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Cell shape and cell division
Manuel Théry1 and Michel Bornens2
The correlation between cell shape elongation and the

orientation of the division axis described by early cell biologists

is still used as a paradigm in developmental studies. However,

analysis of early embryo development and tissue

morphogenesis has highlighted the role of the spatial

distribution of cortical cues able to guide spindle orientation. In

vitro studies of cell division have revealed similar mechanisms.

Recent data support the possibility that the orientation of cell

division in mammalian cells is dominated by cell adhesion and

the associated traction forces developed in interphase. Cell

shape is a manifestation of these adhesive and tensional

patterns. These patterns control the spatial distribution of

cortical signals and thereby guide spindle orientation and

daughter cell positioning. From these data, cell division

appears to be a continuous transformation ensuring the

maintenance of tissue mechanical integrity.
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Introduction
The positioning of the cell division axis is a critical feature

ensuring normal tissue growth and renewal. A prerequi-

site for analysing the positioning of the cell division axis is

to decipher the rules, if any, that govern the orientation of

the mitotic spindle.

In this contribution, we first review recent developmental

studies on the respective roles of cell shape and cell

polarity cues for spindle orientation. Considerable evi-

dence argues against the simple role previously thought to

be played by cell shape elongation. Nevertheless, spatial

information seems to continuously guide the process of

cell division through the distribution of signalling cues

anchored in the cell cortex.

Indeed, the spatial distribution of the adhesive contacts

and external forces that cells encounter in interphase
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influences the molecular composition of the cell cortex.

Specific proteins involved in cell adhesion, actin poly-

merisation and microtubule stabilization are recruited

close to cell anchorages where tension is applied.

Other proteins associated with acto-myosin contractility

accumulate along stress fibres where tension is devel-

oped. Growing evidence suggests that the resulting

cortical landmarks are maintained during mitotic cell

rounding and throughout the division process, during

which they guide spindle orientation and daughter cell

positioning. This has important implications as it sug-

gests that the cell division axis is predetermined during

interphase.

We further discuss the mechanisms underpinning the

interplay between the cell cortex and the spindle poles.

Recent discoveries of similar effectors in various model

systems argue for conserved mechanisms of spindle

positioning. We conclude by stressing that the cell divi-

sion process constitutes a continuous transformation

without loss of spatial information with respect to exter-

nal cues.

The definition of the division axis in growth
and development: the role of cell shape and
cell polarity
The early divisions in the shrimp embryo are each

oriented perpendicular to the previous division, because

centrosomes migrate equally during spindle formation

[1]. This illustrates the centriolic principle of spindle

orientation [2]. This principle accompanied the rule of

O Hertwig [3] popularised by EB Wilson in the following

terms: ‘‘The axis of the spindle lies in the longest axis of

the protoplasmic mass, and division therefore tends to cut

this axis transversaly’’ [4]. Wilson, however, toned down

the rule, stressing ‘‘that the simpler mechanical factors,

such as pressure, form and the like, are subordinate to

more subtle and complex operations involved in the

general development of the organism’’ [4].

Egg segmentation in amphibian or marine eggs up to the

mid-blastula transition is governed by the long cell axis

rule: cell shapes guide spindle orientations and the sub-

sequent divisions in the Xenopus egg [5]. In Caenorhabditis
elegans early embryos, the spindle also lies parallel to the

long cell axis; this has been explained by considering that

the tension in astral microtubules depends on the contact

angle between the microtubule tips and the cell surface

and is stronger when microtubules are parallel to the

surface [6]. In the early mouse embryo, it is possible to

affect the orientation of the division axis by manipulating

the shape of the embryo [7�]. Interestingly, divisions of

some mammalian cells in culture also seem to follow the
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Figure 1
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long cell axis rule, and it was proposed that tension in

astral microtubules is proportional to the length of the

microtubule [8].

Beyond specific developmental stages — compaction in

mammals, gastrulation in most other cases — divisions

no longer follow the geometrical rule [1]. Before cell

polarization in the mouse early embryo, cell divisions

are randomly oriented [9�]. Embryo compaction at the

eight-cell stage induces the asymmetric cortical accu-

mulation of ezrin and PAR proteins [10,11]. This polar-

ization constrains the asymmetric orientation of

divisions [12] at the origin of cell lineage diversity

[13]. Cell–cell contacts created during neural tube clo-

sure in zebrafish also directly influence spindle position-

ing [14]. Similarly, in the Drosophila neuro-epithelium,

spindle poles face adherens junctions when dividing

symmetrically in the planar axis or perform a 908 rotation

to align along the long cell axis in their absence [15,16].

In some tissues formed of cubical cells, including the

basal layer of human skin, regulation of the division axis

guides growth and renewal of the tissue [17��]. More-

over, overall organ shape, such as that of fly wings,

depends on the orientation of cell divisions with respect

to the tissue border [18�]. Strikingly, during zebrafish

gastrulation, divisions in dorsal tissue oriented perpen-

dicular to the long cell axis drive the elongation of the

embryo [19��].

It is difficult to separate the respective roles of cell shape

and cell polarity cues that often guide spindle orientation

along the same axis. The preceding examples suggest that

geometrical constraints inherent to cell shape anisotropy

can provide a default guiding cue in the absence of cell

polarity.

Conservation of the adhesive pattern during
cell division in culture
The apparent variability of post-mitotic cell positioning

in culture masks a consistent rule: each pair of dividing

cells at cytokinesis remains confined within the previous

outline of the mother cell, a situation somewhat reminis-

cent of cell division in tissue. This can be easily observed

when plating HeLa cells on a silanised coverslip in

medium containing low serum. In these conditions, cells
Conservation of the adhesive pattern during cell division in culture. (a) Time

in low serum medium on silanised substrate. G2: mother cells in interphase

mother cell outline and are overlaid on G2 and G1cells. M: the same cells in m

the longest mother cell length is indicated by a dashed straight line and the

straight white line. G1: daughter cells 10–15 min after anaphase onset. Bar =

longest cell axis in interphase and the division axis (shown in (a)) with respe

axes of the ellipse fitting the cell contour). (c) Numerical simulation of the anis

the mother cell observed in phase contrast. (ii) The model consisting of a vi

field exerted on this virtual point. (iv) The cartography of the tension normalize

of the tension field. (v) Daughter cells after cleavage observed in phase con

geometrical parameters associated with the positions of cell adhesion sites

orientation of the cleavage plane (model provided by S Douady, LPS, ENS,
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secrete an extra-cellular matrix, defining their own adhe-

sion pattern. They enter mitosis by appearing to fully

round up. This transition would suggest that mitotic

spindle orientation is random. In fact, mitotic spindles

tend to be aligned with the long axis of the pre-mitotic

cell, and more so for elongated cells (Figure 1). Since the

round shape in mitosis cannot be the guiding cue per se,
this experiment suggests that some signal must control

the orientation of the spindle. After cytokinesis, daughter

cells spread precisely according to the adhesion pattern of

the mother cell (Figure 1a, right column). Thus, even for

cells in culture, cell division appears to be a continuous

and spatially regulated transformation in which all steps

seem to depend upon patterns pre-established in inter-

phase. In other words, cell shape defined by the adhesion

pattern in interphase contains the information for con-

trolling the geometry of subsequent cell division. This

can be illustrated by a simple numerical simulation: by

calculating for all positions within the cell contour the

force exerted on a virtual point connected with springs to

adhesion sites, a force field can be obtained (S Douady,

personal communication). An example is shown in

Figure 1c. Anisotropy of that field can be highlighted

by the normalization of the forces with respect to the

distance from the cell centre. Interestingly, although not

functionally linked to the biological mechanism defining

the cleavage plane, this renormalized field shows some

preferential orientation corresponding to the correct posi-

tion of the cleavage plane.

Cells interpret their adhesive environment
through the organization of their acto-myosin
traction forces
The geometry of the cell’s adhesive environment directs

the localization of focal adhesions, upon which traction

forces are exerted, towards the apices of cell periphery

[20–22]. Traction forces regulate the size [23] and mole-

cular composition [24,25��,26�,27] of focal adhesions in a

positive feedback loop [28,29]. The sum of the traction

forces exerted by a cell is constant for a given cell outline,

but their spatial distribution depends on the localization

of external adhesive regions [30�]. In this way, the spatial

distribution of external adhesive regions is internally

transduced into a complementary cell traction force field

[30�].
-lapse acquisitions in phase contrast microscopy of cells growing

5 min before cell rounding; the white bars are visual marks of the

etaphase. The mother cell outline is indicated by a dashed white contour,

cell division axis (normal to metaphase plate) is indicated by a full

30 mm. (b) The graph shows the value of the deviation angle between the

ct to cell elongation factor (ratio between the major and the minor

otropy of the cell adhesion pattern. (i) The cell adhesion sites at apices of

rtual point connected to cell adhesion sites with springs. (iii) The tension

d with respect to the distance from the cell centre to show the anisotropy

trast. Note that the calculation of the tension field is only based on

and that the anisotropy of that field corresponds to the effective

Paris).
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The spatial distribution of focal adhesions modulates the

distribution of the activities of Rho and Rac GTPases.

Focal adhesions influence the composition of the cell

membrane and underlying cell cortex by activating

membrane–actin cytoskeleton linkers [31] and recruiting

cholesterol-rich membrane domains involved in Rac acti-

vation [32,33,34��]. Local Rac activation close to cell

adhesions promotes actin polymerisation in membrane

protrusions [35–37]. This local actin cytoskeleton assem-

bly serves as a scaffold for recruiting signalling proteins

such as APC that further guide microtubule growth

[38,39�]. The isotropic astral array of microtubules

thereby reorganizes into a polarized array by selective

stabilization of microtubule plus ends at the protruding

edge of the cell [32]. Thus the geometry of external

adhesive sites modulates patterns of cell adhesion and

traction forces. These in turn further modulate the lipid

membrane composition, mutual exclusion of Rho and Rac

GTPase activities, actin dynamics (e.g. protrusion and

contraction), microtubule stability and thereby the polar-

ity of the entire cell [40,41].

The structural remodelling of actin at
mitotic entry
In response to a unidirectional external constraint such as

shear stress or substrate stretching, stress fibres become

parallel to each other and constitute an unidirectional

traction force field within the cell [25��]. Importantly,

actin bundles in stress fibres do not constitute homoge-

neous cables under tension. A physical model of the

viscous drag on filament sliding during contraction of

the bundle predicts that the tension is highest in the

middle of the fibre [42]. Indeed, stress fibre contraction

upon stimulation is not uniform: the middle and the

extremities of the fibre have distinct properties [43��].
For example, the exchange rate of a-actinin and myosin

light chain with cytoplasmic pools is faster in the middle.

The fibre ends are more contracted and the width of the

myosin/actinin banding is smaller than in the middle

where the fibre is stretched [43��]. This predicts that

stress fibres would be more susceptible to breakage in

their middle at mitotic entry, as observed [44]. Thus, the

isometric traction force field in interphase cells appears to

be symmetrical with respect to a fragility plane that

correlates with the cleavage plane of mitotic cells. Con-

sequently, the division plane is oriented normal to the

sustained tension in interphase.

Maintaining the asymmetries established
during interphase through mitotic cell
rounding
Mitotic cell rounding is preceded by de-adhesion: stress

fibres disassemble and most proteins disengage from

focal adhesions, which shrink down to small anchoring

sites [45,46]. Many of these proteins are not released in

the cytoplasm and instead relocalise on mitotic struc-

tures. Paxilin binds the entire spindle [47] and zyxin
Current Opinion in Cell Biology 2006, 18:1–10
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concentrates at the spindle poles [48], as does HEF1,

which is directly implicated in spindle formation [49��].
Cell rounding is ensured by acto-myosin contraction of

the cell cortex upon RhoA activation [50]. Non-adhesive

edges retract rapidly while anchoring sites resist cell

rounding, leading to the formation of retraction fibres

(RFs) [51] (Figure 2).

During development, acto-myosin contractility is

known to participate in the spatial restriction of polarity

cues and to help determine orientation of the spindle

[52��,53,54]. In cultured cells, RFs contain actin fila-

ments [51] and actin-associated proteins previously

implicated in cell adhesion and membrane protrusions

[55��] (Figure 2). Physico-chemical parameters could

play important roles during this transformation. Mem-

brane curvature and tension are involved in lipid sorting

[56,57]. Cholesterol-rich lipid domains selectively

recruit Ezrin/Radixin/Moesin family proteins that phy-

sically connect lipid membranes to the actin cytoske-

leton [58]. Whereas cortactin is distributed along RFs,

ezrin accumulates at the proximal end of the retraction

fibres, forming cortical landmarks at the contact with the

cell body where Rho GTPases are highly active [59]

(Figure 3b). Thus, RFs support the transfer of the

adhesive pattern onto the mitotic cell body. The dis-

tribution of these cortical landmarks serves as a map of

the projection of the interphase adhesion pattern on the

mitotic cell (Figure 2c). This map guides spindle orien-

tation [55��].

The composition of the cortical landmarks associated

with RFs has yet to be fully determined. Indeed, several

proteins that are unevenly distributed at the cell cortex of

mammalian cells during mitosis could be associated with

the proximal ends of RFs. mDia accumulates in mem-

brane protrusions in interphase [60], where it regulates

actin dynamics via Rho and Rac [61] and microtubule

stabilization [32]. During mitosis, mDia accumulates on

the spindle as well as regions of the cell cortex close to

spindle poles [62]. LGN, a human protein related to

Partner of Inscuteable in Drosophila, localizes in the

nucleus in interphase. During mitosis it localizes at the

spindle poles [63] and also at some regions of the cell

cortex close to the poles [64,65��] in a cell adhesion-

dependent manner [17��]. At the cell cortex LGN links

NuMA (nuclear mitotic apparatus) to heterotrimetic G

proteins [65��].

Guiding spindle orientation by cortical cues
At the G2–M transition, the cell organization undergoes

considerable remodelling during which an extensive

redistribution of nuclear, cytoplasmic and plasma mem-

brane proteins occurs. This involves the spindle, spindle

poles, kinetochores and mitotic cortex, and is cartooned

in Figure 3b. Astral microtubules support an intense

transport between the spindle poles and the cortex
www.sciencedirect.com
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Figure 2

Retraction fibres allow and support the projection of the interphase

adhesion pattern onto the round mitotic cell body. (a) Actin labelling of a

HeLa cell undergoing mitotic rounding reveals the retraction fibres. (b)

Sequence of events illustrating the formation of retraction fibres during

cell rounding (left) and the concentration of adhesion and actin-

associated proteins (blue) in the retraction fibres leading to the formation

of cortical patches. (c) The spatial distribution of cortical regions

containing retraction fibres (blue) corresponds to the projection of the

interphase adhesion pattern on the round mitotic cell.
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Please cite this article in press as: Théry M, and Bornens M, Cell shape and cell division, Curr O
involving several pathways instrumental for spindle

orientation relative to external cues and pre-mitotic cell

polarity.

One pathway, identified in the asymmetric divisions of

the early C. elegans embryo and the Drosophila sensory

organ precursor cells, involves the complexes GPR1-2/

GPA16-GOA1/LIN-5 and Pins/Gai/Mud, respectively.

Ric8, a guanine exchange factor for heterotrimeric G

proteins, participates in the cortical localizations of

GPA-16 in C. elegans [66] and Gai in Drosophila [67], as

well as in the asymmetric distributions of GPR-1/GPR-2

in C. elegans [68] and Pins in Drosophila [67], which are

necessary for correct spindle orientation in these two

systems [69,70]. These cortical cues guide spindle orien-

tation through the recruitment of LIN-5 in C. elegans [71]

or Mud in Drosophila [72,73��], which promotes micro-

tubule stabilization [74].

The mammalian complex LGN–AGS3/Gai/NuMA

seems to play a similar role in spindle positioning

[63,65��,75�]. LGN and AGS3, two Pins homologs, acti-

vate G proteins whose activity is required for proper

spindle orientation [75�]. LGN and G proteins appear

to participate in the development of tension on astral

microtubules, which influences spindle positioning,

since their overexpression induces spindle oscillations

[65��]. Inhibition of AGS3 prevents proper orientation of

the spindle [75�]. The binding of NuMA to LGN induces

a conformational change allowing the interaction of LGN

with Gai at the cell cortex [65��]. Although NuMA can

bind microtubules and can be transported toward spindle

poles where it participates in microtubule stabilization

and focusing in a dynein-dependent fashion [17��,76],

the molecular connection between microtubules and

LGN/Gai/NuMA remains to be investigated. The

mislocalisation of LGN or NuMA resulting from the

inhibition of cell adhesion proteins such as integrins

and a-catenin induces a misorientation of the spindle

such that it follows the randomly positioned NuMA

crescent [17��]. Therefore, cell adhesion is likely to be

involved in the initiating events that control the cortical

distribution of spindle positioning cues in mammalian

cultured cells.

A second pathway that has been extensively character-

ized in the budding yeast relies on the Bim1/Kar9 com-

plex, which shows an asymmetric distribution on one

SPB and involves active orientation of astral microtu-

bules (for a review see [77]). The homologous complex

EB1/APC is also part of an active pathway of spindle

formation and positioning in Drosophila [15,78] and mam-

mals [79]. EB1 and APC form a complex with mDia that

stabilizes microtubules [60]. Since APC and mDia are

preferentially located in membrane ruffles in interphase

[80], they could be transported to the mitotic cortex along

RFs and there stabilize microtubule plus ends on the
Current Opinion in Cell Biology 2006, 18:1–10
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Figure 3

Spindle–cortex interplay during mitosis. (a) Cell remodelling at mitotic entry. Proteins associated with adhesions and with actin-based protrusions

(such as mDia, cortactin or ezrin) concentrate in, and at, the proximal ends of retraction fibres (blue arrows). Cytoplasmic and nuclear proteins

(such as PRC1 or NuMA) concentrate on centrosomes (green arrows). (b) Astral microtubule growth transport spindle pole-associated proteins to the

cell cortex (green arrow). Minus-end-directed motors transport proteins from cortical landmarks to spindle poles (blue arrows). The interplay between

these two spots is proposed to participate to spindle orientation. (c) Hypothetical sequence of events leading to spindle orientation. 1. Proteins

localized within cortical landmarks (blue patches) at the tips of retraction fibre, possibly mDia, GSK3 or IQGAP, are at the origin of the spatial guidance.

2,3. A positive feedback loop is established at these landmarks between microtubule stabilization and activation of signalling complexes,

as follows: cortical proteins form complexes with microtubules plus ends proteins, possibly Clip170/IQGAP or EB1/APC/mDia, and thus bind

and stabilize microtubules; in turn microtubules activate signalling proteins such as heterotrimeric G proteins; these signalling proteins recruit

partners such as LGN and NuMA able to stabilize microtubules. 4. Consequently, the newly formed complexes locally recruit minus-end-directed

motors such as dyneins that grab and pull on microtubules. 5. The tension applied on microtubules induces a torque on the spindle, inducing spindle

orientation in register with cortical cues.
cortex. Indeed inhibition of mDia interferes with correct

spindle positioning in mammalian adherent cells (S

Yasuda and S Narumiya, unpublished).

These two pathways could be interconnected as a result

of the affinity of their components for specialized actin-

associated cortical cues (Figure 3c). In contrast to PAR

protein activity in C. elegans or Drosophila, no spatial bias

is known to influence the localization and activity of Gai

complexes in mammalian cultured cells. The selective

stabilization of astral microtubules by the EB1/APC/

mDia pathway could bias the LGN/Gai/NuMA pathway:

microtubules stabilized by mDia at RF-associated cor-

tical landmarks could recruit Gai complexes [81] and

thus restrict spatially the association of cytoplasmic LGN
Current Opinion in Cell Biology 2006, 18:1–10
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and NuMA at these local accumulations of Gai

(Figure 3c). NuMA could then bind dynein [82] at the

cell cortex and guide spindle orientation. Indeed, dynein

is a minus-end directed motor implicated in spindle

positioning at certain developmental stages [8,83]. The

spatial regulation of the activity of cortical motors by

polarity cues can bias the distribution of forces in astral

microtubules and thus orient the spindle axis [84�,85].

However, the absence of any universal requirement for

dynein activity in spindle orientation [83] suggests that

other mechanisms are involved. For example, the role of

astral microtubule stabilization is still an open question.

In addition, astral microtubule length, stability and ten-

sion could also be regulated at their minus ends by

spindle-pole-associated proteins.
www.sciencedirect.com

pin Cell Biol (2006), doi:10.1016/j.ceb.2006.10.001

http://dx.doi.org/10.1016/j.ceb.2006.10.001


Cell shape and cell division Théry and Bornens 7
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Figure 4

The mother adhesion pattern is shared and the mother traction force

field is divided during cell division. (a) Regions of actin polymerisation

(blue) and acto-myosin contraction (red arrows) depend on the mutual

exclusion of Rho and Rac GTPases and on the spatial distribution of

cell adhesions (green dots). (b) During mitosis, de-adhesion and

cortical retraction allow the transport of adhesion-associated cues to

the proximal tips of retraction fibres (RFs; blue cortical landmarks).

The spatial distribution of the cortical cues on the mitotic cell body

reflects the actin dynamics in interphase. RF-associated cues put

astral microtubules under tension. Distribution of tension in astral

microtubules aligns the spindle in register with cortical cues and

thereby with the former interphase adhesion and tension patterns.

(c) In telophase, spreading of daughter cells is achieved by the

movement of cell edges outward along the RFs, thereby recovering

the mother cell adhesion pattern. While spreading, daughter cells pull

on their anchorages and transmit the tension to each other via the

inter-cellular bridge. (d) Daughter cells develop lamellipodia and

establish new adhesions at the bridge connection with the cell body.

This allows daughter cells to establish two individual traction force

fields. The sum of the two traction fields corresponds to the former

www.sciencedirect.com
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Contrasting with the view that the cell cortex guides cell

division, some studies showed that the cleavage plane

can be displaced by artificially moving the spindle

[86,87]. Several models explain how the spindle could

be determinant for the definition of the cleavage plane.

For example, the spindle could modulate cortical con-

tractility and thereby determine the position of the

cleavage plane. In such models, astral microtubules

induce a cortical relaxation close to spindle poles,

whereas microtubules passing close to chromosomes

and the spindle midzone stimulate the equatorial con-

traction [88,89,90�]. Both mechanisms could well coex-

ist: cortical cues on the cell cortex might guide spindle

positioning and this in turn could modulate the mechan-

ical heterogeneity of the cortex. The mitotic spindle and

cell cortex are polarized structures influencing each

other. In this way, the final cleavage plane position

would correspond to the tuning of a two-component

mechanism.

Conclusions
Temporal and spatial coherence of cell adhesion and

division appeared critical features of tissue homeostasis

[91]. Cell shape reflects the spatial organization of

internal forces supported by focal adhesions and actin

fibres in response to external cues from the ECM or

from neighbouring cells. Maintenance of a continuity of

the traction forces through cell division could be critical

for embryo development and for maintaining tissue

integrity. There is a correspondence between the global

organization of the cell traction forces in interphase and

the division axis: the mitotic spindle is aligned along the

traction field developed in the preceding interphase.

This alignment, ensured by the localization of adhesion-

associated cues on the mitotic cell cortex, could be

sufficient to reset the traction forces in daughter cells

before cytokinesis exit. Such an intimate coupling

between cell adhesion and division would ensure the

proper orientation of the division axis with respect to

neighbouring cues, thereby allowing the two daughter

cells to share equally the adhesion pattern of the mother

cell and to restore the overall tensional integrity of the

tissue. The cartoon in Figure 4 tentatively illustrates the

sequence of events that occur during this process in

cultured cells.

We propose that actin-dependent tensional integrity,

which determines the shapes of cells and tissues, might

govern the orientation of cell divisions during growth and

development.
traction force field exerted by the mother cell. (e) Change in the

tension in the bridge, which can be expected to be reduced once the

new focal adhesions are formed, triggers asymmetric migration of one

centrosome–microtubule aster towards the bridge and the late events

of abscission [92,93].
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