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Mechanical forces play important roles in shaping mammalian development. In the embryo, cells experience force both during the formation of the mammalian body plan and in the ensuing phase of organogenesis. Physical forces – including fluid flow, compression, radial pressure, contraction, and osmotic pressure – continue to play central roles as organs mature, function, and ultimately dysfunction. Multiple mechanisms exist to receive, transduce, and transmit mechanical forces in mammalian epithelial tissues and to integrate these cues, which can both fluctuate and coincide, with local and systemic chemical signals. Drawing near a decade since the discovery of the bona fide mechanically activated ion channel, PIEZO1, we discuss in this mini-review established and emerging roles for this protein in the form and function of mammalian epithelia.
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INTRODUCTION

The transformation of a fertilized egg into a multicellular organism in the reproductive tract of female mammals is a complex and multifactorial process that is completed over a period of less than 3 weeks in mice. Visualization of this process (from gastrulation to early organogenesis) in toto at single cell resolution has recently been achieved using adaptive light-sheet microscopy (McDole et al., 2018), producing a dynamic map of embryogenesis and the cellular rearrangements that occur as mammalian organs form and take shape. These data reinforce pioneering studies in vertebrate models describing force production and propagation during gastrulation and organogenesis (Lewis, 1947; Beloussov, 1980; Keller et al., 2003; Krieg et al., 2008) and provide compelling visual evidence that mechanisms-of-multicellularity and mechanosensing in mammals are inextricably linked (Nelson et al., 2005; Orr et al., 2006; Miller and Davidson, 2013). The shaping of epithelial tissues is no exception (Behrndt et al., 2012; Guo et al., 2012).

Development of the mammary gland, the namesake epithelial organ of mammals, commences at around E10 in mice with the formation of the mammary lines, which resolve into five pairs of placodes by E11.5 (Cowin and Wysolmerski, 2010). Expansion of the placodes cause these structures to physically bulge above the plane of the surrounding epidermis and ultimately to invaginate into the underlying mesenchyme, creating a series of light bulb-shaped (ball and stick) mammary buds (Figure 1A; Watson and Khaled, 2008; Cowin and Wysolmerski, 2010). This early reorganization of mammary stem cells and their progeny also corresponds with the elongation, condensation, and radial rearrangement of surrounding cells to create the primary mesenchyme (Cowin and Wysolmerski, 2010).
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FIGURE 1. Examples of events that occur in mouse epithelial tissues during development that are associated with extensive cellular rearrangements and morphological changes. 3D confocal imaging of (A) female and (B) male mouse mammary buds at embryonic day E14.5 immunostained with epithelial cell markers keratin K8 (magenta) and K5 (gray). (C) Mammary gland wholemount (methyl green) shows pubertal epithelial branching in the female mouse at postnatal day (PND) 42. Boxed region shows terminal end buds, enlarged in the adjacent sub-panel. (D) 3D confocal imaging of mouse lacrimal gland branching at PND1. Cells are stained with DAPI (gray). Arrow indicates the intra-orbital lobe (io). Boxed region shows the exorbital lobe (xo) and is enlarged in the adjacent sub-panel.


Of particular interest in the context of mechanobiology, the mesenchyme surrounding the epithelial stalk of male mice condenses to such a degree that it physically amputates the mammary bud from the overlying epidermis (Figure 1B; Dunbar et al., 1999; Heuberger et al., 2006), a process that presumably generates considerable compressive forces on epithelial cells. The intact female bud, however, later sprouts to invade the embryonic fat pad, with subsequent rounds of branching morphogenesis occurring both prenatally in the late embryo and postnatally at puberty (Figure 1C; Watson and Khaled, 2008). Similar branching morphogenesis is observed in other epithelial tissues including lacrimal gland (Figure 1D), salivary gland, kidney, lung, pancreas, and prostate (Iber and Menshykau, 2013). Epithelial branching morphogenesis can involve lateral branching, planar bifurcation, orthogonal bifurcation, and (in some tissues) trifurcation of proliferating epithelial structures, which may be regulated by both local signaling gradients and physical constraints (Iber and Menshykau, 2013). The relative contribution of chemical and mechanical signaling, the interplay and integration of these environmental cues and the potential for pathway compensation, however, remains an area of active investigation. The continued development of genetically engineered mice with targeted disruptions to specific ligand-activated receptors and mechanosensing machinery will complement computational modeling of in vivo epithelial branching (Iber and Menshykau, 2013; Hannezo et al., 2017; Menshykau et al., 2019) and continue to shed new light on this important aspect of mammalian morphogenesis.

Once epithelial tissues are formed, they continue to experience mechanical load (Latorre et al., 2018). For example, mechanical forces prevent collapse of the lungs, which are considered a stress-supported structure (Waters et al., 2012). Moreover, epithelial cells in the lung undergo cyclical distension during the process of respiration, which can greatly vary in frequency and amplitude to precisely match physiological demands (Orr et al., 2006). Studies investigating the micromechanics of alveolar distension using real-time optical sectioning microscopy in rats have revealed that increasing the alveolar pressure from 5 cm H2O to 20 cm H2O (hyperinflation) increases alveolar diameter on average by 15% (Perlman and Bhattacharya, 2007). Expansion, however, is not uniform and alveolar type 1 cells experience greater load compared to type 2 cells (Perlman and Bhattacharya, 2007). This heterogeneity in the division of strain between neighboring cells is not uncommon in epithelial systems (Latorre et al., 2018). Like the lung, epithelial cells lining the urinary system (Nauli et al., 2003; Araki et al., 2008) as well as epithelial cells of functionally mature mammary gland (Stewart et al., 2019) and pancreas (Mamidi et al., 2018) experience a range of applied and intrinsic forces during normal function – including fluid flow, distension, compression, and contraction – which can both fluctuate and coincide. The magnitude, duration, and pulsatility of each of these forces is also likely to vary within and between tissues. Frictional forces exerted by flowing milk on luminal epithelial cells that line mammary ducts and alveoli, for example, conceivably change with milk composition and volume throughout the stages of lactation (Neville et al., 1991) and, owing to viscosity, are likely to generate distinct mechanical responses when compared to frictional forces exerted on cells lining other fluid transporting structures (Orr et al., 2006; Baeyens and Schwartz, 2016).

Multiple mechanisms exist to sense, transduce, and transmit force in epithelial cells and tissues, including mechanosensitive ion channels (e.g., transient receptor potential channels, the epithelial sodium channel, and PIEZO channels), focal adhesions and cadherin based cell-cell adhesions (Martinac, 2014; Gomez et al., 2011). It is important to note that these modes of force detection are not mutually exclusive and have been demonstrated to interact (McHugh et al., 2010; Nourse and Pathak, 2017). For example, in endothelial cells, shear force activates calcium entry though PIEZO1 channels, which promotes the proteolytic cleavage of cytoskeletal and focal adhesion proteins (Li et al., 2014).

Due to space constraints, we will limit our discussion in this mini-review to established and emerging roles of the recently identified, mechanically activated ion channel PIEZO1 in the development and physiology of mammalian epithelia. Roles for PIEZO1 in endothelial cells have recently been reviewed (Beech, 2018; Hyman et al., 2017) and will not be discussed further here.



THE MECHANOSENSITIVE ION CHANNEL PIEZO1

PIEZO1 represents one half of the recently identified PIEZO family of mechanically activated ion channels (Coste et al., 2010). Since their discovery, important roles for both PIEZO1 and PIEZO2 have been described in mammals, with major insights gained from the development of conditional gene deletion models (Li et al., 2014; Ranade et al., 2014; Nonomura et al., 2018; Romac et al., 2018; Segel et al., 2019; Solis et al., 2019) and descriptions of hereditary mutations in humans (Zarychanski et al., 2012; Alper, 2017). These include the perception of touch (Murthy et al., 2018; Zhang et al., 2019), red blood cell volume regulation (Zarychanski et al., 2012; Cahalan et al., 2015) and vascular development (Li et al., 2014; Ranade et al., 2014). While both PIEZO1 and PIEZO2 are able to convert physical force into biochemical information, PIEZO2 is largely expressed in cells of neuronal origin, has recently been reviewed in this context (Anderson et al., 2017) and will thus not be discussed further here.

PIEZO1 was discovered in 2010 (Coste et al., 2010). Details of the structure and gating of this channel have only recently started to emerge and have largely been based on studies of mouse PIEZO1 (Ge et al., 2015; Saotome et al., 2018; Wang et al., 2018; Zhao et al., 2018; Lin et al., 2019). While investigations into the specific mechanisms of PIEZO1 gating are ongoing, studies using heterologous expression systems and reconstituted lipid bilayers have confirmed mechanical force as a direct regulator of channel opening (Syeda et al., 2016). A chemical activator of PIEZO1 has also been developed (Syeda et al., 2015), suggesting a complexity in channel gating that is yet to be fully understood. Upon its initial discovery, elevated Piezo1 transcripts were identified in various mouse epithelial tissues, including bladder, colon, kidney, lung, and skin (Coste et al., 2010). Since then, a number of studies have investigated the physiological roles of PIEZO1 in specific epithelial tissues known to be the subject of mechanical forces (Peyronnet et al., 2013; Miyamoto et al., 2014; Martins et al., 2016; Michishita et al., 2016; Ihara et al., 2018; Romac et al., 2018; Stewart et al., 2019).

Roles for PIEZO1 channels in the morphogenesis and maintenance of epithelial tissues can also be inferred from studies linking this channel to life and death symmetry in healthy epithelia, including human colon epithelia (Eisenhoffer et al., 2012; Gudipaty et al., 2017). These studies have shown that overcrowding-strain in Madin-Darby canine kidney (MDCK) epithelial cell cultures resulted in live cell extrusions, which were blocked by inhibitors of Rho kinase and sphingosine-1 phosphate signaling as well as the non-selective ion channel blocker gadolinium (Gd3+) (Eisenhoffer et al., 2012). Genetic knockdown of Piezo1 also inhibited homeostatic cell extrusions in the epidermis of developing zebrafish, producing localized epidermal cell masses (Eisenhoffer et al., 2012). This work set the scene for subsequent studies investigating cell extrusion and stretch in the development and homeostasis of other epithelial tissues in vivo, including the mammary gland (discussed in further detail below). This same group subsequently demonstrated that epithelial cell stretch at areas of low cell density was also detected and translated by PIEZO1, leading to cell division (Gudipaty et al., 2017). Comprehensive assessment of roles for PIEZO1 in controlled cell death and division in the developing mammalian embryo, however, have been hindered by embryonic lethality in Piezo1-null mice by E14.5, an effect that has largely been attributed to impaired vascular development (Li et al., 2014; Ranade et al., 2014). Analysis of epithelial development and branching morphogenesis using conditional Piezo1 knockout mice will yield important new insights into the role of this channel in the formation of mammalian epithelial tissues.

The following sections of this review will specifically describe physiological roles for PIEZO1 mechanically activated ion channels in three epithelial organ-systems in mammals: the mammary gland, pancreas, and urinary system.



MAMMARY GLAND

As discussed, mammary epithelial cells experience mechanical forces in the embryo and during pubertal ductal morphogenesis. However, epithelial cells in the mammary gland also experience applied and cell-generated forces during lactation – when the mammary gland produces and expels milk to fulfill its sole biological role – and in the phase of post-lactational regression (involution) (Watson and Khaled, 2008; VanHouten et al., 2010; Davis et al., 2015). Shed cells have long been observed in the early phase of mammary gland involution (Watson, 2006). During this period, lactation can be resumed upon re-initiation of infant suckling (Watson and Kreuzaler, 2011). This is an important feature of mammalian biology, as it allows female mammals to continue nursing their offspring after modest periods of absence (e.g., during hunting or foraging). During this time, mammary epithelial cells experience substantial pressure due to milk accumulation in the alveolar lumen (Stewart et al., 2019). The apical extrusion of cells from the alveolar epithelium may help to preserve epithelial barrier integrity during this period of protracted tissue strain (Eisenhoffer et al., 2012). If it is live cells that are extruded from the epithelium during mammary gland involution to subsequently die via anoikis in the alveolar lumen as previously reported (Watson, 2006), this process may be mediated wholly or in-part by PIEZO1 (Eisenhoffer et al., 2012). To investigate this hypothesis, we recently generated mice with conditional deletion of Piezo1 in luminal (secretory) mammary epithelial cells (Stewart et al., 2019, pre-print). The number of cleaved caspase 3 (CC3)-positive shed cells during the early phase of involution was not affected in mice with luminal cell Piezo1 deletion (Stewart et al., 2019). In contrast to previous reports, however, CC3-positive cells were observed in both the alveolar lumen and the alveolar wall in this study, suggesting that, unlike live cell extrusions in other epithelial systems, cell death may precede cell extrusion in the involuting mouse mammary gland (Stewart et al., 2019), making a role for PIEZO1 unlikely.

Milk is ejected upon infant suckling, a response that most likely involves mechanical activation of sensory neurons at the nipple. This results in the release of centrally produced oxytocin into the circulation (Gimpl and Fahrenholz, 2001). Studies performing multi-scale activity imaging on live mammary tissue during lactation have revealed in unprecedented detail oxytocin-mediated, calcium-dependent contractions of alveolar myoepithelial cells (Stevenson et al., 2019, pre-print). These contractions cause alveolar units to eject their supply of milk and ductal myoepithelial contractions help to propel milk toward the nipple (Stevenson et al., 2019). These actomyosin-based contractions cause considerable warping of the ductal and alveolar structures, which may activate mechanosensing proteins. Piezo1 deletion in luminal epithelial cells, however, has no effect on milk ejection or postnatal pup development (Stewart et al., 2019). These results, again, suggest that PIEZO1 channels either do not have a major role in the physiology of the functionally mature mammary gland or that their role can be compensated for by another pathway. It is interesting to note, however, that whilst suckling of one nipple generates a systemic oxytocin response, milk ejection is principally limited to the physically stimulated nipple. How a localized mechanical stimulus produces systemic release of a ligand to ultimately result in a highly localized response remains an unanswered question in mammalian biology. In any case, milk production, secretion, and coordinated ejection does not appear to depend on luminal cell expression of the mechanically activated ion channel Piezo1 (Stewart et al., 2019).



PANCREAS

Pancreatic development commences at E9.5 in the mouse, with obvious branching morphogenesis of epithelial buds observed at around E12.5 (Villasenor et al., 2010). As mentioned above, embryonic organogenesis is a dynamic process involving significant cellular rearrangements and cell-cell and cell-extracellular matrix (ECM) interactions (Orr et al., 2006). Using a Pdx1-Cre;Itgb1fl/fl knockout mouse model, initiation of branching morphogenesis was shown to rely on β1 integrin-mediated interactions between pancreatic progenitors and localized regions of the ECM (Shih et al., 2016). Further supporting a role for mechanosignaling in pancreas development, are recent findings from Mamidi et al. (2018), who, using embryonic stem cells, identified a distinct role for ECM-integrin α5 interactions in driving ductal lineage specification of bipotent pancreatic progenitors. In addition to cell fate determination, integrin signaling regulates a range of cellular processes important in development, including remodeling of the cytoskeleton, cell adhesion, and migration (reviewed in Bökel and Brown, 2002). Early studies identified a role for Piezo1 (known as Fam38A at the time) in regulating β1 integrin activation and cell adhesion in HeLa cells (McHugh et al., 2010). Since then, the majority of studies of PIEZO1 function have been assessed in the context of externally generated forces; however, recent findings by Pathak and colleagues, using super resolution imaging techniques, identified highly localized PIEZO1-dependent calcium flickers in response to cell generated traction forces (Ellefsen et al., 2019). It would be informative to investigate the impact of targeted Piezo1 deletion under native conditions and to assess its role in epithelial cell-ECM signaling events in early embryonic development [for a comprehensive review of the relationship between PIEZO1, internally generated forces and the cytoskeleton, see (Nourse and Pathak, 2017)].

The mature exocrine pancreas consists of two main epithelial cell types: pancreatic ductal epithelial cells and acinar cells, with acinar cells representing the predominant cell type (>90%) (Romac et al., 2018; Gál et al., 2019). Unique to the pancreas, is its exquisite sensitivity to touch (Romac et al., 2018). Recently, Piezo1 expression was confirmed in pancreatic acinar cells, where it has been proposed to mediate touch and pressure sensitivity (Romac et al., 2018). In vivo studies performed by Romac et al. (2018) showed that mouse pancreas exposed to the PIEZO1 agonist, Yoda1, exhibited signs of cellular injury similar to that caused by high intraductal pressure. Furthermore, damage caused by high intraductal pressure is reduced in the presence of GsMTx4 as well as by targeted deletion of Piezo1 in acinar cells (Romac et al., 2018). While levels of Piezo1 mRNA specifically in pancreatic ductal epithelial cells have not been reported, perfusion of mouse pancreas tissue slices with the bile acid, chenodeoxycholic acid, is associated with transient calcium increases in these cells (Gál et al., 2019). Given its role in the transport of pancreatic secretions and this tissue’s sensitivity to physical obstruction and compression (Hegyi and Petersen, 2013; Romac et al., 2018), it would be valuable to know whether PIEZO1 is also active in epithelial cells lining the pancreatic duct.

To date, few studies have assessed the role of PIEZO1 in the pancreas. As mentioned above, the cell-intrinsic forces encountered during its development, combined with its unique pressure sensitivity, makes the pancreas an interesting candidate for future investigations into how the magnitude and nature of mechanical stimulation can influence its normal growth and functioning.



URINARY SYSTEM

Unlike the mammary gland and pancreas, epithelial cells of the urinary system have been the focus of a number of studies investigating physiological roles of PIEZO1 (Peyronnet et al., 2013; Miyamoto et al., 2014; Martins et al., 2016; Michishita et al., 2016; Ihara et al., 2018). Fluid flow, distension, and contraction are just some examples of the dynamic forces faced by epithelial cells lining the urinary system, which includes the urinary bladder, ureters, and renal pelvis (Andersson and Arner, 2004). Of the epithelial tissues assessed by Coste et al. (2010) mouse Piezo1 transcript levels were shown to be highly expressed in the bladder, supporting a potential role in mechanosensory processes in tissues of the urinary system. Indeed, an early study assessing PIEZO1 function in cultured proximal convoluted tubule (PCT) cells identified a reduction in endogenous stretch activated channel activity upon siRNA-mediated Piezo1 knockdown (Peyronnet et al., 2013). Further, this group showed that stretch activated channel activity is reduced upon co-expression of the calcium permeable ion channel, Polycystin-2 (PC2), and Piezo1, suggesting a regulatory role of PC2 (Peyronnet et al., 2013). The physiological relevance of this interaction remains unknown; however, it would be interesting to evaluate the expression and activity of PIEZO1 in disease states in which PC2 is mutated, such as autosomal dominant polycystic kidney disease (Mochizuki et al., 1996).

The urothelium, a highly specialized epithelium lining the urinary bladder, ureters, and renal pelvis, plays an important role in sensing and responding to forces generated within the bladder (Mochizuki et al., 2009; Birder, 2011; Negoro et al., 2014). Similar to studies in PCT cells, knockdown of Piezo1 in primary cultured mouse bladder urothelial cells resulted in a reduced response to mechanical stimuli (Miyamoto et al., 2014). This group also showed a reduction in urothelial cell stretch-mediated adenosine triphosphate (ATP) release as a consequence of either Piezo1 knockdown or GsMTx4 treatment, illustrating a potential role for PIEZO1 channels in the translation of mechanical force into downstream signaling events in bladder cells. Yet another function of PIEZO1 in epithelia of the urinary tract was recently identified, this time in collecting duct epithelial cells of the kidney (Martins et al., 2016). Using a conditional Piezo1 knockout model targeted to epithelial cells of the collecting ducts and renal tubules in adult mice, Martins et al. (2016) demonstrated a role for PIEZO1 in the regulation of urine osmolarity post-dehydration or fasting, via an as yet unknown mechanism.

As discussed briefly in the studies presented above, there is mounting evidence for a role for PIEZO1 in the normal functioning of various epithelial cell types of the urinary tract. Currently, the majority of studies assessing PIEZO1 have largely relied on the use of in vitro primary and immortalized cell lines. It will be interesting to see whether these phenotypes are reproduced and expounded in the future using targeted knockout animal models.



CONCLUDING REMARKS

In this review, we considered the physical forces that are exerted on epithelial cells as they evolve into complex tissues and perform their basic physiological functions. Applied and cell-generated forces are encountered in a developmental stage- and tissue-specific manner as cells proliferate, reorganize and interact with neighboring cells and their physical environment (Chen, 2008; Latorre et al., 2018). The sheer scale of force experienced (often simultaneously) by cells in multicellular systems is unlikely to be detected, decoded, and transferred by a single protein or family of proteins (Orr et al., 2006), nor do physical forces act in isolation from chemical signaling (Orr et al., 2006; Li et al., 2018; Stewart and Davis, 2019). Whilst our focus in this mini-review has been on PIEZO1, it is important to note that PIEZO1 is only one recently identified piece of a highly complex puzzle. It is also important to note that mechanical tension is not only a feature of normal development and physiology, as discussed here, it is also an integral component of disease signaling. Asthma (Gunst and Tang, 2000; Waters et al., 2012), pulmonary fibrosis (Waters et al., 2012), pancreatitis (Romac et al., 2018), and breast cancer (Li et al., 2015) are all examples of epithelial pathologies that are linked to altered mechanosensing. Lessons learned from epithelial mechanobiology will no doubt provide important new insights into epithelial “mechanopathologies.”
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