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Tight control of cell proliferation is required to ensure normal tissue patterning and prevent cancer formation. The
analysis of cultured cells has led to an explosion in our understanding of the molecules that trigger growth and
mediate cell-cycle progression. However, the mechanism by which the local growth differentials that drive
morphogenesis are established and maintained still remains unknown. Here we review recent work that reveals
the importance of cell binding to the extracellular matrix, and associated changes in cell shape and cytoskeletal
tension, to the spatial control of cell-cycle progression. These findings change the paradigm of cell-growth control,
by placing our understanding of molecular signalling cascades in the context of the structural and mechanical
complexity of living tissues.
ver the past decade, enormous advances have been made in
our understanding of the molecules that mediate the control
of cell proliferation. Soluble mitogens, insoluble extracellular
matrix (ECM) molecules, cell-surface growth-factor receptors,
integrins, signal-transducing molecules and proteins that form the
central core of the cell-cycle machinery have all been identified, isolated and sequenced, and their encoding genes cloned. With the
rapid progress of the Human Genome Project, more growth activators and inhibitors will no doubt be uncovered in the near future.
However, the questions that are central to studies of both morphogenesis and cancer formation are not just how cell growth is turned
on and off, but also where and when this happens. A more thorough
understanding of the intricate workings of the molecular cascades
that mediate cell-cycle progression inside individual cells will not
answer this question of spatial control. In this review, we focus on
recent work that reveals the importance of cellular adhesion to the
ECM, cell shape and mechanical tension in the cytoskeleton for
local control of cell-cycle progression. These results provide new
insight into morphogenetic regulation and emphasize the need to
develop new approaches to confront the structural complexity of
biological systems.
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Back to basics
The three-dimensional forms of specialized tissues, such as branching capillary networks and multilobular secretory epithelia, result
from the establishment of local growth differentials over distances
that sometimes extend across just a few cell diameters (Fig. 1a)1,2.
Reiteration of this simple building rule over time and space causes
similar localized sites of growth acceleration to be established along
the sides of newly formed buds or branches, thereby creating the
fractalized forms that are exhibited by almost all living tissues (Fig.
1b). Localized production of growth factors, such as members of
the fibroblast growth factor (FGF) family, has been shown to promote tissue expansion and to guide branching in certain developing
tissues3. However, although localized production of soluble chemoattractants and mitogens may determine the general position at
which future tissue branches form, they do not explain how these
branches are created. For example, the existence of soluble gradients of mitogens alone cannot explain how the sharp growth differentials that determine tissue patterning can be established on the
micrometre scale (for example, between adjacent cells). Localized
growth differentials are also observed in microenvironments that
are known to be saturated with numerous soluble mitogens, such as
during wound healing or angiogenesis as well as in in vitro morphogenesis models. In fact, careful analysis of capillary development in

Figure 1 How local growth differentials drive normal tissue patterning during
epithelial morphogenesis and angiogenesis. Epithelial morphogenesis is shown
at the top of each panel, and angiogenesis at the bottom. a, A higher magnification
view showing how growth is constrained to small groups of cells (red) under which
lie regions of the basement membrane (green) that have become thin as a result of
accelerated rates of ECM turnover. Outward budding and branching result from
mesenchymal influences and because neighbouring cells along the same basement
membrane remain quiescent (white cells). b, A lower magnification view showing how
reiteration of this simple building rule over time and space results in creation of
complex tissue architecture with characteristic fractal-like forms.

living embryos reveals that growing sprouts, quiescent differentiated tubes and regressing capillaries can all co-exist in the same
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chemical milieu4. Thus, some form of local control of cell sensitivity
to growth stimuli must exist to produce and maintain these growth
differentials that are so critical for normal tissue patterning. Importantly, progressive loss of this spatial control leads to the disorganization of normal tissue architecture that is the hallmark of
neoplastic transformation5–7. Cancer is not caused simply by
uncontrolled growth in the sense of increased rates of cell proliferation; malignancy results when cells grow at times and in locations
where proliferation is normally suppressed, that is, when they
become autonomous of the normal controls that spatially constrain
growth within living tissues.
How are local growth differentials established in developing tissues and maintained in the adult? Work in the past has revealed
that local changes in ECM remodelling (synthesis and degradation)
are central to this process, with matrix turnover rates being highest
in regions of most rapid cell proliferation2. Most cultured cells also
require anchorage to an ECM-coated substrate to grow, whereas
development of anchorage independence is a fundamental feature
of malignant transformation. In fact, changes in the ECM play a key
part during the earliest stages of neoplastic transformation5, and
studies of transgenic mice show that deregulated ECM remodelling
can induce tumour formation in vivo8. Because of these observations, recent attention has focused on the role of ECM molecules
and their cell-surface integrin receptors in anchorage-dependent
growth control.

Adhesion-dependent control of cell-cycle progression
Although our understanding of signal transduction and cell-cycle
regulation was first defined through analysis of soluble mitogens, it
is now clear that the ECM is an equally important growth regulator.
Cell-surface integrin receptors promote cell attachment to the ECM
and transduce biochemical signals to the nucleus by activating the
same intracellular signalling pathways that are used by growth-factor receptors9. Integrin occupation and clustering leads to stimulation of multiple early mitogenic events associated with transition
from the G0 to G1 phase of the cell cycle, including expression of
immediate early growth response genes.
The emerging theme in the field of anchorage-dependent
growth control is that integrin-mediated adhesion to the ECM activates the mitogen-activated protein kinase (MAPK)/extracellularsignal-regulated kinase (ERK) pathway that has been shown to be
central to growth control by linking activation of growth-factor
receptors to the cell-cycle machinery10–12. This pathway involves a
progressive cascade of signal transduction from receptor-dependent activation of the small G protein Ras, to the kinase Raf, to
MAPK/ERK kinase (MEK), and finally to the downstream MAPKs,
ERK1 (p44Erk1) and ERK2 (p42Erk2)13. ERK/MAPK activation leads
to the induction of cyclin D1, which triggers a series of nuclear
events that leads to passage through the late-G1 restriction point
and entry into S phase14.
In fibroblasts, ERKs are rapidly activated upon cell adhesion to
fibronectin or upon crosslinking of integrin β1 with an antibody in
the absence of soluble growth factors15–21. Integrin binding appears
to promote signalling to ERK through multiple pathways that
already diverge at the receptor level15; these signals can impinge on
the canonical Ras/ERK cascade either upstream18,19 or downstream
of Ras activation17,20,21. As well as signalling directly, integrin binding
is also required for efficient propagation of signals from growthfactor receptors to Raf and, subsequently, to the downstream
growth-associated kinases, MEK and ERK1/2 (refs 20–22).
Thus, despite minor variations in molecular signalling in different cells, the common finding is that adhesion-dependent G1-phase
progression requires joint regulation of the ERK/MAPK pathway by
integrins and growth-factor receptors. Sustained activation of ERK/
MAPK is thought to be essential for G1 progression23–25, and so these
results have led to the view that anchorage-dependent growth control results from biochemical signals that are elicited in response to
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integrin binding. However, many studies have shown that activation of ERK/MAPK is not sufficient for passage through the late-G1
checkpoint. For example, when activated Raf is expressed in suspended lung fibroblasts using an inducible promoter, strong and
sustained activation of ERK/MAPK is produced, but cyclin D1 levels remain low and cells fail to hyperphosphorylate the retinoblastoma protein (pRb)26, a requirement for passing through the late-G1
restriction point. Overexpression of MEK1 in adherent NIH3T3
cells also fails to promote efficient pRb phosphorylation or S-phase
entry in the absence of growth factors, even though it induces
expression of cyclin D1 and promotes assembly of complexes containing cyclin D1 and cyclin-dependent kinase (CDK) 4 (ref. 12).
These results indicate that another critical governor of cell-cycle
progression must exist in the cell that is distinct from MAPK/ERK.
Mitogen-dependent control of progression through later stages
of G1 (that is, downstream of ERK/MAPK) is orchestrated by cyclins and CDKs; the activities of the latter proteins depend on cyclin
binding, phosphorylation state, and interactions with CDK-inhibitory proteins, such as p27Kip1 (p27) and p21Cip1 (p21)27. Cyclins D
and E control progression through the late-G1 restriction point by
assembling with their catalytic CDK partners and, when activated,
phosphorylating and thereby inactivating the inhibitory pRb protein. This cell-cycle gate in late G1 marks the end of a requirement
for stimulation by external growth factors27,28.
Studies using fibroblasts that exhibit anchorage-dependent
growth have revealed that cell adhesion regulates the transition
through the late-G1 restriction point by altering the cyclin-dependent cell-cycle machinery29,30. Unanchored fibroblasts remain
arrested in mid-G1 phase, whereas the same cells pass through this
restriction point and enter S phase when allowed to reattach and
spread on an ECM substrate. This anchorage-dependent G1 arrest
correlates with a marked reduction in cyclin E–CDK2 kinase activity in suspended cells, and has been attributed to increased levels of
the CDK inhibitors p27 and p21, although the particular CDK
inhibitor responsible varies in different studies31–35. Some authors
have also observed a decrease in the levels of cyclin D1 in suspended
cells; this could lead to redistribution of p21 and p27 and thus to
enhanced inhibition of CDK2 (refs 31,35,36). In one mutant cell
line, a later anchorage-dependent checkpoint involving cyclin A has
been described at the G1-to-S transition; this checkpoint can apparently be dissociated from the late-G1 restriction point37. However,
the failure of normal fibroblast cells to induce cyclin A when placed
in suspension appears to be secondary to arrest at the restriction
point in the absence of anchorage32,33,38.
These studies on the cell cycle have further cemented the idea
that anchorage-dependent growth control is governed by integrin
binding and associated receptor signalling events. However, in
developing epithelial and endothelial tissues, all cells remain
anchored to their ECM (basement membrane) whether growing or
not; loss of ECM contact triggers apoptosis and tissue regression in
many of these tissues (for example, mammary epithelium and
blood capillaries39,40) and terminal differentiation in others (such as
skin41). Moreover, in vitro studies show that although many integrin
signalling events can be induced in suspended cells by allowing the
cells to bind to ECM-coated microbeads42–44, these cells never enter
S phase45 and, in the case of endothelial cells, undergo apoptosis46.
This leads to a key question: if mere adhesion to the ECM and activation of integrin signalling alone are not sufficient to explain how
the local growth differentials are established during morphogenesis,
then how does the ECM exert this effect?

Shape and tension dependence
Another major difference between anchored cells and suspended
cells besides integrin binding is their shape: cells spread and flatten
on rigid planar ECM substrates but remain round in suspension.
Tight coupling between cell shape and growth has been recognized
in anchorage-dependent cells for over 20 years47 and oncogenic
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Figure 2 Control of cell shape independently of the total cell–ECM contact
area, studied using micropatterned adhesive substrates. Top, side view of a
cell-culture substrate containing adhesive islands of defined shape and size on the
micrometre scale; these islands were coated with a saturating density of fibronectin
(green) and separated by intervening non-adhesive regions coated with polyethylene
glycol using a self-assembly-based microfabrication method46. Middle, a view from
above of the same micropatterned substrates. Bottom, immunofluorescence
micrographs of human endothelial cells cultured on the islands shown and stained for

actin microfilaments with fluorescein-isothiocyanate–phalloidin (green) and for DNA
with 4,6-diamidino phenylindole (blue). Note that cells remain small and fail to form
actin bundles on the small adhesive island (left), but spread and fully reorganize their
cytoskeleton when cultured on many small adhesive dots (right), even though the total
area of ECM directly bound by the cell is identical in the two cases. Cells that spread
on large squares (centre) or across many dots (right) pass through the late-G1
checkpoint when stimulated by growth factors, whereas cells that are restricted in
their spreading never enter S phase58.

transformation has been shown to be accompanied by a progressive
loss of shape sensitivity48. In these early studies, standard tissue-culture substrates were precoated with varying thicknesses of a nonadhesive polymer to progressively interfere with cell contact with
the substrate, and hence to prevent cell spreading in serum-containing medium. However, the role of the ECM in shape-dependent
growth control could not be directly determined in these studies
because it was not possible to control the chemistry of the substrates
or to rule out changes in cell sensitivity to different growth factors
in the medium. More recent studies carried out under more defined
conditions confirm that the ability of various ECM molecules,
including laminin, types I, III, IV and V collagens, and different
fibronectin isoforms, to stimulate growth correlates with their ability to promote cell spreading in several cell types49–54, although the
nature of the integrin subtype activated by the ECM ligands may
also be important19. Similar tight coupling between cell shape and
proliferation has been shown by preventing cell spreading through
reducing the density of the ECM molecule coated on otherwise
non-adhesive dishes45,55,56 or using a peptide containing the aminoacid sequence RGD, a cell-binding peptide from fibronectin57. Nevertheless, the interpretation of these results is complicated because
the variations in the ECM substrate used to control cell shape can

also affect integrin signalling. In other words, it was impossible to
distinguish the effects of cell attachment per se, which triggers
immediate integrin signalling events, from subsequent integrinmediated changes in cell shape and cytoskeletal organization.
This issue has been resolved directly by use of microfabricated
culture substrates containing ECM-coated adhesive islands with
defined shape, size and position on a micrometre scale46,58. When
the spreading of human endothelial cells was restricted by culturing
them on small adhesive islands (of 30 µm2), entry into S phase was
restricted compared with cells on larger islands (of 80 µm2), even
though the surface chemistry and the density of ECM molecules
were identical (Fig. 2). Furthermore, by causing cells to spread over
many small, fibronectin-coated adhesive islands (dots of 3–5 µm in
diameter), separated by intervening non-adhesive regions of varying sizes, cell shape could be controlled over a wide range while
holding the total area of cell–ECM contact constant (Fig. 2). When
the cells were grown on these micropatterned substrates, their ability to enter S phase in the presence of mitogens depended directly
on the degree to which they were allowed to distend physically, and
not on their level of ECM binding. Cells that were bound to ECM
but prevented from spreading failed to increase cyclin D1 levels and
downregulate the cell-cycle inhibitor p27, and thus mimicked the
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effects of detachment from substrate, even though local integrin
binding was high and early signalling events, including activation of
ERK1/2, occurred completely58. Using this micropatterning
method, local growth differentials could be established in vitro in
the presence of soluble mitogens by plating cells on differently sized
adhesive islands in the same dish (Fig. 3), thereby emulating the
tight spatial control of cell growth that is observed during normal
development (Fig. 1a).
Studies of endothelial cells, fibroblasts and many other cell types
also show that maintenance of the integrity of the actin cytoskeleton, which determines cell shape and is key to cell spreading, is critical for G1 progression. Disruption of the actin cytoskeleton using
cytochalasin inhibits S-phase entry when added before, but not
after, the late-G1 checkpoint58–61. In fact, actin disruption produces
effects on the cell-cycle machinery that are similar to those of cell
rounding or detachment, including downregulation of cyclin D1,
upregulation of p27, and inhibition of pRb hyperphosphorylation,
even though the cells remain adherent to the ECM58,61.
Most interestingly, the same cell-cycle block in late G1 can be
induced without altering cytoskeletal integrity or cell shape in
endothelial cells, by inhibiting cytoskeletal-tension generation
using an inhibitor of the ATPase activity of the motor protein
myosin58. Decreasing cytoskeletal tension by inhibiting the small G
protein Rho with lovastatin in the presence of farnesol similarly
prevents S-phase entry without altering cell shape in prostate
tumour cells62. G1 progression can also be inhibited by decreasing
the ECM’s ability to resist cell-generated tensile forces (for example,
by increasing its mechanical compliance or decreasing its adhesivity) and thereby dissipating cell tension63,64. However, this response
may be biphasic, as greatly overincreasing cell contractility by overexpressing constituitively active myosin-light-chain kinase inhibits
both cell spreading and growth in fibroblasts65. Taken together,
these results indicate that the molecular machinery that controls the
late-G1 restriction point is itself governed by the mechanical and
structural context in which it acts.
Cadherin-mediated cell–cell contacts can also modulate p27
(refs 66,67) and thus may have a similar role in cell-cycle control to
that of cell–ECM contacts. However, the results obtained with
micropatterned surfaces show that local control of growth by ECM
and cell shape occurs in the absence of cell–cell contact formation.
The growth arrest observed when cells crowd into a monolayer
(that is, density-dependent inhibition of growth) can also be
explained by associated changes in cell shape (compaction and
rounding), independently of cell–cell contacts47. Thus, it appears
that the organism possesses redundant mechanisms to prevent
uncontrolled growth, including restriction of growth factors, stabilization of cell–cell and cell–ECM contacts, and maintenance of cell
shape and tissue mechanics. However, regulation by cell shape and
mechanical forces is of particular physiological importance in the
tissue context, as adherent cells form contacts with ECM and with
their neighbours in vivo, and many receive growth-factor signals,
yet normal morphogenesis and tissue homeostasis both require that
only a subset of these cells proliferate in distinct locations.

The mechanics of cell-cycle control
Where do we go from here? How do we link mechanics with cellcycle biochemistry? As described above, the early ERK/MAPK signalling pathway downstream of Ras appears to be insufficient for Sphase entry, yet overexpression of Ras can overcome anchorage
dependence in fibroblasts13,68. Successful progression into S phase
requires sustained Ras activity until late G1, beyond the period of
ERK/MAPK activity69–71. Interestingly, Ras is required for downregulation of p27 in fibroblasts, and this effect does not appear to be
mediated by ERK/MAPK as dominant-negative ERK does not
interfere with growth-factor-induced downregulation of p27 (ref.
11). Furthermore, overexpression of MEK is unable to downregulate p27 in the absence of mitogenic stimulation12. These observaE134

Figure 3 A pseudocolour image showing establishment of local growth
differentials in the presence of soluble mitogens in vitro. Endothelial cells
were cultured in the same dish on square fibronectin islands of varying sizes (5–50
µm2) and fluorescently labelled with antibodies against fibronectin to visualize the
islands (red), 4,6-diamidino phenylindole to stain all nuclei (blue), and antibodies
against bromodeoxyuridine to label nuclei in S phase (yellow/green). Note that only
the highly spread cell progressed through the cell cycle to S phase.

tions are consistent with the finding that cell shape and the actin
cytoskeleton control p27 expression independently of MAPK/ERK
activation in endothelial cells58.
The small G protein Rho may be important in shape- and tension-dependent growth control, as it regulates cytoskeletal
contractility72,73 and G1 progression74, mediates changes in cytoskeletal organization and cell morphology75, and is downstream of
Ras13,76. Activation of newly synthesized RhoA by geranylgeranylation is necessary for p27 degradation77, and ectopic activation of
RhoA stimulates p27 degradation and CDK2 activation78 as well as
growth that is free of anchorage, but not of serum79. Conversely,
inhibition of RhoA results in increased p27 levels and late-G1
arrest11,80. Future studies will be required to determine whether Rho
produces its effects on p27 and cell-cycle progression by altering
cytoskeletal tension. At the same time, increases in cell tension may
feed back to activate Rho, as inhibition of Rho using botulinum C3
exoenzyme inhibits focal-adhesion formation and actin reorganization induced by exogenous mechanical stresses exerted by stretching the cell’s adhesive substrate81. Thus, in addition to mediating
growth-factor-induced changes in cell morphology, Rho may also
be involved in the mechanism by which altering the balance of
mechanical forces across the cell’s ECM adhesions produces the
changes in internal cell structure that govern cell-cycle progression.

Integration of chemistry and mechanics
These results, combined with information obtained from work on
soluble growth factors, alters the way in which we think about
growth control and morphogenetic regulation. Analysis of cellcycle regulation has revealed that growth control can no longer be
defined solely in terms of the presence or absence of specific
mitogens or different interactions of integrins. Soluble growth factors, insoluble ECM molecules and mechanical forces or cell distortion all contribute to control of G1 progression and each can be
rate-limiting for the others (Fig. 4). But is this new understanding
of growth control consistent with what is observed during morphogenesis in vivo? It has in fact been known for over a century that
whereas soluble factors drive tissue development, mechanical forces
dictate tissue pattern; in the case of bone, this governing principle
even has a name (‘Wolff’s law’). The importance of cell tension for
morphogenetic control has also been shown in living tissues ranging from skin to brain82,83. Analysis of epithelial morphogenesis in
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Figure 4 Working model for regulation of G1 progression by growth factors,
adhesion to ECM and cell distortion. R, restriction point.

the mammalian lung reveals that localized distortion of the growing
epithelium in the sites of the newly forming buds actually precedes
growth, as measured by S-phase entry84. Actin-filament-dependent
changes in cell shape are tightly coupled to local cell proliferation in
the same system85. In other words, epithelial budding is not initiated
by increased cell mass because of local cell growth in response to
mitogenic stimulation; instead, local changes in cell shape and
cytoskeletal distortion associated with bud extension allow the cell
to respond to the mitogen by progressing through the cell cycle and
proliferating locally, thereby further propagating tissue expansion
in these regions. Placed in the context of recent genetic studies on
growth factors in morphogenesis3, these findings indicate a mechanism for growth control by which localized production of soluble
factors drives tissue growth and governs the sites of formation of
new branches at the tissue level, whereas localized changes in ECM
turnover and cytoskeletal mechanics determine precisely which
cells will respond to these factors as well as how differently shaped
extensions (pulmonary versus capillary branches) can be created.
How could cytoskeletal tension change within cells that are surrounded by neighbouring cells and bound to ECM? Again, analysis
of regions of the growing buds within developing tissues, such as
lung, salivary gland and capillaries, has helped: such analysis reveals
that the basement membrane thins specifically beneath the sites of
the most rapid cell proliferation, as a result of accelerated ECM
turnover1,8,86. More recently, a secreted matrix-degrading protease
has been found to be essential for organ expansion during gonadal
organogenesis in Caenorhabditis elegans105. All tissues exist in a state
of isometric tension because of the contraction of their constituent
cells and the resistance of the surrounding ECM scaffolds5,87,88. If the
basement membrane is under tension because of the contractility of
adherent cells, then local thinning of the ECM scaffold would be

Figure 5 Model for tension-driven tissue remodelling during normal
morphogenesis and its deregulation during tumour formation. Left, normal
epithelial morphogenesis. Local increases in ECM turnover result in the formation of
focal defects in the basement membrane (green) which stretches and thins because
of the contraction and pulling of neighbouring adherent epithelium (white arrows) and
underlying mesenchyme (grey arrow). Cells adherent to the basement membrane in
this extending region will distort or experience changes in isometric tension within the
cytoskeleton and thus become preferentially sensitive to growth stimuli. Cell division
is accompanied by deposition of new basement membrane (red), and therefore cellmass expansion and ECM extension are tightly coupled, leading to bud formation in
this localized region. Right, neoplastic disorganization of tissue architecture through
deregulation of tension-driven remodelling. Increasing ECM turnover in an adult
epithelium may lead to basement-membrane thinning, changes in cell mechanics, and
an increase in the sensitivity of adjacent cells to growth stimuli, much as is observed
during epithelial bud formation (left). Because cell division is not coupled to basementmembrane extension, piling up of disorganized epithelial cells results. Rapid and
complete dissolution of the basement membrane will result in cell apoptosis and
involution of most epithelial and endothelial tissues and thereby self-restrict further
tissue disorganization. If these more subtle changes in tissue structure and
mechanics are sustained over time, this continued growth stimulus could lead to
selection of anchorage-independent cells with malignant features.

expected to cause spreading of this weakened region, much as a run
in a stocking spreads from a small local defect to cover a large space.
In a similar manner, a local decrease in ECM thickness (and
increase in compliance) could lead to spreading of adjacent adherent cells or a change in cytoskeletal tension. As suggested by in vitro
studies45–47,58, this change in cell shape and mechanics would
increase the cell’s ability to respond to surrounding mitogens by
passing through the restriction point and entering S phase (Fig. 5).
Neighbouring cells on thicker, intact basement membrane that did
not feel this pull or experience distortion would remain quiescent,
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although confronted by the same soluble stimuli.
This tension-driven remodelling hypothesis for morphogenetic
regulation6 is consistent with both in vivo and in vitro data, as summarized above, and with the finding that pharmacological inhibition of tension generation inhibits morphogenesis in developing
salivary gland87. Interestingly, variations in the pattern-directing
behaviour of different mesenchymal tissues correlate with their
ability to generate mechanical tension89. This is important because
the mesenchyme determines tissue-specific pattern formation in
epithelia90. Perhaps it is because of this reliance on local distortion
for spatial control of cell growth that the expression of high stromal
levels of growth factors in transgenic mice increases branching of
mammary epithelium, rather than producing proliferation in all
cells and amorphous tissue growth91. This is consistent with a view
of tissue regulation in which the function of soluble growth factors
is to regulate overall tissue and organ size, while their effect is spatially restricted in a tissue-specific manner to generate distinct histological patterns, much like phyllotaxis in plants. The important
point here is that this spatial restriction may involve localized
changes in ECM and cell mechanics as well as localized production
of distinct positive and negative growth modulators3.
Conversely, loss of this form of tension-driven structural
remodelling may lead to disorganization of normal tissue
patterns5,6. Tissue boundaries, such as the basement membrane in
epithelium, commonly remain physically intact during early
stages of tumour formation (that is, before malignant transformation and invasion); however, a reduction in the thickness of the
basement membrane or subtle decreases in the levels of certain
ECM constituents can be detected5,92,93. This situation is analogous
to what is observed in regions of rapid growth in normal embryonic tissues, except that the oncogenic changes are not normally
restricted in space or time and disorganization of tissue structure
results (Fig. 5, compare right and left). In fact, it is often the loss
of tissue pattern that is first recognized by the pathologist as
abnormal7. Sustained changes in ECM structure and compliance
could promote distortion or increase cytoskeletal tension locally
and hence increase the sensitivity of adjacent adherent cells to
mitogenic stimuli, much as is observed in the embryo. However,
a piling up of cells would result because of failure to produce a
commensurate increase in basement-membrane extension (that
is, expansion of available adhesive area to match increases in cell
number), as is normally observed in developing tissues (Fig. 5).
Sustained growth stimulation over many years could result in
selection of cells that grow free of anchorage in vivo, just as continued culturing of normal cells may lead to spontaneous transformation in vitro. Cell growth and survival free of contact with
the basement membrane are sufficient to explain the disorganization of normal cell–cell relations that is observed during early
stages of neoplastic transformation5.
Studies involving culture of normal mammary epithelial cells
and their transformed counterparts on basement-membrane gels in
vitro show that the ability of cells to form three-dimensional organotypic structures and maintain normal cell shapes may suppress
expression of the malignant phenotype94,95. This may, in part, be due
to reciprocal modulation of integrin and growth-factor-receptor
signalling through the ERK/MAPK pathway; such modulation
requires growth in three-dimensional ECM gels and does not occur
in monolayer culture. Furthermore, targeting an autoactivating
form of the matrix-degrading metalloproteinase stromelysin-1 to
the mammary epithelium of transgenic mice promotes malignant
transformation in this tissue8. Again, in early phases of this process,
before full expression of the invasive phenotype, enhanced ECM
degradation is observed although the basement membrane does not
fully disrupt96. Taken together, these results indicate that the local
structural and mechanical context of the cell may represent a critical epigenetic safeguard against neoplasia in vivo, as well as guiding
normal developmental patterning. Loss of this spatial growth control at the level of tissue architecture may therefore represent one
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step in the multistep process of tumorigenesis, along with genetic
alterations in the cell.

Conclusions
We must begin to deal with complexity. Cells as the basic building
blocks of tissues represent autonomous agents endowed with programmes that allow them to sense their chemical and mechanical
context, and to divide when they sense space is available. Such selforganizing behaviour that drives morphogenesis appears to be
achieved by coupling cell division to cell distortion and even to
changes in the balance of mechanical forces within the cell6,97,98. The
discovery of the importance of cell shape and cytoskeletal tension
for control of cell-cycle progression requires that we place what we
have learned about biochemical mechanisms of cell-growth regulation within a larger frame of reference that also takes into account
cellular architecture, micromechanics and structural complexity.
Most important, we must begin to invoke models of biological regulation that are based on more than just changes in molecular binding events. This will be difficult because it requires that we devise
new theoretical paradigms and analytical methodologies to handle
highly complex systems, including approaches not used at present
by experimental biologists. These approaches will need to deal with
the dynamics, mechanics, network properties and hierarchical
complexity that characterizes living systems99,100.
Complexity sciences101–103 and tensegrity architecture6,100,104 are
two examples of such approaches that may be useful in this context.
For example, in the treatment of complex dynamic systems, patterns are thought to emerge as distinct self-stabilizing states
(‘attractors’) starting with a wide range of different initial inputs.
The finding that a generalized stimulus, such as cell distortion,
induces the same distinct biochemical pattern in cells as that produced by soluble messengers that bind to specific cell-surface receptors (such as changes in p27 and cyclin D1) is therefore consistent
with the existence of a robust attractor in the network of cell-cycleregulatory pathways (S.H. and I.D.E., unpublished observations).
Use of tensegrity architecture by cells, which provides an engineering basis for integrating cell tension and cytoskeletal structure5,94,
may offer a mechanism by which changes in mechanical forces can
influence thermodynamics and kinetics within load-bearing structures within the cell, and hence regulate specific molecular
biochemistry97,98. It also will be necessary to develop techniques to
alter the structure and mechanics of cells and of specific multimolecular networks controllably or, at least, to provide ways for experimentalists to hold these structural variables constant. In general
terms, cell biology must remodel itself to make the transition from
molecular reductionism to cellular realism; only then will we
answer the fundamental questions that first launched us on the
exciting adventure in which we participate today.
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