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Summary 46 

Tight junction protein-1 and -2 (Tjp1/ZO-1 and Tjp2/ZO-2) function as scaffold proteins within 47 

the tight junction complexes of the blood-retinal barrier (BRB). Although the breakdown of the 48 

BRB is implicated in retinopathies, the contribution of ZO-1/2 in the pathogenesis of 49 

retinopathies is unknown. To understand their role, we generated RPE-specific conditional ZO-50 

1/2 single KOs (T1KO/T2KO) and ZO-1/2 double knockout (DKO) mice. While T1KO and 51 

T2KO did not exhibit overt retinal phenotypes, DKO demonstrated a strong retinal phenotype 52 

from 1-month post-KO induction. This includes loss of RPE integrity and retinal thinning. 53 

Furthermore, RPE in DKO re-entered the cell cycle with upregulated YAP. At 12 months, we 54 

observed severe structural and functional retinal deterioration. In response to laser-induced 55 

damage, RPE displayed persistent hyper-proliferation, delayed wound repair, and up-56 

regulation of YAP. These studies confirmed the critical role of ZO-1/2 in maintaining an intact 57 

BRB and revealed a role of ZO-1/2 in wound healing.  58 
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Introduction 59 

The retinal pigment epithelium (RPE) is a monolayer of polarized pigmented epithelial cells, 60 

which performs numerous specialized functions pivotal to retinal homeostasis 1. Central to 61 

the RPE function is the presence of specialized junctional complexes such as tight junctions 62 

(TJs), adherens junctions (AJs), and gap junctions. TJs in particular play a key role in the 63 

outer blood retinal barrier (oBRB) through the maintenance of RPE cell polarity and 64 

regulation of paracellular diffusion of solutes. The loss of RPE polarity and oBRB has been 65 

associated with the development of both degenerative and proliferative retinal disorders 2. 66 

For example, in neovascular age-related macular degeneration (nAMD), loss of RPE TJs or 67 

cell-cell adhesion has been shown to induce vascular endothelial growth factor (VEGF) 68 

overexpression and initiate neovascularization 3. Moreover, in proliferative vitreoretinopathy 69 

(PVR), loss of RPE cell-cell junctions leads to epithelial-mesenchymal transition (EMT) of 70 

RPE cells, resulting in hyper-proliferation and the formation of fibrocellular membranes 4-6. 71 

Surprisingly, both these retinal diseases are influenced by YAP, a major regulator of the 72 

Hippo pathway, which is also known to associate with TJ components, including ZO-1 and 73 

ZO-2 7-9. However, it remains unclear whether the breakdown of oBRB is a cause or 74 

consequence of retinal disease progression.  75 

Given that ZO-1 and ZO-2 knock-out results in embryonic lethality 10,11, most studies 76 

studying ZO-1 and ZO-2 function are conducted either in vitro or using conditional KO 77 

mouse models. In vitro knockout/silencing studies using mouse and canine kidney epithelial 78 

cells suggest some degree of redundancy of ZO-1 and ZO-2 in regulating TJ structure and 79 

function 12,13. While in vivo studies have highlighted that ZO-1 and ZO-2 have some non-80 

redundant and independent roles leading to embryonic lethality, ZO-3 knockout mice do not 81 

show an overt phenotype 10,14. In vivo studies suggest that the ZO family of proteins share an 82 

intricate relationship to perform particular cellular functions, as observed across different 83 

cellular contexts 6,15,16. Particularly in the mice retina, lentiviral mediated inhibition of ZO-1 84 

coupled with upregulation of ZONAB (ZO-1-associated nucleic-acid-binding protein) affected 85 
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RPE homeostasis 15. Although this conditional in vivo knockdown indicates that ZO-1 has an 86 

integral role in forming the oBRB, the role of ZO-2 in the eye and the relative contributions of 87 

both ZO proteins in retinal disease progression remain poorly understood.  88 

To address the aforementioned questions, we generated RPE-specific single and double 89 

conditional KOs (T1KO, T2KO, and T1/T2 DKO), using a doxycycline (Dox) inducible Cre-90 

Lox system to circumvent the embryonic lethality of ZO-1 and ZO-2 knockouts. This allowed 91 

us to perform phenotypic and molecular characterization of single and DKO mice retina, as 92 

well as examine the impact of ZO-1/2 knockout on post-laser injury, to study RPE wound 93 

healing.   94 
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Results 95 

RPE-specific conditional deletion of Tjp1 and/or Tjp2 in mice 96 

To assess the role of the ZO-1/Tjp1 and ZO-2/Tjp2 proteins in the mice RPE, we generated 97 

gene-specific conditional knockout mice using the Cre-LoxP system (Fig. 1A). To delete Tjp1 98 

(gene encoding ZO-1) and/or Tjp2 (gene encoding ZO-2) in the mouse RPE – (i) Tjp1F/F; (ii) 99 

Tjp2 F/F; (iii) Tjp1 F/F/Tjp2 F/F floxed mice were crossed with a tetracycline-inducible Cre mouse 100 

17,18. Tetracycline expression was placed under the control of a human vitelliform macular 101 

dystrophy-2 (VMD2) promoter that is expressed exclusively in RPE 19. Using a Dox induction 102 

protocol on 1-month-old mice of various genotypes, we generated single knockouts (ZO-103 

1/Tjp1 KO: T1KO and ZO-2/Tjp2 KO: T2KO) and a Tjp1/Tjp2 double knockout (DKO) mouse 104 

model. ZO-1 and ZO-2 proteins typically localize to the apical region of RPE and demarcate 105 

the polygonal structure of the post-mitotic RPE 20. To validate the knockout efficiency, we 106 

quantified individual Tjp1 and Tjp2 transcripts using RT-qPCR and observed >80% (P < 107 

0.0001) reduction in both Tjp1 and Tjp2 transcript expression in RPE from DKO mice 108 

compared to RPE from control Cre mice (Fig. 1B). In addition, we also quantified ZO-1 and 109 

ZO-2 deletion by Western blotting of isolated RPE from respective mice strains. We 110 

observed a reduction of at least 70% (P < 0.001) for both ZO-1 and ZO-2 in the RPE from 111 

DKO mice (Fig. 1C, D).  112 

To further visualize ZO-1 and ZO-2 deletion and its impact on RPE cell-cell junctions and cell 113 

morphology (i.e. polygonal arrangement), we performed immunofluorescence experiments 114 

on mice RPE flat mounts. As expected, T1KO and T2KO mice RPE showed loss of only ZO-115 

1 and ZO-2 proteins, respectively, whilst DKO RPE displayed loss of both ZO-1/2 proteins 116 

(Fig. 1E). To analyze the impact on RPE tight junctions and adherens junction, we visualized 117 

Claudin-2 and E-Cadherin, respectively. Only DKO RPE, but not T1KO and T2KO mice, 118 

displayed loss of Claudin-2 confirming the disruption of tight junctions (Fig. S1). By 119 

visualizing E-Cadherin, we observed significantly increased expression of the protein in DKO 120 
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RPE flatmounts as compared to the other genotypes, indicating a potential alteration in 121 

adherens junction (Fig. S2). 122 

To quantitatively evaluate the changes in morphometric features, we stained the RPE 123 

flatmounts with F-actin (i.e. Cortical actin) and performed cell area and shape index analyses 124 

(Fig. 1F). While cell area was significantly different for T1KO and T2KO against Cre control, 125 

DKO RPE demonstrated a larger increase (Fig. 1G). Whereas for shape index changes, all 126 

3 KO genotypes showed a difference as compared to Cre control. Together, although T1KO 127 

and T2KO present differences in cell morphometry, only the DKO showed severe RPE 128 

dysmorphia and cell-cell junctional alterations – an early sign of RPE degeneration 21,22 in 129 

the DKO mice. In summary, we show that the combined loss of ZO-1 and ZO-2 in mice RPE 130 

leads to an observable structural abnormality of mice RPE. 131 

 132 

Loss of ZO-1 and ZO-2 in RPE leads to oBRB dysfunction 133 

Given the overt phenotype in DKO mice, we focused next on the characterization of the DKO 134 

mice retina. Standard ophthalmic examination was performed at 1-month post-Dox induced 135 

ZO-1 and ZO-2 deletion (i.e. 2-month-old mice). Fundus photography (FP) of DKO revealed 136 

the presence of whitish amorphous lesions throughout the posterior pole, which were 137 

otherwise absent in Cre control and single KO mice (Fig. 2A). This suggests the presence of 138 

underlying RPE dysfunction specifically in DKO mice 23. As TJs are crucial for maintaining 139 

oBRB, we interrogated retinal vascular integrity using fundus fluorescein angiography (FFA). 140 

Specifically, in DKO eyes, but not in the single KOs, we observed early phase hyper-141 

fluorescence in the retina (Fig. 2B). This is consistent with a compromised oBRB, allowing 142 

fluorescein leakage from the choriocapillaris into the retinal layers. This is typically not 143 

observed in healthy eyes, where the continuous and intact RPE monolayers mask the 144 

background hyper-fluorescence arising from intra-peritoneally injected fluorescein 24. To 145 

further confirm the loss of oBRB in DKO mice, we performed an in vivo permeability assay 146 

through the retro-orbital injection of a 40 kDa fluorescein isothiocyanate (FITC)-conjugated 147 
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dextran tracer 25. Consistent with a disrupted oBRB, leakage of FITC-dextran from the 148 

adjacent choriocapillaris into the retina was significantly increased in DKO mice retina 149 

compared to all the other genotypes (Fig. 2C, S3). Hematoxylin and eosin (H&E) staining of 150 

retina cross-sections also showed discontinuities in the RPE layer and possible signs of 151 

subretinal fluid accumulation further supporting the RPE dysfunction and loss of oBRB (Fig. 152 

2D, S4). Together, the data shows that loss of ZO-1 and ZO-2 in DKO mice retina affects the 153 

oBRB integrity.  154 

 155 

Loss of ZO-1 and ZO-2 results in disruption of the retinal architecture as assessed by 156 

transmission electron microscopy 157 

To examine the ultrastructural changes arising from the loss of ZO-1/2 proteins, we 158 

performed transmission electron microscopy (TEM) on DKO mice retina at 1 month post-159 

Dox. TEM images of DKO mice retina revealed significant thinning of the outer nuclear layer 160 

(ONL) (Cre control: 32.7 ± 2.4 µm vs DKO: 25.0 ± 1.2 µm vs, P < 0.0001), as well as the 161 

photoreceptor inner/outer segments (IS/OS) (Cre control: 34.1 ± 1.5 µm vs DKO: 23.0 ± 2.9 162 

µm, P < 0.0001), when compared to the Cre control mice (Fig. 3A, B). This suggests that the 163 

loss of ZO-1/2 proteins in the DKO RPE leads to photoreceptor atrophy. On the cellular level, 164 

we confirmed the absence of TJs in DKO mice RPE. In TEM, TJs in healthy RPE appear as 165 

electron-dense membrane contacts at the apical most tip of the lateral membranes 26. These 166 

TJs are followed basally by AJs, which can be discriminated from TJs by the increased width 167 

of the paracellular space and an electron-dense cytoplasmic plaque composed of actin 168 

networks. In Cre control RPE, TJs and AJs were clearly evident (Fig. 3C, S5A). In contrast, 169 

TJs were absent 170 

in DKO RPE. Instead, AJs appeared to be extended and were located directly at the border 171 

between the lateral membrane and the microvilli-rich apical domain. This suggests a 172 

complete loss of the TJ structure in the DKO RPE. Furthermore, in DKO mice we observed: 173 

(i) an increase in the height of the basal labyrinth (1.8 ± 0.6 µm vs Cre control 1.1 ± 0.2 µm, 174 
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P < 0.0001); (ii) an increase in RPE cell height (9.1 ± 2.2 µm vs Cre control 6.6 ± 0.7 µm, P < 175 

0.0001) (Fig. 3D and S5B, C); (iii) a reduction in the density of apical microvilli (Fig. 3C, 176 

S5D). Together, these results confirm that the loss of ZO-1 and ZO-2 disrupts the TJs in the 177 

RPE, resulting in structural anomalies, oBRB dysfunction, and photoreceptor layer atrophy. 178 

 179 

Loss of ZO-1 and ZO-2 disrupts RPE molecular phenotype and enhances cell 180 

proliferation 181 

Due to the significant cellular and tissue-level changes observed by TEM, we next analyzed 182 

the RPE molecular phenotype by co-labeling of RPE65 (a mature RPE visual cycle protein) 183 

27 with either Ezrin (an apical microvilli marker) 28 or Nidogen (a basal membrane marker) 29. 184 

In line with the ultrastructural findings, both distinctly localized markers in control RPE 185 

appeared fragmented and discontinuous in RPE lacking ZO-1/2 (Fig. 4A, B). This suggests 186 

the loss of the RPE phenotype and potentially cellular orientation. Cellular mis-orientation 187 

has been reported to affect the RPE post-mitotic status, trigger re-entry into the cell cycle, 188 

and induce proliferation 30. To investigate if this was also the case in RPE lacking ZO-1/2, we 189 

studied the expression of cytokeratin 18 (a marker of proliferation) 31 and analyzed 5-ethynyl-190 

2′-deoxyuridine (EdU) incorporation in DKO mice. Consistent with our hypothesis, we 191 

detected increased expression of cytokeratin 18 (Fig. 4C) and EdU-positive nuclei (12.20 ± 192 

1.7 %, P < 0.0001) in RPE flatmounts of DKO mice (Fig. 4D, E). In addition, in DKO RPE, 193 

we detected enhanced nuclear localization of YAP, a known regulator of cell proliferation 32, 194 

in proliferating RPE cells that co-labelled with PCNA (Fig. 4F). Upon quantifying the protein 195 

levels of YAP from RPE lysates using Western blot analysis, we observed a 1.97-fold 196 

increase (P < 0.001) in expression in DKO mice RPE compared to Cre control (Fig. 4G, H). 197 

Together, the results indicate that the absence of the TJ complex proteins ZO-1 and ZO-2 198 

switches RPE’s post-mitotic phenotype to a proliferative phenotype.  199 

 200 

Progressive photoreceptor degeneration with age in DKO mice 201 
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We postulate that the ultrastructural changes in apical microvilli of RPE and the oBRB 202 

dysfunction observed may progress to outer retinal degeneration with age in the DKO mice. 203 

Indeed, optical coherence tomography (OCT) images revealed a progressive reduction in 204 

thickness from 2 to 12 months (Dox treatment given on 1-month-old mice) across all retinal 205 

layers in DKO mice (12 months, DKO: 124 ± 47 µm vs Cre: 226 ± 11 µm), with complete loss 206 

of the outer nuclear layer in DKO retina by 12 months (Fig. 5A – C). Whereas, in T1KO and 207 

T2KO, the retinal thickness remained comparable to the Cre control (Fig. S6), suggesting 208 

that loss of both ZO-1/2 was required for the retinal degeneration. The retina of a 12-month-209 

old DKO mice was further visualized using H&E, where we observed RPE cell loss and 210 

photoreceptor degeneration (Fig. S7). Whilst, as expected, Cre control and the sKOs (T1KO 211 

and T2KO) retina remained structurally normal. To confirm the extent of the loss of the ONL 212 

(i.e. photoreceptor nuclei) in DKO mice, we performed immunostaining of 6-month- and 12-213 

month-old mice using wheat agglutinin (WGA), a marker of rod photoreceptor outer 214 

segments (POS), and peanut agglutinin (PNA), a marker of cone POS 33. Staining for both 215 

markers gradually decreased between 6 and 12 months post-Dox treatment in DKO retinas, 216 

consistent with a gradual loss of cone and rod POS (Fig. 5D, E). Likewise, expression of 217 

vimentin, a Müller glia marker 34, was reduced with time, further suggesting broader retinal 218 

atrophy. PR degeneration may be a consequence of dysfunctional RPE cells lacking ZO-1/2 219 

to phagocytose cone and rod PRs. Indeed, reduced expression of Ezrin (marker of apical 220 

microvilli) and WGA, both apically and internally in DKO RPE cells, suggests compromised 221 

phagocytic activity (Fig. 5F). Full field electroretinogram (ERG) was performed to 222 

corroborate the morphological changes affecting global retinal function in DKO mice. In dark-223 

adapted scotopic conditions, the ERG amplitude of a-wave (mixed response from rod and 224 

cone cells) progressively decreased from 106 µV to 25 µV, compared to 219 µV and 100 µV 225 

in Cre control mice at 6 and 12-months, respectively (Fig. 5G, S8). The scotopic b-wave 226 

amplitude (generated from bipolar and muller cells) was also reduced from 553 µV and 303 227 

µV in Cre mice, and from 459 µV to 122 µV in DKO mice, at 6 and 12 months, respectively. 228 

In photopic condition, the ERG amplitude of a-wave (Cre: 12.2 µV and 8.4 µV; DKO: 7.8 µV 229 
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and 5.3 µV) and b-wave (Cre: 94 µV and 72 µV; DKO: 57 µV and 37 µV) was also reduced 230 

in DKOs at both 6 and 12 months (Fig. S9).   231 

 232 

Aberrant RPE proliferation and delayed wound repair in a laser-induced injury model 233 

The aberrant proliferation of post-mitotic RPE has been observed in retinal pathogenesis 234 

including AMD, PVR, and diabetic retinopathy (DR) 35 36. In mice, laser-induced damage 235 

activates RPE proliferation, resulting in spontaneous wound healing 37. Since the loss of ZO-236 

1 and ZO-2 activates RPE cell proliferation (Fig. 4D – G), we explored if this affects normal 237 

wound healing in response to laser-induced photocoagulation and choroidal 238 

neovascularization (CNV) 37-39. For this purpose, Cre control and DKO mice eyes (n=16 eyes 239 

per genotype) were injured with four laser spots. CNV formation and vascular leakage were 240 

monitored using live ophthalmic imaging for 28 days after laser treatment. In Cre control 241 

mice, quantitative analysis of fluorescein leakage indicates maximal leakage at day 1, with 242 

progressive resolution from day 3 to day 14, with near complete resolution by day 28 (Fig. 243 

6A, B). In contrast, in DKO eyes, vessel leakage gradually increased beyond day 1 and 244 

peaked at day 7, with persistent leakage until day 14 – 28. The resolution of laser induced 245 

CNV lesions in mice has been reported to occur due to robust RPE proliferation 40. 246 

Consistent with this, we observed increased area of EdU incorporation in the Cre control 247 

mice at day 3 post-laser injury that subsided by day 28 (Fig. 6C). Conversely, the area with 248 

sustained EdU incorporation adjacent to the laser spot was noted in DKO RPE beyond day 3 249 

and up to day 28. YAP has been reported to play a role in CNV formation through the 250 

regulation of endothelial cells 41, however its role in RPE in CNV is unknown. We observed 251 

that YAP expression levels and nuclear localization were increased in DKO retinas post-CNV 252 

induction and remained elevated till day 28. Taken together, these results indicate that 253 

wound-healing in the laser-induced CNV model is deregulated in retinas lacking ZO-1/2. This 254 

may possibly be due to the dysregulation of YAP, amongst other factors, resulting in aberrant 255 

wound healing and scarring.  256 
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 Discussion 257 

 TJ complexes are thought to play a pivotal role in retinal homeostasis by upholding the 258 

integrity of the oBRB, which comprises the RPE, Bruch’s membrane (BM) and choroid 42. 259 

Although the dysfunction of oBRB has been associated with many retinal diseases 42, it is less 260 

clear if oBRB dysfunction is a cause or consequence of disease pathogenesis. In particular, 261 

the role of each specific TJ component in the RPE remains elusive. In this study, we generated 262 

inducible, RPE-specific ZO-1/Tjp1 (T1KO), ZO-2/Tjp2 (T2KO) and DKO knockout mouse 263 

models. While the inactivation of ZO-1 or ZO-2 alone had no major overt phenotype, DKO 264 

exhibited the following profound phenotype including: (i) a compromised oBRB structure and 265 

function; (ii) alterations of the apical domain, cellular orientation and cell morphometry of RPE; 266 

(iii) progressive photoreceptor degeneration; and (iv) impaired wound healing in the laser-267 

induced CNV model. The oBRB was disrupted in DKO mice, as evidenced by the hyper-268 

fluorescence of FFA in vivo and leakage of FITC-dextran into the retina through RPE 269 

monolayer discontinuities seen in histology. By TEM, characteristic electron-dense TJ plaques 270 

were absent in DKO retina, compared to control RPE. Our findings are consistent with 271 

previous observations, whereby inactivation or silencing of both ZO-1 and ZO-2 are required 272 

to disrupt the paracellular barrier function, both in vitro in MDCK/EPH4 epithelial cell culture 273 

and in vivo in liver tissue 13,43,44.  In addition, our study also suggests the redundancy of ZO-274 

1/2 in the retina.  275 

ZO proteins, as cytoplasmic adaptors, link transmembrane TJ proteins to the cytoskeleton to 276 

maintain barrier function. Despite their structural similarity, various studies have reported non-277 

redundant functions of ZO-1 and ZO-2 proteins in different tissue contexts. This can include 278 

their tissue distribution 45,46 to role in paracellular permeability 47, and even embryonic lethality 279 

when individual knockouts are performed 10. However, in our study, T1KO and T2KO did not 280 

differ significantly in terms of RPE cellular morphometry, overall RPE and retinal structure for 281 

up to 12 months, suggesting a high level of functional redundancy between ZO-1 and ZO-2. 282 

While we cannot rule out subtle ultrastructural alterations in T1KO and T2KO, the absence of 283 
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overt structural or functional defects would make it difficult to attribute ultrastructural 284 

differences, if any, to biologically meaningful effects. On the other hand, in DKO mice, we 285 

observed that the loss of ZO-1/2 and oBRB, was sufficient to lead to profound retinal 286 

degeneration. We demonstrated that this is likely due to the loss of epithelial cell orientation, 287 

changes in basal labyrinth structure, and reduced apical microvilli density that occurred 1-288 

month post-Dox. Tight junctions establish physiological barriers that regulate the movement 289 

of small solutes, ions, and fluid between tissue compartments. Therefore, the loss of ZO-1/2 290 

leads to dysregulation of the water transport and loss of ion gradients, which consequently 291 

causes loss of osmotic function of RPE cell as evidenced by increase cell and basal labyrinth 292 

height. Furthermore, the localisation of Ezrin – an apical marker that plays a key role in 293 

phagocytosis 48 was disrupted in DKO RPE. Hence, loss of ZO-1/2 may also impair 294 

phagocytosis. The apical domain of the RPE is in intimate contact with the PR layer and plays 295 

a critical role in maintaining photoreceptor viability and function 3. The close association 296 

between RPE and PR cells is essential for the phagocytosis of distal photoreceptor outer 297 

segments (POS) which, if defective, leads to retinal degeneration. This is observed in dry 298 

AMD, whereby RPE dysfunction leads to photoreceptor loss and ultimately vision impairment 299 

49. In our study, we observed age-dependent progressive thinning of the retina, in particular 300 

the loss of ONL in the DKO. This is possibly due to defects in the RPE-PR interaction and 301 

POS phagocytosis, thus supporting the critical role of an intact RPE for retinal health. Full-field 302 

ERG confirmed that these morphological changes impair global retinal function. This suggests 303 

that DKO mice may provide a model for the progressive degeneration of the photoreceptors 304 

induced by a defective RPE, a hallmark of retinal degenerative diseases 50,51. 305 

We observed that the inactivation of ZO-1 and ZO-2 re-activated RPE cell proliferation. This 306 

was accompanied by increased protein levels and nuclear localization of YAP – a known 307 

transcriptional regulator of cell proliferation and tissue size 52,53. This is unexpected, as under 308 

normal physiological conditions, polarized RPE is post-mitotic and does not proliferate due to 309 

contact inhibition 36,54. ZO-1 and ZO-2 have been shown to interact with YAP. In particular, ZO-310 
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2 plays a role in cytoplasmic retention of YAP, thereby suppressing YAP’s nuclear translocation 311 

and transcriptional activity 55-57.  However, its role in RPE proliferation and wound healing has 312 

not been previously described. We demonstrated that ZO proteins may be implicated in wound 313 

healing via the regulation of YAP. In the widely used laser-induced CNV model, the mouse 314 

retina has been described to heal spontaneously 39. We observed that this healing process 315 

was characterized by a short transient upregulation of YAP expression, with cell proliferation 316 

in the normal retina. This is in contrast with DKO retina, whereby YAP expression levels 317 

persisted in the injured DKO retina, that could have contributed to cell dysmorphia, persistent 318 

cell proliferation and tissue scarring. This suggests that in the absence of ZO-1/2 – the loss of 319 

contact inhibition after wound healing, may induce persistent activation of YAP and trigger 320 

RPE cells to undergo EMT, to promote scarring. However, the presence of other co-drivers 321 

aside from YAP cannot be precluded and warrants further investigation to elucidate the 322 

complete mechanism further. Nevertheless, previous studies have implicated ZO proteins in 323 

oral mucosa and skin repair upon injury 58. Therefore, this DKO model also presents utility in 324 

screening for anti-scarring targets, with potential therapeutic application for end-stage AMD 325 

whereby scarring is a common complication. 326 

In conclusion, RPE-specific inactivation of both ZO-1/Tjp1 and ZO-2/Tjp2 results in the loss of 327 

the structural and functional integrity of the oBRB and RPE cell architecture, with progressive 328 

effects on photoreceptor health and vision. Upon injury, the ZO-1/2 deficient RPE sustains 329 

YAP upregulation and cell proliferation and fails to re-establish contact inhibition after healing. 330 

The DKO mice may provide a disease model for progressive retinal degeneration and sub-331 

retinal fibrosis, secondary to RPE dysfunction, such as end-stage AMD and central serous 332 

chorioretinopathy (CSR). 333 

Limitations of Study 334 

One limitation of our study is that although we observed sustained co-localization of YAP with 335 

EdU-positive RPE cells in the DKO model, the precise molecular mechanisms by which YAP 336 

contributes to RPE hyper-proliferation and delayed wound healing remain undefined. Future 337 
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studies will focus on delineating the upstream regulators and downstream effectors of YAP 338 

signaling in this context. 339 

Resource Availability 340 

Lead contact 341 

Further information and requests for the resources and reagents should be directed to and will 342 

be fulfilled by the lead contact, Xinyi Su (xysu@imcb.a-star.edu.sg). 343 

Materials availability 344 

This study did not generate new unique reagents. 345 

Data and code availability 346 

• This paper does not report original code. 347 

• Any additional information required to re-analyze the data reported in this article is 348 

available from the lead contact upon request. 349 

• All other items: No other items were generated in this study. 350 
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Figure legends 378 

Figure 1 | Characterization of Vmd2-Cre activated conditional deletions of Tjp1 and/or 379 

Tjp2 genes in mice RPE. (A) Schematic of generation and characterization of the 3 380 

knockout mouse models (T1KO, T2KO, and DKO) post 1-month Dox induction. (B) 381 

Quantification of mRNA expression of Tjp1 and Tjp2 of all three KO genotypes compared 382 

against control Cre mice (n=6 eyes per genotype), and normalized to housekeeping gene, β-383 

Actin.(C) Deletion of the respective Tjp genes was confirmed by Western blotting of RPE 384 

lysates from the respective genotypes (n=3 eyes per genotype). RPE65 was used as a 385 

marker of RPE tissue, and GAPDH as a housekeeping gene. (D) Quantification of protein 386 

expression in (C) after normalization to housekeeping protein, GAPDH. (E) Expression and 387 

localization of ZO-1/Tjp1 and ZO-2/Tjp2 were analyzed using immunofluorescence (IF) in 388 
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three KO mouse models and a Cre control. (F) F-actin was used to mark the cell borders of 389 

RPE in the flatmount for analysis of cell morphometry. (G) Cell area (um2) and Shape index 390 

(q) of RPE cells in all four mice genotypes (n≥3 eyes per genotype and n≥100 cells per eye) 391 

were quantified. Data for (B), (D), and (G) are represented by mean ± SEM. Scale bar for (E) 392 

and (F), 20 µm. Statistical analyses was done comparing T1KO, T2KO, and DKO against 393 

Cre control. For (B) and (D), one-way ANOVA was performed, followed by Tukey’s honest 394 

significance difference (HSD) post hoc test; for (G) Kruskal-Wallis test was performed with 395 

Dunn’s multiple comparison test. (*) = P < 0.05, (**) = P < 0.01, (***) = P < 0.001, (****) = P < 396 

0.0001. 397 

 398 

Figure 2 | Phenotypic changes to the posterior segment, oBRB integrity and retinal 399 

architecture at 1-month post-Dox induction. (A) The posterior eye segment was 400 

visualized using fundus photography (FP). White amorphous lesions were observed only in 401 

DKO mice eyes (white arrowheads). (B) Retinal vasculature was observed using fundus 402 

fluorescein angiography (FFA). Increased fluorescence intensity was observed in DKO mice 403 

eyes. (C) oBRB integrity was monitored using 40 kDa FITC-dextran leakage (green) from 404 

choriocapillaris to the neural retina through brightfield imaging. (D) The ex vivo cross-405 

sections of the retina were visualized using H&E. It demonstrated irregularities in the RPE 406 

monolayer only in DKO RPE (red arrowheads), with possible signs of sub-retinal fluid 407 

accumulation (black arrowhead). Three independent experiments were performed for (A – D) 408 

and single representative images are shown for each. Scale bar for (C) and (D), 50 µm. 409 

 410 

Figure 3 | Changes in the retina and RPE of DKO mice 1-month post-Dox using 411 

transmission electron microscopy (TEM). (A) Thinning of the photoreceptor layer in DKO 412 

mice (right) compared to Cre control (left). ONL = Outer Nuclear Layer. IS/OS = 413 

Photoreceptor Inner/Outer Segments. (B) Quantification of the thickness of ONL (outer 414 

nuclear layer) and inner/outer segments is shown in (A). (C) Morphology of the RPE in Cre 415 
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control (top row) and DKO (bottom row). First column: tight junctions (TJ) are absent in DKO; 416 

AJ = adherens junctions, D = desmosomes, MV = microvilli. In the second and third 417 

columns: the basal labyrinth (BL) and RPE cell height are increased in DKO. Last column: 418 

microvilli (MV) appear less compact in DKO. OS = Photoreceptor Outer Segments. CC = 419 

Choriocapillaris. (D) Quantification of the height of the RPE basal labyrinth (left) and RPE 420 

cell layer (right) shown in (C). Data for (B) and (D) are represented by mean ± SEM.  421 

Statistical analyses for (B) and (D) were performed using two-tailed Student’s unpaired t test. 422 

(****) = P < 0.0001. 423 

 424 

Figure 4 | Molecular changes in DKO mice RPE at 1-month post-Dox. (A) IF staining of 425 

Ezrin (green) indicated a loss of apical localization in RPE (marked by RPE65, red) in DKO 426 

mice. Ch = Choroid. (B) IF staining of Nidogen (green) indicated a loss of basal localization 427 

in RPE (marked by RPE65, red) in DKO mice. (C) IF staining of Cytokeratin 18 (CK18, 428 

green) showed an upregulation in DKO mice RPE (indicated by the top pigmented layer, 429 

DIC). (D) Increased EdU incorporation in DKO RPE cells. (E) Quantification of EdU positive 430 

nuclei in the RPE was performed and showed an increased percentage (%) of proliferating 431 

RPE cells in DKO mice (n=20 images per genotype). (F) IF staining of YAP (green) and 432 

PCNA (red) showed increased co-expressions in DKO RPE. (G) Western blot analysis 433 

showed an increased expression of YAP and PCNA in the DKO RPE lysates. (H) The 434 

relative increase in protein expression of YAP and PCNA in DKO RPE (n=3 eyes) was 435 

quantified. Data for (E) and (H) are represented by mean ± SEM. Scale bar for (A – C), 10 436 

µm; for (D), 20 µm; for (F), 40 µm. Statistical analyses for (E and H) were performed using 437 

two-tailed Student’s unpaired t test. (***) = P < 0.001, (****) = P < 0.0001. 438 

 439 

Figure 5 | Progressive photoreceptor degeneration in 1-year-old DKO mice. (A) Optical 440 

coherence tomography (OCT) of Cre and DKO mice at 2, 6, and 12 months (Dox 441 

adminstered on 1-month-old mice). DKO showed progressive thinning of the retina for up to 442 
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12 months. (B, C) Automated layer segmentation of 6 to 18 eyes per genotype was 443 

performed to quantify the (B) full retinal and (C) ONL thickness, indicating a reduction in both 444 

for DKO with time. (D) IF of rod POS (WGA, green), and muller glia (Vimentin, red) showed 445 

loss and disorganization in DKO mice at 6 and 12 months. (E) IF of cone POS (PNA, green), 446 

and muller glia (Vimentin, red) showed a loss and disorganization in DKO mice at 6 and 12 447 

months. (F) IF of RPE flat mount using WGA (green) to mark rod photoreceptor OS and 448 

Ezrin (purple) to mark the apical surface. Both the ‘apical view’ and the ‘basal view’ are 449 

shown. WGA puncta are observed in both views only for Cre mice but not DKO. (G) 450 

Quantification of scotopic a- and b-waves (top row) and photopic a- and b-waves (bottom 451 

row) at 2, 6 and 12 months in Cre and DKO mice (n=12 eyes per genotype). Data for (B), 452 

(C), and (G) are represented by mean ± SEM. Scale bars for (A), 50 µm; for (D, E), 40 µm; 453 

for (F), 10 µm.  Statistical analyses for (B and C) were performed using two-tailed Student’s 454 

unpaired t test. (*) = P < 0.05, (****) = P < 0.0001. IPL = Inner Plexiform Layer. INL = Inner 455 

Nuclear Layer. OPL = Outer Plexiform Layer. ONL = Outer Nuclear Layer. RPE = Retinal 456 

Pigment Epithelium. CC = Choriocapillaris. OS = Outer Segments. 457 

 458 

Figure 6 | Hyper-proliferative RPE delays wound healing in laser-induced CNV model. 459 

(A) Laser-induced CNV in Cre control and DKO mice (1-month post-Dox). Fundus 460 

photographs were taken at day 0 post-laser and show the four laser spots. Fundus 461 

fluorescein angiography (FFA) at day 3 and day 28 post-laser show leakage from the lasered 462 

spots. (B) Area corrected net fluorescein leakage area (μm) from the lasered spots (n=5 to 8 463 

eyes per genotype) were quantified at regular intervals (days 1, 3, 7, 14, 21 and 28 post-464 

laser) and display increased leakage with time for DKO, in contrast to Cre control. Data are 465 

represented by mean ± SEM.  (C) YAP expression, and proliferation status (monitored by 466 

EdU) of RPE surrounding the lasered spots at days 1, 3 and 28 post-laser. There was 467 

increased EdU incorporation in DKO mice at day 3 post-laser. By day 28, the observed 468 

region of EdU-positive cells is much larger than in Cre mice, indicating aberrant hyper-469 
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proliferation. Dashed white lines indicate the region surrounding the laser spots. ON: Optic 470 

nerve. Scale bar, 100 µm. Statistical analysis for (B) was performed using two-tailed 471 

Student’s unpaired t test. (*) = P < 0.05, (**) = P < 0.01. 472 

  473 
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STAR Methods 474 

Experimental model and study participant details 475 

All animal experiments in this study comply with the ARRIVE guidelines. All protocols that 476 

are related to any mice work are in accordance with the Institutional Animal Care and Use 477 

Committee (IACUC) protocol #201558 approved by the IACUC committee of Agency for 478 

Science, Technology and Research Biological Resource Centre (A*STAR BRC). All mice 479 

used were from C57Bl6/J background strain. Mice were housed under a 12-h/12-h light/dark 480 

cycle and raised in groups of up to five mice each. The RPE-Cre+ mice were crossed over 481 

with the Tjp1flox/flox (f/f) and Tjp2f/f mice 17 to obtain the following mice strain: Tjp1f/f·RPE-Cre+ 482 

(T1KO), Tjp2f/f·RPE-Cre+ (T2KO) and Tjp1 f/f/Tjp2f/f·RPE-Cre+ (DKO). The Cre expression is 483 

driven by the human VMD2 promoter-controlled rtTA. VMD2 promoter directs the RPE-484 

specific expression of the tet system transactivator gene rtTA. The rtTA is designed to 485 

activate tetO-controlled Cre expression in the presence of doxycycline (Dox) in the RPE, 486 

thereby generating cell-specific KO. Male and female mice of equal numbers were used for 487 

the experiments described unless specifically stated otherwise. All mice were induced at 1-488 

month post-natal with 1.5 mg/mL of doxycycline (Dox) injected intra-peritoneally for 5 489 

consecutive days and eyes were harvested after 4 weeks to check for deletion of ZO-1/Tjp1 490 

and ZO-2/Tjp2 using western blot, RT-qPCR and IF. 491 

Method details 492 

Western blot of RPE-choroid tissue 493 

Enucleated mice eyes were immediately dissected to remove the anterior segment 494 

containing the cornea, iris, and lens. After removing the neural retina, the eye cup with RPE 495 

still attached to the choroid and sclera were inverted and transferred to a separate tube with 496 

RIPA lysis buffer and placed on ice. The tube containing the eye cup was tapped 497 

intermittently for a period of 10 min to release the RPE. To complete the lysis, the tube was 498 

vortexed vigorously before centrifuging to obtain the supernatant. After centrifuging at 499 

10,000 rpm for 10 min, the supernatant was transferred to a new tube. The protein sample 500 
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was quantified using Bradford assay. RPE lysate from each eye was sufficient for one run in 501 

a single lane. The antibodies used to detect the various proteins include rabbit ZO-1 (Life 502 

Technologies), rabbit ZO-2 (Life Technologies), mouse RPE65 (Abcam), and mouse 503 

GAPDH (Millipore) (Table S1). For each of the 4 genotypes, three biological replicates (i.e. 3 504 

mice) were selected. All expression levels were normalized to those of Gapdh as the loading 505 

control. 506 

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 507 

Enucleated mice eyes were immediately dissected to remove the anterior segment 508 

containing the cornea, iris, lens, and neural retina. To extract RNA, both eyecups from the 509 

same mouse were transferred into a microcentrifuge tube containing 350 μL of Buffer RLT 510 

(Qiagen) supplemented with 1% β-mercaptoethanol (Sigma-Aldrich) and incubated for 10 511 

min at room temperature. The lysate mixture was gently agitated by tapping the tube against 512 

the benchtop to dislodge the pigmented RPE cells during the incubation period, after which, 513 

the eyecups were removed from the mixture 59. The lysate was vortexed for 1 min to 514 

homogenize, then centrifuged at 16000 g for 4 min at 4 °C. The supernatant was then 515 

transferred into a fresh microcentrifuge tube and purified for total RNA using RNeasy Micro 516 

Kit (Qiagen) as per the manufacturer’s recommended protocol. 150 ng of purified RNA was 517 

reverse transcribed into cDNA using the iScript Reverse Transcription Kit (Bio-Rad), followed 518 

by quantitative PCR (qPCR) with gene-specific primers and KAPA SYBR FAST qPCR 519 

Master Mix (2X) Kit (Sigma-Aldrich) on a QuantStudio 5 Real-Time PCR System 520 

(ThermoFisher Scientific). For each of the 4 genotypes, three biological replicates were 521 

selected, and each replicate was analysed in technical triplicates. The comparative Ct 522 

method was employed in analysing the relative genetic expression. All expression levels 523 

were normalized to those of Actb (β-Actin) gene. Forward (F) and reverse (R) Primers used, 524 

Tjp1: F – 5’ AGCGAATGTCTAAACCTGGG 3’ and R – 5’ TCCAACTTGAGCATACACAGG 3’; 525 

Tjp2: F – 5’ TCAACATCCCAGCCCTAAAC 3’ and R – 5’ CTCTCCTTCAGCTTCTCAGTG 3’; 526 

ActB: F – 5’ ACCTTCTACAATGAGCTGCG 3’ and R – 5’ CTGGATGGCTACGTACATGG 3’. 527 
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Immunofluorescence (IF) of RPE-choroid flat mounts 528 

The mouse eyeballs were enucleated and fixed in 4% paraformaldehyde (PFA, Sigma 529 

Aldrich) in PBS for 2 min. Once fixed, the eyeballs were punctured at the limbal region 530 

before removing the cornea and lens. The neural retina was separated from the RPE-531 

choroid eyecup for staining. RPE-choroid tissue was cut into 4 petals and placed in methanol 532 

until immunostaining. The RPE-choroid tissue was removed from the methanol and washed 533 

in PBS before incubating with a blocking solution composed of 0.1% BSA (Sigma-Aldrich) in 534 

3% TritonX-100 and 1% Tween-20 in PBS. After 1 h of blocking, the flat mounts were 535 

incubated with primary antibodies (Table S1) in the same blocking solution and incubated 536 

overnight at 4 °C. The flat mounts were then washed in blocking solution 6 times with an 537 

interval of 10 minutes. Respective Alexa Fluor secondary antibodies were added in the same 538 

blocking solution and left at room temperature for 1 h. After which, in some samples, Alexa 539 

Fluor 568/647 Phalloidin (Thermo Fisher Scientific) was added for 10 min before proceeding 540 

with washing 4 times in PBS with an interval of 10 min. A secondary antibody only negative 541 

control was included where sections were only incubated with a blocking buffer in place of 542 

primary antibodies. Nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific) or 543 

DAPI (Thermo Fisher Scientific). The flatmounts were mounted using ProLong Gold Antifade 544 

(Thermo Fisher Scientific) and stored at 4 °C until imaging. Images were taken using 545 

LSM800 confocal laser microscope (Zeiss). 546 

Segmentation and shape index quantification of RPE cells 547 

Confocal microscopy images of RPE cells captured on RPE-choroid flat mounts were 548 

processed and analyzed following a standardized workflow. To enhance the signal from 549 

intercellular junctions, maximum intensity projects were created using Fiji software. Cell 550 

segmentation was performed using the deep-learning-based software Cellpose 60. The pre-551 

trained “cyto” model was selected, optimized for cytoplasmic features, with the estimated cell 552 

diameter set to 60 pixels. The segmentation process generated binary masks representing 553 

individual cell outlines (marked with Phalloidin staining), which were exported as outlines in a 554 

text format compatible with Fiji. The exported outlines were imported into Fiji as Regions of 555 
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Interests (ROIs) for further morphological analysis. Skeletonized representations of cells 556 

were generated to visualize cellular shapes and confirm segmentation quality. ROIs 557 

corresponding to cells at the edges of the images were excluded from analysis to avoid 558 

segmentation artefacts. 559 

For each segmented cell, area (A) and perimeter (P) were measured using Fiji’s 560 

measurement tools. These values were used to calculate the cellular shape index (q), a 561 

dimensionless metric defined as:  562 

𝑞 =
𝑃

√𝐴
 563 

 564 

This index quantifies cell morphology, where higher values indicate more irregular or 565 

elongated cells. Statistical analysis was performed using GraphPhad Prism. Data was tested 566 

for normality before proceeding with further statistical analyses. Morphological differences 567 

between experimental groups and a control sample were assessed using Kruskal-Wallis test 568 

with Dunn’s multiple comparison test, with significance set at P < 0.05.  569 

Live ophthalmic imaging  570 

Mice that were 2-months and/or 12-month-old (Dox induction at 1-month-old) were 571 

anaesthetized with a combination of ketamine (150 mg/kg BW) and xylazine (10 mg/kg). The 572 

pupils were dilated with 1% tropicamide followed by 1% phenylephrine. Colored fundus 573 

photography (FP), fundus fluorescein angiography (FFA), and optical coherence tomography 574 

(OCT) were performed using a Micron IV retinal imaging system (Phoenix Micron). After 575 

dilation, both eyes of the mice were first covered with a layer of vidisic gel to aid in FP and 576 

OCT imaging, and also to prevent drying of the cornea during procedure. For FFA, mice 577 

were intraperitoneally injected with 10% sodium fluorescein at a dose of 0.01 mL per 5 – 6 g 578 

body weight. Images were then taken at 5 mins post-injection. (InSight, Phoenix 579 

Technology). The full retinal thickness (FR) and outer nuclear layer (ONL) were automatically 580 

segmented and then manually adjusted for accuracy. The thickness measurements were 581 

then exported onto a spreadsheet for further analysis.  582 
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Permeability assay using FITC-dextran 583 

0.1 mL of 40 kD FITC-dextran (5 mg/mL) was injected on isoflurane-induced mice (1-month 584 

post-Dox, age: 2 months) using the retro-orbital  injection method 61. 1 min post-injection, the 585 

mice were culled using the cervical dislocation and the eyes were enucleated and embedded 586 

for cryosectioning. The embedded eyes were sectioned using a cryotome with a thickness of 587 

16 µm. Confocal microscopy was performed using LSM800 (Zeiss) to get a z-stack image 588 

for analysis of breakage points between the RPE and choroid. The images (n=5 per 589 

genotype) were quantified using ImageJ for fluorescence intensity measurement. 590 

Hematoxylin and Eosin (H&E) staining 591 

Eyes from 2-months and 12-month-old mice were fixed in Davidson’s fluid for 16 h before 592 

paraffin embedding. 5 µm thick sections were cut using a microtome (Leica Microsystems) 593 

and stained with standard hematoxylin and eosin (H&E) protocol according to 594 

manufacturer’s instructions. Light micrographs were taken on Axio Imager.A2 microscope 595 

equipped with a digital camera (Zeiss). 596 

Transmission electron microscopy (TEM)  597 

Sample preparation 598 

The enucleated mice eyes were fixed in an EM-grade fixative solution comprising 2% PFA 599 

(Sigma) and 2.5% glutaraldehyde (Agar Scientific) in 1X PBS overnight at 4 °C to preserve 600 

tissue integrity. The next day, retina samples were dissected and underwent an additional 2 601 

h of fixation in the same freshly prepared fixative solution at 4 °C. Subsequently, the fixative 602 

solution was rinsed off with 1X PBS, and the samples were kept at 4 °C. The following day, 603 

the samples underwent EM processing and dehydration protocol at room temperature. This 604 

process began with osmium tetroxide fixation for 2 h, followed by sequential washes in 605 

deionized water and dehydration in increasing ethanol concentrations (25%, 50%, 75%, 606 

95%, and 100%). The process concluded with 100% acetone treatment to ensure complete 607 

dehydration. Infiltration with Araldite resin (Electron Microscopy Sciences) was carried out at 608 

room temperature, gradually increasing the resin concentration mixed with acetone 609 

(acetone: resin in ratios of 1:1, 1:3, 1:6) overnight. The following day, transferred to 100% 610 
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resin and proceeded with resin infiltration at various temperatures ranging from room 611 

temperature to 55 °C. Subsequently, embed the sample in a resin mold and polymerize it at 612 

60 °C for a minimum of 24 h to ensure the sample achieves optimal hardness for sectioning.  613 

Sectioning and staining 614 

Sections with a thickness of about 75 nm were cut on an ultramicrotome (Leica 615 

Microsystems) using a diamond knife (Diatome) and picked up on 2x1 mm slot copper grids 616 

coated with formvar (Electron Microscopy Sciences). The samples were stained with 617 

Reynold’s lead citrate (LC) and uranyl acetate (UA) based on 62 comprising the following 618 

steps: LC staining for 5 – 6 min; washing in boiled MilliQ water (boiled for ~30 min to remove 619 

CO2; allowed to cool down completely before use), first on drops on Parafilm by dipping 620 

each grid 5x on three sequential drops, then in glass vials by dragging each grid 10x through 621 

the water surface of three sequential vials; air drying the samples completely; UA staining for 622 

1 h; washing and drying as before; second LC staining for 20 min; washing and drying as 623 

before. LC was prepared with lead nitrate and sodium citrate (Electron Microscopy Sciences) 624 

according to 63 using boiled MilliQ water; during the procedure 1 N NaOH (prepared using 625 

boiled MilliQ water) was added stepwise to ensure a final pH of 12. UA (Electron Microscopy 626 

Sciences) was prepared as 4% stock in water and centrifuged for 10 min at 15000 g before 627 

use. Staining was performed by floating the grids individually with the sections facing down 628 

on small drops of staining solution on Parafilm inside covered glass dishes. For LC staining 629 

sodium hydroxide pellets were added into the dishes to absorb CO2 and breathing onto the 630 

samples was strictly avoided to prevent the formation of precipitates. 631 

Imaging 632 

TEM imaging was carried out on a Tecnai T12 (FEI / Thermo Fisher Scientific) operated at 633 

120 kV using a 2k x 2k Veleta CCD camera (Olympus Soft Imaging Solutions). Prior to 634 

recording micrographs, sections were irradiated at low magnification (690x) for a few 635 

minutes to prevent beam-induced shrinkage during imaging. 636 

IF of retina cross-sections 637 
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Fresh/fixed-frozen eye sections are quenched in 50 mM ammonium chloride and 638 

permeabilized in 0.2% TritonX-100 in PBS before blocking in 1% BSA in 0.1% Tween20-639 

PBS. Primary antibodies (Table S1) diluted in the blocking solution was added to the eye cup 640 

and incubated at 4 °C overnight and secondary antibodies diluted in the blocking solution 641 

were added to the eye cup and incubated at room temperature for 1 h.  A secondary 642 

antibody only negative control was included where sections were only incubated with a 643 

blocking buffer in place of primary antibodies. Nuclei were stained with Hoechst 33342 644 

(Thermo Fisher Scientific) or DAPI (Thermo Fisher Scientific). The flatmounts were mounted 645 

using ProLong Gold Antifade (Thermo Fisher Scientific) and stored at 4 °C until imaging. 646 

Images were taken using LSM800 confocal laser microscope (Zeiss). 647 

EdU incorporation  648 

Mice at 2 – 4 weeks post-Dox induction were injected intraperitoneally with daily doses of 649 

200 µM of EdU for 3 days. The eyes were enucleated for analysis 24 h from the last EdU 650 

injection and staining using the click-iT EdU kit (Life Technologies) was done for the RPE flat 651 

mount. EdU that co-localized with nucleus was marked as an EdU positive cell.  652 

Full-field electroretinography (ERG) 653 

Standard full-field scotopic and photopic ERGs were recorded. Mice were dark-adapted for a 654 

minimum of 12 hours for scotopic recordings. All ERG recordings were performed in a dark 655 

room under dim red illumination using the Espion system (Diagnosys LLC). Mice were 656 

anesthetized and the eyes were dilated as described in “Live ophthalmic imaging” methods. 657 

Their body temperature was maintained at 37 °C using a water heat pad fixed on the ERG 658 

stage. Coupling gel was applied to each eye before placing a monopolar electrode in the 659 

mouth to serve as the reference electrode, and a silver-silver chloride electrode was inserted 660 

into the tail as the ground electrode. The mouse was positioned in front of a Ganzfeld 661 

stimulus. Scotopic ERG responses were recorded at a light intensity of DA 10 cd.s.m−2. 662 

Photopic ERG responses were recorded at a light intensity of LA5 cd.s.m-2. Each response 663 

was an average of 6 trials. Signals were acquired at 2 kHz with high- and low-pass filtering at 664 

0.3 and 100 Hz respectively. 665 
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Laser-induced choroidal neovascularization (CNV) 666 

Laser induction 667 

To induce CNV, 6- to 8-week-old mice were anesthetized with intraperitoneal injection of 50 668 

mg/kg BW ketamine and 10 mg/kg BW xylazine. The pupils were dilated with 1% 669 

tropicamide followed by 2.5% phenylephrine. Laser induction was then done via the Micron 670 

IV Rodent Comprehensive imaging system (Phoenix Micron, USA) – 50 µm spot size, 0.05 671 

seconds duration, 120 mW) 64, 4 spots were given to each eye. FFA images were taken on 672 

day 3, 7, 14, 21 and 28 after laser treatment as described above.  673 

Quantification of leakage 674 

To quantify the CNV leakage, we utilized the capabilities of You Only Look at CoefficienTs 675 

(YOLACT), a state-of-the-art real-time instance segmentation model, to delineate regions of 676 

interest in retinal images 65. The training phase of this process involved an adjustment of the 677 

image dimensions to a uniform 544 x 544 pixels, followed by the min-max normalization. We 678 

adopted stochastic gradient descent with a momentum of 0.9 and an initial learning rate of 679 

0.002, and three losses: classification loss (Lcls), box regression loss (Lbox) 66, and mask 680 

loss (Lmask). The weights of Lcls, Lbox, and Lmask are 1, 1.5, and 6.125, respectively. 681 

Quantification and statistical analysis 682 

GraphPad Prism software (version 10.4.2 for Windows, GraphPad Software, 683 

www.graphpad.com) was used to perform statistical analyses. Sample sizes for mice studies 684 

were determined mainly based on pilot studies. Results are reported as mean ± standard 685 

deviation (SD). For statistical analysis comparing two independent groups of data, two-tailed 686 

Student’s unpaired t test was used. For comparisons of data with more than two groups, a 687 

one-way ANOVA was performed, followed by Tukey’s honest significance difference (HSD) 688 

post hoc test or Kruskal-Wallis test was performed with Dunn’s multiple comparisons test. P 689 

< 0.05 was considered statistically significant.   690 
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Transition in Proliferative Vitreoretinopathy: Intermediate Filament Protein Expression 802 

in Retinal Pigment Epithelial Cells. Investigative Ophthalmology & Visual Science 40, 803 

2062-2072. 804 

32. Kim, J.Y., Park, R., Lee, J.H., Shin, J., Nickas, J., Kim, S., and Cho, S.H. (2016). Yap 805 

is essential for retinal progenitor cell cycle progression and RPE cell fate acquisition 806 

in the developing mouse eye. Dev Biol 419, 336-347. 10.1016/j.ydbio.2016.09.001. 807 

33. Garlipp, M.A., Nowak, K.R., and Gonzalez-Fernandez, F. (2012). Cone outer 808 

segment extracellular matrix as binding domain for interphotoreceptor retinoid-809 

binding protein. J Comp Neurol 520, 756-769. 10.1002/cne.22773. 810 

34. Lee, S.Y., Surbeck, J.W., Drake, M., Saunders, A., Jin, H.D., Shah, V.A., and Rajala, 811 

R.V. (2020). Increased Glial Fibrillary Acid Protein and Vimentin in Vitreous Fluid as a 812 

Biomarker for Proliferative Vitreoretinopathy. Invest Ophthalmol Vis Sci 61, 22. 813 

10.1167/iovs.61.5.22. 814 

35. Farnoodian, M., Kinter, J.B., Yadranji Aghdam, S., Zaitoun, I., Sorenson, C.M., and 815 

Sheibani, N. (2015). Expression of pigment epithelium-derived factor and 816 

Jo
urn

al 
Pre-

pro
of



thrombospondin-1 regulate proliferation and migration of retinal pigment epithelial 817 

cells. Physiol Rep 3. 10.14814/phy2.12266. 818 

36. Stern, J., and Temple, S. (2015). Retinal pigment epithelial cell proliferation. Exp Biol 819 

Med (Maywood) 240, 1079-1086. 10.1177/1535370215587530. 820 

37. Salas, A., Badia, A., Fontrodona, L., Zapata, M., Garcia-Arumi, J., and Duarri, A. 821 

(2023). Neovascular Progression and Retinal Dysfunction in the Laser-Induced 822 

Choroidal Neovascularization Mouse Model. Biomedicines 11. 823 

10.3390/biomedicines11092445. 824 

38. Zhao, X., Seah, I., Xue, K., Wong, W., Tan, Q.S.W., Ma, X., Lin, Q., Lim, J.Y.C., Liu, 825 

Z., Parikh, B.H., et al. (2022). Antiangiogenic Nanomicelles for the Topical Delivery of 826 

Aflibercept to Treat Retinal Neovascular Disease. Adv Mater 34, e2108360. 827 

10.1002/adma.202108360. 828 

39. Lambert, V., Lecomte, J., Hansen, S., Blacher, S., Gonzalez, M.L., Struman, I., 829 

Sounni, N.E., Rozet, E., de Tullio, P., Foidart, J.M., et al. (2013). Laser-induced 830 

choroidal neovascularization model to study age-related macular degeneration in 831 

mice. Nat Protoc 8, 2197-2211. 10.1038/nprot.2013.135. 832 

40. Miller, H., Miller, B., Ishibashi, T., and Ryan, S.J. (1990). Pathogenesis of laser-833 

induced choroidal subretinal neovascularization. Invest Ophthalmol Vis Sci 31, 899-834 

908. 835 

41. Yan, Z., Shi, H., Zhu, R., Li, L., Qin, B., Kang, L., Chen, H., and Guan, H. (2018). 836 

Inhibition of YAP ameliorates choroidal neovascularization via inhibiting endothelial 837 

cell proliferation. Mol Vis 24, 83-93. 838 

42. Naylor, A., Hopkins, A., Hudson, N., and Campbell, M. (2019). Tight Junctions of the 839 

Outer Blood Retina Barrier. Int J Mol Sci 21. 10.3390/ijms21010211. 840 

Jo
urn

al 
Pre-

pro
of



43. Itoh, M., Terada, M., and Sugimoto, H. (2021). The zonula occludens protein family 841 

regulates the hepatic barrier system in the murine liver. Biochim Biophys Acta Mol 842 

Basis Dis 1867, 165994. 10.1016/j.bbadis.2020.165994. 843 

44. Belardi, B., Hamkins-Indik, T., Harris, A.R., Kim, J., Xu, K., and Fletcher, D.A. (2020). 844 

A Weak Link with Actin Organizes Tight Junctions to Control Epithelial Permeability. 845 

Dev Cell 54, 792-804 e797. 10.1016/j.devcel.2020.07.022. 846 

45. Jesaitis, L.A., and Goodenough, D.A. (1994). Molecular characterization and tissue 847 

distribution of ZO-2, a tight junction protein homologous to ZO-1 and the Drosophila 848 

discs-large tumor suppressor protein. J Cell Biol 124, 949-961. 849 

10.1083/jcb.124.6.949. 850 

46. Itoh, M., Nagafuchi, A., Yonemura, S., Kitani-Yasuda, T., Tsukita, S., and Tsukita, S. 851 

(1993). The 220-kD protein colocalizing with cadherins in non-epithelial cells is 852 

identical to ZO-1, a tight junction-associated protein in epithelial cells: cDNA cloning 853 

and immunoelectron microscopy. J Cell Biol 121, 491-502. 10.1083/jcb.121.3.491. 854 

47. Van Itallie, C.M., Fanning, A.S., Bridges, A., and Anderson, J.M. (2009). ZO-1 855 

stabilizes the tight junction solute barrier through coupling to the perijunctional 856 

cytoskeleton. Mol Biol Cell 20, 3930-3940. 10.1091/mbc.e09-04-0320. 857 

48. Zhang, Y.Q., Fan, Y.G., Dang, Y.L., Liu, Y.L., Liu, H., and Li, L.H. (2017). Down-858 

regulation of protein kinase C alpha/ezrin signals in light-induced phagocytic crisis of 859 

retinal pigment epithelium cells. Int J Ophthalmol 10, 1040-1045. 860 

10.18240/ijo.2017.07.04. 861 

49. Sparrow, J.R., Hicks, D., and Hamel, C.P. (2010). The retinal pigment epithelium in 862 

health and disease. Curr Mol Med 10, 802-823. 10.2174/156652410793937813. 863 

50. Noel, N.C.L., Nadolski, N.J., Hocking, J.C., MacDonald, I.M., and Allison, W.T. 864 

(2020). Progressive Photoreceptor Dysfunction and Age-Related Macular 865 

Jo
urn

al 
Pre-

pro
of



Degeneration-Like Features in rp1l1 Mutant Zebrafish. Cells 9. 866 

10.3390/cells9102214. 867 

51. Gao, G., He, L., Liu, S., Zheng, D., Song, X., Zhang, W., Yu, M., Luo, G., and Zhong, 868 

X. (2020). Establishment of a Rapid Lesion-Controllable Retinal Degeneration 869 

Monkey Model for Preclinical Stem Cell Therapy. Cells 9. 10.3390/cells9112468. 870 

52. Mugahid, D., Kalocsay, M., Liu, X., Gruver, J.S., Peshkin, L., and Kirschner, M.W. 871 

(2020). YAP regulates cell size and growth dynamics via non-cell autonomous 872 

mediators. Elife 9. 10.7554/eLife.53404. 873 

53. Dong, J., Feldmann, G., Huang, J., Wu, S., Zhang, N., Comerford, S.A., Gayyed, 874 

M.F., Anders, R.A., Maitra, A., and Pan, D. (2007). Elucidation of a universal size-875 

control mechanism in Drosophila and mammals. Cell 130, 1120-1133. 876 

10.1016/j.cell.2007.07.019. 877 

54. Tamiya, S., Liu, L., and Kaplan, H.J. (2010). Epithelial-mesenchymal transition and 878 

proliferation of retinal pigment epithelial cells initiated upon loss of cell-cell contact. 879 

Invest Ophthalmol Vis Sci 51, 2755-2763. 10.1167/iovs.09-4725. 880 

55. Xu, J., Kausalya, P.J., Ong, A.G.M., Goh, C.M.F., Mohamed Ali, S., and Hunziker, W. 881 

(2022). ZO-2/Tjp2 suppresses Yap and Wwtr1/Taz-mediated hepatocyte to 882 

cholangiocyte transdifferentiation in the mouse liver. NPJ Regen Med 7, 55. 883 

10.1038/s41536-022-00251-6. 884 

56. Kim, S.Y., Park, S.Y., Jang, H.S., Park, Y.D., and Kee, S.H. (2021). Yes-Associated 885 

Protein Is Required for ZO-1-Mediated Tight-Junction Integrity and Cell Migration in 886 

E-Cadherin-Restored AGS Gastric Cancer Cells. Biomedicines 9. 887 

10.3390/biomedicines9091264. 888 

57. Gonzalez-Mariscal, L., Gallego-Gutierrez, H., Gonzalez-Gonzalez, L., and 889 

Hernandez-Guzman, C. (2019). ZO-2 Is a Master Regulator of Gene Expression, Cell 890 

Jo
urn

al 
Pre-

pro
of



Proliferation, Cytoarchitecture, and Cell Size. Int J Mol Sci 20. 891 

10.3390/ijms20174128. 892 

58. Shi, J., Barakat, M., Chen, D., and Chen, L. (2018). Bicellular Tight Junctions and 893 

Wound Healing. Int J Mol Sci 19. 10.3390/ijms19123862. 894 

59. Xin-Zhao Wang, C., Zhang, K., Aredo, B., Lu, H., and Ufret-Vincenty, R.L. (2012). 895 

Novel method for the rapid isolation of RPE cells specifically for RNA extraction and 896 

analysis. Exp Eye Res 102, 1-9. 10.1016/j.exer.2012.06.003. 897 

60. Stringer, C., Wang, T., Michaelos, M., and Pachitariu, M. (2021). Cellpose: a 898 

generalist algorithm for cellular segmentation. Nature Methods 18, 100-106. 899 

10.1038/s41592-020-01018-x. 900 

61. Xu, H.Z., Song, Z., Fu, S., Zhu, M., and Le, Y.Z. (2011). RPE barrier breakdown in 901 

diabetic retinopathy: seeing is believing. J Ocul Biol Dis Infor 4, 83-92. 902 

10.1007/s12177-011-9068-4. 903 

62. Daddow, L.Y. (1983). A double lead stain method for enhancing contrast of ultrathin 904 

sections in electron microscopy: a modified multiple staining technique. J Microsc 905 

129, 147-153. 10.1111/j.1365-2818.1983.tb04169.x. 906 

63. Reynolds, E.S. (1963). The use of lead citrate at high pH as an electron-opaque stain 907 

in electron microscopy. J Cell Biol 17, 208-212. 10.1083/jcb.17.1.208. 908 

64. Gong, Y., Li, J., Sun, Y., Fu, Z., Liu, C.H., Evans, L., Tian, K., Saba, N., Fredrick, T., 909 

Morss, P., et al. (2015). Optimization of an Image-Guided Laser-Induced Choroidal 910 

Neovascularization Model in Mice. PLoS One 10, e0132643. 911 

10.1371/journal.pone.0132643. 912 

65. Bolya, D., Zhou, C., Xiao, F., and Lee, Y.J. (2019). YOLACT: Real-Time Instance 913 

Segmentation. 27 Oct.-2 Nov. 2019. pp. 9156-9165. 914 

Jo
urn

al 
Pre-

pro
of



66. Liu, W., Anguelov, D., Erhan, D., Szegedy, C., Reed, S., Fu, C.-Y., and Berg, A.C. 915 

(2016). SSD: Single Shot MultiBox Detector.  held in Cham, 2016//. B. Leibe, J. 916 

Matas, N. Sebe, and M. Welling, eds. (Springer International Publishing), pp. 21-37. 917 

 918 

 919 

Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



• Tjp1-2 double KO (DKO) disrupts RPE structure and function 

• DKO RPE shows YAP upregulation and re-entry into the cell cycle 

• DKO mice exhibit impaired wound healing after laser-induced damage  

• DKO mice show progressive structural and functional retinal deterioration 
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KEY RESOURCES TABLE 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Mouse anti E-Cadherin  BD Trans Labs 
Cat# 610181 
RRID: AB_397580 

Mouse anti-GAPDH EMD Millipore 
Cat# MAB374 
RRID: AB_2107445 

Mouse anti N-Cadherin  BD Trans Labs 
Cat# 610920 
RRID: AB_2077527 

Mouse anti-RPE65 Abcam 
Cat# ab13826 
RRID: AB_ 2181006 

Rabbit anti-active Yap1 [EPR19812] Abcam 
Cat# ab205270 
RRID: AB_2813833 

Rabbit anti-Claudin-2  Life Technologies 
Cat# 51-6100, RRID: 
AB_2533911 

Rabbit anti-Collagen1A1 Cell Signalling Tech 
Cat# 72026, RRID: 
AB_2904565 

Rabbit anti-Cytokeratin 18 Abcam 
Cat# ab32118 
RRID: AB_736394 

Rabbit anti-Ezrin  Abcam 
Cat# ab41672 
RRID: AB_941504 

Rabbit anti-Laminin  Abcam 
Cat# ab11575 
RRID: AB_298179 

Rabbit anti-OTX2 [EPR3348] Abcam 
Cat# ab92326 
RRID: AB_10562130 

Rabbit anti-Vimentin Abcam 
Cat# ab15248 
RRID: AB_301789 

Rabbit anti-ZO1 Life Technologies 
Cat# 61-7300 
RRID: AB_2533938 

Rabbit anti-ZO2 (C-terminus) Life Technologies 
Cat# 38-9100 
RRID: AB_2533390 

Rat anti-Nidogen Millipore 
Cat# MAB1946 
RRID: AB_94438  

Rat anti-ZO1 DSHB 
Cat# R26.4C 
RRID: AB_2205518  

Chemicals, peptides, and recombinant proteins 

2.5% glutaraldehyde Agar Scientific Cat# AGR1010  

Acetone Fisher Chemical Cat# A18-1 

Alexa Fluor 568/647 Phalloidin Thermo Fisher Scientific Cat# A12380 

Alexa Fluor 647 Phalloidin Thermo Fisher Scientific Cat# A30107 

Araldite resin 
Electron Microscopy 
Sciences 

Cat# 10900 

BSA  Sigma-Aldrich Cat# MFCD00130384 

DAPI Thermo Fisher Scientific Cat# D1306 

Doxycycline Hyclate Sigma-Aldrich Cat# D9891 

Fluorescein Isothiocyanate–Dextran ((average 
mol wt 40,000) 

Sigma Cat# FD40 

Hoechst 33342 Thermo Fisher Scientific Cat# 62249 

Osmium Tetroxide Ted Pella Cat# 18463 

Paraformaldehyde  Sigma-Aldrich Cat# 158127 

Phenylephrine Bausch and Lomb Cat# 9793400 

ProLong Gold Antifade Thermo Fisher Scientific Cat# P36934 
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Reynold’s lead citrate (prepared with lead nitrate 
and sodium citrate) 

Electron Microscopy 
Sciences 

Cat# 22410 

Sodium fluorescein SERB Pharmaceuticals Cat# SIN13314P 

TritonX-100 Promega Cat# H5141 

Tropicamide Alcon Cat# NDC 0998-0355-15 

Tween-20  Promega Cat# H5151 

Uranyl Acetate 
Electron Microscopy 
Sciences 

Cat# 22400 

Uranyl Acetate 
Electron Microscopy 
Sciences 

Cat# 22400 

Critical commercial assays 

Click-iT EDU kit Life Technologies Cat# C10634 

iScript Reverse Transcription Kit Bio-Rad Cat# 1708841 

KAPA SYBR FAST qPCR Master Mix (2X) Kit Sigma-Aldrich Cat# KK4600 

Experimental models: Organisms/strains 

Mouse: VMD2-Cre (‘RPE-Cre’) in C57Bl6/J 
background strain 

University of Oklahoma 
Health Sciences Center 

Nil 

Mouse: Tjp1f/f·RPE-Cre+ (T1KO); 
Tjp2f/f·RPE-Cre+ (T2KO); and 
Tjp1 f/f/Tjp2f/f·RPE-Cre+ (DKO) 

Agency for Science, 
Technology, and 
Research Biological 
Resource Centre 

Nil 

Oligonucleotides 

Tjp1 forward primer:  
5’ AGCGAATGTCTAAACCTGGG 3’  

Integrated DNA 
Technologies 

Nil 

Tjp1 reverse primer:  
5’ TCCAACTTGAGCATACACAGG 3’ 

Integrated DNA 
Technologies 

Nil 

Tjp2 forward primer:  
5’ TCAACATCCCAGCCCTAAAC 3’ 

Integrated DNA 
Technologies 

Nil 

Tjp2 reverse primer:  
5’ CTCTCCTTCAGCTTCTCAGTG 3’ 

Integrated DNA 
Technologies 

Nil 

ACTB forward primer:  
5’ ACCTTCTACAATGAGCTGCG 3’  

Integrated DNA 
Technologies 

Nil 

ACTB reverse primer:  
5’ CTGGATGGCTACGTACATGG 3’. 

Integrated DNA 
Technologies 

Nil 

Software and algorithms 

Axio Imager.A2 Zeiss Nil 

Cellpose Nil https://www.cellpose.org/ 

Espion system Diagnosys LLC Nil 

Fiji software Nil 
https://imagej.net/softwar
e/fiji 

GraphPad Prism (v10.4.2) Nil 
https://www.graphpad.co
m/ 

Micron IV Rodent Comprehensive imaging 
system 

Phoenix Micron, USA Nil 

Tecnai T12 
FEI / Thermo Fisher 
Scientific 

Nil 

Zen 3.4 Zeiss Nil 

Other 

A2 microscope equipped with a digital camera Zeiss Nil 

Espion system Diagnosys LLC Nil 

Formvar 
Electron Microscopy 
Sciences 

Nil 

LSM 800 confocal microscope ZEISS Nil 

Tecnai T12 imager with CCD camera 
FEI / Thermo Fisher 
Scientific/ Olympus Soft 
Imaging Solutions 

Nil 
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Ultramicrotome Leica Microsystems Nil 

Veleta CCD camera 
Olympus Soft Imaging 
Solutions 

Nil 
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