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Abstract
A cell embedded in a multicellular organism will experience a wide range of mechanical stimuli
over the course of its life. Fluid flows or neighboring cells actively exert stresses on the cell, while
the cell’s environment presents a set of passive mechanical properties that constrain its physical
behavior. Cells respond to these varied mechanical cues through biological responses that regulate
activities such as differentiation, morphogenesis, and proliferation, as well as material responses
involving compression, stretching, and relaxation. Here, we break down recent studies of
mechanotransduction into categories based on the input mechanical stimuli acting upon the cell
and the output response of the cell. This framework provides a useful starting point for identifying
overlaps in molecular players and sensing modalities, and it highlights how different timescales
involved in biological and material responses to mechanical inputs could serve as a means for
filtering important mechanical signals from noise.

What kind of mechanotransduction?
Mechanical stimuli can influence a myriad of cellular behaviors, including motility,
proliferation, and differentiation. The conversion of mechanical signals into biologically
significant outputs has been a subject of study for over 100 years [1], with efforts to
understand implications for developmental biology and disease progression accelerating
over the last decade. Mechanical inputs including substrate stiffness, compressive strain, and
fluid shear stress have been shown to elicit responses that are all termed
‘mechanotransduction.’ But how similar are these? What pathways are shared, and what are
distinct? When are the material properties of a cell relevant to its biological behavior and
when do they serve as shock absorbers for cells subject to mechanical noise? As more is
understood about the molecules linking mechanical stimuli with cell and tissue behavior, a
single word will likely become inadequate to communicate the diversity of molecular
mechanisms at work. Just as the word ‘chemotransduction’ would poorly capture the
diversity of receptor-ligand mediated activity, the word ‘mechanotransduction’ does not
communicate the multiple modes through which forces and mechanics can influence cells.
In this review, we discuss recent advances in understanding cellular responses to force,
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displacement, and stiffness, and we organize the results into distinct categories so that
similarities and differences can be identified.

Parsing types of inputs and outputs in mechanotransduction
‘Mechanotransduction’ encompasses a diverse set of biological behaviors, and cells exhibit
an equally wide array of material behaviors. It has been shown that cells directly detect
forces and displacements via cell-cell [2, 3] and cell-ECM contacts [4], as well as
extracellular matrix (ECM) stiffness through specific adhesions [5, 6]. Response of cells to
these mechanical inputs involves both passive material behavior (e.g. deformation) and
specialized biological activity.

At times, cellular responses to different mechanical inputs appear to be similar. For
example, focal adhesions mature and strengthen in response to an externally applied force
[7] or increased ECM stiffness [8, 9••]. Mesenchymal stem cell fate decisions can be
modulated by constrained cell shape [10] or by substrate stiffness [11]. At other times,
cellular responses to mechanical inputs can appear inconsistent. Cyclic stress applied to
cartilage induces very different gene expression [12] than sustained compression [13], and
changing extracellular stiffness induces a third distinct set of differentiation-related
behaviors [14•]. While all are important examples of mechanotransduction, these behaviors
result from mechanically distinct inputs, making experimental comparisons and mechanistic
interpretation difficult.

To aid interpretation, we propose a framework for classifying recent mechanotransduction
experiments in terms of their inputs and outputs. We define mechanical inputs to be either
‘active’ or ‘passive’ (Figure 1). Passive inputs are physical properties of the environment
that, by definition, cannot perturb a cell on their own (Figure 1a-i). Substrate stiffness and
viscosity, matrix alignment, and adhesive affinity are all examples of passive inputs. In
contrast, active inputs are stimuli that act directly upon the cell and cause some deformation
in all or part of the cell (Figure 1a-ii). Externally applied forces and displacements, fluid
shear, osmotic pressure, and acoustic waves are examples of active inputs. Importantly, a
cell is not required to expend its own energy to sense an active input, although this does not
preclude it from doing so.

Similarly, we classify outputs as passive ‘material’ responses or active ‘biological’
responses. Material responses, such as viscoelastic creep or stress stiffening, also happen to
nonliving materials in response to a mechanical input (Figure 1a-iii). Biological responses
are behavioral outputs including cytoskeletal assembly and dissassembly, signal
transduction, and gene expression that typically involve energy consumption and/or the
conversion of mechanical signals into biochemical signals (Figure 1a-iv). When considering
a cell’s response to a mechanical input, biological and material outputs can feed back on
each other to produce complex behaviors. The proposed categorization helps to highlight
how, when, and where these outputs are distinct and where feedback could be occurring.

Modes of mechanotransduction
Although biological and material responses occur simultaneously in response to mechanical
inputs (Figure 1b), experimental and computational studies tend to focus on one type of
response or the other. Here, we highlight examples from recent literature in each of the four
categories we have defined.
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Active mechanical input, material output
Cells are often described in terms of their mechanical properties based on constitutive
equations and models from material science. Elasticity, for example, involves a passive
material output (deformation) in response to an active input (force) (Figure 2a). There are
many techniques to quantify the deformability of single cells and tissues in response to
active inputs, including atomic force microscopy (AFM) [15, 16], shear flow [17•],
micropipette aspiration [18, 19], and magnetic twisting cytometry [20]. Based on these
measurements, constitutive models have been developed to represent cells as linear
viscoelastic [21], power law [22] and poroelastic [23] materials. However, mechanical
measurements of cells are made under the assumption that the cell does not mount an active
response that changes the measured property on the timescale of the measurement.

Active mechanical input, biological output
Biological outputs in response to active mechanical inputs have a long history of study,
particularly in musculoskeletal [1, 24, 25] and vascular [26] tissues. There is growing
interest in this type of mechanotransduction in other cell types, particularly with relation to
development and cancer. Sustained compressive stress limits the growth of tumor spheroids
in culture by activating apoptosis [27] (Figure 2b) and also increases motility of malignant
epithelial cells [28]. Active inputs have also been shown to steer growth and development in
branching morphogenesis in endothelial cells [29, 30] and in mammary epithelial cells [31•].

Force and displacement cues may be sensed by active biological outputs at the subcellular
level. Recently, two reports describe how forces applied to cells can drive actin-associated
transcription factor re-localization [32••, 33•], providing a molecular link between the load-
bearing actin cytoskeleton and gene regulation. Active inputs can also drive focal adhesion
strengthening [34, 35], endocytosis of adhesion molecules [36], disassembly of pre-
endocytic caveolin complexes [37••], and activation of regulators of actin assembly and
myosin-driven contraction [38, 39].

Passive mechanical input, material output
A passive material output in response to a passive mechanical input includes any behavior
that a nonliving material would have as a result of its own intrinsic properties. Cell sorting
within an embryo or aggregate of cells based on adhesive affinity, as suggested by the
differential adhesion hypothesis [40] is an example of this type of mechanotransduction
(Figure 2c). Similarly, sorting based on cortical tension [41] and, at the subcellular scale,
receptor clustering during T-cell activation due to size exclusion [42•] indicate that passive
mechanical constraints can have profound organizational implications for biological
systems.

Passive mechanical input, biological output
Extracellular matrix stiffness, sensed via actomyosin contraction (reviewed [5, 6]), is
perhaps the most widely studied passive mechanical input to cells. Stiffness alters force
transmission [43, 44•, 45] and modulates the magnitude of contraction force a cell generates,
with increasing stiffness correlated with increasing contraction force [46, 47, 48, 49]. Active
gel theory [50, 51, 52] combines the constitutive equations of passive material response with
active contractile elements to quantitatively describe a material that could respond to
stiffness changes.

Recently, the identification of active translocation of a transcription factor in response to
substrate stiffness (Figure 2d) has provided the first evidence of a molecular behavior that
links external stiffness with lineage-specifying gene expression. The transcriptional co-
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activator YAP/TAZ localizes to the nucleus in cells cultured on stiff substrates, and this
localization behavior is upstream of stiffness-driven differentiation [53••] (Figure 2d).

In addition to transcriptional regulation, stiffness can also change the sensitivity of cells to
well-known growth factors. Chondrocyte differentiation via transforming growth factor-β is
significantly amplified in cells cultured on substrates with physiologically normal stiffness
[14•], and epidermal growth factor signaling is amplified on stiff substrates in breast
epithelial cells [54]. Stiffness-driven gene regulation may also be influenced by nuclear
shape in a stiffness-dependent fashion [55].

Discussion: Sensing and sorting mechanical signals
Sensing active and passive inputs

This active-passive framework points to a distinction in how cells sense different
mechanical inputs. To sense and respond to a passive mechanical input, a cell must interact
actively with its surroundings. In the case of stiffness, cells pull against their surroundings
via actomyosin contraction, a component of sensing behavior that is upstream of many
downstream responses [5, 6]. For example, increasing ECM stiffness inhibits branching
morphogenesis in both endothelia and epithelia in an actomyosin contraction dependent
manner [56, 57, 58]. These cell-generated contractions in a stiffer environment result in
higher forces across the cell [46, 48], often called ‘cell tension.’ The tensional homeostasis
model [59, 60, 61] proposes that a cell regulates its tension through contractile machinery.
This tension set point is thought to be improperly regulated when a cell is in an environment
of the wrong stiffness, driving disease progression.

Active inputs could bypass the internal force generation step. Applied forces can align,
stretch, and unfold sensory molecules independent of cell-generated forces. These molecules
can deform in a way that translates the input directly into biochemical signals, such as the
opening of an ion channel (reviewed in [62]) or the stretching of a protein that reveals
cryptic binding sites [63]. Active and passive inputs can be sensed by activating similar
signaling pathways, such as Src activation through integrins by force [4, 64] or stiffness
[65]. Given such an instance of different inputs with seemingly the same biological outputs,
some conservation in the mechanisms of sensing active and passive inputs is likely.

Significant overlap appears to exist between responses to an active force input and to force
generated actively by the cell. Local active force inputs alter focal adhesion structure and
stimulate increases in size and strength of adhesions [34, 35, 66, 67]. Additionally, active
actomyosin-driven force generation is required for focal adhesion maturation [8, 68, 69•],
much as it is for stiffness sensing. The similarity in responses at the level of focal adhesions
to both active and passive mechanical inputs has drawn much attention to the assembly and
disassembly of focal adhesions as key structures in stiffness sensing in adherent, and often
motile, cells [9••, 70••]. To date, however, experimental evidence does not yet explain how
force and stiffness generate propagating and intersecting signals.

Enacting responses on differential timescales
The categorization of output behaviors into active biological responses and passive material
responses highlights the role of response timescale in separating cellular functions (Figure
3). Passive material responses to active mechanical inputs dominate on short timescales,
during which the cell must maintain sufficient structural integrity to perform its functions
within its native tissue environment. This first response to forces must occur quickly,
meaning the cell does not have time to actively rearrange its cytoskeleton or express new
proteins. Elastic deformation is the primary component of this behavior on microsecond
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timescales before viscous drag and contractile responses allow the cell to safely deform and
resist forces.

Early evidence of this behavior comes from single cell experiments. Through the use of
feedback control, the stiffness a cell experiences while contracting between two parallel,
rigid surfaces can be changed on sub-second timescales [47, 49]. Intriguingly, a contracting
cell adjusts its force and velocity almost instantaneously in response to a step change in
stiffness [43], a behavior that is identical to a swelling hydrogel [44•]. In these cases,
contractility itself does not appear to be regulated by stiffness, rather serving as a generator
of force or displacement.

On longer timescales, cells have more freedom to change their functional states in response
to new mechanical inputs. Active responses contribute to the response on longer timescales
where the cell has enough time to adapt to its mechanical environment. A simple example is
muscle tissue. During physical activity, muscle cells must maintain tissue integrity while
still exerting forces on their surrounding environment. On short timescales, muscles have an
intrinsic stiffness that resists deformation, but also can isometrically contract to stiffen if
needed [71]. Activity triggers long-term gene expression [72], allowing cells to adapt by
growing bigger and changing their contractile ability in anticipation of future activity.

The active biological behaviors that maintain cell and tissue structure in response to
mechanical perturbations may not necessarily be involved in the interpretation of
mechanical signals that direct long timescale biological behaviors. Reinforcing adhesion
structures is advantageous to maintaining tissue layer integrity, but transient deformations –
such as a stubbed toe – are unlikely to be of biological importance and probably do not alter
development or cause cancer.

Temporal separation of active biological outputs is potentially a useful strategy by which a
cell can filter mechanical inputs. At each step in the propagation of a signal generated by a
mechanical input, the signal can decay via processes including diffusion, phosphatase
activity, focal adhesion disassembly, and protein degradation. Additionally, differentiated
cells may exhibit different active biological outputs due to suppression of specific gene
expression in the differentiated state. Further experiments will be necessary to determine
how some mechanical inputs result in meaningful biological responses while others are
ignored.

Conclusions: Integrating Active and Passive
Studies from the rapidly expanding field of mechanotransduction have illustrated that cells
can behave as both passive materials and active systems in response to mechanical cues. At
the level of an organism, it is becoming clear that mechanical inputs can serve as one
solution to the problem of coordinating behavior among tens, hundreds, or thousands of cells
within a tissue. How a cell integrates material and biological responses to give rise to
multicellular function and behavior remains an open question. Studies combining careful
manipulation of mechanical inputs with in vivo and in vitro culture models will help us
understand how cells speak to each other mechanically.

Material responses of cells are, perhaps, underappreciated and overlooked contributors to
biological behaviors. A cell that can passively move down an energy landscape in a useful
fashion in response to an applied force or displacement via passive reorganization gains a
significant resource expenditure advantage over a cell that cannot. We anticipate that much
of the energy transmitted to a cell via active mechanical inputs is simply dissipated,
providing cells with a filter to prevent every mechanical input a cell is exposed from
stimulating a long timescale, genetic response.
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How a cell distinguishes useful mechanical signals from unimportant mechanical noise is an
open question. Considering mechanical inputs as active or passive provides a useful
framework to ask clear questions about a cell’s sensing and response processes. The
timescales of observed biological responses to mechanical stimuli suggest that most long
timescale response behaviors require either a constant input signal, such as environmental
stiffness, or the recording and storage of a transient input signal. This latter case is
particularly puzzling given that many transient mechanical inputs are ignored. Studies with
clearly defined inputs and outputs will continue to be needed to describe detailed
mechanisms of how a cell measures, records, and responds to mechanical cues in its
environment.
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Figure 1.
Schematic representation of active and passive mechanical inputs and active biological and
passive material outputs, in the context of stiffness, force, and displacement. (a) Substrate
stiffness (i) is a passive mechanical input. Applied stress or strain (ii) is an active
mechanical input. Viscoelastic deformation and stress stiffening (iii) are passive material
outputs. Changes in contractile behavior, cytoskeleton remodeling, and the activation of
signaling pathways are active biological outputs. (b) Diagram highlighting major
relationships (solid arrows) between input and output types. In the context of a cell, more
complex relationships often occur (dashed arrows).
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Figure 2.
Examples of modes of mechanotransduction behavior, sorted by input and output types. (a)
Mechanical property measurements in cells make use of assaying the passive material
response to an active mechanical input [15, 16, 17•]. (b) Compression applied to cell
aggregates inhibiting proliferation [27] is an example of an active mechanical input
influencing an active biological output. (c) Differential adhesion governing cell sorting in
aggregates is a passive, diffusion-driven behavior that occurs downstream of the passive
material input of adhesive affinity [40]. (*There are no passive material responses that are
directly due to stiffness.) (d) Changes in transcription factor localization is an active
biological output that can occur in response to the passive mechanical input of substrate
stiffness [53••].
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Figure 3. Mechanical response behaviors span a wide range of biologically relevant timescales
Passive material responses to mechanical stimuli can span many timescales, as seen in
material response behavior, protein sorting [42•], and differential adhesion [40]. Active
biological responses to mechanical stimuli occur on disparate timescales, as seen in the
activation of signaling [4, 64]; changes in contraction behavior [47, 49]; focal adhesion
strengthening, phosphorylation, and growth [8, 35, 66]; transcriptional regulation [32••, 33•,
53••], and differentiation and proliferation [11, 27].
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