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Intracellular mechanics: connecting rheology and mechanotransduction

Cell mechanics is crucial for a wide range of cell functions, including proliferation, polarity, migration and differentiation. Cells sense external physical cues and translate them into a cellular response. While force sensing occurs in the vicinity of the plasma membrane, forces can reach deep in the cell interior and to the nucleus. We review here the recent developments in the field of intracellular mechanics. We focus first on intracellular rheology, the study of the mechanical properties of the cell interior, and recapitulate the contribution of active mechanisms, the cytoskeleton and intracellular organelles to cell rheology. We then discuss how forces are transmitted inside the cell during mechanotransduction events, through direct force transmission and biochemical signaling, and how intracellular rheology and mechanotransduction are connected.

Introduction

Cells interact physically with their environment. They can probe the mechanical properties of their substrate and apply forces onto their surroundings. Conversely, external mechanical constraints can induce cellular responses. In a process called mechanotransduction [START_REF] Wang | Review of cellular mechanotransduction[END_REF][START_REF] Janmey | Dealing with mechanics: mechanisms of force transduction in cells[END_REF], external forces, in the form of tensile, compressive or shear stresses, are sensed by cells and transmitted to the cell interior to elicit a new cell behavior. Force transmission within the cell interior may be affected by the mechanical properties of the cytoplasm. Intracellular rheology, which focuses specifically on the mechanical properties of the cell interior, has received a growing interest in recent years [START_REF] Pegoraro | Mechanical properties of the cytoskeleton and cells[END_REF][START_REF] Kasza | The cell as a material[END_REF]. The general view is that the cell interior behaves as a viscoelastic material and its frequency-dependent rheological moduli follow a weak power law [START_REF] Stamenovi | Rheological behavior of mammalian cells[END_REF]. However, whether intracellular material properties can impact on mechanotransduction and reciprocally is still unclear.

In this review, we first discuss the latest findings in intracellular rheology with an emphasis on the critical role of the spatial and temporal scales. The contribution of active out-of-equilibrium forces has recently taken center stage. We also describe how the cytoskeleton [START_REF] Pegoraro | Mechanical properties of the cytoskeleton and cells[END_REF] and intracellular organelles participate to intracellular rheology. We then turn to mechanotransduction and how forces are transmitted from the plasma membrane to the cell interior and intracellular organelles. Here again, spatio-temporal scales appear to be crucial to determine whether forces are directly transmitted to organelles via a purely physical mechanism or whether biochemical signaling is required. Throughout this review, we chose to highlight recent studies in which quantitative mechanical measurements were performed, mostly in mammalian cells. We do not detail the latest technical developments in the field of intracellular mechanics and refer to Refs. [START_REF] Muhamed | Biophysical tools to study cellular mechanotransduction[END_REF][START_REF] Alibert | Are cancer cells really softer than normal cells?[END_REF][START_REF] Carlo | High-throughput assessment of cellular mechanical properties[END_REF][START_REF] Prabhune | Molecular force sensors to measure stress in cells[END_REF][START_REF] Broussard | Research techniques made simple: methodology and applications of Fo ¨rster Resonance Energy Transfer (FRET) microscopy[END_REF][START_REF] Gayrard | FRET-based molecular tension microscopy[END_REF][START_REF] Hochreiter | Fluorescent proteins as genetically encoded FRET biosensors in life sciences[END_REF] for recent reviews on the technical aspects.

Intracellular rheology

Mechanics of the cell cytoplasm and role of nonequilibrium active forces

Because most cellular functions are regulated by intracellular processes that take place in the cytoplasm, intracellular rheology has emerged as an essential aspect of cell mechanics. While the cytoplasm can be viewed as a viscoelastic material, its mechanical properties strongly depend on the spatio-temporal scale at which they are probed. First, the size of the probe used to measure intracellular viscoelastic moduli determine which cytoplasmic structures will dominate the measurement (Figure 1a). The cytoplasm was shown to behave as an elastic solid using 100-500 nm-size optically-trapped beads [START_REF] Guo | Probing the stochastic, motor-driven properties of the cytoplasm using force spectrum microscopy[END_REF] or as a viscoelastic liquid using micron-size superparamagnetic wires [START_REF] Berret | Local viscoelasticity of living cells measured by rotational magnetic spectroscopy[END_REF]. Second, the cytoplasm is not homogeneous and its rheology depends on the position within the cell. The perinuclear region is usually stiffer than the cell periphery [15 ]. This may reflect differences in cytoplasmic crowding, for instance in regions of high densities of cytoskeletal or soluble proteins. Consistently, when the cell volume decreases, intracellular stiffness increases [16 ]. Third, the viscoelastic properties of the cytoplasm are strongly frequencydependent [17 ]. That spatio-temporal scales are critical for intracellular rheology is the signature of non-equilibrium active forces within the cell. Because a living cell consumes energy, for instance in the form of ATP, from a statistical physics point of view, it is out-of-equilibrium. The cytoplasm is thus subjected to thermal (equilibrium) noise and to active (non-equilibrium) noise originating mostly from the cytoskeleton and its associated motors [START_REF] Guo | Probing the stochastic, motor-driven properties of the cytoplasm using force spectrum microscopy[END_REF] (Figure 1A). The three types of cytoskeletal fibers, actin, microtubules and intermediate filaments, all contribute to intracellular rheology. However their roles vary with the cell type. In general polymerized actin stiffens the cytoplasm, as shown in adherent mammalian cells [15 ,18 ] or in mouse oocytes using ultrafast optical microelastogra- Actomyosin contractility and myosin motors are major regulators of intracellular rheology. Upon inhibition of myosin II, the elasticity of the cytoplasm significantly decreases at long timescales whereas its viscosity strongly increases at short timescales [18 ]. When myosin V activity is inhibited in oocytes, the cytoplasm stiffens indicating increased cross-linking [17 ]. Active ATP-dependent processes not only induce short range fluctuating displacements that dominate over thermal noise at low frequencies (long timescales) [START_REF] Guo | Probing the stochastic, motor-driven properties of the cytoplasm using force spectrum microscopy[END_REF]17 ], they can also generate large scale motions within the cytoplasm. Such activity-driven cytoplasmic flows, such as the actin retrograde flow, impact on intracellular organization and can reposition intracellular organelles or reorient intracellular trafficking. In the Caenorhabditis elegans zygote, cytoplasmic flows are thought to be generated by an actomyosin-dependent cortical flow which polarizes the zygote during the first asymmetric cell division. By artificially inducing cytoplasmic flows, a strong coupling between cytoplasmic and cortical flows was recently shown to induce the polarization of membrane-bound partitioning-defective (PAR) proteins [22 ]. Similarly, myosin V regulates the diffusion of actin-coated vesicles and generates a pressure gradient responsible for nucleus centering in mouse oocytes [23].

Mechanics of intracellular organelles

In most cell types, intracellular organelles occupy more than half the volume of the cytoplasm and are thus major determinants of intracellular mechanics. The nucleus, the largest organelle, is obviously the most studied. From a mechanical point of view, the nucleus is a three-layer assembly of macromolecules (chromatin) surrounded by a protein network (the nuclear lamina, composed of the intermediate filament proteins of the lamin family) and a double membrane (the nuclear envelope (b) Auxetic properties of the nucleus. The shape of the nucleus is regulated by a balance between forces exerted by the actin cap, microtubules and resistance to deformation provided by chromatin and the lamina network. A stretch applied to the nucleus (large black arrows, in the xdirection) could induce a de-condensation of chromatin along the stress axis (horizontal blue arrows) and an increase in lamina tension at the poles of the nucleus (orange arrows) which reinforces the lamina in these regions. Away from the poles, lamina tension relaxes and chromatin decondensation occurs perpendicularly to the stress direction (vertical blue arrows). Together with the balance of forces exerted by actin (red arrows, in the minus z-direction) and microtubules (purple symbols, in the plus or minus y-direction), these events may lead to auxetic properties, i.e. thickening (instead of thinning) of the nucleus in the direction perpendicular to the applied stretch. The solid and dashed black lines represent the shape of the nucleus before and after application of the stress respectively. (c) Cytoskeleton mechanical properties and roles in intracellular mechanics. The actomyosin network (1) exerts forces on intracellular objects, provides resistance to intracellular stresses, and, when stretched, induces local tension and increases cytoplasm rigidity. Models show that microtubules (2) could be more susceptible to torsional modes of vibration than to longitudinal modes of vibration. When microtubules are stretched, vibration modes can become more sensitive to model parameters and increase both translation and rotation velocities of vesicles along the filaments. Vibration modes can also play a role in regulating the rheological parameters of the cytoplasm. Intermediate filaments (3) exhibit a mechanical response that strongly depends on the loading rate. A slowly applied stress or a small deformation efficiently deforms intermediate filaments, while a stress applied at a high frequency or a large deformation reinforces their mechanical resistance.

firstly that the nucleus can adjust its stiffness on short time scales (less than 1 min) and stiffens in response to an oscillatory stress [30,31], and secondly that chromatin is the main regulator of mechanical responses to small (few mm) deformations, while lamin A/C levels modulate nuclear stiffening against larger extensions [32 ]. These studies suggest that chromatin condensation/de-condensation events may occur at short timescales in a reversible manner and that the lamina induces nuclear stiffening to prevent DNA damage against strong deformations. Intriguingly, temperature seems to impact strongly on the material properties of the nucleus in a way that depends on chromatin compaction and remodeling dynamics [33 ].

Cytoskeletal networks participate actively in nuclear mechanics. In cardiac myocytes for instance, actin stiffens the nucleus while microtubules have the opposite effect [34]. However the effects of the cytoskeleton on nuclear stiffness probably depend on the cell type since recent results demonstrate that both actin and microtubules stiffen the nucleus and slow down the viscoelastic relaxation of the nucleus in human bladder cancer cells [35 ].

The role of the cytoskeleton in nuclear mechanics is particularly evident when cells have to migrate in a confined environment, for instance through constrictions or narrow pores, during which the nucleus has to squeeze and the nuclear envelope may rupture. A recent model of cells transmigrating through pores which includes actomyosin contractility and cytosolic back pressure predicts thresholds for lamina buckling and rupture [36 ]. The cytoskeleton also confers auxetic properties to the nucleus: when stretched, the nucleus becomes thicker in the direction perpendicular to the applied force, as opposed to classical materials [37 ] (Figure 1b). These studies suggest that when cells migrate through narrow constrictions, the cytoskeleton both helps the nucleus to release and redistribute the mechanical load, with actin providing local stiffening and microtubules inducing softening along the nucleus major axis, and protects the nucleus against extreme deformations by controlling nuclear envelope rupture.

The nucleus is not the only organelle which mechanics may be critical for cellular processes. The mechanics of the Golgi apparatus [38,39] for instance could play a major role in intracellular trafficking. Mechanically, the Golgi cisternae, like the nucleus, can be thought of as a threelayer system: Golgi membranes, a matrix of coiled-coiled proteins called the Golgi matrix and the surrounding cytoskeleton. Using optically-trapped beads, forces were applied to Rab6-positive Golgi cisternae and the viscoelastic properties of these cisternae were measured [40].

It was shown that actomyosin contractility and the Golgi matrix protein giantin both stiffen the Golgi apparatus and that a local force delays myosin II-dependent fission of Rab6-positive transport carriers.

Mechanics of the cytoskeleton

While the cytoskeleton is clearly involved in the mechanics of the cytoplasm and of intracellular organelles, its own intrinsic mechanical properties are also crucial for intracellular rheology (Figure 1c). Quantitative measurements of the mechanical properties of cytoskeletal fibers have mostly been performed using in vitro reconstitution assays of actin, microtubule or intermediate filament networks [START_REF] Pegoraro | Mechanical properties of the cytoskeleton and cells[END_REF] 

Intracellular mechanotransduction

Mechanotransduction is the process by which external forces are sensed by the cell, transmitted to the cell interior and converted into a cellular response. It is now well accepted that external forces can reach far into the cell and are sensed by intracellular organelles. Several mechanosensitive modules, that is protein complexes that sense and respond to forces, have been identified [START_REF] Wang | Review of cellular mechanotransduction[END_REF]24]. At the plasma membrane, focal adhesions between the cell and the extracellular matrix (ECM), cell-cell junctions and stretch-activated ion channels are the best characterized mechanosensitive modules. Inside the cell, the nucleus is the main mechanosensitive organelle identified so far, owing to its associated LINC (Linker of Nucleoskeleton and Cytoskeleton) complex. These mechanosensitive modules are linked together by cytoskeletal fibers, suggesting that forces could be transmitted directly inside the cell (Figure 2). The molecular machinery responsible for mechanotransduction has been characterized at a growing pace in recent years (see Refs. [47][48][49][50][51] for recent reviews). Below, rather than molecular mechanisms, we focus more on the physical aspects of mechanotransduction and on quantitative measurements using novel methodologies.

Direct force transmission versus biochemical signaling

How is a force transduced by a cell from the extracellular environment to the cell interior? To answer this question, different mechanisms have been proposed involving direct force transmission and biochemical signaling, depending on the spatial localization of the mechanosensitive module within the cell and on the time scale at which mechanotransduction and subsequent cell responses occur (Figure 2). Effective mechanotransduction involves three consecutive steps: firstly force sensing, secondly force transduction, and thirdly an intracellular response. These three steps do not necessarily happen at the same subcellular localization and have to be tightly regulated in time and space.

The first mechanism is based on biochemical signaling (Figure 2a). Because they rely mostly on diffusion, mechanisms based on biochemical signaling and their associated cell responses are slow, typically on the time scales of minutes to hours. The second mechanism is based on mechanics and direct force transmission by the cytoskeleton and molecular motors (Figure 2b). Because force transmission is achieved by purely physical mechanisms, mechanotransduction and cell responses can be much faster than through biochemical signaling (typically on the time scale of a few seconds or shorter). Such mechanisms rely heavily on the cytoskeleton, motor activity and cell contractility, which are energy-consuming processes. ATP-dependent out of equilibrium activity is thus required for efficient mechanotransduction based on direct force transmission. The third mechanism includes both biochemical signaling and direct force transmission, and as such is probably the most likely scenario (Figure 2c).

Mechanosensing at focal adhesions and cell-cell junctions

Focal adhesions and cell-cell junctions are the two best described mechanosensitive modules [47-50]. Through these modules, cells can sense and adapt to the mechanical properties of their substrate, their surrounding environment or neighboring cells. Similar to focal adhesions, cell-cell junctions are mechanosensitive modules. Adherens junctions are well-known mechanosensors through its coupling to the actin cytoskeleton (see Refs. [47,50] for reviews). Less characterized is the response of desmosomes to mechanical forces [START_REF] Broussard | Desmosome regulation and signaling in disease[END_REF]. The mechanical link between desmosomes and intermediate filaments through desmoplakin has been identified as a potential force transducer module [START_REF] Broussard | The desmoplakin-intermediate filament linkage regulates cell mechanics[END_REF]. However, the effects of the connection between desmosomes and intermediate filaments depend on the actin cytoskeleton and on actomyosin contractility, suggesting that a balance of forces between the different cytoskeletal systems is critical in mechanotransduction at cell-cell junctions.

Force transmission to intracellular organelles

Once the external force has been sensed at the plasma membrane, the mechanical signal can be transmitted to the cell interior by cytoskeletal fibers as far as the cell nucleus. Because the actin, microtubule and intermediate filament systems are tightly linked and coordinated, when a directional constraint is applied to the cell, for instance by shear stress in endothelial cells under flow [START_REF] Mccue | Shear-induced reorganization of endothelial cell cytoskeleton and adhesion complexes[END_REF], the three systems align in the direction of the constraint. However, recent work in muscle cells shows that the direction of newly formed actin stress fibers following a mechanical stretch depends on the cell geometry [START_REF] Wang | Tissue-specific mechanical and geometrical control of cell viability and actin cytoskeleton alignment[END_REF].

The direct mechanical link between the plasma membrane and the nucleus is particularly well described (see (c) Force transmission and signaling. While force sensing still primarily occurs at the plasma membrane and is transmitted to one or several intracellular mechanosensitive modules mechanically linked together by the cytoskeleton, biochemical signaling also regulates force transduction. Signaling reactions can be spatially localized at various subcellular locations close to the corresponding mechanosensitive module, thus restricting diffusion and allowing faster cellular responses. This mechanism enables the cell to sense and react to a variety of forces that can differ on both spatial and temporal scales.

the LINC complex (SUN and KASH domain proteins, nesprins) and lamin proteins at the nuclear envelope. The mechanical role of this molecular machinery was investigated using single isolated nuclei and optical tweezers [START_REF] Balikov | The nesprin-cytoskeleton interface probed directly on single nuclei is a mechanically rich system[END_REF]. The connection between actin and nesprin was shown to depend not only on the force amplitude but also on the force direction and on the culture conditions. Actomyosin filaments form a perinuclear contractile actin cap above the nucleus in adherent cells [START_REF] Kim | The multi-faceted role of the actin cap in cellular mechanosensation and mechanotransduction[END_REF] which stiffens the nucleus and decreases chromatin dynamics in cells plated on elongated micropatterns [START_REF] Makhija | Nuclear deformability and telomere dynamics are regulated by cell geometric constraints[END_REF]. The tension generated by the actin cap and its coupling to the nuclear lamina and the nucleoplasm via the LINC complex also induce a vertical polarization of lamins at the nuclear envelope and of transcriptionally active chromatins towards the apical pole of the nucleus [START_REF] Kim | Cytoskeletal tension induces the polarized architecture of the nucleus[END_REF]. Several lines of evidence suggest that external forces can be directly transmitted to the nucleus. Upon an osmotic shock, intranuclear structures can remodel on short time scales (less than 20 s) and chromatin condensation (resp. decondensation) increases in hyperosmotic (resp. hypoosmotic) conditions [START_REF] Irianto | Osmotic challenge drives rapid and reversible chromatin condensation in chondrocytes[END_REF]. Additionally, in line with the auxetic properties mentioned above, applying forces on whole cells induces a fast (less than 1 s) anisotropic deformation of the nucleus preferentially along the short axis of the nucleus [START_REF] Haase | Extracellular forces cause the nucleus to deform in a highly controlled anisotropic manner[END_REF], Further proof of a direct force transmission from the extracellular matrix to the nucleus comes from experiments showing that external forces can impact nuclear entry [71 ]. When cells are plated on stiff substrates, YAP enters the nucleus [START_REF] Dupont | Role of YAP/TAZ in mechanotransduction[END_REF]. The new results demonstrate that the forces induced by adhesion on stiff substrates, but also by direct indentation with an AFM tip or by osmotic shocks, stretch the nucleus and nuclear pores favoring the active transport of YAP into the nucleus [71 ].

While it is now well documented that forces can be directly transmitted from the plasma membrane to the nucleus via the cytoskeleton, it is still not clear whether the same holds for other intracellular organelles. Because vesicular transport in neurons is affected by a mechanical stretch [START_REF] Ahmed | Active transport of vesicles in neurons is modulated by mechanical tension[END_REF] and fission of post-Golgi transport carriers is delayed by a force applied on the Golgi apparatus [40], it is tempting to speculate that the Golgi apparatus is also a mechanosensitive organelle which can sense forces transmitted to the cell interior. Similarly, the endoplasmic reticulum (ER) could bear mechanosensitive properties, since a force applied by optical tweezers at the plasma membrane is transmitted to the ER where it triggers Ca 2+ release [START_REF] Kim | Distinct mechanisms regulating mechanical force-induced Ca 2+ signals at the plasma membrane and the ER in human MSCs[END_REF]. Mechanosensitivity is thus probably not restricted to the nucleus and may be a general property of intracellular organelles.

Intracellular responses to external forces

Mechanical signals transmitted to the cell interior induce a variety of cell responses, including cell differentiation, proliferation, polarity, migration and can affect gene regulation and transcription. It is generally assumed that these responses occur through biochemical signaling downstream of the nucleus. However several lines of evidence suggest that purely physical mechanisms can also directly contribute to the cell responses. First, the nucleus can be bypassed for cell migration in 1D or 2D [START_REF] Graham | Enucleated cells reveal differential roles of the nucleus in cell migration, polarity, and mechanotransduction[END_REF]. Enucleated cells, also called cytoplasts, are able to polarize and migrate as single cells in chemotactic or haptotactic assays and collectively in a wound healing assay in 1D and 2D. However, the nucleus is required for migration in 3D and for cellular responses to substrate rigidity. Second and perhaps more strikingly, a force transmitted from the plasma membrane to the nucleus can have a direct effect on gene transcription [START_REF] Wang | Review of cellular mechanotransduction[END_REF][START_REF] Tajik | Transcription upregulation via forceinduced direct stretching of chromatin[END_REF]. Forces applied to the cell surface induce stretching of the chromatin in the nucleus and a rapid (within 15 s) increase in gene expression, favoring a mechanism based on chromatin deformation rather than based on biochemical signaling (Figure 2c).

Concluding remarks and open questions

Cell rheology and mechanotransduction have been considered as two separate fields. Cell rheology has been most often studied from a physical perspective, while mechanotransduction has attracted the interest of cell biologists. In recent years, several studies have shown that both fields share common features and can impact on each other (Figure 3) [START_REF] Wang | Review of cellular mechanotransduction[END_REF]. One such common theme is the critical importance of out-of-equilibrium active processes, among which actomyosin contractility, which can regulate intracellular rheology and are at the core of the transduction of a mechanical force into a cellular response. The rheological properties of the cell interior can modulate intracellular force transmission and influence mechanotransduction. Intuitively, a more visco-elastic interior could damp force transmission by slowing down characteristic mechanical relaxation timescales, diffusion of signaling molecules and/or biochemical reactions. Conversely, biochemical signaling pathways can modify the cell viscoelastic properties, not only at the plasma membrane but also at intracellular organelles and the nucleus and in the cytoplasm [55 ,56 ,58,67,77,78 ]. The mechanisms which allow reciprocal interactions between intracellular rheology and mechanotransduction still have to be clarified. For instance, by exerting friction forces on intracellular components, cytoplasmic flows such as the actin retrograde flow could be a major player in intracellular rheology and force transduction and could regulate cell responses, especially those depending on a molecular clutch such as cell adhesion and migration or during immune responses [53 , [START_REF] Peglion | Adherens junction treadmilling during collective migration[END_REF][START_REF] Jankowska | Integrins modulate T cell receptor signaling by constraining actin flow at the immunological synapse[END_REF].

For both intracellular rheology and intracellular mechanotransduction, time scales are critical. Rheological moduli strongly depend on the frequency of the mechanical perturbation and intracellular materials usually stiffen with increasing strain. During mechanotransduction, 

Mechanosensitive module

Connections between intracellular rheology and mechanotransduction.

(a) Active forces in the cytosol. A more viscous environment could induce more friction and slow down diffusion-based processes, thus damping potential transmission of forces inside cells. On the other hand, a more elastic medium could enhance sensitivity to deformations and strengthen interactions with cytoskeletal elements. Conversely, biochemical signaling pathways could modify the rheological parameters of the cytoplasm by regulating out-of-equilibrium active processes such actomyosin contractility and/or ATP levels in cells.

(b) Nucleus and other organelles. The mechanical properties of intracellular organelles could play a direct role in their sensitivity to deformations and forces. The three types of cytoskeletal fibers, cell contractility and specific protein complexes are involved simultaneously in organelle rheology and mechanotransduction. For instance chromatin and the lamina network regulate the shape and the mechanical state of the nucleus. The mechanical behavior of the Golgi apparatus involves links between the cytoskeleton, the Golgi matrix and Golgi membranes.

(c) Cytoskeleton. The cytoskeleton is a major actor in both intracellular rheology and mechanotransduction. First, the cytoskeleton regulates membrane tension which controls stretch-activated channels. Second, the effects of the cytoskeleton on frictional forces and on the viscoelastic properties of the cytoplasm could play a key role in the efficiency of mechanotransduction. For instance, an increase in cytoplasm rigidity and in cytoskeleton tension could increase the speed of mechanotransduction through direct force transmission by cytoskeletal fibers. Third, the actin retrograde flow, acto myosin contractility and more generally cytoplasmic flows exert forces on intracellular components and could be implied in mechanosensitive pathways.

direct force transmission generally occurs on much shorter time scales (subsecond to seconds) than biochemical signaling (minutes) and cell responses such as gene expression (hours). A range of new techniques or combination of techniques is now available with increasing spatial and temporal resolutions, which should allow elucidating further both the physical and the biological mechanisms of intracellular mechanics in the coming years.
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  Thermal equilibrium random forces (1 and 1') dominate the high frequency regime (short time scales), while active non-equilibrium ATP-dependent forces generated by molecular motors (2 and 2': kinesins and dynein; 3 and 3': myosins) dominate the low frequency regime (long time scales). Myosin motors exert active forces on the actin network which are transferred to the probes (3 and 3'). Small probes (1, 2, 3, typically <100 nm in diameter) are less prone to frictional forces and move more easily than larger probes (1', 2', 3', typically > 1 mm in diameter). As a consequence, in active rheology experiments, higher forces have to be applied to larger probes. Depending on the probe size, different intracellular elements contribute to the measurement.

	(Figure 1 Legend Continued)
	). Each layer
	contributes to nuclear mechanics (see Refs. [24,25] for
	reviews). The unique mechanical properties of the
	nucleus arises primarily from the combined effects of
	chromatin condensation and the network organization of
	the lamina [26-28]. On short timescales and for stresses
	similar to those that cells can generate through cytoskel-
	etal forces, nuclei display a fluid-like rheology probably
	dominated by chromatin, whereas under sustained stres-
	ses the nucleus behaves more like a solid due to the
	lamina [26]. Nuclei of lamin-deficient cells exhibit a more
	fluid-like behavior, especially at short timescales [26].
	More recently, nuclear deformations were shown to cor-
	relate with stiffening events using a technique allowing
	side-view imaging combined with AFM indentation [29
	]. Micromanipulation of isolated nuclei has revealed

  . For instance, in vitro reconstituted intermediate filament networks exhibit fascinating mechanical properties characterized by a stress-stiffening nonlinear elasticity [41]. Recently, the stress-strain curves of single vimentin intermediate filaments have been measured by optical tweezers and AFM experiments [42 ]. The results show that the mechanical response of vimentin filaments is non-linear and depends strongly on the

loading rate. Vimentin filaments act as 'safety-belts': they are soft during a slow deformation, and stiffen under a fast deformation

[42]

. The mechanical properties of the cytoskeleton can also be measured or predicted from numerical and theoretical models. For instance, structural mechanics models suggest that microtubules resist tension efficiently but are more susceptible to torsion

[43] 

and that torsional modes of vibration are more sensitive to model parameters, such as the cytosol viscosity, than longitudinal modes

[44]

. Even if in vitro, in silico or theoretical results provide extremely valuable information, they have to be validated by experiments in living cells. Direct in cellulo measurements of the mechanical properties of cytoskeletal networks are still scarce. The observation of the buckling of keratin intermediate filament bundles in living cells allowed estimating their viscoelastic properties

[45]

. More recently, the viscoelastic properties of single actin stress fibers were measured in cells perforated by microsurgery

[46]

. However, extensive measurements of the rheology of individual or bundled actin fibers, microtubules and intermediate filaments in living cells are still lacking. Super resolution microscopy combined with mechanical measurements should also help deciphering how the three cytoskeletons mechanically interact.

  force sensors in series, emerges as a main driver of mechanotransduction at focal adhesions[48].

	Among the numerous proteins composing focal adhesion
	complexes, integrin, talin, tensin and vinculin play key
	roles in mechanotransduction [47,52]. FRET-based
	assays have allowed dissecting the way focal adhesions
	sense external forces at the molecular level [53 ]. Con-
	sistent with the molecular clutch model, these results
	suggest that tension in vinculin increases as it treadmills
	from the proximal to the distal end of the focal adhesion
	until vinculin detaches from the distal end and is carried
	back to the proximal end by the actin retrograde flow
	[53 ].
	Sensing of substrate rigidity by focal adhesions has been
	studied in details for many years. Recently, a mechan-
	otransduction signaling pathway involving actomyosin
	contractility, focal adhesion kinase FAK and Yes-associ-
	ated protein YAP has been deciphered in ovarian cancer
	cells [54 ]. In the context of cancer again, the elastic
	modulus of bladder cancer cells was shown to increase
	with substrate rigidity [55 ]. A novel signaling pathway in
	cell-substrate adhesion-induced mechanotransduction
	was recently discovered and involves the metabolic sen-
	sor AMP-activated protein kinase (AMPK) [56 ]. Here
	again, integrin-dependent signaling at focal adhesions
	during mechanotransduction appears to impact on intra-
	cellular rheology.

The intracellular mechanisms of force transmission and associated signaling pathways at focal adhesions and cell-cell adhesions are currently under intense investigation, and the so-called molecular clutch hypothesis, which relies on cell contractility, actin retrograde flow and the presence of at least two molecular
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