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Abstract

Directional cell migration normally relies on a variety of external signals, such as
chemical, mechanical or electrical, which instruct cells in which direction to move.
Many of the major molecular and physical effects derived from these cues are now
understood, leading to questions about whether directional cell migration is alike or
distinct under these different signals, and how cells might be directed by multiple
simultaneous cues, which would be expected in complex in vivo environments. In
this review, we compare how different stimuli are spatially distributed, often as
gradients, to direct cell movement and the mechanisms by which they steer cells. A
comparison of the downstream effectors of directional cues suggests that different
external signals regulate a common set of components: small GTPases and the actin
cytoskeleton, which implies that the mechanisms downstream of different signals are
likely to be closely related and underlies the idea that cell migration operates by a

common set of physical principles, irrespective of the input.

Keywords: migration, chemotaxis, durotaxis, galvanotaxis, haptotaxis,
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Directional cell migration

Cell migration orchestrates key events in development, homeostasis and disease [1].
Cells can move individually [2] or as collectives [3]. The direction in which cells move
is rarely random; in most cases, migration occurs in a highly directional manner,
whereby cells translocate from one specific location to another. For example,
immune cells move towards sites of infection, bacteria migrate toward nutrient
sources; radial glia cells, germ cells and neural crest cells migrate long distances to
form tissues and organs in the developing embryo, and directional migration also

occurs during wound healing and cancer invasion (Fig. 1).

Cells have the intrinsic capacity to move directionally in vitro [2], but in vivo, they
encounter a complex microenvironment with an enormous array of cues. Thus, it is
believed that most directional migration relies on cells responding to localised,
external stimuli. This is called ‘-taxis’ (plural ‘-taxes’; see Glossary), which is Greek
for ‘arrangement’. Migration of cells has been described in response to a huge
number stimuli, which generally fall into the categories of chemical, mechanical and
electrical and in recent years, many new modes of directional migration have been
described (Table 1). With a growing appreciation that cells are likely to encounter
different types of cues simultaneously, this review will outline the best described of
these: chemotaxis, galvanotaxis, haptotaxis and durotaxis, which refers to
migration along gradients of chemical cues, electric fields, immobilised chemokines
and mechanical stiffness, respectively. We will discuss how gradients of stimuli can
be spatially generated, describe the models and mechanisms by which they operate,
and compare to what extent they direct cell motility via common or distinct pathways,
effectors and molecular components. The evidence suggests that gradients of these
cues are likely to operate at a short range, potentially self-generated by the migratory
cells themselves, and that different types of stimuli act on common cellular and
molecular components to regulate cell migration. This comparison may provide
insights of how newly discovered directional cues may act, and how cues might

cooperate or compete to regulate directional motility in vivo.
Principles of cell migration

The principal concepts underlying adherent cell migration are well understood (Fig.

2) [4]. In order for a cell to migrate directionally it needs to become polarized,
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meaning the front becomes distinct from the back of the cell (Fig 2A,B). Fundamental
to this breaking of symmetry is actin polymerisation at the leading edge, driving
membrane outgrowth (Fig. 2B), called protrusions, which adhere to the substrate by
focal contacts. Bundles of actin filaments containing myosin Il motors, called stress
fibres, connect to focal contacts and generate contractile forces that mature the
adhesion (Fig. 2C), with the forces transferring onto the substrate in the form of
traction. At the rear of the cell, focal adhesions disassemble and the cell body and
nucleus retract (Fig. 2D). The forces of actin polymerisation and myosin contractility
together drives the cell forward. The organisation of these forces and motility
processes depends on small GTPases. Cdc42 is a regulator of cell polarity,
whereas Rac coordinates actin polymerisation at the front by activating
SCAR/WAVE and the actin nucleator complex Arp2/3. RhoA regulates actomyosin
contractility and rear retraction. Similar physical principles are believed to underpin
collective cell migration, in which large-scale forces are propagated across cell
groups by an actin cytoskeleton that is connected across cells via intercellular
junctions [5]. Non-adherent cells are also capable of migration: instead of force
coming from stress fibres, the cell is propelled forward by contractility and retrograde
flow of the cell cortex [6]. By lowering high levels of active Rac, competitive forces
via randomly distributed protrusions are prevented, meaning cells have the capacity
to migrate directionally in vitro even in absence of external guidances [7]. However,
in vivo, it remains unknow whether cells undergo intrinsic directional migration as
cells are subjected to an enormous array of extracellular cues in their
microenvironment. Instead, evidence suggest that directional migration in vivo is

coordinated by extracellular cues.
How are stimuli spatially established?

Extracellular stimuli are spatially organised to direct cells to specific locations. In this

section, we will examine how these signals are set up.
Chemotactic gradients

Cell migration up gradients of soluble chemical signals, such as growth factors or
chemokines, is called chemotaxis (Fig. 3A). The classical idea of chemotactic
gradients posits that they are set up by a source that produces chemoattractant and

a sink which removes it [8]. Thus, a high to low concentration attractant gradient runs
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from the source to sink, respectively. In this model, the gradient is externally
generated, and the migratory cells simply respond to this externally-generated
gradient. The cells producing the attractant would normally be non-migrating cells
that are the target destination for the migratory cells, but may also be another
migratory cell population [9]. Although such conditions can be generated in vitro, it is
unlikely that this mechanism could explain long distance migration in vivo. Cells
undergoing chemotaxis normally adjust the distribution of guidance cues with
enzymes (e.g. by degradation with MMPs or ADAMs) [10, 11] or by endocytosing
them with its receptors, while still responding to them [12], which suggests that the

responding cells are actively involved in shaping the gradient.

An attractive model of chemotactic gradients is one in which the gradient is self-
generated: the gradient is generated by the migratory cells themselves [13]. In this
model, cells degrade an initially homogeneous chemoattractant, meaning regions of
high cell density have low levels of chemoattractant (Fig. 3B). This degradation
combined with diffusion of the chemoattractant self-generates a gradient [10, 11]. In
doing so, the gradient is constantly moving with the cells; the cells are continually
pursuing a retreating region of high chemoattractant concentration. This mechanism
makes chemotaxis very robust [14], and may underly the migration of many cell
types, including Dictyostelium and interneurons [15-17]. Chemotaxis is only efficient
at attractant concentrations near the dissociation constant (Kd) of the receptors.
Shallow gradients are too flat for cells to resolve, whereas steep gradients lead to
saturation at the cells chemotax, meaning chemotaxis is only efficient over short
distances, which further supports the idea of self-generated chemotactic gradients.
Indeed, chemotaxis of the lateral line primordium in vivo relies on attractant
concentration values being similar to the Kd of its receptor [18], whereas higher or
lower attractant levels result in less directional migration. In this case, the migrating
cells self-generate the gradient by buffering the levels of chemokine around the Kd of
its receptors by regulating local attractant levels via feedback between the receptor
and another decoy (clearance) receptor [18]. An alternative mechanism involves
adjusting the receptor’s Kd to the local chemoattractant concentration to increase
their dynamic range, like in dendritic cells and bacteria [19, 20]. Some cells can
resolve 1% differences in receptor occupancy between their fronts and rears, and

self-generated gradients can be computationally simulated based on a 1% difference
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in sensitivity between the front and back [16, 21, 22]. Even in artificially steep
gradients in vitro, which are not thought to be reflective of in vivo gradients, front-rear
ligand-receptor binding differences are less than 20% [21]. Such self-generated
gradients have been proposed to explain cell movement in complex environments

[23], like that which is encountered in vivo.

Apart from degradation of the chemoattractant by the moving cells, there are other
ways in which cells can self-generate a chemotactic gradient. Even though
chemotaxis is typically paracrine, meaning cells secrete chemoattractant that affects
the behaviour of their local neighbours, cells can release migration-enhancing factors
at the front, which positively feedback onto the leader cells themselves in an
autocrine fashion [24, 25]. Cells may also express migration-inducing receptors only
in a subset of the cell population, like leader cells, and potentially express decoy
receptors in another subset, such as follower cells [12, 25]. For example, collective
migration of the lateral line relies on the expression of CXCR?7 receptor scavenger at
the rear, whereas CXCRA4 receptor at the front responds to stromal cell-derived
factor 1 (SDF1), which self-generates the gradient [12, 26]. Thus, collective effects

may sense gradients differently than single cells [3].

Dynamic short-range gradients can also be produced by dynamic behaviour of the
chemoattractant-producing cells. Cranial neural crest cells undergo short-range

chemotaxis to placodal cells that produce the chemoattractant SDF1 [9]. Repulsion
between the two cell populations causes the co-migration of both neural crest cells
and placodal cells [9]. Thus, short-range and self-generated chemotactic gradients

can produce highly dynamic and persistent directional cell migration.
Durotactic gradients

Environmental mechanics is known to regulate many cell functions, including
migration [27]. Cells’ ability to move along stiffness gradients is called durotaxis (Fig.
3C). Various techniques have been developed in recent years to produce stiffness
gradients in vitro [28], and these have been used to demonstrate durotaxis for
various cell types [29-31]. However, while stiffness gradients have been observed in
vivo and cell migration can correlate with this gradient, how durotactic gradients

could be set up remains largely speculative.
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One possibility is that gradients are externally generated to which the migratory cells
respond. In the mouse limb bud, Wnt5a expressed by the ectoderm and distal
mesenchyme spatially biases the expression of fibronectin, which generates a
stiffness gradient [32]. Stiffness is also known to be associated with cell density in
vivo (Fig. 3D), as demonstrated in the mouse spinal cord and the Xenopus
mesoderm during neurulation [33, 34]. The stiffness gradient of the embryonic
Xenopus brain is also proposed to originate from changes in cell body density,

whereby differential proliferation results in a cell density gradient along the axis [35].

An alternative possibility is that stiffness gradients are self-generated by the
migratory cells themselves. Cells are known to modify the mechanical properties of
the extracellular matrix (ECM) [36], which implies that extracellular stiffness is likely
to be actively modified by surrounding cells (Fig. 3D) or by the moving cells
themselves. Thus, cells can engage in a positive feedback loop of regulating and
responding to extracellular stiffness. High matrix stiffness triggers mechanosensitive
pathways, like the Hippo pathway in fibroblasts [37] and in various tissues during
fibrosis [38], which leads to increased ECM production, deposition and crosslinking
[39]. The alignment of pre-existing and cell-deposited matrix fibres is also part of a
feedback loop that further stiffens the ECM [40]. Furthermore, extracellular stiffening
can mediate protein splicing which contributes to matrix remodelling and cell
migration [41]; and stiffness can modulate MMP expression and activity, which
degrades the matrix [41, 42]. Thus, multiple types of feedback mechanisms exist by

which cells could potentially alter stiffness for durotaxis.
Haptotactic gradients

Haptotactic migration refers to movement of cells up a gradient of cellular adhesion
sites or substrate-bound cues, like cytokines and chemokines (Fig. 3E). Gradients of
adhesive sites are naturally present in the ECM [43, 44]. Theoretically, gradients for
haptotaxis may be produced by similar means to gradients for chemotaxis. Cells can
secrete factors that diffuse through extracellular spaces and immobilise on
extracellular matrices (Fig. 3F). When such factors are produced by localised
sources, diffusion is sufficient to produce immobilised gradients to which cells can
respond, such as the CCL21 gradient produced from lymphatic endothelial cells in

vivo [19, 45], or CXCL8 gradients that guide neutrophils in zebrafish [46]. Variations
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in extracellular matrix components, such as fibronectin or collagen concentration,

can also drive haptotaxis [47, 48].

The responsive, migratory cells may also remodel the matrix themselves and modify
the haptotactic gradient. For instance, pericytes contribute basement membrane
components that may affect their haptotaxis to endothelial cell tubes [49] and
keratinocytes deposit laminin-V onto dermal collagen, thereby overriding and
changing the adhesive signal which can instruct keratinocytes themselves to migrate
during wound healing [50]. Furthermore, Schwann cells deposit laminin and migrate
on it in a concentration-dependent manner [51]. Such remodelling of the ECM can
also involve removal of adhesion sites, thereby affecting haptotaxis. Endothelial cells
break down fibronectin locally, migrating into regions of higher fibronectin
concentration by haptotaxis during angiogenesis [52]. Matrix remodelling can also
involve deposition of oriented or disoriented fibres which can affect cell alignment
and directionality [53]. Thus, it is likely that cells undergoing haptotaxis are actively

remodelling the haptotactic gradient to which they respond.

Haptotaxis may be a highly robust means of cell guidance, because gradients of
immobilised factors are insensitive to mechanical perturbations. Moreover, the fact
that many chemokines can bind to components of the ECM [54] suggests haptotaxis

could be a widely used principle.

Like for other signals, haptotactic sensing depends on the steepness and shape of
the gradient, consistent with a scenario whereby cellular directionality is governed by
local signal-to-noise ratio of the cue i.e. cells detect differences in bound receptors at

the front and rear [19].
Galvanotactic gradients

Cells can move in response to electric fields, a process known as galvanotaxis (Fig.
3G). Tissues exhibit an endogenous electric potential difference due to ions and
charged particles flowing out of tissues. For instance, active N*/K* ATPase pumps
and CI- channels generate and maintain an endogenous transcutaneous electric
potential in epithelial layers of the skin and cornea [55] (Fig. 3H). Such endogenous
bioelectric fields are evident during tissue regeneration and development in vivo [56-
58].
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Injury makes a gap that penetrates the high electrical resistance established and
maintained by tight junctions, resulting in charged particles and ions, including Na*,
CI, K* and Ca?* ions, to leak across wounded cells or cell layers, which short-circuits
the epithelium locally [59]. Consequently, the potential difference drops to zero but
because ion transport continues in unwounded epithelium, potential differences
remain at normal values from the wound edge. Thus, asymmetric flows of charged
particles and ions establishes a weak electrical current and a voltage gradient
(difference in electrical potential across space) laterally oriented at wounds (Fig. 3H).
This gradient of electrical potential difference from wounded to unwounded tissue
establishes a steady, laterally oriented electric field with the cathode at the wound
[55]. Electric fields can be considered self-generated in that the same disrupted cells
that generate the gradients of weak electric current are themselves responsive to it;
migrating into open spaces by galvanotaxis [60]. Besides the epithelium itself,
endothelial and neuronal cells located near the wound also move by galvanotaxis for
tissue regeneration [60, 61], which suggests cells can may be able to respond to

electric fields in their local environment, even if they were not self-generated.

Such endogenous electric fields generated at epithelial wounds are an intrinsic
property of all transporting epithelia that separate ions and sustain a transepithelial
potential difference. Electrical fields have been measured in vivo [62]. Electrical
potential differences have been found in various tissues and electric fields have been

detected in limb stumps and skin wounds [55, 61].

Altogether, the evidence of how gradients are generated by these different cues
suggests that while classical long-range gradients may be sufficient to mediate
directional maotility in vitro, local gradients, potentially generated by the migratory

cells themselves or others, may predominate in vivo.

Mechanisms of directional migration

In this section, we will discuss the models and molecular mechanisms at play during

the directional migration of cells toward these various extracellular cues.

Chemotactic mechanisms
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The mechanisms of chemotaxis are the best understood of any cue [63-66]. Signal
transduction events by chemotaxis have been highly studied in Dictyostelium,
dendritic cells, neutrophils, neurons and germ cells. The known mechanisms are

extensive and varied, depending on cell type and context.

Chemotactic signals are sensed by the binding of membrane-bound receptors to the
extracellular cue. Their activation triggers diverse intracellular signalling pathways
[65]. Receptors are activated more in the region of the cell where there is higher
chemoattractant, meaning the downstream intracellular signals are polarised.
Consequently, many proteins are recruited specifically to the leading or trailing
edges [67] (Fig. 4A). Classically, PI3K and Akt signalling is enhanced at the front,
which activates Rac and Cdc42 [65]. Rac causes the formation and maintenance of
protrusions thanks to increased actin polymerisation via WAVE and Arp2/3 [68]. An
alternative mechanism is that this downstream signalling locally stabilises transiently
generated protrusions, whereas randomly generated protrusions in other regions of
the cells are not stabilised. The signalling bias caused by high ligand-receptor
binding compared to other parts of the cell results in biased direction or retention of
protrusions, which coordinates directional migration [21, 69]. PI3K activity at the front
is coupled to restricted distribution of its antagonist, PTEN, to the rear [70]. Rho is
also active at the cell rear, where, together will local calcium signalling, it regulates

actomyosin contractility and cell retraction [68].

The molecular changes instigated by a graded chemical signal have physical
implications. Stimulation of Rac enhances protrusive forces as well as encouraging
the formation of adhesions on the substrate to generate traction [63].
Chemoattractants enhance the formation focal complexes at the leading edge, by
acting on Rac and Cdc42, which stabilise the lamellipodia by attaching it to the ECM,
which ultimately drives forward motion [63]. Focal adhesion assembly and
disassembly is also mediated by Rho [63], which promotes stress fibre contractility,
encouraging the cell to generate directionally oriented traction forces that cause the

cell to move in the direction of chemoattractant.

It should be noted that in addition to the above described mechanisms of

chemotactic polarisation and force generation, many other mechanisms have been

10
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described to be important for chemotaxis, including pH, calcium signalling and

microtubules and other elements of the cell’s cytoskeleton [71-73].
Durotactic mechanisms

Actomyosin stress fibres, which are stress-generating units, are anchored to the
extracellular matrix via focal adhesion complexes, which allows them to apply forces
onto the substrate [74] (Fig. 4B). Thus, many of the molecular components important
for durotaxis are those at the cell-ECM interface, including integrins, FAK, paxillin
and vinculin [75]. The forces exerted through focal adhesions to probe the stiffness
of the substrate is exerted in a dynamically fluctuating manner of the focal adhesion
[75], a mechanism that is specific to durotaxis and not required for chemotaxis or
haptotaxis, illustrating the fact that durotaxis is a mechanical response. Contractile
pulling forces from stress fibres that are anchored to stiff regions have resistance,
which encourages focal adhesion growth, whereas protrusions that land on soft
substrates only form transient focal contacts. There is also large-scale reorganisation
of the actin cytoskeleton to orient in the direction of most traction as a result of this
mechanical feedback. Other than integrins, mechanosensitive proteins, like the ion
channel Piezo1, may also mediate the durotactic response [35]. Regulators of the
actin cytoskeleton are also critical for durotaxis. The complex, Arp2/3, promotes actin
polymerisation at the front which leads to cell stretching and lamellipodial extension
[29]. Actin polymerisation is boosted at focal adhesions by Ena/VASP family
members to promote mechanosensing [76]. Many of these components are
regulated by small GTPases. For example, Rac1 (and its effector cdGAP) regulates
rigidity sensing by controlling protrusion and adhesion dynamics [77], while RhoA
controls cell retraction at the rear [78]. Rho can be indirectly activated due to low
membrane tension, which occurs at the rear of a cell that is on graded stiffness [78].
By comparison, high membrane tension from stiff substrates may activate Piezo,
leading to calcium influx, thereby mediating a range of local intracellular processes,
like strengthened focal adhesions when calcium spikes promote local myosin

contractility.

Through these signalling networks, effector proteins like PKA and YAP become
activated, leading to changes in protein activation and dynamics, as well as gene

expression changes, which are crucial for normal durotaxis [79, 80].

11
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Importantly, durotaxis is a response to mechanics rather than chemicals, meaning
how such molecules work together to enable durotaxis is not trivial. Various models
have been proposed [28]. Because cell speed and persistence increase with
extracellular rigidity for some cell types, one model suggests that guidance of cells is
simply a consequence of increased persistence, rather than stiffness acting as a
guidance cue, and to reflect that, the phenomenon should be renamed durokinesis
[81]. Mechanistically, this may work because cells are more polarised on stiffer
substrates, leading to a restricted (narrower) distribution of focal contacts and
therefore a tendency for cells to move to stiffer substrates as they move around,
becoming increasingly persistent in their motion [82]. An alternative model, built on
classical models of migration that emphasise adhesive strength, is based on
thermodynamics. Forces applied to protein complexes, like focal adhesions, result in
stretching the corresponding proteins leading to accumulation of elastic stress, which
is coincident with the insertion of new proteins into the aggregate resulting in stress
relaxation. Thus, the growth of focal adhesions, a process that is proportional to and
dependent on stress and due to protein self-assembly, has reduced chemical
potential compared to unaggregated molecules [83]. Therefore, self-assembly of
proteins is favoured when pulling forces act and disfavoured when relaxed. Under
these circumstances, durotaxis would be a phenomenon of stress fibres, in which
focal adhesions become more stable on stiffer substrates than on softer ones [84,
85]. A third model posits that applications of similar force onto the ECM will deform
stiff substrates less than soft substrates [30, 86, 87]. Cytoskeletal connection
between the cell front and rear would result in forward movement of the cell centre.
This model is a development of the previously described ‘clutch model’ in which the
cytoskeleton acts as a clutch that transmits force to the ECM [86, 88] and has been
used to explain durotaxis of epithelial cell sheets [87]. Because focal adhesion size
may be unrelated to the force they exert on the substrate [89], this mechanism would

work entirely by differential deformation of the ECM.

It is not clear how cells may sense stiffness gradients in vivo and potentially titrate
active forces to coordinate cell movements. In vitro, cells can discern a large range
of stiffness gradients [87, 90], including physiologically relevant stiffness gradients
[91]. Durotaxis depends mostly on the strength of the gradient itself and is mostly

independent of the absolute substrate stiffness in vitro [30, 31, 35, 92]. Cells migrate

12
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more efficiently on steeper gradients, where there is higher signal to noise ratio, than
on shallower gradients, where the signal-to-noise is lower [31]. It is suggested that
the pathway downstream of focal adhesion kinase (FAK), a component of the focal
adhesion complex, broadens the range of rigidities over which durotaxis operates
[75].

Haptotactic mechanisms

During haptotaxis, cells sense differences in ECM concentration or engagement
across a single cell, and then react by polarising their cytoskeletal and motility
machinery to enable them to protrude and migrate up the gradient towards fixed
substrate-bound cues. Hence, many of the molecules identified as important for this
type of migration are like those of chemotaxis and durotaxis, when the stimulus is an

extracellular matrix component or an immobilised ligand, respectively.

Components of the focal adhesion complex, including integrins, FAK and Src are
necessary for haptotaxis and enter a positive feedback loop with regulators of the
actomyosin cytoskeleton, including WAVE, Tiam1, Rac and the Arp2/3 complex,
which promote lamellipodial protrusions [93, 94] (Fig. 4C). Arp2/3 and these
lamellipodial protrusions are crucial for haptotaxis [93]. They are formed in all
directions but are reinforced when they protrude up the gradient towards higher ECM
thanks to focal adhesion feedback [94]. Focal adhesions fail to align in Arp2/3
depleted cells, suggesting one principle function of lamellipodia is to organise cell-
matrix adhesions in a spatially coherent manner [93]. Myosin IIB is also necessary

for haptotaxis, by coordinating protrusive activities and stabilising cell polarity [95].

One specific directional migration sensor for haptotaxis is liver kinase B1 (LKB1),
and its effectors MARK/PAR-1. Their activation is necessary for haptotaxis and they

are required to detect inhibitory matrix cues [96].
Galvanotactic mechanisms

The precise mechanisms for galvanotaxis are largely unknown. Initially,
galvanotactic movement was proposed to occur thanks to the movement of charged
molecules. However, this model is now seen as incomplete because the direction of
charged molecules in cells does not always coincide with the direction of cell

movement [97].

13
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Galvanotaxis is now viewed as a complex process that signifies the combined
outcome of many mechanisms. The primary physical mechanism is believed to be
through electrophoretic redistribution of charged membrane components [98].
Various migration-inducing membrane receptors including ConA, EGFR, VEGFR,
ROR2, integrins, and AchR are polarised when exposed to an electric field [55, 61,
99]. Such redistribution of membrane components causes polarised and local
activation of intracellular signalling molecules, such as MAPK/ERK1/2, pERK1/2,
PI3K/Akt, and PTEN [60, 100] (Fig. 4D). Thus, many proteins are actively relocated
during galvanotaxis and such asymmetries give cells polarity, activating the Rac,
Cdc42 and Rho, which causes cells to form protrusions by actin polymerisation and
migrate directionally [101]. For instance, PI3K and PTEN are key molecules that
mediate electrotactic response: where PI3K is activated, cells make membrane
protrusions and directed migration ensues, whereas PTEN prevents this happening

in the opposite direction [60].

Other mechanisms involved in galvanotaxis include asymmetric ion fluxes and
preferential activation of voltage-gate ion channels [101]. Electric fields can
asymmetrically open voltage-gated channels and pumps, like the Na*-K* ATPase,
NHE3 and Ca?* or Na* ion channels, which results in ion flux and downstream
signalling that affect cytoskeletal polarisation [61, 100]. Some channels, such as the
K* channel, Kir4.2, specifically control galvanotaxis without affecting motility and
directional migration [102]. They do so via their action of PI3K/Akt signalling, which
affects actin polymerisation and protrusion formation. These molecules can therefore

couple electric fields to activation of intracellular molecules.

Overall, polarised signalling is likely to be a general mechanism of galvanotaxis to
locally polymerise actin and elicit directional cell migration [60, 99]. However, ECM
interactions have also been shown to modulate galvanotaxis; myosin Il and PI3K

hold strikingly differentiate roles in different microenvironments [103].
Many stimuli: common effectors?

Many of the molecular components involved in directional migration by different
types of cues have been identified. However, cells are likely to be exposed to
chemical, mechanical and electrical signals altogether. For example, during wound

healing, chemotactic, galvanotactic, haptotactic and durotactic migration have all

14
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been proposed to operate. Do such diverse signals ultimately control directional cell

migration by common or distinct components?

Detection of these cues is inherently different. Chemotactic and haptotactic growth
factors are sensed by membrane-bound receptors; the ECM is bound to focal
adhesion complexes via integrin engagement during durotaxis and haptotaxis; and
electric fields can affect cellular components without any molecular engagement at
all during galvanotaxis. In all cases, downstream of these pathways lies regulation of

small GTPases and of the actin cytoskeleton (Fig. 4E).

Molecular attractants in chemotaxis and haptotaxis promote leading edge Rac
activity through conserved signalling pathways, which leads to actin polymerisation
and formation of front-directed protrusions [94, 104, 105]. Rac and Cdc42 are
involved in matrix rigidity sensing for durotaxis by controlling membrane protrusions
and adhesion dynamics [77], and polarised Rac activity is essential for galvanotaxis
[103, 105]. Electric fields modulate PI3K and MAPK signalling by redistribution of
membrane components and ion channel activation, meaning small GTPases are
highly manipulated during galvanotaxis to control migration in various systems [106-
108].

In durotaxis, stress fibre contractility, which is normally mediated by RhoA, is the
means by which forces are applied on the substrate [28]. Active RhoA also controls
fast cellular retraction during durotaxis [79]. These activities of RhoA are also evident
and required for haptotaxis and chemotaxis [109, 110]. In chemotaxis, enhanced
RhoA at the rear encourages the assembly of actin stress fibres and focal adhesions
and a similar mechanism operates in haptotaxis [109, 110]. Galvanotactic signals
also perpendicularly orient actin stress fibres, likely by recruitment of ROCK and
PTEN at the rear [111]. This stress reorientation precedes cell body reorientation
[112] during cell guidance. Thus, extracellular stimuli regulate the contractile forces

exerted by the cell to successfully navigate them towards the signal.

Such common effects on small GTPases and the actin cytoskeleton are also
observed in more newly discovered — and less well-known — guidance cues, like
curvotaxis, topotaxis and ratchetaxis, in which cell symmetry is locally broken at the
scale of the individual cell based on local topology (curvature, topographic features,

or spatially patterned adhesive regions, respectively) and guided as a result [113,

15



O 00 N o u B~ W N P

[ Y
= O

12
13
14
15
16

17
18
19
20
21

22
23
24
25
26
27
28
29
30
31
32

114]. This relies on Rho GTPase activity. Specifically, the actin polymerisation
regulator Cdc42 and the branched actin nucleator Arp2/3 complex are essential for
curvotaxis [115]. The signalling networks of PI3K and ROCK that control topotaxis, in
which direction of migration is mediated by gradients of topographic features, are
known to regulate cell migration via Rho GTPases and therefore it is proposed that
topotaxis likely works by similar downstream canonical mechanisms of small
GTPases and actin regulation [116]. Directional migration by means of spatially
determined adhesion sites may be related to the organisation of stress fibers that
allows them to organise their forces to pass through an asymmetric topology [117].
These recently describing topological guidance cues are likely to be highly relevant

in vivo, where distributions of adhesive sites are not homogeneous [118].

RhoA is also likely to regulate viscotaxis, which refers to migration in response to a
gradient of loss modulus. Loss modulus is a measure of dissipated energy,
represented by the viscosity of materials. Actomyosin contractility is essential for this
form of directional migration [119]; and RhoA regulates myosin activity through
ROCK.

Overall, the evidence points to the idea that small GTPase regulation downstream of
extracellular signals is a means of controlling the actin cytoskeleton and hence direct
cell motion. Additionally, they are likely to be involved in the cell's sensation of the
signal, for example, Rho promoting force generation of stress fibres to probe the

mechanical properties of the environment.

Cells are likely to be in receipt on many different types of cues in vivo, thanks to the
complexity of the microenvironment, so it is conceivable that different stimuli
compete or cooperate by regulating common cell components. Only a handful of
studies have so far investigated how multiple cues affect cell migration. Cytokine and
growth factor gradients have a cooperative role in regulating 3D invasion of cancer
cells [120]. The interplay between topology and molecular cues has also been
studied. A topological ratchet, in which a spatial patterning of adhesive regions
controls directional migration by controlling cell shape and thus the distribution of
focal contacts, can act cooperatively or competitively with a haptotaic fibronectin
concentration gradient [121]. When the gradients align, directional migration is

enhanced, whereas if they are spatially opposed, directional migration is stalled.
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Additionally, a chemical gradient in the opposite direction to the ratchet can drive the
cells to move ‘against’ the favourable direction of motion as set up by the ratchet of
adhesive sites, whereas when the chemotactic gradient is removed, the cells fail to
continue moving in this direction [117]. Likewise, topotactic and chemotactic cues
have additive effects on the directional migration of Dictyostelium [122]. There is
nothing known about the interplay between chemical and mechanical signals,
although chemotaxis overwhelmingly overrides barotaxis during directional decision
making in Dictyostelium [123]. Altogether, these recent results indicate that
directional cues are likely to cooperate or compete to guide cells in vivo, and may
operate through long-range or local signals [113]. The molecular or physical

mechanisms by which these interactions occur is an open question.
Concluding remarks

Directional migration can be controlled by a huge range of different stimuli. There are
lots of avenues for future research (see Outstanding Questions) but nonetheless
common themes have emerged in the establishment, regulation and cellular
response to external cues. The in vitro evidence suggests that, theoretically, signals
can be spatially established and actively shaped by both migratory cells and by other
‘source’ cells. To what extent this happens in vivo is still a relatively unaddressed
question. Chemical and mechanical signals are sensed and responded to by
somewhat similar components. In particular, small GTPases, and the polarity and
actin cytoskeleton that they regulate form the fundamental basis of a directional
motility response. It is tantalising to propose that a single cellular mechanism
operates at centre of the directional response to various cues, but more likely is that
such varied stimuli use small GTPases and the actin cytoskeleton in different ways

to achieve the same outcome of directional motion.
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Glossary

Taxis: Greek for ‘arrangement’; plural ‘taxes’ is the movement of cells in response to

a stimulus. Many different cellular taxes have been described (Table 1).

Chemotaxis: directional migration along a gradient of soluble chemical cues. The
first description of chemotaxis was made by Engelmann and Pfeffer in bacteria over
a century ago [124, 125]. Since then, repulsive and attractive cues have been found
for a variety of processes, including Dictoystelium, bacteria, neurons, immune cells
germ cells and neural crest cells. Chemotax is the by far the best understood form of
directional migration, although chemotaxis may not account for all directional

migration in vivo.

Durotaxis: directed migration along a stiffness gradient, specifically from soft
substrates to stiff ones (durus is Latin for hard). Research into durotaxis was made
possible thanks to the development of techniques that produce hydrogels of differing
stiffnesses, which led to the first demonstration of durotaxis in fibroblasts at the turn
of the century[126]. Durotaxis has been shown for a few different cell types in vitro
[29-31] but, so far, there is no in vivo evidence of cellular durotaxis. That being said,
durotactic gradients might be relevant in vivo; stiffness gradients have been
observed in the mouse limb bud [32] and during fibrosis [127]. Durotaxis has also

been proposed to underly epithelial spreading in morphogenesis [128].

Galvanotaxis: directional migration in response to an electric field. The discovery
that cells undergo galvanotaxis in a specific direction relative to the direct-current
(d.c.) electric field dates to the nineteenth century [129]. Galvanotactic in vitro
studies have been performed primarily using galvanotaxis chambers in which agar
salt bridges couple current into a shallow channel containing cells. It has been
shown for many cell types in vitro, including fibroblasts, endothelial and epithelial
cells, neurons, immune cells and cancer cells [55]. Most cells migrate to the cathode,
whereas a few migrate towards the anode. Galvanotaxis can also occur in vivo.
Many cells are responsive to voltages as low as that which is within the physiological
range [99] and disruption of these electric fields alters development and prevents
regeneration and healing, indicating that galvanotaxis is an important mode of

directional migration.
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Haptotaxis: directional migration up a gradient of cellular adhesion sites or
substrate-bound cytokines and chemoattractants. Haptotaxis was named after
‘haptein’ to reflect that cells were navigating in response to the relative strength of
the adhesive contacts made with the substrate [130]. Cells usually orient their
migration toward increasing availability of adhesion sites in vitro; however, cells may
also orient towards decreasing ligand density depending on cell type and adhesion
receptors involved [96, 131]. Various cell types have been shown to undergo
haptotaxis in vitro [132, 133]. Most chemokines bind to extracellular substrates [54]
so it is reasonable to assume that immobilisation is decisive in vivo. Gradients of
substrate-bound factors have been identified in vivo and are believed to control
haptotaxis, including in angiogenesis [134], the immune response [45, 46] and

wound closure [135, 136].

SCAR/WAVE: a WASP family member that induces actin nucleation via recruitment

and activation of the Arp2/3 complex.

Arp2/3: a protein complex that acts as an actin nucleator, allowing the formation of

new actin filaments from pre-existing actin filaments.

Rac: a small GTPase that drives plasma membrane extension through actin
polymerisation via WAVE/SCAR and the Arp2/3 complex [137].

Rho: a small GTPase that promotes formation of larger, more persistent integrin-

based adhesions and regulates actomyosin contractility [137].

Cdc42: a small GTPase involved in filopodial protrusion formation, cell polarity,

actomyosin contractility and focal adhesion assembly [137].

Small GTPases: master regulators of cell migration, coordinating the activity of
signalling pathways and the cytoskeleton [137]. The three most well known small
GTPases are Rac, Rho and Cdc42.
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Table 1. Different cellular stimuli.

Etymology

Synonyms

Definition

(directional

migration-)

Example(s)

References

Chemotaxis Chemo - By soluble Posterior lateral | [66, 138-
chemical chemical line primordium, | 140]
cues immune cells,
neural crest
cells, primordial
germ cells,
Dictyostelium,
dendritic cells,
bacteria,
leukocytes,
neurons
Durotaxis Duro - hard Mechanotaxis | By stiffness | Epithelial [87, 126]
(depending sheets, smooth
on definition) muscle cells,
fibroblasts
Galvanotaxis | Galvano — Electrotaxis By electric | Dictyostelium, [55, 61,
galvanism current fibroblasts, 129]
epithelial cells
Energy taxis By Bacteria [141]
metabolic
activity
Gravitaxis Geotaxis By gravity Euglena [142]
Magnetotaxis @ Magneto — By magnetic | Bacteria [143]
magneto- field
electric
Phototaxis Photo - light By light Chlamydomonas | [144]
Rheotaxis Rheo - flow By fluid flow | Sperm [145]
Aerotaxis Aero — air Stimulation | Bacteria [146]
by oxygen

20




Barotaxis Baro - weight By pressure | Neutrophils [147]
Hydrotaxis Hydro - water By moisture | Bacteria [148]
Thermotaxis | Thermo - By Dictyostelium [149]
heat temperature
Thigmotaxis | Thigmo - By physical | Paramecium [150]
touch contact bursaria
Haptotaxis Hapto - touch By adhesion | Dendritic cells, [45, 46,
sites or leukocytes 130]
substrate-
bound
chemical
cues
Curvotaxis Curvus - bent By Mesenchymal [115]
curvature cells
Topotaxis Topo — By density Fibroblasts, [116]
topographic of ECM melanomas
fibres
Mechanotaxis | Mechano - Durotaxis By Endothelial cells | [151]
mechanical (depending mechanics,
on definition) | or by
stiffness, or
by shear
stress
Viscotaxis Visco - By Mesenchymal [119]
viscous substrate stem cells
loss
modulus
Plithotaxis Plithos - By maximal | Epithelial cell [152]
crowd principal lines e.g. MDCK
stress cells, breast
cancer cells
Ratchetaxis Ratchet By local and | Fibroblasts [114]
repeated

21




anisotropic

environment
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1 Figure legends

B, Immune surveillance

C, Cancer metastasis

A, Neural crest
migration

E, Primordial germ cell

migration
2
3  Figure 1. Importance of directional migration. Cells move (black arrow)
4 individually and collectively by directional migration during development,
5 homeostasis and disease. A, Neural crest cell migration; B, immune surveillance; C,
6 cancer metastasis; D, wound healing; E, primordial germ cell migration.
7
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Figure 2. Basic principles of adherent cell migration. A, An unpolarised cell. B,
Upon intrinsic polarity or extracellular cues, the small GTPase Rac coordinates
polymerisation of actin filaments by activating WAVE and Arp2/3. This generates
protrusive forces that push on the cell membrane. C, Actin filaments in the protrusion
connect with focal complexes, anchor the cell to the substrate and begin to stabilise
the protrusion. Actin filaments bundle together and associated with the myosin Il
motor proteins, called stress fibres. Stress fibres generate forces that are transferred
via focal contacts with the underlying substrate, thereby producing traction that
moves the cell forward. Stress on focal contacts leads to their maturation and
enlargement in focal adhesions, a process dependent on RhoA. D, RhoA-mediated
contractile forces retract the cell rear, pushing the cell body forward, leading to
detachment of cell-substrate adhesions at the trailing edge. Cdc42 also polarises the
cell, and simultaneous protrusive and contractile forces by the actin cytoskeleton
spatially coordinated by small GTPases drives cell movement. Key, bottom.
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Figure 3. Gradient formation of migratory cues. A, In chemotaxis, cells migrate
(black arrow) up a gradient (light purple to dark purple) of soluble chemical cues
(circles). B, Chemoattractant can be produced (purple arrows) by the migratory cells
themselves (orange cell) or others (grey cells). The gradient is set up by diffusion
and actively by endocytosis and degradation (red arrow and red cross) after it binds
to a receptor (green square). C, In durotaxis, cells migrate up a gradient of
extracellular stiffness (spikes). D, The best-understood mechanism of regulating
stiffness is by modifying the extracellular matrix (black lines) such as deposition,
cross-linking, degradation and orientation of fibres (red arrow from matrix to
stiffness). Cell density can also contribute to the stiffness detected by a cell (red
arrow from grey cells to stiffness). Stiffness is mechanically probed via integrins
(purple digits). E, In haptotaxis, cells migrate up a gradient of cellular adhesions sites
(matrix lines) or substrate-bound cues (circles). F, The principles of shaping a
haptotactic gradient are likely to be similar to the remodelling of the extracellular
matrix described in (d). G, In galvanotaxis, cells migrate in response to an electric
field. Come cells migrate toward the cathode whereas others migrate toward the
anode. H, Tissues normally have a transepithelial potential generated by the flow of
different ions (thin black arrows) through channels (green ovals) and pumps (blue
star). Wounding (green rectangle) results in ion leakage and the formation of an
electric field (purple circuit) from the tissue to the wound opening that triggers
migration.
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Figure 4. Mechanisms of directional migration. A key of symbols is in the bottom
right. A, In chemotaxis, chemoattractants bind to membrane-bound receptors. There
is more ligand-bound receptor at the front of the cell than at its rear, which leads to
polarised signalling. Classical chemotaxis signalling involves activation of PI3K and
Akt signalling at the front, which leads to Rac activity and actin polymerisation. At the
cell rear, PI3K is absent, so PTEN is unaffected, which promotes Rho activity and
actomyosin contraction. B, During durotaxis, actomyosin stress fibres produce forces
on the extracellular matrix through focal adhesion complexes (composed of
molecules including vinculin, FAK and paxillin) and integrins. Forces applied on the
substrate drive the cell forward, with contraction on stiffer substrates leading to less
extracellular deformation than contraction on softer substrates. Rho is essential for
this myosin-dependent process. Rac is involved in formation of new membrane
protrusions, which provide new area for mechanosensation. C, Cells detecting
gradients of immobilised ligands exhibit similar molecular pathways to those
observed during chemotaxis. By comparison, focal adhesions are used to detect
gradients in extracellular adhesion sites. Importantly, haptotaxis relies on chemical
transduction, whereas durotaxis models propose mechanical transduction. D, Upon
exposure to electric fields, there is electrophoretic redistribution and activation of
membrane components and signalling pathways, as well as activation of voltage-
gated channels, as well as ion pumps ant transporters. These changes lead to
polarised Rac and Rho activity which leads to directional migration. E, Rac and Rho
are the principle mediators of directional migration by extracellular cues. Their
modification of the actin cytoskeleton in particular drives directional migration in
response to various types of stimuli.
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