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In nearly all aspects of biology, forces are a relevant regulator of life’s form and
function. More recently, science has established that cells are exquisitely sensitive
to forces of varying magnitudes and time scales, and they convert mechanical
stimuli into a chemical response. This phenomenon, termed mechanotransduction,
is an integral part of cellular physiology and has a profound impact on the
development of the organism. Furthermore, malfunctioning mechanical properties
or mechanotransduction often leads to pathology of the organism. In this
review, we describe mechanotransduction and the theories underlying how
forces may be sensed, from the molecular to organism scale. The influence of
mechanotransduction on normal and abnormal development, such as stem cell
differentiation and cancer, is also reviewed. Studies illustrate the diversity of
mechanotransduction, and the major role it has on organism homeostasis. Cells
employ a variety of mechanisms, which differ depending upon cell type and
environment, to sense and respond to forces .  2010 John Wiley & Sons, Inc. WIREs Syst
Biol Med

In general, all animals consist of four general tissue
types: nervous, skeletal, connective, and epithelial

tissues. These tissues are organized into distinct
geometries and hence underlie the functional aspects
of many organs and organ systems. To survive, an
organism relies on the proper functions of organs
and each organ in a body satisfies a specific survival
demand, such as bodily fluid waste removal (kidneys),
nutrient and oxygen perfusion to tissues (heart),
absorption and solid excretion (gastrointestinal tract),
and gas-exchange (lungs).

The four tissue types can be thought of as having
general roles for each organ. Nervous tissue, for
instance, is responsible for the conduction of signals
to the organ, and can toggle organ function on or
off. Connective tissues form the scaffolding of the
organ and are responsible for forming the matrix of
the organ’s cells and for the stable anchoring of the
organ in the animal. Physical forces are provided by
muscular tissue. Muscular tissue can force large-scale
transport of substances into and out of an organ, but
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can also support tissue architecture. The fourth tissue
type, epithelial tissue, can be thought of as the tissue
underlying absorption, excretion, secretion, sensation,
and protection.

Although these general concepts can be applied
to organs, not all organs necessarily contain all four
tissue types. Evolution has specialized many organs to
carry out specific tasks, such as the central nervous
system. The central nervous system can be considered
to contain mainly nervous tissue and very little, if
any, muscular tissue. In addition, these tissue types
are intimately associated and rely upon one another
for function.

In contemporary medicine, organs are thought
of as modular in structure and function. However,
organs work as systems and cooperatively in
physiology. For example, waste removal requires not
only the kidneys for filtration of bodily fluids, but
also the action of the liver to prepare compounds
for excretion. To function properly, the kidneys also
require the action of the perfusion system, driven
by the heart. The heart is, in turn, dependent upon
the respiratory system, consisting of the lungs and
breathing muscles for its oxygen demand.

Recent advancements in molecular and cellular
biology allowed the discovery that tissue development
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is not absolutely autonomous, but tissues of a
developing organism coordinate their maturation in
an integrated manner.1,2 These studies are astounding
in that they implicate that many tissues of different
fates and origins communicate with one another
reciprocally.

Another landmark of the 21st century science is
the discovery that cells and tissues communicate and
respond to forces.3–6 The transduction of mechanical
stimuli into a cellular signal and response is termed
mechanotransduction.3–7

To achieve homeostasis, feedback exists between
the targets of signaling and the origin of the signal.
There is thus reciprocity in signaling pathways.
The target reciprocally communicates with the
originator of the signal to modulate future responses.
Reciprocity of signaling during development is not
limited to electrochemical signals, but can also occur
through mechanical means, and this can be termed
mechanoreciprocity.8,9 Developing tissues can thus
interact via forces and through physical contact. Thus
the aim is to understand both the biological and
the mechanical interactions of cells and tissues. By
understanding how tissues interact to form biological
organs of the developing organism, one can hopefully
exploit these in regenerative medicine, for example.

Mechanotransduction research is fundamental
in the underlying concepts of being able to one
day guide cells spatially and temporally to create
defined structures in three dimensions. Cells in vivo
are constantly reshaping tissues by varying mechanical
and biochemical properties, both spatially and
temporally.10,11 These changes, on a grander scale,
ultimately result in what is termed morphogenesis,
differentiation, determination, and are a part of
development.

Major developmental processes are influenced
by mechanotransduction. For instance, what marks
the left and right sides of the organism is determined
by coordinated ciliary beating which is thought
to influence local fluid dynamics in the cellular
environment.12 In addition, morphogenesis of organs
often involves a complex execution of forces to result
in proper tissue topology and shaping, such as during
the formation of the chambers of the heart.13,14

Additionally, mechanotransduction can underlie
many abnormal processes in organisms. For exam-
ple, one of the first diseases to be correlated with
biomechanics and mechanotransduction is atheroscle-
rosis, a disease that is now the leading cause of death
in the United States.15,16 Researchers have shown
that low-oscillatory shear stress correlates with sites
of atherosclerotic plaques, and that the low-shear

stress environment dramatically alters endothelial
organizations, especially their cytoskeleton.17–20

For centuries, orthopedists have known that
bone growth and healing, among the many factors
including diet, are also correlated to weight bearing
activities. Since then, many other examples of how
mechanics plays a major role in biology have surfaced,
but how this process specifically occurs at the
molecular and cellular levels remains elusive.

In the remainder, we will review the concepts
that define the field of mechanotransduction beginning
with the molecular scale and proceeding to the
organ scale. We discuss the current theories as to
how molecules can be influenced by force and the
corresponding reactions of the cells and tissues that
sense these changes. The force and time scales that
life is sensitive to are also relevant to understanding
mechanotransduction theory. Lastly, we discuss how
mechanotransduction plays a role in normal and
abnormal developmental processes and propose some
areas of inquiry for future study.

MOLECULAR CELL BIOMECHANICS
Ultimately, intracellular propagations of all stimuli
occur through biochemical cascades to alter transcrip-
tion and cellular activity. Until the origin of mechan-
otransduction theory, it was widely assumed that
chemically propagating stimuli also began through
biochemistry, i.e., binding and oligomerization or
changes in electrical conductance leading to bind-
ing or enzymatic conformational changes. However,
recent evidence has led to the discovery that cells also
respond to their physical environment and these are
transduced into intracellular biochemical cascades.
Therefore, the term ‘mechanotransduction’ describes
the specific capacity of life to transduce a mechanical
signal into a biochemical signal. Mechanotransduc-
tion is a rapidly growing field since its implication in
the mid-1960s by Y.C. Fung.7,21

Interestingly, although it is known that mechan-
ical factors do dramatically alter cellular and even
tissue behaviors, their relationship to biochemical
signals remains elusive. Even further, it is debated
whether or not cells are actually actively responding
to the mechanical factors, or if the mechanical factors
passively enable other cell behaviors. For example,
the observation that cells migrate and behave more
mesenchymal-like on stiffer substrates may not be
that cells actually respond to the stiff substrate, but
rather that certain expression patterns are enabled in
the presence of greater physical substrate support.22 A
cell’s intention is difficult, if not impossible, to justify.
Nevertheless, mechanics cannot be neglected if one
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were to try to understand cellular development and
function.

Forces are increasingly being recognized as
major regulators of cell structure and function.23 The
balance of forces among cells determines multicellular
organization as much as the expression of genes does.
Recent studies in vitro and even in model organisms,
such as Drosophila melanogaster or Caenorhabditis
elegans, combine physical modeling with experimental
measurements to provide insight on the processes that
influence cell patterns in vivo.24

MECHANOTRANSDUCTION
A major hallmark of modern molecular and cell
biology is the discovery of the cytoskeleton in both
prokaryotic and eukaryotic organisms. This discovery
prompted the revision of the model that cells are
basically bags of enzymes. The cytoskeleton is a stress
bearing structure and governs cell shape. Structurally,
the cytoskeleton also serves as the mechanical link
between the exterior and internal environments.

During processes like cell movement or shape
change, the cytoskeleton is actively and dynamically
remodeling. The precise regulation of cell movement
is the epitome of mechanotransduction. For example,
a cell that is migrating must be able to transduce
an initial chemical cascade into a physical effect.
Furthermore, the cell must also be able to recognize
what forces it has applied and how the cytoskeleton
is organized in order to successfully carry out its
movement. Thus, a cell must in every day activity be
able to both transduce a biochemical stimulus into
a mechanical effect, but also vice-versa, transduce
a mechanical stimulus into a biochemical effect, the
latter we typically call mechanotransduction.

It seems obvious to some degree that the former
case is entirely possible through the action of force
producing enzymes, such as motor proteins and
cytoskeletal filament polymerizations. However, how
the cell can recognize the force it is applying and the
force it feels from the external environment is not so
clear. Biochemical pathways in the cell are under pre-
cise regulation, require an input of energy, and are not
generally reversible. These two pathways, although
seemingly related, proceed via unique mechanisms.

Recently, the cytoskeleton has also been impli-
cated in serving as a scaffold for many biochemical
activities. Transmembrane chemoreceptors or chan-
nels often link to the cytoskeleton, namely actin.25,26

Even classical signal transduction cascades are often
demonstrated to be intimately linked and localized
to the cytoskeleton.25,26 In fact, some normal and
pathogenic processes rely on their anchors to the

cytoskeleton to carry out their activities. For example,
the human immunodeficiency virus requires cytoskele-
tal binding to endocytose and infects cells.27 One can
readily identify, therefore, that mechanics plays a large
role in biological behaviors at varying scales, from the
molecular level to the scale of an organism.

One must take into account that the magnitudes
of length and time at the molecular scale may difer
from the macroscopic scale. The challenge of modern
biomechanics and mechanotransduction is to bridge
the gap between the micro and macro scales. This
will depend largely upon the integration of knowledge
from the molecular to the organism scale. Ideally,
one would be able to one day extrapolate from
biomechanics at the molecular scale and predict
the macroscopic effects at not only the cell scale,
but also the tissue, organ, and even on the level
of the whole organism (Figure 1). For example,
when a gene encoding an extracellular component
protein in D. melanogaster, bola, is mutated, the egg
chamber of the organism develops spherically rather
than oblong in wild type28–31 (Figure 1). Although
multiple mutations in differing extracellular matrix
(ECM) encoding genes result in similar phenotypes,
the mechanical implications of such mutations at the
cellular scale underlying the phenotype, nor the tissue
morphogenetic alterations are known.28–31

Theoretically, one should be able to identify
the cellular changes, which could underlie changes
in the tissue morphology (Figure 1). Although these
assertions are highly speculative and the goal
ambitious, the use of such knowledge could be useful
for diagnosing the molecular bases of diseases and
future cures. Such foresight could also be used in
designing future tissues and organs for regenerative
medicine.

MECHANOTRANSDUCTION
INFLUENCES PHYSIOLOGY
The cardiovascular system is markedly sensitive to
mechanical stress. It is well established that fluid flow
forces regulate the development and physiology of the
heart and the vascular network.32–36 At the molecu-
lar and cellular scale, vascular endothelia align their
F-actin stress fibers along the primary orientation of
fluid shear stress.37 In areas of high unidirectional
oscillatory shear stress, vascular endothelium exhibits
a uniform orientation of their cytoskeletal network,
which produces a cylindrical supracellular arrange-
ment, and is atheroprotective.38,39

In areas of low oscillatory shear stress or
recirculation zones, the vascular endothelium develops
a random orientation of stress fibers and does not
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FIGURE 1 | A single mutation in
a gene dramatically alters the local
cell shape and also the global tissue
morphology. The organism develops
abnormally spherical. In normal
development the epithelium
appears stretched a long a uniform
axis, and the mutation disrupts this
process. The mutation results in a
decrease in net force within the
epithelium. (Adapted with
permission from Ref 30. Copyright
2001 Development).

form a supracellular structure. At these sites, there is a
greater propensity for vascular wall thinning, resulting
in aneurysms, or atherosclerotic plaques.39–42 Some
researchers speculate that wall thinning may be a
homeostatic response to increase tissue stresses in the
endothelial wall.

Another example where fluid shear stresses
influence tissue homeostasis is in bone. In haversian or
cortical bone, osteocytes are thought to regulate bone
structure by responding to dynamic fluid shear stresses
that are normally generated during movement.43

Bone cells, osteocytes, extend long membranous
processes through bone channels, canaliculi, and
connect to share cytoplasmic material via gap
junctions. The osteocytes can thus respond to fluid
flow that is induced by squeezing during bending of
stress in bone.44

THE MOLECULAR BASIS OF
MECHANOTRANSDUCTION

The signaling cascades that become activated by
mechanical stress are actively studied. However, the
means by which this mechanical stress is initially
converted into a biochemical signal is much less
understood. A myriad of theories exist that might
explain the process of mechanotransduction, but most
require further development and refinement.

An excellent example of mechanotransduction
is the sensory system of hair follicles. In hair follicles,
the cilia that compose the hair bundle are physically

linked to transmembrane potassium channels.45 Any
force that is applied to the hair deflects the cilia
and in turn stretches the potassium channels and the
potassium influx initiates the biochemical-signaling
cascade.

While many cells are known to contain stretch-
sensitive ion channels, such as endothelial vascular
epithelium,17,46–49 the atomic structure of only a few
is known, and molecular dynamics simulations prove
somewhat inconclusive. Furthermore, only recently
are efforts being made to identify the downstream
effects of such mechanotransducive events in other
cells and tissues.

The cellular response to force can vary from
being essentially instantaneous to on the order of
days and even years as with heart disease, for
example.50 Most rapid responses to force occur
through transient changes in the transmembrane
electric potentials because of ion flux through
transmembrane channels51 (Figure 2). The complete
electrochemical impulse can be completed on the
order of milliseconds.19,20 These stretch-sensitive
ion channels may be mechanically coupled to the
cytoskeleton, or may be sensitive to membrane
tensions (Figure 2).

It has also been demonstrated that changes in
membrane fluidity during cell stretching can directly
influence associations of transmembrane receptor
molecules.52–54 The time scale for these events is not
known, but could be potentially immediate. Much
research is surfacing to support that these events
are possible due to force activated conformational
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FIGURE 2 | A schematic illustration of some candidates that sense force and propagate the signaling cascade. While this illustration is not an
exhaustive list of every candidate known to be sensitive to force, it describes some canonical mechanotransduction pathways, such as through the
integrin–cytoskeleton linkage, and through stretch-sensitive ion channels.

changes of proteins, directly influencing their bind-
ing affinities. Force could alter the binding affinities
for cytoskeletal binding proteins at focal adhesion
complexes, for instance. Eventually, these conforma-
tional changes could potentially lead to activation of
multiple signal transduction pathways and alter gene
expression patterns.

A major misconenception of mechanosensation
put to rest by Davies was that mechanosensation had
to occur at the site of force application.37 Davies
illustrated that stresses, such as fluid shear stress, can
be transmitted to remote parts of the cell through
various intracellular structures.37 To elaborate, the
cytoskeleton is a highly interconnected web that
connects cell–cell junctions, focal adhesions, the
nuclear membrane, and cytoskeletal binding factors
(Figure 2). Thus, any force at one site in the cell can
be immediately propagated through the network and
signal transduction can occur at any of these sites
instantly. Researchers have even demonstrated that
this can actually be many orders of magnitude faster
than intraceullular biochemical cascades.43

SIGNALING THROUGH FOCAL
ADHESIONS

Many biological researchers today appreciate that
other proteins, in addition to transmembrane chan-
nels, undergo conformational changes when subjected
to stress. Arguably the most widely known and

studied mechanism of force sensation and trans-
duction is through focal adhesion complexes. Focal
adhesions bridge the extracellular matrix to the
intracellular environment. Integrins are transmem-
brane heterodimeric transmembrane receptors that
bind extracellular matrix molecules and link them to
intraceullar cytoskeletal binding proteins like talin,
vinculin, filamin, paxilin, and focal adhesion kinase
(FAK), for example.7,55–57 These cytoskeletal binding
proteins bridge integrins to the F-actin cytoskeleton.

The integrin’s cytoplasmic domain is associated
with cytoskeletal binding proteins and can also
be activated by force to associate with a host of
second messengers to initiate signaling cascades. This
signal cascade will not only recruit more cytoskeletal
associations to increase mechanical bracing, but
also increase the expression of focal adhesions and
localization of more focal adhesions to the area. The
response to force at a focal adhesion is logical, which
increases its strength and the cell’s ability to withstand
deformation. However, there is a limit to this response
which will be discussed in greater detail in subsequent
sections.

The entire protein–protein interaction map is
not known at focal complexes, but some examples are
summarized in Figure 3. It is important to note that
the nature and regulation of force-induced activation
may differ drastically between these illustrated factors
(Figure 3). One example illustrates how integrin
receptors can activate FAK, either directly or by FAK’s
independently sensing force. A conformational change
of FAK may alter its binding affinity for one of several
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FIGURE 3 | Mechanotransduction
can occur in many locations
simultaneously within the cell.
Forces can be transmitted from the
exterior via the extracellular matrix
or cell–cell junctions, or directly into
structures like the glycocalyx. These
transmitted forces can effect
membrane fluidity and
biochemistry, or propagate further
through the cytoskeleton and even
deform the nucleus. All of these
events may occur in concert and
their contribution need not be
equivalent or even cooperative.
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known binding partners. In addition, FAK activity
may vary after the application of force, and this can in
turn lead to the activation of other signaling molecules
such as Rho, Rac, and Ras, to name a few.58

The experience of force at a focal adhesion
not only leads to recruitment of cytoskeletal binding
proteins, but also increases the number of recruited
signal transduction molecules. A focal contact that
has progressed to accumulate a number of molecular
factors is termed a focal complex.

NUCLEAR SIGNALING

The nesprins are a family of proteins that link
the cytoskeleton to the nucleus.59–61 Nesprin 1 and

2 associate with actin filaments and SUN domain
containing proteins of the nuclear membrane.59–61

Nesprin 3 can also associate with SUN domain
containing proteins, but links to the intermediate
filament network.59–61 The lamins are proteins that
form the nuclear envelope, or stabilize intranuclear
structure and associate with the SUN domain
containing proteins and with chromatin associated
factors.59–61 Therefore, forces at the extracellular
matrix can immediately propagate into the nucleus
(Figure 3). This may initiate changes in transcription
and subsequent changes in translation.

Additionally, forces propagated to the nucleus
may physically alter the rate of nuclear cytoplasmic
transport.62 Thus, multiple means exist to sense forces
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FIGURE 4 | The varying time and length scales of cellular responses are illustrated in this figure. In general, as time increases so do the
macroscopic changes to the organism. The events that characterize short and quick responses, tend to be second messenger cascades or
electrochemical. Other changes, such as gene transcription and cell/tissue morphological changes occur on the order of minutes to hours. Finally, if
these events continue the final effect is large-scale changes in tissue organizations and morphological development of the organism. (Adapted with
permission from Ref 65. Copyright 2003 BioMed Central).

at the nucleus; the topology of DNA can be directly
affected, or the transport of transcription factors into
and out of the nucleus may differ.

An increasing amount of research is demonstrat-
ing the grand role force has on cellular homeostasis
and function. Cells often respond to force by mod-
ifying intracellular structure, migration, and modi-
fying transcription and translation. More recently,
researchers have also revealed another exciting
front in mechanotransduction where forces are even
thought to influence post-translation modifications.
Indeed, interdisciplinary researchers employ biochem-
ical knowledge of glycosylation to better understand
how the turnover rate of the glycocalyx is influenced
by shear stresses, for example.63,64

FORCE AND LENGTH SCALES OF
MECHANOTRANSDUCTION

An interesting aspect of mechanotransduction that
contrasts with other canonical cellular signal trans-
duction pathways is the various responses that can be
achieved with a seemingly uniform ligand/stimulus:

force. This is surprising given that the nature of the
cellular response to force can vary not only between
differing cell types, but even within a uniform cell
type. This is possible partly because cells and tissue
experience forces of great range in magnitude and
time scale or frequency (Figure 4).

Utilizing an in situ assay for the exposure of
shielded or buried cysteine residues in proteins in
cells, Johnson et al. were able to demonstrate that
cytosolic proteins do unfold in their normal cellular
environment.66 Surprisingly, in both red blood cells,
cells that regularly experience fluidic shear stress, and
mesenchymal stem cells, there existed proteins that
regularly unfolded.

While it is true for the most part that forces
within tissues and cells are distributed and decrease
with increasing distance from the site of application,
cellular structure indicates means by which forces
can be directly transmitted large distances and even
concentrated. For example, cells are attached to the
extracellular environment at discrete locations, focal
contacts being one type. A uniformly applied stress to
the top surface of a cell is inherently concentrated as
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a consequence of there being only 1–10% of surface
area contact with the substrate at the bottom surface.
Thus, a stress can be magnified by many orders of
magnitude.39

Mack et al. have demonstrated such stress focus-
ing at focal contacts through cell force application
with fibronectin coated magnetic beads.39 In fibrob-
last cultures, the effect of focal adhesion stress focusing
has also been reproduced.67

Atomic force microscopy and optical traps are
experimental tools that can apply forces small enough
to slowly extend proteins and probe interactions via
force. In cases of extracellular adhesions, it has been
shown that integrin–extracellular matrix component
adhesions can be ruptured with forces on the order of
30–100 pN.68 Proteins are viscoelastic and hence the
strain rate markedly affects the unfolding pathway of
the protein as well as the force required for unfolding.

Using molecular dynamics simulation and
atomic force microscopy, mechanical linking proteins
like titin in muscle, filamin, and α-actinin in F-actin
cross linking, and talin in focal adhesion formation
have been actively studied for their ability to sense
force inputs.55–57,69,70 The forces for many of the con-
formational changes exhibited by these proteins fall
within the range of 10–100 pN and occur on the
order of picoseconds to microseconds. The sensation
of force by these proteins must be greater than the
thermal energy available to the system (kT) which is
approximately 4 pN·nm.

Researchers have quantified the force that cells
actively contract on their substrate, which is measured
to approximately 5.5 nN/µm2.71,72 This measurement
has made possible the extrapolation of the force
experienced by a single integrin molecule to be on the
order of several piconewtons. Mack et al. have shown
that forces applied via magnetic beads to adherent
vascular endothelial cells can elicit a response if on
the order of 1 nN, corresponding to the threshold
of 1 Pa that Davies et al. proposed to approximate
the threshold for stimulation by hemodynamic shear
stress.37,39

The body experiences forces on time scales that
are many orders of magnitude greater than what
cells and molecules require to respond to mechanical
stimuli. This can be analogous to having cells, which
typically have transmembrane electrical potentials on
the order of hundreds of millivolts, to experiencing
external electrical fields on the order of volts to
kilovolts on a daily basis.

Just as chemical physiological processes exist in
the organism to preserve homeostasis, processes must
exist to preserve homeostasis in light of the many
mechanical stimuli that an organism experiences on a

daily basis. These effects must be remarkably robust,
yet exquisitely sensitive to account for the staggering
ranges in force, length, and time scales experienced.

MECHANOTRANSDUCTION IN
EPITHELIAL TISSUES
In 1824, Ètienne Serres put forth the embryological
parallelism ‘ontogeny recapitulates phylogeny’.73

Consistent with the Meckel–Serres Law, epithelial
tissue is considered to be one of the first tissues
to evolve and is the first tissue formed during
development. Furthermore, epithelial tissue is believed
to be one of the most basic tissue types, and therefore
can serve as an excellent model for research in
‘developmental biomechanics’.

Epithelium occurs on all inner and outer surfaces
of organs. During development, epithelial cells form
confluent monolayers and these epithelial tissue sheets
twist and contort to form various structures to
give rise or house developing organs and bodily
compartments.74

Epithelial cells have an apical face and a basal
face (Figure 5). The apical face functions in absorp-
tion and secretion of matter from or into the luminal
space formed by the epithelial tissue. The basal face
of the epithelium is the site attachment to the ECM,
a complex network of post-translationally modified
protein filaments, such as collagens, laminins, fibrins,
fibrilarins, and many more6,9 (Figure 5). ECM fila-
ments are highly charged because of extensive post-
translational modifications such as glycosylation and
sulfation, and are given the name glycosaminogly-
cans. The extensive charge of the ECM underlies its
water retaining properties and hence directly influ-
ences the viscoelasticity. In aging the number of gly-
cosaminoglycans or overall charge of the ECM tends
to decrease reducing the tissue viscoelasticity.

Epithelial tissue sheets are organized by their
expression of adhesional proteins on their membrane
surface, primarily their lateral membrane surfaces
(Figure 5). Many adhesional protein complexes exist
within epithelial cells and they can have varying
degrees of adhesion strength. Cellular adhesion
is highly regulated and is organized in specific
orientations and geometries giving rise to many
integral functional properties of the epithelium.

One adhesional structure that is integral to tissue
architecture and highly studied is the zonula adherens,
or adherens junctions. The proteins responsible for
cell–cell adherens junctions are the calcium ion
dependent adhesion molecules, the cadherins. Many
different isoforms or homologs exist, and exhibit
differing pairing affinities. When two cells adhere
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FIGURE 5 | A generalized epithelial tissue architecture depicting some characteristic epithelial adhesion structures and geometry. The epithelial
tissue is polarized with an apical face and a basal face. The apical face functions mainly to import and export. To increase surface area, the membrane
is highly folded forming structures called villi and within the villi are even smaller microvilli. At the basal domain is the extracellular matrix that forms
the tissue scaffold. Three major cell–cell adhesion structures exist each with different accompanying physiological functions, the tight junctions,
adherens junctions, and the septate junctions. All of these junctions also serve as intracellular anchor points for the cytoskeleton, commonly actin,
microtubules, and intermediate filaments.

to one another via cadherins, the adhesive complex
formed is termed a desmosome, or macula adherentes,
in Latin meaning ‘adhering spot’.

Interestingly, the desmosomes formed between
two cells need not be between identical cadherin
isoforms. Cadherins have been shown to form not
only homodimers between cells, but also heterodimers
between isoforms of markedly differing affinities.75,76

Consequentially, epithelial cells can prefer to adhere
more tightly to neighbors expressing isoforms that
maximize adhesional strength.75,77 This hypothesis
was proposed originally by Steinberg given this
heterodimerization phenomenon, and was named the
differential adhesion hypothesis (DAH).78,79

The DAH proposes that epithelial tissue mor-
phogenesis can be driven by the segregation of
epithelial cells due to expression of differing
cadherins.78,80,81 In other words, two differing cell
types can form immiscible, separate clusters solely
based upon their differing adhesion affinities.76 It
also proposes that to interchelate cell types, similar
adhesion affinities must exist.75,78 The DAH is often
described similar to the theory of chemical solubility,
in which similar interactions, or interaction affinity
between particles should promote solubility. How-
ever, recent work has revealed that the affinities of

cadherins expressed by cells do not correlate with the
predictions of cell lineage segregation.76,82

Nevertheless, the DAH has been demonstrated
to be consistent with a number of morphogenetic
processes,80,81 and this inconsistency has spurred
a number of researchers to propose that active
processes may be at play.75,82 One of the major
active processes that is proposed to be at play
is mechanotransduction, and many investigations
support that the cadherins may respond to force,
namely β-catenin.82 When cyclical stress is applied
to cells expressing β-catenin, the stiffness of the cells
increases, due in part to the increased recruitment
of filamentous actin to cadherins.82 Although these
experimental observations support that β-catenin can
function as a mechanosensor, it does not directly
reveal why adhesion affinities do not correlate
to cell–cell segregation predictions. However, these
works do demonstrate the dynamic nature between
the cytoskeleton and intercellular interactions.

As the cytoskeleton is responsible for cell shape,
adhesion therefore also affects the geometry of the cell
by interacting with and modifying the cytoskeleton.83

Interestingly, this effect is reciprocal, as the cytoskele-
ton can exert stresses on adhesion structures, and
promote their disassembly, for example.81
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CELL AND TISSUE MORPHOGENESIS
RELIES ON MECHANICAL CUES

During development of multicellular organisms,
epithelial cell sheets coordinate to achieve a myriad
of specific and distinctive shape changes. Invagina-
tion, evagination, folding, intercalation (convergent
extension), cell flattening (epiboly), ingression, egres-
sion, and branching are widespread examples of
epithelial morphogenesis in the animal kingdom.84–86

Remarkably, the epithelial cells within the tissue must
precisely organize adhesion, actin–myosin contrac-
tility, apical–basal and planar cell polarity during
morphogenesis.

During morphogenesis, each cell must process
and physically respond to patterning and polarity
information in order to effectively take part in tis-
sue growth. Cell behaviors during morphogenesis
include processes such as cell growth, migration,
death, division, and shape changes. Biological tis-
sues have two mechanical properties that directly
contradict each other. They exhibit a stable struc-
ture, which is needed to resist stresses, but they
also demonstrate a dynamic and plastic behavior,
allowing for remodeling.81 The balance of these two
opposing mechanisms can be thought of as leading
to tissue homeostasis.81 The balance between inter-
cellular adhesion, an outwardly directed force, and
intracellular contractility, an inwardly directed force,
can bring about tissue homeostasis. Cells can tilt the
balance of forces to create polarized epithelial layers
and control cell sorting.81

The orchestration of such mechanisms has been
mainly studied through the identification of signaling
pathways that control cell behavior both in time and
space. However, it is an open area of investigation
as to how this information is processed to control
cell shape and dynamics. A range of developmental
phenomena can be explained by the regulation of cell
surface tension through adhesion and cortical actin
networks.81

Although the interplay between adhesion and
contractility can explain or support a number of devel-
opmental phenomena, it is unknown how this can be
exploited or exactly how this leads to the observed
morphogenesis, i.e., by identifying molecular candi-
dates and their spatiotemporal expression. In addi-
tion, describing certain developmental or pathological
mechanisms solely by adhesion and contractility vari-
ations, such as in cellular metastasis or mesenchy-
mal cell migrations, may be too oversimplifying to
be useful. Morphogenesis ultimately relies upon the
mechanical environment for cues.

STEM CELL MORPHOGENESIS

If development and morphogenesis is exquisitely
sensitive to mechanical cues, it is not surprising
that these cues are equally influential in stem cell
differentiation. It has been repeatedly demonstrated
that stem cell differentiation can be reliably controlled
solely by mechanical cues.5,87–90 Although in vivo
stem cell differentiation likely involves more than just
mechanical cues, i.e., biochemical cues as well, this
mechanically driven differentiation is robust and can
be reproduced reliably.

In general, research in this field is supporting
that stem cells differentiate to whatever tissue
stiffness most resembles that of their substrate.6 For
example, nervous tissue is comparatively soft to other
human tissues, and neurons therefore form from
stem cells when cultured on soft substrates.87,88,90,91

Myocytes and osteoblasts form on substrates that are
increasingly stiff.6 Moreover, these phenomena occur
in multiple stem cell lineages, and even in circulating
stem cells.90

Even cells that are not stem cells tend to mimic
the stiffness of their substrate, such as fibroblasts.92

Fibroblasts within a sensible range, will contract on
their substrate such that their average cellular stiffness
will reflect that of the substrate.92 Fibroblasts as a
mature cell line may be unique in this capacity as they
generally serve a repair or wound healing role in the
body. Therefore, it is conceivable that to form repair
tissues, it would be ideal to most closely resemble
what was previously lost or damaged.

TUMOROGENESIS

Cells can misinterpret mechanical cues and become
malignant. In some cases, like breast cancer, for
instance, the stiffness of the substrate directly
causes female mouse mammary epithelium to become
malignant.93,94 Even more astonishing is that the
malignant cells can be transferred to soft substrates,
resembling normal physiological stiffness, and the cells
will return to normal. It is hypothesized that similar
mechanisms exist underlying the progression of one
of the most deleterious forms of cancer, glioblastoma
multiforme.95

It is possible that mechanical cues can potentiate
an existing or new mutation allowing pathogenecity,
but this is unknown. A defining characteristic of
nearly all tumors is the increased expression of matrix
metalloproteases.96,97 Matrix metalloproteases are
widely expressed in metastatic cancers, as a means
to potentially create a greater void for tumor
proliferation, or possibly to modify their mechanical
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environment for other means. This is an active area of
research with much still remaining to be investigated.

CONCLUSIONS: AN INTEGRATION OF
MECHANOTRANSDUCTION FROM
MOLECULAR, CELLULAR, TISSUE AND
ORGAN/ORGANISMAL LEVELS

Mechanotransduction is a relatively newly discovered
phenomenon describing the translation of forces into
a biochemical language the cell can understand. Cells
and tissues are extremely sensitive to changes in their
mechanical environment and respond in ways that are
still explicitly unclear.

Cells employ more than just chemical cues to
regulate their physiology, and mechanics plays an inte-
gral role in regulating cell movements, morphologies,
and even metabolism. During development, a num-
ber of complex cell shape changes and population
reorganizations occur to result in the complex tissue
geometries of the organism. These involve coordinated
movements of cells and massive matrix remodeling to
form these tissues. Mechanotransduction undoubtedly
plays a role during these processes.

Just as in other signal transduction pathways,
feedback loops exist to promote homeostasis. A
mechanical response to the environment, such
as decreasing cellular contractility or cytoskeletal
integrity, or increasing activity matrix degradation
or deposition, can significantly adjust the mechanical
environment. This can in turn, lead to a reciprocal
response within that same cell, or lead to a change in
nearby cell populations.9

The implications of this are astounding, and
can, potentially, lead to new theories in areas of tissue
engineering, regenerative medicine, and development.
For example, although stem cells can be driven via
mechanical changes to differentiate to target cell types
or some tissues, no methods exist to create complete
biological organs.98 Currently the major hurdle is
culturing large tissues in three dimensions.98

In addition to this major problem, it is also
necessary to interchelate multiple tissue types and
cell types into a defined three-dimensional topology
for proper organ function. For example, vascular
tissue must be present in all target organs.99 The
process by which these tissues organize themselves
and differentiate into particular shapes and topologies
are unknown. Cell environments are dynamic during
in vivo development and morphogenesis, and nor can
current approaches capture this. A cell’s environment
is constantly being reshaped and therefore tissue
engineering in vitro must also be dynamic.89

It is often neglected that many of the forces
and mechanical cues of a developing organ or tissue
may come from tissues not necessarily from the same
lineage. In fact, it is entirely possible that mechan-
otransduction can occur between tissues, or intertissue
mechanotransduction. A fundamental understanding
of the in vivo micromechanics of processes involved in
morphogenesis is essential to employ these processes
in vitro to differentiate stem cells to a target tissue.

Understanding how a mechanical, dynamic feed-
back between interacting tissues can drive concerted
development during reproductive growth is integral
for future prospects in regenerative medicine.89 For
example, the mechanical identification that neurons
regulate axonal growth by tension to connect to other
neurons, has allowed for the creation of devices that
can in a user-defined manner, guide neuron axonal
growth both in vitro and in vivo.11,100 With a single
observation in the mechanics of development of neural
connective systems, these devices were fabricated and
now make possible the repair of nerve connections in
the human nervous system in situ.11

It may be advantageous, then, to take a
top–down approach rather than a bottom up in
regards to tissue and organogenesis. The assumption
that fully developed organs are modular may not be
valid during development. Organs may require all
accessory tissues with which they develop, despite
these tissues not being intimately involved in organ
function, nor derived from the same germ layer.
Research may benefit to test if developing tissues can
be shaped in a controlled manner.

In addition, the magnitude of developmental
factors omitted during classical in vitro regenerative
medicine applications is largely confounding in our
efforts to understand differentiation. It may serve
research better, to instead allow development to
proceed, but aim to precisely guide cell movements
by varying select parameters. This method, in situ
directed tissue engineering, would benefit in allowing
the researcher to make direct cause and effect
relationships, thus enhancing the wealth of knowledge
in directed growth. In situ directed tissue engineering
efforts could test if ontogeny can be recapitulated and
modified in vitro.

Many pathologies and abnormalities can surface
when mechanotransduction malfunctions, including
but not limited to tumorogenesis. For an excellent
review on pathological conditions resulting from
improper mechanotransduction, see Jaalouk and
Lammerding.34

Physical changes described by mechanics are
the ultimate means tissues communicate, and changes
in these mechanics describe changes in spatial and
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temporal organizations of tissues, supporting the bio-
logical function. Organogenesis thus requires a greater

understanding of the relationships between the bio-
chemistry and their net physical effects.
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