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Topological defects are mistakes in ordering which can 
only be removed by their reaching a boundary or by 
annihilation with other topological defects. They are 
found in many places: dislocations in crystals, cosmic 
strings and monopoles formed in the early Universe, 
magnetic skyrmions which are small swirling structures 
in chiral magnets that hold a promise for spintronics, 
and, comet- and star-shaped topological defects in 
nematic liquid crystals (Fig. 1). Now, in collaboration 
with colleagues from Paris and Singapore, we have 
identified topological defects in layers of cells, and 
demonstrated a link to cell death and the removal of 
unnecessary or pathological cells (Fig. 2).

Fig. 1B shows a monolayer of Madine-Darby Canine 
Kidney (MDCK) cells as a model for the epithelium. 
Epithelial tissue lines blood vessel surfaces and many 
of our organs, for example the gut and the lungs. The 
MDCK cells gently move around (with velocities on the 
order of microns per hour) by pulling on the underlying 
substrate. The resulting force is then transmitted to 
neighbouring cells by intercellular contacts known as 
adherens junctions, leading to anisotropic cell shapes. 
When we created a map of the cells’ long axes, shown 
in black in Fig. 1B, we found local nematic order where 
the axes lined up (see box below and Fig. 1). We were 
also able to clearly identify places where the order was 
disturbed and formed structures that looked exactly 
like the comet-like and star-like topological defects 
found in nematic liquid crystals.

TOPOLOGICAL DEFECTS IN A TISSUE

There is, however, a very important difference between 
the topological defects in liquid crystals and in cellular 
layers. In liquid crystals new defects do not appear once 
the nematic phase has been created. Rather, the existing 
defects slowly anneal out by annihilating in pairs of 
+1/2 (comet) and -1/2 (star) defects, rather like electric 
charges. But cell layers are alive, they continually use 
chemical energy from their surroundings in the form of 
ATP (Adenosine Triphosphate) to move and to divide. 
This energy also allows them to create topological 
defects, in pairs to conserve topological charge. The 
+1/2 defect then moves quickly away from the -1/2 
defect until it encounters another -1/2 defect where it 
is annihilated. Over time, the rate of defect pair creation 
and annihilation balance, and the defect density within 
the monolayer reaches a steady state. The more active 
the cells the higher the defect density in the tissue (see 
Fig. 3A).

Cell layers produce topological defects: but do the defects 
have any biological function? Epithelial tissue removes 
dead and excess cells by extruding them from the layer, 
an important contribution to homeostasis, the active 
regulation of cell density. Breakdown of this control 
mechanism can lead to pathological processes such 
as cancer metastasis. Cell extrusion was thought to be 
initiated by chemical signalling. However, careful work 
by our experimental colleagues showed that there is a 

correlation between the sites of cell extrusion and the 
position of comet-like topological defects, suggesting 
that there might be a mechanical trigger. 

CELL MONOLAYERS AS ACTIVE MATTER

What makes the topological defects special sites for cell 
extrusion? To answer this question, we used a theory 
of active matter. Cells are an example of active matter, 
materials which use energy from their environment 
to perform work. Active matter is meant to exist out 
of thermodynamic equilibrium and it is providing 
many new insights into non-equilibrium statistical 
physics. In particular, continuous energy injection 
in active matter leads to chaotic flows in the form of 
swirling structures called active turbulence (Fig. 4). By 
using the active matter theory we calculated the stress  
and velocity fields around a +1/2 and -1/2 topological 
defect and compared them to the experimental 
measurements. Fig. 3B shows the close agreement 
between observations and simulations of active 
nematics. Further, the stress measurements showed 
the presence of compressive stress regions at the head 
of the comet defects, where experiments showed that 
cell extrusions predominantly occur.

TOPOLOGY IN BIOLOGY
MECHANICAL CONTROL OF THE DENSITY OF CELL LAYERS

Left: Fig. 3: Cells as active nematics:  
(A) Experimental confirmation of the relation 
between cell activity and the number of 
topological defects. At time t=0 blebbistatin is 
added to the cells. This disrupts their motion 
(essentially sends them to sleep) and the number 
of defects starts to decrease. At t=600min the 
blebbistatin is washed out, the cells wake up 
and the number of defects starts to increase. (B) 
Patterns of isotropic stress (red: compression, blue: 
tension) around topological defects measured 
in experiments on MDCK cells (left) and from the 
theory of active nematics (right). (C) Geometric 
control of cell extrusion. In the left column red lines 
show the director field. The colour intensity in the 
right column corresponds to the number of cells 
extruded per unit area, showing that in a star-
shaped geometry extrusions are mostly localised 
within the arms. 
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Right: Fig. 2: Defect-induced cell 
death and extrusion: schematic of 
the mechanical route to cell death 
(apoptosis) and cell extrusion.

Nematic liquid crystals are formed by elongated particles that have long range (on a 
scale larger than individual elements) orientational order, but lack any positional order 
(see Fig. 1A). Nematics are therefore a state of matter between liquids (no positional or 
orientational order) and solid crystals (both positional and orientational order). As an 
intermediate state of matter, nematics have exotic features; they can flow like a liquid, 
while resisting orientational deformations like an elastic solid. The constituent elements 
do not have any polarity and are best characterised by a headless vector, the ‘director’, 
which lies along their axes.

In perfectly ordered nematics, all the directors align parallel to each other. However, in 
most real materials the structural inhomogeneities or boundaries and external fields (eg 
electric or magnetic fields, and shear flow), lead to a non-uniform director configuration. 
In a non-uniform director field topological defects separate regions with different 
orientations. They are mistakes in the arrangement of nematic particles that are manifest 
as singularities in the orientation field. A specific topological charge m, is associated to 
each singular point depending on the rotation of the director around it. Following a full 
rotation (2π) around a defect, the director angle changes by m×2π, where m can take half-
integer (±1/2, ±3/2,…) and full integer (±1, ±2,…) values. In a two-dimensional nematic 
±1/2 defects occur most frequently since they are energetically the most favourable. 
The +1/2 defect has a comet shape while -1/2 is three-fold symmetric. The difference in 
symmetry properties of topological defects leads, in active nematics, to distinct flow and 
stress patterns in their vicinity and can contribute to their biological functionality.

Fig. 1: Nematic liquid crystals: (A) Schematic 
representation of the particle configuration 
in (left) a liquid, (middle) a nematic liquid 
crystal and (right) a crystal. (B) A monolayer 
of epithelial cells (MDCK cells) shows the 
emergence of nematic topological defects. 
Black solid lines mark the director field 
based on the direction of elongation of 
the cells. Both comet-like (+1/2) and star-
shaped (-1/2) defects are observed.

Our first guess was that this additional compression at 
the head of the +1/2 defects pushed the cell out of the 
layer. However, the mechanism turns out to be more 
complicated. The defect-induced stresses de-activate a 
death inhibitor protein YAP (Yes-Associated Protein) 
by pushing it from the cell nucleus to the cytoplasm. 
This then triggers cell death and the weakening of cell 
junctions so that the dead cell is ejected from the layer 
(Fig. 2).

TOPOLOGICAL CONTROL OF CELL EXTRUSION

Having worked out the mechanical route to cell death 
and extrusion, we then asked if a special arrangement 
of topological defects could produce controllable cell 
extrusion. To this end, our experimentalist colleagues 
cultured cells within a cross-shaped geometry with 
round arms (see Fig. 3C). As a result of the topology, we 
expect a larger number of comet-like defects within the 
four arms and experiments indeed showed that this was 
where the largest number of cell extrusions occurred. 
This suggests a novel way of controlling positions of 
cell death and extrusion in a tissue only by modifying 
geometrical constraints. 

The topological defect-induced cell death and extrusion 
is a previously unknown phenomenon that not only 
reveals a purely mechanical cause for an important 
biological process, but also offers new links between 
tissue dynamics and the physics of liquid crystals. ෮

Far right: Fig. 4: Active turbulence 
in living systems. (A) Dense 
suspension of B. subtilis bacteria 
and (B) a confluent monolayer of 
MDCK cells. In both systems, the 
colourmaps show the vorticity of 
the cell flow and solid blue lines 
illustrate streamlines. The flows 
of both bacterial suspension and 
epithelial cells are characterised 
by highly chaotic swirls and jets 
resembling turbulent flows.
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