free medium rapidly perturbed cell–cell contacts 
and led to a loss of adherens junctions (compare Fig. 2 A with 
Fig. 1 B). Concomitantly, the nucleus moved away from the cell 

Figure 3.  Asymmetric N-cadherin–mediated interactions are sufficient to promote nucleus–centrosome axis orientation but not nucleus off-centering. 
(A–D) Primary rat astrocytes were plated on circle- or ∩-shaped micropatterns coated with N-cadherin–Fc. (A) Pericentrin (red), pan-cadherin (white, and 
insets below), and Hoechst (blue) stainings. Dextran fluorescence (green) shows the micropattern. Bar, 10 µm. (B) Schematics defining the two measured 
parameters: the angle “” (in degrees) between the centrosome–nucleus axis and the micropattern radius passing through the centrosome (red dot), and 
the distance “y nucleus” (in micrometers) between nucleus (blue dot) and cell (green cross) centers along the symmetry axis (y axis) of the pattern. (C) Angle 
distribution from at least 110 cells. Median angles and statistical differences are indicated in red. (D) Y nucleus position (blue circles). The red square and 
bar show mean values ± SD. (E) Astrocytes were plated on large fibronectin micropatterns, and actin was locally disrupted. Selected phase contrast images 
were taken from Video 2: t = 0, t = 220 min, and the trajectory followed by the nucleus. The cell center (green cross), the nucleus border (white oval), 
cell–cell contacts (red broken line), and the free cell edge (purple broken line) are shown. At t = 220 min, cells were fixed and stained with anti-paxillin 
(green), phalloidin (red), and Hoechst (blue). Right panels show a higher magnification image (indicated by the boxed regions) of the contact-free cell edge 
under the cytochalasin D flow (5 µM) emanating from a micropipette. Bar, 10 µm.
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indicates that adherens junctions act upstream of integrins to  
restrict the localization of focal adhesion to the free cell edge. 
When isolated astrocytes were plated on fibronectin-coated 
asymmetric micropatterns (Fig. S1, C–E), the nucleus was off-
centered and preferentially localized near the nonadhesive re-
gion of the cells, showing that anisotropic cell interactions with 
the extracellular matrix promote nucleus off-centering. We used 
a micropipette to locally deliver the actin-depolymerizing drug 
cytochalasin D at the free edge of cells engaged in anisotropic 
cell–cell contacts. This treatment resulted in local actin depoly-
merization and focal adhesion disruption (Fig. 3 E), and induced 
nuclear movement from cell–cell contacts toward the cell center 
(Fig. 3 E and Video 2). Altogether, these observations strongly 
suggest that asymmetric N-cadherin–mediated cellular inter
actions induce nucleus movement toward cell–cell contacts by 
controlling the localization of cell interactions with the extra-
cellular matrix and the actin cytoskeleton.

Inhibition of calcium-dependent N-cadherin–mediated cell 
interactions had a strong effect on the organization the micro
tubule and actin cytoskeletons (Figs. S1 B and S2 A). We asked 
whether these cytoskeletal elements were involved in the cell–cell 
contact-controlled nucleus and centrosome positioning. Cell treat-
ment with nocodazole or taxol to disrupt microtubules (Fig. 4,  
A and B, Noco; and unpublished data) did not affect centrosome 
off-centering. In contrast, cell treatment with cytochalasin D  
(Fig. 4, A and B, Cyto D) abolished nucleus off-centering, and 
also prevented centrosome off-centering (Fig. 4, A and B, CytoD), 
as expected from the micropipette experiment (Fig. 3 E). Because 
nucleus and centrosome positioning were similarly affected by 
actin disruption, we tested the role of the nucleus in centrosome 
off-centering by enucleating astrocytes. In cells without nucleus, 
the centrosome localized to the cell center as in isolated cells  
(Fig. 4, D and E), pointing to an essential role of the nucleus in 
centrosome positioning near cell–cell contacts.

We then investigated the mechanisms controlling the ori-
entation of the nucleus–centrosome axis. Orientation of the  
nucleus–centrosome axis was not significantly affected by actin 
disruption (Fig. 4, A–C), confirming that nucleus and centro-
some off-centering and orientation of the nucleus-centrosome 
axis are controlled by distinct mechanisms. Microtubule disrup-
tion by nocodazole or taxol treatment did not strongly perturb 
the orientation of the nucleus–centrosome axis (Fig. 4 C). This 
could simply be caused by a steric hindrance of centrosome 
movement around the nucleus because of the very close prox-
imity of the nucleus to cell–cell junctions. Cells were thus 
treated with cytochalasin D to displace the nucleus and the cen-
trosome away from cell–cell junctions toward the cell center 
(Fig. 4 B). In these conditions, the orientation of the nucleus–
centrosome axis was severely perturbed by nocodazole treat-
ment (Fig. 4, A–C, CytoD + Noco). Further evidence for a role 
of microtubules in the orientation of the nucleus–centrosome 
axis comes from the observations that alteration of the micro
tubule network leads to an increased distance between the cen-
trosome and the nucleus center (Fig. S2, C and D), and to a 
perturbation of the preferential orientation of the centrosome 
relatively to the nucleus axis (Fig. S2 E), which suggests that 
microtubules contribute to the nucleus–centrosome connection. 

edge toward the cell centroid (Video 1). 3 h after calcium depletion, 
the intracellular organization was similar to that of isolated cells 
(Fig. 2, A–C, Astro Ca). Conversely, calcium addition induced 
nucleus and centrosome migration toward the newly formed inter-
cellular contacts, and promoted cell orientation toward the free 
edge (Fig. 2, A–C, +Ca). These results indicate that formation of 
calcium-dependent cellular interactions promotes nucleus and 
centrosome movement across the cytoplasm and cell orientation.

Astrocytes form both N-cadherin–mediated adherens junc-
tions and gap junctions (Bennett et al., 2003; Perego et al., 2002). 
In contrast to epithelial cells, they do not express E-cadherin and 
do not form tight junctions in mammals (Penes et al., 2005; 
Mack and Wolburg, 2006). Decrease of N-cadherin expression 
(80%; Fig. S1 A) after nucleofection with two distinct siRNAs 
dramatically affected centrosome and nucleus positioning as 
well as cell orientation in micropatterned plated immobile cells 
as well as in migrating cells (Fig. 2, D–F). In U373 astrocytoma 
cells that express low levels of N-cadherin (unpublished data), 
centrosome and nucleus also localized near the cell center and 
showed a random orientation, which suggested that loss of cad-
herins in tumor cells may dramatically perturb cell polarity 
(Fig. 2, D–F). Cotransfection of an siRNA-resistant mouse  
N-cadherin or of E-cadherin rescued the phenotype of N-cadherin–
depleted astrocytes (Fig. 2, G–I). In JEG-3 epithelial cells that 
express E-cadherin but not N-cadherin, centrosome and nucleus 
were located near cell–cell contacts, and cells were oriented to-
ward the free cell edge in a calcium-dependent manner (Fig. 2, 
A–C). In a similar experiment, endothelial HUVEC cells, which 
express VE-cadherin, also displayed a polarized phenotype 
(unpublished data). Together with the recent observation that 
dominant-negative E-cadherin inhibits cell–cell contact-induced 
cell orientation (Desai et al., 2009), our results show that calcium-
dependent cadherin-mediated adherens junctions control nu-
cleus and centrosome positioning and cell orientation. Moreover, 
they strongly suggest that in addition to the well-described role 
of E-cadherin in baso-apical polarity (Nejsum and Nelson, 2007), 
classical cadherins may play a general function in the control of 
polarity in a variety of cell types.

We then plated single cells on micropatterns coated with 
N-cadherin–Fc to mimic cadherin-based cell–cell interactions 
(Fig. 3, A–D) and test whether asymmetric cadherin-mediated 
interactions were sufficient to promote cell polarization. On 
circular N-cadherin–Fc–coated micropatterns, both nucleus 
and centrosome localized near the cell center, and the orienta-
tion of the nucleus–centrosome axis was random (Fig. 3, C and D). 
When cells were plated on “∩”-shaped N-cadherin–coated micro
patterns, the nucleus and centrosome remained near the cell 
center, but the nucleus–centrosome axis became preferentially 
oriented toward the nonadhesive cell edge (Fig. 3, C and D). 
These results show that the geometry of N-cadherin–mediated 
interactions controls the orientation of the centrosome–nucleus 
axis but is not sufficient to promote nucleus and centrosome 
off-centering.

Anisotropic intercellular interactions induce an asymmet-
ric distribution of focal adhesions (Fig. 1 E, left; and Fig. S1 B). 
Calcium and N-cadherin depletion induce a redistribution of 
focal adhesions around the entire cell periphery (Fig. S1 B), which 
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centrosome contribute to its positioning in front of the nucleus 
in the direction of the cell center (Fig. 5).

We show here that classical cadherins, including N-cadherin 
as well as E-cadherin, control intracellular organization, nucleus 
and centrosome positioning, and cell orientation in various cell 
types. In the absence of other polarizing cues that may have a 
strong effect on microtubule functions, anisotropic cell–cell con-
tacts dictate the orientation of intracellular polarity toward contact-
free cell edges. This observation is particularly relevant at tissue 
borders where contacts between cells expressing different types 

Furthermore, when cells were enucleated, treatment with  
nocodazole abolished centrosome centering. The centrosome was 
randomly localized as a consequence; the mean distance between 
the centrosome and the cell centroid increased (Fig. 4, D and E). 
We conclude that in absence of the nucleus, microtubule-dependent 
forces are exerted on the centrosome to position it at the cell 
center. It is tempting to speculate that, in cells engaged in inter-
cellular interactions, actin-dependent forces exerted on the nu-
cleus bring the nucleus and the centrosome toward cell–cell 
contacts, whereas microtubule-dependent forces exerted on the 

Figure 4.  Actin and nucleus-dependent forces control centrosome positioning. (A–D) Astrocytes were plated onto fibronectin-printed micropatterns. After 
4 h, cells were treated with 1 µM cytochalasin D (CytoD), 20 µM nocodazole (Noco), both (CytoD + Noco), or were enucleated and incubated in the 
presence (Enucleation + Noco) or absence of nocodazole (Enucleation) for another 3 h. (A) Pan-cadherin (green), pericentrin (red, white arrowhead), and 
Hoechst (blue) stainings. (insets) Higher magnification images of cadherin staining at cell–cell contacts. Bar, 20 µm. (B) Distances between the nucleus and 
cell centroids (black) and between centrosome and cell centroid (white). Data are given as mean ± SD of three independent experiments and a total of at 
least 120 cells. (C) Histograms showing the distribution of angles formed by the centrosome–nucleus axis and the micropattern radius passing through the 
centrosome. The median angle is indicated in red. Statistical differences between control and inhibitor-treated cells are indicated. Schematics depict the 
typical intracellular organization in each condition. (D) Pan-cadherin (green), anti-pericentrin (red, white arrowhead), and Hoechst (blue) stainings. Enucle-
ated cells are indicated by an asterisk and nonenucleated cells are indicated by “n”. Bottom panels show higher magnification images of an enucleated 
cell. (E) Distance between the centrosome and the cell centroid in enucleated (“without nucleus”) and nonenucleated cells (“with nucleus”). Data are given 
as mean ± SD of three independent experiments, with a total of at least 100 cells. *, P < 0.05; **, P < 0.005.
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accession no. AB017695) were obtained from Sigma-Aldrich. siRNA and 
pEGFP constructs were introduced into cells using nucleofection technology 
(Amaxa Biosystems; Etienne-Manneville et al., 2005). Purification of the 
N-cadherin–Fc chimera (extracellular domain of the chicken N-cadherin 
fused to the human IgG2b Fc fragment) was performed as described pre-
viously (Lambert et al., 2000).

Stamp fabrication, microcontact printing, and cell plating
Molds for stamps were obtained from Biotray (École Normale Supérieure 
de Lyon). Stamp fabrication and microcontact printing were performed as 
described previously (Fink et al., 2007). Briefly, polydimethylsiloxane stamps 
were coated with fibronectin (0.005%) or with goat anti–human IgG Fc  
(50 µg/ml) for fibronectin or N-cadherin–Fc patterns, respectively. After 
printing, glass coverslips were then treated with poly-lysine-ethylen glycol to 
avoid cell spreading outside of the patterns. For the N-cadherin–Fc patterns, 
coverslips were then incubated overnight at 4°C with a concentration of 
5–10 µg/cm2 of purified N-cadherin–Fc chimera (Lambert et al., 2000). For 
plating on N-cadherin–Fc micropatterns, cells were treated with 200 µM cRGD 
to avoid any integrin activation. Culture of primary astrocytes has been de-
scribed previously (Etienne-Manneville and Hall, 2001; Etienne-Manneville, 
2006). U373 astrocytoma cells were grown in minimum essential medium 
supplemented with 10% fetal calf serum and nonessential amino acids. JEG-3 
epithelial cells were grown in minimum essential medium supplemented with 
10% fetal calf serum, glutamax, nonessential amino acids, and sodium pyru-
vate. HUVEC cells were grown in CS-C medium (Sigma Aldrich) supple-
mented with 10% fetal calf serum, EGF, and endothelial cell attachment fac-
tor (Sigma-Aldrich). Cells were trypsinized and agitated for 30 min at 37°C 
in 0.5% fetal calf serum–containing medium, then deposited on the printed 
coverslip and centrifuged at 800 rpm for 5 min. For calcium switching, the 
medium was changed 2 h after centrifugation for calcium-depleted medium 
(Invitrogen) supplemented with 0.5% fetal calf serum. After 2 h, calcium was 

and levels of cadherins occur. It is also tempting to speculate that 
regulation of nucleus and centrosome localization by cell–cell 
contacts may control neuronal polarity in postmitotic differentiat-
ing neurons (de Anda et al., 2005). Furthermore, loss of cadherin 
is frequently associated with the development of highly invasive 
tumors (Vleminckx et al., 1991; Perego et al., 2002). Our findings 
suggest that loss of cadherin-mediated adherens junctions may 
directly contribute to the disruption of cell polarity and lead to the 
formation of a disorganized tissue due to a random orientation of 
cell division and cell migration.

Materials and methods
Materials
We used the following reagents: anti–-tubulin (AbD Serotec); anti- 
Pan-cadherin CH-19 (Sigma-Aldrich); anti–N-cadherin, anti–-catenin, 
anti-GM130, and anti-paxillin (all from BD); anti–E-cadherin (Santa Cruz 
Biotechnology, Inc.); anti-pericentrin (Covance); anti-microtubule Glu (AbCys); 
goat anti–human IgG Fc, Cy2, Cy5, and TRITC secondary antibodies 
(Jackson ImmunoResearch Laboratories); pEGFP–N-cadherin (C. Gauthier-
Rouviere, Centre de Recherche de Biochimie Macromoléculaire, Montpellier, 
France; Mary et al., 2002); pEGFP–E-cadherin (P. Cossart, Institut Pasteur, 
Paris, France; Lecuit et al., 2000); pN-cadherin–Fc (R.M. Mege, Institut 
du Fer à Moulin, Paris, France; Lambert et al., 2000); cytochalasin D, taxol, 
and nocodazole (Sigma-Aldrich); Alexa Fluor 488 Phalloidin (Invitrogen); 
and cRGD (Interchim). siRNA duplexes corresponding to rat N-cadherin 
starting at nt 677 and 1,734 (available under GenBank/EMBL/DDBJ 

Figure 5.  Model showing the mechanisms 
involved in nucleus and centrosome positioning 
and cell orientation in response to anisotropic 
cell–cell contacts. Asymmetric cadherin-mediated 
cell–cell interactions regulate interactions with 
the extracellular matrix (focal adhesions), and 
thereby control actin-dependent nucleus and 
centrosome positioning. Cadherins also control 
orientation of the nucleus–centrosome axis via 
a microtubule-dependent pathway.
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added back in the medium at a final concentration of 1.8 mM. Cell enucle-
ation was performed 4 h after cell plating on micropatterns as described 
previously (Piel et al., 2000).

Image acquisition and analysis, statistical analysis
Fixed cells were imaged on a microscope (DM6000B; Leica) using an HCX 
Plan-Apochromat 40×/1.25 oil CS or HCX Plan-Apochromat 63×/1.40 oil 
CS objective lens (Leica). For time-lapse microscopy, astrocytes were imaged 
at 37°C with an N Plan 10×/0.25 dry (for Video 1) or a HI Plan CY 40×/0.55 
dry (for Video 2) objective lens (Leica) on a microscope (DMI6000B). Imaging 
medium was either calcium-depleted medium (for Video 1) or classical cultured 
medium (for Video 2). Microscopes were equipped with a camera (DFC350 
FX; Leica), and images were collected with LAS software (Leica). Image analy-
sis and measurements were performed with the ImageJ software (National 
Institutes of Health; http://rsb.info.nih.gov/ij/). For figures, brightness and 
contrast were adjusted. Image analysis was always performed on unmodified 
images. For recording nucleus, centrosome, and pattern centroid positions, 
a threshold value of fluorescence intensity was chosen to respectively select 
nucleus, centrosome, or pattern from the appropriate images. The cell contour 
was manually determined using images of cadherin staining. The coordinates 
of the centroid of thresholded or selected objects was measured. The distances 
from the nucleus centroid or the centrosome to the cell centroid were calcu-
lated. For grouped cells located at the edge of the pattern, cell orientation was 
analyzed by measuring the angle between the centrosome–nucleus axis and 
the centrosome–pattern center radius. For single cells plated on a ∩ shape, cell 
orientation was analyzed by measuring the angle between the nucleus– 
centrosome axis and the symmetry axis of the shape. For migrating cells, cell 
orientation was analyzed by measuring the angle between the centrosome–
nucleus axis and an axis perpendicular to the wound. For a polarized cell 
oriented toward the free edge of the pattern (grouped cells), toward the non-
adhesive region of the pattern (∩ shape), or toward the wound (migrating 
cells), this angle is 0° (see diagrams in Figs. 1 D and 3 B). For a randomly 
oriented cell, this angle can take any value between 0 and 180°, giving a 
median value of 90° for a population of randomly oriented cells. Statistical 
differences were determined using the t test for distances comparison and the 
Wilcoxon test for angles distribution comparison. Statistical significance was 
defined as P < 0.05. To determine the position of the centrosome relative to 
the nucleus, the thresholded nucleus was fitted by an ellipse. The position of 
the centrosome relative to this ellipse was then measured.

Online supplemental material
Fig. S1 depicts nucleus positioning promoted by asymmetric cell–matrix inter
actions, and shows that cadherins control cell–matrix interaction localization. 
Fig. S2 shows the precise role of microtubules in the cell polarity. Videos 1 and 2 
show nucleus migration induced by calcium depletion and local actin depoly-
merization at the free cell edge, respectively. Table S1 shows the mean spread-
ing area of cells under different conditions. Online supplemental material is 
available at http://www.jcb.org/cgi/content/full/jcb.200812034/DC1.
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