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Abstract

Cells have the ability to respond to various types of environmental cues, and in many cases these 

cues induce directed cell migration towards or away from these signals. How cells sense these cues 

and how they transmit that information to the cytoskeletal machinery governing cell translocation 

is one of the oldest and most challenging problems in biology. Chemotaxis, or migration towards 

diffusible chemical cues, has been studied for more than a century, but information is just now 

beginning to emerge about how cells respond to other cues, such as substrate-associated cues 

during haptotaxis (chemical cues on the surface), durotaxis (mechanical substrate compliance) and 

topotaxis (geometric features of substrate). Here we propose four common principles, or pillars, 

that underlie all forms of directed migration. First, a signal must be generated, a process that 

in physiological environments is much more nuanced than early studies suggested. Second, the 

signal must be sensed, sometimes by cell surface receptors, but also in ways that are not entirely 

clear, such as in the case of mechanical cues. Third, the signal has to be transmitted from the 

sensing modules to the machinery that executes the actual movement, a step that often requires 

amplification. Fourth, the signal has to be converted into the application of asymmetric force 

relative to the substrate, which involves mostly the cytoskeleton, but perhaps other players as well. 

Use of these four pillars has allowed us to compare some of the similarities between different 

types of directed migration, but also to highlight the remarkable diversity in the mechanisms that 

cells use to respond to different cues provided by their environment.
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Cell migration is critical in a wide array of physiological, developmental and disease-

related processes, and basic tenets governing this process have been uncovered over the 

years. In vivo, cells must be able to perceive a variety of cues in their environment and 

migrate towards or away from these cues so as to execute morphogenetic programmes 

during development, mount an immune response and repair damaged tissues. When this 

process goes awry, devastating consequences often ensue. Failure of cells to migrate in 

the appropriate way can lead to defects during neuronal development linked to cognitive 

deficits1, chronic wounds that never heal2 and immune deficiencies3. Improperly initiated or 

misdirected cell migration can be equally detrimental, leading to invasive metastatic cancer4, 

autoimmune disease5 and fibrosis6. Biologists have studied the process of directed migration 

for more than a century, but many mysteries remain about how this process works at a 

mechanistic level.

To define how cells move directionally towards various cues, it is critical to understand 

the basics of cell migration. Perhaps the most influential paradigm for describing cell 

migration is the four-step cycle of cell crawling developed by Michael Abercrombie, an 

early pioneer of the field7. This paradigm arose from his observations of migrating primary 

and cultured fibroblasts by phase contrast and interference reflection microscopy8. In this 

scheme, the first event is the protrusion of a leading edge, which in fibroblasts is dominated 

by lamellipodia and filopodia. Next, the cell generates initial adhesions with the substrate. 

These adhesions connect to the contractile machinery of actomyosin stress fibres and, 

through a combination of pulling from the front and squeezing from the rear, the cell 

body moves forward. Finally, old adhesions are detached from the substrate or dissolved 

at the trailing edge. Although textbooks describe this as a stepwise cycle of sequential 

steps, in reality, all events of the cycle occur simultaneously and likely influence the other 

steps rather than proceeding as a series of independent events. In addition, many of the 

concepts of the Abercrombie cycle are specific to mesenchymal cells such as fibroblasts on 

2D surfaces and may not apply to other cell types that use different modes of migration 

or during migration in different physiological environments (see Box 1 for a primer on 

different modes of migration).

In this Review, we present a four-part conceptual framework for understanding directed 

cell migration towards a variety of cues, including diffusible chemical cues (chemotaxis), 

chemical cues on a surface (haptotaxis), mechanical substrate compliance (durotaxis), 

geometric features of the substrate (topotaxis; also known as contact guidance) and 

electric fields (galvanotaxis; also known as electrotaxis) (TABLE 1 ). This framework 

is deliberately generic to facilitate comparisons and contrasts between different types 

of migration-inducing cues and migration modalities. By comparing different forms of 

directed migration, we highlight the progress made in the field and reveal gaps in our 

understanding of molecular underpinnings driving the directionality of cell migration. This 

Review cannot comprehensively cover all aspects of this large topic. Thus, we will avoid 

descriptions of new technologies for generating signal gradients or for quantifying migration 

or mathematical/theoretical models of this process, although we point to a few appropriate 

reviews of these topics (see REFS9,10). Instead, we will focus on how new findings provide 
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insight into the underlying principles of directed migration and suggest questions to be 

addressed by future studies.

Lamellipodia

Broad, sheet-like protrusions that contain branched and linear actin filaments. A variety 

of cell types, including fibroblasts, neural crest cells and macrophages, use lamellipodia 

to explore longer distances through the extracellular matrix.

Four pillars of directed migration

To organize the large amount of information necessary to understand directed migration 

in response to various cues, we developed a generic, conceptual framework of four events 

that must occur during all forms of directed migration, which we term the ‘four pillars of 

directed migration’ (TABLE 1 ). The pillars include generating the signal, sensing the signal, 

transmitting the signal and executing the signal. For each pillar, we separate the various 

forms of directed migration by cue except for the fourth pillar, where we consider how the 

various signalling mechanisms converge on a common set of cell translocation machineries.

Generating the signal

For directed migration to occur, a signal must first be generated. This signal may be a 

transient cue such as a diffusible chemical signal secreted into the environment meant to 

direct cells for a short burst of migration. Alternatively, the signal may involve a long-lasting 

change to the environment that guides cells for an extended time, such as the generation of 

physical paths.

Chemotaxis.

Chemotaxis is mediated by the generation of diffusible cues. When these cues are presented 

uniformly, cells undergo chemokinesis, where they migrate randomly with either higher 

speed and/or higher turning frequency relative to unstimulated cells11. However, if the 

promigratory signal is presented in the form of a gradient, directed migration occurs12 (FIG. 

1a). The diffusible agents that induce directed migration include a large and diverse group 

of chemoattractants produced by different sources. These comprise formylated peptides13, 

products of the complement cascade14, phospholipid metabolites15 and a large family of 

chemokines and growth factors that are derived from endothelial, epithelial and stromal 

cells16. In addition, ATP and hydrogen peroxide have been reported to act as autocrine 

signals to amplify chemotactic signals17–19. Furthermore, specialized secreted proteins, such 

as Slits, netrins, semaphorins and ephrins, are well-known axon guidance cues20–23. The 

diverse biochemical nature of these chemotactic cues, with distinct diffusion coefficients and 

affinities for their cognate receptors, presents considerable challenges for the generation and 

maintenance of stable gradients during chemotaxis.

A gradient can be established by simple diffusion from a source or by regulating the 

removal of the attractant24. Examples of mechanisms cells use to regulate gradient formation 

and avoid receptor saturation (a situation when cells are no longer able to perceive 
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concentration differences of the chemoattractant) include degradation of chemoattractants by 

enzymatic or proteolytic breakdown, and endocytosis of cell surface-bound chemoattractants 

via scavenger/decoy receptors that specifically remove their ligand without initiating cell 

polarity/migration signalling (reviewed in25) (FIG. 1b). For example, it was established 

that a negative-feedback loop between CXCL12 and its receptor CXCR7 is required to 

maintain optimal CXCL12 concentration in the zebrafish posterior lateral line primordium26. 

Using a clever synthetic approach, where GFP is used to generate diffusible gradients, it 

was recently shown that combining the expression of non-signalling decoy receptors with 

receptors engineered to respond to GFP allows the synthetic GFP gradient to generate 

normal growth and patterning of the Drosophila melanogaster wing pouch27. In addition, 

self-generating gradients have recently been proposed as an alternative mechanism to 

generate chemical gradients. In this case, migrating cells would secrete enzymes that break 

down chemoattractants initially distributed uniformly — as observed for Dictyostelium 
discoideum cells migrating towards folic acid28, and melanoma and pancreatic cells 

responding to lysophosphatidic acid29,30. Such a mechanism can theoretically give rise 

to steep gradients that work over long distances and convoluted migratory pathways. 

Accordingly, with use of artificial complex environments and mathematical modelling, it 

was recently shown that the breakdown of attractants allows D. discoideum and pancreatic 

metastatic cell lines to navigate long, complex paths in a manner that is dependent on 

attractant diffusibility, cell speed and path complexity31.

Filopodia

Finger-like protrusions that contain bundles of linear F-actin. filopodia serve to probe 

local environmental cues, provide directionality and maintain persistence of migrating 

cells.

Stress fibres

Contractile arrays of actin and non-muscle myosin II that are mechanically coupled to the 

substrate through integrin-based focal adhesions.

Substrate compliance

The mechanical resistance provided by non-rigid substrates (for example, collagen gels) 

to the contractile forces exerted by cells as they engage the substrate.

Complement

Complement proteins are products of the complement pathway generally activated as part 

of the innate immune response to infection. some complement proteins, such as C5a, act 

as chemoattractants that guide leukocytes to sites of infection.

Gradients can be propagated by means other than simple diffusion32. For instance, 

morphogens have long been known to be secreted in precursor forms that harbour motifs 
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that bind to extracellular matrix (ECM) components and can be later released by cell-

mediated proteolysis of the ECM component33. Similarly, it has been shown that neutrophils 

migrating in 3D collagen matrices activate discoidin domain receptor 2 (DDR2), which 

binds collagen I, and induces the secretion of matrix metalloproteinases and the release of 

collagen-derived chemotactic peptides that act in an autocrine manner to stabilize neutrophil 

directionality34. The concept, referred to as ‘autologous chemotaxis’, has also been reported 

to be involved during the CCR7-driven directed migration of tumour cells. In this case, 

chemoattractant gradients were generated from autocrine signals as a result of interstitial 

flow that produced advection fields35,36.

Posterior lateral line primordium

A group of cells that migrate together from the ear to the tip of the tail of zebrafish as 

they periodically deposit primary neuromasts.

During development, the transportation of signalling molecules along filopodium-like 

protrusions called ‘cytonemes’ or ‘tunnelling nanotubes’ (thin cellular protrusions involved 

in cell–cell communication) or through transcellular transport (transcytosis) has been 

reported to be involved in the generation of mitogen gradients37,38. There is also evidence 

that the packaging of chemoattractants in extracellular vesicles (in particular exosomes) 

importantly contributes to the generation of gradients during chemotaxis. In D. discoideum 
cells, extracellular vesicles have been shown to contain the machinery to synthesize 

and release the chemoattractant cAMP; these extracellular vesicles mediate the relay 

of chemotactic signals during chemotaxis and the alignment of cells in a head-to-tail 

fashion in a process referred to as ‘streaming’39,40. In macrophages and dendritic cells, 

the secondary chemoattractant leukotriene B4 (LTB4) has been reported to be present in 

exosomes and promote migration41. In neutrophils, LTB4 is released in response to primary 

chemoattractant stimulation and acts in an autocrine and paracrine fashion to stabilize 

neutrophil cell polarization and to relay signals to distant neutrophils42,43. Similarly, 

dendritic cell migration was recently reported to depend on exosomes released from 

lymphatic endothelial cells in a CX3CL1 (also known as fractalkine)-dependent fashion44. 

Moreover, chemokine-containing exosomes isolated from stressed tumour cells have been 

reported to activate and induce the migration of T cells45, and neutrophils have been 

shown to package and release CXCL12 via secretory vesicles, leaving behind CXCL12-

containing trails that attract T cells to infection sites46. In these contexts, the packaging 

of chemotactic cues in extracellular vesicles/exosomes is poised to protect attractants 

from harsh extracellular environments, degradation and/or rapid diffusion. Furthermore, we 

envision that as the vesicles are deposited, they can persist after the cells have left the 

area and continue to deliver chemotactic cues to generate long-lasting secondary gradients 

to recruit distant cells to sites required for their action (such as sites of inflammation 

for leukocytes) (FIG. 1b). In addition, extracellular vesicles have also been reported to 

mediate directional migration by regulating cell–ECM adhesion assembly in tumour cells. 

In this case, autocrine secretion of fibronectin-coated exosomes at the leading edge of cells 

expressing fibronectin receptors allowed them to establish connections to the ECM, which 

became coated with these extracellular vesicles47,48.
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Morphogens

Signal molecules that originate from a tissue and diffuse to generate a concentration 

gradient. Morphogens exert long-range signalling effects important for growth and tissue 

patterning during development.

Advection fields

Fluid flows such as interstitial flow in tissues that can create an advection field or 

directional transfer of molecules in the liquid phase around cells, which in turn can create 

asymmetries in secreted autocrine chemoattractants, leading to autologous chemotaxis. 

Advection fields can also form in the cytoplasm.

Extracellular vesicles

A group of heterogeneous vesicles (several nanometres to micrometres in size) that carry 

a variety of cargos, including proteins, lipids and nucleic acids, and are secreted by cells 

to the extracellular space to facilitate cell–cell communication.

Exosomes

The smallest subtype of extracellular vesicles, with a size ranging from 50 to 150 nm. 

Exosomes are generated as intraluminal vesicles which are secreted to the extracellular 

space when intraluminal vesicle-carrying multivesicular bodies fuse with the plasma 

membrane.

Caveolin

integral membrane protein family required for flask-shaped (caveola) membrane structure 

formation. Caveolins are also involved in membrane trafficking, exocytosis, endocytosis, 

extracellular vesicle formation and extracellular vesicle cargo selection.

Rho-family GTPases

A family of small proteins that bind GDP or GTP and regulate a wide array of 

downstream signalling events. CDC42, Rac, and RhoA are widely studied members of 

this family of proteins.

Haptotaxis.

Haptotaxis is the sensing of surface-bound chemical cues (FIG. 1a). A primary haptotactic 

cue is provided by the components of the ECM. A variety of cells can secrete ECM 

proteins, such as fibronectin, laminin and various collagens, into the environment to form 

insoluble arrays that become migration substrates or bind to existing substrates, thereby 
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functioning as migration cues for the cells themselves or for other cells in the vicinity49,50. 

Unlike diffusible chemotactic cues, ECM haptotactic cues tend to be relatively stable and 

long-lasting. As many components of the ECM can bind to each other, their deposition can 

be iterative to create complex mixtures of haptotactic cues51. In addition, cells can locally 

degrade ECM components to further sculpt remarkably complex migration environments52.

The specific molecular mechanisms of ECM secretion remain poorly understood. Recent 

work suggests that caveolin-dependent regulation of exosome biogenesis is a key step 

in ECM secretion and deposition in fibroblasts53, but the universality of this mechanism 

will need to be explored in other cell types. Furthermore, initial cell engagement with 

the ECM can trigger the deposition of fibronectin at the leading edge of cells through 

a mechanism involving one of the Rho-family GTPases, CDC42 (REF.54). This creates 

a positive-feedback loop for cells to essentially lay down tracks and facilitate persistent 

migration on ECM compositional gradients. Cell engagement with the ECM can also modify 

the structure of the array, whereby integrin-dependent cell contacts induce the reorganization 

of fibronectin fibrils55. An interesting pathophysiological example of ECM deposition 

occurs in the retina of patients with diabetes or macular degeneration, where inappropriate 

deposition of fibronectin leads to thickening of Bruch’s membrane (the innermost layer 

of the retina) and inappropriate neovascularization56. Such increased deposition of ECM 

proteins could generate abnormal haptotactic cues. However, increased ECM deposition 

will also change the mechanical landscape of the microenvironment, which could trigger a 

pathological durotactic response as described later.

In addition to ECM haptotactic cues, cells secrete factors such as chemokines or other 

guidance factors that bind tightly to existing ECM arrays57, thus generating haptotactic cues 

that are sensed by direct cell engagement rather than acting at a distance through diffusion 

like during chemotaxis. Generation of these cues is regulated by mechanisms similar to the 

ones responsible for the generation of diffusible, chemotactic cues. Nevertheless, as noted 

already, such ECM-bound chemokines can also be released to switch a haptotactic cue into a 

locally functioning chemotactic cue58,59.

Durotaxis.

In addition to sensing molecular cues, cells have the ability to sense differences in 

substrate stiffness and respond by migrating towards or away from areas of higher 

stiffness (FIG. 1a). Such stiffness gradients have recently been demonstrated in vivo in 

the embryonic mouse limb bud60. The generation of these durotactic cues requires changes 

in the mechanical environments that cells encounter, which can persist for long periods 

and influence the migration of cells for days or much longer. For example, increased 

amounts of ECM deposition can often lead to changes in the mechanical properties of 

the local microenvironment, which can produce a hybrid haptotactic-durotactic-topotactic 

cue61. Another means by which mechanical cues can be generated is through mechanical 

modification of the existing ECM, either stiffening it or relaxing it. For example, the 

lysyl oxidase enzymes (LOXL1-LOLX4) can crosslink collagen fibrils and other ECM 

components to render a stiffer network62,63. Interestingly, this group of enzymes is 

frequently misregulated in cancer and other disease states such as during fibrosis, speaking 
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to the importance of mechanical control of the cell’s environment62. These mechanical 

changes can influence the proliferation and migration of tumour cells64 as well as 

surrounding stromal cells such as endothelial cells in the vasculature65. Conversely, matrix-

degrading enzymes such as matrix metalloproteinases can relax or soften the environment to 

further sculpt the mechanical landscape encountered by cells66,67.

Topotaxis.

Topotaxis is driven by biophysical cues, where cells sense the topographical features of the 

surrounding microenvironment. Natural tissue elements, including aligned collagen fibres, 

muscle strands, nerve fibres, vascular tracks and pores or tunnel-like confined trails within 

the ECM, often provide an anisotropic surface architecture at nanometre or micrometre 

scale68,69 (FIG. 1a). Migrating cells tend to adapt their shape to the available geometry of 

the surrounding substrate to migrate in a preferred direction. However, it is important to 

consider the cell types (taking into account their unique properties) as well as the size of 

the confining space when one is reflecting on how topological cues prescribe directional 

choices to migrating cells. For instance, it has been shown that migrating leukocytes, 

which exhibit amoeboid movement, follow pre-existing trails in 3D reconstituted collagen 

matrices70,71. Unlike tumour cells and fibroblasts, these leukocytes do not actively break 

down the ECM. Instead, leukocytes migrating in interstitial tissue undergo a robust shape 

change guided by the matrix that induces transient deformation of the collagen network, 

and squeeze through the preformed trails of larger pore size and least resistance. By 

contrast, cancer cells during tissue invasion frequently depend on proteolytic remodelling 

of the ECM to create their own trails, especially when encountering environments with 

limited space and more resistance 69,72. However, non-proteolytic strategies, including ECM 

deformation, have been reported in cancer cells with amoeboid features as they make their 

way through tissue73. Depending on the tumour type, a customized migratory approach 

may also exist, where tumour invasion relies on protease-dependent tunnel formation in the 

matrix, which guides the migration of leading tumour or non-tumour stromal cells (including 

fibroblasts, endothelial cells and smooth muscle cells), whereas the follower cells are simply 

carried along those tunnels without the need for active ECM remodelling74. Further, it has 

been reported that cancer cells during invasion can orient themselves parallel to different 

topological features of the surrounding tissue, and migrate directionally without requiring 

major ECM remodelling, suggesting that cells are capable of sensing complex topological 

features of the microenvironment and tune their migratory response accordingly75.

G protein-coupled receptors (GPCRs).

A family of plasma membrane receptors composed of seven transmembrane domains 

that couple to heterotrimeric G proteins to regulate responses mediated by a variety of 

external signals.

Axon growth cone
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Motile structure at the tip of growing axons that guides directed extension of the axon 

and is important for patterning of the nervous system.

Galvanotaxis.

The existence of electric fields around cutaneous wound sites has been known since the 

1840s76, and these fields can serve as cell migration cues in a process called ‘electrotaxis’ or 

‘galvanotaxis’ (FIG. 1a). During the wounding process, the electric potential maintained by 

transepithelial resistance is short-circuited, and the resulting electric field can reach up to 10 

μA cm−2, a value in the range that can be sensed by cells77. In addition to wounds, electric 

fields have been documented during embryogenesis through transepithelial ion transport78. 

These transient electric fields are sensed by cells in their vicinity, often provoking a directed 

migration response.

Sensing the signal

Once a signal has been generated, cells must be able to sense the signal. In the case of 

chemotaxis, this is a fairly straightforward process of receptor–ligand interactions. However, 

the sensing step for other cues, such a mechanical compliance of the substrate, is less 

straightforward and involves more complex mechanotransduction pathways engaging both 

surface proteins and mechanically coupled intracellular proteins.

Chemotaxis.

The mechanisms underlying how cells sense extracellular cues are, by far, best understood 

for chemical cues in the context of chemotaxis (FIG. 2a). Work using D. discoideum in 

the late 1980s first identified G protein-coupled receptors (GPCRs) as the surface receptor 

responsible for sensing cAMP — the main chemoattractant for D. discoideum chemotaxis79. 

This work was followed by a flurry of reports in the early 1990s showing that chemokines 

are also sensed by GPCRs80–83. More than 50 distinct chemokines have been identified in 

humans and are grouped into the CL, CCL, CXCL or CX3CL subfamily, depending on the 

sequential positioning of highly conserved cysteine residues84,85. These are recognized by 

~20 known conventional chemokine receptors, referred to as ‘CCRs’ or ‘CXCRs’, that share 

25–80% sequence identity and exhibit the ability to bind multiple chemokines within a given 

chemokine subfamily83,86,87. In addition, some chemokines can bind to atypical chemokine 

receptors, which are structurally related to conventional chemokine receptors but do not 

couple to signalling modules. Finally, formylated peptides88, products of the complement 

cascade16, phospholipid metabolites89 and the small molecules ATP and ADP17,90 are all 

known to bind to GPCRs to mediate their chemotactic activities, making GPCRs the main 

molecular chemotactic sensors.

Receptor tyrosine kinases (RTKs) that interact with growth factors, such as EGF and 

PDGF, are a second class of receptors that mediate chemotaxis91. Whereas GPCR-mediated 

chemotactic signalling prevails in the context of amoeboid chemotaxis, mesenchymal 

cells often use RTK-mediated signalling during directional migration, perhaps reflecting 

fundamental differences in physiological and environmental conditions encountered by each 
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cell type92,93. In addition, axon growth cone guidance, which is required for patterning the 

nervous system, is mediated by several families of transmembrane receptors that bind to 

secreted guidance cues (such as Robo–Slit proteins or netrin-netrin receptors) and mediate 

either attractive or repulsive responses94–96. Neuronal guidance cues are also known to 

regulate immune responses97, where, again, they can inhibit or promote migration98–100.

Haptotaxis.

Haptotactic cues are also sensed by cognate cell surface receptors (FIG. 2a). Integrins 

are used to sense haptotactic gradients composed of ECM components, where the spatial 

organization or clustering of integrins is key to their signalling properties101. Numerous 

studies have shown that small, nascent adhesions at the leading edge of migrating cells 

recruit a different subset of signalling and mechanical effectors compared with larger, 

maturer adhesions further back under the cell body102. Moreover, these small, nascent 

adhesions are critical for ECM haptotaxis through a specific signalling pathway described 

in the next section. In the case of surface-bound chemokines such as CCL21, the same 

GPCR (CCR7) that senses the diffusible version of this cue is used to sense immobilized 

gradients103. Interestingly, dendritic cells following surface-immobilized CCL21 gradients 

require non-linear, exponential gradients for haptotaxis and do not undergo haptotaxis on 

linear surface gradients, suggesting differences in how the same cue is sensed when it is 

diffusible or surface-bound. In theory, cells could use other receptors such as cadherins at 

cell–cell junctions to perceive haptotactic cues presented by other cells, but this has yet to be 

reported.

Cell–cell junctions

Stable or dynamic sites where borders of two neighbouring cells contact each other. 

Cell–cell adhesion receptors and recruited adaptor proteins are mechanically coupled to 

the actin cytoskeleton.

Durotaxis.

The mechanism of durotactic sensing is a matter of intense recent interest (reviewed 

in104–106). Unlike the cell-impermeant chemical cues driving chemotaxis and haptotaxis, 

which must be sensed by cell surface receptors, mechanical force is not limited by 

membranes. Thus, the ‘receptors’ or ‘sensors’ for durotaxis could theoretically be on either 

side of the plasma membrane or even much deeper in the cytoplasm of the cell, as long 

as these components are mechanically coupled to the substrate. We envision that durotaxis 

results from the ensemble activation of multiple mechanically sensitive ‘receptors’ that act in 

concert to drive directed cell migration.

Focal adhesions

Multiprotein assemblies that physically connect extracellular matrix components to the 

intracellular actin cytoskeleton through integrin clusters. Integrin-mediated adhesion to 

extracellular matrix ligands recruits a plethora of signaling (Src and FA K) and structural 

(talin, paxillin and vinculin) molecules to focal adhesions. Large, mechanically engaged 
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focal adhesions play a crucial role in sensing mechanical cues, while smaller, nascent 

adhesions are critical for sensing haptotactic cues.

Several candidate durotactic ‘receptors’ have been identified (FIG. 2b). Working from 

outside the cell inward, the first candidate receptor are integrins107,108. Several recent 

biophysical studies have demonstrated that these surface proteins are sensitive to mechanical 

load and are concentrated in structures relevant for cell migration, such as filopodia, 

lamellipodia and focal adhesions109,110. However, as some cells can migrate by integrin-

independent mechanisms111, if they are sensing substrate compliance, they may be using 

an integrin-independent mechanism. Another potential source of mechanical sensing is 

the membrane itself, which seems to prominently involve invaginations of the membrane 

formed during either clathrin-based or caveolin-based endocytosis. Indeed, several studies 

have shown that these endocytosis pathways display different dynamics and internalization 

frequencies when cells are plated on uniform substrates of varying compliance112–114. 

However, differences in endocytic structures across single cells plated on stiffness gradients 

have not been shown. In addition, stretch-activated ion channels, such as PIEZO1/2, have 

been reported to sense substrate stiffness115. One possibility is that as cells apply traction 

force to the substrate on stiffness gradients, these channels will become differentially 

activated and produce local differences in migration-relevant signalling intermediates such 

as intracellular calcium. More work will be required to test these ideas.

Traction force

The stress vector at the interface between a migrating cell and its substrate.

LIM domains

Protein structural domains named after the proteins LIN-11, ISL1 and MEC-3. A subset 

of these domains, such as those found in the proteins zyxin, paxillin and testin, bind actin 

filaments in a mechanical stress-dependent manner.

LINC complex

Linker of nucleoskeleton and cytoskeleton (LINC) complex is a complex of nuclear 

envelope proteins that connects the cytoskeleton to the nuclear lamina and is thus 

involved in transferring signals from sensing mechanical cues at the cell surface or in 

the cytosol into nucleus.

Moving just inside the plasma membrane, many cytoplasmic components of integrin-

containing focal adhesions have been shown to be mechanically sensitive, including talin116, 

vinculin117 and p130Cas118. When focal adhesions are under differential mechanical 

load, many of these proteins show altered conformation and/or altered interactions with 

other cytoplasmic components. However, many cells lack the large, stable focal adhesion 

structures of mesenchymal cells, where these phenomena have been mostly studied, and still 

display sensitivity to substrate rigidity119. This suggests that focal adhesions may not be a 
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universal durotactic sensing structure across all cell types. Regardless of whether integrins 

are clustered in classic focal adhesion structures, they are still mechanically coupled to actin 

filaments, and several recent studies have shown that actin filaments themselves are sensitive 

to mechanical load by differentially binding proteins containing LIM domains depending 

on the mechanical conditions (varying load)120,121. This differential response to mechanical 

load could serve as a type of ‘durotactic receptor’, leading to altered cytoskeletal dynamics 

and structure, as well as alteration of signalling pathways. Recent work has also shown that 

a subset of microtubules originating from the Golgi apparatus are critical for durotaxis by 

regulating focal adhesion dynamics122.

Finally, actin filaments and microtubules are connected to the nucleus by the mechanically 

sensitive LiNC complex123,124, which could function as a sensor for differential mechanical 

load on either side of the nucleus. Indeed, differential positioning of the nucleus relative 

to the rest of the cell has been linked to regulation of cell polarization during scratch-

induced migration of epithelial monolayers125 as well as cell locomotion through piston-like 

generation of pressure gradients in fibroblasts migrating in a lamellipodium-independent 

manner in certain 3D environments126 (see the section Executing the signal for details).

Topotaxis.

We are only beginning to understand the mechanisms for sensing topology (FIG. 2a). 

Similarly to durotaxis, sensors of topological cues are mechanically coupled elements that 

are located on either side of the cell surface or within internal compartments, such as the 

nucleus. Some of the sensing elements for topotaxis (for instance, focal adhesions) may 

overlap with those for both haptotaxis and durotaxis. Over the past decade, a large number 

of studies have monitored changes in cell shape, protrusion shape, actin cytoskeleton and 

motility in response to artificial matrix landscapes of diverse topology. These landscapes are 

generally engineered to house symmetric or asymmetric microstructures or nanostructures 

of the synthetic substrates that are arrayed on a flat surface in specific patterns127–129 or 

3D channels of open or closed ratchets to mimic topological features of tissue architecture 

in vivo130. However, studies aimed at teasing apart the mechanisms of landscape sensing 

to the downstream intracellular events, which translate into motility, are sparse. In a few 

studies, cells were reported to sense topographical features at nanometre to micrometre 

scales by extending leading-edge protrusions. For instance, lamellipodia in fibroblasts 

were shown to orient themselves parallel to the micropatterned lines coated with ECM 

component, promoting elongated cell shape and directional migration131. In addition to 

parallel orientation, a smaller size of the protrusions has been reported to promote directed 

migration, possibly by limiting migration perpendicular to the direction of ECM patterns131. 

In contrast to lamellipodia used by fibroblasts, neurons use both transient, non-aligned and 

stabler, aligned filopodium populations to sense nanotopographical cues, and to coordinate 

the signals that promote neurite outgrowth along ECM-coated lined patterns132. In addition 

to the orientation of the structures, the availability of continuous adhesive surfaces on the 

ECM-coated aligned fibres assists individual protrusions in sensing the topology133. Such 

adhesion points give rise to the formation of sequential focal adhesions along the continuous 

stretch of fibres, which promote persistence of the protrusions in a parallel orientation with 

respect to the aligned fibres.
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BAR-family proteins

Bin/amphiphysin/Rvs161 domain (BAR) proteins are membrane-binding proteins that aid 

in regulating membrane shape.

Arp2/3 complex

A seven-subunit protein complex that possesses actin nucleation and branching activities 

leading to the generation of branched actin networks.

N-WASP

Neuronal Wiskott–Aldrich syndrome protein activates the Arp2/3 complex and promotes 

branched actin filament formation.

Local deformation or curvature of the plasma membrane at the interface of the cell and the 

substrate was recently identified as the sensor of nanotopography134. Topography-induced 

membrane curvature serves as a bridge between surface topography and intracellular actin 

reorganization. Key pillars of the bridge include curvature-sensitive BAR-family proteins, 

particularly FBP17, which recognize and accumulate within high-curvature areas present 

on either end of nanobars fabricated to provide nanoscale topological cues. Localized 

FBP17 then facilitates nucleation of F-actin by activating key actin cytoskeleton modulators, 

including the Arp2/3 complex, N-WASP and cortactin134. The resulting branched F-actin 

network accumulates at both ends of the nanobars and undergoes rapid polymerization–

depolymerization cycles. Of note, curvature sensing by FBP17 recruitment is restricted 

to a curvature diameter of less than 400 nm, indicating that topography sensing by 

curvature-sensitive proteins is size specific. Mechanistically, the identification of membrane 

curvature as the topology sensor fills the gap in our understanding of how topological cues 

from the surface translate into actin fibre reorganization inside the cells and, hence, is 

groundbreaking.

Cortactin

A nucleation promoting factor that activates the Arp2/3 complex and promotes branched 

actin filament formation.

Finally, a rather non-conventional sensor of topography is the cell nucleus. The nucleus 

is a large, bulky and relatively rigid cellular organelle, repositioning of which is rate 

limiting during migration in constrained environments. Recent studies have revealed that 

topological cues trigger changes in nuclear subcellular location and shape, which have a 

significant impact on path finding and cell migration71,135,136. In the case of immune cells 

using amoeboid migration, cytoskeletal forces position the nucleus in the front portion of 

the cells. This allows cells to sample densely packed tissue, gauge the available space 

and choose the path of least resistance71. Notably, two recent studies proposed that the 

nucleus acts as an internal ruler that interprets cell shape in confined spaces, and facilitates 
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rapid movement136,137. Specifically, it was shown that when the level of confinement 

is increased above a certain point sensed via nuclear deformation, cells exert an active 

contractile force. This contractile response was connected to the progressive expansion 

and unfolding of the nuclear envelope with increased confinement. A completely unfolded 

nuclear envelope triggered a contractile response that allowed cells to resist the physical 

compression and squeeze out of the confined space. Such a specific adaptive response 

tailored by the nucleus may be of particular importance for immune cell patrolling through 

dense tissues, for progenitor cells migrating through a densely packed cell mass during 

embryonic development or even during cancer cell invasion.

Galvanotaxis.

How cells sense electric fields has been debated for several decades138. Unlike mechanical 

cues, which can be sensed either at the cell surface or inside the cell, electric fields must 

be sensed outside the plasma membrane due to its high electrical resistance. The two 

predominant models for this sensing are membrane depolarization and electromigration of 

surface proteins. Recent reports favour electromigration of surface proteins as a mechanism 

of galvanotactic sensing139,140. In these studies, the charge on the extracellular domains of 

model proteins, as well as some lipids and carbohydrates, resulting from the application of 

an electric field induces electrophoresis of these molecules within the plane of the plasma 

membrane, either towards or away from the cathode140,141 (FIG. 2a). Moreover, it has been 

shown that galvanotaxis itself is sensitive to extracellular pH, which likely changes the 

charge state of proteins through protonation139.

Transmitting the signal

In the third pillar of directed migration, the signal must be transmitted from the sensor to 

the machinery necessary to move the cell. In some cases, this occurs via polarized second 

messenger pathways, but in other cases the signal transduction machinery and the motility 

machinery may overlap, such as during durotaxis. During the transmission step, a weak 

signal (in the form of a shallow gradient of the cue) is often amplified to produce a robust 

cellular response.

Chemotaxis.

For cells to migrate, their cytoskeletal machinery must be polarized142. The important 

questions are how shallow gradients of extracellular chemical cues can be transformed into 

steep polarized cellular responses, and at what point in the signalling cascade are responses 

confined to a defined subcellular location. The introduction of GFP technology and live-cell 

imaging have been critical in addressing this question. It was established that chemotactic 

GPCRs remain uniformly distributed in D. discoideum cells and neutrophils undergoing 

chemotaxis143,144, suggesting that the signals leading to the segregation of the cytoskeletal 

machinery are downstream of receptor occupancy. However, in lymphocytes, chemokine 

receptors have been reported to be clustered at the front of cells145. In mesenchymal 

tumour cells undergoing chemotaxis, the EGF receptor, like GPCRs, is also distributed 

homogeneously on the plasma membrane, but accumulates in endocytic vesicles on the side 

of the cell exposed to the high concentration of the chemoattractant146. Because the EGF 
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receptor signalling can continue from internalized endosomes, this suggests that polarized 

receptor signalling could occur for RTKs in mesenchymal chemotaxis147.

Nevertheless, from findings in amoeboid cells it is clear that the polarization of signalling 

molecules at the front and rear of cells undergoing chemotaxis occurs downstream of 

sensing receptors and upstream of the cytoskeletal machinery (FIG. 3a,b) (although the 

flow of actin may also contribute to the polarization of signalling molecules and hence 

cytoskeletal rearrangements may also fine-tune the distribution and thus the reception 

of the signal)148. Indeed, with use of probes that specifically label lipids downstream 

of phosphoinositide 3-kinase (PI3K), it was shown that phosphatidylinositol 3,4,5-

trisphosphate lipids are spatially restricted to the leading edge of D. discoideum, neutrophils 

and fibroblasts undergoing chemotaxis149–151. These polarized phosphatidylinositol 3,4,5-

trisphosphate sites, which are dependent on Ras signalling (reviewed in152), are then 

poised to spatially recruit a subset of pleckstrin homology (PH) domain-containing proteins 

that regulate actin assembly through the regulators of Rho-family GTPases, such as Rho 

guanine nucleotide exchange factors, and DOCK–ELMO153–155. However, pharmacological 

inhibition or genetic ablation of PI3K does not completely inhibit chemotaxis, particularly 

in steep chemotactic gradients152,156,157, and several parallel pathways have been reported 

to regulate D. discoideum and neutrophil chemotaxis, including TORC2 (REFS158–161), 

phospholipase A2 (REFS162–166) and MAPK/ERK167–170. In fibroblasts undergoing 

chemotaxis towards the RTK ligand PDGF, the phospholipase PLCγ appears to be crucial 

for this process through localized hydrolysis of phosphatidylinositol 4,5-bisphosphate to 

yield diacylglycerol at the leading edge facing the highest concentration of PDGF156. 

This stable enrichment of diacylglycerol triggers the localized activation of the kinase 

PKCα and the subsequent inactivation or inhibition of myosin II through non-canonical 

phosphorylation of Ser1/Ser2 on the regulatory light chain, thereby creating asymmetry 

in myosin II-mediated contractility. Furthermore, in carcinoma cells migrating towards 

the RTK ligand EGF, amplification of the signal has been reported to occur through 

the activation of the actin-severing protein cofilin by PLCγ thereby allowing asymmetric 

actin polymerization required for protrusion towards the EGF gradient171. Finally, positive-

feedback and negative-feedback mechanisms centred at the regulation of signal transduction 

via the Ras–PI3K–ERK pathway have been reported to be involved in regulating the modes 

of migration in D. discoideum172 and the metastatic potential of epithelial cells173. Such 

self-organizing excitable signal transduction activities were proposed to underlie the control 

of the extension of actomyosin-based protrusions and were suggested to have a key role 

during development (reviewed in142).

Pleckstrin homology (PH) domain

Small protein domains of approximately 120 amino acids that are known to have 

phosphoinositide-binding specificity.

DOCK-ELMO
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A protein complex consisting of an adaptor protein, ELMO, and a Rac-specific guanine 

nucleotide exchange factor, DOCK.

Importantly, although many aspects of chemotactic signalling are common in amoeboid 

and mesenchymal cells, the fundamental difference in migration behaviours between these 

two types of cells, with specific mechanisms, timescales and dynamics, requires distinct 

signalling pathways that are not fully understood92,93.

Haptotaxis.

The transmission of haptotactic signals and the transmission of chemotactic signals 

are similar, involving traditional Rho-family GTPase signalling pathways. The most 

well-studied form of haptotaxis is sensing gradients of ECM proteins through integrin 

engagement (FIG. 3c). In this case, integrin engagement leads to the activation of the 

non-receptor tyrosine kinases FAK and Src-family kinases174. These kinases phosphorylate 

a variety of substrates, triggering the formation of new protein complexes including 

those involving guanine nucleotide exchange factors, such as β-PIX and TIAM1, and the 

activation of Rac, which leads to the formation of lamellipodial structures. When these 

lamellipodia protrude up the gradient of fibronectin and encounter more ECM ligands 

for the integrins, a positive-feedback loop is established that is critical for haptotaxis of 

fibroblasts on gradients of fibronectin. However, it is not clear whether signal amplification 

akin to what happens during chemotaxis occurs or is required during ECM haptotactic 

signalling. In the case of haptotactic migration on gradients of surface-bound chemokines, 

the presumption is that the signalling pathways activated by the cognate GPCRs are the 

same as the signalling pathways activated by the diffusible version of the chemotactic 

cue, but this presumption needs further experimental validation. Interestingly, one study 

reported differential regulation of CCR7 towards haptotactic ECM-bound gradients of 

CCL21 versus chemotactic, diffusible CCL21 (REF.103). This suggests that a cell response 

to haptotactic versus chemotactic cues, even when involving the same receptor/pathway, 

may be specifically modulated to adjust cell behaviour to the migratory context.

TORC2

Target of rapamycin complex 2 is composed of seven conserved subunits and is involved 

in regulating proliferation, survival, cell migration and cytoskeletal reorganization.

Phospholipase A2

An enzyme that cleaves phospholipids to give rise to lipid products (arachidonic acid 

or lysophosphatidic acid) that either have the ability to regulate signalling events or are 

substrates in the generation of bioactive lipids.

MAPK/ERK
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A group of protein kinases that transduce signals from cell surface receptors to the 

nucleus.

Durotaxis.

Delineating how durotactic signals are transmitted is challenging as the ‘receptor’ 

or ‘receptors’ responding to durotactic cues are not definitively known. Furthermore, 

the distinction between sensing and transmitting a mechanical signal could overlap 

considerably, and thus is not nearly as clear-cut as during other directed migration types, 

such as chemotaxis. However, the signal transduction mechanisms involved during durotaxis 

can be broadly grouped into two classes, depending on the cell type and environmental 

context.

Förster resonance energy transfer

A mechanism describing energy transfer between two light-sensitive molecules.

First, mechanically sensitive enzymes and proteins can generate traditional second 

messengers such as intracellular calcium changes. The best studied examples of these are the 

non-selective PIEZO1/2 stretch-activated ion channels175. These proteins have been linked 

to a wide variety of mechanosensation events but, to our knowledge, have not yet been 

specifically tested during durotaxis. Cytoplasmic enzyme kinetics can also be controlled by 

mechanical load176, which could theoretically lead to altered second messenger signalling, 

but this has not been documented during mechanically triggered cell migration.

Second, mechanical force can result in protein conformational changes, such as unfolding, 

or changes in biophysical properties, such as catch-bond behaviour, where mechanical load 

increases bond strength. One of the first proteins shown to display a mechanically sensitive 

conformational change and altered binding partners was p130Cas, an adaptor protein 

regulating tyrosine kinase-based signalling related to cell adhesion118. This paradigm of 

molecular stretching under mechanical load has strongly influenced how we think about 

mechanosensing177. This has been further reinforced by the generation of Förster resonance 

energy transfer-based molecular tension biosensors, including those of integrin adhesion-

associated vinculin and talin, which enabled the visualization of local changes in tension 

that may constitute signals for directed migration117,178–181. Both vinculin and talin show 

F-actin binding that is increased under mechanical load182,183. This catch-bond binding for 

both proteins is asymmetric, with a bias towards binding the pointed (minus) end of the actin 

filament. In nascent adhesion structures at the leading edge, the proximal actin networks — 

which generally face the membrane with their barbed (plus) ends — are flowing backwards 

by retrograde flow from the leading edge. This polarized flowing population of filaments 

can be engaged by vinculin and talin associated with the nascent adhesions due to their 

asymmetric catch-bond properties, possibly contributing to localized adhesion maturation 

and hence directional migration. The next step will be to observe how these local, tension-

dependent conformational changes translate to more global mechanotransduction networks 

across single cells migrating on gradients of substrate stiffness.
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Topotaxis.

How guidance signals from tissue topography are transmitted within cells is not clearly 

defined. One can speculate that it will involve calcium, in light of the well-recognized 

role of calcium in converting external information into biological signals that subsequently 

lead to actin polymerization. Enhanced intracellular calcium activity has been detected in 

astrocytes seeded onto a micropatterned surface184. Astrocytes were found to be elongated 

and aligned along the direction of the grooves accompanied by frequent calcium peaks in the 

aligned cells relative to randomly oriented, rounded cells on flat surfaces184. Whether such 

calcium activity also tunes cell motility on such patterned surfaces is less clear. It has been 

partly addressed using surface topology with different degrees of confinement that mimic 

narrow channels and fibre-like tracks of natural ECM in vivo. In one of the recent studies, 

elevated intracellular calcium concentration was found to be important in mobilizing cells 

through confined microchannels, where the confinement-driven force was transmitted inside 

the cells as calcium influx via activation of PIEZO1 (REF.185). However, cell migration in 

the study was induced in the presence of a chemotactic source, indicating the need to further 

investigate whether topology or confined space-driven calcium influx controls cell motility 

independently of chemical cues.

Furthermore, PIEZO1 activation was recently shown to be regulated by the geometric 

features, such as roughness and stiffness, of the surrounding substrate when force was 

applied externally by substrate deflection at cell–substrate interfaces186. For instance, when 

individual pillars of a deformable micropillar array were deflected, the amplitude of the 

PIEZO1-mediated current was higher in cells surrounded by sparsely arrayed pillars, which 

led to less substrate roughness than for the densely arrayed pillars. Notably, the amplitude 

of the PIEZO1-mediated current induced by pillar deflection decreased when cells contacted 

substrates with greater stiffness but relatively low roughness186. Whether modulation 

of PIEZO1 channel activation by substrate mechanics affects calcium spatio-temporal 

dynamics and ultimately cell migration in response to various degrees of compressive, 

tensile and shear forces relevant in physiological contexts, such as dense tissues or blood 

capillaries, remains to be addressed.

There is also evidence that topotactic cues, and in particular cell compaction, are sensed 

via the nucleus, which will inevitably undergo deformation in this context, and that both 

calcium and the lipid-based second messenger arachidonic acid are essential to transmit 

this signal to the cytoskeleton71,136,137. In this mechanism, nuclear envelope stretching and 

unfolding resulting from the compressive force of compaction is associated with calcium 

release from internal stores, possibly through stretch-sensitive calcium channels. This then 

triggers the redistribution of the calcium-dependent phospholipase A2 (cPLA2) from the 

cytosol to the stretched nuclear envelope. Subsequent activation of cPLA2 leads to release 

of arachidonic acid from the nuclear envelope phospholipids. cPLA2-mediated release of 

arachidonic acid is critical for the biosynthesis of lipid mediators, including LTB4, which 

have well-established roles in activating myosin contractility and immune cell migration in 

an autocrine and paracrine manner42,187. Notably, LTB4-synthesizing enzymes also reside in 

the nucleus, which thereby identifies the nucleus as a dynamic hub for both sensing elements 

and second messenger production during cell motility in response to confined topology.
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Pseudopodia

Protrusive structures in amoeboid cells generated by branched and linear actin filament 

arrays in the leading edge and aligned with the direction of movement.

Ena/VASP

Enabled/vasodilator-stimulated phosphoproteins are actin polymerases that drive actin 

filament elongation and antagonize filament capping, leading to the generation of linear 

actin filaments.

Galvanotaxis.

Cells in electric fields activate a wide variety of intracellular signalling pathways, including 

AKT, Src-family kinases, MEK–ERK and JAK1 (REF.77). Consistent with this finding, 

galvanotaxis is sensitive to many pharmacological inhibitors and genetic perturbation 

of intracellular signalling pathways77,188. In this way, galvanotaxis is most similar to 

chemotaxis in terms of signal transmission. Consistent with this idea, a large-scale genetic 

screen for D. discoideum mutants defective in galvanotaxis revealed an impressive overlap 

of identified genes with those previously implicated in chemotaxis188. The activation of a 

wide array of signalling pathways may arise due to the electromigration-based clustering of 

a range of cell surface receptors on either side of the cell (relative to the electric field) that 

somehow activates downstream, intracellular signalling pathways leading to polarized signal 

transduction139,140. Indeed, recent data indicate that localized, photo-induced clustering of 

GPCRs can induce ligand-independent signalling189. Interestingly, in keratocytes, inhibition 

of one of the kinases commonly associated with galvanotaxis, PI3K, can actually reverse 

the polarity of galvanotaxis, leading to migration of cells towards the anode rather than 

the cathode139. Although the mechanism of this reversal is not known, it may indicate that 

electric field-induced signalling is being activated on both the anode-facing side and the 

cathode-facing side of the cell, resulting in a ‘tug of war’ for cell polarization decisions that 

can be influenced by perturbation of intracellular signalling.

Formin

A group of actin polymerases that drives the formation of linear actin filaments.

Executing the signal

The translocation of cells, individually or in groups, relative to their environment requires 

the generation of asymmetric or polarized forces relative to the substrate. There are several 

sources of this force generation, but a key concept is that directed migration-promoting 

signalling biases these forces either towards or away from environmental cues. Directed 

cell migration cues do not activate special mechanisms of cell translocation but bias the 

migration and cell polarity machinery that operates during normal, random cell migration12. 

Depending on the mode of migration used by a particular cell type (BOX 1), multiple 
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directed migration cues can converge on a common set of force generation mechanisms 

leading to cell translocation. Thus, with this fourth pillar of directed migration, we will not 

separate the directed migration forms by the environmental cue; rather, we will discuss the 

different forms of asymmetric force generation activated during directed migration (FIG. 4) 

and describe how the signal transmission step regulates this force generation.

Protrusion-based mechanisms.

One of the characteristic features of most migrating cells is that they have some kind of 

protrusive structure at their leading edge, which is aligned with the direction of movement 

(FIG. 4a). With a few notable exceptions, such as nematode sperm cells190, most protrusions 

are driven by the polymerization of actin filament arrays191. In amoeboid cells, these are 

known as pseudopodia, and the actin is a mixture of branched actin networks produced by 

the activation of the Arp2/3 complex and linear actin arrays produced by Ena/VASP and 

formin proteins192. In fibroblasts and other more adherent cells, the protrusions often take 

on a flatter appearance and fan-like architecture (referred to as ‘lamellipodia’) that is more 

dominated by Arp2/3-branched actin, although they also contain linear actin microspikes 

that can extend beyond the edge as filopodia193. Some cells, such as neuronal growth cones, 

have protrusions that are almost entirely formed by filopodia, containing bundled linear 

arrays of actin with concentrated actin polymerases such as Ena/VASP and formins at their 

tip194. Of note, these different protrusions are not finite entities and are highly plastic and 

can dynamically interconvert over time, such as when filopodia direct where lamellipodia 

can form195 or when lamellipodia yield clusters of filopodia196. The proportion of actin 

network types within protrusions (branched versus linear) is probably more important than 

the historical naming convention for the protrusion type.

SCAR/WAVE

Suppressor of cAR/WAsP family verprolin-homologous protein is a nucleation-

promoting factor that activates actin nucleation activity of the Arp2/3 complex.

Over the years, many lines of evidence have linked the formation of protrusions with 

various directed migration cues193,197. For example, one of the most satisfying connections 

between signalling pathways and protrusions is the activation of the Arp2/3 complex, via 

Rho-family GTPases and nucleation-promoting factors such as SCAR/WAVE, a topic that 

has been extensively reviewed elsewhere191,198. However, several groups have shown that 

cells lacking the Arp2/3 complex can still undergo chemotaxis in various contexts, albeit 

with reduced migration efficiency197,199–201. This indicates that the Arp2/3-branched actin 

pathway is not strictly required for chemotaxis in all circumstances and points towards other 

possible mechanisms of asymmetric force generation.

Other mechanisms responsible for triggering or tuning protrusions have been identified. In 

the case of haptotaxis, the activation of the Arp2/3 complex and the subsequent generation 

of branched actin networks at nascent integrin adhesions requires both FAK–Src and the 

RAC1 GTPase, integrated through the WAVE regulatory complex174,197 (FIG. 3c). In 

the case of neuronal growth cones responding to chemotactic guidance cues, emerging 
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evidence suggests that monoubiquitinylation of VASP mediated by the ubiquitin ligase 

TRIM9 helps tune the activity of this actin polymerase at the tips of filopodia202. In 

the case of durotaxis, both Arp2/3-based lamellipodia203 and filopodia204 are required to 

sense and respond to varying substrate stiffness, although whether these protrusions are 

regulated through traditional, second messenger-type signalling pathways that are responsive 

to substrate stiffness remains to be determined. One consistent mechanism of protrusion 

control is the splitting of existing protrusions and the selective stabilization of the protrusion 

that is oriented more strongly towards the gradient of the signal. This has been demonstrated 

in the chemotactic migration of both D. discoideum and fibroblasts205,206, and may reflect 

a common strategy for many forms of directed migration. Finally, in cells undergoing 

topotaxis, including D. discoideum, neutrophils and breast cancer cells, it was observed 

that asymmetric microstructures of the substratum induce actin waves, which propagate 

unidirectionally, defining the direction of cell translocation. Curiously, the waves could 

propagate in different directions, depending on the cell type, and this was associated with 

the establishment of different focal adhesion patterns and differences in membrane dynamics 

and protrusion extension, which were linked to distinct local cell cortical plasticity in 

different cell types129,207.

Contractility-based mechanisms.

The other main generator of asymmetric force relative to the substrate for migrating cells 

is contractile arrays of actin and non-muscle myosin II (REF.208) (FIG. 4b). In the case of 

firmly adherent cells, such as mesenchymal cells, these arrays of contractile actin form stress 

fibres that are mechanically coupled to the substrate through integrin-based focal adhesions. 

Asymmetric strengthening or weakening of these adhesion structures provides a dynamic 

way to control the direction of cell migration. Indeed, many signalling pathways have 

been linked to adhesion turnover, including phosphorylation of specific adhesion proteins209 

and the myosin II regulatory light chain156, selective proteolytic cleavage of adhesion 

proteins by calpain210 and relaxation of adhesions through contacts with microtubules68. 

Remodelling of focal adhesions almost certainly underpins durotactic migration in many cell 

types122,209 but may also be relevant for chemotactic migration of fibroblasts156.

Calpain

Calcium-activated cysteine protease that cleaves adhesion complex proteins.

Border cell

A specialized cell type that migrates as a group through the egg chambers in Drosophila 
melanogaster.

Blebs

Spherical membrane protrusions that rely on myosin-based contraction and pressure-

driven cytosolic flow. Bleb-like protrusions are commonly used for motility by amoebas 
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and embryonic cells. However, leukocytes and tumour cells can use blebbing motility 

especially in 3D environments under confined conditions.

In the case of cells with robust cell–cell adhesions, such as sheets of epithelial cells, 

myosin-based contractility can also be a potent mechanism to direct migration211,212. In this 

case, the contractile arrays are linked to the cell–cell adhesion sites and control the shape of 

cells relative to their neighbours, as well as coordinate the transmission of mechanical force 

across multiple cells. Cells with strong intercellular junctions often move collectively as 

groups, as in the case of border cell migration in D. melanogaster and neural crest migration 

in vertebrates. In recent work on neural crest migration in zebrafish and Xenopus laevis 
embryos, the migrating cluster of cells was shown to have a mechanically continuous band 

of actomyosin contractility around the periphery of the cluster that can be locally inhibited 

by chemotactic cues at the front to produce a form of ‘rear wheel’ drive motility213.

Reynolds number

A dimensionless number important in fluid mechanics. Cellular scales are inherently a 

low Reynolds number environment where inertia and momentum are negligible and thus 

movement requires strategies different from those for human-relevant length scales.

At the single-cell level, localized control of contractility (either positive or negative) has 

a profound effect on polarization and directed migration214. In fibroblasts migrating in a 

gradient of the chemoattractant PDGF, local inhibition of myosin II at the leading edge 

is critical for chemotaxis156. At the opposite end of the cell, recent studies in neutrophils 

and keratocytes have shown that control of rear contractility governs the direction of cell 

movement215,216. Even in cells that lack strong cell–substrate or cell–cell adhesions, such as 

amoeboid tumour cells, local contractility may have a key role in the generation of cellular 

blebs through local increases in cortical tension on the non-blebbing side of the cell, local 

relaxation of the cortex to permit blebbing or both217. However, the signals upstream of 

polarized blebbing are incompletely understood218.

Alternative mechanisms via pistons, ridges and molecular paddles.

Beyond actin-based protrusions and actomyosin contractility, cells have other ways to 

generate asymmetric traction force relative to their environment and move (FIG. 4c). 

However, most of these have not been definitively linked to specific directed migration 

cues. Cells moving through confined environments can use their nucleus as a piston 

to generate cytoplasmic pressure gradients at the leading edge to facilitate migration126. 

Possible cellular regulation of this ‘nuclear piston’ mode could involve the association of the 

nucleus with lateral membrane or localized osmotic control. Other mechanisms are observed 

in immune cells, which do not require integrins for their migration in 3D environments111. 

In one recent study it was shown that T cells can translocate using friction generated 

between the cell and its environment, which is coupled to cellular translocation through 

retrograde flow of the actin cortex219. In another recent study, non-adherent leukocytes 

were shown to ‘swim’ through their environment using a fascinating ‘molecular paddling’ 

mechanism, which is mediated by transmembrane proteins coupled to the actin cortex 
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and moving by advection across the cell surface in a coherent manner relative to their 

environment220. This is a remarkably efficient migration strategy, with cell speeds similar 

to those of adhesion-based migration. Such mechanisms could be of great importance for 

migration through in vivo environments, given that cellular environments are characterized 

by a low Reynolds number221 — meaning that at cellular scales, inertia and momentum are 

negligible and thus movement requires strategies different from those for human-relevant 

length scales. However, it is unclear whether this paddling mechanism is used only for 

random migration or is also responsive to external environmental cues.

Conclusions and perspective

Directed migration has been studied for many decades, but our understanding of the 

mechanisms underpinning this process has increased dramatically only over the past 10 

years. New approaches for producing stable and/or tunable gradients of various factors, 

controlled substrate geometries and new methods for imaging cells in 3D, physiological 

contexts have expanded our knowledge of the molecular and cellular processes required 

to execute directed migration. The unifying, conceptual framework presented herein has 

allowed us to highlight this progress. Going forwards, we hope that this framework will 

prompt the field to fill in gaps in our understanding (see BOX 2).

One of the broader challenges in studying directed cell migration is understanding it in 

physiological contexts. Studying cell migration on the rigid, 2D surfaces commonly used 

for microscopy has been criticized as not reflecting these physiological contexts222. To be 

fair, the tools and imaging approaches needed to study migration in these more physiological 

contexts or in living organisms have only recently become widely available to researchers, 

and the field will need to continue to embrace this transition. However, studying directed 

cell migration using simplified 2D systems and model organisms has revealed underlying 

principles and insights that have become the building blocks to understand migration in 

more complex systems. By analogy, studying the biochemical properties of purified proteins, 

even though these systems do not replicate the complexity of the cytoplasm, continues 

to yield essential information. Multiple approaches to problems as complex as directed 

migration are required to achieve the level of understanding necessary to manipulate this 

process or develop therapeutic interventions.

A particularly difficult aspect of understanding directed migration in vivo is that cells are 

being exposed to multiple migration-inducing cues simultaneously. This ‘multicue’ problem 

is both fascinating and experimentally challenging. For example, if a cell is presented with 

a chemotactic cue orienting its migration in one direction but a topological or durotactic 

cue is orienting it in the opposite direction, how does the cell prioritize or integrate 

these conflicting signals? One compelling recent example of this problem comes from 

D. melanogaster border cell migration where the relative contributions of chemotactic and 

topological cues were dissected by elegant genetic approaches223. However, knowing the 

specific perturbations necessary to dissect multicue migration in vivo requires a specific 

understanding of the underlying processes, and more work in simplified, single-cue systems 

will be needed. In a related problem, how do cells switch their migration direction? For 

example, neutrophils initially home to injured sites but later reverse their migration and 
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move away from the inflamed area as part of the resolution process224–226. Again, a more 

comprehensive understanding of the mechanisms of directed migration will be required to 

understand complex cases such as these.

A deeper understanding of directed cell migration will be necessary to effectively treat 

human diseases. Interventions that could block tumour cells from leaving the primary 

tumour or intravasating into blood or lymph vessels could be a potent way to block 

metastasis — the clinically most deadly aspect of cancer. Similarly, attenuating the 

recruitment of immune cells to inflamed areas in the context of chronic illnesses such 

as arthritis, asthma and atherosclerosis could improve disease outcome. Conversely, 

encouraging the migration of subsets of immune cells into tumours could improve anticancer 

immune therapies. The inappropriate migration of immune cells or fibroblasts can also lead 

to autoimmune disorders and fibrosis, respectively. Finally, finding ways for neuronal cells 

to ignore ‘stop’ cues such as in nerve injuries could lead to regenerative treatments for 

paralysis. Understanding how cells, using different migration modes (for example, amoeboid 

versus mesenchymal), migrate in response to the various chemical, mechanical, geometric 

and electrical cues that are present in these disease states has the potential to lead to the 

identification of novel therapeutic avenues.
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Box 1 |

Modes of cell migration and plasticity

Cells can migrate singly or collectively as groups227–229. Historically, single-cell 

migration has been divided into mesenchymal and amoeboid modes of migration, 

although these classifications are complicated by the plasticity of migration modes in 

different environments (see below). Fibroblasts, various stem cells and some cancer cells 

often use the mesenchymal migration mode, which is defined by several characteristics, 

such as a strong dependence on adhesion to the extracellular matrix (ECM), an 

elongated morphology in 3D environments, actin-based protrusions such as lamellipodia 

or filopodia at their leading edge, and the ability to generate strong traction forces on 

the substrate through contractile actin networks. These characteristics usually give rise to 

slower migration velocity93. The amoeboid migration mode is used by a wide range of 

cells, including primordial germ cells, single-cell social amoebas such as Dictyostelium 
discoideum and immune cells such as leukocytes230. In this mode, cells exhibit a 

more rounded morphology, undergo constant shape changes through rapid extension 

and retraction of membrane protrusions, and engage with the substrate through weak 

adhesions, which usually lead to higher migration velocity. Amoeboid protrusions vary 

from lamellipodia and filopodia driven by actin polymerization to actin-free transient 

spherical blebs that rely on myosin-based contraction and pressure-driven cytosolic 

flow217,230.

Cells can also move collectively as groups, which presents its own challenges and 

opportunities. Both epithelial and mesenchymal cells exhibit collective migration, which 

is important for tissue remodelling during morphogenesis, wound closure and cancer cell 

invasion211,229. During collective migration, signals from external cues are transmitted 

to the entire mass of cells through the integration of intracellular and intercellular 

signalling cascades as well as mechanotransduction at cell–cell junctions and cell–ECM 

interfaces212. This results in front–rear polarity at a supracellular level. A group of 

cells situated at the front of the supracellular unit generally becomes the leader cells 

in response to external cues and extend stable lamellipodia or filopodia towards the 

substrate, whereas the follower cells situated at the rear extend small transient cryptic 

lamellipodia. The stable protrusions possibly together with the transient ones promote the 

formation of focal adhesions with the ECM to exert traction forces towards the substrate. 

Application of these forces physically deforms the matrix, creating a path for the entire 

cohort211,229. Leader cells can also secrete matrix metalloproteinases that remodel the 

surrounding ECM, paving the way for collective migration during cancer invasion. In 

addition to this traction-based collective migration, cells can adopt a propulsion-based 

motility analogous to the amoeboid mode detected, for instance, in colon cancer cell 

clusters231.

Complicating any classification scheme of cell migration is the fact that cells can 

switch between modes of single-cell migration and between single-cell and collective 

migration, depending on a variety of factors, such as tissue topology, ECM composition 

and the degree of adhesion to it, as well as the presence of biochemical cues232,233. 

For example, physical confinement and low adhesion enable slow-moving fibroblasts 
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and epithelial cells to transition into a faster migration mode, where large stable blebs 

are favoured by high cell contractility232. Similar stable bleb-based fast migration 

is observed in zebrafish progenitor cells induced by spatial confinement in vitro233 

and in vivo at transplantation-induced wound sites of the embryo, where the cortical 

contractility is elevated. Confinement-associated plasticity in the migration mode is also 

detected in leukocytes. For example, neutrophils with a genetically disrupted branched 

actin network switch from multiple finger-like protrusions to smooth bleb-based leading-

edge protrusions when exposed to confined microenvironments234. Cancer cells can 

also adopt a rounded, bleb-based migration mode in low-adhesion 3D environments or 

when their matrix metalloproteinase activities are disrupted. In addition, physicochemical 

parameters such as hypoxia, which is a prominent feature of solid tumours, have been 

shown to promote the transition of collectively invading cancer cells into individually 

moving amoeboid cells, and enhanced cancer dissemination235. The extreme plasticity 

in migration modes displayed by cancer cells may allow them to adapt to many tissue 

environments and contribute to disease progression.
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Box 2 |

Key open questions for specific modes of directed cell migration

Chemotaxis

How are stable gradients of diffusible cues generated and maintained in tissues with 

interstitial fluid flows as in most multicellular organisms?

Haptotaxis

Is haptotaxis using extracellular matrix as a migratory cue used only by mesenchymal 

cells that have strong substrate adhesion? Do low-adhesion amoeboid cells still sense 

these cues?

Durotaxis

How do cells sense durotactic cues? Are there multiple/cell type-specific ‘receptors’ for 

durotaxis, and how do they connect to the cell polarity and translocation machinery?

Topotaxis

How are topotactic cues sensed by cells? Are there different mechanisms that are specific 

to particular 2D or 3D geometries? How does topology sensing by membrane curvature-

sensitive proteins affect leading-edge protrusions and translate into guided migration?

Galvanotaxis

Electrophoretic migration of cell surface receptors within the plane of the plasma 

membrane and their activation seems to be critical for galvanotaxis, but how are those 

receptors activated by electric current-induced clustering? Is there polarized autocrine 

secretion of ligands that accompanies this clustering or is clustering of receptors 

sufficient to activate signalling in a ligand-independent manner?
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Fig. 1 |. Generating the signal.
a | The diverse ways by which cues for directional migration are generated. During 

chemotaxis, soluble chemoattractants released from bacteria or cellular sources diffuse 

to form chemical gradients. During haptotaxis, extracellular matrix (ECM) proteins and 

chemokines released from cellular sources are deposited onto the ECM and generate 

gradients of immobilized chemical cues. In some cases, ECM-bound chemokines are 

released from the matrix by cellular proteolytic activities (scissors) and provide soluble 

cues for chemotaxis. During durotaxis, gradients of stiffness can be generated by lysyl 

oxidase (LOX)-mediated ECM crosslinking. During topotaxis, the geometry of the existing 

tissue structures, aligned fibres or tracks generated by proteolytic remodelling (via matrix 
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metalloproteinases (MMPs), scissors) or deformation provides directional signals. During 

galvanotaxis, electric fields generated at wounding sites as a result of the loss of 

transepithelial potential provide guidance cues for cells involved in damage repair. b | 

Cartoon explaining how stable gradients are generated and maintained during chemotaxis. 

Uniformly present soluble chemicals are either degraded by enzymes or scavenged (via 

endocytic internalization) by decoy receptors to establish a gradient (left). Cells release 

extracellular vesicles (EVs), such as exosomes carrying either identical (homotypic gradient) 

or distinct (heterotypic gradient) chemical cues, to generate a stable secondary gradient 

(right). GPCR, G protein-coupled receptor.
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Fig. 2 |. Sensing the signal.
a | Various ways cells sense directional cues. During chemotaxis, cells sense the signal 

through surface receptors (G protein-coupled receptor (GPCRs), receptor tyrosine kinases or 

other transmembrane receptors), which bind the soluble chemical cues. During haptotaxis, 

cells detect surface-bound cues through integrin receptors and GPCRs. During durotaxis, 

substrate stiffness is sensed by an array of mechanically coupled components located 

on the cell surface, in the cytosol or at the nuclear envelope. During topotaxis, cells 

detect the geometry of available space and adapt their shape by changing the orientation 

of membrane protrusions in parallel to the aligned extracellular matrix (ECM) fibres, 

sensing topology-induced membrane curvature by BAR-family proteins, or gauging nuclear 

deformation resulting from compression and shape change. During galvanotaxis, the electric 
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field is sensed by electromigration of membrane components (including signalling receptors) 

towards the cathode (+++) or the anode (− − − − −). b | Molecular machinery for 

durotactic sensing. Cells sense gradients of stiffness using mechanosensors at the cell 

surface (including integrin receptors in focal adhesions, invaginated membranes and stress-

activated ion channels), inside the cytoplasm (including components of focal adhesions, 

actin filaments, microtubules and other mechanosensitive proteins) or at the nucleus (LINC 

complex).
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Fig. 3 |. Transmitting the signal.
a | Cartoon depicting how shallow gradients of extracellular directional cues are transmitted 

into steep gradients of intracellular signalling molecules at the front and rear of cells. b | 

Flow chart describing how various signalling pathways activated by sensing of directional 

cues lead to changes in the cytoskeletal machinery. c | Cartoon highlighting the molecular 

machinery that transmits haptotactic signals. Sensing gradients of fibronectin through 

integrin engagement activates non-receptor tyrosine kinases: focal adhesion kinase (FAK) 

and Src-family kinases. These kinases phosphorylate a variety of substrates, triggering 

the formation of new protein complexes, including guanine nucleotide exchange factors 

(GEFs), and the activation of Rac, which leads to branched actin network formation 

through Arp2/3 complex activation via the nucleation-promoting factors (NPFs) WASP and 

WAVE, ultimately generating lamellipodial structures. DAG, diacylglycerol; PH, pleckstrin 

homology; PI3K, phosphoinositide 3-kinase; PtdIns(3,4,5)P3, phosphatidylinositol 3,4,5-

trisphosphate.
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Fig. 4 |. Executing the signal.
Depiction of how asymmetric force is generated through protrusion-based, contractility-

based or alternative mechanisms. a | Formation of protrusions such as pseudopodia, 

lamellipodia and/or filopodia is driven by branched and linearly polymerized actin networks. 

b | Contractility-based mechanisms of migration (characteristic of mesenchymal cells) 

depend on the establishment of stress fibres, where a contractile array of actomyosin 

networks is mechanically coupled to the substrate through integrin-based focal adhesions 

(top). Many cell types, in particular in the in vivo context, migrate via extension of 

blebs (bottom), which are generated through local increases in cortical tension on the 

non-blebbing side of the cell (marked with arrows) and asymmetric membrane tearing 

(delamination), or by local rupture of the cortex, or both. c | Cells moving through a 

confined space use the nuclei as a piston to generate zones of high cytosolic pressure at the 

leading edge. Cells moving in the absence of substrate adhesion depend on friction between 

cells and the environment, generated by retrograde flow of the cortical actin. Cells can also 

use molecular paddling to swim through the environment using horizontal rearward flow of 

transmembrane proteins anchored to the actin cortex (advection).
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