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 2 

Tensile forces regulate epithelial homeostasis, but the molecular 34 

mechanisms behind this regulation are poorly understood. Using structured 35 

illumination microscopy and proximity ligation assays we show that the tight 36 

junction protein ZO-1 undergoes actomyosin tension-dependent stretching and 37 

folding in vivo. Magnetic tweezers experiments using purified ZO-1 indicate that 38 

pN-scale tensions (~2-4 pN) are sufficient to maintain the stretched conformation 39 

of ZO-1, while keeping its structured domains intact. Actomyosin tension and 40 

substrate stiffness regulate the localization and expression of the transcription 41 

factor DbpA and the tight junction membrane protein occludin in a ZO-1/ZO-2-42 

dependent manner, resulting in modulation of gene expression, cell proliferation, 43 

barrier function and cyst morphogenesis. Interactions between the N-terminal 44 

(ZPSG) and C-terminal domains of ZO-1 prevent binding of DbpA to the ZPSG, 45 

and folding is antagonized by heterodimerization with ZO-2.  We propose that 46 

tensile forces regulate epithelial homeostasis by activating ZO proteins through 47 

stretching, to modulate their protein interactions and downstream signaling. 48 

Both extrinsic mechanical forces, acting on cadherins and integrins, and 49 

intrinsic forces, generated by the actomyosin cytoskeleton, control epithelial 50 

homeostasis, through the regulation of adhesion and barrier functions, cytoskeletal 51 

organization, cell proliferation and morphogenesis 1-6. Mechanosensing proteins at 52 

adherens and cell-substrate junctions respond to tension by changing their 53 

conformation, leading to their enhanced association with actin filaments and actin-54 

binding proteins, and mechanical strengthening of adhesion 7-10. Although the 55 

polymerization and contractility of the cytoplasmic actomyosin cytoskeleton 56 

modulates the nuclear shuttling of transcription factors 11-14, it is not clear whether the 57 

circumferential actomyosin cytoskeleton associated with tight junctions can regulate 58 

signaling by transcription factors. Furthermore, although actomyosin contractility 59 

modulates TJ barrier function 15-17, it is not known whether any TJ protein can 60 

respond to tension by stretching and folding, and whether and how this could affect 61 

barrier function.  62 

ZO-1 and ZO-2 18, 19 are cytoplasmic components of TJ, and play a key role in 63 

anchoring the junctional actomyosin cytoskeleton to TJ membrane proteins, through 64 

the direct interaction of their C-terminal regions with actin filaments 15, 16. The N-65 

terminal moiety of ZO-1 and ZO-2 comprises three PDZ domains, followed by Src 66 

homology-3 (SH3), U5, and guanylate kinase (GUK) domains 20. The PDZ1 and 67 
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PDZ3 domains bind to the integral TJ membrane proteins claudin(s) and JAM, 68 

respectively 20-25, and the PDZ2 domain promotes heterodimerization between ZO-1 69 

and either ZO-2 or ZO-3, another member of the ZO family of proteins 15, 26. The 70 

region of ZO-1 comprising PDZ3, SH3, U5 and GUK domains (ZPSG-1) interacts 71 

with the transmembrane TJ protein occludin 15, 23, 27, 28, the transcription factor 72 

DbpA/ZONAB 29, and other ligands (reviewed in 30). ZO-1 and ZO-2 are critical for 73 

the junctional recruitment and stabilization of both occludin and DbpA, which in turn 74 

regulate barrier function 31-33, and gene expression, mRNA stability, cell proliferation 75 

and survival 34-36, respectively. Because of the function of ZO-1 and ZO-2 as linkers 76 

between TJ membrane proteins and actin filaments, their conformation might be 77 

modulated by tension. In this paper, we provide evidence that mechanical tension 78 

generated by the actomyosin cytoskeleton regulates the conformation of ZO proteins 79 

and their interactions with DbpA and occludin, to modulate gene expression, cell 80 

proliferation, barrier function and epithelial morphogenesis.  81 

 82 

RESULTS 83 

 84 

Structured illumination Microscopy and Proximity Ligation Assay demonstrate 85 

force-dependent stretching and folding of ZO-1 in vivo  86 

 87 

To test the hypothesis that tensile forces generated by the actomyosin 88 

cytoskeleton act on ZO-1 to control its conformation, we expressed ZO-1, tagged with 89 

myc and HA epitopes at its N-terminal and C-terminal ends (Fig. 1a), in the context of 90 

ZO-1-KO mammary epithelial (Eph4) cells, and we used Structured Illumination 91 

Microscopy (SIM) and Proximity Ligation Assay (PLA) to examine the spatial 92 

relationships between the tags either in control cells, or in cells depleted of ZO-2, 93 

with or without treatment with blebbistatin, an inhibitor of myosin activity. 94 

Exogenous ZO-1 was correctly targeted to junctions, and was detected in the 95 

cytoplasm of overexpressing cells (Supplementary Fig. 1a-d). In cells treated with a 96 

control siRNA, the immunofluorescent signals corresponding to the N- and C-97 

terminal ends of ZO-1 were resolved, regardless of the presence or absence of 98 

blebbistatin (Fig. 1b-c). Plotting the intensity of the fluorescent signals as a function 99 

of the linear distance across the junction (Fig. 1g) showed that the measured shift 100 

between the distribution peaks of green and red fluorescent tags was 107±5.5	nm in 101 
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cells treated with control siRNA, and 104±7.4 nm	in cells treated with control siRNA 102 

and blebbistatin (Fig. 1h).  This indicates that the distance between the tags of 103 

exogenous ZO-1 is not affected by tension in cells expressing ZO-2. The fluorescent 104 

signals were also resolved in cells depleted of ZO-2, as long as they were not treated 105 

with blebbistatin (Fig. 1e), and the measured shift was 90±19 nm (Fig. 1g-h). In 106 

contrast, combining depletion of ZO-2 with blebbistatin treatment resulted in red and 107 

green signals that were largely overlapped (Fig. 1f), with a measured shift of 7.42 ±8 108 

nm (Fig. 1g-h). This demonstrates that upon depletion of ZO-2 combined with 109 

blebbistatin treatment, ZO-1 undergoes a conformational change, whereby the N-110 

terminal and C-terminal ends come within a closer distance, which does not allow 111 

resolution of the signals by SIM. This indicates that in the absence of ZO-2 112 

actomyosin tension is required to maintain ZO-1 in a stretched conformation, and that 113 

in the absence of tension ZO-1 undergoes intramolecular folding. Imaging of 114 

multicolor microspheres (Fig. 1d) showed a technical chromatic shift in the xy plane 115 

ranging from 15 ±13	nm at the center of the field to 55±7 nm at the edges of the field, 116 

excluding the possibility the shifts observed between myc and HA tag signals were 117 

artifacts. Taking this shift into account, our results indicate that when in the stretched 118 

conformation, the length of ZO-1 is between 80 and 120 nm. 119 

To confirm the tension-dependent changes in ZO-1 conformation, we used 120 

PLA 37 to detect the physical proximity between myc and HA tags of exogeneous ZO-121 

1, under the different experimental conditions (Fig. 1i-j). Little or no PLA signal, 122 

comparable to the negative control, was detected between myc and HA in the absence 123 

of blebbistatin, regardless of the presence or depletion of ZO-2 (arrowheads in Fig. 1i, 124 

myc+HA), indicating that the N-terminal and C-terminal regions of ZO-1 are > 30 nm 125 

apart in the absence of blebbistatin. In contrast, in the presence of blebbistatin, the 126 

PLA signal between myc and HA tags was dramatically increased upon depletion of 127 

ZO-2, and was detectable both at cell-cell junctions, and in the cytoplasm of 128 

overexpressing cells (arrows in Fig. 1j, myc+HA, si-ZO-2, and quantification in 129 

Supplementary Fig. 1e-f). This indicates that the N-terminal and C-terminal regions of 130 

ZO-1 are within 30-40 nm distance when actomyosin contractility and ZO protein 131 

heterodimerization are inhibited. In summary, these experiments show conformational 132 

changes of ZO-1 in vivo, which indicate that ZO-1 can exist in stretched and folded 133 

conformations, depending on actomyosin tension and heterodimerization with ZO-2.  134 

 135 
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 5 

The structured domains of ZO-1 are mechanically unfolded in vitro at forces  > 136 

5pN  137 

 138 

To probe the mechanical stability of ZO-1, we purified recombinant, full-139 

length ZO-1 from baculovirus-infected insect cells, and applied force to single 140 

molecules, using magnetic tweezers 38, 39 (Fig. 2a). When force was linearly increased 141 

with a loading rate of 1 pN/s, the domains of ZO-1 were mechanically unfolded at 142 

forces of 5-45 pN, as indicated by multiple extension steps (Fig. 2b, red and blue 143 

curves). The unfolded domains of ZO-1 could be refolded at forces <5 pN, with a 144 

loading rate of -0.3 pN/s (Fig. 2b, black curves, and inset). These results suggest that 145 

forces of several pN to tens of pN can cause unfolding of structured domains within 146 

full-length ZO-1. Based on the step sizes of all the unfolding events, we estimate that 147 

800-900 residues, which span about 50% of the full-length ZO-1 sequence, and likely 148 

correspond to the N-terminal half of ZO-1, are in a stably folded conformation at 149 

forces <5 pN. The rest of the molecule, lilely the C-terminal half of the molecule, is 150 

either in an intrinsically disordered conformation, or mechanically too weak to be 151 

determined in our experiments. Assuming that structured domains occupy half of the 152 

residues in full-length ZO-1, and the other half is in a flexible disordered 153 

conformation, we estimate that a force of ~ 2-4 pN is needed to maintain the stretched 154 

conformation of ZO-1, with an N-to-C distance of ~100 nm, estimated on the basis of 155 

SIM experiments (Fig. 1). This force is significantly smaller than that needed to 156 

unfold the structured domains (> 5 pN, Fig. 1b).  157 

 158 

The stretched conformation of ZO proteins promotes the junctional localization of 159 

DbpA and occludin in vivo 160 

 161 

Next, we explored the biological consequences of ZO-1 stretching and 162 

folding. ZO-1 and ZO-2 recruit the transcription factor DbpA and the transmembrane 163 

protein occludin to TJ, by binding to them through its ZPSG (PDZ3-SH3-U5-GUK) 164 

domain. We asked whether promoting the folded conformation of ZO-1, by depleting 165 

cells of ZO-2 and treating them with blebbistatin, impacted on the junctional 166 

accumulation of DbpA and occludin (Fig. 3). In the absence of blebbistatin, DbpA 167 

was detected at junctions both in WT cells, and in cells depleted of ZO-2 (arrows in 168 

Fig. 3a). However, upon treatment with blebbistatin, DbpA labeling was strongly 169 
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 6 

reduced at junctions of ZO-2-depleted cells (arrowheads in Fig. 3b, and quantification 170 

in Fig. 3c), but not WT cells (arrows in Fig. 3b, and quantification in Fig. 3c). 171 

Immunoblot analysis showed that DbpA levels were reduced in cells depleted of ZO-172 

2 and treated with blebbistatin (red box in Fig. 3d), phenocopying the proteolytic 173 

degradation observed in ZO-1-KO cells depleted of ZO-2 36. Similarly, junctional 174 

labeling for occludin was normal in WT and ZO-2-KD cells in the absence of 175 

blebbistatin (arrows in Fig. 3e), but was dramatically reduced in the presence of 176 

blebbistatin, only in ZO-2-KD cells (arrowheads in Fig. 3f). Thus, experimental 177 

conditions that lead to the folded conformation of ZO-1 (Fig. 1) result in decreased 178 

localization of DbpA and occludin at junctions, indicating that binding between the 179 

ZPSG region of ZO-1 and its interactors in inhibited in vivo when ZO-1 is in a folded 180 

conformation.   181 

Since DbpA and occludin interact with both ZO-1 and ZO-2 15, 23, 36, 40, we 182 

used ZO-1-KO cells to ask whether tension affects not only ZO-1 dependent, but also 183 

ZO-2-dependent accumulation of DbpA and occludin at junctions (Supplementary 184 

Fig. 2). Furthermore, in addition to blebbistatin, we tested different drugs that affect 185 

the organization of the actin cytoskeleton. Specifically, we treated mixed cultures of 186 

wild-type (WT) and ZO-1-KO cells with either latrunculin A, which prevents the 187 

polymerization of actin filaments, CK-666, which inhibits Arp2/3-dependent 188 

nucleation of branched actin filaments, SMIFH2, which inhibits the formin-dependent 189 

nucleation of bundled actin filaments (Supplementary Fig. 2a), and blebbistatin 190 

(Supplementary Fig. 2b). DbpA was localized at junctions of ZO-1-KO cells (arrows 191 

in Supplementary Fig. 2a-control) when cells were not treated with drugs, consistent 192 

with the notion that ZO-2 alone, in the absence of ZO-1, can sequester DbpA at 193 

junctions of confluent cells 36. However, upon treatment with latrunculin A, SMIFH2, 194 

but not CK-666, DbpA was undetectable at junctions of ZO-1-KO, but not of WT 195 

cells (arrowheads in Supplementary Fig. 2a – LAT-A, SMIFH2 and arrow in 196 

Supplementary Fig. 2a – CK-666). The lack of activity of CK-666 indicated that 197 

branched actin filament polymerization is not involved in modulating ZO-mediated 198 

junctional sequestration of DbpA. Similarly, treatment of mixed WT/ZO-1-KO cells 199 

with blebbistatin induced a loss of junctional DbpA only in cells expressing one ZO 200 

protein, but not in WT cells (arrowheads in Supplementary Fig. 2b - BL). 201 

Phenocopying what was observed in cells depleted of both ZO proteins 36, DbpA 202 

protein levels were decreased in ZO-1-KO cells treated with blebbistatin (red box in 203 
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Supplementary Fig. 2c and quantification in Supplementary Fig. 2d), and normal 204 

DbpA levels were rescued by treatment with the proteasome inhibitor MG132 (green 205 

box in Supplementary Fig. 2c and quantification in Supplementary Fig. 2d), leading to 206 

detection of DbpA in the cytoplasm and nucleus of ZO-1 KO cells (“n” in panel 207 

BL/MG, Supplementary Fig. 2b). Occludin was also localized at junctions of both 208 

WT and ZO-1-KO cells (arrows in Supplementary Fig. 2e, control), but, upon 209 

treatment with blebbistatin, occludin labeling was decreased at junctions of ZO-1-KO, 210 

but not WT cells (arrowheads in Supplementary Fig. 2e, BL). Proximity ligation assay 211 

(PLA) was used as an additional assay to detect proximity between ZO-1 and 212 

occludin (Supplementary Fig. 2f-g). In the absence of blebbistatin, ZO-1 and occludin 213 

were in close proximity, regardless of ZO-2 depletion (arrows in Supplementary Fig. 214 

2f). However, in the presence of blebbistatin, ZO-1 was associated with occludin only 215 

in the presence, but not in the absence of ZO-2 (arrows and arrowheads in 216 

Supplementary Fig. 2g).  217 

In summary, these experiments show that loss of either bundled actin filament 218 

organization or myosin activity in cells lacking one ZO protein results in the loss of 219 

junctional localization of DbpA and occludin, suggesting loss of interaction with the 220 

remaining ZO protein. The results also suggest that, similarly to ZO-1, ZO-2 221 

undergoes tension-dependent stretching, and that stretching activates both ZO-1 and 222 

ZO-2, and promotes their binding to DbpA and occludin.  223 

 224 

Tension controls cell proliferation and paracellular barrier function 225 

through ZO proteins  226 

To examine the cellular consequences of force-dependent stretching and 227 

folding of ZO proteins, we analyzed the signaling outputs by DbpA and occludin 228 

under the different experimental conditions. 229 

Translocation of DbpA to the nucleus promotes cell proliferation, enhances 230 

transcription of cyclin D1 and PCNA, and represses transcription of ErbB2 29, 35. In 231 

ZO-1-KO cells treated with blebbistatin and MG132, which show nuclear DbpA 232 

labeling (panel BL/MG in Supplementary Fig. 2b) cell proliferation was increased, as 233 

determined by labeling with Ki67, and this increase was reduced upon depletion of 234 

DbpA (Fig. 4a-b). Under the same conditions, qRT-PCR showed increased expression 235 

of the DbpA target genes cyclin D1 and PCNA (Fig. 4c) and decreased expression of 236 

ErbB2 (Fig. 4d). These changes in gene expression did not occur in ZO-1-KO cells 237 
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treated with blebbistatin alone (Fig. 4c-d), conditions under which DbpA is not 238 

detected in the nucleus, and DbpA leves are reduced, due to proteasomal degradation 239 

(Supplementary Fig. 2b-c).  240 

Occludin contributes to regulating TJ barrier function 31, 41, 42. Measurement of 241 

TJ barrier function showed that in the absence of blebbistatin no significant 242 

differences were observed in permeability either to ions (TER, Fig. 4e) or to larger 243 

molecules (Papp, Fig. 4f), of WT versus ZO-1-KO Eph4 cells (see also 43). However, 244 

blebbistatin induced an increase in the TER of WT cells, and this increase was 245 

significantly lower in ZO-1-KO cells (TER, Fig. 4e). In addition, blebbistatin 246 

treatment did not influence the flux of FITC-dextran across monolayers of WT cells, 247 

whereas it induced an increased flux in ZO-1-KO cells (Fig. 4f), suggesting that the 248 

barrier is more sensitive to actomyosin tension when only ZO-2 is expressed.  249 

Taken together, these results suggest that in cells expressing only one ZO 250 

protein the organization and contractility of the actomyosin cytoskeleton, which 251 

promotes stretching and activation of ZO proteins, is required to support both DbpA-252 

dependent regulation of gene expression and occludin-dependent modulation of 253 

barrier function. 254 

 255 

Substrate stiffness and actomyosin contractility modulate epithelial proliferation 256 

and cyst growth in 3D culture through ZO proteins 257 

Since substrate stiffness influences intracellular tension, we examined cyst 258 

morphogenesis in 3D cultures of Eph4 cells grown in Matrigel, a softer and more 259 

physiological substrate, compared to glass coverslips 44, 45. WT Eph4 cells formed 260 

cysts with a central lumen, and their size increased to an average diameter of 250 µm 261 

within 21 days (Fig. 5a,e). In contrast, ZO-1-KO cells formed cysts, which grew 262 

slowly in Matrigel, and had an average diameter of 50 µm and no lumen after 21 days 263 

(Fig. 5c,e). This suggests that under these conditions ZO-2 is folded (inactive), 264 

leading to loss of binding and degradation of DbpA, and decreased proliferation and 265 

growth. These results also indicate that growth on a soft substrate phenocopies 266 

treatment of cells growing on coverslips with blebbistatin. Next, we asked whether 267 

this phenotype of ZO-1-KO cysts could be rescued by artificially enhancing 268 

actomyosin contractility. To this purpose, we incubated cells in 2’-deoxyadenosine-5-269 

triphosphate (dATP) 46, 47. Addition of dATP did not affect the growth rate and size of 270 

WT cysts (Fig. 5b,e). In contrast, it rescued the stunted growth phenotype of ZO-1-271 
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KO cells, resulting in cyst growth and size similar to WT cells (Fig. 5d,e). This 272 

suggests that ZO-2 can be activated by stretching, induced by increased actomyosin 273 

contractility. Immunoblotting showed that DbpA protein levels were reduced by about 274 

80% in ZO-1-KO cysts, compared to WT, suggesting proteolytic degradation, and this 275 

was rescued by treatment with dATP (red and green boxes in Fig. 5f). 276 

Immunofluorescence showed that in WT cells DbpA was localized in the nucleus at 277 

early time points (Fig. 5g), whereas at later stages it was localized at junctions (Fig. 278 

5h), both in the presence and absence of dATP. In contrast, DbpA was undetectable 279 

by immunofluorescence in ZO-1-KO cysts both at early (Fig. 5i) and late (Fig. 5j) 280 

time points. Significantly, dATP rescued both the expression (Fig. 5f) and the 281 

localization of DbpA at all time points (Fig. 5i-j), correlating with increased cyst 282 

growth (Fig. 5d). Labeling for E-cadherin showed expression and localization at cell–283 

cell contacts in both WT and ZO-1-KO cells, independently of dATP, suggesting that 284 

cells lacking ZO-1 can still form adherens junctions (Fig. 5g-j).  285 

 286 

Intramolecular interactions within ZO proteins prevent their binding to DbpA and 287 

occludin, and are inhibited by heterodimerization  288 

 289 

Folding of ZO proteins might be the result of an intramolecular interaction 290 

between their C-terminal and N-terminal regions, which masks the DbpA and 291 

occludin binding sites on the ZPSG domains. To test this hypotheses, we first 292 

established which ZO protein interacts with DbpA and occludin in in vitro assays. 293 

Either GST-DbpA or GST fused to the C-terminal region of occludin were used as 294 

baits, and GFP-tagged ZPSG regions of ZO-1 (ZPSG-1, residues 417-806), ZO-2 295 

(ZPSG-2, 509-880), and ZO-3 (ZPSG-3, 369-750) were used as preys (Supplementary 296 

Fig. 3a). DbpA interacted with ZPSG-1 and ZPSG-2, but not with ZPSG-3 297 

(Supplementary Fig. 3b), whereas all ZPSG regions interacted with GST-occludin 298 

(Supplementary Fig. 3c). 299 

Next, we focused on ZO-1 and ZO-2, and asked whether intramolecular 300 

interactions between their ZPSG and C-terminal regions can occur, using GST 301 

pulldown assays (Fig. 6 a-b for ZO-1 and Fig. 6c-d for ZO-2). Different constructs of 302 

the C-terminal region of ZO-1 interacted with ZPSG-1, the strongest signal being 303 

observed with the most C-terminal fragment of ZO-1 (1619-1748) (Fig. 6b). 304 
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Similarly, the bacterially expressed C-terminal region of ZO-2 (890-1190) interacted 305 

with the ZPSG-2 region (Fig. 6d).   306 

Next, we asked whether the interaction of the C-terminal region of ZO-1 with  307 

ZPSG-1 inhibits the binding of ZPSG-1 to either DbpA or occludin. To this purpose, 308 

we carried out competition GST pulldown assays, using HA-tagged DbpA as a prey, 309 

either in the absence, or in the presence of increasing amounts of competing C-310 

terminal fragments of ZO-1 (Fig. 6e-g). The interaction of DbpA with ZPSG-1 was 311 

not inhibited by GFP alone, but was inhibited by GFP-tagged fragments comprising 312 

different regions of the C-terminal region of ZO-1, the most C-terminal fragment 313 

(residues 1619-1748) being the most effective (Fig. 6e). Importantly, both the ZO-1 314 

C-terminal fragment (1619-1748) and DbpA bind to the SH3 domain within the 315 

ZPSG-1 (Supplementary Fig. 4a-b), accounting for their reciprocal inhibition of 316 

binding. The calculated dissociation equilibrium constants (Kds) for the interaction of 317 

ZPSG-1 with the ZO-1 C-terminal fragment (1619-1748) and with DbpA were 66 nM 318 

and 100 nM, respectively, on the basis of a supernatant depletion assay and 319 

(Supplementary Fig. 4g-j). Similarly, DbpA but not CFP inhibited the interaction 320 

between the ZPSG region of ZO-2 (ZPSG-2) and the C-terminal region of ZO-2 (890-321 

1190) (Supplementary Fig. 4d-f). Competition pulldown assays were also carried out 322 

usingt he C-terminal region of occludin as a prey (Fig. 6h-j). The GFP-tagged C-323 

terminal region of ZO-1 (1619-1748) (Fig. 6h), but not GFP alone (Fig. 6i) inhibited 324 

the interaction between ZPSG-1 and the C-terminal region of occludin. Taken 325 

together, these data indicate that interactions between the C-terminal and ZPSG 326 

domains within ZO proteins can inhibit binding of the ZPSG domains to DbpA and 327 

occludin. 328 

Full-length ZO-1 does not interact with GST-DbpA in pulldown assays 36. 329 

Since ZO-1 and ZO-2 form heterodimers through their PDZ2 domains 15, 26, and 330 

heterodimerization promotes the junctional localization of DbpA under low tension 331 

conditions (Fig. 1, Fig. 3), we asked whether heterodimerization promotes the 332 

interaction of full-length ZO-1 with DbpA in vitro. Using GST-DbpA as a bait, we 333 

detected ZO-1 in pulldowns when increasing amounts of vsv-tagged full-length ZO-2 334 

(Fig. 6k), but not vsv-tagged p114-RhoGEF (negative control, Fig. 6l), were added. 335 

This suggested that heterodimerization stabilizes the stretched conformation, and 336 

makes the ZPSG region available for binding to its ligands in vitro. 337 

 338 
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DISCUSSION 339 

 340 

The organization of the actomyosin cytoskeleton at cell-cell junctions is 341 

critical for barrier function, adhesion, polarity, and differentiation. Mechanical tension 342 

affects cell behaviour, as shown by studies revealing key roles for α-catenin, vinculin 343 

and myosin in mechanotransduction. In this paper we investigate ZO-1 and ZO-2, 344 

which are good candidates for being transducers of junctional tension, since they 345 

directly link actin filaments to transmembrane TJ proteins, and are pivotal for 346 

junctional actomyosin organization, through their interaction with actin-binding 347 

proteins, such as cortactin, cingulin and α-catenin, and with regulators of Rho 348 

GTPases, such as Toca-1, ArhGEF11, and others 15, 48-54.  349 

Our results provide the first evidence that ZO-1 can exist in vivo in different 350 

tension-dependent conformations, and that ZO proteins can transduce force into 351 

altered binding to physiological interactors, correlating with different effects on cell 352 

behaviour. We conclude that in WT cells ZO protein heterodimerization stabilizes the 353 

stretched conformation, allowing interaction of the ZPSG regions with DbpA and 354 

occludin both at higher (Fig. 7a) and lower (Fig. 7b) levels of actomyosin-dependent 355 

tension. In contrast, in cells expressing only one ZO protein, junctional tension is 356 

necessary to promote stretching and ZPSG interaction with DbpA and occludin (Fig. 357 

7c). Reducing actomyosin contractility in these cells, either by culture on a soft 358 

substrate, or by treatment with actomyosin-active drugs, leads to intramolecular 359 

folding of the ZO protein, destabilization of junctional occludin, and proteasomal 360 

degradation of DbpA (Fig. 7d). If DbpA degradation is prevented by MG132, DbpA 361 

can translocate into the nucleus, to regulate gene expression and promote proliferation 362 

(Fig. 7d).  363 

We propose that the stretched conformation of ZO proteins is the active, 364 

conformation, which promotes interaction with DbpA, occludin, and other ligands, 365 

through their ZPSG domain.  The ZPSG region of ZO-1 has several additional 366 

interactors: α-catenin 16, 27, 55, JAM 21, Gα12 56, Apg-2 57, and Shroom2 58. Future 367 

studies should address whether these interactions, and their downstream signaling, 368 

can be modulated negatively by ZO-1 folding, and positively by tension- and 369 

heterodimerization-induced stretching. According to our model, the folded 370 

conformation of ZO-1 and ZO-2 represents their inactive form, in which the ZPSG 371 

domain is unable to bind to physiological interactors, due to the competition by the C-372 
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terminal domain. Interestingly, some of the ZO-1 interactors, such as α-catenin, are 373 

not localized at TJ, but at AJ. Since ZO-1 has been localized at AJ both in cell culture 374 

models 59 and in tissues 60, this raises the possibility that force-dependent modulation 375 

of ZO-1 may be important in AJ assembly, and its linkage to the actin cytoskeleton.  376 

FRAP studies show that the association of ZO-1 with the TJ membrane is 377 

dynamic, with a soluble cytoplasmic pool in equilibrium with a membrane-associated 378 

pool 61. It remains to be determined whether the cytoplasmic pool of ZO-1, 379 

exchanging with the TJ membrane, as well as monomeric ZO-1 that traffics to the 380 

membrane during junction biogenesis, is or is not in a monomeric folded 381 

conformation. Our SIM and PLA results indicate that folded ZO-1 can be detected 382 

both at junctions and in the cytoplasm, suggesting that folded ZO-1 molecules can 383 

remain anchored to the membrane, presumably through interactions of their PDZ1 384 

and PDZ3 domains with claudins and JAM-A, respectively (Fig. 7d). 385 

Activation/stretching of ZO proteins, either through heterodimerization and/or 386 

through increases in actomyosin contractility (in the physiological range, <5 pN), 387 

could be a useful mechanism to coordinate the assembly of the TJ scaffold 25 with its 388 

linkage to the actin cytoskeleton. Post-translational modifications may also contribute 389 

to regulating ZO protein stretching/folding, for example by modulating the affinity of 390 

interaction between the C-terminal region and/or the ZPSG with different interactors.  391 

ZO protein stretching and folding in response to extrinsic or intrisic 392 

mechanical cues may be relevant to the role of ZO proteins in development and 393 

disease. For example, down-regulation of one or both ZO proteins has frequently been 394 

observed in cancer (reviewed in 62), and substrate stiffness/softness may differentially 395 

affect the proliferation and survival of cells expressing one or both ZO proteins. In 396 

addition, although epithelial tissues typically express either two or three ZO proteins 397 
63, ZO-1 is the only ZO protein expressed in cells of mesodermal origin 64 and in 398 

extraembryonic mesoderm of mouse embryos 65. Thus, the early embryonic lethal 399 

phenotype of ZO-1-KO mice 65 could be explained by lack of tension-dependent 400 

signaling by ZO-1, leading to impaired proliferation of extraembryonic tissues. The 401 

early embryonic lethal phenotype of ZO-2-KO mice 66 might instead indicate a 402 

requirement for ZO-1/ZO-2 heterodimerization in the morphogenesis of a soft 403 

embryonic tissue. Conversely, since epithelial cells lacking ZO-2 can populate 404 

epithelial organs in chimeric mice 66, either ZO-1/ZO-3 heterodimerization 28 or 405 

higher tension might compensate for the lack of ZO-2 in adult tissues.  406 
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In summary, we propose that activation of ZO proteins by stretching is a new 407 

mechanism of cross-talk between the contractile cytoskeleton and junctions, through 408 

which tensile forces are transduced into downstream signaling by regulating the 409 

junctional localization of interactors of the ZPSG regions of ZO proteins. This could 410 

be one among different mechanisms through which mechanical forces regulate 411 

morphogenesis and homeostasis of epithelial and endothelial tissues.  412 

 413 
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FIGURE LEGENDS 432 

Figure 1. Detection of stretched and folded ZO-1 conformations in vivo by SIM 433 

and PLA.  434 

(a-h) Detection of conformational changes in ZO-1 by SIM. (a) Schematic 435 

representation of exogenous myc-ZO-1-HA used to transfect Eph4 cell lines. (b-c) 436 

SIM images (3D-stacks) of ZO-1-KO Eph4 cells expressing exogenous myc-ZO-1-437 

HA, and treated with control siRNA either in the absence (b) or in the presence (c) of 438 

blebbistatin. (e-f) SIM images of ZO-1-KO Eph4 cells expressing exogenous myc-439 

ZO-1-HA, depleted of ZO-2 in the absence of blebbistatin (e), or in the presence of 440 

blebbistatin (f). Cells were labeled with anti-myc and anti-HA antibodies (red and 441 

green signals, respectively), and three representative images for each condition are 442 

shown (cell 1, cell 2, cell 3). Green and red arrows in magnified insets (b, c, e) 443 

indicate spatially resolved labeling of myc (red) and HA (green) epitopes at the N- 444 

and C-terminus of ZO-1, respectively. Yellow arrows in (f) indicate spatially 445 

overlapping signals for myc and HA. (d) Multicolor TetraSpeck Fluorescent 446 

microspheres (arrow in inset) used as internal control to measure the chromatic shift 447 

(xy plane). (g) Linescan mean plots (shaded error areas) of fluorescent intensities of 448 

fluorophore signals, as a function of distance, corresponding to images of cells in (e, 449 

f). The distances (horizontal segments) between vertical lines (maximum intensity 450 

peaks) correspond to calculated distances between red and green peaks of 451 

fluorescence. (h) Histogram plotting calculated distance between peaks of 452 

fluorescence intensities of myc and HA epitopes in all SIM images (b-f and others not 453 

shown), as a function of experimental treatments (indicated below the histogram). 454 

Error bars indicate standard error (n=30 linescans for each experimental condition).   455 

 (i-j) Detection of conformational changes in ZO-1 by PLA. Depletion of ZO-2 456 

plus blebbistatin treatment increases proximity between the N-terminal and C-457 

terminal ends of ZO-1. Eph4 ZO-1-KO cells expressing myc-ZO1-HA were either not 458 

treated (i) or treated with blebbistatin (j) and analyzed by PLA. Antibodies for PLA 459 

were myc and phospho-histone-H3 (myc + p-H3, negative control), myc and HA 460 

(myc+HA, experimental). Top panels=control siRNA. Bottom panels = si-ZO-2. 461 

Arrows and arrowheads indicate strong or weak PLA signal, respectively.  462 
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Figure 2 (a-b) Force-dependent unfolding and refolding dynamics of full-length 463 

ZO-1. (a) Schematic representation of molecular tweezers experimental configuration 464 

(left): ZO-1 molecule was immobilized on the substrate, and force was applied. 465 

Schematic domain organization of ZO-1 (right) with structured domains in the N-466 

terminal regions, and disordered C-terminal region.  (b) Typical force-extension 467 

curves of ZO-1 unfolding (red and blue tracings) and refolding (black). Each 468 

extension jump of the colored curves indicates an unfolding of a domain or sub-469 

domain during force-increase scans (with a loading rate of 1 pN/s). Bottom Inset 470 

shows the zoom-in of refolding events of ZO-1 during force-decrease scans (with a 471 

loading rate of -0.3 pN/s). The black or colored lines are 5-points FFT smooth of the 472 

raw data (light gray).   473 

Figure 3. The junctional accumulation of DbpA and occludin, and DbpA 474 

stability, are regulated by force in a ZO-1-dependent manner.  475 

(a-c) Depletion of ZO-2 combined to blebbistatin treatment reduces DbpA 476 

accumulation at junctions. (a, b) Immunofluorescent localization of DbpA (green), 477 

ZO-2 (red, to identify depleted cells), PLEKHA7 (blue, internal reference for 478 

junctions) in WT Eph4 cells treated  either with si-control (top panels) or si-ZO-2 479 

(bottom panels), either not treated (a), or treated with blebbistatin (b). Each panel is 480 

labeled with the experimental condition (top, si-control or si-ZO-2) and with the 481 

antibody used for labeling (bottom), in the color of the fluorophore 482 

(green=Alexa488/FITC, red=Cy3, blue=Cy5). Arrows and arrowheads indicate 483 

normal or decreased/absent junctional labeling, respectively. Merge panels show 484 

nuclei labeled in blue by DAPI. (c) Histogram showing a semiquantitative analysis of 485 

decrease in junctional labeling 67 for the indicated TJ proteins (ZO-2, DbpA) in WT 486 

Eph4 cells treated with blebbistatin, using PLEKHA7 as a reference for junctions.  487 

Treatments were with either si-control or si-ZO-2 ((+) or (-) below the histogram), for 488 

n=3 separate experiments. Asterisks indicate statistical significance, as determined by 489 

Student’s T-test (**, p<0.01).  490 

(d) DbpA protein levels are reduced in WT cells treated with blebbistatin and 491 

depleted of ZO-2. Immunoblot analysis of ZO-2, DbpA, and ZO-1 (and β-tubulin, as 492 

a control protein loading normalization) in si-RNA-treated cells (si-control=blue, si-493 

ZO-2=red), either untreated or treated with blebbistatin (bleb, - or +).  494 
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(e, f) Occludin junctional localization is decreased in WT cells depleted of ZO-2 and 495 

treated with blebbistatin. Immunofluorescent localization of occludin (red), ZO-2 496 

(green, to identify depleted cells), PLEKHA7 (blue, internal reference for junctions) 497 

in WT Eph4 cells treated  either with si-control (top panels) or si-ZO-2 (bottom 498 

panels), either not treated (e), or treated with blebbistatin (f). Arrows and arrowheads 499 

indicate normal or decreased/absent junctional labeling, respectively. Merge panels 500 

show nuclei labeled in blue by DAPI. 501 

Figure 4. Tension controls cell proliferation and paracellular barrier function 502 

through ZO proteins.  503 

(a-b) The effects of DbpA depletion on cell proliferation depend on tension and ZO 504 

proteins. (a) Confluent Eph4 ZO-1KO cells were transfected with siRNA-control or 505 

siRNA-DbpA and then were treated with the following drugs (NT= not treated, 506 

BL=blebbistatin, BL/MG= blebbistatin + MG132, MG=MG132). The dot-plots show 507 

the percentage of Ki-67 positive cells. (n=200 cells for each treatment). Note that the 508 

percentage of Ki-67 epithelial positive cells was increased upon BL/MG treatment, 509 

and this was abolished by DbpA depletion.  (b) Immunoblotting  showing DbpA 510 

levels in untreated ZO-1-KO cells or in cells treated with BL, BL/MG and MG. 511 

Numbers below the immunoblot indicate the quantification of band intensity by 512 

densitometric analysis. (c-d) Treatment of ZO-1-KO cells with blebbistatin results in 513 

altered expression of DbpA-regulated genes. qRT-PCR analysis of mRNA levels, 514 

showing relative expression of Cyclin D1 (blue), PCNA (red) (c) and ErbB2 (purple) 515 

(d) in ZO1-KO cells, following syncronization of proliferating cells in G1 (sync, 516 

value taken as 100%) 36, and relative values following different experimental 517 

treatments (NT= not treated, BL=blebbistatin, BL/MG= blebbistatin + MG132, 518 

MG=MG132). Asterisks indicate statistical significance (**, p<0.01), as determined 519 

by Student’s T-test (n=3 independent experiments for b-c). WT cells are not shown 520 

since DbpA is always junctional. 521 

(e-f) Tight junction barrier function of ZO-1-KO but not WT confluent monolayers is 522 

altered in the presence but not in the absence of blebbistatin. Histograms show 523 

transepithelial electric resistance (TER, (e)) and permeability to 3 kDa FITC dextran 524 

(Papp, (f)) in WT (blue) and ZO-1-KO (red) cells, either untreated (-) or treated with 525 
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blebbistatin (bleb +). Error bars represent standard deviations (n=3,  *= p≤0.05, **= 526 

p≤0.01, ***= p≤0.001).  527 

Figure 5. ZO-1 is required for cell proliferation, cyst growth and Dpa 528 

accumulation at junctions in Eph4 cells grown in Matrigel.  529 

 530 

(a-d) The growth of ZO-1-KO Eph4 cell cysts is tensio-dependent. (a and c) 531 

Brightfield microscopic images of cysts from untreated Eph4 WT (a) or ZO-1-KO (c) 532 

cells, at different times (4 days to 21 days) after plating, showing reduced growth of 533 

ZO-1-KO cysts. (b, d) Cell growth is rescued by dATP treatments in ZO-1 KO cysts. 534 

Eph4 WT (b) and ZO-1KO (d) cysts were treated with dATP after plating. Asterisks 535 

indicate lumens. Scale bars =50 µm. (e-f) Histograms showing average cyst diameter 536 

(e) for WT (blue) WT+dATP (light blue), ZO-1-KO (red), and ZO-1-KO (yellow) 537 

cysts. Data are from n=30 cysts, from three independent experiments. Error bars 538 

represent standard deviations. ** p≤ 0.01.  539 

(f-j) DbpA levels are decreased in ZO-1-KO cells grown in Matrigel. (f) Immunoblot 540 

analysis of lysates of either untreated or dATP-treated WT or ZO-1-KO cysts (at 21 541 

days after plating), using antibodies against ZO-1, ZO-2, and DbpA (β-tubulin used 542 

for normalization). Numbers on the left in indicate migration of molecular size 543 

markers (kDa). Numbers below each lane indicate densitometry quantification of the 544 

protein. The red box indicates decreased DbpA protein levels in ZO-1-KO cysts. The 545 

green box indicates rescued DbpA protein levels upon treatment of ZO-1-KO cysts 546 

with dATP. (g-j) Immunofluorescent localization of DbpA and E-cadherin (to label 547 

junctions) in untreated or dATP-treated WT or ZO-1-KO cysts, at days 4 (g, i), and 21 548 

(h, j) after plating in Matrigel. Arrows and arrowheads indicate normal and 549 

reduced/absent staining, respectively. Scale bars=10 µm.  550 

Figure 6. Intramolecular interactions between ZPSG and C-terminal domains of 551 

ZO proteins prevent interaction with DbpA  552 

 (a-d) ZO proteins undergoe intramolecular interactions. (a) Schematic diagrams of 553 

the domain organization of ZO-1 and of bait and preys used in GST pulldown 554 

experiments. (b) Immunoblot analysis, using anti-GFP antibodies, of GST pulldowns, 555 

using either GST or GST-ZPSG-1 as baits, and GFP-tagged C-terminal fragments of 556 

ZO-1 as preys. GFP alone (-) was used as a negative control prey. Normalization of 557 
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GFP-tagged preys in HEK293T lysates was carried out by immunoblotting with anti-558 

GFP antibodies (INPUT-prey, (b)). (c-d) ZO-2 undergoes intramolecular interaction. 559 

(c) Schematic diagrams of the domain organization of ZO-2 and bait and prey used 560 

for GST pulldown experiments. (d) Immunoblot analysis, using anti-GFP antibodies, 561 

of normalized preys (left) and of GST pulldowns, using either GST or GST fused to 562 

the C-terminal fragment of ZO-2 (890-1190) as a bait, and the GFP-tagged ZPSG-2 563 

region as a prey. GFP-cingulin (CGN) was used as a positive control. Normalization 564 

of GFP-tagged preys in HEK293T lysates was carried out by immunoblotting with 565 

anti-GFP antibodies (INPUT-prey, (d)). Bait normalization (GST-ZPSG-1 (b), GST-566 

ZO-2(890-1190) (d)) was carried out by PonceauS staining of blots. Pulldowns are 567 

labeled on top with prey constructs and on bottom with baits. Numbers on the left of 568 

immunoblots indicate migration of molecular size markers (kDa). Dotted green boxes 569 

in (d) show prey proteins (normalized inputs). Data are representative of > n=3 570 

independent experiments. 571 

 (e-g) C-terminal fragments of ZO-1 inhibit ZPSG-1 interaction with DbpA. (e) 572 

Pulldowns using either GST-ZPSG-1 (top) or GST (bottom, negative control) as baits 573 

and HA-DbpA as prey, either in the absence, or in the presence of competing proteins 574 

(annotated in blue): either GFP, or GFP fused to C-terminal fragments of ZO-1 575 

(amino acids of each construct indicated above the blot). Interacting HA-DbpA is 576 

visualized by immunoblotting with anti-HA antibodies, and is decreased in the 577 

presence of competing ZO-1 fragments. (f) Immunoblot showing titration of 578 

competition pulldowns using increasing amounts of either GFP, or the indicated GFP-579 

tagged fragments of ZO-1 C-terminal region (indicated on the left). (g) Plot showing 580 

quantification (by densitometry analysis of immunoblots) of HA-DbpA bound to 581 

ZPSG-1 from the experiment shown in (e), as a function of volume of HEK293T 582 

lysate containing the competing protein. The amounts of competing proteins were 583 

normalized by immunoblotting (Fig. 6b).   584 

(h-j) Occludin and C-terminal regions of ZO-1 compete for binding to the ZPSG-1 585 

domain. (h, i) Immunoblot analyses of pulldowns using GST-ZPSG-1 as a bait, HA-586 

tagged C-teminal occludin (residues 406-521) as a prey, and increasing amounts of 587 

either GFP-tagged C-terminal ZO-1 fragment (GFP-ZO-1-1619-1748) (h) or GFP 588 
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alone (i) as competitors. Normalization of competing proteins for pulldowns is shown 589 

in (j).  590 

(k-m) Heterodimerization promotes ZO-1 interaction with DbpA. (k-l) Immunoblot 591 

analysis of GST pulldowns using GST-DbpA as a bait, and full-length ZO-1 as a 592 

prey, in the presence of increasing amounts (µl of lysate indicated below each lane) of 593 

either vsv-tagged ZO-2 (k), or vsv-tagged p114-RhoGEF (l). (m) shows normalized  594 

prey (INPUT) for pulldowns shown in (k, l). Numbers below immunoblots indicate 595 

densitometry quantification of band intensity. Ponceau S staining for bait 596 

normalization is shown below immunoblots. 597 

Figure 7. A model for force- and heterodimerization-dependent stretching of ZO 598 

proteins. ZO-1, ZO-2 are shown schematically, with their structural domains (see 599 

Fig. 1). ZO-1 is shown either in a stretched (a, b, c) or folded (d) conformation. DbpA 600 

is shown in green (a-c) or yellow (d). Actomyosin filaments are schematically shown 601 

as red lines, the number of lines proportional to tension/contractility. Claudin, JAM 602 

and occludin proteins are also schematically shown as transmembrane proteins, with 603 

their cytoplasmic C-terminal regions interacting with the PDZ1, PDZ3 and GUK 604 

regions of ZO-1, respectively. (a) Actomyosin tension and heterodimerization 605 

maintain ZO proteins in a stretched conformation, promoting DbpA and occludin 606 

binding to the ZPSG domain. (b) Under lower tension conditions ZO proteins are 607 

maintained in the stretched conformation through heterodimerization. (c) Upon 608 

depletion of ZO-2, ZO-1 is maintained in the stretched conformation when 609 

actomyosin tension is higher (e.g. growth of cells in 2D on glass coverslips). (d) 610 

Lower actomyosin tension (e.g. 3D culture in Matrigel, or treatment of 2D cultures 611 

with blebbistatin) combined with expression of only one ZO protein leads to reduced 612 

junctional accumulation of occludin and DbpA, and degradation of DbpA. In the 613 

presence of the proteasome inhibitor MG132, DbpA is not degraded, but is 614 

translocated to the nucleus, where it regulates target gene transcription (Fig. 4a-b).  615 

 616 

 617 

 618 
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