
Stem cells have an extensive ability to self-
renew and to produce daughter cells that 
undergo further differentiation1. Embryonic 
stem (ES) cells can give rise to all of the dif-
ferent cell types of the body and are thus 
referred to as pluripotent. Stem cells in adult 
tissues generate differentiated cells appro-
priate for that tissue and may be unipotent 
(founding a single differentiated lineage), as 
in the case of the testes, or multipotent (giv-
ing rise to multiple lineages), as in the case of 
the blood. Somatic stem cells in adult tissues 
can be reprogrammed in vitro to the pluri-
potent state — the resulting cells are referred 
to as induced pluripotent stem (iPS) cells1.

Regardless of whether stem cells are 
pluripotent cells in a culture dish or reside 
in adult tissue, with a more restricted rep-
ertoire of differentiation options, stem 
cell fate is regulated by a combination of 
intrinsic and extrinsic mechanisms. Intrinsic 
mechanisms include specific transcription 
factors expressed by the cells. Extrinsic 
mechanisms are signals provided by the 
local microenviron ment (niche), includin g 
growth factors, the extracellular matrix 
(ECM) and contact with other cells. Inter-
actions with the niche are reciprocal, as 
stem cells are able to remodel the niche in 
response to the signals they receive from it1.

Virtually every cell in the body is exposed 
to ECM proteins2 (FIG. 1). In epithelia and 
endothelia, the ECM is organized into a 
basement membrane that confers polarity: 

cells contact the basement membrane via 
the basal, and not the apical, plasma mem-
brane. In connective tissue, cells tend to 
be completely surrounded by the ECM, as 
in the case of fibroblasts in the dermis or 
chondrocytes in cartilage. Even cells in the 
blood are exposed to soluble ECM proteins, 
for example fibronectin. Cells adhere to 
the ECM via several different cell surface 
receptors, of which the major class is integ-
rins3. This interaction allows cells to sense 
mechanical cues, such as forces, from the 
ECM and respond in an appropriate man-
ner (for example, changes in cell shape and 
size and responses such as differentiation 
and proliferation); this process is known as 
mechanotransduction4.

Thus, as a key component of the stem 
cell niche, the ECM is not just an inert scaf-
fold, but instead can profoundly influence 
cell fate choices5. In this Progress article, 
we discuss how new tools for studying cell–
ECM interactions have offered new mecha-
nistic insights into how the ECM regulates 
whether stem cells divide or differentiate.

Studying stem cell–ECM interactions
The ECM varies in composition and con-
centration, both within and between tissues, 
leading to different ECM properties2,6,7. 
Basement membranes are typically rich in 
laminins and type IV (non-fibrillar) colla-
gen, whereas soft connective tissue is domi-
nated by the presence of fibrillar collagens, 

such as types I and III6. The ECM of car-
tilage is able to absorb the pressure on the 
joints, a property that is conferred by hyalu-
ronan and the large proteoglycan aggrecan. 
Conversely, bone rigidity is a function of cal-
cium phosphate deposition within a fibrillar 
collagen matrix. Even within a single tissue 
there can be considerable variation in ECM 
composition: proteoglycan composition 
in the ECM of cartilage differs depending 
on the distance from the surface of a joint at 
which the ends of bones meet; and laminins 
show heterogeneity in different regions of 
the skin basement membrane8.

Our understanding of stem cell–ECM 
interactions, and how the ECM can influence 
whether a stem cell differentiates or not, has 
been greatly increased by the use of novel 
techniques. Although the responses vary 
between different cell types, it has become 
apparent that factors such as adhesion to the 
ECM, ECM stiffness and topography of ECM 
components all have a role.

In vivo models. A great deal of evidence for 
the importance of cell–ECM interactions in 
tissue morphogenesis and homeostasis has 
been obtained by generating and characteriz-
ing mice in which specific ECM and integrin 
genes have been knocked out individually or 
in combination, either in specific tissues or 
throughout the body2,3. However, these stud-
ies typically lack the resolution to character-
ize the full nuances of how cells respond to 
the ECM. A stem cell expansion or depletion 
phenotype may be a direct result of disturb-
ing stem cell–niche interactions or a second-
ary consequence of perturbing other aspects 
of tissue homeostasis. In the epidermis, for 
example, modulating β1 integrin expression 
in differentiating cells triggers inflammation 
by disrupting the skin barrier and, as a con-
sequence, stimulates stem cell proliferation8. 
There may be strong in vivo selection against 
a phenotype that results in stem cell deple-
tion: if gene deletion is not achieved in 100% 
of the targeted cells, the remaining cells can 
rapidly restore tissue function9.

A further aspect of in vivo models is 
that an ECM-related phenotype may be 
masked by compensatory mechanisms that 
do not operate in vitro. An example of this 
is the effect of expressing a constitutively 
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Abstract | The field of stem cells and regenerative medicine offers considerable 
promise as a means of delivering new treatments for a wide range of diseases. In 
order to maximize the effectiveness of cell-based therapies — whether stimulating 
expansion of endogenous cells or transplanting cells into patients — it is essential 
to understand the environmental (niche) signals that regulate stem cell behaviour. 
One of those signals is from the extracellular matrix (ECM). New technologies have 
offered insights into how stem cells sense signals from the ECM and how they 
respond to these signals at the molecular level, which ultimately regulate their fate.
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activated β1 integrin subunit in epidermal 
stem cells. Whereas the effect of this muta-
tion on cell adhesion and differentiation 
is evident in vitro, an in vivo phenotype is 
only observed when the skin is exposed to 
chemical carcinogens, resulting in tumour 
formation10.

Micropatterned islands: shape influences 
fate. To complement the in vivo analysis 
of stem cell–ECM interactions, several 
differ ent approaches offer resolution at the 
single-cell level. One of these is to generate 
micropatterned islands that accommodate 
single cells and direct them to adopt specific 
shapes. This approach is not new11,12 but has 
become more widely used recently because 
of more sophisticated methods to generate 
the substrates, identify stem cell populations 
and analyse cell behaviour, either by charac-
terizing their fate at the end of each experi-
ment or by monitoring the dynamic behav-
iour of living cells7,13. Typically, the substrate 
consists of plastic or gold-coated glass, 
and the pattern is imposed with p rotein-
resistant materials such as POEGMA 
(polyoligo(ethylene glycol methacrylate)) 
polymer brushes14. When the substrates are 
placed in a solution of ECM proteins, the 
proteins are selectively adsorbed onto the 
exposed substrate to create ECM islands.

Micropatterned islands have been used 
to control the degree of spreading of single 
human epidermal stem cells14. The cells initi-
ate terminal differentiation when spreading 

is restricted on circular islands. In that con-
text, ECM concentration and composition 
are not important, provided that the ECM 
concentration is sufficient to allow the cells 
to attach. When the surface area of an adhe-
sive island is kept constant while the shape 
is altered, epidermal stem cells also exhibit a 
response: a cell is less likely to initiate differ-
entiation if it adopts an elongated shape than 
if it is on a circular island.

Whereas the epidermal stem cell 
response to different micropatterned islands 
is to differentiate or remain in the stem cell 
compartment, in the case of human mesen-
chymal stem cells the island area determines 
the differentiation programme. Specifically, 
cell spreading favours osteogenesis and cell 
rounding promotes adipogenesis15. More 
complex island morphologies (for exam-
ple, rectangles and pentagons) also direct 
mesenchyma l stem cell differentiation16.

Micropatterned islands have been used 
to study asymmetric cell division. This is a 
feature of many stem cell populations17 and 
typically results from asymmetric partition-
ing of cellular components such as the PAR1 
(partitionin g-defective 1) polarity complex 
and template DNA strands18,19. Micro-
patterned islands can be used to impose 
asymmetry on the outcome of individual 
cell divisions, for example by defining the 
position of the axis of cell division13,20 or 
the shape adopted by daughter cells. Such 
studies have shown that the spatial distribu-
tion of the ECM on a substrate has a role in 
determining the orientation of the division 
axis of epithelial cells. This occurs through 
remodelling of the actin cytoskeleton in 
response to the substrate pattern13,20.

Substrate stiffness regulates fate. The bulk 
stiffness of most tissues is several orders of 
magnitude lower than that of tissue culture 
plastic or glass and can change within a 
given tissue as a function of age or disease21. 
Changes in the bulk stiffness of ECM-coated 
hydrogels elicit different responses in stem 
cell populations. In the case of mesenchymal 
stem cells, bone differentiation is favoured 
by stiff substrates, whereas adipocyte dif-
ferentiation is promoted by soft substrates22. 
Substrate stiffness also directs skeletal mus-
cle stem cells to either self-renew or differen-
tiate, with intermediately stiff substrates that 
mimic the stiffness of normal muscle pro-
moting the stem cell state most effectively23. 
Adult neural stem cells cultured on fibronec-
tin peptide-containing hydrogels in serum-
free neuronal differentiation medium exhibit 
maximal differentiation at 500 Pascal, which 
corresponds approximately to the stiffness 

of brain tissue24. In the presence of serum, 
softer gels promote neuronal differentiation, 
whereas stiffer gels promote differentiation 
to glial cells24.

The influence of stiffness on stem cell 
differentiation has been demonstrated on 
a range of model substrates, including col-
lagen25 and hyaluronic acid gels26, polymer 
networks24, electrospun nanofibres27 and 
polydimethylsiloxane (PDMS)28,29. Attach-
ment of mouse ES cells to PDMS substrates 
is unaffected by stiffness, but cell spreading 
and growth are enhanced with increasing 
stiffness, as are mesendodermal and osteo-
genic differentiation28. Osteogenic differen-
tiation of rat mesenchymal stem cells grown 
on PDMS of varying stiffness gradients is 
strongly influenced both by substrate stiff-
ness and by the ECM pre-adsorbed onto the 
substrates29. Electrospun fibres with identi-
cal microstructures and surface chemistries 
but differing degrees of stiffness influence 
mesenchymal stem cell differentiation, with 
softer fibres promoting chondrogenesis and 
stiffer fibres favouring osteogenesis27. Studies 
of mesenchymal stem cell responses to rigid 
substrates overlaid with soft hydrogels of dif-
fering thickness indicate that cells can sense 
the ‘hidden’ substrate at a depth of approxi-
mately 5 μm30 and can deform a substrate to 
a depth of 15 μm31.

Although there is ample evidence that 
substrate stiffness influences stem cell fate, 
the specific environmental cue that cells 
sense can vary in different contexts. Recent 
data indicate that human epidermal and 
mesenchymal stem cells cultured on ECM-
coated hydrogels sense ECM tethering, as 

Figure 1 | Different cell types interact with the 
ECM in various ways. Epithelial and endothe-
lial cells adhere to the basement membrane via 
only one surface, whereas mesenchymal cells, 
including fibroblasts, are completely surrounded 
by the extracellular matrix( ECM). In addition, 
the types of adhesive junctions vary in different 
cell types, with epithelial cells assembling 
hemidesmosomes.

Glossary

Asymmetric cell division
A cell division that results in two daughter cells adopting 
different fates.

Articular cartilage
Cartilage that covers the ends of joints. 

Elastic modulus
Mathematical description of the tendency of an object or 
substance to be deformed non-permanently when a force 
is applied to it.

Formins
A family of formin homology proteins that are involved in 
actin polymerization.

Fluorescence resonance energy transfer sensor
(FRET sensor). Tool that uses FRET to visualize protein 
interactions by light microscopy.

Linear elasticity theory
Mathematical study of how solid objects deform and 
become internally stressed under prescribed loading 
conditions.
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hydrogels exhibit increasing porosity with 
decreasing stiffness32 (FIG. 2). By varying the 
concentration of the chemical crosslinker 
used to tether collagen fibres to the surface 
of hydrogels, mesenchymal and epidermal 
stem cell differentiation can be modulated 
independently of bulk stiffness32. When a 
low concentration of crosslinker was used to 
attach collagen to stiff hydrogels, epidermal 
stem cells were stimulated to terminally 
differentiate, and mesenchymal stem cells 
differentiated into adipocytes rather than 
osteoblasts. Key unanswered questions relat-
ing to these observations are the stiffness 
of the collagen fibres themselves and how 
collagen fibres are tethered within tissues. 
To answer these questions, new experimen-
tal tools for both in vitro and in vivo analyses 
are required.

The stiffness of the substrate can affect 
how cells respond to a specific concen-
tration of ECM protein attached to the 
substrate, independently of tethering33. 
For example, fibroblast spreading initially 
increases with increasing collagen density, 
but above a certain concentration the rela-
tionship is reversed, such that increases in 
the levels of surface collagen cause a reduc-
tion in cell spreading34. This has led to a 
model whereby the availability of collagen-
binding sites is limiting the attempt of a 
cell to spread maximally, as cells exert as 
much force as possible on the few available 
sites. By contrast, at high collagen density, 
adhesion is limited by the availability of 
free integrins on the cell surface, and the 
force per bond is very low. A recent study 
has measured the force that cells apply to 
single integrin–ligand bonds during initial 
adhesion to the ECM35, which opens up the 
possibility of determining whether substrate 
stiffness influences ECM interaction s at this 
level of resolution.

Substrate topography regulates fate. Stud-
ies with both adult tissue stem cells and 
pluripotent stem cells have highlighted 
that specific topographical (physical) cues 
in the sub-micrometre range elicit specific 
cell responses. The techniques used include 
increasing the ‘roughness’ of the substrate 
or displaying specific geometrical shapes on 
the substrate. By chemically and geometri-
cally optimizing the surface of tissue culture 
plastic, it is possible to promote self-renewal 
of human ES and iPS cells in the absence 
of feeder cells36,37. Such topographical sub-
strates facilitate the deposition of the ECM 
protein vitronectin and promote integrin-
mediated cell adhesion36. By varying the 
nanotopography of culture substrates using 

nanotubular-shaped titanium oxide, human 
mesenchymal stem cells can be induced to 
differentiate into osteoblasts in the absence 
of soluble inducing factors38.

By generating libraries comprising over 
2,000 different topographies, made up 
of combinations of circles, triangles and 
rectangles, one study showed that specific 
topographies have different effects on mes-
enchymal stem cells, promoting stem cell 
proliferation or differentiation into osteo-
blasts according to the topographical cue39. 
For example, osteogenic differentiation was 
enhanced on topographies that restricted 
spreading and promoted elongated cell mor-
phologies. It will be interesting to explore the 
effects of these substrates on other stem cell 
populations and to determine how differ-
ent cells ‘read’ the same topographical cues: 

whether the degree of integrin clustering 
and cytoskeletal rearrangement provoked by 
specific topographies is equivalent to specific 
concentrations and combinations of ECM 
components.

More complex ECM environments. In vivo, 
the ECM is only one of the components of the 
stem cell niche. Cell responses to the ECM 
are influenced by, and influence, the presence 
of growth factors and intercellular adhe-
sions40. Cell behaviour can also be affected 
by whether exposure to the ECM is in the 
context of a two-dimensional (2D) or three-
dimensional (3D) environment. For exam-
ple, collagen encapsulation provides a 3D 
environ ment and promotes chondrocyte dif-
ferentiation and morphogenesis of mammary 
epithelial cells, whereas adhesion of a collagen 

Figure 2 | Stem cell responses on hydrogels of different stiffness and porosity. Schematic 
summarizing the types of cell responses following culture on different hydrogels. Hydrogels with low 
bulk stiffness (top left panel) are more porous than hydrogels with high bulk stiffness (top right panel). 
As a result, the distance between collagen fibre anchoring points is greater in soft hydrogels, which is 
sensed by cells as low resistance to the forces they exert via ligated integrins (soft feedback). Similarly, 
cells grown on soft hydrogels may deform the bulk of the gel through mechanical pull rather than 
just deforming the extracellular matrix (ECM) (bottom left panel). Cells grown on hydrogels that give 
a soft feedback fail to assemble a cytoskeleton rich in polymerized actin. By contrast, the high bulk 
stiffness gel will offer ‘rigid’ feedback to the cell when force is applied, which ultimately results in 
actin polymerization. Similarly, a strain stiffening gel (that is, a gel that becomes stiffer the more 
applied load it receives from the cell and the more it becomes deformed) of comparable porosity and 
low bulk stiffness will generate a stiff response, as the flexible linkers will straighten out and resist 
further deformation at larger strains (bottom right panel).
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substrate (a 2D environment) does not7. Just 
as changing bulk stiffness in two dimensions 
affects stem cell behaviour, the same is true in 
three dimensions. Thus, mesenchymal stem 
cells can be directed to differentiate into dif-
ferent lineages according to the stiffness of the 
3D substrates in which they are cultured; in 
this context adhesion ligand presentation and 
local substrate degradability also direct cell 
behaviour41,42.

Several cell types are subjected to fluid 
flow in the body, and a number of studies 
have shown that this environmental cue regu-
lates ECM production and stem cell differ-
entiation. For example, during normal joint 
function, articular cartilage is subjected to syn-
ovial fluid flow. In culture, fluid flow has been 
shown to enhance ECM deposition and to 
promote more rapid differentiation of human 
mesenchymal stem cells into chondrocytes43.

As a means of deconstructing the com-
plexity of the stem cell niche, one group has 
produced hydrogel arrays in which over 
2,000 cell environments can be created in the 
area of a standard glass microscope slide44. 
This enables screens for multiple different 

combinations and concentrations of ECM 
proteins with other biological niche com-
ponents, such as growth factors or tethered 
transmembrane proteins, while simultane-
ously varying substrate stiffness and, poten-
tially, exposing cells to 2D or 3D environ-
ments. As in the case of topographical librar-
ies, these biological niches, combined with 
high-content imaging, provide unprecedented 
opportunities to analyse the key components 
of the stem cell niche.

How stem cells respond to ECM cues
The experimental approaches discussed 
above have not only offered insights into the 
outcome of the stem cell–ECM interaction 
but have also furthered our understanding of 
the molecular mechanisms underlying stem 
cell responses to ECM cues.

Adhesion to the ECM. The initial cell–ECM 
adhesions are mediated by binding of integ-
rins to the ECM. Integrins are heterodimers 
of one α-subunit and one β-subunit that are 
non-covalently associated within the plane 
of the plasma membrane3. Some integrin 

subunits participate in more than one het-
erodimer. Different integrins can have dif-
ferent affinities for the same ECM ligands, 
and some integrins have broad specificity. 
For example, α2β1 integrin mediates cell 
adhesion to both fibrillar and basement 
membrane collagens. Integrins can exist in 
different conformations and transmit signals 
into the cell and relay signals from the cell to 
the ECM3. They interact with various regula-
tory proteins, both at the plasma membrane 
and within the cytoplasm, and act synergisti-
cally with growth factor receptors to enhance 
growth factor responsiveness40.

The initial integrin-mediated adhesions to 
the ECM mature into junctional complexes 
known as focal adhesions4. Intracellularly, 
focal adhesions are connected to the actin 
cytoskeleton via the cytoskeletal protein vin-
culin in a highly dynamic manner. Tension 
(in the order of several piconewton) across 
vinculin leads to stable focal adhesions, 
which establish a mechanical link between 
the forces generated by the actin cytoskeleton 
and the ECM (BOX 1).

Strain stiffening of the ECM. The mechani-
cal properties of the ECM are determined 
by a network of collagen, fibronectin and 
fibrin fibrils of different length and stiff-
ness. There is a growing awareness that both 
the cytoplasm and the ECM exhibit strain 
stiffening, which is a highly unusual material 
characteristic and causes the elastic modulus 
to increase by orders of magnitude as the 
applied strain increases45,46. Thus, the more 
the ECM is deformed by a cell, the stiffer it 
becomes. This nonlinear elastic response is in 
sharp contrast to what occurs in response to 
the commonly used soft, elastic materials for 
cell culture such as polyacrylamide gels and 
crosslinked silicones. In this case, the elastic 
modulus of the material does not change as a 
function of deformation (FIG. 2). Whereas the 
deformation of individual tethered collagen 
fibres is likely to be in the nanometre range, 
cell deformation of an underlying soft bulk 
substrate is an order of magnitude greater31,47.

Cytoskeletal and cellular adhesion pro-
teins such as myosin and integrins exhibit 
increased affinity for their ligands under 
applied load4. Thus, an increase in intra-
cellular strain will enhance adhesion of 
the cell to the ECM and is likely to alter 
the conformation of cytoskeletal proteins. 
Combined, the mechanical properties of the 
cytoskeleton and associated proteins form 
an intracellular ‘strain gauge’ with multiple 
activation thresholds. Differences in rigid-
ity of the extra cellular environment lead to 
an intracellular feedback mechanism that 

Box 1 | Measuring forces generated by individual cells

Many of the recent insights into mechanotransduction have been gained from the application of 
novel techniques to produce high-resolution distribution maps of forces, stresses and strains inside 
and outside cells61,62 . For example, a recent study involved inserting a vinculin fluorescence 
resonance energy transfer sensor (FRET sensor) based on an elastic peptide repeat sequence 
between the head and tail domains of the protein63 (see the figure, part a). This calibrated biosensor 
enabled the measurement of time-dependent force development in focal adhesions with 
piconewton (pN) sensitivity and showed that the tension across vinculin in stable focal adhesions 
is 2.5 pN. To measure the force exerted by cells on the extracellular matrix (ECM), another group 
generated a fibronectin FRET sensor and showed that cells exert different forces on fibronectin 
according to how it is anchored to the underlying substrate32.

Force development outside the cell can be tracked by culturing cells on or inside hydrogels 
containing small fluorescent beads (see the figure, part b). The displacement of these particles 
under the influence of cellular traction forces can be used to compute the distribution of traction 
stresses (forces per unit area) using linear elasticity theory64,65. Forces, instead of stresses, can be 
measured by culturing cells on micromoulded pillars. In this method, the length of the pillars (and 
hence their rigidity) is altered, whereas the surface area for focal adhesion assembly is kept the 
same66 (see the figure, part c), and this allows a direct determination of force per focal adhesion. It 
shows that the distribution of forces across a single cell is not homogeneous, with forces developed 
by interior focal adhesions being noticeably higher than those exerted by peripheral ones.

P R O G R E S S

470 | AUGUST 2013 | VOLUME 14  www.nature.com/reviews/molcellbio

© 2013 Macmillan Publishers Limited. All rights reserved

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight



Nature Reviews | Molecular Cell Biology

Decreased G-actin to F-actin ratio Failed integrin clustering

Decreased ERK signalling

Increased JNK activity

FOS, JUNB activation

MAL

SRF FOS, JUNB

Micropatterned island Soft, porous gel

regulates the corresponding levels of pulling 
forces generated and tunes the sensitivity of 
focal adhesions to applied force48.

The importance of strain stiffening in 
stem cell responses to the ECM is likely to 
vary with time, being important in initial 
stem cell–ECM interactions but less signifi-
cant at a later stage45,49. Furthermore, time-
dependent changes in ECM stiffness can 
provoke changes in stem cell behaviour50. 
In culture, differentiation of human mesen-
chymal stem cells into adipocytes is favoured 
by later ECM stiffening, whereas osteogenic 
differentiation is favoured by earlier ECM 
stiffening. Changes in tissue stiffness with 
time could be highly relevant in vivo. Matu-
ration of the mesoderm into adult myo-
cardium results in a considerable increase in 
tissue stiffness51. When this is mimicked in 
hydrogels, pre-cardiac cells exhibit increased 
expression of mature cardio myocyte markers 
and form more muscle fibres51.

Signal transduction pathways. By examinin g 
stem cell–ECM interactions at single cell 
resolution, it has been possible to map the 
signalling mechanisms that mediate the 
different stem cell responses52. In the case 
of human epidermal stem cells, differen-
tiation is mediated by distinct pathways, 
depending on the nature of the external 
stimulus (FIG. 3).

When keratinocytes are stimulated to 
differentiate by restricted ECM adhesion 
on micropatterned substrates, they form 
fewer and smaller focal adhesions than 
when they are able to spread. Nevertheless, 
treatment with latrunculin A (a drug that 
sequesters free actin) or with a RHO kinase 
inhibitor reduces focal adhesion assembly 
but inhibits differentiation. This indicates 
that integrin clustering and focal adhesion 
formation are not involved in keratinocyte 
responses to micropatterned islands of dif-
ferent diameter14. Instead, what seems to 
be important is the state of assembly of the 
actin cytoskeleto n: a decrease in the ratio of 
G-actin to F-actin prevents sequestration  
of MAL (megakaryocytic acute leukaemia; 
also known as MRTF) in the cell periphery, 
thus allowing it to relocalize (by a process 
that is regulated by formins53)and act as a 
cofactor for serum response factor (SRF). 
Together, these two proteins stimulate the 
transcription of the AP1 factors FOS and 
JUNB, which upregulate genes that are 
expressed during differentiation14. Thus, 
growth factors present in serum act synergis-
tically with the actin cytoskeleton to regulate 
the differentiation of keratinocytes that are 
adherent to micropatterned substrates14.

By contrast, when human epidermal stem 
cells differentiate on ECM-coated hydrogels 
of low bulk stiffness, the differentiation signal 
is mediated by a failure of integrins to cluster 
in focal adhesions. This results in decreased 
ERK MAPK signalling and an increase in 
AP1 activity that is thought to be due to 
reduced activity of a phosphatase that acts 
on JUN N-terminal kinase (JNK)32. Thus, in 
both cases AP1 factors are involved, but the 
role of integrin clustering differs (FIG. 3).

Other pathways are also implicated 
in triggering epidermal differentiation 
in response to the ECM, including p38 
MAPK54. Inhibition of p38 impairs SRF 
activation in response to restricted keratino-
cyte spreading on micropatterned islands 
and reduces histone H3 acetylation at the 
promoters of the genes encoding FOS and 
JUNB, thus impeding differentiation. Nota-
bly, this pathway is also involved in signal 
transduction in other stem cell populations7, 
as well as fibroblasts. Specifically, restricted 
spreading of fibroblasts on ECM-coated 
micropatterned islands suppresses serum-
induced proliferation, and this involves SRF, 
ERK and p38 MAPK signalling55.

Recent evidence indicates a role for the 
nuclear factors YAP (Yes-associated pro-
tein) and TAZ (transcriptional co-activator 
with PDZ-binding motif) in regulating 
the differentiation of mesenchymal stem 
cells grown on hydrogels that differ in bulk 

stiffness56. Differentiation into osteoblasts 
was inhibited by culturing cells on soft 
ECM-coated substrates or by knockdown 
of YAP and TAZ in cells grown on stiff 
substrates, indicating that YAP and TAZ are 
key mediators of the stem cell responses to 
mechanical cues from the ECM. YAP was 
found to be activated in a RHO GTPase-
dependent manner in response to tension of 
the actomyosin cytoskeleton, independently 
of the canonical Hippo cascade. These find-
ings fit well with earlier observations that 
endogenous RHOA activity regulates differ-
entiation of human mesenchymal stem cells 
in response to changes in cell shape15.

Intrinsic regulatory mechanisms. It has 
long been appreciated that communication 
between cells and the ECM is reciprocal; 
for example, the intrinsic state of the cell 
influences ECM adhesion by regulating 
integrin gene expression3. Nevertheless, new 
high-throughput approaches for modifying 
gene expression with siRNA libraries have 
considerably broadened our knowledge 
of the interplay between cell intrinsic and 
extrinsic regulators. An siRNA-based screen 
of over 300 chromatin modifiers identified 
functional interactions between different 
proteins that negatively regulate differentia-
tion of human epidermal stem cells57. One 
network of genetically interacting factors 
was found to affect distinct but functionally 

Figure 3 | Pathways regulating keratinocyte differentiation in response to environmental 
cues. When single stem cells are prevented from spreading by plating on micropatterned circular 
extracellular matrix (ECM)-coated islands of low diameter (left) or by plating on soft hydrogels with high 
porosity (right), they undergo terminal differentiation within 48 hours. In each case, the differentiation 
programme involves increased activity of AP1 transcription factors (FOS and JUNB), and differentiation 
occurs in the presence of serum that contains growth factors. However, the signal transduction path-
ways leading to AP1 activation are different. On micropatterned islands, decreased G-actin levels lead 
to increased serum response factor (SRF)-mediated transcription of FOS and JUNB owing to enhanced 
availability of the SRF cofactor MAL (megakaryocytic acute leukaemia). This pathway is independent 
of integrin clustering in focal adhesions. By contrast, when cells are seeded on soft, porous hydrogels, 
differentiation is triggered by a failure of integrin clustering, leading to reduced ERK MAPK signalling, 
increased JUN N-terminal kinase (JNK) activity  and increased activity, rather than transcription, of FOS 
and JUNB. In contrast to differentiation on micropatterned surfaces, differentiation on soft hydrogels 
does not result from an increase in SRF or AP1 transcription.
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related genes, including those encoding α6 
and β1 integrins and other proteins involved 
in mediating interactions with the ECM. 
Thus, chromatin modifiers that regulate dif-
ferentiation act in part by influencing how 
stem cells interact with the ECM. This sug-
gests that the interplay between diverse 
epigenetic strategies protects epidermal stem 
cells from differentiation by promoting ECM 
adhesion. This observation is consistent 
with the finding that the histone deacetylase 
inhibitor trichostatin A (TSA), which modi-
fies the chromatin status, blocks epidermal 
terminal differentiation on micropatterned 
substrates and in suspension and maintains 
the expression of several stem cell markers, 
including β1 integrin54.

In a different experimental strategy, 
single-cell global gene expression profiling 
revealed two subpopulations of cells in the 
basal layer of the human epidermis that dif-
fer in their expression of the Notch ligand 
Delta-like 1 (DLL1) and its binding partner, 
syntenin. The DLL1-positive population 
has increased levels of genes associated with 
endocytosis, integrin-mediated adhesion and 
receptor Tyr kinase signalling58, and it shows 
enhanced adhesion to the ECM. The previ-
ously unknown heterogeneity revealed by 
these studies thus results in differences in 
the interaction of undifferentiated basal 
keratinocytes with their niche, including 
the ECM and soluble factors. The enhanced 
adhesiveness of DLL1-positiv e stem cells may 
protect them from detaching from the base-
ment membrane and undergoin g terminal 
differentiation.

Conclusions and perspectives
Although it has been known for many years 
that the ECM is a key component of the 
stem cell niche, recent advances in analysis 
at single-cell resolution have provided new 
information about the underlying mecha-
nisms by which the ECM regulates stem 
cell behaviour. Different types of ECM 
interactions trigger cell responses via diverse 
sensing mechanisms and downstream 
signalling pathways. Nevertheless, the out-
come, stem cell renewal or differentiation, 
may be the same. In addition, the intrinsic 
transcriptional or epigenetic state of a cell 
can influence its interaction with the ECM, 
potentially rendering it more or less sensitive 
to niche signals.

Looking ahead, it will be interesting 
to couple some of the individual micro-
environmental cues, including topography, 
ECM composition and stiffness, into more 
complex substrates that may resemble the 
in vivo situation more closely. There is also a 

pressing need to broaden the range of stem 
cell types being evaluated and to define more 
rigorously the stem cell populations that are 
currently being assayed. It is important to 
distinguish between cells that are undergo-
ing fate switching and selective outgrowth of 
subpopulations of committed progenitors.

By drawing together expertise in cell biol-
ogy and bioengineering, it will be possible 
to improve cell-based therapies in humans59 
and create ‘tissue chips’ to accurately model 
human organs for improved evaluation of 
drug safety60. In particular, there is a growing 
realization that for cell therapies to succeed, 
it may not be sufficient to implant cells into 
the body, as without an appropriate ECM 
scaffold they are likely to die or differentiate.
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