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1Chapter 15

2Mechanoregulation of PDZ Proteins, An Emerging Function

3Elsa Bazellières and André Le Bivic

4Abstract

5Mechanical forces have emerged as essential regulators of cell organization, proliferation, migration, and
6polarity to regulate cellular and tissue homeostasis. Changes in forces or loss of the cellular response to them
7can result in abnormal embryonic development and diseases. Over the past two decades, many efforts have
8been put in deciphering the molecular mechanisms that convert forces into biochemical signals, allowing
9for the identification of many mechanotransducer proteins. Here we discuss how PDZ proteins are
10emerging as new mechanotransducer proteins by altering their conformations or localizations upon force
11loads, leading to the formation of macromolecular modules tethering the cell membrane to the actin
12cytoskeleton.

13Key words PDZ proteins, Forces, Tight junctions, Adherens junctions, Actomyosin

141 A Brief Introduction on Mechanotransduction/Mechanoregulation in Biology

15All the cells and tissues of the body are subject to external and
16internal forces. These forces can affect the shape and intracellular
17organization of cells, their proliferation, their migration, and their
18intercellular interactions. Forces influence the development of
19embryos [1] as well as cell functions and homeostasis in the adult
20[2]. Moreover, many disease states are characterized by changes in
21these forces and/or a loss of the normal cellular response to them
22[3]. Over the last decade, mechanotransduction has emerged as a
23key process in development and diseases. Mechanotransduction can
24be defined as a cellular event that converts a mechanical input such
25as fluid shear stress (blood vessels), stretch (lung, intestine),
26osmotic forces (urinary tract), mechanical load (bone, muscle)
27[4, 5] as well as the impact of the stiffness of the extracellular matrix
28(ECM) that surrounds most cells leading to a biochemical response
29[6]. In well-studied examples of mechanotransduction, proteins
30can undergo force-induced changes into conformations that lead
31to modification in affinity for binding partners or catalytic activity.
32The mechanical load triggers biochemical changes that can

Jean-Paul Borg (ed.), PDZ Mediated Interactions: Methods and Protocols, Methods in Molecular Biology, vol. 2256,
https://doi.org/10.1007/978-1-0716-1166-1_15, © Springer Science+Business Media, LLC, part of Springer Nature 2021

259



33propagate via the activation of specific signaling pathways [7]. In a
34simple context, the mechanical load can accelerate the association
35or dissociation of protein–ligand bonds [8]. In the case of adhesion
36proteins, that exhibit catch-bond behavior, mechanical loads can
37produce changes in the conformation of the proteins that lead to
38high affinity for a binding partner [9–11].
39Deciphering how fundamental physical principles are con-
40trolled by protein interactions is central to understand how forces
41are converted into biochemical signals. Elucidation of the specific-
42ity, selectivity, and regulatory mechanisms involved in protein–pro-
43tein interactions can therefore provide important insights into
44many biological processes such as cell proliferation, cell migration,
45and cell polarity. Structural studies have revealed that mechanosen-
46sitive proteins with multiple domains and flexible interdomain
47interfaces can pass through multiple conformations [12, 13]. For
48example, a bent conformation can open up to a straighter arrange-
49ment of domains along the direction of the applied force. These
50changes in conformation result in modification of the affinity for
51the binding partners, exposure or hiding of different catalytic
52domains that will trigger differential intracellular signaling
53responses or even redistribution of the protein within the cell
54[14–16]. Among the proteins that mediate protein–protein inter-
55actions, there is the large PDZ (postsynaptic density 95/Disc
56large/Zonula occludens) family. Most of the PDZ proteins are
57multimodular scaffold proteins and often contain multiple PDZ
58domains which can interact with various binding partners and
59thereby assemble supramolecular signaling complexes [17].
60As PDZ domains interact with motifs present in many proteins,
61understanding the regulatory mechanism of PDZ mediated inter-
62actions is important to gain insight into biological processes. So far,
63posttranslational modifications, autoinhibition, and allosteric inter-
64actions have been proposed to regulate PDZ-mediated interactions
65and thus intracellular signaling [18], but little is known about the
66impact of mechanical inputs on PDZ proteins. In this review, we
67will focus on the current knowledge on the mechanoregulation of
68PDZ proteins, focusing on few recent findings.

692 PDZ Proteins as Mechanotransducers

70Biological mechanotransducers can be defined as a single protein or
71a protein complex that produce or enable a chemical signal in
72response to mechanical stimuli. These mechanotransducers can
73participate in mechanoreception and mechanotransmission as
74direct mechanosensitive structure, which respond by altering their
75conformation upon force loads, or as second line mechanotransdu-
76cers. Among the mechanotransducer proteins studied so far, the
77PDZ protein family is emerging as a new pool of protein sensitive to
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78forces, but only few examples are known so far. In epithelial cells,
79the adhesion machineries at the cell–cell or cell–substrate interfaces
80are known to play an important role in mechanotransduction
81[10, 19]. These machineries are composed of several proteins,
82and many of them are part of the PDZ family [20]. Being
83integrated in a complex modular array tethering the cell membrane
84to the cell cytoskeleton, the adhesion scaffolding PDZ proteins
85might constitute an important link to transduce the mechanical
86signals into an appropriate cell response to maintain cellular
87homeostasis. We will thus focus on PDZ proteins from the adhe-
88sion machinery that have been recently shown to be regulated by
89forces in a direct or indirect manner (Fig. 1).

903 Force Regulated PDZ Proteins

3.1 ZO1 91ZO1 is a tight junction scaffolding protein that belongs to the
92MAGUK (membrane associated guanylated kinase homolog) fam-
93ily. It is characterized by the occurrence of three PDZ, one SH3 and
94a GUK (guanylate kinase homologous domain) domains
95[21]. ZO1 is a cytoplasmic protein, that anchors actin filaments
96through its actin binding domain at its C terminal region
97[22, 23]. At the N-terminus, the PDZ1 and PDZ3 domains bind
98to the tight junction membrane associated proteins, Claudins and
99JAM-A, and to TAZ, a member of Hippo pathway, while the PDZ2
100domain promotes heterodimerization between ZO1 and either
101ZO2 or ZO3 [22, 24–26]. A larger region encompassing the
102PDZ3, SH3, U5, and GUK domains (ZPSG-1) interacts with and
103recruits to junctions the transmembrane TJ protein occludin, but
104also DbpA/ZONAB (DNA binding protein A/ZO1 associated
105Nucleic Acid-binding protein) [27, 28]. The sequestration of
106DbpA by ZO1 and ZO2 at the junctions of confluent monolayers
107inhibits its nuclear activity that regulates gene expression and cell
108proliferation [27–30].
109Recently, Spadaro et al. demonstrated that ZO1 stretches upon
110mechanical forces [31]. In 2011, Then et al. have already proposed
111an impact of membrane tension on the localization of ZO1
112[32]. Under hyperosmotic stress that generates an increase in
113membrane tension, the actin cytoskeleton is reorganized with the
114appearance of a dense F-actin cortical ring. In this condition, ZO1
115expression is increased, and it colocalizes with the newly formed
116actin ring [32]. As ZO1 is anchored to the actin filaments through
117is C-terminal region, this change in actin organization exerts direct
118pulling forces on the ZO1 protein. When present as a heterodimer
119with ZO2 within cells, ZO1 is in a stretched configuration that
120allows binding to DpbA. However, the depletion of ZO2 together
121with an inhibition of myosin contractility promotes a folding of the
122N-terminal and C-terminal end of ZO-1, and releases the
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Fig. 1 Hypothetical role of the PDZ protein in the strengthening and stabilization of intercellular adhesions. (a)
At the level of the tight junctions (TJs), under low tension the mechanotransducer ZO1 is in an inactive
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123interaction with DpbA and Occludin. By applying linearly increas-
124ing forces to purified full-length single ZO1 molecules with mag-
125netic tweezers, Spadaro et al. could demonstrate that both the
126C-terminal region and the ZPSG-1 module of ZO1 that comprises
127the PDZ3, SH3, U5, and GUK domains unfold at forces ranging
128from 5 to 20 pN, releasing the autoinhibition interaction between
129ZPSG and C terminal domain of ZO1 [31]. ZPSG-1 domain is not
130only important for the junctional localization of ZO1 but also for
131its interaction with Occludin, DbpA, and thus for barrier formation
132and epithelial polarization [33–38]. Forces act as an allosteric effec-
133tor by stretching ZO1 protein to promote the interaction of ZPSG-
1341 with its ligands, occludin and DbpA. While the stretched confor-
135mation of ZO1 is the active conformation, the folded conformation
136is the inactive form in which the ZPSG domain is autoinhibited. In
137its inactive form, junctional ZO1 remains anchored to the mem-
138brane through binding of its N-terminal domain with interactors
139such as TAZ or Claudins, while the C-terminal half is intramolecu-
140larly autoinhibited. The release of ZPSG-1 domains may also regu-
141late the interaction of other proteins such as α-Catenin, Afadin,
142JAM-A, Vinculin and Shroom2 [39].
143

3.2 MUPP1 144MUPP1 belongs to the family of multi-PDZ proteins and contains
145a L27 domain at its N-terminal region followed by 13 PDZ
146domains [40]. MUPP1 is a structural paralog of PATJ, and both
147share several binding partners such as PALS1, PAR-6, AMOT,
148Jeap, ZO3, Claudins, or Nectins [41]. Lanaspa et al. by the use of
149osmolarity changes demonstrated that both acute and chronic
150hyperosmolarity in inner medullary collecting duct 3 cells induce
151an increase in the expression of MUPP1, ZO1, and Afadin [42]. As
152MUPP1 expression increases, it localizes to the apical side of the
153membrane at the level of the Tight Junctions (TJs). To survive
154hyperosmotic stresses and to maintain the integrity of the cell
155sheet with efficient barrier functions, cells have to adapt through

�

Fig. 1 (continued) conformation, and the second line mechanotransducers Afadin and Mupp1 are in the 
cytoplasm. The actin filaments are exerting low mechanical loads. Under high tension, generated by 
actomyosin bundles, ZO1 unfolds and unmasks several domains that leads to the binding with Occludin 
and JAM together with the recruitment of DbpA and Afadin. Afadin is then able to recruit Rap2c generating a 
positive feedback loop on RHO allowing for actin contractions and thus force generation. This increase in 
forces results in the recruitment of Mupp1 at the TJs, that will bind to ZO1, ZO2, and JAM but also potentially 
to the CRB3A/Pals1 polarity complex. The formation of this macromolecular complex that tethers transmem-
brane proteins (Claudins, Occludins, JAM) to the actin cytoskeleton is key for the strengthening and the 
stabilization of the TJs. (b) In the lateral domain of the cells, at the level of the lateral Adherens Junctions 
(LAJs), the actin filaments that binds to the E-cadherin–catenin complex, exert low tension and Scribble is in 
the cytoplasm. Above the lateral junctions, the E-cadherin–catenin complex is link to vinculin and binds to 
actomyosin bundles that are under high mechanical loads. SCRIBBLE is also enriched at the AJ level, and 
plays a key role in the stabilization of the AJs
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156reorganization of the actin cytoskeleton as mentioned previously
157but also through differential expression of proteins, that move to
158the junctions to counterbalance the changes in membrane tension.
159Depletion of MUPP1, results in a disruption of the TJ barrier, with
160a drop of transepithelial resistance of about 25% [42]. Molecularly,
161depletion of MUPP1, in hyperosmotic conditions, triggers a
162decreased expression and loss of membrane localization of Clau-
163din4, a TJ protein [42]. These data clearly show that MUPP1 is
164important in the maintenance of the epithelial homeostasis and
165confirm previous study that pointed out a predominant role of
166MUPP1 in the disruption of both TJs barrier and apicobasal polar-
167ity [43–45]. A more recent study shows that MUPP1 stability and
168degradation in endothelial cells depends on the regulation of
169PDZRN3, an E3 ubiquitin ligase PDZ domain containing ring
170finger 3 protein [46]. The interactions between PDZRN3,
171MUPP1, PAR3, and aPKC regulate the stabilization of TJs in
172endothelial cells. Perturbation of PDZRN3 expression induces
173degradation of MUPP1 that correlates with destabilization of the
174actin cytoskeleton and disruption of the TJs. All these studies point
175toward a role of MUPP1 in the stabilization and maintenance of
176actin cytoskeleton and TJs in cells.
17720 years ago, it was suggested that MUPP1 could change its
178conformation through the interaction of its PDZ10 domain with
179the 5-hydroxytryptamine type 2C receptors [47]. This interaction
180induces a conformational change in MUPP1 and triggers a cluster-
181ing of the 5-hydroxytryptamine type 2C receptors at the cell mem-
182brane, triggering downstream signal transduction pathways. It is of
183interest that different PDZ domains of MUPP1 can bind to
184CADM1, a transmembrane cell adhesion protein, with different
185affinities. The PDZ2 of MUPP1, for example, presents the highest
186affinity for CADM1, but when this PDZ is absent, CADM1 can still
187interact with other PDZ domains of MUPP1. These data could
188point to a change in conformation of MUPP1 that would unmask
189the PDZ2 domain leading to a strong binding to CADM1
190[48, 49]. In the case of CADM1 and maybe of other interactors
191of MUPP1, the interactions with multiple domains can be an
192alternative when some domains are either occupied by other ligands
193or hidden by an autoinhibitory conformation of MUPP1. These
194multi–low-affinity interactions might then serve as transient inter-
195action contacts before MUPP1 reaches its stretched configuration.
196However, the unfolding/folding regulation of MUPP1 is still
197under debate as only indirect evidence has been obtained to date.
198

3.3 PAR3 199PAR3 is part of the Partitioning defective proteins and presents a
200CR1 oligomerization domain, 3 PDZ domains and aPKC binding
201domain. A recent study pointed out that cortical forces are respon-
202sible for the clustering of PAR3 on the cell cortex. In C. elegans,
203inhibition of actin contraction with blebbistatin or actin filament
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204polymerization causes a reduction of the PAR3 clusters on the
205cortex, demonstrating that higher cortical tension can drive
206PAR3 cluster formation at the cortex [50]. The actomyosin mem-
207brane associated network generates flows [51], which promote
208symmetry breaking along the anterior posterior axis through the
209advection of polarity components [52–54]. The polarized actomy-
210osin contractions pull actin networks along the membrane toward
211the anterior region while triggering local disassembly and turnover
212via increased local tension, resulting in flow of material [55]. Based
213on the advective flow model proposed by Goerhing et al. [53] that
214predicts that diffusivity and turnover of cortical polarity proteins
215should be slow and stable enough to be passively transport by the
216advective cortical flow, Wang et al. [50] postulate a “clustering and
217stabilization” hypothesis for PAR3. By using fluorescence recovery
218after photobleaching, they demonstrate that the half-life of PAR3
219and PKC are shorter before symmetry breaking. During the early to
220middle establishment phase, when the clusters are formed, the half-
221life increases. Molecularly, during this phase the activity of Cdc42 is
222reduced allowing PKC3 and PAR6 to associate with PAR3 clusters
223at the cortex and thus facilitates effective transport by advective
224cortical flows. During the maintenance phase, the half-lives of
225PAR3 and PKC are shorter, when the clusters disassemble, con-
226comitant with an increased activity of Cdc42 that prevents PKC and
227PAR6 association with PAR3. As cortical tensions trigger a dynamic
228equilibrium between an unclustered and clustered form of PAR3
229correlating with its association with PAR6 and PKC, it is tempting
230to speculate that PAR3 may undergo structural changes by
231mechanical stretching, which could relieve the amino-terminal
232CR1 domain from intramolecular inhibitions, thus promoting
233PAR3 oligomerization [56]. These mechanically induced confor-
234mational changes may directly activate the ability of the CR1
235domain to facilitate its oligomerization, and proper localization in
236cells [56]. Furthermore, similar cortical flows are observed during
237cell division or cell migration, and then could, if proven, also
238explain the interaction between the different members of the PAR
239complex.
240

2414 PDZ Proteins “Second Line” Mechanotransducers

242In this part, we will describe how some PDZ proteins interact with
243proteins that are activated upon forces. These interactions may
244trigger a change in the conformation or in the localization of the
245“second line” mechanotransducers, thereby regulating different
246signal pathways.
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4.1 PAR6 247PAR6 is part of the Partitioning defective proteins inC. elegans, and
248encodes a protein with PKC binding domain (PB1), a semi-
249Cdc42/Rac1 interactive binding (CRIB) and a PDZ domain
250[57]. Recently a PDZ binding motif (PBM) was identified at its
251C-terminal region [58]. PAR6 in many species is involved in cell
252division, cell polarization, and cell migration, processes that are
253characterized by changes in cellular forces [59–61].
254PAR6 function is able to segregate to the apical or leading edge
255of epithelial cells upon activation byCdc42-GTP [57, 62]. Accumu-
256lating evidence indicates that Cdc42 responds to and is activated
257upon different mechanical loads such as hyperosmolarity, shear
258stress, and intercellular increased tension [63]. Upon exposure to
259mechanical loads, Cdc42 translocates from cytosol to the mem-
260brane and is concomitantly activated [64]. Activation of Cdc42 by
261exchange of GDP for GTP triggers actin polymerization and gen-
262eration of tension [65, 66]. Binding of activated Cdc42GTP to the
263CRIB domain of PAR6 favors the interaction with CRUMBS over
264the interaction with PALS1 through a change in conformation of
265the CRIB-PDZ domains of PAR6 [67]. Upon Cdc42-GTP bind-
266ing, a portion of the flexible CRIB motif folds into a stable confor-
267mation with the PDZ domain [68], triggering an increase affinity
268for the interaction with CRUMBS, and releasing the interaction
269with PALS1. The modular nature of PAR6 may allow the mutually
270exclusive interaction of CRUMBS and PALS1 with its PDZ
271domains, regulating the assembly and localization of different
272polarity complexes depending on the cellular context.
273The localization of PAR6 to the plasma membrane depends on
274both the PDZ and the PBM domains, as both deletions caused a
275strong mislocalization of PAR6 to the cytosol. The PBM domain
276binds with different affinities to the PDZ1 and PDZ3 of PAR3,
277whose clustering is mediated by an increase in cortical tension as
278previously mentioned [50]. The weak but multivalent interaction
279of one PAR3 molecule with two PAR6 molecules might allow the
280assembly a large cluster of PAR complexes at the cell membrane.
281The formation of the large-scale cluster of PAR complexes can
282facilitate the actomyosin dependent advective transport of several
283PAR6 proteins during the establishment of polarity but also the
284formation of large clusters made with several proteins such as
285aPKC, PALS1, or CRUMBS that can serve different functions.
286

4.2 DLG 287DLG is a MAGUK protein that presents an L27 domain, 3 PDZ
288domains, an SH3 domain, a HOOK domain and a Guanylate like
289domain. DLG is a member of the basolateral polarity complex
290SCRIBBLE, and is involved in processes such as cell division, cell
291migration and cell polarity [69] The N-terminal L27 domain inter-
292acts with the two L27 domains of calcium/calmodulin-dependent
293serine protein kinase (CASK) [70]. CASK is a membrane-associated
294guanylate kinase and a scaffolding protein, that has been
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295demonstrated to recruit or organize other proteins at the plasma
296membrane to coordinate signal transduction pathways within the
297cytoplasm and nucleus [71]. A study done in 2016, using a cell
298mechanical stretch device shows that CASK expression and locali-
299zation to the basal membrane is needed for the inhibition of
300proliferation of cells under cyclic stretch [72]. The authors show
301that CASK interacts with ß1-integrin, however, the tension-driven
302interaction between these two proteins still has to be formally
303proven. Depletion of CASK results in aberrant proliferation of
304cells under mechanical stress demonstrating that CASK localization
305under tension is important for the mechanoregulation of the cell
306division [72]. In 2019, Porter et al. demonstrated that the direct
307interaction of CASK with DLG is required for normal cortical
308recruitment of NUMA, a key component of spindle orientation
309machinery [73]. Disruption of this interaction affects the integrity
310of epithelial architecture and results in misoriented cell division that
311give rise to multilumen cyst in 3D. Since the formation of 3D cysts
312generates an increase in tension at the cell–cell interface [74], it is
313tempting to speculate that CASK is recruited at the cell–cell inter-
314face in a force-dependent manner and then will recruit DLG allow-
315ing the formation of well polarized 3D cysts.
316DLG interacts with the C terminal PDZ binding domain of
317CD97 and together these proteins are part of the adherens junc-
318tional signaling complex composed of E-cadherin and catenins
319[75]. This macromolecular complex is linked to the F actin cortex
320and is thus submitted to cellular forces. The localization of CD97 at
321the plasma membrane is actin dependent as blocking actin polymer-
322ization and elongation prevents its membrane localization. When
323present at the cell membrane CD97 strengthens the adherens
324junction (AJs) [76] while deletion of its PDZ binding domain
325results in the loss of cell–cell contacts [77] upon mechanical shear
326stress. Taken together these data show a role of CD97 in the
327mechanoregulation of cell–cell contacts. In a recent study, mechan-
328ical stimulation of epithelial cells applied by using shear stress or
329wound assay results in a rapid phosphorylation of Ser740 of CD97.
330This phosphorylation disrupts the binding of DLG1 to the PDZ
331binding domain of CD97, and correlates with a disorganization of
332the actin cytoskeleton. PKC contributes to the mechanical force
333induced cellular responses [78] and is a potential candidate to
334phosphorylate CD97 at S740. PKCα interacts via its PBM with
335PDZ3 domain of DLG1 [79]. Upon mechanical stress, PKCα
336might be recruited to the cell membrane via DLG1 and will then
337trigger phosphorylation of CD97 causing F-actin depolymeriza-
338tion, loss of cell–cell contact, and DLG1 detachment. This signal-
339ing pathway when activated induces depolymerization of actin and
340loss of cell–cell contacts, that will result in a relaxation of the
341tension at this particular cellular junction avoiding tissue breaking.
342
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4.3 Afadin 343Afadin is a filamentous actin binding protein with two Ras domains,
344a forkhead association domain, a dilute domain, a PDZ domain,
345and three proline-rich domains. Afadin is implicated in many cellu-
346lar processes from cell survival, cell proliferation to cell migration
347and formation of the apical junctions in epithelial cells [80–83]. Afa-
348din can interact both directly or indirectly with the actin cytoskele-
349ton through several partners such as JAM-A, ZO1/ZO2, vinculin,
350and α-actinin [84–88]. Afadin is thus a strong candidate to be
351involved in mechanoregulated processes as many of its partners
352have been already linked to mechanotransduction. Interestingly,
353depletion of Afadin, JAM-A or double depletion of ZO1/ZO2
354results in similar phenotypes with increased contractility triggered
355by activation of RhoA and phosphorylation of myosin-light chain
356[89–91]. In response to ZO1/ZO2 double depletion, Afadin is
357recruited to the cellular cell contacts, and inhibiting contractility
358perturbs the homogeneous localization of Afadin. Thus, myosin
359contractility is essential for maintaining Afadin uniform distribution
360along the zonula adherens (ZA). Removing Afadin in ZO1/ZO2
361depleted cells specifically altered actomyosin architecture at the ZA
362of tricellular junctions where actin cables are anchored. This per-
363turbation is accompanied by discontinuities in the E-cadherin,
364claudin, and occludin stainings [92]. Taken together, this data
365shows a synergy between ZO and Afadin depletions in disrupting
366tissue integrity under tension. Afadin may therefore act as a robust
367protein scaffold that maintains ZA architecture at tricellular
368junctions.
369JAM-A, a component of the TJs, via its PDZ binding motif, can
370associate with signaling molecules such as scaffold PDZ proteins,
371ZO1/2, and Afadin, as well as with the guanine exchange factor
372PDZ-GEF2 [83, 93]. Monteiro et al. demonstrate that JAM-A
373interacts with Afadin, ZO2, and PDZ-GEF1 to activate the small
374GTPase Rap2c [89]. The activation of Rap2c controls the contrac-
375tion of the apical cytoskeleton regulating the epithelial permeability
376to prevent cell injury. In this study, the authors also mention that
377Afadin is able to immunoprecipitate a doublet of JAM-A that might
378represent phosphorylated forms of JAM-A, although they did not
379investigate this phosphorylation but another team did. Scott at al
380show that mechanical stimulation can trigger phosphorylation of
381JAM-A [94]. Forces were applied by using fluid shear stress or by
382using magnetic tweezer. After applying forces, several biochemical
383analyses were performed that demonstrate that tension induces
384rapid phosphorylation of JAM-A S284. This phosphorylation of
385JAM-A induces activation of RhoA by PKCζ triggering cell stiffen-
386ing by modifying actin cytoskeleton. These results clearly demon-
387strate that JAM-A is a direct transducer of mechanical forces.
388Interestingly, when JAM-A is localized at the TJs which are under
389high levels of tension [95] it is phosphorylated [96]. It is thus
390tempting to speculate that mechanical tension, above a certain
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391threshold might induce the phosphorylation of JAM-A. This phos-
392phorylation will control the affinity for Afadin thereby controlling
393the contraction of apical cytoskeleton that allows for the mainte-
394nance of ZA and TJs.
395

4.4 SCRIBBLE 396SCRIBBLE is a classical multimodular scaffold protein that con-
397tains 16 leucine-rich repeats (LRR) and four PDZ domains.
398N-terminal LRR domain can associate with LGL and is required
399for the association with the lateral cortex and the establishment of
400apicobasal polarity [97, 98]. The C-terminal PDZ domains of
401SCRIBBLE can interact with a diverse range of proteins such as
402β-Pix [99], Vangl2 [100], and LGN [101], allowing for cell polari-
403zation, cell migration [102], establishment of planar cell polarity,
404and cell division, respectively. In epithelial cells, SCRIBBLE is
405required for normal intercellular adhesion by stabilizing E-cad-
406herin–p120 catenin at the plasma membrane [103]. 10 years ago,
407E-cadherin complex was tagged as a mechanosensor complex. Since
408then many studies using different approaches such as FRET sensor,
409magnetic tweezer, and cell stretching have confirmed that
410E-cadherin can sense changes in mechanical forces within an epi-
411thelial monolayer [104–106]. The role of SCRIBBLE in mechan-
412otransduction has, however, not been investigated so far. Some
413hints based on the function of SCRIBBLE in the stabilization of
414E-cadherin point to a role in the mechanoregulation of AJs.
415E-cadherin receptors form adhesive clusters that are coupled to
416the contractile actomyosin cortex [107, 108]. At the cellular level,
417E-cadherin adhesion not only binds cells together but also mechan-
418ically couples the contractile modules of neighboring cells together
419to generate junctional tension [109]. This junctional tension has
420been mainly treated as homogeneous along the cell–cell interface.
421However, E-cadherin forms clusters of different sizes along the
422junctions between cells [108–110]. Interestingly, despite overall
423basolateral localization, SCRIBBLE is enriched at the ZAs, where
424it stabilizes E-cadherin–p120 catenin adhesions [111, 112]. At the
425level of the ZAs, clusters of stabilized E-cadherin are linked to large
426actomyosin bundles [113–115]. Below the AJs, at the lateral adhe-
427rens junctions (LAJs), E-cadherin is coupled to less aligned acto-
428myosin network. Contractile tension is thereby greater at the ZA
429than at the LAJ. SCRIBBLE could be enriched at the ZA in a
430tension-dependent manner, and thereby by stabilizing E-cadherin
431could be implicated in a feedback positive loop in the generation of
432forces at the ZAs. This tension driven localization of SCRIBBLE to
433E-cadherin can also take place during the orientation of the mitotic
434spindle to align epithelial cell division. In 2017, Hart et al., by
435applying uniaxial stretch on epithelial cells, showed that cell division
436aligned with the stretch axis [116]. The orientation of this cell
437division axis requires trans-engagement of E-cadherin adhesions
438and involves tension-dependent recruitment of LGN to
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439E-cadherin. LGN can directly interact with the cytosolic tail of
440E-cadherin that localizes LGN at the cell–cell contacts
441[117]. Increase in tension does not trigger a polarized distribution
442of E-cadherin, while LGN and myosin IIA are polarized suggesting
443that an additional intermediate, LGN interacting protein might be
444involved in its polarized localization. This protein could be SCRIB-
445BLE as other ones (DLG, Afadin, ERM proteins) were ruled out in
446this study. SCRIBBLE is indeed able to interact with LGN, and the
447interaction between LGN and E-cadherin is reduced in cells
448depleted for SCRIBBLE. The formation of this ternary complex
449is also important for proper cell division [101]. Taken together, all
450these data point to SCRIBBLE as a likely “second line” mechan-
451otransducer to trigger signaling pathways downstream of the
452mechanosensitive E-cadherin units.
453

4545 Concluding Remarks

455In the last two decades, mechanical stimuli have emerged as essen-
456tial regulators of several biological processes. Mechanotransduction
457has revealed a new layer of control of the interaction between
458proteins, and will potentially lead to global guiding principles for
459the organization of complex living systems. The convergent inter-
460ests from physicists and biologists to understand the complexity of
461integrated systems have led to the development of new biophysical
462tools. These new technological advances such as stretching devices,
463optical/magnetic tweezers, or atomic force microscopy have
464enabled to measure and apply controlled forces on cells. Applying
465different forces on cells trigger several cellular responses and acti-
466vate different signaling pathways that have led to the identification
467of an emerging mechanotransducing function for PDZ proteins.
468These mechanotransducers can participate in mechanoreception
469and mechanotransmission as direct mechanosensitive components
470or as second line mechanotransducers.
471Pulling forces generated by the actomyosin network can stretch
472molecules exposing their cryptic binding sites or cryptic phosphor-
473ylation sites, triggering specific signaling pathways [5, 118]. In the
474case of ZO1, physical forces are responsible for the stretching of the
475molecule that is needed for its correct localization while allowing
476for the interaction with its different partners. This activated
477unfolded ZO1 protein is important for the maintenance of the
478TJs. The actomyosin network can thus directly by its contractions
479pull on proteins but also on the actin cytoskeleton, resulting in flow
480of material that leads to the formation of polarized clusters of
481proteins at the cell cortex that allow for adaptation of cell cytoskel-
482eton [51, 119]. Under higher cortical tension PAR3 clusters and
483MUPP1 is recruited to the cell cortex. The tension-dependent
484clustering of PAR3 could promote its oligomerization at the cell
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485cortex where it could recruit PAR6 and aPKC, leading to the
486establishment of anteroposterior or apicobasal polarity. The recruit-
487ment of the PDZ protein MUPP1 to the TJs is key to maintaining
488the integrity of the TJ barrier during hyperosmotic stress. Finally,
489loading forces can regulate cell adhesion machineries [105, 106,
490120]. The adhesive contacts can adapt to external forces, by mod-
491ifying their binding to specific proteins, their structural conforma-
492tions, their stability but also their links to the actin cytoskeleton.
493Some PDZ proteins such as SCRIBBLE, Afadin, or ZO1 can, upon
494loading forces, strengthen the cell adhesion machinery at the ZA
495and TJs localization respectively to preserve epithelial homeostasis
496by allowing for the proper polarization of the tissue and the tether-
497ing of the adhesions to the actin cytoskeleton. In these cases, the
498connections between adhesions are strengthened by assembly of
499new components, however in other cases the connections can be
500severed [121]. DLG is located at cell–cell contacts and upon forces
501generation will recruit aPKC at the ZA. The recruitment of aPKC
502by DLG at the ZA can then regulate the load of tension at the cell–
503cell contact by controlling the depolymerization of actin and dis-
504ruption of cell–cell contact leading to a relaxation of the tissue
505when the forces are too elevated.
506The active nature of cell adhesion machineries implies that the
507time from the mechanosensing to the mechanoresponse is slow and
508occurs within seconds to minutes allowing the occurrence of many
509different interactions between proteins [122–124]. In the case of
510PDZ scaffolds proteins, this could trigger specific interactions
511allowing for the cells to have a multimodal adaptive “repertoire”
512to properly adapt their responses to the change in forces.
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514Elsa Bazellières and André Le Bivic are supported by CNRS. This
515project was developed in the context of the LabEx INFORM
516(ANR-11-LABX-0054) and of the A*MIDEX project (ANR-11-
517IDEX-0001-02) funded by the “Investissements d’Avenir” French
518Government program.

520 References

522 1. Petridou NI, Heisenberg C (2019) Tissue
523 rheology in embryonic organization. EMBO
524 J 38:e102497

525 2. Salvi AM, DeMali KA (2018) Mechanisms
526 linking mechanotransduction and cell metab-
527 olism. Curr Opin Cell Biol 54:114–120

528 3. Jaalouk DE, Lammerding J (2009) Mechan-
529 otransduction gone awry. Nat Rev Mol Cell
530 Biol 10:63–73

5314. Sidhwani P, Yelon D (2019) Fluid forces
532shape the embryonic heart: insights from zeb-
533rafish. Curr Top Dev Biol 132:395–416

5345. Pruitt BL, Dunn AR, Weis WI, Nelson WJ
535(2014) Mechano-transduction: from mole-
536cules to tissues. PLoS Biol 12:e1001996

5376. Dzamba BJ, DeSimone DW (2018) Extracel-
538lular matrix (ECM) and the sculpting of

Mechanoregulation of PDZ Proteins 271



539 embryonic tissues. Curr Top Dev Biol
540 130:245–274

541 7. Hoffman BD, Grashoff C, Schwartz MA
542 (2011) Dynamic molecular processes mediate
543 cellular mechanotransduction. Nature
544 475:316–323

545 8. Depoil D, Dustin ML (2014) Force and affin-
546 ity in ligand discrimination by the TCR.
547 Trends Immunol 35:597–603

548 9. Chen W, Lou J, Evans EA, Zhu C (2012)
549 Observing force-regulated conformational
550 changes and ligand dissociation from a single
551 integrin on cells. J Cell Biol 199:497–512

552 10. Hu X, Margadant FM, Yao M, Sheetz MP
553 (2017) Molecular stretching modulates
554 mechanosensing pathways: molecular stretch-
555 ing modulates mechanosensing pathways.
556 Protein Sci 26:1337–1351

557 11. Pannekoek W-J, de Rooij J, Gloerich M
558 (2019) Force transduction by cadherin adhe-
559 sions in morphogenesis. F1000Res 8:1044

560 12. Cailliez F, Lavery R (2005) Cadherin
561 mechanics and complexation: the importance
562 of calcium binding. Biophys J 89:3895–3903

563 13. Springer TA, Dustin ML (2012) Integrin
564 inside-out signaling and the immunological
565 synapse. Curr Opin Cell Biol 24:107–115

566 14. Rutherford SL, Zuker CS (1994) Protein
567 folding and the regulation of signaling path-
568 ways. Cell 79:1129–1132

569 15. Papagrigoriou E, Gingras AR, Barsukov IL,
570 Bate N, Fillingham IJ, Patel B, Frank R, Zieg-
571 ler WH, Roberts GC, Critchley DR, Emsley J
572 (2004) Activation of a vinculin-binding site in
573 the talin rod involves rearrangement of a five-
574 helix bundle. EMBO J 23:2942–2951

575 16. Smith ML, Gourdon D, Little WC, Kubow
576 KE, Eguiluz RA, Luna-Morris S, Vogel V
577 (2007) Force-induced unfolding of fibronec-
578 tin in the extracellular matrix of living cells.
579 PLoS Biol 5:e268

580 17. Manjunath GP, Ramanujam PL, Galande S
581 (2018) Structure function relations in PDZ-
582 domain-containing proteins: implications for
583 protein networks in cellular signalling. J Biosci
584 43:155–171

585 18. Lee H-J, Zheng JJ (2010) PDZ domains and
586 their binding partners: structure, specificity,
587 and modification. Cell Commun Signal 8:8

588 19. Charras G, Yap AS (2018) Tensile forces and
589 mechanotransduction at cell–cell junctions.
590 Curr Biol 28:R445–R457

591 20. Heinemann U, Schuetz A (2019) Structural
592 features of tight-junction proteins. Int J Mol
593 Sci 20:6020

59421. Stevenson BR, Siliciano JD, Mooseker MS,
595Goodenough DA (1986) Identification of
596ZO-1: a high molecular weight polypeptide
597associated with the tight junction (zonula
598occludens) in a variety of epithelia. J Cell
599Biol 103:755–766

60022. Fanning AS, Jameson BJ, Jesaitis LA, Ander-
601son JM (1998) The tight junction protein
602ZO-1 establishes a link between the trans-
603membrane protein occludin and the actin
604cytoskeleton. J Biol Chem 273:29745–29753

60523. Itoh M, Nagafuchi A, Moroi S, Tsukita S
606(1997) Involvement of ZO-1 in cadherin-
607based cell adhesion through its direct binding
608to α catenin and actin filaments. J Cell Biol
609138:181–192

61024. Itoh M, Furuse M, Morita K, Kubota K,
611Saitou M, Tsukita S (1999) Direct binding
612of three tight junction-associated Maguks,
613Zo-1, Zo-2, and Zo-3, with the Cooh termini
614of claudins. J Cell Biol 147:1351–1363

61525. Wittchen ES, Haskins J, Stevenson BR (1999)
616Protein interactions at the tight junction.
617Actin has multiple binding partners, and
618ZO-1 forms independent complexes with
619ZO-2 and ZO-3. J Biol Chem
620274:35179–35185

62126. Remue E, Meerschaert K, Oka T,
622Boucherie C, Vandekerckhove J, Sudol M,
623Gettemans J (2010) TAZ interacts with
624zonula occludens-1 and -2 proteins in a
625PDZ-1 dependent manner. FEBS Lett
626584:4175–4180

62727. Balda MS, Matter K (2000) The tight junc-
628tion protein ZO-1 and an interacting tran-
629scription factor regulate ErbB-2 expression.
630EMBO J 19:2024–2033

63128. Spadaro D, Tapia R, Jond L, Sudol M, Fan-
632ning AS, Citi S (2014) ZO proteins redun-
633dantly regulate the transcription factor
634DbpA/ZONAB. J Biol Chem
635289:22500–22511

63629. Balda MS, Garrett MD, Matter K (2003) The
637ZO-1-associated Y-box factor ZONAB regu-
638lates epithelial cell proliferation and cell den-
639sity. J Cell Biol 160:423–432

64030. Sourisseau T, Georgiadis A, Tsapara A, Ali
641RR, Pestell R, Matter K, Balda MS (2006)
642Regulation of PCNA and cyclin D1 expres-
643sion and epithelial morphogenesis by the
644ZO-1-regulated transcription factor
645ZONAB/DbpA. Mol Cell Biol
64626:2387–2398

64731. Spadaro D, Le S, Laroche T, Mean I, Jond L,
648Yan J, Citi S (2017) Tension-dependent
649stretching activates ZO-1 to control the

272 Elsa Bazellières and André Le Bivic
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1046 Cusachs P, Muñoz JJ, Sales-Pardo M,
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