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Editorial on the Research Topic 
Multicellularity: Views from cellular signaling and mechanics


Appearance of multicellularity is a milestone for the evolution of life on our planet (Rose and Hammerschmidt, 2021). Multicellular organisms display emergent properties that cannot be predicted from simple cellular aggregation. Such properties stem from regulated mechanical interaction and dynamic communication between cells and between cells and their environment. Indeed, recent works have demonstrated that integration of mechano-chemical signaling is essential to specify cellular activity and maintain tissue homeostasis during key biological processes such as tissue morphogenesis, collective cell migration, cell differentiation and cell proliferation (Hannezo and Heisenberg, 2019). On the other hand, dysregulation of cell-cell communication and organization can cause fatal system failures and diseases, e.g., inappropriate execution of developmental processes and cancer transformation and progression (Northcott et al., 2018; Hannezo and Heisenberg, 2019).
To mechanistically understand how forms and functions of multicellular bodies arise, we need to know 1) mechanical and biological properties of individual constituent cells, and 2) how these properties are integrated into the whole system. Another to-be-emphasized aspect in multicellular systems is that mechanics and dynamics of individual cells are largely modulated by cues of the cell’s environment, and local chemical and mechanical environments in the systems are, in turn, modified by cellular activities. Thus, for the understanding of multicellular systems, it is also requisite to unveil the mechanisms for reciprocal regulations between cells and environments. This Research Topic, with a series of nine articles from both experimental and theoretical approaches, highlights how mechanics-signaling integration in cells and their environments contributes to structures and functions of multicellular systems.
Development and maintenance of multicellular systems rely on adhesion of cells to their surrounding extracellular matrices and neighboring cells through tightly regulated interfacial protein complexes. Notably, the cell adhesion machineries suffer mechanical loads originated by biological activities and mechanics in both intracellular and extracellular spaces. Lim et al. comprehensively review molecular bases of “mechanotransduction” (i.e., transduction of mechanical stimuli into biochemical signals and vice versa) at cell-extracellular matrix (ECM) and cell-cell adhesions, especially focusing on their impacts on the regulation of stem cell functions in their niche. Ravasio et al. propose a novel concept of “mechanoautophagy” by discussing potential synergies between mechanotransduction at cell adhesions complexes and autophagy, a regulated catabolic process used by cells to respond to a variety of cellular stresses, including those of mechanical nature.
Biswas et al. and Hirashima provide state-of-the-art reviews on integration of mechanical and biochemical signals as principles of multicellular tissue morphogenesis. Focusing on the process of egg formation in the ovarian follicle (folliculogenesis), Biswas et al. discuss how a range of crosstalks between local mechanical cues (e.g., ECM mechanics, luminal hydrostatic pressure, and cell-generated forces) and intracellular signaling (e.g., Hippo and Akt pathways) contribute to individual stages of follicle development. Furthermore, they summarize emerging experimental technologies employed for mechanobiological analyses in ovarian biology. On the other hand, Hirashima highlights importance of mechano-chemical feedback mechanisms for size regulation of epithelial tissues. Specifically, he discusses how the homeostasis of the epithelial tissue volume and the epithelial tube diameter is achieved by the control of cell division and cell rearrangement through the mutual feedback between cell-cell force communication and intracellular signal transduction.
The effect of ECM mechanics on the interaction between cell populations is revealed by Aparicio-Yuste et al. Epithelial cells infected with bacteria are known to be extruded from epithelial tissues through a mechanism called “cell competition”, which involves competition between infected and surrounding uninfected cells. Using a combination of experimental and computational approaches, the authors show that a stiffer ECM promotes cell competition-mediated extrusion of infected cells by preferentially stimulating protrusive activities of uninfected cells.
Extensive efforts have long been made, from a wide range of experimental and theoretical approaches, to understand how body axes and patterns are developed in early embryos. In this Research Topic, three research groups develop new computational models to explore mechanical factors that contribute to body axis/pattern formation during embryonic development. Fujiwara et al. developed a simulation framework for a multicellular sphere based on vertex model, which is well-suitable for computational analysis of the body axis formation process. By incorporating parameters corresponding to cell-cell interfacial tension, without considering local control of cell division rate/orientation, they succeed to reproduce morphological and gene expression patterns observed during body axis elongation. Koyama et al. theoretically find that mismatches in viscous friction and cell area elasticity between two adjacent cell populations can lead to morphological changes similar to those observed in developing mouse embryos. Consistent with this finding, they experimentally confirm through AFM measurement that two contacting cell clusters during notochord elongation in mouse embryos exhibit varying cellular stiffness. Finally, Montenegro-Rojas et al. used early embryonic development of annual killifish as a model to computationally investigate the minimal mechanical requirements for de-novo formation of a cell aggregate. In this work, the authors developed a novel in silico framework that, combined with a bottom-up approach, allowed them to scan for those mechanical parameters (e.g., cell migration, modulation of cell-cell adhesion and of contact inhibition of locomotion and taxis mechanisms) necessary to maintain embryonic cells in dispersion on the surface of the yolk and thereafter aggregate at the embryo´s pole to initiate gastrulation.
The mechanism of multicellular pattern formation in embryos is addressed also using a gene expression analysis approach. Using undifferentiated cells and their nuclei dissociated from the early spider embryo, Akiyama-Oda et al. conducted single-cell and single-nucleus RNA sequencing and successfully reconstructed cell populations that correspond to the ectoderm, mesoderm and endoderm, as well as the cell patterning along the anterior-posterior axis in the ectoderm of the embryo. The transcriptome data resources provided in this study would be useful for further studies that aim at comprehensive identification of new patter-generating genes whose expression is spatially controlled.
The insights provided by the articles in this Research Topic contribute to a better understanding of mechano-chemical principles for emergence of multicellular functions and they highlight the importance of multidisciplinary investigation to unravel the intrinsic complexity of such systems. Indeed, while mono-disciplinary investigations explore the depth of the inner workings of living beings, combination of perspectives and technologies borrowed from different disciplines has provided the material and intellectual tools to navigate complexity found in multicellular organisms (Thomas et al., 2004; Grenci et al., 2019; Kim et al., 2020). On the same line, it is crucial to integrate approaches based on in vivo investigation, where physiological and pathological scenarios present themselves in their intricate completeness, with in vitro reductionist approaches where hypothesis testing can be based on simple assumptions and leverage from accurate control of experimental conditions as well as unparalleled precision and resolution. Finally, physical or statistical-based in silico approaches can be used to generate computational models and the same models can be further used to design informed investigations. Similarly, it seems natural to suggest that, due to the intrinsic complexity of the system, the plethora of approaches required, and the variety of results obtained, it will be increasingly necessary to adopt advanced statistical and computational methods such as Machine Learning and Artificial Intelligence to further advance the field. In conclusion, it is our shared opinion that the works presented here provide a substantial contribution to advancing our knowledge on how multicellular systems work in both physiological and pathological situations. Importantly, this may bring clues of novel strategies for engineering and medical application of multicellular systems, such as designable and efficient tissue engineering methods for regenerative medicine.
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All living tissues and organs have their respective sizes, critical to various biological functions, such as development, growth, and homeostasis. As tissues and organs generally converge to a certain size, intrinsic regulatory mechanisms may be involved in the maintenance of size regulation. In recent years, important findings regarding size regulation have been obtained from diverse disciplines at the molecular and cellular levels. Here, I briefly review the size regulation of biological tissues from the perspective of control systems. This minireview focuses on how feedback systems engage in tissue size maintenance through the mechanical interactions of constituent cell collectives through intracellular signaling. I introduce a general framework of a feedback control system for tissue size regulation, followed by two examples: maintenance of epithelial tissue volume and epithelial tube diameter. The examples deliver the idea of how cellular mechano-response works for maintaining tissue size.
Keywords: epithelial tissues, control system, feedback regulation, mechano-response, tissue size maintenance
INTRODUCTION
The size of biological tissues and organs is a crucial variable closely related to various biological functions. Researchers have long been fascinated with biological size control since the pioneering essay by John Haldane, “On being the right size” in 1926 (Haldane, 1926). “How do organs know when they have reached the right size?” (Travis, 2013) is an old question that has remained unanswered till date. In recent years, extensive research has focused on understanding tissue size control as a system, in which the individual cells that make up the tissue interact with each other (Lander, 2011; Penzo-Mendez and Stanger, 2015; Boulan and Léopold, 2021). In this minireview, I describe how multicellular tissue size is regulated considering the control system in the context of mechanobiology, wherein the size is defined according to the dimension of interest as the target characteristic. In other words, size does not necessarily mean volume; it can correspond to the length or area in some cases. For example, when discussing the size of tubes, a typical structure of epithelial tissues, we often focus on their longitudinal or cross-sectional diameter, as discussed in a later section. The impact of the extracellular matrix on tissue size regulation has not been discussed, although it is critical in some cases.
FEEDBACK CONTROL SYSTEM FOR TISSUE AND ORGAN SIZE
The issue of size regulation can be divided into two main classes: determination and maintenance of the right size. This section focuses on a control system that maintains the target value of the right size, provided that it has been determined via certain mechanisms. In most typical cases, the size of any living tissue does not diverge over time and is maintained at a specific value. This suggests the presence of a negative feedback loop, which is indispensable for the homeostasis and stabilization of the system, at the core of the regulatory mechanisms (Figure 1A). In other words, biological tissues are equipped with a system in which the difference between the current and target values is calculated, allowing the system to decrease and increase the size depending on the positive and negative differences, respectively.
[image: Figure 1]FIGURE 1 | Feedback control system in tissue size maintenance. (A) Schematics of the negative feedback loop for the maintenance of tissue size. A specific size of tissue, composed of cells, is set as the target value (top). Even if the tissue size may change during biological processes (bottom), it returns to the target value due to the negative feedback regulation. The plus and minus signs represent the notions of positive and negative change in the tissue size, respectively. (B) A block diagram of the control system for tissue size maintenance. General terms used in system engineering are indicated in black, whereas the corresponding examples of biological objects are in blue. Target value of tissue size is maintained by the closed loop mediated through controller, controlled object, and sensor. Note that the manipulated variable bridges from controller to controlled object. (C) Examples of manipulated variables for tube diameter as the controlled variable, including cell division and death, local cell insertion and elimination, cell deformation, and cell rearrangement.
Regarding the basic structure of the feedback control system that regulates tissue size, the system considered here is a closed-loop system for converging the size of tissues and organs to the target value (Figure 1B). Individual cells in the tissues receive information about the current size value through sensors and calculate the deviation from the target value. To reduce deviation, the cells yield manipulated variables, that is, output behaviors, such as the cell size, shape, and positions. This regulation proceeds through intracellular and intercellular signal transductions that act as the controller. When the manipulated quantity is supplemented to the controlled objects, such as cells and tissues, a controlled variable is updated. The controlled object is generally subjected to external disturbances along with the manipulated variables inside the system. A clear example of a disturbance is the partial resection of an organ. The mammalian liver can be considered an example of regenerative ability; in rats, it is known to recover its original size and function even after two-thirds of the liver is removed (Higgins, 1931; Taub, 2004). This suggests that certain organs possess mechanisms to robustly maintain their size against a large degree of disturbance and that the actual size is controlled by a coordinated coupling of each component in the feedback system, including target value, controller, controlled object, and sensor. The feedback loop is an essential control regulatory network for the size regulation of biological tissues, subjected to unpredictable disturbances.
In the following subsections, I provide brief descriptions of each component of the feedback control system concerning biological events.
Target Value
The specific size of tissues is the target or desired value for the system and is determined by various factors, including genetic and physical constraints. In addition, tissue size varies according to life events, such as development, growth, and disease. For example, the number of pancreatic beta cells in pregnancy and obesity increases several times compared to that under normal conditions. This is because pancreatic beta cells, or insulin-producing cells, proliferate to compensate for increased insulin resistance, thereby preventing hyperglycemia in diabetes (Zhou and Melton, 2018). There are also cases where the target size value increases locally in tissues because of endocrine or metabolic abnormalities, as in the case of the local gigantism of fingers and toes, also known as macrodactyly (Kalen et al., 1988).
Controller
The controller is a core function that operates a system and corresponds to the device connecting the input and output, namely the signal transduction system of the cells. It receives information on tissue size as an input through chemical factors or mechanical forces caused by the tension between neighboring cells. In either case, the molecules and signaling pathways involved in regulating tissue size have been intensively investigated (Boulan et al., 2015). In particular, the Hippo signaling pathway has been well studied in this context (Yu et al., 2015; Panciera et al., 2017). In the downstream of the Hippo pathway, Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) regulate gene expressions with transcriptional factors TEADs, controlling the cell proliferation. Active YAP subcellular localization is more evident in the nucleus compared in the cytoplasm under higher cell densities, indicating the Hippo-YAP/TAZ signaling contributes to the tissue volume maintenance in response to mechanical tension within the cells and/or cell morphology (Dupont et al., 2011; Wada et al., 2011).
Manipulated Variable
As the target value is related to tissue volume, the origins of the manipulated variables include various cellular behaviors related to the net change in volume, such as cell proliferation, hypertrophy, death, and atrophy. Epithelial-mesenchymal transition is also involved, as it corresponds to cell insertion and elimination in the tissue of interest. These cellular behaviors are directly linked to changes in tissue volume. However, if the target value is related to the cross-sectional diameter of the multicellular tube, the cellular behaviors as manipulated variables are more diverse (Figure 1C). For example, in proliferating monolayer epithelial tubes, the orientation of cell division is biased to the longitudinal axis, and the volume increase due to cell proliferation would be reflected mostly in the extension of the longitudinal axis but not of the circumferential axis of the tubes (Gillies and Cabernard, 2011; Tang et al., 2011; Tang et al., 2018). Cell deformation itself little affects the whole volume but directly affects the tube diameter owing to changes in the shape of constituent cells. Active cellular rearrangement at the supra-cellular scale is also critical in regulating tube diameter (Andrew and Ewald, 2010; Walck-Shannon and Hardin, 2014; Rauzi, 2020).
EXAMPLES OF TISSUE AND ORGAN SIZE REGULATION
In this section, two examples of feedback control systems for tissue and organ size regulation are described. These systems employ a homeostatic system in which individual cells sense and respond to mechanical forces.
Maintenance of Epithelial Tissue Volume by Controlling Cell Number
The first example is the size regulation of monolayer epithelial tissues by increasing or decreasing the number of cells as the manipulated variable in the system. Contact inhibition of cell proliferation, wherein the proliferative ability of cells decreases under high-density conditions, was reported half a century ago (Levine et al., 1965). In 2005, Shraiman proposed a mechanical feedback control system that regulates the proliferative ability of cells by sensing the mechanical force received by cells from their surroundings (Shraiman, 2005). The main points proposed are as follows. When cells strongly pull each other under low-density conditions, intracellular tension increases, and cell proliferation is accelerated. In contrast, when cells play a weak tug-of-war or push each other under high-density conditions, cell proliferation is suppressed. Further, cell death is induced in response to the high pressure occurring in overcrowded conditions. This theoretical study has been followed by additional theoretical and experimental studies (Hufnagel et al., 2007; Aegerter-Wilmsen et al., 2012; Eder et al., 2017), leading to a comprehensive picture of the system, in which tissue size is regulated by manipulating the number of cells through cellular sensing and response to the mechanical forces in living tissues. A series of studies have attracted attention for elucidating the signaling molecules involved as regulators of this system.
One of the critical signaling pathways for tissue homeostasis as the controller in this system could be triggered by a mechanosensitive ion channel. Mechanical forces activate the Piezo1 when exerted on cellular membranes, triggering intracellular signal transduction through converting the mechanical stimuli (Coste et al., 2010; Saotome et al., 2018; Lin et al., 2019). It has been demonstrated that Piezo1 works as the sensor to monitor the deviation of mechanical states in epithelial tissues for the tissue volume homeostasis using epithelial cultured cell lines and the zebrafish. When epithelial cells are at a high density, Piezo1 is activated in response to compressive force loading on the cells, followed by the activation of sphingosine 1-phosphate and Rho-kinase-dependent pulsatile myosin contraction, resulting in the cell extrusion (Eisenhoffer et al., 2012; Atieh et al., 2021). Interestingly, Piezo1 is also activated at a low cell density. In this case, cells sense the existing tension and respond by activating extracellular signal-regulated kinases (ERKs) via an increase in intracellular calcium ion concentration, eventually leading to cell proliferation (Gudipaty et al., 2017). In other words, Piezo1 uses different downstream signaling pathways depending on the degree of mechanical forces experienced by the cells. Knockdown of Piezo1 or inhibition of ERK activity prevented stretch-induced mitosis, indicating that each factor takes a key role as a sensor and a controller in the feedback system (Gudipaty et al., 2017). However, the molecular mechanisms underlying mechanical feedback systems are not uniquely determined and further elucidation of the signaling mechanism is needed.
Recently, many efforts have been made to better understand how the mechanical and chemical changes in tissues are locally coordinated to eliminate cells for the homeostatic maintenance overall the epithelial tissues (Gudipaty and Rosenblatt, 2017; Ohsawa et al., 2018). Quantitative imaging approaches have revealed that the epithelial cells tend to be eliminated by compression-driven ERK inactivation (Moreno et al., 2019), and the extruding cells are governed through an interplay between actomyosin contractility and cell junctions (Lubkov and Bar-Sagi, 2014; Thomas et al., 2020). Moreover, the neighboring cell behaviors are also physically affected by the extruding cells through intercellular signal transmissions, such as calcium and ERK activation waves (Takeuchi et al., 2020; Gagliardi et al., 2021; Valon et al., 2021). These findings led to accelerating studies on mechanical cell competition – the mechanism for eliminating unfit cells for the tissue homeostasis (Brás-Pereira and Moreno, 2018; Matamoro-Vidal and Levayer, 2019).
Maintenance of Epithelial Tube Diameter Through Cell Rearrangement
The second example is a mechanical feedback regulation to maintain tubule diameter, which is a physiologically important quantity of tissue structure. The epididymal tubule in the male reproductive tract is an experimental system that allows the examination of epithelial tube morphogenesis (Joseph et al., 2009; Murashima et al., 2015). During murine development, epithelial cells in the epididymal tubule divide in all directions on the tangential plane of the tubule (Xu et al., 2016; Hirashima and Adachi, 2019). As the cells divide longitudinally as well as along the circumferential axis of the tubule, the tubule diameter is expected to increase with time; however, the diameter of the epididymal tubules hardly changes throughout the morphogenetic process (Joseph et al., 2009; Hirashima, 2014). Feedback systems that have been poorly understood may be involved in controlling the deviation in the tube diameter from the target value.
The cellular dynamics of embryonic murine epididymal tubules under ex vivo culture conditions were examined using two-photon live-cell imaging. Live imaging analysis revealed that a group of cells adjacent to the dividing cells were more likely to cause cell rearrangement via actomyosin contraction in response to cell division along the tubule circumference (Hirashima and Adachi, 2019). Importantly, oriented cell division in the circumferential axis of tubules transmits mechanical signals through compressive forces, which would trigger polarized myosin activation to maintain the tube diameter (Figure 2). The obtained quantitative data were incorporated into a mathematical model of multicellular dynamics, and it was confirmed that the mechano-response system would maintain the diameter of developing tubes. Taken together, the analysis suggests that the polarized mechano-responsive cellular behavior at the supra-cellular scale maintains tube diameter at the whole-tissue scale (Hirashima and Adachi, 2019).
[image: Figure 2]FIGURE 2 | Schematics of a control system for the maintenance of epididymal tubule diameter.
This is a typical example of a negative feedback control system, in which cells sense the increase in cell number along the circumferential axis of the tubules and the corresponding change in mechanical forces, eventually leading to active cell rearrangement for regulating the tube diameter (Figure 2). In this case, the controller in the system is partially composed of Rho-kinase-dependent acto-myosin contraction, and the manipulated variable is the cell position regulated by the cell rearrangement. One important but unclear aspect is the mechanism by which cells sense the size of a specific dimension. In the case of developing epididymal tubules, it is important to understand how epithelial cells acquire the information of specific orientation in sensing mechanical stimuli. One possible factor that provides information regarding the orientation of cells is planar cell polarity (PCP) proteins. PCP signaling activates Rho-associated kinase, an upstream kinase of non-muscle myosin (Nishimura et al., 2012; Guillot and Lecuit, 2013; Butler and Wallingford, 2017). Importantly, PCP proteins, such as Vang-like (VANGL) and tyrosine-protein kinase-like 7 (PTK7), are mainly localized on the apical junctions of tube cells circumferentially, and loss of PCP causes failure of cell arrangement, eventually leading to radial tube expansion in the epididymis (Xu et al., 2016; Hirashima and Adachi, 2019) and kidney (Karner et al., 2009; Kunimoto et al., 2017). Thus, PCP proteins likely serve as core regulators of the polarized mechano-response system. However, the sensors involved and their ability to function in an integrated manner remain poorly understood and should be examined further in future studies.
Epididymal cells possess the ability to sense compressive forces, specifically along the circumferential axis of proliferative tubules. In response to compressive forces, cells undergo oriented cell rearrangement by generating actomyosin-based polarized contractile forces, which eventually suppress the increase in tube diameter due to circumferential cell division.
CONCLUSIONS AND DISCUSSION
This review describes the mechanical feedback systems for multicellular tissue size maintenance. First, a general framework of the feedback loop underlying tissue size control has been introduced with a few physiological and pathological examples. As building blocks of tissues, cells seem to possess inherent size regulation systems as in collectives. Considering this, mapping each component in the feedback control system to biological events allows us to capture the phenomena from different views by simplifying the system. These have been presented using two examples of tissue size regulation, i.e., maintenance of epithelial tissue volume by controlling cell number and maintenance of epithelial tube diameter through cell rearrangement. Throughout this minireview, I have discussed the cellular responses to mechanical forces involving collective multicellular behaviors for organizing tissue size control. Although the multicellular mechanoresponse is not a sole regulatory mechanism, this would be a principle of cell-to-cell communication through cellular sensing of and responses to mechanical forces for tissue size homeostasis. These mechanoresponsive cellular behaviors likely play a pivotal role in the systemic regulation. The existence of feedback systems, where each component is well-coupled for the tissue size regulation, is a premise of this minireview, and biological outcomes caused by partial defects in the sensor or controller raised in the two examples support it. However, it remains unclear how the feedback components organize as a whole system for the tissue size control. Further efforts, especially to identify the molecules involved in sensing mechanical forces, are anticipated.
I expect that the polarized cellular mechano-response systems introduced in Maintenance of the Epithelial Tube Diameter Through Cell Rearrangement Section would serve as a fundamental mechanism for tissue morphogenesis during development and growth. Individual cells should have their polarity along each axis of tissue coordinate. Accordingly, molecular machineries responsible to the mechano-sensing would be localized at a subcellular scale according to the cell polarity, causing subsequent chemical signaling responding to the mechanical stimulus against the specific orientation. Maintaining the size along the specific axis in growing tissues links to another aspect of anisotropic tissue morphogenesis, which gives rise to diverse tissue shapes. Despite its importance, experimental studies are currently limited. Provided that constituent cells are loosely connected to each other under a low-density condition, the change in cell tension due to neighbor cell divisions would be negligible and the mechanical forces may not work as a signal to control the tube diameter. In that case, identifying what signals control the tube diameter is also demanded. I hope that future studies will fill the gap in understanding the polarized mechano-response system.
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Pattern formation and morphogenesis of cell populations is essential for successful embryogenesis. Steinberg proposed the differential adhesion hypothesis, and differences in cell–cell adhesion and interfacial tension have proven to be critical for cell sorting. Standard theoretical models such as the vertex model consider not only cell–cell adhesion/tension but also area elasticity of apical cell surfaces and viscous friction forces. However, the potential contributions of the latter two parameters to pattern formation and morphogenesis remain to be determined. In this theoretical study, we analyzed the effect of both area elasticity and the coefficient of friction on pattern formation and morphogenesis. We assumed the presence of two cell populations, one population of which is surrounded by the other. Both populations were placed on the surface of a uniformly expanding environment analogous to growing embryos, in which friction forces are exerted between cell populations and their expanding environment. When the area elasticity or friction coefficient in the cell cluster was increased relative to that of the surrounding cell population, the cell cluster was elongated. In comparison with experimental observations, elongation of the notochord in mice is consistent with the hypothesis based on the difference in area elasticity but not the difference in friction coefficient. Because area elasticity is an index of cellular stiffness, we propose that differential cellular stiffness may contribute to tissue elongation within an expanding environment.
Keywords: pattern formation, morphogenesis, tissue elongation, cellular stiffness, vertex model, theory, mouse notochord
1 INTRODUCTION
Pattern formation and morphogenesis by cell populations includes cell sorting, intermixing of different cell types, etc. These patterns are observed in various embryos and tissues such as germ layers, oviduct, and cochlea (Yamanaka and Honda, 1990; Steinberg, 2007; Krieg et al., 2008; Togashi et al., 2011). A few hypotheses have been proposed to explain these phenomena, including the differential adhesion hypothesis by Steinberg (Steinberg, 1963) in 1963. According to these hypotheses, either differential cell–cell adhesion or cell–cell interfacial tensions are considered, and their strengths are assumed to differ among cell types. The roles of these mechanical parameters in tissue organization have been demonstrated by both theoretical and experimental studies (Duguay et al., 2003; Krieg et al., 2008; Manning et al., 2010).
There are cellular mechanical parameters other than cell–cell adhesion forces and cell–cell interfacial tensions as follows, but the roles of these parameters in tissue organization have not been investigated. Area elasticity of each cell and coefficient of viscous friction forces are generally considered as basic parameters in theoretical studies where the vertex model and the Cellular Potts model are often used as standard multicellular models (Zajac et al., 2003; Fletcher et al., 2014). These parameters are critical for describing cellular and tissue behaviors. Area elasticity denotes resistance against changes in apical cell surface area. For instance, when the apical cell surface is either stretched or compressed by external mechanical forces, the apical surface either increases or decreases, respectively, and the extent of the area change is determined by both the strength of the external forces and the area elasticity. Therefore, area elasticity can be considered as an index of cellular stiffness. Without this parameter, cells cannot maintain their apical surface area, and hence, this parameter is essential for theoretically describing epithelial cells. On the other hand, coefficient of viscous friction forces is derived from viscous friction forces exerted between cells and surrounding medium or tissues (Okuda et al., 2014); increased friction forces restrict both cell movement and deformation. The friction forces between cells and surrounding tissues are affected by cell–cell interactions, cell–extracellular matrix interactions mediated by focal adhesions, etc. (Smutny et al., 2017; Trepat and Sahai, 2018; Münster et al., 2019). A spatial difference in friction forces is involved in the positioning cell populations in fish embryogenesis (Smutny et al., 2017). However, the contributions of these two parameters to pattern formation and morphogenesis remain almost unknown.
In this study, to elucidate the contributions of the above two parameters (i.e., area elasticity and coefficient of friction forces), we focus on a following theoretical model which we previously developed for describing elongation of the mouse notochord. The notochord is located on a surface of the mouse embryo (Figure 1A). The embryo around this developmental stage (embryonic days 5.5–8.5) is cylindrical or spherical in shape, at the central region of which there are amniotic cavities. The cavities increase their volumes (Figure 1A), and pushes the surrounding cell layers that are composed of ectoderm, resulting in expansion of the ectodermal layer (Figure 1B). This expansion is subsequently transduced to the outer cell layers, namely the mesoderm, endoderm, and notochord (Figure 1B). The outermost layers in the mouse embryos are composed of the endoderm and notochord during the early stages of notochord formation (Figure 1B). Therefore, the endoderm and the notochord would experience friction forces from expanding inner cell layers or the basement membranes between those layers. Previously, we reported that, by experimentally inhibiting the increase in the cavity’s volume, elongation of the notochord was inhibited, indicating that the expansion of the cavities promotes the notochord elongation (Imuta et al., 2014). Subsequently, we reported that in theory, on a uniformly expanding surface (Figure 1C, an expanding sphere), a cell cluster is elongated (Figure 1C, a cell cluster in orange), whereas friction forces are considered between the cells and the expanding surface (Koyama and Fujimori, 2020). This kind of expanding surface or field is analogous to an expanding rubber balloon in that the rubber membrane expands due to an increase in the volume of enclosed air. Importantly, even if the expansion is uniform or isotropic and a cell cluster has no intrinsic activity for directional migration, the cell cluster is elongated (Koyama and Fujimori, 2020).
[image: Figure 1]FIGURE 1 | Mouse notochord, uniformly expanding field, and vertex model. (A) Cross–sectional illustration of a mouse embryo is shown. The amniotic cavity pushes the embryo on the surface of which the notochord is located. (B) Three–dimensional illustration of a mouse embryo with the notochord, the cell layers, and the cavity is shown. (C) A theoretical framework of a uniformly expanding field and vertex model is described. In the left panel, on a uniformly expanding tissue (two spheres before and after expansion), a cell cluster (orange) with its surrounding cells (light blue) is located. In the right panel, the vertex model is described where the area elasticities, the friction coefficients, and the line tensions are shown. The type 1 cells, orange; the type 0 cells, light blue. The panels A and B are originated from our previous study with permission (Imuta et al., 2014).
In the above theoretical work, we assumed an isolated cell cluster corresponding to the notochord. But in the real tissues, the mouse notochord is surrounded by endodermal cell populations, resulting in a continuous epithelial cell sheet on the growing embryo. In the presence of two different cell populations, we have not theoretically demonstrated whether a cell cluster of interest can elongate, and what kinds of differences in mechanical parameters between these two populations are critical for elongation.
In this study, we assumed a second cell population corresponding to the endoderm (Figure 1C, type 0) that surrounds a cell cluster of interest corresponding to the notochord (Figure 1C, type 1), and determined theoretically if the cell cluster can be elongated. Our model is based on a vertex model where area elasticity, friction coefficient, and cell–cell interfacial tensions were considered as well as a uniformly expanding field. We found that the cell cluster can elongate, when either the area elasticity or the friction coefficient in the cell cluster is higher than that in the surrounding cell population. Moreover, when comparing theoretical outcomes and experimental observations in the mouse notochord, the elongation of the mouse notochord is consistent with a difference in area elasticity, but not in friction coefficient.
2 THEORETICAL MODEL
2.1 Vertex Model
We adopted the simplest two-dimensional vertex model in which the mechanical potential energy (U) of a system is provided by line tensions of cell–cell interfaces and the area elasticity of each cell. A cell cluster of interest is defined as type 1 cells, and the surrounding cell populations as type 0 (Figure 1C). The potential energy is defined as follows (Koyama and Fujimori, 2020):
[image: image]
where [image: image] and [image: image] are the line tension and the length of the cell–cell interfaces between adjacent vertices k and l (Figure 1C), respectively. [image: image] can have different values according to two cells sharing the cell–cell interface <k, l>. For instance, [image: image] for the case that the two cells are type 0 and type 1, and [image: image] for the case that the two cells are both type 1s (Figure 1C). [image: image] is the area of the nth cell. [image: image] and [image: image] are a preferred area of the cell and the coefficient of area elasticity of type <c> cells, respectively (Figure 1C; [image: image] and [image: image]). The preferred area is an apical surface area of a cell which is released from external forces; such cell is under a mechanically relaxed state. The coefficient of area elasticity functions to resist against changes in apical surface area from external forces. Therefore, this elasticity contributes to cellular stiffness. If the value of [image: image] is large, the cell tends to retain its apical surface area around [image: image]. Because cellular stiffnesses are different among cell types in vivo (Zhou et al., 2009; Swift et al., 2013), [image: image] may be a cell type–specific property.
The force (Fh) exerted on an hth vertex is calculated as follows:
[image: image]
where [image: image] is the nabla vector differential operator at each vertex. The motion of each vertex in polygonal cells is damped by friction forces and is described as follows:
[image: image]
where Vh is the velocity of the hth vertex, and [image: image] is the coefficient of the friction of a vertex. [image: image] can have different values according to three cells sharing the vertex. For instance, [image: image] for the case that the three cells are type 0, type 0, and type 1, and [image: image] for the case that the three cells are type 0, type 1, and type 1 (Figure 1C). The friction coefficients for each cell type are defined as [image: image] and [image: image] for type 0 and type 1 cells, respectively. The coefficient for each vertex was defined as the mean of the coefficients for the three cells: e.g. [image: image] (Figure 1C). Okuda et al. (2014) also assumed differential coefficients of friction. The friction is exerted between the cells and their surrounding medium or tissues. In this study, we assumed that the friction from the expanding field as defined below is dominant to that from the medium.
2.2 A Uniformly Expanding Field
A uniformly expanding field is analogous to the surface of an expanding rubber balloon; the area of the surface increases uniformly regardless of location on the surface. In the case of mouse early embryos around embryonic day 7.5, the volume of the inner cavity (e.g., the amniotic cavity) is increased, and thus the surface of the embryo is expanding. Cell proliferation within the surface tissue also causes it to expand (Koyama and Fujimori, 2020). We adopted a simplifying assumption that a field expands in two dimensions. In this study, we placed a cell cluster on the expanding field with a surrounding cell population.
We previously defined the modeling of a uniformly expanding field (Koyama and Fujimori, 2020). Briefly, when we arbitrarily defined a point on the two-dimensional field as an origin, other points are assumed to move away from the origin with speeds proportional to the distances between the points and the origin: [image: image], where De is the distance between the point and the origin, and Ve is the velocity. An object placed on this field also moves by Ve if there are no other forces. Consequently, the equation that describes the motion of each vertex is modified as follows:
[image: image]
A similar formulation was previously proposed (Okuda et al., 2014). We can interpret this equation as follows: [image: image], where Fe|h is an apparent friction force provided by the expanding field. Under this assumption, we verified computationally and analytically that this expanding field does not yield any biased forces toward the cell cluster. Additionally, the expansion rate of the field was assumed to be temporally constant: Ve = ε De, where ε is the expansion rate and is spatiotemporally constant. The parameters in our model were normalized by [image: image], [image: image], and [image: image], and their dimensionless parameters are represented with a prime, e.g., [image: image], [image: image].
3 RESULTS
3.1 Differential Area Elasticity Contributes to Cell Cluster Elongation
We previously reported that a cell cluster (i.e., type 1 cells in this study) elongates on a uniformly expanding field in the absence of surrounding cell populations (type 0 cells in this study). In real tissues, an epithelial cell cluster is not usually isolated but is instead surrounded by other cell populations. We theoretically searched for conditions under which the cell cluster can elongate even in the presence of surrounding cell populations.
First, we performed simulations using conditions under which type 1 and type 0 cells have the same parameter values, namely: [image: image], [image: image], and [image: image]. An initial configuration for the cells is shown in Figure 2A. We set a slightly elongated initial configuration because we previously showed that this anisotropic configuration is a prerequisite for elongation (Koyama and Fujimori, 2020). In other words, we examined whether this initially elongated state will be enhanced on the expanding field and result in more elongated states. The field was expanded under a constant expansion rate ε, and when the field size increased by three times (Figure 2B, expansion × 3), we observed the shapes of the cell clusters. Note that, due to the continuously expanding field, the cell clusters are not expected to reach steady states as we previously reported (i.e., non-equilibrium system) (Koyama and Fujimori, 2020). The cell cluster was enlarged due to friction forces from the expanding field (Figure 2B-i vs. Figure 2A). An index of asymmetry/elongation (AI) of a cell cluster was defined as described in the Materials and Methods section. If a cell cluster (type 1) is circular, AI becomes 1.0. If a cell cluster is elongated, AI becomes larger than 1.0. To evaluate the change in AIs before and after the simulation, we calculated the AI relative to that of the initial configuration (i.e., relative AI = AIafter/AIbefore). The relative AI value was 0.99 (Figure 2B-i), indicating that the elongation of the cell cluster was not enhanced. When the values of [image: image] s were set to be different from Figure 2B-i under a constraint of [image: image], the relative AI value was also ∼1.0 (Figure 2B-ii), indicating that elongation of cell clusters is insensitive to the value of [image: image].
[image: Figure 2]FIGURE 2 | Difference in area elasticity causes elongation of cell cluster on expanding field. (A) The initial configuration of simulation is shown. The gray and white cells are type 1 and type 0, respectively. The whole view of the configuration is provided in Supplementary Figure S1. (B) Simulation outcomes under the same value between [image: image] and [image: image] are shown. [image: image] in the left panel and [image: image] in the right panel. The fields were expanded by three times in area (expansion ×3). The scales of these images are the same each other. The relative AIs are shown with the morphological categories [“no change (nc)”]. (C) Simulation outcomes under different values between [image: image] and [image: image] are shown; [image: image]. [image: image] was fixed at 2.7. The fields were expanded by three times in area. The scales of these images are the same as those in B. The relative AIs are shown with the morphological categories [“elongation (el)”, “strong elongation (s-el)”, or “shrinkage (sh)”]. (D) Simulation outcomes under the same values of [image: image] s as C are shown except that the fields were not expanded (no expansion). The scales of these images are the same as those in C. The relative AIs are shown with the morphological categories. Simulation results obtained using different area elasticity values are provided in Supplementary Figure S2.
Next, we assigned different area elasticity values between type 1 and type 0 cells: [image: image] whereas [image: image] and [image: image]. If the area elasticity in type 1 cells was larger than that in type 0 cells (i.e., [image: image]), elongation of the cell cluster was enhanced and the relative AIs were higher (Figure 2C, [image: image]). In addition, if the area elasticity in the type 1 was smaller, the relative AI value of the cell cluster was decreased (Figure 2C, [image: image]). To examine whether the elongation depends on field expansion, we performed simulations without field expansion (i.e. expansion ×1) where the cells move to find a steady state under the given values of [image: image] s. In Figure 2D where all simulations were performed under the same values of [image: image] s as Figure 2C, the cell clusters were not elongated. In summary, under field expansion, if [image: image], the relative AI is unchanged, and if [image: image], the relative AI positively correlates to [image: image]. These results indicate that, in theory, different area elasticity values contribute to tissue elongation.
We classified the morphological patterns of cell clusters by the value of the relative AI as follows: strong elongation (s-el; AIafter/AIbefore > 1.5), elongation (el; AIafter/AIbefore = 1.1–1.5), no change (nc; AIafter/AIbefore = 0.9–1.1), and shrinkage (sh; AIafter/AIbefore < 0.9). In Figures 2B–D, these categories are written for each simulation outcome.
3.2 Differential Line Tension Between Cell–Cell Interfaces do Not Cause Cell Cluster Elongation
We tested whether the differential adhesion hypothesis can reproduce the elongation of a cell cluster: [image: image], whereas [image: image] and [image: image]. According to this hypothesis, line tensions are derived from cortical tensions and cell–cell adhesion (Steinberg, 1963; Harris, 1976): cortical tension decreases the lengths of cell–cell interfaces, and adhesion increases the lengths, and thus, the effects of these two factors on the line tensions are opposite (i.e., [line tension] = [cortical tension]—[cell–cell adhesion]) (Maître et al., 2012 and references therein). For instance, smaller values of the line tensions can result from stronger cell–cell adhesion.
To comprehensively examine the effect of the line tensions, we performed multiple simulations under various values of the line tensions, and subsequently generated a phase diagram as follows. The parameter ranges tested in the simulations correspond to the vertical and horizontal axes in the phase diagram (Figure 3A, [image: image] and [image: image]). For instance, a simulation condition where [image: image] is marked by an asterisk, whose simulation outcome corresponds to Figure 2B-ii. From this condition, if the value of [image: image] was solely changed (i.e., move leftward along the x–axis), we reached a simulation condition #1, whose simulation outcome is shown in Figure 3B (#1) where the pattern was classified as shrinkage (“sh”). On the other hand, under a larger value of [image: image] (#2), a pattern with intermixing (“mx”) of the two cell populations was observed (Figure 3B, #2). Similarly, if the value of [image: image] was solely changed (i.e. move along the y–axis), various simulation outcomes were observed (Figures 3A, B, #3-#6). All simulation conditions are plotted on the diagram as black crosses (30–40 data points, see Materials and Methods). Then, all simulation outcomes were classified by the morphological categories defined in Figure 2. During classification, when more than two distinct cell clusters formed, the pattern was classified as either multi-cluster (cl; average cell number per cluster >1.5) or intermixed (mx; average cell number per cluster <1.5). Then, the phase diagram was divided into these morphological categories: e.g. a blue region for “sh”, a light blue region for “nc”. We could not find conditions under which cell cluster was elongated in Figure 3A.
[image: Figure 3]FIGURE 3 | Difference in cell–cell adhesion does not cause elongation of cell cluster on expanding field. Simulations were performed using various line tension values, whereas the area elasticity and coefficient of friction were assigned the same values between the two cell types: [image: image], whereas [image: image] and [image: image]. The fields were expanded by three times in area. Phase diagrams and examples of simulation outcomes were shown under [image: image] (A,B) or under [image: image] (C,D). The parameter values used for each condition in B and D are plotted on the diagrams (A,C), with the numbers corresponding to each condition (#1, #2, etc.). Simulation outcomes at the conditions with asterisks on the diagrams (A,C), where [image: image], were previously shown in Figure 2B-ii and Figure 2B-i, respectively. Each phase in the diagrams is colored as follow: “sh”, blue; “nc”, light blue; “cl”, light green; “mx”, green. Black crosses in A, all simulation conditions tested.
We also performed a similar analysis under a different value of [image: image] s and generated a phase diagram with some examples of the simulation outocomes (Figures 3C, D). A condition marked by an asterisk corresponds to Figure 2B-i where [image: image]. The number of the simulation conditions used for generating the phase diagram is 30–40, but the data points are not depicted on the diagram. Similar to Figure 3A, we could not find conditions under which the cell cluster was elongated. Thus, the differential line tensions between cell–cell interfaces alone do not cause tissue elongation.
Here we interpret the above results. In the vertex models, if cell–cell adhesion is increased, the line tensions are decreased. In the phase diagrams, when [image: image] has a larger value (e.g., [image: image], and see along the x–axis), cell–cell adhesion between the type 1 and type 1 cells is decreased, and thus, the type 1 cells preferably adheres to the type 0 cells, resulting in intermixing patterns (“mx”) or generation of multiple cell clusters (“cl”). For [image: image], decreased values of this parameter (e.g. [image: image], and see along the y–axis) mean increased adhesion between type 0 and type 1 cells, resulting in “mx” or “cl”, whereas increased values (e.g., [image: image]) prevent the cells from forming “mx” and “cl”. Moreover, such increased values in [image: image] decrease in the line lengths of the cell–cell interfaces between the type 0 and type 1 cells, that leads to round-up of the type 1 cell cluster emerged as the “sh” pattern.
3.3 Optimal Line Tension Between Cell–Cell Interfaces are Necessary in Combination With Area Elasticity to Induce Cell Cluster Elongation
We analyzed the combinatorial effect of line tensions and area elasticity: [image: image] and [image: image], whereas [image: image]. Similar to Figure 3, Figure 4 shows the phase diagrams with the simulation outcomes with different line tension values for [image: image] and [image: image]. In the left panel, the field was not expanded (i.e., expansion × 1), and thus, the cells move to find a steady state under the given values of [image: image] and [image: image]. In the right panel, the field was expanded (expansion ×3). The same condition as that in Figure 2C ([image: image]) was plotted as an asterisk in Figure 3A (right panel, [image: image]), where the simulation outcome was classified as “strong elongation (s-el)”. In the phase diagrams, the regions of simulation conditions resulting in strong elongation (“s-el”) or elongation (“el”) are colored by magenta or pink. These regions were exclusively detected in the right panel but not the left panel, indicating that the elongation depended on field expansion. Moreover, in the right panel, if the value of [image: image] was solely changed (i.e., move along the y–axis), the cell cluster either showed no elongation (“nc” and “sh”), formation of multiple clusters (“cl”), or intermixing (“mx”) [Figure 4A, right panel, and 4B, #1, #2, #5, and #6, vs. #3 (“el”) and #4 (“s-el”)]. These results indicate that, for the elongation induced by the differential area elasticity, optimal line tensions were required. Other outcomes under different conditions are shown in SI (Supplementary Figures S3, S4).
[image: Figure 4]FIGURE 4 | Difference in cell–cell adhesion contributes to cell cluster elongation with differential area elasticity on expanding field. Simulations were performed under conditions with various values for line tension and area elasticity, whereas the coefficient of friction was assigned the same value for both cell types: [image: image] and [image: image], whereas [image: image]. Phase diagrams in the absence and presence of the uniformly expanding field are shown under [image: image] and [image: image] [left and right panels in (A), respectively]. In the panel on the right, the fields were expanded by three times in area. Examples of simulation outcomes are shown in (B), where the parameter values used for each condition in B are plotted on the diagram [(A), right panel], with the numbers corresponding to each condition (#1, #2, etc.). An asterisk on the diagram [(A), right panel], where [image: image], corresponds to the condition in Figure 2C ([image: image]). Each phase in the diagrams is colored as follow: “s-el”, magenta; “el”, pink; “sh”, blue; “nc”, light blue; “cl”, light green; “mx”, green. Other simulation outcomes obtained with different values for the area elasticities are shown in Supplementary Figure S3. Simulation outcomes from a different initial configuration are shown in Supplementary Figure S4
3.4 Differential Friction Coefficient Contributes to Cell Cluster Elongation
We determined whether the differential coefficient of the friction forces causes a cell cluster to elongate: [image: image], whereas [image: image] and [image: image]. Similar to Figures 3, 4, we generated a phase diagram except that the x–axis is [image: image]. The same condition as that in Figure 2B-i was plotted as an asterisk in Figure 5A where [image: image] and [image: image]; the cell cluster was not elongated. From this condition, if the value of [image: image] was solely increased (i.e., move rightward along the x–axis), we reached a simulation condition #2, whose simulation outcome is shown in Figure 5B (#2) where the pattern was classified as elongation [“el (1.13)”]. Moreover, Figure 5C showed simulation outcomes in the absence of field expansion, and the cell cluster was not elongated under the same values of [image: image] s as Figure 5B (#2). These results indicate that different values for the coefficient of friction contribute to tissue elongation, and this elongation depends on field expansion.
[image: Figure 5]FIGURE 5 | Differences in coefficient of friction cause cell cluster elongation on an expanding field. Simulations were performed under conditions with various values of the coefficient of the friction, whereas values for the area elasticity were assigned to be equal for both two cell types: [image: image], whereas [image: image]. The line tensions in the type 0 and type 1 cells were made equal in value, whereas the line tension between the type 0 and type 1 cells was different: [image: image]. The fields were expanded by three times in area (A,B) or not expanded (C). A phase diagram and examples of simulation outcomes were shown under [image: image]. The parameter values used for each condition in B are plotted on the diagrams (A), with numbers corresponding to each condition. A simulation outcome at the condition with an asterisk on the diagram (A) was previously shown in Figure 2B-i. Each phase in the diagrams is colored as follow: “el”, pink; “sh”, blue; “nc”, light blue; “cl”, light green; “mx”, green. The parameter values except for the field expansion were set to be the same between B and C. The scales of the images in (B,C) are the same each other. Other simulation outcomes obtained with different area elasticity values are shown in Supplementary Figure S5.
Next, we analyzed the combinatorial effect of line tensions and the coefficient of friction. In Figure 5A, under the same value of the coefficient of friction ([image: image]), changes in the value of the line tension between the type 1 and type 0 cells (i.e., [image: image]) resulted in patterns other than elongation (“el”), such as no elongation (“nc”), multiple clusters (“cl”), and intermixing (“mx”) (Figures 5A, B, #1 [“nc”], #4 [“cl”], and #5 [“mx”] vs. #2 and #3 [“el”]). Thus, optimal line tensions were required for the elongation induced by varying coefficients of friction force. Moreover, in the absence of field expansion, elongation of the cell clusters was not induced, whereas the other patterns were observed (Figure 5C). Other outcomes under different conditions are shown in SI (Supplementary Figure S5).
3.5 Cell Behavior in Mouse Notochord Elongation
In real tissues, elongation of various tissues is usually explained by directionally active cell movement that results in convergent extension (Keller et al., 2000; Honda et al., 2008) where expanding fields are not considered. By contrast, we have shown experimentally that elongation of the mouse notochord depends on an increase in volume of the amniotic cavity (Imuta et al., 2014). From our theoretical analyses in Figures 2, 5, we raised two hypotheses for field expansion–dependent tissue elongation: area elasticity–based one, and friction coefficient–based one. We determined whether the elongation of the mouse notochord is consistent with differences in area elasticity or differences in friction coefficient. According to our previous data in Figure 2C and Figure 5B-#2, the cell area in the cell cluster of interest appears to either be almost unchanged according to the area elasticity–based hypothesis or increased according to the friction–based hypothesis: the mean cell area is 1.4-fold of that in initial configuration under the area elasticity–based hypothesis, and is 5.2-fold under the friction–based hypothesis. Conversely, the cell area in the surrounding cell populations seems to increase according to both hypotheses: the mean cell area is 4.3-fold of that in initial configuration under the area elasticity–based hypothesis, and is 4.6-fold under the friction–based hypothesis.
We went on to measure the dynamics of the cell area both in vivo and in silico. In vivo cell areas were estimated from the densities of the cells in the notochord or the endoderm (Figure 6A and Materials and Methods). The apical cell area within the notochord was temporally unchanged, whereas that in the endoderm increased (Figure 6B). In the case of simulation data, we also estimated cell areas from the densities of the cells (Figure 6C). Under the area elasticity–based hypothesis, the cell area in the type 1 cell cluster was temporally unchanged, whereas that in the surrounding type 0 cell populations was increased (Figure 6D). Under the friction coefficient–based hypothesis, the cell areas in both the cell cluster and the surrounding cell populations were temporally increased (Figure 6E, a left panel, [image: image]). In addition, if the area elasticities in both cell types were made larger under different friction coefficients, the increases in the cell areas were restricted for both cell types but the dynamic was equivalent between the two cell types (Figure 6E, a right panel, [image: image]). Thus, the dynamics of the cell areas according to the area elasticity–based hypothesis are consistent with the in vivo dynamics but not for the friction–based hypothesis.
[image: Figure 6]FIGURE 6 | Cell behaviors in mouse notochord and their comparison with two theories. (A) Confocal microscopic images at two time points in the mouse notochord and the surrounding endoderm are shown. Nuclei of the cells were visualized by histone 2B fused to EGFP. The orange and yellow rectangles are regions used for measuring cell areas within the notochord and endoderm, respectively. These microscopic images were obtained from our previous work (Imuta et al., 2014). (B) The cell areas in the notochord and endoderm are shown with their temporal evolutions. The mean cell area in the notochord at 0 min was defined as 1.0. Four embryos were analyzed (n = 4). (C) Cell areas in simulations were measured. Simulation outcomes are indicated with orange and yellow rectangles that were used to measure cell areas in a similar manner to B. (D) Cell areas obtained with differential area elasticities, which were derived from the simulation outcomes in Figure 2C [image: image], are shown. Four different initial configurations of the simulations (n = 4) were applied. Parameter values for area elasticities and coefficients of friction are also indicated. (E) Cell areas obtained with differential friction coefficients, which were derived from the simulation outcomes in Figure 5; Supplementary Figure S5, are shown in a similar manner to (D). The values from type 1 and type 0 cells are nearly identical in the right panel.
3.6 Differential Preferred Cell Area Contributes to Tissue Elongation in Field Expansion–independent Manner
Differentiation of cells may contribute to the differences in area elasticity as examined in the previous section. On the other hand, cell differentiation may directly change the preferred cell area [image: image] defined in Eq. 1. As shown above, the cell areas were specifically increased in the surrounding cell populations (i.e., endodermal cell/type 0 cells). Such specific increase in the cell areas would be reproduced by increases in the preferred cell area. As an alternative to the differential area elasticity–based hypothesis, we investigated the influence of differential preferred cell area on not only the specific increase in the cell areas but also tissue elongation.
We assumed specific increases in the preferred cell areas in the type 0 cells where this parameter was set to temporally increase during simulations. In Figure 7, [image: image] and [image: image] denote [image: image] in the type 1 and type 0 cells, respectively. The value of [image: image] was fixed at 1.0. In addition, the parameter normalization described in A Uniformly Expanding Field was performed using [image: image]. The value of [image: image] was temporally changed from 1.0 at the start of simulations to 1.0, 2.0, or 4.0 at the end of simulations (Figure 7, start and end). The cell areas in the type 0 cells were specifically increased in the right panels (end = 4.0), regardless to the field expansion (expansion = “no” and “×3”). Furthermore, the type 1 cell cluster was elongated under the field expansion (expansion = “×3”). However, elongation of the type 1 cell cluster was also observed even without the field expansion (expansion = “no”). These results indicate that differential preferred cell areas cause tissue elongation, but the elongation does not depend on field expansion. Because the elongation of the mouse notochord depends on the field expansion (Imuta et al., 2014), this differential preferred cell area hypothesis is not consistent with the in vivo situations.
[image: Figure 7]FIGURE 7 | Differences in preferred cell areas cause cell cluster elongation in a manner independent to field expansion. Simulations were performed under conditions with temporal changes in the preferred cell areas in the type 0 cells, whereas the values of other parameters were assigned to be equal for both two cell types: [image: image] temporal increase, whereas [image: image], [image: image], [image: image], and [image: image]. The values of [image: image] at the start and end of the simulations are shown (e.g., start [1.0] → end [4.0]). Two scenarios of the temporal changes were applied (end [2.0] and [4.0]), in addition to a scenario of temporally no change (end [1.0]). In the two scenarios, the values are linearly increased during the simulations [i.e., [image: image], where t is time, and c is const.]. The categories of the simulation outcomes are described with the relative AI values (parentheses).
3.7 Experimental Measurement of Cellular Stiffness in Mouse Notochord Elongation
To further validate the area elasticity–based hypothesis in the mouse notochord, we measured cellular stiffness. To the best of our knowledge, no method for measuring area elasticity directly has been established to date. We used atomic force microscopy (AFM) that has been used to measure cellular stiffness (Young’s modulus) (Addae-Mensah and Wikswo, 2008; Barriga et al., 2018; Kinoshita et al., 2020). The difference between area elasticity and the Young’s modulus is discussed in the Discussion section. A mouse embryo is shown in Figure 8A where the nuclei in the notochord cells were labeled by green fluorescent proteins (GFP) and all the nuclei including the endodermal cells were labeled by other fluorescent proteins (mCherry) (Figure 8A). A mouse embryo was placed on an agarose gel (Figure 8B, light orange), and subsequently, a part of the embryo was overlaid by an additional agarose gel (Figure 8B, dark orange). The Young’s modulus of the regions of the notochord or the surrounding endoderm was measured through indentation of the cantilever with a bead of diameter = 20 μm attached and subsequent acquisitions of force–indentation curves (Figure 8C; Supplementary Figure S6). A spatial map of the Young’s modulus around the notochord and endoderm was obtained with interval = 20 μm (Figure 8D, “Measured regions”), where the colors for each data point reflect the values of the Young’s modulus as defined by the color bar. In this embryonic stage, the widths of the notochord were 40–60 μm (Figure 8A) as described in Materials and Methods Atomic Force Microscopy. Therefore, the three columns adjacent to the midline were expected to be on the notochord (Figure 8D, NC) and the outer two columns for each side were on the endoderm (Figure 8D, Endo). Data points that did not yield a clear force–indentation curve were omitted from the data analysis (Figure 8D, white crosses). The mean values of the Young’s moduli in four embryos were calculated (Materials and Method Atomic Force Microscopy), and the values are 0.51 [kPa] in the notochords and 0.40 [kPa] in the endoderms. Figure 8E is the comparison of the Young’s moduli between the notochord and the endoderm, where the Young’s moduli were normalized by the mean value in the endoderms. The Young’s modulus of the notochord regions was larger than that of the endodermal regions. These results suggest that the Young’s modulus of the notochord is higher than that of the endoderm. In addition, stiffnesses of various cells and tissues are 0.01–10 [kPa], and our measurement results are within this range (Davidson et al., 1999; Zhou et al., 2009).
[image: Figure 8]FIGURE 8 | Young’s modulus measured using AFM in mouse notochord and endoderm. (A) Microscopic images of a mouse embryo are shown. Nuclei of the notochord cells were labeled with nuclear-EGFP (green), and nuclei of all embryonic cells including the endodermal cells as well as the notochord cells were labeled by histone 2B-mCherry (magenta). Upper panel, brightfield; bottom panel, a maximum intensity projection image constructed from confocal fluorescent images; left panel, illustration of an embryo and the notochord. Typical widths of the notochord and embryo are written. (B) Preparation procedure of embryo for AFM is illustrated. An embryo (magenta) is placed on an agarose gel (light orange) in a glass-bottom dish, and a part of the embryo is overlaid by an additional agarose gel (dark orange) before medium (blue) is added. Side and top views are shown. (C) AFM cantilever assembly and indentation. A bead of 20 μm diameter was attached to the cantilever as described in the Materials and Methods section. A force–indentation curve is schematically illustrated with a fitting curve which is used for calculating the Young’s modulus. The x–axis is the depth of indentation. Examples of real force–indentation curves are shown in Supplementary Figure S6. (D) A spatial map of Young’s modulus measured by AFM is shown. In the left panel, a brightfield microscopic image is provided where the regions subjected to the AFM measurement are also shown. In the middle panel, the Young’s modulus for each region in the embryo is shown with a 20 μm spatial interval. In regions marked by white crosses, AFM measurements failed to be carried out. The regions of the notochord and endoderm were estimated by the width of the notochord. NC, notochord; Endo, endoderm. In the right panel, a color bar of Young’s modulus is shown. (E) Young’s moduli in the notochord and the endodermal regions are compared. The mean value in the endodermal regions was set at 1.0, and the relative values were plotted. Four embryos with several tens of data points were analyzed with total data points = 56 in both NC and Endo. Boxplots are shown where the boxes extend from the lower to upper quartiles and the whiskers indicate the 1.5–interquartile ranges. The p-value calculated using the Mann–Whitney–Wilcoxon test was 0.006. Magenta bars, mean; black bars, median; NC, notochord; Endo, endoderm. According to this boxplot, there are two or one outlier(s) located outside of the whiskers for NC and Endo. When these outliers are excluded, the statistic values become as follows: mean = 1.25 (NC), 0.98 (Endo), and median = 1.07 (NC), 0.98 (Endo), and p-value = 0.008. The mean values of the four individual embryos (#1–#4) are as follows (notochord, endoderm), #1 (0.37 [kPa], 0.22), #2 (0.48, 0.36), #3 (0.55, 0.47), and #4 (0.63, 0.53).
4 DISCUSSION
In this study, we theoretically investigated the potential roles of area elasticities and coefficients of friction in tissue elongation on a uniformly expanding field. In the case that the area elasticities or coefficients of friction differed between the cell cluster and the surrounding cell populations, the cell cluster is elongated as summarized in Table 1. By contrast, differences in cell–cell adhesion based on the differential adhesion hypothesis cannot cause the cell cluster to elongate. On the other hand, the differences in the preferred cell areas lead to elongation even without field expansion. The two hypotheses based on the area elasticity and the friction coefficient lead to different cellular behaviors; the apical cell areas in the surrounding cell populations are increased in both hypotheses, whereas the areas in the cell cluster of interest are either almost unchanged according to the former hypothesis or increased according to the latter (Table 1). Therefore, the elongation of the mouse notochord may be explained by the area elasticity–based hypothesis, though we do not exclude the possibility that these hypotheses simultaneously contribute to the elongation.
TABLE 1 | Summary of comparison of phenomena; in vivo vs. different models under uniformly expanding field.
[image: Table 1]Measurement of Young’s modulus through AFM suggests that the notochord is stiffer than the endoderm. The Young’s modulus of the notochord and endoderm differed by ∼1.4 times, whereas the difference in the area elasticity in our simulations was up to 10 times. The Young’s modulus differs from the area elasticity, although both are measures of cellular stiffness. During the AFM–based measurement, the direction of indentation is parallel to the apico–basal axis. On the other hand, the area elasticity is related to the change in apical cell area whose direction is perpendicular to the apico–basal axis. Nevertheless, the change in apical cell area and in the apico–basal height should be related under conserved cell volume; the increase of apical cell area should lead to the decrease in the apico–basal height, and vice versa. Although we do not have quantitative relationship between the Young’s modulus and the area elasticity, we suppose that the Young’s modulus reflects, at least partially, the area elasticity. In general, cell stiffness can differ by over an order of magnitude (Zhou et al., 2009; Swift et al., 2013). The notochord in chordates is believed to provide stiffness of their bodies (Hejnol and Lowe, 2014; Corallo et al., 2015), and the notochord in Xenopus laevis was experimentally shown to be several to several tens times stiffer than the endoderm (Zhou et al., 2009). In contrast to the Young’s modulus and the area elasticity, both of which reflect mechanical properties of cells or tissues, the preferred cell area is not a parameter reflecting mechanical properties. Therefore, the Young’s modulus is not related to the preferred cell area, and the differences in the Young’s moduli between the two cell populations supports the differential area elasticity–based hypothesis.
The mechanism of tissue elongation on a uniformly expanding field was mathematically/analytically analyzed in our previous work where an isolated cell cluster was solely considered (i.e., type 1 cell) (Koyama and Fujimori, 2020). If a cell cluster is enlarged by external forces (i.e., [image: image] becomes [image: image]) and then released from the forces in the absence of field expansion, the cell cluster decreases its area, and eventually reaches a natural state where each cell area becomes nearly [image: image]. Interestingly, during this process, the cell cluster transiently enhances its anisotropy, leading to the emergence of an elongated shape. Note that this anisotropy is finally diminished when the cell cluster reaches the steady state. On an expanding field, this enhancement of anisotropy is continued because the cell cluster is maintained under an enlarged state (i.e., [image: image]), and thus, the cell cluster is continuously elongated. Furthermore, our analytical approach showed that this enhancement of anisotropy depends on both area elasticity and increased cell area as shown in the eq. S16 of our previous work (Koyama and Fujimori, 2020).
On the other hand, our present study showed that differential area elasticity is effective for tissue elongation in the presence of surrounding cell populations. This seems to be consistent with our above analytical conclusion. Intuitively, if area elasticity in the surrounding cell populations (type 0) is significantly smaller than that in the cell cluster of interest (type 1), forces that the type 1 cells receive from the type 0 cells become negligible, leading to a situation equivalent to an isolated cell cluster. Imagine that, if a very stiff material is surrounded by very soft materials, the soft materials can have negligible influences to the behavior of the stiff material. We also showed that friction coefficient is effective for tissue elongation. According to Eq. 4, the apparent friction forces that a vertex receives from the expanding field is [image: image], meaning that the force values are increased under larger friction coefficient [image: image]. The apparent friction forces are effective for increasing cell areas; the increase results in the enhancement of anisotropy according to our previous analytical conclusion. In consistent with this, under the differential friction coefficients, the cell areas in type 1 become slightly larger than those in type 0 in our simulation (Figure 6E).
Mechanisms of tissue elongation have been experimentally and theoretically studied well (Keller et al., 2000; Honda et al., 2008). In these mechanisms, a cell cluster of interest is assumed to have an intrinsic activity of directional cell movement or anisotropic property of cell–cell interfaces (Zajac et al., 2000; Zajac et al., 2003; Honda et al., 2008), whereas any expanding field is not considered. Our present study shed light on a possible contribution of an expanding field to pattern formation, and consequently, the involvement of the area elasticity and the coefficient of the friction in tissue elongation was demonstrated. Expansion of a cavity and its role in morphogenesis has been discussed in both mouse and fish (Trinkaus, 1984; Tam and Behringer, 1997). Friction between fields and cells should exist in development of various multicellular systems including germ layers (Butler et al., 2009; Reig et al., 2017; Smutny et al., 2017), epidermis during pregnancy (Ichijo et al., 2017), and cells in contact with other cell layers such as smooth muscle layers or with external structures such as eggshells (Shyer et al., 2013; Koyama et al., 2016; Münster et al., 2019). Cell–extracellular matrix interaction is important for morphogenesis (Ryan et al., 2001; Goodwin et al., 2016) and would also be related to the friction forces. Further investigation is required to clarify what kind of real tissues our two hypotheses apply to.
5 MATERIALS AND METHODS
5.1 Mathematical Model and Analysis
The implementation of our mathematical model is essentially the same as that in our previous article. The surrounding cell populations have an outer boundary as shown in Supplementary Figure S1, and cropped views are shown in Figures 2–5, 7. Total simulation time [image: image] was fixed at 30 as a dimensionless time. Within this time period, ε was set so that the sizes of expanding fields become three times of the initial situations [i.e., exp (εt) = 3]. For the generation of all the phase diagrams, 30–40 simulation conditions were applied with some additional conditions for fine resolutions in specific regions as exemplified in Figure 3A. Simulations were performed using the Euler method.
The definition and measurement of the asymmetry/elongation index (AI) were reported previously (Koyama and Fujimori, 2020). The length of the longest axis of a cell cluster was measured as the maximum caliper. AI was defined as AI = Feret/Dcircle, where Feret is the maximum caliper, and Dcircle is the diameter of a circle with the same area as the cell cluster. Thus, AI is 1.0 in a circle and is increased in an elongated shape. Simulation outcomes were converted to TIFF images, and the Feret and the area of a cell cluster were measured using ImageJ (Feret is prepared as a measurement option for ImageJ. https://imagej.nih.gov/ij/docs/menus/analyze.html#set).
The definition of the patterns in Figures 2–5, 7 is described in the main text. Briefly, when all type 1 cells formed a single cluster, the pattern was categorized as either “s-el”, “el”, “nc”, or “sh”, according to the ratio of AI after the simulation to AI before the simulation (AIafter/AIbefore); when more than two separate clusters formed, the pattern was categorized into either “cl” or “mx”.
5.2 Image Analysis for Estimating Cell Area
Cell areas in the mouse notochord and endoderm were estimated as follows. A rectangular region was defined on the notochord at 0 min (Figure 6A, left panel, 0 min, orange rectangle). Rectangular regions with the same width as the above were defined on the endodermal regions, which were also adjacent to the rectangle on the notochord (Figure 6A, 0 min, yellow rectangles). For images after time evolution (Figure 6A, 500 min), rectangular regions were defined on the notochord, whose widths may differ from that at 0 min. Rectangular regions set on the endodermal regions at 500 min have the same widths as at 0 min. Cell areas in these regions were defined as [the area of the rectangle/the nuclear numbers]. Similar procedures were also carried out for simulation outcomes as shown in Figure 6C with orange and yellow rectangles.
5.3 Mouse Embryo
The notochord cells were identified by the expression of Brachyury (T). The Brachyury-expressing cells were labeled by nuclear enhanced green fluorescent protein (EGFP) as reported previously (Imuta et al., 2013) (Acc. No. CDB0604K; http://www2.clst.riken.jp/arg/mutant%20mice%20list.html). Briefly, knock-in mice expressing both Brachyury and nuclear EGFP from the endogenous Brachyury gene locus were used. All embryonic cells including the endodermal cells were labeled with mCherry-fused H2B (histone 2B proteins) expressed under the control of a ubiquitous promoter, ROSA26, as we reported previously (Abe et al., 2011). By mating these two mouse lines following a subsequent generation, we eventually obtained a mouse line that is both homozygous for H2B-mCherry and heterozygous for Brachyury with the nuclear EGFP gene. By mating males from this mouse line with ICR female mice (Japan SLC), embryos expressing both H2B-mCherry and nuclear EGFP were obtained with 50% probability.
5.4 Atomic Force Microscopy
Embryos described above were isolated on embryonic day 7.5. The embryos were placed in DMEM containing HEPES with 50% FBS on ice. The concentration of the agarose (BMA, SeaKem GTG, cat. 50,070) in Figure 8B is 1% melted in PBS. The embryos were placed on the agarose (Figure 8B, light orange), and the medium was almost removed. Finally, a small amount of 1% agarose was added to anchor the embryos (Figure 8B, dark orange). DMEM containing HEPES with 50% FBS was added on ice again. Thirty minutes before the AFM measurement, the above embryos were transferred to an incubator at 37°C, and the DMEM medium was replaced with PBS just before the AFM measurement. Four distinct embryos were subjected to AFM measurement, and for each embryo, several tens of measurement points were defined as described in Figure 8D. For each embryo, mean values of both the notochord and the endoderm were calculated, and the mean values of the four embryos are shown in the legend of Figure 8E. Calculation of the normalized Young’s moduli in Figure 8E was performed for each embryo: all data points in one embryo were normalized by the mean value of the embryo’s endoderm.
We could not identify the exact location of the notochord during AFM, because our AFM has a bright field microscope but not a good fluorescent one. Alternatively, we independently performed a fluorescent imaging using a confocal fluorescent microscope (Nikon A1, Japan) as shown in Figure 8A, and estimated the width of the notochord at 40–60 μm. Because the midline of the notochord was distinguishable in the bright field microscopy of the AFM (Figure 8D), we assumed that the notochords were located around the midline and 40–60 μm width.
AFM measurements were conducted as previously described (Kinoshita et al., 2020). In brief, a JPK Cellhesion 200 (Bruker) fitted with an x/y-motorized stage and mounted on a macro zoom microscope (Axio Zoom.V16, Zeiss) was used. Customized AFM probes (Novascan) were prepared by attaching borosilicate beads (Figure 6C, 20 μm diameter) to tipless rectangular silicon cantilevers (350 μm long, 32.5 μm wide, 1 μm thick; nominal spring constant 0.03 N/m, MikroMasch). Force–indentation curves (maximum indentation force: 3 nN, approach speed: 5 μm/s) were acquired every 20 μm apart in a bidirectional raster scan (Figure 8D), leading to that data points on the three columns adjacent to the midline were expected to be on the notochord. Cell elasticity (Young’s modulus) values on the tissue surface were calculated based on the Hertz model and mapped onto brightfield images using the JPK data processing software (Bruker).
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Cells are exposed and respond to various mechanical forces and physical cues stemming from their environment. This interaction has been seen to differentially regulate various cellular processes for maintenance of homeostasis, of which autophagy represents one of the major players. In addition, autophagy has been suggested to regulate mechanical functions of the cells including their interaction with the environment. In this minireview, we summarize the state of the art of the fascinating interplay between autophagy and the mechanotransduction machinery associated with cell adhesions, that we name ¨Mechanoautophagy¨
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1 INTRODUCTION
How the mechanics of cellular environment influence biological properties is an emerging but yet poorly understood field of investigation. This is particularly true for macroautophagy (herein referred to as autophagy), a dynamic clearance process whereby cellular components, such as misfolded proteins, abnormal protein aggregates and damaged organelles, are sequestered and digested by lysosomes for degradation and recycling (Boya et al., 2013; Ortiz-Rodriguez and Arevalo, 2020; Aman et al., 2021; Hernández-Cáceres et al., 2021). At the molecular level, activation of the autophagic pathway begins with the dissociation of the ULK1/mTORC1 complex, where Unc-51 Like Autophagy Activating Kinase (ULK)1 initiates the recruitment of the autophagic machinery when freed from the inhibitory effect of the kinase mammalian target of rapamycin (mTORC)1 (Shang and Wang, 2011; Park et al., 2016). Downstream of inactivation of mTORC1-repressor function, there are around 20 autophagy-related proteins (collectively called ATGs) that initiate the process by recruiting the necessary machinery for phagophore formation (Geng et al., 2008), (Gómez-Sánchez et al., 2021). Following these initial steps, the phagophore elongates and closes into a double-membrane organelle, called autophagosome that matures into an autolysosome through fusion with lysosomes (Lőrincz and Juhász, 2020). This last step enables digestion of faulty cellular components, recycling of metabolic materials and rejuvenation of the cytosol. A mechanistic description of the whole process can be found in Hernandez et al., Frontiers 2021 (Hernández-Cáceres et al., 2021). In addition to be constantly needed as housekeeping process to maintain cellular homeostasis (Rabinowitz and White, 2010; Galluzzi et al., 2014; Kaur and Debnath, 2015), autophagy is essential during stress response, such as starvation, where, by degrading cytosolic material, autophagy provides nutrients and metabolites necessary for the cell to cope with stress and ensure its survival (Rabinowitz and White, 2010; Das et al., 2012; Müller et al., 2015). Similar stress responses activating autophagy include oxidative stresses, DNA damage and pathogen infection (Filomeni et al., 2015; Eliopoulos et al., 2016; Ravanan et al., 2017; Evans et al., 2018). In addition to these biochemical stresses, we have recently proposed a possible mechanism for autophagy activation in response to mechanical stimuli through involvement of the mechanically activated mTORC2 and its well-known inhibitory effect over mTORC1 (Hernández-Cáceres et al., 2021; Ballesteros‐Álvarez and Andersen, 2021).
Cells are exposed and respond to various mechanical forces and physical cues stemming from their micro- and macro-environment. These include properties of the extracellular matrix (e.g., composition, density, and stiffness), nano and micro-scale geometrical cues (e.g., topography, size, confinement, curvature) that can influence cortex and membrane tension, interaction with neighboring cells (e.g., cell crowding and migratory forces), and the large-scale tissue and organ dynamics (e.g., shear stress, fluid pressure, stretching and compression) (Ingber, 2008; Geiger and Bershadsky, 2002; Iskratsch et al., 2014; Sheetz and Yu, 2018). Mechanical forces are sensed by cells through various mechanosensors, such as adhesion complexes (e.g., adherens junction and focal adhesion), proteins sensing tension and curvature of the plasma membrane (e.g., BAR proteins) and of the cytoskeleton (e.g., filamin), and stretch activated ion channels (e.g., TRP and piezo) (Hernández-Cáceres et al., 2021; Sheetz and Yu, 2018). The mechanical input acting on these mechanosensors triggers cellular responses that may involve direct mechanical responses (largely through cytoskeletal and membrane dynamics) and signaling cascades that convert the mechanical stimulus into a biochemical response (i.e., mechanotransduction) leading to cytoskeletal reorganization, membrane and organelles trafficking, gene expression regulation and consequent modulation of various cellular functions (Iskratsch et al., 2014). Specifically, the interaction between cells and their physical environment regulates positively and negatively the autophagic process (Hernández-Cáceres et al., 2021; King et al., 2011; Dupont and Codogno, 2016; Claude-Taupin et al., 2021; Zhang et al., 2022). On the other hand, autophagic catabolism affects mechanical functions of the cells including their interaction with the environment (Hernández-Cáceres et al., 2021; King et al., 2011; Dupont and Codogno, 2016; Claude-Taupin et al., 2021). In this minireview, we aim to summarize the state of the art of the fascinating interplay between autophagy and the mechanotransduction machinery associated with adhesions that we named ¨Mechanoautophagy¨.
2 EXTRACELLULAR MATRIX AND AUTOPHAGY
The extracellular matrix (ECM) is a dynamic network with different macromolecular composition, structural architecture, and rheological properties that, through its constant remodeling by the cells, contributes to regulating tissue homeostasis (Vogel, 2018). It is indeed this continuous transformation of the ECM that eventually influences a wide array of biological functions (i.e., adhesion and cohesion, proliferation, differentiation, migration, etc) and cellular phenotypes, thus having a dramatic effect on intracellular signaling. This fundamental physiological role implies that the deregulation of such extracellular microniche could lead to diseases. Typically, aberrant ECM organization is observed in various pathological scenarios such as fibrosis and cancer, where ECM composition and rheological properties are altered as compared to the corresponding physiological tissue (Vogel, 2018; Lu et al., 2011).
Specific components associated with the ECM have been reported to play opposing roles on autophagy (Lock and Debnath, 2008; Neill et al., 2014; Schaefer and Dikic, 2021). Inhibitors of autophagy comprise laminin α2, an ECM-associated protein, and two proteoglycans, lumican and perlecan. Laminin α2 is the heavy chain of the laminin glycoprotein complex and it works as a connector between ECM and the cell membrane in skeletal muscles, Schwann cells, pericytes and astrocytes (Yurchenco et al., 2018). Laminin α2 functions as an autophagy inhibitor, as indicated by the increase in autophagic flux in laminin α2-deficient muscle cells and by recovery of the typical muscle morphology upon chemical inhibition of laminin α2 in congenital muscular dystrophy models (Carmignac et al., 2011; Durbeej, 2015). Lumican has been reported to inhibit autophagy in pancreatic ductal adenocarcinoma through downregulation of AMP-activated protein kinase (AMPK) (Li et al., 2016). Finally, perlecan, as a whole molecule, has been seen to hinder autophagy through mTORC1 activation (Ning et al., 2015). On the other hand, several ECM-associated proteins such as collagen VI, kringle 5, endostatin, and various proteoglycans like decorin, endorepellin, biglycan function as activators of the autophagic process (Nguyen et al., 2007; Nguyen et al., 2009; Gubbiotti and Iozzo, 2015; Castagnaro et al., 2018). Collagen VI, similarly to the associated leucine-rich proteoglycan decorin, has pro-survival and autophagy instructive properties through inactivation of the Akt/mTOR/p70S6K pathway (Castagnaro et al., 2018), and through AMPK via the hepatocyte and the epithelial growth factors (HGF/Met and EGF, respectively). Together with decorin, another leucine-rich proteoglycan, biglycan, has been reported to evoke autophagy in macrophages via a novel CD44/Toll-like receptor 4 signaling cascade (Poluzzi et al., 2019). Interestingly, while the whole perlecan molecule has inhibitory functions, its c-terminus (AKA endorepellin) enhances autophagy through transcriptional upregulation of pro-autophagic genes such as PEG3, BECN1, and MAP1LC3A (Poluzzi et al., 2014). Kringle 5, the fifth kringle domain in human plasminogen, activates autophagy in a similar manner as endostatin, by enhancing BECN1 expression through β-catenin and Wnt-mediated signaling pathways (Nguyen et al., 2007).
While there are some evidences on how ECM can influence autophagy, little is known about the role of autophagy in regulating cell-ECM interactions. Interestingly, the term ¨secretory autophagy¨ has been coined to indicate the non-lytic autophagic pathway where autophagosomes, instead of fusing with a lysosome, fuse with the plasma membrane and help excrete particulate substrates (Kimura et al., 2017; Ponpuak et al., 2015). The secretion of matrix components could possibly rely on such a mechanism, since deletion of ATG7 in mouse embryonic fibroblast cells produces a deficiency in the expression of collagen I, fibronectin, and periostin (Zhuo et al., 2013). Furthermore, the autophagic process can also influence conventional secretory pathways (i.e., constitutive and regulated secretion) by promoting the translocation of integral membrane proteins to the plasma membrane.
3 FOCAL ADHESIONS AND AUTOPHAGY
Mechanical and chemical signals from the extracellular matrix in normal and in pathological conditions are sensed by the integrin-mediated adhesions, also known as focal adhesions (Kanchanawong et al., 2010; Iskratsch et al., 2014). This supramolecular complex physically connects the ECM to the actin cytoskeleton through an intricate plaque of proteins (AKA adhesome network) organized in three distinct layers: a signaling layer composed of transmembrane integrins and adaptor proteins (e.g., paxillin), an intermediate force-transduction layer with mechanotransduction molecules (i.e., talin, vinculin) and signaling molecules (e.g., FAK, Src, PI3K), and, finally, an actin-regulatory layer with actin and actin linker proteins (e.g., filamin, α-actinin) (Kanchanawong et al., 2010; Xia et al., 2019). Mature focal adhesions are highly integrated with the cytoskeleton, as suggested by their presence at the anchor points of actin stress fibers. As such, they are instrumental in transmitting forces internally generated by the actomyosin network to the ECM, and vice versa (Burridge and Guilluy, 2016). Furthermore, focal adhesion assembly normally occurs in actin-rich regions, where clusters of integrins are delivered together by actin polymerization driven by actin retrograde flow (Oakes and Gardel, 2014). Interaction between integrin heterodimers (α and β) and ECM proteins initiates tension-induced conformational change in integrin cytoplasmic tails with consequent activation of the dimer and its engagement with talin and paxillin (Shattil et al., 2010). The increased tension prompts recruitment of proteins of the signaling layer (e.g., FAK, Src etc.) that, in turn, start the signaling cascade leading to actin polymerization and to the strengthening and growth of the adhesion (Iskratsch et al., 2014). Such a process of conversion of the extracellular mechanical stimuli into biochemical signals (mechanotransduction) is strongly related to several stress responses, including autophagy. One of the first pieces of evidence reporting the bidirectional connection between focal adhesion and autophagy comes from studies on hepatocytes’ osmosensing (Dahl et al., 2003). In this model, integrins have been shown to mediate the activation of Src kinase when anchorage to the extracellular matrix and polarity of hepatocyte was preserved. This interaction triggers the activation of p38MAPK and Erk-1/Erk-2, promoting autophagy and proteolysis (Dahl et al., 2003). This study, was the first that suggested a relation between integrins signaling and autophagic proteolysis, which was then corroborated by more recent studies thatidentified additionaldownstream effectors of the integrin-dependent control of autophagy (Vlahakis and Debnath, 2017). In particular, simply providing detached cells with a laminin-rich ECM, re-establishing cell-ECM contact, abolishes autophagy; this effect is reversed when integrin β1 are blocked by using a specific antibody thus inhibiting the FAK and ILK (Integrin Linked Kinase) signaling cascade. Decrease of mechanical forces at the FA, due to detachment from ECM or changes in substrate rheology, leads to dissociation of FAK from integrin and FA (Martino et al., 2018). Soluble FAK can phosphorylate and activate mTORC2 and consequently initiate autophagy (Case et al., 2011). Furthermore, following cell detachment, integrin β1 and receptor tyrosine kinase c-Met are removed from the cell membrane and recruited to LC3 autophagic membranes (Barrow-McGee et al., 2016). The pool of internalized integrin β1 prompts the c-Met dependent phosphorylation and consecutive activation of ERK1/2, that allows for resistance to anoikis (a programmed cell death occurring upon cell detachment from the ECM (Barrow-McGee et al., 2016)). The activation of autophagy mediated by integrin detachment from ECM, could be thought as a failsafe mechanism to delay the onset of apoptosis and allow cell adaptation and survival (Lock and Debnath, 2008), (Vlahakis and Debnath, 2017), (Anlaş and Nelson, 2020). Unfortunately, this autophagy-mediated survival mechanism could also aid cancer onset and tumor progression (Buchheit et al., 2014).
On the other hand, it has been demonstrated that autophagy plays a crucial role in regulating focal adhesion dynamics. During cell migration, FAs undergo continuous assembling and disassembling cycles that depend on tension and phosphorylation, which is partially mediated by autophagy. For instance, autophagy targets integrin β1 during nutrient starvation (Vlahakis and Debnath, 2017) regulating FA dynamics and promoting their turnover (Sharifi et al., 2016). This occurs via different pathways involving LC3 and autophagy receptors that target specific FA components such as the selective autophagy cargo adaptor NBR1 that can bind to a variety of FA proteins (i.e., vinculin, FAK, paxillin, and zyxin), and recruits LC3-containing autophagosomes to FAs (Chang et al., 2017), (Kenific and Debnath, 2016). In addition, once phosphorylated by Src, paxillin is also targeted by LC3-containing-autophagosomes via its direct association with LC3. Finally, active Src can be targeted by the cargo adaptor, Cbl, which recruits autophagosomes to FA for Src degradation (Chang et al., 2017; Cecconi, 2012). An interesting venue of interplay between FAs and autophagy could also involve regulation of actin contractility and cytoskeletal dynamics. Autophagy can alter these processes by specifically degrading RhoA via the autophagic receptor p62/SQSTM1 (Bjørkøy et al., 2009).
4 CELL-CELL ADHESIONS AND AUTOPHAGY
Besides the adhesion between cells and ECM, integrity, homeostasis and dynamics of cells and tissues are regulated by physical interaction between neighboring cells. Despite the variety of adhesion complexes mediating adhesion and communication between neighboring cells, in this minireview we will focus on adherens junctions (AJs) because of their role as mechanotransducers (Angulo-Urarte et al., 2020). AJs, also known as cadherin-mediated adhesion, mediate force transduction between cells by specialized transmembrane receptors (i.e., cadherins) that are connected to the cytoskeleton via a protein complex termed the cadhesome network (Zaidel-Bar, 2013). Superresolution microscopy experiments demonstrated that AJs share remarkable similarities with FAs, including a multilayered architecture (Kanchanawong et al., 2010; Bertocchi et al., 2017) with a signaling layer composed by cadherin, β-catenin, α-catenin, p120-catenin, a force transduction layer where vinculin, zyxin and VASP are and an actin regulatory layer with actin, α-actinin, and eplins (Bertocchi et al., 2017). Due to these similarities, one could expect that a comparable bidirectional control between autophagy and adhesions could be found. However, this is only partially true, and substantial investigations unveiling these interactions are still missing. It has been observed that autophagy-dependent survival was promoted in vascular smooth muscle cells following T-cadherin upregulation and activation of MEK1/2-Erk1/2 (Kyriakakis et al., 2017). Furthermore, it has been demonstrated that force application to E-cadherin adhesion, prompts autophagy through activation of Liver Kinase B1 (LKB1), which recruits AMPK at the site of the AJs (Bays et al., 2017). Similarly to what is observed for FAs, autophagy machinery also contributes to AJs turnover. In particular, it has been observed that in breast cancer, E-cadherin physically interacts with p62/SQSTM1 to mediate LC3 targeting and consequent delivery to LC3-containing autophagosomes (Damiano et al., 2020; Santarosa and Maestro, 2021). Additionally, LC3 has been found to directly interact with β‐catenin to target its degradation (Petherick et al., 2013). Autophagy has been reported to degrade transcription factors SNAIL and SLUG, which control E-to N-cadherin switch during Epithelial to Mesenchymal Transition (EMT) process, via binding to the autophagy adaptor p62/SQSTM1 (Bertrand et al., 2015). This results in reduced migration and invasion of cancer cells (i.e. glioblastoma) and leads to reversing EMT. This EMT modulatory role of autophagy has been corroborated by the observation that its deficiency or suppression enhance cell migration, invasion, and proliferation, potentially due to the stabilization of transcription factor Twist1 by p62/SQSTM1 (Qiang and He, 2014). However additional sets of evidence support the opposing view that inhibition of autophagy (either chemically, or by silencing of core autophagy genes such as Beclin1 or ATG7) could foster the expression of epithelial markers, whereas its induction could lead to activation of SNAIL transcription factor and consequently EMT (Chen et al., 2019). Thus, lack of sufficient body of evidence leaves open to debate the effective role and actual importance of autophagy in maintaining tissue homeostasis and in regulating EMT.
5 YES-ASSOCIATED PROTEIN/TRANSCRIPTIONAL CO-ACTIVATOR WITH PDZ-BINDING MOTIF MECHANICAL RESPONSE AND AUTOPHAGY
Yes-associated protein (YAP) and the transcriptional co-activator with PDZ-binding Motif (TAZ) are proto-oncogenes that can modulate gene expression in response to changes of the mechanical environment (Sudol, 1994; Low et al., 2014). Piccolo and co-workers have been the pioners in the study of YAP/TAZ mechanosensing mechanisms and demonstrated changes in localization of these two transcriptional activators, depending on mechanical forces. In particular, they have shown a differential translocation in and out of the nucleus (and consequent activation or inactivation), depending on extracellular matrix stiffness, cell density and cell geometry (Dupont et al., 2011). E-cadherin/catenin complex and integrins function as an upstream regulators of the Hippo signaling pathway in signal transduction in mammalian cells (Kim et al., 2011; Kim and Gumbiner, 2015; Short, 2015; Block et al., 2020); it has been shown that in subconfluent epithelial cell cultures or when cells are seeded on a stiff ECM, YAP and TAZ remain in the nucleus where they promote cell proliferation, through their interaction with TEAD family of transcription factors (Aragona et al., 2013; Panciera et al., 2017). In high-cell density population, where contact between cells is preserved, or when cells are on a soft substrate, YAP and TAZ are not active and localize in the cytoplasm (Zhao et al., 2007). This is part of a self-defending mechanism that allows noncancerous cells to stop proliferating when they contact one another. Such contact inhibition appears deregulated in cancer cells, that bypass the command from cell adhesions and keep on proliferating (Pavel et al., 2018). In different cell types, it has been shown a contrasting effect on YAP/TAZ signaling in response to alteration of autophagy; some studies correlate defect of autophagy with inhibition of YAP/TAZ, failure in modulation of myosin-II gene expression and consecuent loss of F-actin stress fibers. In a feedback loop this loss of F-actin fibers leads to impairment in autophagosome formation by altering the amount of ATG16L1 puncta and by reduced co-localization with ATG9A-LC3 (Pavel et al., 2018). Low cell density induced YAP/TAZ activation in the nucleus, results in actin stress fibers formation and autophagosomes assembly. These results suggest a feedback loop between autophagy and Hyppo pathway.
On the other hand, other groups reported that autophagy alteration, by Beclin silencing or by cloroquine treatment, can induce expression of YAP in cancer cell lines (from lung, breast and colon) (Wang et al., 2019). These opposite responses in different cell types seems to be related to α-catenins levels (Pavel et al., 2021). Interestingly, α-catenins are common key signalling effectors between autophagy and Hyppo pathway; they are known to interact with LC3 and they can inhibit YAP/TAZ signaling. When α-catenins levels are low [i.e., in cancer cells from lung, breast, colon (Sun et al., 2014)], YAP/TAZ activity is increased upon autophagy inhibition, while, YAP/TAZ activity is reduced by autophagy when α-catenin levels are high (Pavel et al., 2021). Viceversa, inhibition of the Hyppo pathway, in response to the physical properties of the cell microenvironment (high cell density) (Pavel et al., 2018) reduces the efficiency of the autophagic flux (Totaro et al., 2019). At last, mTORC1 regulates YAP by mediating its autophagic degradation (Liang et al., 2014), further linking cellular nutrient status to YAP activity (Pocaterra et al., 2020), and strenghtening the hypothesis for crosstalk between the transcriptional coactivatorsYAP/TAZ and autophagy.
[image: F1]FIGURE1 | (A) Schematic representation of the known interplays between the mechanosensitive cell adhesions complexes and autophagy. Red and blue texts on white background indicate protein showing a negative or positive regulation of autophagy, respectively. Text in black on white background indicates proteins of the autophagy machinery targeting specific disassembly and recycling of Adherens Junction, Focal Adhesion, or Extracellular Matrix. (B). Schematic representation of regulatory interaction involving cell mechanics, Autophagy and YAP/TAZ mechano-signaling. Black on white background text indicates the main proteins involved in the regulatory feedbacks.
6 CONCLUSION
This minireview highlights a novel and exciting field of study, the Mechanoautophagy, that aims at understanding how autophagy regulates mechanotransduction machinery and mechanical processes of the cells regulate autophagy. While literature on this topic is in its infancy, this interplay plays an undoubtedly important role during cancer transformation where cancer cells manage to survive in a mechanical microenvironment that in normal conditions would lead to apoptotic clearance. For instance, cancer cells manage to survive in stiff and unstructured ECM, under growing pressure coming from cellular crowding where both cell-substrate and cell-cell adhesions are topologically misconfigured and subject to abnormal forces. Interestingly, escape from programmed cell death is a cancer hallmark that heavily rely on the aid of autophagy. Even more interesting, it has been reported that autophagy provides a mechanism to escape anoikis, i.e., a specific type of apoptosis that lead to clearance of adherence cells lacking proper connection to the ECM. Thus, autophagy is clearly involved in a large number of mechanically related cellular functions, which we only have started to appreciate. Additionally, while we have only discussed the role of mechanoautophagy in cancer transformation, there is a whole plethora of physio/pathological contexts where the study of mechanoautophagy is needed, such as development and/or obesity where the study of autophagy and mechanical forces per se, but not their synergy, has been considered. Thanks to technological innovations in creating biomimetic substrates, high temporal and special resolution microscopy as wells the adoption of interdisciplinary approaches, this new field of study could provide fundamental knowledge for a variety of medical conditions. We are thus convinced that better understanding of mechanoautophagy will open the possibility for novel therapeutic interventions targeting for mechanical pathways.
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Cell competition refers to the mechanism whereby less fit cells (“losers”) are sensed and eliminated by more fit neighboring cells (“winners”) and arises during many processes including intracellular bacterial infection. Extracellular matrix (ECM) stiffness can regulate important cellular functions, such as motility, by modulating the physical forces that cells transduce and could thus modulate the output of cellular competitions. Herein, we employ a computational model to investigate the previously overlooked role of ECM stiffness in modulating the forceful extrusion of infected “loser” cells by uninfected “winner” cells. We find that increasing ECM stiffness promotes the collective squeezing and subsequent extrusion of infected cells due to differential cell displacements and cellular force generation. Moreover, we discover that an increase in the ratio of uninfected to infected cell stiffness as well as a smaller infection focus size, independently promote squeezing of infected cells, and this phenomenon is more prominent on stiffer compared to softer matrices. Our experimental findings validate the computational predictions by demonstrating increased collective cell extrusion on stiff matrices and glass as opposed to softer matrices, which is associated with decreased bacterial spread in the basal cell monolayer in vitro. Collectively, our results suggest that ECM stiffness plays a major role in modulating the competition between infected and uninfected cells, with stiffer matrices promoting this battle through differential modulation of cell mechanics between the two cell populations.
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1 INTRODUCTION
Cell competition refers to the process whereby less fit cells, often denoted “losers”, are sensed and eliminated by more fit neighboring cells, accordingly referred to as “winners” (Gradeci et al., 2021). This competition between losers and winners is essential for tissue homeostasis but it also emerges during tissue development and can play a role in various pathologies including tumor development (Meyer et al., 2014; Moreno et al., 2019). Although the chemical signals driving the battle between two different cell populations are relatively more explored, an increasing number of studies showcases that mechanical signals such as differential sensitivity to compression during cell crowding are also crucial in driving such interactions (Gradeci et al., 2019; Matamoro-Vidal and Levayer, 2019; Moreno et al., 2019; Bastounis et al., 2021b).
We recently showed that a mechanical competition during late infection drives the collective onslaught and elimination of infected cells out of the epithelial monolayer (Bastounis et al., 2021b). When epithelial cells in monolayer get exposed to low dosage of Listeria monocytogenes (L.m.), a food-borne facultative intracellular bacterial pathogen, some sparse cells in the monolayer get infected. Within several hours L.m. has the ability to replicate intracellularly and spread intercellularly to larger domains containing hundreds of cells. However, at later times post-infection (∼16 h post-infection, hpi), we discovered that surrounding uninfected cells (“winners”) responding to innate immune signals, migrate actively and in a coordinated fashion towards the infection focus, squeezing the infected cells and eventually forcing their massive extrusion (mounding) out of the monolayer (∼24 hpi). Infected cells ultimately die, possibly due to their forceful separation out of their basement membrane, thus suggesting that the “infection mounding” process is a beneficial for the host process in that it obstructs infection dissemination through the cell monolayer. Interestingly, this competition that leads to infected cell elimination is mechanical in nature, and depends on: 1) a decrease in contractility (i.e., traction stresses exerted by the cells on their matrix) of infected as opposed to uninfected neighbors; 2) a lowering in the passive stiffness of infected as opposed to uninfected neighbors, and 3) the presence of cell-cell adhesions since lack of those completely stalls mound formation. Thus, it appears that cell-matrix and cell-cell force transduction as well as cellular stiffness are crucial determinants in driving the mechanical competition that emerges during infection (Bastounis et al., 2022).
Studies conducted over the last decades have underlined the importance of extracellular matrix (ECM) stiffness in regulating important cellular functions such as cell motility, by modulating the cellular traction forces, the intercellular forces and/or the bulk stiffness of cells (Solon et al., 2007; Califano and Reinhart-King, 2010; Borau et al., 2011; Bastounis et al., 2019; Doss et al., 2020). In many different cell types, as ECM stiffness increases, cellular traction force generation also increases, and this effect is particularly prominent in single cells and to a lesser degree in cellular monolayers (Lampi et al., 2016; Zhao et al., 2018; Bastounis et al., 2019). Given that ECM stiffness increases in certain pathologies including fibrotic diseases, cancer and inflammatory bowel diseases (IBD) (Lampi and Reinhart-King, 2018; Onfroy-Roy et al., 2020), it remains still an open question whether varying ECM stiffness would promote or limit infected cell extrusion and, if so, what would be the physical and molecular mechanisms involved. Interestingly, Gradeci et al., showed that changes in the ratio of winner-to-loser cell stiffness altered the kinetics of cell competition between wild-type MDCK cells and cells depleted for the polarity protein scribble, although ECM stiffness was not addressed in this study (Gradeci et al., 2021). Another study on competition between wild-type cells and oncogenically-transformed ones did show that increasing ECM stiffness attenuates extrusion of transformed cells by tuning the dynamic localization of filamin, an important F-actin crosslinking protein (Pothapragada et al., 2022). Thus, it remains unclear whether there are generalizable mechanisms that could predict how ECM stiffness impacts cell behavior and thus the outcome of a cell competition, and whether those would apply to epithelial cells that are infected with intracellular bacterial pathogens, which can replicate intracellularly and also dynamically spread from cell to cell.
To explore such questions, studies often rely on in vitro experiments. Such experiments have provided great insight into how intracellular bacteria efficiently spread through epithelial cells in monolayer and on the physical cellular processes that bacteria often hijack to promote their dissemination (Lamason et al., 2016; Faralla et al., 2018). However, in silico cellular models and simulations can complement in vitro experiments and even facilitate the design of future in vitro experiments (Brodland, 2015; Gradeci et al., 2021). Such models present several advantages such as that they are controllable, time-efficient, and cost-effective. Moreover, one can tweak one parameter at a time, thus making it easier to reach causal conclusions. Nevertheless, they do need in vitro and in vivo models to be properly validated and calibrated. Most infection computational models have focused on the dynamics of bacterial spread in colonies considering contact forces, bacterial growth or the interaction between bacteria and biomaterials (Delarue et al., 2016). Others have focused on the dynamics of intracellular bacterial spread, with the bacteria modeled as particles within two-dimensional (2-D) rigid host cells (Ortega et al., 2019). Recently, we developed a computational, three-dimensional (3-D) finite element model (FEM) to explore the physical mechanisms that drive the squeezing and extrusion of bacterially infected cells during their competition with surrounding uninfected cells (Bastounis et al., 2021b). This simplified model not only validated our experimental results but also predicted that cell-cell adhesions between infected cells and immediate surrounders are necessary for mound formation, a result that we then confirmed experimentally.
Herein, we introduce an extension to our infection computational model with the aim to investigate the previously overlooked role of ECM stiffness in potentially modulating the forceful extrusion of infected cells by uninfected surrounders (Bastounis et al., 2021b). The parameters of our model are selected based on our experimental observations. We find that increasing ECM stiffness promotes the collective squeezing and subsequent extrusion of infected cells due to differential cellular displacements and cellular force generation. Moreover, we discover that an increase in the ratio of uninfected to infected cell stiffness as well as a smaller infection focus size, both promote squeezing of infected cells, and this phenomenon is more prominent on stiffer as opposed to softer matrices. Our experimental findings validate the computational predictions by demonstrating increased collective cell extrusion on stiff matrices and glass as opposed to softer matrices, accompanied by decreased bacterial spread in the basal cell monolayer in vitro. Collectively, our results suggest that ECM stiffness plays a major role in modulating the competition between “winner” uninfected cells and “loser” infected cells with stiffer matrices promoting this battle through differential modulation of cell mechanics between the two cell populations.
2 MATERIALS AND METHODS
2.1 In vitro Experiments
2.1.1 Cell Culture
Epithelial cells type II MDCK cells and type II MDCK cells that express E-cadherin-RFP were a generous gift of the Nelson lab, Stanford University (Perez et al., 2008). MDCK cells were cultured in high glucose DMEM medium (Thermofisher; 10741574) containing 4.5 g/L glucose and supplemented with 10% fetal bovine serum (Thermofisher, 10270106), further referred to as DMEM. They were kept at a temperature of 37°C with 5% CO2.
2.1.2 Bacterial Infections and Fixation of Samples for Imaging Mound Volumes
Infection of MDCK cells with L.m. was performed as described previously (Bastounis et al., 2021a) using L.m. strain JAT607 (Species: L.m. 1043S, Genotype/Description: ActAp::mTagRFP) (Ortega et al., 2017). JAT607 L.m. express mtagRFP under the control of the ActA promoter which makes them fluoresce only few hours (approximately 4 h) after host cell internalization. The infection assays were performed as follows. Three days prior to infection frozen glycerol stocks of JAT607 were streaked on BHI agar plates containing 7.5 μg/ml chloramphenicol and 0.2 mg/ml streptomycin and incubated at 37°C for approximately 1 day until colonies formed. 16 h prior to infection a 2 ml BHI solution supplemented with 7.5 μg/ml chloramphenicol and 0.2 mg/ml streptomycin was inoculated with JAT607 bacteria from the BHI agar plates and incubated for approximately 16 h in the dark, without shaking at room temperature (RT). The optical density (OD600) of the overnight culture was then measured (approximately 0.4), the bacterial cultures were centrifuged at 2000 g for 5 min at RT and re-suspended in 2 ml PBS. 0.5 ml of this bacterial suspension was added to 24 ml DMEM medium. MDCK cells were washed once with PBS and 1 ml of the bacterial-containing DMEM solution was added to each well, so that the resulting multiplicity of infection (MOI) was approximately ∼ 250 bacteria/cell. After 30 min incubation at 37°C with 5% CO2 the bacterial-containing medium was exchanged with DMEM containing 5 μg/ml Hoechst (Fisher, 11534886) to stain the host cell nuclei. After 10 min incubation under the previous conditions MDCK cells were washed with PBS three times and DMEM containing 20 μg/ml gentamycin (Fisher, 15820243) was added. 24 h post-infection MDCK cells were washed once again with PBS after which 4% methanol free paraformaldehyde (Thermofisher, 28906) in PBS was added in each well for 10 min. Samples were then washed once in PBS and stored in PBS at 4°C until microscopy imaging was performed.
2.1.3 Mound Volume Calculations, Infection Focus Area and Total Bacterial Fluorescence
Volumes of infected extruded cell domains were calculated using custom MATLAB scripts as previously explained in detail (Bastounis et al., 2021a). Briefly, images of Hoechst-stained MDCK nuclei and of the bacterial fluorescence in and around a given infection focus were taken using a z-spacing of 0.2 μm. For imaging, we used a Zeiss AxioObserver SD Spinning Disk microscope, equipped with an Axiocam 503 mono CCD camera and a Plan-Apochromat 40x/1.4 Oil DIC objective. For imaging the Hoechst-stained host cell nuclei, we used the blue channel (excitation laser 405 nm, emission filter 450/50 nm) and for the mtagRFP-expressing bacteria, we used the red channel: (excitation laser 561 nm, emission filter 600/50 nm). Nuclei located at the basal cell monolayer were disregarded, and only z-stacks of nuclei of cells extruded from that monolayer were considered. We calculated the area occupied by cells in each z-stack slice individually and then determined the total volume of the extruded area using this information. As a proxy of space occupied by cells, we used the signal of the nuclei and applied an alpha shape for area calculations (MATLAB (MathWorks) function alphaShape). First, the individual z-stack images were flatfield and background corrected and then a multi-threshold (between 5 and 3 thresholds per image) was applied to create a binary mask of the nuclei. The area occupied by cells in each z-stack was then multiplied by the height between z-stack slices, in order to determine the volume of the entire extruded domain. The codes used are written in Matlab (Mathworks) and can be found at https://github.com/ebastoun/Infection_mound_volume. For calculating the size of infection foci, we used epifluorescence imaging, and specifically an inverted Nikon Eclipse Ti2 with an EMCCD camera (Andor Technologies) and a 40 × 0.60 NA Plan Fluor air objective. The system was controlled by the MicroManager software. To characterize the efficiency of L.m. spread from cell-to-cell through the MDCK cell monolayer, we measured the size of infection foci as previously described (Ortega et al., 2019). The codes used are written in Matlab (Mathworks) and can be found at https://github.com/Fabianjr90/Listeria_focus_shape_analysis.
2.1.4 Fabrication of Polyacrylamide Hydrogels
Polyacrylamide hydrogels were prepared on glass bottom 24-well plates (MatTek, P24G-1.5-13-F) as previously described in (Bastounis et al., 2021a). Briefly, glass coverslips were pretreated with 0.5 M NaOH for 30 min at RT, rinsed with water and then incubated for 5 min at RT with 2% APTS ((3-Aminopropyl)triethoxysilane, Sigma, A3648-100ML) in 95% EtOH. After a rinsing step with water, the coverslips were incubated for another 30 min with 0.5% Glutaraldehyde (Sigma, G6257-100ML), rinsed again with water and finally dried at RT. Polyacrylamide hydrogels were built in two layers to achieve a sufficiently thin layer of fluorescent beads on the surface. 3 kPa hydrogels were prepared by mixing 5% acrylamide (Sigma, A4058-100ML) and 0.1% bis-acrylamide (Fisher, 10193523). 35 kPa hydrogels were prepared by mixing 8% acrylamide and 0.26% bis-acrylamide. Polymerization was initiated by addition of 0.06% ammonium persulfate and 0.43% TEMED. The first layer was created by adding 3.6 μL of the acrylamide mix on the glass coverslip and covering it with a 12 mm round cover glass which was gently pressed on top to create a flat surface. During the polymerization of the first layer, an additional 0.03% of 0.2 μm fluorescent beads (Thermofisher, F8810) was added to the second layer solution. 2.4 μL of the second layer solution were then added on top of the first layer after removing the glass coverslip. A 12 mm round cover glass was again placed on top to generate a flat polyacrylamide layer containing tracer beads. After polymerization and removal of the round cover glass the gels maintained in 50 mM Hepes, pH 7.5 were UV sterilized for 1 h. Gels were then activated by addition of 200 μL of 0.5% w/v heterobifunctional cross-linker Sulfo-SANPAH (Fisher; 10474005) in 1% dimethyl sulfoxide (DMSO, Sigma, D2650-5X10ML) in 50 mM HEPES, pH 7.5, and exposure to UV light (λ = 302 nm) for 10 min. The Sulfo-SANPAH was then removed, and the gels were washed with 50 mM HEPES, pH 7.5. Gels were incubated overnight with 200 μL of 0.25 mg/ml rat tail collagen (Thermofisher, A1048301) and the following day washed once with 50 mM HEPES, pH 7.5 and stored in the same buffer.
2.1.5 Traction Force Microscopy (TFM)
TFM was performed as previously described (Lamason et al., 2016; Bastounis et al., 2021a). More specifically, polyacrylamide hydrogels were equilibrated for 30 min at 37°C with cell media prior to cell seeding. Subsequently, 4 × 105 MDCK cells were seeded on the hydrogels. 24 h post-seeding, cells were stained with 5 μg/ml Hoechst stain (Fisher, 11534886) for 10 min. Cells were washed once in PBS, and 1 ml of Leibovitz’s L-15 Medium, without phenol red (Fisher, 21083027) and supplemented with 10% fetal bovine serum was added in each well. The multi-well plate was then transferred to the microscope stage for initiation of time-lapse acquisition. For imaging we used an inverted Nikon Eclipse Ti2-E with a Prime BSI sCMOS camera (Teledyne Photometrics) using a ×40 CFI Super Plan Fluor ADM ELWD objective with a NA 0.60 and the NIS-Elements Microscope Imaging Software (Nikon Metrology). Multi-channel images of the phase contrast image of cells, the nuclei fluorescence and the tracer beads’ fluorescence were taken every 10 min. After approximately 8 h of imaging, the acquisition was stopped and 10% SDS was added to the wells to detach the cells from their matrix. Reference images of the beads in the undisturbed hydrogel surface were acquired. We used a particle image velocimetry-like technique to compare the image of the tracer beads at each instance of time with the reference image to determine the beads’ displacements in MATLAB (MathWorks) (Gui and Wereley, 2002). We used interrogation windows of 48 × 24 pixels (window size × overlap). Calculations of the two-dimensional traction stresses that MDCK cells in monolayer exert on the hydrogel are described elsewhere (Bastounis et al., 2014; Lamason et al., 2016) and were performed also in MATLAB. For calculation of the number of nuclei in each recording the images of Hoechst-stained nuclei were used and the Fiji (ImageJ) plugin Trackmate was used for segmentation of cell nuclei and tracking. Output data from Trackmate were exported as xml files and read in Matlab to calculate cell speed based on nuclear motion (Hayer et al., 2016).
2.1.6 Monolayer Stress Microscopy (MSM)
Traction stresses were retrieved from the TFM measurements described above. We assumed perfect cell-substrate adhesions and complete confluence of the monolayer. We neglected the components of the traction forces perpendicular to the plane of the monolayer. We considered the traction forces exerted by the cells on their substrate are equal to the forces applied by the substrate on the cells but pointing in the opposite direction (third Newton’s law). We also assumed that the monolayer displayed a uniform and constant thickness, which was much smaller than the dimensions of the monolayer. Thus, this methodology is only valid at the early stages of intercellular bacterial spread, just before mounding occurs (approximately 16 h post-infection). The domain was discretized with a finite element mesh (element size 28.352 μm) and monolayer stresses (that is inter- and intra-cellular stresses) were computed under the hypothesis of plane stress [for more details of the methodology see Tambe et al. (2011); Aparicio-Yuste et al. (2022)]. We initially considered that the stiffness of both uninfected surrounders and infected cells is the same (RE = 1) but also ran MSM for the case where infected cells are four-fold softer than uninfected surrounders (RE = 4) and confirmed that qualitatively the tangential monolayer stresses did not look significantly different. Custom-written scripts are publicly available at https://github.com/ebastoun/Monolayer-Stress-Microscopy.
2.2 In silico Experiments
We built an in silico model of the epithelial monolayer considering both infected and uninfected surrounder cells as well as cell-cell and cell-ECM adhesion contacts. The monolayer resided on either a 3 kPa, 10 kPa, 20 or 35 kPa ECM or on a 2 GPa glass coverslip.
2.2.1 The Geometry and Material Properties of our Model
Although the ECM microstructural composition and mechanical properties are highly complex and vary at different length scales (Sun, 2021), for simplicity we assumed that the matrix where cells reside is a continuum medium and as such an average value of its mechanical properties was chosen. We also assumed that the matrix is an elastic isotropic material, as proposed previously (Kandemir et al., 2018). Epithelial cells were simulated in this work as individual components. Although the cell monolayer structure and functions arise from individual entities or cells, we assumed that cells in the monolayer act as a collective since every given cell interacts with its neighbors through cell-cell junctions. Cells were simulated as regular hexagonal prisms despite the more diverse topology they show in a monolayer. This hexagonal pattern is the most frequent polygon type in cell monolayers since it maximizes the space filled by cells in a tissue (Lecuit and Lenne, 2007). Each individual cell was divided into three domains: the contractile, the adhesive and the expanding/protrusive (Bastounis et al., 2021b). This enabled us to simplify the cell architecture and allowed us to simulate computationally cell dynamic changes, such as cellular deformations, cell-ECM traction adhesions and cell protrusions. Additionally, both active and passive cell behaviors were considered in our model. The passive was simulated so to account for the stiffness arising from the cellular cytoskeleton (e.g., the microtubules or intermediate filament network), whereas the active accounted for the actomyosin contractile apparatus and actin polymerization (Moreo et al., 2008; Borau et al., 2011).
2.2.2 Cell-ECM and Cell-Cell Mechanical Interactions Considered
The mechanical interactions of cells with their ECM and between each other were taken into account in our model through cell-ECM contact and cell-cell interactions, respectively. Cell-cell interactions were considered through a continuum approach, assuming perfect adhesions through a linear elastic thin element that transmits the loads between cells. Thus, cells were able to sense forces from their neighbors and interact with them. Cell-ECM adhesions were simulated by a cohesive contact interaction between two surfaces, the given cell and the ECM. The higher the stiffness of the contact, the more difficult the relative displacement between the two surfaces. Furthermore, we worked under the assumption of perfect cell-ECM adhesions, meaning that all the force is transmitted from the cell to the ECM and vice versa.
2.2.3 Assumed Mechanotransduction Scheme Used by Non-infected Cells to Detect Infection
To better examine the impact of infection on the collective squeezing that leads to extrusion of infected epithelial cells, we simulated a cellular cycle where certain cells (e.g., infected) are allowed to experience different degrees of protrusion or strength of adhesion to their ECM. In settings not involving infection (uninfected case), all cells presented the same mechanical behavior. To simulate infection, cells infected with bacteria were assumed to have distinct mechanical properties as compared to neighboring uninfected cells (infected case). More specifically and based on previous experimental findings, infected cells were considered softer and with decreased active stiffness as compared to neighboring uninfected cells (Bastounis et al., 2021b).
For simplicity, bacterial infection was considered fixed, that is, bacteria did not spread or replicate intracellularly during the simulation period. For both infected and uninfected monolayers, we analyzed the cellular behavior over the course of this cellular cycle and according to a mechanotransduction scheme. Briefly, all cells were first exposed to a round of contraction in order to sense and bear loads from their neighboring cells and their ECM. This contraction resulted in cell-ECM displacements and allowed the cells to move with respect to their ECM. If the cell-ECM displacements were large when cells contract, we assumed new cell-ECM adhesions would form, followed by a new cycle of contraction. Once new adhesions were formed, cellular protrusion would occur only if the given cell exhibited asymmetry in its tensional distribution (in the direction of the stress gradient). This means that the cell actively responded to the non-symmetrical distribution of the stresses by protruding. In our simulations, this occurred only during infection and was observed only in uninfected cells close to the infection focus. These cells exhibited tensional asymmetry and thus protruded towards the direction of minimum stress, which lied at the edge of the infection focus.
To summarize, we simulated and examined the 3D dynamics of a cell monolayer residing on a flat ECM of a given stiffness in two particular cases: uninfected and infected condition. We considered that in the uninfected case, all cells in the monolayer exhibited similar mechanical properties and interactions with their ECM. However, under conditions involving infection, cell-ECM traction adhesions of infected cells were weakened compared to uninfected surrounder cells, and new strong traction adhesions were formed along surrounding uninfected cells (where the cells sense there was a large relative displacement with respect to the ECM). In turn, the uninfected cells protruded towards the infection focus due to their tensional asymmetry.
2.2.4 Implementation
The mechanical interactions of infected cells with surrounding uninfected cells in a monolayer were analyzed with a three-dimensional, finite element model using the commercial software ABAQUS CAE 6.14 (Dassault systèmes Simulia Corporation). The general model is described elsewhere (Bastounis et al., 2021b). Based on this model, we built here a FEM of infected and uninfected cell monolayers taking into account additional considerations as outlined below. Regarding the geometry, we assumed two main entities: the ECM and the cells. The parameters characterizing the cells and ECM domains are summarized (Table 1) and were chosen based on previous in vitro studies (O’Dea and King, 2012; Schmedt et al., 2012; Escribano et al., 2019). Overall, 217 individual cells and their junctions coexisted, collectively forming a hexagonal monolayer. This hexagonal pattern of the monolayer was selected to avoid artifacts arising from asymmetries.
TABLE 1 | Summary of the features of the computational model.
[image: Table 1]Our model is composed by four main domains: uninfected cells (Ωuninf), infected cells (Ωinf), cell-cell junctions (Ωjunction) and ECM (ΩECM). Concerning material properties, cells and ECM were assumed to behave as linear elastic materials (Escribano et al., 2018); as we were not interested in long-term effects, we just simulated a short period of time (one contraction-protrusion cycle). The Young’s modulus (measure of stiffness) of uninfected surrounder cells was considered of the order of 1,000 Pa, while that of infected cells of 250 Pa, as previously measured by Atomic Force Microscopy (AFM) experiments (Bastounis et al., 2021b). Cell-cell junctions were assumed to have a Young’s modulus of 1,000 Pa, and this value was selected so that the continuity of the mechanical properties of the monolayer is preserved. To interrogate the role of ECM stiffness on infected cell squeezing, we considered different ECM stiffnesses in our simulations, namely: soft, stiff and glass matrices with elastic moduli of 3 kPa, 10 kPa, 20 kPa, 35 kPa, and 2 GPa, respectively, values corresponding to the polyacrylamide hydrogels we built for our in vitro experiments and the glass coverslips commonly used. The Poisson’s ratios were set to 0.48 (Moreo et al., 2008) and 0.45 (Alvarez-González et al., 2017) for cells and ECM, respectively, since both are nearly incompressible. We modeled the cells’ active and passive behavior through two different meshes in the model with shared nodes. This strategy allowed us to separate active protrusion and contraction from passive contractility.
In order to simulate cell contraction and expansion/protrusion, we followed the analogy of the thermoelastic expansion equations governing volumetric changes in both contraction and expansions processes (Vujošević and Lubarda, 2002; Hervás-Raluy et al., 2019; Nieto et al., 2020). We assumed the contractile part of the cell was exposed to a negative volumetric change, decreasing its volume. On the contrary, the protruding part of the cell was subjected to a positive volumetric change, increasing its volume. According to our experimental observations, minimal change in cell height was observed during contraction, remarking the importance of cell contraction in the plane of the monolayer. Therefore, we assumed non-isotropic contraction, i.e., the contraction occurred just in the plane of the monolayer to avoid changes in cell height. In such manner, we generated area changes in the plane of the monolayer, but not in the normal direction, thus the Poisson’s coefficient of the active part was set to zero and the same was applied to cell-cell junctions (Table 1 and Table 2).
TABLE 2 | Mechanical parameters in our computational model.
[image: Table 2]Cell-cell interactions were simulated in ABAQUS through a contact interaction, where the normal direction of the contact behaved as a “hard” contact and the tangential direction acted as a frictionless surface. However, we used surface-to-surface contacts to model cell-ECM adhesions under the assumption of perfect cell-ECM adhesions. The domain of the cell referred to as adhesion site was attached to the ECM surface via a cohesive contact. The strength of the traction adhesions (active cellular adhesion sites that transmit traction forces to the ECM) was determined by the stiffness of the matrix K and its stiffness coefficients (Kx, Ky, Kz), where Kx and Ky are the two shear traction adhesions in the plane of the ECM and Kz the normal traction adhesion to the plane of the ECM. The higher the stiffness coefficients Ki, the stronger the traction adhesion between the cell and the ECM is and the lower the Ki, the weaker the traction adhesion is. By tuning these parameters, we differentiated three types of cell-ECM contacts. The first type of contact described the formation of new adhesions at the edge of the infection focus on the side of the surrounding uninfected cells, with the stiffness coefficients (Kx, Ky, Kz) = (10, 10, 10) kPa. These high values created a strong cell-ECM contact which is one of the mechanisms that uninfected cells use to fight against infected cells, by squeezing them and eventually eliciting their extrusion. The second type of contact is a general cell-ECM contact whose stiffness coefficients were set to (0,0,0.1) kPa. This condition represented a general cell-ECM attachment, meaning that cells could move in the plane but they could not be separated from the ECM. The third contact concerned infected cells which present weaker cell-ECM traction adhesions and therefore, we assumed their stiffness coefficients were (0,0,0.001) kPa. This distinction between infected and uninfected traction adhesion coefficients was not considered in our previous model (Bastounis et al., 2021b).
The ECM was meshed with standard linear hexahedral solid elements, whose mesh density was higher at the center of the upper surface. Both cell-cell junctions, regions of the cell referred to as protrusion and adhesion, were meshed with linear hexahedral solid elements in order to obtain coincident nodes and regular connectivity. The cell contraction part was meshed with linear triangular prisms to keep the continuity of the mesh. Additionally, to account for the passive and active behavior of the cell, we used two superimposed meshes to which we associated the mechanical properties of the active and passive part of the cell (Table 2). The model resulted in 93.948 nodes and 148.239 elements. As boundary conditions, we assumed all displacements were prevented at the bottom surface of the ECM. In addition, the displacements of all the cells that were at the edge of the monolayer were restricted. These conditions were consistent with our experimental setup. Furthermore, our in vitro experiments were performed by choosing the field of view to be near the center of the well on which the cellular monolayer was formed, thus edge effects should be negligible.
To provide novel insight into the role of ECM stiffness in promoting infected cell squeezing, we run simulations using our computational model. First, we tested the impact of ECM stiffness in mound formation by assigning distinct values of ECM stiffness. We considered matrices that are soft, stiff and infinitely stiff (i.e., glass) with an elastic modulus of 3 kPa, 10 kPa, 20 kPa, 35 kPa and 2 GPa, respectively. Second, we investigated how infection spread affects mounding by considering different size infection foci comprised by varying number of infected cells on both soft and stiff matrices. Lastly, we examined how the ratio of uninfected to infected cell passive and active stiffness affects mound formation when ECM stiffness varies. We ran several cases within the same range of the ratio of uninfected to infected cell stiffness (RE), which we defined as:
[image: image]
where Euninf the Young’s modulus of uninfected cells and Einf the Young’s modulus of infected cells.
3 RESULTS
3.1 Epithelial Cells Exert Higher Traction Stresses When Residing on Stiff as Compared to Soft Matrices
We have shown that during late infection of epithelial cells with L.m. ([image: image]16 hpi) a mechanical competition takes place leading to squeezing of softer and less contractile infected cells by stiffer and more contractile uninfected surrounder cells, which actively migrate with high speeds towards the infection focus (Bastounis et al., 2021b) (Figure 1A). As a result of this mechanical battle, infected cells are extruded out of the basal monolayer and pile up forming large 3D “mounds” whose height typically exceeds 30 μm, which is at least three-fold higher than the typical height of cells in non-infected cell monolayers (Figure 1B). Given that it is well known that cell mechanics are modulated by ECM stiffness, we hypothesized that ECM stiffness will impact cellular stiffness and traction force generation and that these, in turn, would impact formation of infection mounds. To assess whether ECM stiffness affects the traction stress-generating ability of cells and whether the magnitude of traction stresses is modulated based on ECM stiffness, we cultured Madin-Darby Canine Kidney (MDCK) epithelial cells as confluent monolayers on hydrogels of varying stiffness. We chose this cell line because it forms polarized and homogeneous monolayers in tissue culture and have broadly been used in studies examining L.m. infection (Ortega et al., 2019; Bastounis et al., 2021b). Cells were placed on collagen-I coated soft polyacrylamide hydrogels of 3 kPa or stiff hydrogels of 35 kPa. These values were chosen based on previous studies reporting that the elasticity of intestinal ECM broadly ranges from 1 to 68 kPa (Onfroy-Roy et al., 2020). Hydrogels were embedded with tracer beads such that, as cells in the monolayer pull on the hydrogels via their focal adhesions and on each other via cell-cell adhesions, tracer bead movement can be monitored via time-lapse microscopy. Using the fluorescence images of the beads we inferred the deformations that cells imparted on the gels and the traction stresses they exerted on to it through Traction Force Microscopy (TFM) (Figure 2A and Supplementary Movie S1). 3 kPa is the lowest stiffness we examined since as reported, MDCK on low stiffness gels ([image: image]3 kPa) do not form monolayers but rather aggregate-like structures (Balcioglu et al., 2020). 35 kPa gels are considered as our stiffest condition, since this was found to be the highest stiffness on which the cells can still deform the gels at enough resolution to be measured accurately with TFM (data not shown).
[image: Figure 1]FIGURE 1 | L.m.-infected epithelial cells in monolayer get collectively extruded at late infection. (A) Schematic illustration showing the time course of in vitro infection of host epithelial cells with L.m. so that infection mounds emerge at late infection (24 hpi). Initially a single cell gets infected by L.m. (0 hpi), but as time proceeds bacteria replicate and spread to neighboring cells (4 hpi). Uninfected surrounder cells (green) start actively migrating towards the infection focus comprised by several infected cells (red), while softer and less contractile infected cells get squeezed (16 hpi) and eventually extruded (24 hpi) out of the cellular monolayer. (B) Representative brightfield image (top row) and orthogonal views (bottom row) of L.m. fluorescence in green, E-cadherin in red and MDCK nuclei in blue for cells originating from an uninfected well (left column) and from a L.m.-infected well with the field of view shown focused around and infection focus at 24 hpi (right column).
[image: Figure 2]FIGURE 2 | Epithelial cells in monolayer exert higher traction stresses when residing on stiff as opposed to softer matrices. (A) Traction force microscopy performed on MDCK cells residing on soft, 3 kPa (upper row) and stiff, 35 kPa (bottom row) hydrogels. Columns of a representative time instance show: phase contrast image of cells, displacements imparted by the cells on the hydrogel (vectors), corresponding deformations (colormap shows magnitude, μm) and traction stresses exerted by cells (colormap shows magnitude, Pa). Scale bar is 50 μm. (B) Plot of the mean traction stress magnitude (y-axis) versus time (x-axis). Mean ± SEM are shown for N = 8 and N = 9 TFM recordings performed on stiff 35 kPa and soft 3 kPa gels, respectively. (C) Violin plots of the mean traction stress magnitude for all recordings and time points shown in panel (B). Symbols show the time average of the mean traction stress for each recording. Same color points correspond to recordings performed the same day on different wells. Solid line indicates the mean and dotted the STD of all time averages. **: p[image: image]0.001, Wilcoxon Ran Sum test.
By seeding MDCK cells at a concentration of 4 × 105 cells per well, on wells from a 24-well plate, we found that MDCK were able to form confluent monolayers with similar number of cells on soft 3 kPa and stiff 35 kPa gels 24 h post-seeding (Supplementary Figure S1A). Moreover, at these high cell confluence conditions, the speed of migration of cells was minimal (∼ 0.08 μm/min) and similar on soft and stiff hydrogels (Supplementary Figure S1B). Nevertheless, MDCK residing on stiff 35 kPa gels generated significantly higher traction stresses but imparted reduced deformations as opposed to the softer 3 kPa gels where deformations were higher but traction stresses were overall lower. As expected, the average traction stresses generated by cells pertaining in a field of view were significantly higher for cells residing on stiff as compared to softer matrices (Figures 2B,C). Therefore, we conclude that under conditions that do not involve infection and where epithelial cells form a highly confluent monolayer, that is, at steady state, cells exert higher traction forces on stiff 35 kPa hydrogels as opposed to softer 3 kPa ones.
3.2 Considerations and Assumptions of the Infection Computational Model That Accounts for the ECM Stiffness
Our experimental results demonstrate that epithelial cells in monolayer exert higher traction stresses when residing on stiff as opposed to softer matrices. Given this finding, we wondered whether ECM stiffness would similarly impact cell produced traction stresses if we were to use and further develop our model to run in silico infection experiments (Bastounis et al., 2021b). Using this model, in turn, we could examine how cellular traction stresses vary as a function of ECM stiffness also when a focus of infected cells is present within the monolayer.
Our computational model relies on certain simplifications, namely, the cells are considered as linear elastic hexagonal prisms and are divided in three domains: the contractile, the adhesive and the expanding/protrusive (Figure 3A). We model cell-cell junctions as linear elastic elements in contact to each other (Figure 3B), and cell-ECM traction adhesions (i.e., focal areas at the ventral side of cells where traction stresses are exerted onto the underlying matrix) as surface-to-surface contacts (Figure 3C). The strength of the traction adhesions is characterized by the matrix parameter K, which links cellular traction stresses to cell and matrix displacements in all three different directions. Given our previous study, we also take into account that uninfected surrounding cells exert higher traction stresses as compared to nearby infected cells (Figure 3C). In the case of infection, for simplicity we assume that bacteria cannot replicate intracellularly or spread from cell to cell, so cells are either infected (red) or not (green) and their total number is fixed. In our in silico 3D monolayer the mechanical parameters of cells are based on previous experimental measurements (Bastounis et al., 2021b), and ECM stiffness is chosen so that it matches our experimental results and in vitro measurements (Figure 3D). The simulations were run using a finite element method (FEM) approach which allowed us to analyze the cell displacements and stresses in the whole considered geometry and according to the mechanotransduction mechanism depicted in Figure 3E.
[image: Figure 3]FIGURE 3 | Considerations and assumptions of the infection computational model. (A,B). Sketch showing that cells are approximated in the computational model as hexagonal prisms that form cell-cell junctions with six neighboring cells and are partitioned in three domains: contractile, adhesive and protrusive (A). Cell-cell junctions are modeled as linear thin elastic elements (B). (C) Left schematic illustration shows how the cell produced traction stresses exerted to the ECM are modeled through surface-to-surface contacts between the cell and its ECM. The strength of the traction adhesions is characterized by K through its stiffness coefficients (Kx, Ky, Kz), with z being the normal direction to the surface, and x and y the directions in the plane of the surface. The higher (lower) the value of Ki (for i equal to x, y or z), the stronger (weaker) the traction adhesions shown in red (blue). Right schematic illustrates an in silico infection focus with infected cells denoted by an asterisk. In our model, unlike surrounding uninfected cells, infected cells form very weak traction adhesions with the ECM. (D) Sketch depicting the domains of the Finite Element Model (FEM) used to compute cellular displacements and traction stresses exerted by cells on their ECM over time and during bacterial infection. The mechanical properties characterizing the domains are also shown. (E) Diagram illustrating the cell mechanotransduction mechanism that drives cell kinematics and dynamics in the cell computational model.
3.3 In silico Model Predicts That Increased ECM Stiffness Promotes Mounding by Enhancing Cell Displacements and the Traction Stresses That are Generated by Nearby Uninfected Cells
Through our in silico model, we examined first whether cells on soft 3 kPa ECM as compared to stiff 35 kPa ECM would impart increased ECM displacements and exert reduced traction stresses in silico similar to what we previously determined in vitro (Figure 2). Not only were we able to validate our computational model but given the time efficiency of running in silico experiments, we sought to predict how would cells behave on ECM of intermediate stiffness (namely 10 and 20 kPa) and on stiff (∼2 GPa) glass typically used for in vitro experiments (Supplementary Figures S2A,B). We found that ECM displacements imparted by cells decreased following an exponential decay with increasing matrix stiffness. On the contrary, traction stresses increased monotonically reaching an asymptotic value at higher ECM stiffness.
We used our in silico model, to examine whether ECM stiffness would play a role in infection impacting the traction stress generating capacity of uninfected surrounder cells and, in turn, their mechanical competition with infected cells. We simulated infection by considering a cell monolayer residing on an ECM of a given stiffness and comprised by an infection focus containing just seven infected cells. We considered three different cases where the only parameter we varied was the ECM stiffness. Similar to our TFM experiments, we simulated infection in three different conditions, that is, with cells residing on 3 kPa ECM (soft), on 35 kPa ECM (stiff) or on a 2 GPa glass coverslip (glass), and let the simulations run for the same amount of time (one contraction-protrusion cycle). We noticed that cells in monolayers residing on a stiff matrix or glass exhibited larger cellular displacements compared to those residing on a soft matrix (Figure 4A). The maximum displacements observed in the simulations were 2.26, 2.45 and 2.48 μm for cells residing on soft matrix, stiff matrix and glass, respectively. Therefore, we can conclude that in silico cells within and near infection foci undergo larger displacements (directly related to squeezing of infected cells and subsequent mounding) when residing on stiff as opposed to softer ECM.
[image: Figure 4]FIGURE 4 | In silico model predicts that increased ECM stiffness promotes infected cell squeezing by enhancing cell displacements and traction stresses of nearby uninfected cells. (A) Orthogonal view maps of the magnitude of cellular displacements U (μm) of in silico infected cells residing on soft 3 kPa gel (left), stiff 35 kPa gel (middle) and 2 GPa glass substrate (right). Top (x–y) and side (x–z) views are shown in all three cases, and infected cells are denoted by an asterisk. An infection focus comprised by 7 cells is considered. The maximum cell displacement is indicated. (B) Orthogonal view maps of traction stresses exerted onto the ECM by the cells shown in panel A which have been exposed to in silico infection and reside on soft, stiff and glass matrices. The maximum traction stress is indicated. (C) Plot showing magnitude of maximum cell displacement (Umax, y-axis) versus ECM stiffness (x-axis) for in silico cells in an infected monolayer. Umax values are normalized relative to Umax for cells residing on soft 3 kPa ECM. (D) Plot showing the magnitude of maximum traction stress (tmax, y-axis) versus ECM stiffness (x-axis) for in silico cells in an infected monolayer. tmax values are normalized relative to tmax for cells residing on soft 3 kPa ECM. For C-D the infection focus consists of N = 7 infected cells.
We previously showed that the ability of uninfected surrounders to produce strong traction stresses as they migrate towards the infected cells is key in squeezing the latter and eventually eliciting their extrusion. We thus wondered whether the more pronounced cellular displacements observed on stiff ECMs are driven by the increased traction stress generating capacity of uninfected, surrounding cells. To test that, we computed the traction stresses that cells exert on all three scenarios presented in Figure 4A and found the magnitude of traction stresses was higher for cells residing on stiffer matrices and predominantly high for surrounding, uninfected cells just at the edge of the focus since those are the ones that form protrusions in our model due to their tensional asymmetry (Figure 4B). The maximum traction stresses exerted by cells on the substrate were 281.64, 400.52 and 419.44 Pa for the soft, stiff and glass matrices, respectively. It is interesting that a 10-fold difference in ECM stiffness, when one compares cells residing on soft 3 kPa to stiff 35 kPa matrices, results in 42% increase in traction stresses, while a five order of magnitude increase in ECM stiffness, when comparing cells residing on 35 kPa hydrogels to 2 GPa glass, results in only 5% increase in the traction stress magnitude, suggesting that this mechanosensing mechanism is highly non-linear. Consistent with this, the change in maximum cellular displacements when comparing soft to stiff ECM is larger than when comparing stiff ECM to glass. When we ran simulations to examine the modulation of ECM displacements and traction stresses in a range of ECM stiffnesses for in silico cells during infection, we found the same trend as for non-infected cells (Supplementary Figures S2A,B and Figures 4C,D). The only difference between infected versus non-infected monolayers is that the extent to which traction forces increased with increasing ECM stiffness was larger during infection, likely because cells in this case are able to undergo protrusion due to development of stress asymmetries. Altogether, we conclude that increasing ECM stiffness gives rise to stronger cell-ECM traction stresses and enhanced cellular displacements, which is expected to increase infected cell squeezing and subsequent extrusion.
3.4 A Smaller Infection Focus or a Larger Difference in Stiffness of Uninfected Surrounders Relative to Infected Cells (Mounders) Increases the Squeezing of Infected Cells
Previous studies on endothelial cells infected with L.m. suggest that intercellular bacterial spread is enhanced when cells reside on softer ECM where enlarged infection foci are observed as compared to a stiffer ECM (Bastounis et al., 2018). To examine how the size of infection foci might impact cellular displacements and infected cell squeezing, we considered in our simulations two scenarios: 1) an infection focus comprised of just seven infected cells (small) and 2) a larger infection focus comprised of 19 infected cells (large). We also considered that these foci can be present on soft, stiff or glass ECM and run our simulations to compute the resulting cellular displacements (Figure 5A). We found that, independent of ECM stiffness, smaller infection foci result in cells undergoing larger cellular displacements and therefore, infected cell squeezing as compared to larger infection foci (Figure 5B). However, the percentage of reduction in maximum cell displacement when comparing small to large infection foci is more pronounced on stiffer as opposed to softer matrices, although the difference is subtle (Figure 5C).
[image: Figure 5]FIGURE 5 | A smaller infection focus or a larger difference in the ratio of uninfected to infected cell stiffness increase infected cell squeezing. (A) Ortoghonal view maps of the magnitude of cellular displacements in the vertical axis Uz (μm) of in silico infected cells residing on a soft 3 kPa gel. On the left panel the focus is comprised by 19 infected cells denoted by asterisk, whereas on the right by 7. Top (x–y) and side (x–z) views are shown in both cases. (B) Barplot of the maximum vertical displacement Uz, max of cells residing on soft (red), stiff (blue) and glass (green) matrices in the case of a focus comprised by 19 or 7 infected cells. (C) Barplot of the relative decrease in Uz, max when comparing foci comprised of 7 relative to 19 infected cells for each of the varying stiffness matrices indicated in the panels above. (D) Plots of the maximum vertical displacement Uz, max (μm, vertical axis) versus the ratio of uninfected to infected cell stiffness (RE, horizontal axis) for in silico infection foci comprised of 7 infected cells and cells reside on soft 3 kPa (red), stiff 35 kPa (blue) and 2 GPa glass (green) matrix. In the simulations we assumed that the stiffness of the uninfected surrounder cells was fixed and equal to 500 Pa (left), or 1,000 Pa (middle), or 2,000 Pa (right), while infected cells could experience a range of stiffness shown below the plots (RE = 1–16). (E) Same as panel D but y-axis shows Uz, max normalized to Uz, max exhibited by cells on a soft 3 kPa matrix.
An additional mechanical property that could change when host cells reside on soft versus stiff ECM is their passive stiffness arising from the organization of their cytoskeleton. Previous AFM measurements we conducted showed that, when residing on soft 3 kPa gels, infected cells at the edge of mounds exhibit a mean stiffness of 350 Pa while uninfected surrounding cells are 1,000 Pa stiff (Bastounis et al., 2021b). We also showed that changes in the ratio of uninfected to infected cell stiffness between the two populations are sufficient to lead to infected cell extrusion. Here we sought to determine whether and how changes in the ratio of uninfected to infected cell stiffness influence infected cell squeezing depending on ECM stiffness. To that end, we considered three distinct values of stiffness for uninfected surrounder cells, namely, 500, 1,000 and 2,000 Pa (left, center and right plot in Figure 5D). For each of these fixed values we ranged the stiffness of infected cells so that RE (the ratio of uninfected to infected cell stiffness) ranges from 1 to 16. In addition, as in previous in silico experiments, we considered three different degrees of ECM stiffness, namely, soft, stiff and glass. We found that, irrespective of the stiffness of surrounder cells, the larger the value of RE, the higher the cellular displacements and thus infected cell squeezing. However, once RE becomes higher than approximately 5, a slightly asymptotic behavior emerges, and the displacements stop increasing monotonically as if they had reached some plateau (Figure 5E). Moreover, we discovered that, irrespective of the stiffness of surrounder cells, for any given RE the maximum cell displacements are lower for cells residing on soft matrices, while the displacements for cells residing on stiff matrix or glass are approximately the same, with those exhibited on glass being slightly higher than on stiff 35 kPa ECM. Interestingly, we found that the higher the absolute value of stiffness of uninfected surrounder cells, the stronger the difference in cellular displacements that cells undergo depending on ECM stiffness (Figures 5D,E). That is, for a given RE, if the stiffness of uninfected surrounders is larger (e.g., 2000 versus 500 Pa) then the effect of increased ECM stiffness in enhancing cellular displacements and therefore infected cell squeezing will be more prominent (Figure 5E). Altogether, these results suggest that a smaller infection focus and/or large differences in stiffness between surrounders and mounders, both promote large cell displacements and enhance infected cell squeezing. In addition, both these effects will be stronger if the ECM stiffness is increased, although for larger ECM stiffness the increase in cellular displacements stops being monotonic reaching asymptotic values which indicate a saturation in the cell mechanical sensitivity to its surrounding environment.
3.5 Monolayer Stresses are Concentrated at the Interface Between Infected and Surrounding Uninfected Cells Both Experimentally and in Our Computational Model
Our simulations indicate that increasing the ratio of uninfected to infected cell stiffness between uninfected and infected cells enhances cellular displacements and squeezing of infected cells pertaining in the focus. This suggests that inter- and intra-cellular stresses at the interface between the two cell populations might play a critical role in promoting mounding. To test this, we first calculated the radial ECM displacements imparted by cells, the traction stresses they exert and the cell-cell stresses in vitro in an actual infection experiment focusing our attention on a single growing L.m. infection focus. We used TFM and Monolayer Stress Microscopy (MSM) to measure traction stresses as well as intra- and inter-cellular stresses (referred from here on as monolayer stresses) of cells residing on a soft 3 kPa hydrogel, prior to infected cell extrusion (Figure 6A and Supplementary Figure S3A). As previously shown, we noticed that the radial deformations Ur of surrounders just at the edge of the mound were large, indicative of them grabbing the ECM and pulling it away from the mound as they move directionally towards it. This traction stress orientation is not consistent with extrusion generated by a “purse-string” but is consistent with lamellipodial protrusion and directed cell migration (Kocgozlu et al., 2016). Thus, mounds are not caused by contraction of infected cells but rather by active crawling of uninfected surrounders that migrate toward the focus, squeezing and extruding the infected cells. Infected cells exerted reduced traction stresses compared to uninfected surrounders cells, consistent with previous findings (Bastounis et al., 2021b). Maximum monolayer tangential stresses were also lower for infected cells compared to uninfected surrounders (Figure 6A, fourth column). Interestingly, the maximum monolayer tangential stresses were localized at the edge of the infection focus, exactly where uninfected surrounder cells forcefully and actively moved towards the infection focus while pulling the ECM away from it, to eventually squeeze and extrude infected cells (Figure 6A, fourth column).
[image: Figure 6]FIGURE 6 | Monolayer stresses are concentrated at the interface between infected and surrounding uninfected cells both experimentally and in our computational model. (A) Exemplary image of MDCK cells residing on a soft 3 kPa hydrogel and infected with L.m. Time point shown refers to 16 h. p.i. Field of view imaged is centered around an infection focus. Columns show from left to right: phase contrast image overlayed with L.m. fluorescence (green), radial ECM displacements (Ur: positive values indicate displacements pointing away from the focus center, μm), magnitude of traction stresses exerted by cells on the ECM (Pa), and magnitude of maximum monolayer tangential stresses (Pa). Red contour line indicates the area covered by infected cells (infection focus). (B) Same as panel A but the images depict the corresponding results of the infection computational simulations, with the exception of the first column which shows the configuration of the monolayer, the cell vertical displacements (μm) and where infected cells are denoted by an asterisk. First (second) row refers to a small (large) focus consisting of N = 7 (N = 19) infected cells residing on a soft 3 kPa ECM. Third (fourth) row refers to a small (large) focus consisting of N = 7 (N = 19) infected cells and cells reside on a stiff 35 kPa ECM.
We then sought to examine whether similar behavior would be observed in our in silico model and used this opportunity as a means to validate our model but also to examine how monolayer stresses would be modulated in silico under conditions of varying ECM stiffness and focus size (Figure 6B and Supplementary Figure S3B). Consistent with the in vitro observations, radial ECM displacements were positive for the surrounder uninfected cells proximal to the infection focus and much larger for cells residing on soft as opposed to stiffer ECM, (Figure 6B, see second column). Moreover, both cellular traction stresses and monolayer tangential stresses exhibited the same tendency as in the in vitro experiment, including a high concentration of monolayer stresses at the interface of infected and non-infected cells (Figure 6B, see third and fourth columns). The range of values was within the same order of magnitude as that of the in vitro experiment, which validates our model despite the large variability in experimental observations. When inspecting the stress maps at the interface between infected and surrounding uninfected cells for cells residing on soft 3 kPa ECM, we found that both traction and monolayer stresses are increased to a higher extent around small as compared to large infection foci (tmax increases 13%, and σmax increases 6%). We then wondered how stresses would be modulated at small as compared to large infection foci, for cells residing on stiff 35 kPa ECM. We discovered the same trend as when cells reside on soft ECM, with the exception that the relative differences in the magnitude of the maximum traction stress and monolayer stress were higher when comparing small versus large infection foci for cells residing on 35 kPa ECM (tmax increases 21%, and σmax increases 8%). Altogether, these findings reveal that at least in silico both traction stresses and monolayer stresses are increased for uninfected surrounder cells proximal to the infection focus when the focus size is smaller as opposed to larger, and that this effect is stronger for cells residing on stiff 35 kPa as compared to soft 3 kPa ECM.
3.6 In vitro Experiments Validate In silico Predictions Showing That Infected Cell Extrusion is Enhanced When Epithelial Cells Reside on Stiff as Opposed to Softer Matrices
Our in silico infection experiments suggest that cells residing on stiffer matrices will undergo more prominent infected cell squeezing and subsequent extrusion as opposed to cells residing on softer matrices. To test whether the predictions of our computational model are correct, we seeded MDCK cells in monolayer on soft 3 kPa hydrogels, or stiff 35 kPa hydrogels, or on glass coverslips and infected them with low dosage of L.m. At 24 hpi samples were fixed and confocal microscopy imaging was performed to obtain z-stacks around infection foci. Although infected cell squeezing and extrusion were observed under all conditions, they were much more prominent for cells residing on stiff 35 kPa hydrogels or glass coverslips as opposed to soft 3 kPa hydrogels (Figures 7A,B). Moreover, especially on glass coverslips, surrounding uninfected cells appeared much more polarized as compared to the other two conditions (Figure 7A). When we quantified the volume of extruded cell domains relative to that which infected cells exhibit on a soft 3 kPa matrix using alpha shapes (Bastounis et al., 2021a), we found it to be 2-fold increased for cells residing on stiff 35 kPa matrices and 1.78-fold for cells residing on glass. Therefore, we can conclude that both computationally and experimentally a stiffer ECM promotes infection mounding and also that above a certain stiffness threshold an asymptotic behavior is reached and further increase in stiffness does not lead to further increase in mounding. Moreover, increased mounding observed for cells residing on stiffer ECM and glass was associated to decreased bacterial load (as evidence by the integral of the bacterial fluorescence) and decreased area of the infection focus (Supplementary Figure S4), reinforcing that infection mounding may limit bacterial spread across the basal cell monolayer as previously suggested (Bastounis et al., 2021b).
[image: Figure 7]FIGURE 7 | In vitro infection experiments validate the computational finding of increased infection mounding when cells reside on stiffer matrices. (A) Representative brightfield image (top row) and orthogonal views (bottom row) of L.m. fluorescence in green, E-cadherin in red and MDCK nuclei in blue for cells originated from a L.m.-infected well with the field of view shown focused around and infection focus at 24 hpi. MDCK cells resided on soft 3 kPa hydrogels (left), or stiff 35 kPa hydrogels (middle), or on glass coverslips (right). (B) Barplots of relative L.m.-infection mound volume at 24 hpi for MDCK cells residing on soft 3 kPa hydrogels, on stiff 35 kPa hydrogels, or on glass. For each of N = 3 independent experiments (shown in different color), values have been normalized relative to the mean mound volume of cells residing on a soft 3 kPa matrix and each circle corresponds to a distinct mound (N = 26 or 27 mound volumes quantified for each condition). (mean ± SD, Wilcoxon Rank Sum test: **: p[image: image]0.01, ns: non-significant).
4 DISCUSSION
The stiffness of the extracellular matrix (ECM) on which cells reside is a crucial determinant in modulating a variety of cellular functions such as cell motility, proliferation, and differentiation (Lo et al., 2000; Engler et al., 2006; LaValley et al., 2017). Here we showed that ECM stiffness also modulates the outcome of the cell competition that arises during intracellular bacterial infection of epithelial cells in monolayer and leads to the collective onslaught via extrusion of infected cells. Both our in silico model and the in vitro experiments show that increased ECM stiffness promotes the collective extrusion of infected cells as compared to a softer ECM. Through our in silico model, we found that the larger the difference in the ratio of stiffness between infected and uninfected surrounder cells, the larger will be the displacements that cells undergo and that lead to squeezing of infected cells and their subsequent extrusion. Moreover, through our computational model, we discovered that this effect is more prominent for cells residing on stiffer as opposed to softer ECM. Although in vitro experiments measuring cellular displacements, traction stresses or stiffness of infected versus non-infected cells and how those vary overtime as the infection focus grows on varying stiffness ECM were not conducted (we solely examined traction stress dynamics for infected cells at 3 kPa ECM in vitro), they could be the focus of future studies. Nevertheless, our in vitro measurements that reveal increased mounding for cells residing on stiff as opposed to softer ECM concern the computational predictions. Previous studies not involving infection have explored the role of physical cues in modulating the outcome of a mechanical cell competition (Matamoro-Vidal and Levayer, 2019; Gradeci et al., 2021). Consistent with our results, Gradeci et al. through a computational approach, showed that the higher stiffness of winner as opposed to loser cells during crowding leads to the compression of losers and an increase in their local density which is a prerequisite for their subsequent elimination (Gradeci et al., 2021). This study also showed that decreasing the ratio of stiffness of winner to loser cells will delay the kinetics of the ongoing competition rather than the final outcome. It is plausible to speculate that infection mounding could also occur for cells residing on soft matrices to the same extent as on stiff, if one was to inspect mounds at a later time point post-infection ([image: image]24 hpi). However, unlike the case of cell competition between wild-type and transformed cells where, only two cell populations are present, in the case of infection the landscape is more complex with some cells remaining uninfected, some being infected with few bacteria and others in the center of the focus being filled with bacteria. Moreover, it remains to be explored if delayed mounding means that bacteria can spread more at the basal cell monolayer (since cells are not extruded to the same extent) and thus, the number of infected cells still adhering to the substratum will increase faster than in the case when those are rapidly extruded, as occurs on a stiffer ECM.
Quite some studies have highlighted the importance of the relative difference in cell stiffness, adhesion strength, contractility and/or motility between two cell populations in regulating the outcome of a mechanical cell competition (Levayer et al., 2015; Matamoro-Vidal and Levayer, 2019). At the same time, it is well established that in many cell types, bulk cell stiffness and traction force generation tend to increase with increased ECM stiffness, as supported by our computational and experimental data for MDCK (Wells, 2008; Han et al., 2012). However, to our knowledge very few studies so far have explicitly tried to address the role of ECM stiffness in regulating any type of cell competition. Pothapragada et al. recently found that stiffening of the ECM attenuates extrusion of oncogenically transformed MDCK cells driven by their wild-type neighbors, which is the opposite of what we find in the case of infection (Pothapragada et al., 2022). In this study, however, which involves only two cell populations, cellular biomechanics were not characterized and the reasoning behind the enhanced elimination observed on soft ECM was the dynamic localization of the actin crosslinking protein filamin. On soft ECM filamin was found to localize at cell-cell contacts between transformed and non-transformed cells and that was necessary for driving the extrusion of the former. On stiffer ECM, instead, filamin localized perinuclearly. It is also worth noting that Pothapragada and colleagues documented a low number of extruded cells, which is distinct from the massive extrusion of infected cells we observe in vitro. It is likely that the mechanical mechanism driving extrusion in this case is different which could be due to the distinct biological process studied. Moreover, the authors of this study documented a bimodal extrusion pattern where extrusion counts were similar up to ECM stiffness of 11 kPa and then dropped to 50% less on ECMs 23 kPa or higher. On the contrary, we found significantly less infected cell extrusion when comparing soft 3 kPa ECM to stiff 35 kPa ECM, however the difference between stiff 35 kPa ECM and non-physiologically stiff glass coverslips is minimal, suggesting that, above a certain value, mechanical competition arising during infection becomes insensitive to stiffness and that saturation is reached above a stiffness around 35 kPa.
Our computational model suggests that ECM stiffness modulates the relative cell stiffness between infected and non-infected cells and that by itself it is sufficient to enhance infected cell squeezing on stiffer ECM. Moreover, the model predicts that a larger focus size will limit squeezing of infected cells as compared to a smaller focus size. These results raise the question of whether decreased infected cell squeezing observed on soft ECM is due to: 1) L.m. spreading more efficiently when cells reside on soft ECM; 2) the fact that the relative difference in stiffness of winners to losers is not as high as on a stiff ECM; or 3) both. Previous studies on endothelial cells showed that, when host cells resided on soft ECM, L.m. spread was favored, likely because of the decreased monolayer tension favoring the formation of bacterial protrusions and engulfment from the donor to the recipient cell (Bastounis et al., 2018). Thus, it is plausible that L.m. may also spread more efficiently between epithelial cells residing on soft as opposed to stiff ECM, leading to decreased ability of surrounders to squeeze infected cells since the infection focus becomes larger. This is consistent with the increased focus size we measure at 24 hpi. However, the increased relative stiffness difference between infected and non-infected cells could also play a role in promoting infected cell squeezing on stiffer ECM. Future studies could measure explicitly infected or not cell stiffness depending on ECM stiffness through atomic force microscopy (Buxboim et al., 2010; Bastounis et al., 2021b). Moreover, our computational model considers a fixed number of infected cells in each simulation, a simplification since in vitro the number of infected cells changes due to L.m. replicating and spreading intercellularly over time. Future studies could focus on incorporating the bacterial dynamics into the current computational model. Finally, it is worth mentioning that in our model we simulate one mechanotransduction cycle due to convergence issues arising while solving the relevant equations governing the dynamics of cell movement otherwise. In vitro, though, cells constantly sense and transmit forces from the microenvironment, thus going through multiple such cycles. Despite this limitation, the protrusion of uninfected surrounding cells is sufficient to allow us to inspect how infected cell squeezing and formation of mounds will be governed by the physical cues that cells display depending on their ECM stiffness. Finally, an additional limitation of the model is that the size and frequency of cell-cell and cell-ECM adhesions are considered constant regardless of the stiffness of the ECM on which cells reside. However, it was recently shown that cells can adapt their focal adhesion size and number based on ECM stiffness (Cao et al., 2017; Yeh et al., 2017). A more elaborate, future version of the computational model could account for changes in cell-cell and cell-ECM adhesion size as well as frequency. However, prior in vitro experiments will be necessary to investigate whether those change in a differential manner for uninfected surrounders versus infected cells.
Our discovery underscores the importance of ECM stiffness in regulating the cellular mechanical competition that arises during infection and leads to elimination of bacterially-infected cells. Intriguingly, in the small intestine, where food-borne infections like the one triggered by L.m. take place, ECM stiffness can increase significantly from typical values of few kPa in healthy conditions to several tenths of kPa in pathological states (e.g., fibrosis) (Stewart et al., 2018; Onfroy-Roy et al., 2020). Studying further the dynamics of biochemical and (extra)-cellular physical signals during infection including using more elaborate computational models and live-cell biosensors will further reveal how those signals spatiotemporally crosstalk in health and during infection. This, in turn, will be critical to enhance our understanding of how healthy cells eliminate unfit ones during infection but also during other (patho)physiological processes involving cell competition.
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Patterning along an axis of polarity is a fundamental step in the development of a multicellular animal embryo. In the cellular field of an early spider embryo, Hedgehog signaling operates to specify a “fuzzy” French-flag-like pattern along the primary axis, which is related to the future anterior–posterior (A–P) axis. However, details regarding the generation and development of a diversity of cell states based on the embryo polarity are not known. To address this issue, we applied single-cell RNA sequencing to the early spider embryo consisting of approximately 2,000 cells. Our results confirmed that this technique successfully detected 3 cell populations corresponding to the germ layers and some transient cell states. We showed that the data from dissociated cells had sufficient information for reconstruction of a correct global A–P polarity of the presumptive ectoderm, without clear segregation of specific cell states. This outcome is explained by the varied but differentially overlapping expression of Hedgehog-signal target genes and newly identified marker genes. We also showed that the data resources generated by the transcriptome analysis are applicable to a genome-wide search for genes whose expression is spatially regulated, based on the detection of pattern similarity. Furthermore, we performed single-nucleus RNA sequencing, which was more powerful in detecting emerging cell states. The single-cell and single-nucleus transcriptome techniques will help investigate the pattern-forming processes in the spider model system in an unbiased, comprehensive manner. We provided web-based resources of these transcriptome datasets for future studies of pattern formation and cell differentiation.
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INTRODUCTION
In the cellular field of a developing tissue or embryo, a reproducible complex pattern of gene expression forms through dynamic gene regulations and cell–cell interactions. Formation of spatial periodic stripe patterns in the Drosophila blastoderm embryo has long stood as a simple, excellent model system to study and understand pattern-forming processes and the underlying mechanisms in multicellular animals (Bate and Arias, 1993). However, most of the patterning process in this Drosophila system occurs in a syncytial environment, allowing transcription factors and cytoplasmic components to diffuse over a long range (Driever and Nüsslein-Volhard, 1988a). This peculiar situation may limit applicability and generalization of our knowledge from the Drosophila patterning system.
The spider Parasteatoda tepidariorum, which together with Drosophila belongs to the phylum Arthropoda, has emerged as a model organism to study pattern-forming processes and the underlying mechanisms in a cellular field (Hilbrant et al., 2012; Oda and Akiyama-Oda, 2020). In this spider embryo, a segmented germ band with conserved stripes of gene expression forms like Drosophila; however, the cellular and molecular processes leading to these similar outcomes are highly different. In the early Parasteatoda embryo, cellularization is achieved by the stage when the number of the cleavage nuclei increases to sixteen (Kanayama et al., 2010), and the A-P and dorsal-ventral (D-V) axes and periodic segmental stripes are specified by cell–cell interactions mediated by signaling pathways (Akiyama-Oda and Oda, 2003, Akiyama-Oda and Oda, 2006, Akiyama-Oda and Oda, 2010, Akiyama-Oda and Oda, 2020; McGregor et al., 2008; Kanayama et al., 2011; Schönauer et al., 2016; Setton and Sharma, 2021). The Hedgehog (Hh) signaling pathway regulates the formation of global polarity along the primary axis: an axis of radial symmetry that emerges during the formation of a disc-shaped epithelial cell sheet called the germ disc. The roles of Hh signaling pathway in the early Parasteatoda embryo are similar to those of maternal transcription factor morphogens, such as Bicoid, in the early Drosophila embryo (Driever and Nüsslein-Volhard, 1988b; Briscoe and Small, 2015). Hh signaling plays key roles in a variety of tissue patterning events in bilaterians, including D-V patterning in the vertebrate neural tube (Dessaud et al., 2008; Ribes and Briscoe, 2009; Placzek and Briscoe, 2018), digit patterning in the vertebrate appendage primordia (Tickle and Towers, 2017; Zhu and Mackem, 2017), and the generation of repetitive ridges in the mammalian palate (Economou et al., 2012). In these patterning tissue fields, Hh signaling network, owing to its positive and negative feedback loops (Briscoe and Thérond, 2013; Kong et al., 2019), dynamically controls the expression of genes in respective cells. However, these fields are located inside an embryo or organ and organized by dynamic cell populations, in which the position of individual cells is not easily followable. In contrast, the early Parasteatoda embryo, like the Drosophila blastoderm embryo, provides a simple, easily observable cellular field (but not syncytial), in which periodic stripe formation progresses (Hemmi et al., 2018) by the mechanisms mediated by Hh and other signaling pathways (McGregor et al., 2008; Kanayama et al., 2011; Schönauer et al., 2016; Akiyama-Oda and Oda, 2020; Setton and Sharma, 2021).
The Parasteatoda late stage-5 germ disc (Figure 1A) is a large field of single-layered epithelial cell sheet that consists of approximately 2,000 morphologically uniform, undifferentiated cells (Akiyama-Oda and Oda, 2020). This field has global polarities reflecting the future A-P axis of the embryo but has not gained spatially periodic patterns of gene expression. The center of the germ disc, also referred to as the embryonic pole, corresponds to the future posterior pole, whereas the peripheral region of the germ disc corresponds to the future anterior. Most of the area of the germ disc develops into the surface ectoderm maintaining its continuity. The other germ layers, the endoderm and mesoderm, develop from cells internalized at and near the center of the germ disc and the rim of the germ disc (Yamazaki et al., 2005; Oda et al., 2007). A previous study using the combination of RNA interference (RNAi) and RNA sequencing (RNA-seq) identified many genes expressed in concentric circle patterns on the germ disc under the control of Hh signaling (Akiyama-Oda and Oda, 2020). Expression of genes positively regulated by Hh signaling is detected in the peripheral region of the germ disc, and expression of those negatively regulated is detected in the central region. Some genes that require both positive and negative regulations are expressed in the intermediate region. These situations remind us of the French flag model (Wolpert, 1969; Briscoe and Small, 2015); however, the boundaries of individual gene expression domains are obscure or fuzzy, and expression of some genes is sparse or dynamic on the static germ disc. Following the germ-disc stage, the cellular field undergoes a planar remodeling to transform into a germ band, in which an increasing number of stripes arise through dynamic regulation of wave-like expression of genes (Kanayama et al., 2011; Schönauer et al., 2016; Hemmi et al., 2018; Akiyama-Oda and Oda, 2020). To date, several genes expressed in specific regions of the germ disc that play roles for specific steps in Parasteatoda segmentation have been identified. These genes include an orthodenticle homolog Pt-otd, an odd-paired homolog Pt-opa, a distal-less homolog Pt-dll, and a muscle segment homeobox (msh) homolog Pt-msx1 (Pechmann et al., 2009, Pechmann et al., 2011; Kanayama et al., 2011; Akiyama-Oda and Oda, 2016, Akiyama-Oda and Oda, 2020). The roles for some of these in segmentation were unpredictable based on our knowledge from the Drosophila model system. For example, in Drosophila, msh functions under the specification of several muscle cells and neuroectodermal cells (Lord et al., 1995; Isshiki et al., 1997), whereas in Parasteatoda, Pt-msx1 is essential for generating gene expression dynamics involved in segmentation. These previous findings strongly suggest the need for a genome-wide, unbiased approach that can capture spatially regulated gene expression to investigate the pattern-forming processes in the new spider model system.
[image: Figure 1]FIGURE 1 | Single-cell and single-nucleus transcriptomics of the early spider embryo. (A) An embryo at late germ-disc stage (late stage 5). The germ disc is observed as the white sheet. The arrow indicates the cumulus. Scale Bar = 200 μm. (B) Diagram showing single-cell and single-nucleus experimental procedure. (C) Metrics summary after filtering out low-quality cells (nuclei). Numbers of cells and nuclei examined in the first single-cell, the second single-cell, and the single-nucleus analyses, average of detected molecules per cell (nucleus), average of detected genes per cell (nucleus), total numbers of detected genes, and average of detected molecules per gene.
To this end, the present study tested the applicability of single-cell RNA-seq (Jaitin et al., 2014; Macosko et al., 2015) to the Parasteatoda embryo at the late germ-disc stage. We showed that this technique worked effectively using only twenty or less embryos for each experiment. Analyses of quantitative datasets obtained from dissociated cells successfully separated 3 cell populations corresponding to the presumptive ectoderm, mesoderm, and endoderm and reconstructed a global A-P polarity in the ectodermal cell population. We also performed single-nucleus RNA-seq (Grindberg et al., 2013; Habib et al., 2016), which produced similar results to those of single-cell RNA-seq, but with higher sensitivity to dynamic cell states emerging from the center of the germ disc. The resulting resources enabled us to conduct a genome-wide search in silico for genes whose expression is spatially regulated in the germ disc. The single-cell and single-nucleus transcriptome techniques will help investigate the pattern-forming processes in the spider model system in an unbiased, comprehensive manner.
MATERIALS AND METHODS
Spider
Animal experiments were conducted according to the protocol reviewed and approved by the Institutional Animal Care and Use Committee of JT Biohistory Research Hall (No. 2020-1). We used laboratory stocks of the spider Parasteatoda tepidariorum (syn. Achaearanea tepidariorum), which were maintained at 25°C with a 16 h light/8 h dark cycle. Developmental stages have been described previously (Akiyama-Oda and Oda, 2003, Akiyama-Oda and Oda, 2010). We monitored the development of the eggs and determined the beginning of stage 5, when internalization of the cumulus mesenchymal (CM) cells is completed. The image of the spider embryo shown in Figure 1A was captured using a zoom microscope Zeiss Axio Zoom.V16 equipped with a digital camera Zeiss Axiocam506 (Carl Zeiss). Z-series images (5 μm × 56) were processed using an ImageJ plugin (Extended Depth of Field).
Isolation of Single Cell and Single Nucleus
The spider embryos were dechorionated using 100% commercial bleach, rinsed with distilled water, and transferred into CGBS-CMF [Chan and Gehring buffered saline (Chan and Gehring, 1971), Ca and Mg-free: 55 mM NaCl, 40 mM KCl, 10 mM Tricine, pH6.95]−0.01% (for cell) or 0.5% (for nucleus) BSA (Nacalai tesque, 01278-44) solution. In this solution, vitelline membrane was manually removed with forceps. To obtain dissociated cells, the devitellinized sample was filtered through a 40-μm cell strainer (pluriStrainer-Mini, 43-10040-40) and collected in a DNA LoBind Tube (Eppendorf 022431021). For preparation of nuclei, the devitellinized sample was centrifuged in a 1.5-ml tube and suspended in 400 μL homogenization buffer (McLaughlin et al., 2021) [250 mM Sucrose, 10 mM Tris (pH 8.0), 25 mM KCl, 5 mM MgCl2, 0.1% Triton-X100, 0.1 mM DTT, 100 u/mL RNase Inhibitor (SUPERaseIn RNase Inhibitor: Invitrogen, AM2694), Protease Inhibitor at 1:100 dilution (Nacalai tesque, 25955-11)], where the sample was homogenized with a loose plastic pestle (fisher scientific, 12-141-368) by 40 strokes. Next, the sample was centrifuged and resuspended with CGBS-CMF-0.5% BSA-100 u/mL RNase Inhibitor solution, followed by filtration through a 40-μm cell strainer. The centrifugation and resuspension steps (without the filtration step) were repeated twice. Four volumes of CellCover (Anacyte Laboratories, 800-050) were added to the cell and nucleus samples, which were then stored at 4°C. To proceed to the library construction step, stored samples were centrifuged and resuspended with the CGBS-CMF-0.025% Tween 20 (first single-cell library), CGBS-CMF-0.01% BSA (second single-cell library), or CGBS-CMF-0.01% BSA-100 u/mL RNase Inhibitor (single-nucleus library) solution. In these solutions, the samples were loaded onto BD Rhapsody cartridges (BD Biosciences).
For the first single-cell transcriptome library construction, we used ten late stage-5 eggs (approximately 8 h from the beginning of stage 5) derived from an egg sac. For the second single-cell and single-nucleus transcriptome library construction, we used 20 eggs each derived from another egg sac. To prepare the nuclei sample, eggs were dechorionated at the end of stage 5/the start of stage 6 (9–10 h from the beginning of stage 5), and for the second single-cell sample, eggs were dechorionated 1 h 20 min later, when preparation of the nuclei sample was completed.
Construction of Libraries and RNA Sequencing
Single-cell RNA-seq libraries were constructed using a BD Rhapsody Targeted mRNA and AbSeq Amplification kit (BD Biosiences, 633774) or a BD Rhapsody WTA Amplification kit (BD Biosiences, 633801) according to the manufacturer’s instructions. To construct the single-nucleus RNA-seq library, a BD Rhapsody WTA Amplification kit was used with some modifications: RNase Inhibitor (SUPERaseIn RNase Inhibitor) was added at 100 u/mL to the sample buffer supplied in the kit, which was used for the bead wash steps, Proteinase K was added at 0.5 mg/ml to the Lysis buffer, and the lysis step was prolonged from 2 min to 5 min. Sequencing was performed using the HiSeqX Sequencing system (Illumina) with 150 paired-end reads, and 8 bp index reads were also performed for the second single-cell and single-nucleus libraries.
Sequence Alignment and Count Matrix Generation
RNA-seq reads were processed using the BD Rhapsody WTA analysis pipeline on the Seven Bridges Genomics cloud platform (Tzani et al., 2021) with the default parameters. The R1 reads, possessing information of the cell barcode and the adjusted unique molecular index (UMI), were used to identify cells and molecules. The R2 reads, which were second strand cDNA sequences, were aligned using the STAR index created by STAR-2.5.2b (Dobin et al., 2013) against the Parasteatoda tepidariorum genome (Schwager et al., 2017), GCF_000365465.2_Ptep_2.0 (all libraries) and GCF_000365465.3_Ptep_3.0 (second single-cell and single-nucleus libraries). To count both exonic and intronic reads, an annotation file (a gtf file) accompanied with GCF_000365465.3_Ptep_3.0 was modified and used to align the second single-cell and the single-nucleus libraries. Integrating cellular and molecular information obtained from R1 reads and results of the alignment of R2 reads, a cell/nuc and gene count matrix for each sample was generated (GSE201705). Count metrics are summarized in Supplementary Tables S1, S7.
Preprocessing and Clustering
Using the Seurat package (v.4.0.3) (Satija et al., 2015), the generated count matrices were filtered based on both the number of unique genes and the total number of RNA molecules or the total number of RNA molecules to exclude low-complex cells/nuclei and potential doublets; the thresholds were as follows: cells having 2,000 to 4,800 genes and having less than 30,000 molecules for the first single-cell library, 6,866 to 27,465 molecules (50%–200% of the mode) for the second single-cell library, and 2,667 to 10,670 molecules (50%–200% of the mode) for the single-nucleus library. Metrics of these quality-filtered counts are shown in Figure 1C. Log-normalization, identification of variable features, scaling, principal component (PC) analysis, dimensionality reduction, cell clustering, and detection of cluster marker genes were performed on these counts according to instructions of the Seurat package. In the clustering analysis, we tried multiple parameter settings to confirm that the cell populations were similarly detected. In the clustering analyses using the single-cell datasets, putative ectodermal cells were constantly separated into two large populations with various parameter settings; differentially expressed genes (DEGs) (Supplementary Tables S2, S8) were identified between the two ectodermal populations that were detected using the following parameters: 50 PCs and resolution 0.5 for the first single-cell analysis and 20 PCs and resolution 0.1 for the second single-cell analysis. These parameter values were optimized in each case, so that smaller subclusters were not generated within the ectodermal populations. The identified DEGs were excluded from the downstream analyses. The clustering output was visualized using a uniform manifold approximation and projection (UMAP) plot embedded in the Seurat package. UMAP plots showing expression of all identified genes can be viewed in a web database at https://www.brh2.jp and have been deposited, including the DEGs, in the Figshare repository (doi:10.6084/m9.figshare.c.5963571).
Production of Composite Images of Two or Three UMAP Plots
UMAP plots generated in gray-black colors using Seurat were converted into gray-scale images using the ImageJ (FIJI) software (version 2.3.0/1.53f). Next, they were transformed into negative images and overlayed to produce composites in RGB colors using the ImageMagick convert and combine function.
Identification of Cell Cycle Genes
Parasteatoda cell-cycle genes were searched using amino-acid sequences of Drosophila cell-cycle genes (https://github.com/hbc/tinyatlas/blob/master/cell_cycle/Drosophila_melanogaster.csv) as queries for tblastn searches against Parasteatoda genes, and nucleotide sequences of Parasteatoda top-hit genes were then used reciprocally for blastx searches against Drosophila genes. Parasteatoda putative orthologs of the Drosophila cell-cycle genes are listed in Supplementary Table S3.
Construction of Dendrogram and Heatmap
We prepared three matrices of normalized counts from the first single-cell transcriptomes using 1) 411 cells belonging to clusters 2–5 (presumptive ectodermal cells), and the Pt-hh gene and 48 Hh-signaling target genes expressed in specific regions of the germ disc (total of 49 genes) (Akiyama-Oda and Oda, 2020); 2) 140 cells belonging to clusters 0–2 (presumptive endodermal, mesodermal, and peripheral ectodermal cells), and cluster 0 and cluster 1 markers and 20 peripheral genes that were selected from the above 49 genes (total of 137 genes); 3) 93 cells belonging to clusters 1 and 2 (presumptive mesodermal and peripheral ectodermal cells), and above 20 genes and markers of cluster 1 (total of 77 genes). Using R functions, Euclidian distances between cells were calculated and hierarchical clustering of cells was performed with the ward2 method. The results were visualized in dendrograms with the heatmap showing normalized counts.
Identification of CM-Cell Markers
The expression of LOC107451717 (Pt-Ets4) (Pechmann et al., 2017) was used to identify a putative CM cell (#614005), and genes that showed specific expression at this cell were searched based on the following criteria: genes with normalized count >2 in the cell #614005 and genes whose expression was detected at < 20 cells.
Image Similarity Search With Open CV Template Matching
A UMAP plot of LOC107444265 (Pt-noggin-D) (Akiyama-Oda and Oda, 2020) was used to identify genes specifically expressed at the cumulus. The area of the plot including Pt-noggin-D-positive and negative cells (Figure 6B’) was used as a template to search the corresponding areas of plots of all other genes for similar images. The background color of UMAP plots was set same as the color of the nonexpressing cells, and searches were performed using the python Open CV template matching module with the normalized correlation coefficient (CCOEFF_NORMED) method.
cDNA Cloning
Full-length or partial cDNAs were obtained from our laboratory stocks of EST clones or were isolated using PCR. The resulting cDNAs were used to synthesize probes. The cDNA clones and the PCR primers used are listed in Supplementary Table S10.
In Situ Hybridization and Image Acquisition
Whole mount in situ hybridization (WISH) and fluorescence in situ hybridization (FISH) were performed as described previously (Akiyama-Oda and Oda, 2003, Akiyama-Oda and Oda, 2016). Digoxigenin (DIG)-labeled probes were used for the alkaline-phosphatase chromogenic staining of WISH. Signals were amplified with a combination of anti-DIG-POD (used at 1:1000 dilution, Roche 11 207 733 910), dinitrophenyl (DNP)-tyramide (1:100 dilution, TSA plus DNP system, PerkinElmer), and anti-DNP-AP (1:100 dilution, Vector MB-3100) and were visualized with NBT/BCIP. In FISH, DIG and DNP probes were used in combination with anti-DIG-POD (used at 1:1000 dilution, Roche 11 207 733 910) and anti-DNP-HRP (used at 1:200 dilution, PerkinElmer FP1129) and 5-(and-6)-carboxyfluorescein and DyLight680 tyramides. Samples were counterstained with DAPI (Sigma-Aldrich) to visualize DNA.
Stained embryos were mounted on glass slides with spacers. WISH samples were observed using a stereomicroscope SZX12 (Olympus) equipped with a color 3CCD camera C7780-10 (Hamamatsu Photonics). FISH samples were observed using a TCS SPE confocal system (Leica). Images were processed using Imaris version 7.6.5 (Bitplane) and Adobe Photoshop CC 2020 and 2021 software.
RESULTS AND DISCUSSION
Single-Cell Transcriptome and Clustering of Cells
In the first single-cell RNA-seq experiment, we first utilized dissociated cells from ten late germ-disc stage embryos (late stage 5) (Figure 1A). We constructed a single-cell cDNA library using the BD Rhapsody microwell-based platform, followed by sequencing on the Illumina platform and data processing using the BD Rhapsody WTA analysis pipeline (Supplementary Table S1) and the Seurat package v.4.0.3 (Figure 1B). Transcriptome data obtained from 505 single cells were used for subsequent analysis. On average, 16,953 molecules/cell transcribed from 3,319 genes/cell were detected with a total of 17,770 genes counted once or more in these 505 cells (Figure 1C).
Clustering analysis of these cells revealed 4 cell clusters (Supplementary Figure S1A). Expression of known markers indicated that two of the four clusters comprise germ-disc epithelial cells (presumptive ectoderm), with the other two comprising mesodermal and endodermal clusters (Supplementary Figure S1B) (Yamazaki et al., 2005; Akiyama-Oda and Oda, 2010). The two ectodermal clusters differed in the number of unique genes and molecules detected per cell (Supplementary Figure S1A) but similarly exhibited polarized expression of selected A-P marker genes (Akiyama-Oda and Oda, 2020) on the UMAP plot (Supplementary Figure S1B) (we will mention the polarization in detail below). To investigate the cause of the separation of two ectodermal cell populations, we identified 445 DEGs between the two ectodermal clusters (Supplementary Table S2). Expression of most of these DEGs was detected rather ubiquitously and at high levels (9,373 molecules/gene for the DEGs, in contrast to 482 molecules/gene for all counted genes on average, Figure 1C), although the expression levels were different between the two clusters (Supplementary Figure S1C, Supplementary Table S2). Biased levels of expression between the two clusters were not observed for cell-cycle genes except LOC107436263 (Supplementary Table S3, Supplementary Figure S1D). This indicated that differences in expression levels of highly expressed genes (the 445 DEGs), but not the cell-cycle states, were the main cause of the cluster separation.
Re-clustering analysis following the exclusion of the 445 DEGs grouped cells into three populations, which corresponded to the presumptive endoderm, mesoderm, and ectoderm (Figures 2A,B). The first two populations (clusters 0 and 1, Figure 2A) were confirmed by expression of known markers, At_eW_012_A08 (endoderm) (Akiyama-Oda and Oda, 2010) and Pt-twist (Pt-twi; mesoderm) (Yamazaki et al., 2005) (Figure 2B). New marker genes identified for these clusters were consistently expressed in the endoderm and mesoderm (Supplementary Table S4, Supplementary Figure S2). The endodermal markers identified by this single-cell transcriptome analysis of late stage 5 embryos largely overlapped genes identified by comparative transcriptome analyses using stage-3 and stage-5 embryos depleted of activity of a novel gata-family gene in another study (Iwasaki-Yokozawa et al., 2022). The two separate studies revealed a consistent endodermal gene set.
[image: Figure 2]FIGURE 2 | Detection of germ layers and the ectodermal polarity using single-cell transcriptomics. (A) Clustering analysis of the germ-disc stage embryonic cells. The UMAP plot of 505 cells shows presumptive endodermal (cluster 0), mesodermal (cluster 1), and ectodermal (clusters 2–5) clusters. The arrow shows the reconstructed orientation of the germ disc. The clustering was performed using 48 PCs with a resolution parameter of 1.0. (B) Visualization of the expression of germ-layer marker genes and A-P marker genes on the UMAP plot with the color code of the normalized expression levels and in the germ disc at late stage 5 using WISH. At_eW_012_A08, endoderm; Pt-twi (twist), mesoderm; Pt-hh (hedgehog), peripheral region; Pt-BarH1, broad peripheral region; Pt-rho (rhomboid), intermediate region; Pt-msx1, central region. (C) Visualization of the expression of three genes on the UMAP plot and in the late germ disc using multicolor FISH. Pt-Delta (green), Pt-otd (orthodenticle, red), and Pt-opa (odd-paired, blue); Pt-hh (green), Pt-BarH1 (red), and Pt-opa (blue). The FISH images are from (Akiyama-Oda and Oda, 2020) (CCBY4.0). (D) Expression of marker genes identified for clusters 2–5 in the late germ disc. Scale Bars = 200 μm.
The presumptive ectodermal cells were subgrouped into four clusters (clusters 2-5, Figure 2A) without clear segregation of specific cell states and without clear differences in distributions of the numbers of molecules and genes per cell (Supplementary Figure S1E). Comparison of the expression patterns of selected A-P marker genes (Akiyama-Oda and Oda, 2020) visualized on the UMAP plot and detected on the germ disc using WISH indicated that the spatial order of the four clusters on the UMAP plot was correlated with the peripheral-to-central spatial order on the germ disc (Figure 2B). This correlation was further supported by multicolor visualization of expression of multiple A-P marker genes on the UMAP plot and the germ disc (Figure 2C). A similar correlation was observed even in a smaller spatial range of the UMAP plot and the germ disc (Figure 2C, bottom).
Next, we listed possible marker genes for each cluster (Supplementary Table S4). The lists of cluster 2 and cluster 3 markers included more than ten genes that had been identified as positive targets of Hh signaling in the previous study and are expressed in the peripheral region of the germ disc. Conversely, the list of cluster 5 markers included six genes that had been identified as negative targets of Hh signaling and are expressed in the central region. The cluster 4 markers included eight genes that had been shown to require negative regulation or both positive and negative regulations by Hh signaling and are expressed in the broad central or intermediate region. Some of the possible marker genes were cloned to show their specific expression in predicted regions of the germ disc (Figure 2D). These results suggested that single-cell transcriptome analysis, even when using a small number of early spider embryos, achieves sufficient resolution for separating 3 cell populations corresponding to the germ layers and successfully reconstructs the peripheral-to-central polarity (i.e., the future A-P polarity) in the ectodermal cell population.
Global A-P Polarity of the Germ Disc
Next, we focused on the ectodermal cell population to investigate the diversity of cell states in detail. Using single-cell RNA-seq data on Pt-hh and 48 genes that are expressed in a specific region of the germ disc under the control of Hh signaling (Akiyama-Oda and Oda, 2020), we performed hierarchical clustering analysis of the 411 germ-disc cells belonging to the clusters 2-5. This analysis showed that the cells were roughly grouped in accordance with the clusters; however, cells from the neighboring clusters were not clearly separated but intermingled in the dendrogram (Figure 3). It was also shown that individual cell states were highly varied, but not completely different, exhibiting overlapping combinations of expressed genes. These results may represent the nature of the Hh signaling patterning system, which is able to produce a “fuzzy” French-flag-like pattern in a large cellular field. This nature of the Hh signaling patterning system revealed in the Parasteatoda embryo sharply contrasts with that of the maternal morphogen system in the Drosphila embryo, in which sharp boundaries of gap gene expression domains are established (Jaeger, 2011).
[image: Figure 3]FIGURE 3 | Single-cell transcriptome data showing global polarization of presumptive ectodermal cells. Dendrograms of 411 presumptive ectodermal cells (top) and Pt-hh and 48 genes regulated by Hh signaling (left) were constructed by hierarchical clustering of the normalized expression level of each gene in each cell. The bar on the top displays the cluster of the cells shown in Figure 2A: green, cluster 2; light blue, cluster 3; purple, cluster 4; magenta, cluster 5. The bar on the left shows the expression domain of genes in the germ disc revealed by WISH: green, peripheral region; blue, intermediate region; pink, central region. The heatmap shows the normalized expression levels of genes in the cells (The color code in the bottom right).
Reconstruction of Mesodermal Cell Internalization From the Periphery of the Germ Disc
To investigate the separation of the germ layers, we focused on the mesodermal cell population, which internalizes from the periphery of the germ disc (Oda et al., 2007). This cell internalization starts at late stage 5, following the internalization of endodermal cells. We examined the transcript profiles of 140 cells belonging to the clusters 0–2 (Figure 2A), possibly corresponding to the presumptive endodermal and mesodermal cell populations and cells at the peripheral region of the germ disc, respectively, using 137 marker genes recognized in previous and ongoing studies. Hierarchical clustering analysis clearly separated the endodermal cells (cluster 0) from the mesodermal and ectodermal cells (clusters 1 and 2) with restricted expression of the cluster 0 markers (Supplementary Figure S3). Some of the cluster 1 markers were expressed at relatively high levels in both the mesodermal and endodermal cells. However, we did not detect cells that were in an intermediate state of the endoderm and mesoderm or the endoderm and ectoderm (Supplementary Figures. S2, S3). This result provided substantial evidence to suggest that “endodermal” cells were already in distinct cell states at late stage 5.
Following exclusion of the endodermal cells, we examined the remaining 93 cells, possibly including mesodermal cells and cells at the peripheral region of the germ disc, using 77 selected marker genes. Hierarchical clustering analysis revealed the presence of two large cell populations in accordance with clusters 1 and 2, but with a small cell subpopulation displaying intermediate states (Figure 4A). To confirm whether cells displaying such intermediate states were present in the late stage-5 embryo, expression of a mesodermal (LOC107437681, Pt-integrin alpha-8-like) and a peripheral (LOC107451809, Pt-hh) gene was examined using FISH. As a result, cells that expressed both genes were observed at the edge of the germ disc (Figure 4B, yellow arrows), with adjacent cells on the germ-disc side expressing only the peripheral gene (Figure 4B, the green arrow) and nearby internal cells expressing only the mesodermal gene (Figure 4B, the red arrow). These observations suggested the possibility that the double-positive cells at the edge of the germ disc might be in an intermediate state undergoing commitment toward the mesodermal fate. The corresponding intermediate cell state was recognized in the UMAP plot (Figure 4C). These examples of data from single-cell RNA-seq analysis highlight the potential of this technique to follow cell state transitions in the developing spider embryo.
[image: Figure 4]FIGURE 4 | Specification of mesodermal cells at the peripheral region. (A) Dendrograms of 93 presumptive peripheral ectodermal and mesodermal cells (top) and 77 peripheral and mesodermal marker genes (left) were constructed by hierarchical clustering of the normalized expression level. The bar on the top displays the cluster of the cells shown in Figure 2A: yellow, cluster 1 (mesoderm); green, cluster 2 (peripheral ectoderm). The bar on the left shows the group of genes: yellow, mesodermal markers; green, peripheral markers which are the same genes shown in green in Figure 3. The heatmap shows the normalized expression levels (color code in the bottom right). Boxed cells show relatively high-level expression of both mesodermal and peripheral markers. (B) Detection of Pt-hh (green) and LOC107437681 (Pt-integrin alpha-8-like, red) transcripts using FISH at the peripheral region of the germ disc at late stage 5. The cross section of the boxed region is shown in the inset. Scale Bar = 50 μm. (C) Expression of the two genes visualized on the UMAP plot. In B and C, green arrows show Pt-hh-positive cells, red arrows show LOC107437681-positive cells, and yellow allows show double-positive cells.
Search for CM Cell Markers
The D-V axis of the spider embryo is specified by symmetry-breaking migration of clustered cells sending Dpp signals from the center of the germ disc following internalization (Akiyama-Oda and Oda, 2003, Akiyama-Oda and Oda, 2006, Akiyama-Oda and Oda, 2010). These cells are referred to as the CM cells. Known markers for this cell type include Pt-dpp (LOC107442925), Pt-fascin (singed) (At_eW_022_P10, LOC107440147), and Pt-ets4 (LOC107451717) (Pechmann et al., 2017) (Figure 5A). To examine the comprehensiveness and practical use of our single-cell transcriptome data, we searched for additional CM-cell marker genes. Highly specific expression of Pt-ets4 at the CM cells allowed us to identify a single cell #614005 demonstrating this cell type. This cell was grouped together with many other cells assigned to the presumptive endoderm (Figure 5B), strongly suggesting that the CM cells are part of the endoderm, not the mesoderm. Next, we listed up genes showing high levels of expression in the cell #614005 but no expression in most other cells (Figure 5C; Supplementary Table S5). The top-ranked gene in the list was Pt-ets4 itself. Eight genes following Pt-ets4 in the list were confirmed to be specifically expressed in the CM cells using WISH staining (Figure 5D). These results indicated that single-cell transcriptome data provide comprehensive resources that help to detect specific cell populations, even a small one, and marker genes for such cell types.
[image: Figure 5]FIGURE 5 | Identification of CM cell transcriptome. (A) Expression of LOC107451717 (Pt-Ets4) in a germ disc at late stage 5. The signal is detected at the CM cells. The right panel shows DAPI staining of the same embryo. (B) Expression of LOC107451717 visualized on the UMAP plot. Strong expression is detected specifically at the cell #614005 in the endodermal cluster. (C) The list of genes that show specific expression in the cell #614005. The normalized expression level in the cell #614005 and the number of cells (out of 505 cells) with no expression of the gene are shown. (D) Detection of transcripts of the top 9 genes (except LOC107451717) in the list. Signals are detected at the CM cells. Scale Bars = 200 μm.
Search for Genes With Similar Expression Pattern by Template Matching
We further attempted a gene search based on expression pattern similarity using the Open CV template matching module, which was applied to the UMAP plots displaying expression of individual genes. We focused on the region called the cumulus (Akiyama-Oda and Oda, 2003, Akiyama-Oda and Oda, 2006). Expression of several known genes, including LOC107444265 (Pt-noggin-D) (Figure 6A) and LOC107448880 (Pt-gata1/gataC) (Akiyama-Oda and Oda, 2010, Akiyama-Oda and Oda, 2020), is induced at the cumulus in response to the signals from the CM cells. As a simple example, we chose a rectangular region on the UMAP plot where several presumptive ectodermal (germ-disc) cells expressing high levels of Pt-noggin-D expression, which presumably correspond to the cumulus, are included together with several nonresponding cells (Figure 6B,B’). Using the rectangular region, we performed the template matching search against the corresponding regions of the UMAP plot images for all genes. Ten genes that were hit with highest similarity scores were listed, which included Pt-noggin-D itself and Pt-gata1 (Figure 6C; Supplementary Table S6). The top 6 genes, except the fifth gene LOC107455782, whose expression was rather ubiquitous in the UMAP plot, were confirmed to show highly specific expression to the cumulus cells (Figure 6D). Application of a template matching tool to single-cell RNA-seq datasets provides a way to genome-widely identify genes whose expression is spatially regulated.
[image: Figure 6]FIGURE 6 | Identification of the cumulus on the UMAP plot. (A) Expression of LOC107444265 (Pt-noggin-D) in a germ disc at late stage 5. The signal is detected at the cumulus. The right panel shows DAPI staining of the same embryo. (B) Expression of LOC107444265 visualized on the UMAP plot. The region boxed in yellow was used as a template in the Open CV similarity search after the background color was changed to the color of cells without expression as in (B′). (C) The list of genes with highest similarity scores in the similarity search. (D) Expression of the top 6 genes except LOC107444265 visualized on the UMAP plot and detected using WISH. In situ hybridization of LOC107455782 was not performed. Scale Bars = 200 μm.
Application of Single-Nucleus RNA-Seq for the Spider Embryo
Single-nucleus RNA-seq can be used to access mRNA (de novo transcripts or pre-mRNA) in nuclei. This technique is sometimes substituted for the single-cell RNA-seq technique, especially in cases where dissociation and collection of cells are difficult and target tissues are composed of divergent cell types (Grindberg et al., 2013; Habib et al., 2016; Zeng et al., 2016; Hu et al., 2017). We simultaneously applied single-cell and single-nucleus RNA-seq to the Parasteatoda germ-disc stage embryo to compare the performance of the two transcriptome techniques. In this second analysis, nuclei were extracted from 20 sibling embryos, and cells were subsequently dissociated from the same number of sibling embryos. Since the nuclei extraction took approximately 1 h 20 min to complete, the developmental stage for the nuclei sample was correspondingly earlier than those for the cell sample. When comparing the sampling timing of the cell samples between the first and second analyses, samples used for the second analysis were a little older (1–2 h) than those used for the first analysis. During the course of data analysis, the reference genome assembly of Parasteatoda was updated (Ptep_3.0). Therefore, we aligned RNA-seq reads against both the version-2 and version-3 genomes and also against the version-3 genome whose annotation was modified to count both intronic and exonic reads. As summarized in Supplementary Table S7, alignment against the version-3 genome resulted in detection of a slightly higher number of molecules than that against the version-2 genome in both single-cell and single-nucleus experiments. An increased number of molecules were detected when using the modified version-3 genome to analyze single-nucleus data. We used single-cell data aligned to the version-3 genome and single-nucleus data aligned to the modified version-3 genome for downstream analysis.
We followed similar procedures as the first single-cell data analysis (Figure 1B). After filtering out low-quality cells (Figure 1C), we performed a clustering analysis. In the single-cell analysis, germ-disc epithelial cells (presumptive ectodermal cells) with polarized expression of A-P marker genes were separated into two large clusters similar to the first single-cell analysis (Supplementary Figures S1, S4A), although this time the two clusters did not differ in the numbers of genes and molecules detected per cell. The situation of the single-nucleus analysis result was distinct; in the UMAP plot, presumptive ectodermal cells were distributed in one large mass with mesodermal cells, and the first split of ectodermal subclusters was detected between the peripheral cells and others (Supplementary Figure S4B).
The following analyses were performed with data that excluded 85 genes identified as DEGs of the two ectodermal clusters in this single-cell analysis (Supplementary Table S8), which showed ubiquitous and high levels of expression. The clustering analysis using this dataset showed similar results as in the first single-cell analysis (Supplementary Figure S5; Figure 2). We detected three germ layers and the A-P polarization of germ-disc cells in the single-nucleus as well as the single-cell analysis. The CM cells and a cluster for the cumulus cells were also detected. However, there was one uncharacterized cluster in the single-cell analysis (cluster 5 in Supplementary Figure S5A) and one cluster consisting of nuclei with relatively low numbers of genes and molecules in the single-nucleus analysis (cluster 7 in Supplementary Figure S5B). These indicated that the single-nucleus and single-cell RNA-seq analyses produced mostly consistent results, but one difference between the two methods was found: single-cell RNA-seq, unlike single-nucleus RNA-seq, was affected by the expression levels of a set of genes expressed ubiquitously and at high levels.
Identification of Dynamic Cell States by Single-Nucleus Transcriptome
Next, to compare the capabilities of detecting and separating dynamic cell states in the single-cell and single-nucleus transcriptome analyses, we tested higher resolution parameters. As shown in Supplementary Figure S5, the clustering analysis at a low-resolution parameter identified four clusters of ectodermal cells corresponding to peripheral-to-central (future anterior-to-posterior) series of regions of the germ disc both in the single-cell (clusters 3, 0, 1, 2 in Supplementary Figure S5A) and single-nucleus analysis (clusters 3, 2, 1, 0 in Supplementary Figure S5B). Using higher resolution parameters, more clusters were identified (Figure 7A). Here, we focused on two types of dynamic gene expression that are known to occur in the central region of the germ disc. One of the two originates from the progressive activation of Delta-Notch signaling from around the center of the germ disc, which leads to the formation of a salt-and-pepper pattern of gene expression that reflects the specification of the caudal mesodermal and caudal ectodermal cell fates (Oda et al., 2007). The other is initiation of oscillatory gene expression that contributes to the formation of segmental stripes in the posterior ectoderm (Akiyama-Oda and Oda, 2020). In the single-cell analysis using a high-resolution parameter, the central cluster (cluster 2 in Supplementary Figure S5A) was split into two subclusters (clusters 2 and 12 in Figure 7A), while in the single-nucleus analysis, cluster 0 in Supplementary Figure S5B was split into three subclusters (clusters 2, 6, and 9 in Figure 7B). Both the cluster 2s were comparable to each other, representing cell states in the wide central region similar to those detected with the low-resolution parameters. Cluster 12 in the single-cell analysis was comparable to cluster 6 in the single-nucleus analysis. Both clusters were characterized by expression of Pt-Delta and two other genes (LOC107440074, LOC107442300; Supplementary Table S9; Supplementary Figure S6), representing the cell state specified as the caudal mesoderm. The additional cluster 9 in the single-nucleus analysis was characterized by expression of Pt-aslH, Pt-krü1, and other genes (LOC107447499, LOC107450670), which were faintly detected in cells around the center of the germ disc at late stage 5 (38 h AEL) and strongly detected in a broader area at early stage 6 (41 h AEL) (Figure 7C). The expression of these genes was developed to exhibit a dynamic pattern which varied depending on the gene in the opisthosomal region (53 h AEL). The location of the cluster 9 on the UMAP plot in the single-nucleus analysis was in accordance with the reconstructed global polarity in the ectodermal cell population, with the emerging caudal mesodermal cell population (cluster 6) being separated. Moreover, differential ranges of the expression regions of the cluster 9-specific genes were recognized on the UMAP plot (Figure 7D), possibly capturing ordered transcriptional activations in the posterior terminal cell population. In contrast to the single-nucleus analysis, the single-cell analysis did not detect the corresponding posterior terminal cell population as a separate subcluster even when parameters for the dimension and resolution were raised. Nevertheless, cell states characterized by expression of the four genes (Pt-aslH, Pt-krü1, LOC107447499, and LOC107450670) were found in a limited area in the posterior terminal cell population on the UMAP plot, but the polarity reconstruction was imperfect (Supplementary Figure S7). Considering that the sampling timing for the single-cell transcriptome was a little later than that for the single-nucleus transcriptome, the poorer resolution of the single-cell transcriptome was likely due to lower sensitivity to the emerging cell states. Collectively, these results suggested that single-nucleus RNA-seq is more powerful than single-cell RNA-seq in detecting dynamic cell states in early spider embryos.
[image: Figure 7]FIGURE 7 | Detection of a dynamically emerging cell state using single-nucleus transcriptomics. (A,B) The UMAP plots of 3,621 cells (A) and 4,720 nuclei (B), showing clusters generated from the second single-cell (A) and the single-nucleus (B) transcriptome data. The clustering was performed using 42 PCs and with resolution parameters of 1.5 (A) and 1.2 (B). Annotations of the germ layers and the reconstructed orientation of the germ disc are indicated. (C) Expression of cluster 9 marker genes identified in the single-nucleus transcriptome analysis. The expression is visualized on the UMAP plot (left) and is detected using WISH. The stained embryos are at late germ-disc stage (38 h, late stage 5), the start of germ-disc to germ-band transition stage (41 h, early stage 6), and early germ-band stage (53 h, stage 7). Embryos shown in the right panels (53 h) are oriented anterior to the left. Scale Bar = 200 μm. The images of embryos stained for Pt-aslH and Pt-krü1 transcripts are from Akiyama-Oda and Oda (2020) (CCBY4.0). (D) Expression of three cluster 9 marker genes visualized in three colors on the UMAP plot. The cluster 9 region is enlarged.
Future Applications of Single-Cell and Single-Nucleus Transcriptome Techniques in the Spider Model System
In this study, we showed that the singe-cell/nucleus transcriptome techniques are applicable to examination of patterning of early spider embryos. Our results indicate that these techniques exhibit different features. Owing to a higher sensitivity, the single-nucleus RNA-seq enables detection of dynamic cell states. On the other hand, because the single-cell RNA-seq can detect mRNA molecules in the cytoplasm, data obtained with this technique are suitable for quantitative comparison with gene expression data obtained by FISH and can be used to spatial reconstruction of gene expression.
There are many merits of using singe-cell/nucleus transcriptome techniques for studying the patterning processes in Parasteatoda. Most previous studies using this spider model system have relied on molecular and genetic knowledge accumulated in the well-studied model organisms, such as Drosophila. Application of these techniques, however, allows us to focus our research on components of the Parasteatoda genome in an unbiased way. The fact that the gene expression patterns in the early spider embryo are reconstructed to a large extent by the single-nucleus transcriptome indicates that genome-wide discovery of genes whose expression is spatially regulated is possible without laborious staining of embryos. Moreover, if such gene discovery is combined with functional gene screening (e.g., parental and embryonic RNAi), as done in some previous studies (Oda et al., 2007; Akiyama-Oda and Oda, 2010, Akiyama-Oda and Oda, 2020; Kanayama et al., 2011; Pechman et al., 2017), we would be able to identify key genes necessary for specific steps in the patterning processes.
When the sequenced genome is available for a species, a popular method to find genes of interest is to search for sequences using sequence similarity detection tools, such as BLAST. Given that the gene expression patterns are reconstructed, an alternative can be to search patterns using image similarity detection tools, such as template matching. However, we will require a web-based application to facilitate this type of gene searches.
In this work, our analyses were focused on the late stage 5 of Parasteatoda embryonic development. An issue that should be addressed is to what extent the gene expression patterns can be reconstructed by single-cell/nucleus transcriptome analyses when using older embryos, in which more complicated patterns of gene expression have been developed. If pattern reconstruction is achieved in a broad range of developmental stages, we might be able to analyze time-series samples to obtain clues about genetic components that contribute to driving pattern-forming processes.
CONCLUSION
This work has demonstrated that single-cell and single-nucleus RNA-seq analyses are applicable to the germ-disc stage embryo in Parasteatoda. Both techniques worked effectively using only twenty or fewer embryos as the starting material for each experiment. UMAP clustering reveals separation of the three germ layers and a reconstruction of the global polarity in the presumptive ectodermal cell population. Additionally, we showed that the data resources generated by the transcriptome analyses help to conduct a genome-wide search for genes whose expression is spatially regulated, based on the detection of pattern similarity. We also showed that single-nucleus transcriptome analysis is more powerful than single-cell transcriptome analysis in detecting dynamic cell states in developing spider embryos. We propose that future applications of these transcriptome techniques to Parasteatoda embryos at broader developmental stages may help to study the pattern formation in a simple cellular field, which cannot be accessible by the Drosophila blastoderm embryo.
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Remodeling of multicellular architecture is a critical developmental process for shaping the axis of a bilaterally symmetric animal body and involves coordinated cell–cell interactions and cell rearrangement. In arthropods, the early embryonic process that leads to the segmented body axis varies at the cellular and molecular levels depending on the species. Developmental studies using insect and spider model species have provided specific examples of these diversified mechanisms that regulate axis formation and segmentation in arthropod embryos. However, there are few theoretical models for how diversity in the early embryonic process occurred during evolution, in part because of a limited computational infrastructure. We developed a virtual spherical-shaped multicellular platform to reproduce body axis-forming processes. Each virtual cell behaves according to the cell vertex model, with the computational program organized in a hierarchical order from cells and tissues to whole embryos. Using an initial set of two different mechanical states for cell differentiation and global directional signals that are linked to the planar polarity of each cell, the virtual cell assembly exhibited morphogenetic processes similar to those observed in spider embryos. We found that the development of an elongating body axis is achieved through implementation of an interactive cell polarity parameter associated with edge tension at the cell–cell adhesion interface, with no local control of the cell division rate and direction. We also showed that modifying the settings can cause variation in morphogenetic processes. This platform also can embed a gene network that generates waves of gene expression in a virtual dynamic multicellular field. This study provides a computational platform for testing the development and evolution of animal body patterns.
Keywords: embryogenesis, body plan, arthropod, body axis formation, cell vertex model, mathematical modeling
1 INTRODUCTION
Multicellular animals comprise more than 20 phyla, each with a different basic body plan (Brusca and Brusca, 2003; Valentine, 2004; Willmore, 2012). Body plan formation is achieved through cell proliferation and differentiation, cell movement and rearrangement, and cell–cell interaction and communication, which are controlled by the genome and cell mechanics (Forgacs and Newman, 2005). Genome information is inheritable but changeable over generations, with the body-forming process being able to diversify without disrupting the traits of the phylum (Richardson, 1995; Galis et al., 2002; Raff, 2012). How these modifications of the body-forming processes can occur during organism evolution is a fundamental question required for understanding the source of animal diversity.
Early embryonic development in animals in the phylum Arthropoda is characterized by body axis formation and segmentation (Scholtz and Wolff, 2013). Cellular and molecular studies of a wide range of species, including the fruit fly Drosophila melanogaster (Irvine and Wieschaus, 1994), the red flour beetle Tribolium castaneum (Benton et al., 2013; Benton, 2018), the amphipod crustacean Parhyale hawaiensis (Sun and Patel, 2019), and the common house spider Parasteatoda tepidariorum (Oda and Akiyama-Oda, 2020), have revealed that the processes and mechanisms of body axis formation and segmentation vary substantially depending on the species despite conserved gene expression patterns during mid-embryogenesis (Liu and Kaufman, 2005; Peel et al., 2005; Sachs et al., 2015; Oda et al., 2020). The variation in early development among arthropods might be linked to the diversity in size, shape, composition, and other properties of the egg, which reproductive strategies associated with environmental adaptation (Scholtz and Wolff, 2013). Hence, species richness in phylum Arthropoda implies high flexibility and evolvability of its developmental systems (Stansbury and Moczek, 2013; Thomas et al., 2020). However, this evolutionary diversity is not easily testable in real organisms; therefore, mathematical modeling of arthropod embryos and simulation of their development contribute to investigating how early developmental processes are diversified. In many cases, tissue morphogenesis dynamics are accompanied by the development of gene expression patterns (Irvine and Wieschaus, 1994; Akiyama-Oda and Oda, 2010). Spatially periodic stripe formation associated with body-axis segmentation in arthropod and vertebrate embryos provides representative examples of these types of patterning processes in dynamic cellular fields. Studies of these examples have highlighted waves of gene expression that behave in various modes to generate periodic stripe patterns (Sarrazin et al., 2012; Hubaud and Pourquié, 2014; Akiyama-Oda and Oda, 2020). Because segmentation in the Drosophila blastoderm embryo occurs mostly in a syncytial environment, this popular model system only provides limited information about the relationship between pattern formation and tissue field dynamics. In contrast, similar to many other arthropod embryos, body axis formation and segmentation in the spider embryo occurs in the cellular field (Figure 1A; Kanayama et al., 2010; Hemmi et al., 2018; Akiyama-Oda and Oda, 2020).
[image: Figure 1]FIGURE 1 | Developing multicellular architecture of the P. tepidariorum embryo. (A–C) Extended depth-of-field images of whole embryos at different developmental stages in which DNA [(A,C) in magenta] and F-actin [(B,C) in green] are labeled with vital fluorescent dyes. Time after egg laying (AEL) is indicated. For each embryo, the region boxed in (A) is magnified in (B,C). (D,E) Time-lapse images of mediolaterally oriented cell intercalations and variously oriented cell divisions in the future thoracic region of the ectoderm in a live embryo labeled for DNA and F-actin. In (D), individual cells grouped together outlined with yellow lines are numbered to aid tracking. In (E), cell divisions are highlighted at higher temporal resolution. See Supplementary Movie S2 for details. Scale bars = 100 μm in (A), 50 μm in (B,C), 25 μm in (D), and 10 μm in (E). (F) Schematics of three hierarchical layers in our mathematical modeling of a spider embryo-like multicellular assembly and the phenomena/properties assigned to each layer. See Supplementary Movie S1 for details.
An increasing number of mathematical modeling studies have simulated the dynamics of multicellular assemblies (Goriely, 2017), with many using cell vertex models in which each vertex follows motion equations based on cell mechanics (Honda, 1983; Farhadifar et al., 2007; Fletcher et al., 2014). Indeed, two-dimensional cell vertex models have effectively simulated the growth and morphogenesis of Drosophila epithelial tissues (Aliee et al., 2012; Kong et al., 2017). These models assume that the cortical actomyosin network and adherens junctions are localized at the apicolateral portions of cell–cell contacts (Fletcher et al., 2014). These adhesions play a major mechanical role in regulating cell size, shape, and behavior (Lecuit and Lenne, 2007; Paluch and Heisenberg, 2009). Actomyosin activity generates cortical tension on individual cells in a tissue, while adhesions resist tension and transform it into tissue-level tension (Heer and Martin, 2017). Cortical tension anisotropy is associated with planar cell polarity in epithelial tissues (Bertet et al., 2004; Keller, 2006). This tension can function as part of the mechanism of cell–cell intercalation to orient the movement of cell populations (Bertet et al., 2004; Blankenship et al., 2006), and differential tensions at the cell–cell interface can lead to local cell sorting (Landsberg et al., 2009).
The use of cell vertex models has been extended to three-dimensional (3D) tissue shaping (Honda et al., 2008; Alt et al., 2017; Okuda et al., 2018), which considers both the volume and 3D shape of individual cells. These developments in cell vertex models may complicate the handling parameters and increase the burden on calculations, which limits the number of cells which can be considered. Spider embryos undergoing segmentation along the emerging body axis are comprised of more than 3,000 cells (Akiyama-Oda and Oda, 2020), each of which has dynamic states of gene expression and dynamic interactions with surrounding cells. The simplicity of the modeling design is, therefore, key to reproducing the function of the animal embryo for morphogenesis and pattern formation.
Here, we propose a cell vertex model with a spherical surface in which a multicellular system deforms spatiotemporally based on cell dynamics. We attempted to model an arthropod-like whole embryo by mimicking the common house spider (P. tepidariorum) embryo. The proposed model helps us to understand the diversity of the body axis-forming processes. We also showed an expansion of the vertex model by introducing gene expression patterning based on molecular networks.
2 MATERIALS AND METHODS
2.1 Structural framework of the virtual spider-like embryo
We modeled a spider-like embryo as a yolk-containing elastic ball with a surface occupied by a single layer of packed epithelial cells. We assumed that the shape of each epithelial cell was represented by the two-dimensional shape of its apical surface, which was expressed as a polygon. Epithelial tissue was modeled as a collective polygon defined by connections of vertices. The positions of vertices are the main dynamic variables in the cell vertex model (Honda, 1983). To model the embryo, we used object-oriented computer programming (C++) to construct the vertex, cell, and tissue using a hierarchical relationship. The coordinates of each vertex i denote [image: image] = (xi, yi, zi) with respect to the center of the spherical embryo. Based on the assumption that the tissue contraction force is balanced with the repulsive force derived from the egg contents, we introduced a restoring force with a spring that constrained the vertices to the surface of the sphere:
[image: image]
The constraint force to the spherical surface [image: image] is exerted on vertex i, while the length of sphere [image: image] approaches the preferred length of R0i (R0i = 270 μm radius for the spider P. tepidariorum embryo). The parameter ki = 30 for all vertices.
2.2 Formulating the cell dynamics
The cell vertex model is useful for simulating the mechanical deformation of cells in tissues based on the forces acting on each cell, where the cell configurations are described as polygons whose vertices form cell junctions when subjected to mechanical forces (Farhadifar et al., 2007; Fletcher et al., 2014). Cells change their shape based on force balance. The model is represented by ordinary differential equations of the position vector of each vertex:
[image: image]
[image: image]
The area elasticity [image: image] is exerted on vertex i by the cell face n, to which vertex i belongs, while the area of cell An approaches the preferred area of A0. The tension at the cell–cell adhesion interface [image: image] is exerted on vertex i by the connecting edges between vertices i and j, where the cell adhesion increases as the edge length between vertices i and j (Lij) increases depending on the cell adhesion parameter [image: image]. The magnitude of cell adhesion parameter [image: image] changes over time, owing to implementation of interactive cell polarity directions of cells facing each cell edge, described in a later paragraph (Eq. 7 in Section 2.3). The cell contraction [image: image] is exerted on vertex i by the perimeter of cell Pn, while [image: image] increases to minimize the difference between the perimeter Pn and the preferred perimeter P0n. Taken together, the following defines the differential changes in the position of each vertex, including the constraint force:
[image: image]
We integrated the cell vertex model numerically using the Euler method and confirmed that the results were not greatly influenced by the choice of the temporal discretization size dt.
2.3 Cell differentiation and cell polarity
We set two conditions in the virtual embryo, which were intended to mimic the contraction (germ disc formation) and the embryo elongation (germ band formation) phases. The multicell was grouped into two cell types that reflected cell differentiation: embryonic and abembryonic for germ disc formation or embryonic and extraembryonic for germ band formation, where cell mechanical parameters were set to be different depending on each cell type.
For the embryo elongation phase (germ band formation), planar cell polarity in an embryonic cell n denotes a time-development vector [image: image] (n = 1 … N, where N is the number of embryonic cells). We assume that the change in the polarity direction of cell n is calculated by the difference between the polarity vectors of its neighboring cells m (m = 1, … , Mn) and its own polarity vector as follows:
[image: image]
Then, the cell polarity in the next time step direction [image: image] is determined by adding the difference of the cell polarity to the current cell polarity [image: image]:
[image: image]
The magnitude of kfd represents the feedback strength. The direction of cell polarity is in parallel with the plane determined by the cell vertices, the position of which is kept close to the surface of the sphere owing to the spring term in the motion equation (Eq. 4). In the virtual embryo with a large number of cells (approximately 3,000 or more), the cell and its neighboring cells are aligned in nearly an identical plane close to the spherical surface. This situation makes the collective vector, calculated from the main and surrounding cells in Eq. 5, stay nearly tangential to the spherical surface over time. The cell adhesion parameters of each cell edge underwent time-dependent changes according to the cell polarity direction. We adopted a similar scheme for coupling the cell adhesion and the cell polarity to that described in a previous study (Sato et al., 2015):
[image: image]
The adhesion parameters of each cell edge [image: image] were the summation of the adhesion parameters of 2 cells n and m facing their cell edge. The adhesion parameters of each cell n or m were determined by the difference between the direction of cell polarity [image: image] or [image: image] and the direction of cell edge facing these cells [image: image] (−180o [image: image] 180o). At the connecting edges between vertices i and j, the direction of cell edge from i to j is the opposite direction from j to i ([image: image]). G denotes the strength of the cell polarity, which affects the cell edge adhesion parameter. In germ band formation, initial cell polarities are only set in cells on the rim of the germ disc, and the cell polarities of other cells are set to [image: image]. The initial directions of cell polarity rely on the orientation of the anterior–posterior and dorsal–ventral axes at the germ disc; [image: image] in cells on the rim of the germ disc, where [image: image], [image: image], and [image: image] are coordinates of the geometric center of cells.
2.4 Mechanical parameter setting
For the contraction phase (germ disc formation), we set the cell mechanical parameters in Eq. 3 using an expansion parameter [image: image]= 1 μm−2, an adhesion parameter [image: image]= 1 μm, and a contraction parameter [image: image]= 2.5 in embryonic cells, and to [image: image]= 1 μm−2, [image: image]= 1 μm, and [image: image]= 0.5 in abembryonic cells. The adhesion parameter of the cell edge between the embryonic and abembryonic cells was [image: image]= 40 μm.
For the embryo elongation phase (germ band formation), we set the cell mechanical parameters in Eq. 3 using an expansion parameter [image: image]= 1 μm−2, an adhesion parameter [image: image]= 1 μm, and a contraction parameter [image: image]= 0.5 in embryonic cells, and to [image: image]= 0.1 μm−2, [image: image]= 0.1 μm and [image: image]= 0.15 in extraembryonic cells. The adhesion parameter of the cell edge between the embryonic and extraembryonic cells was [image: image]= 40 μm. The feedback strength of cell polarity kfd in Eq. 6 was 0.1 in embryonic cells but 0 in extraembryonic cells. The strength of the effect of cell polarity on cell adhesion G in Eq. 7 was 10 in embryonic cells but 0 in extraembryonic cells.
2.5 Cell division and cell growth
The cell division plane was automatically determined based on the geometric shape of the cell by dividing along the short axis direction of the approximate ellipse for the cell through the geometric center of the cell. The developmental times during germ disc or germ band formation ranged from t = 0 (start) to t = 1.0 (end). During germ disc formation, the number of embryonic cells increased from n = 64 to n = 1500 by cell division (where cell cycles follow a normal distribution with mean t = 0.2 and variance 0.05). During germ band formation, cell numbers increased again from n = 1500 to n = 6000 by cell division (where cell cycles follow a normal distribution with mean t = 0.5 and variance 0.1). The variation in the timing of the first cell divisions followed a uniform distribution and a range of a quarter of the time (t = 0.25) it took for germ disc or germ band formation.
The initial ideal cell area in Eq. 3 was set to [image: image] for all cells in germ disc formation and [image: image] for all cells in germ band formation. Embryonic cells have no cell area growth, but [image: image] splits by one half in each cell division step. The abembryonic cells set in a part of embryonic cells (n = 100 at t = 0.5) and grow by [image: image] during germ disc formation, and the extraembryonic cells grow by [image: image] during germ band formation without cell division. The ideal cell perimeter in Eq. 3 was set to P0n = 0 μm for all cells during both germ disc formation and germ band formation.
2.6 Cell rearrangement and cell extrusion
Cell rearrangement was implemented through cell neighbor exchange (also called a T1 transition). The T1 transition occurs when the distance between two connected vertices becomes less than a minimum threshold distance (<3 μm), much smaller than a typical edge length (∼10 μm). The connections of vertices are switched as illustrated in Figure 2B(5).
[image: Figure 2]FIGURE 2 | Mechanical cell properties in embryos. (A) Virtual cells in the vertex model. The letters n, (i, j), An, Pn, and Lij in the panels represent the cell number, vertex number, cell area, cell perimeter, and cell edge length, respectively. (B) Cell behaviors introduced into the cell vertex model. Three cell mechanics are modeled: 1) cell expansion, 2) cell contraction, and 3) cell adhesion. 1) Cell expansion and 2) cell contraction mainly contribute to increasing or decreasing cell area (An) and perimeter (Pn), whereas 3) cell adhesion mainly contributes to increasing or decreasing cell edge length (Lij; see in Eq. 3 in Methods). Three types of context-dependent cellular events are modeled: 4) cell division, 5) cell rearrangement, and 6) cell extrusion. Numbers in the panels indicate cell positional relationships. Black arrows indicate time advanced. See Supplementary Movie S3 for details. (C) Cell polarity (left) and cell differentiation (right) associated with cell shaping. Red lines indicate cell polarity direction (left bottom), while blue and gray cells indicate embryonic and abembryonic cell populations, respectively (right).
Cell extrusion was implemented by removing the shrunk cell (also called a T2 transition). The T2 transition occurs when the cell area became less than a minimum threshold area (<50 μm2) at a triangular cell. The cell was removed, and the geometric center of the removed cell was added to vertices of neighboring cells as a new vertex; cell edges were then connected between the new vertex and its nearest vertices of neighboring cells, as illustrated in Figure 2B(6).
2.7 Embedding a reaction and diffusion system
We embedded a reaction and diffusion system in the cell vertex model. Each cell includes concentrations of three types of molecules (Xn ≥ 0, Yn ≥ 0, and Zn ≥ 0). These molecules react according to the molecular network in each cell (Eq. 9 and Figure 7C) and diffuse between neighboring cells. The reaction–diffusion equations are written as follows:
[image: image]
In the simulation, we set the reaction equation of the molecular network as an example of wave traveling and subsequent wave splitting by:
[image: image]
The parameters were AX = 1.2, BX = 1.0, AY = 0.2, BY = 1.0, CY = 1.2, AZ = 1.0, BZ = 1.0, CZ = 0.5, and Y0 = 1.0.
During germ band formation, the initial pattern of these molecules was [image: image] on the rim of the embryo. Under these parameter settings, the gene expression waves exhibited oscillations and wave-splitting patterns (Figure 7B). The distance related to diffusion [image: image] in Eq. 8 was calculated by the square differential distance [image: image] between the geometric center of cell n and the geometric centers of its neighboring cells. The diffusion coefficients were DX = 20, DY = 5, and DZ = 0; thus, Xn and Yn are diffused, but Zn is not diffused.
2.8 Code for the spherical-surfaced vertex model
The spherical-surfaced vertex model code was written in C++. The code is available at GitHub with the following URL:
https://github.com/Motohiro-Fujiwara/spherical_vertexmodel_spider.git.
Operation checks were made using operating systems for Mac and Linux.
2.9 Spiders and culture conditions
Animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of the JT Biohistory Research Hall (No. 2020–1). Laboratory stocks of the spider Parasteatoda tepidariorum (syn. Achaearanea tepidariorum) were maintained at 25°C in a 16 h light/8 h dark cycle. The developmental stages have been described previously (Akiyama-Oda and Oda, 2003).
2.10 Live imaging and image processing
The developmental stages of the spider embryos were assessed at the start of stage 2 (10 h after egg laying: AEL), stage 5 (30 h AEL), and stage 6 (40 h AEL). Live embryos were dechorionated with 100% commercial bleach, transferred onto heptane-extracted glue in the intended region of a specially designed glass slide, and covered with halocarbon oil 700 (Sigma-Aldrich H8898). Glass capillaries (Drummond 2-000-075) were pulled using a puller (PN-3; Narishige) to make injection needles. Vital fluorescent dyes SPY505-DNA and SPY555-actin (Spiro Chrome), each of which dissolved in DMSO, were mixed at a 1:1 ratio and microinjected into the perivitelline space of the embryos using a needle. The embryos were examined using a Zeiss Axio Zoom.V16 equipped with a digital camera Zeiss Axiocam 506, 2 or 3 hours after injection. Optical sections were made at 4-μm thickness for DNA images (Figure 1A), and 2-μm optical sections from the same embryos were collected for actin and DNA images using an ApoTome3 sectioning unit (Figures 1B and C). Time-lapse images of 2-μm optical sections for DNA and actin were taken at 5 min intervals for 2 h (from 53 to 55 h AEL) using the ApoTome3 sectioning unit (Figures 1D and E). The observed embryos were further examined if embryogenesis had proceeded.
The acquired Z-series images at each time point were processed with ImageJ (FIJI) extended depth of field plugin to generate in-focus single images. Images taken without ApoTome3 were processed using a real wavelet transform with the parameter settings spline order 3 and number of scales 11, while images taken with ApoTome3 used a complex wavelet transform with the parameter settings filter length 6 and number of scales 3. The resultant images were adjusted for brightness and contrast using ImageJ, and the DNA and actin images were merged (Figures 1C–E).
Images of 5-μm optical sections were taken using the same microscope with bright light at 5 min intervals for 3 days. The images at each time point were processed with the ImageJ plugin for the following method and settings: real wavelet, spline order 3, and number of scales 7. The resulting images are compiled to generate Supplementary Movie S1.
3 RESULTS AND DISCUSSION
3.1 Observation of the multicellular architecture of the developing spider embryo
We observed the multicellular architecture development of the spider P. tepidariorum embryo from early to mid-stages using vital fluorescent dye-labeled DNA and F-actin (Figures 1A–C and Supplementary Movie S1). The spherically symmetric blastoderm forms around 10 h AEL, with approximately 64 cells evenly distributed on the surface of the egg. Two cell populations appeared approximately 15 h AEL, manifesting an axis of radial symmetry in the embryo. One cell population showed stronger concentrations of cortical F-actin and an increasingly denser distribution of cells, whereas the other showed little cortical F-actin and an increasingly sparse distribution of cells. Most of the former cell population participated in the formation of a germ disc, which was a single layer of more than 1,000 epithelial cells that mostly contributed to the ectoderm. Further separation of the germ disc epithelial cell population occurs in the following stages. A small cluster of cells called cumulus mesenchymal (CM) cells was internalized at the center of the germ disc, followed by symmetry-breaking migration along the basal side of the germ-disc epithelium that reached the rim of the germ disc (Akiyama-Oda and Oda, 2010). In a peripheral region of the germ disc where the CM cells arrived, they induced the differentiation of extraembryonic cells (Akiyama-Oda and Oda, 2006), which had progressively larger apical surface areas and less prominent cortical F-actin. Simultaneously, the remaining ectoderm underwent remodeling to form a segmented germ band (Hemmi et al., 2018). During this remodeling process, mediolaterally oriented cell intercalations and variously oriented cell divisions were observed (Figures 1D and E and Supplementary Movie S2), which was consistent with previous reports (Hemmi et al., 2018). These cell dynamics promote tissue deformation to shape the whole embryo.
3.2 Constructing a cell vertex model of the spherical epithelial multicell that corresponds to the hierarchical structure of the embryo
The characteristic shape of a developing spider embryo was composed of outer epithelial tissues, which were deformed by epithelial cell dynamics on the spherical surface during embryogenesis (Figure 1A; Akiyama-Oda and Oda, 2010). To reproduce this embryonic shaping process, we constructed a spherical-surfaced vertex model as a virtual multicellular platform (Figure 1F; Honda, 1983; Farhadifar et al., 2007; Fletcher et al., 2014). One advantage of the spherical-surfaced vertex model that distinguishes it from an ordinary 2D sheet vertex model is that it adopts a closed structure system and does not require cell-free boundaries of tissues (Figure 1F). In the constructed vertex model, each polygon represents the apical area of an individual epithelial cell on the embryo surface, and the collective polygons represent the multicellular architecture of the outer epithelial tissue (Figure 1F). We assumed that a whole embryo consisted of one or more tissue types, and that each tissue type consisted of homogeneous cells with certain cell properties. This hierarchical framework of an actual embryo (Figure 1F) was retained in our modeling scheme using object-oriented programming in C++. We also assumed a spherical radius constraint on each vertex to maintain an elastic spherical shape (Eq. 1), which represented the epithelial cell populations attached to inner spherical structures such as the yolk. The connections of polygon edges at each vertex were flexible, and the vertices could increase or decrease in number. These geometric properties allowed the vertex model to express cellular dynamics, such as cell division and cell–cell interactions (Figure 1F and Supplementary Movie S1), as seen in actual embryonic development (Figures 1D and E).
To determine the mechanical properties of individual cell units, we assumed the presence of three sources of potential energy: 1) area elasticity, 2) perimeter contraction, and 3) line adhesion (Figures 2A and B and Supplementary Movie S3). These were expressed in the motion equations for each vertex (Eq. 3; Farhadifar et al., 2007; Fletcher et al., 2014). In addition to these mechanical properties, three types of context-dependent cellular events were included in the model: 4) cell division, 5) cell rearrangement, and 6) cell extrusion, by setting cell cycle periods and transition thresholds (Figure 2B, Supplementary Movie S3 and Methods Section 2.5 and Section 2.6; Farhadifar et al., 2007; Fletcher et al., 2014). Cell shapes were determined by regulating these six cell properties. Changing some of these parameters led to various phenotypic consequences. For example, when it was difficult for cell rearrangements to occur, the embryonic cells showed aberrant shapes (Supplementary Figure S1A).
To reflect global polarity that forms in the cell population along the future anterior–posterior (A-P) and dorsal–ventral (D-V) axes at earlier stages of embryonic development (Akiyama-Oda and Oda, 2006; Akiyama-Oda and Oda, 2020), we assumed that embryonic cells develop a planar cell polarity (Figure 2C). This polarity parameter, which was included in the adhesion term of the vertex motion equation, was initially set along the primary body axes (A-P and D-V axes) but changed over time in a self-determining mode depending on the neighboring cells (Figure 2C; Eq. 6). The cell polarity orientation determined the anisotropic adhesion at the cell edges (Eq. 7). We also introduced cell differentiation by defining two cell types with distinct mechanical properties, cell size characteristics, and cell division frequencies (Figure 2C). However, the cell division plane was automatically determined based on the geometric shape of the cell to divide the cell along the short axis through its geometric center. Given the two cell-type populations with differing cell mechanical properties, the spherical vertex model could represent various embryo shapes, including disc (germ disc) and band (germ band) shapes.
3.3 Germ disc formation is achieved by defining two cell populations with distinct mechanical properties
The first morphogenetic process following the formation of a spherically symmetric blastoderm in the P. tepidariorum embryo was the formation of a germ disc (Akiyama-Oda and Oda, 2003; Pechmann, 2016). To mimic this morphogenetic process, we used the cell differentiation for two types of cell populations with distinct mechanical properties when the cell number increased from 64 to 1,000 in the spherical embryo (Figure 3). These two cell populations corresponded to abembryonic and embryonic cells that could form a germ disc. The embryo size (570 μm diameter), cell number, and mechanical parameters for each cell population (differentiation to 900 embryonic cells and 100 abembryonic cells; Methods) were adjusted to achieve a similar morphogenetic process that formed a germ disc (Figure 3; Kanayama et al., 2010). Consistent with the F-actin observation (Figures 1B and C), the embryonic cell population was given a greater adhesion tension and cell contraction strength, while the abembryonic cell population was given a smaller adhesion tension strength. The abembryonic cell population shifted to a non-proliferative state upon differentiation. The adhesion tensions on the cell edges between embryonic and abembryonic cell populations were higher than the adhesion tensions between homogeneous cell populations, which was a requirement for developing a smooth boundary between the two cell populations (Supplementary Figure S1B). These cell mechanics successfully mimicked germ disc formation independent of cell polarity and the emerging axis of radial symmetry. Given that these two cell populations exhibited distinct mechanical properties with appropriate adhesion tension and contraction, a disc-shaped tissue could develop in the spherical-surfaced vertex model.
[image: Figure 3]FIGURE 3 | Spherical to germ disc embryo shaping in P. tepidariorum. The embryo size was 570 μm diameter, and the cell number ranged from 64 (t = 0) to 1,500 (t = 1) epithelial cells. When the cell number reached approximately 1,000 cells by cell division (t = 0.5), the cells differentiated into two typed-cell populations that were embryonic (blue) and abembryonic (gray) cells.
3.4 Germ band formation is achieved by setting two distinct cell types and global polarity
The P. tepidariorum germ disc stage embryo undergoes a dynamic transition process to form a germ band immediately after the signal-sending CM cells arrive at the rim of the germ disc (Akiyama-Oda and Oda, 2006; Hemmi et al., 2018). To mimic this process, the mathematical model assumed two initial conditions for the germ disc cell population (Figure 4A). The first condition was the differentiation of an extraembryonic cell population on the future dorsal side of the germ disc, where the signal-sending CM cells had arrived (Figure 4A). These newly differentiated extraembryonic cells were set to have no proliferative activity and distinct mechanical properties and cell-size characteristics from those of the remaining germ disc cells (Methods). The second condition applied planar cell polarity to reflect the mutually orthogonal A-P and D-V axes of the embryo (Figures 4A and B). Oriented cell polarity was initially set only in the germ disc rim cells (Figure 4B). The directions of cell polarity were interactive among the neighboring cells over time (Eq. 7), which allowed for the effects to spread across the tissue and promote collective cell movement and oriented cell intercalation (Figure 4C). The time evolution of the modeled germ disc started under these two initial conditions (Figures 4B,C) and then mimicked the coordinated dynamics of extraembryonic tissue expansion and germ band formation (Figure 4D and Supplementary Movie S4; center top). The virtual germ band elongated along the emerging A-P axis with frequent mediolaterally oriented intercalations of cells (Figure 4D and Supplementary Movie S1), which was observed in the P. tepidariorum embryos (Figure 1D). In this model, cell division frequencies were virtually uniform among the germ band cells, suggesting that locally enhanced cell proliferation is not essential for mimicking germ band formation in spider embryos.
[image: Figure 4]FIGURE 4 | Initial settings for cell polarity and cell differentiation, and the deformation from the germ disc to germ band in silico. (A) Direction of two body axes (anterior–posterior (A-P) and dorsal–ventral (D-V) axes) defined in the germ disc. The A-P axis is on the x-y plane, and the D-V axis is on the y-z plane in the Cartesian coordinate system (x, y, z). The red cross with a circle indicates the position of a posterior pole in (A,B,D). Embryonic and extraembryonic cells are depicted in blue and gray, respectively in (A,B,D). (B) Initial setting for cell polarity, viewed from three different sides of the embryo: the anterior side (left), lateral side (center), and dorsal side (right). Initial cell polarities were only set in embryonic cells located at the rim of the embryo (red line). (C) Initial cell polarity defined by the initial direction of the A-P and D-V axes (t = 0, left), and changes in the cell polarity over development are shown (t = 0.1, right). The boxes in the embryo are magnified in the lower panels. The strengths of cell adhesion tension change depending on different angles between cell edge orientation (yellow line, [image: image]) and the cell polarity direction ([image: image]; see in Methods). (D) Model simulation over time. Initial cell polarities were set as shown in (B). Numbers on each panel represent the developmental time. The virtual disc-like cell assembly (blue) was deformed into a band-like shape, similar to that observed in P. tepidariorum embryos.
To examine the effects of interactive cell polarity and polarity-dependent cell adhesion on embryo shaping, we altered the parameter values to block the respective functions. When the feedback parameter kfd in Eq. 6 was set to zero to block the interaction between neighboring cells for cell polarity regulation, the embryo was slightly elongated, but no band-like form developed (Figure 5A and Supplementary Movie S4; left bottom). When the polarity dependence parameter for adhesion G in Eq. 7 was set to zero, the germ disc did not show any elongation behavior (Figure 5B and Supplementary Movie S4; center bottom). Next, to test the applicability of different initial conditions, we changed the initial cell polarity setting. The polarity of circumferential cells along the rim of the germ disc was set to orient parallel to the A-P axis of the embryo but ignored the global polarity of the D-V axis, with the extraembryonic cell population in the same region (Figure 5C). Under this condition, the simulation of the modeled germ disc resulted in embryo elongation in a direction other than the A-P axis (Figure 5C and Supplementary Movie S4; right top). In another condition, the extraembryonic cell population was initially placed around the center of the germ disc, with the polarity oriented parallel to the A-P axis of the embryo (Figure 5D). The resulting virtual embryo was barrel-shaped (Figure 5D and Supplementary Movie S4; right bottom), mimicking the development of Pt-patched knockdown embryos that have signal-sending CM cells that fail to move from the center of the germ disc but still induce differentiation of the extraembryonic cell population (Akiyama-Oda and Oda, 2010). These mathematical simulations using the spherical-surfaced vertex model suggested that spider-like embryonic development can be reproduced with relatively simple model settings. It was also suggested that modifying settings of cell polarity and cell differentiation can cause variation in morphogenetic processes.
[image: Figure 5]FIGURE 5 | Embryo shape change as affected by parameter values or initial conditions. (A) Blocking the interaction between neighboring cells in cell polarity (kfd = 0 in Eq. 6). The initial conditions for cell polarity are the same as shown in Figure 4B. (B) Interrupting the dependency between cell polarity and cell adhesion (G = 0 in Eq. 7). The initial conditions for cell polarity are the same as shown in Figure 4B. (C) Changing the initial conditions for cell polarity shown in Figure 4B. The development time of embryo shaping when cell polarity was only set in the A-P axis direction. (D) Changing the initial conditions for cell differentiation shown in Figure 4B. The development time of embryo shaping when the extraembryonic cells were positioned around the posterior pole of the embryo (red cross with a circle). The red cross with a circle indicates the posterior pole position. Numbers on each panel represent the developmental time (initial state t = 0 to after the deformation t = 1.0). See Supplementary Movie S4 for details.
Next, we examined the impact of the cell adhesion parameter [image: image] (in Eq. 7) and the cell contraction parameter [image: image] (in Eq. 3) on the simulation of germ band formation. The parameter [image: image] was shifted to 0.5 [image: image] and to 1.5 [image: image], whereas the parameter [image: image] was shifted to 0.5 [image: image] and to 2.0 [image: image] (Figure 6A). When the parameter [image: image] was 0.5 [image: image], the elongation of the forming germ band did not fully occur regardless of the value of the parameter [image: image] (Figure 6A). Conversely, when the parameter [image: image] was 1.5 [image: image], the formation and elongation of the germ band progressed, but too rapidly, resulting in a germ band being abnormally narrow at the midpoint (Figure 6A). Additionally, we also altered the strength of the effect of cell polarity on cell adhesion G (in Eq. 7). When the parameter [image: image] was 0.5 [image: image], the elongation of the forming germ band did not fully occur (Figure 6B). Conversely, when the parameter [image: image] was 1.5 [image: image], the formation and elongation of the germ band progressed, resulting in a germ band being long and narrow (Figure 6B). Taken together, changing the parameters of cell adhesion and cell contraction deformed the germ band outlines, and the strength of cell adhesion was responsible for embryo elongation.
[image: Figure 6]FIGURE 6 | Embryo shape as affected by altering cell mechanical parameters. (A) Changing mechanical parameters for cell adhesion [image: image] in Eq. 7 (horizontal axis) and cell contraction [image: image] in Eq. 3 (vertical axis). Reference parameters in germ band formation as [image: image]= 1 μm and [image: image]= 0.5 in embryonic cells. In [image: image]= 1.5β0ij and [image: image]= 0.5γ0n, the numerical calculation was halted before completion (x symbol). In cell adhesion [image: image]= [image: image], the widths of germ band at the midpoint were 226 μm at [image: image], 206 μm at [image: image], and 180 μm at [image: image]. (B) Changing the strength of the effect of cell polarity on cell adhesion G in Eq. 7. Reference parameters in germ band formation as [image: image]= 10 in embryonic cells. The blue cells represent embryonic cells, and the colorless cells represent extraembryonic cells in (A,B).
3.5 Embedding a genetic network in the spherical-surfaced vertex model
In spider embryogenesis, gene expression patterning occurs simultaneously with embryonic shaping (Hemmi et al., 2018). One of the most important goals worth pursuing when using the spherical-surfaced vertex model is to reconstruct the various patterning processes that are controlled by different genetic networks in the field of virtual cells undergoing active rearrangement. Hence, we embedded a simple genetic network with three variables that corresponded to gene activities in the individual cells that form the germ band (Figures 7A–C and Methods). We assumed that the protein products of genes were diffusible with different diffusion coefficients like those in ordinary reaction and diffusion systems that generate stripes, spots, or other patterns (Kondo and Miura, 2010). The embedded genetic network was intended to mimic the wave traveling and splitting of the expression of the spider hedgehog (hh) homolog (Pt-hh), which originates at the rim of the germ disc (Kanayama et al., 2011; Hemmi et al., 2018). The initial gene expression values were set on the embryo edges, as observed in previous studies (Hemmi et al., 2018). Simulations showed that the gene expression wave was followed by splitting when the virtual cellular field underwent germ band formation (Figure 7B and Supplementary Movie S5). However, the integrity of the linear configuration of the transverse gene expression waves was not stably maintained. Cell rearrangements within the plane of the germ band-forming field appeared to cause fluctuations in wave behavior. These cellular dynamics in the patterning field are not usually considered when simulating pattern formation using ordinary reaction and diffusion systems.
[image: Figure 7]FIGURE 7 | Embryo shaping and gene patterning during germ disc development. (A) Body axis formation of the germ band in P. tepidariorum. The embryo size is 570 μm diameter, composed of 1,500 (t = 0) to 6,000 (t = 1.0) epithelial cells. The settings for each cell parameter are described in the Methods section. The blue colored cells represent embryonic cells, and the colorless cells represent extraembryonic cells. (B) Gene expression patterning during embryo shaping. The collars indicate the molecules X (green) and Y (red) defined in (C) and Methods section. Numbers on each panel represent the developmental time (initial state t = 0 to after the deformation t = 1.0). See Supplementary Movie S5 for details. (C) Gene expression network in a cell and diffusion between neighboring cells. Red arrows indicate the regulations between two molecules, while blue arrows indicate self-regulation. Black arrows indicate the input from the initial pattern of X = X0 ((B) left). Lines with arrowheads indicate promotion; those with end bars indicate inhibition. Gray arrows indicate molecular diffusion (X and Y) between neighboring cells.
In the late P. tepidariorum germ disc, differential concentric gene expressions are established along the central–peripheral direction that reflects the future A-P axis under the control of Hedgehog (Hh) signaling. However, the genetic network embedded in the current vertex model does not use this spatial information. This condition may limit the model’s ability to computationally reproduce the pattern-forming behaviors of gene expression waves during germ band formation. In Drosophila embryos, regulatory coordination between positional information in a tissue and cell behavior that drives convergent extension has been suggested (Paré et al., 2014). Such a regulatory connection between the emerging rough positional information and cell mechanical parameters should be incorporated to improve our vertex model. Quantitative data on cell position, cell behavior, and gene expression can now be obtained from spider embryos using live imaging, multicolor fluorescent in situ hybridization, and single-cell/nuclear transcriptomes (Hemmi et al., 2018; Akiyama-Oda et al., 2022). Analyses of such quantitative data may help us understand the mechanical regulations and genetic networks underlying the pattern-forming processes in the spider embryo.
3.6 Future directions for in silico evolutionally testing of the body axis formation process in arthropod-like embryos
We have shown that computational simulations using a two-dimensional vertex model modified to operate on a spherical surface can reproduce dynamic cell behaviors that drive the formation of a germ disc and the transition of the germ disc to a germ band similar to those observed in P. tepidariorum embryos (Figures 1, 3, 4). In our current model, however, symmetry-breaking steps prior to the two morphogenetic processes are ignored, with the spatial asymmetries given as initial conditions instead. In early spider embryos, there may be localized maternal factors and/or self-determination systems mediated by cell–cell interactions. Regulation of symmetry-breaking CM cell migration is key to achieving continuity during germ disc to germ band development. Although signal-sending CM cells are an internal cell cluster that originates at the polar site, our spherical-surfaced vertex model can be modified to have a signal source that moves below the surface cell layer in response to emerging cues. Previous studies have suggested that these cues are regulated by a genetic network involving Hh signaling in the P. tepidariorum embryo (Akiyama-Oda and Oda, 2010). In addition, competence to respond to a signal is an essential property of embryonic cells, and it may be spatially regulated as part of the patterning mechanism. Future models should consider this response as well as a dynamic source of signal.
Hh signaling activity in P. tepidariorum embryonic development not only mediates the formation of global polarity but also contributes to the subsequent steps of body axis segmentation (Akiyama-Oda and Oda, 2010; Hemmi et al., 2018; Akiyama-Oda and Oda, 2020). The later activities of Hh signaling, at least in part, may be comparable to those of segment polarity genes in Drosophila segmentation. The formation of a spatially periodic striped pattern of hh expression is a highly conserved feature in embryonic development in arthropods. Downstream effectors of Hh signaling are involved in regulating the sorting behavior of cells (Larsen et al., 2003), which indicates its potential link to the regulation of cell mechanical properties. This aspect could be incorporated into the cell vertex model. Constructing mathematical models that can reproduce a continuous process by which a spherically symmetric multicellular assembly develops into an arthropod-like segmented body pattern is a long-term goal in future studies.
The germ disc stage, such as in P. tepidariorum, is missing in other spider embryos. There are variations in the early embryonic developmental process in many animals, even among spider species (Oda et al., 2020). The virtual multicellular platform proposed in this work is rudimentary but adjustable to different conditions and can be improved. For example, egg shape can be easily modified to test the robustness of a pattern-forming system (Supplementary Figure S1C). Another long-term goal for future studies will be to mathematically test the evolution of arthropod-like embryos.
4 CONCLUSION
We propose a cell vertex model that operates on a spherical surface, where the virtual multicellular system could represent spider-like embryonic development based on the regulation of cell mechanics. The vertex model was implemented with an interactive cell polarity parameter associated with adhesion tension. This implementation allowed for mimicking of the formation of a germ band in spider embryos. This vertex model serves as a virtual multicellular platform to test various spider-like embryonic morphogenetic processes by modifying the parameters and conditions for cell polarity, cell differentiation, and cell mechanical properties. In addition, this multicellular platform has the potential to embed a gene regulatory network that generates waves of gene expression. Further development of the vertex model could contribute to improved reconstruction of arthropod body pattern development and evolution.
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Stem cells have been shown to play an important role in regenerative medicine due to their proliferative and differentiation potential. The challenge, however, lies in regulating and controlling their potential for this purpose. Stem cells are regulated by growth factors as well as an array of biochemical and mechanical signals. While the role of biochemical signals and growth factors in regulating stem cell homeostasis is well explored, the role of mechanical signals has only just started to be investigated. Stem cells interact with their niche or to other stem cells via adhesion molecules that eventually transduce mechanical cues to maintain their homeostatic function. Here, we present a comprehensive review on our current understanding of the influence of the forces perceived by cell adhesion molecules on the regulation of stem cells. Additionally, we provide insights on how this deeper understanding of mechanobiology of stem cells has translated toward therapeutics.
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1 INTRODUCTION
Regenerative Medicine, which deals with the restoration of tissues/organs upon injury or chronic disease, is a promising and emerging branch of medical research (Mason and Dunnill, 2008; Mahla, 2016). It is well known that stem cells in our body hold the capability of self-renewal and differentiation into other types of cells, which makes it an ideal candidate for regenerative medicine. Though the term stem cell (original: ‘Stammzelle’) appeared in the scientific literature in the mid-19th century by famous German biologist Ernst Haeckel (Haeckel, 1868); major breakthroughs in the stem cell research only happened a century later. However, over the past 20 years, there have been immense advancements in the field of stem cell research, in elucidating their characteristics and potential for regenerative medicine (Mahla, 2016; Liu et al., 2020).
Although there are different types of stem cells, they all share common characteristics of self-renewal and the ability to differentiate into different cell types. Among many types of stem cell classifications, two common ways to classify them are 1) based on their origin or residency, known as tissue-specific stem cells and 2) based on their potency, which refers to their ability to differentiate into various cell types.
Stem cells isolated from mammalian blastocysts are also known as embryonic stem cells (ESCs) (Evans and Kaufman, 1981; Thomson, 1998; Smith, 2001). Stem cells isolated from the epiblast stage of embryos are termed epiblast stem cells (EpiSCs) and primordial germ cells (embryogenic germ cells EGCs) (Shamblott et al., 1998; Yu and Thomson, 2008). In contrast to ESCs, adult stem cells are found in various tissues and are alternatively termed as somatic stem cells (Leblond, 1964; Robey, 2000). Hematopoietic stem cells (HSC) were amongst the first identified adult stem cells and the most widely studied (Seita & Weissman, 2010). Some of the tissues where pools of adult stem cells have been identified include 1) The nervous system which includes parts of brain, 2) Bone marrow and blood which consist of bone marrow, peripheral blood, dental pulp and spinal cord, blood vessels, 3) Endothelial Progenitor Cells, 4) Skeletal Muscle Stem Cells, 5) Epithelial Cell Precursors in the Skin and Digestive System as well as from parts of cornea, retina, liver, and pancreas. These tissue specific stem cells (TSSCs) behave differently depending on their local environment and the homeostatic requirement of the body.
Stem cells (SCs) often reside in tissue-specific microenvironments termed as the stem cell niche, that play an important role in regulating the proliferation and differentiation of these cells, thereby maintain tissue homeostasis (Schofield, 1978). The concept and significance of the stem cell niche was first proposed by Scholfield in 1978, when he demonstrated that removing these cells from their niche resulted in their differentiation (Schofield, 1978). Stem cell fates are regulated by both intrinsic and extrinsic factors. Cell-intrinsic factors include specific transcription factors, microRNAs, epigenetic regulators and secreted signaling molecules such as Wnts and BMPs (Watt and Hogan, 2000; Nusse, 2008; Gangaraju and Lin, 2009; Wang and Wagers, 2011; Li et al., 2017; Chacón-Martínez et al., 2018; Rigillo et al., 2021). Extrinsic factors include the regulation of stem cells with through cell-cell and cell-substratum interactions (Watt and Huck, 2013; Gattazzo et al., 2014). In addition to the above-mentioned niche factors, mechanical signals originating from cell-intrinsic and externally applied forces also have major implications on the behavior of the SCs (Vining and Mooney, 2017). Force generation by actomyosin contractility and cytoskeletal assembly impinge on mechanisms by which the cells exert intrinsic forces on its extracellular milieu and neighboring cells. In contrast, cell-extrinsic forces arise from the rigidity, topography and composition of the ECM that exerts shear, tensile and compressive forces on the stem cells (Lo et al., 2000; Even-Ram et al., 2006; Dupont et al., 2011; Li et al., 2011; Wolfenson et al., 2019). Transmission of these mechanical forces through cell-cell junctions and cell-substratum adhesions plays a key role in regulating intracellular signaling pathways, eventually determining stem cell fate (Vining and Mooney, 2017). Although the role of cell-intrinsic factors and signaling molecules regulating the quiescence of the stem cells have been extensively studied, the mechanical function of the cell-cell adhesion molecules in maintaining the stem cell homeostasis is less well explored. Cells typically sense and transmit external forces to specialized structures at the cell periphery. These structures then transduce the forces into a biochemically detectable signal, and ultimately the response of the cell is transcribed by the nucleus. These are commonly referred to as mechanotransmission, mechanosensing, and mechanoresponse, respectively or as a whole, mechanotransduction (Ingber, 2006; Jansen et al., 2017). Recent studies have highlighted the importance of biophysical attributes of the microenvironment, including mechanical loading and substrate material property, in determining the self-renewal and commitment of SCs required for its maintenance and differentiation respectively. External forces applied to the SCs from its niche generates traction forces as well as compressive forces through the cytoskeleton. These forces are then transmitted from the cytoskeleton to other cellular components inside or outside of the SCs. This concept of organizing and stabilizing the cytoskeleton by the living cells in response to applied external forces is based on the model of tensegrity, which was first described by D. Ingber (Chen and Ingber, 1999; Ingber, 2003). The cellular tensegrity model describes the cell as a mechanical force bearing structure that is composed of compression resistant components and tension bearing cables. These cables create a pre-stress state in the cell, which is opposed by the compression resistant components known as struts, that aids in the maintenance of the mechanical equilibrium of the cell. This tensegrity-based model highlights the integration of cytoplasmic mechanotransduction and biological responses that are critical for determining the proliferative and differentiative characteristics of SCs, gene expression, as well as its role in organ development (Chowdhury et al., 2010; Engler et al., 2004; 2006). The 2 cell junctions that regulate mechanotransduction of the SCs within its niche are, the cadherin mediated Adherens Junctions (AJs) and the integrin mediated Focal Adhesions (FAs).
2 ROLE OF EXTRACELLULAR MATRIX MOLECULE AND ADHESION MOLECULES IN REGULATING MECHANOTRANSDUCTION OF STEM CELL NICHE
2.1 Extracellular matrix and matrix metalloproteinases as a niche factor
2.1.1 Extracellular matrix
The ECM comprises of noncellular components surrounding all the cells in the body, and provides mechanical support via a structural macromolecular network (Murphy-Ullrich & Sage, 2014; Theocharis et al., 2016; Stanton et al., 2019). Mechanical cues from the ECM help to regulate cell phenotypes, motility, biochemistry and matrix production and therefore plays an essential role in tissue remodeling (Jaalouk and Lammerding, 2009; Akhmanova et al., 2015). The components of the ECM that mediate signaling in cells include: collagen, elastin, laminin, fibronectin, hyaluronic acid, chondroitin sulfate and syndecans, as well as soluble components such as cytokines, matrix metalloproteinases, growth factors and proteases (Figure 1) (Hynes, 2009; Mohammed et al., 2019). The physical properties of the ECM such as its rigidity, viscosity, porosity and topography are influenced by the concentration, type, and arrangement of macromolecules (fibers, proteoglycans and glycoproteins). As a result, the ECM may present as a soft or hard substrate (Yue, 2014; Jansen et al., 2015). Multiple studies have suggested the role of ECM stiffness as a major regulatory physical factor in determining stem cell fate (Discher et al., 2005; Paszek et al., 2005; Engler et al., 2006; Even-Ram et al., 2006; Hamidouche et al., 2009; Li et al., 2011; Gandavarapu et al., 2014).
[image: Figure 1]FIGURE 1 | Highlights the cell adhesion molecules present at cell-cell and cell-substratum junctions in epithelial cells.
2.1.1.1 Collagen
About 30% of the total protein mass in mammals is constituted by collagen, which is also one of the most abundant components of the ECM (Shoulders and Raines, 2009; Ricard-Blum, 2011). The collagen super family comprises 28 members with at least 46 distinct polypeptide chains in vertebrates (Brinckmann, 2005). The primary component of the ECM in vertebrates is collagen I, which consists of stiff, thick and long fibrils that contribute to the structural architecture, shape and mechanical properties of tissues such as tensile strength in skin and resistance to traction in ligaments (Ricard-Blum, 2011). Different collagen types are reported to perform tissue-specific functions. For example, collagen XXII which is present only at tissue junctions (skeletal and heart muscles) and in the skin epithelia acts as an adhesion ligand (Koch et al., 2004). Collagen XIII in bone regulates its formation by coupling bone mass to mechanical use (Ylönen et al., 2005) and collagen VII in skin is critical for maintaining dermal-epidermal adhesion, thus affecting its integrity (Bruckner-Tuderman et al., 1987).
Collagen in the ECM of the stem cell niche plays an important role in determining the proliferative and differentiation potential of the stem cells. Studies have shown that type IV collagen in the basement membrane and hair follicles of the skin provides mechanical support as well as an increase in the proliferative potential of normal human basal keratinocytes (Breitkreutz et al., 2013; Choi et al., 2014). Likewise, in muscle stem cells (satellite cells), alterations of muscle stiffness which is mediated by collagen VI deposition by fibroblasts affects the self-renewal and maintenance of these stem cells (Urciuolo et al., 2013). The mechanical microenvironment of the intestinal crypt cells has been shown to be primarily regulated by type VI collagen via its interaction with the RGD domain of fibronectin (Groulx et al., 2011; Benoit et al., 2012). Altered tissue stiffness in the intestinal crypt cells is associated with increased type VI collagen secretion into the basal lamina. This alteration of the tissue stiffness, in turn, affects integrin focal adhesions, growth factor receptor signaling and acto-myosin and cytoskeletal-dependent cellular contractility (Handorf et al., 2015). Collagen has also been shown to support stem cell properties such as clonogenicity, cell growth and osteogenic differentiation potential (Chen et al., 2007; Linsley et al., 2013; Somaiah et al., 2015; Akhir and Teoh, 2020). The absence of collagen III in mice affects osteoblast differentiation (Volk et al., 2014) whereas the denaturation of collagen I promotes osteoblastic differentiation (Tsai et al., 2010). Taken together, these studies suggested that the structural integrity conferred by collagen in the ECM is implicated in the fate of stem cell proliferation and differentiation in different niches.
2.1.1.2 Elastin
Another important component factor of the ECM along with collagen are the elastin networks that are predominantly found in soft elastic tissues like the skin, blood vessels and lungs (Rosenbloom et al., 1993; Li & Daggett, 2002). Elastin is formed from its monomer, tropoelastin. Tropoelastin is crosslinked at its lysine residues, thereby forming elastic fibers along with microfibrillar proteins such as fibrillin. These elastic fibers are the major contributors to the mechanical properties of elastin (Aaron and Gosline, 1981; Ozsvar et al., 2015). Elastin is predominantly deposited during prenatal development and childhood and is rarely synthesized during adulthood (Ozsvar et al., 2015). 90% of elastin comprises elastic fibers, with the remaining 10% consisting of fibrillin glycoprotein (Mecham, 1991). The primary role of these elastic fibers is to undergo constant stretch-recoil cycles, thus maintaining the structural and functional integrity of the elastic tissues throughout the organism’s lifetime (Ozsvar et al., 2015).
Studies have shown that tropoelastin can promote cell attachment and migration of various cell types such as fibroblasts, mesenchymal stem cells (MSCs) and endothelial cells (Ozsvar et al., 2015). Additionally, tropoelastin has been shown to interact and bind with one of the major cell adhesion proteins, integrins, to promote proliferation in MSCs and HSCs. Specifically, elastin’s interaction with ɑvβ3 and ɑvβ5 integrins on the surface of MSCs, either as surface-bound or as soluble tropoelastin, promotes MSC proliferation. This was attributed to the ability of elastin to convey mechanical signals and modulate gene expression that supports proliferation (Rodgers and Weiss, 2004; Yeo and Weiss, 2019). Tropoelastin-integrin interactions partially contribute to the wound healing process by remodeling the ECM (Ozsvar et al., 2021). Likewise, in the hematopoietic stem cell (HSC) compartment, mechanical characteristics of tropoelastin in the ECM has been shown to be associated with its differentiation (Holst et al., 2010). The tunable elasticity of elastin plays an important role in regulating cell proliferation, differentiation, adhesion and migration.
2.1.1.3 Laminin
Laminins are a family of large multidomain, heterotrimeric glycoproteins that are composed of three different subunits, the α, β, and γ chains. These chains are encoded by 11 genes in humans and form at least 15 trimeric combinations of subunits throughout different tissues (Aumailley et al., 2005). Different combinations of these three subunits confer upon laminins its nomenclature. For example, laminin composed of α2, β1, and γ1 chains is laminin 211 and so on (Kaur and Reinhardt, 2015). Each laminin subunit consists of tandem LE repeats (laminin-type epidermal growth factor-like domains), globular domains interspersed within the LE domains and an α-helical domain which follows after the LE repeats (Beck et al., 1990; Hamill et al., 2009). The α-helical domains of the α, β, and γ subunits wind around each other to produce a trimeric coiled-coil structure (Beck et al., 1990). Laminins (with other components) maintain the structural and functional integrity of the ECM, ultimately affecting cell viability (Armony et al., 2016). Additionally, laminins also influence cell adhesion and migration (Domogatskaya et al., 2012).
Laminins are well known for regulating different stem cell functions such as cell-substratum adhesion, proliferation, migration and differentiation (Iorio et al., 2015). However, there are very few in-vivo reports that highlight the mechanical properties of laminin in maintaining stem cell function. In contrast, in-vitro studies that modulate substrate stiffness and ligand composition to mimic the native elasticity of the stem cell niches have highlighted the role of laminin as a stem cell niche factor. For example, satellite cell renewal from skeletal muscle was promoted when cultured on laminin crosslinked hydrogels (with a stiffness of ∼12 kPa) which mimics the native elasticity of skeletal muscles. This study further reported that muscle satellite cells cultured on laminin functionalized hydrogels contributed to muscle regeneration when grafted into immune deficient mice that partially lacked endogenous satellite cells (Gilbert et al., 2010). Different isoforms of laminin have been shown to be able to direct the differentiation of human induced pluripotent stem cells (hiPSCs) into multiple eye-like tissues. Of note, the E8 fragments of laminin 511 enables the dense concentration of hiPSCs colonies due to actomyosin contraction, which results in cell density YAP inactivation and ultimately leading to retinal differentiation in these colony centers (Shibata et al., 2018). Neural stem and progenitor cells (NSPCs) differentiation towards the oligodendrocyte lineage have been shown to be favored when cultured on laminin coated substrate over fibronectin coated substrate and along with mechanical stimulation by subjecting the cells to a single static stretch (Arulmoli et al., 2015). This oligodendrocyte lineage specific differentiation is preferentially mediated by the integrin α6 laminin binding. These findings correlate with what is known in vivo as laminin is found in high concentrations in a developing brain and is also expressed in the NSPC niches such as the subventricular zone (SVZ) of the lateral ventricles and dentate gyrus (DG) of the hippocampus in an adult brain (Chen et al., 2003; Lathia et al., 2007; Relucio et al., 2012). Thus, mechanical forces resulting from robust cell movements during development and tissue folding of the brain may thus be implicated together with laminin in the ECM to direct NSPC differentiation towards the oligodendrocyte lineage within this niche.
2.1.1.4 Fibronectin
Fibronectin (FN) is a large 440 kDa, multidomain, dimeric glycoprotein which is found in the extracellular milieu of different tissues (Proctor, 1987; Parisi et al., 2020). It is composed of two identical subunits that are joined together by disulfide bonds near the C-terminal regions. Each subunit monomer consists of three different types of repeats, namely FNI, FNII and FNIII (Hynes, 1986; Pankov and Yamada, 2002; To and Midwood, 2011; Adams et al., 2015). FN exists in both soluble and insoluble forms. The soluble FN, also known as plasma fibronectin, circulates in the blood and contributes primarily to tissue repair by forming fibrin blood clots (To and Midwood, 2011). On the other hand, the insoluble FN, also known as cellular FN, is found on cell surfaces and in the ECM (Proctor, 1987; To and Midwood, 2011). FN is also considered as the ‘master organizer’ of the ECM since it helps in organizing other matrix proteins such as collagen, heparin, fibrillin and fibulins (Morla and Ruoslahti, 1992; Chung and Erickson, 1997; Klass et al., 2000; Woods, 2001; Galante and Schwarzbauer, 2007; Kaur and Reinhardt, 2015). The tripeptide sequence Arg-Gly-Asp or RGD present on the FNIII repeat, binds to different integrin subunits and aids in the assembly of FN (Goodman, 2021). These non-covalent interactions help in forming a matured FN network.
Interaction of FN with cell surface receptors such as integrins and syndecans aid in cell adhesion and migration as well as determining cell shape and differentiation. Human mesenchymal stem cells (hMSCs) are known to utilize their own contractile forces and translate environmental cues such as variations in substrate rigidity into differential biochemical signals with the help of stretched FN fibers. hMSCs mediated osteogenesis was shown to be increased upon inhibition of αvβ3 integrin on relaxed FN fibers whereas osteogenesis was decreased upon inhibition of αvβ1 on stretched FN fibers. Thus, the mechanical strain of these FN fibers serves as a checkpoint, where they act as a crucial mechano-chemical signal converter that help the hMSCs to differentiate (Li et al., 2013). Osteogenic differentiation is known to be enhanced with increasing higher substrate stiffness ranging from 0.7 to 80 kPa. Interestingly, when polyacrylamide gels were coated with fibronectin, it stimulated osteogenic differentiation even at a lower substrate stiffness of 25 kPa, at a comparable differentiation rate to that of 80 kPa. These studies indicate that the mechanical properties of ECM components like fibronectin might play a significant role in determining the fate of stem cells (Rowlands et al., 2008). In embryonic stem cells (ES) fibronectin-mediated upregulation of the expression αvβ1 has been shown to promote the fate of cells towards a meso-endodermal lineage (Hayashi et al., 2007; Pimton et al., 2011). Additionally, in adult stem cells, fibronectin can promote differentiation towards a skeletal lineage as opposed to an adipogenic fate (Ogura et al., 2004; Martino et al., 2009; Wang et al., 2010). Interestingly, when differentiated 3T3 adipocytes were cultured on fibronectin, a reduction in the lipogenic gene expression was observed, suggesting that fibronectin also affects the fate of these cells (Spiegelman and Ginty, 1983). In mammalian skin, FN is also known to contribute to the wound healing process. The FN pericellular matrix assembled by fibroblasts senses strain caused by a disruption in tensile homeostasis during wounding. Mechanically regulated interaction between FN and collagen drives the deposition of collagen over FN matrices at the wound bed, which protects the FN matrix from the microenvironmental forces (Patten and Wang, 2021). Although it is known that the interaction between FN and collagen is mechanically regulated, the mechanism for the unfolding of the FN fibrils is less well understood (Gee et al., 2008; Ponmurugan and Vemparala, 2012; Früh et al., 2015; Szymanski et al., 2017a; Szymanski et al., 2017b).
2.1.2 Matrix metalloproteinases
Matrix metalloproteinases (MMPs) are enzymes that cleave components of the ECM such as collagen and laminin, and play an important role in embryonic development, morphogenesis and tissue remodeling (Brenner et al., 1989; Matrisian and Hogan, 1990; Woessner, 1991; Tyagi et al., 1995). MMPs are a growing family of metallo endopeptidases and can be classified as collagenases, gelatinases, stromelysins, matrilysins and, enamelysins (Jabłońska-Trypuć et al., 2016). During development, MMPs help in regulating biophysical cues by degrading and modulating the stiffness of the ECM in different stem cell niches such as MSCs and HSCs (Caiazzo et al., 2016; Saw et al., 2019). MSCs play an active and significant role in bone regeneration due to their ability to migrate to injured sites and differentiate into osteocytes. Additionally, MMPs are also involved in bone regeneration as it has been shown that inhibition of MMPs, in particular MMP-13, led to perturbations in the migration, proliferation and osteogenic differentiation capabilities of the MSCs (Kasper et al., 2007). It was further demonstrated in the same study that mechanical loading also played a role in regulating the expression of MMPs, which may be an important factor in regulating levels of MMPs to direct MSC osteogenic differentiation. The conditional ablation of MMP-14 from mouse dermal fibroblasts results in enhanced accumulation of collagen I in the ECM, resulting in a fibrotic skin condition associated with an increase in stiffness and tensile strength. This study suggested that MMP-14 contributes to collagen remodeling in adult skin, and plays a crucial role in maintaining dermal homeostasis (Zigrino et al., 2016). The migration of muscle stem cells (MuSCs) and progenitors to appropriate sites require physical interaction with its niche (Smith, et al., 2017). During this migration, cells experience mechanical resistance from the matrix, causing the cells to escape from their basement membrane. This process requires the expression of MMPs (MMP-1, MMP-14) from muscle progenitors to degrade the ECM in their path of migration (Wang et al., 2009; Xiaoping and Yong, 2009; Lund et al., 2014). Taken together, these studies show that MMPs play a critical role in modulating the physical properties of ECM to affect a variety of stem cell functions.
2.2 Cell‐substrate adhesions as niche factor
In multicellular organisms, adhesion molecules help to maintain tissue architecture, generate forces for cell movement and ensure the functionality of tissues by creating barriers (Vleminckx, 2017). Adhesion molecules bind to various ligands and receptors and the resulting signals are critical to many physiological processes such as cell growth, differentiation, contact inhibition and apoptosis (Vleminckx, 2017). The cytoplasmic domain of adhesion molecules bind indirectly to the cytoskeletal proteins such as actin and intermediate filaments, whereas their extracellular domain, via homophilic or heterophilic adhesion, interact with adhesion receptors on neighboring cells or ECM ligands. Furthermore, these adhesion molecules often cluster at specific restricted areas in the membrane, commonly termed as junctional complexes. The linkage to the cytoskeleton coupled with its clustering enhances the strength of adhesion forces nucleated by these adhesion molecules. Adhesion molecules are classified into five major groups based on their mode of interaction, function, structure and location. These groups are integrins, cadherins, selectins, proteoglycans and the immunoglobulin (Ig) superfamily (Samanta and Almo, 2015; Vleminckx, 2017). In this section, we will focus on the role of integrins, involved in cell-ECM interactions via the focal adhesions (FA) and cadherin, that mediate cell-cell interactions at the adherens junction (AJ) in stem cell functions. Junction complexes induced by cadherin and integrins can initiate signal transduction that facilitates niche signaling, in turn regulating stem cell properties such as self-renewal, proliferation and survival (Chen et al., 2013). The role of mechanical signals in regulating stem cell function, has been recently reviewed (Shih et al., 2011; Vining and Mooney, 2017; Naqvi and McNamara, 2020). However, the molecular mechanisms underpinning the mechanical activation of adhesion molecules and their roles in regulating stem cell fate are still less well understood.
2.2.1 Integrin
Integrins are transmembrane heterodimeric receptors consisting of α and β subunits that function as a mechanical link between the cellular cytoskeleton and the ECM (Figure 1) (Sun et al., 2016). The engagement of integrins with their extracellular ligands initiates intracellular biochemical responses (Hynes, 1992; Arnaout et al., 2007). In mammals, there are eight β-subunits and 18 α-subunits resulting in 24 distinct integrin receptors (Hynes, 2002). These receptors bind to different ECM ligands such as laminin, fibronectin and collagen IV, with specific heterodimers playing important roles in stem cell maintenance in different tissue niches. For example, α2 integrin regulates the osteogenic differentiation in hMSCs and is upregulated in MSCs plated on stiffer matrices (42.1 kPa). On the other hand, the knockdown of α2 integrin in these MSCs decreased osteogenic induction, suggesting a role for this integrin in mechanotransduction during osteogenic differentiation (Shih et al., 2011). The reduction in quiescence of neural stem cells (NSCs) is associated with a lower expression of β1 integrin, which, in turn, results in a reduced interaction of the β1 integrin on the NSCs to the laminin-rich microenvironment (Shen et al., 2008; Nascimento et al., 2018). On the other hand, bifunctional hydrogels with different stiffnesses (2 and 20 kPa) that are engineered with laminin peptide (IKVAV) and poly-lysine led to neurogenesis in embryonic cortical progenitors and adult NSCs respectively via β1 integrin. These data suggest that substrate stiffness and ligand specificity of integrin contribute to different stem cell behavior (Farrukh et al., 2017). Although integrin is a well-known mechanotransmitter, integrin-mediated mechanosensing in regulating the stem cell microenvironment is still being explored.
2.2.2 Integrin-associated proteins
Focal adhesions (FAs) are one of the key junctions involved in mechanosensing at the cell periphery. FAs comprise multimeric protein complexes which integrate both inside-out and outside-in signals and involve both mechanical and biochemical cues to regulate cellular functions (Vogel and Sheetz, 2006; Schiller and Fässler, 2013; Oakes and Gardel, 2014). FAs are nucleated by integrin receptors that form a mechanical link between the cytoskeleton and the ECM (Kanchanawong et al., 2010). Initially, integrins bind to the ligands found in the matrix, following which the cytoplasmic domain of the integrin subunit recruits multiple intracellular anchoring proteins such as talin, kindlin, paxillin, FAK, ILK, tensin etc (Figure 1). This anchorage can either result in the recruitment of vinculin, further linking this complex to the actin cytoskeleton, or result in direct engagement with the actin cytoskeleton (Alberts et al., 2002). Perturbations of these integrin-associated proteins have revealed their critical role in maintaining the stem cell niche.
Talin is an integrin-associated protein that is critical for integrin activation at the FA (Chinthalapudi et al., 2018). The lack of talin in embryonic stem cells in mice leads to the failure in the association of integrin with the cytoskeleton, resulting in embryonic lethality during gastrulation. This defect arises due to perturbed cell migration and cytoskeletal organization in the stem cell niche (Monkley et al., 2000). On the other hand, knockdown of talin in the testis results in disrupted adhesion within the germline stem cell (GSC) niche of Drosophila. This niche comprises stromal hub cells, GSCs and somatic cyst stem cells (CySCs). The adhesion between the hub cells and GSCs is required to maintain the undifferentiated state of GSCs, therefore the knock down of talin leads to an accumulation of differentiated GSCs (Raymond et al., 2009). A similar study in C. elegans showed that talin plays an important role in organizing the cytoskeleton, stabilizing adhesive contacts in muscle and modulating dynamic integrin signaling during migration (Cram et al., 2003).
Integrin-linked kinase (ILK) is a focal adhesion protein that interacts with the cytoplasmic tail of integrin β subunits and links them to the actin cytoskeleton. In the hair follicle stem cell (HFSC) niche, studies have pointed to the importance of ILK in maintaining quiescence of these cells. Deletion of ILK from the epidermis resulted in remodeling of the ECM and led to compensatory binding to laminin-511 over laminin-332 due to fragmentation and reduction of the latter. This imbalance caused an increase in Wnt and Tgf-β2 signaling and led to aberrant differentiation of HFSCs (Morgner et al., 2015). ILK has also been shown to be a key player during cardiomyogenesis. A decrease in ILK expression by siRNA resulted in a reduction in human fetal cardiomyogenesis, which could be attributed to an enhancement in Wnt signaling (Traister et al., 2012). Although the role of mechanotransduction in fetal cardiomyogenesis has not been directly investigated, it would be interesting to study if these dysregulations are mediated by forces generated by ILK. Lastly, mechanical stimulation of MSCs derived from mouse limb buds led to an increase in activation AKT/mTOR pathway which required ILK, ultimately resulting in an increase in differentiation and collagen expression in the niche of tendon cells (Mousavizadeh et al., 2020).
Focal Adhesion Kinase (FAK) is regulated by integrins and functions as a force sensor. Physically stretching cells causes cellular strain, increasing the force experienced at FAs, thereby activating FAK by phosphorylation at the Tyr397 residue (Schlaepfer et al., 1994; Calalb et al., 1995; Polte and Hanks, 1997). Forces experienced in focal adhesions are positively correlated with Tyr397 phosphorylated in FAK, suggesting that lower force results in reduced FAK activation (Torsoni et al., 2003). FAK activity is positively regulated by Rho-associated kinases and non-muscle myosin II. Cytoskeletal contractility along with FA formation decreased upon inhibition of the Rho-associated kinases (Seo et al., 2011). FAK activation is required for osteogenic differentiation (Salasznyk et al., 2007; Shih et al., 2011; Mathieu and Loboa, 2012) and is further correlated with myosin II being involved in osteogenic differentiation. Additionally, force-mediated activation of FAK results in activation of Rho which can then result in force-mediated adult stem cell differentiation (Thompson et al., 2012).
Tensin is known to interact with actin as well as integrins at the FAs and establishes a crucial connection between the cytoskeletal network and the ECM. Tensin three is widely expressed in tonsil-derived MSCs (TMSCs), where it plays an important role in the proliferation and differentiation of TMSCs by regulating the levels of β1-integrin (Park et al., 2019). The Ivaska’s group demonstrated the role of the energy sensor AMP-activated protein kinase (AMPK) that worked in association with tensin to increase the activity of integrins. Mechanistically, AMPK negatively regulates tensin 1 and tensin 3, which in the absence of AMPK, binds to β1-integrin, thereby regulating integrin dependent processes like cell adhesion, mechanotransduction and cell matrix formation (Georgiadou et al., 2017). Although not much is known about the role of tensin in mechanotransduction, future studies will be needed to address its role in stem cell homeostasis.
Kindlin is a scaffold protein, required for several protein-protein interactions in the FA complex. Recent studies have identified Kindlin 2 as a critical mechanosensor in MSCs. Kindlin 2 plays an important role in regulating YAP/TAZ expression and localization to regulate the fate of the MSCs. Mechanistically, kindlin-2 interacts with Myosin Light Chain Kinases (MLCKs), which controls the MSC microenvironment and intracellular signaling through RhoA activation and phosphorylation of MLC. This interaction controls the actin organization and YAP/TAZ phosphorylation, ultimately controlling YAP/TAZ mediated gene expression to regulate the MSC differentiation (Guo et al., 2018). Kindlin-2 is also reported to regulate chondrogenesis, osteogenesis and osteocyte survival. Deleting kindlin-2 from osteocytes, which are the mechanosensors of bone, has been shown to impair bone homeostasis, disrupt FA formation, cytoskeletal organization and cell orientation in bone. Loss of kindlin 2 also induced apoptosis in osteocytes and resulted in the abnormal expression of sclerostin, a negative regulator of bone formation under mechanical stimulation (Qin et al., 2021).
Paxillin is a phosphotyrosine-containing docking protein that is primarily localized to the FA complex (Glenney and Zokas, 1989; Schaller, 2001). Paxillin interacts with FAK and other signaling molecules, associated with integrin signaling and membrane trafficking (Wade et al., 2002). The mechanosensing properties of paxillin are enabled by its binding to activated vinculin that stabilizes the FA-cytoskeleton interaction. Both paxillin null mouse embryonic stem (ES) cells and paxillin null differentiated cells display defects in focal adhesion and cell spreading, coupled with an observed reduction in FAK phosphorylation (Wade et al., 2002). As studies have only begun to scratch the surface, research demonstrating a direct link between mechanotransduction and maintenance of the stem cell niche via paxillin requires further investigation.
The FA protein vinculin, which is associated with the actin cytoskeleton, is also present at the cell-cell junction (AJ). Vinculin is a well-known mechanotransducer that directly interacts with talin, α-actinin and paxillin at the FAs and α-catenin at the AJs. Various studies have shown the mechanotransduction role of vinculin at the cellular level. Only a few studies have highlighted the mechanotransduction role of vinculin in maintaining the SC niche. A study by Holle et al. showed that KD of vinculin in hMSCs resulted in a reduction of cytoplasmic and FA vinculin (Holle et al., 2013). Vinculin KD also led to a reduction in myoblast determination protein 1 (MyoD) expression in the nucleus. MyoD is the transcription factor which induces stem cell differentiation into a myoblast lineage. Re-expression of the full length or head domain of vinculin was sufficient to restore MyoD expression allowing cells to return to their myogenic state. Additionally, vinculin KD cells displayed hampered durotaxis or cell migration towards a stiffer, more myogenic-permissive matrix as opposed to control cells, which assembled preferentially at the myogenic-permissive matrix. Another transcription factor, Myogenic factor 5 (Myf5), regulates muscle differentiation along with MyoD. Studies have shown that vinculin KD resulted in the loss of stiffness-mediated expression of MyoD and Myf5 hindering myogenic differentiation. Recently, our group has shown the role of vinculin in maintaining HFSC quiescence (Biswas et al., 2021). Usually HFSCs are maintained in a quiescence state which is achieved by the cell to cell contact mediated inhibition of proliferation (Fan and Meyer, 2021). Conditional KO of vinculin in murine epidermis resulted in mechanically weak AJs which failed to sequester YAP at the junctions and led to increased proliferation of the HFSCs. Mechanistically, our work showed that, in contact-inhibited (quiescent) bulge stem cells, vinculin was critical in maintaining α-catenin in a stretched/open conformation reinforcing the junction which in turn kept YAP sequestered at the AJs. These studies highlight the crucial role of mechanotransduction through vinculin at the FAs and AJs for maintaining the SCs niche.
2.3 Cell-cell adhesions as niche factor
So far, we have discussed how integrins and integrin associated proteins at the FAs play an active role in mechanotransduction. Cells also interact with each other by forming cell-cell junctions including AJs, desmosomes, tight junctions and gap junctions (Figure 1). Among these, AJs are the key adhesion structures that interact with the cytoskeleton of neighboring cells to enable mechanical force transduction (Pannekoek et al., 2019).
2.3.1 Adherens junction
AJs mediate adhesion through homotypic interactions of cadherins such as E-cadherin which are calcium-dependent, transmembrane proteins (Figure 1). E-cadherin associates with the catenin family of proteins such as β-catenin, α-catenin, and p120 via its cytoplasmic domain. This forms an E-cadherin-catenin complex that interacts with the F-actin cytoskeleton by either direct binding to α-catenin or an indirect association via vinculin (Koirala et al., 2021). AJs regulate cell-cell adhesion within the stem cell niche thereby affecting stem cell fate.
2.3.1.1 E-cadherin
E-cadherins are critical to the formation and maintenance of cell junctions, and for the proliferation, survival and differentiation of cells to maintain tissue integrity. Cell-cell adhesion mediated by E-cadherin is linked to signaling pathways that transduce signals to the cytoplasm and nucleus (Stepniak et al., 2009). Studies have also shed light on the importance of E-cadherin mediated stem cell niche maintenance in regulating the self-renewal of NSCs (Karpowicz et al., 2009). E-cadherin has also been shown to be crucial in maintaining the pluripotency of mESCs as the disruption in E-cadherin leads to increased Epithelial-Mesenchymal Transition (EMT) and differentiation of these cells (Redmer et al., 2011). The deletion of the E-cadherin gene in mESCs leads to the failure of cell compaction in the embryonic blastocyst that is important for maintaining the epithelial subcellular structures i.e., cellular junctions, during early mammalian development (Larue et al., 1994). Additionally, E-cadherin induces conformational changes in α-catenin through the transmission of adhesion forces from the cell-cell junctions. This leads to strengthened binding of α-catenin to F-actin and the recruitment of vinculin to the site where these forces are applied.
2.3.1.2 β-catenin
In epithelial tissue, β-catenin is one of the crucial components of the AJ, where it links cadherins to the cytoskeleton of the cell, thus establishing cell adhesion. Subcellular localization of β-catenin is known to determine its function within the cell (Dietrich et al., 2002). When β-catenin localizes in the cytoplasm or nucleus, it functions as a major signaling hub for the Wnt/β-catenin signaling pathway, where it acts as a transcriptional co-activator of T cell factor/lymphoid enhancer factor family (TCF/LEF) target genes (Kim et al., 2019). β-Catenin also acts as a mechanotransducer (Benham-Pyle et al., 2016), where mechanical cues induce its nuclear accumulation and enhance transcriptional activity (Benham-Pyle et al., 2015). Additionally, it has also been reported that mechanical perturbation of Drosophila embryos causes increased β-catenin signaling and upregulation of its downstream target genes (Farge, 2003). The Wnt/β-catenin signaling pathway is known to respond to ECM stiffness (Du et al., 2016), which ultimately affects cellular functions such as proliferation, differentiation, migration, genetic stability, apoptosis, and stem cell renewal (Pai et al., 2017).
Jansen and co-workers demonstrated that the biphasic effects of mechanical loading on β-catenin resulted in negative effects on Wnt signaling in osteoblast differentiation and mineralization (Jansen et al., 2010). Murine embryonic stem cells (mESCs) showed enhanced expression of various pluripotency markers Oct4, Sox2, Nanog, LIF (also known as mechanopluripotency) when cultured in a stirred suspension bioreactor. Mechanical cues promoted by fluid shear induces the nuclear translocation of β-catenin. This causes a concomitant increase of c-Myc, which is an upstream regulator of these pluripotency markers, ultimately promoting mESCs mechanopluripotency (Nath et al., 2021). This study indicates that mechanotransduction through the AJ complex is critical for mESC pluripotency maintenance. In inner ear progenitor cells (IEPCs), external mechanical signals from ECM can be transduced through the RhoA-YAP-β-catenin signaling cascade to regulate its survival, proliferation and differentiation (Xia et al., 2020). Taken together, β-catenin functions as a mechanical regulator that controls cellular functions important for maintaining stem cell homeostasis.
2.3.1.3 α-catenin
α-Catenin is another key molecule in the AJ, that links to the actin cytoskeleton and the cadherin complex via β-catenin (Niessen & Gottardi, 2008). The association of α-catenin with the actin cytoskeleton, allows it to sense the changes in tissue tension during cytoskeletal contraction. α-Catenin thus acts as a mechanosensor, where it converts mechanical cues into biochemical signals that control cell proliferation and cell death (Yonemura et al., 2010; Sarpal et al., 2019). The Conditional KO of α-catenin in the skin epidermis results in abnormal hair morphogenesis, along with defective AJ formation and cell polarity (Vasioukhin et al., 2001). Additionally, the loss of α-catenin from the epidermis results in hyperproliferation of the interfollicular epidermis (IFE) and the presence of multinucleated cells. This, in turn, leads to a precancerous skin condition with characteristics similar to squamous cell carcinoma. A follow-up study by Vasioukhin’s group in 2011 showed that specific deletion of α-catenin from the HFSC compartment led to the development of squamous cell carcinomas. This was due to the direct interaction of the transcriptional co-activator YAP1 with α-catenin. The cKO of α-catenin from the HFSC leads to translocation of YAP to the nucleus, thereby promoting cell proliferation and forming pre-cancerous lesions (Silvis et al., 2011). It was later demonstrated that the interaction of 14-3-3 and the PP2A phosphatase with α-catenin led to the phosphorylation of YAP1, sequestering it to the junctions, and preventing hyperproliferation (Schlegelmilch et al., 2011). This suggested that α-catenin acts not only as a tumor-suppressor, but also as a sensor of cell density in the skin. Knockdown of α-catenin in human embryonic SCs (hESCs) results in the induction of endodermal differentiation due to ubiquitylation and proteolysis of β-catenin. This inhibits repression of Wnt target genes in the transformed cells (Choi et al., 2013). Association of α-catenin with the adenomatous polyposis coli (APC) tumor suppressor, a component of the Wnt/β-catenin pathway, was shown to control the ubiquitination of β-catenin via the APC destruction complex. Therefore, the reduction of α-catenin levels in hESCs leads to a failure in proteolytic destruction of β-catenin, inducing differentiation of the endoderm. Studies on the process of mechano-sensing of α-catenin have only recently started to be investigated. However, the force-dependent conformational change of α-catenin has been shown to activate proteins that facilitate binding with the dynamic actin cytoskeletal network.
2.3.1.4 p120
p120 catenin is one of the catenins that interacts with E-cadherin at the AJ (Reynolds et al., 1994; Kourtidis et al., 2013). The localization of p120 catenin from the AJ to the cytoplasm upon mechanical stress sensing results in the increased turnover of E-cadherin, which in turn promotes wing development in Drosophila, suggesting the importance of p120 as a mechanotransducer at the junctions (Iyer et al., 2019). Several other studies have also described the role of p120 in SC maintenance. During early embryogenesis in mice, p120 null mutant mouse embryonic SCs (mESCs) failed to differentiate completely. The absence of p120 in mESCs leads to the destabilization of E-cadherin at the AJs, causing defective formation of the primitive endoderm (Pieters et al., 2016). A study on mESCs by Pierre D. McCrea’s group showed that p120 catenin negatively regulates a repressive transcriptional complex, RE1-silencing transcription factor/co-repressor (REST/coREST), that plays a critical role in stem cell fate determination. Direct binding of p120 to the REST/coREST complex prevented proper differentiation of the mESCs towards neural fate, thereby uncovering a role for p120 in modulating SC differentiation (Lee et al., 2014). p120 catenin acts as a mediator in cellular positioning and organ patterning during fate determination of pancreatic progenitors in mice by regulating the differential expression of E-cadherin. This in turn drives cellular motility and directs cells towards specific niches to determine their cellular fate (Nyeng et al., 2019). Taken together, p120 not only acts as a mediator for E-cadherin function but also plays an important role in lineage commitment. Further studies are required to fully understand how mechanotransduction by p120 regulates the SC niche.
2.3.2 Desmosomes
Desmosomes are intercellular cadherin-mediated cell-cell junctions that couples to the intermediate filaments and confer mechanical stability when cells are exposed to tensile and mechanical stress (Figure 1). Specifically, desmosomal cadherins are formed by desmogleins 1-4 and desmocollin 1–3, which bind to armadillo proteins plakoglobin and plakophilins via their cytoplasmic tails and subsequently binds to intermediate filaments via Desmoplakin (Angulo-Urarte et al., 2020). The KO of DSG2 results in peri-implantation lethality and also led to a decrease in embryonic stem cell proliferation (Eshkind et al., 2002). DSG2 was shown to be important for regulating the self-renewal and differentiation capacity of pluripotent stem cells (PSCs). Depletion of DSG2 using monoclonal antibodies in hPSCs resulted in decreased proliferation and reduced expression of pluripotency markers (Park et al., 2018). These results implicate a role of desmosomes in regulating stem cell proliferation and differentiation, however, more work is needed to ascertain how mechanical signals regulate this process. Different compositions of desmosomes lead to a difference in the strength of cell-cell adhesion in different layers of the skin, which in turn, correlates with different levels of proliferation and differentiation. The basal proliferating keratinocytes express desmocollin 2/3 (DSC2/3) and desmoglobin 2/3 (DSG2/3) which displayed the weakest binding out of all the different desmosomal proteins. In contrast, the differentiated cells in the suprabasal layers such as the cornified layer contain a higher composition of DSC1 and DSG1/4, which provided the strongest binding strength. This correlates with the need for differentiated keratinocytes to form strong and stable cell-cell adhesions to maintain a physical barrier that protects the epidermis from mechanical and chemical stresses (Harrison et al., 2016; Green et al., 2019). Taken together, studies on desmosomes have begun to shed some light in understanding its role along with other adhesion proteins in maintaining the proliferative capacity of stem cells in its niche. However, more studies are needed to fully understand its role in mechanical transduction and maintaining other stem cell niches.
2.3.3 Tight junctions
Tight junction (TJ) proteins are a branching network of intercellular adhesion complexes that controls the permeability of the tissue. TJs are present on epithelial and endothelial cells (Figure 1). In the epithelium, tight junction structures form partitions between the apical and the basolateral domains that prevent the intermixing of both the transmembrane components, thereby supporting cell polarity. TJ proteins are categorized into two groups depending on their functionality: integral transmembrane protein and peripheral membrane proteins or plaque proteins. Four transmembrane proteins namely claudins, occludin, tricellulin and junctional adhesion molecule (JAM) aids in forming tightly regulated networks between the peripheral membrane proteins. On the other hand, peripheral adapter proteins such as zona-occludens 1 (ZO-1), ZO-2 and ZO-3 play a role in connecting the transmembrane proteins to the cytoskeleton and other signaling molecules (Lee et al., 2018). Differences in expression of these TJ proteins play an important role in regulating the barrier integrity of the membrane.
Studies have shown that TJ proteins play an important role in controlling the biological functions of several stem cells. For example, occluding junctions have been shown to play a novel role in regulating the niche of the hematopoietic stem cells when induced with a bacterial infection (Khadilkar et al., 2017). In Drosophila, an immune response is triggered upon infection that leads to barrier breaks due to modulations in the occluding junctions. This in turn helps in prohemocyte differentiation that eventually induced immune cell production, thereby activating the immune response. TJ proteins like occludins, ZO-1, caludins present in human NSCs (hNSCs) are known to help in the formation of hNSC clusters known as neurospheres. The formation of these neurospheres are critical for maintaining the stemness of hNSCs. TJ proteins were downregulated upon induction of differentiation in NSCs, further corroborating the fact that they are important in maintaining the stemness of the NSCs (Watters et al., 2015). This suggests a plausible connection between TJ protein levels and their regulation of the NSC niche. However, further studies are required to establish the direct interaction of NSCs and the TJ protein complex that might play a role in this cluster formation.
3 IMPLICATION OF ADHESION MOLECULES IN DISEASES
Several diseases have been linked to changes in the expression or function of various adhesion molecules (Table 1).
TABLE 1 | Diseases associated with cell adhesion molecules.
[image: Table 1]3.1 Inflammatory bowel disease
One of the roles of the intestinal epithelium is to prevent the exposure of the gastrointestinal tract to foreign antigens and harmful microbiota. This is achieved by the formation of tightly regulated cell junctions and organization of the epithelium to establish a barrier. This epithelial barrier integrity is maintained by the TJ proteins that consist of both transmembrane and peripheral membrane proteins like occludin, zonula occludens and claudins that are linked to the cytoskeleton of the cell (Landy et al., 2016; Chelakkot et al., 2018). Defects in maintaining this barrier function leads to pathological conditions like inflammatory bowel disease (IBD).
IBD is a chronic inflammatory disease that causes severe inflammation of the gastrointestinal tract. The disease is mainly categorized into two types depending on the part of the inflamed intestine: Ulcerative colitis (UC) and Crohn’s disease (CD) (Chelakkot et al., 2018; Binienda et al., 2020). The characteristic symptoms of IBD are a leaky gut that is caused by the apoptotic and ulcerative intestinal epithelium, resulting in severe inflammation. Previous studies have shown that over-expression of a TJ protein claudin 2 in UC patients increased pore formation in their epithelium. On the other hand, claudins 3, 4 and 7 which help in tightening the epithelial junctions were found to be reduced in these patients (Prasad et al., 2005; Oshima et al., 2008). This suggested differential expression of several TJ proteins might be a major cause of increased permeability of the intestinal epithelium that leads to defective barrier function. Similarly, in CD, perturbed organization of the TJ proteins was observed in inflamed areas. Several studies showed claudin 2 to also be upregulated in the CD patients with a concomitant downregulation of claudin 3,5,8 (Kucharzik et al., 2001; Zeissig et al., 2007; Das et al., 2012). In addition to TJ proteins, AJ proteins have also been shown to be involved in a relapse of this disease. Downregulation of the E-cadherin-catenin complex led to the loss of cell-cell junctions in the gut that exposed the luminal content to the immune cells thereby increasing the relapse of CD (Wyatt et al., 1993; Arnott et al., 2000).
Treatment options for IBD have substantially improved over the past few decades. Several drugs have been developed to target interleukins (ILs), tumor necrosis factor (TNF) as well as JAK signaling that regulates several cytokines, for treating both the types of IBD. Even though there has been advancement in the drug discovery and delivery process, some patients still do not respond to the drugs and display a relapse of the symptoms. SC based therapy is a promising treatment option that has started to develop. Somatic SCs such as HSCs and MSCs have already been used for treating IBD patients (Shimizu et al., 2019). The HSC transplantation process requires rebooting the immune system by lymph ablation followed by reconstruction of the immune system. A pilot study based on autologous HSC transplantation showed regaining of responsiveness to the drugs as well as sustained remission in about 80% of the patients suffering from refractory CD (López-García et al., 2017). Even though there was an improvement after the transplantation, CD relapsed in most of the patients in a span of 5 years. In addition, severe adverse events occurred in many patients who received HSCT compared to the control group. Taken together, this study suggested HSCT to be one of the methods that can be used for treating patients with severe CD but requires improvement compared to the conventional methods.
Mesenchymal stem cell therapy is another technique that has been used for treating active CD fistula (Misselwitz et al., 2020). MSCs have been reported to show immunosuppressive behavior as well as decreased the effect of the lymphocytes, thereby modulating the immune system (Aggarwal and Pittenger, 2005; Corcione et al., 2006; Ren et al., 2008). Clinical studies have already been conducted using bone marrow derived MSC transplantation (MSCT) as well as adipose derived MSC transplantation (ASCT) (Shimizu et al., 2019). In a phase 2 trial of allogeneic mesenchymal stromal cell transplantation, the Crohn’s disease activity index (CDAI) was reduced in patients suffering from luminal CD (Forbes et al., 2014). Almost 53% of the patients had clinical remission within 42 days of receiving the treatment. In this study, only one case of severe adverse effect was reported, which led to the occurrence of stage 1 adenocarcinoma after 3 weeks of the treatment. Even though MSCT seemed better than the HSCT, long term efficacy of this treatment to maintain long-term disease remission needs further investigation. On the other hand, in a phase 3 randomized, double-blind study, ASCT was shown to be an effective treatment for patients with complex perianal fistula associated with Crohn’s disease (Panés et al., 2016). Among the 212 patients randomly divided into treatment and placebo groups, almost 50% of the ASCT treated patients attained remission. Adverse effect cases that included anal abscess and proctalgia were almost similar in number for both the treated and placebo patients. This suggested both ASCT and MSCT to be safer treatment options for IBD patients who failed to respond to conventional treatments.
In 2012, Yui et al. developed intestinal organoid models and transplanted intestinal stem cells (ISC) in mice with colitis (Yui et al., 2012). Based on this study, Ryuichi Okamoto’s group is now using ISC transplantation (ISCT) to study this potential treatment method to cure patients with refractory IBD. ISCs have been isolated from patient derived biopsies that are now being tested for therapeutic potential (Shimizu et al., 2019). These cells have the potential to proliferate and reestablish the wound bed in these patients, thereby protecting the organ from mechanical and pathogenic insults. This method is awaiting clinical trials but has the potential to directly cause mucosal healing. In addition to the stem cell-based treatments, given the importance of maintaining barrier function in IBD, identifying the mechanism of the cell-cell junctions regulation might aid in improving these therapeutics.
3.2 Epidermolysis bullosa
Epidermolysis bullosa (EB) is a group of rare diseases caused by mutations in genes that encode for both ECM and focal adhesion proteins and is estimated to affect 1 in 30,000 people worldwide (Bruckner et al., 2020). It is characterized by fragile skin and severe blistering and lesions that can occur from as early as childbirth. The most common type of EB is Epidermolysis Bullosa Simplex (EBS), and can be caused by autosomal recessive mutation of the desmoplakin gene in the suprabasal cells or autosomal dominant mutations in the keratin 5/14 genes in the basal cells. Junctional Epidermolysis Bullosa (JEB), which occurs due to an autosomal recessive mutation in an array of ECM and hemidesmosome proteins such as Laminin-332 and α6β4 and BP230 integrin along the basement membrane. Dystrophic Epidermolysis Bullosa (DEB) occurs due to a mutation in Collagen VII, which is localized below the basement membrane (Bruckner-Tuderman, 2019). These molecular mutations impair the structure and functional integrity within highly specialized interfaces of the skin, that are important for cell adhesion, tissue repair and barrier function. Ultimately, this leads to a diminished resistance to mechanical stress and shearing forces, which causes subsequent cell and tissue damage (Uitto and Richard, 2004; Fine et al., 2008; Bruckner-Tuderman et al., 2013).
EB poses as a potentially life-threatening disease as the perpetual and progressive scarring triggered by skin blistering and lesions leads to chronic wounds. These chronic wounds are coupled with increased bacterial colonization, fibrosis, inflammation, and a systemic development of cutaneous squamous cell carcinoma (Guerra et al., 2017). Mutations in the genes are not restricted to the skin but also in other epithelialized (gastrointestinal, urogenital tract, respiratory) or mesenchymal (skeletal muscle) organs (Prodinger et al., 2019). EB with Pyloric atresia in patients affects both the skin and digestive tract, causing severe blistering and also an obstruction of the pylorus (Nakano et al., 2001). There are no direct cures for any of the EB subtypes, and current treatment strategies are only useful in managing the wounds and pain caused by EB. Numerous preclinical research and developments using gene correction, protein replacement and cell-based treatments such as bone marrow transplantation and mesenchymal stem cell therapy have pointed to new therapeutic avenues and have entered early clinical trials.
Stem cells present a promising avenue to reverse some of the damage caused by Recessive Dystrophic Epidermolysis Bullosa (RDEB) and early research in animal models suggest that hematopoietic cell transplantation (HCT) from WT donor-derived cells to RDEB mice improved its survival and skin strength (Tolar et al., 2009). These positive results spurred the development of a small clinical trial involving allogeneic HCT in 6 children with RDEB. Overall, the trial showed promising results as 5 out of 6 of the patients displayed an increase in collagen VII deposition in the Dermal Epidermal Junction (DEJ), improved wounding healing and a decrease in blister formation (Tolar and Wagner, 2013). Additional trials have been conducted with varying outcomes (Petrof et al., 2015; Rashidghamat and McGrath, 2017). Current phase 2 clinical trials include further testing of healthy donor mesenchymal stem cell infusions into EB patients. These developments are promising and provide potentially better therapeutic treatments forEB. (https://clinicaltrials.gov/ct2/show/NCT02582775; https://clinicaltrials.gov/ct2/show/NCT01033552). Additionally, studies from other groups have successfully employed ex vivo cell and gene therapy to treat intermediate JEB caused by mutations in Laminin β3. In an initial study, epidermal stem cells from an adult patient affected by Laminin β3 deficient JEB were transduced with a retroviral vector expressing Laminin β3 cDNA encoding functional Laminin β3 and applied to the affected skin area as cohesive epidermal sheets made from a plastic substrate (Mavilio et al., 2006). The study proved to be efficacious during a 6.5 years follow up, where the epidermis became fully functional and restored with no adverse reaction (De Rosa et al., 2014). This positive response spurred further testing on a 7-year-old boy in 2015 with EB and epidermal loss in 80% of his body using the same gene therapy to produce functional laminin 332 from transgenic cultured epidermis using a fibrin substrate (Hirsch et al., 2017). Similarly, the patient displayed good results after the treatment, with his newly formed epidermis expressing normal levels of laminin 332, displaying a functional basement membrane that remained resistant to mechanical stress and blistering. In the long run, gene therapy to correct mutations causing EB might prove useful. Further scrutiny and hopes can be pinned onto these 2 patients as they continue to undergo observational studies to monitor the efficacy of this treatment method (https://clinicaltrials.gov/ct2/show/NCT05111600).
3.3 Breast cancer
Breast cancer is the most common cancer occurring in women globally. Annually, about 1.7 million new cases are recorded in the world (Hai-Ying et al., 2020). The mammary gland is the milk-producing organ in animals, which continuously develops after birth and fully differentiates upon pregnancy and lactation. During postnatal development and onset of reproductive cycles, the mammary gland is dynamically remodeled and undergoes morphological changes due to changes in cell proliferation, differentiation, migration and apoptosis. This inherent plasticity has been suggested to increase the susceptibility of the organ to carcinogenesis (Paavolainen and Peuhu, 2021).
Mechanical signals that cells receive from their surroundings are emerging as key players and contributors to tumor progression (Humphrey et al., 2014; Panciera et al., 2017). These mechanical signals change with the composition of the ECM during mammary development. Tumor progression of mammary cells can be characterized by increased ECM deposition, also known as desmoplasia. Collagen V is increased in desmoplastic stroma in human breast carcinoma (Barsky et al., 1982). Clinically, desmoplastic stroma is associated with a 4–6 fold increased relative risk of developing breast carcinoma, with poor prognosis (Boyd et al., 2001; Guo et al., 2001).
Recent studies have begun to highlight the importance of external mechanical signals that mammary gland cells receive in driving tumorigenesis. Initially, it was shown that primary luminal mammary gland cells were able to form self-renewing colonies in the presence of oncogenic factors such as EGFR and activated HER2 (Panciera et al., 2020). This led to the development of solid organoids composed entirely of K8+ luminal cells which are a hallmark of human HER2+ breast cancer. However, when these cells were plated on a soft adhesive hydrogel of 0.5 kPa which phenocopies the external environment of the normal mammary gland, the presence of the same oncogenic factors were insufficient to develop into self-renewing solid organoids reminiscent in breast cancers. However, when the primary luminal cells were plated on the hydrogels of higher rigidity (40 kPa), the growth of these organoids was observed. Mechanistically, this was shown to be due to the mechanical cues conferred from a stiffer environment, that ultimately led to increased YAP/TAZ signaling and increased proliferation and self-renewal (Panciera et al., 2020). YAP activation also causes remodeling of the surrounding ECM and this favored tumor spreading (Calvo et al., 2013).
Other studies have also begun to highlight the role of various cell adhesion molecules in the development of breast cancer, such as the activation of intracellular FAK (dos Santos et al., 2012; Provenzano and Keely, 2009). In particular, change to a stiffer ECM has been found to correlate with increased FAK activation and increase tumorigenesis in mammary cells. Integrin αvβ3 was also found to be significantly elevated in metastatic tumors compared to primary pancreatic and breast tumors. Mechanistically, this seemed to occur by the recruitment of Src kinase that promotes migration of the cancer cells (Ghajar & Bissell, 2008; Desgrosellier et al., 2010). Studies from multiple groups have described potential therapeutic modalities such as integrin β1 blocking antibodies, since tumors derived from human xenograft models and transgenic models displayed significant growth inhibition upon treatment with an integrin β1 inhibitory antibody (White et al., 2004; Park et al., 2006). As the ECM is increasingly recognized as the master regulator of cell response and behavior, an increase in the knowledge and understanding of the dynamic role that ECM plays in cancer biology, both in terms of its architectural complexity and how this affects the tumor progression in breast cancer, will be valuable. Biomimetic models such as the decellularized ECM recapitulates the complex ECM microenvironment of the mammary glands and can be useful tools to allow a better understanding of cell-ECM interactions. Although these approaches to treating breast cancer are still new, it may shed light on the tumorigenesis of the mammary gland cancer and open new treatment paradigms (Wishart et al., 2020; Tamayo-Angorrilla et al., 2021).
4 DISCUSSION, PERSPECTIVES AND FUTURE DIRECTIONS
The connection between cells and ECM through FA and the cell to cell junction through AJ, both serve as mechanosensitive hubs. In this review, we have discussed how mechanotransduction through these hubs contribute to maintaining various stem cell niches. Additionally, we have discussed upcoming stem cell-based therapeutics for several diseases which are associated with the adhesion molecules. Another major player involved in the mechanotransduction process is the nucleus and the nuclear envelope (NE), which is gaining importance as mechanosensory organelles. The Linker of Nucleoskeleton and Cytoskeleton (LINC) complexes at the NE, serves as mechanosensory hubs which connects between various cytoskeletal components of the cell (actin, microtubules and intermediate filaments) and nucleoskeletal system of the nucleus (lamins). Specifically, mutations in the lamin A, which is present at the inner nuclear membrane results in various laminopathies such as progeria (Gotzmann and Foisner, 2006), and muscular dystrophies which affects the functions of stem cell pools such as MSCs and muscle stem cells respectively (Favreau et al., 2004; Frock et al., 2006).
While several studies have highlighted the importance of these molecules and their involvement in a plethora of human diseases, there are very few studies that directly correlate mechanical signaling and disease progression. It is therefore crucial to bridge this gap in order to identify new therapeutic interventions that will increase clinical success in treating these diseases. The role of mechanotransduction in the field of regenerative medicine is starting to gain importance. Beyond regenerative medicine, the implication of microenvironmental factors that regulates both mechanical and biochemical signaling to improve the disease outcome remains largely unexplored and opens up an exciting domain of research.
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The formation of functional eggs (oocyte) in ovarian follicles is arguably one of the most important events in early mammalian development since the oocytes provide the bulk genetic and cytoplasmic materials for successful reproduction. While past studies have identified many genes that are critical to normal ovarian development and function, recent studies have highlighted the role of mechanical force in shaping folliculogenesis. In this review, we discuss the underlying mechanobiological principles and the force-generating cellular structures and extracellular matrix that control the various stages of follicle development. We also highlight emerging techniques that allow for the quantification of mechanical interactions and follicular dynamics during development, and propose new directions for future studies in the field. We hope this review will provide a timely and useful framework for future understanding of mechano-signalling pathways in reproductive biology and diseases.
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1 INTRODUCTION
In mammals, the ovarian follicles housing the oocytes are the functional units for female reproduction. The maturation of follicles, or folliculogenesis, is not only essential for supporting oogenesis, but also triggers the production of hormones for female sexual characteristics and early pregnancy. The developmental stages of follicles, loosely defined by the follicle size, the number of cells at the follicular envelope and the morphology, can be classified into the primordial, primary, secondary and antral follicle stage (Hertig and Adams, 1967) (Figure 1A). Folliculogenesis begins with the primordial follicle stage, which consists of an oocyte surrounded by a single layer of somatic granulosa cells (GCs). Upon activation, the primordial follicles develop into the primary follicles, which are characterised by the formation of cuboidal-shaped GCs and the zona pellucida (ZP) that encapsulates the oocyte while maintaining transzonal projections between the oocyte and the GCs. These primary follicles then grow into secondary follicles characterised by multiple layers of GCs and an outer layer of theca cells (TCs). Multiple pockets of fluid-filled lumens form within the GCs as the secondary follicles increase in size and acquire stratified layers of GCs and TCs. These lumen eventually resolve into a single antrum that grows in size. Under the action of luteinizing hormone, the theca wall undergoes extensive extracellular matrix (ECM) remodelling, which, together with antrum expansion, lead to follicle rupture and the release of oocytes out of the ovary, a process known as ovulation.
[image: Figure 1]FIGURE 1 | Follicle development and possible mechano-signalling pathways involved in primordial follicle activation. (A). Mammalian folliculogenesis is classified into the primordial, primary, secondary and antral follicle stage. Antral follicles undergo ovulation to release the cumulus-oocyte complex before forming a corpus luteum. Inset: A gradient of ECM stiffness was proposed to extend from the soft ovarian medulla to the stiffer cortex where the dormant primordial follicles predominantly reside. (B). Images showing that primordial follicles can be activated via ECM degradation (right), as indicated by FOXO3 cytoplasmic localisation compared to the nuclear localisation of FOXO3 in dormant primordial follicles (left). Scale bar: 50 μm. Images from (Nagamatsu et al., 2019). (C). Mechanosensitive Akt and Hippo pathways govern primordial follicle activation. GCs express Kit ligands (KitL), which are bound to the Kit receptors on the oocyte. Activating the Akt pathway leads to phosphorylation of FOXO3 in the cytoplasm. The Akt pathway also disrupts the Hippo pathway at MST1 to allow for YAP nuclear localisation and downstream activation and growth of follicle. Mechanical stress exerted by the GCs may independently activate mechanosensitive proteins and contribute to dormancy.
Early work on ovarian folliculogenesis was largely descriptive, relying on histology, histochemistry and electron microscopy (Hertig and Adams, 1967). There were extensive functional studies using molecular genetics and transgenics approaches, which revealed key genes and proteins that are required for primary follicle activation and growth (Choi and Rajkovic, 2006; França and Mendonca, 2022). The advancement of immunofluorescence imaging further enables the visualisation of follicular cells and the cytoskeletal proteins during development (Da Silva-Buttkus et al., 2008; Mora et al., 2012), paving the way for a more quantitative approach to understand follicular morphogenesis. Along with these studies, novel approaches were developed to culture follicles ex vivo, such as the seminal work by Eppig et al. on 2D systems and organ culture (Eppig, 1977; Eppig and Schroeder, 1989; Eppig and O'Brien, 1996). In the 2000s, a series of works on culturing follicles in 3D using novel biomaterials were introduced (Pangas et al., 2003; Xu et al., 2006a; West et al., 2007; Hornick et al., 2012), which provide a more native follicle environment with tunable stiffness for optimal follicle growth and survival.
While these studies revealed key paracrine and autocrine signalling patterns in the mammalian ovary, the biomechanics and the roles of mechanical signalling during folliculogenesis have not been investigated as much. It is known that mechanical forces play an integral role in controlling cellular dynamics and functions in development, tissue homeostasis and cancer growth (Heisenberg and Bellaïche, 2013; Hannezo and Heisenberg, 2019). Effective coordination of long-range force transmission and mechanosensing of cells do not only lead to robust tissue morphogenesis, they also impact cell fate specification and tissue patterning via mechanotransduction (Chan et al., 2017). In recent years, new evidence has emerged showing that mechanical cues play a critical role in regulating ovarian folliculogenesis. Ex vivo culture of follicles revealed that the follicle growth is sensitive to the surrounding matrix stiffness, and compressive stress exerted by the matrix can act against follicle expansion and development. Fragmentation of the ovary, which releases tissue mechanical tension and disrupts F-actin, can promote follicle activation and growth via Hippo signalling pathway, a well known mechanotransduction pathway (Kawamura et al., 2013). It has also been hypothesised that the regional difference in ECM stiffness at the outer cortex and the inner medulla may contribute to differential follicle growth or migration (Woodruff and Shea, 2011), which was supported by recent studies on primate (rhesus monkey) and bovine ovaries (Hornick et al., 2012; Henning and Laronda, 2021). These studies highlight the importance of applying tissue mechanics to understand how the follicle size, number and positioning are controlled robustly during ovarian development.
Follicle development is often associated with extensive tissue remodelling (Smith et al., 1999), and changes in tissue mechanical properties have been implicated to influence oocyte quality and fertility. Indeed, ovarian ageing is highly correlated with increased fibrosis and tissue stiffness (Amargant et al., 2020) due to increased expression or altered composition of ECM in the stroma (Briley et al., 2016). Interestingly, ovarian diseases such as polycystic ovarian syndrome (PCOS) (Wood et al., 2015) have densely collagenized and thickened cortex, and are characterised by anovulation, probably due to the lack of ECM degradation or abnormal ECM architecture. Similarly, endometriosis was shown to be associated with abnormal mechanical rigidity in the ECM (Huang et al., 2022). These studies suggest that proper follicle growth requires a biomechanically permissive environment, and calls for a need to better understand the mechanobiological principles governing folliculogenesis.
In this review, we first introduce the various stages of ovarian development and the classical molecular signalling pathways associated with each stage. We then discuss how mechanical stress may be generated by cells within the follicle, and the ECM and stromal cells at the extra-follicular level to impact follicle activation, growth and tissue patterning during ovarian development. We will also introduce the relevant biophysical techniques and reconstitutive biomimetic approaches that allow us to better investigate the underlying mechano-signalling pathways regulating folliculogenesis. Finally, we provide some future perspectives and highlight open questions for the field of ovarian mechanobiology.
2 PRIMORDIAL FOLLICLE DORMANCY AND ACTIVATION
Prior to the primordial follicle formation, the female primordial germ cells first form cell cysts during embryonic development. In mouse, following birth, cyst breakdown occurs due to the invading GCs, which eventually surround the germ cells to form dormant primordial follicles (Lei and Spradling, 2013; Lei and Spradling, 2016). Bidirectional communication between the oocyte and the GCs has been shown to be essential at this stage, as the absence of either the oocyte or the GCs lead to follicle death (Eppig, 1979). The oocyte controls glycolysis within the GCs via the expression levels of glycolytic genes (Sugiura et al., 2005) and influences the level of luteinizing hormone receptor (LHR) in the GCs (Eppig et al., 1997). The GCs, on the other hand, play an active role in modulating the transcriptional activity and chromatin remodelling of the oocyte (De La Fuente and Eppig, 2001), and express Kit ligand (KitL) which binds to the c-Kit receptors on the oocyte to initiate AKT-mediated follicle activation (Jones and Pepling, 2013). The activation of dormant primordial follicles may also involve protein interactions from within the cell or across cell-cell junctions. In this section, we focus on the PI3K/Akt and Hippo pathways, two signalling pathways that have been identified as major regulators of primordial follicle activation. These pathways may be triggered by extrinsic mechanical stress imposed by the surrounding GCs and the ECM (Figure 1A, inset), which helps to maintain primordial follicle dormancy and ensure sufficient ovarian follicle reserve throughout the fertility period.
The Akt pathway is a well-established signalling pathway that responds to extracellular signals and promotes growth and survival (Hemmings and Restuccia, 2012). In response to a KitL, KIT proto-oncogene receptor tyrosine kinases (c-Kit) induce a kinase cascade, which in turn phosphorylates and activates AKT. Phosphorylated AKT then phosphorylates the transcription factor FOXO3 (Forkhead Box O3), leading to cytoplasmic localisation of FOXO3. It was demonstrated that FOXO3 nuclear export coincides with primordial follicle activation (John et al., 2008) and FOXO3 overexpression leads to increased reproductive capability in mice (Pelosi et al., 2013). Constitutively active FOXO3 was found to cause infertility (Liu et al., 2007), suggesting that nuclear FOXO3 is essential for dormancy regulation but only at a sufficient level. In contrast, the lack of FOXO3 resulted in uncontrolled follicle activation and early infertility (Castrillon et al., 2003), but did not affect follicular growth after activation (John et al., 2007). This suggests that FOXO3 specifically regulates the primordial follicle dormancy, and can be used as a reliable marker for primordial follicle activation.
Primordial follicles are mainly found at the cortex of the ovary, surrounded by abundant ECM. Recent work by Nagamatsu et. al. demonstrated that the cortical ECM of mouse ovaries provides mechanical stress to maintain the primordial follicles in their dormant state (Nagamatsu et al., 2019) (Figure 1B). In this study, they showed that the disruption of collagen leads to FOXO3 translocation to the cytoplasm in primordial follicles, while application of external pressure restores nuclear FOXO3 and dormancy. Notably, primordial follicles that are under mechanical stress exhibit nuclear rotation. However, the mechanosensing mechanism for FOXO3 dynamics and how forces are related to nuclear rotation remains unknown. Of note, the oocytes expanded in size upon ECM abolishment, suggesting that they are physically compressed in their dormant state. The transient change in oocyte volume also implies fluid exchange between the oocyte and the surrounding GCs and possible volume regulation by hydraulic stress.
Apart from the Akt pathway, the Hippo pathway is another well known mechano-signalling pathway. The Hippo pathway can respond to various signals, such as ECM stiffness (Dupont et al., 2011), substrate stiffness (Thomasy et al., 2013), stretching (Aragona et al., 2013), cell geometry (Dupont et al., 2011), cell density (Zhao et al., 2007), cellular tension (Perez Gonzalez et al., 2018) and shear stress (Lee et al., 2017). These factors were integrated by the Hippo pathway to regulate various cellular processes such as growth, development and homeostasis (Wu and Guan, 2021). When the Hippo pathway is activated, the Yes-associated protein (YAP) becomes phosphorylated and localises to the cytoplasm, where it remains non-functional or gets degraded. However, when the Hippo pathway is disrupted, non-phosphorylated YAP translocates to the nucleus to form a transcription activation complex with TEA domain family members (TEAD 1-4), leading to expression of downstream genes. The Hippo pathway was found to play a role in follicle growth. Disruption of the Hippo pathway caused a primary ovarian insufficiency (POI)-like phenotype (St John et al., 1999), indicating that YAP might be necessary for follicle activation. This is further corroborated by a study of Kawamura et al., who demonstrated that ovarian fragmentation can lead to F-actin polymerisation, increased nuclear YAP localisation and primordial follicle activation (Kawamura et al., 2013). Moreover, F-actin polymerisation itself leads to increased nuclear YAP localisation and follicle growth (Cheng et al., 2015), highlighting YAP’s mechanosensing capability and its role in follicle activation.
Given that the dormant oocytes with nuclear FOXO3 are mechanically compressed (Nagamatsu et al., 2019), and that compressive stress is implicated in YAP signalling, this suggests a potential crosstalk between Akt pathway and Hippo pathway. There is evidence that the Hippo pathway functions downstream of the Akt pathway. In Drosophila, Borreguero-Muñoz et al. showed that AKT can directly disrupt the Hippo pathway (Figure 1C) (Borreguero-Muñoz et al., 2019). In mouse ovaries, the use of MK2206 (AKT inhibitor) not only suppressed follicle activation, but also led to an increase in pYAP-to-YAP ratio (Hu et al., 2019). This implies that AKT can disrupt Hippo signalling and trigger YAP nuclear localisation and follicle activation. This evidence points to the existence of a crosstalk between the Akt and Hippo pathways and should be carefully examined together in the context of primordial follicle activation.
The GCs surrounding the oocyte may also directly regulate oocyte functions through mechanotransduction (Figure 1C). Notably, the squamous GCs exhibit contractile stress fibres at the primordial follicle stage (Nagamatsu et al., 2019), and have flat morphology compared to the cuboidal GCs at the primary follicle stage. Is this change in morphology during activation a result of reduced compressive stress from ECM remodelling, or due to intrinsic change in GC contractility? Furthermore, since flat cells are often associated with high surface tension (Lecuit and Lenne, 2007), does it imply that the squamous GCs exert significant forces on the oocyte during dormancy, and the release of mechanical tension leads to follicle activation? Another open question is whether the GC mechanics can directly trigger the expression of KitL and downstream AKT-mediated activation in the oocyte. These questions will likely be addressed in the near future with the application of novel biophysical tools and ex vivo reconstitution approaches (see Section 6).
3 MECHANO-SIGNALLING IN PRE-ANTRAL FOLLICLE DEVELOPMENT
Secondary follicle development is characterised by the development of the spindle shaped TCs overlying the basement membrane (BM) around the GCs (Figure 2A). It takes more than 30 days for primordial follicles to become secondary follicles in rat ovaries, and 120 days in the case of human ovaries (McGee and Hsueh, 2000). Sizes of secondary follicles range from 59 to 303 µm in diameter as measured across multiple species (Griffin et al., 2006). Secondary folliculogenesis is also marked by a rapid increase in oocyte volume, although the oocyte is observed to remain in meiotic arrest (DiLuigi et al., 2008). The ZP surrounding the oocyte becomes thicker and more prominent at this stage for most organisms (Albertini et al., 2001). Here we focus our discussion on three key components in secondary follicles that may potentially regulate their development via mechanical signalling.
[image: Figure 2]FIGURE 2 | Mechano-hydraulic control of secondary and antral follicle development. (A). During secondary follicle development, spindle-shaped TCs form around the basement membrane (dark red) and the GCs, potentially generating compressive stress within the follicle. Anisotropic stress pattern may guide cell division orientation in the TCs (circumferential) and the GCs (radial). Inset: Compressive stress may affect oocyte growth by modifying the oocyte-granulosa interactions mediated by the TZP and Kit ligands. Mechanical stress may also influence the GC proliferation via gap junction activities. (B). Left: Isolated follicle immuno-stained for nuclei (DAPI) and phosphorylated-myosin light chain (pMLC), showing contractile TCs. Right: Follicle immuno-stained for actin and YAP, showing YAP nuclear localisation in the TCs only. Scale bar: 50 µm. (C). Antral follicles immuno-stained for nuclei (DAPI) and actin. Luminal fluid accumulates at the intercellular space, eventually merging into a singly-resolved antrum that continues to expand till ovulation. Scale bar: 40 µm. (D). Potential feedback loop between luminal pressure and follicle size: increased luminal pressure may trigger junctional maturation and follicle expansion through mechanosensing, while TC stiffening may control the final size of the follicles.
3.1 Basement membrane
One of the most crucial internal components of the follicle is the BM. The basal lamina separating the TCs from the GCs is typically composed of isoforms of collagen IV and laminin (O’Shea et al., 1978), but the relative compositions change during folliculogenesis (Rodgers et al., 2003; Berkholtz et al., 2006). Fibronectin is not prominent in the BM of primordial and primary follicles, but its expression becomes stronger at the secondary follicle stage (Akkoyunlu et al., 2003; Heeren et al., 2015). BM is nano-porous and can allow size-dependent passage of molecules across it. Molecules with molecular weights lower than 100 kDa can move freely through the BM, while those larger than 500 kDa cannot (Perloff et al., 1954; Shalgi et al., 1973). There exist reports on the pore size and thickness of BM in non-ovarian models (Abrams et al., 2000; Nicholas and Jacques, 2005; Halfter et al., 2013; Gaiko-Shcherbak et al., 2015), but these parameters have not been characterised in ovarian follicles. It is suggested that the composition, geometry, and crosslinking of the different proteins can dictate the BM mechanical properties (Miller, 2017; Ramos-Lewis and Page-McCaw, 2019), but the physical properties and mechanical functions of BM in folliculogenesis remain poorly characterised.
BM is common in most tissues in the body and is involved in a variety of diseases (Christensen et al., 2015). The thickness of the reticular BM (Saglani et al., 2006) and capillary BM (Ganda et al., 1983) has been implicated in asthma and diabetes respectively. It has been shown in epithelial cancers that cells can generate physical forces to invade the BM, leading to metastasis (Chang and Chaudhuri, 2019). Cancer-associated fibroblasts, myoepithelial cells and immune cells have also been implicated to regulate cell invasion. It is possible that similar conditions may apply to ovarian cancers. Hence, a deeper understanding of BM mechanics may inspire new approaches to modify the BM and help to prevent cancer progression.
The stiffness of the BM provides another key mechanical cue that may impact follicle development. The values of BM stiffness vary, ranging from ∼55 kPa in mouse mesentery to 400-3,000 kPa in mouse renal tubules (Bhave et al., 2017; Glentis et al., 2017). In Drosophila, BM stiffness has been shown to determine the shape of developing egg chambers (Crest et al., 2017; Chen et al., 2019) and in altering cell migration in vivo in the central nervous system (Kim et al., 2014; Sánchez-Sánchez et al., 2017). Softer BM in the Drosophila wing disc allowed the wing disc to expand and flatten (Ramos-Lewis and Page-McCaw, 2019). Increased niche-derived mechanical stress due to increased BM stiffness in aged murine hair follicle stem cells has been observed to repress transcription, silence bivalent promoters and compromise stem cell potential (Koester et al., 2021). Recently it has also been shown that the intricate interplay between cell-cell and cell-BM interactions can contribute to stratified epithelial budding and branching morphogenesis of murine embryonic salivary glands (Wang et al., 2021).
In ovarian development, the BM has been suggested to protect ovarian follicles from physical damage (Figueiredo et al., 1995). It was proposed that the stiff basal lamina acts as a mechanical barrier for the proliferation and inward division of GCs (Da Silva-Buttkus et al., 2008): the GCs become more densely packed when they divide in a radial fashion within the follicles, thereby leading to the emergence of multi-layered GCs at this stage (Da Silva-Buttkus et al., 2008). Here we speculate that as the follicles grow in size, the BM may deform or undergo active remodelling to accommodate for the growing number of GCs contained within. How this changes the BM mechanical properties and regulates TC and GC functions will constitute an exciting topic for future research.
3.2 Granulosa cells
The internal geometry of a follicle loosely resembles that of a multicellular spheroid and it is plausible that mechanical cues affecting spheroid growth could also play a role in folliculogenesis. Increased mechanical stress inside tumour spheroids have been shown to lead to reduced cellular proliferation (Delarue et al., 2014; Dolega et al., 2017). As the spheroids grow, compressive stress can build up and promote cancer cell migration (Tse et al., 2012). It has been shown that the tumour spheroid growth responds to the stiffer mechano-environment through cytoskeletal remodelling and ROCK signalling pathway (Taubenberger et al., 2019). In the developing wing imaginal disc of Drosophila, the varied stress patterns between cells at the periphery (tension) and the cells in the centre (compression) lead to differential cell shape and division orientation (LeGoff et al., 2013). In secondary follicles, a similar mechanism may operate where follicle growth leads to the emergence of anisotropic stress pattern, characterised by radial compressive stress in the GC layer and tangential tensile stress at the theca layer. This may in turn direct cell division pattern and follicle morphogenesis (Figure 2A).
GCs secrete mucopolysaccharides which thicken and rigidify the ZP during follicle growth, thereby changing the mechanical environment around the oocytes (Ouni et al., 2020). Transzonal projections (TZPs) are hair-like projections from the GCs which invade the ZP and maintain direct contact with the oocyte (El-Hayek et al., 2018). The communication between the oocyte and its surrounding GCs is also mediated by connexin 37, a gap junction protein that is present at the tip of the TZPs (Simon et al., 1997; Ackert et al., 2001). Among the GCs, it is known that another type of gap junction proteins, connexin 43, connect the GCs and help with the exchange of nutrients like amino acids, glucose, ions, and cGMP in order to maintain cellular osmolarity and metabolism (Eppig, 1991; Winterhager and Kidder, 2015). Gene knockout studies have shown that connexin 37 are not only essential for oocyte maturation, they are also required for the luteinisation of GCs prior to ovulation (Simon et al., 1997). Loss of connexin 43 in mutant ovaries showed impaired GC proliferation, absence of antrum and developmentally incompetent oocytes (Ackert et al., 2001). Connexins in endothelial cells are known to be affected by shear stress and connexin 43 hemichannels in osteocytes are known to be opened by mechanical loading which helps in bone formation (Islam and Steward, 2019; Riquelme et al., 2020; Zhao et al., 2020). Whether connexins respond to mechanical stimuli and regulate follicle growth requires further investigation.
As the GCs become multi-layered, several signalling molecules–namely, BMP-15 and GDF-9—secreted by the oocyte start to impact this process (Dong et al., 1996; Moore et al., 2003). As described in the previous section, both these factors along with the Kit ligands and their receptors are believed to take part in a feedback loop between the oocyte and the GCs during this developmental stage (Eppig, 2001; Otsuka and Shimasaki, 2002). A similar bidirectional communication also exists between the GCs and TCs. While the Kit ligands and other growth factors from the GCs can prompt TC proliferation (Huang et al., 2001; Matsuura et al., 2002; Field et al., 2014; Shiomi-Sugaya et al., 2015), several BMPs secreted by the TCs are shown to impact GC proliferation (Lee et al., 2001; Glister et al., 2005) through the Wnt (Wang et al., 2010), Notch (Trombly et al., 2009), and Hedgehog (Wijgerde et al., 2005) signalling pathways. Though some of the signalling pathways have been implicated in tissue mechanics in non-ovarian developmental systems (Bonewald and Johnson, 2008; Brunt et al., 2017; Stassen et al., 2020; Yang et al., 2021), definitive evidence on potential mechano-regulation of these signalling pathways in the ovary remains to be established.
3.3 Theca cells
TCs are observed to appear at the periphery of secondary follicles that have at least two layers of GCs (Figure 2A) (Magoffin and Weitsman, 1994), and the process is gonadotropin independent. However, the origin of these cells remains debatable. While some believe that they originate from putative stem cells in ovaries (Honda et al., 2007), others suggest that they are derived from progenitor cells at the embryonic stage (Liu et al., 2015). Though not characterised, it is hypothesised that the cells are recruited from the ovarian stroma mediated by oocyte or GC secreted factors (Orisaka et al., 2009). TCs provide structural integrity to the follicles and produce important endocrine regulatory factors like androgens and other growth regulatory factors (Erickson et al., 1985; Young and McNeilly, 2010). Malfunction of TCs such as overproduction of TC-secreted androgens leads to PCOS (Azziz et al., 2009; Huang et al., 2010), which is a leading cause of female infertility that affects 4-20% of reproductively aged women worldwide (Deswal et al., 2020).
The theca layer is not homogeneous. The layer consists of the inner cells bordering the BM, also known as the theca interna, which secrete steroids that serve as substrates for estrogen production from the GCs (Magoffin et al., 1995). The outermost layers of TCs, the theca externa, are fibroblast-like in nature. They emerge at the later stages of follicle development, and are believed to play a role during ovulation. During follicle expansion in this growth phase, the theca layers are known to provide nutrients by developing vasculature through secreting vascular endothelial growth factor (VEGF) (Jones and Shikanov, 2019), thereby leading to increased oxygenation in the follicle (Shin et al., 2005).
While the role of TCs in steroid production and hormonal regulation is well documented, the structural and mechanical functions of these cells are less well understood. Recently, cancer-associated fibroblasts have been shown to self-organise to form a capsule around tumour cells and initiate mechanotransduction through active compression (Barbazan et al., 2021). The contractile TCs may wrap around the follicles in a similar fashion and provide compressive stress to coordinate signalling and growth within the follicle (Figure 2B). A recent study revealed the presence of mechanical heterogeneity within the follicle, where the TCs were shown to have a higher loss tangent (>20%) than the GCs, particularly during the antral follicle stage (Chan et al., 2021). The loss tangent here can be understood as the ratio between the cell’s effective micro-viscosity and stiffness. A higher loss tangent of TCs therefore indicates greater energy dissipation and a more viscous response when subjected to mechanical stress. This may be associated with the increased hyaluronan production by the TCs (Figure 3B) (Amargant et al., 2020).
[image: Figure 3]FIGURE 3 | Stromal mechanics and inter-follicle dynamics in ovary development. (A). Labelling of CNA35, a collagen-binding protein, shows the presence of basement membrane within the follicle and at the interstitial tissue (white arrowhead). Scale bar: 50 μm. (B). Macrophages labelled with F4/80 were observed at the interstitial matrix, while the hyaluronic acid (HA) was highly expressed at the TC layer. Scale bar: 50 μm. (C). Growing follicles may be mechanically confined by the surrounding ECM that comprises mainly of collagen and HA. (D). Potential feedback interactions between stromal cells, ECM and follicle growth during ovarian development and ageing. Changes in ECM composition and mechanical properties may activate immune response from macrophages via mechanosensing pathways, or the stromal cells may actively remodel the ECM or participate in tissue repair during follicle death or post-ovulation. Changes in ECM viscoelastic properties may directly influence follicle growth. (E–F). Follicle-follicle interactions may provide additional mechanical signals to influence follicle growth. (E). In vitro culture of follicle doublet shows that the follicles can merge over the course of 7 days to generate a dominant, growing follicle (double asterisks) and a ”subordinate” follicle with limited growth (single asterisk). Scale bar: 50 μm. (F). Evidence of close contact among pre-antral follicles in a P12 mouse ovary. Scale bar: 100 μm. Image from (Da Silva-Buttkus et al., 2008).
Despite growing evidence that mechanical signalling can impact follicle development, questions remain on how these mechanical forces are generated and maintained within the follicles. In particular, it is not known how GC proliferation, which may generate tissue pressure, is coupled to BM remodelling and TC-generated compressive stress during follicle development. Addressing this will require novel methods to quantify cellular dynamics, tissue mechanics and mechanosensing activities in the ovarian follicles (see Section 6).
4 TISSUE HYDRAULICS DURING ANTRAL FOLLICLE DEVELOPMENT AND OVULATION
A key morphological event is the emergence of a fluid-filled cavity (lumen) in the antral follicles (Figure 2C). Fluid cavity can generate hydrostatic pressure that can modulate cell-cell junctional remodelling or ion pump activities that in turn leads to organ or embryo size control and tissue patterning (Chan et al., 2019; Mosaliganti et al., 2019). A similar feedback mechanism may operate during antral follicle morphogenesis (Figure 2D). In addition, the lumen can act as a signalling hub to drive cell differentiation and cell shape changes around the lumen (Durdu et al., 2014; Ryan et al., 2019). In mammalian species, the antrum size varies from species to species: larger species such as human and bovine have larger follicles with the fluid comprising a substantial volume fraction (>95%) of the follicles at ovulation (Rodgers et al., 2001), while follicles of smaller species such as rats and mice contain less follicular fluid (Rodgers and Irving-Rodgers, 2010). Despite previous reports showing a correlation between antrum formation and oocyte maturation (Dumesic et al., 2015), the potential mechano-chemical functions of antrum in folliculogenesis remain enigmatic. Similarly, there remains limited studies on how the micro-lumen first emerge and coalesce into a single antrum, which is essential for late ovulation. One likely mechanism is osmotic regulation, where the antrum fluid could be sourced externally from the blood vessels formed around the TCs that encapsulate the antral follicles. Since the GCs lack functional tight junctions (Mora et al., 2012), it would not be possible to establish an osmotic gradient across the membrane granulosa with small ions like sodium. Instead, larger molecules such as hyaluronan and proteoglycans appeared to be trapped in the antrum which may generate a significant osmotic gradient to draw in fluid from the theca capillary (Clarke et al., 2006; Rodgers and Irving-Rodgers, 2010). However it remains unclear how the GCs actively secrete osmotically active molecules into the antrum, and if this is triggered by some signalling molecules released by the oocyte. One possible hypothesis is that some GCs within the follicle undergo apoptosis and are eliminated, thereby creating a hollow space that is filled with fluid. This process is also known as ‘cavitation’ (Sigurbjörnsdóttir et al., 2014). Cell death releases DNA fragments which, by virtue of their high molecular weights, may generate strong osmotic force to drive lumen expansion and coalescence (Clarke et al., 2006).
As mentioned, the GCs lack functional tight junctions but are connected by the gap junctions (Mora et al., 2012). This suggests that antrum development is not likely mediated by directed fluid transport through apico-basal polarity establishment, a mechanism widely reported in epithelial tissues and in vitro (Roignot et al., 2013). It is however worth noting that fluid accumulation can occur at the basolateral compartment through exocytosis or programmed cell shape changes (Schliffka and Maître, 2019). For example, during mouse blastocyst development, cytoplasmic vesicles are secreted and transported into intercellular space, leading to fluid accumulation at the onset of blastocoel formation (Ryan et al., 2019). During zebrafish gastrulation, mitotic rounding during cell divisions drive cell-cell contact disassembly in the deep cells, leading to increased interstitial fluid that translates to global tissue fluidization at the animal pole (Petridou et al., 2019). Whether these mechanisms operate during antral folliculogenesis constitute exciting topics for future research.
As the follicle matures into the Graafian follicle, it undergoes ovulation, which is characterised by a series of biochemical and morphological events that lead to its ultimate rupture and discharge of the mature oocyte out of the ovary. While it is known that elevated levels of luteinizing and follicle-stimulating hormones are required for ovulation, the precise mechanisms underlying this process remain unknown. Early studies pointed to both mechanical and enzymatic activities in follicle rupture during ovulation. Biophysical studies of follicle wall tension showed a large increase in wall extensibility prior to follicle rupture (Espey and Lipner, 1963), which is associated with the thinning of the theca wall due to ECM degradation by multiple proteolytic enzymes such as matrix metalloproteinases and plasmin (Curry and Smith, 2006). Interestingly, endothelin was proposed as a mechanotransduction gene that may facilitate follicular rupture and ovulation by binding to the smooth muscle at the theca externa, thereby leading to the contractile activity necessary for follicular rupture (Ko et al., 2006). Early studies on antrum fluid mechanics revealed no significant change in the hydrostatic pressure during antrum development (Espey and Lipner, 1963; Rondell, 1964; Bronson et al., 1979), potentially due to species difference and technical limitations. However, recent studies using servo-null micropressure system detects more than 40% increase in luminal pressure from preovulatory to late ovulatory phase in rat ovaries after human chorionic gonadotropin (hCG) stimulation (Matousek et al., 2001). Future studies leveraging on ex vivo culture and live imaging will provide better spatiotemporal dynamics of ovulation and will help to address how coordinated changes in lumen pressure, tissue mechanics and ECM remodelling lead to robust biophysical control of ovulation.
5 MECHANICAL SIGNALLING FROM EXTRA-FOLLICULAR ENVIRONMENT
In addition to intra-follicular mechanical interactions, extra-follicular mechanical signals from the ovarian stroma also play a significant role in regulating follicle growth. The stroma is highly complex, consisting of nerves, vasculature, ECM, immune and fibroblast-like cells (Kinnear et al., 2020). In this section, we discuss how the ECM, stromal cells and follicle-follicle interactions may dynamically modulate the follicle’s mechanical environment to orchestrate its development.
5.1 Interstitial extracellular matrix
It is well established that the ECM can initiate both mechanical and biochemical signalling cues. Historically, the role of ovarian fibrillar ECM such as collagen, laminin and fibronectin, and their changes during follicular progression were the focus of in-depth characterisation (Berkholtz et al., 2006). Across species, collagen IV is consistently expressed in the basal lamina throughout follicle development (Irving-Rodgers and Rodgers, 2005; Ouni et al., 2020). They were also detected in the BM of atretic follicles (Nakano et al., 2007) and the theca shell (Figure 3A). However, type IV alpha chains 3-6 in the BM decreases after the primary follicle stage (Irving-Rodgers and Rodgers, 2005). Collagen I and VI are expressed throughout the ovary (Woodruff and Shea, 2007; Ouni et al., 2019), with type I mainly located at the ovarian surface epithelium (Woodruff and Shea, 2007). Spatially, decellularized human and bovine ovarian tissues show that the collagen fibres are radially aligned at the cortex and anisotropic at the medulla (Laronda et al., 2015), suggesting a difference in ECM mechanics between the cortex and the medulla, possibly associated with the cortex having a higher stiffness. Recent work on human ovaries also revealed a significant thickening of ECM fibre bundles and increased ECM pore size from prepuberty to reproductive ageing, which is also associated with increased fibre orientation and straightness (Ouni et al., 2021). Similar to collagen, fibronectin was reported to increase in the stroma and theca layer during follicle growth (Woodruff and Shea, 2007). Laminin was also found to increase in the BM along with follicle development (Irving-Rodgers and Rodgers, 2005), with some isoforms present in the ovarian surface epithelium and TC layer (Rodgers et al., 2003).
Apart from fibrillar proteins, a key component of the ECM is hyaluronan or hyaluronic acid (HA), which is an anionic glycosaminoglycan (GAG) matrix with high molecular weight (typically 1,000-8,000 kDa) (Cowman et al., 2015; Monslow et al., 2015). Their ability to trap fluid and swell by osmotic pressure generates mechanical stress to influence the form and function of the tissue microenvironment (Voutouri and Stylianopoulos, 2018). In zebrafish, HA provides anisotropic extracellular stress to guide otic bud morphogenesis (Munjal et al., 2021) or cardiac valve development (Vignes et al., 2022). In murine adenocarcinoma models, administration of hyaluronidase resulted in tumour relaxation, indicating that HA provides tissue compressive resistance (Stylianopoulos et al., 2012; Voutouri and Stylianopoulos, 2018). In bovine and porcine ovaries, HA was localised at the theca layer, stroma, and vasculature (Parkes et al., 2021), similar to our observation in mice (Figure 3B). HA concentrations are known to surge and accumulate in the cumulus cell-oocyte complexes (COC) (Salustri et al., 1999), potentially related to their soft nature (Chen et al., 2016). In contrast to collagen, the roles of HA mechanics in regulating folliculogenesis and ovarian functions are relatively understudied.
There has been recent progress in understanding the spatio-temporal dynamics of interstitial ECM in the context of ovarian ageing, fibrosis, and inflammation. During ovarian ageing, the overall collagen deposition increases while the total HA content decreases, with no significant change in the molecular weights (Amargant et al., 2020). This fibrotic trend was again observed in human samples, indicating that the phenomenon may be conserved across species during ageing (Manuel et al., 2019). A recent study has also shown that this ageing-associated reduction in female reproductive lifespan can be rescued by reversing collagen fibrosis in mouse ovaries (Umehara et al., 2022). It is known that fibrosis mechanically alters the organ by significantly increasing tissue stiffness (Wells, 2013). However, it remains unclear as to how fibrotic ECM remodelling of the ovarian stroma mechanistically modulates follicle development in disease and ageing (Figure 3C).
5.3 Stromal cells
Apart from the ECM, the ovarian stroma is also populated with diverse cell types with myriad functions. Amongst the stromal cells, fibroblasts (Sahai et al., 2020) and macrophages (Kim and Nair, 2019) are known to have the capability to remodel ECM. Indeed, there have been extensive reports of ECM remodelling via matrix metalloproteinases, plasminogens, and associated enzymes in ovaries (Smith et al., 1999; Curry and Smith, 2006). However, which stromal cells are specifically involved during ECM deposition and degradation is not fully understood.
Macrophages make up the largest sub-population of immune cells in the ovaries (Kinnear et al., 2020), and are known to possess ECM remodelling capabilities which can enhance ovarian cancer progression (Busuttil et al., 2014; Cheng et al., 2019). In aged ovaries, it was reported that there was a shift in macrophage polarisation towards pro-tissue regenerative type (M2 polarisation) (Zhang et al., 2020) which is coherent with the observed inflammatory fibrotic ECM structure in aged ovaries (Briley et al., 2016; Rowley et al., 2020; Lliberos et al., 2021), although the underlying mechanotransduction pathways remain unknown. Fibroblasts, in their highly contractile state, are generally associated with ECM deposition and remodelling (Sahai et al., 2020). While there have been several reports linking cancer-associated fibroblasts with ovarian cancer progression and tumour-ECM remodelling (Kenny et al., 2007; Thuwajit et al., 2018), little is known about how the ovarian fibroblast-like cells modulate the ovarian matrix during folliculogenesis. The study of ovarian fibroblasts is challenging due to a lack of suitable experimental platforms (Quiros et al., 2008). This is further compounded by the fact that fibroblasts lack a clear biomarker, and have been shown to be highly heterogeneous between and within organs (Chang et al., 2002).
5.4 Stromal cell-ECM-follicle feedback
While the stromal cells can actively remodel the ECM, ECM biomechanics can also reciprocally impact the stromal cell functions (Figure 3D). It has been shown that macrophage function, polarisation, and migration are influenced by ECM biomechanical and physical properties (McWhorter et al., 2015; Sridharan et al., 2019). For example, macrophages seeded onto stiff polyacrylamide gels were primed towards pro-inflammatory polarisation and exhibit podosome-dependent migration whereas on soft gels, macrophages were anti-inflammatory and showed fast ameboid-like migration (Petersen et al., 2012). Likewise, the ECM remodelling capability of fibroblasts is also dependent on physical cues from the environment–it was observed that high stiffness scaffolds increased fibroblast secretion of matrix metalloproteinase-1 (Petersen et al., 2012). Interestingly, we identified F4/80+ macrophages to be spatially associated with the HA ‘shell’ at the theca layer (Figure 3B), suggesting possible crosstalk between macrophage and HA. Active remodelling of ECM by the stromal cells may lead to changes in the ECM biomechanical properties, which will ultimately impact follicle growth and oocyte quality (Figure 3D). The stromal cells, particularly the macrophages, are known to be associated with atretic follicles across different species (Kasuya, 1995; Best et al., 1996; Petrovská et al., 1996; Gaytán et al., 1998) and in the ovulatory process (Brännström et al., 1993; Takaya et al., 1997), which suggests that the macrophages may play an active role in tissue clearing and wound healing processes during ovarian development and homeostasis. Ultimately, a system-level understanding of the feedback interactions between the stromal cells, ECM, and the follicles will help illuminate the underlying mechanobiological principles regulating ovarian folliculogenesis (Figure 3D).
5.5 Follicle-follicle interactions
Another source of mechanical signalling in vivo could be the direct contact between the follicles. In a seminal work by Spears et al. (Spears et al., 1996), they demonstrated that co-culture of two mouse follicles in contact can lead to follicle dominance, where one follicle invariably grows and becomes dominant while the other one shows arrested growth, as shown in Figure 3E. Notably, the suppressed follicles are not dying, as manual removal of the dominant follicle can induce subsequent growth of the suppressed follicle. In a follow-up paper, the authors further demonstrated that the dominant follicles also render the subordinate follicles more susceptible to lowered FSH concentrations, thereby inducing atresia in these follicles (Baker et al., 2001). These findings on how follicle-follicle contact determines follicle selection and fate may answer the question why only a certain number of follicles undergo size amplification and eventually ovulate during each reproductive cycle (6-7 ovulatory follicles in the case of mouse and only one in human). These findings are physiologically relevant as histological studies revealed that preantral follicles are often found in close contact with each other (Da Silva-Buttkus et al., 2008) (Figure 3F), and preovulatory follicles are found alongside less-developed antral follicles (Baker and SpearsN., 1999). These studies also prompt speculation if differential follicle growth can lead to distinct follicle positioning within the ovary during development. For example, in very young ovaries, the small primordial follicles are often found at the ovarian cortex while the larger growing follicles are found in the inner medulla. Later, as the mice grow past puberty, the ovary is characterised by numerous antral follicles that are found to be close to the ovarian surface, ready for ovulation. Whether such tissue patterning is mediated by follicle-follicle interactions and if these interactions play a similar role in human ovaries are exciting questions for the future.
In the above studies, the authors proposed the existence of a contact-mediated mechanism for follicle dominance and suppression, although the molecular mechanism was not addressed. Others have proposed that the growing follicles may secrete inhibitory signals such as anti-Müllerian hormone (AMH) and activin to maintain primordial or pre-antral follicle dormancy (Durlinger et al., 1999; Mizunuma et al., 1999). Here we propose that in addition to paracrine signalling, mechanical signals, such as the compressive stress exerted by one follicle on another, may provide further inhibitory signals to break the initial size symmetry and trigger differential growth. This corroborates with a recent atomic force microscopy (AFM) study which revealed that the large follicles are the mechanically dominant structures in the ovary that may transmit mechanical stress to the surrounding follicles (Hopkins et al., 2021).
6 APPROACHES TO STUDY OVARIAN MECHANOBIOLOGY
6.1 Biomechanical characterisation of ovarian mechanics
The concept of mechanobiology in ovarian biology is relatively new, and biophysical studies to quantify tissue mechanical properties in ovaries remain scarce. To date, AFM remains the primary tool to measure the ovarian biomechanical properties, such as the follicle and stromal stiffness during reproductive ageing and menopause (Amargant et al., 2020; Hopkins et al., 2021; Ouni et al., 2021). Here, the sample is indented with a cantilever attached to an AFM tip of known geometry and the applied force is measured from the bending angle of the cantilever. The surface stiffness is calculated by fitting the force indentation curves to known mechanical models. Of note, while these studies were conducted on different layers of tissues, tissue sectioning itself may potentially release tissue stress and perturb the mechanical state of the ovaries (Stylianopoulos et al., 2012). Micropipette aspiration is another technique that can be used to probe the surface tension of a cell or tissue, based on the Laplace Law (Maître et al., 2016; Chan et al., 2019). Furthermore, by tracking the dynamics of the aspirated ‘tongue’ of the tissue, the tissue viscosity can be extracted (Guevorkian et al., 2010). Another well established technique to infer cellular or tissue tension is laser ablation. Here, UV or femtosecond-pulsed near-infrared lasers are used to cut biological tissues locally. Upon disruption, the speed and direction of recoil of the cell-cell junctions or tissue segment can be used to infer the magnitude and orientation of local cell or tissue tension (Sugimura et al., 2016).
The above-mentioned techniques are mostly confined to measuring the surface mechanics of tissues. To quantify mechanical properties within the tissues, other tools such as magnetic tweezer have been developed. Here, magnetic beads or ferrofluid oil droplets are introduced into tissues, which can be manipulated in the presence of an externally applied magnetic field. If the magnetic properties of the beads or droplets is known, the force-displacement profiles can be used to calculate the local stiffness and viscosity of the tissue (Mongera et al., 2018; Zhu et al., 2020; D’Angelo and Solon, 2020). In recent years, label-free, non-invasive approaches have also been developed to directly ‘image’ the mechanical landscape of tissue interior. For example, Brillouin microscopy has been developed to measure micro-viscoelasticity of cells and tissues with high spatial resolution in 3D (Prevedel et al., 2019). It relies on the interaction and inelastic scattering of monochromatic laser light from thermally driven acoustic phonons at high frequencies. The scattered light spectrum is indicative of the material’s local mechanical properties, as shown by recent work on mouse ovaries and living embryos (Chan et al., 2021; Bevilacqua et al., 2022). Another imaging technique is second harmonic generation microscopy, which probes the tissue composition and the molecular structure of collagen with high sensitivity and specificity. It has been used extensively to study alterations in fibrillar collagens in scar tissues of skin, lung, heart and eyes (Mostaço-Guidolin et al., 2017), as well as in mouse ovaries (Watson et al., 2012; Bochner et al., 2015).
Besides measuring tissue material properties, another important parameter that remains poorly characterised is the mechanical stress within ovaries. To evaluate mechanical stress in tissue interior, several techniques have been developed in recent years. For example, hydrogel-based deformable beads have been developed, which allows ones to quantify the local stress fields in living tissues, as demonstrated in zebrafish and in vitro cell aggregates (Dolega et al., 2017; Mohagheghian et al., 2018; Träber et al., 2019; Souchaud et al., 2022). Larger beads have been used to infer the contractile stress exerted by cells. For example, a recent study shows that the compressive stress exerted by contractile cardiomyocytes can be quantified by measuring the change in volume of large gelatin beads of known compressibility, before and after cardiomyocyte enwrapment (He et al., 2021). To quantify tissue pressure in 3D tissues, laser ablation, combined with the tracking of tissue outflow from the abscission site, allows one to compare the mechanical state of compressed tumour aggregates (Barbazan et al., 2021). While many of these techniques have yet to be applied to mammalian ovaries, we foresee that such quantitative studies will yield important insights to advance the field of ovarian biology.
6.2 Quantitative imaging of ovarian dynamics
Recent advancement in deep tissue imaging has allowed us to gain insights into follicle dynamics within the ovary. One such tool is light-sheet microscopy. This technique has been increasingly used in the last few years for rapid visualisation of live specimens, particularly for deep tissues where a single sample plane is excited optically by a light sheet and fluorescent images are captured by a camera placed perpendicular to the excitation (Power and Huisken, 2017). This technique allows an enhanced image quality and does not rely on physical sectioning of the tissues. Combined with tissue clearing, light-sheet microscopy has been used to quantify follicle morphometrics in pig ovaries (Lin et al., 2017) and human ovaries that revealed marked architectural remodelling in certain ECM biomarkers at prepubertal, reproductive-age and menopausal stages (Ouni et al., 2022). Another powerful tool for studying follicle development in vivo is optical coherence tomography, which allows imaging of ovaries in situ and in real time with micron-scale imaging resolution (Wang et al., 2015; Watanabe et al., 2015). Widely used in ophthalmology and endoscopic studies of luminal organ systems (Swanson et al., 1993; Fujimoto et al., 2000), there has been a growing number of work utilising this approach to study reproductive events when combined with intra-vital imaging, such as in mouse ovary and oviduct (Burton et al., 2015), co-operative sperm flow (Wang and Larina, 2018), and oocyte and embryo transport during pre-implantation development (Wang and Larina, 2021).
6.3 Ex vivo reconstitution
Owing to the multifactorial complexity in the tissue microenvironment, it is challenging to dissect the individual contribution of mechanical signals on follicle growth. Here, ex vivo reconstitution of follicles provides a bottom-up approach to understand how the follicle’s mechanical environment impacts its maturation. For example, when cultured in 3D alginate hydrogel (Figure 4B,B′), secondary follicles in the softer matrix showed increased follicle growth, theca development, antrum formation and higher oocyte quality, suggesting that mechanical confinement can regulate follicle development (Xu et al., 2006b; West et al., 2007; West-Farrell et al., 2009). To allow follicle expansion at later stages of development, degradable hydrogel was developed, such as the fibrin-alginate interpenetrating network (Shikanov et al., 2011). Recently, poly(ethylene glycol) (PEG) hydrogels have also been developed to allow better control of matrix stiffness and pore size that promotes optimal follicle growth (Kim et al., 2016). Others have further incorporated mechanical heterogeneities within the gel, where microfluidics was employed to encapsulate follicles within a gel that is made of a soft inner core of collagen and stiff alginate shell (Choi et al., 2014; He, 2017). This was proposed to better mimic the supposedly soft medulla and stiffer cortex of the ovary that are required for follicles to develop to the antrum stage.
[image: Figure 4]FIGURE 4 | Multiscale ex vivo reconstitution approaches are required for integrative understanding of ovarian mechanobiology. (A,A’). Primary cells such as the theca cells and the granulosa cells can be isolated from bulk ovaries for studying single cell mechanics or cell-cell interactions in co-culture systems. Scale bar: 20 μm. (B,B’). Isolated follicles can be cultured in 3D hydrogel for studying morphogenesis and the impact of mechanical confinement on follicle growth. Aggregates of follicles can also be cultured in 3D to study follicle-follicle interactions. Scale bar: 100 μm. (C,C’). Ovarian tissue slices can be cultured ex vivo to study collective dynamics of follicles and ovulation during development. Scale bar: 100 μm. Image from (Komatsu and Masubuchi, 2017).
In addition to stiffness, ovarian tissues may be viscoelastic and exhibit stress relaxation, which measures how fast the material dissipates its internal stress in response to externally applied deformation. Recent studies demonstrated that hydrogels that exhibit slow relaxation provide greater mechanical confinement to hinder spheroid growth and cell proliferation (Nam et al., 2019; Indana et al., 2021). As discussed before (see Section 5), HA is a major component of ovarian ECM that is highly expressed in the ovarian stroma and TCs. Their ability to trap interstitial fluid and resist compression (Irving-Rodgers and Rodgers, 2005) may generate a slow stress relaxation environment to confine follicle growth. In future, it will be instructive to study follicle growth when cultured in gels of different stress relaxation profiles. Also, how HA remodelling impacts follicle growth and oocyte functions during ovarian ageing will be an exciting topic for future research.
Moving beyond single follicle studies, other works have attempted to study follicle dynamics using ovarian tissue slices (Komatsu and Masubuchi, 2017; Komatsu et al., 2018). By growing tissues on culture inserts, the authors were able to image and quantify pre-antral follicle development, ovulation and atresia (Figure 4C,C′). This approach may provide a good platform to study collective dynamics of follicles, such as differential growth and follicle dominance as discussed in previous sections.
To investigate mechanical interactions between the oocyte and somatic cells, it is noteworthy that there exist protocols for isolating and culturing primary GCs and TCs in vitro (Li and Hearn, 2000; Choi et al., 2014; Tian et al., 2015) (Figure 4A,A′). This provides a unique opportunity to probe their biomechanical properties and mechanosensing properties, which is not easily accessible in vivo. By adding complexity to such systems, such as TC-follicle or GC-oocyte co-culture systems, one could also gain new insights into how the follicle components mechanically interact with each other.
7 CONCLUSION
With the advancements in mechanobiology and experimental tools, we are now at a unique position to address how mechanical signals act in concert with hormonal signalling to control robust mammalian folliculogenesis. While we have discussed new biophysical techniques that allow us to dissect the intricate mechanical interactions at the intra- and extra-follicular level, in vivo perturbations remain challenging given the multiscale complexity of the organ. An attractive approach to address these experimental limitations is theoretical modelling and computational simulations (Johnson et al., 2015; Fischer et al., 2021; Fischer-Holzhausen and Röblitz, 2022), which allow us to tune mechanical parameters and ‘perturb’ the system in silico in order to assess functional sufficiency of these mechanical signals in ovarian growth.
Understanding ovarian mechanobiology has profound implications in understanding ovarian ageing, cancer, and disease, which are often associated with impaired tissue mechanics and misregulated mechano-signalling pathways. From the clinical perspective, a ‘mechanical’ understanding of follicular development has important implications in assisted reproductive technology such as in vitro fertilisation (IVF) and in vitro maturation (IVM). Both approaches generate relatively low success rates, potentially due to the removal of the follicle’s mechanical environment that helps to ensure oocyte health. The design of novel biomaterials to provide appropriate mechanical signals may contribute to future improvement of IVF and IVM and even oocyte rejuvenation. Of note, the ovaries are similar to many organs in terms of tissue architecture and functions, and similar biophysical principles may operate in these diverse systems. Indeed, recent work revealed the role of mechanics in lymphocyte infiltration and stromal remodelling during lymph node expansion (Assen et al., 2022; Horsnell et al., 2022) and mammalian kidney development (Viola et al., 2022).
We end this review by proposing several questions for future research. Does mechanotransduction play a role in regulating oocyte growth? If so, what are the key mechanosensors involved in the process? How are the various mechanical signals integrated across multiple scales to influence follicle maturation? At the tissue level, how are mechanics and hormonal signalling coupled to generate robust follicle patterns in terms of their number, size and positions? Finally, does follicle-follicle interactions play a role in follicle death (atresia) that is known to take place during ovarian development? Recent work revealed that cell-cell fluid exchange can lead to collective cell death and the selection of functional eggs in C. elegans during oogenesis (Chartier et al., 2021), suggesting that germ cell fate can be controlled by environmental factors. Ultimately, it will be exciting to explore if the different spatiotemporal dynamics of follicle development in diverse mammalian species are governed by the same underlying mechanobiological principles.
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Introduction: Deciphering the biological and physical requirements for the outset of multicellularity is limited to few experimental models. The early embryonic development of annual killifish represents an almost unique opportunity to investigate de novo cellular aggregation in a vertebrate model. As an adaptation to seasonal drought, annual killifish employs a unique developmental pattern in which embryogenesis occurs only after undifferentiated embryonic cells have completed epiboly and dispersed in low density on the egg surface. Therefore, the first stage of embryogenesis requires the congregation of embryonic cells at one pole of the egg to form a single aggregate that later gives rise to the embryo proper. This unique process presents an opportunity to dissect the self-organizing principles involved in early organization of embryonic stem cells. Indeed, the physical and biological processes required to form the aggregate of embryonic cells are currently unknown.
Methods: Here, we developed an in silico, agent-based biophysical model that allows testing how cell-specific and environmental properties could determine the aggregation dynamics of early Killifish embryogenesis. In a forward engineering approach, we then proceeded to test two hypotheses for cell aggregation (cell-autonomous and a simple taxis model) as a proof of concept of modeling feasibility. In a first approach (cell autonomous system), we considered how intrinsic biophysical properties of the cells such as motility, polarity, density, and the interplay between cell adhesion and contact inhibition of locomotion drive cell aggregation into self-organized clusters. Second, we included guidance of cell migration through a simple taxis mechanism to resemble the activity of an organizing center found in several developmental models.
Results: Our numerical simulations showed that random migration combined with low cell-cell adhesion is sufficient to maintain cells in dispersion and that aggregation can indeed arise spontaneously under a limited set of conditions, but, without environmental guidance, the dynamics and resulting structures do not recapitulate in vivo observations.
Discussion: Thus, an environmental guidance cue seems to be required for correct execution of early aggregation in early killifish development. However, the nature of this cue (e.g., chemical or mechanical) can only be determined experimentally. Our model provides a predictive tool that could be used to better characterize the process and, importantly, to design informed experimental strategies.
Keywords: multicellularity, mechanics, biophysics, killifish, adhesion, modeling
1 INTRODUCTION
Annual killifish have a unique early developmental pattern that differs from most teleost species. Unlike non-annual species, for whom most morphogenetic movements are concomitant, annual killifish have separated epiboly from embryo formation, resulting in an initial phase of cell dispersal that is followed by a process of cell aggregation, with embryonic cells occurring through active cell migration in the confined space between the enveloping layer (EVL) and the yolk syncytial layer (YSL) (Figure 1) (Dolfi et al., 2014; Concha and Reig, 2022). The embryonic cells remain undifferentiated, with stem-like properties during epiboly and until the end of the dispersion phase, when the cells start to aggregate at one pole of the embryo and initiate the genetic and morphogenetic processes leading to the formation of germ layers and the establishment of the embryonic axis (Wourms, 1972; Pereiro et al., 2017; Márquez et al., 2019) (Figure 1). These processes, which span between several hours and a few days depending on the specific killifish species and the environmental conditions (Dolfi et al., 2014; Márquez et al., 2019), occur in the context of a nearly spherical egg (about 1 mm diameter) and can be easily visualized in a living animal, as eggs are optically transparent and develop outside the mother (Wourms, 1972; Pereiro et al., 2017; Reig et al., 2017; Concha and Reig, 2022). The dispersion phase is characterized by a random walk of embryonic cells moving at a very low density (Márquez et al., 2019), while the cellular processes and morphogenetic mechanisms that form the aggregate are still unknown. It has been proposed that self-organizing processes may break the initial symmetry of the embryo and initiate the aggregation process (Pereiro et al., 2017; Abitua et al., 2021), since the molecular signals involved in embryo formation are apparently non-polarized during the stages prior to the aggregate formation. However, it cannot be ruled out that an organizing center, possibly located in extraembryonic structures, provides the signals that initiate the aggregate formation (Pereiro et al., 2017) as has been shown in other non-annual teleost species (Concha and Reig, 2022).
[image: Figure 1]FIGURE 1 | Stages of the early development of annual killifish as recorded in vivo. Cartoon representation (A) and confocal images of embryonic cell nuclei (B) stained using the FUCCI construct, illustrating the stages of the early development of killifish embryos. Following the dispersive state (left), the cells move directionally toward a pole of the embryo (center) and form an aggregate (right). The dashed red circles indicate the approximate outline of the embryo. The time between the stages varies between several hours to a few days, depending on the environmental condition and specific killifish species (Dolfi et al., 2014; Márquez et al., 2019). Scale bar, 200 μm.
In silico modeling proved to be a powerful tool to accurately capture the essential features of various biological systems, such as wound healing (Ravasio et al., 2015a), tissue expansion (Ravasio et al., 2015b), cancer invasion (Stichel et al., 2017), and embryonic development (CONTE et al., 2008; Cai et al., 2016; Pereiro et al., 2017; Stepien et al., 2019). Thus, it has been proposed that they could be used as predictive tools to design informed experimental strategies (Kabla, 2012; Phillips, 2015). Here, we used an in silico model to understand the mechanical requirements for killifish cells to 1) remain in a dispersed state and 2) aggregate at the embryo pole to initiate embryogenesis. In our model, motile cells are represented by three-dimensional self-propelled particle spheres, which is a 3D framework commonly used to model collective cell dynamics (Belmonte et al., 2008; Henkes et al., 2011; Sepúlveda et al., 2013; Méhes and Vicsek, 2014; Tarle et al., 2015). This approach has been extended to incorporate biologically relevant interactions such as cell–substrate friction, intercellular and cell–substrate adhesions (Kanchanawong et al., 2010; Bertocchi et al., 2017), and contact inhibition of locomotion (CIL) (Abercrombie and Heaysman, 1954; Roycroft and Mayor, 2016). When generalized, this model can exhibit diverse dynamic states, such as gas phases, polar liquids, and 3D aggregates, depending on the parameter explored (Bray, 1993; Mladek et al., 2006; Moreno and Likos, 2007; Redner et al., 2013). Although these states were experimentally observed at high cell densities, it is an open question as to whether such mechanisms could account for the aggregation behavior observed at low cell densities found in the early stages of killifish development. Furthermore, to date, models have not considered the specific geometry of this process, such as the cells moving in confinement and on curved surfaces with spherical topology. Typically, these studies use periodic boundary conditions on a plane, giving a toroidal topology (Bellomo et al., 2015). Our model incorporates realistic conditions in terms of cell density, geometrical and mechanical properties of the EVL and the YSL, and their effect on the dynamics of embryonic cells. Thus, the in silico investigation presented aims to provide a flexible framework to model the early teleost development, which can help predict the minimal mechanical requirements for cell aggregation under the specific conditions of annual killifish early development. As the in vivo system is poorly understood and presents various intrinsic experimental challenges (e.g., coriaceous chorion), our forward engineering approach can provide useful information, enabling an informed experimental investigation of the biological system.
2 RESULTS
During the early stages of killifish embryo development, undifferentiated stem cells move tangentially between the inner surface of the epithelial enveloping cell layer and the yolk syncytial layer (Figure 2A). The system is modeled here in two distinct ways: a cell-autonomous system that includes mechanisms that are intrinsic to the cells and the same cells that are under the influence of guidance from the environment toward an organizing center.
[image: Figure 2]FIGURE 2 | Schematic representation of the model’s major components. (A) Embryonic cells move between the EVL and the YSL, which are roughly spherical. They are subject to forces due to the deformation of the adjacent cell layers. (B) Polarity of the cells is constrained to the tangential plane as they move. (C) Contact inhibition of locomotion repolarizes cells away from the average position of their neighbors, and adhesion forces attract them to their neighbors. (D) Angle with respect to the average neighbor position. The dashed vectors indicate the directions to the neighbors of the red cell, the bottom solid arrow indicates the reference direction, and [image: image] is the angle to which the cells repolarize due to CIL. The direction of the adhesion force is shown for reference.
2.1 Cell-autonomous system
We present, here, a variation of the model proposed by Smeets et al. (2016) (Basan et al., 2013) for autonomous motile cells, extended to three dimensions and including the physical and geometrical constraints imposed by the EVL and the YSL, where the cells migrate tangentially to the surface of the YSL (Figure 2B).
2.1.1 Equations of motion
The cells have an intrinsic motile force, [image: image], that drives them forward along their direction of polarity [image: image] (Figure 2C). The cells are subject to viscous forces from the substrate with the coefficient [image: image] and from other cells [image: image]. The equation of motion is as follows:
[image: image]
with the left-hand term and the motile force with direction [image: image], where [image: image] is the substrate viscosity and [image: image] is the force between the cells [image: image] and [image: image], acting in the normal direction to their surface [image: image] at the point of contact. The normal direction at the point of contact in the case of the two spheres is simply the direction between their two centers so that:
[image: image]
with [image: image] being the distance between cells. The force [image: image] is defined in terms of [image: image].
2.1.2 Cell–cell adhesion and repulsion
The adhesion and repulsion between cells may play a significant role in the formation of aggregates. These forces are determined by the interaction between the cell–cell adhesion energy [image: image] and the cell–substrate adhesion energy [image: image], such that the intercellular force is given by (Smeets et al., 2016):
[image: image]
for pairs of cells i and j in contact ([image: image]) with the cell radius [image: image]. Here, [image: image] when [image: image], as the cells are not in contact. We model the EVL and the YSL as single large spherical cells of radius [image: image] centered on the origin:
[image: image]
which is the force applied to cell i by the YSL when [image: image] ([image: image] otherwise), and
[image: image]
which is the force applied to cell i by the EVL when [image: image] ([image: image] otherwise). In this way, the cells experience forces that tend to maintain them on a sphere of radius [image: image]. It should be noted that unlike in the work of Smeets et al. (2016), there is no cut-off of intercellular forces when the cells are closer than R, and no cells are removed from the simulation to model multiple layers. This is not necessary since our model is fully three-dimensional, and due to the spherical geometry, cells are naturally forced outward to form multilayered aggregates, which can be observed under large adhesive energies. Since the dynamics of the system depend upon the relation between cell–cell and cell–substrate energies rather than their absolute strengths, from here on, we use [image: image] and simply vary [image: image].
2.1.3 Repolarization and rotational diffusion
In our model, the cell polarity vector [image: image] is constrained to the tangential plane between the EVL and the YSL, and the motile force is as follows:
[image: image]
where [image: image], and [image: image] is the magnitude of the motile force. We used the model by Smeets et al. (2016) for the repolarization of the direction vector of the cell [image: image], which has angle [image: image] in the tangential plane (Figure 2C): 
[image: image]
where [image: image] is the target or desired direction of the cell, [image: image] is the rate of repolarization, [image: image] is the rate of angular diffusion, and [image: image] is a Gaussian noise process. We may define any formulation for the desired direction depending on which type of repolarization process we wish to consider. This equation can be normalized by giving a single dimensionless parameter, [image: image]. In the following, we fix [image: image] at unity.
2.1.4 Contact inhibition of locomotion
Contact inhibition of locomotion (CIL), which works as a repulsion interaction causing cells to steer away from each other, is another important determinant of cell migration, which we wish to test in our model. For CIL, we model the repolarization direction, [image: image], as the direction pointing away from the average position of each cell’s neighbors (contacting cells—Figure 2D), so if the average position of the neighboring cells is
[image: image]
for the neighboring cells j, the desired direction vector in the tangent plane with normal [image: image] is
[image: image]
Thus, the cells will turn away from contacting cells at a rate of [image: image], so that
[image: image]
The system can again be normalized by the dimensionless parameter [image: image] since [image: image].
2.1.5 Numerical simulations
This model can be solved numerically (see Methods) for a range of parameters, providing a powerful tool to simulate developmental processes occurring in a realistic geometrical setting. Using the model described previously, we first examined the effect of the cell density on the collective behavior of cells, with other parameters for cell–cell adhesion and contact inhibition being fixed at Wc = 1 and Ψ = 0.5, respectively. Spherical cells of radius 1 were initialized at random positions on the surface of a sphere with a radius 25, representing the YSL, and their migration simulated 500 time steps. At a cell packing density ([image: image] for n cells on an embryo of radius [image: image]) similar to the annual killifish embryo (see Supplementary Material) (Φ = 0.2; 500 cells; Figure 3A and Supplementary Movie S1), the cells were able to aggregate into separated clusters and, as shown in previous studies for two-dimensional systems (Basan et al., 2013; Smeets et al., 2016), form a cohesive single aggregate at a high density (Φ = 0.56; 500 cells; in a smaller sphere of radius 15; Figure 3B and Supplementary Movie S2).
[image: Figure 3]FIGURE 3 | Aggregation in the cell-autonomous system. (A) Cell density [image: image] (500 cells on a sphere of radius 25), [image: image], and [image: image] (B) Cell density [image: image] (500 cells on a sphere of radius 15), [image: image], and [image: image]. The images on the left show the initial conditions, and the images on the right show the simulations after 500 time steps. The YSL is drawn as a transparent gray sphere; hence, the cells on the far side appear darker. The three-dimensional perspective means that these cells also appear smaller.
To understand the effect of cell–cell adhesion and CIL on these dynamics, we scanned the parameter space, simulating the system with a range of values of Wc and Ψ for each density (Φ = 0.2 or 0.56). Figure 4 shows the final configurations of cells after 500 time steps for each parameter combination. A clear pattern emerges, where at low values of Wc, the system maintains its dispersed condition, and at high Wc, aggregation occurs (Figures 4A, B). Similar to what was shown previously, large single aggregates can be obtained at high densities and strong cell–cell adhesions, whereas at a first approximation, Ψ appears to have only a marginal effect on the qualitative appearance of the cell aggregate. To quantify these effects, we computed the maximum cluster size at the end of simulations for each of the parameter combinations (Figure 5), and we also analyzed its time evolution (Figure 6). This analysis clearly confirms that larger aggregates are formed at a higher Wc, where both cell densities are considered, and that Wc has a greater influence on the formation of aggregates as compared to Ψ. Interestingly, it also showed a sort of weak biphasic effect of Ψ on the cluster size, with larger aggregates being formed at intermediate values (between 0.75 and 1.5). However, high variations in final cluster sizes can be seen at these values, which may be due to the more pronounced stochasticity of the process.
[image: Figure 4]FIGURE 4 | Parameter scan of the cell-autonomous system over different cell adhesion and CIL parameters. (A) Cell density of [image: image] 0.2 (500 cells on a sphere of radius 25). (B) Cell density of [image: image] 0.56 (500 cells on a sphere of radius 15). The dispersed states are maintained at low cell–cell adhesion, and clustering is increased by high cell–cell adhesion. High levels of CIL (Ψ) also increase cell clustering at moderate levels of cell–cell adhesion. The YSL is drawn as a transparent gray sphere; hence, the cells on the far side appear darker. The three-dimensional perspective means that these cells also appear smaller.
[image: Figure 5]FIGURE 5 | Maximum cluster size as a function of CIL and cell–cell adhesion. The maximum cluster sizes for the final states (after 500 time steps, each grid point represents the average of 25 simulations) of simulations with cell densities of (A) [image: image] 0.2 (500 cells on a sphere of radius 25) and (B) [image: image] 0.56 (500 cells on a sphere of radius 15). Clustering is increased by high cell–cell adhesion (Wc). Both high and low levels of CIL (Ψ) decrease cell clustering. The plots are the averages of 25 independent simulations.
[image: Figure 6]FIGURE 6 | Time dynamics of the aggregation of the cell-autonomous system measured by the maximum cluster size. The cluster size is plotted here as a function of time for different cell densities, both conditions include 500 cells in each simulation ([image: image], (A–C); [image: image], (D–F) for different [image: image] (0, 0.5, and 1 for the first, second, and third column, respectively) and for two different values of [image: image] (0 for the blue circles and 2 for the red ones). The circles are an average from 50 different simulations, and the dashed lines represent the range within the standard deviation. All plots are generated using a logarithmic scale.
Numerical simulations also allow us detailed insights into the dynamics of the aggregation process, which can be quantified by the time variation in the maximum cluster size (Figure 6). With no cell–cell adhesion (Wc = 0), the system was largely static, with no increase in the cluster size at either density tested after 10 dimensionless time units. This is a condition that closely resembles the dynamics observed during the dispersion state. However, as Wc was increased, the maximum size of the clusters tended toward the power law dynamics. On the other hand, CIL appeared to have a marginal effect on the dynamics (rate) of aggregation for intermediate and high values of Wc (Figures 6B, C, E, F), whereas a marked effect of CIL can be seen when Wc is absent (Figures 6A, D). In these conditions, a high CIL (Ψ = 2) caused an initial decline in the size of the cluster and a generally low aggregation as compared to Ψ = 0. This phenomenon, which was more pronounced at high cell densities, most likely reflects the scattering effect provided by CIL.
2.2 Environmental guidance
The results presented previously show that purely cell-autonomous behaviors could explain the dispersion state by keeping low cell–cell adhesion, but they were not sufficient to lead to the formation of a single aggregate at one of the embryonic poles, as seen in annual killifish early embryogenesis. It is, therefore, possible that the information provided by environmental cues is needed in the form of an organizing center that causes cells to orient toward a specific position of the embryo, where possibly a site-specific increase in Wc for cells reaching the location could initiate the aggregation process. The cells might preferentially move toward the organizing center by a variety of mechanisms including chemotaxis, durotaxis, and haptotaxis (CARTER, 1967; Bellomo et al., 2015; Espina et al., 2022). A powerful feature of our model and its software implementation is that such external environmental factors can easily be included. As a proof of concept, we show, here, a simple model of repolarization that shows a bias for the cells to repolarize toward the organizing center. However, experiments support a variety of possible guidance mechanisms (Sarris and Sixt, 2015a). As a feasibility study, in the Supplementary Material, we further expand two more models (i.e., “adjustment of directional speed along gradient” and “slowing down at the source”) to demonstrate that our modeling framework provides a robust and flexible tool to model a variety of taxis models (see Supplementary Material, Figures S1, S2).
2.2.1 External taxis
If the organizing center is at position [image: image], the vector pointing from cell i to the organizing center in the tangential plane is as follows:
[image: image]
Then, the angular equation of motion becomes
[image: image]
In this simple model, the rate of repolarization does not depend on the distance from the organizing center, nor are there any effects on the speed of cell motion. Various mechanisms and models of taxis have been proposed (Sarris and Sixt, 2015b), which while not considered here, are straightforward to implement in our modeling framework.
2.2.2 Numerical simulations
To test the effect of this simple external guidance (taxis), we then performed a series of simulations using the more realistic (i.e., closest to in vivo) conditions with cell number = 500 and sphere radius = 25, for density [image: image], while testing the effect of varying the external taxis repolarization rate (ftax), cell adhesion ([image: image]), and CIL ([image: image]). As expected, at a low ftax (0.01), cells had an overall tendency to move toward the organizing center but did not form a single aggregate within the time of our simulation as the properties of the cell-autonomous system, such as rotational diffusion and CIL, prevailed (Figures 7A, D). At this low ftax regime, the cells mostly remained dispersed on the surface of the sphere as single cells for [image: image] = 0 (Figure 7A) or formed small aggregates that slowly coalesced at the organizing center for [image: image] = 1 (Figure 7D). On the other hand, intermediate and high strengths of ftax (0.1 and 1) showed features similar to the dynamics of aggregation principally depending on Wc and CIL, while ftax determined the speed (rate) and the degree of the aggregation process with intermediate values of ftax (Figures 7B, E) being, at a first approximation and to different degrees, a slower and attenuated version of the dynamics seen for the highest ftax value (Figures 7C, F, 8; Supplementary Movie S3–S6). Our simulations using ftax = 1 showed four distinct and equally interesting phenotypes. Strong adhesion ([image: image]) combined with strong CIL ([image: image]) led the cells to the formation of small aggregates that fluctuated on the surface of the sphere and eventually coalesced into a large aggregate, only at long time scales (Figure 7F, red curve; Figure 8A; Supplementary Movie S3). This was also the case for the same conditions but using ftax = 0.1, where the only noticeable difference was the rate at which small aggregates moved toward the organizing center (Figure 7E, red curve). In similar conditions of CIL ([image: image]), but in the absence of adhesion ([image: image]), the cells moved toward the organizing center and remained in a form of dispersed single-cell dynamics within a small area close to the organizing center. However, due to high CIL, the cells did not form a tight aggregate, and the maximum cluster size plateaued at about 100 cells (Figure 7C, red curve; Figure 8B; Supplementary Movie S4). This characteristic was also seen with ftax = 0.1, where the cells randomly collided with the temporarily small clusters. However, due to the low ftax, the cells were dispersed over a larger area as compared to ftax = 1, thus diminishing the probability of collision (maximum cluster size stabilized at 3–5 cells). Finally, the aggregation into a single cluster at the organizing center was achieved when CIL was not present ([image: image]), irrespective of the value of Wc and ftax (Figures 7B, C, E, F, blue curves; Figures 8C, D; Supplementary Movie S5, S6). However, Wc proved to play an important role in defining the mode of migration toward the organizing center, with cells at high Wc moving as small aggregates (Figure 7F, blue curve; Figure 8C; Supplementary Movie S5), whereas, in the absence of adhesion (Wc = 0), the cells moved independently as single cells (Figure 7C, blue curve; Figure 8D; Supplementary Movie S6). Furthermore, at intermediate ftax and in the absence of cell–cell adhesion (Figure 7B, blue circles), the cells at the border of the aggregate lacked the necessary pulling force from the organizing center to remain cohesively adherent to each other; thus, the aggregate approached but never reached the maximum cluster size of 500 cells. These last two conditions (Figures 7B, C, blue circles; Figure 8D; Supplementary Movie S6) seem to recapitulate the best in vivo observations previously reported, for example by Dolfi et al. (2014), where the cells migrate as single cells to form a loose cluster (Figure 1). However, the precise details of the migration and aggregation mechanism in annual killifish are still largely elusive. Thus, the experimental observations [as in (Dolfi et al., 2014)] need to be corroborated, expanded, and carefully analyzed before being implemented in our model.
[image: Figure 7]FIGURE 7 | Time dynamics of aggregation for the environmental guidance model measured by the maximum cluster size. The cluster size is plotted here as a function of time for different [image: image] [(0 for (A–C) and 1 for (D–F)], different ftax (0.01, 0.1, and 1 for the first, second, and third column, respectively), and for two different values of [image: image] (0 for the blue circles, and 2 for the red ones). The data points are the average from 50 different simulations, and the dashed lines represent the standard deviation. The conditions used accurately represent the in vivo density of the cells ([image: image], 500 cells on a sphere of radius 25). All plots are generated using a logarithmic scale. The simulations were stopped when they reached a single aggregate (maximum cluster size of exactly 500 cells). Hence, the one cluster condition is only reached in those simulations that are interrupted at an earlier time [i.e., [image: image] = 0 in (C, E); [image: image] = 2 in (F), whereas for [image: image] = 0 in (B), the curve gets very close but never reaches the single cluster condition].
[image: Figure 8]FIGURE 8 | Frames of different time steps for an environmental guidance system (external taxis). For all simulations, ftax is 1 and [image: image] (500 cells on a sphere of radius 25). We varied [image: image] and [image: image] to explore the emerging aggregation dynamics and phenotypes. (A) [image: image]; [image: image] (B) [image: image]; [image: image] (C) [image: image]; [image: image] (D) [image: image]; [image: image] The YSL is drawn as a transparent gray sphere; hence, the cells on the far side appear darker. The three-dimensional perspective means that these cells also appear smaller. The images in the left, middle, and right columns represent the times 0, 50, and 500, respectively, except for C, where the final configuration is reached at time 72.5. The arrow indicates the position of the organizing center.
3 DISCUSSION
We have developed a computational model of cell migration and aggregation mechanisms for cells trapped between two concentric spheres, as is the case of the in vivo conditions of the annual killifish early embryo development. We demonstrate that numerical simulations of this model are an essential tool to test the role of physical mechanisms based on both the cell-autonomous and environmental guidance factors in driving the complex self-organizing processes during morphogenesis. Our computational model includes the full geometry of the embryo, including the spherical topology due to the constraint between the EVL and the YSL. This model was solved numerically to build phase space maps that reveal the effect of key mechanical parameters on the aggregation process.
For cell-autonomous mechanisms, the simulated aggregate phenotype was comparable to the experimental observation of the dispersed state, which could be achieved simply if the cells had low adhesion but failed to recapitulate the aggregation into a single cluster (Figures 3–6). At high adhesion, smaller clusters fused into a larger cluster, but the type of coalescence observed in vivo was never observed under these simple conditions. Thus, we explored the possibility that in addition to cell-autonomous factors, external cues possibly arising from a putative organizing center are also at play. The environmental taxis cues that guide cell migration could, in principle, be of many kinds, possibly chemical (i.e., diffusible or substrate-bound gradients of a chemoattractant) or physical (i.e., stiffness gradients). Using our model, we simulated a simple external cue guiding the direction of the migration of cells and showed that, under some conditions, it does indeed form single localized clusters (Figures 7, 8). In particular, our simulations determined that in order to achieve the dynamic and resulting phenotype of aggregation observed in early killifish development, an organizing center and low levels of CIL are essential. In addition, it appears that adhesive forces must remain low throughout the process and possibly increase only after the aggregate has formed.
Importantly, our strategy aims at building knowledge using a bottom-up approach by making predictions starting from the minimal condition for aggregation. Thus, at present, our model is kept to the most simplistic conditions possible in order to avoid overfitting of the system. However, more detailed models of cell motility or taxis, for example, may easily be constructed using our framework, given the relevant mechanistic details and more complete experimental evidence. Another aspect that might be considered is lateral inhibition, a mechanism that implicates the cell inhibition of adjacent cell activity. We are currently exploring all these mechanisms to simulate an aggregation process that is most like the experimental phenomena seen in annual killifish. Most importantly, despite its simplicity, our model is able to recapitulate the major features of cell aggregation in early annual killifish embryo development, a nearly unique model of cell aggregation in vertebrates.
4 METHODS
4.1 Numerical simulations
The equations of motion (1) were solved using an implicit Euler method, with
[image: image]
so that we solve for [image: image] implicitly from Eq. 9. The rotational equations of motion given by Eqs 6, 8 were solved using the Euler–Maruyama scheme, such that
[image: image]
where [image: image] is the normally distributed zero mean random noise with variance [image: image]. In all simulations, [image: image] was chosen as 0.1 for cell-autonomous and external taxis models.
For each set of parameters, 50 replicates were made for cell-autonomous and 50 for external taxis models.
4.2 Software implementation
All codes and models were implemented using the open-source CellModeller multicellular modeling framework (Rudge et al., 2012).
4.3 Embryo imaging
The in vivo experiments depicted in Figure 1 were performed under the license for animal housing, breeding, and manipulation that was issued by Umwelt-und Verbraucherschutzamt der Stadt Köln, with the authorization no. 576.1.36.6.G28/13 Be. All the fish used were raised in 35-L tanks at 24°C–26°C and belonged to the N. furzeri FUCCI transgenic strain published by Dolfi et al. (2019). They were fed two to three times a day with frozen Chironomus larvae or living nauplii of Artemia salina, depending on their size. The breeders were kept in 8-L tanks with one or more boxes (9 cm × 9 cm × 4 cm) filled with 2 cm of river sand and were left to spawn eggs for 1 h. The embryos were collected by sieving the sand with a plastic net and were then embedded in 2% low melting agar. The fluorescence images shown in Figure 1 were acquired using a Leica TCS SP5-X confocal microscope and the red emission channel with 543-nm lasers. A total of 40 to 60 images per embryo were acquired at a depth distance of 6 μm. The maximum intensity projections shown have been generated using ImageJ. The contrast in the images has been adjusted, but not altered, to optimize visualization.
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Type of cell
adhesion
molecule

Focal adhesion
proteins (cell-
substratum)

Desmosomes
(cell-cell junction)

Adherens Junction
(cell-cell junction)

Disease

Junctional Epidermolysis Bullosa

Dystrophic Epidermolysis Bullosa

Mammary Gland Cancer

Atherosclerosis

Osteoporosis

Alport Syndrome

Ullrich congenital muscular dystrophy

Glanzmann thrombasthenia

Leukocyte Adhesion Deficiency 1

Leukocyte Adhesion Deficiency 3

Fibronectin glomerulopathy

Williams Beuren syndrome

Laminin-a2-related congenital muscular dystrophy
(LAMA2-CMD)

Epidermolysis Bullosa Simplex

Arthythmogenic cardiomyopathy

Oral cancer, Basal cell adenoma (BCA),
Mucoepidermoid Carcinoma (MEC), Adenoid
Cystic Carcinoma, Colorectal cancer

Squamous cell carcinoma

Cardiomyopathy

Hereditary Diffuse Gastric Cancer (HDGC), Breast
cancer, Epithelial ovarian cancer

Dilated cardiomyopathy (DCM) and hypertrophic
cardiomyopathy (HCM)

Atopic dermatitis

Mechanism
of the disease

Laminin 5, a3p1 integrin
and a6P4 integrin

Collagen VII

Integrin p1,
Collagen V, FAK

Collagen 1, 111

Collagen I

Collagen IV

Collagen 6al, a2, a3

Integrin al1b3

Integrin p2

Kindlin 3

Fibronectin

Elastin

Laminin a2

Desmoplakin

Plakophilin-2,
Desmoplakin,
Desmoglein-2 and
Desmocollin-2

p-catenin

a-catenin

aE-catenin

E-cadherin (CDH1)

Vinculin

P120 catenin

Distribution

Basement membrane of skin

Below the basement
membrane of skin

Mammary Gland

Heart

Bone and skeletal

Kidneys (Glomeruli)

Skeletal muscles

Platelets

Leukocytes (T and B cells)

Leukocytes (T and B cells)

Kidney

Lungs, blood vessels, skin,
gastrointestinal, genitourinary

Muscle

Intra-epidermal region

Heart

Oral cancer: Mouth
BCA: Skin

MEC: Salivary gland

Adenoid Cystic Carcinoma:
Salivary gland, Head and neck

Colorectal cancer: Colon

Head and Neck, Skin

Heart muscles

HDGC: Stomach

Breast cancer: Breast

Epithelial ovarian cancer:
Ovaries

Heart

Cutaneous disorder, skin

Therapy

ex vivo cell and gene therapy
De Rosa et al. (2014), Hirsch et al. (2017),
Mavilio et al. (2006)

Hematopoietic cell transplantation (HCT)

Petrof et al. (2015), Rashidghamat and
McGrath (2017), Tolar and Wagner (2013)

(htpsi/clinicaltrials.gov/ct2/show/
NCT02582775)
(htps://clinicaltrials gov/ct2/show/
NCT01033552)

Targeting signaling pathways in cancer stem
cells (CSCs)

Yang et al. (2017)

Targeting integrin B1 in mice xenograft
models

Park et al. (2006), White et al. (2004)

MSC therapy:
Gorabi et al. (2019), Lin et al. (2020),
Zhang et al. (2014)

MSC therapy
Arjmand et al. (2020), Jiang et al. (2021),
Kangari et al. (2020), Pouikli et al. (2021)

Stem cell Therapy:
LeBleu et al. (2009)

Stem Cell Therapy - Alport Syndrome News

Collagen supplementatio
Takenaka-Ninagawa et al. (2021);
Yonekawa and Nishino (2015)

Hematopoietic stem cell therapy
Croneand James (2019), Connor et al. (2008)

hitpsy/rarediseases org/rare-discases/
glanzmann-thrombasthenia/

Hematopoietic stem cell therapy

Qasim et al. (2009)

Hematopoietic stem cell therapy
Stepensky et al. (2015)

Symptoms are treated currently
Ishimoto et al. (2013)

Symptoms are currently treated
Duque Lasio & Kozel (2018)

Protein replacement therapy
Barraza-Flores et al. (2020)

Gene therapy
Marinkovich and Tang (2019)

Stem cell therapy
Liu et al. (2021),
campos de carvalho et al. 2021

Stem cell therapy
Suma et al. (2015),
(2020), Shahoumi (2021), Yuan et al. (2021)

Stem cell Therapy
Affolter et al. (2021), Chen and Wang (2019)

Stem cell therapy:
Diaz-Navarro et al. (2021), Jiao et al. (2014),
Tripathi et al. (2021)

HDGC: Currently, no SC therapies are
available

Breast cancer: Stem cell Therapy:
Khan et al. (2021), Kitamura et al., 2021

Epithelial ovarian cancer: Currently, no SC
therapies are available

DCM: Stem cell-based therapies
Catelain et al. (2013), Diaz-Navarro et al.
(2021)

Stem cell breakthrough unlocks mysteries
associated with inherited heart condition --
ScienceDaily

Regenerative Therapy for Cardiomyopathies
-PMC (nih.gov)

Stem cell therapy
Wang et al. (2018)

Gene therapy: Vinculin Over expres;
Kaushik et al. (2015)

Mesenchymal stem cell Therapy:
Daltro et al. (2020), Guan et al. (2022)

www.sciencedaily.com/releases/2016/06/
160607080935 htm

Tight Junctions (cell-
cell junctions)

Inflammatory bowel disease (IBD) Claudins 2, 34 5,7.8 Intestine Stem cell therapy
Sawada (2013); Shimizu et al. (2019)
Congenital deafness Claudin 14 and Ears IPSC based therapy:
Claudin 11 He et al. (2021), Peng et al. (2014)

Multiple Sclerosis

Central nervous system

Currently, no SC therapies are available
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