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Abstract

How the behavior of cells in living tissues is orchestrated according to tissue needs, size and 

developmental stage is still poorly understood. Advances in these directions are essential in order 

to understand morphogenesis, “self-organization” phenomena, to build new tissues for 

regenerative medicine or to reverse the changes in deranged organs, such as in cancer or in genetic 

disorders. This review oulines a new scenario by which the crosstalk between the YAP/TAZ 

transcription factors and Notch signaling influence cell self-renewal, stem cell differentiation, cell 

fate decisions, epithelial stromal interactions, inflammation, morphogenesis and large-scale gene 

oscillations.
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From tissue architecture to individual cell decisions

In the last decades, the intricate working of signaling pathways relevant for the control of 

cell behavior has been described. However, knowledge on the molecular mechanism of how 

cells respond to a given signal is insufficient to explain where and when a specific cell might 

change its behavior, and how this may impact on the behavior of surrounding cells. In fact, 

we still have only a scant understanding of how nature builds tissues with specific forms and 

functions, and how disturbance of normal cellular ecosystems results in the dysfunction of 

diseases. In other words, understanding spatial control of cell behavior at all levels requires 

the incorporation of new conceptual and molecular frameworks by which information on 

structural and architectural complexity of living tissues are imbued to individual cells and 

transmitted to neighboring cells [1,2]. In this review, we focus on evidence suggesting that 

one such new framework is represented by the connections between the biology of YAP/

TAZ, two transcription factors serving as central sensors of the physical and mechanical 

properties of the microenvironment (see Glossary), and Notch signaling, one of the most 

established mediators of short-range signaling interactions by which neighboring cells 

mutually control each other's fate.
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YAP/TAZ: sensors of the microenvironment

Since their identification more than 20 years ago [3] [4], the two highly related 

transcriptional co-factors YAP (Yes-associated protein) and TAZ (transcriptional coactivator 

with PDZ-binding motif, also known as WWTR1) have been proved to operate as sensors of 

cell polarity, density, shape and cytoskeletal organization [1]. These features are connected 

to the 3D adhesive and spatial relationships of the cell with other cells or the surrounding 

extracellular matrix (ECM) (Figure 1A). For example, YAP/TAZ are activated in response to 

increasing mechanical stresses, such as when cells adopt a spread cell morphology, 

experience adhesion to a hard extracellular matrix, or undergo deformation due to substrate 

topology; all these conditions impact on the structural organization of the F-actin 

cytoskeleton thereby favouring focal adhesion and actin stress fibre formation [1]. 

Conversely, YAP/TAZ are inactivated when cells experience a soft ECM, adhesion to small 

substrate areas and formation of polarized epithelial sheets, that are conditions induced by 

high-cell density and typical of normal tissues [1].

As extensively reviewed elsewhere [1,5,6] (see Figure 1A), YAP/TAZ are regulated by the 

Hippo pathway (Box1) and by Hippo-independent signalling cascades. Biologically, 

YAP/TAZ are not required for normal physiology of most adult organs, but play essential 

roles in: i) organ growth during embryonic development; ii) promoting tissue repair after 

injury in adult tissues; iii) for ex-vivo expansion of organoids (GLOSSARY) from explanted 

primary epithelial cells; iv) for the emergence of multiple solid tumors in mouse and human 

experimental models [1,5].

Of particular relevance for this review, is the regulation of YAP/TAZ by the structural 

features of the microenvironment that make these transcription factors a molecular bridge to 

understand how tissues control the behavior of their constituent cells with great spatial 

specificity. The interconnections between YAP/TAZ and the Notch pathway here outlined, 

represent an emerging example of this control

The basics of Notch signaling

Notch signaling promotes cell-cell communication through juxtacrine signaling 

(GLOSSARY), which originates by the interaction between single-pass transmembrane 

ligands and receptors of the Delta–Serrate–Lag (DSL) and Notch protein families, 

respectively [7,8]. In vertebrates, four Notch receptors (NOTCH1-4) and five Delta-Serrate-

Lag (Dsl) ligands [Jagged 1 (JAG1), JAG2, Delta-like 1 (DLL1), DLL3, DLL4] have been 

identified (Figure 1B). Notch signaling is repeatedly used in development and homeostasis 

of multiple tissues, generating a diverse array of cellular responses; Notch activity regulates 

growth, differentiation, survival and stem cell behavior in a highly context-dependent 

manner [7,8].

The mechanisms of Notch signaling have been covered by several excellent reviews [7,9,10]. 

Here we would like to reprise a few aspects of Notch signaling. The first is the classic 

modality of "in trans" Notch signaling, occurring when Delta/Jagged ligands and Notch 

receptors are expressed on the membranes of adjacent cells: binding initiates a series of 
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proteolytic cleavages of the Notch receptor, leading to the release of the Notch intracellular 

domain (NICD) fragment from the membrane. NICD then translocates to the nucleus, where 

it binds the transcription factor RBPJ [(recombining binding protein suppressor of hairless), 

also known as CBF1 or CSL in mammals] and the nuclear effector Mastermind-like 

(MAML), thereby activating transcription of Notch target genes, such as Hey- and Hes-like 

genes [9,10] (Figure 1B).

A second aspect of Notch signaling is "lateral" inhibition, by which small differences in 

Notch activity existing between neighboring cells are amplified [10]. Lateral inhibition is 

mediated by transcriptional mechanisms, by which, for example, activation of the Notch 

receptor leads to cell-autonomous transcriptional repression of Notch ligands, as such 

making the cell receiving Notch signaling progressively less and less capable of sending the 

same signal. This progressively turns off Notch signaling in the adjacent cells, thereby 

generating opposite ON-OFF Notch cell states [10].

A third feature of Notch signaling is "cis inhibition", which occurs when Notch ligands and 

receptors are co-expressed in the same cell. It is thought that this interaction makes Notch 

receptor refractory to in trans associations. In other words, cells experiencing cis inhibition 

are protected from receiving Notch signaling from ligands expressed by surrounding cells 

[10,11]. cis inhibition serves as a defense-system against ligand-independent Notch receptor 

activation, to reinforce (or initiate) lateral inhibition and as a threshold-setting system that 

reduces errors in cell decisions [12] (Figure 1B). Together, the spatial tissue distribution of 

cis and trans interactions defines clear-cut switches between mutually alternative signaling 

states and creates cell fate boundaries.

However, two fundamental questions remain. The first is, what establishes the initial 

asymmetries in Notch activity prior to their amplification through lateral inhibition and cis-
trans interactions? Several studies have uncovered extensive signaling crosstalk between 

Notch and other cascades initiated by growth factors and morphogens, such as RTK ligands, 

Wnt, TGF-β or other signals [8,13–15]. However, soluble factors alone cannot explain sharp 

cell fate decisions that Notch signaling orchestrates on the micrometre scale between 

adjacent cells. For example, asymmetries in Notch signaling emerge in vitro, and without 

any morphogen gradient, within self-organizing organoids developing from single stem cells 

embedded in saturating amounts of growth factors [16]. The second question relates to the 

nature of the context-dependency of Notch-responses [8,10]. What is "context"? Distinct 

tissue-specific transcriptional partners of the Notch cascade have been proposed to operate 

as elements of tissue-specific responsiveness [17–19]. However, the heterogeneity of the 

Notch outcome is not only evident when comparing different tissues but also within the 

same tissue. Clearly, the effects of Notch must be understood in the context of an 

overarching molecular framework operating at the tissue level, which is somehow embedded 

into tissue architectures and microenvironments. In other words, mechanisms must exist to 

wire cell mechanics and cell-to-cell communication systems.
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A YAP/TAZ-Notch signaling crosstalk

There are two main modalities by which YAP/TAZ and Notch signaling cascades have been 

reported to interact: YAP/TAZ-mediated transcriptional regulation of Notch ligands or 

receptors; and joined transcriptional co-regulation of common direct targets genes by 

YAP/TAZ and NICD (Figure 2). Below, we review different examples of these interactions 

in various cellular contexts. The reader should be aware that, in spite of the functional 

redundancy between YAP and TAZ, some studies investigated the sole loss of function of 

YAP in mouse models. The reason is, mostly, practical, as the availability of YAP 

conditional alleles predates that of TAZ alleles; alternatively, YAP may be, in some tissue 

types, more expressed than TAZ, and its inactivation offers a sufficient proxy to investigate 

YAP/TAZ functions.

Early Embryonic Development

During the very early phases of embryonic development, YAP/TAZ are involved in the first 

lineage specification at the transition between the morula stage and blastocyst, being 

required for trophoectoderm (TE) specification in outer cells. The unpolarized cells inside 

the developing blastocyst retain inactive YAP/TAZ and acquire inner cell mass (ICM) 

identity [20]. Both Hippo pathway and Hippo-independent mechanical inputs, such as 

cytoskeletal contractility and pulling forces between different cells, are involved in the 

regulation of YAP/TAZ nuclear localization and transcriptional activity required to induce 

the expression of the TE master gene Cdx2 [20,21]. Notch activity is restricted to the outer 

cells of the blastocyst where it acts in cooperation with YAP/TAZ to regulate Cdx2 
expression [22]. Mechanistically, YAP/TEAD4 and Notch/RBPJ transcriptional complexes 

bind to distinct sites in a trophectoderm-specific enhancer of Cdx2 [22] and synergistically 

regulate the expression of Cdx2 [23] (Figure 3A). Moreover, the observation that the 

YAP/TAZ DNA-binding partner TEAD4 is highly enriched in the promoter of Notch2 in 

mouse trophoblast cells, further suggests that YAP/TAZ could also regulate the transcription 

of this receptor, adding an additional level of feedback [24].

Epidermis

The epidermis is a pluristratified epithelium with key protective and elastic properties 

[25,26]. Rapid epidermal turnover and tissue homeostasis are ensured by the keratinocyte 

basal layer, which contains the tissue progenitors. During epidermal stratification, as cells 

lose contact with the basement membrane they start to differentiate and undertake a complex 

process of morphological and structural changes that ends with the formation of the 

outermost cornified layer [26].

Nuclear YAP/TAZ localization is readily detected in the basal layer of the skin of newborn 

mice, while only very few cells retain nuclear YAP/TAZ in the adult epidermis of both mice 

and humans [27–29] (Totaro et al., unpublished). In transgenic mice, overexpression of an 

activated form of YAP in the basal layer of the epidermis induces expansion of the epidermal 

progenitor compartments at the expense of the differentiated suprabasal layers [27,28,30]. 

These phenotypes are recapitulated by genetic inactivation of the Hippo pathway [31] or of 

α-catenin, a component of the adherent junctions (AJ) proposed to favor YAP/TAZ 
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cytoplasmic sequestration [32]. YAP/TAZ are also required for skin development, as 

YAP/TAZ knockout in the basal layer of the embryonic epidermis reduces keratinocyte 

proliferation with concomitant precocious terminal differentiation leading to skin thinning 

[30,32]. In adult mice, YAP/TAZ are required for epidermal wound-healing [29].

The mechanosensitive properties of the epidermis have been recently recapitulated in vitro 

by culturing epidermal progenitor cells into engineered surfaces or hydrogels (GLOSSARY) 

of defined elasticity, turning YAP/TAZ ON or OFF in order to inhibit or induce keratinocyte 

differentiation, respectively [30]. Notch signaling is a key determinant of keratinocyte 

differentiation and is required for the transition of keratinocytes from the basal to the 

suprabasal layers [7]. The activity of the Notch pathway is spatially regulated by the 

preferential distribution of Notch ligands and receptors throughout the different epidermal 

layers. The basal layer mainly expresses the Notch ligands Dll1 and Jag2, whereas the Notch 

receptors are enriched in the overlying spinous and granular layers, where the Notch 

signaling is most active [26,33].

The function of Notch in epidermal cells appears to recapitulate, at least in vitro, the effects 

of weak mechanical forces, and is antithetic to the activity of YAP/TAZ. Indeed, mechanical 

activation of YAP/TAZ preserves the epidermal SC fate by turning on the transcription of 

DLL1, DLL3 and JAG2 [30,34]. Mechanistically, YAP/TAZ-driven expression of Delta 

ligands is instrumental for cell-autonomous cis inhibition of Notch signaling, rendering 

basal progenitors under mechanical stress resistant to differentiation [30] (Figure 3B). In 
vivo, YAP overexpression in the skin of newborn mice turns on expression of Dll1 and is 

accompanied by a reduction of Notch transcriptional responses. Furthermore, conditional 

YAP/TAZ knockout turns off Notch ligand expression, unleashing Notch signaling and thus 

differentiation of epidermal progenitors [30]. In so doing, YAP/TAZ translate informational 

cues emanating from the geometry and physicality of their ECM attachment into a cell-to-

cell signaling cascade for mutual and accurate regulation of cell fate decisions.

A mechanical interplay between Notch and YAP/TAZ has been also described in the corneal 

epithelium, a tissue serving as a protective barrier on the anterior ocular surface [35]. 

Chronic inflammation is a driver of epithelial aberrations and, in the corneal epithelium, it 

triggers corneal squamous cell metaplasia (CSCM), whereby differentiated corneal cells 

adopt a keratinized, skin-like fate. Notch and YAP/TAZ mechanically control CSCM, but in 

this case Notch operates upstream of YAP/TAZ, and the most relevant pool of YAP/TAZ is 

not the transcriptionally active nuclear pool, but the cytoplasmic one [35]. In fact, 

cytoplasmic YAP/TAZ are integrated into the Axin/APC destruction complex, where they 

participate in controlling β-catenin degradation [36,37]. In the corneal epithelium, loss of 

Notch triggers secretion of inflammatory cytokines, and continuous cycles of damage and 

repair [35,38,39]. Such persistent inflammation provokes ECM deposition and fibrosis 

leading to activation of YAP/TAZ mechanotransduction (GLOSSARY) [1]. Under these 

conditions, YAP/TAZ nuclear accumulation deprives cells of the anti-β-catenin cytoplasmic 

YAP/TAZ pool, thus favoring β-catenin nuclear accumulation and ultimately triggering 

CSCM [36] (Figure 3C).
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The interplays reported for epidermal or corneal cells may also apply in other contexts. For 

example, in mammary gland and airway epithelia YAP/TAZ are also expressed in basal 

layers, where, by inducing Dsl-ligand expression [40], they may at once preserve stemness 

through cis inhibition and, through trans signaling, foster differentiation of overlying luminal 

cells (that lack YAP/TAZ activity). Future studies are required to validate these possibilities.

Liver

Inactivation of the Hippo pathway components in the liver induces organ overgrowth. As 

such, the liver has been used to facilitate study of YAP/TAZ biology in vivo[41]. The 

hepatocytes are the parenchymal cell of the liver and account for the majority of the cell 

population, while a small population of epithelial cells, the colangiocytes, form the bile 

ducts. Upon damage, hepatic progenitor cells (HPCs, also known as “oval cells”), show 

characteristics of expanded bile duct cells are found in the liver [42]. By lineage tracing 

(GLOSSARY), it is clear that at least a fraction of oval/HPCs is generated by 

dedifferentiation of mature hepatocytes [43]. In line, elegant work from Yimlamai et al. 

demonstrated that in transgenic mice overexpressing YAP the oval cell population expands 

through a cell-autonomous, Notch-dependent transdifferentiation of mature hepatocytes 

[44]. YAP/TAZ/TEAD-dependent transcriptional upregulation of Notch2 has been proposed 

as one mechanisms to explain these events. In line, hepatocyte-specific knockout of the 

Notch transcriptional coactivator RBPJ inhibits the YAP-mediated reprogramming of 

hepatocytes in cells that are morphologically similar to oval/HPCs but that in fact also 

display functional traits as bipotent liver progenitors [44] (Figure 3D).

Inactivation of the sole YAP in the fetal liver is sufficient to trigger bile duct paucity and to 

limit the appearance of oval/HPCs after cholestatic injury [41]. Interestingly these defects 

resemble those observed upon liver-specific deletion of Notch2 in mice or as found in 

Alagille syndrome (AGS), a multiorgan genetic disorder caused by mutation in JAG1 or 

NOTCH2 genes in humans [7]. Consistent with the effect of YAP gain of function, livers 

from embryonic NF2-knockout mice are characterized at birth by increased numbers of 

biliary precursors and primitive ducts, which ultimately cause hamartomas (GLOSSARY) in 

older mice [45]. This increased biliary fate specification (GLOSSARY) is phenocopied by 

the overexpression of the intracellular domain of the Notch2 receptor in the liver [7]. In 

agreement, liver specific inactivation of the Hippo pathway component NF2, with ensuing 

upregulation of endogenous YAP/TAZ activity, promotes Notch signaling in cholangiocytes 

and increases the expression of Notch2 and the Notch target genes Hes1 and Sox9. 

Conversely, loss of Notch2 in NF2-null mouse livers background prevents bile duct 

overgrowth [45]. However, a contrasting report has more recently placed YAP downstream 

of Notch signaling in the context of bile duct regeneration induced by partial hepatectomy, 

suggesting that the RBPJ/NICD complex works as a repressor of YAP transcription [46].

The YAP/Notch interplay may also occur non-cell autonomously, as in stromal-epithelial 

interactions. Hepatic stellate cells (HSCs) are liver-specific mesenchymal cells, playing an 

important role during liver development, homeostasis and regeneration after injury [47]. 

YAP is required for HSC activation into myofibroblast-like cells in response to liver damage 

[48,49]. Upon biliary injury, HSC-derived myofibroblasts upregulate the expression of the 
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Notch ligand Jag1, promoting Notch signaling and biliary specification in oval/HPCs [50]. 

Interestingly Jag1 is a YAP target in hepatocytes [44] and human hepatocellular carcinoma 

[51]. This suggests a scenario in which, upon liver damage, YAP could direct fate 

specification of liver progenitors toward biliary cells by acting in HSCs and inducing Jag1 
expression.

Intestinal epithelium

The epithelium of the small intestine is a tissue with rapid turnover that is composed of a 

single layer of cells organized in crypts and villi. While the villus constitutes the functional 

unit of the organ, the crypt structure contains distinct populations of intestinal stem cells 

(ISCs) [52]. The LGR5+ (Leu-rich repeat-containing G protein-coupled receptor 5-

expressing) fast-cycling crypt base columnar (CBC) cells are a pool of ISCs located at the 

bottom of the crypt where they are intercalated with Paneth cells. CBC cells maintain 

normal tissue homeostasis as they can either self-renew or generate transit amplifying (TA) 

tissue progenitor cells. Differentiated cells lost from the surface of the villi are rapidly 

replaced from cells migrating from the TA region and differentiating into the two main cell 

lineages of absorptive enterocytes or secretory cells [52].

By immunohistochemistry, nuclear YAP and TAZ can be readily detected at the bottom of 

the crypt in CBC cells [36,53]. Increasing YAP/TAZ activity through overexpression [54], or 

after inactivation of the Hippo pathway [53,55,56], induces proliferation of ISCs.

There are intriguing overlaps between YAP/TAZ and Notch signaling in intestinal biology, 

but also substantial differences. The original idea of an interaction between YAP/TAZ and 

Notch in the regulation of ISCs came from the seminal work of Camargo and Brummelkamp 

who found that the expansion of the intestinal progenitors induced by YAP overexpression 

could be blunted by blocking Notch signaling with a γ-secretase inhibitor [54]. However, 

independent lines of evidence from various mouse models bearing YAP and/or TAZ 

knockout alleles ultimately indicated that YAP/TAZ are not required for intestinal 

homeostasis and maintenance of ISCs [36,55,57]. In contrast to YAP/TAZ, Notch signaling 

is essential for adult intestinal homeostasis. Signaling mediated by the Notch1 and Notch2 

receptors is active in ISCs [58], and induced by the Dll1 and Dll4 ligands expressed in 

neighboring Paneth cells [59]. As such, intestine-specific deletion of the Notch 

transcriptional mediator Rbpj [60] results in the loss of intestine progenitors, a phenotype 

also recapitulated by the genetic inactivation of Notch1/2 [61], or of Dll1/Dll4 [59].

Although the function of Notch and YAP/TAZ signaling is clearly distinct during 

homeostasis, they ostensibly intersect each other during intestinal regeneration, a response 

for which YAP/TAZ are essential [53,57,62,63]. The IL-6 co-receptor gp130 is activated 

during intestinal inflammation, and expression of a constitutively active form of gp130 

activates and requires YAP to induce a hyperproliferative response of intestinal cells and for 

intestinal regeneration in a model of inflammatory colitis [63]. The activation of YAP in 

villin-gp130Act transgenic mice is associated with the upregulation of the mRNA level of 

both Notch receptors and ligands, and with increased expression of the Notch target Hes1 in 

intestinal crypts. The YAP-mediated restorative response is repressed by treatment with a γ-

secretase inhibitor, while YAP deletion prevents upregulation of Notch signaling [63]. This 
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suggests that, by undefined mechanisms, Notch signaling is downstream of YAP/TAZ 

activation during intestinal repair after inflammation (Figure 3E).

Vascular smooth muscle

Notch signaling plays an important role in the organization and thickening of vascular 

smooth muscle cells (VSMCs) along artery walls [64]. Vascular SMCs of the ascending 

aorta, the aortic arch and pulmonary trunk are derived from the neural crest. In these 

locations, vascular endothelial cells expressing the Notch ligand Jag1 activate Notch 

receptors on neural crest precursors, promoting their differentiation into VSMCs [64]. 

Interestingly, the activation of Notch signaling in smooth muscle precursors induces a feed-

forward loop with upregulation of Jag1 ligand in newly differentiating SMCs. Throughout 

sequential activation of this positive feedback response, also known as lateral induction, the 

developing artery is able to recruit additional smooth muscle precursors and give rise to 

multiple concentric layers around the endothelial layer in aortic arch derivatives [65]. Neural 

crest-specific deletion of YAP and TAZ abrogates Notch signaling in SMCs, and impairs 

development of the aortic arch arteries [66]. This phenotype recapitulates that of mice in 

which RBPJ has been deleted in neural crest cells [64]. Mechanistically, YAP and NICD can 

physically interact and regulate the expression of Jag1 [66]. Mechano-regulation of 

YAP/TAZ activity have been involved in the regulation of VSMC fate in vessel development 

and homeostasis [1], as well as in the regulation of Notch signaling [30]. It is thus tempting 

to speculate that the physical forces produced by blood flow could impinge on YAP/TAZ as 

a mechano-sensor of arterial thickness, fostering Notch-driven layering of VSMCs during 

vascular development, or terminating it when the final size of the mature arterial wall has 

been reached (Figure 3F).

Somite development and skeletal muscle

Molecular oscillators are involved in a broad variety of biological functions [67]. The 

"segmentation clock" is a prominent example of such rhythmic gene activity, by which pairs 

of blocks of mesodermal cells called somites are progressively formed along the antero-

posterior axis of vertebrate embryos. The somites generate the vertebral column, the ribs, all 

skeletal muscles and part of the dermis, and are responsible for the segmental organization 

of nerves and blood vessels. The segmentation clock is essentially a set of periodic waves of 

gene expression traveling through the presomitic mesoderm (PSM), which entails periodic 

activation of Notch signaling [68]. The nature of this oscillatory behavior remains elusive. A 

recent report intriguingly highlighted the convergence of YAP/TAZ mechanotransduction 

and Notch signaling as part of an excitable system that initiates oscillations [69]. 

Attenuating YAP, by lowering mechanotransduction, has been shown to be sufficient to 

initiate an oscillatory gene expression pattern even in a single PSM cell. Conversely, 

oscillations were blocked by artificially raising YAP levels. In part, this is mediated by YAP 

negatively impacting on Notch signaling, but also by YAP controlling classic NICD target 

genes, such as Hes7, in a Notch-independent manner [69].

In adult skeletal muscle, satellite cells represent a reservoir of quiescent muscle stem cells 

located in close proximity to mature myofibers. Upon tissue damage or physical exercise, 

satellite cells must activate, proliferate, commit to a myoblast lineage and ultimately 
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differentiate to fuse with each other or to pre-existing myofibers, as such those regenerating 

the muscle or mediating hypertrophy [70]. Satellite cells express higher levels of Notch 

receptors, while differentiated myotubes and fibers constitute the source of Notch ligands 

[71]. Notch signaling in satellite cells inhibits their differentiation. Conversely, YAP activity 

promotes proliferation of satellite cells in vitro [72]. Recently, work in chick embryos 

provided an elegant demonstration of how YAP and its regulation by muscle mechanics 

determines the fate of satellite cells through Notch signaling [73]. It was found that YAP is 

mechanically activated by muscle contractility in differentiated, post-mitotic muscle fibers. 

Here, YAP-dependent transcriptional regulation of the Notch ligand Jag2 activates Notch 

signaling in neighboring satellite cells, preserving their potency and preventing their 

differentiation (Figure 3G). Upon muscle immobilization, loss of YAP mechanical activation 

causes a reduction of Jag2 expression in myofibers, with consequent differentiation of the 

satellite cells. In line, experimental overexpression of either a constitutive active YAP or of 

Dll1 in paralyzed muscle fibers prevented the decrease of muscle progenitors [73]. This 

mechanism might be potentially relevant to foster muscle regenerative responses; however 

further studies are required to validate its existence in mammals.

Recently, a bidirectional crosstalk between YAP/TAZ and Notch signaling has been 

described in human Embryonal Rhabdomyosarcomas (ERMS), a soft tissue sarcoma of 

mesenchymal origin characterized by the persistence of a satellite-like cell state at the 

expense of myoblast differentiation [74,75]. Both YAP/TAZ and Notch signalling are 

hyperactivated in human ERMS tumors and rhabdomyosarcoma-derived cell lines [76–78]. 

Based on in vitro studies, it has been proposed that Notch signalling transcriptionally 

upregulates YAP levels, promoting ERMS rhabdosphere proliferation. In turn, the increase 

of YAP/TAZ transcriptional activity can feed Notch signalling by upregulating the 

expression of Jag1 and Dll1 ligands and the Rbpj transcription factor [78].

Concluding Remarks

An intriguing scenario emerging is one in which structural features of the microenvironment 

control Notch signaling through cellular mechanotransduction and YAP/TAZ. The ability of 

YAP/TAZ to directly control the transcription of Dsl ligands raises the possibility of 

understanding how localized mechanical signals - such as attachment to the basement 

membrane, local deformations of tissues or the shape of individual cells - create complex 

spatial patterns of cell fate determination (See Outstanding Questions). For example, the 

Delta-like or Jagged ligands expressed by the YAP/TAZ ON cells may cause a NOTCH OFF 

state cell autonomously, through in cis inhibition, and a NOTCH ON state in the adjoining 

cells through in trans signaling (Figure 4). Notably, these basic modules can be complicated, 

but still rationalized, if we consider these interplays occurring between distinct cell types, 

for example between stromal and epithelial cells, or between stem cells and their niches. 

Clearly, much more work is required to validate these models.

As we appreciate the potential relevance of these mechanical and juxtacrine interactions in 

generating fine-tuned tissue patterning, we should also acknowledge that most of our present 

tools have been quite inadequate to tackle the reality of this spatial, temporal and functional 

heterogeneity. A substantial part of our knowledge on YAP/TAZ and Notch signaling in vivo 
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has been derived from analyses of bulk tissues, relaying information on "averaged" cells that 

may, in fact, not even exist. Clearly, new approaches such as in situ single-cell RNA-seq 

(GLOSSARY) or comparable advancements in single cell multi-omics (GLOSSARY) will 

be extremely valuable at dissecting the pattern of YAP/TAZ -Notch activities in living 

tissues [79]. This may also shed light into the otherwise nebulous concept of "context 

dependency" of the effects of Notch signaling, as depending on specific mechanical 

conditions, YAP may recruit varying proportions of cells into a Notch ON or OFF state, 

often with dramatically opposite outcomes (Figure 4). Tumor biology may be a case in 

point. In several tumors, YAP/TAZ and Notch are pro-oncogenic but are at odds with other 

effects of Notch such as lineage-committing, pro-differentiating functions. However, this 

paradox may be resolved, at least in some cases, by envisioning that YAP/TAZ may turn on 

Delta to inhibit differentiation of cancer stem cells while preventing their expansion, and 

concomitantly fostering Notch and amplification of their immediate neighboring 

descendants. In the absence of specific markers and single cell signatures it would be hard to 

dissect or rationalize the real complexity of these events from bulk tissue analyses. Similarly, 

functional investigations should be also directed at individual cells developing within 

tissues, for example by implementing optogenetic tools in cultured organoids or in vivo. At 

the same time, reconstructing ex-vivo the outcomes of Notch signaling may require the 

phenocopy of natural niches by sophisticated microfabrication tools for example 3D 

scaffolds of defined shapes with localized deposition of Notch ligands.

Finally, the widespread role of Notch in human cancer and genetic diseases makes Notch a 

potentially very effective route of therapeutic intervention. However, the appeal of this 

endeavor is clearly questioned by the broad generality of Notch signaling in several tissues, 

as any anti-Notch therapy would invariably be met by toxicity [80]. Yet, the YAP/TAZ 

mechanotransduction mechanisms supporting Notch in disease states may offer an 

alternative, as tackling YAP/TAZ has been shown to be effective at preventing tumor 

progression and other diseases while being dispensable for homeostasis of normal tissues 

[1,5].
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Box 1

The Hippo pathway

The early understandings of the biology and the biochemical regulation of YAP/TAZ 

came from seminal studies in Drosophila where, through genetic screens for mutations 

that control tissue overgrowth, the YAP/TAZ ortholog Yorkie (Yki) was first recognized 

as the downstream effector of the Hippo pathway. Pioneering studies using the fly model 

system also led to the identification of Hippo signaling as a potent tumor suppressor 

pathway, in which the hierarchical and evolutionary conserved kinases, Hpo/MST1/2 and 

Warts/LATS1/2, negatively regulate YAP/TAZ by phosphorylation, promote their 

cytoplasmic retention or ubiquitination and proteasomal degradation. Loss of Hippo 

fosters YAP/TAZ/Yki nuclear localization, where they regulate transcription mainly 

interacting with enhancer elements through the TEAD/Scalopped DNA-binding factors 

[6,81].
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Glossary

Fate specification: the process by which a ‘stem/progenitor’ is induced to differentiate 

by intrinsic or extrinsic signals, typically turning into a cell carrying out a specialised, 

tissue- specific function.

Hamartoma: benign, tumor-like malformation

Hydrogels: Polymeric biomaterials forming a 3D network that hold water; hydrogels can 

be engineered by adding adhesive extracellular matrix proteins, and their rigidity 

controlled by modulating the number of cross-links of their mesh. They offer culture 

conditions that are more “defined” in term of chemical and physical attributes over 

traditional tissue culture procedures, as required for “in human” use of stem cells.

Juxtacrine signaling: a signalling modality involving close contact between cells. 

Typically, this involves a receptor in one cell and a ligand on a neighboring cell. The 

signal may also be transmitted through gap junctions.

Lineage tracing: series of methodologies, and particularly genetic tools, allowing 

irreversible labelling (with fluorescent or other reporter genes), and thus tracking in space 

and time, the cells of a specific tissue, or specific subtypes of cells expressing a certain 

marker in one or multiple tissues.

Mechanotransduction: the mechanisms by which cells sense and translate physical 

forces into biochemical signals to adapt their behavior to the environment.

Microenvironment: indicates the set of physical, chemical and cellular elements that 

surrounds a cell or a portion of a tissue, influencing cell behaviour.

Multi-omics: the integrated analysis of a biological data set from different high-

throughput ‘Omic’ technologies such as genomics, transcriptomics, proteomics, 

epigenomics or metabolomics.

Organoid: is an outgrowth of ‘stem/progenitor’ cells embedded within a three 

dimensional ECM, in which cells spontaneously self-organize into structures that 

recapitulate at least some histological features of the natural organs from which they 

derive. Organoids can be expanded through serial passaging.

RNA-seq: methods based on next-generation sequencing which reveal the presence and 

relative quantity of RNA species in a biological sample.
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Figure 1. Overview of YAP/TAZ and Notch pathways.
(A) Schematic representation of YAP and TAZ (YAP/TAZ) regulatory inputs and biological 

functions. The Hippo pathway and mechanical cues are the two main pillars conveying a 

heterogeneous set of signals for YAP/TAZ regulation. Polarity and cell crowding can inhibit 

YAP/TAZ through the activation of the Hippo pathway, while mechanical features 

promoting a proficient F-actin cytoskeleton sustain YAP/TAZ activity. Additionally, Hippo 

signaling and F-actin cytoskeleton can negatively affect each other [1]. Activated YAP/TAZ 

enter the nucleus, where they regulate genetic programs required for fundamental cellular 

behavior (proliferation, survival, stem cell’s fate and plasticity) and biological processes 

(organ growth, tissue regeneration, tumorigenesis). (B) Notch signaling cascade. The Notch 

pathway is activated by the engagement of a receptor (blue) on the signal-receiving cell with 

the ligand (green) on the neighboring signal-sending cell. This transinteraction triggers two 

sequential proteolytic cleavages of the Notch receptor mediated by ADAM proteases (S2 

cleavage) and gamma-secretase (γ-secretase) (S3 cleavage), leading to the release of the 

Notch intracellular domain (NICD) fragment. NICD then translocates to the nucleus, where 

it activates the transcription of Notch target genes together with the transcription factor 

RBPJ (yellow) and the nuclear effector Mastermind-like (MAML, purple). On the contrary, 

the interaction between ligands and receptors on the surface of the same cell results in cis 
inhibition of Notch signals.

Totaro et al. Page 16

Trends Cell Biol. Author manuscript; available in PMC 2020 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. Interaction between YAP/TAZ and Notch pathways.
(A) When YAP/TAZ (red) are activated, they translocate to the nucleus, where they can 

induce the gene expression of Notch receptors (blue, left panel) and/or Notch ligands (green, 

right panel) in order to regulate Notch signaling. (B) Concomitant activation of YAP/TAZ 

and Notch signaling induces nuclear translocation of YAP/TAZ and the transcriptionally 

active NICD peptide, thus co-operatively regulating the expression of common target genes. 

The different biological contexts are indicated on the figure. NICD, Notch intracellular 

domain; SCs, stem cells.
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Figure 3. Biological responses controlled by YAP/TAZ and Notch crosstalk.
(A) The differentiation of the outer cells of the blastocyst to trophectoderm lineage is 

promoted by co-operative transcriptional regulation between YAP/TAZ (red) and Notch 

signaling (blue). Nuclear YAP/TAZ and NICD (red and blue stripes) jointly control the Cdx2 

enhancer to activate its expression in prospective throphoblast cells. (B) In the basal 

keratinocytes of epidermis, mechanical signals from the basement membrane sustain 

YAP/TAZ nuclear localization and Notch cis-inhibition. YAP/TAZ and Notch signaling are 

active respectively in the basal (red) and suprabasal layers (blue). (C) Loss of Notch in 
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corneal epithelial cells triggers chronic inflammation with consequent ECM remodeling in 

the underlying stromal tissue. (D) YAP/TAZ activation in mature hepatocytes directly 

regulates gene transcription of the Notch2 receptor, contributing to hepatocyte 

transdifferentiation into oval cells/HPCs. (E) Upon tissue damage, interleukin-mediated 

activation of YAP/TAZ upregulates Notch signaling in ISC promoting regeneration. (F) 

YAP/TAZ cooperate with Notch signaling to regulate the formation of a multilayered artery 

wall. Jag1 ligand expressed on the surface of endothelial cells activates Notch signaling in 

the neural crest-derived muscle progenitors, triggering their differentiation in VSMCs. In the 

newly forming VSMCs the Notch transcriptional complex recruits YAP to regulate gene 

expression of Jag1, leading to iterative sequences of muscle progenitors recruitment and 

VSMCs formation. (G) In the postmitotic muscle fibres of chick embryo, mechano-

dependent activation of YAP by muscle contraction triggers gene expression of Jag2, which 

activates Notch signaling in satellite cells (muscle progenitors) to prevent their 

differentiation. ECM, extracellular matrix; ISC, intestinal stem cell; VSMCs: vascular 

smooth muscle cells.
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Figure 4. YAP/TAZ dictate context-specific Notch signaling outcomes.
Regulation of YAP/TAZ by different inputs, can affect Notch signaling in a spatial and 

context-specific manner. (A) YAP/TAZ can promote cell-autonomously Notch signaling, by 

regulating the gene expression of Notch receptors, which are activated in trans by ligands 

expressed on the cell surface of neighbouring cells. (B) Regulation of Notch ligands' 

expression in signal-sending cells by YAP/TAZ, in turn inducing Notch signaling non-cell 

autonomously in signal-receiving cells. (C) The YAP/TAZ-dependent expression of Notch 

ligands can inhibit Notch signaling cell autonomously, by cis-interaction of ligands and 

receptors.
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