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Abstract

:

The cross-talk between stem cells and their microenvironment has been shown to have a direct impact on stem cells’ decisions about proliferation, growth, migration, and differentiation. It is well known that stem cells, tissues, organs, and whole organisms change their internal architecture and composition in response to external physical stimuli, thanks to cells’ ability to sense mechanical signals and elicit selected biological functions. Likewise, stem cells play an active role in governing the composition and the architecture of their microenvironment. Is now being documented that, thanks to this dynamic relationship, stemness identity and stem cell functions are maintained. In this work, we review the current knowledge in mechanobiology on stem cells. We start with the description of theoretical basis of mechanobiology, continue with the effects of mechanical cues on stem cells, development, pathology, and regenerative medicine, and emphasize the contribution in the field of the development of ex-vivo mechanobiology modelling and computational tools, which allow for evaluating the role of forces on stem cell biology.
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1. Introduction


The knowledge that mechanical forces regulate tissue development and remodelling dates back more than a century ago, when Julius Wolff observed that bones trabeculae coordinated with the principal stress lines that are caused by daily physical loading and hypothesised that bone tissue is capable of adapting its architecture to the mechanical environment [1]. More recently, many research groups have demonstrated the role of tissue mechanics and the effects of different type of forces in development, stem cell differentiation [2,3], and more generally in cells’ physiology and diseases [4,5,6]. In this review, we discuss the general concepts of mechanobiology and highlight the effects of mechanical cues on stem cells, development, pathology, and regenerative medicine.




2. Mechanobiology: How Mechanical Forces are Translated in Biochemical Signals


In this section we discuss the molecular basis of mechanobiology.



2.1. General Concepts


Mechanobiology, at the cellular level, specifies how cells exert, sense, decipher, and respond to physical forces. At the molecular level, mechanobiology specifies how mechano-molecular players are recruited and interconnected together to activate a specific biological function [2,3,7].



These phenomena are the consequence of two main events, referred to as (i) mechanosensing, or the capacity of cells to sense physical cues and mechanical forces from the surrounding microenvironment and (ii) mechanotransduction, or the capacity of the cells to transduce either external forces into biochemical signals to elicit selected cell functions [2,3] or to intracellular molecular interaction into forces that influence the architecture and properties of the microenvironment [8] (see points 2.3 and 2.4, respectively) (Figure 1).




2.2. Tensegrity


Currently, the theoretical explanation of mechanobiology is based on the discovery that, in all cells, the cytoskeleton acts as a dynamic machine that collects the external forces applied to the cell from the microenvironment and responds by generating traction/compression forces transmitted to other molecular components inside or outside the cells. This model is based on the concept of “tensegrity” (tensional integrity), by which living cells organize their cytoskeleton as a hard-wired that immediately responds to external mechanical stresses stabilizing its form [9,10].



Tensegrity is a building principle, being originally described by the architect R.B. Fuller and pictured by the sculptor K. Snelson. While Fuller defined a tensegrity system “as structures that stabilize their shape by continuous tension or ‘tensional integrity’, rather than by continuous compression”, Snelson demonstrated that network structures may mechanically stabilize themselves through the use of tensile pre-stress forces [11,12,13]. In 1993, D. Ingber applied the term “tensegrity” to living organisms, suggesting a mechanical model where the cytoskeleton structure acts as a dynamic load-bearing pillar. This model, which is capable of recapitulating the events leading to cytoskeletal mechanics, cell shape, and movement, allowed for explaining how cells sense and respond to mechanical forces and, above all, how these two events are connected [14]. Hence, tensegrity predicts that cells respond straightaway to external mechanical stresses applied to the cells’ surface, through proteins that are physically connected to the cytoskeleton [14,15]. Additionally, in this mechanical model, molecules that are activated by changes in cytoskeletal architecture function in the “solid-state” and transduce mechanical stresses into biochemical signals and gene expression program within single living cells [15]. Therefore, all living organisms use “tensegrity” to mechanically stabilize their shape and integrate and balance their structure and function at all size scales, from the molecular level to organs [15,16]. This is a consequence of cytoskeleton tension that is transduced into an equilibrium of opposing forces that are dispersed through the network of cytoskeletal filaments. Generally, tension is generated within the actomyosin contractile microfilaments and is counteracted by microtubules, which are able to resist the compression forces [10,16,17,18]. The Ingberg model has later been confirmed and improved by many other researcher groups [8,15,19,20,21,22]. Among these, Cai and co-authors, starting from the observation that the cytoskeletal components are nonlinear cell mechanical supports, introduced the concept of “initial imperfections” in the original tensegrity model. This scheme provided a new intuitive method for understanding the load-bearing capacity and distribution of force into the cytoskeleton [23].




2.3. Mechanosensing


As mentioned above, all organisms have evolved structures, enabling them to recognize and respond to mechanical forces [4,24]. This cross-talk takes place at the macroscale level (e.g., in organs and tissues), at the microscale level (e.g., in single cells), and also at the nanoscale level (e.g., in molecular complexes or single proteins) [5]. At present, we know that the different types of forces orchestrate the control of all biological functions, including stem cells’ commitment, determination, development, and maintenance of cells and tissues homeostasis [4,24,25]. Table 1 summarizes the different mechanical properties and the proteins serving as transmitters in mediating these processes.




2.4. Mechanotransduction


This section describes how cells sense the mechanical forces exerted by extracellular matrix (ECM) and neighbouring cells, and discusses how mechanical stimuli are transduced into biochemical signals to activate specific gene programmes and trigger cellular responses. The ability of cells to exert forces on the ECM or on other cells is also emphasized.



2.4.1. Extracellular Matrix


The effects of ECM on cell functions have been extensively studied. Nowadays, it is well known that chemical, mechanical, and topographical cues of ECM control cell adhesion, shape, and migration, as well as the activation of signal transduction pathways orchestrating gene expression and dictating proliferation and stem cells’ fate [37,38]. The ECM is a structural macromolecular network that creates a scaffold for cells interactions and support [37,38,39]. It is composed of (i) solid components, consisting of fibrous proteins, (e.g., collagen, elastin, laminin, fibronectin), glycosaminoglycans (GAGs; e.g., hyaluronic acid), proteoglycans (PGs; e.g., chondroitin sulfate, heparan sulfate, keratan sulfate), and syndecans (see Table 2); (ii) soluble components, such as cytokines, growth factors, and several classes of proteases, like a metalloproteinases (see Table 2), all of which serve as mediators between ECM and cells [37,38,39,40,41,42]. Based on composition and structural organization, it is possible to distinguish two extensive ECM structures: the basement membranes, providing a two-dimensional support for the cells (mainly composed of laminin, collagen IV, nidogen and heparan sulphate) and the connective tissues that provide a fibrous three-dimensional scaffold to the cells that is mainly composed of fibrillar collagens, PGs, and GAGs [41,42,43,44].



The overall components confer topography, viscosity, and mechanical properties to ECM. In particular elastic fibers, fibrillar collagens, GAGs, and the related PGs provide the mechanical properties of ECM, while fibrous proteins provide tensile strength (collagens, elastin) [37,38]. Therefore, based on the composition, ECM has the characteristics of a “soft material”, easily deformable at low stresses, or of an “hard material”, which require greater stresses to generate deformation [2,37,38,39,40,41,42,43,44,45]. Interestingly, it seems that the resulting architecture provides a sort of ‘mechanical memory’, correlating with stem cells’ differentiation toward selected lineages [33,38,46,47].



According to its composition, ECM might also acquire a peculiar geometrical conformation providing topographic and mechanical stimuli, which are critical in modulating stem cells’ phenotype [37,38,44].



Notably, between ECM and stem cells exists a dynamic cross-talk, as stem cells may change the ECM composition and remodel the architecture either by the secretion of ECM structural components and matrix metalloproteinases, or by exerting mechanical forces through the cytoskeleton fibers. The challenge is to create a suitable cell microenvironment that generates mechanosensing/mechanotransduction signals and guide stem cells’ functions [8].



Based on the previous considerations, it is not surprising that alterations in specific ECM components or in regulatory players could have an impact on biochemical and physical properties of ECM, which leads to a disorganized network and, eventually, to organ dysfunctions. In particular, abnormal ECM composition has consequences on its mechanical properties and on the onset and progression of numerous diseases, such as cancer and fibrosis [45,48,49]. For instance, mutations in genes encoding for elastin or elastin-associated glycoproteins cause Williams and Marfan syndromes [50].




2.4.2. Integrins


Among transmembrane proteins, the integrins family is the main class of proteins taking up ECM signals (see Table 2 for details) [51,52]. Moreover, their position, integrins serve as mediators of bidirectional signalling inside/outside cells [42]. The bond of integrins with ECM proteins (e.g., collagens, fibronectin, elastin, laminins) activate a specific association with intracellular proteins, such as those of the focal adhesion complex, which transduce mechanical cues from the ECM to the cell (and vice versa), thus modulating cells’ functions [52,53].




2.4.3. Focal Adhesion


Focal adhesion (FA) complexes are composed of a family of proteins with several domains (e.g., calponin homology (CH), pleckstrin homology (PH), src homology 2 (SH2), src homology 3 (SH3), FERM and LIM domains [54,55,56]), binding directly or indirectly through actin-binding proteins to the cytoplasmic domains of integrins [57,58]. FA proteins are organized into nanoscale strata constituting a bridge between integrins and cytoskeleton [57,58].



Vinculin, paxillin, talin and focal adhesion kinase (FAK), are the major components of FAs (Table 2).



The recruitment of FA proteins to the FA complex is tightly dependent on the forces transmitted by ECM-integrins bonds [53]. For instance, cell stretching generated by the transmission of mechanical forces in response to ECM rigidity elicits vinculin-talin interaction [42,51,58,59,60,61]. Moreover, talin1 with the ROD domain is directly implicated in the initiation and stabilization of the cell-matrix adhesion process, as well as in the reinforcement of integrin–cytoskeleton connections in response to forces [57,62,63]. It is also likely that type and power of mechanical forces are able to influence the correct positioning and conformation of specific FA proteins [64]. Therefore, understanding how mechanical forces induce compositional changes in FAs might provide information regarding the molecular signals transduced and thus on the cells’ functions involved [64].




2.4.4. Adherens Junctions


Mechanical forces propagate across tissues’ cells through cell-to-cell interactions that are orchestrated by specific protein complexes [65,66]. Among these, the complexes of Adherens Junctions (AJs) play a key role in several processes, such as tissue remodelling, morphogenetic developments, wound healing coordination, and tissue elongation [65,66]. The main adhesion proteins forming AJs belong to the cadherin family. Type I cadherins link intracellular AJs to actin filaments. They are the most ubiquitously expressed and include: E-cadherin, P-cadherin (epithelial cells), VE-cadherin (endothelial cells), and N-cadherin (all other non-epithelial cells), originating from the variable sequences in the extracellular domain of the protein [66] (Table 2). The conserved cadherin repeats domain contains calcium-binding sequences, essentials for switching “off”/“on” the adhesive function of cadherins. By this process, between two neighbouring cells, E-cadherin preferentially binds E-cadherin and N-cadherin to N-cadherin [65,67,68]. Catenins, nectins, and related proteins are other important players mediating cell-to-cell interactions [66,69,70] (Table 2).




2.4.5. Cytoskeleton


The regulation of cytoskeletontension guarantees forces propagation within cells [16,117,118]. This is a dynamic structure composed of F-actin microfilaments (polymer of G-actin), microtubules (polymer of αβ−tubulin dimers; MTs), intermediate filaments (polymers of small cell type-specific peptides; IFs), and cross-linking proteins, providing a three-dimensional support for the cells and having a direct impact on all basic and specialized cells’ functions (Table 2 for details) [117]. The mechanical properties of the cytoskeleton are strictly related to the dynamic, geometry, and polarity of its components [117,119]. In particular, F-actin has a flexible structure, resists intracellular stresses, and, upon stretch, activates local tension and cell rigidity. On the other hand, MTs are rigid and, in general, highly susceptible to longitudinal-torsional vibration modes [117]. When microtubules are elongated, vibration modes increase the rotation, the translation, and the velocities of intracellular vesicles along the filaments [16]. Lastly, intermediate filaments are highly flexible and deformable [118].



Noteworthy, the cytoskeleton contractility is mainly guaranteed by a network of actomyosin fibers that originates from the interaction of F-actin and non-muscle myosin-II [119,120]. F-actin and myosin II form stress fibers of 10–30 nm, together with other actin-linking proteins (e.g., α-actinin, fascin, filamin, spectrin, dystrophin, Arp2/3, profilin, ADF/cofilin, fimbrin, profilin, villin, formin family, and tropomyosins) [119,120]. These stress fibers may associate the cell–ECM interface directly through FAs complex or indirectly through a network between stress fibers [119,120]. Tension and mechanical forces transmission to the nucleus is typically due to actomyosin fibers and it is regulated by the levels of phosphorylation of the myosin light chain [120,121].




2.4.6. Nucleoskeleton


Mechanical cues arising either from the ECM and collected by integrins and FAs or from cell-to-cell contact and perceived by the AJs are both transmitted from the cytoskeleton fibers to the nucleus. They influence cytoplasmatic proteins causing their structural modification and shuttling them to the nucleus where they have a key role in orchestrating gene expression [122,123]. Among these proteins, there is a class of transcriptional factors that activate or repress mechanosensitive genes [124,125], as the case of YAP and TAZ [126,127] of Hippo pathway, which translocate to the nucleus in cells that are subjected to stiff stimuli [126,127]. The canonical function of YAP and TAZ is to transduce signals critical for driving stem cells’ fate and regeneration, whereas their altered activity is involved in aberrant cell mechanics transduction and in several diseases (e.g., atherosclerosis, fibrosis, pulmonary hypertension, inflammation, muscular dystrophy, and cancer) [128]. Other transcription factors, such as NKX-2.5, are activated in response to low tension and, once in the nucleus, they act as “mechanorepressor” of genes deputed to the maintenance of cells high-tension state [123].



Indeed, a direct nuclear-cytoskeletal link is critical in transmitting forces to the nucleus and eliciting biological responses to them. Many studies have pointed at the nucleoskeleton structure as the principal regulator of biochemical and physical connections between the nucleus and the cytoskeleton [125,129,130]. Within the nucleoskeleton, intermediate filament lamins A, B, and C, are the mechanical components of the inner nuclear membrane, which are directly associated with chromatin domains, thus regulating genome conformation and gene expression [131,132,133] (Table 2). The other component is the LINC complex [129]. This is a conserved molecular bridge that consists of different proteins spanning the nuclear membrane and connecting the lamins to the cytoskeleton [129,134]. In mammalian, the LINC complex is composed of proteins containing SUN domains (e.g., SUN1 and SUN2) and KASH domains (nesprin-1 and nesprin-2) [135,136] (Table 2). Mechanical signals propagating through the LINC complex induce conformational changes in nuclear proteins and they have a direct impact on chromatin structure and gene expression reprogramming [129,134].






3. Mechanobiology in Development and Pathology


The mechanosensing/mechanotransduction signalling cross-talk between stem cells and ECM is highlighted in development processes and in several diseases. Some examples are reported in the following.



3.1. Development


The developing of embryos consists in stem cells aggregation and organization into increasingly more complex structures and internal and external mechanical forces determine these events [137,138]. Furthermore, the correct positioning of stem cells during morphogenesis is guaranteed by the appropriate establishment of mechanical interactions among them and with their microenvironment ECM [137,138].



The first evidences of the role that mechanics play in developmental processes came from non-mammalians, such as Drosophila [5,139], avians [140], amphibians [141], and fish [142], in which became clear how eggs fertilization and maturation strongly depend on osmotic pressure gradients that influence cells shape [143,144]. On the other hand, significantly less is known about the influence of mechanical forces in the development of human embryos inside uterus because of the limited amount of material available for experimentations on animal models used for recapitulating human physiology [145] and because of ethical restrictions regarding human embryos manipulation [143]. Therefore, much of our knowledge on this topic relies on observations on close primate species [146,147,148,149] or on archival material [150]. Hence, taking advantage of some evolutionarily conserved mechanisms, human embryonic mechano-signalling have been recently characterized. These include i) key regulator genes [151]; ii) body axes establishment and local strains [152]; iii) geometrical influence on cell populations sorting [153,154]; and, iv) embryonic architecture and early signalling gradients [155]. Hydrostatic pressure (HP) is one of the mechanical forces involved in embryogenesis (both in early and late phases of development). At the blastocyst stage, the internal HP dictates the right definition of cell fate and embryonic size [156], while in later stages the pressure applied by the amniotic fluid appears to guide notochord extension by stimulating the underlying mesoderm [143,157].



At present, in-vitro models of embryogenesis seem to be the only tool for effectively understanding the processes regulating patterning, morphogenesis, and mechanobiology in the peri-implantation human embryo, as far as progresses in the possibility of working with human embryos are made [158,159,160,161]. Nevertheless, it will be necessary to wait more precise characterization of the embryos that they are expected to model, especially given that benchmarks based on mouse biology may not hold true in human, in order to understand if these models accurately recapitulate the molecular events happening in-vivo [143,162].




3.2. Pathology


Advances in mechanobiology suggest that alterations in cell mechanics, ECM structure, or mechanotransduction signals may contribute to the development of many diseases. As a matter of fact, aberrant mechanical signals, which are caused by changes in the physical and structural features of the cell microenvironment or by defects in how cells perceive mechanical inputs, have been associated with the pathogenesis of many diseases [128,163].



For example, clinical evidences show that alterations in cell−ECM interactions can cause cancer [164,165]. In many tumors, ECM production and stiffness are significantly increased when compared to healthy tissue [166,167,168,169]. It has been suggested that cancer stem cells increase ECM stiffness, encouraging metastatic activity, and that tumor stiffness hinders the activity of immune cells. Therefore, some clinical treatments use TGF-β inhibitors to reduce ECM proteins secretion and prevent further ECM changes [166]. In human cancers cells, YAP and TAZ have a supra-normal expression level as a cell response to mechanical inputs from the tumor microenvironment [127,128,170]. Likewise, the role of endogenous forces in regulating different neuronal functions is also well established [171,172,173]. Disruptions or alterations of cellular-mechanical properties are associated with neurological diseases, such as Alzheimer’s disease [174], spread axonal injury, spinal cord injury, concussion, and traumatic brain injuries [175]. It has been shown that the up-regulation of FA proteins, such as vinculin, talin, paxillin, and actin-crosslinking α-actinin, causes astrocytes activation and increases the expression of intermediates filaments, including Glial Fibrillary Acidic Protein, vimentin, and nestin [176]. Astrocytes’ hypertrophy and hyperplasia intensifies the stress on surrounding cells and the secretion of ECM proteins, such as collagen IV and laminin, which form a collagenous basement membrane scar, one of the major obstacles to axonal regeneration [177,178,179].



Alterations in mechanical signals are also key factors in the pathophysiology of cardiovascular diseases [180]. In particular, arterial stiffening is recognized as one of the key events in the progression of several cardiovascular diseases, including coronary heart disease, hypertension, atherosclerosis, and stroke [181,182]. Moreover, the high susceptibility of skin to mechanical forces, being exposed to different environmental insults as the most external body layer [183,184], has been correlated to many pathologies, including keloids, scleroderma, and psoriasis [184,185,186,187].



The role of mechanical forces is also well known in bone tissue as well as the effects of biophysical cues in osteoblast differentiation [188,189], mineralisation process, inhibition of osteoclast differentiation, and protection against osteolysis [190,191]. Actually, the malfunctioning of some of these processes appears to be implicated in osteoarthritis and osteoporosis [192]. Moreover, during osteoporosis, mechanotransduction appears to be compromised, as there is an altered distribution of integrin-based mechanosensory complexes regulating Cox-2 expression and PGE2 release in osteocytes [193].



Finally, the recent characterization of eyes mechanobiology has been fundamental in understanding their functioning, angiogenesis, pathologies progression, and therapeutic approaches efficacy [194,195,196]. For instance, ECM proteins that are secreted by the eye stroma in response to chronic inflammation might alter the mechanical integrity of the ECM, which leads to the activation of YAP/TAZ and β-catenin signalling pathways that, in turn, enhance the epidermal differentiation of the epithelium. This can lead to corneal squamous cell metaplasia, which causes blindness [197].





4. Mechanobiology on Stem Cells and Regenerative Medicine


4.1. Mechanosensing/Mechanotransduction Signalling Drive Stem Cell Functions


The study of mechanobiology in stem cells is pivotal in understanding the molecular processes regulating stem cells’ homeostasis, self-renewal, pluri/multipotency, and also for its prospective applications in regenerative medicine [198,199]. To facilitate readers, Table 3 summarizes stem cells’ properties and hierarchy.



Stem cell fate and behaviour are profoundly influenced by the microenvironment (also known as niche), in which they reside [60,223,224,225,226,227]. The niche is a tissue area consisting of ECM molecules, soluble proteins, such as cytokines and growth factors, and supporting cells [137,224,225,228,229,230,231], which, overall, generate peculiar chemical-physical cues having a critical role in maintaining stem cell self-renewal and pluri/multipotent properties [137,198,226,232]. Indeed, a mutual dynamic interaction exists between stem cells and their niche components. As matter of fact, stem cells influence their niche by secreting the above-mentioned bioactive molecules or by exerting mechanical forces through their cytoskeletal components (Figure 2a). Examples of this interplay clearly emerge by the plasticity of cancer stem cells in reorganizing their microenvironment [233,234], or by studies showing that the maintenance of pluripotency of naïve stem cells might be driven by the niche mechanotransducers signals that regulate the WNT/β-catenin pathway [235,236] or E-cadherin expression levels in stem cells [237,238]. Moreover, mechanical cues have been illustrated to elicit stem cells’ commitment and specification toward a selected stem cell differentiation lineage (Figure 2a). For example, it was demonstrated that ECM stiffness might directly control the lamin-A expression and thereby the specification lineages toward adipogenesis or osteogenesis of human mesenchymal stem cells (MSCs) [90]. Indeed, MSCs were the first adult stem cells used to demonstrate in-vitro the influence of matrix stiffness in adult stem cell differentiation, as they may be easily steered toward osteogenic differentiation or adipogenic differentiation, depending on the artificial support mimicking the ECM stiffer or softer characteristics, respectively [137,239,240]. On the other hand, the pioneering work by Engler and co-authors demonstrated that modulating the matrix elasticity might drive commitment to the lineage specification of MSCs [33]. The role of stiffness in controlling stem cells’ fate was also investigated by Aguilar and co-authors, which demonstrated that a 30- to 60-Pa stiffness of bone marrow was essential in the correct differentiation of megakaryocytes and for the generation of proplatelets [241]. Additionally, the delivery of a 10% static equibiaxial stretch to neural stem/progenitor cells was able to induce their differentiation toward oligodendrocytes, instead of astrocytes or neurons [242,243]. The mechanical characteristics of ECM and, in particular, the content of tropoelastin, seem to be also involved in the hematopoietic differentiation of hematopoietic stem cells [244].




4.2. Regenerative Medicine


From the aforementioned considerations, it is clear that the elucidation of mechanobiology processes in stem cells might have a direct impact on the development of innovative therapeutic tools for regenerative medicine application.



Regenerative medicine refers to the most innovative biotechnologies and therapies for the cure or replacement of defective/degenerate tissues and organs [211,249]. The paradigm of regenerative medicine is based on the potential of stem cells to maintain tissue homeostasis by replacing dead cells with newly differentiated progenies and releasing active molecules having a critical role in the regenerative processes (autocrine and paracrine actions) [200,211,250,251]. These biological properties are well-maintained, even when stem cells are transplanted into a host tissue/organ in-vivo (direct transplantation) [211,252,253], or when they are engineered with a therapeutic gene (gene-therapy) [254,255,256,257,258,259,260,261,262,263,264,265,266,267,268,269,270], or when they are combined with biomaterials to generate an ex-vivo tissue (tissue engineering) [240,271,272,273,274,275,276,277,278,279,280,281,282,283,284,285]. A further advance is the recent organ-on-a-chip technology [286], which recapitulate the human physiology through culturing stem cells in a tailored artificial tissue or in a single organ system (e.g., cardiac or lung tissues) [278,287,288,289].




4.3. Biomaterial System to Study the Effect on Stem Cell Fate by Mechanosensing/Mechanotransduction Signalling.


The use of biomaterials combined with stem cells for mimicking the ECM characteristics allow for establishing bio-hybrid substitutes for replacing defective tissue/organs in regenerative medicine therapeutic approaches [199,227] and allows investigating how mechanosensing and mechanotransduction signals may regulate stem cells homeostasis, self-renewal, and differentiation (Figure 2b).



The rationale of the use of biomaterials as stem cells support is based on the cross-talk taking place between them. Stem cells act on biomaterials releasing ECM proteins and bioactive molecules and exert forces through the cytoskeletal components to recreate their niche. Conversely, biomaterials act on stem cells through their intrinsic chemical-physical properties, which activate mechanosensing/mechanotransduction signalling and thereby modulate the stem cells fate (Figure 2b) [60,226,227,290,291,292].



Different types of natural (e.g., collagen, fibrin, silk) and synthetic (e.g., polylactic acid, polyesters, polyanhydrides, polyurethane) polymers have been manipulated to fabricate biocompatible films (two-dimensional) or scaffolds (three-dimensional) with tuneable properties to guide stem cells fate [281,283]. In-vitro synthetic models of stem cells niches have been developed to explore the effects of mechanical cues mode and magnitude in influencing stem cells’ proliferation and differentiation (as reviewed by Vining and Mooney) [137]. Modifications of shape and surface nanotopography of biomaterials have been demonstrated to modulate cell mechanotransduction axis and dictate selected stem cells’ functions [228,272,273,285,292]. In this regard, we demonstrated that Poly(L-lactide)acid (PLLA) polymer film and PLLA/Multi-Walled Carbon Nanotubes nanocomposite film activate two different mechanotransduction axes in human umbilical cord mesenchymal stem cells (hUCMSCs) [285]. In particular, hUCMSCs on PLLA were steered toward an epiblast (EPi)-like phenotype through the activation of NANOG and OCT3/4 by the mechanotransduction axis E-cadherin-F-actin/Myosin-IIA-Sun1. Alternatively, hUCMSCs on nanocomposite film were steered toward an endoderm (PrE)-like phenotype through the activation of GATA6 and GATA4 via N-cadherin−β-catenin linked to F-actin−Filamin-A−Lamin-A, as a second mechanotransduction axis [285].



Hydrogels with tailored elasticity and viscoelasticity characteristics have been produced to generate an ex-vivo model of organ/tissue for regenerative medicine applications [293,294]. Many laboratories have coated engineered extracellular matrix proteins on polyacrylamide hydrogels in order to modulate the stiffness characteristics to mimic in-vivo pathophysiological microenvironments for regenerative medicine [182,295,296].



Finally, advances in this field came from the extrusion-based bioprinting systems. This innovative technology combines stem cells and biomaterials to create bio-hybrid structures mimicking tissues or organs’ architecture and, therefore, allows more proficient basic research, development of pharmaceutics screening, and clinical translation [297].




4.4. Computational Tools to Study Stem Cell Mechanobiology


This review clarifies how mechanical properties of the ECM or of a biomaterial can influence stem cells fate, which is the final effect of step-by-step sequence having the first sign in the determination of the cells’ shape. The latter agrees with the biological basic concept that cells’ function and shape are strictly associated [298]. Therefore, the morphometric characterization of cells might represent a key analysis of cellular dynamics, as it takes the interactive reaction of cells with their microenvironment into account [299]. In this paragraph, we describe some current computational morphometric tools allowing for correlating shape and mechanical cues to cells’ functions. Bioinformatic offers the possibility to improve canonical cell shape and spread quantification [272,284,285], while taking into account the high variability that is given by the dynamic structures of the cells [299,300]. For example, due to a large number of filopodia (a signature of a highly dynamic cytoskeleton) in the cell, borders might present different and numerous irregularities. Moreover, contractile cells can withdraw from the focal adhesions at the margins, creating many membrane protrusions that increase the variability [299,300]. Cell spreading measures include geometric parameters for cells and nuclei, such as: area, perimeter, major and minor axis of fitted ellipse, and their ratio, convex hull parameters, radius and diameter of inscribed and circumscribed circles, and others [299,300]. Quantification is achieved by direct tracing and measuring of cell area and perimeter, shorter and longer cell axis, and other derivations, as reported in the Table equations (Table 4).



The table also shows common quantitative parameters that are used in morphometric analysis of cells cytoskeleton, all of which can be calculated using professional image processing software such as FIJI (an ImageJ-based package with a rich set of tools and plugin focused on scientific image analysis) ImageJ and CellProfiler (a Python based system) among free open-source software, IMARIS and MATLAB among closed source software [313,314,315,316,317].



The first step in the morphometric analysis of images is the identification and the selection of the object (i.e.,cell(s), nucleus(i)) within the image to calculate specific morphometric characteristics. In this regard, the segmentation of the studied object(s) and the reliable measurements of shape descriptors are two of the key processes for accurate image analysis [303]. Segmentation algorithms are often problematic when it comes to outline complex shapes and when there is overlapping cells [318]. Therefore, there are many different methods of segmentation to detect objects and boundaries: linear image filters, Laplacian-of-Gaussian or Gaussian filters, and mathematical segmentation methods [319,320,321]. Segmentation is required before calculating specific shape descriptors while using the outlines. After segmentation, biologically useful information must be extracted from the sample images. The best way to quantify cell morphology is using computer algorithms to mathematically quantify shape descriptors that represent specific cell morphology characteristics. ImageJ or FIJI may be used for such analyses [322,323]. For example, we report a simple FIJI (free open source) workflow for fluorescence image segmentation and morphometric measurement features with the help of the Shape filter plugin in FIJI (https://imagej.net/Shape_Filter) (Figure 3).





5. Conclusions


The elucidation of the mechanisms leading to crosstal-king between stem cells with their microenvironment uncovered networks of signals, which were activated by a single force or a synergy of forces, resulting in being critical in driving stem cells fate. Even if many studies are still ongoing, it is already clear that mechanical cues activated by the ECM and translated to the cell through mechanosensing/mechanotransduction signals represent a general scheme by which cells, tissues, organs, and whole organisms respond to external mechanical stimuli orchestrating their biological activity. Advances in the use of biomaterials as support for in vitro stem cells cultures to generate ex-vivo models of tissues and organs, together with computational systems, have highlighted the potentials of mechanobiology as a new therapeutic tool to be investigated for regenerative medicine applications.
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Abbreviations




	ADF
	Actin depolymerizing factor



	Arp2/3
	Actin Related Proteins 2/3



	BAF
	Barrier-to-autointegration factor



	bFGF
	basic Fibroblast growth factor



	BMP
	Bone Morphogenetic Protein



	CCL5
	C-C motif chemokine 5



	EGR1
	Early Growth Response 1



	EPLIN
	Epithelial protein lost in neoplasm



	ERK1/2
	Extracellular signal-regulated kinases



	FAK
	Focal Adhesion Kinase



	FERM
	4.1 protein, Ezrin, Radixin, Moesin



	FGFR1
	Fibroblast growth factor receptor 1



	ICAM-1
	Intracellular Adhesion Molecule 1



	IER3
	Immediate Early Response 3



	IFs
	Intermediate Filaments



	IGF1
	Insulin-like Growth Factor 1



	IGFBP1
	Insulin-like Growth Factor Binding Protein



	IL-2
	Interleukin-2



	IL-7
	Interleukin-7



	KASH
	Klarsicht, ANC-1, Syne Homology



	LAP2
	Lamina-associated polypeptide 2



	LIM
	Lin-11, Isl-1, Mec-3



	Lmn A
	Lamin A



	Lmn B
	Lamin B



	LmnC
	Lamin C



	MAPK
	Mitogen activated protein kinase



	MIP-1b
	Macrophage inflammatory protein-1b



	NKX-2.5
	Homebox protein Nkx-2.5



	p120
	p120-catenin



	PDGF
	Platlet derived growth factor



	PECAM1
	Platlet And Endothelial Cell Adhesion Molecule 1



	PGTS2
	Prostaglandin-endoperoxide synthase 2



	PI3K
	Phosphoinositide 3-kinase



	ROCK
	Rho-associated protein kinase



	SHC1
	SHC-transforming protein 1



	SUN
	Sad1p, UNC-84



	SUN1
	SUN domain-containing protein 1



	SUN2
	SUN domain-containing protein 2



	TAZ
	Trascriptional coactivator with PDZ-binding motif



	TGF-α
	Transforming Growth Factor α



	TGF-β
	Transforming Growth Factor β



	TNF-a
	Tumor necrosis factor-a



	VE-Chaderin
	Vascular Endothelial cadherin



	VEGF
	Vascular endothelial growth factor



	VEGFR
	Vascular endothelial growth factor receptor



	YAP
	Yes-Associated Protein



	ZO-1
	Zona Occlusens-1







References


	



Wolff, J. Das Gesetz der Transformation der Knochen; Hirschwald: Berlin, Germany, 1892. [Google Scholar]

	



Jansen, K.A.; Donato, D.M.; Balcioglu, H.E.; Schmidt, T.; Danen, E.H.J.; Koenderink, G.H. A guide to mechanobiology: Where biology and physics meet. Biochim. Biophys. Acta 2015, 1853, 3043–3052. [Google Scholar] [CrossRef] [PubMed]

	



Wolfenson, H.; Yang, B.; Sheetz, M.P. Steps in Mechanotransduction Pathways that Control Cell Morphology. Annu. Rev. Physiol. 2019, 81, 585–605. [Google Scholar] [CrossRef] [PubMed]

	



Weaver, V.M. Cell and tissue mechanics: The new cell biology frontier. Mol. Biol. Cell 2017, 28, 1815–1818. [Google Scholar] [CrossRef] [PubMed]

	



Mammoto, T.; Ingber, D.E. Mechanical control of tissue and organ development. Development 2010, 137, 1407–1420. [Google Scholar] [CrossRef] [PubMed]

	



Verbruggen, S. Mechanobiology in Health and Disease; Elsevier: Amsterdam, The Netherlands, 2018; ISBN 9780128129524. [Google Scholar]

	



Chen, Y.; Ju, L.; Rushdi, M.; Ge, C.; Zhu, C. Receptor-mediated cell mechanosensing. Mol. Biol. Cell 2017, 28, 3134–3155. [Google Scholar] [CrossRef] [PubMed]

	



Roca-Cusachs, P.; Conte, V.; Trepat, X. Quantifying forces in cell biology. Nat. Cell Biol. 2017, 19, 742–751. [Google Scholar] [CrossRef] [PubMed]

	



Ingber, D.E. Tensegrity-based mechanosensing from macro to micro. Prog. Biophys. Mol. Biol. 2008, 97, 163–179. [Google Scholar] [CrossRef]

	



Ingber, D.E. Integrins, tensegrity, and mechanotransduction. Gravit. Space Biol. Bull. 1997, 10, 49–55. [Google Scholar]

	



TENSEGRITY by R Buckminster Fuller. Available online: http://www.rwgrayprojects.com/rbfnotes/fpapers/tensegrity/tenseg01.html (accessed on 16 September 2019).

	



Ingber, D.E. The Architecture of Life. Sci. Am. 1998, 278, 48–57. [Google Scholar] [CrossRef]

	



Chen, C.S.; Ingber, D.E. Tensegrity and mechanoregulation: From skeleton to cytoskeleton. Osteoarthr. Cartil. 1999, 7, 81–94. [Google Scholar] [CrossRef]

	



Ingber, D.E. Tensegrity and mechanotransduction. J. Bodyw. Mov. Ther. 2008, 12, 198–200. [Google Scholar] [CrossRef] [PubMed]

	



Ingber, D.E. Tensegrity, I. Cell structure and hierarchical systems biology. J. Cell Sci. 2003, 116, 1157–1173. [Google Scholar] [CrossRef] [PubMed]

	



Hamant, O.; Inoue, D.; Bouchez, D.; Dumais, J.; Mjolsness, E. Are microtubules tension sensors? Nat. Commun. 2019, 10, 2306. [Google Scholar] [CrossRef] [PubMed]

	



Fraldi, M.; Palumbo, S.; Carotenuto, A.R.; Cutolo, A.; Deseri, L.; Pugno, N. Buckling soft tensegrities: Fickle elasticity and configurational switching in living cells. J. Mech. Phys. Solids 2019, 124, 299–324. [Google Scholar] [CrossRef]

	



Ingber, D.E. Tensegrity: The Architectural Basis of Cellular. Annu. Rev. Physiol. 1997, 59, 575–599. [Google Scholar] [CrossRef]

	



Ingber, D.E.; Wang, N.; Stamenovic, D. Tensegrity, cellular biophysics, and the mechanics of living systems. Rep. Prog. Phys. 2014, 77, 046603. [Google Scholar] [CrossRef]

	



Zhang, L.Y.; Zhu, S.X.; Li, S.X.; Xu, G.K. Analytical form-finding of tensegrities using determinant of force-density matrix. Compos. Struct. 2018, 189, 87–98. [Google Scholar] [CrossRef]

	



Fraddosio, A.; Pavone, G.; Piccioni, M.D. Minimal mass and self-stress analysis for innovative V-Expander tensegrity cells. Compos. Struct. 2019, 209, 754–774. [Google Scholar] [CrossRef]

	



Aloui, O.; Flores, J.; Orden, D.; Rhode-Barbarigos, L. Cellular morphogenesis of three-dimensional tensegrity structures. Comput. Methods Appl. Mech. Eng. 2019, 346, 85–108. [Google Scholar] [CrossRef]

	



Cai, J.; Yang, R.; Wang, X.; Feng, J. Effect of initial imperfections of struts on the mechanical behavior of tensegrity structures. Compos. Struct. 2019, 207, 871–876. [Google Scholar] [CrossRef]

	



Hernández-Hernández, V.; Rueda, D.; Caballero, L.; Alvarez-Buylla, E.R.; Benítez, M. Mechanical forces as information: An integrated approach to plant and animal development. Front. Plant Sci. 2014, 5. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yu, J.; Bomba, H.N.; Zhu, Y.; Gu, Z. Mechanical Force-Triggered Drug Delivery. Chem. Rev. 2016, 116, 12536–12563. [Google Scholar] [CrossRef] [PubMed]

	



Charras, G.; Yap, A.S. Tensile Forces and Mechanotransduction at Cell–Cell Junctions. Curr. Biol. 2018, 28, R445–R457. [Google Scholar] [CrossRef] [PubMed]

	



Spadaro, D.; Le, S.; Laroche, T.; Mean, I.; Jond, L.; Yan, J.; Citi, S. Tension-Dependent Stretching Activates ZO-1 to Control the Junctional Localization of Its Interactors. Curr. Biol. 2017, 27, 3783–3795. [Google Scholar] [CrossRef] [PubMed]

	



Pinheiro, D.; Bellaïche, Y. Mechanical Force-Driven Adherens Junction Remodeling and Epithelial Dynamics. Dev. Cell 2018, 47, 3–19. [Google Scholar] [CrossRef] [PubMed]

	



Takemoto, K.; Ishihara, S.; Mizutani, T.; Kawabata, K.; Haga, H. Compressive stress induces dephosphorylation of the myosin regulatory light chain via RhoA phosphorylation by the adenylyl cyclase/protein kinase a signaling pathway. PLoS ONE 2015, 10, e0117937. [Google Scholar] [CrossRef] [PubMed]

	



Freedman, B.R.; Bade, N.D.; Riggin, C.N.; Zhang, S.; Haines, P.G.; Ong, K.L.; Janmey, P.A. The (dys)functional extracellular matrix. Biochim. Biophys. Acta Mol. Cell Res. 2015, 1853, 3153–3164. [Google Scholar] [CrossRef]

	



Tzima, E.; Irani-Tehrani, M.; Kiosses, W.B.; Dejana, E.; Schultz, D.A.; Engelhardt, B.; Cao, G.; DeLisser, H.; Schwartz, M.A. A mechanosensory complex that mediates the endothelial cell response to fluid shear stress. Nature 2005, 437, 426–431. [Google Scholar] [CrossRef]

	



Kunnen, S.J.; Malas, T.B.; Semeins, C.M.; Bakker, A.D.; Peters, D.J.M. Comprehensive transcriptome analysis of fluid shear stress altered gene expression in renal epithelial cells. J. Cell. Physiol. 2018, 233, 3615–3628. [Google Scholar] [CrossRef]

	



Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell 2006, 126, 677–689. [Google Scholar] [CrossRef]

	



Swift, J.; Discher, D.E. The nuclear lamina is mechano-responsive to ECM elasticity in mature tissue. J. Cell Sci. 2014, 127, 3005–3015. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Golob, M.J.; Chesler, N.C. Viscoelastic Properties of Cardiovascular Tissues. In Viscoelastic and Viscoplastic Materials; InTech: London, UK, 2016. [Google Scholar]

	



Canetta, E.; Duperray, A.; Leyrat, A.; Verdier, C. Measuring cell viscoelastic properties using a force-spectrometer: Influence of protein-cytoplasm interactions. Biorheology 2005, 42, 321–333. [Google Scholar] [PubMed]

	



Stanton, A.E.; Tong, X.; Yang, F. Extracellular matrix type modulates mechanotransduction of stem cells. Acta Biomater. 2019, 96, 310–320. [Google Scholar] [CrossRef] [PubMed]

	



Murphy-Ullrich, J.E.; Sage, E.H. Revisiting the matricellular concept. Matrix Biol. 2014, 37, 1–14. [Google Scholar] [CrossRef]

	



Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N.K. Extracellular matrix structure. Adv. Drug Deliv. Rev. 2016, 97, 4–27. [Google Scholar] [CrossRef]

	



Hassan, A.; Sapir, L.; Nitsan, I.; Greenblatt Ben-El, R.T.; Halachmi, N.; Salzberg, A.; Tzlil, S. A Change in ECM Composition Affects Sensory Organ Mechanics and Function. Cell Rep. 2019, 27, 2272–2280. [Google Scholar] [CrossRef]

	



Hynes, R.O. The extracellular matrix: Not just pretty fibrils. Science 2009, 326, 1216–1219. [Google Scholar] [CrossRef]

	



Mohammed, D.; Versaevel, M.; Bruyère, C.; Alaimo, L.; Luciano, M.; Vercruysse, E.; Procès, A.; Gabriele, S. Innovative Tools for Mechanobiology: Unraveling Outside-In and Inside-Out Mechanotransduction. Front. Bioeng. Biotechnol. 2019, 7, 162. [Google Scholar] [CrossRef]

	



Frantz, C.; Stewart, K.M.; Weaver, V.M. The extracellular matrix at a glance. J. Cell Sci. 2010, 123, 4195–4200. [Google Scholar] [CrossRef]

	



Janson, I.A.; Putnam, A.J. Extracellular matrix elasticity and topography: Material-based cues that affect cell function via conserved mechanisms. J. Biomed. Mater. Res. Part. A 2015, 103, 1246–1258. [Google Scholar] [CrossRef]

	



Najafi, M.; Farhood, B.; Mortezaee, K. Extracellular matrix (ECM) stiffness and degradation as cancer drivers. J. Cell. Biochem. 2019, 120, 2782–2790. [Google Scholar] [CrossRef] [PubMed]

	



Humphrey, J.D.; Dufresne, E.R.; Schwartz, M.A. Mechanotransduction and extracellular matrix homeostasis. Nat. Rev. Mol. Cell Biol. 2014, 15, 802–812. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.X.; Talele, N.P.; Boo, S.; Koehler, A.; Knee-Walden, E.; Balestrini, J.L.; Speight, P.; Kapus, A.; Hinz, B. MicroRNA-21 preserves the fibrotic mechanical memory of mesenchymal stem cells. Nat. Mater. 2017, 16, 379–389. [Google Scholar] [CrossRef] [PubMed]

	



Klaas, M.; Kangur, T.; Viil, J.; Mäemets-Allas, K.; Minajeva, A.; Vadi, K.; Antsov, M.; Lapidus, N.; Järvekülg, M.; Jaks, V. The alterations in the extracellular matrix composition guide the repair of damaged liver tissue. Sci. Rep. 2016, 6, 27398. [Google Scholar] [CrossRef] [PubMed]

	



Lu, P.; Weaver, V.M.; Werb, Z. The extracellular matrix: A dynamic niche in cancer progression. J. Cell Biol. 2012, 196, 395–406. [Google Scholar] [CrossRef] [PubMed]

	



Kielty, C.M. Elastic fibres in health and disease. Expert Rev. Mol. Med. 2006, 8, 1–23. [Google Scholar] [CrossRef] [PubMed]

	



Seetharaman, S.; Etienne-Manneville, S. Integrin diversity brings specificity in mechanotransduction. Biol. Cell 2018, 110, 49–64. [Google Scholar] [CrossRef] [PubMed]

	



De Arcangelis, A.; Georges-Labouesse, E. Integrin and ECM functions: Roles in vertebrate development. Trends Genet. 2000, 16, 389–395. [Google Scholar] [CrossRef]

	



Atherton, P.; Lausecker, F.; Carisey, A.; Gilmore, A.; Critchley, D.; Barsukov, I.; Ballestrem, C. Force-independent interactions of talin and vinculin govern integrin-mediated mechanotransduction. bioRxiv 2019, 629683. [Google Scholar]

	



Pearson, M.A.; Reczek, D.; Bretscher, A.; Karplus, P.A. Structure of the ERM protein moesin reveals the FERM domain fold masked by an extended actin binding tail domain. Cell 2000, 101, 259–270. [Google Scholar] [CrossRef]

	



Huang, H.; Li, L.; Wu, C.; Schibli, D.; Colwill, K.; Ma, S.; Li, C.; Roy, P.; Ho, K.; Songyang, Z.; et al. Defining the specificity space of the human SRC homology 2 domain. Mol. Cell. Proteom. 2008, 7, 768–784. [Google Scholar] [CrossRef] [PubMed]

	



Wang, D.S.; Shaw, G. The association of the C-terminal region of beta I sigma II spectrin to brain membranes is mediated by a PH domain, does not require membrane proteins, and coincides with a inositol-1,4,5 triphosphate binding site. Biochem. Biophys. Res. Commun. 1995, 217, 608–615. [Google Scholar] [CrossRef] [PubMed]

	



Martino, F.; Perestrelo, A.R.; Vinarský, V.; Pagliari, S.; Forte, G. Cellular Mechanotransduction: From Tension to Function. Front. Physiol. 2018, 9, 824. [Google Scholar] [CrossRef] [PubMed]

	



Ciobanasu, C.; Faivre, B.; Le Clainche, C. Actomyosin-dependent formation of the mechanosensitive talin-vinculin complex reinforces actin anchoring. Nat. Commun. 2014, 5, 3095. [Google Scholar] [CrossRef] [PubMed]

	



Elosegui-Artola, A.; Oria, R.; Chen, Y.; Kosmalska, A.; Pérez-González, C.; Castro, N.; Zhu, C.; Trepat, X.; Roca-Cusachs, P. Mechanical regulation of a molecular clutch defines force transmission and transduction in response to matrix rigidity. Nat. Cell Biol. 2016, 18, 540–548. [Google Scholar] [CrossRef] [PubMed]

	



D’Angelo, F.; Tiribuzi, R.; Armentano, I.; Kenny, J.M.; Martino, S.; Orlacchio, A. Mechanotransduction: Tuning stem cells fate. J. Funct. Biomater. 2011, 2, 67–87. [Google Scholar] [CrossRef]

	



Burridge, K.; Monaghan-Benson, E.; Graham, D.M. Mechanotransduction: From the cell surface to the nucleus via RhoA. Philos. Trans. R. Soc. B 2019, 374, 20180229. [Google Scholar] [CrossRef]

	



Rahikainen, R.; Ohman, T.; Turkki, P.; Varjosalo, M.; Hytonen, V.P. Talin-mediated force transmission and talin rod domain unfolding independently regulate adhesion signaling. J. Cell Sci. 2019, 132. [Google Scholar] [CrossRef]

	



Giannone, G.; Jiang, G.; Sutton, D.H.; Critchley, D.R.; Sheetz, M.P. Talin1 is critical for force-dependent reinforcement of initial integrin-cytoskeleton bonds but not tyrosine kinase activation. J. Cell Biol. 2003, 163, 409–419. [Google Scholar] [CrossRef]

	



Kuo, J.C. Mechanotransduction at focal adhesions: Integrating cytoskeletal mechanics in migrating cells. J. Cell. Mol. Med. 2013, 17, 704–712. [Google Scholar] [CrossRef]

	



Khalil, A.A.; de Rooij, J. Cadherin mechanotransduction in leader-follower cell specification during collective migration. Exp. Cell Res. 2019, 376, 86–91. [Google Scholar] [CrossRef] [PubMed]

	



Takeichi, M. Dynamic contacts: Rearranging adherens junctions to drive epithelial remodelling. Nat. Rev. Mol. Cell Biol. 2014, 15, 397–410. [Google Scholar] [CrossRef] [PubMed]

	



Braga, V. Epithelial cell shape: Cadherins and small GTPases. Exp. Cell Res. 2000, 261, 83–90. [Google Scholar] [CrossRef] [PubMed]

	



Sluysmans, S.; Vasileva, E.; Spadaro, D.; Shah, J.; Rouaud, F.; Citi, S. The role of apical cell-cell junctions and associated cytoskeleton in mechanotransduction. Biol. Cell 2017, 109, 139–161. [Google Scholar] [CrossRef]

	



Ishiyama, N.; Sarpal, R.; Wood, M.N.; Barrick, S.K.; Nishikawa, T.; Hayashi, H.; Kobb, A.B.; Flozak, A.S.; Yemelyanov, A.; Fernandez-Gonzalez, R.; et al. Force-dependent allostery of the α-catenin actin-binding domain controls adherens junction dynamics and functions. Nat. Commun. 2018, 9, 5121. [Google Scholar] [CrossRef]

	



Hirata, E.; Park, D.; Sahai, E. Retrograde flow of cadherins in collective cell migration. Nat. Cell Biol. 2014, 16, 621–623. [Google Scholar] [CrossRef]

	



Marinucci, L.; Balloni, S.; Bodo, M.; Carinci, F.; Pezzetti, F.; Stabellini, G.; Carmela, C.; Lumare, E. Patterns of some extracellular matrix gene expression are similar in cells from cleft lip-palate patients and in human palatal fibroblasts exposed to diazepam in culture. Toxicology 2009, 257, 10–16. [Google Scholar] [CrossRef]

	



Midwood, K.S.; Chiquet, M.; Tucker, R.P.; Orend, G. Tenascin-C at a glance. J. Cell Sci. 2016, 129, 4321–4327. [Google Scholar] [CrossRef]

	



Knudson, W.; Peterson, R.S. Chemistry and Biology of Hyaluronan; Elsevier: Amsterdam, The Netherlands, 2004; ISBN 9780080443829. [Google Scholar]

	



Atarashi, K.; Kawashima, H.; Hirata, T.; Miyasaka, M. Chondroitin sulfate proteoglycan, common ligand of L-selectin and CD44. Tanpakushitsu Kakusan Koso. 2002, 47, 2214–2220. [Google Scholar]

	



Schmidt, G.; Robenek, H.; Harrach, B.; Glössl, J.; Nolte, V.; Hörmann, H.; Richter, H.; Kresse, H. Interaction of small dermatan sulfate proteoglycan from fibroblasts with fibronectin. J. Cell Biol. 1987, 104, 1683–1691. [Google Scholar] [CrossRef]

	



Melrose, J. Keratan sulfate (KS)-proteoglycans and neuronal regulation in health and disease: The importance of KS-glycodynamics and interactive capability with neuroregulatory ligands. J. Neurochem. 2019, 149, 170–194. [Google Scholar] [CrossRef]

	



Afratis, N.A.; Nikitovic, D.; Multhaupt, H.A.B.; Theocharis, A.D.; Couchman, J.R.; Karamanos, N.K. Syndecans—Key regulators of cell signaling and biological functions. FEBS J. 2017, 284, 27–41. [Google Scholar] [CrossRef]

	



Teng, Y.H.F.; Aquino, R.S.; Park, P.W. Molecular functions of syndecan-1 in disease. Matrix Biol. 2012, 31, 3–16. [Google Scholar] [CrossRef]

	



Rozario, T.; DeSimone, D.W. The extracellular matrix in development and morphogenesis: A dynamic view. Dev. Biol. 2010, 341, 126–140. [Google Scholar] [CrossRef]

	



Lacouture, M.E.; Schaffer, J.L.; Klickstein, L.B. A Comparison of Type I Collagen, Fibronectin, and Vitronectin in Supporting Adhesion of Mechanically Strained Osteoblasts. J. Bone Miner. Res. 2002, 17, 481–492. [Google Scholar] [CrossRef]

	



Laurie, G.W.; Leblond, C.P.; Martin, G.R. Localization of type IV collagen, laminin, heparan sulfate proteoglycan, and fibronectin to the basal lamina of basement membranes. J. Cell Biol. 1982, 95, 340–344. [Google Scholar] [CrossRef]

	



Zollinger, A.J.; Smith, M.L. Fibronectin, the extracellular glue. Matrix Biol. 2017, 60, 27–37. [Google Scholar] [CrossRef]

	



Luo, Y.; Li, N.; Chen, H.; Fernandez, G.E.; Warburton, D.; Moats, R.; Mecham, R.P.; Krenitsky, D.; Pryhuber, G.S.; Shi, W. Spatial and temporal changes in extracellular elastin and laminin distribution during lung alveolar development. Sci. Rep. 2018, 8, 8334. [Google Scholar] [CrossRef]

	



Lee, P.; Bax, D.V.; Bilek, M.M.M.; Weiss, A.S. A novel cell adhesion region in tropoelastin mediates attachment to integrin αvβ5. J. Biol. Chem. 2014, 289, 1467–1477. [Google Scholar] [CrossRef]

	



Hohenester, E. Laminin G-like domains: Dystroglycan-specific lectins. Curr. Opin. Struct. Biol. 2019, 56, 56–63. [Google Scholar] [CrossRef]

	



Hamill, K.J.; Kligys, K.; Hopkinson, S.B.; Jones, J.C.R. Laminin deposition in the extracellular matrix: A complex picture emerges. J. Cell Sci. 2009, 122, 4409–4417. [Google Scholar] [CrossRef]

	



Martino, M.M.; Briquez, P.S.; Ranga, A.; Lutolf, M.P.; Hubbell, J.A. Heparin-binding domain of fibrin(ogen) binds growth factors and promotes tissue repair when incorporated within a synthetic matrix. Proc. Natl. Acad. Sci. USA 2013, 110, 4563–4568. [Google Scholar] [CrossRef]

	



Vaday, G.G.; Lider, O. Extracellular matrix moieties, cytokines, and enzymes: Dynamic effects on immune cell behavior and inflammation. J. Leukoc. Biol. 2000, 67, 149–159. [Google Scholar] [CrossRef]

	



Bonnans, C.; Chou, J.; Werb, Z. Remodelling the extracellular matrix in development and disease. Nat. Rev. Mol. Cell Biol. 2014, 15, 786–801. [Google Scholar] [CrossRef]

	



Schwartz, M.A. Integrins and extracellular matrix in mechanotransduction. Cold Spring Harb. Perspect. Biol. 2010, 2, a005066. [Google Scholar] [CrossRef]

	



Sun, Z.; Costell, M.; Fässler, R. Integrin activation by talin, kindlin and mechanical forces. Nat. Cell Biol. 2019, 21, 25–31. [Google Scholar] [CrossRef]

	



Atherton, P.; Stutchbury, B.; Wang, D.Y.; Jethwa, D.; Tsang, R.; Meiler-Rodriguez, E.; Wang, P.; Bate, N.; Zent, R.; Barsukov, I.L.; et al. Vinculin controls talin engagement with the actomyosin machinery. Nat. Commun. 2015, 6, 10038. [Google Scholar] [CrossRef]

	



Huang, D.L.; Bax, N.A.; Buckley, C.D.; Weis, W.I.; Dunn, A.R. Vinculin forms a directionally asymmetric catch bond with F-actin. Science 2017, 357, 703–706. [Google Scholar] [CrossRef]

	



Klapholz, B.; Brown, N.H. Talin—The master of integrin adhesions. J. Cell Sci. 2017, 130, 2435–2446. [Google Scholar] [CrossRef]

	



Shapiro, L.; Fannon, A.M.; Kwong, P.D.; Thompson, A.; Lehmann, M.S.; Grübel, G.; Legrand, J.F.; Als-Nielsen, J.; Colman, D.R.; Hendrickson, W.A. Structural basis of cell-cell adhesion by cadherins. Nature 1995, 374, 327–337. [Google Scholar] [CrossRef]

	



Gumbiner, B.M. Regulation of cadherin-mediated adhesion in morphogenesis. Nat. Rev. Mol. Cell Biol. 2005, 6, 622–634. [Google Scholar] [CrossRef]

	



Yonemura, S.; Wada, Y.; Watanabe, T.; Nagafuchi, A.; Shibata, M. α-Catenin as a tension transducer that induces adherens junction development. Nat. Cell Biol. 2010, 12, 533–542. [Google Scholar] [CrossRef]

	



Kobielak, A.; Fuchs, E. α-catenin: At the junction of intercellular adhesion and actin dynamics. Nat. Rev. Mol. Cell Biol. 2004, 5, 614–625. [Google Scholar] [CrossRef]

	



Rikitake, Y.; Mandai, K.; Takai, Y. The role of nectins in different types of cell-cell adhesion. J. Cell Sci. 2012, 125, 3713–3722. [Google Scholar] [CrossRef]

	



Valenta, T.; Hausmann, G.; Basler, K. Focus Review: The many faces and functions of β-catenin. EMBO J. 2012, 31, 2714–2736. [Google Scholar] [CrossRef]

	



Wu, J.; Akhmanova, A. Microtubule-Organizing Centers. Annu. Rev. Cell Dev. Biol. 2017, 33, 51–75. [Google Scholar] [CrossRef]

	



Brouhard, G.J.; Rice, L.M. Microtubule dynamics: An interplay of biochemistry and mechanics. Nat. Rev. Mol. Cell Biol. 2018, 19, 451–463. [Google Scholar] [CrossRef]

	



Stricker, J.; Falzone, T.; Gardel, M.L. Mechanics of the F-actin cytoskeleton. J. Biomech. 2010, 43, 9–14. [Google Scholar] [CrossRef]

	



Davidson, A.J.; Wood, W. Unravelling the Actin Cytoskeleton: A New Competitive Edge? Trends Cell Biol. 2016, 26, 569–576. [Google Scholar] [CrossRef]

	



Chang, L.; Goldman, R.D. Intermediate filaments mediate cytoskeletal crosstalk. Nat. Rev. Mol. Cell Biol. 2004, 5, 601–613. [Google Scholar] [CrossRef]

	



Bouzar, L.; Michael Müller, M.; Messina, R.; Nöding, B.; Köster, S.; Mohrbach, H.; Kulić, I.M. Helical Superstructure of Intermediate Filaments. Phys. Rev. Lett. 2019, 122. [Google Scholar] [CrossRef]

	



Elliott, H.; Fischer, R.S.; Myers, K.A.; Desai, R.A.; Gao, L.; Chen, C.S.; Adelstein, R.S.; Waterman, C.M.; Danuser, G. Myosin II controls cellular branching morphogenesis and migration in three dimensions by minimizing cell-surface curvature. Nat. Cell Biol. 2015, 17, 137–147. [Google Scholar] [CrossRef]

	



Kanellos, G.; Frame, M.C. Cellular functions of the ADF/cofilin family at a glance. J. Cell Sci. 2016, 129, 3211–3218. [Google Scholar] [CrossRef]

	



Pollard, T.D. Actin and actin-binding proteins. Cold Spring Harb. Perspect. Biol. 2016, 8, a018226. [Google Scholar] [CrossRef]

	



Rafiq, N.B.M.; Nishimura, Y.; Plotnikov, S.V.; Thiagarajan, V.; Zhang, Z.; Shi, S.; Natarajan, M.; Viasnoff, V.; Kanchanawong, P.; Jones, G.E.; et al. A mechano-signalling network linking microtubules, myosin IIA filaments and integrin-based adhesions. Nat. Mater. 2019, 18, 638–649. [Google Scholar] [CrossRef]

	



Sosa, B.A.; Kutay, U.; Schwartz, T.U. Structural insights into LINC complexes. Curr. Opin. Struct. Biol. 2013, 23, 285–291. [Google Scholar] [CrossRef]

	



Sosa, B.A.; Rothballer, A.; Kutay, U.; Schwartz, T.U. LINC complexes form by binding of three KASH peptides to domain interfaces of trimeric SUN proteins. Cell 2012, 149, 1035–1047. [Google Scholar] [CrossRef]

	



Kim, J.K.; Louhghalam, A.; Lee, G.; Schafer, B.W.; Wirtz, D.; Kim, D.H. Nuclear lamin A/C harnesses the perinuclear apical actin cables to protect nuclear morphology. Nat. Commun. 2017, 8, 2132. [Google Scholar] [CrossRef]

	



Gruenbaum, Y.; Medalia, O. Lamins: The structure and protein complexes. Curr. Opin. Cell Biol. 2015, 32, 7–12. [Google Scholar] [CrossRef]

	



Ranade, D.; Pradhan, R.; Jayakrishnan, M.; Hegde, S.; Sengupta, K. Lamin A/C and Emerin depletion impacts chromatin organization and dynamics in the interphase nucleus. BMC Mol. Cell Biol. 2019, 20, 11. [Google Scholar] [CrossRef]

	



Arai, R.; En, A.; Takauji, Y.; Maki, K.; Miki, K.; Fujii, M.; Ayusawa, D. Lamin B receptor (LBR) is involved in the induction of cellular senescence in human cells. Mech. Ageing Dev. 2019, 178, 25–32. [Google Scholar] [CrossRef]

	



Harris, A.R.; Jreij, P.; Fletcher, D.A. Mechanotransduction by the Actin Cytoskeleton: Converting Mechanical Stimuli into Biochemical Signals. Annu. Rev. Biophys. 2018, 47, 617–631. [Google Scholar] [CrossRef]

	



Pegoraro, A.F.; Janmey, P.; Weitz, D.A. Mechanical Properties of the Cytoskeleton and Cells. Cold Spring Harb. Perspect. Biol. 2017, 9, a022038. [Google Scholar] [CrossRef]

	



Sun, S.X.; Walcott, S.; Wolgemuth, C.W. Cytoskeletal cross-linking and bundling in motor-independent contraction. Curr. Biol. 2010, 20, R649–R654. [Google Scholar] [CrossRef]

	



Hart, R.G.; Kota, D.; Li, F.; Ramallo, D.; Price, A.J.; Otterpohl, K.L.; Smith, S.J.; Dunn, A.R.; Liu, J.; Chandrasekar, I. Myosin II Tension Sensors Visualize Force Generation within the Actin Cytoskeleton in Living Cells. bioRxiv 2019, 623249. [Google Scholar]

	



Zimmermann, D.; Kovar, D.R. Feeling the force: Formin′s role in mechanotransduction. Curr. Opin. Cell Biol. 2019, 56, 130–140. [Google Scholar] [CrossRef]

	



Isermann, P.; Lammerding, J. Nuclear mechanics and mechanotransduction in health and disease. Curr. Biol. 2013, 23, R1113–R1121. [Google Scholar] [CrossRef]

	



Cho, S.; Irianto, J.; Discher, D.E. Mechanosensing by the nucleus: From pathways to scaling relationships. J. Cell Biol. 2017, 216, 305–315. [Google Scholar] [CrossRef]

	



Graham, D.M.; Burridge, K. Mechanotransduction and nuclear function. Curr. Opin. Cell Biol. 2016, 40, 98–105. [Google Scholar] [CrossRef]

	



Miroshnikova, Y.A.; Nava, M.M.; Wickström, S.A. Emerging roles of mechanical forces in chromatin regulation. J. Cell Sci. 2017, 130, 2243–2250. [Google Scholar] [CrossRef]

	



Aragona, M.; Panciera, T.; Manfrin, A.; Giulitti, S.; Michielin, F.; Elvassore, N.; Dupont, S.; Piccolo, S. A mechanical checkpoint controls multicellular growth through YAP/TAZ regulation by actin-processing factors. Cell 2013, 154, 1047–1059. [Google Scholar] [CrossRef] [PubMed]

	



Zanconato, F.; Cordenonsi, M.; Piccolo, S. YAP/TAZ at the Roots of Cancer. Cancer Cell 2016, 29, 783–803. [Google Scholar] [CrossRef] [PubMed]

	



Panciera, T.; Azzolin, L.; Cordenonsi, M.; Piccolo, S. Mechanobiology of YAP and TAZ in physiology and disease. Nat. Rev. Mol. Cell Biol. 2017, 18, 758–770. [Google Scholar] [CrossRef] [PubMed]

	



Hieda, M. Signal Transduction across the Nuclear Envelope: Role of the LINC Complex in Bidirectional Signaling. Cells 2019, 8, 124. [Google Scholar] [CrossRef]

	



Ramdas, N.M.; Shivashankar, G.V. Cytoskeletal control of nuclear morphology and chromatin o1rganization. J. Mol. Biol. 2015, 427, 695–706. [Google Scholar] [CrossRef]

	



Burke, B.; Stewart, C.L. The nuclear lamins: Flexibility in function. Nat. Rev. Mol. Cell Biol. 2013, 14, 13–24. [Google Scholar] [CrossRef]

	



Swift, J.; Ivanovska, I.L.; Buxboim, A.; Harada, T.; Dingal, P.C.D.P.; Pinter, J.; Pajerowski, J.D.; Spinler, K.R.; Shin, J.W.; Tewari, M.; et al. Nuclear lamin-A scales with tissue stiffness and enhances matrix-directed differentiation. Science 2013, 341, 1240104. [Google Scholar] [CrossRef]

	



Buxboim, A.; Swift, J.; Irianto, J.; Spinler, K.R.; Dingal, P.C.D.P.; Athirasala, A.; Kao, Y.R.C.; Cho, S.; Harada, T.; Shin, J.W.; et al. Matrix elasticity regulates lamin-A, C phosphorylation and turnover with feedback to actomyosin. Curr. Biol. 2014, 24, 1909–1917. [Google Scholar] [CrossRef]

	



Wang, S.; Stoops, E.; Unnikannan, C.P.; Markus, B.; Reuveny, A.; Ordan, E.; Volk, T. Mechanotransduction via the LINC complex regulates DNA replication in myonuclei. J. Cell Biol. 2018, 217, 2005–2018. [Google Scholar] [CrossRef]

	



Luxton, G.W.G.; Starr, D.A. KASHing up with the nucleus: Novel functional roles of KASH proteins at the cytoplasmic surface of the nucleus. Curr. Opin. Cell Biol. 2014, 28, 69–75. [Google Scholar] [CrossRef]

	



Hao, H.; Starr, D.A. SUN/KASH interactions facilitate force transmission across the nuclear envelope. Nucleus 2019, 10, 73–80. [Google Scholar] [CrossRef] [PubMed]

	



Vining, K.H.; Mooney, D.J. Mechanical forces direct stem cell behaviour in development and regeneration. Nat. Rev. Mol. Cell Biol. 2017, 18, 728–742. [Google Scholar] [CrossRef] [PubMed]

	



Beccari, L.; Moris, N.; Girgin, M.; Turner, D.A.; Baillie-Johnson, P.; Cossy, A.-C.; Lutolf, M.P.; Duboule, D.; Arias, A.M. Multi-axial self-organization properties of mouse embryonic stem cells into gastruloids. Nature 2018, 562, 272–276. [Google Scholar] [CrossRef] [PubMed]

	



Horner, V.L.; Wolfner, M.F. Transitioning from egg to embryo: Triggers and mechanisms of egg activation. Dev. Dyn. 2008, 237, 527–544. [Google Scholar] [CrossRef]

	



Saadaoui, M.; Corson, F.; Rocancourt, D.; Roussel, J.; Gros, J. A tensile ring drives tissue flows to shape the gastrulating amniote embryo. bioRxiv 2018, 412767. [Google Scholar]

	



Shawky, J.H.; Balakrishnan, U.L.; Stuckenholz, C.; Davidson, L.A. Multiscale analysis of architecture, cell size and the cell cortex reveals cortical F-actin density and composition are major contributors to mechanical properties during convergent extension. Development 2018, 145, dev161281. [Google Scholar] [CrossRef]

	



Mongera, A.; Rowghanian, P.; Gustafson, H.J.; Shelton, E.; Kealhofer, D.A.; Carn, E.K.; Serwane, F.; Lucio, A.A.; Giammona, J.; Campàs, O. A fluid-to-solid jamming transition underlies vertebrate body axis elongation. Nature 2018, 561, 401–405. [Google Scholar] [CrossRef]

	



Vianello, S.; Lutolf, M.P. Understanding the Mechanobiology of Early Mammalian Development through Bioengineered Models. Dev. Cell 2019, 48, 751–763. [Google Scholar] [CrossRef]

	



Gleghorn, J.P.; Killian, M.L. Mechanobiology throughout development. In Mechanobiology in Health and Disease; Elsevier: Amsterdam, The Netherlands, 2018; pp. 77–98. [Google Scholar]

	



Hurlbut, J.B.; Hyun, I.; Levine, A.D.; Lovell-Badge, R.; Lunshof, J.E.; Matthews, K.R.W.; Mills, P.; Murdoch, A.; Pera, M.F.; Scott, C.T.; et al. Revisiting the Warnock rule. Nat. Biotechnol. 2017, 35, 1029–1042. [Google Scholar] [CrossRef]

	



Behjati, S.; Lindsay, S.; Teichmann, S.A.; Haniffa, M. Mapping human development at single-cell resolution. Development 2018, 145, dev152561. [Google Scholar] [CrossRef]

	



Belle, M.; Godefroy, D.; Couly, G.; Malone, S.A.; Collier, F.; Giacobini, P.; Chédotal, A. Tridimensional Visualization and Analysis of Early Human Development. Cell 2017, 169, 161–173. [Google Scholar] [CrossRef]

	



Boroviak, T.; Nichols, J. Primate embryogenesis predicts the hallmarks of human naïve pluripotency. Developement 2017, 144, 175–186. [Google Scholar] [CrossRef]

	



Nakamura, T.; Okamoto, I.; Sasaki, K.; Yabuta, Y.; Iwatani, C.; Tsuchiya, H.; Seita, Y.; Nakamura, S.; Yamamoto, T.; Saitou, M. A developmental coordinate of pluripotency among mice, monkeys and humans. Nature 2016, 537, 57–62. [Google Scholar] [CrossRef]

	



Gasser, R.F.; Cork, R.J.; Stillwell, B.J.; McWilliams, D.T. Rebirth of human embryology. Dev. Dyn. 2014, 243, 621–628. [Google Scholar] [CrossRef]

	



Brunet, T.; Bouclet, A.; Ahmadi, P.; Mitrossilis, D.; Driquez, B.; Brunet, A.-C.; Henry, L.; Serman, F.; Béalle, G.; Ménager, C.; et al. Evolutionary conservation of early mesoderm specification by mechanotransduction in Bilateria. Nat. Commun. 2013, 4, 2821. [Google Scholar] [CrossRef]

	



Hiramatsu, R.; Matsuoka, T.; Kimura-Yoshida, C.; Han, S.-W.; Mochida, K.; Adachi, T.; Takayama, S.; Matsuo, I. External mechanical cues trigger the establishment of the anterior-posterior axis in early mouse embryos. Dev. Cell 2013, 27, 131–144. [Google Scholar] [CrossRef]

	



Blin, G.; Wisniewski, D.; Picart, C.; Thery, M.; Puceat, M.; Lowell, S. Geometrical confinement controls the asymmetric patterning of brachyury in cultures of pluripotent cells. Development 2018, 145, dev166025. [Google Scholar] [CrossRef]

	



Smith, Q.; Rochman, N.; Carmo, A.M.; Vig, D.; Chan, X.Y.; Sun, S.; Gerecht, S. Cytoskeletal tension regulates mesodermal spatial organization and subsequent vascular fate. Proc. Natl. Acad. Sci. USA 2018, 115, 8167–8172. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zwick, S.; Loew, E.; Grimley, J.S.; Ramanathan, S. Embryo geometry drives formation of robust signaling gradients through receptor localization. bioRxiv 2018, 491290. [Google Scholar]

	



Chan, C.J.; Costanzo, M.; Ruiz-Herrero, T.; Mönke, G.; Petrie, R.J.; Mahadevan, L.; Hiiragi, T. Hydraulic control of embryo size, tissue shape and cell fate. bioRxiv 2018, 389619. [Google Scholar]

	



Imuta, Y.; Koyama, H.; Shi, D.; Eiraku, M.; Fujimori, T.; Sasaki, H. Mechanical control of notochord morphogenesis by extra-embryonic tissues in mouse embryos. Mech. Dev. 2014, 132, 44–58. [Google Scholar] [CrossRef]

	



Aach, J.; Lunshof, J.; Iyer, E.; Church, G.M. Addressing the ethical issues raised by synthetic human entities with embryo-like features. Elife 2017, 6, e20674. [Google Scholar] [CrossRef]

	



Deglincerti, A.; Croft, G.F.; Pietila, L.N.; Zernicka-Goetz, M.; Siggia, E.D.; Brivanlou, A.H. Self-organization of the in vitro attached human embryo. Nature 2016, 533, 251–254. [Google Scholar] [CrossRef]

	



Shahbazi, M.N.; Jedrusik, A.; Vuoristo, S.; Recher, G.; Hupalowska, A.; Bolton, V.; Fogarty, N.M.E.; Campbell, A.; Devito, L.G.; Ilic, D.; et al. Self-organization of the human embryo in the absence of maternal tissues. Nat. Cell Biol. 2016, 18, 700–708. [Google Scholar] [CrossRef]

	



Pour, M.; Nachman, I. Building Blastocysts from Stem Cells. Stem Cell Rep. 2019, 13, 437–439. [Google Scholar] [CrossRef]

	



Rossant, J.; Tam, P.P.L. New Insights into Early Human Development: Lessons for Stem Cell Derivation and Differentiation. Cell Stem Cell 2017, 20, 18–28. [Google Scholar] [CrossRef]

	



Ingber, D.E. Mechanobiology and diseases of mechanotransduction. Ann. Med. 2003, 35, 564–577. [Google Scholar] [CrossRef]

	



Holle, A.W.; Young, J.L.; Spatz, J.P. In vitro cancer cell-ECM interactions inform in vivo cancer treatment. Adv. Drug Deliv. Rev. 2016, 97, 270–279. [Google Scholar] [CrossRef]

	



Pfeifer, C.R.; Alvey, C.M.; Irianto, J.; Discher, D.E. Genome variation across cancers scales with tissue stiffness—An invasion-mutation mechanism and implications for immune cell infiltration. Curr. Opin. Syst. Biol. 2017, 2, 103–114. [Google Scholar] [CrossRef]

	



Holle, A.W.; Young, J.L.; Van Vliet, K.J.; Kamm, R.D.; Discher, D.; Janmey, P.; Spatz, J.P.; Saif, T. Cell-Extracellular Matrix Mechanobiology: Forceful Tools and Emerging Needs for Basic and Translational Research. Nano Lett. 2018, 18, 1–8. [Google Scholar] [CrossRef]

	



Massalha, S.; Weihs, D. Metastatic breast cancer cells adhere strongly on varying stiffness substrates, initially without adjusting their morphology. Biomech. Model. Mechanobiol. 2017, 16, 961–970. [Google Scholar] [CrossRef]

	



Pickup, M.W.; Mouw, J.K.; Weaver, V.M. The extracellular matrix modulates the hallmarks of cancer. EMBO Rep. 2014, 15, 1243–1253. [Google Scholar] [CrossRef]

	



Alvarez-Elizondo, M.B.; Rozen, R.; Weihs, D. Mechanobiology of metastatic cancer. In Mechanobiology in Health and Disease; Elsevier: Amsterdam, The Netherlands, 2018; pp. 449–494. [Google Scholar]

	



Zanconato, F.; Battilana, G.; Cordenonsi, M.; Piccolo, S. YAP/TAZ as therapeutic targets in cancer. Curr. Opin. Pharmacol. 2016, 29, 26–33. [Google Scholar] [CrossRef]

	



Arnadóttir, J.; Chalfie, M. Eukaryotic mechanosensitive channels. Annu. Rev. Biophys. 2010, 39, 111–137. [Google Scholar] [CrossRef]

	



Tyler, W.J. The mechanobiology of brain function. Nat. Rev. Neurosci. 2012, 13, 867–878. [Google Scholar] [CrossRef]

	



Hemphill, M.A.; Dauth, S.; Yu, C.J.; Dabiri, B.E.; Parker, K.K. Traumatic brain injury and the neuronal microenvironment: A potential role for neuropathological mechanotransduction. Neuron 2015, 85, 1177–1192. [Google Scholar] [CrossRef]

	



Puglielli, L.; Tanzi, R.E.; Kovacs, D.M. Alzheimer′s disease: The cholesterol connection. Nat. Neurosci. 2003, 6, 345–351. [Google Scholar] [CrossRef]

	



Tyler, W.J. Neuromechanobiology. In Mechanobiology in Health and Disease; Elsevier: Amsterdam, The Netherlands, 2018; pp. 327–348. [Google Scholar]

	



Kálmán, M.; Szabó, A. Immunohistochemical investigation of actin-anchoring proteins vinculin, talin and paxillin in rat brain following lesion: A moderate reaction, confined to the astroglia of brain tracts. Exp. Brain Res. 2001, 139, 426–434. [Google Scholar] [CrossRef]

	



Ostrow, L.W.; Sachs, F. Mechanosensation and endothelin in astrocytes—Hypothetical roles in CNS pathophysiology. Brain Res. Brain Res. Rev. 2005, 48, 488–508. [Google Scholar] [CrossRef]

	



Ulrich, T.A.; Kumar, S. Mechanobiology in health and disease in the central nervous system. In Mechanobiology Handbook; CRC Press: Boca Raton, FL, USA, 2011; pp. 391–412. ISBN 9781420091229. [Google Scholar]

	



Meaney, D.F.; Smith, D.H. Cellular biomechanics of central nervous system injury. Handb. Clin. Neurol. 2015, 127, 105–114. [Google Scholar]

	



Kucewicz, J.C.; Dunmire, B.; Leotta, D.F.; Panagiotides, H.; Paun, M.; Beach, K.W. Functional tissue pulsatility imaging of the brain during visual stimulation. Ultrasound Med. Biol. 2007, 33, 681–690. [Google Scholar] [CrossRef]

	



Mitchell, G.F.; Hwang, S.J.; Vasan, R.S.; Larson, M.G.; Pencina, M.J.; Hamburg, N.M.; Vita, J.A.; Levy, D.; Benjamin, E.J. Arterial stiffness and cardiovascular events: The framingham heart study. Circulation 2010, 121, 505–511. [Google Scholar] [CrossRef]

	



Bae, Y. Mechanobiology and Mechanics in Cardiovascular Disease. J. Microbiol. Pathol. 2018, 2, 1–2. [Google Scholar]

	



Gurtner, G.C.; Werner, S.; Barrandon, Y.; Longaker, M.T. Wound repair and regeneration. Nature 2008, 453, 314–321. [Google Scholar] [CrossRef]

	



Kwon, S.H.; Padmanabhan, J.; Gurtner, G.C. Mechanobiology of skin diseases and wound healing. In Mechanobiology in Health and Disease; Elsevier: Amsterdam, The Netherlands, 2018; pp. 415–448. [Google Scholar]

	



Liu, W.; Ma, K.; Kwon, S.H.; Garg, R.; Patta, Y.R.; Fujiwara, T.; Gurtner, G.C. The Abnormal Architecture of Healed Diabetic Ulcers Is the Result of FAK Degradation by Calpain 1. J. Investig. Dermatol. 2017, 137, 1155–1165. [Google Scholar] [CrossRef]

	



Wade, R.; Igali, L.; Figus, A. Skin involvement in Dupuytren′s disease. J. Hand Surg. Eur. Vol. 2016, 41, 600–608. [Google Scholar] [CrossRef]

	



Wong, V.W.; Garg, R.K.; Sorkin, M.; Rustad, K.C.; Akaishi, S.; Levi, K.; Nelson, E.R.; Tran, M.; Rennert, R.; Liu, W.; et al. Loss of keratinocyte focal adhesion kinase stimulates dermal proteolysis through upregulation of MMP9 in wound healing. Ann. Surg. 2014, 260, 1138–1146. [Google Scholar] [CrossRef]

	



Verbruggen, S.W.; McNamara, L.M. Bone mechanobiology in health and disease. In Mechanobiology in Health and Disease; Elsevier: Amsterdam, The Netherlands, 2018; pp. 157–214. [Google Scholar]

	



Rubin, J.; Rubin, C.; Jacobs, C.R. Molecular pathways mediating mechanical signaling in bone. Gene 2006, 367, 1–16. [Google Scholar] [CrossRef]

	



Veronesi, F.; Fini, M.; Sartori, M.; Parrilli, A.; Martini, L.; Tschon, M. Pulsed electromagnetic fields and platelet rich plasma alone and combined for the treatment of wear-mediated periprosthetic osteolysis: An in vivo study. Acta Biomater. 2018, 77, 106–115. [Google Scholar] [CrossRef]

	



Massari, L.; Benazzo, F.; Falez, F.; Perugia, D.; Pietrogrande, L.; Setti, S.; Osti, R.; Vaienti, E.; Ruosi, C.; Cadossi, R. Biophysical stimulation of bone and cartilage: State of the art and future perspectives. Int. Orthop. 2019, 43, 539–551. [Google Scholar] [CrossRef]

	



McGarry, J.G.; Klein-Nulend, J.; Mullender, M.G.; Prendergast, P.J. A comparison of strain and fluid shear stress in stimulating bone cell responses—A computational and experimental study. FASEB J. 2005, 19, 482–484. [Google Scholar] [CrossRef] [PubMed]

	



Haugh, M.G.; Vaughan, T.J.; McNamara, L.M. The role of integrin α(V)β(3) in osteocyte mechanotransduction. J. Mech. Behav. Biomed. Mater. 2015, 42, 67–75. [Google Scholar] [CrossRef] [PubMed]

	



Hashimoto, Y.; Funamoto, S.; Sasaki, S.; Honda, T.; Hattori, S.; Nam, K.; Kimura, T.; Mochizuki, M.; Fujisato, T.; Kobayashi, H.; et al. Preparation and characterization of decellularized cornea using high-hydrostatic pressurization for corneal tissue engineering. Biomaterials 2010, 31, 3941–3948. [Google Scholar] [CrossRef]

	



Sobol′, E.N.; Vorobieva, N.N.; Omel′chenko, A.I.; Zakharkina, O.L.; Lunin, V.V.; Bolshunov, A.V.; Ignat′eva, N.Y.; Grokhovskaya, T.E. Correction of eye refraction by nonablative laser action on thermomechanical properties of cornea and sclera. Quantum Electron. 2002, 32, 909–912. [Google Scholar] [CrossRef]

	



Richhariya, A.; Choudhari, N.S.; Mohamed, A.; Nankivil, D.; Badakere, A.; Dave, V.P.; Punjabi, S.; Sangwan, V.S. Mechanobiology of the eye. In Mechanobiology in Health and Disease; Elsevier: Amsterdam, The Netherlands, 2018; pp. 349–375. [Google Scholar]

	



Nowell, C.S.; Odermatt, P.D.; Azzolin, L.; Hohnel, S.; Wagner, E.F.; Fantner, G.E.; Lutolf, M.P.; Barrandon, Y.; Piccolo, S.; Radtke, F. Chronic inflammation imposes aberrant cell fate in regenerating epithelia through mechanotransduction. Nat. Cell Biol. 2016, 18, 168–180. [Google Scholar] [CrossRef] [PubMed]

	



Shin, J.-W.; Mooney, D.J. Improving Stem Cell Therapeutics with Mechanobiology. Cell Stem Cell 2016, 18, 16–19. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Fu, J. Harnessing mechanobiology of human pluripotent stem cells for regenerative medicine. ACS Chem. Neurosci. 2014, 5, 621–623. [Google Scholar] [CrossRef]

	



Morena, F.; Argentati, C.; Bazzucchi, M.; Emiliani, C.; Martino, S. Above the epitranscriptome: RNA modifications and stem cell identity. Genes 2018, 9, 329. [Google Scholar] [CrossRef]

	



Takahashi, S.; Kobayashi, S.; Hiratani, I. Epigenetic differences between naïve and primed pluripotent stem cells. Cell. Mol. Life Sci. 2018, 75, 1191–1203. [Google Scholar] [CrossRef]

	



Ware, C.B. Concise Review: Lessons from Naïve Human Pluripotent Cells. Stem Cells 2017, 35, 35–41. [Google Scholar] [CrossRef]

	



Baumann, K. Stem cells: Dividing with symmetry. Nat. Rev. Mol. Cell Biol. 2010, 11, 752. [Google Scholar] [CrossRef] [PubMed]

	



Thomson, J.A.; Itskovitz-Eldor, J.; Shapiro, S.S.; Waknitz, M.A.; Swiergiel, J.J.; Marshall, V.S.; Jones, J.M. Embryonic stem cell lines derived from human blastocysts. Science 1998, 282, 1145–1147. [Google Scholar] [CrossRef] [PubMed]

	



Kaufman, D.S.; Hanson, E.T.; Lewis, R.L.; Auerbach, R.; Thomson, J.A. Hematopoietic colony-forming cells derived from human embryonic stem cells. Proc. Natl. Acad. Sci. USA. 2001, 98, 10716–10721. [Google Scholar] [CrossRef] [PubMed]

	



Reubinoff, B.E.; Itsykson, P.; Turetsky, T.; Pera, M.F.; Reinhartz, E.; Itzik, A.; Ben-Hur, T. Neural progenitors from human embryonic stem cells. Nat. Biotechnol. 2001, 19, 1134–1140. [Google Scholar] [CrossRef]

	



Schuldiner, M.; Yanuka, O.; Itskovitz-Eldor, J.; Melton, D.A.; Benvenisty, N. Effects of eight growth factors on the differentiation of cells derived from human embryonic stem cells. Proc. Natl. Acad. Sci. USA. 2000, 97, 11307–11312. [Google Scholar] [CrossRef]

	



Navarro Quiroz, E.; Navarro Quiroz, R.; Ahmad, M.; Gomez Escorcia, L.; Villarreal, J.; Fernandez Ponce, C.; Aroca Martinez, G. Cell Signaling in Neuronal Stem Cells. Cells 2018, 7, 75. [Google Scholar] [CrossRef]

	



Bacakova, L.; Zarubova, J.; Travnickova, M.; Musilkova, J.; Pajorova, J.; Slepicka, P.; Kasalkova, N.S.; Svorcik, V.; Kolska, Z.; Motarjemi, H.; et al. Stem cells: Their source, potency and use in regenerative therapies with focus on adipose-derived stem cells—A review. Biotechnol. Adv. 2018, 36, 1111–1126. [Google Scholar] [CrossRef]

	



Levenberg, S.; Golub, J.S.; Amit, M.; Itskovitz-Eldor, J.; Langer, R. Endothelial cells derived from human embryonic stem cells. Proc. Natl. Acad. Sci. USA 2002, 99, 4391–4396. [Google Scholar] [CrossRef] [PubMed]

	



Argentati, C.; Morena, F.; Bazzucchi, M.; Armentano, I.; Emiliani, C.; Martino, S. Adipose stem cell translational applications: From bench-to-bedside. Int. J. Mol. Sci. 2018, 19, 3475. [Google Scholar] [CrossRef]

	



Bianco, P. “Mesenchymal” stem cells. Annu. Rev. Cell Dev. Biol. 2014, 30, 677–704. [Google Scholar] [CrossRef]

	



Gronthos, S.; Brahim, J.; Li, W.; Fisher, L.W.; Cherman, N.; Boyde, A.; DenBesten, P.; Robey, P.G.; Shi, S. Stem cell properties of human dental pulp stem cells. J. Dent. Res. 2002, 81, 531–535. [Google Scholar] [CrossRef] [PubMed]

	



Saben, J.; Thakali, K.M.; Lindsey, F.E.; Zhong, Y.; Badger, T.M.; Andres, A.; Shankar, K. Distinct adipogenic differentiation phenotypes of human umbilical cord mesenchymal cells dependent on adipogenic conditions. Exp. Biol. Med. 2014, 239, 1340–1351. [Google Scholar] [CrossRef] [PubMed]

	



Bond, A.M.; Ming, G.L.; Song, H. Adult Mammalian Neural Stem Cells and Neurogenesis: Five Decades Later. Cell Stem Cell 2015, 17, 385–395. [Google Scholar] [CrossRef] [PubMed]

	



Yang, R.; Liu, F.; Wang, J.; Chen, X.; Xie, J.; Xiong, K. Epidermal stem cells in wound healing and their clinical applications. Stem Cell Res. Ther. 2019, 10, 229. [Google Scholar] [CrossRef]

	



Shi, Y.; Inoue, H.; Wu, J.C.; Yamanaka, S. Induced pluripotent stem cell technology: A decade of progress. Nat. Rev. Drug Discov. 2017, 16, 115–130. [Google Scholar] [CrossRef]

	



Omole, A.E.; Fakoya, A.O.J. Ten years of progress and promise of induced pluripotent stem cells: Historical origins, characteristics, mechanisms, limitations, and potential applications. PeerJ 2018, 6, e4370. [Google Scholar] [CrossRef]

	



Takahashi, K.; Yamanaka, S. Induced pluripotent stem cells in medicine and biology. Development 2013, 140, 2457–2461. [Google Scholar] [CrossRef]

	



Duelen, R.; Corvelyn, M.; Tortorella, I.; Leonardi, L.; Chai, Y.C.; Sampaolesi, M. Medicinal Biotechnology for Disease Modeling, Clinical Therapy, and Drug Discovery and Development. In Introduction to Biotech Entrepreneurship: From Idea to Business; Springer: Berlin/Heidelberg, Germany, 2019; pp. 89–128. [Google Scholar]

	



Quesenberry, P. Stem Cell Reviews and Reports: Cancer Stem Cells and Aging Section. Stem Cell Rev. Rep. 2017, 13, 6. [Google Scholar] [CrossRef]

	



Batlle, E.; Clevers, H. Cancer stem cells revisited. Nat. Med. 2017, 23, 1124–1134. [Google Scholar] [CrossRef]

	



Scadden, D.T. The stem-cell niche as an entity of action. Nature 2006, 441, 1075–1079. [Google Scholar] [CrossRef]

	



Crane, G.M.; Jeffery, E.; Morrison, S.J. Adult haematopoietic stem cell niches. Nat. Rev. Immunol. 2017, 17, 573–590. [Google Scholar] [CrossRef] [PubMed]

	



Cho, I.J.; Lui, P.P.; Obajdin, J.; Riccio, F.; Stroukov, W.; Willis, T.L.; Spagnoli, F.; Watt, F.M. Mechanisms, Hallmarks, and Implications of Stem Cell Quiescence. Stem Cell Rep. 2019, 12, 1190–1200. [Google Scholar] [CrossRef] [PubMed]

	



Martino, S.; D′Angelo, F.; Armentano, I.; Kenny, J.M.; Orlacchio, A. Stem cell-biomaterial interactions for regenerative medicine. Biotechnol. Adv. 2012, 30, 338–351. [Google Scholar] [CrossRef]

	



Trappmann, B.; Gautrot, J.E.; Connelly, J.T.; Strange, D.G.T.; Li, Y.; Oyen, M.L.; Stuart, M.A.C.; Boehm, H.; Li, B.; Vogel, V.; et al. Extracellular-matrix tethering regulates stem-cell fate—Supplementary Information. Nat. Mater. 2012, 11, 642–649. [Google Scholar] [CrossRef]

	



Lin, X.; Shi, Y.; Cao, Y.; Liu, W. Recent progress in stem cell differentiation directed by material and mechanical cues. Biomed. Mater. 2016, 11, 014109. [Google Scholar] [CrossRef]

	



Martino, S.; Morena, F.; Barola, C.; Bicchi, I.; Emiliani, C. Proteomics and Epigenetic Mechanisms in Stem Cells. Curr. Proteom. 2014, 11, 193–209. [Google Scholar] [CrossRef]

	



Martino, S.; Tiribuzi, R.; Ciraci, E.; Makrypidi, G.; D′Angelo, F.; Di Girolamo, I.; Gritti, A.; De Angelis, G.M.C.; Papaccio, G.; Sampaolesi, M.; et al. Coordinated involvement of cathepsins S, D and cystatin C in the commitment of hematopoietic stem cells to dendritic cells. Int. J. Biochem. Cell Biol. 2011, 43, 775–783. [Google Scholar] [CrossRef]

	



Tiribuzi, R.; Crispoltoni, L.; Tartacca, F.; Orlacchio, A.; Martino, S.; Palmerini, C.A.; Orlacchio, A. Nitric oxide depletion alters hematopoietic stem cell commitment toward immunogenic dendritic cells. Biochim. Biophys. Acta 2013, 1830, 2830–2838. [Google Scholar] [CrossRef]

	



Conway, A.; Schaffer, D.V. Biophysical regulation of stem cell behavior within the niche. Stem Cell Res. Ther. 2012, 3, 229. [Google Scholar] [CrossRef]

	



Pennings, S.; Liu, K.J.; Qian, H. The stem cell niche: Interactions between stem cells and their environment. Stem Cells Int. 2018, 2018, 4879379. [Google Scholar] [CrossRef]

	



Scadden, D.T. Nice neighborhood: Emerging concepts of the stem cell niche. Cell 2014, 157, 41–50. [Google Scholar] [CrossRef] [PubMed]

	



Zimmerlin, L.; Park, T.S.; Huo, J.S.; Verma, K.; Pather, S.R.; Talbot, C.C.; Agarwal, J.; Steppan, D.; Zhang, Y.W.; Considine, M.; et al. Tankyrase inhibition promotes a stable human naïve pluripotent state with improved functionality. Development 2016, 143, 4368–4380. [Google Scholar] [CrossRef]

	



Lyashenko, N.; Winter, M.; Migliorini, D.; Biechele, T.; Moon, R.T.; Hartmann, C. Differential requirement for the dual functions of β-catenin in embryonic stem cell self-renewal and germ layer formation. Nat. Cell Biol. 2011, 13, 753–761. [Google Scholar] [CrossRef] [PubMed]

	



Sumi, T.; Oki, S.; Kitajima, K.; Meno, C. Epiblast ground state is controlled by canonical Wnt/β-catenin signaling in the postimplantation mouse embryo and epiblast stem cells. PLoS ONE 2013, 8, e63378. [Google Scholar] [CrossRef]

	



Zimmerlin, L.; Park, T.S.; Zambidis, E.T. Capturing Human Naïve Pluripotency in the Embryo and in the Dish. Stem Cells Dev. 2017, 26, 1141–1161. [Google Scholar] [CrossRef]

	



Wen, J.H.; Vincent, L.G.; Fuhrmann, A.; Choi, Y.S.; Hribar, K.C.; Taylor-Weiner, H.; Chen, S.; Engler, A.J. Interplay of matrix stiffness and protein tethering in stem cell differentiation. Nat. Mater. 2014, 13, 979–987. [Google Scholar] [CrossRef]

	



D′Angelo, F.; Armentano, I.; Cacciotti, I.; Tiribuzi, R.; Quattrocelli, M.; Del Gaudio, C.; Fortunati, E.; Saino, E.; Caraffa, A.; Cerulli, G.G.; et al. Tuning multi/pluri-potent stem cell fate by electrospun poly (l-lactic acid)-calcium-deficient hydroxyapatite nanocomposite mats. Biomacromolecules 2012, 13, 1350–1360. [Google Scholar] [CrossRef]

	



Aguilar, A.; Pertuy, F.; Eckly, A.; Strassel, C.; Collin, D.; Gachet, C.; Lanza, F.; Léon, C. Importance of environmental stiffness for megakaryocyte differentiation and proplatelet formation. Blood 2016, 128, 2022–2032. [Google Scholar] [CrossRef]

	



Arulmoli, J.; Pathak, M.M.; McDonnell, L.P.; Nourse, J.L.; Tombola, F.; Earthman, J.C.; Flanagan, L.A. Static stretch affects neural stem cell differentiation in an extracellular matrix-dependent manner. Sci. Rep. 2015, 5, 8499. [Google Scholar] [CrossRef]

	



Stukel, J.M.; Willits, R.K. Mechanotransduction of Neural Cells through Cell-Substrate Interactions. Tissue Eng. Part. B Rev. 2016, 22, 173–182. [Google Scholar] [CrossRef]

	



Holst, J.; Watson, S.; Lord, M.S.; Eamegdool, S.S.; Bax, D.V.; Nivison-Smith, L.B.; Kondyurin, A.; Ma, L.; Oberhauser, A.F.; Weiss, A.S.; et al. Substrate elasticity provides mechanical signals for the expansion of hemopoietic stem and progenitor cells. Nat. Biotechnol. 2010, 28, 1123–1128. [Google Scholar] [CrossRef] [PubMed]

	



Young, D.A.; Choi, Y.S.; Engler, A.J.; Christman, K.L. Stimulation of adipogenesis of adult adipose-derived stem cells using substrates that mimic the stiffness of adipose tissue. Biomaterials 2013, 34, 8581–8588. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.; Dong, C.; Yang, L.; Lv, Y. 3D Scaffolds with Different Stiffness but the Same Microstructure for Bone Tissue Engineering. ACS Appl. Mater. Interfaces 2015, 7, 15790–15802. [Google Scholar] [CrossRef] [PubMed]

	



Lev, R.; Seliktar, D. Hydrogel biomaterials and their therapeutic potential for muscle injuries and muscular dystrophies. J. R. Soc. Interface 2018, 15, 20170380. [Google Scholar] [CrossRef]

	



Lee, J.; Abdeen, A.A.; Zhang, D.; Kilian, K.A. Directing stem cell fate on hydrogel substrates by controlling cell geometry, matrix mechanics and adhesion ligand composition. Biomaterials 2013, 34, 8140–8148. [Google Scholar] [CrossRef]

	



El Haj, A.J. Regenerative Medicine: “Are We There Yet?”. Tissue Eng. Part. A 2019, 25, 1067–1071. [Google Scholar] [CrossRef]

	



Mirotsou, M.; Jayawardena, T.M.; Schmeckpeper, J.; Gnecchi, M.; Dzau, V.J. Paracrine mechanisms of stem cell reparative and regenerative actions in the heart. J. Mol. Cell. Cardiol. 2011, 50, 280–289. [Google Scholar] [CrossRef]

	



Gnecchi, M.; Danieli, P.; Malpasso, G.; Ciuffreda, M.C. Paracrine mechanisms of mesenchymal stem cells in tissue repair. In Methods in Molecular Biology; Humana Press Inc.: Totowa, NJ, USA, 2016; Volume 1416, pp. 123–146. [Google Scholar]

	



Kokai, L.E.; Marra, K.; Rubin, J.P. Adipose stem cells: Biology and clinical applications for tissue repair and regeneration. Transl. Res. 2014, 163, 399–408. [Google Scholar] [CrossRef]

	



Calbi, V.; Fumagalli, F.; Consiglieri, G.; Penati, R.; Acquati, S.; Redaelli, D.; Attanasio, V.; Marcella, F.; Cicalese, M.P.; Migliavacca, M.; et al. Use of Defibrotide to help prevent post-transplant endothelial injury in a genetically predisposed infant with metachromatic leukodystrophy undergoing hematopoietic stem cell gene therapy. Bone Marrow Transplant. 2018, 53, 913–917. [Google Scholar] [CrossRef]

	



Frati, G.; Luciani, M.; Meneghini, V.; De Cicco, S.; Ståhlman, M.; Blomqvist, M.; Grossi, S.; Filocamo, M.; Morena, F.; Menegon, A.; et al. Human iPSC-based models highlight defective glial and neuronal differentiation from neural progenitor cells in metachromatic leukodystrophy. Cell Death Dis. 2018, 9, 698. [Google Scholar] [CrossRef]

	



Meneghini, V.; Frati, G.; Sala, D.; De Cicco, S.; Luciani, M.; Cavazzin, C.; Paulis, M.; Mentzen, W.; Morena, F.; Giannelli, S.; et al. Generation of Human Induced Pluripotent Stem Cell-Derived Bona Fide Neural Stem Cells for Ex Vivo Gene Therapy of Metachromatic Leukodystrophy. Stem Cells Transl. Med. 2017, 6, 352–368. [Google Scholar] [CrossRef] [PubMed]

	



Neri, M.; Ricca, A.; di Girolamo, I.; Alcala′-Franco, B.; Cavazzin, C.; Orlacchio, A.; Martino, S.; Naldini, L.; Gritti, A. Neural stem cell gene therapy ameliorates pathology and function in a mouse model of globoid cell leukodystrophy. Stem Cells 2011, 29, 1559–1571. [Google Scholar] [CrossRef] [PubMed]

	



Gentner, B.; Visigalli, I.; Hiramatsu, H.; Lechman, E.; Ungari, S.; Giustacchini, A.; Schira, G.; Amendola, M.; Quattrini, A.; Martino, S.; et al. Identification of hematopoietic stem cell-specific miRNAs enables gene therapy of globoid cell leukodystrophy. Sci. Transl. Med. 2010, 2, 58ra84. [Google Scholar] [CrossRef] [PubMed]

	



Visigalli, I.; Ungari, S.; Martino, S.; Park, H.; Cesani, M.; Gentner, B.; Sergi Sergi, L.; Orlacchio, A.; Naldini, L.; Biffi, A. The galactocerebrosidase enzyme contributes to the maintenance of a functional hematopoietic stem cell niche. Blood 2010, 116, 1857–1866. [Google Scholar] [CrossRef]

	



Martino, S.; di Girolamo, I.; Cavazzin, C.; Tiribuzi, R.; Galli, R.; Rivaroli, A.; Valsecchi, M.; Sandhoff, K.; Sonnino, S.; Vescovi, A.; et al. Neural precursor cell cultures from GM2 gangliosidosis animal models recapitulate the biochemical and molecular hallmarks of the brain pathology. J. Neurochem. 2009, 109, 135–147. [Google Scholar] [CrossRef]

	



Consiglio, A.; Martino, S.; Dolcetta, D.; Cusella, G.; Conese, M.; Marchesini, S.; Benaglia, G.; Wrabetz, L.; Orlacchio, A.; Déglon, N.; et al. Metabolic correction in oligodendrocytes derived from metachromatic leukodystrophy mouse model by using encapsulated recombinant myoblasts. J. Neurol. Sci. 2007, 255, 7–16. [Google Scholar] [CrossRef]

	



Martino, S.; Cavalieri, C.; Emiliani, C.; Dolcetta, D.; Cusella De Angelis, M.G.; Chigorno, V.; Severini, G.M.; Sandhoff, K.; Bordignon, C.; Sonnino, S.; et al. Restoration of the GM2 ganglioside metabolism in bone marrow-derived stromal cells from Tay-Sachs disease animal model. Neurochem. Res. 2002, 27, 793–800. [Google Scholar] [CrossRef]

	



Martino, S.; Emiliani, C.; Tancini, B.; Severini, G.M.; Chigorno, V.; Bordignon, C.; Sonnino, S.; Orlacchio, A. Absence of metabolic cross-correction in Tay-Sachs cells: Implications for gene therapy. J. Biol. Chem. 2002, 277, 20177–20184. [Google Scholar] [CrossRef]

	



Meneghini, V.; Lattanzi, A.; Tiradani, L.; Bravo, G.; Morena, F.; Sanvito, F.; Calabria, A.; Bringas, J.; Fisher-Perkins, J.M.; Dufour, J.P.; et al. Pervasive supply of therapeutic lysosomal enzymes in the CNS of normal and Krabbe-affected non-human primates by intracerebral lentiviral gene therapy. EMBO Mol. Med. 2016, 8, 489–510. [Google Scholar] [CrossRef]

	



Sessa, M.; Lorioli, L.; Fumagalli, F.; Acquati, S.; Redaelli, D.; Baldoli, C.; Canale, S.; Lopez, I.D.; Morena, F.; Calabria, A.; et al. Lentiviral haemopoietic stem-cell gene therapy in early-onset metachromatic leukodystrophy: An ad-hoc analysis of a non-randomised, open-label, phase 1/2 trial. Lancet 2016, 388, 476–487. [Google Scholar] [CrossRef]

	



Ungari, S.; Montepeloso, A.; Morena, F.; Cocchiarella, F.; Recchia, A.; Martino, S.; Gentner, B.; Naldini, L.; Biffi, A. Design of a regulated lentiviral vector for hematopoietic stem cell gene therapy of globoid cell leukodystrophy. Mol. Ther. Methods Clin. Dev. 2015, 2, 15038. [Google Scholar] [CrossRef] [PubMed]

	



Ricca, A.; Rufo, N.; Ungari, S.; Morena, F.; Martino, S.; Kulik, W.; Alberizzi, V.; Bolino, A.; Bianchi, F.; Del Carro, U.; et al. Combined gene/cell therapies provide long-term and pervasive rescue of multiple pathological symptoms in a murine model of globoid cell leukodystrophy. Hum. Mol. Genet. 2015, 24, 3372–3389. [Google Scholar] [CrossRef] [PubMed]

	



Lorioli, L.; Cesani, M.; Regis, S.; Morena, F.; Grossi, S.; Fumagalli, F.; Acquati, S.; Redaelli, D.; Pini, A.; Sessa, M.; et al. Critical issues for the proper diagnosis of Metachromatic Leukodystrophy. Gene 2014, 537, 348–351. [Google Scholar] [CrossRef] [PubMed]

	



Morena, F.; di Girolamo, I.; Emiliani, C.; Gritti, A.; Biffi, A.; Martino, S. A new analytical bench assay for the determination of arylsulfatase a activity toward galactosyl-3-sulfate ceramide: Implication for metachromatic leukodystrophy diagnosis. Anal. Chem. 2014, 86, 473–481. [Google Scholar] [CrossRef] [PubMed]

	



Biffi, A.; Montini, E.; Lorioli, L.; Cesani, M.; Fumagalli, F.; Plati, T.; Baldoli, C.; Martino, S.; Calabria, A.; Canale, S.; et al. Lentiviral hematopoietic stem cell gene therapy benefits metachromatic leukodystrophy. Science 2013, 341, 1233158. [Google Scholar] [CrossRef]

	



Santambrogio, S.; Ricca, A.; Maderna, C.; Ieraci, A.; Aureli, M.; Sonnino, S.; Kulik, W.; Aimar, P.; Bonfanti, L.; Martino, S.; et al. The galactocerebrosidase enzyme contributes to maintain a functional neurogenic niche during early post-natal CNS development. Hum. Mol. Genet. 2012, 21, 4732–4750. [Google Scholar] [CrossRef]

	



Caplan, A.I. Tissue Engineering: Then, Now, and the Future. Tissue Eng. Part. A 2019, 25, 515–517. [Google Scholar] [CrossRef]

	



Tarpani, L.; Morena, F.; Gambucci, M.; Zampini, G.; Massaro, G.; Argentati, C.; Emiliani, C.; Martino, S.; Latterini, L. The influence of modified silica nanomaterials on adult stem cell culture. Nanomaterials 2016, 6, 104. [Google Scholar] [CrossRef]

	



Morena, F.; Argentati, C.; Calzoni, E.; Cordellini, M.; Emiliani, C.; D′Angelo, F.; Martino, S. Ex-vivo tissues engineering modeling for reconstructive surgery using human adult adipose stem cells and polymeric nanostructured matrix. Nanomaterials 2016, 6, 57. [Google Scholar] [CrossRef]

	



Fortunati, E.; Aluigi, A.; Armentano, I.; Morena, F.; Emiliani, C.; Martino, S.; Santulli, C.; Torre, L.; Kenny, J.M.; Puglia, D. Keratins extracted from Merino wool and Brown Alpaca fibres: Thermal, mechanical and biological properties of PLLA based biocomposites. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 47, 394–406. [Google Scholar] [CrossRef]

	



Rescignano, N.; Tarpani, L.; Tiribuzi, R.; Montesano, S.; Martino, S.; Latterini, L.; Kenny, J.M.; Armentano, I. Protein encapsulation in biodegradable polymeric nanoparticles: Morphology, fluorescence behaviour and stem cell uptake. Macromol. Biosci. 2013, 13, 1204–1212. [Google Scholar] [CrossRef] [PubMed]

	



Fortunati, E.; D′Angelo, F.; Martino, S.; Orlacchio, A.; Kenny, J.M.; Armentano, I. Carbon nanotubes and silver nanoparticles for multifunctional conductive biopolymer composites. Carbon 2011, 49, 2370–2379. [Google Scholar] [CrossRef]

	



Bianco, A.; Bozzo, B.M.; Del Gaudio, C.; Cacciotti, I.; Armentano, I.; Dottori, M.; D′Angelo, F.; Martino, S.; Orlacchio, A.; Kenny, J.M. Poly (L-lactic acid)/calcium-deficient nanohydroxyapatite electrospun mats for bone marrow stem cell cultures. J. Bioact. Compat. Polym. 2011, 26, 225–241. [Google Scholar] [CrossRef]

	



Hoffman, T.; Khademhosseini, A.; Langer, R. Chasing the Paradigm: Clinical Translation of 25 Years of Tissue Engineering. Tissue Eng. Part A 2019, 25, 679–687. [Google Scholar] [CrossRef] [PubMed]

	



Martino, S.; D′Angelo, F.; Armentano, I.; Tiribuzi, R.; Pennacchi, M.; Dottori, M.; Mattioli, S.; Caraffa, A.; Cerulli, G.G.; Kenny, J.M.; et al. Hydrogenated amorphous carbon nanopatterned film designs drive human bone marrow mesenchymal stem cell cytoskeleton architecture. Tissue Eng. Part A 2009, 15, 3139–3149. [Google Scholar] [CrossRef]

	



Lizundia, E.; Sarasua, J.R.; D′Angelo, F.; Orlacchio, A.; Martino, S.; Kenny, J.M.; Armentano, I. Biocompatible Poly(L-lactide)/MWCNT Nanocomposites: Morphological Characterization, Electrical Properties, and Stem Cell Interaction. Macromol. Biosci. 2012, 12, 870–881. [Google Scholar] [CrossRef]

	



Armentano, I.; Puglia, D.; Luzi, F.; Arciola, C.R.; Morena, F.; Martino, S.; Torre, L. Nanocomposites based on biodegradable polymers. Materials 2018, 11, 795. [Google Scholar] [CrossRef]

	



Puglia, D.; Ceccolini, R.; Fortunati, E.; Armentano, I.; Morena, F.; Martino, S.; Aluigi, A.; Torre, L.; Kenny, J.M. Effect of processing techniques on the 3D microstructure of poly (l -lactic acid) scaffolds reinforced with wool keratin from different sources. J. Appl. Polym. Sci. 2015, 132. [Google Scholar] [CrossRef]

	



Armentano, I.; Gigli, M.; Morena, F.; Argentati, C.; Torre, L.; Martino, S. Recent advances in nanocomposites based on aliphatic polyesters: Design, synthesis, and applications in regenerative medicine. Appl. Sci. 2018, 8, 1452. [Google Scholar] [CrossRef]

	



Argentati, C.; Morena, F.; Montanucci, P.; Rallini, M.; Basta, G.; Calabrese, N.; Calafiore, R.; Cordellini, M.; Emiliani, C.; Armentano, I.; et al. Surface hydrophilicity of poly(L-lactide) acid polymer film changes the human adult adipose stem cell architecture. Polymers 2018, 10, 140. [Google Scholar] [CrossRef]

	



Morena, F.; Armentano, I.; Montanucci, P.; Argentati, C.; Fortunati, E.; Montesano, S.; Bicchi, I.; Pescara, T.; Pennoni, I.; Mattioli, S.; et al. Design of a nanocomposite substrate inducing adult stem cell assembly and progression toward an Epiblast-like or Primitive Endoderm-like phenotype via mechanotransduction. Biomaterials 2017, 144, 211–229. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Luo, Z.; Lee, J.; Kim, H.J.; Lee, K.J.; Tebon, P.; Feng, Y.; Dokmeci, M.R.; Sengupta, S.; Khademhosseini, A. Organ-on-a-Chip for Cancer and Immune Organs Modeling. Adv. Healthc. Mater. 2019, 8. [Google Scholar] [CrossRef]

	



Mathur, A.; Ma, Z.; Loskill, P.; Jeeawoody, S.; Healy, K.E. In vitro cardiac tissue models: Current status and future prospects. Adv. Drug Deliv. Rev. 2016, 96, 203–213. [Google Scholar] [CrossRef] [PubMed]

	



Huh, D.; Matthews, B.D.; Mammoto, A.; Montoya-Zavala, M.; Yuan Hsin, H.; Ingber, D.E. Reconstituting organ-level lung functions on a chip. Science 2010, 328, 1662–1668. [Google Scholar] [CrossRef]

	



Park, S.E.; Georgescu, A.; Huh, D. Organoids-on-a-chip. Science 2019, 364, 960–965. [Google Scholar] [CrossRef]

	



Huebsch, N.; Lippens, E.; Lee, K.; Mehta, M.; Koshy, S.T.; Darnell, M.C.; Desai, R.M.; Madl, C.M.; Xu, M.; Zhao, X.; et al. Matrix elasticity of void-forming hydrogels controls transplanted-stem-cell-mediated bone formation. Nat. Mater. 2015, 14, 1269–1277. [Google Scholar] [CrossRef]

	



Lee, S.; Serpooshan, V.; Tong, X.; Venkatraman, S.; Lee, M.; Lee, J.; Chirikian, O.; Wu, J.C.; Wu, S.M.; Yang, F. Contractile force generation by 3D hiPSC-derived cardiac tissues is enhanced by rapid establishment of cellular interconnection in matrix with muscle-mimicking stiffness. Biomaterials 2017, 131, 111–120. [Google Scholar] [CrossRef]

	



Ye, K.; Wang, X.; Cao, L.; Li, S.; Li, Z.; Yu, L.; Ding, J. Matrix Stiffness and Nanoscale Spatial Organization of Cell-Adhesive Ligands Direct Stem Cell Fate. Nano Lett. 2015, 15, 4720–4729. [Google Scholar] [CrossRef]

	



Huebsch, N. Translational mechanobiology: Designing synthetic hydrogel matrices for improved in vitro models and cell-based therapies. Acta Biomater. 2019, 94, 97–111. [Google Scholar] [CrossRef]

	



Günay, K.A.; Ceccato, T.L.; Silver, J.S.; Bannister, K.L.; Bednarski, O.J.; Leinwand, L.A.; Anseth, K.S. PEG-Anthracene Hydrogels as an On-Demand Stiffening Matrix to Study Mechanobiology. Angew. Chem. 2019, 58, 9912–9916. [Google Scholar] [CrossRef]

	



Liu, S.-L.; Bae, Y.H.; Yu, C.; Monslow, J.; Hawthorne, E.A.; Castagnino, P.; Branchetti, E.; Ferrari, G.; Damrauer, S.M.; Puré, E.; et al. Matrix metalloproteinase-12 is an essential mediator of acute and chronic arterial stiffening. Sci. Rep. 2015, 5, 17189. [Google Scholar] [CrossRef] [PubMed]

	



Davies, P.F. Hemodynamic shear stress and the endothelium in cardiovascular pathophysiology. Nat. Rev. Cardiol. 2009, 6, 16–26. [Google Scholar] [CrossRef] [PubMed]

	



Ozbolat, I.T.; Hospodiuk, M. Current advances and future perspectives in extrusion-based bioprinting. Biomaterials 2016, 76, 321–343. [Google Scholar] [CrossRef] [PubMed]

	



Prasad, A.; Alizadeh, E. Cell Form and Function: Interpreting and Controlling the Shape of Adherent Cells. Trends Biotechnol. 2019, 37, 347–357. [Google Scholar] [CrossRef]

	



Alizadeh, E.; Xu, W.; Castle, J.; Foss, J.; Prasad, A. Tismorph: A tool to quantify texture, irregularity and spreading of single cells. PLoS ONE 2019, 14, e0217346. [Google Scholar] [CrossRef]

	



Bray, M.-A.P.; Adams, W.J.; Geisse, N.A.; Feinberg, A.W.; Sheehy, S.P.; Parker, K.K. Nuclear morphology and deformation in engineered cardiac myocytes and tissues. Biomaterials 2010, 31, 5143–5150. [Google Scholar] [CrossRef]

	



Eliceiri, K.; Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis HISTORICAL commentary NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar]

	



Théry, M.; Jiménez-Dalmaroni, A.; Racine, V.; Bornens, M.; Jülicher, F. Experimental and theoretical study of mitotic spindle orientation. Nature 2007, 447, 493–496. [Google Scholar] [CrossRef]

	



Chen, S.; Zhao, M.; Wu, G.; Yao, C.; Zhang, J. Recent advances in morphological cell image analysis. Comput. Math. Methods Med. 2012, 2012, 101536. [Google Scholar] [CrossRef]

	



Igathinathane, C.; Pordesimo, L.O.; Columbus, E.P.; Batchelor, W.D.; Methuku, S.R. Shape identification and particles size distribution from basic shape parameters using ImageJ. Comput. Electron. Agric. 2008, 63, 168–182. [Google Scholar] [CrossRef]

	



Andersson, A.-S.; Bäckhed, F.; von Euler, A.; Richter-Dahlfors, A.; Sutherland, D.; Kasemo, B. Nanoscale features influence epithelial cell morphology and cytokine production. Biomaterials 2003, 24, 3427–3436. [Google Scholar] [CrossRef]

	



Versaevel, M.; Grevesse, T.; Gabriele, S. Spatial coordination between cell and nuclear shape within micropatterned endothelial cells. Nat. Commun. 2012, 3, 671. [Google Scholar] [CrossRef] [PubMed]

	



Behnam-Motlagh, P.; Grankvist, K.; Henriksson, R.; Engström, K.G. Response in shape and size of individual p31 cancer cells to cisplatin and ouabain: A computerized image analysis of cell halo characteristics during continuous perfusion. Cytometry 2000, 40, 198–208. [Google Scholar] [CrossRef]

	



Ritter, N.; Cooper, J. New resolution independent measures of circularity. J. Math. Imaging Vis. 2009, 35, 117–127. [Google Scholar] [CrossRef]

	



Soltys, Z.; Orzylowska-Sliwinska, O.; Zaremba, M.; Orlowski, D.; Piechota, M.; Fiedorowicz, A.; Janeczko, K.; Oderfeld-Nowak, B. Quantitative morphological study of microglial cells in the ischemic rat brain using principal component analysis. J. Neurosci. Methods 2005, 146, 50–60. [Google Scholar] [CrossRef]

	



Mikli, V.; Käerdi, H.; Kulu, P.; Besterci, M. Characterization of Powder Particle Morphology. Proc. Estonian Acad. Sci. Eng. 2001, 7, 22–34. [Google Scholar]

	



Nandakumar, V.; Kelbauskas, L.; Johnson, R.; Meldrum, D. Quantitative characterization of preneoplastic progression using single-cell computed tomography and three-dimensional karyometry. Cytom. Part. A 2011, 79, 25–34. [Google Scholar] [CrossRef]

	



Rocchi, M.B.L.; Sisti, D.; Albertini, M.C.; Teodori, L. Current trends in shape and texture analysis in neurology: Aspects of the morphological substrate of volume and wiring transmission. Brain Res. Rev. 2007, 55, 97–107. [Google Scholar] [CrossRef]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef]

	



Schindelin, J.; Rueden, C.T.; Hiner, M.C.; Eliceiri, K.W. The ImageJ ecosystem: An open platform for biomedical image analysis. Mol. Reprod. Dev. 2015, 82, 518–529. [Google Scholar] [CrossRef]

	



Soliman, K. CellProfiler: Novel Automated Image Segmentation Procedure for Super-Resolution Microscopy. Biol. Proced. Online 2015, 17, 11. [Google Scholar] [CrossRef] [PubMed]

	



Microscopy Image Analysis Software—Imaris—Oxford Instruments. Available online: https://imaris.oxinst.com/ (accessed on 27 September 2019).

	



MATLAB version 9.3.0.713579 (R2017b) 2017. The MathWorks Inc.: Natick, MA, USA, 2017.

	



Huang, P.W.; Lai, Y.H. Effective segmentation and classification for HCC biopsy images. Pattern Recognit. 2010, 43, 1550–1563. [Google Scholar] [CrossRef]

	



Meijering, E. Cell segmentation: 50 Years down the road life Sciences. IEEE Signal. Process. Mag. 2012, 29, 140–145. [Google Scholar] [CrossRef]

	



Wu, S.; Yu, S.; Yang, Y.; Xie, Y. Feature and contrast enhancement of mammographic image based on multiscale analysis and morphology. Comput. Math. Methods Med. 2013, 2013, 716948. [Google Scholar] [CrossRef]

	



Jirapatnakul, A.C.; Fotin, S.V.; Reeves, A.P.; Biancardi, A.M.; Yankelevitz, D.F.; Henschke, C.I. Automated nodule location and size estimation using a multi-scale laplacian of Gaussian filtering approach. In Proceedings of the 31st Annual International Conference of the IEEE Engineering in Medicine and Biology Society: Engineering the Future of Biomedicine, EMBC 2009, IEEE Computer Society, Minneapolis, MN, USA, 3–6 September 2009; pp. 1028–1031. [Google Scholar]

	



Uynuk-Ool, T.; Rothdiener, M.; Walters, B.; Hegemann, M.; Palm, J.; Nguyen, P.; Seeger, T.; Stöckle, U.; Stegemann, J.P.; Aicher, W.K.; et al. The geometrical shape of mesenchymal stromal cells measured by quantitative shape descriptors is determined by the stiffness of the biomaterial and by cyclic tensile forces. J. Tissue Eng. Regen. Med. 2017, 11, 3508–3522. [Google Scholar] [CrossRef]

	



Walters, B.; Uynuk-Ool, T.; Rothdiener, M.; Palm, J.; Hart, M.L.; Stegemann, J.P.; Rolauffs, B. Engineering the geometrical shape of mesenchymal stromal cells through defined cyclic stretch regimens. Sci. Rep. 2017, 7, 6640. [Google Scholar] [CrossRef]

	



Li, C.H.; Tam, P.K.S. An iterative algorithm for minimum cross entropy thresholding. Pattern Recognit. Lett. 1998, 19, 771–776. [Google Scholar] [CrossRef]








[image: Ijms 20 05337 g001 550] 





Figure 1. Schematic illustration of molecular basis of mechanobiology. Cartoon shows how mechanical cues are transmitted to the nucleus via integrins > focal adhesion complex > cytoskeletal components > nucleoskeleton. The yellow shadow indicates mechanotransduction signals. 
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Figure 2. Schematic of the role of mechanosensing/mechanotransduction signalling on stem cell fate. (a) Stem cells-extracellular matrix (ECM) cross-talk. (1,2) Cartoon summarizes the different mechanical properties of ECM on driving the stem cell differentiation process toward a selected differentiation lineage, depending on the tailored composition, microstructure and physical cues of ECM. (3) Cartoon also shows the active role of stem cells on remodelling the ECM. The process, described in the text, is critical for the maintenance of stemness functions within the niche. (b) Stem cells-biomaterials cross-talk. (1,2) Cartoon summarizes some mechanical properties of biomaterials that have been directly involved in driving stem cell differentiation toward selected cell lineages. The colours correlate the mechanical property with the differentiation lineage [33,245,246,247,248]. (3) Schematic is also the active role of stem cells on remodelling the biomaterials. Modifications, induced by the cell secretion of ECM proteins and biomolecules, or/and by mechanical forces exerted by cells through the cytoskeletal fibers, have the challenge to recreate a stem cell microenvironment, suitable for stem cell functions. 
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Figure 3. Schematic of a computational workflow for morphometric measurement of human adult mesenchymal stem cells. When working with RGB images, the first step is to split the colour channel into 8-bit grey colour. In most cases, it is necessary to correct the non-uniform illumination and then to convert the image into a binary image to make easier the identification of foreground objects. This allows analysis and computing statistics of the objects in the image. The procedure is summarized in the workflow. First, it is necessary to split the channels and to select the one of interest, then to fit polynomial plugins (https://imagejdocu.tudor.lu/doku.php?id=plugin:filter:fit_polynomial:start) to correct the illumination. Second, edges must be found with implemented function in FIJI to trace the outline of the objects and to enhance the contrast that allows gaining a higher contrast of the areas with lower local contrast. Before the image binarization, it is important to apply a Kuwahara filter, which is a noise-reduction filter that preserves edges, followed by auto threshold with Li method [324]. In some cases, it is necessary to watershed overlapping cells and this is achieved by different automated processes, as aforementioned; nevertheless, manually watershed remain the best and easiest choice when it is possible to clearly distinguish the contacts between objects. At times, because of the binary transformation imperfection recognized by the ideal threshold, certain background areas lie entirely in the foreground and they are referred as “holes” within the foreground objects. So, when the binary image is created, the area of the objects is filled and the final image inverted into an image with black objects on a white background. This allows the ‘Shape Filters’ plugin to analyse the objects of interest (cells or nuclei) and perform measurement, such as finding the area, perimeter, convex hull parameters etc. The original immunofluorescence image of human adult mesenchymal stem cells was from S. Martino laboratory. 
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Table 1. Mechanical properties and biological mediators.
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Mechanical Properties

	
Proteins

	
Ref.






	
Tension

	
Tensile forces refer to the external stimuli that tend to stretch cells, acting in opposite directions, thus causing their elongation. Cellular responses to stretching depend largely on the type and amount of load as well as on the composition of the extracellular matrix.

	
Myosin II, integrins, FAK, F-actin, Ifs, ZO-1, E-cadherin, Lmn A/C, Arp2/3, formin, coronin 1B, a-catenin, vinculin, collagens, elastin, fibrillin, fibulin, tenascin-C, pacsin-2, F-actin, microtubules

	
[26,27,28,29,30]




	
Compression

	
Contrary to tension, compressive forces applied from the outside towards the centre of cells result in cells contraction and shortening.

	
Collagen, vimentin, F-actin ROCK, myosin regulatory light chain, Wnt/β-catenin

	
[29]




	
Shear Stress

	
When two opposite forces are tangentially applied to cells surface, they generate shear stress, which cause changes in morphology and adhesion properties.

	
PECAM1, VEGFR, ERK1/2, PGTS2, IER3, EGR1, IGF1, IGFBP1, Integrin, TGF-β, β-catenin, MAPK, laminin-5, F-actin, PI3K

	
[31,32]




	
Hydrostatic Pressure

	
Hydrostatic pressure is the force exercised by the surrounding fluid to cells membranes. Due to its nondirectional nature, it is mainly non-deforming but has an important thermodynamic effect on the cytoskeleton influencing microtubule stability.

	
Shc1, integrins, collagen, TGF-β, F-actin

	
[32]




	
Stiffness

	
The term stiffness, which generally is used to describe the ability of an object to resist deformation after the application of a force, is also a measure of the rigidity of the extracellular matrix or the cells were those forces are applied.

	
Integrin (α2), fibronectin, collagens, α-actinin, Rho signaling cascade, talin vinculin, FAK, BMP receptor, F-Actins, vimentin Ifs, microtubules, filamin, lamin-A/C, emerin, Yap1

	
[28,33,34]




	
Elasticity

	
Elasticity is the property of the object to complement its original shape and size after removal of the applied force. In biology is the resistance of cells to the extracellular matrix deformation.

	
Collagen VI, tenascins, titin, elastin, fibrillins, integrins, F-Actins, microtubules, Myosin II

	
[33]




	
Viscoelasticity

	
It indicates the elastic and viscous properties by which an object contrasts the deformation.

	
Collagens, Elastin, ICAM-1, F-Actins

	
[35,36]
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Table 2. Macromolecular complexes for mechanotransduction activity.
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	Extracellular Matrix
	Ref.





	Solid Components Proteins

Collagens are the main structural glycoproteins of ECM. They interact with other ECM components and cellular integrins and exist as fibrils of 10-300 nm in diameter (e.g., types I, II, III) and reticular forms (e.g., type IV). Fibrils transmit tensile strength originated by mechanical stresses, tension, pressure and shear while type IV collagen is bound to the other ECM structural components such as laminin and fibronectin (to form the basal lamina of basement membranes).

Fibronectin is the major dimeric fibrillar glycoprotein of ECM. It interacts with other ECM proteins, cellular membrane integrins, glycosaminoglycans, and other fibronectin molecules.

Elastin/Tropelastin is a hydrophobic protein rich in glycine and proline. The soluble precursor tropoelastin is secreted into the extracellular space where then polymerize into insoluble elastic fibers or sheets. Elastic fibers guarantee flexibility to the structures, which can go towards withdrawal after a temporary stretch. Elastin interacts with the cellular integrins and with several ECM components (e.g., collagens, laminin, fibrillin, proteoglycans, glycosaminoglycans).

Laminins are high-molecular-weight heterotrimeric glycoproteins formed by α, β andγ subunits that combine to form 15 different types of heterotrimers. They represent the main non-collagenous components of the basal membrane.

Other proteins: vitronectin, tenascins, nidogens, fibulins, trombospondins.

Glycosaminoglycans (GAGs)

Hyaluronic acid is a polysaccharide consisting of alternating residues of D-glucuronic acid and N-acetylglucosamine. It is absent in proteoglycan. It confers the ability to resist compression through swelling by absorbing water. Hyaluronic acid regulates cell during embryonic development, inflammation, healing processes and tumor development.

Proteoglycans

Chondroitin sulphate is involved in compression of ECM. It contributes to the tensile strength of cartilage, tendons, ligaments, and affects neuroplasticity.

Heparin/Heparan sulphate is involved in cell adhesion, migration and proliferation, developmental processes, angiogenesis, blood coagulation and tumor metastasis. It serves as a cellular receptor for a number of viruses.

Dermatan sulphate interacts with different cell receptors and with other ECM components (e.g., collagen, tenascin, fibronectin, GAGs, and other proteoglycans).

Keratan sulphate regulates the diameter of the fibrils in ECM and regulates interfibrillar spacing. It interacts with many proteins of the neural tissues and with collagen, glycosaminoglycans, and proteoglycans.

Syndecans

The syndecan protein family has four members that have a single transmembrane domain that act as coreceptors. These core proteins contain three to five heparan- and chondroitin-sulfate chains, which allow the interaction with different growth factors, fibronectin and antithrombin-1.
	[43,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86]



	Soluble components

Cytokines: TNF-a, IL-7, IL-2, CCL5, MIP-1b

Growth factors: VEGF, FGFR1, PDGF, TGF-α, TGF-β, bFGF, IGF-1 ecc.

Matrix metalloproteinases and proteases: adamalysins, serralysins, astacins and metzincin superfamily.
	[87,88,89]



	Integrins
	



	Integrins are the main transmembrane proteins that established cell-ECM interaction. They are heterodimers of α and β subunits. In mammals there are 18 α and 8 β subunits that associate to form 24 integrins that have affinity for different ligands. They have a large extracellular domain that links to ECM proteins and a cytoplasmic tail that bind to the cytoskeleton proteins.
	[90,91]



	Focal Adhesion (FA)Proteins
	



	Vinculin is the main protein of the FA complex. It is involved in the connexion of integrins with F-actin. Vinculin is involved in the association of cell-cell and cell-matrix junctions and is also critical in controlling the cell spreading, cytoskeletal mechanics, and lamellipodia formation. Therefore, vinculin has an essential role in controlling focal adhesions structure and function.

Paxillin binds tubulin and targets focal adhesions through its C-terminal region, which is composed of double zinc finger LIM domains organized in four tandems.

Talin interact with vinculin and paxillin and exists in two isoforms, talin1, ubiquitously expressed, and talin2 (striated muscle and brain). The N-terminal FERM domain have three subdomains: F1, F2, and F3. The latter contains the binding site for integrin β tails and is enough to activate integrins.

Focal adhesion kinase (FAK). The C-terminal region contains the FAT (focal adhesion targeting) domain for the binding with proteins of the focal adhesion complex. The N-terminal domain interacts with the β1 subunit of integrins and is involved in the transduction of signals from ECM.

Other proteins: p130Cas, zyxin, tensin, tindlins, Ena/VASP family, Arp2/3 complex.
	[62,92,93,94]



	Adherens Junctions (AJs)
	



	Cadherins (N-cadherin, E-cadherin, P-cadherin, T-cadherin, V-cadherin). Cadherins or “calcium-dependent adhesion” proteins belong to the cell adhesion molecule (CAM) family and are involved in the formation of AJs and mediate cell-to-cell contact. During development, they are essential for the proper positioning of the cells. This includes the separation of the different tissue layers and cell migration. The transmembrane domain contains five repetitions in tandem that allow the binding of Ca2+ ions while the extracellular domain mediates the connexion between adjacent cells. In fact, a cadherin interacts with another cadherin of the same type on the adjacent cell in an anti-parallel conformation, creating a linear adhesive “zipper” between cells. The C-terminal cytoplasmic ends, mediate the binding to catenins, which in turn interact with the actin cytoskeleton.

β-catenin (Catenin beta-1) is a multifunctional protein involved in the transduction of Wnt signals and in the intercellular processes of adhesion by linking the cytoplasmic domain of cadherin.

α-catenin binds cadherins and F-actin. Moreover, α-catenin recruit vinculin.

Other proteins: l-afadin, p120, EPLIN (also known as Lima-1), ZO-1, nectins.
	[95,96,97,98,99,100]



	Cytoskeleton
	



	Microtubules are polymers of α-tubulin and β-tubulin dimers that form protofilaments, which are then associated laterally (13 protofilaments) to form a hollow tube diameter of about 25 nm. Microtubules are essential for determining cell shape and movement, intracellular transport of organelles and the formation of mitotic spindle. The dynamic activity of microtubules is under the control of microtubule-associate proteins, which increase their stability or disassembling, separation and increasing the rate of tubulin depolymerization.

F-Actin microfilaments are polymers of G-actin monomers. F-actin fibers (diameter of about 7 nm) generate networks that regulate cellular shape and are directly involved in the generation of forces, cell migration and division. Actin filaments end at the plasma membrane, where they form a network of philopodia and lamellipodia that provide mechanical support to cells. Moreover, the activity of F-actin is strictly assisted by many actin-binding proteins.

Intermediate filaments have a diameter of about 10 nm, have a structural role and provide mechanical strength to cells. They organize and participate to the three-dimensional structure of the cell and nucleus, and serves as anchor to organelles. Moreover, they contribute to some cell-to-cell and cell-to-matrix junctions. Intermediate filaments belong to vimentins, keratin, neurofilaments, lamins and desmin families.

Actin-Linking- Proteins

Myosin II is a motor protein that associate with F-actin generating both extensile and compressive forces that push and pull actin filaments by hydrolysis of ATP.

α-actinin is a member of the spectrin superfamily. It forms an anti-parallel rod-shaped dimer by which binds both actin- domain at each end and bundles actin filaments at rod-end.

Filamins family serve as scaffolds for more than 90 partners (e.g., channels, receptors, transcription factors) through its immunoglobulin-like domains. Filamin binds all actin isoforms (e.g., F-actin, G-actin). It forms a flexible bridge between two actin filaments generating an actin network with movable or gel-like qualities with increased elastic stiffness depending of the critical concentration of filamin.

Cofilin protein has emerged as a key regulator of actin dynamics. In particular, it regulates the actin filament assembly/disassembly by binding to actin monomers and filaments.

Other proteins: Arp2/3, fascin, spectrin, profilin, fimbrin (also known as is plastin 1), formins, villin
	[101,102,103,104,105,106,107,108,109,110]



	Nucleoskeleton
	



	LINC complex.

SUN1 and SUN2 are transmembrane proteins of the inner nuclear membrane with a conserved C-terminal SUN domain that localize to the perinuclear space.

Nesprins contain the conserved KASH domain at transmembrane C-terminal tail by which bind SUN proteins. KASH–SUN bridges interact with the cytoskeleton and therefore respond to the forces generated by the cytoskeleton.

Lamins

Lamin A/C are intermediate filaments that ensure the nuclear architecture. They have a role in nuclear assembly, genome organization and telomere dynamics. Lamin A responds to the cytoskeletal tension and interacts with numerous proteins involved in transduction pathways. Lamin A/C expression is lower in stem cells and increases in differentiated stem cells.

Lamin B1/B2 are components of the nuclear lamina, form an outer rim and interact with chromatin. Lamin B is expressed in all cells.

Other proteins LAP2, BAF.
	[111,112,113,114,115,116]
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Table 3. Stem cells types and properties.
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	Stem Cell Types
	Properties
	Ref.





	Naïve Stem Cells
	Naïve stem cells are present in the pre-implanted blastocyst cell mass and are able to generate a chimera with all types of cells present in adult tissues
	[200,201,202]



	Primed Stem Cells
	Primed stem cells are present in the post-implantation epiblast and they cannot generate a chimera although they are capable to give rise to all types of differentiated cells.
	[200,201,202]



	Embryonic Stem Cells (ESCs)
	These stem cells are generated from naïve embryonic stem cells in mice and primed stem cells in humans. ESCs can be differentiated into cells from all three embryonic germ layers (ectoderm, mesoderm, endoderm) and could be used as a substitute to germline stem cells for the generation of animal models.
	[201,203,204,205,206,207]



	Adult Stem Cells
	Adult stem cells exist in pre- and post-natal organs and have self-renewal and multipotency properties. They persist within the niche of adult tissues and organs replacing cells within the tissue under physiological and pathological conditions and can be listed according to their germ layer origin

Mesoderm: Adipose Mesenchymal Stem Cells, Bone Marrow Mesenchymal Stem Cells, Endothelial stem cells, Hematopoietic Stem Cells, Dental Pulp Stem Cell

Endoderm: Endothelial Stem Cells

Ectodermal: Neural Stem Cell, Epidermal Stem Cell
	[208,209,210,211,212,213,214,215,216]



	Induced Pluripotent Stem Cells (iPSCs)
	iPSCs have self-renewal capacity and are pluripotent (similarly to ESCs) and they can be obtained from in-vitro reprogramming of somatic cells. Despite their therapeutic potential there are still obstacles for their clinical use such as teratomas formation, karyotypic abnormalities, genetic and immune rejection and immature phenotype of iPSCs-derived tissues.
	[217,218,219,220]



	Cancer Stem Cells
	Cancer stem cells have been recognized as cells that cause tumor progression. They have self-renewal and multipotency properties and other critical features required for the metastatic development. These cells may be isolated directly from the tumor site.
	[221,222]
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Table 4. Computational Morphometric Descriptors.
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Shape Descriptors

	
Formula

	
Description

	
References






	
Parameters for Elongated Morphology

	

	




	
Aspect Ratio (AR)

	
     M a j o r   a x i s   l e n g h t   M i n o r   a x i s   l e n g h t     

	
AR is defined as a ratio between the major and minor axis of the best ellipse that contains the cell. Value equal to 1 is a circle. As the ratio decreases from 1, the object becomes more elongated.

	
[301,302]




	
Eccentricity (E)

	
     1 −    (    M i n o r   a x i s   l e n g h t   M a j o r   a x i s   l e n g h t    )   2      

	
E is defined as a ratio between the major and minor axis of the ellipse that contains the cell. Value equal to 0 is a perfect circle. As the ratio increases from 0, the object becomes more elongated.

	
[300,303]




	
Rectangularity Factor (RF)

	
     A r e a    (  S ∗ L  )      

	
RF is defined as a ratio between area and the bounding box of the cell, where S is the smaller side of the minimum bounding rectangle and L is the large side of the minimum bounding rectangle. Lower value implies a less rectangular morphology.

	
[303,304]




	
Elongation Index (EL)

	
   1 −  S L    

	
EL is a ratio between the length and width of the object, where S is the smaller side of the minimum bounding rectangle and L is the large side of the minimum bounding rectangle. Value equal to 0 is circularly shaped. As the ratio increases from 0, the object becomes more elongated.

	
[305]




	
Parameters for Rounded Cell Morphology

	

	




	
Cellular Shape Index (CSI)

	
     A r e a ∗ 4 π   p e r i m e t e  r 2      

	
CSI is defined as a ratio of the object’s area to the area of a circle with the same perimeter. Value equal to 1 is a circle. As the ratio decreases from 1, the object becomes more elliptical.

	
[306]




	
Roundness (RN)

	
     p e r i m e t e  r 2    A r e a ∗ 4 π     

	
RN is defined as the reciprocal of CSI. The minimum value is 1 for a perfect circle. An object with complicated, irregular boundaries has larger roundness.

	
[307]




	
RN/shape factor (RNF)

	
     4 ∗ A r e a   π ∗  d 2      

	
RNF is an improvement of RN. It’s defined as the ratio between the cell area and the area of a circle with the same diameter as the cell. Value is equal to 1 in a rounded object.

	
[308]




	
Parameters for Irregular Morphology

	

	




	
Solidity (SD)

	
     C e l l   A r e a   C o n v e x   H u l l   A r e a     

	
SD is defined as a ratio between the cell area and the convex area (smallest convex polygon that encloses the whole shape). Value equal to 1 implies a solid object. As the ratio decreases from 1, the object becomes having an irregular boundary or containing holes.

	
[309]




	
Dispersion Index (DP)

	
   l o g 2  (  π ∗ a ∗ b  )    

	
DP is defined as the binary logarithm of  π ∗a∗b where a is the maximum axes length and b is the minor axes length of the fitted ellipse. As the ratio increases from 0, the object become having an irregular boundary or containing holes.

	
[310]




	
Sphericity (SP)

	
    r R    

	
SP is defined as a ratio between the radius of the maximum inscribed circle and the minimum circumscribed circle. The maximum value equal to 1 implies a spherical shape.

	
[311]




	
Spreading Index (SI)

	
     π ∗ C o n v e x   H u l l   P e r i m e t e  r 2    4 ∗ C o n v e x   H u l l   A r e a     

	
SI is defined as a ratio between the convex perimeter and the convex area. Larger values imply more elongated structures.

	
[312]
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